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ABSTRACT A series o f  experim ents w as carried  out to exam in e som e basic aspects 
o f  the in  v ivo  absorption  o f  L -am ino acids in  the ch ick en . W h en  an equ im olar m ixture 
o f  18 L -am ino acids w as in je cted  in to  tied -off segm ents o f  bird  in testine, it w as ob 
served that the absorption  rate o f  am ino acids w as not d epen den t on their m olecu lar 
w e ig h t; but am in o acids w ith  larger n on p o la r  side ch a in s, such  as m eth ion in e , iso 
leu cin e , va lin e, leu cin e , tryptophan and ph en y la la n in e , w ere absorbed rap id ly , w hereas 
g lycin e and am ino acids w ith  polar side ch a in s, such  as g lutam ic acid , aspartic acid  
and  argin in e, w ere absorbed slow ly . A m in o  acid  absorption  from  the in testin a l loop  
in  situ w as m easured  using a c ircu la tion  un it w h en  each  o f  2 L -am ino acids w as 
adm in istered  sin gly  or in  com b in ation . T he results sh ow ed  that com petitive  inh ib itory  
e ffects appeared in  am in o acid  absorption . T he absorption  o f  leu cin e  or p h en y la lan in e 
w as inh ib ited  by m eth ion in e , but the in h ib itory  effect o f  leu cin e  or p h en y la la n in e  on 
m eth ion ine absorption  w as not so great. W h en  m eth ion in e  w as adm in istered  w ith  
g lu tam ic acid , the absorption  o f  g lu tam ic acid  w as strongly in h ib ited , w hereas the 
absorption  o f  m eth ion in e  w as accelerated  slightly. It w as also observed  that g lutam ic 
acid  in creased  w ater absorption.

Early studies on the intestinal absorp
tion of amino acids showed that 2 proc
esses, diffusion and active absorption, were 
involved. Höher and Höher (1 )  observed 
that the absorption of glycine, alanine and 
valine was not proportional to the amino 
acid concentration in the gut, and that 
these amino acids were absorbed more 
rapidly than polyhydric alcohol of com
parable molecular volume. From these 
observations, they concluded that active 
absorption was involved. On the other 
hand, comparing the rate of disappearance 
of several l -  and DL-amino acids from the 
gut, Chase and Lewis (2 )  noted no differ
ence in absorption between L-isomers and 
racemic mixtures. Bolton and Wright (3 )  
observed a similar phenomenon, whereas 
Kratzer (4 )  showed that the rate of dis
appearance of amino acids from the gut 
was inversely proportional to the molecu
lar volume of the amino acids. From these 
results, diffusion of amino acids from the 
intestinal wall also appears to be an im
portant mechanism for amino acid absorp
tion. Schofield and Lewis (5 ) , Gibson 
and Wiseman (6 ) , Wiseman (7 )  and 
Matthews and Smyth (8 , 9) reported that 
L-amino acids were absorbed at a higher 
rate than the corresponding D-isomers.

When individual amino acids are intro
duced into the intestinal lumen separately.

each amino acid is absorbed at a charac
teristic rate. However, these absorption 
rates vary with the presence of other 
amino acids, and this fact indicates that 
amino acids compete with each other for 
their absorption (10, 11).

Experiments using a single amino acid 
will give an indication of the basic mecha
nisms for amino acid absorption; however, 
it is also necessary to clarify the inter
action of amino acids for their absorption 
when a mixture of amino acids is intro
duced into the intestinal lumen.

Although many studies have been made 
on rats, hamsters, dogs, cats and rabbits, 
there have been few reports on domestic 
fowls. The present experiments were car- 
rid out to establish the absorption pattern 
of individual amino acids from an equi
molar mixture of 18 L-amino acids in the 
small intestine of domestic fowls in situ, 
and to determine the absorption rate of 
each amino acid in situ using a circula
tion unit when one or two amino acids 
were administered equimolarly.

EXPERIMENTAL
Experiment 1 was undertaken to estab

lish the pattern of amino acid absorption 
from the small intestine of domestic fowls
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in situ when an equimolar mixture of 18 
L-amino acids was injected.

The procedure used was a modification 
of the technique established by Gibson 
and Wiseman (6 ) . The birds were first 
anesthetized by an intravenous injection 
of sodium pentobarbital at a level of 25 
m g/kg of body weight. The small intes
tine was exposed by making an incision 
and 10 ml of Krebs-Ringer phosphate buf
fer (pH 7 .4) were injected into the intesti
nal lumen to be tested, and then forced 
manually toward the lower ileum so as 
to remove impurities in the lumen. The 
proximal and distal points of the intestine, 
each 10 cm from Meckel’s diverticulum 
(the remnant of the attachment of the 
yolk stalk), were ligated, and 5 ml of solu
tion with equimolar concentration of 18 
L-amino acids (2 .5  umoles/ml each) were 
injected into the lumen. The intestine was 
returned to the abdominal cavity and the 
incision was clamped with hemostats.

Ten minutes after injection of the amino 
acid solution, the abdominal cavity was 
reopened and the sac of intestine was 
removed. The contents of the intestine 
were collected and the sac was washed 
thoroughly with distilled water. The col
lected intestinal contents and washings 
were then mixed and filtered. The filtrate 
was freeze-dried and dissolved in sodium 
citrate buffer (pH 2 .2 ). Amino acids re
maining in the solution were determined 
chromatographically by means of the Beck
man Model 120B amino acid analyzer.

Experiment 2 was undertaken to deter
mine the absorption rate of individual L- 
amino acids, such as methionine, leucine, 
phenylalanine, glycine and glutamic acid, 
when they were administered singly or in 
combination. The pairs of amino acid 
used were, methionine and leucine, methi
onine and phenylalanine, and methionine 
and glutamic acid. The in situ circulation 
unit developed by Fisher and Parsons (1 2 )  
was modified slightly and used in the 
present experiment. Air was bubbled 
from the gas injector at a constant rate 
by regulating the compression valves so 
as to circulate water at a rate of 100 
ml/minute. Two hundred milliliters of 
Krebs-Ringer phosphate buffer which con
tained one amino acid (10 umoles/ml) or 
2 amino acids (10 umoles/ml, each) were

introduced into the reservoir, and main
tained at 42° by circulating warm water 
through the jackets.

The abdomen of the bird was opened by 
the same procedure described in experi
ment 1. The proximal and distal points of 
the intestine, 20 cm and 10 cm, respec
tively, from Meckel’s diverticulum, were 
ligated and cut off carefully so as not to 
injure blood vessels. Impurities in the 
loop were washed out thoroughly with 
Krebs-Ringer phosphate buffer maintained 
at 42°, both ends of the intestinal loop 
with intact blood circulation were con
nected to the circulation unit, and the loop 
was then perfused. Ten-milliliter samples 
of the circulating fluid were taken by 
pipette from the reservoir at intervals of 
15 minutes for an hour. During the cir
culation, the height of the circulating fluid 
was kept constant by elevating the reser
voir. The intestinal loop was covered with 
gauze kept moist by warm Krebs-Ringer 
phosphate buffer.

The micro-Kjeldahl method described by 
Miller and Houghton (1 3 ) was used to 
determine total nitrogen. From a prelimi
nary experiment, it was confirmed that 
little endogenous nitrogen was secreted 
into the intestinal loop during an hour’s 
circulation; therefore, the amount of total 
nitrogen was considered to represent the 
amount of nitrogen of the amino acid re
maining in the circulating fluid at a defi
nite time.

When 2 amino acids were given simul
taneously, it was necessary to determine 
each of them separately. If one of them 
was determined by a specific method, the 
other could be calculated by subtracting 
the nitrogen of the specifically determined 
amino acid from the total nitrogen deter
mined by the micro-Kjeldahl method. In 
this experiment L-methionine was deter
mined by a specific method described by 
Csonka and Denton (1 4 ).

In each experiment, Single Comb White 
Leghorn cockerels weighing 1.5 to 1.9 kg 
were used, and were fasted for 12 hours 
prior to the experiment.

RESULTS
The absorption pattern of amino acids 

from an equimolar mixture of 18 L-amino 
acids in the small intestine (exp. 1) is
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shown in table 1. The amino acids with 
larger nonpolar side chains, such as methi
onine, isoleucine, valine, leucine, trypto
phan and phenylalanine, belong to a group 
of rapidly absorbed amino acids, whereas 
glycine and the amino acids with polar 
side chains, such as glutamic acid, aspar
tic acid and arginine, belong to a group of 
slowly absorbed amino acids.

The characteristic absorption rates of 
L-amino acids and water from the circu
lating fluid containing a single amino acid 
(exp. 2 ) are shown in figure 1. The re
sults show that the order of the absorption 
rate of amino acids is similar to that in 
experiment 1; i.e., methionine was ab
sorbed most rapidly, followed by leucine, 
phenylalanine and glycine, with glutamic 
acid being the most slowly absorbed.

Table 2 shows the competition existing 
between various pairs of L-amino acids in 
their absorption process. When methio
nine was present with leucine or phenyl
alanine in the circulating fluid, the absorp
tion rates of leucine and phenylalanine 
were 237.9 and 231.5 nmoles, respectively, 
per gram of dried intestine during 60 min
utes, although the absorption rates of these 
amino acids were 322.5 and 310.3 nmoles, 
respectively, when each amino acid was ad
ministered separately. In contrast, changes

T A B L E  1

A b s o r p t i o n  p a t t e r n  o f  i n d i v i d u a l  a m i n o  a c i d s  
f r o m  a n  e q u i m o l a r  m i x t u r e  o f  18 L - a m i n o  a c i d s  
(12.5 g m o l e s / b i r d ,  e a c h )  i n  t h e  s m a l l  i n t e s t i n e  
d u r i n g  1 0  m i n u t e s .

Amino acid A b s o r b e d

Methionine
%

89.6 ±3 .3  1
Isoleucine 86.7 ±  4.2
Valine 86.0 ±3 .6
Leucine 84.9 ±4 .1
Tryptophan 83.3 ±4 .4
Phenylalanine 82.9 ±  4.2
Histidine 79.8 ±4 .3
Lysine 79.6±4.9
Alanine 78.7± 5.1
Serine 78.5 ±  4.9
Threonine 78.4 ± 5 .7
Tyrosine 78.2 ±4 .8
Cystine 77.7 ±  5.7
Proline 77.7 ±  6.4
Arginine 75.3 ±6 .1
Glycine 73.5 ±8.1
Aspartic acid 69.2 ±8 .5
Glutamic acid 61.9 ±  9.9

1 s e  o f  m e a n  (3 birds).

Fig. 1 Absorption of amino acids when a sin
gle L-am ino acid was administered (10 /x m oles /m l 
of circulating fluid).

of the absorption rate of methionine were 
not so great, showing 362.5 nmoles when 
administered singly, and 326.6 or 340.2  
nmoles when administered with leucine 
or phenylalanine, respectively. These re
sults indicate that methionine inhibits sig
nificantly the absorption of leucine and 
phenylalanine, but the inhibitory effect of 
leucine and phenylalanine on methionine 
absorption is not so great. However, when 
methionine and glutamic acid were given 
simultaneously, the absorption rate of glu
tamic acid was greatly inhibited (171.4  
and 253.2 nmoles when administered with 
and without methionine, respectively), 
whereas the absorption rate of methionine 
appeared to be accelerated slightly (399.8  
and 362.5 nmoles, with and without glu
tamic acid, respectively).

Table 2 indicates that when leucine, 
phenylalanine or methionine were admin
istered singly or in combination, water ab
sorption rates were almost constant, show
ing 13 ml during 60 minutes, but glutamic 
acid apparently accelerated the water ab
sorption rate.
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DISCUSSION
Experiment 1 (table 1) shows that con

siderable selectivity occurs in the amino 
acid absorption from the small intestine of 
birds when an equimolar mixture of 18 
L-amino acids is introduced.

Orten (1 5 ) studied the amino acid ab
sorption from an equimolar mixture of 
18 L-amino acids in isolated segments 
(Thiry loop) of intestine of human sub
jects, and observed a marked selectivity in 
the absorption rate of the individual amino 
acids, showing rapid absorption of isoleu
cine, methionine, arginine, leucine and 
valine, and poor absorption of threonine, 
histidine, glycine and glutamic acid. Del- 
humeau et al. (1 6 ) studied the absorption 
pattern of individual amino acids from 
equimolar mixtures of 18 L-amino acids in 
tied-off segments of rat intestine in situ, 
and observed that cysteine, methionine, 
isoleucine, leucine and arginine belonged 
to a group of rapidly absorbed amino acids, 
whereas glutamic acid, aspartic acid, gly
cine and threonine constituted a group of 
slowly absorbed amino acids. Comparing 
the results of Orten, Delhumeau et al. and 
of this laboratory, rats, human beings and 
birds show the same absorption pattern for 
most of the amino acids: methionine, iso
leucine and valine are rapidly absorbed, 
and glycine and glutamic acid are slowly 
absorbed. In birds, however, the absorp
tion rate of methionine, the most rapidly 
absorbed amino acid, is only 1.5 times as 
great as that of the one absorbed most 
slowly, although the differences in absorp
tion rates between the most rapid and the 
slowest in human beings or in rats are 
large, being 2.2 and 3.6 times, respectively.

Agar et al. (17)  reported that L-amino 
acids, but not D-amino acids, with larger 
nonpolar side chains, such as trpytophan, 
methionine, leucine and isoleucine, were 
the most effective inhibitors of L-histidine 
uptake by isolated segments of rat intes
tine, whereas those with a charged side 
chain, such as glutamic acid, aspartic acid, 
arginine and lysine, were the weak inhibi
tors. From this result, it is assumed that 
amino acids which strongly inhibit the up
take of L-histidine belong to a group of 
rapidly absorbed amino acids in the pres
ent experiment, and in contrast, amino
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acids which weakly inhibit the uptake of 
L-histidine belong to a group of slowly 
absorbed amino acids. According to Orten 
(1 5 ) and Delhumeau et al. (1 6 ) , however, 
arginine was rapidly absorbed in human 
beings and rats, although in the present 
experiment arginine was slowly absorbed 
in birds. It is not clear why the absorption 
pattern of arginine shows such a marked 
difference in mammals and birds.

It was concluded that the absorption 
rate of amino acids was not dependent 
upon their molecular weight; when intro
duced separately, each amino acid has 
its own absorption rate which is a charac
teristic of that amino acid (fig. 1). This 
fact implies that some of the amino acids 
are actively absorbed, because if amino 
acids are absorbed only by diffusion as 
shown by Kratzer (4 ) , the absorption rates 
of amino acids in definite concentration 
will be inversely proportional to their 
molecular weight.

Using an in vitro technique, Wiseman 
(7 , 11, 18) reported that L-glutamic acid 
was not absorbed against a concentration 
gradient, although the majority of L-amino 
acids were actively absorbed. In the pres
ent experiment, L-glutamic acid was shown 
to be the amino acid absorbed most slowly; 
however, whether this amino acid was ab
sorbed against a concentration gradient 
could not be ascertained from the data 
obtained.

Wiseman (1 1 ) using the everted small 
intestine of golden hamsters, observed that 
the active transport of glycine, L-proline 
and L-histidine was completely inhibited 
by equimolar amounts of L-methionine. 
Agar et al. (1 7 ) showed that the uptake 
of L-histidine was markedly inhibited by 
L-methionine or L-leucine in the intestinal 
segment of rats. Paine et al. (1 9 ) also 
reported that in chickens the presence of 
L-histidine appeared not to affect the ab
sorption of L-methionine significantly, but 
some interference with L-histidine absorp
tion was caused by L-methionine even 
though the data showed only borderline 
significance.

As shown in table 2, methionine has a 
considerable inhibitory effect upon the ab

sorption of glutamic acid, leucine and 
phenylalanine. This result agrees with the 
observations of Wiseman, Agar et al. and 
Paine et al. Among the amino acids used 
in the present study the absorption rate of 
glutamic acid was reduced the most (32%  
of reduction rate during an hour’s absorp
tion), and the reduction in the absorption 
rate of leucine and phenylalanine was 
almost the same (26  and 25%  respec
tively). This fact may imply that methio
nine has a greater inhibitory effect on the 
absorption of the acidic amino acids, such 
as glutamic acid, than it does on that of 
the neutral amino acids, such as leucine 
or phenylalanine.

Christensen et al. (2 0 ) observed that 
glutamic acid intensified the uptake of 
neutral amino acids in Ehrlich mouse as
cites carcinoma cells in vitro. Agar et al.
(1 7 ) also observed that the uptake of 
L-histidine into the segment of rat intes
tine was somewhat accelerated by L-glu
tamic acid. Table 2 shows that glutamic 
acid has a tendency to increase the methi
onine absorption, whereas leucine or phe
nylalanine depresses the absorption of 
methionine, although there are no signifi
cant differences.

As shown in table 2, the perfused in
testine absorbed water from the circula
ting fluid at a rate of approximately 13 
m l/g  of dried intestine/hour, when the 
fluid contained methionine and leucine or 
phenylalanine, singly or in combination. 
However, when glutamic acid was present 
in the circulating fluid, water absorption 
was somewhat accelerated, showing 17 
m l/g  of dried intestine/hour. The increase 
of methionine concentration of the circu
lating fluid, and the final concentrations of 
methionine observed after an hour’s ab
sorption were almost the same when meth
ionine was introduced with or without 
glutamic acid; showing 5.41 and 5.61 
amoles/ml of fluid, respectively. This fact 
suggests that diffusion plays a role in 
methionine absorption when methionine 
was administered with glutamic acid si
multaneously, and consequently the in
crease of methionine absorption would 
occur.
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Effect of Dietary Protein Level Prior to Acute 
Starvation on Serum Proteins in the R at1,2

J O S É  M É N D E Z  A N D  M A R Í A  T E R E S A  M E N C H U

Institute of Nutrition of Central America and Panama (INCAP),
Guatemala, Central America

ABSTRACT The effect of acute starvation and refeeding on serum proteins was 
studied in rats receiving high and low protein diets. The levels for total proteins, 
albumin and ai-globulin were significantly lower in the group receiving the low pro
tein diet before starvation. No significant differences were observed in a2-, ¡3- and 
7 -globulin fractions. During starvation, the rats that had consumed the low protein 
diet showed a significant increase in total protein and albumin, a decrease in ai- and 
/3-globulin, and no significant change in a2- and /3-globulin. The rats fed the high 
protein diet, on the other hand, showed a progressive and significant decrease in total 
proteins, at- and /3-globulin, an increase in 7 -globulin and no significant change in 
albumin and aj-globulin fractions. During refeeding, the rats fed the low protein diet 
prior to starvation, showed a significant decrease in albumin, and an increase in 
ai-globulin when refed either diet. The rats fed the high protein diet prior to starva
tion, showed during refeeding, an increase in total proteins and albumin when refed 
the high protein diet and an increase in ai-globulin when refed either diet. The plane 
of protein nutrition of an animal, therefore, influences the response to acute starvation.

It has been shown that the biochemical 
response of an animal to acute starvation 
is closely related to its nutritional status. 
This was demonstrated in relation to se
rum lipids when rats were fed, prior to 
starvation, diets containing 5 or 20%  
casein. In this case, the rats that had con
sumed the low protein diet showed, during 
starvation, an increase in the concentra
tion of all serum lipid fractions, whereas 
rats fed the high protein diet had a marked 
and significant decrease (1 ) .

Although the effect of starvation on 
serum proteins has been studied in ani
mals and humans (2 ) , there is no specific 
information in the literature about the 
effect of starvation on serum proteins in 
animals on different planes of nutrition. 
It is possible, as in the case of serum 
lipids, that the protein nutritional status 
of an animal might influence the response 
of its serum proteins to acute starvation. 
Furthermore, changes in serum protein 
fractions, especially those related to lipid 
transport, may contribute to an explana
tion of the changes in serum lipids during 
starvation.

The following study was undertaken to 
investigate the effect of acute starvation 
on serum proteins in growing rats that 
were fed a 20%  casein diet as compared

with those receiving a diet with only 5%  
casein. Serum lipid changes were also 
studied as an indicator of the starvation 
effect.

MATERIAL AND METHODS
Experimental design. Seventy-two wean

ling male rats of the Sprague-Dawley 
strain were divided into 2 groups, each 
having the same average weight of 76 g, 
and placed in individual cages with raised 
screen bottoms. One group was fed ad 
libitum a diet containing 5%  casein and 
the other group, 20%  casein during 8 
weeks. The composition of these diets is 
shown in table I. Body weight was re
corded weekly and food consumption was 
determined during 3 days at the end of 
the sixth week. The rats fed the 20%  
casein diet consumed an average of 15.2 
g/day, whereas the rats fed the 5%  casein 
diet consumed only 8.3 g/day.

At the end of the eighth week, each die
tary group was divided into 6 subgroups 
of the same average body weight. These * 1 2

R e c e i v e d  f o r  p u b l i c a t i o n  N o v e m b e r  1 , 1 9 6 5 .
1 T h is  i n v e s t ig a t i o n  w a s  s u p p o r t e d  b y  G r a n t  2 6 6  

f r o m  t h e  N u t r i t i o n  F o u n d a t i o n ,  a n d  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 .  H -0 2 6 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 s  o f  H e a lt h .  P r e s e n t e d  i n  p a r t  a t  t h e  
a n n u a l  m e e t i n 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 ,  N e w  
J e r s e y ,  1 9 6 5 .

2 I N C A P  P u b l i c a t i o n  1 -3 6 1 .
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T A B L E  1
Composition of diets

5%
Casein

20%
Casein

Casein, g 5 20
Salt mixture,1 g 4 4
Cellulose,2 g 2 2
Cottonseed oil, m l 10 10
Cod liver oil, ml 1 1
Cornstarch, g 
Vitamin mixture 3

78 63

1 H e g s t e d ,  D . M . ,  R .  C . M i l l s ,  C . A . E l v e h j e m  a n d  
E . G . H a r t .  J. B io l .  C h e m . ,  1 3 8 :  4 5 9 ,  1 9 4 1 ;  o b t a i n e d  
f r o m  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 le v e la n d .

2 A l p h a c e l ,  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 .
3 E a c h  1 0 0  g  o f  d i e t  w e r e  s u p p l e m e n t e d  w it h  5  m l  

o f  a  v i t a m in  s o l u t i o n  c o n t a i n i n g  t h i a m in e  H C 1 , 0 .6  g ;  
r i b o f l a v i n ,  0 .6  g ;  n i c o t i n i c  a c i d ,  1 g ;  C a  p a n t o t h e n a t e ,  
2  g ;  p y r i d o x i n e ,  0 .6  g ;  b i o t in ,  2  m g ;  f o l i c  a c i d ,  4  m g ;  
v i t a m in  B 12, 0 .6  m g ;  i n o s i t o l ,  8  g ;  c h o l i n e  H C l ,  3 0  g ;  
p - a m i n o b e n z o i c  a c i d ,  6  g ;  m e n a d i o n e ,  0 .2  g ;  e t h y l  
a l c o h o l ,  8 4 2  m l ;  a n d  d i s t i l l e d  w a t e r ,  t o  m a k e  1 l i t e r .

groups were treated in the following way: 
subgroups 1, 2, 3 and 4 within each die
tary group were starved for periods of zero, 
2, 4 and 6 days. Subgroups 5 and 6 within 
each dietary group were starved during 6 
days and then refed during 8 days. In 
each dietary group, subgroups 5 were re
fed the 5%  casein diet, and subgroups 6 
were refed the 20%  casein diet. Water 
was available at all times. The rats were 
decapitated at the end of each experimen
tal period and blood for serum separation 
was collected.

Methods. Serum total lipids, choles
terol and lipid phosphorus were deter

mined by micromethods adapted from 
those of Bragdon (3 ) , Abell et al. (4 ) , and 
Chen et al. (5 ) ,  respectively. Serum total 
proteins were determined on the day of 
the sample collection, using the gradient 
tube method of Lowry and Hunter (6 ) . 
Serum protein fractions were separated by 
paper electrophoresis by the method of 
Grassmann et al. (7 )  using 10 uliters of 
sample on Whatman no. 1 paper strips, 
and an acetate-barbital buffer, pH 8.6, 
with an ionic strength of 0.075. A current 
of 100 v was applied for 16 hours. The 
individual fractions were then determined 
colorimetrically after staining with Amido 
Black and eluting with 2 n  sodium hy
droxide solution. The method of Morrison 
and Slocum (8 )  was used for calculating 
the relative amounts of serum protein 
fractions. The absolute concentrations 
were obtained from the serum total pro
teins.

Analysis of variance (9 )  was applied in 
the statistical study of the results. The 
multiple range test of Duncan (1 0 ) was 
used in the comparison of individual 
means.

RESULTS
In table 2, the results in serum lipid frac

tions are shown. No significant differences 
in pre-starvation values were observed. Se
rum total lipids, cholesterol and lipid phos-

T A B L E  2
Effect of dietary protein level prior to acute starvation and folloiuing refeeding 

on serum lipid concentration in the rat

S u b 
g r o u p

N o .
d a y s

s t a r v e d

C a s e in
r e f e d
p o s t 

s t a r v a t io n

B o d y
w t T o t a l  l i p i d s C h o le s t e r o l L i p i d  p h o s p h o r u s

% 9 m g / 100 m l m g / 10 0  m l m g / 10 0  m l

5% C a s e i n  g r o u p

i 0 — 1 1 5  ± 2 5  1 4 0 0  ± 2 8 8 5  ± 8 5 . 7  ±  0 . 5
2 2 — — 4 8 3  ±  6 0 * 1 2 7  ± 2 5 * * 9 . 4  ±  2 . 0 * *
3 4 — — 4 2 1  ± 5 3 9 7  ± 1 8 6 . 9 ±  1 .7
4 6 — 7 8  ± 1 4 3 6 9  ± 1 0 4 9 6  ± 1 8 5 . 8 ±  1 .0
5 6 5 9 3  ±  1 8 4 4 4  ±  6 9 1 1 1  ±  1 7 7 .1  ± 1 . 5
6 6 2 0 9 7 ±  1 8 4 7 6  ± 7 4 » 1 1 9 ±  1 2 * 8 . 3 ±  1 . 2 *

20% C a s e i n  g r o u p

1 0 — 3 3 2  ± 4 2 3 9 9  ± 8 0 7 9  ± 1 5 6 . 0 ±  1 .5
2 2 — — 3 3 5  ± 9 7 6 5  ±  1 7 6 .1  ±  0 . 7
3 4 — — 2 8 0  ± 3 3 » * 4 6  ± 1 7 * * 3 . 7  ±  0 . 9 *  *
4 6 — 2 7 2  ± 3 0 2 4 7  ± 3 4 * * 5 5  ± 1 6 * * 3 . 5 ±  0 . 9 * *
5 6 5 3 0 4  ± 4 2 4 0 5  ± 8 1 * * 9 5  ± 1 4 * * 7 . 6  ± 1 . 8 * *
6 6 2 0 3 2 9  ± 4 2 5 1 4  ± 8 6 * * 9 6  ± 8 * * 7 .1  ±  2 . 1 * *

* 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 5 ,  a n d  * *  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 1 ,  w h e n  s e r u m  l i p i d  
s t a r v a t io n  v a l u e s  a r e  c o m p a r e d  w i t h  i n i t i a l  s u b g r o u p s  n o .  1 a n d  r e f e e d i n g  v a l u e s  a r e  c o m p a r e d  
w i t h  f in a l  s t a r v a t i o n  s u b g r o u p s  n o .  4  w i t h i n  e a c h  d i e t a r y  g r o u p .1 TVT̂ an -4- cn
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phorus concentrations during starvation in 
the low protein group increased signifi
cantly in the first periods, and at the end 
they decreased toward the initial values. 
The high protein group, in contrast, 
showed a marked decrease in all lipid frac
tions. The final levels at the end of starva
tion were significantly higher in the group 
fed the low protein diet prior to starvation. 
When the group receiving the low protein 
diet was refed with either of the diets, an 
increase in all values was obtained. This 
increase, however, was significant only 
when the diet containing 20%  casein was 
fed. When the animals in the high protein 
group were refed, after starvation, with 
either of the diets, a significant increase 
was also observed. In this group the ani
mals refed with the high protein diet 
showed significantly higher values in total 
lipids than those refed the low protein diet. 
The cholesterol levels at the end of the 
refeeding period were higher in the group 
fed the 5%  casein diet prior to starvation.

Serum total proteins and the electro
phoretic fractions expressed in absolute 
concentrations are given in table 3. The 
pre-starvation levels for total serum pro
teins, albumin and cu-globulin were signifi
cantly lower in the group receiving the 
5%  casein diet. No significant differences 
were observed in a2-, [3-, and y-globulin 
fractions, although the y-globulin concen
tration tended to be higher in this group.

The animals fed the low protein diet 
prior to starvation showed, during starva
tion, a significant increase in total proteins 
and albumin, and a decrease in cu- and 
Y-globulin. No significant change was ob
served in at- and (3-globulin. The high pro
tein group, however, showed a progressive 
and significant decrease in total proteins, 
on- and 3-globulin and an increase in 
Y-globulin. No significant change was ob
served in albumin and a2-globulin frac
tions. The final values at the end of the 
starvation period were significantly lower 
for ai- and y-globulin and greater for 13- 
globulin in the group fed the 5% casein 
diet prior to starvation.

During refeeding, the animals fed the 
5%  casein diet, prior to starvation, showed 
a significant decrease in albumin and an 
increase in cu-globulin when refed either 
diet. The animals fed the 20%  casein

diet, prior to starvation, showed during 
refeeding an increase in total proteins and 
albumin when given the diet containing 
20%  casein and an increase in cu-globulin 
when refed either diet.

DISCUSSION
The data on acute starvation presented 

here, demonstrate that the plane of protein 
nutrition in the rat affects significantly the 
response to acute starvation in terms of 
serum protein concentration. In the two 
dietary groups studied, the different be
havior of the serum protein fractions in
dicates that hemoconcentration does not 
explain the changes which occurred. If 
changes in hemoconcentration had been 
the only operative mechanism, then all 
serum fractions would have changed pro
portionally in the same direction.

Rutman et al. (1 1 ) , on the basis of the 
incorporation of methionine-35S by liver 
slices, have demonstrated that the effect 
of fasting on the rat previously fed a low 
protein or protein-free diet is to increase 
the rate of incorporation. Fasting of rats 
previously fed a diet of higher protein con
tent, however, reduces the rate of incorpo
ration. If incorporation is assumed to re
sult from net protein synthesis, then fast
ing produces dissimilar effects in protein 
synthesis in animals fed low or high pro
tein diets.

Kaufmann and Wertheimer (1 2 ) have 
described a “fasting effect” on total nitro
gen release from liver slices of rats fed 
diets of different protein content. They 
observed a proportionally greater nitrogen 
release in rats fed a protein-free diet or a 
restricted intake prior to starvation than 
rats fed a stock or a high protein diet. If 
the discharge of nitrogen from liver slices 
can be assumed to represent a release of 
protein in vivo, then there is a marked 
difference in the net amount of protein 
liberated into the circulation.

From the above discussion, it could be 
inferred that the increase in serum pro
teins observed during starvation in the 
group of rats fed the low protein diet prior 
to this stress, is due to a selective increase 
in protein synthesis, and protein mobiliza
tion. The results following refeeding could 
also be attributed to the same mechanism 
of protein synthesis and mobilization as
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it has been observed that the total nitrogen 
release from liver slices of rats fed a low 
protein diet is lower than that of rats fed 
a normal one (1 2 ) , and that the synthesis 
of proteins, as indicated by the incorpora
tion of labeled methionine, is also greater 
in rats fed a normal or high protein diet 
( 11).

The results on the serum lipid fraction 
presented in this paper confirm previous 
observations (1 ) ,  which showed that the 
plane of nutrition of the rat affects the 
response to acute starvation. The fact that 
the 20%  casein group of animals that had 
showed, during starvation, a marked de
crease in all serum lipid fractions, also 
showed a decrease in cu- and [3-globulin 
concentration, is understandable in view 
of the association between both constitu
ents in the blood plasma. Alpha- and 13- 
globulin fractions are the main cholesterol 
carriers (1 3 ). Direct determinations of 
a- and 3-lipoprotein concentrations during 
acute starvation may help to confirm this 
interpretation.
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Nutritive Value of Protein in High and Low Protein
Content Sorghum Grain as Measured by Rat
Performance and Amino Acid Assays 1

ABSTRACT The nutritive value of protein of 2 sorghum grain composites containing 
7.9% and 11.8% protein, respectively, was compared on the basis of growth of rats and 
amino acid analyses. The high protein sorghum grain had higher percentages of all the 
17 amino acids studied than did the low protein sorghum grain. In both grains, lysine 
was the most deficient amino acid, and content of sulfur-containing amino acids and 
threonine also was low. Calculated on an equal nitrogen basis, the dibasic amino acids, 
especially lysine, the sulfur-containing amino acids, and threonine levels of the high 
protein sorghum grain were lower than those of the low protein sorghum grain. Nutri
tive value of the protein of low protein sorghum grain was superior to that of a high 
protein sorghum grain, as shown both by growth of rats and amino acid assays. When 
lysine, histidine, and arginine were added to the high protein sorghum grain diet to 
adjust percentages of those amino acids in the protein similar to the content in the 
low protein sorghum grain diet, an increase in growth resulted.

Sorghum grains are used widely in feeds 
for poultry, swine and other farm animals. 
Factors such as environment and hybrids 
are known to cause variations in protein 
content of sorghum grains (1 ) . With the 
expanding use of irrigation, fertilization, 
and hybrid seed in farming practices, the 
protein content of sorghum grain may vary 
more than formerly. There is a paucity of 
information on the effects of variation in 
protein content on the nutritive value of 
protein from sorghum grain. However, the 
nutritive value of corn has been studied 
more extensively. Sauberlich et al. (2 )  
determined protein and 18 amino acids in 
a series of com samples. Both variety and 
nitrogen fertilization influenced protein 
and amino acid content, but in the higher 
protein content corn, leucine, alanine, phe
nylalanine and proline made up a greater 
percentage of the protein than the others, 
whereas, arginine, glycine, lysine and tryp
tophan became a lesser percentage of the 
protein. Sauberlich et al.2 stated that the 
main effect of nitrogen fertilization of corn 
was on quantity of protein rather than 
quality.

Using rats and chicks as test animals, 
Sauberlich et al. (3 )  determined the nutri
tive value of corns ranging from 6.8 to 
13.6% protein. High protein com was

superior to low protein corn when fed as 
equal proportions of grain in the diet. For 
growth of their animals, both high and 
low protein corn were deficient in trypto
phan and lysine, and the low protein corn 
was deficient also in isoleucine, threonine, 
and valine. When corn was fed on the 
basis of equal protein content in the diet, 
high protein corn was somewhat inferior 
to low protein corn.

Vavich et al. (4 )  observed that, as meas
ured by chick growth, sorghum grain con
taining 10.5% protein was superior to 
sorghum grain containing 15.3% protein 
when fed at a constant level of protein in 
the diet. Using microbiological amino acid 
assays they found that the diet made with 
the 10.5% protein sorghum grain was low 
in lysine and arginine, and that made with 
the 15.3% protein sample was high in leu
cine and isoleucine.

The object of the present experiment 
was to determine the nutritive value of 
protein of high and low protein hybrid * 1 2

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 5 ,  1 9 6 5 .
1 C o n t r i b u t i o n  n o .  5 2 2 ,  D e p a r t m e n t  o f  F l o u r  a n d  

F e e d  M i l l i n g  I n d u s t r i e s ,  a n d  n o .  6 0 ,  D e p a r t m e n t  o f  
B i o c h e m i s t r y ,  K a n s a s  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 ,  
M a n h a t t a n ,  K a n s a s .

2 S a u b e r l i c h ,  H . E .,  W -Y .  C h a n g  a n d  W . D . S a lm o n  
1 9 5 1  E f f e c t  o f  n i t i o g e n  f e r t i l i z a t i o n  u p o n  t h e  b i o 
l o g i c a l  v a l u e  a n d  a m i n o  a c i d  c o n t e n t  o f  c o r n .  F e d e r a 
t io n  P r o c . ,  10 :  2 4 3  ( a b s t r a c t ) .

3 7 0 J. N u t r it io n , 8 8 : ’66
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sorghum grain, as measured by growth of 
rats, and to correlate these data with the 
amino acid content of the protein.

EXPERIMENTAL
Two sorghum grains, both composites of 

several samples of the same relative pro
tein content, were obtained from the Agro
nomy Department at Kansas State Uni
versity. The low protein sorghum grain 
was 7.9%  protein (N  X 6.25) and the 
high protein sorghum grain was 11.8%  
protein by standard methods (5 ) . Mois
ture content was 8.4%  and 8 .2%  , respec
tively.

Seventeen amino acids were determined 
in each sample by ion exchange chroma
tography using a Beckman Amino Acid 
Analyzer, Model 120B. Samples were 
hydrolyzed in 6  N  HC1 for 22 hours at 110° 
under vacuum. The sample was filtered 
and evaporated to dryness; water was 
added and evaporation repeated twice. So
dium citrate buffer, pH 2.2, was added 
and the samples were stored in a frozen 
condition until analyzed. Results of these 
analyses were used in balancing amino 
acid and protein content of diets, as indi
cated later.

Thirty 28-day-old albino rats distributed 
in a randomized complete block design 
were used in a 4-week growth study.

Blocks consisted of rats of the same sex 
within a 5-g weight range. Feed and water 
were supplied ad libitum.

Six different diets, shown in table 1, 
were fed to groups of 5 rats caged individ
ually. Rats were housed in metal screen- 
bottom cages in a room maintained at a 
temperature of 26 to 28°. Sorghum grain 
plus the indicated amino acids were the 
only sources of protein in diets 1, 2, 3 and
4. Glutamic acid and additional glycine 
were added to diets 1, 2 and 4 so that 
those rations would contain approximately 
the same quantity of N as diet 3. Na3P 04 
was added to diets containing starch to ad
just all diets to a similar phosphorus con
tent. Starch was substituted for part of 
the high protein sorghum grain in diets 2 
and 3 so that those diets had the same 
total protein content as diet 1, made from 
low protein sorghum grain. Diet 3 con
tained additional lysine, histidine, and 
arginine to raise the content to the same 
levels as in diet 1. Diets 5 and 6 were 
supplemented with casein to 14% protein. 
Starch was substituted for some sorghum 
grain in diet 6 so that diets 5 and 6 con
tained the same amount of grain protein.

Analysis of variance and the LSD means 
separation method were made by standard 
methods (7 ) . The level of significance 
used was, a =  0.05.

T A B L E  1

Diet composition
Diet 1 2 3 4 5 6
Protein level of 

sorghum grain Low High High High Low High

Protein content,1 % 7.6 7.6 7.6 11.5 14.0 14.0
% % % % % %

Sorghum grain 96.0 64.2 64.2 96.0 87.5 58.5
Starch — 31.65 31.65 — — 28.85
Casein — — — — 8.7 8.7
Na3P 04 — 0.15 0.15 — — 0.15
Salt 0.3 0.3 0.3 0.3 0.3 0.3
Dicalcium phosphate 2.0 2.0 2.0 2.0 2.0 2.0
Vegetable oil 1.0 1.0 1.0 1.0 1.0 1.0
Mineral premix 2 0.025 0.025 0.025 0.025 0.025 0.025
Vitamin premix 3 0.5 0.5 0.5 0.5 0.5 0.5
Glycine 0.073 0.073 0.039 0.073 — —

Glutamic acid 0.073 0.073 — 0.073 — —

Lysine — — 0.048 — — —

Histidine — — 0.010 — — —

Arginine — — 0.030 — — —
1 D ie t s  1 , 2 ,  3 ,  4  h a d  a d d i t i o n a l  p u r i f i e d  a m i n o  a c i d s  a d d e d  a s  i n d i c a t e d .
2 C C C  A l l  P u r p o s e  T r a c e  M in e r a l  P r e m i x ,  5 %  Z i n c ,  C a l c i u m  C a r b o n a t e  C o m p a n y ,  Q u in c y ,  I l l i n o i s .
3 V i t a m i n  p r e m i x  p r e p a r e d  u s i n g  p u r e  v i t a m in s  a n d  v i t a m i n  c o n c e n t r a t e s  o n  a  g r a i n  c a r r i e r ;  

0 .5 %  o f  p r e m i x  i n  d i e t  s u p p l i e d  r e c o m m e n d e d  l e v e l s  i n  t h e  d i e t  ( 6 ) .
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RESULTS AND DISCUSSION
Data from the amino acid determina

tions are shown in table 2. The dibasic 
amino acids, especially lysine, the sulfur- 
containing amino acids and threonine ap
peared to be the amino acids most defi
cient in both the low and high protein 
sorghum grains. All the amino acids stud
ied were present in a higher percentage in 
the high protein sorghum grain. Lysine in
creased the least from the low to high pro
tein grain.

All the essential amino acids, with the 
exception of leucine and phenylalanine, 
made up a smaller percentage of the pro
tein of high protein sorghum grain than 
of the protein of low protein sorghum 
grain (table 2 ) . These values indicate 
that protein of the low protein sorghum 
grain would be expected to have the higher 
nutritive value.

Body weight gains of the rats for the
4-week period are shown in tables 3 and 
4. There was a significant effect of diets 
on growth (tables 3 and 4 ) . Casein- 
supplemented diets produced much greater 
growth than did unsupplemented diets. 
When low and high protein sorghum 
grains were fed as the same percentage of 
the diet (diets 1 and 4 ) there was no sig
nificant difference in growth, although the

rats fed high protein sorghum grain grew 
slightly more. Fed on an equal protein 
basis, the low protein sorghum grain 
caused significantly greater growth than 
did high protein sorghum grain (diets 1 
and 2 ) . When lysine, histidine and argi
nine were added to diet 2, to produce diet 
3 with a distribution of those amino acids 
similar to diet 1, growth increased, but 
not significantly.

These results might be explained par
tially by data in table 5 showing percent
ages of the required levels of essential 
amino acids that were supplied by the 
diets. Almquist (8 )  states that “one seri
ous amino acid deficiency is enough to 
cause a failure of the entire diet.” When 
related to this assumption the results can 
be explained. Lysine is the most limiting 
amino acid in the diets without casein sup
plementation. Thus the high protein sor
ghum grain (diet 4 ) did not produce sig
nificantly more growth than did the low 
protein sorghum grain (diet 1) when fed 
as equal amounts of grain in the diets. In 
casein-supplemented diets (5  and 6 ) the 
sulfur-containing amino acids are limiting; 
but based on composition, these diets 
should be superior to the others.

In somewhat related studies Dobbins 
et al. (9 )  fed fattening pigs and rats equal

T A B L E  2

Amino acid composition of the low and high protein sorghum grains

L o w  p r o t e i n  H ig h  p r o t e in

% of sample 1 % of protein 2 % of sample % of protein
Lysine 0.19 2.48 0.21 1.81
Histidine 0.18 2.28 0.25 2.10
Arginine 0.27 3.54 0.35 3.01
Aspartic acid 0.51 6.66 0.75 6.43
Threonine 0.25 3.27 0.35 2.96
Serine 0.34 4.39 0.49 4.15
Glutamic acid 1.63 21.09 2.57 21.96
Proline 0.64 8.33 0.96 8.19
Glycine 0.25 3.25 0.32 2.70
Alanine 0.71 9.14 1.15 9.85
Half-cystine 0.11 1.44 0.18 1.56
V aline 0.39 5.01 0.57 4.86
Methionine 0.09 1.22 0.14 1.17
Isoleucine 0.31 4.01 0.46 3.95
Leucine 1.04 13.52 1.70 14.53
Tyrosine 0.20 2.56 0.33 2.83
Phenylalanine 0.39 5.04 0.60 5.12

1 P e r c e n t a g e  o f  t h e  i n d i v i d u a l  a m i n o  a c i d s  i n  t h e  s a m p l e ;  0 .2 1 %  a n d  0 .3 3 %  a m m o n i a  i n  l o w  a n d  
h i g h  p r o t e in  g r a i n  s a m p l e s ,  r e s p e c t iv e l y .

2 T h e  p e r c e n t a g e  o f  p r o t e in  w a s  c a l c u l a t e d  b y  d i v i d i n g  t h e  c o n t e n t  o f  t h e  i n d i v i d u a l  a m i n o  a c i d  
b y  t h e  t o t a l  o f  t h e  1 7  a m i n o  a c i d s  +  a m m o n i a  r e c o v e r y  f r o m  t h e  a n a ly s i s .
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TABLE 3
Data and analysis of variance of weight gains of rats fed for a 4-week period

DietBlock Total Average1 2 3 4
9 9 9 9 9 9

1 ( F ,79-83 g) i 19 1 3 27 50 12.5
2 ( F ,70-73 g) 17 3 11 27 58 14.5
3 (M, 78-83 g) 22 5 23 8 58 14.5
4 (M, 77-80 g) 13 10 4 19 46 11.5
5 (M, 90-94 g) 17 3 14 16 50 12.5
Total 88 22 55 97
Average 17.6 4.4 11.0 19.4

Analysis of variance
Source of df Sum of Meanvariation squares square

Diets 3 600.2 233.4* *
Block 4 28.8 7.2 n.s.
Error 12 584.8 48.7
Total 19 1313.8
LSD =  9.5

1 Sex and range of beginning weights.
* Level of significance =  5%.

T A B L E  4

Analysis of variance of weight gains of rats fed for a 4-week period

Diet
Block

5 6
Total Average

9 9 9 9
1 (F, 79-83 g) 1 102 85 187 93.5
2 (F, 70-73 g) 80 74 154 77.0
3 (M, 78-83 g) 149 112 261 130.5
4 (M, 77-80 g) 133 115 248 124.0
5 (M, 90-94 g) 125 111 236 118.0
Total 589 497

Average 117.8 99.4

Analysis of variance
Source of df Sum of Mean
variation squares square

Diets 1 846.4 846.4*
Block 4 4063.4 1015.8*
Error 4 260.6 65.2

Total 9 5170.4
1 Sex and range of beginning weights. 
* Level of significance =  5% .

quantities of corn containing 7.7, 9.1, and 
12.8% crude protein plus supplement to 
raise all rations to 15% protein. They 
found that the lower protein com gave 
best results. Sauberlich et al. (3 )  reported 
that growth of rats and chicks fed equal

quantities of protein in the diet was better 
with low protein than with high protein 
corn. Dobbins et al. (1 0 ) and Mitchell 
et al. (1 1 ) reported that the biological 
value decreased as protein content of com  
increased.



3 7 4 DOYLE W A G G LE, D. B. PA R R ISH  AND C. W . DEYOE

TABLE 5
Percentage of the requirements of essential amino acids for the growing rat 

supplied by the various diets 1>z

D ie t 1 2 3 4 5 6

P r o t e i n  l e v e l  
o f  s o r g h u m L o w H ig h H ig h H ig h L o w H ig h

P r o t e in ,  % 7 .6 7 .6 7 .6 1 1 .8 i  .0 1 . 0

% % % % % %

L - H i s t i d i n e 5 7 5 3 5 7 8 0 1 0 0  3 1 0 0
L - L y s i n e 2 0 1 4 2 0 2 2 8 6 8 1
L - L e u c i n e 1 G 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0
L - I s o l e u c i n e 6 0 6 0 6 0 8 8 1 0 0 1 0 0
L - P h e n y l a l a n i n e  4 6 8 7 0 7 0 1 0 0 1 0 0 1 0 0
L - M e t h i o n i n e  5 3 0 3 0 3 0 4 3 7 2 7 2
L - T h r e o n i n e 4 8 4 4 4 8 6 8 1 0 0 1 0 0
L - V a l i n e 5 3 5 1 5 1 7 9 1 0 0 1 0 0
L - A r g i n i n e 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0

1 M in im u m  r e q u i r e m e n t ,  N a t i o n a l  R e s e a r c h  C o u n c i l  ( ( 6 )  t a b l e  2 ,  p . 5 4 ) .
2 T r y p t o p h a n  w a s  n o t  d e t e r m in e d  i n  t h is  e x p e r im e n t .
3 S o m e  o f  t h e  v a l u e s  w e r e  m o r e  t h a n  1 0 0 %  o f  r e q u i r e m e n t .
4 L -T y r o s in e  e q u i v a l e n t  m a d e  u p  o n e - t h ir d  o f  t h e  L - p h e n y la la n in e .
5 L -C y s t in e  e q u i v a l e n t  m a d e  u p  o n e - h a l f  o f  t h e  L - m e t h io n in e .

There was not a significant block effect 
in diets 1, 2, 3 and 4, but a significant 
block effect was found in the casein-sup
plemented diets. The probable reason for 
this is that rats fed the casein-supple
mented diets grew much more, allowing 
differences in growth rates of female and 
male rats to become apparent. Growth 
with the other diets was not sufficient to 
cause this effect.
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Relation of Vitamin B,2 and One-carbon Metabolism 
to Hydrocephalus in the R at1,2,3
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ABSTRACT The purpose of this investigation was to examine the relationship of 
a number of factors involved in 1-carbon metabolism to the induction of hydroceph
alus in the rat. Animals raised with a diet deficient in vitamin B12 gave birth to 
young with congenital hydrocephalus. The addition of an intestinal antibiotic, neo
mycin, to the dams’ diets or the parenteral administration of vitamin Bt2 antagonists 
did not markedly increase the incidence of congenital abnormalities. The incidence 
of congenital hydrocephalus was markedly increased by the inclusion in the diet of 
X-methyl folic acid, a folic acid antagonist. A higher incidence was obtained, how
ever, when females were fed a diet deficient in vitamin Bi2 and choline. Methionine 
and sarcosine in equivalent methyl groups did not offer the same protective effect as 
did choline. Abnormalities were similar in newborn animals from vitamin Bi2-defi- 
cient dams raised with the folic acid antagonist diets or with the choline-deficient 
diets. Lesions noted in offspring from these animals included: 1) stunted embryonic 
growth, 2 ) hydrocephalus, 3 ) hydro-ureter and hydronephrosis, 4 ) umbilical hernia, 
5 ) spina bifida and cranioschisis, 6 ) harelip, and 7) skeletal defects.

While studying the nutritional require
ments for reproduction and lactation in 
the rat, Richardson and Hogan (1 )  ob
served spontaneous cases of hydroceph
alus in newborn animals. Approximately 
2%  of the offspring born to dams raised 
with a purified ration were hydrocephalic. 
The original diet consisted of casein and 
all of the vitamins available at that time, 
but it was later shown by O’Dell et al.
(2 )  that supplementation of the diet with 
folic acid would largely prevent the occur
rence of the congenital hydrocephalus. 
These investigators reported that X-methyl 
folic acid, an antimetabolite, added to 
soybean oil meal diets during successive 
gestations resulted in an increased inci
dence of hydrocephalic offspring com
pared with animals fed a casein diet (3 ) .  
Vitamin Bt2 supplementation was later 
shown to prevent completely the occur
rence of congenital abnormalities in new
born rats whose dams had received the 
vegetable protein diet (4 ) . The X-methyl 
folic acid was considered to inhibit vita
min synthesis by intestinal microorgan
isms.

Newberne and O’Dell (5 )  were able to 
produce congenital hydrocephalus in rats 
by a maternal vitamin BJ2 deficiency; the 
diets did not contain any antagonist and

were supplemented with 5 mg of folic acid 
and 1 g of choline chloride/kg of diet. 
Whereas the incidence of hydrocephalus 
in the folic acid antagonist diets of Hogan 
et al. (3 )  was 2 0 % , a 10% incidence was 
noted when the ration was deficient only 
in vitamin B!2 (5 ) . Spina bifida, anoph
thalmia, harelip, cleft palate and edema 
were noted with the antagonist diet, but 
none of these lesions was observed in the 
newborn animals raised with the vitamin 
Bi2-deficient ration without the antagonist.

Because of the differences reported by 
Hogan et al. (3) and Newberne and O’Dell
(5 ) ,  an attempt has been made to study 
further, congenital abnormalities in vita
min B i»-deficient neonatal rats by deter
mining which accessory dietary factors 
might influence the incidence or severity 
of lesions. * 1 2 3 4

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  7 , 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  R e s e a r c h  

G r a n t  n o .  A M -0 7 1 3 6 -0 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 .

2 T h i s  m a t e r ia l  w a s  t a k e n  f r o m  a  t h e s i s  p r e s e n t e d  
b y  t h e  s e n i o r  a u t h o r  t o  t h e  D e p a r t m e n t  o f  N u t r i t i o n  
a n d  F o o d  S c i e n c e  i n  p a r t i a l  f u l f i l l m e n t  f o r  t h e  d e 
g r e e  o f  P h .D .  I t  w a s  a l s o  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  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 p r i l ,  1 9 6 5 .

3 C o n t r i b u t i o n  n o .  7 4 0  f r o m  t h e  D e p a r t m e n t  o f  
N u t r i t i o n  a n d  F o o d  S c i e n c e ,  M a s s a c h u s e t t s  I n s t i t u t e  
o f  T e c h n o l o g y ,  C a m b r i d g e ,  M a s s a c h u s e t t s  0 2 1 3 9 .

4 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  P a t h o lo g y ,  U n i 
v e r s i t y  o f  F l o r id a  S c h o o l  o f  M e d i c i n e ,  G a in e s v i l l e ,  
F l o r id a .

J. N utrition , 8 8 :  *66 375
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G E N E R A L  M E T H O D S

Weanling albino rats of the Caesarean 
Derived (CD) Sprague-Dawley strain were 
obtained from the Charles River Breeding 
Farm. The animals were housed in air 
conditioned animal quarters; food and 
water were supplied ad libitum. Three 
female animals were housed together in 
large, raised, screen-wire cages and fed 
either a vitamin Bi2-deficient diet or a 
vitamin B,2-supplemented diet during the 
growth period.5 The 30%  protein diet 
shown in table 1 was supplemented with 
0.3%  choline chloride and 0 .1%  D L -m e -  
thionine during the growth period; vita
min B12 was added to the control diet at 
the rate of 50 ug/kg of diet. At 13 weeks 
of age, the rats were placed on the various 
experimental rations. Females were fed 
the experimental ration for 4 weeks prior 
to breeding. Male animals fed a commer
cial ration were housed separately during 
their growth period and then placed with 
females, one male per cage. Females were 
allowed to litter in their cages, and the 
offspring were collected as soon as pos
sible after delivery. Hydrocephalus was 
determined by incising formalin-fixed spe
cimens.

T A B L E  1

Composition of basal diets

1 2

S u c r o s e 5 5

%  o f  d ie t

6 5
S o y b e a n  p r o t e i n  1 30 2 0
S a l t s  2 5 5
C o t t o n s e e d  o i l  3 1 0 1 0

V i t a m i n s  4 m.g/ kg  o f  d ie t
T h i a m i n e - H C 1 1 6 1 6
P y r i d o x i n e  • H C 1 1 6 1 6
R i b o f l a v i n 1 6 1 6
C a  p a n t o t h e n a t e 4 0 4 0
N i c o t i n a m i d e 1 2 1 2
F o l i c  a c i d 5 5
I n o s i t o l 2 5 0 2 5 0
d Z - a - T o c o p h e r y l  a c e t a t e 5 1 1 2 1 1 2

V i t a m i n  A

IU / h g  o f  d ie t  

2 2 , 8 0 0  2 2 , 8 0 0
V i t a m i n  D 2 , 2 8 0 2 , 2 8 0

1 A l p h a  P r o t e i n ,  C e n t r a l  S o y a  C o m p a n y ,  C h i c a g o  
( 1 . 0 5 %  m e t h i o n i n e ) .

2 H e g s t e d  e t  a l .  J . B io l .  C h e m . ,  1 3 8 :  4 5 9 ,  1 9 4 1 .
3 W e s s o n  o i l ,  W e s s o n  S a le s  C o m p a n y ,  F u l l e r t o n ,  

C a l i f o r n ia .
4 V i t a m i n  B 12 ( 5 0  / ¿ g / k g  o f  d i e t )  w a s  a d d e d  t o  t h e  

c o n t r o l  d ie t s .
5 H o f f m a n n - L a R o c h e ,  I n c . ,  N u t le y ,  N e w  J e r s e y .

Three separate experimental trials were 
conducted. The first trial was performed 
to determine the effects of feeding an 
intestinal antibiotic or vitamin B,2 antago
nists (monobasic acids of vitamin Bi») 
(6 , 7 ). In the second trial the effect of a 
choline deficiency and the effect of feed
ing the folic acid antagonist, X-methyl 
folic acid, were determined. The third 
trial examined effects of lowering dietary 
protein levels, of substituting various 
methyl donors for choline, of parenteral 
administration of vitamin Bi2 antagonists 
and of feeding X-methyl folic acid in a 
choline-deficient diet.

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

Experimental trial 1
During the growth period, changes in 

body weight were measured weekly. Av
erages for the groups fed the vitamin B,2- 
deficient growth diet (diet C, table 2 ) and 
the control diet (diet D ) are presented in 
figure 1 as a growth rate curve. When a 
30%  soybean protein diet contained 0 .1%  
DL-methionine and 0 .3%  choline chloride, 
the growth rate of vitamin B,2-deficient 
rats was found to be similar to that of 
control animals. After the animals reached 
maturity the vitamin B ̂ -deficient group 
was divided into 3 subgroups and either 
maintained with the growth diet (diet C ), 
given a diet containing neomycin (diet B), 
or fed a ration containing vitamin B,2 
antagonists (diet A ). The adult vitamin 
B ̂ -deficient animals gave birth to hydro
cephalic young; the control animals did 
not. Inclusion of an intestinal antibiotic, 
neomycin, in the diet did not greatly alter 
the incidence of hydrocephalus, whereas 
supplementation with monobasic acids of 
vitamin BI2 caused infertility of that 
group. One apparently normal litter from 
the vitamin Bi2 antagonist group was ob
tained after the males in the cages were 
exchanged with those maintained with a 
commercial ration. The incidence of hy
drocephalus is shown in table 2.

5 V i t a m i n  B 12 a n t a g o n is t s  w e r e  g e n e r o u s l y  s u p p l i e d  
b y  D r .  E . L e s t e r  S m i t h ,  G la x o  R e s e a r c h  L a b o r a t o r i e s ,  
L t d . ,  G r e e n f o r d ,  M id d le s e x ,  E n g la n d .  T h e  X - m e t h y l  
f o l i c  a c i d  w a s  k i n d l y  d o n a t e d  b y  D r .  E . H . D e a r b o r n  
o f  L e d e r l e  L a b o r a t o r i e s ,  P e a r l  R i v e r ,  N e w  Y o r k .  T h e  
s o y b e a n  p r o t e in ,  A l p h a  P r o t e i n ,  w a s  s u p p l i e d  t h r o u g h  
t h e  c o u r t e s y  o f  C e n t r a l  S o y a  C o m p a n y ,  C h i c a g o .
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T A B L E  2

Incidence of hydrocephalus (trial 1)

D ie t
( I n g r e d i e n t s  a d d e d  

t o  b a s a l  d i e t  1 , 
s e e  t a b le  1 )

N o .
f e m a le s  
f e d  d ie t

N o .
l i t t e r s
b o r n

A v g  n o .  
a n i m a l s /  

l i t t e r

N e w b o r n s
f o u n d
d e a d

A v g  w t  
n e w b o r n  
a n i m a l s

L i t t e r s
w i t h

h y d r o 
c e p h a l i c
a n i m a l s

H y d r o 
c e p h a l i c
a n i m a l s

m g /kg diet % 9 % %
D i e t  A 6 1 8 .0 — — 0 0

DL-m ethionine 3 0 0 0
ch o lin e  ch loride 1 0 0 0
m on ob a sic  acids o f

v ita m in  B 12 1 0

D i e t  B 6 1 5 6 . 8 6 . 7 5 . 2 1 3 .3 2 . 0
DL-m ethionine 3 0 0 0
ch o lin e  ch loride 1 0 0 0
n eom y cin  su lfate 1 2 5

D i e t  C 6 0 1 4 9 6 . 6 5 . 1 5 . 3 9 .8 1 . 3
D L-m ethionine 3 0 0 0
ch o lin e  ch loride 1 0 0 0

D i e t  D 3 0 8 6 6 . 7 5 . 7 5 . 7 0 0
D L-m ethionine 3 0 0 0
ch o lin e  ch loride 1 0 0 0
v ita m in  B 12 0 . 0 5

Fig. 1 Growth rate for vitamin Bij-deficient 
and control animals.

Experimental trial 2
The experimental procedure in trial 2 

differed from that of trial 1. In trial 2 
the mature rats were maintained with the 
growth diet (diet C, table 3 ) or with the 
control diet (diet D ) for 2.5 months be
fore being divided into subgroups. During 
this time, the females of trial 2 gave birth 
to one and sometimes two litters. All 
vitamin B)2-deficient females that had pre
viously given birth to hydrocephalic young

were maintained with a diet deficient in 
vitamin B« (diet C, subgroup 1-a; table 3). 
One-third of the deficient animals were 
given a ration deficient in vitamin BJ2 but 
containing 10 mg of X-methyl folic acid/ 
kg of diet (diet E, subgroup 1-b; table 3 ). 
The animals in the third subgroup were 
given a vitamin B ̂ -deficient ration which 
contained no choline (diet F, subgroup 
1-c). The control animals were also di
vided into 3 subgroups (2-a, 2-b, 2-c) and 
fed diets D, G, or H.

The results (table 3 ) demonstrated that 
the addition of X-methyl folic acid to the 
diet caused a marked increase in the inci
dence of hydrocephalus (subgroup 1-b); 
however, a greater incidence of hydro
cephalus occurred when the dams’ diets 
were made deficient in choline as well as 
in vitamin B[2 (subgroup 1-c). Females 
maintained with the folic acid antagonist- 
containing diet or the choline-deficient 
diets gave birth to offspring which were 
often small. Small embryos weighing less 
than 4 g were most common from dams 
fed the vitamin B 12-choline-deficient diets. 
Umbilical hernia and limb abnormalities 
were noted in hydrocephalic animals born 
to dams receiving the folic acid antagonist.

Samples of liver from adult and new
born animals were collected at the time
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of necropsy. These were analyzed for vita
min B12 by the method outlined by the 
USP (8 ). Results (table 4) indicated the 
following: 1) animals raised with a vege
table protein diet deficient in vitamin Bi2 
had low levels of vitamin B« when com
pared with the control animals; 2) the 
addition of X-methyl folic acid to the diet 
of vitamin B 12-deficient animals did not 
cause a further reduction in liver levels 
of the vitamin; this suggested that the 
folic acid antagonist might exert a sys
temic action rather than inhibit the intes
tinal synthesis of vitamin BJ2; 3) there 
were no differences in liver levels of vita
min B12 between hydrocephalic and non
hydrocephalic littermates; and 4) there 
were no differences noted in vitamin B12 
levels between deficient newborn animals 
from hydrocephalic litters and nonhydro
cephalic litters. It should be noted that 
animal no. 1 from the vitamin B^-defi
cient adult group gave birth to only one 
hydrocephalic litter, whereas animal no. 2 
gave birth to numerous hydrocephalic lit
ters. The liver levels of vitamin B12 were 
essentially the same in all deficient 
animals.

Experimental trial 3
In contrast with the 30% protein diets 

used in trials 1 and 2, the basic ration of 
trial 3 contained only 20% protein. Three 
separate control groups were used. The 
first control group was fed the basic 20% 
protein diet supplemented with choline 
and vitamin B12 (diet 1, table 5). The 
second was fed a choline-deficient and 
vitamin Bi2-supplemented diet (diet J). 
The third was fed a vitamin Bi2-deficient

and choline-supplemented diet (diet K). 
A fourth group was given diet K and, in 
addition, received intraperitoneally 50 a g 
of the vitamin B12 antagonists (monobasic 
acids of vitamin B12) /week (total of 0.9 
mg/anim al). Other groups were given 
rations supplemented with sarcosine hy
drochloride, DL-methionine, and DL-homo- 
cysteine (diet L); DL-methionine and 
ethanolamine (diet M); or X-methyl folic 
acid (diet N ). One mole of DL-methio
nine and 2 moles of sarcosine hydrochlo
ride were considered to have methyl 
groups equivalent to 1 mole of choline. 
Three moles of DL-methionine were con
sidered equivalent to 1 mole of choline in 
methyl groups.

Female animals receiving the vitamin B12 
antagonists intraperitoneally gave birth to 
young which were normal in all respects. 
For this reason, this group of animals 
was included in table 5, with those re
ceiving the vitamin Bi2-deficient diet but 
not receiving the antagonist. No congeni
tal abnormalities were detected grossly in 
the animals receiving the vitamin B)2-de- 
ficient ration supplemented with choline. 
A high incidence of congenital malforma
tions was noted when either sarcosine and 
methionine or methionine alone was sub
stituted for choline. The addition of X- 
methyl folic acid to the choline-deficient, 
vitamin Bi2-deficient ration caused the 
adults to lose weight and to become in
fertile (see table 5).

When the protein content of the basal 
diet was reduced from 30 to 20%, the 
females receiving the choline-deficient but 
methionine - supplemented rations gave 
birth to offspring which had multiple con-

TABLE 4
Vitamin B12 analysis (trial 2)

Group Litter v it^ iun B iz

m /ig/g  of liver
A d u l t  a n i m a l s

C o n t r o l  ( D )  1 4 3 - 2 0 2
V i t a m in  B i2-d e f ic ie n t  ( s u b g r o u p  1 -a )  6 - 7
V i t a m in  B i2- d e f ic ie n t  w i t h  X - m e th y l

f o l ic  a c id  a d d e d  ( s u b g r o u p  1 -b )  9 - 1 0

N e w b o r n  a n im a l s
V i t a m in  B i2-d e f ic ie n t  n e w b o r n  a n im a l s

f r o m  d a m  i n  s u b g r o u p  1 -a  h y d r o c e p h a l i c  1 - 2
n o n h y d r o c e p h a l i c  3 - 4
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TABLE 5
Incidence of hydrocephalus (trial 1)

D iet
( In g re d ie n ts  ad d ed  

to  b a s a l  d ie t 2, 
see ta b le  1 )

No.
fem a le s  
fe d  d ie t

No.
li t te rs
b o rn

L itte rs
w ith

h y d ro 
ce p h a lic

y o u n g

N o.
n e w b o rn
a n im a ls

N ew b o rn
a n im a ls
h y d ro 

c e p h a lic

mg/kg diet % %
D ie t  I 8 8 0 4 2 0

c h o l in e  b i t a r t r a t e 1 8 1 4
v i t a m i n  B i2 0 .0 5

D ie t  J 8 7 0 64 0
v i t a m i n  B i2 0 .0 5

D ie t  K 16 7 0 64 0
c h o l in e  b i t a r t r a t e 1 8 1 4

B a s a l  d i e t  2 8 3 33 16 2 5
( v i t a m i n  B i2- a n d

c h o l in e - d e f ic ie n t )

D ie t  L 16 7 4 3 3 6 2 2
D L -m e th io n in e 1 0 6 9
s a r c o s in e - H C l 1 3 1 2
D L -h o m o c y s te in e 1 4 5 2

D ie t  M 16 8 3 8 6 5 8
D L -m e th io n in e 3 2 0 7
e t h a n o l a m i n e 4 4 0

D ie t  N 16 0 ____ ____ —

X -m e th y l  f o l ic  a c id 10

genital abnormalities. Hydrocephalus was 
by far the most common abnormality ob
served; however, on occasion the hydro
cephalic animals had other defects as 
well. These included hydronephrosis, hy
dro-ureter, harelip, umbilical hernia, spina 
bifida, cranioschisis, and skeletal defects.

D IS C U S S IO N

Weissbach et al. (9 ) demonstrated in 
partially purified fractions from animal 
liver that the methyl group of methyl Bi2 
can be transferred to homocysteine. Bu
chanan et al. (10) studied the enzyme 
system in pig liver and provided convinc
ing evidence that the pig liver enzyme is 
similar to the bacterial vitamin Bi2-con- 
taining enzyme, which transfers a methyl 
group from 5-methyl-tetrahydrofolic acid 
to homocysteine to yield methionine and 
tetrahydrofolic acid. It was suggested by 
Herbert and Zalusky (11) that in vitamin 
Bi2-deficient subjects, pteroylglutamic acid 
was converted to a metabolically useful 
form (probably N-5-methyl-tetrahydrofolic 
acid), which “piles up” in the serum be
cause vitamin Bi2 is required for its normal

utilization. The accumulation of 5-methyl- 
tetrahydrofolic acid occurs because the re
action catalyzed by the enzyme 5,10-meth- 
ylene-tetrahydrofolate reductase probably 
operates irreversibly under physiological 
circumstances (10). Therefore, in vitamin 
B12 deficiency there appears to be a block 
in conversion of 5-methvltetrahydrofolic 
acid to methionine and a failure to regen
erate tetrahydrofolate. The failure to re
generate tetrahydrofolate and its deriva
tives could cause alterations in purine and 
thymidine methyl synthesis as well as af
fect the catabolism of histidine.

It has always been assumed that the 
teratogenic effects of diets deficient in 
either folic acid or vitamin Bi2 were the 
consequence of the participation of these 
2 vitamins in nucleic acid metabolism. 
The results of the experiments presented 
here show that deletion of choline from a 
vitamin Bi2-deficient diet greatly increases 
the incidence of congenital abnormalities 
in neonatal rats. Choline in the form of 
phospholipids is important as a structural 
component of cells, in lipid transport be-
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tween tissues, and probably in the metab
olism of fatty acids in the liver. Methio
nine in amounts equivalent to choline in 
methyl groups would not offer the same 
protective effects. Thus, a choline-con
taining compound was probably a critical 
metabolic intermediate responsible for pre
venting the congenital abnormalities ob
served. Vitamin Bi2 could increase the 
availability of this intermediate so that 
the demands of pregnancy could be satis
fied. It is still possible, however, that a 
deficiency of choline caused more methyl 
groups to be utilized for the synthesis of 
the missing metabolite and that this in 
turn decreased the methyl groups avail
able for other functions such as purine 
and pyrimidine synthesis.

The sarcosine diets gave a high inci
dence of hydrocephalus; however, it was 
probably not different from that observed 
with methionine. The data were not in
consistent with the presence of a vitamin 
Bis-containing enzyme in the terminal 
chain of methionine synthesis from meth- 
yltetrahydrofolic acid; however, there were 
implications that the action of the vita
min may be more involved. This idea is 
supported by the synergistic action of 
X-methyl folic acid and vitamin B i2. If 
it is assumed that the X-methyl folic acid 
is acting as a systemic folic acid antago
nist, then it is plausible to postulate that 
vitamin B i2 and folic acid gave some inde
pendent action.

The feeding of an intestinal antibiotic, 
the injection of vitamin Bi2 antagonists, 
and the measurement of liver levels of 
vitamin Bi2 all indicated that factors other 
than a deficiency of vitamin BJ2 are con
cerned with production of congenital hy
drocephalus in neonatal rats. The fact 
that the incidence and severity of lesions 
are increased when vitamin Bi2-deficient

diets are made deficient in choline or 
when X-methyl folic acid is added stresses 
the role of this vitamin in 1-carbon metab
olism. Further research must be con
ducted to determine whether the primary 
metabolic aberration is in nucleic acid 
synthesis or is concerned with choline 
per se.
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Some Qualitative Amino Acid Needs of 
Adult Swine for Maintenance

D . H . B A K E R ,* 1 2"  D . E . B E C K E R , H . W . N O R T O N , A . H . J E N S E N  
a n d  B . G . H A R M O N
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ABSTRACT A p u r i f i e d  d i e t  c o n t a i n i n g  c r y s t a l l i n e  n - a m in o  a c id s  a t  a  l e v e l  to  s im u 
l a t e  t h e  e s s e n t i a l  a m in o  a c id  c o m p o s i t io n  o f  a  3 %  c r u d e  p r o t e in ,  c o r n - s o y b e a n  m e a l  
m i x t u r e  w a s  u s e d  to  q u a l i t a t i v e ly  e v a lu a t e  s o m e  a m in o  a c id  r e q u i r e m e n t s  f o r  m a i n 
t e n a n c e  o f  th e  n o n g r a v id ,  p o s t e s t r u a l  g i l t .  N o  e x t e r n a l  s y m p to m s  o f  a m in o  a c id  d e f i
c ie n c y  w e r e  n o t i c e d  a s  a  r e s u l t  o f  c o m p le te  o m is s io n  f r o m  th e  d ie t  o f  th o s e  a m in o  a c id s  
f o u n d  to  b e  r e q u i r e d  f o r  m a in t e n a n c e .  D ie t  c o n s u m p t io n  a l t h o u g h  c o n t r o l le d  a n d  n o t  
a d  l i b i t u m  w a s  e x c e l l e n t  r e g a r d le s s  o f  t h e  p a t t e r n  o f  a m in o  a c id s  im p o s e d .  N e i th e r  
p r o te in - d e p le te d  n o r  p r o t e in - n o n d e p le t e d  g i l t s  r e q u i r e d  a r g i n i n e  o r  h i s t i d i n e  f o r  m a i n 
t e n a n c e .  H e m o g lo b in  w a s  n o t  s ig n i f i c a n t ly  r e d u c e d  b y  o m is s io n  o f  e i t h e r  o f  th e s e  
2  a m in o  a c id s  f r o m  t h e  d ie t .  W i th  a  l e u c in e - v o id  d ie t ,  n i t r o g e n  b a l a n c e  e x c e e d e d  
1 g / d a y ,  i n d i c a t i n g  t h a t  l e u c i n e ,  to o , w a s  n o n e s s e n t i a l  f o r  m a in t e n a n c e .  I n  o r d e r  o f  
d e c r e a s in g  e f fe c t ,  a  d i e t a r y  v o id  o f  t h r e o n i n e ,  i s o l e u c in e ,  ly s in e  o r  p h e n y l a l a n i n e  
r e d u c e d  n i t r o g e n  b a l a n c e .  N i t r o g e n  u t i l i z a t i o n  w a s  e x t r e m e ly  p o o r  w i t h  d ie t s  c o n 
t a i n i n g  a  v o id  o f  e i t h e r  t h r e o n i n e  o r  i s o le u c in e .  R e g a r d le s s  o f  w h e t h e r  d i s p e n s a b le  
o r  i n d i s p e n s a b l e  f o r  m a i n t e n a n c e ,  a n  a m in o  a c id  o m i t t e d  f r o m  th e  o th e r w is e  c o m p le te  
d i e t  c a u s e d  a  lo w e r e d  p l a s m a  le v e l  o f  t h i s  a m in o  a c id .

An amino acid may be essential for 
growth, reproduction or production but 
nonessential for maintenance. It has been 
adequately demonstrated in 15N and 14C 
labeling experiments that mammalian spe
cies can utilize nitrogen of inorganic ori
gin and carbon derived from glucose, for
mate or acetate to form certain amino 
acids (1—3) .3 The question, then, becomes 
whether enough of a given amino acid can 
be synthesized to meet the requirement 
for maintenance.

Because neither qualitative nor quanti
tative information is available on the 
amino acid needs for maintenance of 
swine, the present study was undertaken. 
The objectives of this series of experiments 
were 1) to establish a suitable purified, 
crystalline amino acid diet that could serve 
as a positive control in future experiments, 
and 2) to ascertain which amino acids are 
required for maintenance of the adult non
gravid gilt.

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

Nongravid crossbred gilts showing estrus 
were selected from the general herd on the 
basis of sire, age (10 to 11 months), 
weight (140 to 150 kg) and overall condi
tion. They were allotted at random to

metabolism cages similar in construction 
to those used by Mitchell and Kick (4). 
An experimental period of 14 days was 
used with total excreta collections being 
made on the last 5 to 7 days of each period. 
Unless otherwise indicated, the daily diet 
allotment per gilt was 1.82 kg which was 
divided equally into 2 feedings. Water was 
supplied twice daily in addition to that 
given with the diet (weight ratio of 1:1) 
so that water consumption was close to 
ad libitum.

Urine was filtered through glass wool 
into 10-liter plastic vessels containing 25 
ml of concentrated HC1. Each daily urine 
collection was diluted to 6 liters and a 
100-ml aliquot was taken. Accumulated 
aliquots were stored under toluene in a 
refrigerator until analysis was performed. 
A 5-day fecal collection was determined 
by detection of a ferric oxide marker (1% 
of the diet, fed at 5-day intervals) in the 
feces. Feces were collected daily, placed in

R e c e iv e d  f o r  p u b lic a t io n  N o v e m b e r  1, 1965.
1 P re s e n t  a d d re s s : E l i  L i l ly  a n d  C o m p a n y , G re e n 

f ie ld , In d ia n a .
2 T h is  p a p e r  r e p re se n ts  p a r t  o f  a  th e s is  su b m itte d  

b y  th e  se n io r  a u th o r  to  th e  G ra d u a te  C o lle g e  o f  th e  
U n iv e rs ity  o f  I l l in o is ,  in  p a r t ia l  fu lf i l lm e n t  o f  th e  re 
q u ire m e n ts  f o r  th e  P h .D . d egree .

3  L e v y , L ., a n d  M . J. C o o n  1 95 2  H is t id in e  sy n 
th e s is  in  y e a s t  a n d  h u m a n  liv e r . F e d e ra t io n  P r o c .,  
1 1 :  24 8  ( a b s t r a c t ) .
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plastic bags, and frozen. Upon termina
tion of an experiment the feces were placed 
in a forced hot-air oven until dry, after 
which they were allowed to equilibrate with 
air moisture for 48 hours. Following drying 
and equilibration, the feces were weighed 
and ground in a Wiley mill equipped with 
a 40-mesh screen. Feed samples were 
ground in similar fashion. Representative 
feed, fecal and urine samples were ana
lyzed for nitrogen as outlined by AOAC 
(5).

A completely purified diet (table 1) con
taining crystalline L-amino acids at a level 
to simulate the essential amino acid com
position of a 3% crude protein corn-soy- 
bean meal reference diet (table 2) was 
used in most of the studies to be reported. 
L-Methionine and L-phenylalanine were 
added to supply the desired level of total 
sulfur and total aromatic amino acids, re
spectively. L-Glutamic acid was used to 
bring the total nitrogen content of the diet 
up to 0.48% (3% crude protein equivalent) 
and thereby provide nonspecific nitrogen. 
Rippel et al. (6) demonstrated that the 
gravid gilt could effectively use glutamic 
acid for this purpose. A preliminary assay 
revealed that a dietary level of 0.10%

phenylalanine would maximize nitrogen 
retention; therefore, this amino acid was 
revised from an original level of 0.26% 
to 0.10%.

Since the reference diet (weight ratio of
4.1 ;1 of corn to soybean meal) was to be 
the basis of future work, it seemed desir
able to obtain proof of the protein and 
energy adquacy of this diet for the non- 
gravid gilt. Rippel et al. (7 ) demonstrated 
earlier that a diet similar in amino acid 
composition but slightly lower in energy 
would provide adequate protein for main
tenance of the gravid gilt. To provide 
information on the endogenous nitrogen 
excretion of the nongravid gilt, a nitrogen- 
free diet (table 1) was also evaluated.

The energy values of Diggs et al. (8) 
provide the best estimate of the energy 
content of the diets in question. Since 
cornstarch, corn and soybean meal (50% 
CP) have very nearly the same energy 
values, and since no energy values are 
available for crystalline amino acids, the 
3 aforementioned diets were assumed to be 
of equal energy content. This was calcu
lated to be approximately 3,460 kcal me
tabolizable energy/kg of air-dried diet.

TA BLE i
Composition of crystalline amino acid diet1

In g re d ie n t A m ino  ac id  m ix

% g/4.2 g
A m in o  a c id  m ix 4 .2 0 L -le u c in e 0 .2 9
C o r n s t a r c h 7 9 .9 5 L -m e th io n in e 0 .1 0
C e llu lo s e  2 4 .0 0 L - t r y p to p h a n 0 .0 4
C o r n  o il 6 .0 0 L -v a lin e 0 .1 6
P o r c in e  v i t a m i n  m ix  3 1 .0 0 L -ly s in e -H C l 0 .1 8
V i t a m in  A  a n d  D  m ix  4 0 .3 5 L -is o le u c in e 0 .1 5
M in e r a l  m ix  n o . 2  5 4 .0 0 L - p h e n y la la n in e 0 .1 0  6
N a H C O s 0 .5 0 L -h is t id in e  -HC1 ■ H 20 0 .1 1
C h lo r te t r a c y c l in e  7 + L -a r g in in e -H C l 0 .2 2

L - th r e o n in e 0 .1 2
T o ta l 1 0 0 .0 0 L -g lu ta m ic  a c id 2 .7 3

T o ta l 4 .2 0

1 A  n i t r o g e n -fr e e  d ie t  w a s  e x a c t ly  th e  sa m e  as a b o v e  e x c e p t  th a t  a n  e q u a l w e ig h t  o f  s ta rch  
r e p la c e d  th e  a m in o  a c id  m ix .

2  S o lk a  F lo e  B W -4 0 , B r o w n  C o m p a n y , B o s to n .  ̂ . .
3 E a ch  k g  o f  m ix  c o n ta in e d  th e  f o l l o w i n g :  ( i n  m g )  th ia m in e -H C 1 , 2 6 0 ; r ib o fla v in , 6 6 0 ; m a c m ,  

4 ,4 0 0 ; p a n to th e n ic  a c id ,  2 ,6 4 0 ; p y r id o x in e ,  2 5 0 ; c h o l in e  c h lo r id e ,  2 2 0 ,0 0 0 ; v ita m in  B 1 2 , 4 .4 ; m e n a 
d io n e , 2 0 ; a -to co p h e r o l,  1 2 ,0 0 0 ; f o l i c  a c id , 2 0 0 ; b io t in ,  2 0 ; a n d  a s c o r b ic  a c id , 3 0 ,0 0 0 . T h e  r e m a in d e r  
w a s  f in e ly  p o w d e r e d  s ta rch .

4  E a ch  k g  o f  m ix  c o n ta in e d  8 .5  g  v ita m in  A  p a lm ita te  a n d  1 .5  g  ir r a d ia te d  e r g o s te ro l. T h e  r e 
m a in d e r  w a s  f in e ly  p o w d e r e d  s ta rch .

5 E a ch  k g  o f  m ix  c o n ta in e d  th e  f o l l o w i n g :  ( i n  g r a m s )  C a H P 0 4, 6 5 0 .0 5 ; N a C l ( i o d i z e d ) ,  1 5 9 .9 6 ; 
K 2 CO 3 , 1 3 9 .9 5 ; M gC O s, 3 2 .7 4 ; F e S 0 4 X H 2 0 ,  1 0 .0 0 ; M n S 0 4 H 2 0 ,  3 .0 0 ; C oC12 -6 H 2 0 ,  1 .0 0 ; C u S 0 4, 1 .00 ; 
N a F , 0 .2 0 ; Z n C 0 3, 2 .0 0 ; a n d  K I, 0 .10 .

6 P h e n y la la n in e  w a s  r e v ise d  f r o m  0 .2 6 %  to  0 .1 0 %  o f  th e  d ie t  a fte r  a p r e l im in a r y  a ssa y  r e v e a le d  
th a t  th e  la tte r  w o u ld  m a x im iz e  n it ro g e n  r e te n t io n .

7 C ry s ta ll in e  c h lo r t e t r a c y c lin e  w a s  a d d e d  at 2 0  m g /k g  d ie t.
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TABLE 2
Composition of reference diet

%
G r o u n d  y e l lo w  c o r n 1 4 .9
S o y b e a n  o il  m e a l  ( 5 0 %  ) 3 .4
C o r n s t a r c h 6 8 .3
C e llu lo s e  1 4 .0
C o r n  o il 6 .0
D ic a lc iu m  p h o s p h a te 2 .4
G r o u n d  l im e s to n e 0 .2
T r a c e - m in e r a l i z e d  s a l t  2 0 .5
V i t a m in  m ix  3 0 .2
A n t ib io t i c  4 0 .1

1 See ta b le  1.
2 C o n tr ib u te d  th e  fo llo w in g  as a  p e rc e n ta g e  o f  th e

in g re d ie n t:  z in c , 0 .800; co b a lt, 0 .022 ; m a n g a n e s e ,
0.400; co p p er, 0.048; iro n , 0.330; io d in e , 0 .011; ev ap o 
ra te d  s a lt, 97 .000; a n d  o th e r , 1.389.

3 E a c h  k g  o f th e  in g re d ie n t c o n ta in e d  th e  fo llo w in g : 
v i ta m in  A a n d  D 2, 3 ,300,000 a n d  330,000 USP u n i ts ,  
re sp ec tiv e ly ; r ib o flav in , 1.1 g; Ca p a n to th e n a te ,  5.5 g; 
n ia c in , 16.5 g; c h o lin e  ch lo rid e , 110.3 g; a n d  v i ta m in  
B 12, 18 m g.

4 C o n ta in e d  33 g s tre p to m y c in  ( a s  s u lf a te )  a n d  
11 g p ro c a in e  p e n ic i l l in /k g .

Experiment 1. Eight gilts were used in 
a completely randomized design to eval
uate the reference diet and the nitrogen- 
free diet at 2 levels of energy intake. The 
2 levels were provided by feeding either 
1.82 kg/head daily or this amount plus an 
additional 0.91 kg cornstarch (mixed into 
the respective diets prior to feeding).

Experiments 2, 3 and 4. The purified, 
crystalline amino acid diet was used in 
these experiments. Various amino acids 
were selected for omission from the diet. 
Those selected, except for threonine and 
isoleucine, were amino acids which have 
been reported as being dispensable for 
maintenance in one species or another. 
Whenever an amino acid was removed 
from the complete amino acid mix it was 
replaced on an equal nitrogen basis with 
L-glutamic acid such that all diets fed were 
isonitrogenous. Eight gilts were used in 
each of experiments 2, 3 and 4.

Experiment 4 was designed to study 
nitrogen metabolism of protein-depleted 
and protein-nondepleted gilts as influenced 
by a dietary void of arginine, histidine or 
threonine. Depletion consisted of feeding 
1.82 kg/head daily of the nitrogen-free 
diet for 21 days. Nondepletion consisted 
of feeding the same quantity of a fortified 
16% crude protein corn-soybean meal diet 
for 21 days. At the end of this pre
metabolism phase (the beginning of the 
metabolism phase) blood samples (30 to 
40 ml) were drawn from the anterior vena 
cava 2 hours after the morning feeding. 
At the completion of the metabolism 
phase, the gilts were similarly bled again. 
Hemoglobin was determined by the cyan- 
methemoglobin method described by Cros
by et al. (9 ). Plasma free amino acids 
were determined by means of an auto
matic amino acid analyzer (10). Prepara
tion of samples for analysis was carried 
out according to procedures outlined by 
Stein and Moore (11), using picric acid 
to deproteinize the plasma.

Experiment 5. Four gilts were used to 
evaluate 4 graded levels of leucine ranging 
from zero to 0.29% of the diet. Two 14- 
day periods were used such that 2 observa
tions per level (from different gilts) were 
obtained.

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

Protein and energy adequacy of refer
ence diet (exp. 1). The results of experi
ment 1 are presented in tables 3 and 4. 
The reference diet adequately met the 
maintenance protein and energy needs of 
the nongravid gilt. Nitrogen balance was 
not increased nor was urinary nitrogen 
decreased by provision of additional carbo
hydrate calories to gilts consuming either

T A B L E  3

Nitrogen metabolism of gilts fed 2  levels of energy intake1-2 (exp. 1)

T re a tm e n t
M e an  d a ily  N

U rin e F eces B a la n ce

9 9 9
1. 1 .8 2  k g / d a y  r e f e r e n c e  d ie t 5 .5 7 2 .0 3 1 .4 0
2 . A s 1 +  0 .9 1  k g / d a y  c o r n s t a r c h 6 .4 2 2 .5 7 0 .8 8
3 . 1 .8 2  k g / d a y  N - f r e e  d ie t 3 .0 8 1 .1 4 - 3 . 0 2
4 . A s 3 +  0 .9 1  k g / d a y  c o r n s t a r c h 3 .4 1 1 .3 0 — 3 .0 1

1 E ig h t c ro ssb red  g ilts  — 2 / t re a tm e n t .
2  D a ily  N  in ta k e  w a s  9 .0 0 , 9 .8 7 , 1 .20  a n d  1 .70 g  f o r  tre a tm e n ts  1 th r o u g h  4 , r e s p e c t iv e ly .
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T A B L E  4

Analysis of variance of nitrogen balance 
data in table 3

S ource  of 
v a r ia n c e d f V arian ce

E n e r g y  le v e ls  ( E ) 1 0 .1 3 3
P r o te in  le v e ls  ( P ) 1 3 4 .4 0 4 *
E X P 1 0 .1 3 8 *
E r r o r 4 0 .0 1 5

* P  <  0.05.

the reference diet or the nitrogen-free diet. 
Since an increase in food intake accom
panied the increase in energy intake, fecal 
nitrogen excretion was greater at the 
higher level of energy intake. The increase 
in urinary nitrogen excretion in response 
to additional calories does not necessarily 
mean that excess energy from starch de
creased the biological value of the dietary 
protein in the reference diet or enhanced 
tissue protein catabolism, since some of 
this increased excretion may have been 
derived from nonprotein or protein nitro
gen present in the starch. Samples of 
starch were analyzed and found to contain 
0.04 to 0.06% nitrogen. For this reason, 
nitrogen balance is the more appropriate 
criterion of energy adequacy.

Statistical analysis of the nitrogen bal
ance data revealed a significant response 
(P < 0.05) due to protein. The interaction 
of protein intake X  energy intake was sig
nificant (P < 0.05), the adverse effect of 
excess energy on nitrogen balance being 
substantial for the reference diet but ab
sent for the nitrogen-free diet. Several re
ports in the literature suggest the opposite; 
namely, that excess energy will improve 
nitrogen balance if, and only if, protein is 
present in the diet (12). However, it could 
be argued that a response to additional 
calories should be interpreted to mean that 
the increment of energy increase repre
sents a change from deficient to less defi
cient or adequate, instead of from ade
quate to excess.

As indicated from the urinary nitrogen 
excretion of gilts consuming the nitrogen- 
free diet, the endogenous excretion of this 
element was considerably less than that 
which would be predicted by the formula 
of Brody (13). Conversely, the gravid gilt 
excretes a greater than expected quantity

of endogenous nitrogen (7). Since the ref
erence diet used here contained the same 
pattern of amino acids as that used by 
Rippel and co-workers (7 ), a comparison 
of biological values of the gravid and the 
nongravid gilt is possible. This results in 
biological values of 99% and 69% for the 
gravid and nongravid gilt, respectively. 
Apparently the gravid gilt, although losing 
more endogenous nitrogen, has a greater 
capacity for retaining dietary nitrogen 
than does the nongravid gilt.

Prior to proceeding with a qualitative 
evaluation of the amino acid needs of 
adult swine for maintenance, experiments 
were conducted to provide information 
on the effect of a dietary excess of threo
nine, isoleucine, methionine, phenylala
nine, tryptophan, arginine or lysine on 
nitrogen balance. Excess amino acids were 
added to the reference diet on an equi
molar basis replacing starch, and calcu
lated from threonine which was added at 
1% of the diet. No depression of nitrogen 
balance occurred from any of these addi
tions. Thus, it was concluded that the 
reference diet (and, hence, the purified, 
crystalline amino acid diet) would prob
ably not be easily imbalanced by a single 
amino acid excess in the diet.

Effect of specific dietary amino acid 
voids (exps. 2, 3 and 4). In order of de
creasing effect, a dietary void of threonine, 
lysine or phenylalanine decreased nitrogen 
balance (tables 5 and 6), but omission of 
either arginine or histidine caused no pro
nounced decrease in nitrogen balance. 
None of the mammalian species thus far 
studied has been shown to require arginine 
for maintenance. It is thought that all 
mammals actively synthesize this amino 
acid by a mechanism similar to that of the 
rat (14, 15). The chicken, however, does 
not actively synthesize arginine, as evi
denced by its relatively high maintenance 
requirement for this amino acid (16).

Histidine dispensability for maintenance 
was not unexpected since earlier Rose 
et al. (17) had demonstrated that man 
does not require this amino acid. Histidine 
can be synthesized by man.4 Perhaps adult 
swine can synthesize enough histidine to 
meet their maintenance need.

4 See fo o tn o te  3.
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TABLE 5
Nitrogen metabolism of gilts fed diets void of various amino acids 1’2 (exps. 2 and 3)

A m ino  ac id  
o m itted U rin e

M e an  d a ily  N 

F eces B a la n ce
R e la tiv e  

u t i l iz a tio n  3

9 9 9 %
N o n e  ( p o s i t iv e  c o n t r o l ) 6 .7 3 1 .1 7 1 .8 2 1 0 0 .0
A r g in in e  ( A ) 6 .6 1 1 .2 7 1 .8 4 1 0 0 .4
H is t i d in e  ( H ) 7 .2 0 1 .1 6 1 .3 6 9 1 .4
P h e n y l a l a n i n e  ( P ) 8 .5 8 0 .9 1 0 .2 3 7 0 .4
L y s in e  ( L ) 9 .2 9 0 .8 9 - 0 . 4 6 5 7 .6
T h r e o n in e  ( T ) 1 1 .0 4 1 .1 7 - 2 . 4 9 1 9 .9
A ll ( n e g a t iv e  c o n t r o l ) 3 .5 0 1 .1 5 - 3 . 5 6 0 .0

1 F o u rte e n  c r o s s b re d  g ilts  —  2 /t r e a tm e n t .
2  O n e c r o s sb re d  g ilt  w a s  f e d  0 .5 0 %  L -p h e n y la la n in e  a n d  o n e  

r e s p e c t iv e  N  b a la n c e s  w e re  1 .9 0  a n d  — 2 .1 4  g /d a y .

3  In  te rm s  o f  N  b a la n c e a m in o  a c id  v o id  — n e g a t iv e  c o n tr o l  
p o s it iv e  c o n t r o l  — n e g a t iv e  c o n tr o l

a n  is o le u c in e -fr e e diet. T h e i r

T A B L E  6

Analysis of variance of nitrogen balance data 
in table 5

S ource o f 
v a r ia n c e d f V a r ia n c e

E x p e r im e n t 1 0 .1 3 0

V o id s 6 __
A ll v s . T , L , P ,  H , A , n o n e 1 2 6 .0 0 7 * *
T  v s . L , P ,  H , A , n o n e 1 2 2 .7 6 7 * *
L  v s . P ,  H , A , n o n e 1 5 .0 1 3 * *
P  v s . H , A , n o n e 1 3 .1 1 0 *
H  v s . A , n o n e 1 0 .2 9 8
A  v s . n o n e 1 0 .0 0 1

E r r o r 6 0 .2 7 2

* P  <  0 .05. 
* *  P <  0 .01 .

A dietary void of phenylalanine (and 
tyrosine) although causing a lower nitro
gen-void balance (P <  0.05) than the aver
age of the arginine-void, histidine-void and 
complete diets, allowed a positive nitrogen 
balance. However, the observed retention 
of 0.23 g nitrogen /day is an average value 
from only 2 gilts —- one in slightly nega
tive, the other in slightly positive nitrogen 
balance. Hence, a final answer as to the 
phenylalanine need for maintenance can
not be given. It is conceivable that a slow 
turnover rate of endogenous phenylalanine 
or tyrosine, or both, could account for the 
failure herein to obtain negative nitrogen 
balance with the diet void of aromatic 
amino acids.

To obtain further evidence that the reduc
tion of phenylalanine from 0.26 to 0.10% 
of the diet was appropriate, one gilt was 
fed the positive control diet supplemented 
with 0.40% phenylalanine. This resulted

in a daily nitrogen balance of 1.90 g, not 
greatly different from 1.82 g observed at 
the lower level of phenylalanine.

Negative nitrogen balance resulted when 
lysine or threonine was omitted from the 
diet. Since Burroughs et al. (18) had im
plicated isoleucine along with threonine 
as occupying a key position in mainte
nance anabolism, one gilt was fed an iso- 
leucine-free diet. This diet effected a nega
tive nitrogen balance which was almost as 
severe as that observed with the threonine- 
free diet (table 5, footnote 3), but neither 
the threonine- nor isoleucine-free diet 
caused as negative a nitrogen balance as 
did the nitrogen-free diet.

The observation that diets containing a 
void of either threonine or isoleucine were 
very poorly utilized suggests that little if 
any biosynthesis of these 2 amino acids 
was being carried out. Data from our labo
ratory have shown that these 2 amino acids 
appear to be unique among the classical 
10 essential amino acids in that a void of 
either effects a nitrogen balance much 
more negative than a void of any of the 
other amino acids.

The fecal nitrogen data suggest that 
the digestibility of amino acid nitrogen 
was 100% regardless of the pattern of 
amino acids fed. Working with adult rats, 
Anderson and Nasset (19) observed the 
same phenomenon.

It is conceivable that the ill-defined and 
often misundersood “protein stores” could 
be contributing supplementary endogenous 
amino acids for protein synthesis. The re
ports of Bothwell and Williams (20) and
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Forbes and Vaughan (21) suggest that 
histidine may be turned over rather slowly 
in the animal body. Wissler et al. (22) 
observed that adult rats fed a histidine-free 
diet would maintain positive nitrogen bal
ance for one week, but during the second 
week would be in negative nitrogen bal
ance. These reports imply that a longer 
feeding period or a prior depletion of “pro
tein stores” may be necessary to manifest 
a histidine deficiency. To test this hypoth
esis, and to obtain further evidence on 
arginine and histidine dispensability for 
maintenance, diets void of these amino 
acids were fed to protein-depleted and pro- 
tein-nondepleted gilts (exp. 4). For com
parative purposes, the complete amino 
acid diet was used as a positive control 
and the threonine-void diet was used as a 
negative control.

As before, threonine omission resulted 
in a marked negative nitrogen balance 
(table 7) which was significantly different 
(P < 0.01) (table 8) from the average of 
the other 3 treatments. The nitrogen bal
ance which resulted from feeding the 
arginine-void diet and the histidine-void 
diet (pooled observation) was not signifi
cantly different from that which resulted 
from feeding the complete amino acid diet. 
The nonessentiality of histidine (as well 
as arginine) for maintenance of the gilt ap
parently cannot be explained on the basis 
of a contribution of this amino acid from 
the “protein stores.” No explanation can 
be offered for the better utilization of a 
histidine-free diet in this experiment than 
in the previous experiment. With the ex
ception of the complete amino acid diet, 
nitrogen balances were more positive (or

TABLE 7
Effect of an arginine, histidine or threonine void on nitrogen balance and hemoglobin 

of protein-depleted and protein-nondepleted gilts lj2 (exp. 4)

A m in o  ac id  
o m itted

D aily  N
H em o g lo b in

U rin e F eces B a la n c e

9 9 9 g/100ml
D e p le te d

1. N o n e 6 .8 2 1 .53 0 .9 5 1 0 .6
2 . A r g in in e  ( A ) 6 .5 3 1 .1 6 1 .61 1 0 .0
3 . H i s t i d in e  ( H ) 5 .8 8 1 .0 9 2 .3 3 1 2 .6
4 . T h r e o n in e  ( T ) 1 0 .3 8 1 .60 - 2 . 6 8 1 0 .6

N o n d e p le te d
1. N o n e 6 .6 2 1 .1 7 1.51 1 2 .8
2. A r g in in e 7 .4 9 1 .4 4 0 .3 7 11 .8
3. H i s t i d in e 5 .9 7 1 .21 2 .1 2 1 3 .0
4 . T h r e o n in e 1 0 .8 2 1 .5 8 - 3 . 1 0 13 .1

1 E ig h t c ro ssb red  g ilts.
2 D ep le ted  g ilts  w ere  fe d  a  N -free  d ie t fo r  21 d ay s  p r io r  to  b e in g  p la c e d  u p o n  th e above t r e a tm e n ts .

T h e  su b s e q u e n t a ssay  p e rio d  w as 14 d ay s  in  le n g th  w ith  to ta l e x c re ta  c o lle c tio n  b e in g  m a d e  o n  th e
la s t  7 days.

TA BLE 8

Analysis of variance of data in table 7

S ource  of d f
V a rian ce

v a r ia n c e N b a la n c e  H em o g lo b in

D e p le te d  v s . n o n d e p le t e d i 0 .2 1 5 5 .9 5 2 *

V o id s 3 — —

T  v s . A , H , n o n e 1 2 8 .6 6 7 * * 0 .0 0 4
N o n e  v s .  A , H 1 0 .1 9 0 0 .0 3 0
A  v s . H 1 1 .5 2 5 3 .6 1 0

E r r o r  ( i n t e r a c t i o n ) 3 0 .2 7 4 0 .4 3 1

* P  <  0 .05 . 
**  P <  0 .01 .
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less negative) in depleted than in non- 
depleted gilts.

Nassett and Gatewood (23) suggested 
that the rat may degrade hemoglobin in 
an attempt to supply endogenous histidine 
for tissue protein synthesis when the diet 
is deficient in this amino acid. A slight de
crease in hemoglobin occurred during the 
14-day metabolism period. However, since 
this decrease was similar for all treat
ments, only final values are shown in table 
7. While none of the orthogonal treatment 
comparisons were statistically significant 
(table 8), depletion versus nondepletion 
was significant (P <  0.05). That hemo
globin was not reduced by feeding a histi
dine-free diet for 35 days (depleted 21 
days with N-free diet, 14 days with histi- 
dine-free diet) indicates that in the gilt, 
hemoglobin was not providing endogenous 
histidine for usage with other exogenous 
amino acids for protein synthesis.

Whether gilts were protein-depleted or 
non-depleted, a dietary void of arginine, 
histidine or threonine resulted in a large 
reduction of the same amino acid in the 
plasma (table 9). In general, protein de
pletion caused an increase in the concen
tration of these 3 amino acids and of 
lysine in plasma when the complete or 
the arginine-void diet was fed. On the 
other hand, when a histidine-void diet 
was fed, the protein-depleted gilt had a 
lower concentration of arginine, histidine 
and lysine but a higher concentration of 
threonine than the nondepleted gilt. Also, 
a much lower plasma histidine concentra
tion was observed in the protein-depleted 
gilt consuming a threonine-void diet than

in the nondepleted gilt consuming the 
same diet.

Another observation in connection with 
the plasma amino acid values was that 
arginine, histidine and threonine were 
present in lower concentration when all of 
the other amino acids were present (void 
diets) than when none of the other amino 
acids were present (N-free diet).

Zimmerman5 showed that when argi
nine was made growth-limiting for chicks, 
lysine accumulated in the blood plasma. 
That lysine did not accumulate in the 
plasma as a result of feeding an arginine- 
free diet to gilts could be taken as further 
evidence that arginine is not essential for 
maintenance of the adult gilt. Plasma 
lysine actually decreased (table 9) as a 
result of feeding an arginine-free diet. Of 
course, it may be that this lysine-arginine 
relationship is different for growth than 
for maintenance.

Leucine assay (exp. 5). Because Bur
roughs et al. (24) could not obtain a re
sponse of adult rats to leucine when it was 
added to a leucine-void diet, and because 
Rose et al. (25) could not induce a dis
tinctly negative nitrogen balance in man 
when leucine was absent from the diet, a 
qualitative and quantitative evaluation of 
the leucine need for maintenance was 
made. Although nitrogen balance in
creased with increasing levels of leucine, 
the response was not statistically signifi
cant (table 10). Perhaps adult swine can

5 Z im m e r m a n , R. A . 196 5  P la sm a  a m in o  a c id  p a t 
te rn s  in  th e  c h i c k  as a f fe c te d  b y  s u b o p t im a l a n d  su per- 
o p t im a l  d ie ta ry  le v e ls  o f  s in g le  a m in o  a c id s  o r  n it r o 
g e n , w ith  s p e c ia l  r e fe r e n c e  to  le n g th  o f  f e e d in g  p e r io d . 
P h .D . th e s is , U n iv e rs ity  o f  I ll in o is .

T A B L E  9

Concentration of some amino acids in plasma from protein-depleted (D) and protein— 
nondepleted (ND) gilts fed diets void of various amino acids 1 (exp. 4)

P la sm a
am in o
ac id s

A m ino  a c id ( s )  o m itted  f ro m  d ie t

N o n e A rg in in e H is tid in e T h re o n in e
A l l 2

D ND D N D D N D D N D

limole/100 ml limole¡100 ml limole/100 ml limole/100 ml
A r g in in e 1 2 .7 9 .8 5 .2 4 .1 6 .3 1 0 .6 1 1 .7 1 1 .7 11 .3
H is t id in e 4 .2 3 .4 4 .9 4 .1 0 .6 2 .6 1 .7 8 .6 3 .8
L y s in e 2 3 .6 17 .8 15 .4 1 3 .0 8 .7 2 2 .8 1 8 .2 16.1 2 0 .7
T h r e o n in e 14 .5 1 1 .7 10.1 1 0 .9 2 9 .2 2 0 .9 2 .8 2 .0 13 .1

1 F o u r  d e p le te d  ( D )  g ilts  w e re  fe d  a N -fr e e  d ie t  f o r  21 d a y s  p r io r  to  b e in g  p la c e d  u p o n  th e  a b o v e  
tre a tm e n ts . F o u r  n o n d e p le te d  ( N D )  g ilts  r e c e iv e d  a fo r t i f ie d  1 6 %  C P co r n -s o y b e a n  m e a l  d ie t  d u r in g  
th e  sa m e  2 1 -d a y  p e r io d .

2 P o o le d  sa m p le  f r o m  th e  4  g ilts  o n  th e  d e p le t io n  r e g im e n , th u s  r e p r e s e n t in g  th e  p la s m a  a m in o  
a c id  p a tte rn  o f  g ilts  f e d  a N -fre e  d ie t.
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TA BLE 10

Nitrogen metabolism of 
of leucine

gilts fed 
' (exp. 5 )

graded levels

L eu c in e
M ean  d a ily  N

U rin e F eces B a la n ce

% g 9 9
0 7 .01 1 .5 3 1 .3 0

0 .0 9 7 5 .6 9 1 .48 2 .6 8

0 .1 9 3 5 .2 9 1 .4 5 3 .1 0

0 .2 9 0 5 .5 3 1 .3 9 2 .9 2

1 F o u r  c ro ssb red  g ilts  w ere  u se d  fo r  tw o  14-day 
p e rio d s , b e in g  a llo tte d  to  a  d if fe re n t t r e a tm e n t  a f te r  
p e rio d  1.

synthesize a considerable quantity of this 
amino acid.

Gilts used in this experiment exhibited 
more positive nitrogen balances than those 
observed in previous experiments. For this 
reason there remains some doubt as to 
whether leucine is dispensable for mainte
nance of the nongravid gilt. Also, despite 
the relatively lengthy experimental period 
of 14 days, it is possible that an extremely 
slow turnover rate of endogenous leucine 
could explain the failure herein to obtain 
a graded response. However, since an 
average balance of over 1 g/'day resulted 
from a diet completely devoid of this 
amino acid, it must be tentatively con
sidered dispensable.
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Adult Swine for Maintenance

ABSTRACT A  c o m p le te ly  p u r i f i e d  d i e t  c o n t a i n i n g  c r y s t a l l i n e  L -a m in o  a c id s  a s  
th e  s o le  s o u r c e  o f  d i e t a r y  n i t r o g e n  w a s  u s e d  to  e v a lu a t e  t h e  t h r e o n in e ,  i s o le u c in e ,  
v a l in e  a n d  p h e n y l a l a n i n e  r e q u i r e m e n t s  f o r  m a i n t e n a n c e  o f  t h e  n o n g r a v id  g i l t .  T o  
d e t e r m in e  th e  r e q u i r e m e n t  f o r  i n d i v i d u a l  a m in o  a c id s  a  q u a d r a t i c  r e g r e s s io n  e q u a t io n  
w a s  f i t t e d  to  th e  n i t r o g e n  b a l a n c e  d a t a  a n d  u s e d  to  d e t e r m in e  th e  a m in o  a c id  i n t a k e  
c o r r e s p o n d in g  to  a  n i t r o g e n  b a l a n c e  o f  1 g / d a y  ( m a i n t e n a n c e  r e q u i r e m e n t )  a n d  z e ro  
( n i t r o g e n  e q u i l i b r iu m  r e q u i r e m e n t ) .  E x p r e s s e d  a s  m g / d a y / k g 3/4, r e q u i r e m e n t s  f o r  
m a i n t e n a n c e  o f  3 9 , 3 0 , 2 1 , a n d  21  w e r e  f o u n d  f o r  t h r e o n in e ,  i s o le u c in e ,  v a l in e  a n d  
p h e n y l a l a n i n e ,  r e s p e c t iv e ly .  D i s t i n c t ly  n e g a t iv e  n i t r o g e n  b a l a n c e  r e s u l t e d  f r o m  a  d ie 
t a r y  v o id  o f  t h r e o n i n e ,  i s o l e u c in e  o r  v a l in e ,  b u t  a  d i e t a r y  v o id  o f  p h e n y l a l a n i n e  ( a n d  
t y r o s i n e ) ,  a l t h o u g h  c a u s i n g  a  r e d u c e d  n i t r o g e n  b a l a n c e  a s  c o m p a r e d  w i t h  th e  c o m 
p le te  a m in o  a c id  d ie t ,  d id  n o t  e f f e c t  n e g a t iv e  n i t r o g e n  b a l a n c e .  T h e  e x c r e t io n  o f  u r e a  
p lu s  a m m o n ia  i n  t h e  u r i n e  w a s  d i r e c t l y  r e l a t e d  to  t h e  q u a l i t y  o f  t h e  a m in o  a c id  p a t 
t e r n  f e d .  T h e  u r i n a r y  n i t r o g e n  d i f f e r e n t i a l  b e tw e e n  a  d e f ic ie n t  a n d  a n  a d e q u a te  l e v e l  
o f  t h r e o n in e ,  i s o le u c in e  o r  v a l in e  w a s  r e p r e s e n t e d  l a r g e ly  b y  u r e a  p lu s  a m m o n ia .  
W h e th e r  s u b o p t im a l  o r  s u p e r o p t im a l ,  t h e  c o n c e n t r a t i o n  o f  v a l in e  i n  t h e  d i e t  d e t e r 
m in e d  th e  c o n c e n t r a t i o n  o f  f r e e  v a l in e  i n  t h e  b lo o d  p l a s m a .

Maintenance can be defined as a stable 
state of equilibrium among the different 
but interdependent elements and systems 
of an organism. Difficult as it may be to 
prove the presence of this condition, much 
work has been carried out on the mainte
nance requirements of the small labora
tory animal. However, other than for the 
adult human, little information is available 
on the maintenance needs, particularly for 
amino acids, of large animal species. Un
til recently, the cost of such experimenta
tion has been prohibitive. Furthermore, 
inadequate consumption of purified amino 
acid diets, based primarily on bland, syn
thetic ingredients, has been a major obsta
cle to the concise interpretation of the 
data reported. In this respect the porcine, 
by reason of its voracity, appears ideally 
suited for a study of this type.

In a previous paper (1 ) a qualitative 
evaluation of the amino acid needs of the 
adult, nongravid gilt for maintenance was 
presented. These data indicated that of 
the classical 10 essential amino acids, 
three, arginine, histidine and leucine, were 
not required for maintenance. The work 
presented herein is an attempt to quantify

the requirements for threonine, isoleucine, 
valine and phenylalanine, using nitrogen 
retention as the primary criterion of ade
quacy.

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

Selection and feeding of gilts as well as 
collection procedures were similar to those 
described previously (1 ). All gilts used in 
this series of experiments were crossbreds 
weighing approximately 145 kg. The basal, 
crystalline amino acid diet is shown in 
table 1. Even though arginine, histidine 
and leucine were found to be dispensable 
for maintenance they were included be
cause some of the qualitative data had not 
been analyzed prior to starting the quanti
tative phase of these experiments; and 
also it was felt that removal of arginine, 
histidine and leucine from the amino acid 
mix might create an unfavorable indispens- 
able-to-dispensable amino acid ratio.

R eceived  fo r  p u b lic a tio n  N o v em b er 1, 1965.
1 P re s e n t a d d re ss : E li L illy  a n d  C o m p an y , G reen 

field , In d ia n a .
2 T h is  p a p e r  r e p re se n ts  p a r t  o f  a  th e s is  s u b m itte d  

by  th e  se n io r  a u th o r  to  th e  G ra d u a te  C ollege o f  th e  
U n iv e rs ity  o f  I llin o is , in  p a r t ia l  fu lf i l lm e n t o f  th e  r e 
q u ire m e n ts  f o r  th e  P h .D . degree.
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Gilts were fed 1.82 kg/head daily and 
all diets were maintained isonitrogenous 
both between and within assays by adjust
ing the level of glutamic acid. Other than 
cornstarch, which was used to bring all 
diets up to 100% , and glutamic acid, the 
amino acid under study in a given assay 
was the only dietary variable.

In addition to evaluating nitrogen re
tention, urinary urea plus ammonia nitro
gen was determined according to proce
dures outlined by Fawcett and Scott (2). 
This method allowed quantitative measure
ment of both the ammonia produced by 
urease acting on urea and any preformed 
ammonia which was present in the sam
ple. Originally, quantitative determination 
of both urea and ammonia was performed 
simultaneously, substituting an equal vol
ume of distilled water for urease in the 
determination of preformed ammonia. 
However, it soon became evident that the 
preformed ammonia concentration of the 
urine samples was so low that precise 
measurement could not be accomplished 
without altering the dilution procedures. 
Therefore, it was decided not to differenti
ate between these 2 sources of ammonia, 
but instead to measure total ammonia from 
both sources.

When applicable, the maintenance re
quirements for individual amino acids 
were determined by fitting a quadratic re
gression equation (Y =  a+bx-fcx2) to the 
data and determining the amino acid in
take corresponding to a daily nitrogen bal

ance of 1 g (adopted maintenance require
ment) and zero (nitrogen equilibrium 
requirement). The data were not fitted as 
well by a linear or an asymptotic model as 
by a quadratic model.

A completely randomized design was 
used to assay the requirement for isoleu
cine; a randomized complete block design 
was used for theonine and valine. The 
basis for forming blocks in the latter de
sign was the premetabolism feeding re
gimen and the environmental temperature 
to which gilts had been subjected.

The concentration of free valine in 
blood plasma of gilts consuming graded 
levels of valine was also evaluated. Bleed
ing procedures and plasma analysis were 
similar to those described previously (1).

R E S U L T S

Threonine assay. Significant (P < 0.01) 
linear and quadratic effects were found in 
the nitrogen balance data resulting from 
feeding graded levels of threonine (table 
2). Substituting Y values of 1 and zero 
grams nitrogen balance per day into the 
fitted quadratic regression equation (Y =  
-  2.454+54.275X-172.917X2) yielded re
quirements of 0.089% (39 mg/day/kg374) 
and 0.055% (24 mg/day/kg3/4) dietary 
threonine for maintenance and nitrogen 
equilibrium, respectively.

A significant difference (P < 0.05) be
tween replicates was observed. Replicate 
1 consisted of 4 gilts which had been used 
in a previous assay and had thus been

T A B L E  1

Composition of crystalline amino acid diet1
In g re d ie n t A m ino  ac id  m ix

% 9/4.2 g
A m in o  a c id  m ix 4 .2 0 L -le u c in e 0 .2 9
C o r n s t a r c h 7 9 .9 5 L -m e th io n in e 0 .1 0
C e llu lo s e  2 4 .0 0 L - t r y p to p h a n 0 .0 4
C o r n  o il 6 .0 0 L -v a lin e 0 .1 6
P o r c in e  V i ta m in  m ix  3 1 .0 0 L -ly s in e -H C l 0 .1 8
V i t a m in  A  a n d  D  m ix  3 0 .3 5 L -is o le u c in e 0 .1 5
M in e r a l  m ix  n o . 2  3 4 .0 0 L - p h e n y la la n in e 0 .1 0
N a H C O s 0 .5 0 i ,- h is t id in e  • H C1 ■ H 20 0 .1 1
C h lo r te t r a c y c l in e  4 + L -a r g in in e  ■ HC1 0 .2 2

L - th r e o n in e 0 .1 2
T o ta l 1 0 0 .0 0 L -g lu ta m ic  a c id 2 .7 3

T o ta l 4 .2 0

1 C o n ta in e d  a p p ro x im a te ly  3,460 k c a l m e ta b o liz a b le  e n e rg y /k g  o f  a ir-d r ied  d ie t.
2 S o lka  F loe  BW -40, B ro w n  C o m p an y , B oston .
3 B ak er e t al. ( 1 ) .
4 C ry s ta llin e  Chlortetracycline was added at 20 mg/kg diet.
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confined to the metabolism crates for a 
period of 21 days prior to initiating collec
tion. Noteworthy also is that these gilts 
had been consuming maintenance-type 
diets (1.82 kg/head/day) during this en
tire 21-day period. Replicate 2 consisted 
of 4 gilts which were selected from the 
general herd. They had been consuming 
1.82 kg/head/day of a fortified 16% crude 
protein corn-soybean meal diet prior to 
being placed in the metabolism crates. 
Therefore, with respect to prior feeding 
regimen, gilts in replicate 1 had, in es
sence, a 21-day pretest feeding period, but 
gilts in replicate 2 had only the normal 7- 
day pretest feeding period.

Another difference between replicates 
should be emphasized. Since this assay 
was conducted during the coldest part of 
the winter months, gilts of replicate 2 had

been subjected to a much colder prior en
vironmental temperature than gilts of 
replicate 1.

Urinary urea-plus-ammonia nitrogen ex
cretion decreased as dietary threonine in
creased up to 0.12%. This suggests that 
a dietary level of 0.12% threonine or 
slightly more was adequate in this par
ticular diet to maximize exogenous nitro
gen utilization.

Isoleucine assay. Each increment of 
isoleucine caused an improvement in nitro
gen balance (table 3). An extremely nega
tive nitrogen balance was exhibited by gilts 
consuming the diet devoid of isoleucine. 
Significant (P C 0 .0 1 ) linear, quadratic 
and cubic effects were found in nitro
gen balance. A quadratic regression equa
tion (Y= -  2.855 + 77.100X -  308.480X2) 
indicated that 0.069% (30 mg/day/kg3/4)

T A B L E  2

Nitrogen metabolism of gilts fed graded levels of threonine 1

D aily  N  2

T h re o n in e U rin e
B a la n ce

T o ta l U re a  +
n h 3

F eces

% 9 9 9 9

R e p lic a te  1
0 1 0 .1 3 6 .3 7 1 .0 8 - 1 . 9 0
0 .0 6 7 .8 6 4 .6 7 1 .0 0 0 .4 5
0 .1 2 5 .9 9 3 .1 4 1 .3 4 1 .98
0 .1 8 5 .5 4 3 .1 2 1 .6 9 2 .0 8

R e p l ic a te  2
0 1 1 .0 7 7 .5 5 1 .18 - 2 . 9 4
0 .0 6 8 .5 3 6 .0 8 1 .0 7 - 0 . 2 9
0 .1 2 6 .8 4 4 .3 1 1 .1 2 1 .3 5
0 .1 8 6 .3 6  3 4 .3 7  3 1 .3 4 1 .61

1 E ig h t c ro ssb re d  g ilts.
2 D a ily  N  in ta k e  w a s  9.31 g.
3 M iss in g  v a lu e  c a lc u la te d .

T A B L E  3

Nitrogen metabolism of gilts fed graded levels of isoleucine 1

M e an  d a ily  N  2

Iso leu c in e U rin e

T o ta l U re a  +
n h 3

F eces B a la n ce

% 9 9 9 9

0 1 0 .7 6 7 .7 3 1 .7 3 - 3 . 0 1
0 .0 5 7 .4 2 4 .2 5 1 .3 6 0 .7 0
0 .1 0 6 .6 3 3 .5 6 1 .5 6 1 .29
0 .1 5 6 .4 2 3 .3 2 1 .13 1 .93

1 E ig h t c ro ssb red  g ilts  t h a t
2 D a ily  N  in ta k e  w as  9.48 g.

h a d  b een u se d  in  th e  p rev io u s ( th re o n in e ) a s sa y  — 2 / t r e a tm e n t .
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dietary isoleucine was required for main
tenance and 0.045% (20 mg/day/kg3/4) 
for nitrogen equilibrium.

Urinary nitrogen derived from urea and 
ammonia decreased in a manner corre
sponding to the decrease in total urinary 
nitrogen, as the dietary level of isoleucine 
was increased.

Valine assay. Although gilts (replicate
1) that had been used in the previous 
(isoleucine) assay tended to exhibit more 
positive nitrogen balances than those 
(replicate 2) selected from the general 
herd, the difference between replicates was 
not statistically significant (table 4). How
ever, this assay was conducted during a 
warmer season and thus the premetabolism 
environmental temperature differential be
tween replicates was less than in the 
threonine assay.

One gilt failed to consume its daily diet 
allotment of 1.82 kg and appeared slug
gish. The gilt’s temperature on day 3 of 
the collection period was 40°, indicating 
fever and possible infection. Urine anal
ysis revealed an unusually high nitrogen 
excretion (10.09 g/day) for the treatment 
(0.12% valine), and data for this animal 
were omitted from the statistical analysis.

A significant (P <  0.05) linear re
sponse to valine occurred. A quadratic re
gression equation (Y= —1.435+62.890X— 
258.670X2) was calculated and used to ob
tain the valine requirement for mainte
nance and nitrogen equilibrium, although 
the quadratic regression coefficient ap
proached but did not reach the 5% sig
nificance level. These were 0.048% (21 
mg/day/kg3/4) and 0.026% (11 m g/day/ 
kg3/4) dietary valine, respectively.

As in the threonine and isoleucine as
says, the excretion of urea plus ammonia 
in the urine closely followed the excretion 
of total nitrogen in the urine, indicating 
that both criteria were descriptive of and 
sensitive to the dietary quality of amino 
acids fed. The urinary nitrogen differ
ential between a deficient and an adequate 
level of threonine, isoleucine or valine 
was represented almost solely by urea plus 
ammonia, the principal components of 
the exogenous nitrogen catabolism.

Plasma free valine concentration was 
found to be directly related to the dietary 
concentration of valine. Apparently a 
plasma valine concentration of 5.3 nmole/ 
100 ml plasma is compatible with mainte
nance of the nitrogenous integrity of the 
body under conditions imposed by this 
assay.

Phenylalanine. Quantitative evaluation 
of the maintenance need for this amino 
acid was not made since it was felt that 
the expected range of response (0.23 to 
1.82 g nitrogen retention/day based upon 
the qualitative data (1 ) from our labora
tory) would not be sufficient to yield a 
useful dose-response curve. Instead, the 
aforementioned mean nitrogen balances 
obtained at zero and 0.10% dietary phe
nylalanine were connected by a straight 
line, and the intersect of this line with a 
daily nitrogen balance of 1 g was deter
mined. This yielded a requirement value 
of 0.049% (21 mg/day/kg3/4) dietary
phenylalanine for maintenance. The re
tention of 1.82 g nitrogen/day at 0.10% 
dietary phenylalanine represents a point 
somewhere on the plateau of the theoreti
cal dosage response curve. Thus, the indi-

T A B L E  4

Nitrogen metabolism of gilts fed graded levels of valine 1

V alin e

M e a n  d a ily  N  2

P la s m a  free  
v a lin e

U rin e
F eces B a lan ce

T o ta l U rea  -f-
n h 3

% 9 9 9 9 limole/100 ml
0 1 0 .3 3 7 .3 0 1 .3 4 - 1 . 4 2 2 .3
0 .0 6 7 .5 5 4 .7 6 1 .3 7 1 .33 5 .3
0 .1 2 6 .8 5 4 .3 2 1 .25 2 .1 5 1 4 .6
0 .1 8 7 .1 4 4 .3 2 1 .6 3 1 .4 8 2 0 .3

1 S ev en  c r o s sb re d  g ilts  —  1 g ilt  o n  th e  0 .1 2 %  v a l in e  tr e a tm e n t  b e c a m e  i l l  a n d  w a s  r e m o v e d  fr o m  
th e  e x p e r im e n t ; o th e rw is e , a ll  d a ta  re p re se n t  a n  a v e ra g e  o f  2  g ilts.

2  D a ily  N  in ta k e  w a s  10 .2 5  g.
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cated requirement value is an overesti
mate, but probably only slightly so, be
cause previous data indicate that 0.10% 
phenylalanine comes close to the mini
mum for maximal nitrogen retention.

Two gilts were fed a diet containing no 
phenylalanine but 0.10% tyrosine. The 
average nitrogen balance for this treat
ment was — 0.17 g/'day, suggesting that 
tyrosine had very little, if any, replacement 
value for phenylalanine. This observation 
is in contrast to the work of Rose and 
Wixom (3) who reported that tyrosine 
was capable of exerting a sparing effect 
of 70 to 75% upon the phenylalanine re
quirement of man. However, the possibil
ity exists, as in the human studies, that a 
tyrosine-sparing effect would have been 
noted if studied in the presence of phe
nylalanine.

D IS C U S S IO N

Pertinent to the determination of an 
amount of any nutrient required for main
tenance is the selection of a suitable cri
terion. The majority of investigators deal
ing with this problem have used nitrogen 
equilibrium as the value taken to be com
mensurate with maintenance. Yet, nitro
gen equilibrium calculated from nitrogen 
balance experiments is not true equilib
rium. This is so because the method of 
nitrogen balance includes only nitrogen 
losses via the feces and urine and there
fore completely ignores nitrogen losses of 
the integuments. The latter can amount 
to a considerable daily loss since these 
structures (epidermis, hair, nails, wool, 
feathers, etc.) have a rapid turnover and 
such losses involve highly nitrogenous 
keratins.

In addition to the nitrogenous losses 
which are ignored, a positive cumulative 
error in the nitrogen balance technique, 
as pointed out by Wallace (4 ), also 
makes questionable the validity of nitrogen 
equilibrium by the method of nitrogen 
balance as a reference point of amino acid 
adequacy. Thus, the numerical value ob
tained for intake is always larger than 
actuality and the numerical value for out
put by way of feces and urine is always 
smaller, since a certain quantity of both 
the measured intake and the measured

excreta is lost. These errors are additive 
and can therefore lead to erroneously ele
vated values of nitrogen retention. When 
amino acid requirements are defined in 
terms of a particular degree of nitrogen 
balance sought, these technical errors lead 
to an underestimation of the true require
ments.

Because of the above considerations, 
Hegsted (5 ) suggested that a positive ni
trogen balance of 0.5 g/day might be com
patible with true equilibrium in man. 
Mitchell (6 ) and Mitchell and Edman (7) 
felt that 1 g/day would be closer to true 
equilibrium in the same species. In the 
work presented herein, the maintenance 
requirement was arbitrarily defined as that 
level of an amino acid which would ef
fect a daily nitrogen retention of 1 g when 
this particular amino acid was the only 
dietary variable.

It was noteworthy that a statistically sig
nificant replicate effect was obtained in the 
threonine assay. Since prior feeding reg
imen and prior environmental temperature 
were known differences between replicates, 
one or both of these might be implicated 
as causative. A general observation has 
been that gilts on a higher plane of nutri
tion and exposed to a lower environmental 
temperature exhibit less positive nitrogen 
balances in subsequent nitrogen balance 
trials. Although gilts of replicate 2 had 
received a pre-assay diet considerably 
higher in protein (approximately equal in 
energy and other nutrients) than gilts of 
replicate 1, the 7-day pretest feeding period 
appears to be sufficient to eliminate much 
of the nutritional effect. The environ
mental effect appears to be the more log
ical one.

Working with adult rats Treichler and 
Mitchell (8 ) observed that a prior low en
vironmental temperature elevated the endo
genous loss of nitrogen subsequently de
termined. The effect of temperature on 
nitrogen excretion was greater than that 
of prior plane of nutrition. Issekutz et al.
(9 ) observed the same results in their work 
with man. The action of cold on protein 
metabolism may be manifested by an in
crease in thyroid and adrenal cortex ac
tivity (10, 11), both of which would cause 
an impairment of nitrogen balance.
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Methionine and Cystine Requirements of the 
Young Guinea Pig * 1

M A R Y  E L IZ A B E T H  R E ID
Laboratory of Nutrition and Endocrinology, National Institute of 
Arthritis and Metabolic Diseases, National Institutes of Health, 
Bethesda, Maryland

ABSTRACT T h e  m e t h i o n i n e  a n d  c y s t in e  r e q u i r e m e n t s  o f  t h e  y o u n g  g u in e a  p ig  
w e r e  d e t e r m in e d  f r o m  t h e  6 -w e e k  g r o w th  r e s p o n s e .  T h e  b a s a l  d i e t  c o n ta in e d  2 0 %  
o f  i s o la te d  so y  p r o t e in  w i th  v a r io u s  a m in o  a c id s  a d d e d  to  le v e ls  e q u iv a l e n t  to  th o s e  i n  
3 0 %  so y  p r o t e in .  W i th o u t  s u p p le m e n ta l  m e th i o n i n e ,  0 .2 4 %  o f  a d d e d  L -c y s t in e  w a s  
r e q u i r e d .  W i th  a d e q u a te  c y s t in e ,  0 .1 5 %  o f  a d d e d  L -m e th io n in e  w a s  o p t im a l .  T h e  
to ta l  s u l f u r - c o n t a i n i n g  a m in o  a c id  r e q u i r e m e n t  w a s  0 .7 1 %  ( 0 .3 6 %  f r o m  c y s t in e  a n d  
0 .3 5 %  f r o m  m e t h i o n i n e ) .  D -M e th io n in e  w a s  n o t  a s  a c t iv e  a s  th e  L - is o m e r  a n d  a p 
p e a r e d  to  b e  s l ig h t ly  i n h ib i to r y .  T h e  h y d r o x y  a n a lo g u e  o f  m e t h i o n i n e  w a s  l e s s  a c t iv e  
t h a n  d - o r  L -m e th io n in e .  L iv e r  w e ig h t  w a s  m a r k e d ly  a f f e c te d  b y  th e  d i e t a r y  le v e l  o f  
m e t h i o n i n e ;  t e s te s  a n d  s p le e n  a ls o  r e s p o n d e d  p o s i t iv e ly ,  b u t  k id n e y s  a n d  a d r e n a l s  w e r e  
u n a f f e c te d .

In a continuation of studies on the 
nutritional requirements of the guinea pig, 
the methionine and cystine requirements 
and the effects of sulfur-containing amino 
acid deficiency have been investigated. Be
cause of the work with the rat ( 1 ) and the 
chick (2 ) it has been assumed for many 
years that the d - and L-isomers of methio
nine have equal biological activity. The 
present results show that this is not true 
in the guinea pig.

M E T H O D S

Male guinea pigs (Hartley strain) 3 to 5 
days old, weighing 95 to 115 g were fed a 
modification of our semi-purified guinea 
pig diet (3 ). The ration contained the 
following: (in per cent) purified soybean 
protein,2 20; corn oil, 7.3; sucrose, 10.3; 
powdered cellulose,3 15; cornstarch, 20; 
glucose, 17.8; potassium acetate, 2.5; mag
nesium oxide, 0.5; salts A (4 ) in the early 
studies and salts N (5 ) in the later tests, 
6.0; choline chloride, 0.2; inositol, 0.2; as
corbic acid, 0.2; and liberal amounts of 
the known vitamins as previously used. 
The 0.1% level of L-methionine in soy pro
tein, as reported by the producer, was veri
fied by microbiological assays for methio
nine. Previous studies with this diet (6, 7) 
had shown that growth was slow with a 
20% level of soy protein and that the chief 
deficiency was methionine. Tryptophan 
was the only other essential amino acid

which might be insufficient to allow maxi
mal growth. To insure against the possi
bility of such an inadequacy, an addition 
of 0.1% of L-tryptophan was made. Diets 
prepared with the 30% level of soy protein 
contained only 10% starch. In most of 
the experiments from 5 to 10 animals were 
started on the diet in each group. The 
diets were refrigerated at 5° until used 
and were prepared in amounts to last no 
longer than 2 weeks.

R E S U L T S

Animals fed the diet prepared with a 
20 % level of the soy protein and no added 
methionine grew slowly. The methionine 
contained in this level of soy protein 
amounted to approximately 0.2% of the 
diet and the cystine to 0.12%. The effect 
of this diet on the growth rate is shown in 
the data of table 1. In the total of 17 
animals comprising this group, 2 deaths 
occurred before the end of the sixth week. 
Other than a poor appetite and slow 
growth, no specific characteristics were ob
served. The few blood studies made did 
not give definite indication of anemia as 
determined by the hemoglobin level and 
erythrocyte count. Further tests would be

R eceived  fo r  p u b lic a tio n  O ctober 30, 1965.
1 P a p e r  no . X II in  th e  se rie s , “N u tr i t io n a l  S tu d ies 

w ith  th e  G u in ea  P ig .”
2 ADM  C -l A ssay  _ P ro te in , A rch er-D an ie ls -M id lan d  

C o m p an y , C in c in n a ti .
3 C e llo p h an e  S p an g les , R ay o n  P ro c ess in g  C om pany , 

P a w tu c k e t, R hode  Is la n d .
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T A B L E  1

Growth of guinea pigs fed diets containing 20 or 30% soybean protein 
with supplementary methionine

S oy
p ro te in M e th io n in e

N o . o f  
e x p e r i 
m e n ts

N o . o f  
a n im a ls

W e e k s

2 4 6

% % 9 9 9

20 N o n e 4 17 1 2 7  ± 2 6  1 19 8  ± 2 6 2 6 6  ±  34
0 .5  D L - 2 14 1 3 3  ± 9 2 2 1  ± 1 7 3 0 7  ± 3 1
0 .7 5  D L - 3 18 1 4 9  ± 1 3 2 4 1  ± 2 0 3 3 6  ± 3 3
1 .0 0  D L - 2 14 1 5 2  ± 1 4 2 5 3  ± 1 7 3 5 4  ± 3 1
2 .0 0  D L - 1 5 12 8  ± 1 1 2 2 1  ± 2 4 3 5 1  ± 2 9
0 .3 7 5  L- 7 3 2 1 5 4  ± 1 7 2 5 2  ± 3 0 3 6 3  ± 4 4
0 .3 7 5  D- 7 3 5 1 4 3  ± 1 7 2 5 8  ± 3 7 3 2 1  ± 3 5
0 .4 2 5  M H A  2 3 15 1 43  ± 1 2 2 3 6  ±  2 4 3 —

30 N o n e 3 2 8 1 5 3  ± 1 6 2 6 0  ± 2 3 3 5 3  ±  34
0 .5 0  D L - 2 14 181  ± 1 4 2 8 6  ± 2 5 3 8 2  ± 3 7
1 .0 0  D L - 1 5 1 8 2  ± 2 2 2 8 9  ± 3 6 3 9 1  ± 4 4

1 M e a n s  ±  s d .
2 C a lc iu m  sa lt  o f  a -h y d ro x y -7 -m e th y lh y d ro x y b iity r ic  a c id ,  M o n s a n to  C h e m ic a l  C o m p a n y , St. L o u is .
3  E x p e r im e n t  te r m in a te d  a fte r  4  w eek s .

desirable, however, before concluding ab
sence of any effect of methionine defi
ciency on the hemopoietic system in the 
guinea pig.

With the addition of 0.5% of DL-methio- 
nine to the diet, growth was considerably 
improved ( P < 0 . 0 1 ;  Student’s t-test) and 
no deaths occurred. Raising the level of 
added DL-methionine to 0.75% resulted in 
a further significant increase in growth 
(P <  0.01). The average weight at the end 
of 6 weeks of 336 ±  33 g may be consid
ered as close to maximal for a 20% soy 
protein diet. In previous studies with soy 
protein diets it has been shown (7 )  that 
with a 20% protein diet supplemented 
with 1.0% DL-methionine the maximal 
weight achieved was approximately 368 ±  
23 g. With the protein level raised to 30% 
and supplemented with 0.5% DL-methio
nine, the maximal weight was raised to 
394 ±  37 g. In another study (6 )  with a 
40% level of protein and no methionine 
supplement, a maximal weight of 400 g 
was achieved. The addition of 1.0 or 2.0% 
DL-methionine appeared to produce a fur
ther slight increase in growth; but the dif
ferences are not significant. At the 2.0% 
level there appeared to be a slight retarda
tion in growth during the first 4 weeks, 
but between the fourth and sixth week, 
appetite for the diet appeared to improve 
and growth became maximal. No definite 
differences in results were observed with 
the 2 salt mixtures.

With the 30% level of soy protein in 
the diet, an excellent rate of growth and 
100% survival was obtained without the 
addition of methionine; but a small in
crease in growth (P <  0.01) occurred with 
the addition of 0.5 or 1.0% of DL-methio
nine. These results showing the effect of 
supplementing 20 and 30% soy protein 
diets with methionine are in close agree
ment with observations reported previously
(7) .

Comparative values of optical 
isomers of methionine 

for growth
Since close to maximal growth was 

achieved with the addition of 0.75% of 
DL-methionine to the 20% soy protein diet, 
tests were made with additions of 0.375% 
levels of l- and D-isomers ( table 1). This 
level of the L-isomer produced maximal or 
close to maximal growth. With addition 
of the D-form, growth was definitely re
tarded in three of the 7 experiments. The 
average body weight after 6 weeks of the 
group receiving D-methionine was 321 g as 
compared with 363 g for the animals re
ceiving the L-form. In one test in which 
the D-methionine supplement was in
creased threefold, the average body weight 
at the end of 4 weeks equaled that of the 
group receiving 0.375% of L-methionine. 
No definite reason can be given for the 
variations in response to the 2 isomers in 
different experiments. There was some in-
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dication of a difference in digestive func
tion between the d- and L-methionine 
groups as shown by the fact that the weight 
of the digestive tract with contents of the 
D-methionine animals was 97 g as com
pared with 85 g in the L-methionine group. 
The former constituted 30% of the body 
weight, whereas in the latter it amounted 
to 24%. The animals reared with the diet 
without added methionine had the same 
gastrointestinal-to-body weight percentage 
values as did the D-methionine group.

That better growth was achieved with 
the addition of 0.375% of the L-isomer 
than with 0.75% of the DL-compound sug
gests that a slight inhibitory effect may 
result from the presence of the D-isomer.

Variations in organ weights with 
changes in the amounts and 
types of dietary methionine

Effect of protein level: The effect of 20 
and 30% levels of soy protein with and 
without added methionine on the weights 
of some of the internal organs is shown in 
the data on table 2. This table also shows 
the relation of liver weight to body weight. 
The addition of methionine had a marked 
effect on the liver. With a 20% level of 
protein and no added methionine, none of 
the livers of the 15 animals attained a 
weight of 20 g, only three of them weighed 
over 15 g, and three w'ere under 10 g. With 
the 30% level of protein, only five had 
liver weights below 20 g and two had 
weights above 25 g. The P value for the 
difference in liver weights of the 20 and 
30% dietary protein groups was < 0.025. 
Very striking differences in liver weights 
occurred between animals receiving sup
plements of l - and D-methionine. Organ 
weights were obtained on 18 animals of 
each of these groups. With D-methionine, 
only 4 livers had weights above 20 g, none 
were above 25 g and one was under 15 g. 
In the group receiving L-methionine, only 
two had livers weighing less than 20 g, 8 
had weights above 25 g, three were above 
30 g, one weighed 38 g and another one 
43 g.4 These livers appeared normal in 
color and texture and showed no gross evi
dence of fattiness. The P value for the

4 T h is  a n im a l  w as  e x trem e ly  v ig o ro u s a n d  h e a lth y . 
I t  w e ig h ed  433 g a t  6 w eeks.
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difference in liver weights between the 
l- and D-methionine groups was <0.001.

Comparative value of methionine 
and hydroxy-methionine 

analogue
When the calcium salt of a-hydroxy-y- 

methylhydroxybutyric acid5 (MHA) was 
substituted for methionine on an equi
molar basis, growth was significantly im
proved over that in the basal group. How
ever, the average weight at 4 weeks was 
slightly inferior to that obtained with D- or 
L-methionine, although the differences 
probably are not significant (table 1). It 
was apparent that the diet with MHA was 
less acceptable, with a consequent decrease 
in food intake. This compound is appar
ently not a satisfactory substitute for me
thionine in the guinea pig. In the chick, 
Gordon and Sizer (8 ) observed no differ
ence between the response to MHA and 
L-methionine when the 2 compounds were 
fed on an equimolar basis. D-Methionine 
was found to be not fully equivalent to the 
other two. Colet and Baratou (9 ) also 
compared the growth efficiency for chicks 
of L-methionine and MHA and reported 
that methionine was slightly superior as to 
gain in weight, but was always inferior in 
the food consumption index. Tipton et al.
(10), in tests with chicks, observed that 
DL-methionine consistently supported bet
ter growth than did MHA when compari
sons were made either on an equimolar or 
equal weight basis.

Methionine requirement of the 
guinea pig in relation to 

other amino acids
Although the addition of 1.0% of DL- 

methionine to the 20% soy protein diet

resulted in a marked gain in weight (266 g 
compared with 354 g at 6 weeks) the in
crease did not equal that achieved with 
the 30% soy protein diet also supple
mented with 1.0% DL-methionine (391 g 
at 6 weeks). It was evident that at the 
30% protein level the requirement of 
amino acids other than methionine was 
better satisfied. It seemed possible that an 
insufficiency of cystine at the 20% protein 
level could have been partially responsible 
for the difference. Tests were accordingly 
conducted to determine to what extent the 
inadequacy could have been due to cystine 
or to other amino acids, or to a combina
tion of cystine and other amino acids. 
Additions of the following amino acids sup
plied (as g/kg of diet) were made to the 
20% protein diet to bring the respective 
levels up to that in the 30% level of pro
tein: glycine, 2.40; L-leucine, 3.60;
L-threonine, 1.40; L-tryptophan 1.10; l- 
phenylalanine, 1.70; L-valine, 1.50. Diets 
containing 20% soy protein and the 
amino acid mixture were prepared and to 
different lots of diet L-cystine was added 
in amounts ranging from none to 3.6 g/kg. 
Additional glycine was added in amounts 
sufficient to make the diets approximately 
isonitrogenous. The experimental condi
tions for the 4 groups of animals and the 
results are shown in table 3. The addition 
of amino acids other than cystine produced 
a considerable improvement in growth and 
survival with the average weight at 4 
weeks of 218 ± 21 g as compared with 
198 ±  26 g without the addition of the 
amino acid mixture (table 1). The addi
tion of L-cystine led to further increases 
with the maximal effect occurring with the

5 M o n s a n to  C h e m ic a l C o m p a n y , St. L ou is .

T A B L E  3

Groivth of guinea pigs fed diets containing 20% soy protein with supplementary cystine 1

C y stin e G lyc ine
N o. of N o. o f W eeks

m e n ts a n im a ls 1 2 3 4

9/hg
N o n e

g/hg
2 .2 5 4 20

9

1 1 5 ±  7 2
9

1 4 3  ± 1 1
9

1 74  ±  16
9

2 1 8  ±  21
1 .2 0 1 .5 0 4 2 0 128  ± 1 4 15 8  ± 2 0 2 0 5  ± 1 6 2 4 3  ± 2 1
2 .4 0 0 .2 5 3 15 128  ± 9 1 7 0 ±  17 2 1 9 ±  19 2 5 9  ±  2 2
3 .6 0 0 .0 2 10 131  ±  13 171  ±  19 2 1 3  ± 2 0 2 5 6  ±  2 6

1 B a s a l d ie t  c o n ta in e d  a m ix tu r e  o f  a m in o  a c id s  to  m a k e  it  is o n it r o g e n o u s  w ith  a 3 0 %  p r o te in  le v e l
(se e  te x t ) .

2 M e a n s  ±  s d .
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supplying of 2.4 g/kg. At this level the 
average weight after 4 weeks was 259 ±  
22 g as compared with 260 g for a 30% 
level of protein (table 1).

Methionine requirement with 
ample cystine

Further studies were next made to de
termine the methionine requirement with 
adequate dietary cystine. Except for me
thionine, the dietary content of essential 
amino acids was approximately the same 
as would be found in a 30% level of the 
soy protein. To the 20% basal diet were 
added the amino acid mixture (11.7 g/kg) 
and L-cystine (2.4 g/kg). Three experi
ments were conducted with 15 animals 
each. The added L-methionine of the diet 
ranged from none to 0.45% of the diet. 
Results of the tests are shown in table 4. 
Maximal growth was achieved with the 
addition of only 0.15% of L-methionine. 
The weight after 6 weeks (385 ± 45 g) 
was the same as that achieved with a 30% 
level of the protein supplemented with 
0.5% of DL-methionine (382 ± 37 g, table
1), but was greater than that obtained 
with the unsupplemented protein (353 ±  
34 g). The difference in weight is due to 
the fact that at the 30% level of the soy 
protein, the diet contains an inadequate 
amount of both methionine (0.3% ) and 
cystine (0.18% ) to support maximal 
growth. There was some evidence from 
the survival data that the highest level of 
added methionine (0.45% ) may have had 
an unfavorable effect during the later 
phase of the growth period.

T A B L E  4
1 ,-Methionine requirement with adequate 

dietary cystine 1

L -M eth ion ine
W e e k s

2 4 6

% 9 9 9

N o n e 1 6 5  ± 2 9 2 5 6  ± 3 1 3 0 0 ± 4 1
0 .1 5 181  ± 3 2 2 7 3  ±  3 2 3 8 5  ± 4 5
0 .2 5 1 9 6 ± 2 1 2 7 9  ±  2 6 3 6 8  ± 4 6
0 .3 5 18 8  ± 2 0 2 8 4  ±  33 3 9 3 ± 3 2
0 .4 5 191 ± 2 5 2 7 3  ± 4 3 3 7 3  ± 3 8

1 A v e ra g e  o f  3 e x p e r im e n ts , 15 a n im a ls /d ie t .

D IS C U S S IO N

The sulfur-containing amino acid re
quirement of the guinea pig fed a 20%

soy protein diet supplemented with ade
quate methionine and cystine would be 
0.71% of the diet with 0.36% being fur
nished as L-cystine and 0.35% as L-methi- 
onine. The requirement for sulfur-contain
ing amino acids thus appears to be less 
than that of the chick, which is 0.8% of 
the diet of which 0.45% of this amount 
must be methionine (11).

The requirement of the guinea pig ap
pears to be slightly higher than that of the 
rat (0.6%, of which one-third to one-half 
may be cystine) (12), and much higher 
than that of the cat (0.12% ).6

The present results indicate that the 
liver of the guinea pig is quite sensitive to 
changes in the methionine content of the 
diet and suggest that changes in liver 
weight may be a better criterion of the 
methionine requirement than are changes 
in body weight. In the rat it has been 
shown that the liver takes priority for the 
methionine supply in time of deficiency
(13). Kertai and Sos (14) studied the 
uptake of methionine-35S in rats fed a 
methionine-deficient diet and found that 
methionine was first taken up by the liver 
and brain. Edwards et al. (15) observed 
that the rate of absorption of L-methionine 
was 1.1 times that of the D-isomer. Ed
wards and Gadsen 7 reported that protein 
synthesis by the liver, thymus, and seminal 
vesicles was greater with the L-isomer. 
From other studies with the rat (16-18) 
considerable knowledge has accumulated 
which indicates that methionine deficiency 
produces definite effects upon some, but 
not all, of the liver enzyme systems with 
little or no effect on endogenous respira
tion of liver tissue in vitro.

Fell et al. (19 ) and Bauridel (2 0 ) re
ported that d -  and L-methionine are equally 
effective for growth in the chick. Marrett 
et al. (21 ) observed however, that the 
chick’s ability to utilize D-methionine is 
influenced to a very great extent by the 
level of other D-amino acids in the basal 
ration. With a diet containing 15% D- 
amino acids (3.8% of basal diet) L-methi
onine was utilized better than the D-form.

6 D y m sz a , H . A ., a n d  S. A . M ille r  19 6 4  D ie ta ry  
m e th io n in e  r e q u ir e m e n t  o f  th e  ca t . F e d e ra tio n  P ro c .,  
2 3 :  51 2  ( a b s t r a c t ) .

7 E d w a rd s , C. H ., E. L . G a d se n , C. H ig g e n b o th a m  
a n d  G. A . E d w a rd s  19 6 4  U til iz a t io n  o f  d - a n d  l - 
m e th io n in e  f o r  p r o te in  sy n th e s is . F e d e ra tio n  P ro c ., 
2 3 :  511 (a b s t r a c t ) .
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With an all L-amino acid basal mixture 
the 2 forms of methionine were utilized 
equally well. Bauer and Berg (22) re
ported that the 2 forms of methionine were 
utilized similarly by the mouse. The obser
vation of a slightly faster rate of absorp
tion of the L-isomer in the rat (15) may 
not upset the conclusion of Wretland and 
Rose (23) that the 2 isomers are equally 
valuable for growth in the rat.
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ABSTRACT A  to t a l  o f  1 9 6  g r o w in g  a lb in o  r a t s  w a s  u s e d  i n  3 e x p e r im e n t s  to  i n 
v e s t ig a te  t h e  e f f e c ts  o f  d e f ic ie n t  a n d  m o d e r a te ly  e x c e s s iv e  s u p p l ie s  o f  M g , K  a n d  N a  
o n  c o n c e n t r a t i o n  o f  th e s e  m i n e r a l s  a n d  C a  i n  s e le c te d  t i s s u e s .  T h e  d a t a  s u p p o r t  th e  
p r e v io u s ly  r e p o r t e d  v ie w  t h a t  M g  d e f ic ie n c y  in d u c e s  a s  a  s e c o n d a r y  e f f e c t  m a n y  o f  th e  
c h a n g e s  a s s o c ia te d  w i t h  K  d e f ic ie n c y ,  i .e . ,  a  d e c r e a s e  i n  s e r u m ,  s k e l e t a l  m u s c le ,  k id n e y  
a n d  b o n e  K  a n d  a  c o m p e n s a to r y  i n c r e a s e  i n  s k e l e t a l  m u s c le  a n d  h e a r t  N a .  T h e  o n ly  
c o m m o n  e f f e c ts  o f  M g  a n d  N a  d e f ic ie n c ie s  w e r e  d e c r e a s e s  i n  k id n e y  a n d  b o n e  N a  
a n d  i n  k id n e y  M g . B o th  N a  a n d  K  d e f ic ie n c ie s  i n c r e a s e d  s e r u m  a n d  b o n e  M g . M o d e r 
a te  e x c e s s e s  o f  K  a n d  N a  a s  c h lo r id e s  d id  n o t  s ig n i f i c a n t ly  a f f e c t  t i s s u e  m i n e r a l  c o m 
p o s i t i o n ,  b u t  w h e n  s u p p l i e d  a s  c a r b o n a te s  b o th  m i n e r a l s  i n c r e a s e d  s e r u m  K , d e c r e a s e d  
s e r u m  M g  o f  a n i m a l s  f e d  a  M g -d e f ic ie n t  d ie t ,  a n d  b o n e  M g  o f  a n i m a l s  f e d  a  M g- 
a d e q u a te  d ie t .  P o t a s s iu m ,  b u t  n o t  N a  c a r b o n a t e ,  lo w e r e d  s e r u m  M g  o f  a n i m a l s  f e d  
a d e q u a te  M g . T h e  m o s t  s t r i k in g  e f f e c t  o f  b o th  c a r b o n a te s  w a s  t h a t  o f  i n c r e a s i n g  k id -
n e y  c a lc i f i c a t io n  o f  M g -d e f ic ie n t  a n im a l s .

The development of potassium defi
ciency, as evidenced by decrease in mus
cle potassium, in animals receiving potas
sium-adequate, magnesium-deficient diets 
has been documented previously (1, 2). 
It has been demonstrated more recently 
that increasing the dietary level of potas
sium does not prevent this secondary po
tassium depletion (3, 4). In these latter 
reports the positive control diets contained 
potassium and magnesium well above the 
requirement levels for the rat.

It was an objective of the current in
vestigation to study further the effects of 
graded levels of supplementary magnesium 
and of potassium on weight gain and tis
sue mineral composition in an attempt to 
differentiate the effects of a direct potas
sium deficiency and those produced sec
ondary to magnesium deficiency. We were 
also interested in the effects of sodium sup
ply on tissue composition under varied 
states of magnesium nutriture in view of 
the observation (3, 4) that potassium and 
magnesium deficiencies are accompanied 
by increase of skeletal muscle sodium as 
the potassium decreases. Finally, we in
vestigated the effects of supplying excess 
sodium and potassium as carbonates rather 
than as chlorides as was done in the first 
experiment, thus providing a change in the

cation-anion ratio of the diet. Cotlove et 
al. (1 ) have reported that alkalosis, pro
duced by intraperitoneal flushing with 
NaHCOs to deplete the tissues of chloride 
decreased serum and muscle K and in
creased muscle Na.

M E T H O D S

In the 3 experiments to be described cer
tain procedures were common to all. 
Weanling male albino rats of Sprague- 
Dawley strain were used. They were in
dividually housed and fed ad libitum the 
respective diets for 28 days. Deionized 
water was always available to them. Feed 
intake records were kept and body weights 
were recorded at weekly intervals. At the 
end of the experiments the animals were 
decapitated and samples of the tissues to 
be analyzed were obtained.

The basal diet contained 15% casein, 
0.3% DL-methionine, 8.0% corn oil, 0.50% 
cod liver oil, 3.0% cellulose, 5.0% vita
min glucose mixture (5 ), 2.40% mineral 
mixture and 65.8% glucose monohydrate. 
The basal mineral mixture in experiment 
1 consisted of reagent grade chemicals in 
the following percentages of the mixture: 
CaHPCh, 70.36; NaCl, 20.82; KC1, 7.12;

R e c e iv e d  f o r  p u b lic a t io n  D e ce m b e r  10, 1965.

J . N u t r it io n , 8 8 : ’66 4 0 3



4 0 4 R. M. FORBES

MnS04-H20, 0.641; FeS04-7H20, 0.484; 
MgCOs, 0.371; ZnC03, 0.120; CuS04-5H20, 
0.082; and KI, 0.0008. The same basic 
formula was used in experiments 2 and 3, 
with modifications in the supply of Mg, K 
and Na to give the desired variations.

Cation analyses were made by atomic 
absorption methods employing a Perkin 
Elmer Model 303 instrument. Phosphorus 
analyses were made by the AOAC colori
metric procedure.1 * The data were treated 
by analysis of variance procedures and all 
effects cited are significant at the 1 % level.

In experiment 1, a test of effects of vary
ing levels of Mg and K, 96 rats were used 
and assigned to 1 of 6 outcome groups 
based on vertical cage alignment. Within 
each outcome group rats were randomly 
assigned to treatment. Additions of MgCO;) 
and of KC1 were made at the expense of 
glucose, providing by analysis 4 levels of 
K (0.09, 0.27, 0.62 and 1.40% K) at each 
of 4 levels of Mg (40, 220, 650 and 1255 
ppm Mg) except that through a mixing 
error the 0.27% K, 39 ppm Mg diet ac
tually contained 0.62% K. All of the diets 
contained 0.50% Ca and 0.50% P.

In experiment 2, a test of varying levels 
of Mg and Na, 60 rats were randomly al- 
loted to 12 groups of 5 animals each. The 
salt mixture used in the preceding experi
ment was altered by increasing its KC1 
and decreasing its NaCl content. Supple
ments of MgCOs and NaCl were made to 
provide the desired dietary variables. By 
analysis the diets contained 40, 215 and 
1020 ppm Mg at 0.048, 0.497 and 0.927 
% Na. All of the diets contained 0.27% 
K, 0.50% Ca and 0.51% Ca and 0.51% P.

In experiment 3, a test of excess Na 
and K as carbonates, a 23 factorial design 
was employed. A total of 40 rats was dis
tributed randomly among the 8 diets. The 
basal diet contained 70 ppm of Mg, 0.3%
K and 0.22% Na, the latter two being sup
plied as the chlorides in the mineral mix
ture. Additional levels of the carbonates 
were added to give 70 or 330 ppm of Mg 
and at each Mg level, 0.3% and 1.5% K 
and at each K level, 0.22% or 0.90% Na. 
The addition of K or Na as carbonates 
raised the cation-anion ratio of the diets 
from about 1.1.1 to 2.1:1, and the addi
tion of both carbonates raised it further to 
3.2:1.

R E S U L T S

Experiment 1. During the course of 
the experiment 13 rats died, 12 of them 
during the fourth week while being fed the 
lowest Mg diet (2, 4, 4 and 2 rats, respec
tively, on increasing levels of K). The 
thirteenth animal was fed the lowest level 
of K at 1255 ppm Mg, and died on the 
fifteenth day, having eaten and gained less 
well than the other 5 rats on the same 
treatment. It is judged that his atypical 
performance was not caused by the dietary 
treatment. In the Mg-deficient rats, ery
thema appeared on the fifth or sixth day 
and skin lesions on about the twelfth day 
in all animals except those on the lowest 
K level. These latter animals showed 
neither the erythema or severe skin lesions 
or convulsions typical of the other Mg-defi
cient groups. Potassium-deficient rats re
ceiving supplemental levels of Mg showed 
no outstanding symptoms other than poor 
weight gain.

The quantitative data of this experi
ment are shown in tables 1 and 2. Gain 
and serum data are presented only for 
animals surviving to the end of the ex
periment. The remaining data represent 
means of 6 animals per treatment. Weight 
gain of the animals was depressed by de
ficiency of Mg and of K. A significant in
teraction between Mg and K reflects the 
fact that with the K-deficient diets each 
increase in Mg resulted in increased weight 
gain, (diets 1, 5, 9, 13), whereas in K-ade- 
quate diets increasing Mg above 220 ppm 
did not stimulate weight gain.

Serum Mg levels were normal only at 
the two highest Mg intakes and, within 
dietary Mg levels, were increased at the 
lowest level of K. Serum K was increased 
in dietary Mg deficiency and was signifi
cantly depressed in K deficiency except at 
the lowest level of dietary Mg. Serum P 
was decreased and serum Ca was increased 
by Mg deficiency but they were uninflu
enced by dietary K level.

Muscle Mg was lowered in animals re
ceiving the lowest Mg diet and was in
creased in K deficiency although this lat
ter effect was small. Muscle K was 
depressed in K deficiency and in Mg defi
ciency of animals receiving adequate K

1 A s s o c ia t io n  o f  O ffic ia l A g r ic u ltu ra l  C h e m is ts  1960
O ffic ia l M e th o d s  o f  A n a ly s is ,  ed . 9. W a s h in g to n ,  D . C.
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TABLE 1
Weight gain and mineral composition of blood serum and muscle as affected by various levels of

dietary magnesium and potassium

D iets

No. Mg
D a ily
gain

Serum M u s c le

Mg M g Ca Na
% g /day mg/100 ml mg/g dry wt

1 0.10 40 1.42
2 0.62 40 1.86
3 0.62 40 1.89
4 1.40 40 1.82

5 0.10 220 2.93
6 0.27 220 5.96
7 0.62 220 6.07
8 1.40 220 5.42

9 0.10 650 3.32
10 0.27 650 5.74
11 0.62 650 5.85
12 1.40 650 5.78

13 0.10 1260 3.57
14 0.27 1260 5.03
15 0.62 1260 6.07
16 1.40 1260 5.14

0.60 14.0 33.5 10.3
0.48 12.5 41.6 9.1
0.47 12.8 35.5 9.6
0.51 11.4 38.1 9.4

1.90 10.8 23.5 11.1
1.51 11.3 32.3 12.0
1.45 11.0 35.7 11.5
1.35 11.4 35.2 12.4

2.68 10.8 23.1 11.3
2.08 11.0 32.6 11.4
2.11 11.4 33.1 12.2
1.97 11.2 34.1 11.2

2.92 10.8 27.3 11.1
2.26 10.9 34.2 12.3
2.19 11.1 33.7 12.3
2.15 10.7 33.2 11.9

1.06 1.56 13.4 8.1
0.99 0.44 14.0 8.4
1.00 0.52 12.9 7.6
1.00 0.50 14.0 8.2

1.26 0.33 12.6 6.7
1.19 0.30 18.1 4.4
1.19 0.27 18.5 4.2
1.19 0.27 18.3 4.0

1.23 0.35 12.3 6.7
1.19 0.28 17.3 4.5
1.19 0.27 17.5 4.6
1.19 0.27 18.4 4.0

1.22 0.28 12.2 6.0
1.22 0.28 18.0 4.1
1.20 0.31 18.4 4.4
1.19 0.27 17.8 4.1

TABLE 2
Mineral composition of heart, kidney and tibia as affected by various dietary 

levels of magnesium and potassium

Diets 1
Heart Kidney Bone

Mg Ca K Na Ca K P Mg K

mg/g dry wt m g/g dry wt % o f ash

i 0.73 2.28 13.0 9.4 13.03 12.7 23.1 0.24 0.12
2 0.67 3.81 12.1 8.6 4.94 13.5 18.5 0.22 0.24
3 0.70 0.94 12.8 9.3 1.45 12.8 16.4 0.24 0.24
4 0.74 3.05 12.4 9.7 0.89 13.3 17.2 0.21 0.20

5 0.88 0.38 12.4 9.0 0.44 11.2 16.1 0.81 0.39
6 0.83 0.28 12.6 6.9 0.80 12.8 15.8 0.62 0.45
7 0.80 0.30 12.5 6.6 0.50 13.0 15.2 0.62 0.55
8 0.84 0.33 13.2 7.0 0.58 13.3 16.1 0.59 0.40

9 0.85 0.36 11.7 8.6 0.44 11.5 16.5 1.00 0.44
10 0.83 0.32 12.7 6.4 0.44 13.1 15.8 0.81 0.57
11 0.84 0.32 13.0 7.0 0.44 13.5 16.1 0.80 0.53
12 0.82 0.31 12.8 7.2 0.41 13.2 15.6 0.77 0.57

13 0.84 0.42 11.5 9.3 0.49 11.1 15.4 1.08 0.47
14 0.84 0.31 12.7 7.5 0.44 13.3 16.0 0.90 0.60
15 0.84 0.31 13.2 7.0 0.43 13.4 15.7 0.86 0.57
16 0.86 0.31 13.4 6.8 0.45 13.2 15.6 0.85 0.58

1 See table 1.

intake. Muscle Na was affected in the 
opposite direction to that of K, being in
creased in Mg deficiency and in K defi
ciency. Although the effects were not addi
tive, Mg deficiency was accompanied by 
increased muscle Na more than was K de
ficiency. Muscle Ca was increased in Mg

deficiency and was strongly increased by 
the combined deficiency of Mg and K.

The Mg concentration of the heart mus
cle was decreased in the Mg-deficient ani
mals but was not different between the 
Mg-supplemented groups and was not af
fected by K intake. The heart Mg was in
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all cases lower than the skeletal muscle 
Mg. Heart K was lower than skeletal mus
cle K of K-adequate animals and was not 
affected by dietary K or Mg. Na content 
of heart muscle was higher than that of 
skeletal muscle and was increased both in 
Mg deficiency and in K deficiency although 
the effects were not additive. Heart Ca 
was markedly increased in Mg deficiency, 
and among those animals receiving sup
plemental Mg, a small but significant in
crease in heart Ca accompanied K defi
ciency.

Kidney K was lowered in K deficiency 
except in Mg-deficient animals but was 
otherwise unaffected by Mg level of the 
diet. Kidney Ca was greatly increased by 
Mg deficiency but was not affected by the 
K level of the diet. The apparent great 
nephrocalcinosis of animals deficient in 
both Mg and K is largely the result of one 
kidney containing 54 mg Ca/g of dry mat
ter.

Bone ash Mg was markedly decreased 
by Mg deficiency and was increased by K 
deficiency in those animals receiving sup
plemental Mg. Bone ash K was decreased 
both by Mg deficiency and by K deficiency.

Experiment 2. Animals on the lowest 
level of Mg all showed typical erythema in 
5 to 6 days, irrespective of the Na level of 
diet, and one Mg-deficient animal at each 
Na level (except for 2 at the second level) 
died during the third week of the experi
ment. The quantitative data are shown in 
table 3. Weight gains were inhibited by 
Mg deficiency and by Na deficiency, there 
being no interaction between these min
erals in this respect.

Each increasing level of dietary Mg in
creased serum Mg at all levels of dietary 
Na. A deficiency of dietary Na increased 
serum Mg at each Mg level. This effect 
was striking and entirely similar to that 
produced by a deficiency of K. Serum Ca 
was increased by Mg deficiency but was 
unaffected by dietary Na. Serum K was 
decreased in Mg-deficient animals receiv
ing adequate Na, but in animals deficient 
in Mg and Na there was increased serum
K. Serum Na was not affected by Na de
ficiency but was decreased by Mg defi
ciency.

The' Mg in thigh muscle was decreased 
by Mg deficiency but unchanged in Na

deficiency. Muscle K was lowered by Mg 
deficiency of animals receiving Na-ade- 
quate diets. Calcium in muscle was in
creased in Mg deficiency but was not af
fected by Na level of the diet. Muscle Na 
was increased by Mg deficiency.

Sodium levels did not affect mineral 
composition of the heart. As has been 
previously observed, Mg deficiency de
creased heart Mg and increased Ca; it did 
not influence heart Na or K.

Sodium and also Mg deficiency de
creased kidney Mg. Calcium in kidney was 
increased by Mg deficiency. Potassium in 
kidney was decreased in Mg deficiency, 
particularly at the lowest level of dietary 
Na.

Magnesium and K were increased in 
bone ash by Na deficiency. Mg deficiency 
markedly reduced bone ash Mg, and in
creased Ca in bone ash. Bone ash Na was 
decreased in Mg deficiency.

Experiment 3. In the third experiment 
the Mg content of the basal diet was in
creased somewhat above that in experi
ments 1 and 2 in order to prevent loss of 
animals due to Mg deficiency. This was 
successful in preventing mortality and yet 
permitted the production of a definite Mg 
deficiency as judged by the appearance of 
erythema in 7 to 8 days and skin lesions in 
12 to 14 days, and in subnormal weight 
gains and serum Mg values which were 
improved in rats fed the higher Mg level. 
The quantitative data are shown in table 4.

The major effect on weight gain was 
brought about by the Mg level of the diet, 
although the effect of K addition was to 
decrease weight gain, especially of rats 
fed the higher levels of Mg. This was as
sociated with a slightly rancid odor and 
relatively dark color of the feed containing 
K2C03.

Serum Mg was decreased by dietary Mg 
deficiency and was also lowered by excess 
K, and by excess Na in the presence of a 
deficient Mg supply. Serum Ca was in
creased by the dietary Mg deficiency; Na 
and K were without effect on serum Ca. 
Serum K was decreased by Mg deficiency 
and increased by Na or K excess. Serum 
Na was elevated by dietary Mg deficiency.

Muscle Ca was increased by Mg defi
ciency. Muscle K was increased by K ex-
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TABLE 4
Weight gain and tissue mineral composition as affected by dietary magnesium, 

sodium and potassium carbonates

Diet Mg K Na Daily
gain

Serum Muscle
Mg Ca K Na Mg Ca K Na

ppm % % 9/day mg/100 ml mg/g dry wt
i 70 0.30 0.22 4.25 0.80 10.7 24.7 322 1.23 0.27 17.8 4.16
2 70 1.50 0.22 4.18 0.67 11.0 27.9 319 1.22 0.29 18.9 3.95
3 70 0.30 0.90 4.33 0.65 10.9 29.0 323 1.15 0.28 19.3 4.35
4 70 1.50 0.90 3.92 0.59 10.9 29.7 317 1.16 0.30 19.5 4.28

5 330 0.30 0.22 6.18 1.87 10.3 28.4 292 1.20 0.26 18.4 2.93
6 330 1.50 0.11 5.85 1.62 10.0 30.8 300 1.26 0.24 19.3 3.15
7 330 0.30 0.90 6.40 1.80 10.2 30.3 294 1.21 0.24 18.0 3.24
8 330 1.50 0.90 5.51 1.59 10.3 31.0 298 1.25 0.24 18.9 3.27

Diet Mg K Na Daily
gain

Kidney Bone
Mg Ca K Na P Mg Ca K Na

ppm % % 9 /day mg/g dry wt % o f bone ash
i 70 0.30 0.22 4.25 1.06 6.21 13.8 8.7 19.5 0.25 38.16 0.15 1.00
2 70 1.50 0.22 4.18 1.09 19.50 13.6 8.5 24.5 0.24 38.16 0.19 1.01
3 70 0.30 0.90 4.33 1.02 15.41 14.4 9.0 22.8 0.24 38.64 0.15 1.01
4 70 1.50 0.90 3.92 1.12 10.24 14.6 8.5 21.3 0.27 38.82 0.06 0.94

5 330 0.30 0.22 6.18 1.17 0.47 13.7 6.9 16.3 0.81 37.14 0.29 0.99
6 330 1.50 0.11 5.85 0.96 0.44 14.2 7.0 16.8 0.74 37.08 0.25 0.97
7 330 0.30 0.90 6.40 0.97 0.46 13.7 6.7 16.7 0.75 36.70 0.28 1.00
8 330 1.50 0.90 5.51 1.01 0.57 13.9 7.0 17.3 0.68 36.74 0.29 0.98

cess, and by Na with the low Mg diet. 
Muscle Na was increased by Mg deficiency.

Magnesium composition of the kidney 
was not affected by treatment; a marked 
increase of Ca and P of the kidneys was 
evident in those animals fed the lower 
Mg diet, particularly those receiving sup
plemental Na or K carbonates. Kidney K 
was increased by excess Na only in rats 
fed the low Mg diet. Kidney Na was in
creased by Mg deficiency.

Magnesium of bone was decreased by 
Mg deficiency and was decreased by addi
tion of K or Na to higher Mg diet. Bone Ca 
was increased by Mg deficiency and espe
cially in the presence of excess Na. Bone K 
was decreased by Mg deficiency and was 
decreased in the bone of rats fed excess Na 
and K with low Mg diet. Bone Na was 
unaffected by treatment.

D IS C U S S IO N

The results of these experiments are 
discussed, first, from the viewpoint of ef
fects of deficiencies of the elements in 
question and, second, from the viewpoint 
of excess supply.

The effects of Mg deficiency on tissue 
mineral composition were, with few ex
ceptions, consistent between the 3 experi
ments. In all tissues examined there was 
an increase in Ca and decrease in Mg ex
cept that in experiment 3 the Mg content 
of muscle and kidney was not affected, 
perhaps a result of the higher Mg content 
of the deficient diet. Serum Na was ap
parently decreased in experiment 2 and 
increased in experiment 3 as a result of 
Mg deficiency and serum K was increased 
in experiment 1 and decreased in experi
ment 2 and 3. No apparent cause of these 
discrepancies exists and a similar discrep
ancy between experiments was noted by 
Seta et al. (6 ). There was a consistent ef
fect of Mg deficiency of decreasing muscle 
and bone K and increasing muscle Na. 
The increased Ca of Mg-deficient kidneys 
in experiment 3 was closely correlated with 
kidney P level (r =  0.95), hence indicat
ing the lesion to result in formation of a 
calcium phosphate type of calculus.

The data of experiment 1 are in essen
tial agreement with those of Whang and 
Welt (3 ) and of Manitius (4 ) and illus
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trate that certain of the changes in tissue 
mineral concentration caused by a Mg- 
deficient diet are similar to those induced 
by K deficiency. These include as a con
sequence of deficiency of either Mg or K, 
a decrease in muscle K and increase in 
muscle Na, a decrease in bone ash K, and 
increases of heart Na and Ca but no 
change in heart K.

Different effects of K and of Mg defi
ciency were also noted. Mg deficiency low
ered blood serum Mg but K deficiency 
raised it; K deficiency did not affect Ca or 
P, whereas serum Ca was increased and 
P was decreased in Mg deficiency. Muscle 
Mg and Ca followed the same trends as 
did serum Mg and Ca although muscle Ca 
was increased by K deficiency in Mg-defi- 
cient animals. Potassium deficiency did 
not affect kidney Ca, whereas a marked 
increase of kidney Ca was a consequence 
of Mg deficiency. Bone ash Mg, like that 
of serum and muscle Mg, was increased by 
K deficiency but reduced by Mg deficiency.

It is obvious, then, that Mg deficiency 
does not completely replicate K deficiency 
in its effects on tissue mineral composi
tion. The areas of similarity involve mus
cle K and Na, elements which are quanti
tatively more important in muscle than 
are Ca and Mg. Mg deficiency actually 
decreased muscle K to the same extent as 
did K deficiency and increased muscle Na 
more than did simple K deficiency. The 
major area of dissimilarity relates to soft 
tissue Ca in which the effects of Mg defi
ciency were much greater than those of 
K deficiency. It may thus be concluded 
that the Ca changes are a direct effect of 
Mg deficiency and that the increases in 
Na are secondary to the deficiency of K 
produced either directly or due to an Mg de
ficiency and represent a homeostatic re
action whose purpose is to maintain nor
mal osmolar concentrations within the 
muscle cells.

The combined deficiency of Mg and K 
prevented the appearance of acute Mg de
ficiency symptoms, perhaps as a result of 
the very small feed intake and gain; al
though the combined deficiency of Mg and 
Na permitted only slightly better gains, 
these animals did exhibit the typical ery
thema and eventual skin lesions.

These data indicate that in general the 
first level of supplementation with either 
Mg or K prevents the tissue changes en
gendered by the deficient diets. The appar
ent exceptions to the above statement re
late to the fact that the first supplementa
tion of Mg raised total Mg to 220 ppm, 
which provided maximal weight gain but 
not maximal Mg concentration in serum 
or in tibia. This is in agreement with our 
earner observations (7) that approximately 
500 ppm Mg are required to maximize 
these criteria of Mg nutriture. It is appar
ent, also that increasing the level of Mg 
or of K severalfold above the requirement 
did not allay the deficiency of the other 
mineral except that increase of K intake by 
Mg-deficient animals appeared to decrease 
kidney calcification.

There were few areas of similarity in 
change of tissue minerals accompanying 
Na or Mg deficiency. Both Na and Mg de
ficiencies lowered kidney Mg and K, and 
bone ash Na. In several other respects the 
effects were of opposite direction. For ex
ample, Na deficiency increased serum Mg 
(as did K deficiency), increased muscle K 
(with Mg-deficient diet) and bone Mg 
(with Mg-adequate diet) and decreased kid
ney Na. Mg deficiency, on the other hand, 
had generally opposite effects in these 
situations.

As in the case of supplemental K, there 
was little effect of Na supplement beyond 
that required to overcome Na deficiency 
as judged by weight gain. With respect 
to these levels, a deficiency of Na, like that 
of K, increased serum Mg, decreased kid
ney K and increased bone Mg of animals 
receiving adequate Mg. Tissue constitu
ents affected in opposite directions by K 
and by Na deficiency included an increase 
in serum K, and in muscle K of Mg-defi
cient animals as a result of Na deficiency.

Excesses of Na or of K did not affect 
mineral composition of the heart, of the 
Mg-normal kidney or of Mg-deficient bone. 
In Mg-normal bone, excess Na or K as 
carbonates, but not as chlorides, decreased 
Mg; Na as the carbonate, but not K, de
creased Ca in Mg normal bone. In the Mg- 
deficient kidney, Ca was increased by ex
cess K or Na as carbonates, but not as 
chlorides.
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In Mg-normal muscle the only effect of 
excess mineral ions was an increase in K 
when supplied as K2CO3. In the Mg-defi- 
cient muscle excesses of K and of Na as 
carbonates increased K. Excess K and Na 
as carbonates decreased serum Mg in Mg 
deficiency, whereas K as carbonate de
creased serum Mg in the presence of ade
quate dietary Mg.
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Movement of Physiological Levels of Selenium 
from Soils through Plants to Animals 1,2
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ABSTRACT This study was undertaken to trace quantitatively the movement of 
low levels of Se in the soil-plant-animal cycle and to determine the effect of Se moved 
through this cycle upon the incidence of white muscle disease (W M D). Se, added 
as Na2SeOa, to a low-Se soil was taken up by alfalfa. When alfalfa grown on a Se- 
treated soil was fed to sheep, protection from WMD was evidenced, under conditions 
where WMD was prevalent in lambs from ewes fed alfalfa grown on comparable un
treated soil. Se from the alfalfa was retained in the tissues of lambs, and a concen
tration of 0.21 ppm Se in the livers of lambs is evidently near to a minimal required 
level for this element. Ewes fed alfalfa containing 2.6 ppm Se for 150 days, and then 
fed a low Se diet, transmitted protective levels of Se to lambs born 10 months later. 
Residual effects of Se in the soil upon the Se content of alfalfa were evident 2 years 
after Se application. The use of soil applications of Se to protect animals from WMD
is inefficient in terms of the amount of Se 
Se toxicity.

The occurrence of selenium toxicity in 
a number of species has been shown to re
sult from the movement of Se from highly 
seleniferous soils through plants to ani
mals (1 , 2 ). At the other end of the phys
iological scale, there is a growing body of 
evidence that minute amounts of Se in 
feeds are necessary for prevention of de
generative processes, including white mus
cle disease (W M D ) in ruminants (3 , 4 ). 
Quantitative information on the movement 
of the low amounts of Se essential for the 
prevention of WMD is, however, generally 
lacking.

The objective of this study was to trace 
quantitatively the movement of low levels of 
Se in the soil-plant-animal cycle and to 
determine the effect of Se moved through 
this cycle upon the incidence of WMD. 
The procedure followed was to measure 
the concentrations of Se in alfalfa grown 
on soils to which different levels of Se had 
been added. This was studied first under 
greenhouse conditions and later in the 
field. Ewes were fed alfalfa grown on un
treated and on Se-treated soil. The inci
dence of W M D and tissue Se concentra
tions in lambs born to these ewes were 
determined. Residual effects of Se in the 
soil and in the animals were also meas
ured.

required and involves some hazard from

EXPERIMENTS AND RESULTS
Site of the experiment. A ranch in 

Jefferson County, Oregon, was selected as 
the field site for alfalfa production. Jeffer
son County is an area where WMD is 
enzootic, and the feeding of alfalfa from 
this ranch had resulted in WMD in earlier 
experiments (5 ) .

The soil on the field site is Madras sandy 
loam, a Mollic Durargid (Brown) soil (6 )  
formed from mixed volcanic materials. 
This ranch has been irrigated since 1949 
and has received heavy applications of 
phosphorus and sulfur while being cropped 
to alfalfa, potatoes, and grain.

Uptake of Se by alfalfa in the green
house. A large bulk sample of the sur
face soil from the field site in Jefferson 
County, Oregon, was screened and mixed 
with 250 ppm of superphosphate and 
placed in polyethylene pots (2 .72  kg air- 
dried soil per pot). Rooted cuttings of 
alfalfa were established in these pots and 
grown in the greenhouse with supple
mental fluorescent light until the first

R e c e i v e d  f o r  p u b l i c a t i o n  D e c e m b e r  2 ,  1 9 6 5 .
1 T e c h n i c a l  P a p e r  n o .  2 0 6 2 ,  O r e g o n  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 io n .
2 S u p p o r t e d  i n  p a r t  b y  U .S .D .A .  C o n t r a c t  n o .  1 2 -1 4 -  

1 0 0 - 5 7 7 5 ( 4 1 ) .
3 U . S. P l a n t ,  S o i l  a n d  N u t r i t i o n  L a b o r a t o r y ,  S W C - 

A R S ,  U . S. D e p a r t m e n t  o f  A g r i c u l t u r e .
4 O r e g o n  S t a t e  U n iv e r s i t y ,  C o r v a l l i s ,  O r e g o n .
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bloom stage. At this stage, the tops of the 
plants were cut off and discarded, and Se 
at varying rates was added to the pots of 
soil. Three replicate pots of each rate of 
Se addition were used. The Se was added 
by injecting water solutions of Na 2 SeO:! 
labeled with 75Se into the potted soil about 
5 to 7 cm below the surface. The regrowth 
of the plants was cut 5 weeks after the Se 
additions were made (one-third bloom 
stage), and the uptake of Se was deter
mined by counting the 75Se in the air-dried 
and ground plant material, in comparison 
with similar counts of the original tagged 
Na2Se03 solution. This procedure disre
gards any contribution of the native Se in 
the soil to the Se content of the plant. 
The plants were then allowed to regrow 
for an additional 6 weeks, and measure
ment of Se uptake was repeated.

Concentrations of Se in the alfalfa, re
sulting from different rates of addition of 
Se to the soil, are shown in table 1. Vari
ous studies have shown that 5 to 15 ppm is 
the minimal concentration of Se in animal 
diets necessary to depress growth or cause 
chronic toxicity (2 ) . Rates of Se addition 
of 1.5 ppm and above have, therefore, re
sulted in potentially detrimental concen
trations of Se in the alfalfa. At the higher 
rates of Se addition, a decline in Se con
tent of the second cutting of the alfalfa 
was noted. No effects of the Se treatments 
upon the growth of the alfalfa were noted.

Uptake of Se by alfalfa under field con
ditions. The next experiment consisted 
of the measurement of the uptake by al-

TABLE 1
Concentration of Se in alfalfa as affected by 

the rate of Se added as labeled Na2Se0 3  

to Madras sandy loam in the 
greenhouse

Treatment
no.

Se added 
to soil

Se in alfalfa tops 1
First

cutting
Second
cutting

ppm ppm ppm
i 0 — —

2 0.015 0.09 0.06
3 0.050 0.26 0.21
4 0.150 0.94 0.99
5 0.50 3.14 2.64
6 1.50 7.94 5.56
7 5.00 28.6 14.4
8 15.00 75.9 42.0

1 Calculated from  75Se in the plant, disregarding 
uptake o f any native Se in the soil.

falfa of Se added to the soil under field 
conditions on the central Oregon experi
mental site. Three rates of Se application, 
zero, 0.15, and 0.5 ppm were used. (These 
Se additions were, respectively, 336 and 
1120 g/hectare, on the assumption that 
the surface tilled layer, 18 cm deep, of the 
field soil would weigh about 2,240,000 k g / 
hectare.) The field used for this study had 
a 2-year-old stand of alfalfa on it.

The Se applications to the field soil were 
made by injecting a water solution of 
NaiSeCh into the soil at a depth of about 
10 cm with a liquid fertilizer applicator. 
The injectors were spaced 35 cm apart. 
The plots receiving the different Se rates 
were arranged so as to prevent movement 
of Se from one plot to another in irriga
tion or drainage water. This arrangement 
eliminated the possibility of cross contam
ination of the plots through movements of 
Se in the irrigation water, but it also meant 
that the different rates of Se application 
could not be randomized and replicated in 
the same field. As a further safeguard, in
dividual plots were made 0.8 hectare in 
area to permit wide, unused borders.

Application of Se to this field was made 
in April, 1962, before the new growth of 
alfalfa had started. Samples of the top 
growth of the alfalfa were taken from each 
plot immediately before the harvest of 
each cutting in 1962 and 1963. The sam
ples represented 20 locations from the cen
tral part of each plot. These samples were 
then dried at 50° and analyzed for Se, 
using a fluorometric method (7 ) .

The effects of rates of Se added to the 
field soil upon the Se content of successive 
cuttings of the alfalfa over a 2-year period 
are shown in table 2. The Se concentra
tions in the alfalfa were somewhat lower 
than expected on the basis of the green
house experiment, but even so, measurable 
uptake of the Se added to the field soil was 
evident. The addition of 0.5 ppm Se to 
the soil resulted in a 1962 crop of alfalfa 
containing Se concentrations higher than 
the 0.05 to 0.10 ppm observed previously 
in forages that caused WMD in sheep (4 , 
5, 8 -1 0 ) . By 1963, the Se content of the 
alfalfa had declined to near-marginal levels, 
even from the highest rate of Se applied 
in 1962. The Se content of the 1962 third 
cutting of alfalfa from the untreated plot
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TABLE 2
Effect of Se added to the soil upon the Se content 

of alfalfa grown under field conditions

S e  a d d e d  t o  s o i l  i n  
A p r i l  1 9 6 2 ,1 p p m

0  0 .1 5  0 .5 0  

S e  c o n t e n t  o f  a l f a l f a

p p m p p m p p m

First cutting, 1962 0.04 0.10 0.29
Second cutting, 1962 0.05 0.10 0.34
Third cutting, 1962 0.09 0.13 0.25
First cutting, 1963 0.01 0.07 0.12
Second cutting, 1963 0.02 0.06 0.13

1 S e  i n j e c t e d  i n t o  t h e  s o i l  a s  a  w a t e r  s o l u t i o n  o f  NagSeOs.

was higher than normally present in cen
tral Oregon. This may be due to the fact 
that the 1962 third cutting was taken at 
a very young stage of growth.

Production of selenized alfalfa for feed
ing experiments. The next step was the 
production of sufficient alfalfa, from Se- 
treated and untreated soils, for feeding 
trials to test the effect of Se taken up from 
the soil by alfalfa upon the incidence of 
WMD in sheep. For this step, a second 
field on the Jefferson County, Oregon, 
ranch was treated with Se in 1963. This 
second field consisted of a one-year-old 
stand of alfalfa growing on the same soil 
type that occurred on the field treated with 
Se in the 1962 experiment. A 2-hectare 
plot in this second field was treated with 
Se at the rate of 1 ppm Se (2240 g/hec- 
tare), and a comparable plot in this field 
was left with no Se treatment. The 1-ppm 
Se rate was selected in an attempt to pro
duce alfalfa with about twice the Se con
tent of that produced when 0.5 ppm Se 
was applied in 1962, and to reach a level 
of available Se in the soil that might have 
a residual effect in succeeding years.

In 1963, Se was applied to the field in 
late June, after the first cutting of alfalfa 
was removed and just prior to irrigation 
of the second cutting. The method of ap
plying Se to the soil was the same as used 
in 1962, and the Se-treated plot was again 
located so that no cross-contamination of 
the untreated plot could occur through 
the movement of Se in irrigation or drain
age waters. The second cutting of alfalfa 
from the treated and untreated plots was 
harvested, field-dried, and baled in August, 
1963, six weeks after the Se application

was made. Harvesting was conducted so 
that all machinery moved from the un
treated plot to the treated plot, and each 
bale of alfalfa was labeled before being 
removed from the plot where it was grown. 
The alfalfa was then moved to Corvallis, 
Oregon, where it was chopped into 10-cm 
lengths and stored in separate lofts for 
use in a feeding experiment conducted 
during the winter of 1963-64.

The stored alfalfa was sampled at 2 dif
ferent times during the winter of 1963-64. 
Each sample consisted of 2 kg of chopped 
alfalfa removed from different parts of 
each storage loft. These 2-kg samples were 
dried at 50°, ground and subsampled for 
Se analysis (7 ) .

The Se content of the 2 samples of the 
alfalfa grown on the untreated plot was 
0.01 and 0.04 ppm. The Se concentrations 
in the 2 samples of alfalfa grown on the 
plot treated with 1 ppm Se in June 1963 
were 2.7 and 2.6 ppm Se. These Se anal
yses were in good agreement with results 
of nondestructive neutron activation anal
ysis of the same materials. Seventy-seven 
per cent of the Se in the alfalfa from the 
Se-treated plot was insoluble in cold 5%  
trichloroacetic acid, and was probably pres
ent as seleno-amino acids in proteins.

The Se concentration in the alfalfa 
from the plot treated with 1 ppm Se in 
June 1963 was higher than expected on 
the basis of the results from the rates of 
Se application used in 1962. This differ
ence appears to be due to the fact that in 
1963 the Se was applied in the summer 
when the alfalfa was growing rapidly, 
whereas the 1962 treatments were applied 
in early spring when the alfalfa was nearly 
dormant, and there was more time for the 
added Se to revert to insoluble forms in the 
soil prior to the period of rapid growth of 
alfalfa.

The 1963-64  feeding experiment. The 
second-cutting alfalfa, produced on the 
Se-treated and untreated plots (1963 treat
ments), was fed to ewes during the winter 
of 1963-64 , and the effect of the Se taken 
up from the soil by the alfalfa upon the 
incidence of WMD in their lambs was de
termined. Mature Corriedale ewes for this 
experiment were obtained from Wallowa 
County, Oregon (a low-Se area), and placed 
on pasture at Corvallis, Oregon in August,
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1963. Samples of the grass and clover 
from this pasture contained less than 0.01 
ppm Se. The ewes were maintained in 
one group and bred while on this pasture 
during the period September 15 —  Nov
ember 1, 1963.

On November 15, 1963, the ewes were 
allotted at random to 4 pens of 10 ewes 
each. Two of these pens were fed the sec
ond-cutting alfalfa from the plot treated 
with 1 ppm Se in June 1963, and two 
were fed the alfalfa from the comparable 
untreated plot. Pens of ewes fed alfalfa 
from the untreated plot were separated 
from those fed alfalfa from the treated 
plot by a vacant pen in order to minimize 
cross-contamination of the feed. The alfal
fa was fed at the rate of 1.8 kg/ewe/day, 
and distilled water and Se-free salt were 
offered for ad libitum consumption. From 
December 15 to the end of the experiment 
(May, 1964), the ewes received 114 g of 
oats/head daily. These oats contained 
0.03 ppm Se.

The lambs were born in February and 
March, 1964, and any lambs that died be
fore reaching 6 weeks of age were necrop-

sied for evidence of WMD. At 6 weeks of 
age, all lambs were weighed and serum 
glutamic oxaloacetic transaminase (SGOT) 
levels were determined.5 Skeletal and 
heart muscles of each lamb were examined 
for visible evidence of WMD. Sections of 
the skeletal (semitendonosus) muscle and 
heart muscle were examined for calcifica
tion and other microscopic lesions of WMD
(11). The kidney, liver, and semitendonosus 
muscle of randomly selected lambs from 
each treatment were lyophilized and their 
Se concentrations determined (7 ) .

The results of the 1963-64  feeding ex
periment (table 3 ) show that Se added to 
the soil and taken up by alfalfa protected 
lambs from W M D and elevated SGOT 
levels, whereas a high incidence of WMD  
and elevated SGOT levels was observed in 
lambs from ewes fed alfalfa from the un
treated plot.

The data from the 2 separate lots of 
ewes fed each type of hay have been added

5 S ig m a  T e c h n i c a l  B u l l e t in  1 9 5 7  A  s i m p l i f i e d  
m e t h o d  f o r  t h e  c l i n i c a l  d e t e r m in a t i o n  o f  s e r u m  g l u 
t a m i c  o x a l a c e t i c  t r a n s a m i n a s e  a n d  s e r u m  g l u t a m ic  
p y r u v i c ,  t r a n s a m i n a s e  a t  a p p r o x i m a t e ly  5 0 0  m ¡1. S ig m a  
C h e m i c a l  C o m p a n y ,  S t. L o u is .

T A B L E  3

Effect of Se taken up from the soil by alfalfa upon the incidence of white muscle disease 
(WMD), elevated SGOT levels, and tissue Se concentrations in lambs from ewes , 

fed alfalfa grown on Se-treated and untreated soil (1963—64 exp.)

Se applied to soil in June 1963, ppm 0 1

Se in alfalfa cut in August 1963,
ppm dry basis 0.01— 0.04 2.6 — 2.7

No. of ewes fed 20 20

No. of lambs bom 29 32

No. of lambs dead prior to 6 weeks of age:
With WMD lesions 7 0
Without WMD lesions 3 6

No. of lambs surviving to 6 weeks of age:
With WMD lesions 13 0
Without WMD lesions 6 26

No. of 6-week-old lambs with elevated SGOT 1 11 0
Wt of 6-week-old lambs, kg 12.3 ±2 .5  2 11.8 ± 3 .4  3
Se in tissues of 6-week-old lambs:

Skeletal muscle, ppm dry basis 0.04 ±0.01 4 2.43 ±0.21 5
Liver, ppm dry basis 0.10±0.03 4 14.7 ±2 .4  5
Kidney, ppm dry basis 0.83 ±0.14 4 7.7 ±2 .0  5

1 E le v a t e d  l e v e l  o f  S G O T  =  v a l u e  a b o v e  2 0 0  S ig m a  F r a n k e l  U n it s .
2 M e a n  ±  s d  f o r  18  l a m b s .
3 M e a n  +  s d  f o r  2 5  l a m b s .
4 M e a n  ±  s d  f o r  1 2  l a m b s ,  o f  w h i c h  6  h a d  W M D  l e s i o n s  a n d  6  h a d  n o n e .
5 M e a n  +  s d  f o r  5  l a m b s .
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together for table 3. The weights of the 
lambs raised by the ewes fed the 2 differ
ent types of alfalfa were essentially the 
same. The Se concentrations in the liver 
and kidney of lambs from ewes fed alfalfa 
from the untreated plot were lower than 
those reported by Cousins and Cairney
(12) for lambs affected with delayed W MD, 
and also lower than the Se levels found in 
Se-responsive lambs by Andrews et al. (9).

Accumulation of Se in the tissues, espe
cially the liver and kidney is evident in 
lambs from ewes fed the high-Se alfalfa, 
but the levels of Se observed in the tissues 
of these lambs were lower than those re
ported in cases of Se toxicity. Glenn et al.
(1 3 ) reported levels up to 27 ppm Se (wet 
basis) in the livers of ewes suffering from 
“selenate toxicosis.”

The Se concentration was higher in the 
kidney than in the liver of lambs from 
ewes fed the alfalfa from the plot with no 
Se treatment. This situation was reversed 
in the lambs from the ewes fed alfalfa 
from the Se-treated plot.

In table 3, the 12 lambs selected for 
tissue Se analysis from the ewes fed al
falfa from the untreated plot included 6 
lambs with no WMD lesions and low SGOT 
levels and 6 lambs with W M D and high 
SGOT levels. The Se content of the tissues 
from these 2 types of lambs was essentially 
the same.

The 1964—65 feeding experiment. No 
additional application of Se was made to 
the field in 1964, but the second cutting 
of alfalfa from this field was harvested in 
August, 1964, and fed to ewes during the 
winter of 1964-65  to measure the residual 
or carryover effects of the 1 ppm Se added 
to the field in 1963. The 1964 second 
cutting of alfalfa from the plot treated 
with 1 ppm Se in 1963 contained 0.43 and 
0.57 ppm Se on the basis of 2 samples of 
it drawn from the storage lofts at 2 times 
during the winter of 1964—65. These val
ues represent a sharp decline from those 
observed in the 1963 second cutting from 
the same plot, but they are still above the 
0.05 to 0.10 ppm considered to be neces
sary for prevention of W M D (4 , 5, 8 -1 0 ) .  
The 1964 second cutting of alfalfa from 
the untreated plot contained less than 0.01 
ppm Se.

The 1964—65 feeding trial was con
ducted by essentially the same procedure 
as used in 1963—64. A new group of ewes 
from the same Wallowa County ranch that 
provided the 1963-64  ewes was obtained 
for the 1964-65  feeding experiment. From 
August, 1964, through the end of the 
breeding season on November 1, 1964, they 
were grazed on the same low-Se pasture at 
Corvallis. The diet of the ewes during the 
gestation period and until the lambs were 
6 weeks old was again 1.8 kg of alfalfa 
and 114 g of oats/head daily. The oats 
were from the same lot as those used in 
the 1963-64  experiment, and the ewes 
were again watered with distilled water 
and given access to Se-free salt.

The results (table 4 ) show that Se 
taken up by alfalfa in 1964 from the 1 
ppm added to the soil one year previously 
protected the lambs from WMD and the 
development of high SGOT levels. The 
concentrations of Se in the tissues of the 
lambs from ewes fed the alfalfa from the 
Se-treated plot were lower than those from 
ewes fed the high-Se alfalfa in 1963—64. 
The Se concentration in the liver was 
higher than that in the kidney of the lambs 
from the ewes fed alfalfa from the Se- 
treated plot, but as in the 1963-64 experi
ment the reverse was true in the lambs 
from the ewes fed alfalfa from the un
treated plot. Thus, the Se concentration 
of the liver is a more sensitive indicator of 
the Se level of the ewe’s diet than is the 
Se content of the kidney. This is in agree
ment with the observations of Andrews et 
al. (9 ) .

Residual effects of Se in the ewes. 
Twelve ewes fed alfalfa (2 .6 -2 .7  ppm Se) 
produced on the Se-treated plot in 1963 
were held over after the 1963-64  feeding 
experiment. These 12 ewes were kept on 
the low-Se (less than 0.0T  ppm) pasture 
at Corvallis during the summer of 1964, 
and were bred while on this pasture in 
September and October of 1964. They 
were then fed on the 1964 second cutting 
alfalfa produced on the untreated plot 
during gestation and the early post-partum 
period. They also received the low-Se oats 
and salt. Thus, their diet from August of 
1964 until their lambs were 6 weeks old in 
April, 1965, was identical with that of the 
new ewes fed alfalfa from the untreated
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T A B L E  4

Effect of Se added to the soil in 1963 upon the Se content of the 1964 second cutting 
of alfalfa and upon the lambs from ewes fed 1964 crop alfalfa grown on 

Se-treated and untreated soil (1964—65 eocp.)

Se applied to soil June 1963, ppm 0 1

Se in alfalfa cut August 1964,
ppm dry basis <0.01 0.43— 0.57

No. of ewes fed 20 20

No. of lambs born 25 21

No. of lambs dead prior to 6 weeks of age:
With WMD lesions 4 0
Without WMD lesions 0 1

No. of lambs surviving to 6 weeks of age:
With WMD lesions 10 0
Without WMD lesions 11 20

No. of lambs with elevated SGOT 1 :
At 2 weeks of age 5 1
At 6 weeks of age 8 0

Wt of 6-week-old lambs, kg 14.9 ±3 .1  2 14.7 ±3 .4  3

Se in tissues of 6-week-old lambs 4:
Skeletal muscle, ppm dry basis 0.02 ±0 .02 0.85 ±  0.16
Liver, ppm dry basis 0.04 ±0.02 4.02 ±0 .90
Kidney, ppm dry basis 0.52±0.15 3.28 ±1.04
Heart, ppm dry basis 0.03 ±0.02 1.53 ±  0.15

1 E le v a t e d  S G O T  =  v a l u e  i n  e x c e s s  o f  2 0 0  S ig m a  F r a n k e l  U n it s .
2 M e a n  +  s d  f o r  1 6  la m b s .
3 M e a n  ±  s d  f o r  1 5  la m b s .
4 M e a n +  s d  f o r  6  r a n d o m l y  s e l e c t e d  l a m b s  f r o m  e a c h  t r e a t m e n t .

plot in the 1964-65  feeding experiment 
and shown in the left-hand column of 
table 4.

These 12 ewes carried over from the 
1963-64  experiment gave birth to 16 lambs 
in the spring of 1965. In 13 of these lambs 
that survived to 6 weeks of age, there was 
only one case of W M D, and it was not 
evident until the muscle was examined mi
croscopically. This degree of protection 
from WMD is in sharp contrast with the 
high incidence of W M D in lambs from the 
new ewes brought in from Wallowa 
County, Oregon, in the summer of 1964 
and fed the same diet during gestation and 
early growth of the lambs. The livers of 
the 1965 lambs, from the ewes fed alfalfa 
containing 2.6 to 2.7 ppm Se in the 1963- 
64 experiment and carried over on low-Se 
diets in 1964-65, contained 0.21 ±  0.04 
ppm Se, and the skeletal muscle contained 
0.05 ±  0.01 ppm Se (average ±  sd  for 6 
randomly selected lambs). It is evident, 
then, that Se accumulated by the ewes

during the 1963-64  feeding experiment 
was transferred to their lambs one year 
later in amounts sufficient to provide sub
stantial protection from WMD.

The concentration of 0.21 ppm Se in the 
liver of the lambs from the ewes fed high- 
Se alfalfa in 1963-64  and low-Se alfalfa 
in 1964-65  appears to be near the critical 
minimal level for 6-week-old lambs, since 
these lambs were essentially free of W MD, 
whereas a high incidence of W M D was 
observed in the groups of lambs with lower 
levels of Se in the liver. This critical level 
is in very close agreement with data of 
Cousins and Cairney (1 2 ) who reported 
0.18 ppm Se in the liver of W M D lambs 
and 0.28 ppm Se in the liver of normal 
lambs.

The carryover of Se in the ewes, and its 
transfer in protective amounts to the 
lambs one year after the ewes were fed 
alfalfa containing 2.6 to 2.7 ppm Se, sug
gests that animals must be maintained 
with low-Se diets for a considerable period
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of time in order to pre-condition them for 
use in experiments designed to evaluate 
Se supplementation techniques.

Residual effects of Se in the soil. The 
alfalfa growing on the plot treated with
1 ppm Se in 1963 was sampled in June, 
1965, just prior to harvest of the first cut
ting, and again in August, 1965, just prior 
to the second cutting. The first-cutting sam
ple contained 0.39 ppm Se, and the sec
ond-cutting sample contained 0.36 ppm Se. 
Thus, the Se content of the alfalfa grown 
on the Se-treated plot was still above recog
nized minimal protective levels in animal 
diets 2 years after the application of 1 ppm 
Se. Furthermore, since the Se concentra
tion in the alfalfa in 1965 was only slightly 
less than in 1964, it may be that this Se 
concentration 2 years after treatment rep
resents a near equilibrium level of plant 
uptake from stable, slowly soluble forms 
of Se that have developed in the soil since 
the Se was applied. If this is true, the Se 
treatment of the soil may be effective in 
maintaining the Se concentration in the 
alfalfa above minimal critical levels for 
an additional period of years.

DISCUSSION
Under the conditions of the experiments 

reported here, the alfalfa produced on Se- 
treated plots should be very similar to that 
produced on the untreated plots in all re
spects except Se concentration. The high 
incidence of WMD in the lambs from ewes 
fed alfalfa grown on the untreated plot 
can, therefore, be ascribed to a deficiency 
of available Se in the soil. This deficieny 
can be corrected by application of soluble 
Se to the soil.

The levels of vitamin E, inhibitors to Se 
or vitamin E (14 , 15 ), sulfur (16, 17), 
and any other constituents except Se that 
might affect the incidence of WMD should 
be the same in the diets of ewes fed alfalfa 
from the Se-treated plot as from the un
treated plot. (In the case of sulfur, this 
similarity was confirmed by analyses of the
2 types of alfalfa. Sulfur concentrations 
in various samples of the alfalfa fed to 
ewes ranged from 0.26 to 0 .29%  S.)

The application of Se to the soil is, how
ever, an inefficient method, in terms of 
the amount of Se required, of meeting the 
Se requirements of animals. Much of this

inefficiency is due to the low percentage 
of the applied Se that is taken up by the 
plants. The amounts of Se taken up from 
the Se-treated soil by the harvested alfalfa 
in the experiments described here can be 
calculated on the basis of the yields and 
Se concentrations of the 5 cuttings of 
alfalfa harvested to date from the plot 
treated with 1 ppm Se in June, 1963. On 
the basis of these calculations, it is esti
mated that less than 2%  of the Se applied 
in June, 1963, had been taken up from 
the soil by the 5 cuttings of alfalfa har
vested since the Se was applied. The up
take of the applied Se may, however, con
tinue in future years.

The 5 cuttings of alfalfa harvested since 
1 ppm, or 2240 g, Se/hectare were applied 
in June, 1963, have yielded a total of 
29,146 kg of alfalfa/hectare. At the rate of 
feeding used in these experiments (1 .8  k g / 
ewe/day for 150 days), this amount of 
alfalfa would feed 108 ewes and protect the 
124 lambs expected from them from WMD, 
assuming that the 1965 crop (0.39 and 0.36  
ppm Se) has the same protective effect as 
the 1963 and 1964 harvests. Since the 
alfalfa produced on the plot treated with 
1 ppm Se has contained substantially more 
than the critical minimal levels of Se, the 
protective effects against WMD of the total 
yield of 1 hectare might be extended to 
more lambs, possibly to 500 in all, by 
blending the alfalfa from the Se-treated 
plot with low-Se feeds. But, studies of the 
use of Se injections indicate that 1 or 2 
m g/lam b used as individual injections 
would provide the same degree of protec
tion from WMD (1 8 ) . The use of Se in
jections is, therefore, much more efficient 
in terms of the amount of Se used than is 
the application of Se to the soil to protect 
lambs from WMD. It is to be recognized 
that long-term residual effects of the Se 
in the soil may increase the efficiency of 
soil application of Se, but since Se is a 
rare and costly element, methods of pro
tecting animals from Se-responsive dis
eases that are efficient in terms of the 
amount of Se required over short periods 
of time may be preferred.

The use of soil applications of Se to con
trol Se-responsive diseases of livestock 
poses some hazard due to the possibility 
that crops grown on Se-treated soils may
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contain toxic levels of Se. Grant (1 9 ) ob
served interference with conception in 
ewes grazed on pastures sprayed with 
NazSeOs at the rate of 2 oz. Se/acre (140  
g/hectare). In Grant’s work high levels 
of Se in the forage may have been due to 
Se adhering to the leaves and stems of the 
forage. The variability of Se uptake under 
different conditions from the same soil, as 
evidenced by comparison of greenhouse 
and field data, dictates a need for rigid 
control procedures and precautions against 
overuse in any practical consideration of 
soil applications of Se. A form of Se less 
soluble than NazSeCb might, however, have 
a wider margin of safety for use as a soil 
application.

Finally, it should be emphasized that 
these experiments were conducted on just 
one kind of soil, and there are many dif
ferent kinds of soil in the Se-deficient areas 
of the United States. Some of these soils 
may react with Se in a different manner 
from the soil used in these experiments.
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Comparative Production of Carious Lesions in the 
Occlusal Sulci and on the Smooth Surfaces of 
the Molars of Caries-susceptible Rats ',2

JAMES H. SHAW
Harvard School of Dental Medicine, Boston, Massachusetts

ABSTRACT Semi-purified diet 2700 caused a relatively infrequent production of 
carious lesions on the smooth surfaces of the molars of Harvard and mutant albino 
rats which are susceptible to high incidences of carious lesions in the occlusal sulci. 
The use of several diets composed mainly of white bread and whole wheat flour re
sulted in substantial increases in the incidence of smooth surface lesions. In some 
cases these diets simultaneously caused significant decrease in the incidence of lesions 
in the occlusal sulci, while in other situations the incidence of both types of lesions 
was simultaneously high. The rats of the mutant albino strain tend to be.more prone 
to develop the carious lesions on the smooth surfaces than rats of the Harvard strain. 
In addition, the distribution and characteristics of the smooth surface lesions tended 
to differ between the 2 strains, although the responses to the various diets were closely
parallel.

In our dental caries studies over the 
past 20 years, we have been concerned 
primarily with the etiology of the carious 
lesions which occur in the occlusal sulci of 
rat molars as a result of the feeding of 
purified diets, such as our diet 2700 and 
various modifications ( 1 -3 ) .  Our strains 
of caries-susceptible rats almost invariably 
did not develop lesions on the smooth sur
faces of the molars even when widely 
varied diets were used. In the 1950’s when 
McClure and co-workers ( 4 -6 )  were study
ing the ability of various skim milk-cereal 
diets to produce carious lesions on the 
smooth surfaces, the same diets under our 
experimental circumstances were incapa
ble of producing comparable lesions even 
though sulcal lesions progressed rapidly.3 
More recently a series of borderline protein 
deficiencies, produced by modifications of 
diet 2700, resulted in a low and somewhat 
sporadic incidence of smooth surface le
sions in our caries-susceptible strains (7 ) .  
Therefore this welcome but unexpected ob
servation permitted us to make a re-exami
nation of the ability of skim milk-cereal 
diets to produce smooth surface lesions in 
our Harvard and mutant albino caries- 
susceptible strains. The basic considera
tion in undertaking, these studies was sim
ply to attempt to define whether there were 
different nutritional and dietary aspects of 
the etiology of sulcal and smooth surface

lesions under our experimental conditions. 
One of these conditions was that we would 
not deliberately introduce microorganisms 
which were not ordinarily present in the 
oral flora of our strains.

EXPERIMENTAL METHOD 
The first experiment was conducted 

with rats of the Harvard caries-susceptible 
strain and consisted of 5 groups with litter- 
mate distribution among groups. The rats 
in the first group served as controls and 
were maintained with our cariogenic diet 
2700 (8 ) . The second through fourth 
groups were maintained with diets 390V, 
390C, 374V and 374C, respectively. The 
composition of these diets is shown in table
1. Diets 390V and 390C were modifica
tions of the whole wheat flour diet 291 of 
McClure and Muller (6 ) , while diets 374V  
and 374C were modifications of their white 
bread diet 286. In our diets the symbol V 
indicated a supplement of B-complex vita
mins comparable to the level in our diet 
2700, as we did not wish to complicate 
interpretation of the results by reason of * 1 2 3

R e c e i v e d  f o r  p u b l i c a t i o n  N o v e m b e r  1 7 , 1 9 6 5 .
1 T h is  i n v e s t ig a t i o n  w a s  s u p p o r t e d  i n  p a r t  b v  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 .  ' D E -0 0 2 0 4  a n d  
D E -0 0 3 7 3  a n d  C a r e e r  A w a r d  l -K 6 - 2 2 ,6 3 4  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  D e n t a l  R e s e a r c h ,  N a t i o n a l  I n s t i 
t u t e s  o f  H e a lt h .

2 W e  a r e  in d e b t e d  t o  t h e  M e r c k ,  S h a r p  a n d  D o h m e  
R e s e a r c h  L a b o r a t o r i e s ,  W e s t  P o in t ,  P e n n s y lv a n ia ,  f o r  
t h e  g e n e r o u s  s u p p l i e s  o f  B - c o m p l e x  v i t a m in s  u s e d  in  
t h e  d i e t s  i n  t h e s e  s t u d ie s .

3 U n p u b l i s h e d  e x p e r i m e n t s ,  J . H . S h a w .
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T A B L E  1

Composition of diets (in grams)

2700 374V 374C 390V 390C 391V 490V 590V 591V

Sucrose 670 — — _ _ _ ___ _ ___

White bread — 600 720 — ___ ___ — — —

Vitaminized white bread 1 — 200 — — — — — — —

Whole wheat flour 
Vitaminized

— — — 600 720 420 580 420 240

whole wheat flour — — — 200 — 200 200 200 200
Glucose monohydrate 2 — 180 180 180 180 360 180 180 360
Vitaminized casein 3 80 — 80 — 80 — — — —

Casein 160 — — — — — — — —

Skim milk powder — — — — — — — 180 180
Calcium carbonate — 13.7 13.7 12.5 12.5 12.5 12.5 12.5 12.5
Sodium chloride — 5 5 — — — — — —

L-Lysine-HCl — 10 — 10 — 10 30 10 10
Salt mixture 3 40 — — — — — — — —

Vitaminized corn o i l3 50 — — — — — — — —

Whole liver powder 40 — — — — — — — —

Cellulose 4 150 — — — — — — — —

Total ingredients 1190 1008.7 998.7 1002.5 992.5 1002.5 1002.5 1002.5 1002.5
1 B - c o m p l e x  v i t a m in s  a d d e d  i n  s a m e  a m o u n t s  t o  2 0 0  g  o f  b r e a d  o r  f l o u r  a s  w e r e  c o n t a i n e d  i n  t h e  8 0  g  o f  

v i t a m i n i z e d  c a s e i n  u s e d  a s  t h e  B - c o m p l e x  v i t a m i n  c a r r i e r  i n  d i e t  2 7 0 0 .
2 C e r e lo s e ,  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 .
3 J .  D e n t .  R e s . ,  2 6 :  4 7 ,  1 9 4 7 .
4 C e l lu  F l o u r ,  T h e  C h i c a g o  D ie t e t i c  S u p p ly  H o u s e ,  I n c . ,  C h ic a g o .

B-complex deficiencies. The symbol C indi
cated an 8%  supplement of crude casein 
to overcome at least partially the low pro
tein concentration and the low biological 
value of the protein in these diets. The 
casein supplement was made at the ex
pense of either whole wheat flour in diet 
390C or white bread in diet 374C. The 
latter 4 diets were supplemented by a con
centrate of vitamins A and D that was 
given orally twice weekly at levels to pro
vide adequate nutriture. The rats were 
placed on experiment at 21 days of age 
and killed after an additional 70 days on 
experiment.

The second experiment was identical to 
the first except that caries-susceptible rats 
of the mutant albino strain were used.

The third experiment was conducted 
with rats of the Harvard caries-susceptible 
strain and consisted of 6 groups with litter- 
mate distribution among groups. The rats 
in the first group served as controls and 
were fed diet 2700. The rats in the second 
group were fed diet 390V as a repetition of 
the second group in the first experiment. 
Groups 3 through 5 were fed diets 391V, 
490V, 590V and 591V, respectively. The 
composition of these diets is shown in 
table 1. In diet 391V, the glucose mono

hydrate 4 content had been increased from 
18 to 36%  at the expense of whole wheat 
flour. In diet 490V, the lysine concentra
tion was increased from 1.0 to 3.0%  at 
the expense of whole wheat flour. In diet 
590V, 18% of skim milk powder was in
troduced at the expense of whole wheat 
flour. In diet 591V, the glucose mono
hydrate concentration was increased to 
36%  and 18% of skim milk powder 
was introduced, both at the expense of 
whole wheat flour. Again each rat was 
given twice weekly an oral supplement 
with adequate amounts of vitamins A and 
D. The rats were placed on experiment at 
21 days of age and killed after an addi
tional 60 days on experiment, i.e., 10 days 
younger than in the first 2 experiments.

The fourth experiment was identical to 
the third except that caries-susceptible rats 
of our mutant albino strain were used.

At the termination of each experiment, 
the heads were preserved in 95%  etha
nol and then scored for carious lesions in 
the occlusal sulci by the method of Shaw 
et al. (9 ) . This scoring method was not 
fully adaptable to smooth surfaces. The 
following procedure was developed to rep-

4 C e r e io s e ,  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 .
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resent the frequency of attack and the 
extent of damage by the carious lesions. 
The mesial, lingual, distal and buccal sur
faces were considered as 4 separate areas. 
Caries scores were assigned from zero to 
3 +  . A value of 1 +  represented an early 
demineralization of the enamel surface, 
2 +  included penetration into the dentin, 
and 3 +  a major involvement of the enamel 
and dentin.

RESULTS
The results of experiments 1 and 2 are 

shown in table 2. The growth and devel
opment of the rats in the 2 control groups 
were typically normal for males and fe
males of these strains fed cariogenic diet 
2700. Growth in all the other 4 groups of 
both experiments was very poor by com
parison. In groups 2 and 4 (diets 390V  
and 374V ), growth for males was about 
one-third of the normal control values and 
for females about one-half. In groups 3 
and 5 (diets 390C and 374C) where the 
diets contained 8%  casein, growth was 
appreciably better than in the comparable 
diets 390V and 374V. Diet 374C produced 
slightly better growth than diet 390C. 
However, growth was still strikingly sub- 
optimal even with these 2 diets, especially 
for the male rats.

The incidence of lesions in the occlusal 
sulci of the molars of the control rats fed 
diet 2700 was typical for both the Harvard 
and for the mutant albino caries-suscepti
ble strains. When diets 390V and 390C 
were fed in groups 2 and 3 of the Harvard 
strain, highly significant reductions in the 
occurrence of carious lesions in the oc
clusal sulci were observed. However, when 
diets 390V and 390C were fed to groups 2 
and 3 of the mutant albino strain, smaller 
reductions in the incidence of occlusal le
sions were observed. The percentage re
duction in group 2 was almost the same as 
for the Harvard strain but the difference 
was statistically significant at the P <  0.05  
level instead of the P <  0.01 level. How
ever, in group 3 of the mutant albino ex
periment the reduction was not statisti
cally significant. When diets 374V and 
374C were fed in groups 4 and 5 to both 
strains of rats, the incidence of occlusal 
lesions observed in both experiments was 
very similar to that of the control groups.

Smooth surface lesions were observed in 
3 of the 20 control rats in group 1 of the 
Harvard strain. While the individual 
scores of these 3 rats were fairly high, the 
average score for the group was very low 
due to the small percentage of affected 
rats. In contrast, the occurrence of smooth 
surface lesions in the control group of the 
mutant albino experiment was appreciably 
higher, with 10 out of the 22 control rats 
developing smooth surface lesions. In 
each of groups 2 through 5 of the Harvard 
strain fed the whole wheat flour and white 
bread diets, significantly higher incidences 
of smooth surface lesions were observed. 
The highest frequency of affected animals 
and the highest average score were ob
served in group 2. The next highest values 
were observed in group 3 and the lowest 
increases in both frequency of affected rats 
and average score for smooth surface le
sions were observed in groups 4 and 5 
in which the results were very similar to 
each other. Similar but not identical re
sults were obtained in the mutant albino 
experiment. In group 2, a highly signifi
cant increase in smooth surface lesions 
was observed. In group 3 an increase was 
noted which was statistically significant 
(P <  0 .05 ). In groups 4 and 5, no in
crease in smooth surface lesions above 
those of the controls was observed. In 
comparison with experiment 1 where the 
the subjects were Harvard caries-suscep
tible rats, the behavior with respect to the 
development of smooth surface lesions was 
similar for groups 2 and 3. However, in 
groups 4 and 5, no increase was observed 
in experiment 2 in contrast to a significant 
increase in the first experiment.

The results of experiments 3 and 4 are 
presented in table 3. Slightly lower weight 
gains were observed in this experiment 
due to the experimental period being 10 
days shorter. The rates of growth and de
velopment for the controls in group 1 of 
each experiment were normal. The supple
ment of 3%  lysine and the increase in 
glucose monohydrate groups 3 and 4 did 
cause an improvement in the very slow 
rate of growth above that of group 2 in 
each experiment that diet 390V was fed. 
However, the incorporation of 18% skim 
milk powder in diets 590V and 591V  
caused significant improvements in the
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weight gain, with the normal values for 
group 1 being approached in all of the 
comparisons.

The occurrence of carious lesions in the 
occlusal sulci of the rats in group 1 of each 
experiment was typical for this strain for 
the experimental period of 60 days. In the 
Harvard rats of the third experiment, diets 
390V, 490V and 590V in groups 2, 4 and 
5 all caused significant reductions in the 
occurrence of sulcal lesions. In contrast, 
in the parallel mutant albino experiment, 
diets 390V and 490V caused slight reduc
tions which were not of statistical signifi
cance, while diet 590V resulted in an 
incidence of sulcal lesions which was in
distinguishable from that of the controls. 
In the Harvard experiment, when the con
centration of glucose monohydrate was in
creased to 36%  in diets 391V and 591V in 
groups 3 and 6, no difference in the scores 
of sulcal lesions was observed from those 
of the controls. Evidently the increased 
glucose concentration in this strain had 
been able to offset the reduced tendency 
of the whole wheat flour diets to produce 
this type of carious lesions. In the mutant 
albino experiment, the inclusion of the 
additional 18% glucose in diets 391V and 
591V caused modest increases beyond that 
of the controls. In the case of diet 591V  
the increase was of statistical significance 
at the 5%  level.

The incidence of smooth surface lesions 
in the control group in the third experi
ment using Harvard caries-susceptible rats 
was greater than for the control group of 
experiment 1, largely because a higher 
percentage of this control group developed 
lesions on the smooth surfaces. In the 
mutant albino experiment, the caries score 
for smooth surface lesions among the con
trols was slightly lower than for the con
trols in the previous experiment with this 
strain. In the Harvard experiment, all of 
the whole wheat flour diets caused an in
creased incidence of smooth surface le
sions. A slightly increased incidence was 
observed in group 2 with diet 390V. This 
increase was not of statistical significance 
and was substantially less than in the first 
experiment. Diets 391V, 490V and 591V  
caused modest increases in smooth surface 
lesions which were statistically significant 
at the P <  0.05 level. However, in all cases

the higher incidences of experiment 1 
were not duplicated. The question arises 
whether the shorter time period of this 
experiment had not allowed ample oppor
tunity for a fuller development of the 
smooth surface lesions. In the mutant 
albino experiment, the 5 whole wheat flour 
diets caused highly significant increases in 
the scores for smooth surface lesions. 
These values were highest and almost 
identical for diets 390V, 391V and 490V. 
Diet 391V with the increased level of glu
cose had had no detectable adverse influ
ence on the initiation and progression of 
smooth surface lesions. The caries scores 
for smooth surface lesions produced by 
diets 590V and 591V were appreciably 
lower than for the above 3 diets. Evidently 
the inclusion of 18% skim milk powder 
had reduced the tendency to cause smooth 
surface lesions. Again the higher level of 
glucose in diet 591V did not have any 
adverse influence over the lower level in 
590V.

DISCUSSION
The use of the several white bread and 

whole wheat flour diets in these experi
ments resulted routinely in definite in
creases in the incidence of lesions on the 
smooth surfaces in representatives of both 
the Harvard and mutant albino strains of 
rats beyond the levels produced by our 
cariogenic diet 2700. The reasons for 
these increments are not known. This 
study furthers the suspicion that the cari
ous process, although basically the same in 
all locations on the teeth, may have some
what different characteristics and require
ments at different sites.

The occlusal sulci of the rat tend to trap 
food debris readily. In the presence of 
caries-producing organisms and suitable 
dietary components as the microbial sub
strate, the teeth of rats of caries-suscepti
ble strains will manifest a high caries 
activity in the occlusal sulci. A wide vari
ety of diets will support caries activity in 
this site if the criteria are met of a caries- 
susceptible host, appropriate microorgan
isms, fermentable carbohydrate and, in 
addition, particle size and physical nature 
of the dietary components which will per
mit passage into and retention in the sulci. 
Present data suggest that there may be less
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requirement for the development of the 
typical plaque of microorganisms, etc., 
than is apparently required in human 
carious lesions. In fact, in examination of 
the sulci of rat molars under a dissecting 
microscope or in histological sections, there 
is much less evidence of a plaque or simi
lar structures than would be expected from 
clinical studies. However, on the smooth 
surfaces of the molars of rats, there is 
no comparable anatomical characteristic 
which would trap food debris and micro
organisms. Instead, the microorganisms 
must become established on an area which 
is relatively self-cleaning in comparison 
with the occlusal sulci and go on to develop 
a plaque under which the carious process 
can develop. In these studies on the initi
ation and progression of smooth surface 
lesions, material much more typical of 
human plaque was observed on the smooth 
tooth surfaces which developed carious 
lesions than we have seen previously in 
experimental animals. Why this should 
occur in the white bread and whole wheat 
flour diets is not known. Some of the com
ponents of these diets may have physical 
characteristics which enable them to ad
here more readily to the smooth surfaces 
than the components of diet 2700. On the 
other hand, the cereal diets, in contrast 
with diet 2700, may support better growth 
and development of one or more micro
organisms which produce gelatinous colo
nies enabling easier adherence on the 
smooth surfaces and plaque formation.

From the routine overall consideration 
of the average number of molar teeth with 
carious lesions in the occlusal sulci versus 
the average number of molar teeth with 
carious lesions on the smooth surfaces in 
individual groups of rats, the former value 
was higher in 21 of the 22 comparisons. 
The only exception was group 3 of the first 
experiment with Harvard rats where the 
lowest incidence of occlusal lesions of all 
4 experiments was observed. In this ex
ception to the general, the value for molars 
with carious lesions in the occlusal sulci 
was almost identical to the value for mo
lars with carious lesions on the smooth 
surfaces. Strictly speaking, due to differ
ent scoring methods, exact comparisons 
cannot be made between the average num
ber of occlusal sulci with carious lesions

and the average number of smooth sur
faces with carious lesions, nor between the 
average extent of caries score attributable 
to occlusal lesions and the average extent 
of caries score attributable to smooth sur
face lesions. While the 2 methods for 
scoring the 2 different types of lesions are 
not identical and, in fact, cannot be made 
identical due to the different characteris
tics of the lesions and the areas where 
they are initiated, the methods are suffi
ciently similar to justify the generaliza
tions that smooth surface lesions had be
gun in fewer loci and progressed to involve 
less tooth substance at the termination of 
these experiments than the lesions in the 
occlusal sulci. This observation suggests 
that the lesions on the smooth surfaces of 
the molars may be initiated later than 
those in the occlusal sulci or that the le
sions on the smooth surfaces may progress 
more slowly once initiated. The averages 
for groups are not helpful in distinguish
ing between these two possibilities. From 
observations in appropriate individual rats 
within all the groups, it appears that the 
former hypothesis of later initiation is 
more likely.

Many of the rats had extensive involve
ment of the occlusal sulci at the end of 
an experiment but no evidence of smooth 
surface involvement. The question could 
always be asked whether longer exposure 
to the diet would have resulted in the pro
duction of lesions on the smooth surfaces. 
Simple extension of the length of experi
mental period would not answer this ques
tion. With the usual rate of progression of 
carious lesions in the occlusal sulci, so 
much tooth substance is destroyed by the 
end of the current experimental period 
that the integrity of the smooth surfaces 
is being lost or has been lost from within 
before being attacked from without. In 
fact, in some rats at the end of these ex
periments such extensive destruction of the 
molar crowns had occurred that absolute 
certainty of the origin of the destructive 
process was impossible.

The averages for the incidence of 
smooth surface lesions in these experiments 
indicate that there is a somewhat greater 
tendency for this type of lesion to develop 
in the mutant albino strain than in the 
Harvard strain; however, these strains are
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very similar with respect to the initiation 
and progression of carious lesions in the 
occlusal sulci. In both strains, the smooth 
surfaces of the mandibular molar teeth 
were much more likely to develop carious 
lesions than the comparable surfaces of 
the maxillary molars. In this respect the 
destruction of smooth surface lesions is 
closely parallel to that of the lesions in the 
occlusal sulci. A high degree of bilateral 
symmetry was noted for the smooth sur
face lesions, which is also typical for 
lesions in the occlusal sulci.

The average values for the incidence of 
smooth surface lesions obscure other dif
ferences between the 2 strains with respect 
to this type of carious lesion. In the mu
tant albino strain the lesions tended to be 
broad and diffuse and much more frequent 
on the buccal than on the lingual sur
faces. In the Harvard strain the lesions 
were much more discrete sharply defined 
patches on the lingual surfaces, especially 
near or at the cementoenamel junction. 
In both strains the frequency of initiation 
on the mesial and distal surfaces was 
much less than on either the buccal or 
lingual surfaces. Despite the different sites 
and characteristics of the smooth surface 
lesions in the 2 strains, as well as some
what different levels of proneness to de
velop smooth surface lesions, the dietary 
changes in the 2 sets of 2 experiments 
each, caused closely parallel results for the 
2 strains.

One of the most noteworthy results in 
these experiments was the ability to reduce 
the incidence of carious lesions in the oc
clusal sulci and simultaneously increase 
the incidence of lesions on the smooth 
surfaces. This observation certainly gives 
credence to our original speculation at the 
beginning of the series of experiments that 
different dietary and nutritional aspects 
were involved in the etiology of lesions on 
the 2 sites. Another observation which 
needs further study is the different dis
tribution of smooth surfaces lesions be

tween the representatives of the Harvard 
strain and the mutant albino strain. Yet 
despite this distribution, the change in 
average incidence of smooth surface le
sions with variations in dietary composi
tion was parallel for the 2 strains.

Further studies are underway to define 
the nature of the dietary differences by 
modification of both diets 2700 and the 
390 series. In addition, attempts will be 
made to compare and identify the micro
organism in the lesions on the smooth sur
faces and those in the lesions in the oc
clusal sulci.

LITERATURE CITED
1. Shaw, J. H., and E. A. Sweeney 1957 

Comparative studies on the influence of anti
biotic substances in dental caries in the 
white rat and the cotton rat. J. Dent. Res., 
36: 349.

2. Shaw, J. H., and D. Griffiths 1961 Devel
opmental and post-developmental influences 
on incidence of experimental dental caries 
resulting from dietary supplementation by 
various elements. Arch. Oral Biol., 5: 301.

3. Dawes, C., and J. H. Shaw 1965 Dietary 
phosphate supplementation and its effects 
on dental caries and salivary and serum 
concentrations of calcium and inorganic 
phosphate in the rat. Arch. Oral Biol., 10: 
567.

4. McClure, F. J., and J. E. Folk 1953 Skim 
milk powders and experimental rat caries. 
Proc. Soc. Exp. Biol. Med., 83: 21.

5. McClure, F. J., with the technical assistance 
of A. Muller, Jr. 1958 Wheat cereal diets, 
rat caries, lysine and minerals. J. Nutrition, 
65: 619.

6. McClure, F. J., and A. Muller, Jr. 1959 
The caries-inhibiting effect of dibasic sodium 
phosphate and dibasic calcium phosphate 
added to wheat flour and bread diets. J. Am. 
Dent. A., 58: 36.

7. Shaw, J. H., and D. Griffiths 1963 Dental 
abnormalities in rats attributable to protein 
deficiency during reproduction. J. Nutrition, 
80: 123.

8. Shaw, J. H., and D. Griffiths 1960 Partial 
substitution of hexitols for sucrose and dex
trin in caries-producing diets. J. Dent. Res., 
39; 377.

9. Shaw, J. H., B. S. Schweigert, J. M. Mclntire, 
C. A. Elvehjem and P. H. Phillips 1944 
Dental caries in the cotton rat. I. Methods 
of study and preliminary nutritional experi
ments. J. Nutrition, 28: 333.
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ABSTRACT The effect of biotin deficiency on the ability of Sprague-Dawley rats 
to acquire conditioned avoidance and escape reactions was investigated. Avoidance 
learning was impaired with both 5.0-second and 2.0-second intervals between condi
tional and unconditional stimuli. Escape learning was not affected, suggesting that 
the defect in avoidance learning was not due to motor impairment. Behavioral and 
biochemical evidence suggests that effects of the deficiency on the central nervous 
system may be expected.

Although the general physiological ef
fects of biotin deficiency in experimental 
animals have been well documented, the 
effect on central nervous system function 
has received little attention. Among the 
few papers in the literature dealing with 
neuropathological changes in biotin de
ficiency, there is lack of agreement be
tween the different workers. Thus, Shaw 
and Phillips (1 )  found no degeneration 
of the spinal cord or the sciatic nerve in 
the biotin-deficient rat. The same authors 
reported that there were no neuropatho
logical changes in chicks suffering from 
mild biotin-deficiency (2 ) . No anatomical 
changes in the central nervous system of 
biotin-deficient rats were observed by 
Sullivan et al. (3 ) . However, Tharanne
(4 )  reported serious lesions in the peri
pheral sympathetic system during the 
course of alopecia caused by biotin de
ficiency. Biotin deficiency in the dairy 
calf was shown to result in paralysis of 
the hind quarters, which could be cured 
by biotin treatment (5 ) . According to 
Pellegrino (6 ) , biotin treatment inhibited 
a predisposition of the dog toward experi
mental epilepsy.

It can be expected that a neurological 
derangement could manifest itself in a 
change in the behavior of the experimental 
animal. However, there has been no in
vestigation on the behavioral aspects of 
biotin-deficiency. The present study deals 
with selected aspects of behavior in the 
biotin-deficient rat and evidence has been 
presented for the first time to show that

the learning capacity of the rat is impaired 
in biotin deficiency.

METHODS AND MATERIALS
The investigation reported here con

sisted of a series of 3 experiments, each 
concerned with the effects of biotin de
privation on selected aspects of rat be
havior.

Animals. Weanling albino rats 3 (male, 
of the Sprague-Dawley strain) were used 
in the present study. The rats were housed 
in individual cages in air conditioned 
quarters. Biotin deficiency was produced 
as described earlier (7 )  by feeding a diet 
of the following composition (g /1 0 0  g ) : 
dextrose, 71; spray-dried egg white, 20; 
salt mixture no. 446 (8 ) , 4; com oil, 4; 
vitamin premix (biotin-free),4 1; and 
thiam in-H a, 8 mg. Control rats received 
the same diet as the deficient animals and 
in addition received 2 injections of biotin 
(200 ag) intraperitoneally at the begin

R e c e i v e d  f o r  p u b l i c a t i o n  D e c e m b e r  1 0 , 1 9 6 5 .
1  T h i s  i n v e s t ig a t i o n  w a s  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 8 3 4 4  f r o m  t h e  N a 
t i o n a l  I n s t i t u t e s  o f  H e a l t h  a n d  b y  r e s e a r c h  g r a n t s  
f r o m  t h e  N a t i o n a l  V i t a m i n  F o u n d a t i o n  a n d  H o f f m a n n -  
L a R o c h e ,  I n c .

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 ,
U n iv e r s i t y  o f  M a n i t o b a ,  W i n n i p e g  3 ,  M a n i t o b a ,  
C a n a d a .

3 C a m m  R e s e a r c h  I n s t i t u t e ,  W a y n e ,  N e w  J e r s e y .
4 G e n e r a l  B i o c h e m i c a l s ,  C h a g r in  F a l l s ,  O h io ;  s u p 

p l e m e n t e d  t o  t h e  d i e t  ( 1 %  l e v e l )  t o  p r o v i d e  t h e  f o l 
l o w i n g  v i t a m i n s  ( m g / k g  d i e t ) :  v i t a m i n  A  c o n e
( 2 0 0 ,0 0 0  U S P  u n i t s / g ) ,  9 9 .2 0 0 ;  v i t a m i n  D  c o n e  
( 4 0 0 ,0 0 0  U S P  u n i t s / g ) ,  5 .5 1 1 ;  a - t o c o p h e r o l ,  1 1 0 .2 2 0 ;  
a s c o r b i c  a c i d ,  9 9 2 .0 0 0 ;  i - i n o s i t o l ,  1 1 0 .2 2 0 ;  c h o l i n e  
c h l o r i d e ,  1 6 5 3 .4 0 0 ;  m e n a d i o n e ,  4 9 .6 0 3 ;  p - a m i n o b e n z o i c  
a c i d ,  1 1 0 .2 2 0 ;  n i a c i n ,  9 9 .2 0 0 ;  r ib o f l a v i n ,  2 2 .0 4 6 ;  p y r i -  
d o x i n e - H C l ,  2 2 .0 4 6 ;  t h ia m in e - H C 1 ,  2 2 .0 4 6 ;  C a  p a n t o t h 
e n a t e ,  6 6 .1 3 7 ;  f o l i c  a c i d ,  1 .9 8 4 ;  a n d  v i t a m i n  B 12 , 
0 .0 2 9 8 .
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ning of the fourth and sixth weeks, and 
the biotin-deficient group received 2 injec
tions of saline at the same time. All the 
rats were handled in precisely the same 
way. The rats were used for the experi
ment during the seventh and eighth weeks, 
by which time animals that did not re
ceive biotin injections had become severely 
deficient.

Behavioral testing apparatus. The same 
basic apparatus was used in each of the 
3 experiments and consisted of a grid- 
floor runway which has been described 
in detail previously (9 ) .  The apparatus 
constructed of plywood painted grey was 
1.524 m long, 15.24 cm wide and 20.32  
cm high throughout. It was divided into 
3 portions: a start box (30 .48  cm X 15.24 
cm ), a runway (91 .44  cm X 15.24 cm ) 
and a goal box (30.48 cm X 15.24 cm ). 
The floor of the start box and run
way consisted of brass rods (3 .175 mm  
diameter) spaced 1.905 cm apart (center 
to center) mounted in Plexiglas attached 
to the plywood walls of the apparatus. 
The floor of the goal box was plywood. 
Between each section of the runway was 
a guillotine door controlled by overhead 
cords.

The grid floor of the start box and run
way was electrified by a constant current 
stimulator5 fed through a shock scanner6 
which delivered approximately 6 pulses 
of 1.5 ma shock/second to the grid floor. 
The shock onset was controlled by means 
of a decade interval timer 7 activated by 
means of a micro switch which was turned 
on whenever the guillotine door was 
raised. By varying the setting on the 
decade interval timer it was possible to ac
tivate the grid either immediately after 
the door was raised for escape learning or 
after several seconds’ delay for avoidance 
learning.

In the avoidance learning studies the 
conditional stimuli (C S) consisted of 6 
lights (6  volts) mounted 15.24 cm apart 
at a distance of 22.86 cm above the grid 
floor and a door buzzer mounted on the 
wall above the apparatus which provided 
a sound stimulus 10 db above the sound 
level of 71 db in the test room. The CS 
remained on during the period between 
the raising of the door and the onset of 
the unconditional stimulus (UCS) and

until the animal escaped from the runway 
to the goal box at which time both the 
CS and the UCS (shock) were terminated 
by the animal passing through a photo 
electric ce ll8 beamed across the entrance 
to the goal box. A standard electric timer 
controlled in the same manner as the 
shock and CS was used to record the 
length of time required for the animal to 
run from the start box to the goal box.

Testing procedure. Experiment 1 was 
concerned with the effects of the biotin 
deprivation on the animal’s ability to learn 
to avoid an electric shock in the runway. 
Animals were given 5 trials/day for a 
total of 7 days. On each trial the animal 
was placed in the start box and the guil
lotine doors separating the start box from 
the runway and the runway from the 
goal box were raised. Raising the door 
initiated a 2.0 second “delay” period after 
which the UCS (shock) was switched on 
by means of an interval timer. If the ani
mal reached the goal box before the shock 
onset the response was scored as an 
“avoidance;” if it failed to do so the 
response was scored as an “escape.” Run
ning time between the start box and goal 
box was recorded on each of the trials 
which were spaced approximately 3 min
utes apart.

Experiment 2 involved avoidance learn
ing as in experiment 1 except that the time 
interval between CS and UCS was ex
tended from 2.0 seconds to 5.0 seconds 
so as to afford the animals greater op
portunity to respond to the CS. A slight 
modification was made in the apparatus 
before running the last group of animals 
in the experiment. A second photo elec
tric cell and timer were added to the 
circuit with the beam of the cell directed 
across the guillotine door separating the 
start box from the runway. This timer 
was turned on when the door was raised 
and went off when the animal broke the 
beam by leaving the start box, thus af
fording a measure of the length of time 
it took the animal to respond to the CS.

5 M o d e l  2 2 8 ,  C . J . A p p le g a t e  C o . ,  D e n v e r ,  C o l o r a d o .
6 M o d e l  1 3 1 1  S S , L e h ig h  V a l l e y  E l e c t r o n i c s ,  F o g e l s -  

v i l l e ,  P e n n s y lv a n ia .
7 H u n t e r  M a n u f a c t u r i n g  C o r p o r a t i o n ,  I o w a  C it y ,  

I o w a .
8 S e e  f o o t n o t e  7.



B IO T IN  D E FIC IE N C Y  AND L EA R N IN G  IN  RATS 4 2 9

The procedure in experiment 3 was 
identical to that in experiments 1 and 2 
with the exception that there was no 
delay between the raising of the door 
(CS onset) and the onset of the shock 
(U CS). This then, was in effect an escape 
learning experiment designed to reveal 
the presence of possible motor effects of 
the dietary restrictions. With the use of 
the 2 photo cells and timers it was pos
sible to record the length of time it took 
the animal to respond to the shock by 
leaving the start box (reaction time) as 
well as the length of time it took the ani
mal to travel the length (91.44 cm ) of 
the runway (running time).

The experimental design and sample 
sizes are summarized in table 1.

RESULTS
The results of experiment 1 indicate 

clearly that the biotin-deficient animals

encountered considerable difficulty in 
avoiding the electric shock in the runway. 
Figure 1 shows the mean number of 
avoidance responses made by experimen
tal and control animals as a function of 
training. The difference between the 2 
groups (summed across trials) is sig
nificant (P <  0.002, White’s Rank test
(1 0 ) ) .  Inspection of figure 1 indicates 
that neither group of animals made very 
many avoidance responses on the first 
5 trials (day 1) of testing. This afforded 
us with an opportunity to compare the 
escape responses of the 2 groups. The 
mean escape time for each animal in 
trials 1 to 5 was therefore used to com
pare the 2 groups. The biotin-deprived 
group (X  =  6.60 seconds) was signifi
cantly slower (P <  0.002, Student’s t test) 
than the normal group (X  =  4.57 seconds). 
The 2 groups could not be compared on

T A B L E  1

Summary of experimental treatment of animals in experiments 1, 2 and 3

D ie t a r y  t r e a t m e n t S a m p le
s iz e B e h a v i o r a l  t e s t in g

Exp. 1 

Exp. 2 

Exp. 3

Biotin-deficient
Control
Biotin-deficient
Control
Biotin-deficient
Control

32
21
16
18
8

10

2.0- second avoidance
2.0- second avoidance
5.0- second avoidance
5.0- second avoidance
escape
escape

Fig. 1 Mean num ber o f avoidance responses as a function  o f training on 2.0-second
avoidance task.
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this measure on subsequent trials since 
the normal animals began to avoid the 
shock and hence were making fewer 
escape responses than the experimental 
animals.

In experiment 2 the animals were al
lowed 5.0 seconds in which to avoid the 
shock. This resulted in a general im
provement in the performance of both 
groups when compared with the subjects 
in experiment 1. Figure 2, which shows 
the mean number of avoidance responses 
as a function of training, indicates that 
at all stages of training the biotin-deprived 
animals made fewer avoidance responses. 
The difference between groups (summed 
across trials) is significant (P <  0.002, 
White’s Rank test (1 0 ) ) .  The failure of 
the experimental animals to learn the 
avoidance response as rapidly as the con
trols even when allowed more time to 
respond to the CS, suggested that perhaps 
the increased escape time in trials 1 to 5 
in experiment 1 did not represent a slow
ness in running per se, but rather a 
failure of the animal to initiate a response 
to the CS as rapidly as the control ani
mals. This hypothesis was confirmed by 
the use of the second photo electric cell 
placed across the exit from the start box 
for the last 8 deficient and the last 10 
control rats. The length of time required

for the animal to leave the start box and 
break the first photo electric beam is re
ferred to as the reaction time. Mean re
action times (across the 35 trials) were 
calculated for each animal and the 2 
groups compared. The mean reaction 
time for the control animals was 1.97 
seconds and for the experimental animals, 
4.38 seconds. The difference between the 
2 groups was significant (t =  3.392, df 
=  17, P < 0 .0 1 ) .  The failure of the ex
perimental animals to respond as rapidly 
to the CS could be explained as a failure 
in conditioning or alternatively as a motor 
deficit which resulted in the biotin-de
prived animals being incapable of re
sponding as rapidly as the normal animals.

Experiment 3 provided an opportunity 
to detect the presence of a motor deficit 
since the animals were tested under 
escape conditions where the UCS was 
presented immediately after the guillotine 
doors were raised and the reaction of the 
animals was to the UCS (shock) not the 
CS. Two measures were obtained in this 
study; reaction time to the UCS and run
ning time, i.e., the length of time it took 
the animal to move from the first photo 
electric cell to the second (placed at the 
entrance to the goal box).

Figure 3 shows the mean reaction time 
to shock as a function of training for the

DAYS OF TESTING

Fig. 2 Mean num ber o f avoidance responses as a function  of training on 5.0-second
avoidance task.
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2 groups of animals. The 2 groups were 
remarkably similar in their reaction times 
and statistical analysis of the difference 
between them (based on the mean re
action time over the 35 trials) reveals no 
significant difference (t =  0.420, df =  17, 
P <  0 .7 ). The mean reaction time for the 
experimental groups was 0.90 seconds 
and for the control groups was 0.85.

Mean running times as a function of 
training for experimental and control ani
mals are shown in figure 4. The mean 
running times over the 35 trials were 
2.27 seconds for the deficient animals

and 2.13 seconds for the control animals. 
This difference was not significant (t  =  
0.604, df =  17, P <  0 .6 ).

The reaction time and running time 
data indicate that the biotin deprivation 
did not impair the motor ability of the 
animals to react to or escape from the 
UCS.

To rule out the possibility that the be
havioral differences observed between the 
control and the biotin-deficient rats were 
due to the effects of inanition in the de
ficient rat, a control experiment was run 
in which pair-fed control and ad libitum-

Fig. 3 Mean reaction time to shock as a function of training on escape learning task.
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Fig. 4 Mean running time as a function  o f training in  the shock escape situation.
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fed control rats were tested (4  animals/ 
group). No difference was observed be
tween the pair-fed control and ad libitum- 
fed control rats in the number of avoidance 
responses (16 .7  and 15.2, respectively, 
P >  0.05, White’s Rank test (1 0 ) )  in 35 
trials of testing.

DISCUSSION
The results of experiments 1 and 2 

suggest that biotin deficiency in the rat 
produces a deficit in the capacity of the 
animal to acquire a conditioned avoidance 
response. Experiment 3 which required 
the animals to simply escape from the 
electric shock provides rather conclusive 
evidence that the deficit in avoidance 
learning cannot be explained away as the 
result of a motor deficit. Reaction times 
to the UCS and running times to escape 
the UCS were essentially identical in the 
2 groups of rats. The deficit in avoidance 
learning appears to result from a failure 
of the biotin-deficient animals to respond 
to the CS in the avoidance learning situa
tion since reaction times to the CS were 
significantly greater for the deprived ani
mals as shown in experiment 2. This 
deficit need not, of course, be interpreted 
as a deficit in learning per se, since it is 
conceivable that the biotin deficiency had 
produced a peripheral or central sensory 
deficit in the visual/or auditory systems, 
or in both of these. The use of a com
pound CS (visual, auditory plus vibration 
from raising the guillotine door), however, 
minimized the likelihood that degenerative 
changes, if any, in any one sensory sys
tem could account for the deficit. Thus 
far, there are no reports in the literature 
to indicate that neural or receptor degen
eration results from biotin deficiency.

A motor syndrome in biotin-deficient 
rats has been reported (1 1 ) which was 
characterized by abnormality of locomo
tion, varying degrees of paralysis and 
spasticity. However, no explanation for 
the disturbance of locomotion could be 
offered by Lazere et al. (1 2 ) who did 
not observe any impaired neuromuscular 
relationships in biotin-deficient rats. They 
noted that such animals are sensitive to 
handling and suggested the reflex effects 
of painful stimuli upon the motor be
havior in the deficient rats should be in

vestigated. The results of our present 
investigation show no difference between 
the normal and the deficient rats in their 
response to a painful electric shock well 
above threshold for the rat. This does 
not, of course, rule out the possibility of 
an effect on the threshold for response to 
shocks or an effect on the qualitative 
nature of the response to shocks of low 
intensity. This problem is being investi
gated, using the jump-11 inch technique 
of Kimble (1 3 ).

The present study suggests that the 
motor syndrome produced by biotin de
ficiency does not include a muscular weak
ness resulting in a quantitative deficit in 
running ability. It may be that this would 
appear at the extreme stages of deficiency 
but it is apparent that during the seventh 
and eighth weeks of biotin deprivation 
locomotive ability is normal even though 
the animals did show the peculiar gait 
described by previous workers.

The biochemical role of biotin in carbon 
dioxide fixation reactions and its mech
anism of action have been well elucidated 
during the last few years (1 4 ) . Among 
the indirect effects of biotin deficiency 
(1 5 ) are the following: (a ) decreased 
utilization of glucose,9 (b ) decreased pro
tein synthesis due to decreased sRNA 
synthesis (1 6 ) and a lowered P /O  ratio 
in liver mitochondria.10 A decrease in in 
vivo carbon dioxide fixation and in hepatic 
glycogen synthesis has also been reported 
(7 ) . Most of these studies have been 
carried out in vivo or in vitro using liver 
preparations from experimental animals.

The present knowledge on the bio
chemical changes in the brain of the 
biotin-deficient rat is very meager. How
ever, one could speculate on the effect of 
biotin-deficiency on brain metabolism on 
the basis of our knowledge of the metabo
lism in the intact animal or in tissue 
preparation in vitro. Brain accounts for 
a fifth of the total oxygen consumed by 
the body and under natural conditions 
respires almost excusively at the expense 
of glucose (1 7 ) . Thus, an impairment in 
glucose utilization could result in a gen

9 D a k s h i n a m u r t i ,  K .,  V .  V . M o d i  a n d  S. P .  M is t r y  
1 9 6 2  C a r b o h y d r a t e  m e t a b o l i s m  i n  b i o t i n  d e f i c i e n c y .  
F e d e r a t i o n  P r o c . ,  2 1 :  4 6 8  ( a b s t r a c t ) .

10 M o d i ,  V .  V . ,  K . D a k s h i n a m u r t i  a n d  S. P .  M is t r y  
1 9 6 2  B io t in  d e f i c i e n c y  a n d  o x i d a t i v e  p h o s p h o r y l a 
t io n .  F e d e r a t i o n  P r o c . ,  2 1 :  4 6 8  ( a b s t r a c t ) .
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eral impairment in energy production. 
The efficient operation of the TCA cycle 
requires the synthesis of dicarboxylic 
acids which is known to be markedly 
reduced in biotin deficiency (1 5 ) . Thus, 
“energy deficiency” could then be termed 
the net consequence of biotin deprivation 
in the experimental animal. According to 
Berl et al. (1 8 ) , the operation of the car
bon dioxide fixation mechanism in the 
brain is similar to that in the liver and 
hence, all such reactions dependent on 
biotin would be decreased in the brain of 
the biotin-deficient rat. Decreased protein 
synthesis in biotin-deficient rats due to de
creased sRNA synthesis has been reported 
earlier (1 6 ) . A moderate degree of pro
tein deficiency in rats has been shown to 
lead to a decrease in cerebral enzymes 
and amino acids with associated behav
ioral deficit (1 9 ).

Although there are no reports in the 
literature on biochemical changes in the 
brain of the biotin-deficient animal to 
suggest changes in its behavior, it is ap
parent from the above discussion that 
such effects could be expected. To date 
no behavioral studies have been carried 
out with biotin-deficient animals. The 
data presented in this paper demonstrate 
clearly an impairment in selected aspects 
of behavior in the biotin-deficient rat and 
thus suggest a deleterious effect of the 
deficiency on central nervous system 
function.
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Effects of Levels of Protein and Gossypol, and Length
of Feeding Period on the Accumulation of
Gossypol in Tissues of Swine 1,2
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ABSTRACT A study was made using swine to determine the effect of protein level, 
gossypol level, and the length of the feeding period on the accumulation of gossypol in 
the organs. The dietary levels were: protein, 14 and 28% ; and gossypol, 0.03 and
0.06%. The periods of feeding were 14 and 28 days. The results showed that the 
levels of gossypol in the organs were inversely related to the dietary level of protein, 
and directly related to the level of gossypol in the diet and to the length of time the 
diets were fed.

Cottonseed meal contains the polyphenol, 
gossypol (1 ,1 ', 6,6', 7,7/-hexahydroxy-5,5/- 
diisopropyl - 3,3/-dimethyl-2,2/ binaphtha
lene-8,8' dicarboxaldehyde). This com
pound, in the free state is toxic to 
nonruminant animals (1 —5) when con
sumed in excessive amounts. Since swine 
cannot safely tolerate diets containing 
more than 0 .01%  free gossypol, the use 
of cottonseed meal as a source of protein 
for this species is restricted greatly (4 ) .  
It has been shown, however, that high 
levels of dietary protein either alleviates 
or counteracts the toxic effects of gossypol 
in the diets of swine and of rats (4 , 6, 7 ). 
The development of methods for the deter
mination of free and of bound gossypol in 
tissues (8 )  provides means of studying 
factors affecting gossypol accumulation in 
the various organs of swine. Consequently, 
a study was made to determine the effect 
of different levels of protein and of gos
sypol on the accumulation of gossypol in 
the organs of swine subjected to these 
dietary treatments for different periods.

MATERIALS AND METHODS
The gossypol was prepared from cotton

seed gums (9 )  by precipitation with ani
line and pyridine as the dianilino-dipyri- 
dine derivative. This compound was 
converted to gossypol-acetic acid by hydrol
ysis with sulfuric acid in a mixture of 
ether and acetic acid (1 0 ) . The gossypol- 
acetic acid was purified by recrystallization

and was then converted to gossypol (1 0 ). 
The purity of the final product was 9 8 % .

The corn was no. 2 grade, yellow, 
ground; and the soybean meal was solvent- 
extracted, 50%  protein.

The diets were mixed in 18.2-kg batches. 
The basal diets, designated “gossypol-free,” 
table 1, contained 14 and 28%  protein, 
respectively, supplied by the soybean meal 
and corn. The “gossypol-supplemented” 
diets were the same as the gossypol-free 
diets except that 0.03 and 0 .06%  crystal
line gossypol was added at each protein 
level. The gossypol was incorporated into 
the diets by grinding to a powder the cal
culated amounts (5 .46 and 10.92 g /1 8 .2  
kg of diet) for the respective diets with a 
portion of the starch in a mechanical mor
tar. The gossypol-starch mixtures were 
then blended with the other dietary ingre
dients by means of a mechanical mixer.

From 9 litters, approximately 9 weeks of 
age, 28 Hampshire pigs averaging 22.7 kg 
in weight were used. From this group 3 
pigs were assigned at random to each of 
the gossypol-supplemented diets for either 
the 14-day or 28-day feeding period. This * 1 2

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 0 ,  1 9 6 5 .
1 C o n t r i b u t i o n s  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 im e n t  S t a 
t io n ,  R a l e i g h ,  N o r t h  C a r o l in 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 ir 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 5 0  o f  t h e  J o u r n a l  S e r ie s .

2 T h is  s t u d y  w a s  p a r t i a l l y  s u p p o r t e d  b y  t h e  N a t i o n a l  
C o t t o n s e e d  P r o d u c t s  A s s o c i a t i o n ,  M e m p h i s ,  T e n n e s s e e ,  
a n d  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 7 0 3 9  f r o m  t h e  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 .

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

Composition of diets

D ie t a r y  p r o t e in  l e v e l  

1 4 %  2 8 %

% %
Corn 40.00 40.00
Soybean meal 20.75 48.20
Starch 1 20.50 5.00
Glucose monohydrate 2 15.50 4.00
Dicalcium phosphate 2.00 1.00
Calcium carbonate 0.25 0.80
Trace mineral salt 3 0.50 0.50
Vitamin antibiotic mix 4 0.50 0.50

Total 100.00 100.00
1 G o s s y p o l  w a s  a d d e d  a t  t h e  r a t e  o f  5 .4 6  a n d  1 0 .9 2  

g / 1 8 . 2  k g  o f  d i e t  f o r  t h e  0 .0 3  a n d  0 .0 6 %  g o s s y p o l -  
s u p p l e m e n t e d  d ie t s .

2 C e r e lo s e ,  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 .
3 C o m p o s i t i o n  o f  t r a c e  m i n e r a l  s a l t :  ( i n  p e r  c e n t )  

s o d i u m  c h l o r i d e ,  9 7 .0 0 ;  z i n c ,  0 .8 0 0 ;  m a n g a n e s e ,  0 .4 0 0 ;  
i r o n ,  0 .3 3 0 ;  c o p p e r ,  0 .0 4 8 ;  c o b a l t ,  0 .0 2 2 ;  a n d  i o d i n e ,  
0.011.

4 V i t a m i n  a n d  a n t i b i o t i c  s u p p l e m e n t  p e r  k g  o f  
d i e t ;  ( i n  I U )  s t a b i l i z e d  v i t a m i n  A  p a l m i t a t e ,  2 2 0 0 ;  
v i t a m i n  D ,  1 1 0 0 ;  D L -a -t o c o p h e r o l ,  1 .1 ;  a n d  ( i n  m i l l i 
g r a m s )  r ib o f l a v i n ,  4 .4 ;  p a n t o t h e n i c  a c i d ,  1 0 .2 ;  n i a c i n ,  
2 2 .0 ;  c h o l i n e  c h l o r i d e ,  5 5 .1 ;  v i t a m i n  B 12 , 0 .0 2 2 ;  a n d  
o x y t e t r a c y c l i n e ,  0 .0 2 2 .

resulted in 4 groups of 3 pigs, individually 
fed, receiving gossypol-supplemented diets 
during each period, representing 2 levels 
of both gossypol and of protein per period. 
Due to limited facilities, only one pig was 
assigned to each of the gossypol-free diets 
per period. All pigs were fed at the rate 
of 5%  of their body weight per day.

After 2 weeks, the pigs assigned to the 
dietary treatments for the 2-week period 
were killed; and the remainder were killed 
after the 4-week period had elapsed. Sam
ples of blood were collected for the deter
mination of hemoglobin content and for 
the preparation of blood serum. The body 
tissues were examined for gross lesions. 
The following organ tissues and body fluids 
were collected to be analyzed for free and 
for bound gossypol: liver, heart, lungs, 
spleen, kidneys, diaphragm muscle, pan
creas, mesenteric lymph nodes, serum, and 
bile. The tissues were weighed and stored 
in plastic bags at —18° until removed for 
the preparation of the samples for the de
termination of dry matter, free and bound 
gossypol (8 ) . The fluids were stored in 
glass containers. The samples, after prep
aration for analysis, were stored at —18° 
in screw-capped glass jars.

Statistical analysis of the data for the 
effects of protein level, gossypol level, and

the length of feeding period on the accu
mulation of gossypol in the different or
gans was made according to a completely 
random design.

RESULTS AND DISCUSSION
The performance of the pigs was essen

tially normal; however, some of the pigs 
on either the high level of protein alone, 
or with added gossypol had slightly loose 
bowels. Food consumption was normal ex
cept for one pig fed the high gossypol- 
high protein diet, and that failed to con
sume the allowed amount for the last 5 
days of the 28-day period. The average 
daily gain for the pigs fed the gossypol-free 
diets was 0.55 kg for each period, and was 
0.50 and 0.55 kg for those fed the gos
sypol-supplemented diets for the 14 and 
the 28-day periods respectively. The hemo
globin ranged from 11.9 to 14.9 g /1 0 0  ml 
of blood for the pigs fed the gossypol-free 
diets and from 11.1 to 14.9 g /1 0 0  ml for 
those fed the gossypol-supplemented diets. 
These values are considered normal.

The amounts of free and of bound 
gossypol found in the various tissues are 
shown in table 2. Although a small 
amount of extraneous material was ex
tracted and measured as gossypol for some 
of the tissues from the pigs fed the gos
sypol-free diets, the amounts were insig
nificant except for the “apparent free 
gossypol” in the diaphragm muscle of two 
of the pigs. The extracts from the dia
phragm muscle of these 2 pigs had a pink
ish tint which interferred with the spectro- 
photometric determination. All the tissues 
analyzed from animals fed the gossypol- 
supplemented diets contained both free 
and bound gossypol. Of the tissues ana
lyzed, liver contained the highest level of 
both forms of gossypol, which observation 
is in accordance with results from a pre
vious study (11). Free gossypol was higher 
than bound in the liver, bile, and dia
phragm muscle, whereas the reverse was 
noted for the kidney, spleen, lymph nodes, 
lungs, and blood serum. The high level of 
bound gossypol in blood serum is in har
mony with data of Lyman et al. (1 2 ) who 
reported that gossypol readily reacts with 
blood plasma albumin and cottonseed pro
tein. The high level of free gossypol in the 
bile and the effect of free gossypol on the
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T A B L E  2

Mean gossypol content of organ tissues and body fluids of pigs

Gossypol content

Tissue 
or fluid

Gossypol
form

14% Protein 28% Protein
Dietary gossypol, % Dietary gossypol, %

0 .0 0 0 .0 3 0 .0 6 0 .0 0 0 .0 3 0 .0 6

¡1 9 / 9  dry matter of tissue fig/g dry matter of tissue
14-day Period

Liver F 1 6.4 170.9 249.8 14.4 137.5 217.8
B 3.2 133.3 234.7 7.2 94.1 165.1

Kidney F 0 40.0 70.0 0 36.8 49.6
B 0 49.5 108.4 0 35.8 69.4

Spleen F 4.4 22.1 27.2 7.0 15.9 19.8
B 6.5 38.9 68.0 8.2 25.8 48.3

Lymph nodes F 3.6 7.6 37.7 3.6 10.6 31.5
B 7.2 58.5 116.6 6.7 37.4 91.6

Lungs F 0 12.7 26.3 0 13.1 30.6
B 0 34.1 43.7 8.7 29.5 35.9

Heart F 3.5 27.9 48.2 4.7 18.6 31.4
B 4.3 23.3 38.5 6.2 23.0 33.8

Pancreas F 0.8 16.5 26.3 0.3 10.3 16.5
B 2.3 13.9 22.9 1.4 9.5 13.6

Diaphragm muscle F 24.5 20.3 35.9 11.0 20.8 26.9
B 9.1 24.5 29.4 8.4 14.3 20.0

Blood serum F 0 4.7 15.3 0 20.5 25.8
B 9.4 223.8 333.1 9.3 188.6 359.1

Bile F 100.3 253.9 333.7 0 258.7 291.7
B 9.5 35.1 43.2 11.5 53.5 43.4

28-day Period
Liver F 3.2 241.6 322.6 9.7 140.6 269.8

B 0 161.2 270.4 0 113.4 185.7
Kidney F 0 48.8 77.7 0 41.7 71.9

B 0 99.8 132.1 0 41.7 107.9
Spleen F 6.4 32.0 38.1 4.8 29.8 37.0

B 16.9 43.9 76.7 16.8 25.1 46.3
Lymph nodes F 0.7 23.1 35.8 3.1 14.5 26.2

B 5.8 69.2 141.9 7.5 48.6 82.8
Lungs F 0 21.8 35.4 4.0 20.1 22.8

B 7.7 38.5 56.4 4.0 31.3 40.3
Heart F 3.9 38.2 52.9 6.0 23.5 45.6

B 6.9 36.2 52.4 2.8 24.1 40.7
Pancreas F 0.5 14.3 25.2 0.0 8.1 16.1

B 1.0 18.0 26.3 3.0 9.5 2 0 . 0
Diaphragm muscle F 12.2 24.8 34.9 19.3 18.6 30.9

B 8.9 19.8 27.8 7.0 5.6 13.5
Blood serum F 0 42.8 46.3 0 15.4 19.7

B 6.3 299.4 378.8 4.7 170.5 301.3
Bile F 67.4 290.6 440.7 92.4 349.0 273.0

B 14.5 29.7 68.8 14.7 44.5 43.5
1 F = free gossypol, B r= bound gossypol.

gallbladder (1 3 ) suggest that bile is a me
dium for excretion of gossypol.

Statistical analysis of the data showed 
that the liver, heart, kidney, pancreas and 
diaphragm muscle from pigs fed the 28%  
protein gossypol-supplemented diets con
tained less free and bound gossypol (P <  
0 .01) than did corresponding organs from 
those pigs fed the 14% protein gossypol-

supplemented diets. Similar differences 
( P < 0 .0 1 )  were observed for the bound 
gossypol in the spleen, lymph nodes and 
lungs. Free gossypol in the spleens and 
lymph nodes of the 28%  protein-fed pigs 
was lower than that for the corresponding 
organs of pigs fed the 14% protein diets 
(P <  0 .05 ). A comparison of the effect of 
dietary gossypol showed that all organs
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from the pigs consuming the lower level 
contained less of free and of bound gos- 
sypol ( P < 0 .0 1 )  than did corresponding 
organs from pigs fed the higher level. A 
similar difference was noted for bound gos- 
sypol in serum. Greater concentrations 
(P <  0 .01) in free gossypol resulting from 
the longer periods of feeding were observed 
in the liver, kidney, heart, and spleen. 
Bound gossypol was higher for the longer 
feeding period in the liver and lungs (P 
<  0.05) and for the heart, kidney, pancreas 
and diaphragm muscle (P <  0 .01).

The level of free and of bound gossypol 
observed in the organs of the pigs used in 
this study show an inverse relationship 
with the dietary level of protein. These 
observations are in agreement with and 
are suggested as an explanation of results 
reported by Hale and Lyman (6 )  that gos
sypol was fatal to pigs at the 0 .03%  dietary 
level when the diets contained 15% pro
tein supplied by milo, cottonseed meal and 
soybean meal, but was not toxic when the 
dietary protein was increased to 30%  by 
substituting additional soybean meal for 
milo. In a study with rats, Cabell and 
Earl (7 )  showed that the toxic effects of
9.5 mg of free gossypol per day could be 
nullified by an increase of 50%  or more of 
a nitrogen intake of 160 mg /day supplied 
by either cottonseed meal or by a mixture 
of cottonseed meal and casein. They were 
not able to eliminate the effects of the
9.5 mg of gossypol by the addition, in pro
portions recommended by Steffie et al. (14), 
of 580 mg of essential amino acids to the 
cottonseed meal to supply a daily intake of 
160 mg of nitrogen. Conkerton and Framp- 
ton (1 5 ) reported that the number of free 
c-amino lysine groups of bovine serum 
albumen, egg albumen and cottonseed 
globulin was reduced when these products 
were reacted with gossypol. Baliga and 
Lyman (16) observed that gossypol reacted 
with purified cottonseed protein to form 
a complex, containing 3 .25%  bound gos
sypol, in which the apparent availability 
of the lysine was reduced from 82.9 to 
4 8 .7 % . These workers (1 2 ) carried out 
additional studies on reactions of gossypol 
with protein.

Smith et al. (1 7 ) have shown that gos
sypol bound to cottonseed (ether-extracted) 
soybean or peanut meals lowered the

growth-promoting properties of these prod
ucts when fed to weanling rats in diets 
having protein as the limiting dietary 
ingredient. It was found that glandless 
(gossypol-free) cottonseed meal shaken 
for 30 minutes with gossypol dissolved in 
0.1 n  NaOH under an atmosphere of nitro
gen contained 0 .39%  bound gossypol. Pure 
lysozyme reacted with gossypol, according 
to the procedure of Baliga and Lyman (16), 
contained 6%  bound gossypol, and the 
product was highly resistant to digestion 
by rats and to pepsin and trypsin in vitro. 
The literature cited and experimental data 
presented strongly support the hypothesis 
that the high level of protein is responsible 
for the lower content of gossypol in the 
organs of the pigs fed the 28%  protein 
diet, rather than an additional amount of 
some other component of the soybean 
meal. The high level of dietary protein 
may affect the accumulation of gossypol 
in the organs in 2 ways: (a )  by supplying 
a greater number of free e-amino groups 
with which the gossypol may combine in 
the digestive tract and then be excreted in 
the feces as bound gossypol, and (b ) by 
facilitating the metabolism and detoxifica
tion of the absorbed gossypol. However, 
the use of very high levels of protein 
as a means of eliminating gossypol tox
icity does not appear to be economically 
feasible.

Since this study was of short duration 
and the food consumption was normal, the 
gossypol in the organs varied with the 
level of gossypol in the diets as would be 
expected. Likewise, if gossypol is an ac
cumulative poison, the amount stored in 
the organs should vary with the length of 
the ingestion period as was found.

The duration of this study was not suffi
ciently long for the development of severe 
symptoms of gossypol toxicity (1 3 ) but 
was adequate for determining the effects 
of dietary levels of protein and of gossypol 
and the period of ingestion upon the accu
mulation of gossypol in the organs. The 
greater portion of the accumulated gos
sypol was present in the liver. Approxi
mately 40 to 45%  of the liver gossypol 
was in the bound form, probably in com
bination with the free e-amino groups of 
the proteins (1 2 ) . It appears likely that 
liver being the site of much enzyme ac
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tivity, some of the metabolic functions of 
this organ may be impaired. Moreover, 
the high affinity of gossypol for iron may 
cause interferences with enzymatic func
tions involving iron. The distribution of 
ingested gossypol as the free or the bound 
form in the livers of pigs is affected by the 
injection of iron dextran intramuscularly
(1 1 ) . The high levels of free gossypol 
observed in the bile as confirmed by ab
sorption spectra indicates that gossypol is 
eliminated from liver via the bile and 
hence may be either reabsorbed, combine 
with protein to be excreted as bound gos
sypol or as free gossypol. The latter is the 
probable explanation of the high levels of 
free gossypol in fecal samples (1 1 ) . The 
high level of bound gossypol in blood se
rum may interfere with the oxygen-carry
ing capacity of the blood as suggested by 
Menual (1 8 ) , thus putting an additional 
strain on the already over-taxed circulatory 
system as indicated by labored breathing, 
edema, and hypertrophy of the heart in 
the terminal stages of gossypol toxicity
(1 3 ). It is apparent that many aspects of 
gossypol toxicity need further study.
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Chromium Deficiency in Rats: A Syndrome Simulating 
Diabetes Mellitus with Retarded Growth * 1
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ABSTRACT Glucose metabolism was studied in rats with moderate chromium 
deficiency induced by a diet low (0.17 yg/g) in the metal in an environment exclud
ing airborne contaminants. Moderately hyperglycemic levels were observed in fasting 
serum o f 83% of adult and 46% of young rats. Glycosuria occurred in 54.6% of 
chromium-deficient, and in 10.3% of chromium (III)-supplemented rats (2 ppm in 
drinking water). Females were more susceptible than males to these disturbances of 
glucose metabolism. Growth was moderately enhanced in chromium-fed animals; 
30% of young rats of the third and fourth generations, bred without added chromium, 
grew slowly. Chromium-fed animals fed a diet of Torula yeast, sucrose and lard, 
deficient in vitamin E and with less chromium (0.1 yg/g),  had a lower mortality, 
weighed more, showed less glycosuria but higher levels of serum glucose than did 
those deficient in chromium; hepatic degeneration was partly delayed. When this
diet was supplemented with a-tocopherol, 
in other variables, remained. These data 
for normal glucose metabolism in rats.

Rats and mice given trivalent chromium 
in drinking water showed increased rates 
of growth, were larger at maturity (1 , 2 ) ,  
lived longer and were less susceptible to 
an epidemic infection (3 , 4 ) , than con
trols. Rats exhibited virtually no spontane
ous plaques in their aortas, unlike those 
not given chromium (5 ) . These effects 
occurred with a diet marginally deficient 
in available chromium and in an environ
ment as free of airborne chromium as pos
sible. Chemical analyses of whole em
bryonic and newborn rats demonstrated 
chromium, whereas little or none was de
tectable in the livers of their mothers (6 ) .

In 1959 Mertz and Schwarz (7 , 8) 
showed that rats raised with certain com
mercial diets and with one composed of 
Torula yeast, sucrose and lard exhibited 
low tolerances to ingested or injected glu
cose. This defect was restored to normal 
by traces of chromium (III). Furthermore, 
as chromium (III) markedly enhanced the 
incorporation of glucose into fat by insulin, 
this trace metal was considered necessary 
for the action of insulin at the cellular 
level (9 ) .

The rats studied by Mertz and Schwarz 
(7 , 8) did not exhibit glycosuria or ele
vated fasting levels of glucose in serum, 
and their deficiency of chromium was con-

the differences in serum glucose, but not 
indicate the necessity of chromium (III)

sidered marginal (1 0 ) . Later, however, 
Mertz et al. studied the chromium-defi
cient rats raised by Schroeder et al. (4 )  
for glucose uptake, finding that strict en
vironmental conditions, to exclude metallic 
contaminants, enhanced a deficiency mani
fest by much more severe depression of 
glucose tolerance which was restored to 
normal by chromium (III) salts (1 0 ). 
Glycosuria also occurred in some animals 
after an oral dose of glucose (4 ) . There
fore, glucose metabolism of such deficient 
rats was evaluated in an attempt to dis
cover whether a disorder simulating dia
betes mellitus in man could be produced 
in rats. Furthermore, as the rate of growth 
of young deficient rats appeared to be sup
pressed, the role of chromium as a trace 
element essential for optimal growth was 
re-evaluated.

MATERIAL AND METHODS
Rats of the Long-Evans strain were born 

in the low metal environment and raised 
with the low metal diet previously de
scribed ( 1 -4 ) ;  iron was added to food.

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 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 .  H E -0 5 0 7 6 ,  f r o m  t h e  N a t i o n a l  H e a r t  I n s t i t u t e ,  
U n it e d  S t a t e s  A r m y  C o n t r a c t  n o .  D A -2 5 9 5  a n d  C ib a  
P h a r m a c e u t i c a l  P r o d u c t s ,  I n c .

2 R e q u e s t s  f o r  r e p r in t s  s h o u l d  b e  s e n t  t o  9  B e lm o n t  
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Pregnant breeders obtained from the sup
plier 3 were isolated for one month in a 
separate room; electrostatically precipi
tated air under slight pressure was sup
plied to it and to the main laboratory, 
which is situated on a remote hilltop. The 
air intake was placed in a forest 80 m from 
the entrance to the laboratory to avoid dust 
and lead from motor vehicle exhausts.

The basic drinking water for all rats 
contained zinc, manganese, copper, cobalt 
and molybdenum ( 1 ) ;  to it were added 2 
ppm chromium (III) as the acetate for the 
controls. The basic diet of seed rye, dried 
skim milk and corn oil, with added vita
mins, contained 0.17 ug/g chromium. A 
more deficient diet of Torula yeast4 (30%  ), 
sucrose ( 5 9 % )  and vitamin E-free lard 
( 1 0 % )  with salt mixture and vitamins 
added ( 1 % ) ,  as recommended by Mertz 
and Schwarz (8 ) ,  contained 0.1 ug/g  
chromium; it was deficient in vitamin E. 
Chromium appears to be concentrated in 
lipids ( 6 ) ;  the preparation of a-tocopherol 
acetate 5 used had 0.39 ppm chromium, 
wet weight.

All animals except pregnant breeders 
were given the basic drinking water and 
the basic or Torula diet from the time of 
weaning. Chromium deficiency was in
duced as follows: 1) Nine male and 14 
female rats were maintained with the basic 
diet until approximately 300 days of age, 
their mothers’ having been fed the same 
diet without added chromium. 2 ) Twenty 
pregnant breeders obtained from the sup
plier were given the basic diet for 4 months 
ante- and postpartum. 3 ) Four genera
tions of rats were bred from males and fe
males fed the basic diet and maintained 
therewith without added chromium. 4 )  
As part of another experiment, 24 female 
weanlings were given the basic diet and 
5 ppm cadmium as the acetate in drinking 
water. Control animals were 52 male and 
54 female rats fed the basic diet with 2 
ppm chromium (III) added to drinking 
water and, as part of another experiment, 
7 males and 10 females fed the basic 
diet and chromium were given cadmium, 
nickel, lead, 5 ppm each, in drinking water. 
In addition, 10 deficient males of the fourth 
generation were given the chromium sup
plement from the age of 120 to 134 days.
5 ) Male rats numbering 84, bred from

animals not given chromium, were given 
the diet of Torula yeast; 36 were given sup
plements of a-tocopheryl acetate and 48 
were not; 18 of each group were not fed 
chromium and the remainder were given 
2 ppm in drinking water.

Glucose in serum was measured by a 
Berkeley Medical Instrument spectropho
tometer, using glucose oxidase (11) .  
Means of duplicate analyses were within 
2%  . Blood from animals fasting 18 hours 
was obtained from the tail of the warmed 
unanesthetized rat and centrifuged within 
one hour. Urine was assayed semi-quanti- 
tatively by test strips 6 on random samples 
from nonfasting rats; by this method glu
cose was estimated as 0 .2 5 % ,  0.25 to 
0.5%  and more than 0.5%  . Animals were 
weighed to the nearest 0.5 g at suitable 
intervals. Data were analyzed statistically 
by Student’s t or the chi-square tests.

RESULTS
Basic diet, serum glucose. In table 1 

are the fasting levels of serum glucose of 
mature rats with dietary chromium defi
ciency. Chromium-supplemented males ex
hibited higher values than did females, 
whereas deficient animals were similar in 
this respect. Differences in the means be
tween supplemented and nonsupplemented 
groups were significant. Mean levels of 
rats given cadmium, lead and nickel, as 
well as chromium, deviated little from 
those of other chromium-fed animals. 
Postpartum females fed the deficient diet 
for a short time had less hyperglycemia 
than did those maintained with the diet 
from the time of weaning.

The upper limits of normal serum glu
cose were estimated at 3 times the standard 
errors of the means added to the means of 
the supplemented controls. In males this 
level was 122 and in females 115 m g/100  
ml. Two deficient males had 125 and five, 
136-170 m g /100  ml glucose in serum; 
two had “normal” levels. Of deficient fe
males, 12 of 14 had 130 to 180 m g /100  
ml and two, “normal” levels. Therefore, a 
mixed population apparently existed 
among the deficient animals. Of the 20 
less deficient postpartum breeders, eight

3 B lu e  S p r u c e  F a r m s ,  I n c . ,  A l t a m o n t ,  N e w  Y o r k .
4 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 le v e la n d .
5 S e e  f o o t n o t e  4 .
6 C o m b i s t ix ,  A m e s  C o m p a n y ,  I n c . ,  E l k h a r t ,  I n d i a n a .
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TABLE 1
Fasting serum glucose levels of mature rats partly deficient in chromium, basic diet

Chromium-fed Chromium-deficient
P value 1No.

rats Age Glucose No.
rats Age Glucose

days mg/100 ml days mg/100 ml
Males

Mature 20 642 116.6 ±  1.7 2 9 300 137.2 ±  6.8 <  0.001
Same 11 718 106.5 ±3 .8 <  0.001
Cd, Pb, N i3 7 509 110.1±2.8 <  0.001

Females
Postpartum 4 20 250 111.1 ±  3.9 <  0.025
Mature 21 645 95.6± 6.5 14 5 310 138.5 ±  5.7 <  0.001
Cd, Pb, N i3 10 509 96.8 ±8 .8 <  0.001

1 Significance of difference of chromium-fed and chromium-deficient groups.2 Mean -t- sem .
3 Groups fed cadmium, lead and nickel (see text) for comparison.
4 Breeders fed chromium-sufficient diet before pregnancy, bred once.0 Bred three or more times.

TABLE 2
Fasting serum glucose levels of young rats of third and fourth generations 

raised without chromium supplement

Without glycosuria With glycosuria
P value 1No.

rats Age No.
rats Age

days mg/100 ml days mg/100 ml
Males

Third generation 9 95 62.6 ±6 .9  2 9 94 104.2 ±  6.5 <  0.001
5 120 92.2 ±5 .4

Fourth generation 10 125 125.0±4.1 3 12 120 120.0 ±  4.8 4 ns
6 115 120.2 ±  4.0 ns

Females
Third generation 13 96 99.0 ±7 .2 13 95 125.1 ±8 .3  5 <  0.025

18 138 93.4 ±2 .9 11 93 127.2±4.0 6 <  0.001
Fourth generation 10 125 122.6 ±3 .3 8 127 115.8 ±  1.8 ns
Cadmium-fed 24 102 137.3± 3.0 6 <  0.001

1 S i g n i f i c a n c e  o f  d i f f e r e n c e  f r o m  c o m p a r a b l e  g r o u p  w i t h o u t  g l y c o s u r ia .
2 M e a n  +  sem .
3 D i f f e r s  f r o m  m e a n  o f  m a t u r e  s u p p l e m e n t e d  g r o u p ,  P  <  0 .0 2 5 .
4 W h e n  t h e  r a t s  w e r e  f e d  c h r o m i u m  s u p p l e m e n t  ( 2  p p m  i n  w a t e r )  f o r  1 3  d a y s ,  m e a n  l e v e l  w a s  

1 0 5 .5  ±  3 .5  m g / 1 0 0  m l  ( P  <  0 . 0 2 5 ) .
5 D i f f e r s  f r o m  m e a n  o f  m a t u r e  s u p p l e m e n t e d  g r o u p  P  <  0 .0 0 5 .
6 D i f f e r s  f r o m  m e a n  o f  m a t u r e  s u p p l e m e n t e d  g r o u p  P  <  0 .0 0 1 .

were hyperglycemic according to these 
criteria, with only three having levels 
above 130 m g /100  ml.

Table 2 shows mean serum glucose 
levels in young rats of the third and fourth 
generations without chromium supple
mentation, divided as to whether or not 
glycosuria was found. Fasting values were 
higher in third generation animals with 
glycosuria than without; this difference 
was not evident in the fourth generation. 
Only the females showed significantly 
higher mean values than mature chro

mium-fed animals (P <  0 .005). There 
were 20 of 51 males and 27 of 73 females 
with hyperglycemia according to standards 
for mature animals. Of the 24 deficient fe
males given cadmium, 23 had glucose 
levels above 118 and 16 levels of 130 to 
170 m g/100  ml.

Glycosuria. The number of rats ex
hibiting some degree of glycosuria is given 
in table 3. This observation was more fre
quent in young chromium-deficient ani
mals than in older ones (P <  0 .025). Only 
9 of 87 supplemented animals had glucose
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in random specimens of urine, whereas 
101 of the 185 deficient rats showed it. 
Glycosuria, when present, was usually at 
the 0 .25%  level; in 14 cases it was greater.

Growth. The growth rates of rats mar
ginally deficient in chromium are shown in 
table 4, compared with those partly re
ported in a previous study (2 )  given 5 
ppm and a new series given 2 ppm. The 
differences are significant, 2 ppm chro
mium in drinking water providing the

same increase in males as 5 ppm. Females 
given the higher doses of chromium 
weighed somewhat less than those given 
the lower dose. Male rats given supple
ments of chromium weighed 25.4%  more 
at 60 days of age, 14.6% more at 90 days 
of age and 11.2% more at one year, than did 
chromium-deficient animals. Female rats 
given supplements of chromium weighed 
2 0 .1 % ,  13.4% and 12.1% more than de
ficient animals in these same intervals.

T A B L E  3

Glucose in random specimens of urine of rats deficient in chromium 1

C h r o m i u m - f e d  C h r o m i u m - d e f i c i e n t

No.
rats

No.
positive

%
positive

No.
rats

No.
positive positive

Males
Mature 49 3 20 6
Third generation 23 12
Fourth generation 34 20

Totals 49 3 2 6.1 77 38 2 49.4

Females
Mature 38 6 7 3
Third generation 55 32
Fourth generation 22 12
Cadmium-fed 24 16

Totals 38 6 2 15.8 108 63 2 58.2
1 A g e s  o f  m a t u r e  r a t s  a r e  s h o w n  i n  t a b le  1 ;  t h i r d  a n d  f o u r t h  g e n e r a t i o n  r a t s  w e r e  9 0 - 1 2 0  d a y s  

o f  a g e ;  c a d m i u m - f e d  f e m a l e s  w e r e  1 0 2  d a y s  o f  a g e .
2 D i f f e r e n c e  f r o m  c h r o m i u m - f e d  g r o u p  b y  c h i - s q u a r e  a n a ly s i s ,  P  <  0 .0 0 0 5 .

T A B L E  4

Weight of rats fed chromium

Days 
of age No Cr P value 1 2 ppm Cr P value 2 5 ppm Cr P value 3

60

9

144 ± 4 .5  5 <  0.001

g
Males 4 

193 ±  7.9 ~  0.005

9

168 ±3 .5 < 0.001
90 221 ±7 .5 <  0.001 259 ±  8.3 ns 6 261 ±5 .3 < 0.001

120 277 ±9 .1 <  0.005 314 ±  8.3 ns 301 ±5 .3 < 0.025
150 308 ±8 .4 <  0.005 347 ±  8.6 ns 333 ±6 .4 < 0.025
180 329 ±6 .3 <  0.001 365 ±  7.1 ns 359 ±6 .9 < 0.001
360 388 ±8 .2 <  0.005 437 ±12.3 ns 441 ±6 .5 < 0.001

60 119 ±  3.9 <  0.001
Females 4 

149 ±  3.2 <  0.001 131 ±  3.8 < 0.025
90 167±3.4 <  0.001 193 ±  4.0 ns 183 ±  4.9 ns

120 195 ±  3.5 <  0.001 222 ±  3.2 <  0.01 207 ±  5.0 < 0.01
150 209 ±2 .1 <  0.001 237±  3.2 <  0.025 220 ±6 .2 < 0.01
180 220 ±2 .9 <  0.001 248 ±  4.2 <  0.01 229 ±5 .4 ns
360 239 ±  3.9 <  0.001 272 ±  3.6 <  0.025 257 ±  5.9 — 0.01
1 S i g n i f i c a n c e  o f  d i f f e r e n c e ,  a c c o r d i n g  t o  S t u d e n t ’ s  t ,  b e t w e e n  c o n t r o l  a n d  2  p p m .
2 S i g n i f i c a n c e  o f  d i f f e r e n c e  b e t w e e n  2  p p m  a n d  5  p p m .
3 S i g n i f i c a n c e  o f  d i f f e r e n c e  b e t w e e n  c o n t r o l  a n d  5 p p m .
4 T h e r e  w e r e  5 2 —5 4  r a t s  i n  e a c h  o f  t h e  6  g r o u p s .
5 G r a m s  ±  sem .
6 N o t  s i g n i f i c a n t  ( P  >  0 . 0 5 ) .
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Therefore, the proportionate retardation of 
growth of the deficient rats was greatest 
at young ages.

Slow initial rates of growth were also 
observed among some rats of the third and 
fourth generations raised without chro
mium. At 60 days of age, 13 of 36 males 
and 25 of 91 females weighed 110 to 120 
g, compared with 193 ±  7.9 for males and 
149 ±  3.2 for females supplemented with 
chromium. Growth then became more 
rapid.7 Chromium-deficient male rats show
ing glycosuria weighed 185 ±  6.7 g at 90 
days and 208 ± 8 .7  g at 102 days of age, 
compared with 197 ±  9.0 and 261 ±  11.5, 
respectively, for those without glycosuria 
(102 days, P <  0 .005). Differences in 
weights between females with and without 
glycosuria, however, were not significant, 
although they weighed less than did chro
mium-fed animals (P <  0.05 to <  0 .005).

Longevity and mortality. Some data 
additional to that previously reported (4 )  
has accumulated on longevity of chro
mium-fed rats. The two oldest males died 
at the ages of 1344 and 1455 days,8 com

pared with the two longest-lived deficient 
animals, at 1185 and 1154 days of age. 
Mean ages at death of the five oldest chro
mium-fed males (of 52) was 1281 ±  54 
days; of the oldest deficient males (of 52) 
1141 ±  14 days (P <  0 .025), a mean dif
ference of 4.7 months, or an increase of 
12.3% in the chromium-fed group. Mean 
ages of the five oldest females of each 
group at death were 1293 ±  14 and 1292 ±  
42 days, respectively. Median life-spans of 
these rats, however, were not affected by 
chromium (4 ) . The degree of chromium 
deficiency produced by the basic diet also 
did not affect the incidence of cannibal
ism of dead animals (1 7 %  vs. 9%  for 
chromium-fed rats), nor did it influence 
the incidences of mortality during the first 
year of life, which were negligible.

7 T h is  p h e n o m e n o n  w a s  a l s o  o b s e r v e d  p r e v i o u s ly  
( 2 ) ,  a t  a  t im e  w h e n  w e  w e r e  n o t  a w a r e  t h a t  th e  
b a s i c  d ie t  w a s  m a r g i n a l l y  d e f i c i e n t  i n  c h r o m iu m .  
Y o u n g  m a l e  r a t s  g r e w  8 0 .7 %  a s  r a p i d l y  i n  t h e  f ir s t  
2  m o n t h s  o f  l i f e  a s  d i d  t h o s e  g i v e n  c h r o m i u m ;  y o u n g  
f e m a le s  8 7 . 4 % .  D u r in g  t h e  n e x t  2  m o n t h s  r a t e s  
s l ig h t l y  e x c e e d e d  t h o s e  o f  c h r o m i u m - f e d  a n im a ls .

8 T o  o u r  k n o w l e d g e ,  n o  la b o r a t o r y  r a t  h a s  b e e n  
r e p o r t e d  t o  h a v e  l i v e d  t o  t h i s  a g e ,  j u s t  s h o r t  o f  4  y e a r s .

T A B L E  5

Effects of chromium on male rats receiving Torula yeast diet with and 
without added vitamin E

Chromium-supplemented Chromium-deficient
P value 1No.

tested or 
surviving

Variable
No.

tested or 
surviving

Variable

Vitamin E-deficient group
No. of rats 30 18

Serum glucose, m g /100 ml 19 108.9 ±  4.0 4 84.0 ±  13.9 <  0.02

Glycosuria, % , 60 days 18 5.5 10 80 <  0.0005

Weight, g, 60 days 30 109.6 ±5.1 11 93.0 ±  3.2 <  0.05
90 days 22 134.0 ±  9.0 4 93.0 ±  3.0 <  0.025

120 days 18 139.9 ±  9.0 1 86.0 <  0.005

Mortality, % , 120 days 40.0 94.4 <  0.001

Vitamin E-supplemented group
No. of rats 18 18

Serum glucose, mg/100 ml 12 95.8 ±3 .8 12 72.5 ±  4.5 <  0.001

Glycosuria, % , 60 days 18 83.3 16 93.8 ns 2

Weight, g, 60 days 18 77.2 ±3 .9 16 80.7 ±  2.2 ns
90 days 18 106.8 ±4 .1 16 110.3 ±  2.7 ns

120 days 18 131.2 ±  5.0 16 133.7 ±  2.1 ns

Mortality, % , 120 days 0 11.1 ns

1 S i g n i f i c a n c e  o f  d i f f e r e n c e  b e t w e e n  t h e  2  g r o u p s .
2 N o t  s ig n i f i c a n t .
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Torula diet. Some effects of chromium 
supplementation on male rats receiving 
the diet of Torula yeast, lard and sucrose 
are indicated in table 5. The rats deficient 
in both vitamin E and chromium exhibited 
markedly delayed growth, low serum glu
cose levels, glycosuria and a high mortality, 
all of 18 having died at 128 days, 17 at 
120 days, 14 at 90 days and 7 at 60 days 
of age. Those supplemented with chro
mium grew significantly better, had little 
glycosuria, higher serum glucose levels 
and less mortality, all of 30 being alive at 
60 days, 22 at 90 days, 18 at 120 days and 
12 at 225 days of age (P <  0 .001). Five 
of 19 of these rats were hyperglycemic. At 
death all animals showed varying degrees 
of hepatic degeneration which was less 
severe in the chromium-fed group.

When the diet was supplemented with 
vitamin E, effects of chromium on body 
weight, glycosuria and mortality were not 
evident. Growth rates, although depressed, 
were similar in both groups. Differences 
in glucose metabolism, however, appeared, 
the chromium-deficient animals having 
lower levels than the chromium-supple
mented.

DISCUSSION
When precautions were taken to ex

clude airborne chromium from the animal 
quarters, and rats were given a diet low 
in chromium from the time of weaning, 
hyperglycemia and glycosuria appeared in 
a majority of mature animals, associated 
with some retardation of growth. The de
gree of chromium deficiency produced by 
this regimen, however, was moderate. The 
highest serum glucose levels were 170 to 
180 m g /100 ml, and the disturbance of 
glucose metabolism could hardly be termed 
“severe.” Lesser degrees of hyperglycemia 
occurred in mature pregnant females ob
tained elsewhere, given the low chromium 
diet for shorter periods and tested post
partum; presumably they had been raised 
with an adequate diet. Male rats were less 
susceptible to abnormal glucose metabo
lism induced by diet than were females.

Based on the criteria of hyperglycemia, 
glycosuria and retarded growth, some 
young rats raised for 4 generations in 
our laboratory without chromium sup
plementation appeared to have a more

severe degree of deficiency, especially those 
exhibiting glycosuria. Hyperglycemia, 
however, was not as pronounced in the 
males as in the females, although retarda
tion of growth was greater.

An attempt to produce greater degrees 
of chromium deficiency by giving male rats 
a diet of Torula yeast, sucrose and vita
min E-free lard, resulted in stunted growth, 
whether or not vitamin E was added. 
When hepatic degeneration or necrosis 
secondary to vitamin-E deficiency was in
duced, glycosuria without hyperglycemia 
occurred in the chromium-deficient ani
mals, associated with cessation of growth 
and a high mortality. In them distur
bances of glucose metabolism were prob
ably consequent to the severe disease of 
the liver present. When vitamin E-defi
cient animals were given chromium (III), 
however, growth continued slowly, there 
was little glycosuria, serum glucose levels 
were higher, mortality was considerably 
lower and livers, although grossly abnor
mal, were less seriously affected. There
fore, the relationship of chromium (III) to 
vitamin E deserves study. Male rats sup
plemented with vitamin E exhibited glyco
suria whether or not chromium was fed, 
possibly as a result of the sucrose in the 
diet. The low serum glucose levels in those 
deficient in chromium are unexplained. 
This diet was undoubtedly deficient in 
other nutrients, possibly sulfur-containing 
amino acids, as judged by the retarded 
rates of growth.

That chromium is a factor for increased 
growth rates for mice (1 )  and rats (2 )  is 
confirmed by the data here presented. In 
mice unpublished observations on a second 
series have shown consistent and signifi
cant (P <  0 .005) increases in weights of 
animals given chromium, from 7.7%  at 
60 days of age to 21.3%  at 360 days of 
age. That some of the tissues of deficient 
animals were low in chromium by chem
ical analyses has been reported (3 , 4 ) . 
The characteristic renal lesions of human 
diabetes mellitus, however, have not been 
detected on microscopic examination of 
tissues.

The evidence that chromium (III) may 
be an essential trace metal for rats is based 
on marginal or moderate states of defi
ciency. To this point, a diet completely
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free of chromium, but containing all of 
the other necessary dietary factors, has 
not been found. Although the strictest 
criteria for essentiality of a micronutrient, 
failure of growth and survival of totally 
deficient animals, have not been fulfilled, 
the difficulty of preparing a diet free of 
this ubiquitous lipotropic metal may re
tard this experiment for some time.

To my knowledge, the present experi
ments are the first to demonstrate in rats 
a disturbed glucose metabolism simulating 
that of mild adult-onset diabetes mellitus 
of man as a deficiency disease.9 Applica
tions to the human disorder are war
ranted.10
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