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ABSTRACT  The effects o f glucose and lactose upon calcium  absorption in  rats 
were investigated using the inverted gut sac technique w ith Ca45. In w eanling anim als 
calcium  transport was stim ulated by lactose both in  the duodenum  where calcium  is 
absorbed against a concentration gradient and in  the lower intestine where absorption 
is by passive diffusion. The ability of lactose to stim ulate transport was lost as the 
anim als becam e older, and w as not clearly demonstrable after the anim als were 6 
w eeks of age. The active transport o f calcium  against a concentration gradient in  
the upper intestine is  partially dependent upon the am ount of calcium  in  the diet the 
anim als receive. Only a slight and insign ificant effect o f dietary calcium  upon calcium  
transport in  the lower intestine could be shown.

A considerable body of evidence relates 
lactose consum ption to calcium absorption 
and metabolism. In  D uncans review in 
1955, (1 )  she discusses papers related to 
the prevention of parathyroid tetany with 
lactose; the prevention of, or partial pro­
tection from, rickets by lactose; increases 
in  bone m ineral with lactose feeding; and 
the treatm ent of milk fever by udder in ­
flation. The latter effect m ight in  part be 
due to elevation of blood lactose. The ex­
planation most often given for the effect 
upon calcium metabolism is th a t the lac­
tose is slowly absorbed, resulting in  a gas­
trointestinal flora which lowers the pH 
within the gut (1 , 2 ). However, all studies 
are not consistent with this hypothesis (3 ) . 
The form ation of soluble non-ionized com­
pounds or complexes has been proposed as 
a m echanism , the most recent evidence for 
their form ation being that of Charley and 
Saltm an (4 ) . Others, especially Fournier 
(5 -8 )  have postulated th a t lactose has a 
structural role and the effect upon calcium 
m ay be at the level of the bone cell.

In  recent papers Lengem ann et al. (9 )  
confirmed the effect of lactose upon ab­
sorption utilizing the absorption of Ca45 
from isolated gut loops in vivo. This effect 
was attributed to the slow absorption of 
lactose. Similarly, Vaughan and Filer ( 10) 
showed th a t m any sugars promoted cal­
cium absorption in  the lower end of the 
gut. They concluded tha t the effect of lac­
tose could be explained by slow absorption, 
thus providing effective sugars lower in  the 
intestinal tract. No specific effect of lac­

tose upon calcium absorption could be 
shown.

The recent studies of Schachter et al. (11,
12) and H arrison and H arrison (1 2 ) have 
shown tha t in  the ra t, calcium  can be 
tranported against a concentration grad­
ient only in  the first few centim eters of the 
intestine. In  m ost of the intestine the ab­
sorption of calcium is apparently by dif­
fusion (1 3 ). The utilization of the everted 
gut sac technique of Wilson and W iseman
(1 4 ) provides more effective control of ex­
perim ental conditions, albeit under some­
w hat less physiological conditions, th an  in  
vivo techniques. The data reported here, 
utilizing the everted gut sacs, apparently 
dem onstrate an effect of lactose upon the 
passage of calcium through the wall of the 
intestinal tract. This effect could only be 
shown in quite young animals.

EXPERIMENTAL
Male weanling ra ts  of the Holtzman 

strain were used and received either a low 
or high calcium diet. The low calcium 
diet was of the following percentage com­
position: casein, 18; glucose, 62.9; Ca-free 
salt m ixture,3 2.5; hydrogenated cottonseed
oil,4 9.5; cellulose,5 5: vitam in m ixture, * 1

R ece ived  fo r  p u b lic a tio n  S ep tem b e r 3, 1963.
1 T h is  re s e a rc h  w as  su p p o rte d  by  g ra n t  5-K6-AM- 

18,455-02 fro m  th e  N a tio n a l  In s t i tu te s  o f H e a lth ,  U. S. 
P u b lic  H e a lth  Serv ices, th e  N u tr i t io n  F o u n d a tio n , N ew  
Y ork , a n d  th e  F u n d  fo r  R ese a rch  a n d  T e a c h in g , D e­
p a r tm e n t  o f N u tr i t io n , H a rv a rd  S chool o f P u b lic  
H ea lth .

2 O n le av e  f ro m  th e  D iv is io n  o f H om e E co n o m ics , 
U n iv e rs ity  o f  W yom ing , L a ra m ie , W yom ing .

:3 Jo n es  a n d  F o s te r (1 4 )  s a lt  m ix tu re .
4 Spry , P ro c te r  a n d  G am b le  C om p an y , C in c in n a ti .
5 C ellu  F lo u r , C h icago  D ie te tic  S u pp ly  H o u se , C h i­

cago.
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0.3s; cystine, 0.3; choline chloride, 0.3; and 
cod liver oil, 0.5. Calcium carbonate was 
added to the diet at a 0.2% level of cal­
cium. The high calcium  diet contained the 
same ingredients as that of group 1 except 
th a t calcium carbonate was added to the 
diet at a 1% level of calcium. The anim als 
were placed in  separate cages and water 
and food were supplied ad libitum  when re­
ceived and were studied at intervals there­
after. Food was removed from  the cage 
the afternoon before the anim als were de­
capitated.

In  the studies on active transport, the 
first 3 to 4 cm of the intestine just distal to 
the pylorus were removed, everted and 
filled with Rrebs-Ringer bicarbonate solu­
tion modified to contain either lactose or 
glucose (0.2 m )  and 1 X 10“4m  calcium 
chloride. Each milliliter contained approxi­
m ately 0.01 uc of Ca45. The sacs were in ­
cubated in  3 ml of the same solution for
1.5 hours in  the Dubnoff shaker at 37°C. 
The gas phase was 95% Oz— 5% C 02. For 
the studies lower in  the gut, where active 
transport cannot be shown, the procedure 
was sim ilar except that Ca45 was not added 
to the m edia used to fill the sacs and the 
sacs were incubated in  4 ml of solution. 
Sacs approximately 6-cm long were used. 
These were prepared from  3 different 
areas of the gut beginning approximately 
one-sixth, one-half and two-thirds of the 
length of the total intestine. In any study 
2 adjacent sacs were compared, one with 
lactose and one with glucose in  the m e­
dium, the order being varied from  day to 
day. After incubation the contents of the 
sac were collected, the empty weight of the

sac determined, and the Ca45 concentration 
of the contents determined. Active tran s­
port was recorded as the ratio of the con­
centration of Ca45 inside and outside of 
the sac. Rate of diffusion was calculated 
as the counts transferred per gram  of 
tissue.

Differences between the active tran s­
port of anim al pairs killed the same day 
were evaluated statistically by the t test. 
In evaluating the effects of lactose and 
glucose on passive transport, differences 
between adjacent sacs were used.

RESULTS AND DISCUSSION
As Schachter et al. (1 1 ) and Harrison 

and Harrison (1 3 ) have shown, transport 
of calcium against a concentration grad­
ient can only be dem onstrated in  the most 
proximal portions of the gut of the rat. In 
the rem ainder of the intestine the process 
appears to have the characteristics of pas­
sive diffusion (1 3 ). Both processes are ap­
parently stim ulated by vitam in D.

The data upon active transport in  the 
first 3 to 4 cm of the duodenum  are shown 
in  table 1. In very young anim als, the 
transport was slightly, and probably signifi­
cantly, stim ulated by lactose as compared 
with glucose ( P < 0 .0 5 ) .  The ability to 
utilize lactose is rapidly lost so tha t ani­
m als 6 or more weeks old concentrate very 
little calcium in the lactose medium. It is 
known that the transport process requires 
energy; th a t the young anim al has con­
siderable lactase activity in  the intestinal

6 T h iam in e-H C 1 , 200 m g ; r ib o flav in , 400 m g ; pyri- 
d o x in e -H C l, 200 m g ; C a p a n to th e n a te ,  1250 m g ; 
n ia c in a m id e , 2000 m g ; fo lic  a c id , 50 m g ; b io tin , 10 
m g ; v i ta m in  B12, 7.5 m g ; a n d  m e n a d io n e , 5 m g  m ix e d  
w ith  250 g o f g lucose.

TA B LE 1
Effect of lactose on active intestinal transport of calcium 1

C alc iu m  tra n s p o r t

Age Body
w e ig h t

No. o f 
ra ts

/  c o u n ts  se ro sa l m e d ia  \  
\  c o u n ts  m u c o sa l m e d ia /

Low  c a lc iu m  d ie t H ig h  c a lc iu m  d ie t

L ac tose G lucose L actose G lucose
weeks

3 - 4
6 - 8

g
45 -7 0

150-250
1 1

6
3 .6  ±  0.15a 
1 .4 ± 0 .1 3 '

3.0 ± 0 .2»  
3 .7 ± 0 .1 4 d 1 .5 ± 0 .1 5 e 2.7 ± 0 .2 '

1 G u t sacs  p re p a re d  f ro m  th e  f ir s t 3 to  4  cm  o f th e  d u o d e n u m , 
a  >  b P  <  0.05.
c <  d P  <  0.01. 
d >  f  P  <  0.02.
c a n d  e n o t  s ig n if ic a n tly  d iffe ren t.
2 SE.
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TABLE 2
Effect of lactose on pass ive  intestinal transport of calc ium  1

C a t r a n s p o r t

Age Body
weight

Low calcium diet High calcium diet
No. of 

animals Lactose Glucose No. of 
animals Lactose Glucose

weeks 9 count/min x 10~3/g tissue count/min x 10 ~3/ g tissue
3 -4 4 5 -7 0 8 16.2a 12.7b
5 -6 100-150 6 14.4» 12.3d 6 14.6 16.1
6 -8 150-250 8 9.8 9.3 8 8.2 7.9
1 G u t sacs  p re p a re d  fro m  th e  m id d le  p o rtio n  o f th e  in te s tin e , 
a  >  b P  = 0 .01; s e  of d iffe ren c e  = 1.4. 
c >  d  P  = 0 .01; s e  o f d iffe ren c e  = 0.51.
D iffe ren ces  b e tw ee n  o th e r  g ro u p s  n o t s ta t is t ic a lly  s ig n ific a n t.

mucosa; and that this is rapidly lost as 
the anim al ages (1 , 2 ). It appears likely 
tha t the hydrolysis of lactose in  the young 
anim al would perm it lactose to m eet the 
energy requirem ents, but that this is not 
possible in  older anim als. However, the 
enhanced activity in the presence of lactose 
as com pared w ith glucose would indicate 
an additional effect of lactose on the trans­
port m echanism.

High calcium  diets were not studied in 
the youngest anim als since they were killed 
within the first week after receipt in  the 
laboratory. The results obtained with older 
anim als (table 2 ) confirm those of Dowdle 
et al. (1 6 ) . The decreased transport in  
anim als fed high calcium diets is appar­
ently an  adaptive m echanism  reflecting 
decreased need. N othing is known of the 
m echanism  involved.

Passive transport in  the lower sections 
of the gut apparently does not require 
energy (1 3 ). The effect of lactose com­
pared with glucose in  young anim als ap­
pears quite clear-cut and was gradually lost 
with age. No effect of the am ount of cal­
cium in the diet upon this process was 
dem onstrated. The passive transport of 
calcium does not appear to be uniform  
along the length of the intestine as shown 
in figure 1. Comparing segments from 
comparable anim als at various levels in  the 
gut, there was evidence of increased trans­
port toward the distal end. In  studies upon 
transport, such differences m ust be con­
sidered, and we have used alternate sec­
tions with glucose and lactose and with the 
order changed in  different animals. These 
differences m ay also be of some signifi­
cance in  in  vivo studies upon calcium ab­
sorption.

Fig. 1 Calcium  transfer by the sm all intestine  
of young rats. Segm ent 1 (not show n) represents 
the proxim al portion of the intestine where cal­
cium  is transported against a concentration grad­
ient. Segm ents II, III, and IV were taken at ap­
proxim ately one-third, one-half and two-thirds the 
length  of the intestine. D ata reported are counts 
per m inute X 10-3 of Ca45 appearing in  the everted 
gut sa c /g  of intestine.
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Effects of Dietary Creatine and Related Compounds 
on Tissue Glycogen Deposition in Rats* 1'2
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ABSTRACT  Rats fed  a purified diet containing added glycine m aintain liver glyco­
gen at a higher level follow ing cold water sw im m ing stress than rats fed the diet 
without glycine. Following recovery from  the stress the glycine-fed anim als deposit, and 
the control-fed rats lose liver glycogen. Ingestion of either diet containing one per cent 
added creatine abolishes this “glycine effect” and liver glycogen levels before the 
stress are less than one-half those observed in  anim als prefed the diets w ithout sup­
plem ental creatine. The ingestion of N-m ethyl glycine, N ,N-dim ethyl glycine or 
guanido acetic acid in  the diets rather than creatine leads to sim ilar results. However, 
creatinine ingestion inhibits the “glycine effect” but does not lower the pre-stress liver 
glycogen level. It is assum ed that creatine and some related com pounds inh ib it the 
increased gluconeogenesis brought about by glycine feeding follow ed by stress, and 
also inh ib it som e step in  the deposition of liver glycogen in  the absence of stress.

Creatine, as a dietary supplement, has 
been studied in  several species of anim als 
and with respect to various biological 
actions. Baby pigs fed a diet supplem ented 
with creatine showed no im provem ent in 
growth rate and no increase in  either m us­
cle size or creatine content (1 ) . Paren­
teral adm inistration of creatine to suckling 
pigs resulted in  neither growth improve­
m ent nor increased muscle creatine levels
(2 ) . A linear increase in  muscle creatine 
and a slight acceleration of growth was 
observed in chicks fed a diet supplemented 
with creatine (3 ) . In ra ts (4, 5) and in  
chicks (6 ) ,  dietary creatine depressed kid­
ney transam idinase activity. The activity 
of this enzyme in the kidney was suggested 
as a controlling m echanism  for creatine 
biosynthesis (4, 7 ). Other workers (8 ) 
observed no effect of previous creatine 
feeding on the ability of the isolated per­
fused ra t liver to synthesize creatine. In 
mice, kidney transam idinase activity was 
depressed after ingesting a creatine-con­
taining diet and the depression was re ­
moved after the anim als were fed the diet 
to which glycine had been added (9 ).

In another connection it has been ob­
served in  our laboratory tha t creatine in ­
gestion by rats resulted in  a m arked effect 
on carbohydrate metabolism under the 
specific experim ental conditions used.

Previous work dem onstrated that rats 
pre-fed a diet containing added glycine

m aintained carbohydrate reserves at a 
higher level than  rats fed the diet without 
added glycine following the stress of a 
24-hour fast (1 0 ) or the stress of a large 
dose of insulin  (1 1 ). Results of analysis 
of m ajor tissues for free and combined 
glycine established that insufficient free 
glycine was present for the extra glycogen 
of glycine fed rats to have been formed 
through direct conversion of the amino 
acid (1 2 ). During fasting in  rats pre-fed 
the glycine diet, the net negative nitrogen 
balance was of such a m agnitude as to 
constitute corroboration for earlier postu­
lates (10, 12) tha t glycine feeding followed 
by stress resulted in  increased gluconeo­
genesis, probably through an effect on the 
adrenal cortex, since the effect could not 
be dem onstrated in adrenalectomized rats
n o ) .

Following the stress of cold w ater swim­
ming, ra ts pre-fed the glycine diet showed 
higher liver glycogen levels than  the con­
trol-fed animals. During recovery follow­
ing the stress the glycine-fed ra ts dem on­
strated a marked redeposition of liver

R ece iv ed  fo r  p u b lic a tio n  O c tober 7, 1963.
1 T h is  in v e s t ig a tio n  w a s  su p p o rte d  in  p a r t  by  th e  

U. S. A ir F o rce  u n d e r  c o n tra c t  no. 4 1 (6 5 7 )-3 2 7 , m o n i­
to re d  by  th e  A rc tic  A ero m ed ica l L a b o ra to ry , L a d d  A ir 
F o rce  B ase , A PO  731, S ea ttle , W a s h in g to n  a n d  by  a 
P .H .S . re s e a rc h  g ra n t,  A 4336, N a t io n a l  In s t i tu te  o f 
A rth r it is  a n d  M etab o lic  D iseases , P u b lic  H e a lth  
Service.

2 A p re lim in a ry  re p o r t  w a s  p re s e n te d  a t  th e  P ac ific  
S lope B io ch em ica l C o n fe ren ce  in  S ea ttle , S ep tem b er, 
1962.
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glycogen, whereas those pre-fed the control 
diet showed no increase (1 3 ). This extra 
carbohydrate synthesis following stress in 
glycine-fed anim als, has been termed the 
“glycine effect.” Adrenalectomized rats did 
not dem onstrate the “glycine effect” after 
cold w ater swimming stress unless replace­
m ent therapy (cortisol) was instituted (14).

The present report deals with experi­
m ents showing that the ingestion of crea­
tine under the conditions used abolished 
the “glycine effect.” Furtherm ore, the in i­
tial levels of liver glycogen (previous to 
swim stress) were less than  one-half those 
of anim als pre-fed the same diet without 
creatine. The ingestion of the diet supple­
m ented by any one of several compounds 
related to creatine and thus to glycine af­
forded somewhat sim ilar results.

EXPERIMENTAL PROCEDURE
Animals. Sprague-Dawley strain  rats 

of 150 to 200 g were used.
Diets and feeding. Two basic diets 

with the following compositions were used. 
Control ration: (in  per cent) casein, 16; 
salt m ixture,3 5; brewer’s yeast,4 10; cod 
liver oil, 2; cottonseed oil, 5; white corn 
dextrin, 54; and glucose, 8. Glycine ration: 
10% of the dextrin of the control diet was 
replaced by an equal weight of glycine. 
These 2 diets were used in  this form and 
after supplem entation with 1% creatine, 
creatinine, N-methyl glycine, N,N-dimethyl 
glycine or guanidoacetic acid.

At the start of an experim ent, rats were 
removed from the laboratory chow5 6 * and 
fed the control diet for 24 hours to accus­
tom them  to purified rations. Some of the 
anim als were m aintained with this diet, 
and others were changed to one of the 
other diets for an additional 24 hours. At 
this time the final m eal was given as a 
slurry by stom ach tube as described previ­
ously (1 3 ) in order to equalize food intake 
and to control the time of food intake prior 
to the 4-hour period before the rats were 
stressed. Each experim ent involved one 
or more anim als pre-fed the control ration, 
one or more pre-fed the glycine ration, 
and one or more pre-fed one of the supple­
m ented diets. All of the rations were eaten 
satisfactorily and total intake was m ain­
tained at 18 to 19 g for the final 24-hour 
feeding period including tha t given by 
gavage. The intake during 24 hours of

any one of the supplem ents used at the 
1% level am ounted to about 185 mg.

Stressing. Four hours after the stom­
ach-tubed m eal anim als were either killed 
to obtain tissues for analysis or were 
stressed in cold water. The rats were made 
to swim individually for 10 m inutes in  a 
large sink containing water about 30-cm 
deep which was m aintained at 14°C. 
After 30 m inutes rest in  individual cages 
at 25°C, they were m ade to swim another 
10 m inutes and rested again for 30 m in­
utes. Following a final 10-minute swim 
they were killed at once to obtain tissues 
or were allowed to recover at 25°C in 
individual cages for three hours before 
they were killed. Since the anim als were 
cold and shrivering during the 30-minute 
rest periods, the stress actually totaled 90 
m inutes.

Tissue preparation. Following intra- 
peritoneal anesthesia with pentobarbital 
sodium 8 (8  m g/200  g body w eight), the 
liver was removed, blotted and m inced 
by one pass through a custom built “garlic 
press.” Aliquots were added to tared tubes 
containing 30% KOH. This procedure was 
accomplished in less than 60 seconds after 
opening the abdomen. The whole right 
gastrocnemius muscle was im mediately 
removed and m inced with scissors into 
sim ilar tubes.

Methods. Glycogen was determined by 
the method of Good et al. (1 5 ) except that 
the isolated glycogen was redissolved in 
w ater and reprecipitated with alcohol. Glu­
cose was estim ated by the Somogyi modi­
fication of the Shaffer-Hartm ann method
(1 6 ) after hydrolysis of the glycogen for
2.5 hours in NH2SO„ at 100°C. Blood sugar 
was estim ated by the Somogyi technique
(1 7 ) on heart blood drawn with a syringe 
containing heparin.

RESULTS AND DISCUSSION

Initial levels of liver glycogen, 4 hours 
after stomach tubing and w ithout stress, 
were the same in anim als pre-fed the gly­
cine ration or the control ration (table 1). 
During the swimming stress the anim als

3 S a lt M ix tu re  W , N u tr i t io n a l  B io ch em ica ls  C orpo­
ra tio n , C lev e lan d .

4 S q u ib b  F la v o re d  Y east, E . R . S qu ibb  a n d  Sons, 
N ew  York.

5 P u r in a  L a b o ra to ry  C how , R a ls to n  P u r in a  C om ­
p a n y , St. Louis.

6 N e m b u ta l,  A bbo tt L a b o ra to r ie s , In c ., N o r th  C h i­
cago , Illin o is .
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TABLE 1
Liver and m uscle  glycogen in rats w ithout stress, after sw im m in g  stress and following recovery from  

stress (animals pre-fed the control diet, the glycine diet  or this diet  supplem ented  w i th
creatine or related compounds) 1

G lycogen

D ie t
p re -fed N o  s tre ss A fte r  sw im  s tre ss F o llo w in g  reco v ery  

f ro m  s tre ss
L iv e r M uscle L iv e r M uscle L iv er M uscle

Control
% wet weight % wet weight % wet weight

3.73 +  0.15 2 0.55 ± 0 .0 2 0.97 ± 0 .0 5 0 .1 1 ± 0 .0 1 0.86 ± 0 .0 9 0.25 ± 0 .0 2
Glycine 3.49 ± 0 .1 2 0 .5 6 ±  0.02 1.70 ± 0 .0 9 0 .1 6 ± 0 .0 2 2.95 ± 0 .0 9 0.27 +  0.02
Glycine +

1% creatine 1 .4 2 ± 0 .1 2 0.40 ± 0 .0 1 1.29 ± 0 .1 3 0 .1 0 ± 0 .0 1 0 .3 9 ± 0 .1 4 0.25 ± 0 .0 1
Glycine +  

1% N- 
m ethyl 
glycine 2.91 ±  0.12 0.53 ± 0 .0 4 1.56 ±  0.11 0.14 ±  0.02 0.99 +  0.19 0.27 ± 0 .0 2

Glycine +  
1 %  N,N- 
dim ethyl 
glycine 1.93 ±  0.15 0.53 ± 0 .0 4 1.28 ± 0 .0 5 0.05 ±  0.01 0.39 +  0.02 0 .1 5 ± 0 .0 2

Glycine +
1% guanido
acetic
acid 2.51 ±  0.17 0.50 =  0.01 1.53 ± 0 .1 1 0.08 ± 0 .0 2 0.64 +  0.17 0.25 +  0.05

Glycine +  
1% crea­
tinine 3.43 ± 0 .0 9 0.52 =  0.05 1.76 ± 0 .0 9 0 .1 2 ±  0.02 0.34 +  0.06 0.18 +  0.03

1 Each figu re
2 se  o f m e a n .

is an average value from 5 or more rats.

fed glycine m aintained liver glycogen at 
a higher level than  did the controls. Dur­
ing the recovery period following the 
stress, the glycine-fed ra ts  resynthesized 
and deposited liver glycogen, whereas the 
control fed ra ts  did not. This extra carbo­
hydrate form ation constitutes the “glycine 
effect.” Increased gluconeogenesis has 
been postulated as the m echanism  ac­
counting for this effect (12, 13).

The m arked action of creatine ingestion 
(creatine-glycine d iet) on liver glycogen 
levels is also illustrated by the data in 
table 1. The initial liver glycogen level in 
these ra ts was less than  one-half that ob­
served in  ra ts  pre-fed either the control or 
the glycine ration. There was no loss dur­
ing the swim stress but there was a severe 
depletion in  the 3-hour recovery period 
after stress. Thus, the “glycine effect” was 
absent in  these animals.

The ra ts pre-fed the creatine-glycine diet 
were the only anim als studied that did not 
show a loss of liver glycogen during the

swimming stress. Muscle glycogen was 
also low initially in  these anim als and 
the loss during stress was sim ilar to tha t 
noted in  other groups of anim als (table 1). 
The energy requirem ent in  these anim als 
during stress m ust have been m et to a 
greater degree by other sources th an  liver 
and muscle glycogen.

The elevated blood sugar (table 2 ) fol­
lowing the swimming stress in the anim als 
pre-fed the glycine diet may reflect the 
gluconeogenesis preceding the deposition 
of liver glycogen. The control-fed anim als 
and the creatine-glycine fed ra ts did not 
show this elevation of blood sugar. Urine 
removed from the bladder of creatine- 
glycine fed ra ts at sacrifice showed only 
traces of sugar with Benedict’s qualitative 
urine sugar reagent.

Of all the anim als studied those pre-fed 
the creatine-containing diets performed 
the poorest in  the swim stress. It was 
frequently necessary to place a hand under 
these anim als and give them  a m om entary
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TA BLE 2
Blood sugar in rats w ithout stress, after sw im ­

m ing stress and  following recovery from stress 
(animals pre-fed the control diet, the glycine diet  
or the creatine-glycine diet) 1

Diet
pre-fed

Blood sugar

No stress After
swim stress

Following 
recovery 

from stress

Control 132 ± 2 .4  2
mg/100 ml 
124 ± 5 .5 1 1 5 ± 0 .9

Glycine 127 ± 7 .5 181 ±  3.5 128 ± 0 .8
Creatine 120 ± 8 .1 147 ±  9.6 97 ±  2.3

1 E a c h  figu re  is a n  av e rag e  v a lu e  f ro m  5 o r m o re  ra ts .
2 se  o f m ean .

lift, especially during the final 10-minute 
swim period.

Creatine, under the conditions fed, 
showed no other adverse effects on the 
rats as judged by short time food con­
sum ption and growth. Averages for 3 to 
5 anim als for 7 days’ growth and one 
day’s food consum ption of different diets 
were as follows: (in  gram s) control diet, 
32 and 18.7; creatine-control diet, 31 and 
18.7; glycine diet, 29 and 18.3; creatine- 
glycine diet, 28 and 18.5. Growth during 
the 24 hours with the different experim en­
tal diets averaged out to almost identical 
figures. The low initial levels of liver and 
muscle glycogen as a result of creatine 
ingestion bear no apparent relation to 
other metabolic changes reported by others 
in anim als fed extra dietary creatine.

To determ ine whether this effect on car­
bohydrate m etabolism is unique to the 
creatine molecule, several compounds re­
lated to creatine, and thus to glycine, were 
studied as dietary supplem ents under the 
same experim ental conditions.

Animals pre-fed the glycine diet supple­
m ented with 1% N-methyl glycine, N,N- 
dimethyl glycine or guanidoacetic acid had 
lower initial liver glycogen values than  
anim als pre-fed the unsupplem ented gly­
cine ration (table 1). During the stress 
there was loss of liver glycogen, and a 
fu rther decrease occurred during the re­
covery period in  each instance. Thus, the 
ingestion of any one of these compounds, 
like the ingestion of creatine, abolished the 
“glycine effect.” Muscle glycogen values 
were not m aterially different from  the 
values observed in  anim als pre-fed the 
glycine diet at any of the times studied as 
a result of ingesting these diets. The in ­

crease in  muscle glycogen during the re­
covery phase, at least in  part, m ust reflect 
conversion of pyruvic acid to glucose fol­
lowing the severe stress.

Creatinine ingestion did not lower the 
initial level of liver glycogen, and the de­
crease as a result of stress was the same 
as noted in  anim als fed the glycine diet 
without added creatinine. However, the 
redeposition of liver glycogen during the 
recovery period was blocked as was found 
when the other supplem ents were used. 
This raises the possibility tha t some dif­
ference exists in  the m echanism s involved 
in  the altered carbohydrate metabolism 
from creatine ingestion for instance, with 
and w ithout stress.

The observed effect of ingested creatine 
and related compounds on initial levels 
of liver glycogen is not dependent upon 
the sim ultaneous ingestion of glycine. The 
experim ents were all repeated using the 
control ration supplem ented with each of 
the compounds studied. In  every case 
initial glycogen levels showed a sim ilar 
pattern  to those observed when the supple­
m ented glycine diet was used. Again, 
there was no decrease in  the initial level 
of liver glycogen in  anim als pre-fed the 
creatinine-containing ration. During the 
stress the decrease in  liver glycogen was 
about the same or more m arked with these 
supplem ented rations than  in anim als pre­
fed the supplem ental glycine diet. One ex­
ception was found; with the creatinine diet 
the decrease was m uch less marked. Fol­
lowing recovery the liver glycogen levels 
were sim ilar or lower than  the correspond­
ing value from anim als fed the supple­
m ental glycine diet. Muscle glycogen 
values were sim ilar at all 3 times studied 
to those noted in  rats pre-fed the supple­
m ented glycine ration.

Considerable data  point to increased 
glyconeogenesis as the m echanism  ac­
counting for the “glycine effect.” The 
abolition of this effect due to ingestion of 
creatine and related compounds m ay re­
flect inhibition of some step in the form a­
tion of glucose or in  the deposition of this 
glucose as liver glycogen. On this basis 
it is possible tha t the low levels of liver 
glycogen initially m ay also be related to 
inhibition of a part of the process of depo­
sition. Other explanations to account for
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these results such as lack of availability 
of substrate and m em brane permeability 
alterations, or increased glycogenolysis are 
not ruled out, however, by the data  avail­
able.
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A Mechanism of Interaction between Dietary Protein 
Levels and Coccidiosis in Chicks* 1

W. M. BRITTON, C. H. HILL a n d  C. W. BARBER
D epartm en t of Poultry Science, North Carolina State of the University  of
North Carolina a t  Raleigh, North  Carolina

ABSTRACT  Chicks were used to study a m echanism  of interaction between dietary 
protein levels and coccidiosis. The results of the study ind icate m ortality from  coc­
cidiosis is less am ong groups of chicks fed  a protein-free diet for 48 hours, or a 5% 
protein diet for 14 days before inoculation w ith  coccidia, than am ong chicks fed  a 
20% protein diet. Starvation had the sam e effect as the protein-free diet. Observation 
of gross cecal lesions also indicates less infection  in  chicks fed  a protein-free diet than  
in  chicks fed  a 20% protein diet. Low protein diets also reduced in testina l trypsin  
activity. A positive correlation w as shown between dietary protein level and in testinal 
trypsin activity and between in testinal trypsin activity and degree of infection  of chicks 
w ith coccidiosis. Addition of trypsin to the inoculum  of the chicks fed  a protein-free 
diet resulted in  an in fection  as severe as w hen the chicks were fed  a 20% protein  
diet. Since trypsin has been found to be essential for the establishm ent of coccidiosis 
infection , it is proposed that the effect of low  protein diets in  decreasing the severity 
of coccidiosis is due to the effect o f these diets on in testinal trypsin activity.

The effect of dietary protein levels on 
resistance or susceptibility to bacterial in ­
fection has been found to be unpredictable. 
In some instances increasing protein levels 
increased resistance (1 ) ;  in  others, in ­
creased susceptibility (2 ) ;  and in  at least 
one instance (3 )  was found to have both 
effects or neither depending upon the pres­
ence of other dietary factors.

Coccidiosis has been studied in  relation 
to dietary protein levels by Allen (4 )  and 
Jones (5 )  who reported no m arked effect 
on coccidiosis of chickens. In  prelim inary 
experim ents in  this laboratory, it was ob­
served that chicks fed a protein-free diet 
for 2 weeks were m uch less susceptible to 
coccidiosis than  were chicks fed a diet 
containing 20% protein.2 The purpose of 
the work presented in  this report was to 
seek an explanation of this observation.

EXPERIMENTAL

The chicks used in  these studies were 
W hite Plymouth Rocks obtained from  a 
commercial hatchery. They were housed 
in  a conventional battery brooder and fed 
a commercial diet until they were given 
the experim ental diets, at which time they 
were placed in broiler batteries with raised 
wire floors. The composition of the experi­
m ental diets is presented in  table 1. The 
protein content of the various diets was

adjusted by changing the soybean m eal 
level. The m ethionine level was changed 
in  proportion to the protein level. A con­
stan t energy level was m aintained by ad­
justm ent with fa t and fiber.

U ninfected chicks were m aintained on 
the sam e regim en as the infected. Since 
there was no m ortality in  the uninfected 
anim als, all mortality m ust be ascribed to 
the infection.

Trypsin activity in  the intestinal tract 
was determ ined by a modified spectropho- 
tom etric m ethod described by Kunitz (6 ) . 
A section of the lower small intestine just 
above the cecum was taken from  each 
chick. The section was from  5 to 10 cm 
long so as to make the sections approxi­
mately the same size from each chick. The 
section was slit open and swirled in  100 ml 
of 0.0025 m  HC1. This solution was filtered 
through filter paper and 2 m l of the filtrate 
was incubated with 2 ml of a 1 % solution 
of casein in  Sorensen phosphate buffer at 
pH 7.6 in a w ater bath at 37°C for 20 
m inutes. Six milliliters of 5% trichloro­
acetic acid were mixed with each sample 
at this time and allowed to stand for one 
hour. The sample was filtered and the

Received for publication October 23, 1963.
1 Published with the approval of the Director of the 

Experiment Station as Paper no. 1705 of the Journal 
Series.

2 Unpublished data, F. R. Craig and W. L. Payne.

306 J. N u t r it io n , 82: ’64



D IETA RY  P R O T E IN  L EV E LS AND CO CCID IO SIS 307

TABLE I
Composition of basal diets

Protein
0 5 10 20 30
% % % % %

Soybean m eal (50%  protein) 0 10 20 40 60
Glucose 1 83.2 77.7 72.3 53.3 29.6
Defluorinated rock phosphate 3.2 3.2 3.2 3.2 3.2
NaCl 0.5 0.5 0.5 0.5 0.5
Vegetable o i l 2 1.0 1.0 1.0 3.0 6.0
Fiber 3 11.9 7.4 2.7 0 0

mg/kg mg/kg mg/kg mg/kg mg/kg
MnSCL 220 220 220 220 220
Vitam in m ix 4 1980 1980 1980 1980 1980
DL-Methionine 0 75 150 300 450

1 Cerelose, Corn Products Refining Company, New York.
2 Wesson Oil, The Wesson Oil Company, New Orleans, Louisiana.
3 Solka Floe, Brown Company, Berlin, New Hampshire.
4 Supplies per kilogram of diet: (in  milligrams) thiamine, 3.5; riboflavin, 5.7; folic acid 11-

a-tocopheryl acetate, 22.0; menadione sodium bisulfite, 0.79; biotin, 0.18; pantothenic acid ’l8  3 : 
niacin, 52.3; pyridoxine, 5.7; and cyanocobalamin, 8.8 /tg; vitamin A, 11,000 USP units- and 
vitamin D, 1,980 ICU. ’

optical density at 280 mo was determ ined 
on a Cary recording spectrophotometer.

A standard  curve was obtained by using 
trypsin (2  X crystallized) 50% M gSO/ as 
a standard w ith the activity of 1 ug being 
defined as a trypsin unit. The protein con­
tent of the filtrate of the intestinal contents 
was determ ined by m easuring the optical 
density at 260 and 280 mu and the trypsin 
activity was expressed in trypsin units per 
m illigram  of protein.

The results of the experim ents were 
evaluated for statistical significance by 
analysis of variance. Arcsin /percentage 
transform ation was used on all of the per­
centage data analyzed (7 ) .

RESULTS AND DISCUSSION

The first experim ent was conducted to 
test the effect of dietary protein levels on 
the resistance of chickens to coccidiosis. 
The protein levels varied from  zero to 30% 
in 5% intervals. These diets were fed to
4-week-old chicks for 2 weeks before and 
one week after oral inoculation with
200,000 sporulated oocysts of Eimeria 
tenella.i One week after inoculation the 
chicks were fed a 20% protein commercial 
ration. Mortality and gross cecal lesions 
were observed. M ortality occurred between 
the fifth and n in th  days post-inoculation. 
The results of this study are presented in  
table 2. Statistical analysis of the m ortal­
ity and lesion scores showed a significant 
decrease in  both at the zero and 5% pro-

TABLE 2
Mortality  and gross cecal lesion scores of chicks  

fed different levels of protein and  infected  
w ith  Eimeria tenella

Protein 
in d ie t1 Mortality 2 Gross cecal 

lesion scores 3
% %
0 0 1.5
5 0 1.7

10 10 3.0
15 15 2.7
20 15 3.3
25 5 3.1
30 20 3.3

1 Diets fed for 2 weeks before and 1 week after 
inoculation.

2 Twenty birds were fed each diet.
3 Mean of 10 birds scored zero for no lesions to 

4 for most severe lesions.

tein  levels. Furtherm ore, the chicks fed 
the higher levels of protein (15 to 30% ) 
developed symptoms of coccidiosis, bloody 
excreta and lethargy, earlier after inocula­
tion.

In  seeking an explanation of these re­
sults, attention was directed to the life 
cycle of the coccidia. It has been found 
tha t exeystation of the sporozoites from  the 
oocyst in  dependent upon the presence of 
trypsin (1 0 ). Levine (8 )  and Ikeda (9 )  
observed tha t chicks with ligated pancre­
atic ducts did not become infected when 
inoculated orally with sporulated oocysts. 
W hen trypsin was added to the inoculum , 
infection occurred (1 0 ).

3 Nutritional Biochemicals Corporation, Cleveland.
4 Donated by Merck and Company, Inc., Rahway, 

New Jersey.
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Trypsin activity of the pancreas has been 
found to be reduced by low levels of dietary 
protein (11, 12). It was possible, there­
fore, that the effect of dietary protein levels 
on coccidiosis was a reflection of the effect 
of these levels on intestinal trypsin activity. 
To assess the effect of level of protein on 
trypsin activity, an  experim ent was con­
ducted in  which intestinal trypsin activi­
ties of chicks fed diets containing 5, 20, 
and 30% soybean protein and a 20% pro­
tein commercial diet were determ ined. The 
results (table 3 ), show a significant reduc­
tion in the trypsin activity of the 5% pro­
tein fed group when compared with those 
fed higher protein levels. These data sup­
ported the possibility tha t the effect of the 
low protein diet on trypsin activity was 
causally related to the effect on mortality 
from coccidiosis.

The effect of low dietary protein levels 
on intestinal trypsin activity was most 
probably a rapidly occurring phenomenon. 
To determ ine how rapid, one group of 
chicks receiving the commercial diet was 
changed to a protein-free diet and another 
group was starved. After 24, 48, and 72 
hours, 4 chicks from each treatm ent, along 
with four continuing to receive the com­
m ercial diet, were killed and the intestinal 
trypsin activity determ ined. The results 
are presented in table 4. W ithin 24 hours 
the intestinal trypsin activity of those 
chicks receiving the protein-free diet or 
those chicks starved was m uch lower than 
that of the 20% protein commercial ration.

These observations indicate tha t if intes­
tinal trypsin activity and susceptibility to 
coccidiosis were causally related a short 
period of feeding a protein-free diet or 
starvation should suffice to produce the 
effect. Accordingly, an  experim ent was 
conducted in which the chicks were either

TABLE 3
Trypsin ac tiv ity  of  intestinal section of chicks  

fed various levels of protein in  the diet

Time 
fed diets

Diets
% Protein in diet

5 20 30
20

(com­
mercial )

days trypsin units/nig protein 1
14 184 472 475 433
16 116 644 456 395

1 Each value is a mean of 5 chicks tested.

TABLE 4
Trypsin  ac t iv ity  of intestinal section of chicks  

starved and of chicks fed  a protein-free and  
a 20% protein commercial ration

Time 
fed diet

Diet

Starved
20%

Protein
(commercial)

hours trypsin units/mg protein 1
24 7 4 328
48 15 18 813
72 18 14 682

1 Each value is a mean of 4 chicks tested.

TABLE 5
Mortality  of chicks from coccidiosis w hen  starved , 

fed a protein-free d iet , or a 20%  protein diet

Diet
Days post-inoculation

5 6 7 8 9
Cumulative % mortality I

Starved 2 3 10 27 27 27
Protein-free 3 0 17 29 29 29
20 % Protein 3 32 45 50 55 55

1 Mean value of 2 groups of 12 chicks each.
2 Starved for 48 hours before and 96 hours after 

inoculation.
3 Diets fed for 48 hours before and one week after 

inoculation.

fed the protein-free diet or starved for 48 
hours prior to inoculation with sporulated 
oocysts of Eimeria tenella, Eimeria m ax­
ima, Eimeria brunetti, and Eimeria acer- 
vulina . 5  Ninety-six hours after inoculation 
the starved groups were fed the commer­
cial diet. Seven days after inoculation the 
groups fed a protein-free diet were fed the 
commercial diet. The results of that study 
are presented in  table 5. A significant 
reduction in  m ortality was noted in the 
starved chicks and those fed the protein- 
free diets even though this treatm ent was 
started only 48 hours before inoculation.

A sim ilar experim ent in  which the ef­
fects of the protein-free diet fed for 48 
hours before inoculation and the 20% 
protein soybean m eal basal diet were com­
pared yielded sim ilar results (table 6 ). In 
this experim ent the inoculum  contained, 
in  addition to those m entioned above, spor­
ulated oocysts of Eimeria hagani, Eimeria  
necatrix, Eimeria praecox, and Eimeria  
m ivati,6

The results of these 2 studies coupled 
with those of a previous experim ent (table

5 See footnote 4.
6 Donated by Dom and Mitchell, Inc., Opelika, 

Alabama.
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TABLE 6
Mortality of  chicks from coccidiosis w hen  fed a 

protein-free or a 20%  protein diet

Diet
Days post-inoculation

5 6 7 8 9

Protein-free 2 0
Cumulative % mortality 1 

22 55 65 75
20% Protein 2 0 75 90 95 95

1 Each value a mean of 4 groups of 10 birds each.
2 Diets fed for 48 hours before and one week after 

inoculation.

4) strengthened the theory that the dietary 
protein effect on susceptibility to coccidio­
sis was m ediated by way of the intestinal 
trypsin activity. Therefore, a more direct 
test of the influence of protein levels and 
trypsin activity on susceptibility to this in ­
fection was conducted. In  this test chicks 
were fed either a protein-free or a 20% 
protein diet for 48 hours before inoculation 
with the sporulated oocysts of the 8 species 
of Eimeria shown above. The special in ­
oculum was prepared both with and w ith­
out 1% added trypsin7 and given to 2 
groups of 10 chicks/diet. The trypsin was 
prepared as a 2% solution in Sorensen’s 
phosphate buffer at pH 7.6 and mixed with 
equal volumes of the norm al inoculum. In 
the control, Sorensen’s phosphate buffer 
was mixed with equal volumes of the nor­
mal inoculum , but trypsin was not added.

The results of this study are presented 
in  table 7. The m ortality was significantly 
reduced in  the chicks fed the protein-free 
diet, and the addition of trypsin to the 
inoculum  increased the mortality to that of 
the 20% protein-fed chicks. The addition 
of trypsin to the inoculum  of the 20% 
protein-fed group did not result in  a sig­
nificant increase in  mortality.

The results of this study establish more 
clearly the relationship between dietary 
protein levels, trypsin activity, and sus­
ceptibility to coccidiosis. In this infectious 
model, the effect of low dietary protein 
levels was a definite reduction of the nor­
m al trypsin activity of the intestinal tract 
which is necessary for norm al excystation 
of the oocysts. W ithout excystation infec­
tion does not occur. It should be noted that 
even the chicks fed the low protein diets 
still had some trypsin activity in  the intes­
tinal tract which m ay account for the in ­
fection tha t was observed in  these groups.
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Effects of Egg Oil, Cholesterol, Cholic Acid and 
Choline upon Plasma and Liver Lipids* 1

JANE B. WALKER a n d  GLADYS A. EMERSON 
Divis ion of Nutrit ional Sciences, School of Public Health,  
University of California, Los Angeles, California

ABSTRACT  Young adult fem ale rats of the W istar strain were fed diets containing  
27% egg oil or a m ixture of butter fa t and olive oil w ith the sam e iodine number as 
the egg oil but w ith  different fatty acid content. The other variables were 0.1 or 0.3% 
choline chloride, 1.0% cholic acid, and 1.29% cholesterol — the level of cholesterol 
present in  the egg oil. The experim ents were of 5 to 10 w eeks’ duration. Rats fed the 
rations containing the m ixture of fats w ith  cholesterol and either level o f choline had 
plasm a and liver cholesterol and liver lip id levels that were significantly augm ented  
over those receiving the egg oil. Cholic acid affected an increase in  the cholesterol and 
lipid values of the rats receiving both the fat m ixture w ith cholesterol and the egg oil. 
The liver lipids and cholesterol decreased w hen the higher level of choline was fed  
in  conjunction w ith the m ixture of fats w ith cholesterol and cholic acid. The liver 
lipids and cholesterol were threefold and twelve-fold, respectively, greater for the rats 
receiving egg oil than for those fed the fat m ixture w ithout cholesterol or cholic acid. 
Groups given the fa t m ixture w ith cholesterol and cholic acid had far higher values 
than did any of the other groups.

A num ber of investigators have sug­
gested that certain natu ral fats contain 
substance(s) other th an  cholesterol that 
increase serum cholesterol. Messinger and 
co-workers (1 )  reported that the elevation 
of serum cholesterol in  hum an subjects 
fed diets containing egg yolk powder or 
cream  was greater than  could be accounted 
for by the cholesterol contained therein. 
They concluded, “there is a substance as 
yet unidentified in egg yolk which ele­
vates the cholesterol level of hum an 
serum s.” Mayer and co-workers (2 ) failed 
to note dem onstrable change in the plasm a 
cholesterol level when 800 mg of choles- 
terol/day were given in the form of egg 
yolk. This observation is in agreem ent 
with the results of Keys et al. (3 )  and 
Hildreth and co-workers (4 ) . Mayer and 
co-workers (2 )  have pointed out that the 
lack of agreem ent between the work car­
ried out in  their laboratory and that of 
Messinger et al. (1 )  could be accounted 
for by the higher level of egg yolk powder, 
and the cholesterol contained therein, fed 
by Messinger et al. The saturated fatty  
acids in  egg yolk could also contribute to 
the hypercholesterolemia. The cholesterol 
consumed by M essinger’s subjects was at 
least 4 times that of Mayer’s. Bronte- 
Stewart et al. (5 )  confirmed the observa­

tions of Messinger, giving 10 eggs/day —  
an am ount which supplied essentially the 
same quantity of cholesterol as received by 
Messinger’s subjects. Portm an (6 ) , in  a 
review on factors influencing serum cho­
lesterol levels states: “It appears that the 
form in which dietary cholesterol occurs is 
of im portance; for example, egg yolk ap­
pears to have greater hypercholesteremic 
activity than  does an equivalent am ount 
of crystalline cholesterol. This la tter ob­
servation may be related to the nonsterol 
portion of the egg yolk, however. The 
nature of the basic ration in which the 
sterol is included may also be of im por­
tance.”

Wells and Bronte-Stewart (7 ) , working 
with a single hum an subject, have recently 
reported that the cholesterogenic entity in 
egg yolk resided in the acetone-soluble 
fraction. N either the unsaponifiable nor 
the saponifiable fractions gave an increase 
in serum  cholesterol when fed separately. 
The 2 fractions were active when fed to­
gether but a delay of 6 hours in feeding 
one or the other nullified this effect. A 
fa t of like iodine num ber with added cho­
lesterol gave sim ilar effects.

Received for publication August 5, 1963
1 This study was supported by a grant from the 

Nutrition Foundation, Inc.
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Rowsell et al. (8 )  fed diets to swine 
in  which 33% of the calories was replaced 
by egg yolk or by butter fat. Controls re­
ceived the non-supplemented basal diet. 
The swine fed egg yolk had approximately 
6 times as m uch aortic atherosclerosis as 
did the controls, and the butter-fed swine 
3 times as much. The group fed egg yolk 
showed a significant increase in serum 
cholesterol and phospholipid levels. The 
swine fed butter fa t showed only a slight 
increase in serum  lipid levels.

Hegsted et al. (9 )  studied the effects 
of the interaction of cholesterol, cholic 
acid, and the type of fa t on serum choles­
terol and vascular sudanophilia in  the rat, 
using 3 levels of cholic acid and 3 levels of 
cholesterol in  all of their combinations. 
They found that cholic acid had a rela­
tively greater effect than  did cholesterol in 
producing an increase in  serum choles­
terol. Dose-level responses appeared to 
indicate an interaction of cholesterol and 
cholic acid.

The effect of choline on serum choles­
terol was studied by Mayfield and Roehm
(1 0 ) who observed that female ra ts receiv­
ing no choline for 18 days had serum cho­
lesterol values that were essentially the 
same as those of ra ts fed varying levels 
of choline ranging from  30 to 350 m g/100 
g diet. Male ra ts m aintained with a cho­
line-free diet had significantly lower serum 
cholesterol than  those receiving the rations 
supplemented with choline. However, the 
m ale and female rats receiving the lower 
levels of choline —  zero, 30 or 60 m g/100 
g diet —  had lower serum  cholesterol when 
compared with those receiving the higher 
levels of choline —  100, 250 or 350 m g / 
100 g diet.

Olson et al. (1 1 ) observed hypocholes- 
terolemia, hypolipemia and hypobetalipo- 
proteinem ia in  ra ts fed diets deficient in 
choline and choline-precursors. These ef­
fects were prevented by 0.3% choline in 
the diet and partially prevented by rations 
containing 18% casein. The level of die­
tary fa t ranging from 6 to 42% and in ­
cluding butter fat, corn oil and lard did not 
modify the effects of choline upon serum 
lipids.

The present study deals with the effects 
of egg oil and of a fa t m ixture upon plasm a

cholesterol and liver total lipids and cho­
lesterol of young adult female rats.

MATERIALS AND METHODS

Diets. The purified diets contained 
18% casein, 4% salts (Hegsted (1 2 ) ) ,  
optimal vitam ins,2 dextrose and 27% fat 
(table 1). The level of fa t corresponded 
to the fa t content of the average American 
diet (1 3 ). The rations contained either 
egg oil or a m ixture of fats of like iodine 
num ber and with or without added choles­
terol or cholic acid or both. Choline chlo­
ride was fed at 2 levels.

The egg oil was extracted from baker’s 
dried whole egg powder with diethyl ether 
for 16 hours in  a Soxhlet extractor. The 
residual ether was distilled off; the brown 
viscous oil that rem ained was free of per­
oxides. It was stored at 4°C. The egg oil 
was analyzed by gas-liquid chrom atog­
raphy for individual fatty acids using a 
column packing of diethylene glycol suc­
cinate on chromosorb W in the Barber- 
Colman gas chromatograph. The fatty 
acid compostion of the egg oil is shown in 
table 1. The iodine num ber as determ ined 
by the method of Hanus (1 4 ) was 72.

The fa t m ixture was composed of a 21 :6  
ratio of olive oil-butter fat. The butter fa t 
was prepared from unsalted butter by heat­
ing until molten and centrifuged at 800 
rpm  for 15 m inutes to remove the w ater 
and milk solids. The butter fa t was frozen 
until used. A single batch of olive oil 
stored at 4°C was used. The iodine num ­
ber for the butter fa t was 32 and the olive 
oil was 85; the resulting m ixture of olive 
oil and butter fa t had an iodine num ber 
of 73. Although the iodine num ber indi­
cated a like degree of unsaturation when 
compared with the egg oil, the content and 
proportion of individual fatty  acids were 
not the same. The prim ary difference was 
in  the presence of short-chain fatty  acids 
in  the olive oil-butter fa t m ixture as con­
trasted with their absence from the egg oil. 
A higher content of 16:0, 16:1, and 18:2 
fatty  acids was present in the egg oil.

The fa t m ixture was fed with and w ith­
out cholesterol. The fa t m ixture with 
added cholesterol contained a total of

2 Vitamins through the courtesy of Merck, Sharp 
and Dohme Research Laboratories, Inc., Rahway, New 
Jersey, and Hoffmann-LaRoche, Inc., Nutley, New 
Jersey.
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TABLE 1
Diet composition

Iodine no.
9 / 1 0 0  g

Casein 24 Egg oil 72
Fat 27 Olive oil 85
Salts 1 4 Butter fat 32
Dextrose to 100 Fat m ixture 73

Fatty acid com position Vitam in addendum

Fatty Egg Fat
acids oil mixture

% % m g /100 g
4 :0  2 — 0.32 Thiam ine 1
6 :0 — 0.03 Riboflavin 2
8 :0 — 0.51 P yridoxineH C l 1

1 0 :0 — 0.89 Ca pantothenate 10
10:1 — 0.16 N iacinam ide 10
12:0 — 1.31 Inositol 5
14:0 0.03 3.39 p-Aminobenzoic acid 30
14:1 — 0.48 Biotin 0.05
16:0 29.50 14.34 Folic acid 0.2
16:1 3.18 1.60 a-Tocopherol 14.2
18 :0 9.62 6.12 Vitam in B 12 0.01
18:1 47.90 62.88 M enadione 14.2
18:2 9.55 6.61 IU /100g
19:0 — 1.36 Vitam in A 150

Polyunsaturated 9.55 6.61 Vitam in D 15
M onounsaturated 51.08 65.12
Saturated 39.42 28.02

1 Hegsted et al. (12).
2 The first figure represents the number of carbon atoms; the second, the number of double bonds.

1 .2 9 %  c h o le s t e r o l  w h i c h  c o r r e s p o n d e d  to T h i s  s t u d y  w a s  c a r r i e d  o u t  i n  3  e x -
the cholesterol content of the egg oil as 
determ ined by the Sperry-Webb method
(1 5 ). This quantity was provided by the 
butter fa t containing 0.02% cholesterol 
and by 1.27% of added cholesterol.

As bile acids are known to increase the 
absorption of cholesterol, 1% cholic acid 
was added to some of the diets. Choline 
chloride was fed as 0.1 or 0.3% of the 
rations.

The dietary groups were as follows: 1) 
egg oil with 0.1% choline; 2 ) egg oil with 
0.3% choline; 3) fa t m ixture with 0.1% 
choline; 4 ) fa t m ixture with 0.3% choline;
5) fa t m ixture, cholesterol and cholic acid 
with 0.1% choline; 6 ) fa t m ixture, choles­
terol and cholic acid with 0.3% choline;
7) fa t m ixture and cholesterol with 0.1% 
choline; 8 ) fa t m ixture and cholesterol 
with 0.3% choline; 9) fa t m ixture and 
cholic acid with 0.1% choline; 10) fa t 
m ixture and cholic acid with 0.3% choline;
11) egg oil and cholic acid with 0.3% 
choline; and 12) egg oil w ith 0.3% cho­
line.

perim ents. Experim ent 1 (groups 1 -6 ) 
com pared the effects of egg oil with the 
m ixture of fa t with and without added 
cholesterol and cholic acid. Experim ent 2 
(groups 7 -1 0 ) compared the individual 
effects of cholesterol and cholic acid fed 
with the fa t m ixture. Experim ent 3 (groups 
11 and 12) studied the effects of cholic 
acid upon the absorption of cholesterol as 
contained in  egg oil.

Animals. Young adult female ra ts of 
the W istar strain were used. Groups of 
10 rats each were used in experim ent 1. 
The anim als averaged 214 g in weight. 
They were m aintained with their respec­
tive diets for 10 weeks. Groups of 3 rats 
each were used in experim ent 2. The rats 
averaged 240 g in  weight and were fed 
the diets for 8 weeks. Groups of 5 rats 
each were used in  experim ent 3. They 
averaged 214 g in  weight and the duration 
of the experim ent was 5 weeks.

The ra ts  in  all groups were housed in 
individual cages in  an air conditioned 
room kept at 21.8°C. The diets were fed
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ad libitum  and food consum ption was 
recorded 3 times weekly. The rats were 
weighed semi-weekly.

The anim als were killed after the period 
stated by an  intraperitoneal injection of 
pentobarbital sodium.3 The blood was taken 
from  the deeply anesthetized anim als by 
heart puncture and the livers were re­
moved immediately. The livers were wiped 
w ith tissue and weighed. A piece of liver, 
approximately 2 cm 3 was placed in  30% 
form alin for histological studies. The re­
m ainder was wrapped in  Saran W rap,4 
frozen and stored until used for biochemi­
cal determ inations.

Methods. P lasm a cholesterol was de­
term ined by the m ethod of Sperry-Webb
(1 5 ). The frozen livers were brought to 
room tem perature and ground in  a m or­
ta r with sodium sulfate. The total lipids 
were extracted from  an aliquot of the wet 
liver with petroleum  ether. An aliquot of 
the petroleum ether fraction was used for 
the cholesterol determ ination (1 5 ).

RESULTS AND DISCUSSION

E xperim ent 1. The food consum ption 
averaged the same for all groups, 12 g 
daily. The ra ts receiving the egg oil 
(groups 1 and 2 ) m ade somewhat greater 
weight gains th an  those fed the fa t m ix­
tures with or w ithout any variants (groups
3 -6 ) . The anim als made gains expected 
for females of their age and did not vary 
appreciably from group to group. All data 
for experim ent 1 are shown in table 2.

The m ajority of the ra ts receiving cho­
lesterol and cholic acid with either level of 
choline (groups 5 and 6) had bloody noses 
and tails. Several of the anim als in  these 
groups excreted urine of gelatinous con­
sistency. The visceral fa t in  some of these 
ra ts was not white and translucent, as 
in norm al anim als, but ra ther brown and 
opaque in appearance. Despite rough fu r 
and the abnormalities mentioned, the ra ts 
were otherwise norm al in  appearance and 
activity.

The plasm a cholesterol of the ra ts fed 
the egg oil diets (groups 1 and 2 ) was 
not affected by tripling the choline in  their 
rations. The cholesterol was higher for 
the anim als receiving the egg oil (P  <  
0.01) th an  for those fed the fa t m ixture 
w ithout added cholesterol and cholic acid

(groups 3 and 4 ). The increased choline 
produced a significant lowering of the 
cholesterol in  the latter groups (P  <  0.05). 
The ra ts  receiving the fa t m ixture with 
cholic acid and cholesterol (groups 5 and
6) had extremely high levels of plasm a 
cholesterol: nam ely, a fivefold increase 
over groups 1 to 4, inclusive (P  <  0.01). 
Increasing the choline from  0.1% to 0.3% 
was without effect upon the p lasm a cho­
lesterol of groups 5 and 6.

The liver weights were greater for 
groups 1 and 2 th an  for groups 3 and 4 
( P < 0 .0 1 ) .  The liver weights of groups 
5 and 6 were almost twice those of the 
other groups. Increasing the choline had 
no effect.

The total liver lipids and the liver cho­
lesterol were several times higher (P  <  
0.01) when cholesterol and cholic acid 
were added to the diets containing the 
fa t m ixture (groups 5 and 6 ) than  for any 
other groups. This observation held when 
calculated on both m illigrams per gram  
and total liver bases. A significant de­
crease in the liver cholesterol (P  <  0.02) 
was produced by the higher level of cho­
line (group 6 ). The livers from  the an i­
mals fed diets containing the fa t m ixture 
(groups 3 and 4 ) were of low lipid con­
tent and were practically devoid of cho­
lesterol. The liver lipids and cholesterol 
for the rats fed egg oil (groups 1 and 2) 
were m uch higher on both the milligrams 
per gram and grams per liver bases (P  <  
0.01) than  for the corresponding groups 
given the fa t m ixture (groups 3 and 4). 
In the egg oil groups, the increased choline 
produced a significant decrease in  the total 
lipids (P  <  0 .02), but not in the choles­
terol.

E xperim ent 2. The food consum ption 
averaged the same for all groups —  14 g /  
day. The ra ts fed the diets containing 
cholesterol were somewhat heavier than  
were those fed cholic acid. One ra t in each 
of the groups receiving cholesterol (groups 
7 and 8) had a bloody nose and rough fur. 
All anim als fed the like diet but with cholic 
acid appeared norm al. Data for experi­
m ent 2 are given in table 3.

The plasm a cholesterol showed almost 
a threefold increase when cholesterol was

3 Nembutal, Abbott Laboratories, Inc., North Chi­
cago, Illinois.

4 Dow Chemical Company, Midland, Michigan.
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in  the rations (groups 7 and 8) than  when 
cholic acid-containing diets were fed 
(groups 9 and 10), ( P < 0 .0 1 ) .  The 
plasm a cholesterol was no t affected by 
the choline intakes.

The liver weights appeared to he in ­
creased by the higher level of choline in  
the presence of cholesterol (groups 7 and
8 ) ;  however, this increm ent was not sig­
nificant because of the variance and small 
num ber of anim als in  these groups. In­
creased choline with cholic acid was w ith­
out effect (groups 9 and 10).

The total liver lipids and cholesterol 
followed the same pattern  as did the 
plasm a cholesterol in  th a t a threefold in ­
crease was noted for the ra ts fed choles­
terol ( groups 7 and 8 ) over those receiving 
cholic acid (groups 9 and 10). The values 
for these latter groups (groups 9 and 10) 
were lower than  for any other groups in 
experim ents 1 and 2 except those receiv­
ing only the fa t m ixture (groups 3 and 4). 
Increasing the choline in  the presence of 
cholesterol produced a significant rise (P <  
0.05) in  the lipids on a gram  per liver 
basis, bu t not on a m illigram  per gram  
basis (groups 7 and 8 ). The cholesterol 
did not follow this pattern  on a total 
weight basis; in fact, a lower value was 
noted. Due to the variance in  the small 
num ber of observations for groups 9 and
10 the choline appeared to be without 
significance.

The fa t m ixture with cholesterol pro­
duced a two- to threefold increase in 
plasm a and liver cholesterol and liver total 
lipids over tha t observed with the egg oil 
in  experim ent 1. The m odest increase in  
food intakes in  experim ent 2 would not 
appear to account for this difference.

Experim ent 3. The food consum ption 
for the 2 groups in  th is experim ent was 
higher than  in  experim ent 1 in which egg
011 was fed even though the initial weights 
were the same; the food intake being ap­
proximately 20 g /day  as compared with
12 g in  experim ent 1. The weight gains 
were somewhat less for the anim als re­
ceiving cholic acid th an  for those w ithout 
it (groups 11 and 12). Both groups were 
in good condition throughout the 5-week 
experim ent. The data  for experim ent 3 are 
shown in table 3.

Cholic acid produced an increase of 
approximately 50% in  plasm a (P  <  0 .05) 
and liver cholesterol ( P < 0 .0 1 )  and a 
20% increm ent in  liver lipids based on 
gram s per liver (P  <  0.02) over the group 
not receiving cholic acid. These observa­
tions suggest the need for a study of egg 
lipids as influenced by cholic acid in  other 
species including man.

HISTOLOGY —  (Experim ents 1 and 2 )

The livers from the anim als receiving 
cholesterol and cholic acid (groups 5 and
6) were brownish yellow in color and had 
a butter-like consistency.

Histological exam ination revealed tha t 
7 out of the 10 anim als receiving the diets 
containing egg oil (groups 1 and 2 ) had  
needle-like crystals, presumably choles­
terol, in  the cytoplasm. The nuclei of 
the peri-central zone was atrophic and the 
cells appeared somewhat atrophied. In ­
creasing the level of choline (group 2 ) 
appeared to have little or no effect upon 
the livers. The values for the liver choles­
terol were the same for these groups, an  
observation noted in  experim ent 1. Rats 
tha t were fed cholesterol and cholic acid 
with the fa t m ixture (groups 5 and 6 ) 
showed massive fatty  depositions with in ­
num erable crystals in  the parenchym al 
cells. The liver cords were somewhat dis­
torted due to the great increase in cell size; 
in  fact, the cell appeared to be completely 
replaced by fa t with little evidence of 
cytoplasmic rem nants. The nuclei were 
atrophic. Increasing the choline in  the 
diet appeared to have little effect, although 
slightly less lipid and crystalline deposition 
was noted.

W hen cholesterol alone was given in  
the diet containing 0.1% choline (group
7) a  massive crystalline deposition with 
atrophy of the nuclei was noted. These 
changes were not as m arked as in  group 8 
in  which 0.3% choline was given. The 
livers of the ra ts fed the fa t m ixture w ith­
out cholesterol and cholic acid (groups 
3 and 4 ) showed only m ild fatty  deposits 
which were prim arily periportal. Increas­
ing the choline was without effect upon 
these livers. W hen cholic acid was given 
with the fa t m ixture with either level of 
choline (groups 9 and 10) the fatty  de­
posits were the least observed for any of
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the groups. There were few crystals and 
only a small num ber of periportal hepatic 
parenchym al cells. The choline level was 
without effect.

The livers from  experim ent 3 were not 
examined.

The feeding of egg oil with or without 
cholic acid resulted in  lower plasm a and 
liver cholesterol values in  ra ts than  did a 
m ixture of fa ts with the same level of 
cholesterol present in  egg oil. The results 
appear to indicate that factors, or a bal­
ance of factors, present in  egg oil tended 
to lower the cholesterol levels that would 
have been expected from  the feeding of 
cholesterol as contained in the egg oil. 
This observation m ay hold only for the 
W istar ra t and would not necessarily be 
in  conflict with the observations of Mes- 
singer et al. (1 1 ) and Bronte-Stewart et al.
(5 )  who used hum an subjects. Further­
more, egg oil was fed in  our experim ents; 
M essinger used egg yolk powder and 
Bronte-Stewart fed fresh eggs.
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Importance of Dietary Copper in the Formation 
of Aortic Elastin* 1'2

BARRY STARCHER, CHARLES H. HILL a n d  GENNARD MATRONE 
North  Carolina State, The University  of North Carolina, 
at  Raleigh, North Carolina

ABSTRACT  The elastin  content of the aortas o f new ly hatched chicks is approxi­
m ately 5% of the w et w eight o f the aorta. W hen chicks were fed  a diet containing  
25 ppm  copper, the elastin  content increased to 12% by the seventeenth day. W hen  
the diet contained less than 1 ppm  copper, the elastin  content o f the aorta increased  
more slowly and never equalled that of the control chicks. The addition of copper to 
27-day-old copper-deficient chicks resulted in  an increase in  aortic elastin  concentra­
tion to that of the control chicks by the sixteenth day of supplem entation. Radio­
isotope studies, using valine-l-C 14 to study the m etabolism  of elastin , revealed that this 
protein is  relatively inert once formed. The results of these studies suggest that the 
lesion in  copper deficiency affected the synthesis o f elastin . Am ino acid analysis of 
elastin  from copper-deficient and control chicks revealed that the lysine concentration  
of the copper-deficient elastin  w as 3 tim es that of control elastin.

Copper deficiency in  chickens and swine 
results in  mortality associated with rupture 
of the aorta (1 , 2 ). Histological studies of 
this vessel indicate a derangem ent of con­
nective tissue, prim arily elastin. Such 
studies suggested a degeneration of elastic 
tissue. This histological evidence was re­
inforced by the observations of Kimball et 
al.3 on the quantitative reduction in  elastin 
content of the aortas of copper-deficient 
swine.

The studies presented in  this report were 
designed to 1) m easure the reduction in 
aortic elastin from  copper deficient chick­
ens; 2) investigate some aspects of copper 
deficiency on elastin synthesis; and 3 ) de­
term ine the effect of copper deficiency on 
the am ino acid content of aortic elastin.

EXPERIMENTAL

W hite Plymouth Rock chicks, obtained 
from a commercial hatchery, were housed 
in  electrically heated battery brooders and 
fed the experim ental diets ad libitum  from 
the day of hatching. The basal diet used 
throughout these studies (table 1) was 
analyzed for copper by the m ethod of Parks 
et al. (3 )  and was found to contain 0.8 
ppm. The drinking w ater was dem ineral­
ized by passing it through a standard  bed 
ion exchange resin4 and fed in  stainless 
steel troughs. Cupric sulfate was added to 
supply 25 ppm  copper in  the control diet.

TA BLE 1

Basal diet

%
Glucose 1 32.5
Dried skim  m ilk 60.0
Vegetable o i l 1 5.0
DL-Methionine 0.3
L-Arginine-HCl 0.5
Glycine 0.5
NaCl (reagent grade) 0.5

mg /kg
Vitam in m ixture 3 1980
Choline chloride 1540
F eS 04-7H20 528
MnSOi-HaO (reagent grade) 220

1 C erelose , C o rn  P ro d u c ts  R ef in in g  C o m p an y , N ew  
York.

2 W esso n  O il, T h e  W esso n  O il C o m p an y , N ew  
O rle a n s , L o u is ia n a .

3 S u p p lied  p e r  k g  o f  d ie t:  ( i n  m il l ig ra m s )  th ia m in e ,  
3 .52; r ib o f la v in , 5 .27; fo lic  a c id , 1 .10; D L-a-tocopheryl 
a ce ta te , 22 .00 ; m e n a d io n e  so d iu m  b isu lfite , 0 .792 ; 
b io tin , 0 .176; p a n to th e n ic  a c id , 18.3; n ia c in ,  52 .3 ; 
p y rid o x in e , 5 .7; a n d  v ita m in  B 12, 8.8 fig; v i ta m in  A, 
11,000 U SP u n i ts ;  a n d  v i ta m in  D , 1,980 ICU.

R ece iv ed  fo r  p u b lic a tio n  S ep te m b e r 9, 1963.
1 T h e  s tu d ie s  p re s e n te d  in  th is  r e p o r t  w e re  s u p ­

p o r te d  in  p a r t  by  g ra n t  A-5651 fro m  th e  N a tio n a l  
In s t i tu te s  o f H e a lth  a n d  g ra n ts  f ro m  th e  H e rm a n  
F ra s c h  F o u n d a tio n  a n d  th e  M o o rm an  M a n u f a c tu r in g  
C o m p an y , Q u in cy , I ll in o is .

2 P u b lish e d  w ith  th e  a p p ro v a l o f  th e  D ire c to r  o f  th e  
E x p e r im e n t S ta tio n  a s  P a p e r  n o . 1696 o f  th e  jo u r n a l  
series .

3 K im b a ll, D. A., W . F . C ou lson  a n d  W . H . C a rn es  
1962 Som e p ro p e rtie s  o f a o rtic  e la s t in  o f  co p p e r  
d e fic ie n t sw in e . F e d e ra tio n  P ro c ., 21:  121 ( a b s t r a c t ) .

4 B a m s te a d  S ti ll a n d  S te r i liz e r  C o m p an y , B o sto n , 
M assa c h u se tts .
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For the analysis of elastin a segm ent of 
the aorta, including the common carotids 
to the point of division into the subclavian 
arteries and the m ain aorta from the base 
of the heart to a point on the aortic arch 
equal in  length to the carotids, was re­
moved, cleaned of adhering tissue, blotted 
and weighed. The aorta was cut into small 
pieces and placed in  20-ml test tubes with 
15 ml of 0.1 n  NaOH. The tubes were in ­
cubated in  a 100°C w ater bath for 90 m in­
utes after which the supernatant liquid was 
decanted and the residue washed twice 
with distilled water. The insoluble residue, 
elastin, was dried in  a vacuum  oven at 
50 °C overnight, and the am ount of elastin 
determ ined by weighing the dried material. 
This is essentially the method of McGavock 
and Kao (4 ) . E lastin content is expressed 
as the percentage dry weight of elastin of 
the wet weight of the aortic segment.

In the radioactive isotope studies, chick­
ens were injected intraperitoneally with 
10 uc of valine-1-CU. The aortas were re ­
moved at various intervals after injection 
and the elastin prepared as described. The 
elastin was then solubilized by treating 
with 88% formic acid at 100 °C for 4 to 5 
hours. The m aterial was then added to 15 
ml of scintillator m ixture5 and the radioac­
tivity was m easured in  a Tri Carb liquid 
scintillation counter. The activity is ex­
pressed as counts per m inute per milligram 
of elastin.

The amino acid analysis was conducted 
in  the laboratories of Analytica Corpora­
tion, New York, using an  autom atic amino 
acid analyzer. For this purpose elastin was 
prepared from  the aortas of five 14-day-old 
chicks tha t had been fed the copper-defi­
cient diet, as well as from  5 tha t had been 
fed the control diet. For com parative pur­
poses elastin prepared from  5 one-day-old 
chicks was also prepared. The elastin sam ­
ples were pooled according to the 3 groups 
and a single analysis was conducted on 
each pooled sample.

RESULTS AND DISCUSSION

The results from 2 experim ents on the 
elastin content of the aortas from chickens 
fed the copper-deficient and control diets 
are presented in  table 2. Since prelim inary 
studies indicated that the m oisture and fa t 
content of control and copper-deficient 
aortas were not different, the results are 
expressed relative to the wet weight of the 
aortas. The data  showed th a t w hen the 
chicken is hatched, the elastin content of 
the aorta is approximately 5% . W hen the 
chickens were fed the copper-containing 
diet, the elastin content of the aorta in ­
creased rapidly to a value of approximately

s T h e  s c in t i l la t io n  m ix tu re  c o n s is te d  o f 540 m l 
to lu e n e , 375 m l ab so lu te  a lco h o l, 60 m l o f s c in t i l la to r  
(9 .6  g 2 ,5 ,d ip h en y lo x azo le  p lu s  36 m g  l,4 -b is-2 -(4 - 
m e th y l-5 -p h en y lo x a z o ly )-b en zen e  in  240 m l o f to lu ­
e n e ) ,  a n d  50 g o f th ix o tro p ic  gel p o w d e r (C ab-O -Sil 
G el, P a c k a rd  I n s tru m e n t  C o m p an y , L a G ra n g e , I l l i ­
n o is ) .

TA B LE 2

Effect of copper deficiency on aortic elastin

Age

E x p e r im e n t 1 E x p e r im e n t 2

E la s tin 1 E la s tin

C on tro l C u-defic ien t C on tro l C u-defic ien t

d ays % % % %
i 2 5 .5  ± 0 . 3 — 4 .8  ±  0 .4 —

3 3 6 .5  ± 0 . 3 6 .7  ±  0 .5 6 .5  ± 0 . 0 5 .5  ±  0 .3
7 4 9 .3  ±  0 .0 7 .3  ±  0 .7 8 .6  ±  0 .4 6 .5  ±  0 .6

9 5 8 .9  ± 0 . 2 5 .4  ± 0 . 4 — -

14 5 9 .3  ± 0 . 7 6 .4  ± 0 . 4 10 .1  ±  0 .9 6 . 6 ± 0 . 3

1 7 s 1 2 .6  ±  0 .2 7 .1  ±  0 .7 — —

21  5 1 1 .1  ±  0 .3 7 .0  ± 0 . 2 12.1  ± 0 . 6 8 .7  ±  0 .8

2 8  5 12 .1  ± 0 . 6 8 .9  ± 0 . 7 — —

4 9  5 1 2 .0  ±  0 .4 8 .1  ±  0 .5 — —

1 E la s tin  is  e x p re ssed  as p e rc e n ta g e  o f th e  w e t w e ig h t o f th e  a o rta .
2 E x p e r im e n ts  1 a n d  2 a re  th e  m e a n  v a lu e s  o f 2 g ro u p s  o f 5 poo led  a o rta s  w ith  s e .
3 E x p e r im e n t 1 is  th e  m e a n  v a lu e  o f 4 g ro u p s  o f 5 p oo led  a o r ta s ;  e x p e r im e n t 2 is  th e  m e a n  v a lu e  

o f 2 g ro u p s  o f  3 poo led  a o rta s .
4 E x p e r im e n ts  1 a n d  2 a re  th e  m e a n  v a lu e s  o f  2 g ro u p s  o f  3 poo led  ao rta s .
5 E x p e r im e n ts  1 a n d  2 a re  th e  m e a n  v a lu e s  o f  5 in d iv id u a l  ao rta s .
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12% at 17 days of age. On the other hand, 
when the diet was deficient in  copper, the 
elastin content increased more slowly and 
never equalled that of the control chickens 
up to 49 days.

To determine whether this decrease in 
aorta elasin content in  copper deficiency 
could be reversed by addition of copper to 
the diet, a third experim ent was conducted. 
In this experim ent the chickens had been 
fed a copper-deficient diet for 27 days. At 
this time a sample group of 5 chickens 
were killed and the elastin content of the 
aorta was determined. The rem aining 
chickens were divided into 2 lots of equal 
average weights. One group continued to 
receive the basal diet, and the other re ­
ceived the basal diet supplem ented with 
25 ppm copper. After 8 and 16 days, 
chicks from  both groups were killed and 
the elastin content of the aorta determined. 
These values were compared throughout 
the experim ent with those obtained from 
chickens receiving the copper-supple­
m ented control diet from  the day of hatch ­
ing. The results presented in  table 3 indi­
cate th a t after 16 days of copper supple­
m entation the elastin content of the aortas 
of copper-deficient chicks had returned to 
normal.

The results of these experim ents indicate 
that copper plays some role in  the m etab­
olism of elastin in  the aorta. W hether this 
role is anabolic or catabolic, however, is 
unknown. To obtain fu rther insight into 
this aspect of the problem, use was made 
of radioactive isotope techniques. In these 
experim ents valine-1-C14 was used since it 
has been reported that elastin has a rela-

TA BLE 3
Effect of copper supplem entation on aortic e lastin

E la s tin  1
Age

C o n tro l C u-defic ien t 
+ Cu 2 C u-defic ien t

days % % %
2 7 11 .1  ± 0 . 5  3 — 7 .0  +  0 .3
3 5 1 1 .3  ±  0 .6 9 .1  ± 0 . 4 7 .6  +  0 .6
4 3 11 .1  ± 0 . 6 1 1 . 0 ± 0 .2 8 .4  +  1 .0

1 E la s tin  is  e x p re ssed  as p e rc e n ta g e  o f th e  w e t 
w e ig h t o f th e  ao rta .

2 A fte r  16 d ay s  o f fe e d in g  C u s u p p le m e n t to  Cu- 
d e fic ien t ch icks.

3 M ean  v a lu e s  o f  5 in d iv id u a l  a o rta s  w ith  s e .

tively high concentration of this amino 
acid (5 ) . The results of the first 2 experi­
m ents are presented in table 4. In the first 
experim ent the chicks were 43 days of age 
and in  the second, 21 days. As fa r as 
could be determ ined from  these data  the 
rate of incorporation of valine into the 
aortic elastin was the same in  both groups. 
The slightly higher values observed in 
elastin from deficient birds were probably 
the result of the deficient chicks being 
sm aller than  the control chicks. In neither 
dietary group did the radioactivity fall ap­
preciably after reaching m axim al values, 
indicating that this protein is relatively 
inert. This would suggest that the catabo­
lism of elastin was not m easurably affected 
by dietary copper.

To determ ine whether copper deficiency 
affected the synthesis of elastin in  the very 
early stages of growth, two more isotope 
studies were conducted using valine-l-C14. 
In one, the chickens were 2 days old and 
in  the other, 3 days. The results of that 
study are presented in  table 5. Rapid 
labeling of the elastin occurred in  both the

TA BLE 4
Specific ac tiv ity  of elastin from chickens in jec ted  w i th  valine-C14

H o u rs
a f te r

in je c tio n

Specific  a c tiv ity  1

43 d ay s  o f age 21 d ay s  o f age

C o n tro l C u-defic ien t C on tro l C u-defic ien t

3 4  2 i i 34 33
6 6 18 55 6 6

12 10 10 78 71
2 4 6 19 6 7 9 6
4 8 9 14 78 1 02
72 12 13 81 114
96 16 2 6 78 10 7

12 0 19 2 4 — —

1 Specific a c tiv ity  e x p re ssed  as c o u n t /m in /m g  e la s tin .
2 M ean  v a lu e  o f  e la s tin  fro m  2 ao rta s .
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control and the deficient chicks, but the 
total activity incorporated was m uch lower 
in  the elastin  from  the deficient chicks. 
These data suggest tha t the presence of 
copper is most critical during periods of 
rapid elastin synthesis, provided that both 
the norm al and deficient aortas contained 
the same concentration of valine.

To establish this point and to determ ine 
the amino acid composition of the elastin 
from the control and copper-deficient 
chicks, an  am ino acid analysis of elastin 
from  the 2 sources was carried out. In 
this experim ent elastin prepared from 
chicks fed the control and copper-deficient 
diets for 14 days was used. In  addition

elastin was prepared from  one-day-old 
chicks for com parative purposes. The re­
sults of tha t analysis are presented in 
table 6.

The valine content of the control and 
copper-deficient elastins was not appreci­
ably different. This observation, coupled 
with the isotope experim ent using the 2- 
and 3-day-old chicks, suggests tha t copper 
plays a role in  synthesis of norm al elastin.

The elastin from  the copper-deficient 
chicks was found to have a m uch higher 
lysine content. This has also been observed 
by W eissm an in  copper-deficient swine.6 *

6 D r. N o rm a n  W e issm a n , U n iv e rs ity  o f U ta h  School
o f M ed ic in e , p e rs o n a l c o m m u n ic a tio n .

T A B LE 5
Specific ac tiv ity  of elastin from 2- and  3-day-old chickens, in jec ted  w i th  valine^-C14

Specific  a c tiv ity
M in u te s  ------------------------------------------------------------------------------------------------------

a f te r  2 d ay s  o f age  3 d ay s  o f age
in je c tio n  -------------------------------------------  -----------------------------------------

C o n tro l C u -d e fic ien t C o n tro l C u -d e fic ien t

counts/ min/mg elastin counts/min/mg elastin
30 389 1 149 150 64
60 448 312 513 317

120 596 201 652 255
180 — — 654 402

1 Values are from 5 pooled aortas.

TABLE 6
Am ino acid analysis of chicken aortic elastin  1-2

1-day-old
chick

14-day-old
chick

14-day-old
Cu-deficient

chick
elastinelastin elastin

g /1 0 0 g g /1 0 0 g g /1 0 0 g
Hydroxyproline 2.67 1.77 1.90
Aspartic acid 0.30 0.23 0.25
Threonine 0.71 0.84 0.78
Serine 0.45 0.51 0.48
Glutam ic acid 1.60 1.64 1.81
Proline 12.31 15.65 15.05
Glycine 26.04 24.42 25.79
A lanine 14.74 14.50 14.44
Vz Cystine trace trace trace
Valine 18.23 19.50 18.82
M ethionine trace trace trace
Isoleucine 2.32 2.60 2.12
Leucine 7.41 6.94 6.92
Tyrosine 2.24 2.10 2.08
P henylalan ine 3.19 2.97 2.83
H exos am ine present present present
H ydroxylysine present present present
Lysine 0.85 0.83 2.66
H istid ine 0.00 0.00 0.00
Am m onia 0.29 0.27 0.28
Arginine 0.74 0.76 1.08

1 T h e  a m in o  a c id  a n a ly s is  w a s  c o n d u c te d  i n  th e  la b o ra to r ie s  o f A n a ly tic a  C o rp o ra tio n , N ew  
Y ork , u s in g  a n  a u to m a tic  a m in o  a c id  a n a ly z e r .

2 V a lu es  a re  f ro m  a  c o m p o site  s a m p le  o f e la s t in  p re p a re d  f ro m  5 a o r ta s  in  e a c h  g roup .
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This appears to be a rare instance, then, of 
a nutritional deficiency resulting not only 
in  lowered protein synthesis, but also in  the 
form ation of a different protein from  that 
formed in  the absence of the deficiency. 
During the course of these investigations it 
was observed that elastin from copper-de­
ficient chicks invariably solubilized more 
quickly in  formic acid than  did elastin 
from control chicks. It is possible tha t the 
difference in  lysine content reflects some 
basic differences in  the configuration and 
in ternal binding of the elastin protein 
which is reflected in  the differences in 
solubility.

One other point should be made. Copper 
deficiency reduces the growth ra te of the 
chicks. Examples of weights of chicks fed 
the control and copper-deficient diets are 
presented in  table 7. The weights up to 21 
days are from the same experim ent, and 
the 28- and 49-day weights are from two 
other experiments. The results indicate 
that 21-day-old copper-deficient chicks 
weigh on the average approxim ately as 
m uch as 14-day-old control chicks. The 
data presented in  table 2 reveal that the 
aortas from 21-day-old deficient chicks con­
tain  less elastin than  those from 14-day- 
old control chicks. The effect of copper 
deficiency on aortic elastin, therefore, is 
not due to some nonspecific decrease in 
the rate of development of the whole ani­
mal.

TABLE 7

Effect of copper deficiency on body  
w eigh t  of chicks

Age
A verage  body  w e ig h t 

C u -d e fic ien t C o n tro l

days 9 9
i 4 4 4 4

7 81 9 0
14 128 1 4 7

21 158 2 4 2
2 8 2 0 4 2 8 3

4 9 5 0 6 5 5 4
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ABSTRACT  The influences of dietary fa t and vitam in E deficiency on the stability  
of rat erythrocytes w as investigated . The m ajor changes arose as a result of the 
om ission of v itam in E from  the diet. These changes were more pronounced w hen  corn 
oil w as included in  the diet. Erythrocytes from  vitam in E-deficient anim als were 
susceptible to hem olysis by copper and iron. Those from  the supplem ented anim als 
were hem olyzed by copper but not by iron. In this case, the degree of hem olysis was 
less than that noted in  the deficient groups. The action of iron appeared to be associ­
ated w ith  the presence of oxyhem oglobin in  the cell. A hypothesis for this activity is 
presented and the relationship to the nature of the dietary fa t is  discussed.

The response of erythrocyte lipids to die­
tary factors has been dem onstrated by 
num erous investigators (1 -3 ) .  Since the 
lipids are involved in  the surface structure 
of the cell, it is feasible tha t dietary factors 
may exert some influence on the integrity 
of erythrocytes subjected to adverse condi­
tions. The action of vitam in E in  pre­
venting oxidative hemolysis of the red cell 
by dialuric acid or hydrogen peroxide is 
a well known example of the role of n u ­
trients in this respect (4 ) . A reduction in  
the erythrocyte survival time has also been 
noted in  cases of vitam in E deficiency (5, 
6 ). In  the present study, the influence of 
vitam ine E and dietary fa t on m etal in ­
duced hemolysis was studied.

MATERIALS AND METHODS

Nutrition. Four groups of w eanling 
m ale albino ra ts were fed for 4 m onths a 
diet consisting of glucose, 68% ; casein, 
18% ; inorganic salt m ixture, 4% ; fa t, 
10% and water-soluble vitam ins (7 ) . The 
fat-soluble vitam ins were adm inistered in 
stripped corn oil by dropper once each 
week. The first group was fed 10% com  
oil +  vitam in E; the second, 10% corn oil, 
no vitam in E; the third, 10% lard  +  v ita­
m in E; and the fourth, 10% lard, no vita­
m in E. The corn oil and lard  had been 
stripped of tocopherols by vacuum  distilla­
tion.* 1 2 The anim als were fed ad libitum  
and were weighed weekly.

Red cell count. Red cells were enu­
m erated in  a counting cham ber w ith the 
Improved Neubauer ruling. The procedure 
outlined by W introbe (8 )  was followed.

Oxidative hemolysis. A blood sample 
was taken from  the tail of the ra t and 
subjected to the dialuric acid hemolysis 
test for vitam in E deficiency proposed by 
Friedm an et al. (9 ) .

Osmotic hemolysis. Five-tenths of a 
m illiliter of blood was w ithdraw n from 
a fresh cut in  the anim al’s tail and sus­
pended in 1.0% saline solution. The cells 
were separated by centrifugation, washed 
twice with saline, and 0.1 m l of the packed 
red cells was suspended in  12 ml of 1.0% 
saline. One milliliter of this suspension 
was pipetted to each of a series of tubes 
containing sodium chloride solution, the 
final salt concentrations ranging from  0.1 
to 1.0% . After incubation for one hour 
at 2 5 °C, the cells were removed by cen­
trifugation and the optical density of the 
supernatan t hemoglobin solution was de­
term ined at 415 mu. The degree of hemol­
ysis was found as in  the procedure cited 
above for oxidative hemolysis, the 0.1 and
1.0% saline solutions representing 100%

R ece iv ed  fo r  p u b lic a tio n  O c to b er 2, 1963.
1 P o r tio n  o f  a  d is s e r ta tio n  p re s e n te d  as a  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 t fo r  th e  Ph .D . deg ree  
T h is  w o rk  w as s u p p o rte d  in  p a r t  by  a  g ra n t  no . H -1819 
fro m  th e  N a tio n a l  In s t i tu te s  o f H e a lth , U. S. P u b lic  
H e a lth  S erv ice  a n d  th e  A m e ric a n  D a iry  A ssoc ia tion .

2 T h e  s tr ip p e d  fa ts  w ere  d o n a te d  by  D is tilla tio n  
P ro d u c ts  In d u s tr ie s ,  R o ch es te r, N ew  Y ork.

J .  N u t r i t i o n , 8 2 : " 6 4 323
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and 0% hemolysis, respectively. The de­
gree of hemolysis was plotted as a function 
of the sodium chloride concentration, and 
the concentration at which 50% hemol­
ysis occurred was ascertained and used 
as a basis for com paring the osmotic fra ­
gilities of erythrocytes from the various 
groups.

Metal induced hemolysis.3 Blood was 
w ithdraw n and the red cell suspension pre­
pared as for the osmotic hemolysis experi­
m ent, but 0.9% sodium chloride was used. 
In all instances, 1.0 ml of this suspension 
was incubated with 9.0 m l of the experi­
m ental solution which always had a final 
sodium chloride content of 0.9% .

In  an initial experim ent, the cells were 
incubated with 5.0 ng of each of the fol­
lowing m etal ions: m anganese (as  MnCl2- 
2H20 ) ,  iron (as FeS04-7H20 ) ,  zinc (as 
ZnS04-7H»0) and cadm ium  (as CdCl2). 
The degree of hemolysis was determ ined 
for each metal. Iron and copper were sub­
jected to fu rther exam ination, the effects 
of m etal concentration and time on the 
degree of hemolysis being studied.

The effect of replacing cellular oxygen 
by carbon monoxide was also considered 
in  the case of iron and copper. After draw­
ing the blood, cell suspensions were ex­
posed to carbon monoxide or oxygen, by 
replacing the atmosphere above the sus­
pensions with the appropriate gas and 
gently inverting the tube 10 times. This 
was repeated four more times, and the 
cells were then  washed and resuspended 
in  saline as before. Replacem ent of cellu­
la r gas was effected at zero, 30 and 60 
m inutes after drawing the blood from the 
animal. Incubation and hemolysis deter­
m ination were carried out as before.

Lipid peroxide determination. The pro­
cedure described by Tsen and Collier (1 0 )

for the detection of lipid peroxides in  eryth­
rocyte hemolysates by the use of the
2-thiobarbituric acid test, was followed.

Protective action of tocopherol. An 
emulsion of a-tocopherol in 0.9% sodium 
chloride was prepared with the aid of poly­
oxyethylene sorbitan monooleate (Tw een 
60). The emulsion was then added to the 
incubation m ixture to give final concentra­
tions of 1.0 and 2.0 ng of the vitam in. 
Hemolysis was determ ined as before. 
Blank analyses were carried out using the 
emulsifier and m etal w ithout any tocoph­
erol, and the emulsifier alone.

RESULTS

Differences in  the m ean weight gains 
between the groups tha t had received the 
vitam in E supplem ents and those deprived 
of the vitam in were 81 g and 24 g for the 
com  oil and lard diets respectively (table
1). These differences were significant at 
the 0.1% level or below in both cases, as 
ascertained by the t  test of significance
(1 1 ). Moreover, lard was more effective 
in  prom oting the growth of the anim als 
than  was corn oil. This was so when vita­
m in E was supplied (groups 1 and 3) or 
withheld (groups 2 and 4 ). The difference 
between groups 1 and 3 was significant 
at the 0.5% level, that between groups 2 
and 4 at less than  the 0.1% level. The 
fu r of the anim als fed the supplemented 
diets was smooth and sleek, but th a t of the 
deficient ra ts was coarse and had a reddish 
cast. There was also visible evidence of 
testicular degeneration (decrease in  size) 
in  the deficient animals.

Oxidative hemolysis, induced by dialuric 
acid, indicated th a t the anim als that

3 T h e  m e ta ls  w e re  s tu d ie d  as th e i r  c a tio n s . For 
s im p lic ity  th e  te rm s  “m e ta l”  a n d  “m e ta l- in d u c e d ”  a re  
u s e d  th ro u g h o u t th is  p a p e r ,  r a th e r  th a n  th e  “m e ta l­
io n ”  d e s ig n a tio n .

TA B LE 1
R elationsh ip of the d ietary  fa t to  grow th  and the red  cell counts of the experim en ta l anim als

Group Weight 
gain 1

Red cell 
count 2 Range 3

i C om  oil +  vitam in E
9

324 ± 2 1 8.40 ± 0 .3 6 7 .9 8 -8 .8 0
2 Corn oil, no vitam in E 241 ± 1 6 7.62 ± 0 .7 9 6 .7 5 -8 .8 0
3 Lard +  vitam in E 340 ±  23 8.97 ± 0 .5 0 8 .1 1 -9 .3 2
4 Lard, no vitam in E 3 1 6 ± 2 0 8.91 ± 0 .2 0 8 .5 9 -9 .1 2

1 M ean  w e ig h t g a in  o f 45  a n im a ls  ±  sd o f  m e a n .
2 M ean  c o u n t fo r  5 a n im a ls  ±  sd in  m illio n s  o f c e l ls /m m 3.
3 M illio n s  o f c e l ls /m m 3.
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had received the tocopherol supplements 
(groups 1 and 3 ) were not deficient, 
whereas those that had not received the 
supplements (2  and 3) were deficient. 
Groups 1 and 3 had m ean hemolysis values 
of 1.0 and 0 .0% , respectively, and groups
2 and 4 had  values of 99 and 96% , re ­
spectively.

The red cell counts of the anim als in 
the four groups are presented in  table 1. 
The differences between the groups were 
not significant as determ ined by the t test. 
However, the range of values obtained with 
the ra ts from group 2 (com  oil, no vita­
m in E ) was considerably greater than  
those obtained for the other groups. The 
m inim al value for this group m ay indicate 
the onset of anem ia in individual ra ts 
w ithin this group.

The saline concentrations at which 50% 
hemolysis occurred were 0.48, 0.48, 0.50 
and 0.50% for groups 1, 2, 3, and 4, re­
spectively. The differences were of doubt­
ful significance.

Of the m etals examined, only iron and 
copper were found to induce significant 
hemolysis (greater th an  10% ) when used 
at a concentration of 5 ag in  10 ml of the 
incubation mixture. Copper was effective 
in  hemolyzing cells from all 4 groups but 
was slightly more effective with the cells 
from  the deficient animals. Iron induced 
considerable hemolysis when incubated 
with cells from  the deficient anim als but 
was essentially w ithout effect (2  to 3% 
hem olysis) when cells from  groups 1 and
3 were used. Figure 1 represents the vari­
ation in hemolysis with copper concentra­
tion for cells from  the four groups of ani­
mals. Figure 2 represents the effect of 
iron on the degree of hemolysis of cells 
from anim als deficient in vitam in E. The 
incubation time in  the case of copper 
was 60 m inutes. A 40-minute incubation 
was used in  the experim ents with iron 
since the longer incubation period ob­
scured im portant differences between the 
2 groups studied. This is evident from 
figure 3, showing the relationship of the 
incubation time to the degree of hemol­
ysis. A sim ilar experim ent was conducted 
for the incubation of copper with the 
erythrocytes from  the anim als in  the defi­
cient groups, but no difference was ob­
served in  this case.

100-

0 1 2 3 4 5 6 7
MICROGRAMS CF COPPER

Fig. 1 Variation in  hem olysis w ith  copper 
concentration. Conditions: 60 m inutes' incuba­
tion at 25°C.
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Fig. 2  Variation in  hem olysis w ith iron con­
centration. Conditions: 40 m inutes’ incubation  
at 25°C.

The replacem ent of cellular oxygen by 
carbon monoxide greatly influenced the 
degree of metal-induced hemolysis (table
2 ). Allowing the cells to stand at room 
tem perature prior to replacem ent of the 
oxygen also had a m arked effect on the 
hemolysis. In  the case of iron, the pres­
ence of carbon monoxide afforded some 
m easure of protection irrespective of the 
time elapsed before replacem ent of the
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INCUBATION TIME (MINUTES)
Fig. 3 Variation in  iron induced hem olysis 

w ith  tim e. Conditions: Incubation w ith  4 /xg of 
iron at 25°C.

TA B LE 2

E ffect o f rep lacem en t of cellular oxygen  
by carbon m onoxide 1

Time 2 Gas
Copper,3

%
hemolysis

Iron,3
%

hemolysis

0 Oxygen 25.9 1.2
Carbon m onoxide 8.2 1.0

30 Oxygen 33.3 15.7
Carbon m onoxide 47.4 4.4

60 Oxygen 29.2 51.4
Carbon m onoxide 38.9 18.8

1 Metal concentration 4 fig, incubation time 40 
minutes. Animals from group 4, lard, no vitamin E 
used.

2 Time in minutes elapsed between drawing, wash­
ing and centrifuging the cells, and replacing the 
oxygen with carbon monoxide and commencing the 
incubation with the appropriate metal.

3 Values represent the mean of 3 animals.

oxygen. However, the elim ination of oxy­
gen inhibited copper hemolysis only if 
carried out im mediately after blood was 
drawn. After the cells had been in  contact 
with oxygen for some time, there was no 
inhibition but an  increase in  hemolysis.

DISCUSSION

Variation of the dietary fa t and the 
omission of vitam in E from  the diet re­
sulted in  changes in the stability of eryth­
rocytes. Vitam in E deficiency resulted in  
the most significant changes, whereas the 
nature of the dietary fa t tended to modify 
the degree of change.

Reduction in  the red cell survival time 
accompanied by anem ia has been observed 
in  the ra t (6 )  and the monkey (5 )  in  
cases of vitam in E deficiency. A reduction 
in  the erythrocyte survival time w ithout 
the symptoms of anem ia has been ob­
served in  vitam in E-depleted hum an  sub­
jects (1 2 ). In  the present experim ent, de­
privation of v itam in E for 4 m onths did not 
give rise to a significant level of anemia. 
The red blood cell counts were inconclu­
sive. Differences were noted between an i­
m als receiving lard and corn oil, and be­
tween those deficient in  vitam in E and 
receiving the vitam in supplement. These 
differences were, however, of doubtful sig­
nificance. The wide range of values ob­
tained with the rats receiving com  oil and 
no vitam in E m ay indicate the onset of 
anem ia among individuals w ithin this 
group.

The role of metals in  the oxidative 
hemolysis of erythrocytes was investigated 
by Bunyan and his associates (1 3 ) , who 
found that copper, zinc, and a num ber of 
other m etals were antagonistic to the pro­
tective action of tocopherol against dia- 
luric acid-induced hemolysis. Iron and 
nickel were w ithout effect. However, cop­
per had previously been shown to be 
hemolytic (1 4 ). The m etal was believed 
to exert its action by binding to the eryth­
rocyte surface as a protein-copper com­
plex. Vitamin E deficiency was not in ­
volved and no other oxidizing agent was 
present. This copper-induced hemolysis 
was noted in  the present study. It was 
essentially independent of the dietary fa t 
consumed but was enhanced by vitam in E 
deficiency, particularly at lower concen­
trations of the m etal ion.

In the case of iron, a sharp difference 
was noted between the supplem ented and 
deficient animals. Little or no hemolysis 
occurred in  the presence of 5 ag of iron 
if vitam in E was included in  the diet. In 
the absence of the vitam in, considerable 
hemolysis occurred. Initial experim ents 
involved a one-hour incubation, and the 
observed difference between the groups 
receiving com  oil and lard was small. 
However, a time study revealed tha t the 
dietary fa t exerted a considerable influence 
on the rate of hemolysis (fig. 3 ). The 
more unsaturated  diet was accompanied
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by a shorter induction period. Cells from 
the anim als fed the com  oil diet were 
susceptible to m uch lower concentrations 
of iron (fig. 2 ). A series of experim ents 
conducted at 25°C indicated that the 
iron-induced hemolysis was tem perature- 
dependent. The degree of hemolysis at 
this tem perature was considerably lower 
than  at 37°C.

By analogy with the dialuric acid hemol­
ysis system, it appeared possible that oxi­
dative hemolysis, catalyzed by iron, was 
occurring. This view was supported by 
the greater susceptibility of the linoleic 
acid-rich erythrocytes to the action of the 
m etal. However, attem pts to dem onstrate 
the occurrence of lipid peroxides by their 
reaction with 2-thiobarbituric acid proved 
unsuccessful. W hen the total hemolysate 
was used, a brown color resulted from  the 
interference by hemoglobin. If the strom a 
were first isolated, the expected pink color 
was obtained but was of low intensity. 
This m ay have been due to the use of too 
small a cell sample, but at higher cell con­
centrations, hemolysis was extensive and 
uncontrolled.

Attempts to study the protective action 
of tocopherol were likewise unsuccessful. 
In this case, the em ulsifying agent, Tween 
60, increased the hemolytic action of the 
m etals, probably by enhancing the bind­
ing of the m etal to the cell surface. The 
Tween 60 was not itself hemolytic at the 
concentration used.

The replacem ent of oxygen by carbon 
monoxide had been shown to be effective 
in  reducing the degree of hemolysis in ­
duced by dialuric acid (1 5 ). The same 
substitution was therefore m ade in  the 
present study using cells from  the vitam in 
E-deficient anim als and copper or iron. 
Iron became more effective as a hemolytic 
agent in  the presence of oxygen as the 
pre-incubation period of the cells in  the 
presence of oxygen was increased. Car­
bon monoxide exhibited a substantial in ­
hibitory effect on the hemolytic action of 
this m etal. These observations perm it the 
form ulation of the following hypothesis 
concerning the action of iron on the cells. 
The increasing hemolysis of the cells 
with increasing pre-incubation with oxy­
hemoglobin indicates tha t the la tter com­
pound is acting on the cell during this

time, possibly in itiating an oxidation of 
the cell lipids. The ability of carbon m on­
oxide to reduce the hemolytic activity of 
iron indicates tha t the metal, in the pres­
ence of oxyhemoglobin, acts on the cell 
to produce hemolysis. This la tter action 
m ay be the completion of the partia l oxida­
tion of the lipids initiated in  the pre­
incubation period. The cells from the ani­
m als fed com  oil, containing more linoleic 
acid (3 ) ,  would presum ably be more sus­
ceptible to oxidation and hemolysis.

In  the case of copper, the carbon m on­
oxide-hemoglobin samples afforded no pro­
tection against hemolysis if any pre-incu­
bation with oxygen was permitted. This 
would indicate that the copper operates in­
dependently of the oxyhemoglobin. This is 
in  keeping wtih Lam bin’s theory (1 4 ) con­
cerning the mode of action on copper on 
the cell, nam ely, tha t it binds the surface 
of the cell. The increased hemolysis found 
in  vitam in E-deficient anim als, when com­
pared with the supplem ented ones, may 
result from  oxidation in  the form er case 
producing m ore polar groups in  the cell 
surface and facilitating the binding of the 
metal. This would account for the reduced 
hemolysis in  the presence of carbon m on­
oxide with no pre-incubation period (table
2 ). The increase in  hemolysis after the 
replacem ent of oxygen by carbon m on­
oxide after 30 or 60 m inutes’ pre-incuba- 
tion is difficult to explain. However, the 
m ere act of exchanging the 2 gases re­
sulted in  some hemolysis (w hich was 
elim inated when the cells were w ashed). 
It is possible tha t this exchange weakens 
the cell in  general thus facilitating the 
action of copper.

LITERATURE CITED
1. W itting, L. A., C. C. Harvey, B. Century and 

and M. K. Horwitt 1961 Dietary altera­
tions of fatty acids o f erythrocytes and mito- 
condria of brain and liver. J. Lipid Res., 2: 
412.

2. M onsen, E. R., R. Okey and R. L. Lyman  
1962 Effect of diet and sex on the relative 
lip id com position of plasm a and red blood 
cells in  the rat. M etabolism, 11: 1113.

3. W alker, B. L., and F. A. Kummerow 1963 
Dietary fat and the structure and properties 
of rat erythrocytes. I. The effect of dietary 
fat on the erythrocyte lipids. J. Nutrition, 
81: 75.



328 BR IA N  L . W A L K ER  AND F . A. K U M M E R O W

4. Gyorgy, P., and C. S. Rose 1949 Tocoph­
erol and hem olysis in  v ivo  and in  vitro . Ann.
N. Y. Acad. Sci., 52: 231.

5. M arvin, H. N ., J. S. D inning and P. L. Day 
1960 Erythrocyte survival in  vitam in E-defi­
cient m onkeys. Proc. Soc. Exp. Biol. Med., 
105: 473.

6. M arvin, H. N. 1963 Erythrocyte survival 
of rats deficient in  v itam in E or vitam in B6. 
J. Nutrition, 80: 185.

7. Sakuragi, T., and F. A. Kummerow 1956 
The biological utilization of various fat- 
soluble esters of pvridoxine and 4-desoxypyri- 
doxine by rats. J. Nutrition, 58: 557.

8. W introbe, M. M. 1956 Clinical Hematology, 
ed. 4. Lea and Febiger, Philadelphia, p. 377.

9. Friedm an, L., W. W eiss, F. Wherry and
O. L. Kline 1958 B ioassay of vitam in E by 
the dialuric acid hem olysis method. J. Nutri­
tion, 65: 143.

10. Tsen, C. C., and H. B. Collier 1960 The 
protective action of tocopherol against hem ol­

ysis of rat erythrocytes by dialuric acid. 
Canad. J. Biochem . Physiol., 38: 957.

11. Fisher, R. A. 1925 Applications of “Stu­
dent’s” distribution. Metron, 5: 90.

12. Horwitt, M. K., B. Century and A. A. Zem an  
1963 Erythrocyte survival tim e and reticu­
locyte levels after tocopherol depletion in  
m an. Am. J. Clin. Nutrition, 12; 99.

13. Bunyan, J., J. Green, E. E. Edwin and A. T. 
Diplock 1959 Studies on v itam in E. 3. 
The relative activities of tocopherols and 
some other substances in  v ivo  and in  vitro  
against dialuric acid-induced haem olysis of 
erythrocytes. Biochem . J., 75: 460.

14. Lambin, S., S. Bazin and A. Salas 1951 
Action des sels de cuivre sur les erythrocytes. 
An. Instit. Pasteur, 81: 572.

15. Bunyan, J., J. Green, E. E. Edwin and A. T. 
Diplock 1960 Studies on v itam in E. 5. 
Lipid peroxidation in  dialuric acid-induced  
haem olysis o f v itam in E-deficient erythro­
cytes. Biochem ., J., 77: 47.



Dietary Fat and the Structure and Properties 
of Rat Erythrocytes* 1
III. RESPONSE OF ERYTHROCYTE FATTY ACIDS 

TO VARIOUS DIETARY FATS

BRIAN L. WALKER a n d  F. A. KUMMEROW
The B urnsides R esearch Laboratory, U n iversity  o f Illinois, Urbana, Illinois

ABSTRACT  The response of rat erythrocyte fatty  acids to 4 fats of w idely differ­
ing fatty acid com positions w as investigated. The red cell fatty acids were susceptible 
to dietary influence but in  a very specific m anner. Short-chain dietary fatty  acids, 
provided by butter and hydrogenated coconut oil, were not incorporated into the ery­
throcyte lipids to any appreciable extent. The “non-m am m alian” hydroxy acid, ricino- 
leic acid, w as not incorporated into the cell w hen castor oil was included in  the diet. 
This w as possibly due, in  both cases, to the absence from  the plasm a of significant 
levels of the acids in  question. D iets low  in  essential fatty acids resulted in  low  
cellular concentrations of linoleic and arachidonic acids, w ith a concom itant accum u­
lation of oleic and eicosatrienoic acids. The high dietary linoleic acid provided by 
corn oil resulted in  the accum ulation of this acid in the cell at the expense of the oleic 
acid. Fatty aldehydes, derived from  the plasm alogen phosphatides, were also respon­
sive to diet, linolevl aldehyde increasing w ith increased dietary linoleate.

We have previously shown that changes 
in  the lipids of the erythrocyte resulting 
from  dietary factors involve only the fatty 
acid moieties of the lipids (1 ) . Such 
changes are the result of differences in  the 
unsaturated  acids in  the dietary fat. In  an 
effort to study the effects of these changes 
on the permeability of the cells to various 
solutes, the previous work has been ex­
tended by using fats of widely different 
fatty  acid composition.

MATERIALS AND METHODS

The basic diet has been described in  a 
previous publication (1 ) . The dietary fats 
used, all a t a level of 10% , were hydro­
genated coconut oil, butterfat, castor oil, 
and corn oil. W eanling male albino rats 
were fed the diets ad libitum  for 22 weeks.

At the end of this period 3 rats were 
chosen at random  from  each dietary group 
and anesthetized with pentobarbital so­
dium .2 Blood was w ithdraw n from  the 
abdominal aorta into sodium citrate solu­
tion. The red cells were obtained by centrif­
ugation and were washed 3 times with iso­
tonic saline. They were then added slowly 
to 7 volumes of absolute m ethanol. Four­
teen volumes of chloroform were added 
and the extraction was continued for one 
hour. After filtration, the residue was re­

extracted twice more with chloroform- 
methanol. The extracts were combined, 
washed with 0.2 volumes of distilled water
(2 ) , dried over anhydrous sodium sulfate, 
filtered and evaporated under reduced pres­
sure at room tem perature.

The total lipid sample was m ethylated 
and the methyl esters sublimed as de­
scribed previously (1 ) . Separation of the 
dimethyl acetals of long-chain aldehydes 
was accomplished by saponification of the 
total m ethylate with 5% m ethanolic so­
dium  hydroxide for 3 hours at 80°C. The 
nonsaponifiable fraction, containing the 
acetals, was extracted with hexane. After 
acidification of the rem aining sodium salts, 
the fatty  acids were extracted and rem eth­
ylated with m ethanolic hydrogen chloride. 
Gas chrom atographic analysis of the 
methyl esters and of the dimethyl acetals 
was carried out as before (1 ) .

RESULTS

The fatty  acid compositions of the ery­
throcyte lipids from  the 4 dietary groups 
are presented in  table 1. The m ajor differ-

R ece ived  fo r  p u b lic a tio n  O c to b er 2, 1963.
1 T h is  w o rk  w a s  su p p o rte d  in  p a r t  by  g ra n t  no . 

H -1819 fro m  th e  N a tio n a l In s t i tu te s  o f H e a lth , U. S. 
P u b lic  H e a lth  S erv ice , N a t io n a l  L ive S tock  a n d  M eat 
B o ard , a n d  th e  I ll in o is  H e a r t  A ssoc ia tion .

2 N e m b u ta l,  A bbo tt L a b o ra to r ie s , N o r th  C hicago , 
I llin o is .
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TABLE 1
Fatty acid and aldehyde com position of the erythrocyte lipids 1

Identity 2 Coconut oil Butter fat Castor oil Corn oil

12:0 1 .5 ± 0 .3  3 0.7 ±  0.3 0.4 ± 0 .1 0 .4 ± 0 .1
13:0 trace trace trace trace
14:0 1 .8 ± 0 .2 1.4 ±  0.1 0.9 ± 0 .2 0.6 ± 0 .1
15:0 0 .2 ± 0 .1 0.3 ± 0 .1 0 .2 ±  0.0 0.3 ± 0 .0
16:0 22.4 ±  1.4 20.6 ± 1 .1 25.2 ± 3 .4 24.2 ±  1.8
16:1 2.7 ± 0 .1 2.3 ± 0 .1 1.7 ±  0.5 0.4 ± 0 .0
17:0 0 .3 ± 0 .1 0.5 ± 0 .2 0.3 ± 0 .1 0 .2 ± 0 .1
18:0 1 4 .2 ± 0 .8 9.8 ± 0 .9 1 3 .5 ± 0 .7 13.5 ±  1.2
18:1 15.7 ± 1 .2 16.9 ± 0 .5 1 3 .5 ± 0 .7 8 .6 ±  0.2
18:2 2.2 ± 0 .6 4.3 ± 0 .1 5.3 ± 0 .3 11.5 ±  0.7
20:0 0.4 ± 0 .2 0 .3 ± 0 .1 0 .2 ±  0.0 0 .2 ±  0.0
20:1 0.4 ± 0 .1 0 .2 ± 0 .1 0.3 ± 0 .1 0 .3 ± 0 .1
20:2 0 .2 ± 0 .1 0 .1 ± 0 .1 0.1 ±  0.1 0 .3 ± 0 .1
20:3 15.0 ± 1 .7 5.1 ± 0 .8 1.3 ± 0 .3 0 .1 ± 0 .1
20:3 1 .0 ± 0 .3 1 .2 ± 0 .3 1.1 ± 0 .2 0 .5 ± 0 .1
20:4 1 5 .4 ±  0.5 24.5 ±  1.0 2 6 .3 ±  1.7 3 1 .0 ± 2 .3
Unidentified trace trace trace 0 .2 ± 0 .1
20:5 1.4 ±  0.1 2.9 ± 0 .6 0 .3 ± 0 .1 0 .2 ±  0.0
24:1 1.3 ±  0.4 0.8 ± 0 .2 3.0 ± 0 .5 1 .3 ± 0 .5
2 2 :4 (? ) 1 .6 ± 0 .4 1 .6 ±  0.5 2.3 ± 0 .6 3.7 ± 0 .2
22:5 1 .0 ±  0.3 0.3 ± 0 .2 0.7 ±  0.0 1 .4 ± 0 .2
2 2 :5 ( ?) 0 .2 ± 0 .1 1 .2 ± 0 .5 0.7 ±  0.3 0 .3 ± 0 .1
22:6 1.1 ± 0 .2 5.0 ± 0 .2 2.7 ± 0 .3 0 .8 ± 0 .1
16:0 al 30.5 ±  1.8 27.3 ±  1.2 27.0 ± 2 .2 3 0 .2 ±  1.5
18:0 al 28.8 ±  1.5 26 .7 ±  1.7 30.9 ±  1.2 31.7 ± 1 .4
18:1 al 29.9 ± 1 .6 2 7 .3 ±  1.6 3 1 .0 ± 3 .1 21.0 ±  1.2
18:2 al 2.9 ± 0 .7 4 .9 ± 0 .7 3.1 ±  0.4 7.1 ± 0 .7
Unidentified 4 7.9 13.8 8.0 10.0
1 Expressed as a percentage of the total fatty acids or total fatty aldehydes.
2 Numbers before and after colon represent carbon chain length and number of double bonds, 

respectively; al signifies aldehyde.
3 Mean of 3 analyses ±  sd  o f mean. Trace signifies less than 0 .0 5 % .
4 Non-saponifiable components.

ences were in  the oleic, linoleic, eicosatri- 
enoic and eicosatetraenoic acids. The oleic 
acid decreased as the dietary linoleic acid 
was increased.3 There was a concomitant 
increase in  the linoleic acid content of the 
erythrocyte lipids. The highly saturated 
coconut oil diet resulted in the accum ula­
tion of considerable am ounts of eicosatri- 
enoic acids, particularly the 5, 8, 11-iso­
mer, which are characteristic of essential 
fatty acid deficiency. The increasing 
am ounts of dietary linoleic acid found in 
the butterfat, castor, and corn oils, respec­
tively, resulted in the accum ulation of de­
creasing am ounts of the trienoic acids. 
This decrease was accompanied by an in ­
crease in  the arachidonic acid content of 
the cell. The acid tentatively identified as 
a docosatetraenoic acid also increased 
when dietary linoleic acid was increased.

Other changes occurring were in  the 
lauric, myristic and palmitoleic acid con­
centrations in  the cell lipids. These all 
showed increases as the dietary linoleic

acid decreased. In the case of lauric and 
myristic acid, these changes m ay also be 
related to the dietary supply of these acids.

In table 1 are also listed the composi­
tions of the dimethyl acetals obtained from 
the red cells of animals fed the 4 diets. 
The m ajor identifiable components were 
the acetals of palmitic, stearic, oleic, and 
linoleic aldehydes which constituted ap­
proximately 90% of the total aldehydes. 
Again there appeared to be some response 
to dietary factors, the linoleyl aldehyde in ­
creasing with increased dietary linoleate. 
The butter group was slightly anomalous 
in  this case. This observation suggests 
that the fatty  acids may act as precursors 
for the aldehydes in  plasmalogen biosyn­
thesis.

3 Major components of dietary fats (as % total fatty 
acids): corn oil 16:0, 11.5%; 18:0, 2.8%: 18:1,
30.1%; 18:2, 54.0%; 18:3, 0.5%. Castor oil 16:0, 
1.7%; 18:0, 1.5%; 18:1, 4.1%; 18:2, 6.6%; 18:10H  
(ricinoleic), 83.6%. Butter fat C-4 to C-12, 10.0%- 
14:0, 11.2%; 16:0, 26.3%; 18:0, 13.9%; 18:1, 29.5%; 
18:2, 2.2%; 18:3, 1.6%. Coconut oil 10:0, 5.0%; 
12:0, 50.8%; 14:0, 19.0%; 16:0, 9.9%; 18:0, 10.4%- 
18:1, 2.8%; 18:2, 0.6%; 18:3, 0.4%.



E R Y TH R O C Y TE F A TT Y  ACIDS AND D IETARY FA T 331

DISCUSSION

The four different dietary fats resulted 
in considerable differences in the total fatty 
acid patterns of the erythrocyte lipids. 
These differences m ay be attributed pri­
marily to varying essential fatty  acid con­
tent of the dietary fat. As dietary linoleic 
acid decreased, the cellular linoleic, and to 
some extent, arachidonic acids decreased, 
whereas the eicosatrienoic acids increased.

Although changes m ay be effected in  
the red cell fa tty  acids, they are quite spe­
cific changes (table 1). The adm inistra­
tion of butterfat, which contained shorter 
chain acids, did not lead to the incorpora­
tion of these acids into the cellular lipids. 
Although coconut oil contained 50% lauric 
acid, the erythrocytes from  anim als receiv­
ing this dietary fa t contained only 1.5% of 
this acid. A sim ilar situation was noted 
with castor oil in  the diet. This fa t con­
tained over 80% of 12-hydroxy octadeca-9- 
enoic acid. The retention time of this acid 
under the chrom atographic conditions used 
was very close to th a t of the C-22 hexa- 
enoic acid. In  this region of the chrom ato­
gram, the am ount of m aterial eluted from 
the column was 2.7% of the total methyl 
esters. After treatm ent of the m ethyl 
esters with an  acetylating reagent, very 
little change was noted in  the concentra­
tions of the various m ethyl esters. Thus, 
little, if any, hydroxy acid was incorpor­
ated into the cell lipids. A probable reason 
for the failure of the cell to incorporate 
these various acids m ay be their absence 
or low level in  the plasm a. Spot checks on 
the p lasm a lipids of the anim als fed the 
coconut and castor oil failed to indicate 
any appreciable level of either lauric or 
ricinoleic acid in  the respective plasm a 
samples. It has been shown, however, that 
there is very little incorporation of (re­
labeled lauric acid into the red cell in vitro
(3 ) . This would support the contention 
tha t the degree of alteration of the erythro­
cyte lipids m ay be subject to certain  lim ita­
tions.

The prim ary changes in  the erythrocyte 
fatty  acids were in  the oleic and linoleic 
acids and their probable m etabolites. W it­
ting and his co-workers (4 )  and M onsen 
and her associates (5 )  have previously 
dem onstrated th a t replacem ent of dietary 
corn oil by coconut oil resulted in  a de­

crease in  linoleic acid and an increase in 
the oleic acid of the erythrocyte lipids. We 
have also shown this to be true when lard 
was substituted for corn oil (1 ) . In none 
of these cases was any significant change 
noted in  the arachidonic acid of the cell. 
However, the dietary coconut oil contained 
4% , and the lard 10% linoleic acid. This 
coconut oil diet would result in  conditions 
sim ilar to those used with the castor oil diet 
in  the present experim ent, and which re­
sulted in  a slightly lower arachidonic acid 
content in  the cell lipids when compared 
with the corn oil diet. The anim als receiv­
ing the coconut oil diet exhibited the usual 
external signs of essential fatty  acid defi­
ciency, scaliness of the paws and increased 
food and w ater consumption. M ohrhauer 
and Holm an (6) have shown that a dietary 
deficiency of linoleic acid does indeed influ­
ence the arachidonic acid content of the 
red cell lipids, which was also the case in 
the present study.

The appearance of eicosatrienoic acids is 
a sign of essential fatty  acid deficiency. In 
a previous paper of this series (1 ) ,  an acid 
having a carbon num ber of 22.2 was iden­
tified as an  eicosatrienoic acid. This acid 
was found to increase slightly w hen dietary 
linoleic acid was restricted in  the present 
study. However, a m uch greater increase 
was noted in  the acid occurring ju st prior 
to this on the chrom atogram  (carbon num ­
ber 21 .9 -22 .0 ). This com ponent was u n ­
saturated  and on hydrogenation behaved 
as an eicosenoic acid, a fact th a t was not 
evident in  the original study (1 )  owing to 
the low concentration of this acid and the 
presence of docosenoic acids which would 
appear in  this region of the chrom atogram  
after hydrogenation. On the basis of the 
increase in  this acid in  cases of essential 
fatty  acid deficiency and from retention 
data  in the literature, this acid (carbon 
num ber 21 .9-22 .0) was tentatively identi­
fied as an  eicosatrienoic acid also. Mohr­
hauer and Holm an (7 )  isolated the eicosa­
trienoic acids from  the liver lipids of ra ts 
deficient in  essential fa tty  acids. They 
characterized them  by degradative ozonol- 
ysis as the 5, 8, 11- and 7, 10, 13- isomers 
the form er com prising the larger propor­
tion of this m ixture. Retention data avail­
able in  the literature indicate th a t the 5 ,8 ,
11- isom er is eluted prior to the 7, 10, 13-
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isomer. This would m ake the present re­
sults consistent with these of M ohrhauer 
and Holm an since the isomer, 5, 8, 11, 
with the lower retention time was present 
in  m uch higher concentrations when coco­
n u t oil was included in  the diet.

These eicosatrienoic acids result from 
the efforts by the organism  to synthesize 
arachidonic acid from the saturated and 
monoenoic acids in  the body. This would 
account for the appearance of more oleic, 
and to a lesser extent, palmitoleic acid in  
the cells of the rats fed coconut oil, in  spite 
of the highly saturated nature of this fat. 
Oleic and linoleic acids are apparently cap­
able of replacing each other quite readily 
in  the red cell phospholipids (3 ) . In this 
respect the total C-18 unsaturated  acids 
are relatively constant for all 4 diets. This 
is also true for the total eicosatriene and 
tetraene acids.

The acid tentatively identified as a doco- 
satetraene in  our previous publication (1 ) 
was found to increase with increasing lino- 
leate. This is contary to the observations 
of Enser and Bartley, who noted that this 
tetraenoic acid was characteristic of essen­
tial fatty  acid deficiency (8 ) . M ohrhauer 
and Holman (7 )  isolated an  acid from  liver 
lipids which they believed to be a docosate- 
traene. Degradation studies indicated it to 
be a docosapentaene however. They quoted 
carbon num bers of 25.2, 25.7 and 26.3 for 
4, 7, 10, 13, 16-docosapentaenoic, 7, 10, 
13, 16, 19-docosapentaenoic and 4, 7, 10, 
13, 16, 19-docosahexaenoic methyl esters, 
respectively. We believe these to corre­
spond to methyl esters appearing on our 
chrom atogram s with carbon num bers of
25.4, 25.9 and 26.6. The tentatively identi­
fied methyl docosatetraenoate had a car­
bon num ber of 24.9. F inal identification 
would require isolation of this acid and de- 
gradative studies, neither of which were 
possible with the detection system (hydro­
gen flam e) used in  the present study. The 
discrepancy between our results and those 
of Enser and Bartley (8 )  probably results 
from  the uncertainty of the identity of the 
acid in  question. Docosahexaenoic acid is 
believed to be synthesized from linolenic 
acid (7 ) . It was higher in  the cell lipids 
from  the anim als fed the diet containing 
butter, which contained 1.6% linolenic 
acid.

Since a num ber of aldehyde dimethyl 
acetals have retention times sim ilar to 
those of the more abundant fatty  acid 
methyl esters, it was found expedient to 
separate the alkali stable acetals from  the 
methyl esters by saponification. In  this 
way, linoleyl aldehyde dimethyl acetal, 
which is norm ally obscured by m ethyl ole- 
ate under the conditions used, was detected 
and determined. Again there was a correla­
tion between the dietary linoleate and the 
am ount of this aldehyde present. Sim ilar 
trends have been noted in  hum an erythro­
cytes (9 ) . This indicates tha t enzymatic 
reduction of fatty  acids m ay be involved in  
plasm alogen synthesis. Experim ents with 
radioactive palmitaldehyde, palm itic and 
stearic acids have indicated that the free 
aldehyde is not incorporated into plasmalo- 
gens but fatty  acids are incorporated to a 
small degree (10 ).
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Metabolic Studies of an Amino Acid 
Imbalance in Cold-exposed Rats'

GEORGE J. KLAIN a n d  ROBERT L. WINDERS
A rctic  A erom edical L aboratory, APO 731, Seattle , W ashington

ABSTRACT  Young rats fed an am ino acid-im balanced diet based on 6% fibrin, 
and supplem ented w ith  0.4% DL-methionine and 0.6% DL-phenylalanine had increased  
activities of liver arginine synthetase and arginase, and increased plasm a levels of a 
num ber of am ino acids. However, the activities and levels o f these m etabolites were 
decreased in  a comparable group of anim als exposed to 7°C. The radioactivity of the 
expired C 02, originating from  2 yc  each of intraperitoneally adm inistered carbon- 
labeled m ethionine, phenylalan ine or a lanine, indicated that the rats kept at room  
temperature m ay not be able to oxidize effectively the 2  im balancing am ino acids 
to m aintain  a proper balance in  the am ino acid pool for the protein synthesis. In  
contrast, the cold-exposed anim als were able to catabolize the excessive levels of 
m ethionine and phenylalanine and utilize them  for energy purposes. The rem aining  
balanced portion of the am ino acid pool was then apparently used for the form ation  
of new  tissues, as also indicated by greater gains in  body w eight. In another experi­
m ent it  was shown that protein-depleted rats exposed to 3°C for 27 hours readily 
consum ed the im balanced diet, whereas the food intake of a comparable group of rats 
kept at 25°C decreased sharply 18 hours after the anim als had been given the diets.

It is well established th a t ingestion of an 
amino acid-imbalanced diet based on 6% 
fibrin supplem ented with 0.4% DL-methio­
nine and 0.6% DL-phenylalanine leads to 
a growth depression in  young ra ts (1 ) . 
However, it was recently reported from  
this laboratory tha t young ra ts  chronically 
exposed to a mild cold stress (7°C ) readily 
consumed this im balanced diet w ithout 
any apparent adverse effect on growth, 
despite the fact tha t these anim als doubled 
their food consum ption (2 ) . The present 
experim ents were conducted in  an  attem pt 
to elucidate this phenom enon and to fu r­
ther investigate metabolic changes asso­
ciated with this specific amino acid im bal­
ance. In addition, the effect of acute cold 
stress (3°C ) on the consum ption of this 
im balanced diet by protein-depleted rats 
was investigated.

METHODS

Male ra ts, of the Sprague-Dawley strain, 
ranging in  weight from  140 to 180 g were 
used in  all experim ents. All ra ts were 
housed in individual wire cages and both 
the diets and w ater were given ad libitum.

The basal diet consisted of 6% fibrin, 
85% sucrose, 5% corn oil, and 4% USP 
salt m ixture no. XIV. The vitam in m ixture 
supplied 2,000 units of vitam in A, 222

units of vitam in D, and the following in 
mg per 100 g of diet: a-tocopherol, 11.1; 
ascorbic acid, 100; inositol, 11.1; choline 
chloride, 166.5; menadione, 5; p-amino- 
benzoic acid, 11.1; niacin, 10; pyridoxine- 
HC1, 2.22; riboflavin, 2.22; thiam ine-HCl, 
2.22; Ca pantothenate, 40.3; also 44 ug of 
biotin, 200 ug of folic acid and 3 ug of 
vitam in Bi2. The im balanced diet was cre­
ated by adding 0.4% DL-methionine and 
0.6% DL-phenylalanine to the basal diet at 
the expense of sucrose. The protein-free 
diet consisted of the basal diet in  which 
the fibrin was replaced with an  equal 
weight of sucrose. The following experi­
m ents were conducted.

E xperim ent 1. A group of ra ts, m ain­
tained at 25°C, was fed the protein-free 
diet for 11 days un til they lost 25% of 
their in itial average body weight. After­
wards one-half of the anim als were placed 
in  a cold room held at 3°C, while the other 
group of rats, (henceforth  called the 
“w arm ” ra ts )  rem ained in  an  anim al room 
m aintained at 25°C. Both groups were 
given the experim ental diets, and food con-

Received for publication August 12, 1963.
1 The experiments were conducted according to 

“Rules Regarding Animal Care” as established by the 
American Medical Association. (Air Force Regulation 
90-4.)
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sum ption records were taken at short in ­
tervals for a total period of 27 hours.

Experim ent 2. Young ra ts, previously 
fed a commercial laboratory diet, and 
m aintained at 25°C, were divided into 2 
groups. One group rem ained in the anim al 
room at 25°C, while the other group was 
kept in  a cold room at 7°C. Both groups 
were fed the experim ental diets for 21 
days.

At the end of the experim ent the ani­
m als were decapitated and the blood col­
lected in centrifuge tubes containing a 
drop of heparin solution. The liver was 
im mediately excised and chilled in  chipped 
ice. The following methods were applied 
for the determ ination of the selected liver 
com ponents: total fa t, the method of 
Handler (3 ) ;  phospholipids, the method of 
Chen et al. (4 ) ;  cholesterol, the m ethod of 
Searcy and Berquist (5 ) ;  arginase and 
arginine synthetase, the method of Brown 
and Cohen (6 ) ; glutamic-pyruvic (GPT) 
and glutamic-oxalacetic (GOT) transam in­
ase, the methods of Wroblewski and LaDue
(7 )  and LaDue et al. (8 ) , respectively; 
tryptophan pyrrolase (T P ), the m ethod of 
Knox and Auerbach (9 ) ;  tyrosine a-keto- 
glutaric transam inase (TKGT), the method 
of Lin and Knox (1 0 ). The enzyme activi­
ties are expressed in  units per gram of 
fresh tissue. P lasm a amino acids were 
separated by two-dimensional paper chro­
m atography according to Berry and Cain
(1 1 ) and the quantitative estim ation of 
the separated amino acids was carried out 
according to the procedure of Bode (1 2 ).

Experim ent 3. This experim ent was 
conducted to determ ine the effect of the 
im balance and cold exposure on the oxida­
tion of the 2 im balancing amino acids 
themselves, and of alanine, to C 02. The 
experim ental conditions were sim ilar to 
those described in  experim ent 2. After both 
the cold-exposed and the “w arm ” anim als 
had been fed the experim ental diets for 
21 days they were given an intraperitoneal 
injection of 2 pc each of either DL-methio- 
nine-l-C14 (specific activity 3.4 m c/m m ole), 
L-phenylalanine-U-C14 (specific activity 66 
m c/m m ole) or L-alanine-U-C14 (specific ac­
tivity 89 m c/m m ole). Immediately after 
injection of the radioactive substrate each 
anim al was placed in  an all-glass m etabo­
lism cage and the expired C 02 was col­

lected in a solution of ethanolam ine in 
ethylene glycol monomethyl ether (1 :2  
v /v )  in  increm ents over a 12-hour period. 
One-milliliter aliquots were added to the 
scintillation medium, consisting of toluene 
and ethylene glycol monomethyl ether in  
a 2 :1  ratio (v /v )  and 5.5 g /lite r of 2,5- 
diphenyloxazole, and radioactivity was 
counted in  a liquid scintillation counter
(1 3 ). The C 02 collection was carried out 
at the tem peratures to which the anim als 
had been exposed, and food and w ater 
were available to the anim als during the 
whole collection period.

RESULTS AND DISCUSSION

Results of the first experim ent are 
shown graphically in  figure 1. Cold expo­
sure markedly stim ulated food intake w ith­
in  one hour after the ra ts had been placed 
in  the cold room. Both cold-exposed groups 
consumed their respective diets a t approxi­
m ately the same rapid rate, and in  27 
hours the anim als consumed 24.8 g of the 
basal and 25.1 g of the im balanced diet. 
In contrast, the food intake of the “w arm ” 
ra ts fed the im balanced diet began to de­
crease after 12 hours, and declined sharply 
18 hours after the beginning of the feed­
ing period. The ra ts fed the basal diet 
m aintained, however, a steady food intake 
throughout the experim ent, consum ing
17.8 g of the diet, whereas those fed the 
im balanced diet ate only 9.3 g. The data 
dem onstrate that a cold stress effectively

Fig. 1 Effect of am ino acid im balance and 
cold exposure on food intake of protein-depleted  
rats. Each point represents the average of 7 
anim als.
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stimulates food intake of protein-depleted 
rats. A sim ilar effect of cold stress on 
appetite of non-depleted ra ts fed amino 
acid-imbalanced diets was reported previ­
ously from  this laboratory (2 ) .

Several changes in  the levels of certain 
liver constituents and plasm a amino acids 
associated with the amino acid im balance 
and cold exposure are shown in tables 1

and 2, respectively. The activities of ar- 
ginase and arginine synthetase of both the 
“w arm ” and the cold-exposed ra ts fed the 
im balanced diet were increased, when 
compared with those fed the basal diet 
(groups 3 and 4 vs. group 1). However, 
the increase in the activities of these 2 
enzymes in  the cold-exposed anim als was 
not so great as that of the corresponding

TA BLE 1

E ffect o f cold exposure and am ino acid  im balance on selected  liver m etabolites

G ro u p  a n d  tre a tm e n t

1 2 3 4

6%  F ib r in
6%  F ib r in + 0.4%  D L -m ethionine

W a rm  Cold
+ 0.6%  D L -pheny la lan ine

W arm  Cold

Avg A body w eight, g /3  weeks 40.1 ± 2 .3  1 52.3 ± 3 .1 31.6 ± 2 .8 53.6 ± 3 .9

Avg daily food intake, g 13.4 ± 0 .6 2 18.5 ± 0 .7 0 10.3 ± 0 .4 1 19.1 ± 0 .2 1

Liver com ponents
Total fat, % 5.21 ± 0 .1 2 5.14 ±  0.18 4.98 ± 0 .2 0 5.10 ± 0 .1 4
Neutral fat, % 1.61 ± 0 .1 0 1.70 ±  0.14 1.65 ± 0 .1 5 1.59 ± 0 .1 0
Phospholipids, % 3.41 ± 0 .2 1 3 .3 9 ±  0.18 3.42 ± 0 .2 4 3.50 ± 0 .2 0
Cholesterol, % 0.34 ±  0.04 0.34 ± 0 .0 3 0 .3 5 ± 0 .0 4 0.33 ± 0 .0 2
Arginase, m m o le /g /h r 30.1 ± 2 .9 36.8 ± 1 .6 44.9* ± 2 .0 37.2 ± 1 .8
Arginine synthetase, /¿m ole/g/hr 51.4 ± 1 .6 59.6 ± 2 .8 64.8* ± 3 .1 55.7 ± 2 .0
GOT, /¿m ole/g /m in 150.2 ± 6 .3 184.6 ± 7 .2 156.8 ± 7 .0 178.6 ± 8 .5
TKGT, /¿m ole/g/hr 55.3 ± 2 .4 61.1 ± 3 .0 57.3 ± 2 .3 60.8 ± 2 .8
GPT, .um ole/g /m in 30.4 ± 3 .2 39.2 ± 2 .9 32.1 ± 1 .8 38.6 ± 2 .2
TP, /¿m ole/g/hr 2.9 ± 0 .0 3 3.1 ± 0 .0 8 2.8 ± 0 .1 2 2.9 ± 0 .1 0

1 A ll r e s u lts  a re  ex p re sse d  as av e rag e s  o f 5 r a ts  ±  se o f m ean . 
* D iffe ren ce  f ro m  g ro u p  1 (P  <  0 .0 5 ).

TA BLE 2
E ffect of cold exposure and am ino acid  im balance on selected  blood p lasm a com ponents

G roup  a n d  tre a tm e n t

1 2 3 4

6%  F ib r in

W a rm  C old

6%  F ib r in
a 0 .4%  D L-m ethionine 

+ 0.6%  D L -pheny la lan ine

W arm  Cold

Alanine
mg metabolite/ 100 ml plasma 
2.78 ± 0 .0 7  1 2.87 ±  0.04

mg metabolite/100 ml plasma 
3.34* ±  0.11 2.74 ± 0 .0 9

Arginine 3.12 ± 0 .0 4 3.18 ±  0.07 3.75* ± 0 .0 8 3.09 ± 0 .0 8
Aspartic acid 2.23 ± 0 .1 1 2 .3 2 ±  0.14 2.78* ± 0 .0 9 2 .3 0 ± 0 .1 4
Glutamic acid 3 .2 0 ±  0.15 3.22 ± 0 .0 5 3.98* ± 0 .0 9 3.38 ±  0.12
Glycine 2.64 ±  0.13 2 .5 2 ±  0.10 2.59 ± 0 .1 2 2.51 ±  0.14
Isoleucine 1.38 ±  0.05 1.42 ± 0 .0 9 1.45 ± 0 .0 4 1.49 ± 0 .0 9
Leucine 2.10 ±  0.08 2.15 ±  0.09 2.28 ± 0 .1 1 2.25 ±  0.10
Lysine 5.35 ±  0.12 5.25 ±  0.16 5.98* ± 0 .1 5 5.39 ± 0 .1 3
M ethionine 1.81 ±  0.13 1.79 ±  0.10 2.36* ± 0 .0 8 1.88 ±  0.09
Phenylalanine 1.43 ± 0 .0 4 1.32 ± 0 .0 6 2.58* ± 0 .0 8 1.54 ±  0.12
Proline 3.81 ±  0.12 3.65 ± 0 .1 5 3.51 ± 0 .1 8 3.48 ± 0 .2 0
Tyrosine 1.28 ± 0 .0 7 1 .2 5 ± 0 .1 1 1.65 ± 0 .0 5 1.31 ± 0 .0 3
V aline 2.51 ±  0.14 2.44 ± 0 .1 3 2.40 ± 0 .0 9 2.48 ± 0 .1 2

1 A ll re s u lts  a re  e x p re ssed  as av e rag es  o f 5 ra ts  ±  se o f m ean . 
* D iffe ren ce  fro m  g ro u p  1 (P  <  0 .05 ).
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“w arm ” rats. None of the other liver com­
ponents studied were affected by the amino 
acid im balance. Furtherm ore, the activities 
of all the enzymes in  the cold-exposed rats 
fed the basal diet were increased (group 
2 vs. group 1). An increase of a similar 
m agnitude of some of these enzymes was 
recently reported from  this laboratory 
(2, 14).

The data in  table 2 show the effect of 
the im balance on concentrations of free 
am ino acids in  the plasm a. The levels of 
alanine, arginine, aspartic and glutamic 
acid, lysine, m ethionine and phenylalanine 
were increased in  the “w arm ” group fed 
the im balanced diet (group 3 vs. group 1), 
and among these, lysine was the only in ­
dispensable amino acid, other th an  m ethio­
nine and phenylalanine, that was in ­
creased. In contrast, no significant change 
was detected in  the p lasm a amino acid 
levels in  the comparable cold-exposed rats, 
despite the fact tha t the anim als ate twice 
as m uch as their “w arm ” counterparts. 
Since the anim als in  the cold grew more 
rapidly, they apparently incorporated more 
of the ingested amino acids into proteins, 
thus m aintain ing the amino acid concen­
tration in  the plasm a comparable to that 
observed in  the controls. Furtherm ore, it 
m ay be also assum ed that the cold-exposed 
anim als oxidized the excessive amino acids 
and utilized them  for heat production. 
This assum ption was tested and confirmed 
in  experim ent 3, as shown by the data 
sum m arized in  figures 2 - 4 .

The cold-exposed anim als fed the im ­
balanced diet incorporated radioactivity 
from  m ethionine into C 02 at a greater ra te 
th an  did the corresponding “w arm ” ani­
mals, and at the end of the collection 
period the cold-exposed anim als expired 
72% more radioactivity than  the “w arm ” 
ones (fig. 2 ). A more striking difference 
in  the expired activity between these 2 
groups was observed after adm inistration 
of phenylalanine (fig. 3 ). In  this case the 
cold-exposed anim als expired almost 300 
% more radioactivity th an  the correspond­
ing group of “w arm ” anim als. In contrast, 
there was no difference between the 2 
groups in  the radioactivity originating 
from  the adm inistered alanine (fig. 4 ). 
The “w arm ” anim als fed the im balanced 
diet also incorporated more radioactivity,

Fig. 2 Effect of am ino acid im balance and 
cold exposure on the cum ulative recovery of 2  pc 
of intraperitoneally adm inistered m ethionine-1- 
C14 as expired C140 2. Each point represents the 
average of 2 anim als. Vertical lines represent the 
range. Percentage of the injected dose recovered 
as C 02 : “W arm”— control, 13.2, im balanced, 31.7; 
cold-exposed— control, 18.1, im balanced, 54.6.

ai 400

300

200

V  -----  6 .0%  Fibrin
j  -----6 .0 %  Fibrin + 0.4%  DL-Methionine

!  + 0 .6% Db Phenylalanine

1' .-i'

I 2 3 6 9
HOURS

Fig. 3 Effect of am ino acid im balance and 
cold exposure on the cum ulative recovery o f 2 pc 
of intraperitoneally adm inistered uniform ly la ­
beled phenylalanine-C14 as expired C140 2. Each  
point represents the average of 2 anim als. Ver­
tical lines represent the range. Percentage of the 
injected dose recovered as C 0 2: “W arm”— control,
0.7, im balanced, 6.7; cold-exposed— control, 1.5, 
im balanced, 26.8.
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HOURS

Fig. 4 Effect of am ino acid im balance and 
cold exposure on the cum ulative recovery of 2 nc 
of intraperitoneally adm inistered uniform ly la ­
beled alanine-C14 as expired C1402. Each point 
represents the average of 2 anim als. Vertical 
lines represent the range. Percentage of the 
injected dose recovered as CO2: “Warm”— control, 
42.4, im balanced, 54.6; cold-exposed— control, 
44.9, im balanced, 55.1.

either from m ethionine or phenylalanine, 
into CO2 th an  the anim als fed the basal 
diet.

These data  dem onstrate tha t ingestion 
of the im balanced diet leads to an  in ­
creased catabolism  of the unbalancing 
amino acids. The ra t apparently uses this 
m echanism  in an  attem pt to m ain tain  a 
correct ratio in  the amino acid pool for the 
protein synthesis. The ra ts  kept in  a warm  
environm ent m ay not be able to oxidize 
effectively the im balancing amino acids, 
possibly because they are unable to dissi­
pate all of the generated heat. However, 
when these ra ts are exposed to a low en­
vironm ental tem perature the catabolized 
portion of the amino acid m ixture can be 
easily dissipated in  the form  of heat, and 
the rem aining balanced portion can be 
effectively used for the form ation of new 
tissues.
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Serum Lipid Levels, Fat, Nitrogen, and Mineral 
Metabolism of Young Men Associated with 
Kind of Dietary Carbohydrate* 1
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D epartm en t of H ome Econom ics, U n iversity  of A rkansas, F ayetteville , 
Arkansas, and the H um an N u trition  R esearch D ivision , U nited  States 
D epartm en t of A griculture, W ashington , D. C.

ABSTRACT  Controlled diets providing daily approxim ately 2800 kcal, 37% of 
w hich were supplied by fa t and 22% by either rice or sucrose, were fed to 6 healthy  
young m en for 51 days. Serum cholesterol levels w ith the controlled diets were higher 
than the in itia l prestudy levels but there was no significant difference in serum  cho- 
iesterol levels between the 2 controlled diets (rice vs. sucrose). The sh ift in  source 
of 40% of the dietary carbohydrate from  rice to sucrose did not significantly affect the 
levels of phospholipids and m agnesium  in  the blood serum. No significant correlation 
was noted betw een blood glucose levels and the levels of each of the follow ing blood 
serum constituents: cholesterol, phospholipids, and m agnesium , nor between serum  
m agnesium  and either cholesterol or phospholipid levels. There was a h igh ly signifi­
cant correlation between serum  cholesterol and phospholipid levels (r  =  + 0 .9 4 0 ) .  
The substitution of sucrose for rice in  the diets resulted in  no significant differences 
in  retention of nitrogen and phosphorus. The retention of calcium  and m agnesium  
was significantly lower w hen  sucrose replaced rice. This difference could be attributed 
m ainly to the higher content of both m inerals in  rice.

In recent years the influence of carbo­
hydrate on blood lipid levels has come 
under scrutiny. M arshall et al. (1 )  ob­
served that adult rats, fed a diet in  which 
sucrose provided the carbohydrate, had 
higher serum cholesterol levels than  rats 
receiving similar diets containing corn­
starch. Kritchevsky et al. (2 )  reported that 
in chickens fed diets containing 54% of 
starch, glucose, or sucrose, highest serum 
cholesterol values were produced by the 
sucrose diets. Keys et al. (3 )  observed that 
diets, containing sucrose and milk carbo­
hydrate to provide 17% of the calories, 
produced higher serum cholesterol levels 
in their schizophrenic subjects than  did 
diets in which an equivalent am ount of 
carbohydrate was provided by a m ixture of 
fruit, vegetables, and legumes. From the 
results of further work in the same labora­
tory, Anderson et al.3 concluded that the 
carbohydrate of legumes caused lower 
serum cholesterol than  did sucrose. The 
substitution of the carbohydrate from a 
m ixture of wheat flour and potatoes for 
sucrose had no significant effect on serum 
cholesterol levels.

In the study reported here, healthy 
young m en were fed controlled diets made

up of ordinary foods. The object of this 
study was to observe the effect on the 
levels of serum  cholesterol, serum  phos­
pholipids, serum  m agnesium , and blood 
glucose, and on the metabolism of fa t, 
nitrogen, and certain  m inerals when a 
m ajor source of the carbohydrate in a 
nutritionally adequate diet was first white 
rice and then sucrose.

EXPERIMENTAL PROCEDURE

The subjects were 6 m ale student volun­
teers between 20 and 30 years of age, 170 
and 186 cm in height, and between 67 and 
85 kg in  weight. They were exam ined and 
declared to be healthy by a physician.

The study, conducted from  January  to 
April at the University of Arkansas, was 
m ade up of a 5-day foreperiod and a 
51-day controlled diet period. During the 
foreperiod the subjects ate self-selected

R ece iv ed  fo r  p u b lic a tio n  O c to b er 30, 1963.
1 S u p p o rted  in  p a r t  by a  U. S. D e p a r tm e n t o f  A g ri­

c u ltu re  c o n tra c t ,  sp o n so red  by  th e  H u m a n  N u tr i t io n  
R ese a rch  D iv is io n , A g r ic u ltu ra l  R ese a rch  Serv ice .

2 P re s e n t a d d re ss : H u m a n  N u tr i t io n  R e s e a rc h  D iv i­
s ion , A g r ic u ltu ra l  R ese a rch  Serv ice , U. S. D e p a r tm e n t 
o f A g ric u ltu re , W a s h in g to n , D. C.

2 A n d e rso n , J . T „  F . G ra n d e  a n d  A. K eys 1960 
T h e  effec t o f c a rb o h y d ra te s  o f  le g u m in o u s  seeds , 
w h e a t, a n d  p o ta to e s  o n  s e ru m  c h o le s te ro l in  m a n . 
F e d e ra tio n  P roc., 19: 18 ( a b s t r a c t ) .

338 J . N u t r it io n , 82 : ’64



M E T A B O L IS M  A SSO CIA TED  W IT H  K IN D  OF C A R 30H Y D R A TE 339

diets and recorded their total food intake 
in household m easures. During the con­
trolled diet period (10 consecutive 5-day 
collection periods) they consumed weighed 
diets in the laboratory.

The controlled diets were adaptations of 
a standardized diet, developed by Meyer 
et al. (4 ) ,  adjusted to m eet the nu trien t 
needs of young men. These diets supplied 
approximately 2800 kcal and 8.5 g of 
nitrogen/day. The dietary fa t (largely 
bu tterfa t) provided 37% of the calories. 
Dietary carbohydrate provided 55% of the 
calories from the following sources: (in  
per cen t) rice and sucrose, 25; wheat and 
oats, 18; fruit, 6.5; potatoes, beans, and 
celery, 5; and milk, 0.5.

During the first 25 days of the controlled 
diet period, fully milled long grain rice 
(not converted rice) and sucrose m ade up 
40 and 5% , respectively, by weight of the 
dietary carbohydrate (providing 22 and 
3% , respectively, of the calories). The 
m ean daily intake of rice was 182 g (u n ­
cooked w eight). During the last 26 days, 
159 g of sucrose and 4.2 g of casein were 
substituted for 164 g of rice. The rice 
and sucrose then provided 5 and 40% , 
respectively, of the dietary carbohydrate 
(providing 3 and 22% , respectively, of 
the calories).

During the last half of the controlled 
diet period the caloric intakes of 3 subjects 
were increased by about 300 kcal/day  to 
prevent weight loss. This increase was 
made by adding extra sucrose and fa t in  
such quantities that the proportion of cal­
ories from  fa t rem ained constant through­
out the study.

Samples of fasting venous blood were 
drawn from the subjects 27 days before 
they began the controlled diet period, on 
the first day of the controlled diet period, 
on the last day of the rice phase, and on 
the last day of the sugar phase. A portion 
of each sample was reserved for glucose 
analysis (5 ) . The serum was analyzed for 
cholesterol (6 ) ,  phospholipids (7 ) ,  and 
m agnesium  (8 ) .

Urine and feces were collected quantita­
tively throughout the controlled diet period. 
Daily urinary  creatinine excretion was de­
term ined for each subject. Aliquots of five 
24-hour urine collections were combined 
and a 5-day composite of feces was pre­

pared for each subject, each period. A
5-day composite m ade up of weighed por­
tions of the focd served in  the diets was 
prepared for the group of subjects each 
period. Food and feces were analyzed for 
fa t; and food, feces, and urine were anal­
yzed for total nitrogen, phosphorus, cal­
cium, and magnesium . The fat, nitrogen, 
phosphorus, calcium, and m agnesium  con­
tent of the self-selected diets and the 
energy and fatty  acid content of the self- 
selected and controlled diets were calcu­
lated. The analytical methods for fat, 
nitrogen, and m inerals and the tables of 
food composition were those used in  a 
previous study (9 ).

The first 5 days of each of the controlled 
diet periods were allowed for adjustm ent 
to the diet. D ata from  the following four 
5-day periods of the regim en were used in 
calculating the m ean fecal fa t excretion 
and the m ean nitrogen and m ineral bal­
ances.

RESULTS AND DISCUSSION

W ith the controlled diets, the m en had 
a lower m ean intake of each nu trien t stud­
ied, except m agnesium , than  they did 
with their self-selected diets. One of the 
greatest differences was in  nitrogen intake 
which decreased from  18.4 g /day  w ith the 
self-selected diets to 8.7 g /day  with the 
controlled rice-containing diet. They also 
underw ent a decrease in  energy intake of 
about 500 kcal/day. Three m en (subjects 
A, C, and E ) were able to m ain tain  their 
weight with this reduced intake. The other 
3 showed small weight losses until their 
caloric intake was increased by about 300 
kcal/day. The m ean weight change for 
the entire dietary period was —0.25 kg.

Blood components. Mean values for 
serum cholesterol, serum phospholipids, 
serum  m agnesium , and blood glucose of 
the 6 m en determ ined on blood samples 
drawn at the times previously designated 
are shown in  table 1.

There was no significant difference be­
tween the m ean serum  cholesterol levels 
determ ined on the first and second (p re­
controlled diet) samples (178 and 179 
m g/100  m l). After consum ing the rice 
diet for 24 days, the m en had elevations 
in  serum  cholesterol ranging from 2 to 40
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TABLE 1
Levels o f blood com ponents o f six  young m en consum ing self-selected and controlled diets

Blood Blood
sample

no.1
Subject

Mean 2component A B c D E G

Serum cholesterol i Self-selected 140 174
m g/100 ml 
116 188 218 232

m g/100 ml 
178 ±  18

2 Self-selected 142 164 116 176 222 252 1 7 9 ± 2 1
3 Controlled, rice 168 178 156 206 222 246 1 9 6 ±  14
4 Controlled, sugar 142 206 146 208 244 266 202 ± 2 0

Serum phospholipids 1 Self-selected 182 187 161 207 214 238 198 ± 1 1
2 Self-selected 197 177 150 203 219 247 199 ±  14
3 Controlled, rice 192 181 182 219 214 238 204 ± 9
4 Controlled, sugar 163 224 169 221 241 251 2 1 2 ±  15

Serum m agnesium 1 Self-selected 332 162 238 432 245 411 303 ± 4 3
2 Self-selected 184 203 206 219 144 165 187 ±  12
3 Controlled, rice 175 207 226 147 149 161 1 7 8 ±  13
4 Controlled, sugar 160 115 188 148 134 183 1 5 5 ±  12

Blood glucose 1 Self-selected 102 88 88 80 108 95 94 ± 4
2 Self-selected 88 88 80 86 86 88 8 6 ±  1
3 Controlled, rice 92 83 83 74 92 83 84 ± 3
4 Controlled, sugar 92 88 88 88 105 92 92 ± 3

1 B lood sam p les  w ere  d ra w n  on th e  fo llo w in g  d a te s : no . 1, J a n u a ry  13; no . 2, F e b ru a ry  9; no . 3, M arch  4; 
no. 4, M arch  30.

2 M ean  ±  se .

m g /100 ml giving a m ean level of 196 
m g/100 ml, an increase of 10% over their 
m ean pre-controlled diet levels. At the 
end of the sugar diet period, subjects A 
and C showed decreases (26  and 10 m g / 
100 ml, respectively) but the other 4 sub­
jects had fu rther increases of from  2 to 
28 m g/100  ml, resulting in  a m ean level 
of 202 m g/100  ml, an increase of 13% 
over the m ean pre-controlled diet levels. 
The m eans of 196 and 202 m g/100  ml 
were not significantly different from each 
other. This m ight indicate tha t factors 
other than  the shift in  source of 40% of 
the dietary carbohydrate from rice to su­
crose were influencing the serum choles­
terol levels.

There were no significant differences 
among the m ean serum  phospholipid val­
ues found in  any of the samplings. The 
serum phospholipid values were highly 
correlated with the serum cholesterol val­
ues ( r  =  + 0 .940) but no significant rela­
tionship was found between serum phos­
pholipids and any of the other blood con­
stituents which were studied.

There was no significant difference 
among the m ean serum  m agnesium  levels 
of the last 3 sam plings that were drawn

at the beginning of the controlled diet 
period, at the end of the rice phase, and 
at the end of the sugar phase. The m ean 
level of the first blood sampling, drawn 27 
days before the controlled diet period, was 
significantly higher than  the m ean levels 
of the 3 subsequent samplings (303, as 
compared with 187, 178, and 155 m g/100 
ml, respectively). The higher m ean of the 
first sam pling was caused by high serum 
m agnesium  levels of 3 subjects (332, 432, 
and 411 m g/100 m l). At subsequent sam ­
plings their serum  m agnesium  levels had 
fallen to values which resembled more 
closely those of the other subjects. Serum 
m agnesium  levels did not correlate signifi­
cantly with serum  phospholipids or serum 
cholesterol.

The m ean blood glucose level of the 
m en after the sugar diet (fourth  blood 
sam pling) was not statistically different 
from the m ean level after the rice diet 
(th ird  blood sam pling). The difference 
was sim ilar in  m agnitude to the difference 
between the m ean levels of the first 2 sam ­
plings draw n while the subjects were con­
sum ing self-selected diets. There was no 
significant correlation between blood glu­
cose levels and any of the other blood 
constituents studied.
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Fecal fa t excretion (table 2). The m ean 
fa t excretion was significantly higher 
(P  <  0.05) with the sugar diet th an  with 
the rice diet. There was also a statistically 
significant difference (P  <  0.05) between 
the apparent digestibility of the fa t of the 
sugar diet (97.4%  ) and of the rice diet 
(9 7 .7 % ) indicating th a t the higher fa t 
intake with the sugar diet (w hen the 
caloric intakes of some subjects were in ­
creased) did not account entirely for the 
higher fa t output with this diet. However, 
since the m ean differences in fa t excre­
tion (0.5 g) and in fa t digestibility (0.3% ) 
between the 2 diet periods were so small, 
they are probably of little practical im ­
portance.

Nitrogen and m ineral balance (table 2). 
There was no significant difference be­
tween either nitrogen or phosphorus reten­
tion w ith the rice and the sugar diets. 
W ith both nutrients, the subjects m ain­
tained positive balances close to equilib­
rium . The retention of both calcium  and 
m agnesium  was significantly greater (P  <  
0.05) with the rice diet than  with the sugar 
diet. Other investigators (10) have dem on­
strated with ra ts that calcium absorption 
was enhanced by a num ber of carbo­
hydrates including lactose, cellobiose, and 
xylose, but it was not affected by glucose, 
galactose, fructose, or sucrose. Also in 
rats, lactose caused greater retention of 
m agnesium  than  did starch or sucrose
(1 1 ). In  the present study no significant 
dietary effect on either urinary  or fecal 
excretion of calcium or m agnesium  was 
dem onstrated. Most of the difference in 
retention of each m ineral could be traced 
to the higher content in  the rice.
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Vitamin A in Serum and Liver of Weanling Pigs Fed a 
Protein-deficient Diet and Fixed Intakes per Unit 
of Live Weight of Carotene in Oil'

H. D. EATON ,2 W. B. BOUCHER a n d  P. C. SHAH 3
Pediatrics, P h iladelphia General H ospital and A pplied  V eterinary M edical
Sciences D epartm en t, School of V eterinary M edicine,
U n iversity  of P ennsylvan ia , Philadelphia, Pennsylvan ia

ABSTRACT  Pigs, 7 sets of 4 litterm ates, 10 to 13 weeks of age and partially de­
pleted of their v itam in A stores, were each fed  for 12 weeks equalized intakes of either 
8 or 16% protein ration consisting m ain ly  of soybean m eal, cornstarch and oil, and 
vitam in and m ineral fortified plus one of two daily intakes of 8-carotene in  oil, 88 or 
440 y g /k g  live weight. Pigs fed  the 8%  ration gained in  live w eight more slowly and 
required more feed per kilogram of live w eight gain and had lower total hem oglobin  
and hem atocrits than pigs fed  the 16% ration. Although carotene fed  w ith the 8 % 
protein ration was essentially  as effective in  the m aintenance of equivalent serum  
vitam in A concentrations as sim ilar am ounts fed  w ith the 16% protein intake, in  
the case of either concentration or total am ount of vitam in  A in the liver, carotene fed  
w ith  the low  protein ration w as more effective. A lthough the livers o f pigs fed the 
high protein ration contained greater dry m atter, lipids and nitrogen, expressing liver 
vitam in A concentration per unit of either lipids or nitrogen changed but little the 
above estim ate for liver. The 8 % protein ration resulted in  lower serum total protein  
and album in concentrations and higher serum  a- and 7 -globulin concentrations.

Despite an apparent adequacy of dietary 
carotene, low concentrations of vitam in A 
in the serum have been observed ( 1 ) in  
pigs fed low protein diets containing 
alfalfa m eal as a source of carotene. Sub­
sequent research with the d o g 4 and sheep
(2 )  has given essentially sim ilar results.

The quantity and quality of protein fed 
with carotene also affects the storage of 
vitam in A in the liver. In the m ajority of 
research, as recently discussed by Berger 
et al. (3 ) ,  this deposition has been ob­
served to increase when the am ount of die­
tary protein was increased, or when the 
quality has been improved either by a 
change of protein source or by adequate 
supplem entation of a poor quality protein 
with the appropriate amino ac id (s). No 
effects of protein-deficient diets on liver 
storage of vitam in A were observed in 
sheep (2 )  or in  ra ts .5 In possible opposi­
tion, relatively high intakes of protein have 
resulted in decreased deposition of vitam in 
A in the liver of chicks (4 )  and, possibly, 
similar effects in  the case of rats (5 ) .

Apparently, lowered concentrations of 
vitam in A in  the serum  of protein m al­
nourished anim als are a result of insuffi­
cient quantities of serum proteins which

are necessary for the transport of vitam in 
A (6 ) . In support of this, Friend et al.
(1 ) , Anderson et al. (2 )  and others,6 have 
reported positive associations between se­
rum  album in and vitam in A concentra­
tions. In contrast, the cause of altered 
liver vitam in A deposition in protein m al­
nutrition  rem ains unexplained (5, 7 ).6,7

Because of the limited data  with respect 
to deficient protein intake and serum vita­
m in A concentrations and the possibly 
conflicting reports on liver deposition of 
vitam in A in experim ental anim als fed 
protein-deficient diets supplem ented with 
carotene, the present investigation was

R ece iv ed  fo r  p u b lic a tio n  J u n e  6, 1963.
1 T h is  re s e a rc h  w as su p p o rte d  by  th e  N a tio n a l 

In s t i tu te s  o f H e a lth , G ra n t no . 2G-627 to  D r. P a u l 
G yorgy.

2 P re s e n t a d d re ss : A n im a l In d u s tr ie s  D e p a r tm e n t, 
U n iv e rs ity  of C o n n ec tic u t, S to rrs , C o n n ec ticu t.

3 P re s e n t a d d re ss : J. a n d  J. C ollege o f S c ience, 
N a d ia d , G u ja ra t  S ta te , In d ia .

4 P la tt ,  B. S., C. R. C. H e a rd , R. J. C. S te w a rt an d  
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5 N ew so m e, R. S. 1961 T h e  effec t o f d ie ta ry  p ro ­
te in  on  c a ro te n e  u tiliz a tio n . Ph .D . T h es is , F lo r id a  
S ta te  U n iv e rs ity , T a lla h a ss e e , F lo rid a .

6 V ak il, U ., a n d  O. R oels  1962 S to rag e  a n d  t r a n s ­
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undertaken to evaluate quantitatively the 
effect of deficient protein intake on these
2 variables. Secondary to the above objec­
tives was to determ ine the effects of defi­
cient protein intake on serum  protein frac­
tions and the degree of correlation of these 
fractions with serum  vitam in A concen­
tration.

EXPERIMENTAL
Animals and feeding  W eanling pigs 

(table 1) obtained from  farm s in  Lan­
caster and Chester Counties, Pennsylvania, 
during the period January-M arch, 1962, 
were placed in  individual wood shaving- 
bed concrete-floor pens providing floor 
space of 2.9 by 0.8 m. Each pig received 
a 16% protein ration (table 2) at an initial 
once daily rate of 3% of the average live 
weight of each set of 4 litterm ates. This 
am ount was increased by 0.14 kg at suc­
cessive 7-day periods. W ater was provided
3 times daily and during the initial 2 to 3 
weeks, small and decreasing quantities 
(0 .5  to 0.1 kg) of reconstituted skim milk 
were mixed w ith the 16% protein ration 
allowance. Pigs were vaccinated for hog 
cholera and were wormed during the sec­
ond to fourth weeks.

During the above partial vitam in A de­
pletion period, blood was obtained from 
the anterior vena cava of each litterm ate 
at successive 14-day periods. Two weeks 
after the average serum  vitam in A con­
centration for each litter had decreased 
to or less than  20 ag/100 ml, each litter­

m ate received, according to a previously 
randomized allotment, one of 4 diets ar­
ranged according to a 2 X 2 factorial de­
sign. These were either a deficient, 8% , 
or an adequate, 16% , protein ration (table
2 ) and one of two daily carotene intakes 
per kilogram of live weight, 88 or 440 ug of 
g-carotene in  a specially processed fraction 
of a vegetable oil.8 The adequate protein 
intake was based on an estim ated average 
weight of the pigs during carotene-protein 
feeding of approximately 45 kg and was 
3% greater than  the requirem ents for fin­
ishing meat-type pigs as set forth  by the 
N ational Research Council (8 ) . The low­
est carotene intake, 88 ug/kg of live 
weight, was that of the N ational Research 
Council for the above estim ated live 
weight. The highest carotene intake was 
chosen such tha t the responses of plasm a 
and log liver vitam in A concentrations on 
log carotene intake would be linear (9 )  
and, thus, allow the use of parallel line bio­
assay procedures (10, 11) to quantita­
tively estim ate the effects of protein intake 
on these variables. The ration allowance * 1 * * * * * * *

8 V eg etab le  O il 1400, E. F. D rew  C o m p an y , d e riv ed  
f ro m  c o co n u t o il, c o n ta in in g  n o  a d d ed  a n t io x id a n ts  
a n d  h a v in g  a  m a x im a l io d in e  n u m b e r  o f 10. E v e ry
1 to  2 w eeks o f th e  c a ro te n e -p ro te in  fe e d in g  p e rio d , 
th e  d e s ired  q u a n ti t ie s  o f a ll  tr a n s  /3-carotene w ere
d isso lv ed  in  tn e  o il ( c o n ta in e d  in  b ro w n  g la ss  j a r s )  by 
m ild  h e a t in g  a n d  s t ir r in g  u n d e r  a n  a tm o sp h e re  o f
n itro g e n , a n d  w e re  s to red  a t ca. 1°C. T h e  a m o u n t 
re q u ire d  fo r  e a c h  d a y ’s fe e d in g  w as  rem o v ed  a n d
a llo w ed  to  com e to  room  te m p e ra tu re  p r io r  to  m e a s ­
u re m e n t  .a n d  in c o rp o ra tio n  in to  th e  ra tio n s .  T h ese
caro ten e -in -o il so lu tio n s  w ere  p re p a re d  by  th e  Food
A g ric u ltu ra l  P ro d u c ts  D iv is io n  o f H o ffm an n -L a  R oche ,
In c ., N u tle y , N ew  Je rse y , th ro u g h  th e  c o u rte sy  o f Dr.
R. H . B u n n e ll.

TA BLE 1

P ig  p e r fo r m a n c e  d u r in g  p a r t ia l  v i t a m i n  A  d e p le t io n

L itte r B reed  1
Sex 2 I n i t ia l  - 

age

L ive w e ig h t S e ru m  v i ta m in  A D u ra tio n  
o f p a r t ia l  
v i ta m in  A 
d e p le tio nM -F In i t ia l D a ily

c h an g e In i t ia l D aily
c h a n g e

no. wk kg kg tig /100 ml lig/100 ml weeks
i CB 4 - 0 4 5.0 0.36 21.5 - 0 . 4 6
2 CB 0 - 4 5 6.3 0.36 34.0 - 0 . 7 6
3 3 CB 2 - 1 6 7.9 0.33 23.6 - 0 . 4 4
4 CB 0 - 4 7 9.1 0.36 28.3 - 0 . 5 4
5 CB 2 - 2 8 12.0 0.40 29.9 - 0 . 5 4
6 Y 4 - 0 5 7.0 0.35 37.0 - 0 . 6 8
7 Y 0 - 4 5 6.4 0.32 36.2 - 0 . 6 7

Mean 5.7 7.6 ±  0.5 * 0.351 ± 0 .0 0 2 30.3 ± 0 .6 — 0 .5 5 ±  0.02 5.6
1 CB = C ro ssb reed s  p re d o m in a te ly  Y o rk sh ire  a n d  B e rk sh ire , Y = Y orksh ire .
2 M = m a le , F  = fem a le .
3 A m a le  p ig  in  th is  l i t te r  d ie d  in  th e  4 th  w eek  o f p a r t i a l  v ita m in  A d e p le tio n . T h e  d a ta  w e re  n o t in c lu d e d  in  

th e  s ta t is t ic s  fo r  th is  l i t te r .
4 SE.
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TA B LE 2

C om position of rations 1

8% Protein 16% Protein

Soybean oil m eal,
hg kg

50% protein 14.20 29.70
Cornstarch 74.55 59.10
Corn oil 2.00 2.00
Dried beet pulp 2.00 2.00
Trace m ineral m ixture 2 2.00 2.00
Dicalcium  phosphate 2.40 2.00
Calcium carbonate 0.10 0.20
Iodized salt 0.50 0.50
DL-Methionine 0.25 0.50
Vitam in m ixture 3 2.00 2.00

Total 100.00 100.00

1 B ased  on  10 sam p les  ta k e n  d u r in g  th e  co u rse  o f 
th e  e x p e r im e n t, th e  a v e rag e  p e rc e n ta g e  p ro x im a te  
co m p o sitio n  o f th e  8 %  p ro te in  ra t io n  as fed , w ith  s e  o f  
th e  m e a n s  in  p a re n th e s e s ,  w a s: d ry  m a tte r  11 .46(0 .51), 
c ru d e  p ro te in  8 .3 8 (0 .5 8 ) , e th e r  e x tra c t  2 .1 1 (0 .1 2 ) , 
c ru d e  fib e r 1 .0 2 (0 .0 6 ) , n itro g en -fre e  e x tra c t  73.60 
(0 .8 3 )  a n d  a s h  3 .4 4 (0 .1 4 ) , w ith  a  c a ro te n e  c o n te n t 
o f 35 /¿g /kg  (1 1 ) .  S im ila r  s ta t is t ic s  fo r  th e  16%  
p ro te in  ra t io n  w e re : 1 1 .1 1 (0 .5 5 ) , 1 5 .9 4 (0 .6 9 ) , 2 .39 
(0 .0 8 ) ,  1 .4 8 (0 .1 1 ) , 6 4 .8 9 (0 .9 0 )  a n d  4 .1 9 (0 .0 9 ) , w ith  
a  c a ro te n e  c o n te n t o f 108 /¿g /k g  (2 2 ) .

2 C o n tr ib u te d  th e  fo llo w in g  m in e ra l  e le m en ts  fro m  
fe e d  g rad e  so u rces  p e r  kg  o f r a t io n :  ( in  g ra m s )  Fe, 
0 .144; Z n , 0 .023 ; C u, 0 .007; M n, 0 .016 ; a n d  Co, 0.003 
in  a  c o rn s ta rc h  p rem ix .

3 C o n tr ib u te d  th e  fo llo w in g  v ita m in s :  ( in  m g /k g  o f 
r a t io n )  th ia m in e  (M .N .,U S P ), 1.54; r ib o f la v in  (U S P ) , 
3 .30; n ia c in  (U S P ) , 22; C a-D L -pan to thenate  (U S P ) , 
26.4; p y rid o x in e -H C l (U S P ) , 1.32; ch o lin e  c h lo rid e  
( 7 0 % ) ,  1,254; c y a n o c o b a la m in  (1 %  in  c a lc iu m  p h o s ­
p h a te ) ,  0 .022; d -a-tocophery l a ce ta te , 6 .6; m e n a d io n e  
so d iu m  b isu lfite , 0 .55; a n d  c h lo r te tra c y c l in e  ( 9 7 .9 % ) ,  
55; a n d  v ita m in  D 2 in  a  c o rn s ta rc h  p re m ix , 440 IU .

during this period of carotene-protein feed­
ing was continued as during partial vita­
m in A depletion, but increased at succes­
sive 7-day periods by only 0.09 kg. This 
reduction was to preclude possible feed re­
fusals by pigs fed the 8% protein ration.

The am ount of carotene in oil given to 
each pig was based on its anticipated aver­
age live weight for the particular 7-day 
period, the la tter calculated from the pre­
vious two 7-day live weights. To insure 
complete consum ption of the daily allow­
ance of carotene in  oil, this was thoroughly 
mixed with a small portion (0.473 to 0.946 
lite r) of each pig’s previously weighed 
8 or 16% protein ration allowance and 
fed first. After consum ption of this, the 
rem ainder of the ration was given.

The carotene-protein feeding for each 
set of 4 litterm ates was 12 consecutive
7-day periods, after which each pig was 
slaughtered.

Observations and analyses. W ith the 
exception of carotene in oil which was 
m easured to the nearest 0.5 ml by syringe,

all feeds fed or refused were weighed daily 
to the nearest 45 g, but reported in  kilo­
grams. No feed refusals occurred during 
carotene-protein feeding. Samples of the 
2 protein rations were obtained at approxi­
m ately 4-week periods for proxim ate anal­
yses as well as carotene content by AOAC 
procedures (1 2 ) , the results reported in 
footnote 1 of table 2. Prior to feeding 
each batch of oil, the carotene content of 
a petroleum ether (30 to 60°C) solution 
of the oil was determ ined in  a photoelectric 
colorimeter,9 using a 440-mp filter and all 
trans 3-carotene10 11 as a reference standard. 
The average carotene concentration of the 
oils, based upon analyses of 13 batches for 
each concentration, were for the 88-ng 
carotene intake group 110 ±  3 ng/g and 
for the 440-pg carotene intake group 476 
±  9 ag/g.

Daily average m inim al and m axim al 
barn  tem peratures were, respectively, 12° 
and 19°C with ranges between —7 and 
26°C and zero and 31 °C.

Venous blood samples were obtained by 
puncture of the anterior vena cava every 
14 days during partial vitam in A depletion 
and every 28 days thereafter. The blood 
was allowed to clot at bam  tem perature 
for approximately 30 to 60 m inutes, held 
at ca. 1°C for another 60 m inutes and then 
centrifuged to obtain the serum. Total 
hemoglobin (1 3 ) and hem atocrit (14 ) 
were determ ined term inally on venous 
blood using ethylenediam inetetraacetic 
acid, disodium salt, as an  anticoagulant. 
Serum vitam in A concentration was deter­
m ined by the Kimble procedure (1 5 ) ex­
cept that the alcohol used to precipitate 
the proteins was added drop by drop with 
vigorous agitation (1 ) . Serum protein frac­
tions were separated by a standard electro­
phoresis technic." The various zones were 
cut out and eluted in  a m easured volume 
of 0.5% aqueous sodium carbonate by gen­
tle agitation for 10 m inutes, followed by a 
60-minute period to allow the fibers to 
settle. The relative percentages were then 
calculated from optical densities obtained 
by reading in  a photoelectric colorimeter 9

9 E v e ly n  p h o to e le c tr ic  c o lo rim e te r, se r ies  4600.
10 H o ffm an n -L a  R oche, In c ., N u tle v , N ew  Je rsey , an d  

s u p p lie d  th ro u g h  th e  g en ero sity  o f  D r. R. H . B u n n e ll.
11 A m e th o d  fo r  s e ru m  p ro te in  u s in g  b ro m p h e n o l 

b lu e  dye in  a lco h o lic  so lu tio n  (S p in co  “ P ro ce d u re  B” )- 
T ech . B ull. no . TB 6050 A. S p inco  D iv is io n , B eck m an  
In s tru m e n ts ,  In c ., P a lo  A lto, C a l ifo rn ia , 1958.
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with a 580-mu filter, using as standards 
known concentrations of bromphenol blue 
in  0.5% aqueous sodium carbonate. Total 
protein in  the serum was determ ined by 
the biuret reaction (1 6 ). From this and 
the relative percentages, the concentration 
of each fraction was calculated.

At slaughter, the liver and both kidneys 
were removed, weighed, homogenized in 
a W aring Blendor and sampled, with the 
samples held at ca. —18°C for subsequent 
analyses. A modified Gallup-Hoefer pro­
cedure (1 7 ) was used to determine the 
carotenoids and vitam in A content of the 
liver and the procedure of Gade and Kadlec
(1 8 ) for the kidney. Dry m atter and 
nitrogen of liver were determ ined by AOAC 
procedures (1 2 ). Lipids of liver were de­
term ined by extracting for 20 hours with 
hot ethanol, diluting the alcohol extract 
with an equal volume of water, and ex­
tracting the resulting solution with hex­
ane. An aliquot of the hexane extract was 
evaporated in  previously tared alum inum  
cups under nitrogen on a steam  bath; the 
cups were placed in  a vacuum  oven for 
one hour at 50°C, and then weighed.

D ata were subjected to analysis of vari­
ance for the purpose of isolating variation 
among replicates (sets of litterm ates), 
among treatm ents and rem ainder (e rror). 
Prior to the beginning of the experiment, 
the among treatm ents variation was fu r­
ther divided into 2 sets of contrasts. The 
first included variation (a )  due to 8 vs.

16% protein intakes; (b ) 88 vs. 440 ug 
carotene intakes; and (c )  the interaction 
of these. The second, intended only for 
serum and log liver vitam in A concentra­
tions, followed that as outlined by Bliss
(1 0 ) for a two-dose factorial parallel line 
bioassay and was for the purpose of esti­
m ating the effects of 8 vs. 16% protein 
intakes on these response criteria.

One m ale pig in litter 3 died due to hog 
cho lera12 the week prior to carotene-pro­
tein feeding. Accordingly, the values for 
this pig were estim ated by the procedures 
cited by Bliss (1 0 ) and, with the exception 
of the actual liver vitam in A concentra­
tions, were included in  the com putation 
of the reported statistics.

RESULTS

Although all pigs w ithin sets of 4 litter­
m ates received and consumed the same 
daily feed intake (table 3 ), those that were 
fed the 8% protein ration gained in live 
weight at a slower average daily rate (P  <  
0.001) and required greater am ounts of 
feed per un it gain in  live weight (P  <  
0.001) than  pigs fed the 16% protein 
ration. Total hemoglobin and hem atocrit 
values were also lower during the term inal 
or twelfth week of carotene-protein feeding 
for those pigs fed the 8% protein ration 
(P  <  0.05 and P <  0.01).

12 W e a re  in d e b te d  to D r. K lau s  H u b b en , School of 
V e te r in a ry  M ed ic in e , U n iv e rs ity  o f P e n n s y lv a n ia ,  fo r  
th is  d iag n o sis .

TA BLE 3
Effect of percen tage of prote in  in  the ration  and carotene in take upon live w eigh t gains, 

feed  conversion, hem oglobin and hem atocrit o f pigs

8%  P ro te in  16% P ro te in

88 ßg  o f 440 ßg  o f 88 ßg  o f 440 ßg  o f  a n im a l
c a ro te n e  1 2 c a ro te n e  c a ro te n e  c a ro te n e

Live weight, kg
Initial 21.9
Average 41.2
Daily gain 0.51

Feed in take/day , kg 1.66
Feed required/unit gain

in live weight, k g /k g  3.25
Term inal total hem oglobin,

g /lO O m l 13.8
Term inal hem atocrit,

% red blood cells 44.0

21.7
41.0

0.51

21.7
47.3

0.65

21.6
46.6

0.64

1.0
1.6
0.03

1.66 1.66 1.66 __ 2

3.26 2.57 2.61 0.17

13.7 15.0 14.7 1.2

45.3 49.3 49.9 3.4
1 D a ily  in ta k e /k g  live  w e ig h t
2 R an g e  fo r  7 l i t te r s  b e tw een  1.45 a n d  2.00 k g /d a y .
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Serum vitam in A concentrations (table
4) tended to be m aintained during the 
course of carotene-protein feeding (aver­
age values) and at the term ination of this 
period (term inal values) at essentially the 
same average level in  pigs fed the 16% 
protein (average of both carotene intake 
groups) as those fed the 8% protein. Using 
parallel line bioassay procedures, in  which 
the linear responses of average serum vita­
min A values on the log of carotene in ­
takes were derived, it was found that the

carotene fed with the 8% protein ration 
was 0.8 times as active in m aintaining 
identical serum vitam in A levels as equiva­
lent am ounts of carotene fed with the 16% 
protein ration. Confidence lim its (95%  ) 
for this ratio were between 0.5 and 1.2. 
A sim ilar ratio for the term inal serum  
values was 0.8 with lim its between 0.4 
and 1.2. There appeared to be an  in ter­
action between percentage protein in the 
ration and carotene intake as evidenced 
by the absence of a difference in  serum

TA BLE 4
Effect of percen tage of prote in  in  the ration and carotene in take upon v ita m in  A 

in  the serum , liver an d  kidney of pigs

8%  P ro te in  16%  P ro te in
sd /

88 /¿g o f 
c a ro te n e  1

440 fig of 
c a ro te n e

88 [ig of 
c a ro te n e

440 /xg of 
c a ro te n e

a n im a l

Serum vitam in A, ¿eg/100 m l 
In itial 9.9 10.6 9.4 10.4 2.8
Average 18.8 28.5 18.4 31.8 3.6
Terminal 20.9 30.3 20.7 34.4 4.4

Term inal liver 
W eight, g 832 886 1186 1156 90
W eigh t/u nit live 

weight, g /k g 12.5 13.5 15.2 15.1 1.4
Carotenoids

Cone, /¿g/100 g 
Actual 12 26 6 15
Log 1.04 1.39 0.75 1.05 0.18

Vitam in A
Cone, /rg/100 g 

Actual 1019 5137 341 3852
Log 2.92 3.69 2.44 3.55 0.22

Total, /xg 
Actual 8111 44369 4057 44567
Log 3.83 4.64 3.51 4.61 0.21

Per unit live wt, fig/kg  
Actual 122 672 52 564
Log 2.01 2.82 1.62 2.73 0.21

Term inal kidney 
W eight, g 164 167 220 228 12
W eigh t/u nit 

live w t, g /k g 2.46 2.52 2.83 2.96 0.13
Carotenoids,

iig /1 0 0  g 9 9 8 8 4
Vitam in A 

Cone,
ju.g/100 g 32 51 26 57 12

Total, /rg 52 84 58 127 18

Total liver plus
kidney vitam in A, jttg 

Actual 8163 44453 4115 44696
Log 3.84 4.64 3.52 4.61 0.21

1 Daily in ta k e /k g  live w eight.
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vitam in A levels between pigs fed the 
deficient and adequate protein rations at 
the lowest carotene intake, 88 ug, and by 
the presence of a difference at the high­
est carotene intake, 440 ug- However, 
statistical evidence was lacking, since P >  
0.05 for the divergence in  slopes between 
the 2 protein intake groups.

Liver vitam in A values expressed as con­
centration per unit weight of liver, or total 
am ount, or concentration per unit of live 
weight are presented in  table 4. The pigs 
fed the 8% protein ration had higher aver­
age values (across both carotene intake 
groups) than  those pigs fed the 16% pro­
tein ration. Based upon parallel line bio­
assay procedures, in which log concentra­
tion of vitam in A /100 g of liver was used 
as the criterion of response, carotene fed 
with the 8% protein ration was 1.7 times 
as effective in the m aintenance of simi­
lar liver vitam in A stores as equivalent 
am ounts of carotene fed with the 16% 
protein ration, with 95% confidence limits 
between 1.3 and 2.4. Similar values based 
upon log total am ount and log concentra­
tion per kilogram of live weight were, re­
spectively, 1.3 and 1.5 with confidence 
limits between 1.0 and 1.8 and between
1.1 and 2.0. In contrast with serum vita­
m in A, the differences in  response of liver 
vitam in A to protein intake were greater 
at the lower carotene intake, 88 ug than 
at the higher intake, 440 ug. Although

this inconsistency was not statistically sig­
nificant (since P >  0.05 for the divergence 
in  slopes between protein in takes), in the 
case of log concentration of vitam in A / 
100 g of liver, it approached significance 
at P <  0.05.

The vitam in A concentration per un it 
weight of the kidney (table 4) differed 
inappreciably between protein intakes. Be­
cause of the greater weights of the kidneys 
in those pigs fed the 16% protein ration, 
the total am ount of vitam in A in this organ 
was therefore greater ( P < 0 .0 1 )  than  in 
those of the pigs fed 8% protein. The 
total am ount of vitam in A in both the liver 
and kidneys (last 2 rows of table 4 ) as 
contrasted with the total am ount of the 
vitam in in the liver (rows 10 and 11, table
4 ) was increased only slightly, indicating 
the small contribution of the kidney to 
the total stores of vitam in A in these 2 
organs.

To possibly relate differences observed 
in  vitam in A concentration of the livers 
to dry m atter, lipid or nitrogen content 
of the liver, these constituents were de­
term ined and presented in  table 5. Pigs 
fed the high protein intake had livers con­
taining greater concentrations of dry m at­
ter (P  <  0.001), lipids (P  <  0.05) and 
nitrogen (P  <  0.01) (table 5). Similar re­
sults were also apparent for total am ounts 
of these 3 constituents in the liver (P  <  
0.001). W hen the lipid content of the

TA BLE 5

Effect of percen tage of protein  in the ration  and carotene in take upon dry m atter, 
lip ids and nitrogen in  livers of pigs

8%  P ro te in  16%  P ro te in

88 fig of 
carotene 1

440 fig  of 
carotene

88 fig of 
carotene

440 fig  of 
carotene

animal

Dry matter
Concentration, g /1 0 0  g 27.2 27.4 28.5 28.4 0.6
Total, g 227 243 338 328 28

Lipids
Concentration, g /1 0 0  g 3.90 3.71 4.00 4.09 0.29
Total, g 32 32 47 47 2
C oncentration/unit dry 

g /1 0 0  g dry matter
matter,

14.4 13.5 14.0 14.4 1.1

Nitrogen
Concentration, g /1 0 0  g 3.10 3.01 3.31 3.39 0.20
Total, g 26 26 39 40 2
C oncentration/unit dry 

g /1 0 0  g dry matter
matter,

11.4 11.0 11.6 11.9 0.7

1 Daily in ta k e /k g  live weight.
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livers was expressed as concentration per 
100 g of dry m atter, there were no statisti­
cally significant differences among dietary 
groups. W hen nitrogen was expressed in 
the same m anner, there was still a differ­
ence (P  <  0.05) in  favor of the pigs fed 
the 16% protein ration. However, when 
vitamin A content in ug/100 g of each of 
the 3 constituents was calculated and sub­
jected to parallel line bioassay procedures 
in which log liver vitam in A concentration 
per 100 g of liver lipids on log carotene 
intake and log vitam in A concentration per 
100 g liver nitrogen on log carotene intake 
were used, the ratios obtained were only 
slightly higher (0 .1 ) than  the ratio calcu­
lated on the basis of log liver vitam in A 
concentration per 100 g of liver. It there­
fore appears that neither liver lipids nor 
liver nitrogen content can explain m uch of 
the difference in liver vitam in A deposition 
between pigs fed the adequate and defi­
cient protein rations. The ratio based upon 
vitam in A concentration in the liver per

unit dry m atter was not calculated, since 
the divergence in  slope was significant 
(P  <  0.05), thus invalidating the assay.

Serum protein concentrations (table 6) 
were affected by the percentage of protein 
in  the ra tion .13 Total serum protein was 
less (P  <  0.001) in  those pigs fed the 8% 
protein ration which was also true for the 
album in concentration (P  <  0.001). In 
contrast, a-globulin was greater (P  <  0.05) 
as well as y-globulin (average values, 
P < 0 .0 1 ) ,  with the average (3-globulin 
fraction concentrations rem aining essen­
tially the same between the 8 and 16% 
protein ration groups. The above m en­
tioned differences were reflected in  the 
sm aller (P  <  0.001) albumin-to-globulin 
ratios in  the pigs fed the 8% protein 
ration.

W ith one exception, the simple correla- 
lations between serum vitam in A and any

13 U n le ss  o th e rw ise  s ta ted , th e  p ro b a b ilitie s  (P  
v a lu e s )  in  th is  p a ra g ra p h  re fe r  to  b o th  th e  av e rag e  
a n d  te rm in a l  v a lu e s  o b serv ed  d u r in g  c a ro te n e -p ro te in  
feed in g .

TA BLE 6

Effect of percen tage of prote in  in  the ra tion  and carotene in take upon the  
concen tration  of serum  proteins of pigs

8% Protein 16% Protein
S D /

animal88 jttg  of 
carotene 1

440 f i g  of 
carotene

88 f i g  of 
carotene

440 f i g  of 
carotene

Total protein, g /1 0 0  m l
Initial 5.80 5.99 5.99 5.92 0.36
Average 5.56 5.56 6.48 6.49 0.22
Term inal 5.70 5.60 6.74 6.72 0.26

Album in, g /1 0 0  m l
Initial 3.40 3.38 3.64 3.51 0.36
Average 2.69 2.65 3.76 3.88 0.15
Term inal 2.71 2.61 3.87 3.98 0.25

a-Globulin, g /1 0 0  m l
Initial 1.13 1.26 1.10 1.20 0.19
Average 1.26 1.30 1.18 1.17 0.09
Term inal 1.32 1.38 1.24 1.23 0.12

/3-Globulin, g /1 0 0  m l
Initial 0.74 0.81 0.78 0.76 0.06
Average 0.81 0.84 0.89 0.83 0.07
Term inal 0.82 0.85 0.91 0.82 0.10

7 -Globulin, g /1 0 0  m l
Initial 0.53 0.54 0.47 0.45 0.09
Average 0.80 0.77 0.65 0.61 0.11
Term inal 0.85 0.76 0.72 0.69 0.14

Albumin-to-globulin ratio
Initial 1.42 1.34 1.56 1.47 0.19
Average 0.94 0.93 1.40 1.52 0.11
Term inal 0.91 0.88 1.37 1.48 0.18

1 D aily in ta k e /k g  live w eight.
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one of the serum protein fraction concen­
trations and the serum  albumin-to-serum 
globulin ratio (for pigs fed the 88 ug or 
440 ug carotene intakes or for all dietary 
groups) were of small m agnitude and not 
statistically significant. The exception was 
a correlation of +0.62 between serum vita­
min A and [3-globulin w ithin the highest 
carotene intake grouping.

DISCUSSION

Since serum levels of vitam in A were 
essentially the same in  pigs fed the low 
protein ration and in  pigs fed adequate 
protein, it is not apparent from this study 
that a low percentage of dietary protein 
affects serum vitam in A concentration. 
However, pigs fed the deficient protein 
diet, 8 % , had greater concentrations and 
total am ounts of vitam in A in the liver 
than  those fed adequate protein, 16% , and 
thus had greater stores of the vitam in to 
m aintain  it in  the serum. Inasm uch as 
when fixed carotene intakes are fed to 
growing animals, serum and log liver 
vitam in A concentrations are apparently 
in equilibrium as evidenced by a linear 
association between these 2 variables (19), 
it was possible to obtain an  approxim ation 
of the m agnitude of the differences in 
serum vitam in A levels at equal concen­
trations of liver vitam in A by solving linear 
regressions of the concentration of serum 
vitam in A in pg/100 ml on the log of liver 
vitam in A concentration in  ng/100 g. 
These slopes, with standard errors, were 
for the 8% protein ration group, 11.3 ±
2.5, and for the 16% group, 10.6 ±  2.1, 
and simple correlation coefficients, respec­
tively, of 0.79 and 0.83. These did not 
differ significantly, and therefore, a com­
bined slope was computed which was 10.9 
± 1 .6 , with the simple correlation being 
0.82. Under the assum ption that similar 
linear slopes of serum vitam in A concen­
tration on log liver vitam in A concentra­
tion existed for both protein groups as 
plotted in  figure 1, it was found (from  the 
vertical distance between the 2 parallel 
lines) that the serum vitam in A concen­
tration of pigs fed the 8% protein ration 
was 5.4 ug/100 ml less than  that of the 
pigs fed the 16% ration. Similar values, 
when liver vitam in A stores were expressed 
as log total m icrograms and as log micro-

LIVER VITAMIN A CONCENTRATION 
IN MICROGRAMS PER 100 GRAMS

LIVER VITAMIN A CONCENTRATION IN 
MICROGRAMS PER 100 GRAMS,X

Fig. 1 Association between serum and log 
liver vitam in A concentrations in  pigs fed 8 and 
16% protein rations.

grams in  the liver per kilogram of live 
weight, were 4.0 and 4.8, respectively. Al­
though it is recognized that the estim ates 
are only approxim ations because of the 
nature of the data (2 0 ) , the reduction in 
serum vitam in A concentration occurring 
in protein deficiency is of sufficient m ag­
nitude to w arrant additional study. Al­
though severe protein deficiency results in  
a delay in  the appearance of xerophthalm ia
(2 1 ) , it would be pertinent to determ ine its 
effect upon changes characteristic of early 
hypovitaminosis A as cited by Nelson et 
al. (2 2 ) , which are due presumably to 
insufficient vitam in A circulating in  the 
serum.

The difference in liver vitam in A storage 
in favor of the pigs fed the deficient, 8% , 
protein ration was unexpected in  light of 
the observations by most researchers, as 
reviewed by Berger et al. (3 ) , that a pro­
tein-deficient ration fed with carotene de­
creases liver deposition of vitam in A. Had 
it been possible to correct liver vitam in A 
stores for differences in growth as was 
done by Berger et al. (3 )  who utilized the 
ra t in protein-carotene interrelationship 
studies, the differences between the values 
of the pigs fed the 8 and 16% protein
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rations m ight have been changed to one in 
favor of the 16% group. However, this 
correction m ay be subject to question, 
since in  chicks in  which the actual live 
weights did not differ appreciably, liver 
vitam in A storage was found to be in ­
versely related to protein intakes of 21.9 to 
71.5% (2 3 ). In comparison of the data 
obtained in  the present experim ent with 
those of Friend et al. (1 )  and others (2 4 ), 
it is apparent that pigs fed the 8% protein 
ration were only mildly protein-deficient.

The direction of the effects of the pro­
tein-deficient diet on the distribution and 
concentration of the serum protein frac­
tions was expected in  light of previously 
reported investigations (1, 24). However, 
these responses, particularly the total pro­
tein concentration and the shift in  the 
distribution and concentration of the frac­
tions from album in to globulins, although 
statistically significant at a high level of 
probability, were relatively small in m ag­
nitude and, thus, indicated the presence 
of only a mild protein deficient state of 
the pigs fed the 8% protein ration. In 
light of this, it was not unexpected that 
the degree of simple linear correlation be­
tween the concentrations of various serum 
protein fractions and serum  vitam in A 
was not statistically significant. Since 
the decrease in  albumin accompanied by 
an increase in globulins is not unique 
to protein deficiency but has been ob­
served in  vitam in A and E deficiencies 
(25, 26) and m ay be under endocrine con­
trol as reported by Beardwood et al. (2 7 ) 
as a response to stress, it appears that the 
level of vitam in A in the serum  m ay be 
influenced by m alnutrition caused by one 
or more deficiencies. This is in  need of 
more critical investigation. It is recog­
nized that the study reported herein dealt 
only with total vitam in A content of the 
serum and not with the alcohol and ester 
forms which are associated with different 
protein and lipoprotein fractions of the 
serum (6 ) .
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ABSTRACT  This paper discusses the desirability of expressing the nutrient require­
m ents o f m an and anim als relative to their associated energy intake, and proposes a 
format for expressing a dietary standard for hum ans. Caloric needs are known to 
vary w ith  size, activity, and productive perform ance. There is agreem ent that m ost 
of the nutrients quantitatively considered in  diet or ration form ulation should rem ain  
in balance w ith each other and w ith energy, for optim al food efficiency. M any nutri­
tionists believe that it is not possible to state the requirem ents for individual nutrients 
without also specifying the am ounts of others also to be ingested. In the case of 
nutrients that m ust be stored in  the body, as during growth, the ratio to energy intake  
changes progressively to the final adult equilibrium  status. In the case of the hum an, 
one adult, and 3 juvenile “diet” categories appear to be adequate, w ith in  each of 
w hich the interbalances between nutrients and that between nutrients and energy 
are constant. W ithin these 4 categories, adequate daily nutrition can be accom plished 
by adjustm ents in  the intake of the diet as a whole.

One of the far-reaching concepts in  
dietetics and anim al rationing is the im ­
portance of balance between the nu trients 
of the diet — the realization that relative 
excesses are no less undesirable than  rela­
tive deficiencies. We have only begun to 
unravel the picture of nu trien t in terrela­
tionships, but it is abundantly clear that 
the efficiency of food utilization by the 
anim al body may be markedly affected by 
alterations in  the inter-nutrient balance, or 
between the nu trien t and energy pattern, 
or both. There may be some doubt whether 
we yet can define the ideal interrelations, 
but periodically since 1810 tabulations 
have been made of the quantities of energy 
and of nutrients that evidence indicated 
were needed daily by farm  anim als accord­
ing to species, weight, age, sex and produc­
tion perform ance.

One pertinent study was that by Guilbert 
and Loosli ( 1 ) in which they computed for 
farm  anim als and poultry from the appro­
priate feeding standards (NAS-NRC series) 
the recom m ended daily feed intakes, and 
total digestible nutrients (T D N ); and per 
unit TDN, the digestible crude protein, 
calcium, phosphorus, carotene, vitam in A, 
vitam in D, thiam ine, riboflavin, niacin and 
pantothenic acid for individuals at a t­
tained weights of from  10 to 100% of 
expected adult size. Although their study 
was mostly concerned with im m ature 
growing anim als, and was ham pered by 
excessive variability partly from the fact

tha t the NAS-NRC feeding standard  values 
at tha t time contained m argins of safety of 
unknown m agnitude over the true require­
m ents, they prepared a table of generalized 
recommended allowances of protein, Ca, P, 
thiam ine and riboflavin in  ratio to TDN 
intake for farm  livestock and poultry. 
They state, “The feasibility of expressing 
(in feeding or dietary standards — E.W.C.) 
the relationship of the various nutrients 
with metabolizable energy ra ther than  with 
total digestible nutrients should be ex­
plored.” They also comment, “In the pre­
occupation of seeking new nutritional fac­
tors, it would appear desirable to pause 
when they are found to determ ine their 
fundam ental relations to other nutrients, 
to body weight, or to caloric intakes, and 
the quantitative requirem ents in  a sys­
tem atic procedure.”

Because of incomplete knowledge, the 
authors of the early tabulations often 
claimed as requirem ents, nu trien t values 
later shown to be excessive; and it is sig­
nificant that, other than  inclusion of addi­
tional nutrients, the chief changes in  the 
chronologically successive “standards,” 
even though by different authors, have 
been downward revisions of the am ounts 
of nu trien ts believed to be required re la­
tive to energy intake. The criteria for 
such changes have been: increased effi­
ciency of the ration in producing growth, 
fattening, milk or egg production, or de-

R eceived  fo r  p u b lic a tio n  A u g u st 8, 1963.
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creased m ortality, or both, or evidence of 
dietary-induced morbidity — all of which 
have a direct bearing on the economics of 
the livestock enterprise.

In  standards applicable to captive ani­
m als, the relationship tha t has been least 
modified with the passing of time has 
been that between energy and protein, al­
though it was the first to appear. Indeed, 
it was the proportion of protein to “carbo­
hydrate equivalent” th a t was the basis of 
Henry’s ( 2 ) “nutritive ratio,” a term  coined 
by him  in 1904. The term , “balanced ra ­
tion,” originally referred quantitatively 
only to its protein-to-energy ratio, although 
it was defined by Henry as : " . . .  a combin­
ation of farm  foods containing various n u ­
trients in  such proportion and am ount as 
will nurture the anim al for 24 hours with 
the least waste of nutrien ts.”

Distortion of the protein-to-calorie ratio 
was more promptly reflected in anim al per­
form ance than  most other form ula modifi­
cations, and quite naturally  led to ascrib­
ing a greater im portance to protein levels 
th an  to that of other nutrients. Because 
high protein feeds were more costly than  
those used prim arily for energy, m inim al 
protein levels compatible with m axim al 
ration efficiency were understandably con­
sidered optimal levels.

Until the early 1950’s, the practical ex­
pression of protein-energy balance in  ani­
m al and poultry diets was the percentage 
of protein per un it weight of ration dry 
m atter. The energy concentration of such 
rations for a given species deviated only 
between relatively narrow  limits. Adjust­
m ents of energy intake according to desired 
rates of growth, fa ttening or production, 
or to m eet the m aintenance needs of ani­
m als of varying sizes, were m ade by regu­
lating ration allowances. Since other n u ­
trients than  protein were contained in  the 
ration m ixture, they, too, were autom ati­
cally consumed in  fixed, although often u n ­
known, ratios to calories, and to each 
other.

Increasing energy intake to obtain 
greater perform ance by allowing greater 
daily consum ption of the diet m ixture ob­
viously has strict lim itations, and about 
1954, as an alternate method, poultry n u ­
tritionists began to increase the energy 
concentration of the diet by direct addi­

tions of edible fat. In the 1960 revision of 
the NRC publication on the requirem ents 
of poultry, the NRC Poultry Feeding Stand­
ard Committee (3 )  states, “It has been 
custom ary for research workers in  poultry 
nutrition  to express nu trien t requirem ents 
in  term s of nu trien t per un it weight of 
ration . . . .  This convenient m ethod is 
inaccurate . . . (because) . . . protein re­
quirem ent can be defined accurately only 
in  relation to energy concentration

The need for m aintaining specified pro­
tein-to-calorie ratios in  diets is not re­
stricted to poultry rations. Stare (4 ) ,  in  
sum m arizing the findings of a symposium 
on protein nutrition in  1958, com m ents: 
“The last point, and probably the most 
im portant, is the concept of the balanced 
diet or balanced nutrition . . .” . . the
type of nutrition  th a t supplies a suffi­
ciency, but not an  excess, of calories 
coming from both carbohydrates and fa t 
• . . in adequate ratio with . . . vitam ins, 
m inerals and amino acids.” During the 
same symposium, Johnston (5 )  stated: 
“The ratio of calories to protein is one of 
the most im portant problems . . .” and we 
cannot speak about the protein needs w ith­
out taking calories into consideration. It 
is better not to speak of the am ount of 
protein per kilogram daily, but to express 
it as the percentage of caloric in take.” 
Hegsted (6 ) ,  in  his 1958 paper, “Protein 
Requirem ents in  M an,” s ta tes : “I . . . em ­
phasize the ra ther high correlations be­
tween protein and caloric intakes. These 
are expected, but often ignored.”

There is sound biological basis for con­
sidering caloric intake as the fundam ental 
basis for the requirem ent of most of the 
known essential nutrients. It is concisely 
stated by Kleiber (7 )  in  his review of 
dietary deficiencies and energy m etabo­
lism. He writes, “Since any dietary de­
ficiency, in  contrast to lack of food, m eans 
an im balance of the ration, one m ay derive 
from Mitchell’s hypothesis, a bioenergetic 
criterion for a dietary deficiency leading to 
the following definition: A diet is deficient 
in  any nu trien t whose addition decreases 
the calorigenic effect of the ration. One 
m ay expand this definition, and state that 
a ration is deficient (an d  hence unbal­
anced) in  any food constituent whose addi­
tion increases the total efficiency of energy
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utilization.” This merely says that, the 
specific dynam ic action of food represents 
waste energy, which can be minim ized by 
proper balance of the energy and nutrien t 
content of the diet.

In  Kleiber’s review (7 ) ,  he finds evi­
dence that changes in  proportions to 
energy intake, of 1) potassium , m agne­
sium, calcium, phosphorus, iron, iodine; 2) 
of ascorbic acid, thiam ine, riboflavin, n ia­
cin (B vitam ins as a group), probably of 
vitam ins A, D, and E; and 3) of protein, 
affect metabolic rate. He partially sum ­
marizes these observations in  his recent 
book (8 )  as follows: “Not only the re ­
quirem ents of food energy, but also that 
of protein and of most vitam ins m ay be 
expressed per un it of the three-quarter 
power of body weight (Wkg0'75), because 
these dietary requirem ents are directly re ­
lated to energy metabolism .” Brody (9 ) 
states : “As regards the m aintenance needs 
for vitam ins and trace elements, those that 
are involved in  the general oxidation-re­
duction processes of interm ediary m etabo­
lism, . . . undoubtedly vary directly with 
energy m etabolism — tha t is, with the 
food energy consum ption.”

Adult protein-calorie ratios for 
m aintenance living

Obviously, then, nu trien t requirem ents 
m ay well be expressed relative to calorie 
needs, and it m ay be of interest at this 
point to compare the published m ainte­
nance digestible energy requirem ents of 
adults of different species with their di­
gestible protein needs — the relationship 
which has been more widely and accu­
rately established in  biological research 
and in  practical feeding than  any other.

The conform ity of the protein-to-calorie 
ratio for m am m alian species, differing as 
widely in  size as ra ts  and cows, strongly

supports the premise that digestible pro­
tein is required for adult anim als at m ain­
tenance living in  about the same ratio  to 
digestible energy needs, regardless of spe­
cies or size.

The common belief that sex, per se, a f­
fects the adult m aintenance dietary re ­
quirem ent is probably unw arranted. It has 
been shown (10, 11), that for energy re­
quirem ents, sex difference is prim arily a 
size difference. Nor is any distinction 
m ade between sexes, per se, in  ration 
form ulation for the feeding of idle adult 
farm  or laboratory animals.

Protein-to-calorie requirements of adults 
— super-maintenance living

W ithin the adult group w ithin each spe­
cies, there are subgroups that, because of 
their differing functions or activities, 
m ight conveivably require rations differ­
ing from  those of simple m aintenance 
living.

Pregnancy. During pregnancy there is 
a gradual increase in  basal m etabolism to 
a m axim um , at term , of 120% of the 
nonpregnant state. There is also an ac­
cum ulation of products of conception. 
Most of these changes are insignificant, 
nutritionally, until the last third of preg­
nancy. During the last trim ester the vol­
untary  activity of the m other is usually 
progressively reduced so th a t there may be 
only a relatively small, if any, increase in 
caloric needs for “work.” In  any case the 
m axim al extra daily metabolizable energy 
intake needed by pregnant women prob­
ably does not exceed 520 kcal (11, p. 
388).

As to protein, Terroine (1 2 ) estim ates 
th a t in  hum an pregnancy not more than 
one gram per day of nitrogen is required 
for the form ation of the fetus, its adnexa, 
and the expected increase in  body protein

TABLE 1
Grams digestib le protein  required  daily  per 1000 digestib le kcal of d ietary  

energy for a du lt m ain tenance

Man 1 Cow 2 Horse 2 Pig 3 Sheep 2 Rat 2

Typical adult wt, kg 70 454 454 228 73 0.55
Digestible calories, kcal 2590 14100 13800 8200 3800 68
Digestible protein, g 49 272 272 149 72.5 1.37
P ro te in /1000 kcal 19.0 19.3 19.7 18.1 19.1 19.5

1 C o m p u ted  fro m  c u r re n t  C a n a d ia n  d ie ta ry  s ta n d a rd  (2 3 ) .
2 C o m p u ted  fro m  N R C  fe e d in g  s ta n d a rd  (2 4 ) .
3 C o m p u ted  f ro m  B rody-K le iber e q u a t io n  (1 4 , p . 13 6 ).
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stores of the mother. If this is all de­
m anded during the last third of pregnancy 
it is easily computed as (3 g X 6.25) 
18.75 g of protein /day for this period. 
This would m ean increasing the protein-to- 
calorie ratio in the diet during tha t period 
to 22 from 19 g/1000 kcal. However, 
there may be some doubt that this extra 
protein is normally advisable. It has been 
shown by H arris1 tha t with range cattle 
extra fetal growth may be stim ulated by 
supplem entary dietary protein to the preg­
nan t female, often resulting in  difficult 
parturition sometimes fa ta l to the dam. 
Furtherm ore, omission of such supplement 
in no way prevents the young from  reach­
ing “norm al” weight at weaning.

Modern feeding standards do not indi­
cate any change in the nutrient balance of 
the ration during pregnancy for dairy cat­
tle, beef cattle, swine, dogs or rats. In any 
case there is no evidence that, with nor­
mal dietaries, the possible slight dra in  on 
the body protein “reserves” of the m other 
to m eet the full needs of the fetus are 
of measurable consequence. Platt (13 ) 
summed up the case for the hum an very 
concisely in  the statem ent that, “An in ­
crease in  the diet towards the end of preg­
nancy should be regarded as preparation 
for successful lactation. I think tha t is 
more to the point, perhaps, than  finishing 
off the fetus.” There is practical observa­
tion from all classes of farm  m am m als to 
support this view. P la tt’s rem ark is of 
some interest today when inhibition of 
lactation in  some species seems to be of 
more concern than  preparation for an 
abundant milk flow.

It is of interest also that, wherever any 
upward adjustm ent in allowance is made 
in  the feeding of pregnant farm  animals, 
it is made by increasing the quantity of 
the norm al ration as a unit.

Lactation. The belief is commonly 
held that for lactation, dietary protein 
needs are increased to a greater extent 
than  those for energy. A few simple calcu­
lations m ay clarify some of the facts as 
they are now accepted.

The efficiency of the energy of a norm al 
diet for the production of m ilk energy is 
about 61% in the case of the cow, and 
this value has been applied to the hum an. 
On this basis, to produce 850 ml of hum an

milk carrying 0.75 kca l/m l require (850 X 
0.75) h- 0.61 =  1045 metabolizable dietary 
kcal.

If we assume an efficiency of dietary pro­
tein for hum an milk protein production of 
75% (as  it is with the cow), we can com­
pute tha t to produce 100 ml of m ilk carry­
ing 1 g of protein will require (1 X 100/ 
0.75) =  1.33 g, and for 850 ml (1.33 X 
8.50) =  11.3 g of dietary protein. Thus, 
for a daily (average) lactation of 850 ml 
the diet m ust supply 1045 kcal and 11.3 g 
of protein; or 10.8 g protein /1000 kcal of 
metabolizable energy. Some estim ates 
place the dietary protein efficiency for 
hum an m ilk protein at 50% , in  which case
16.3 g dietary protein /1000 kcal would be 
needed for hum an lactation. This is still 
less than  the 19 g provided in  the norm al 
non-lactating diet. It is therefore prob­
able that the norm al m aintenance diet 
supplying 19 g protein/1000 kcal needs no 
protein supplem entation to m ake it ade­
quate for lactation.

The milks of different m am m alian spe­
cies, however, differ in  nutrien t composi­
tion and hence require differing propor­
tions of nutrients to energy for their 
production. For example, cow’s m ilk car­
ries 3.5 times more protein per liter than  
hum an milk, but only some 4% more en­
ergy. Consequently the ration digestible 
protein needed per 1000 digestible kcal 
( using the same ration efficiency as for the 
hum an ) is about 3.6 times that for hum an 
m ilk (i.e., 39.0 g vs. 10.8 g). Table 2 
shows rounded approximate values for 5 
species.

There should be no change in  the energy- 
to-protein ratio of the bovine diet for dif­
ferent levels of production (14, p. 325), 
the only adjustm ent being in  the quantity 
of the ration fed. In  the case of rats, dogs, 
sheep, and swine, where lactation is not 
m easured directly, the adjustm ent of daily 
ration intake is either left to the nursing 
m other through ad libitum  feeding, or is 
regulated by the feeder in  accordance with 
the num ber of young in  the nursing litter.

Incidentally, in m odern practice the time 
of weaning from milk of calves and of 
baby pigs is often reduced from 30 to 5 
and 60 to 15 days, respectively. Neverthe-

] H a rr is ,  L. E ., P ro fe sso r, D e p a r tm e n t o f A n im a l 
S c ience, U ta h  S ta te  U n iv e rs ity , L o g an , U ta h . P e rs o n a l 
c o m m u n ic a tio n .
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TA B LE 2
Grams digestib le prote in  required per 1000 

digestib le d ietary  kcal to m ee t the 
specific needs of lactation

9
Hum an 1 1 .0
Cow 39.0
Sheep 35.0
Sow 35.0
Dog 55.0

less, with respect to early weaning from 
suckling, livestock practice has lagged be­
hind that in the hum an family. Results of 
early weaning in  general have been more 
rapid growth of the young than during 
comparable periods of nursing, and have 
made it clear that the nutritive properties 
of milk as an entire food for young m am ­
mals can be duplicated by other food com­
binations. The faster growth of early 
weaned young is, however, more often a 
reflection of fully adequate am ounts of the 
diet, than  of a more suitable balance of 
nutrients.

Quantitatively, the “norm al” diet of the 
nursing m other should be increased daily 
to provide approxim ately 125 kcal extra 
for each 100 ml of milk produced. This 
am ount of metabolizable energy (i.e., 
125 X milliliters of milk produced per day) 
should be added to her caloric require­
m ents for m aintenance plus that appropri­
ate to her physical activity.

W ork (or other muscular activity). One 
fu rther dietary category of adults — that 
of the physically active individual — re­
m ains to be dealt with, and is of im por­
tance with only 3 species: dogs, horses, 
and m an. This category presents a unique

situation, in  that practice and classical 
theory are at sharp variance. Based on 
nitrogen balance studies, most of which 
were conducted on horses or m en early in 
the century, nutritionists generally have 
been satisfied that physical exercise, per 
se, while requiring energy, does not de­
m and any increase in  protein intake over 
the m aintenance level.

In 1963, however, Consolazio et al. (15 ) 
published the results of a 1960-61 N bal­
ance study, the data of which are of direct 
significance in  this problem. In the report 
of these workers they com m ent pointedly 
that, “In general nitrogen balance losses 
have included only the urine and fecal ex­
cretions, although nitrogen losses are also 
observed in  sweat and can possibly be 
found in  expired air.” They call attention 
to the fact that recent publications on hu ­
m an allowances have not considered the 
effect of these losses on nitrogen require­
ments. W ith respect to their observations 
in general, they state: “. . . there is an in­
crease in  sweat nitrogen with . . .  an in ­
crease of physical activity . . .” even under 
conditions of fairly high protein intakes . . . 
the nitrogen balances were quite negative 
when the sweat losses were included.” 
And again, . . the urinary and fecal ni­
trogen losses were rem arkably constant 
signifying that the increased sweat nitro­
gen excretions are not compensated by 
decreases in the urine and feces.”

Some of the data from  this balance 
study can be used in com putations perti­
nent to the subject under consideration in 
this paper. They are sum m arized in  table
3.

TA BLE 3
Some com putations w ith  respect to protein-kilocalorie requirem ents for work

Energy expenditure at im posed work
50 m in x  1.14 liters O2 X 4.825 kcal/liter  
50 m in X 0.75 liters 0 2 X 4.825 kcal/liter  

Total
Equivalent digestible dietary kilocalories

Subsequent “daily” dermal protein loss 1 
1273 m g N X 6.25 4- 1000
Equivalent replacem ent digestible dietary protein 

Digestible protein required/1000 digestible kcal 
10.5 X 1000 

549

=  338 
=  171 

509 
= 549

=  7.93 g
=  10.5 g

=  19.1 g

1 B ased  on  re p o rte d  av e rag e  e x c re tio n  o f n itro g e n  in  sw ea t p e r  7 .5 -hou r ex p o su re  p e rio d , co m p rised  
o f tw o  5 0 -m in u te  p e rio d s  o f ex e rc ise  o n  a n  e rg o m e te r  a n d  th e  re m a in in g  tim e  o f 5.8 h o u rs  a t 
s e d e n ta ry  ac tiv ity , in  a n  e n v iro n m e n ta l  te m p e ra tu re  o f 21 °C in  one  ser ies  a n d  47°C  i n  a second .
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These com putations appear to support 
the premise tha t for nutritional equi­
librium , physical activity requires protein 
as well as energy, and its am ount per 
1000 kcal of diet is about tha t of the nor­
m al m aintenance ration. Hence the need 
can  be m et by an  appropriate increase in  
the norm al diet as a whole.

The use of nitrogen balance as the cri­
terion of dietary protein requirem ent is 
complicated by the presence in  the body 
of tissue (o r cell) reserve protein which 
can  be mobilized to “m ake good” current 
inadequate intake. Thus N equilibrium 
can  be established at any level of protein 
intake above m aintenance. In  order, there­
fore, to dem onstrate a protein requirem ent 
for exercise by N balance studies one m ust 
show either a greater output th an  intake 
of nitrogen, or a decrease in  labile (re ­
serve) tissue or cell nitrogen, or both, as a 
consequence of an imposed work load. Our 
own studies2 lead us to believe that, de­
pending on intake level, different tissues 
may, simultaneously, respond differently to 
exercise, in  tha t blood serum album in may 
decline while the gastrocnem ius muscle N 
increases, and the skin rem ain unchanged 
in  nitrogen content (as m easured in  these 
tissues, respectively, by albumin-to-glob- 
ulin  ratio; total N concentration; and 
RNA/DNA-to-total N /D N A  ratios).

Direct estim ation of the protein status 
of the body still awaits dependable 
methods, but ultimately, working adult ani­
m als consum ing diets providing adequate 
energy for the work load involved, but re­
stricted in  protein intake to m aintenance 
needs m ust show either negative nitrogen 
balance, or a loss in  weight from depletion 
of body nitrogen reserves, or both, if nitro­
gen is in  fact required for m uscular ex­
ercise.

In  practice it is not practical to increase 
the energy intake of horses or dogs at 
work, w ithout also increasing the intake of 
protein. To provide horses with ex tra en­
ergy for work, addition of any suitable 
grain to the hay or hay-plus-grain m ainte­
nance diet results in  an  increase in  the pro- 
tein-to-energy ratio. For most dogs the 
working diet is simply more raw  m eat, or 
fish, or both, with the ex tra protein fu rn ­
ishing the needed additional energy.

W ith m an, however, whose diet under 
usual living is put together in  bits and 
pieces, with neither the parts nor their pro­
portions ever the same either between com­
parable persons or for the same person at 
different meals or on different days, there 
is the possibility of incorporating essen­
tially “empty calories” to m eet the in ­
creased energy for work. If the m ain te­
nance diet is balanced to supply only the 
presumed m aintenance protein require­
m ent, then the addition of “empty calories” 
to m eet the increased energy dem ands for 
work, results in  a ration with a reduced 
energy-to-protein ratio, or as it is expressed 
by some, a wider nutritive ratio. W ith re­
spect to such diets Mitchell (1 6 ) writes: 
“In practical nutrition, and in  the absence 
of economic stringency or the unavailabil­
ity of protein-rich foods, m inim al protein 
nutrition is not in  vogue; diets w ith the 
wide nutritive ratios associated with this 
type of nutrition are not palatable and are 
not selected from  choice. Super-mainte­
nance protein feeding during growth and 
m uscular activity will provide the dispen­
sable protein stores so advantageous when 
physiological adversity strikes. During 
m uscular activity the increased caloric 
needs are commonly m et by an  increased 
consum ption of the usual diet, not by the 
addition to this diet of non-nitrogenous 
item s.”

Most hum an foods when added singly 
to a balanced m aintenance diet to supply 
“work” calories, result in  altered ration 
balance through excesses of some nu tri­
ents, or shortages of others (including 
amino acids, m inerals, and vitam ins), or 
of both (table 4 ).

Deliberate diet alteration to satisfy the 
worker or athlete is usually accomplished 
by increased allowances of m eat, fish, 
cheese, and to a lesser extent, of bread and 
potatoes. The form er supply from  50 to 
150, and the latter 20 to 30 g of p ro te in / 
1000 digestible kcal, and their addition to 
the diet actually adds more protein re la­
tive to the energy than  is called for in  the 
m aintenance diet. Most cakes and pastry 
furnish 10 g or more of p rotein /1000 kcal, 
and when combined with such foods as 
noted above, result in  a final m ixture that

2 U n p u b lish ed .
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TA BLE 4

N u trien ts per 1000 d igestible heal o f the edible portion  of the foods ind ica ted  (approxim ate values')

Nutrient
“Seden­
tary”
diet

Sugar Fats Potatoes Bread Milk Beef Eggs Fish

Digestible protein, g 19.0 0 i 20.0 31.0 51.0 60.0 78.0 160.0
Thiam ine, m g 0.3 0 0 0.8 0.2 0.6 0.2 0.7 0.6
Riboflavin, m g 0.7 0 0 0.3 0.2 3.0 0.5 2.0 1.0
Iron, mg 3.0 0 0 0.1 3.0 1.0 8.0 2.0 5.0

carries at least the “norm al” 19 g p ro te in / 
1000 digestible keal.

It appears, then, tha t recent studies sup­
port the view that physical exercise does 
in  fact impose not only an energy require­
m ent, but also a corresponding dietary pro­
tein requirem ent, and that in am ount the 
latter is in  the same ratio to the form er as 
it is in the properly balanced m aintenance 
diet. This view is consistent with a state­
m ent in  the report to the FAO Committee 
on Protein Requirem ents (1 7 ) that, “In ­
crease in  muscle m ass associated with 
athletic train ing and w ith seasonal in ­
crease in m uscular activity creates a need 
for protein in  addition to the average m ini­
m um  requirem ent.” (a n d )  “. . . in  such cir­
cum stances the reference requirem ent for 
the group undertaking such heavy work 
should be substantially raised.”

The question of whether m uscular ac­
tivity per se requires protein is largely 
academic in  areas where protein-rich foods 
are economical and abundant, in  the sense 
that the practical feeding of “working” in ­
dividuals almost always results in  the addi­
tion of adequate protein incidental to pro­
viding the needed extra calories. This in 
no way justifies ignoring the evidence or 
specifically indicating in feeding or dietary 
standards that physical activity does not 
require protein expenditure over that of 
sedentary living. Dietary standards (as 
distinct from  recom m ended allowance 
tables) are (or should be) scientific docu­
m ents intended to give m inim al nutrien t 
requirem ents compatible with health and 
perform ance of the individual specified. 
As such they serve an  im portant function 
in  guiding agencies (usually governmental) 
which m ust provide food or regulate its 
distribution under conditions of emergency 
or disaster where restriction or rationing 
m ust be imposed.

Growing animals
In the case of growing individuals, 

where appreciable positive N, Ca, and P 
balances are necessary, the acceptable diet 
m ust carry an increased concentration of 
these nutrients. Since juveniles are also 
more active than  sedentary-living adults, 
the growing-period energy allowances are 
also larger per un it of body weight, than  
for adults. Many nutrients, however, 
should rem ain in fixed ratios to energy, 
since they are prim arily needed to m etabo­
lize energy.

The actual dietary dem ands for protein 
relative to energy by the growing boy or 
girl are not as great as is popularly sup­
posed. Terroine (18 ) calls attention to the 
error in  the common belief tha t “. . . the 
whole of the physiology of the child is dom­
inated by the need for protein synthesis, 
and that they are, as it were, factories for 
the intensive production of such proteins.” 
His data show th a t the net growth require­
m ent for protein “rarely exceeds 2 grams 
per day.” Hegsted’s (19) calculations agree 
with Terroine’s data, and he also em pha­
sizes “the relatively small contribution that 
growth m akes to the protein need of the 
child after the first few m onths of life.”

Using the assum ption that the true 
m aintenance protein requirem ent is 12.5 
g/1000 basal kcal, and that gains in  weight 
are 18% protein, Hegsted (1 9 ) observed 
that the total daily net protein  require­
m ent of children was essentially constant 
at about 14 g/1000 basal kcal. To check 
the latter, Mitchell (1 6 ) used data from 
other sources but sim ilar assum ptions, and 
predicted daily gains. He found an aver­
age of 13.8 g pro tein /day  per 1000 basal 
kcal, but a slightly greater tendency for 
higher protein in the first 2 years of age. 
He concludes that, “. . . regardless of sex, 
rate of growth, and age, between 1 and 2
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years and early m aturity, the total net pro­
tein  requirem ent for m aintenance plus 
growth varies with the basal metabolism 
of energy so tha t it am ounts to 13—15 
grams per 1000 basal calories per day.” 
His tabulation shows values for 16.3 and
14.6 g protein for ages 1 and 2 years; and
13.9 to 12.9 for ages 3 to 19 years, respec­
tively.

Insofar as digestible protein intake in 
relation to digestible energy need is con­
cerned, it is, with all species, a continu­
ously declining variable following the true 
growth rate of the juvenile in  question. 
The general pattern  can be seen by plot­
ting the somewhat comparable data  for 
digestible protein required per 1000 digest­
ible kcal for children and for m arket pigs 
against successive weights, the weights ex­
pressed for each species as the percentage 
of the adult metabolic size attained. The 
limited data available from  the latest feed­
ing standards thus plotted, and the regres­
sions fitted by inspection, are shown in 
figure 1. This chart reflects clearly the 
uniquely long juvenile period in  the h u ­
m an species.

From the practical standpoint it is 
neither feasible, nor necessary, to adjust 
daily the nutrient-to-calorie ratios for 
growing individuals. In pig feeding the 
growing period is divided into 3 “ration”

periods: 4.5 to 18 kg; 18 to 55 kg; 55 to 
91 kg, during which the protein per 1000 
kcal is successively changed from  37 g to 
30 g to 25 g. The 4 “steps” of change in 
ration balance are shown on the graph; 
and suggested comparable steps for the 
hum an are m arked in  accordance with 
the position of the appropriate plotting 
points. These latter suggest 3 “growing” 
rations, with changes of protein concen­
tration per 1000 digestible kcal from : 28 g 
to 23 g to 21 g to the adult 19 g, to be 
introduced when 22, 35, and 72% , respec­
tively, of adult metabolic weight has been 
attained.

Quality of protein
In the above discussions of protein- 

energy balance, no m ention has been made 
of the effect of quality of protein on the 
daily am ounts required for adequacy in 
any given case. This factor m ust be con­
sidered, however, because as the biological 
value of the protein declines, increasing 
quantities m ust be ingested to provide re­
tention of the am ounts of the essential 
amino acids needed. It is convenient to 
consider the dietary protein complex of 
N orth Americans as excellent, good, or 
average, corresponding to biological values 
(BV) of 100% (anim al +  m arine), 75% 
(1 anim al +  1 m arine +  1 p lan t), and

^  (Girls 2.8 7 II 16 22 28 34  40 47 55
« .1  Boys 3.2 8 14 21 28 35 44 52 62 70
<c ^ [p i^ s  11.0 27 45 66 89 114 140 170 135  225

Fig. 1 Grams digestible protein required by juveniles per day per 1000 digestible calories.
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50% (1 anim al +  1 m arine +  2 p lan t). 
The equivalent intakes of these 3 categor­
ies are not exactly known; but Leitch and 
Duckworth (2 0 ) reported daily intakes of 
52 g of protein of average quality gave 
equal chances of positive or negative N 
balance with adults. The Princeton Con­
ference (2 1 ) concluded that 32.5 g was 
adequate where quality was good, and the 
FAO Committee on Protein Requirements
(1 7 ) reported that 24.5 g of excellent 
quality protein was adequate to m aintain  
N equilibrium with adults.

To specify, then, the m inim al protein in ­
take required daily or per 1000 kcal, its 
BV m ust be known or estimated. The 3 
m inim um s (24.5, 32.5, 52.0) represent 
increases in  necessary intakes of the order 
of 100: 132: 210% , to correspond to de­
clining BV of 100: 75: 50% . Since a 70- 
kg adult hum an at light work (550 kcal 
for work) requires about 2800 metaboliz­
able kcal daily, m inim al protein require­
m ents per 1000 kcal could be computed 
for 3 qualities as: BV 100% =  8.8 g; BV 
75% =  11.6 g; BV 50% =  18.5 g.

Inter-nutrient balances
The problems of balance between amino 

acids, between m ineral elements, and be­
tween vitam ins, to say nothing of in ter­
group balances and their ratios to energy, 
are under active experim ental study for 
m any species. To date no data are avail­
able which indicate their optimal propor­
tions in the hum an diet, except for the 
FAO (1 7 ) pattern  of amino acids. It be­
comes necessary, therefore, for the present 
to assume tha t the m inim al am ounts of 
nutrients needed daily by a specified in ­
dividual, as the reference m an of the NRC 
Food and N utrition Board recommended 
allowances (2 2 ) , represents a working bal­
ance pattern  between whatever nutrients 
we are to include in  a hum an dietary 
standard.

We m ust also make assum ptions, in  al­
most all cases, regarding the caloric intake 
of hum an subjects on whose perform ance 
the nutrien t requirem ents have been based, 
for this has seldom been reported. The 
subjects have been described as to sex, 
weight, and activity, but not often quan­
titatively as to energy intake. From the 
descriptions offered it is probable tha t most

trials involve subjects who could be classed 
as 70-kg m ales at very light “work,” such 
as young adult m edical students. For them 
we can assum e a daily metabolizable en­
ergy need of 2250 kcal for m aintenance 
plus about 550 kcal for activity in  excess 
of sedentary living. This estim ate of daily 
intake of 2800 kcal is realistic enough to 
serve, in  this proposal, as a working base 
for computing the nutrients required by 
adults per 1000 kcal of metabolizable die­
tary energy.

Energy,3 the least com mon denominator 
for the dietary standard 

N utrient and energy needs of individuals 
or groups of individuals for whom the 
same “balance” in  their rations is opti­
m um , are ultim ately determ ined by feed­
ing trials or other experim entation. As an 
example, assume that from the published 
results of such tests an  investigator as­
sembles evidence tha t the m inim al require­
m ent for healthy 70-kg m ale adults, at 
light work (550 kcal) is, on the average: 
energy, metabolizable, 2800 kcal; protein 
(good quality), 32.5 g; calcium, 450 mg; 
thiam ine, 0.56 mg. In  accordance with 
present thinking, other adults, heavier or 
more active, or both, but otherwise com­
parable, will require more of each of these 
diet components, but with the same in ter­
nu trien t and nutrient-energy balance. The 
tabulation of the needs of such groups can 
be generalized if the nutrients are ex­
pressed in  am ounts per 1000 kcal, as: 
energy, 1000 kcal; protein, 11.6 g; cal­
cium, 160 mg; thiam ine, 0.2 mg.

To arrive at the m inim al daily nutrien t 
requirem ents for a person it is necessary 
to ascertain  his daily caloric needs, and to 
compute for each nutrient:

, „ , , daily kcal required
N u tn en t/1 0 0 0  kcal X ----------- 1Q(̂ 0-------------

For purposes of dietary standards, the daily 
energy needs may be estim ated for adult 
individuals from  their weights. For pur­
poses of this discussion we shall use the 
general equation (1 1 ):

For m aintenance, kcal 24 hr =  93(W kE0,75)
For “ligh t” work, kcal 24 hr =  23(W kE0-75)
For average work, kcal 24 hr =  55(W kE0,75)

3 S ince  th e  en e rg y  re q u ire m e n ts  o f m a n  a n d  th e  
en e rg y  o f h is  fo o d s  a n d  d ie ts  is  u n iv e rs a l ly  ex p re ssed  
in  te rm s  o f m e ta b o liz ab le  k ilo c a lo rie s , th is  c a teg o ry  of 
en e rg y  w ill be u sed  in  th e  re m a in d e r  o f th is  rev iew .
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From these equations it is possible to com­
pute the daily caloric needs of a 70-kg m an 
at average work, or of an  80-kg m an at 
light work, as in  table 5.

To obtain the 24-hour dietary require­
m ents for these men, the calories and nu ­
trients per 1000 kcal are multiplied by 
3.58 and 3.1 for the 70- and 80-kg adults, 
respectively.

If, in  addition to a statem ent of m ini­
mal requirem ent, a guide to daily nutrien t 
allowances is also wanted, the requirement 
values m ay be increased systematically by 
an  appropriate factor. For example, the 
standard deviations of voluntary food in ­
take under unrestricted allowances is of 
the order of 16% of the average for do­
mestic farm  anim als fed identical rations 
and differing in  live weight by 10% or 
less. It is known that over extended 
periods, m ature farm  anim als and adult 
hum ans tend to consume their respective 
diets in am ounts that m ain tain  a steady 
body weight. Until data  are available, it 
m ight be assumed tha t the variability in 
voluntary caloric intake of adult hum ans 
of comparable weight m ight also be of 
the order of 16% of their average energy 
requirem ent. On this basis increasing 
average nutrient requirem ents relative to 
energy by 50% would “insure” adequate

allowance of nu trients for 599 out of 600 
individuals. The single exception probably 
should be considered a diet therapy case. 
In general no nutritional benefit can be 
expected, and risk of undesirable results 
m ight be incurred by continued intake of 
some nutrien ts in  excess of 50% over 
need. However, increases in  the total diet 
w ithout change of total nutrient-energy 
balance are largely innocuous except 
where problems of overweight are involved.

To re tu rn  to our example, the final 
values for the 70- and 80-kg m en are 
shown in table 6.

The necessity for com puting specific ca­
loric needs by form ula can be avoided by 
preparing a regression chart w ith weights 
along the axis and using m ultiple ordinate 
scales to accommodate categories in  addi­
tion to sedentary living th a t contribute to 
the total caloric need, but m ust be inde­
pendently determined. Figure 2 is such a 
chart for hum ans. It includes juveniles, 
and 3 categories of work intensity as well 
as adult “sedentary” living.

The num ber of different tabulations of 
nutrients necessary in  a complete dietary 
or feeding standard will correspond to the 
num ber of rations requiring different n u ­
trient balance. For m an there appear to 
be at least four: one for adults, three for

TA BLE 5

D aily caloric requirem en ts of tw o adu lt m en

D e sc rip tio n S e d e n ta ry
liv in g

L ig h t
w o rk

A verage
w o rk

T o ta l 
24  h r

kcal heal kcal kcal
70-kg Man, average work 2250 1 1330 3580
80-kg Man, light work 2485 615 3100

1 A ll n u m b e rs  ro u n d e d  to  p ra c t ic a l v a lu e s .

TABLE; 6

Exam ple of tabulation  of d ietary  requirem ents and the m axim al recom m ended allow ances

70-kg m a n , a v e rag e  w o rk 80-kg m a n , l ig h t  w o rk
E n e rg y  a n d U p p e r l im it U p p e r l im it

n u tr i e n ts R eq u ire d o f th e  
ju s tif ia b le R eq u ire d o f th e  

ju s tif ia b le
ra n g e  1 ra n g e

Energy, m etabolizable kcal 3580 3100
Protein, g BV 2 100% 31.5 47.2 26.0 39.0

BV 75% 41.5 62.3 34.2 51.0
BV 50% 62.0 93.0 51.2 77.0

C a lc iu m ,  m g 572 858 472 706
T h i a m in e ,  m g 0.72 1.08 0.59 0.89

1 See te x t, p ag e  362.
2 BV in d ic a te s  b io lo g ica l v a lu e .
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Fig. 2 Daily m etabolizable calorie requirem ents, hum an species.

juveniles, plus one (optional) for adults 
to show the upper lim its nutritionally justi­
fied (i.e., above which no nutritional ad­
vantage can be expected).4

In the case of juveniles in  each of three 
feeding categories no change in  nutrien t 
concentration in  the dietary energy is w ar­
ranted with the present m eager knowledge 
of requirem ents.

Table 7 illustrates the tabulation of 
daily hum an  nutrien t requirem ents and 
the m axim al lim its justifiable per 1000 
kcal. (The data  are examples only and 
imply no official acceptance as require­
m ents.)

To convert these tabulations to daily n u ­
trient needs requires only the figures for 
the necessary daily energy intake, as from 
figure 2. As read from  figure 2 the needs 
of juveniles, and for adults at sedentary 
living are obtained directly as single val­
ues; but for adults at work, a second read­
ing from the appropriate “work scale” is 
necessary, and the 2 values (sedentary 
and w orking) added to obtain the total 
day’s requirem ent. The change in  energy 
requirem ents shown between boys and girls 
is not universally agreed on, but is incor­
porated here to illustrate the possibility of 
its inclusion in  this method.

As an example, assum e a fam ily group 
of:

Man 70 kg average work
W ife 60 kg light work
Son 30 kg norm ally active
Daughter 16 kg norm ally active

From figure 2 we determ ine the energy re­
quirem ents to be:

M an 2250 +  1330 =  3580 kcal
W ife 2 0 1 0 +  500 =  2510 kcal
Son 2275 kcal
Daughter 1550 kcal

To obtain the daily dietary nu trien t re­
quirem ents the am ount of the several n u ­
trients tabulated in  the colum n of table 7 
for adults are m ultiplied by 3.58 and 2.51 
for the m an and wife, respectively; and by 
2.275 and 1.55 for the son and daughter, 
respectively.

In sum m ary, it appears to this author 
tha t there is valid evidence to justify  the 
conclusion that energy intake directly or 
indirectly “determ ines” for most nutrients 
the intake tha t is compatible with m axi­
m al efficiency of the diet as a whole in  the 
m aintenance and productive perform ance 
of the anim al body.

The method of computing the desirable 
nutrien t m akeup of diets illustrated facil­
itates m aintenance of the same “intra-

4 See p ag e  362, co lu m n  2.
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TABLE 7
Proposed schem e of tabulating d ietary  standards for hum ans; daily  nu trien t requirem ents 

and allow ances per 1000 kcal, m etabolizable energy

Adults Juveniles
Nutrients Upper limit Recommended allowances

Minimal
requirement

of
justifiable 

range 1
to 10 kg 10-20 kg 20-70 kg 

(adult)

Protein,g
BV 2 100% 8.8 13.2 28 23 19

75% 11.6 17.4 37 30 25
50% 18.5 27.8 — — —

Edible fats, g — 26.0 26 26 26

Calcium , mg 160 240.0 625 500 350

Phosphorus, mg 160 240.0 625 500 350

Iron, m g 1.1 1.7 6 3 4

Thiam ine, mg 0.2 0.3 0.2 0.2 0.2

Riboflavin, mg 0.3 0.45 0.3 0.3 0.3

N iacin , m g 1.0 1.5 1.0 1.0 1.0

Ascorbic acid, mg 3.6 5.4 25 15 10

1 I.e., intakes above 
undesirable results.

this limit serve no necessary or useful nutritional purpose, and may produce
2 BV indicates biological value.

group” balance between nutrients, as well 
as between energy and the nu trien t groups 
as a whole, in  rations required in  different 
am ounts daily to m eet size or perform ance 
differences, or both, of the individuals of 
the same diet category. Tabulation of the 
complete “standard” is also greatly simpli­
fied and condensed without sacrificing 
necessary or desirable detail. Expansion to 
include fu rther nutrients or additional die­
tary groups, or both, is practicable if and 
where such may be found desirable as a 
consequence of new facts on requirem ents 
or to m eet special circum stances.

Finally, the plan is applicable to all 
species for which feeding standards are 
prepared, and the form of tabulation facil­
itates recognition of similarities in  com­
parative nutrition.
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Anti-rachitic Effects of Soybean Preparations 
for Turkey Poults'
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ABSTRACT  Broad Breasted Bronze turkey poults fed to 4 weeks of age a glucose- 
isolated soybean protein diet, supposedly adequate in  all known nutrients, developed 
severe rickets and grew poorly. Heated soybean m eal, raw soybean m eal, or water ex­
tracts of raw or heated soybean m eal partially prevented the rickets and m arkedly im ­
proved growth. A several-fold increase in  v itam in D supplem entation effected sim ilar, 
but subm axim al responses. Raw or heated soybean m eal also appeared to contain a 
fa c to r (s) required for m axim al growth and bone calcification of turkey poults, even  
w hen the level of vitam in D3 w as greatly increased.

Num erous published reports have indi­
cated tha t soybean m eal contains an  un ­
identified growth factor (UGF) for young 
chicks and poults. Hill (1 )  reported that 
soybean meals of various sources differed 
in  their growth-promoting ability and attri­
buted this to variations in  their UGF con­
tent. Kratzer and co-workers (2, 3) re­
ported that a m ethanol extract of soybean 
m eal gave m arked growth responses when 
added to an  isolated soybean protein-glu- 
cose-type diet. Wilcox and associates (4,
5) noted that a w ater extract of soybean 
m eal (W E ) added to a diet sim ilar to that 
used by Kratzer et al. improved growth of 
turkey poults. The basal diet resulted in 
very poor growth, and replacem ent of a 
portion of the isolated soy protein with soy­
bean meal, improved growth. Their results 
suggested the involvement of more than  
one factor, as subm axim al responses were 
obtained with the ash and a nondialyzable 
fraction of WE.

In fu rther studies on growth-promoting 
properties of w ater extracts of soybean 
m eal at this laboratory, rickets developed 
in  poults fed the basal diets, and addition 
of soybean m eal fractions prevented de­
velopment of rickets. Some of the experi­
m ents conducted on the anti-rachitic prop­
erties of soybean m eal and water-soluble 
fractions thereof are described.

MATERIALS AND METHODS

The basal diet used in  the following ex­
perim ents was changed only slightly from 
tha t of Wilcox et al. (4 )  and is described

in table 1. The high level of soybean pro­
tein, together with the m ethionine hydroxy 
analogue and glycine, gives a calculated 
protein content of approximately 39% . A 
commercial grade of highly available dical­
cium phosphate3 was used in  place of the

TABLE 1

C om position of pou lt basal diet

Isolated soybean protein* 1
%

44.0
Glucose monohydrate 45.0
Corn oil 2.0
Dicalcium  phosphate 2 4.0
Lim estone 2 1.5
M ethionine hydroxy analogue 0.7
Glycine 0.5
M inerals,2 vitam ins 3 and antibiotics 4 2.3

1 ADM  C -l A ssay  P ro te in , A rch er-D an ie ls-M id lan d , 
M in n eap o lis .

2 T o ta l a d d ed  m in e ra ls  w ere : ( i n  % ) C a, 1.52- P
0.72; K (K C 1), 0 .60; N a  (N a C l) ,  0.20; a n d  Cl, (KC1 
a n d  N a C l) ,  0 .54; a n d  ( in  p p m )  M g (M g C 0 3) , 580; 
Z n  (Z 11CO3 ), 145; M n  (M n S 0 4, 70%  ), 65; Fe (F eS O r), 
89; Cu (C u S 0 4), 23; B (H 3B 0 3), 20; B r (K B r) ,  16 
A l [K2A12 ( S 0 4) 4], 15; Co (C oC l2 -6 H zO ), 10; Si
( N a 2Si40 9), 5; M o (N a M o 0 4 -2H 20 ) ,  4 ; I  ( K l j ,  3; 
Se ( H 2Se0 3 ), 2.

3 T o ta l ad d ed  v ita m in s  w e re : (p e r  k g )  v i ta m in  A 
15,000 IU ; v ita m in  D 3, 2,000 IC U ; v i ta m in  E , 290 IU ; 
( r e p la c e d  w ith  98 IU  v i ta m in  E  a n d  222 m g  ethoxy- 
q u m  a f te r  e x p e r im e n t 3 ) ;  c h o lin e , 2 .97  g; ( i n  m g )  
z-inosito l, 1 1 0 0 ; p -am in o b en zo ic  a c id , 1 1 0 ; n ia c in , 1 0 0 ; 
Ca p a n to th e n a te ,  44 ; th ia m in e , 22 ; r ib o flav in , 22; 
p y rid o x in e , 2 2 ; a sco rb ic  a c id , 2 2 ; m e n a d io n e  so d iu m  
b isu lfite , 8 .8 ; fo lic  a c id , 8 .8 ; a n d  ( i n  /¿g) b io tin , 440- 
v ita m in  B i2, 33.

4 O x y te tra c y c lin e , 33  m g /k g .

R ece ived  fo r  p u b lic a tio n  J u ly  29, 1963.
1 S c ien tific  P a p e r  no . 2372, W a s h in g to n  A g ric u ltu ra l  

E x p e r im e n t S ta tio n s , P u llm a n . P ro jec t 1678. T h is  in ­
v e s tig a tio n  w as  su p p o rte d  by  fu n d s  p ro v id ed  fo r  b io ­
lo g ic a l a n d  m e d ic a l re s e a rc h  by  th e  S ta te  o f W a s h in g ­
to n  In i t ia t iv e  no . 171.

2 O n le av e  fro m  S o u th  D a k o ta  S ta te  C ollege, B rook­
in g s , S o u th  D ak o ta .

3 D y n a fo s , I n te rn a t io n a l  M in e ra ls  a n d  C h em ica ls  
C o rp o ra tio n , Skokie , I llin o is .
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C.P. dicalcium  phosphate used by Wilcox 
et al. (4 ) . Other modifications were pri­
m arily lim ited to the m ineral m ix and in ­
cluded the following: use of carbonate 
salts of m agnesium  and zinc in  place of 
sulfate and chloride salts, selenous acid in 
place of sodium selenite, a  reduction of 
iodine, and increase in  molybdenum, co­
balt, alum inum , m agnesium  and potas­
sium, and the addition of potassium  brom ­
ide. Sodium arsanilate was deleted and 
replaced with oxytetracycline. All of the 
known essential m inerals were supplied in  
adequate quantity, and the salts used were 
readily soluble. All vitam ins were pro­
vided at 2 to 5 times the recognized re­
quirem ent levels suggested by the NRS (6 ) .

Broad Breasted Bronze turkey poults (not 
sexed) were fed the basal diet to one week 
of age. Poults were then distributed w ithin 
battery brooders into groups of 8 to 12 with 
3 groups per treatm ent and fed for a 3- 
week experim ental period. Group weights 
were obtained initially and at weekly in ­
tervals. After term ination of the experi­
m ent, the left tibias of 5 turkeys per group 
were removed and cleaned and bone ash 
was determ ined by the AOAC method (7 ) . 
Statistical analyses were conducted accord­
ing to the procedure of D uncan (8 ) .

In  the first experim ent, a 30% protein 
diet was also prepared by replacing 12% 
of the soybean protein with glucose mono­
hydrate. Previous studies by G uenthner4 
had  suggested the need for investigating 
the protein level required for m axim al re­
sponse to the WE. In  subsequent experi­
m ents, only the 39% protein basal diet was 
used. The WE was prepared according to 
the method of Wilcox et al. (4 )  from both 
heated commercial (SBM) and raw  (RSBM) 
soybean meals (W E and WER, respec­
tively). This process involved 3 extractions 
of ca. 10 kg 50% soybean m eal (raw  or 
heated) with ca. 10 liters tap  w ater at pH 
4.7. The combined extracts were concen­
trated  in  a vacuum  condenser at 70 ±  
10°C to ca. 20 to 30% solids. On a dry 
weight basis, 1, 2, and 4% WE were added 
to both the 30 and 39% protein diets in  
experim ent 1, to determ ine optimal levels 
of supplem entation. These levels were es­
sentially equivalent initially to 5, 10 and 
20% soybean meal. For the 2% level, the 
WE had been concentrated to dryness and

added as a hygroscopic brown powder. All 
other WE or WER supplem ents in  this or 
subsequent experim ents were added as a 
brown syrup-like liquid. For the last treat­
m ent of experim ent 2 and for experim ents 
4, 5, 6 and  7 the extraction procedure was 
altered in  tha t the initial extraction was 
accomplished at pH 6.8 followed by ad­
justing  the pH to 4.7 and discarding the 
precipitate.

EXPERIMENTAL RESULTS

The body weight and bone ash data ob­
tained in  experim ent 1 are shown in table
2. Rickets was observed in  poults fed each 
of the basal diets and was partially pre­
vented by addition of 2 and 4% WE. The 
W E did not increase bone ash to a  level of 
46 to 47% , which is the usual range of 
bone ash values obtained with practical 
diets in  this laboratory. Although both ba­
sal diets supported sim ilar rates of growth, 
bone ash was significantly depressed by 
the higher protein level. Statistically signifi­
cant im provem ents in growth and bone ash 
were not obtained by adding W E to the 
lower protein diet, although it appears that 
growth was improved by 4% WE. How­
ever, m arked and significant responses 
were obtained with the higher protein diet 
at both the 2 and 4% levels of WE. Tibias 
from  the basal groups were rubbery and 
severely deformed, typical of a vitam in D 
deficiency.

TA BLE 2
E ffect o f w a ter  ex tra c t o f soybean m ea l an d  

dietary  prote in  level on grow th  and bone 
ash of tu rkey  poults (experim en t 1)

Protein
level

Water 
extract 

supplement1
4-Week 
avg wt

Bone 
ash 2

% 9 %
30 None 437 ab 2 38.3 bc 3

+  1% 438 ab 41.1 '
+  2% 463 ab 42.2 b
+  4% 495 b0 40.6 0

39 None 422 “ 33.7 a
+  1% 435 ab 35.3 ab
+  2% 538 ' 40.0 '
+ 4 % 531 « 41.3 b

1 F ro m  h e a te d  so y b ean  m e a l;  1% o n  a  d ry  w e ig h t 
b a s is  w as  e q u iv a le n t to  5%  so y b ean  m ea l.

2 P e rc e n ta g e  o f d ry , d e fa t te d  bone.
3 V a lu es  fo llo w ed  by  th e  sam e  le tte r s  sh o w  no  

s ig n if ic a n t d iffe ren c e  a t  th e  5%  lev e l o f p ro b a b ility .

4 P e rs o n a l c o m m u n ic a t io n , S o u th  D a k o ta  S ta te  Col­
lege, 1962.
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In a repetition of this experim ent, rickets 
and poor growth were again obtained with 
the 30 and 39% protein basal, and 2 and 
4% WE partially prevented rickets and 
greatly improved growth. A subsequent ex­
perim ent was designed to obtain inform a­
tion on the activity of various soybean frac­
tions.

Data obtained from experim ent 2 (table
3) indicate that the fac to r(s ) in  SBM that 
prevented rickets and promoted growth was 
either more concentrated in  or more easily 
extracted from  raw  soybean m eal than 
heated meal. The fac to r(s) was apparently

TABLE 3
Effect of soybean m ea l an d  w a ter extracts on 

poult grow th  and bone ash  (experim en t 2)

Supplement1 4-Week 
avg wt

Bone 
ash 2

9 %
None 385 43 30.9 43
5% SBM 4 476 bc 35.7 b
1% WE 5 (0 5% SBM) 439 4b 33.2 4b
1% W E R 6 (pH  4 .7 ) 542 c 39.6 «
1% WER (pH  6 .8 ) 511 bc 41.4 4

1 All diets contained vitamin D3 at 2000 ICU/kg 
and 39% protein.

2 Percentage of dry defatted bone.
3 Values followed by the same letters show no sig­

nificant difference at the 5% level of probability.
4 Indicates heated soybean meal.
5 Indicates water extract of heated soybean meal.
6 Indicates water extract of raw soybean meal, 

C= 5% raw soybean meal.

not specifically associated with protein, as 
the extract a t pH 4.7, where most of the 
protein is insoluble, was as effective as a 
pH 6.8 extract, where m uch of the protein 
is soluble. The WE may not contain all of 
the anti-rachitic activity of SBM because on 
an equivalent basis it appeared to be less 
active than  SBM.

Following these studies, particular a t­
tention was given to the potency of vitam in 
D3 supplements. Chemical assays for vita­
m in D by 2 commercial laboratories,5,6 a 
biological assay by one of the laboratories3 
and a chick study conducted in  this labora­
tory showed the supplements contained 
within 15% of their stated potency. Addi­
tional am ounts of dicalcium phosphate and 
m anganese were tested. The results ob­
tained in  4 experim ents with these supple­
ments, SBM and WER, are shown in table
4. Only where vitam in D:) was reduced to 
880 ICU /kg was there a highly significant 
response, although with the higher levels 
of vitam in D, SBM gave improved bone ash 
(P  <  0.05) and WER gave a growth re­
sponse ( P < 0 .0 5 ) .  On the other hand, 
additional m anganese or dicalcium phos­
phate had no statistically significant effect 
upon growth or bone ash. Poults fed the

5 Dawes Laboratories, Chicago.
6 Hoffmann-La Roche, Inc., Nutley, New Jersey.

TABLE 4
Effect o f m inerals, soybean m ea l and w a ter ex tract of razu soybean m eal on grow th  

and bone ash (experim en ts 3, 4, 5 and  6)

Exp.
no.

Vitamin D3 
level 1 Supplement 4-Week 

avg wt
Bone
ash 2

ICU/kg 9 %
3 2160 Basal 436 4 3 33.9 4 3

Mn, 65 ppm 418 4 36.1 4b
SBM,4 5% 474 4 37.5 b
M n+SB M 481 4 36.8 4b

4 2390 Basal 482 4 39.5 4
Dicalcium  phosphate, 1% 479 4 41.8 4
WER,5 1% ( 0  5% RSBM )6 538 b 41.6 4

5 0 Basal ___  7 24.0 4
WER, 1% __ 7 24.4 4

6 880 Basal 414 A 31.0 A
WER, 1% 506 B 40.7 B

1 Total vitamin D3 content of diets; all diets contained 39% protein.
2 Percentage of dry, defatted bone.
3 Values followed by the same small letters within an experiment show no significant difference 

at the 5% level of probability; those followed by unlike capital letters show significance at the 
1% level of probability.

4 Indicates heated soybean meal.
5 Indicates water extract of raw soybean meal.
6 Indicates raw soybean meal.
7 All poults died before termination of experiment; bones saved for ashing from poults dying 

between 3 and 4 weeks of age.
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vitam in D-free basal diet and those fed the 
basal diet plus 1% WER diets died before 
the term ination of experim ent 5 and no 
differences in  growth were observed prior 
to death. The bone ash values for 3-week- 
old poults were m arkedly similar, indicat­
ing that the 1% WER contained no vita­
m in D activity per se.

Subsequently, it was deemed desirable 
to determ ine whether soybean supplem ents 
would have any effect on the requirem ent 
for vitam in D. An incomplete factorial 
study (experim ent 7) was conducted using 
combinations of isolated soybean protein 
and 5% raw  soybean meal, 30% heated 
soybean m eal and graded levels of vitam in 
D3. The diets were m ade isonitrogenous. A 
prelim inary study had  shown 5% raw  soy­
bean m eal to be deleterious to growth and 
bone ash at the 880 ICU level of vitam in D. 
Therefore, for this treatm ent the low level 
of vitam in D was replaced by a level 2 
times higher than  th a t used in  the other 
treatm ents. The data  from  this experi­
m ent (table 5) show that even 3520 ICU of 
vitam in D3 did not perm it m axim al growth 
when the birds were fed the basal diet. On 
the other hand, 1760 units were adequate 
for m axim al growth with the supplem ented 
diets. For bone ash, 1760 and 880 units 
were adequate for the m axim al significant 
effect with the basal and 30% SBM-supple- 
m ented diets, respectively. However, a 
trend toward increased bone ash values 
with higher levels of vitam in D3 was evi­
dent. No significant responses to vitam in 
D in  either growth or bone ash were ob­

tained with the raw soybean meal-supple­
m ented diets.

DISCUSSION

Scott et al. (9 )  showed that soybean 
m eal contains a factor that aids in  utiliza­
tion of anhydrous dicalcium  phosphate. 
Their work, together with the da ta  pres­
ented here, dem onstrates fu rther the com­
plexity of nutritional factors involved in 
bone form ation, as well as the nutritional 
factors in  soybean meal. W hether the 
fac to r(s ) involved in  phosphate and vita­
m in D utilization are identical cannot be 
ascertained from  present inform ation.

The lack of significant growth or calcifi­
cation responses to the WE or SBM supple­
m ents in  several of the experim ents with 
sim ilar levels of vitam in D3 was due in  part 
to the higher level of the vitam in used and 
probably also to the greater stores of the 
vitam in carried by the poults when placed 
on dietary treatm ents. Variations in  body 
stores of the vitam in as well as the an ti­
rachitic factor could account for the varia­
tion in  responses obtained on the basal and 
similarly supplem ented diets.

No vitam in D activity was dem onstrated 
in  the w ater extract of soybean m eal by 
adding the extract to a diet unsupple­
m ented with vitam in D, but m arked re­
sponses in  growth and bone ash were ob­
tained from  1% WER or from  30% SBM 
in  the presence of 880 ICU of vitam in D / 
kg. Therefore, the available inform ation 
suggests tha t the anti-rachitic factor does 
not replace a m inim al need for vitam in D,

TABLE 5

Effect o f heated  and raw  soybean m eal on grow th  an d  bone ash  response to d ifferen t levels
of v ita m in  D (experim en t 7)

Vitamin D3 
level

Dietary
treatment Avg 4-week wt Bone 

ash 1

IU/kg 9 %
800 B asal 2 3 8 2 “ 3 3 3 .6 “ 3

1760 Basal 449 b 3 7 .6 b
3520 Basal 510 40.4 »'

880 30% SB M 4 534 44.0 de
1760 30% SBM 597 de 46.1 *
3520 30% SBM 627 • 46.7 e
1760 5% RSBM 5 549 cd 4 2 .6 'd
3520 5% RSBM 588 de 44.2 de
7040 5% RSBM 575 de 44.7 de

1 Percentage of dry, defatted bone.
2 Isolated soybean protein; all diets contained 39% protein.
3 Values followed by the same letters show no significant difference at the 5%
4 Indicates heated soybean meal.
5 Indicates raw soybean meal.

level of probability.
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but that the factor either improves the 
metabolic efficiency of vitam in D or pre­
vents its binding or destruction in  the diet. 
W hether this effect occurs before or after 
consum ption of the diet has not been in ­
vestigated. The detrim ental effect of the 
higher level of isolated soybean protein, 
together with a lessening of the detrim ental 
effect by replacing some of the protein 
with the soybean meal, suggests that the 
protein supplem ent per se is responsible 
for the m uch higher vitam in D require­
ment. This aspect of the problem is being 
investigated further.
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Carbohydrate and Fat Metabolism and Response 
to Insulin in Vitamin B6-deficient Rats’

AGNES M. HUBER, STANLEY N. GERSHOFF a n d  D. MARK HEGSTED
D epartm en t of N u trition , H arvard School of Public H ealth,
Boston, M assachusetts

ABSTRACT  V itam in B6-deficient rats, compared w ith  appropriate controls, showed 
growth inhibition, and a decrease in  total carcass lipids. The palm itoleic acid content 
of the liver and epididym al fat pad lip id decreased and the content of stearic and 
linoleic acids increased. All of these changes were partially prevented by insu lin  
adm inistration. The deficient anim als showed hypoglycem ia and a decreased ability 
to clear glucose from the blood after the adm inistration of glucose, and decreased  
tolerance to insu lin . “Insulin-like activity,” determ ined by the effect on epididym al 
fat pads, o f the serum and pancreatic tissue w as lower than in  control anim als. The 
epididym al fat pads of deficient anim als were m uch more sensitive to insu lin  than  
those of controls as m easured by net gas exchange and incorporation of labeled  
glucose into fat.

A nearly universal effect of feeding 
nutritionally inadequate diets is decrease 
in  food intake accompanied by inhibition 
of growth. Perennial problems complicat­
ing the study of nutritional deficiencies 
have been how to explain the m echanism s 
causing the change in  food intake and to 
distinguish between the direct effects of 
the lack of the nu trien t being studied and 
those effects that are the consequence of 
decreased food consumption. In  vitam in 
Be deficiency, for example, changes occur 
which m ay not be the direct consequence 
of a lack of vitam in Bc-containing enzymes, 
but m ay be due to decreased food intake. 
On a vitam in Bc-deficient regimen, the ra t 
shows growth retardation (1 ) , decreased 
body fa t ( 2 ,3 ) ,  decreased efficiency of 
food utilization (4 ) ,  lowered blood glucose 
and liver glycogen (5 ) ,  and increased 
stearic acid and decreased palmitoleic acid 
in its total fatty  acid content (6 ) . Beaton 
et al. (7 )  have reported that insulin injec­
tions of vitam in B6-deficient rats, can to a 
considerable extent, prevent the inanition 
and decreased fa t storage in  this defi­
ciency. Since Kuno (8 )  reported degen­
erative changes in  the (3 cells in  the Islets 
of Langerhans in  vitam in B6 deficiency, it 
appeared possible that the changes in car­
bohydrate or fa t metabolism in  vitam in 
B6-deficient ra ts m ight be due to changes 
in availability of insulin. In this paper, 
further evidence will be presented to show 
that m any of the changes associated with

vitam in B6 deficiency in  ra ts can be re­
versed by insulin  adm inistration, that in 
vitam in B6-deficient ra ts glucose tolerance 
is decreased, tha t the insulin-like activity 
of their sera and pancreata is decreased, 
and that the sensitivity of their epididymal 
fa t pads to insulin is increased.

EXPERIMENTAL AND RESULTS

Male Charles River CD rats, 3 or 4 weeks 
old, were used. They were m aintained 
with purified diets fed ad libitum , unless 
otherwise stated, for varying periods of 
time. The basal diet contained: (in  per­
cen t) casein, 15; sucrose, 75.7; cod liver 
oil, 1.0; corn oil, 4.0; salts IV (9 ) , 4.0; 
and choline chloride, 0.3. Vitamins were 
added so that each 100 g of diet contained 
0.4 mg thiam ine, 0.8 m g riboflavin, 4 mg 
niacin, 0.02 mg biotin, 2 mg calcium 
pantothenate, 0.1 mg folic acid, 0.1 mg 
menadione, 0.005 mg vitam in Bi2. The 
control groups received, in  addition, 1 mg 
pyridoxine-HCl/100 g of diet. In one ex­
perim ent, the 4% corn oil of the basal 
diet was replaced by 4% trim yristin. In 
another experim ent, a high fa t diet was 
used th a t contained 42% hydrogenated 
shortening. This diet was form ulated so 
that it contained the same am ount of pro- * 1
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tein, salts, and vitam ins per calorie as the 
basal diet.

Body composition determ inations were 
made on chloroformed ra ts  whose gastro­
intestinal tracts were first washed and 
blotted. The carcasses were autoclaved in 
Mason jars for one hour at 115°C. These 
were then homogenized in  a W aring 
Blendor and dried to constant weight. 
Total lipids were determ ined on aliquots 
of the dry solid according to Folch et al.
(1 0 ). The fatty  acid composition was de­
term ined by use of gas-liquid chromatog­
raphy (1 1 ). Ash was determ ined using 
the method of Mickelsen and Anderson
(1 2 ) , and nitrogen by the procedure of 
Natelson (1 3 ). Tissue vitam in B6 analyses 
were estim ated by the microbiological 
method of Atkin et al. (1 4 ) , after hydrol­
ysis of the samples in  0.055 n  H2S 04 at 
112° for one hour. Serum and blood glu­
cose were determ ined by the alkaline cop­
per method of Nelson (1 5 ) . Insulin-like 
activity was determ ined by two methods, 
both based on the response of the ra t 
epididymal fa t pad to insulin. The proce­
dure of Renold et al. (1 6 ) in  which the 
liberation of radioactive CO» from  glucose-
1-C14 is m easured was used, or the net gas 
exchange was m easured according to Ball 
et al. (1 7 ). In  these studies m ade in  W ar­
burg flasks, Krebs-Hinger bicarbonate buf­
fer, pH 7.4, containing 50 mg of gelatin /

100 ml and 300 mg of glucose/100 ml 
was used. The gas phase was a m ixture 
of 5% COa-95% 0 2. For each assay by 
either procedure, standard  curves were 
obtained by using standards of 30 to 500 
uunits of glucagon-free insulin ,2 and from  
the curves the am ounts of insulin-like ac­
tivity in  the samples were estimated.

Effect of  insulin  treatm ent on vitam in  
Be-deficient rats. Groups of 4-week-old 
ra ts were fed the basal diet w ith and w ith­
out vitam in B6 for 4 weeks. The anim als 
in  two of the vitamin-deficient groups re­
ceived daily intraperitoneal injections of 
either 1 or 4 units of protam ine-Zn-insulin3 
during the last 3 weeks of the experiment. 
Prior to killing with chloroform, 0.1 ml of 
blood was draw n from  the tail veins and 
im mediately following death approximately 
50 m g of liver and 50 m g of kidney were 
removed for vitam in Bc assay. The com­
position of the rest of the carcass was then 
determ ined as described above.

The results of this experim ent presented 
in  table 1 indicate th a t the growth re ta rda­
tion observed in  vitam in B6-deficient ra ts  
was largely overcome by 4 units of insulin  
per day during the 3 weeks this treatm ent 
was used (P  <  0.001). This effect was 
accompanied by a m arked increase in  food

2 Obtained from Eli Lilly and Company, Indian­
apolis.

3 See footnote 2.

TABLE 1
E ffect o f insu lin  on body w e ig h t , body com position  and v ita m in  Bô levels

Diet
With Without Without Withoutvitamin B6 vitamin Be vitamin B6 vitamin Bß

Units of in su lin /d a y 0 0 1 4
No. o f rats 6 11 8 6
Final body wt, g 1 3 0 ± 4 .5  1 91 ± 3 .4 101 ± 5 .6 116 ±  5.2
Tail length, cm 1 5 .2 ± 0 .9 6 14.0 ± 0 .2 6 14.8 ± 0 .1 8 1 5 .3 ± 0 .3 5
Body com position,% : 

Water 
Protein 
Lipids 
Ash

69.7 ± 1 .3  
16.5 ±  0.7 
10.0 ±  0.9 

3.0 ± 0 .3

7 1 .7 ± 0 .6  
16.7 ±  0.4 

6.2 ± 0 .4  
3 .4 ± 0 .1

66.9 ± 1 .2  
17.4 ± 0 .5  
1 0 .3 ± 0 .9  

3.5 ±  0.3

65.6 ±  1.3 
17.7 ±  0.5 
12.1 ± 0 .9  

3.5 ± 0 .2
Vitam in B6,2 Mg per:

Gram liver, wet wt 
Gram kidney, w et wt 
100 m l of blood

9 .6 ±  0.2 
4.4 ± 0 .5  

20.6 ± 3 .4

3 .9 ± 0 .3
1 .5 ± 0 .1
1 .6 ± 0 .2

3.8 ± 0 .4
1.8 ± 0 .2  
1 .7 ±  0.2

2.8 ±  0.2  
1 .7 ± 0 .1  
2.0 ± 0 .6

1 Values include se  of mean.
2 Expressed as pyridoxine.
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consumption. The tail length m easure­
m ents and body composition data indicate 
tha t insulin  adm inistration resulted in  an 
increase in  bone growth and all body frac­
tions. Insulin  treatm ent had a greater ef­
fect in  increasing carcass lipids than  on 
other body components. Since insulin 
treatm ent did not increase vitam in Be lev­
els in  the liver, kidney and blood of the 
vitam in B6-deficient rats, it is not likely 
that the action of insulin  was the result of 
conservation of vitam in Be.

Table 2 shows the effect of vitam in Be 
deficiency on the fatty  acid composition of 
the epididymal fa t pads of rats pair-fed the 
basal diet with and without vitam in B6 for 
3 weeks. This table also shows the effect 
of vitam in BG deficiency w ith and without 
insulin treatm ent (one u n it/ra t/d a y )  on 
the fatty  acid composition of livers and 
epididymal fa t pads of ra ts  fed ad libitum  
for 3 weeks a diet contaning 4% trimyri- 
stin instead of 4% corn oil to reduce the 
effect of dietary fa t composition on the 
fatty  acid composition of the tissue studied. 
Values for lauric, myristoleic, palm itic and 
oleic acids have not been shown because 
they were not affected. In the vitam in Be- 
deficient rats, palmitoleic acid was signifi­
cantly decreased, whereas stearic and lino- 
leic acids were significantly increased in 
both liver and epididymal fa t pad lipid. 
Insulin partially reversed these changes. 
The increased linoleic acid in  the deficient 
ra ts did not appear to be due to reduced 
conversion to arachidonic acid since the 
liver arachidonic acid levels were not a f­
fected by the deficiency. It appears tha t the 
fatty  acid changes observed in  vitam in Be 
deficiency are not directly due to a lack of 
the vitam in, but may, at least in  part, be 
the consequence of reduced insulin. De­
creased palmitoleic acid and increased 
stearic and linoleic acids were also ob­
served in  the epididymal fa t pads of pair- 
fed vitam in B6-deficient and control rats. 
This suggests tha t the fatty  acid changes 
observed in  vitam in B6-deficient ra ts are 
not the consequence of reduced food in ­
take.

Effect  of  v itam in Be deficiency on blood 
glucose and glucose tolerance. Tail blood 
was collected from several groups of vita­
m in Be-deficient and control ra ts for glu­
cose determ inations. The results of these
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studies shown in table 3 indicate that vita­
m in E,¡-deficient ra ts are hypoglycemic 
when compared with control ra ts in  both 
fasted and non-fasted states.

Two groups of 6 weanling ra ts were fed 
the basal diet with and without vitam in B0 
for 3.5 weeks. After an 18-hour fast, the 
anim als were anesthetized with pentobar­
bital sodium4 (5  m g/100  g body weight) 
and injected in  a tail vein with 100 mg 
sterile glucose so lu tio n /100 g body weight. 
Subsequently over a period of one-half 
hour, 0.1 ml blood samples were drawn 
from the tip of the tail for blood glucose 
determ inations. The disappearance of glu­
cose during this period followed straight 
lines when the logarithm s of the glucose 
concentrations were plotted against time. 
The logarithm ic difference of the glucose 
concentrations in  milligrams per 100 ml of 
blood between 5 and 25 m inutes after the 
injection, was for the control group 
0.297 ±  0.02, and was 0.125 ±  0.07 for the 
vitam in B6-deficient group. The difference

in slopes is statistically significant (P  <  
0.001) and indicates that the disappear­
ance of glucose in  the vitam in B6-deficient 
group was considerably slower than  in  the 
control group.

Effect  of v itam in Bs deficiency on pan­
creas and serum insulin-like activity. In ­
sulin-like activity was determ ined in  both 
the sera and the pancreata of vitam in B6- 
deficient and control rats. Blood was ob­
tained from the inferior vena cava under 
light ether anesthesia. After standing at 
room tem perature for one hour, it was 
centrifuged and the serum separated. Sera 
of 3 to 5 ra ts had to be pooled for one 
estimation. The glucose content was deter­
mined in  each sample. Insulin  was ex­
tracted from the pancreata according to 
Scott and Fisher (1 8 ) and dissolved in  in ­
cubation medium  for assay as described 
above.

The results of these studies are pre­
sented in  table 4. In both of the experi-

4 N e m b u ta l, A bbott L a b o ra to r ie s , In c ., N o rth  C h i­
cago , Illin o is .

TA BLE 3
Glucose in  blood of v ita m in  BG-deficient rats

D iet R a ts /
g roup

W eeks 
fe d  d ie t

G lucose
P v a lu eS am p le

C on tro l W ith o u t 
v ita m in  B6

Basal 6 5 Blood, non-fasted
m g / 1 0 0  m l
123 ±  2.0 1

m .g /100  m l  
83 ± 4 .5 0.001

One week lab 
chow, then 
basal 10 4 Serum, non-fasted 320 ± 1 7 .4 250 ± 4 .5 0.001

Basal 12 4 Blood, fasted 18 hr 85 ±  2.8 67 ± 3 .9 0.01

1 V a lu es  in c lu d e  s e  o f  m e a n .

TA B LE 4
Insulin-like a c tiv ity  in  serum  an d  pancreas of v ita m in  B6-deficient rats

D iet M ethod
Food 

rem o v ed  
p r io r  to 
k illin g

W eeks
d ie t

No. In s u lin - l ik e  a c tiv ity
P v a lu es a m p le s /

g roup W ith
v ita m in  B6

W ith o u t 
v ita m in  B«

Basal Renold (1 6 ) 4 hr 4 10
ß U / m l  s e r u m  

164 ±  57 1 4 7 ±  12 <  0.05
Basal Renold (1 6 ) not removed 5 14 291 ± 4 4 248 ± 4 3 N S 2
Basal Ball et al. ( 17) 3 hr 4 6 232 ± 7 5 3 2 ±  16 <  0.05
Trimyristin Ball et al. (1 7 ) 4 hr 6 7 225 ± 3 7 44 ± 2 3 <  0.01
High fat Ball et al. (1 7 ) 3 hr 4 6 95 ±  10 69 ± 1 7 NS

Basal Renold (1 6 ) 4 hr 4 8
ß U / g  p a ncreas  

1.45 ±  0.31 0.65 ±  0.19 <  0.05
Basal Ball et al. (1 7 ) 3 hr 5 6 1.34 ±  0.16 0.52 ± 0 .1 3 <  0.02

1 V a lu es  in c lu d e  s e  of m ean .
2 N o t s ig n ific a n t.
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m ents in  which the basal diets were fed, 
pancreatic insulin-like activity was signifi­
cantly reduced in  the vitam in B6-deficient 
rats. The circulating insulin-like activity 
was significantly reduced in  deficient rats 
fed this diet and the diet containing tri- 
m yristin as a fa t source. In the one ex­
periment, in  which the food intake was not 
limited, the m ean value was not signifi­
cantly lower in  the deficient group. W hen 
the ra ts received a high fa t diet, both the 
control and deficient rats showed low se­
rum  values and the difference was not 
statistically significant although the m ean 
value was lower in  the vitam in B6-defi- 
cient group.

Effect of  v itam in B6 deficiency on epidi- 
dymal fa t pad activity. Since one of the 
m ajor sites of insulin action is on adipose 
tissue, the in  vitro effect of insulin  on this 
tissue was studied. Two groups of eight 
weanling ra ts  were pair-fed the basal diet 
with and without vitam in Be for 5 weeks. 
From each anim al 4 pieces of 100 to 150 
mg of their epididymal fa t pads were in ­
cubated separately at 37°C in W arburg 
flasks in  an  atmosphere of 95% 0 -5 %  CCh 
at pH 7.4 in  Krebs-Ringer carbonate buffer 
containing 0.5 mg gelatin, 4 mg (0.08 pc) 
of uniformly labeled glucose and 200 nunits 
of glucagon-free insu lin /m l. One-half of 
the flasks also contained 1 ug of pyridoxal 
and 1 ug of pyridoxal-5-phosphate/m l of 
medium. Before the insulin  was added 
from the sidearms, net gas exchange was 
m easured for one hour and was found to 
be slightly negative, about — 3 to — 4 ul/ 
100 mg fa t pad. However, no significant 
differences were observed in  net gas ex­
change of the fa t pads of the control and 
vitam in B6-deficient anim als unless insulin

was added to the medium. After the addi­
tion of insulin, net gas exchange was m eas­
ured every one-half for 2.5 hours during 
which period it was linear for both defi­
cient and control animals. At the end of 
the incubation period, the fa t pads were 
washed with saline and blotted 6 times to 
remove traces of medium. They were then 
homogenized with a 2 :1  chloroform, m eth­
anol m ixture and filtered. From  each pro­
tein-free extract aliquots were taken for the 
m easurem ent of lipid ester bonds (1 9 ) and 
for the counting of radioactivity in  a gas 
flow counter.

The results shown in  table 5 indicate 
tha t net gas exchange and incorporation of 
C14 into fa t was significantly greater in  the 
fa t pads of vitam in B6-deficient ra ts than  
those of the controls. There was a high de­
gree of correlation between net gas ex­
change and incorporation of C14 into fat 
( r  =  +  0.86).

The addition of pyridoxal and pyridoxal- 
5-phosphate to the incubation m edium  had 
no statistically significant effect on net gas 
exchange or incorporation of C14 into fat, 
although slightly high values were found 
when they were added.

In a second study, 3 groups of 8 w ean­
ling rats, 2 groups vitam in B6-deficient, 
were fed the basal diet ad libitum  for 5 
weeks. The ra ts of one of the deficient 
groups were injected with 4 m g of pyri­
doxal 24 hours prior to killing. The food 
intake of this group was restricted during 
the last day to the level consumed by the 
untreated vitam in B6-deficient group. The 
epididymal fa t pads of the ra ts  were treated 
as described above, except tha t neither 
labeled glucose, pyridoxal, nor pyridoxal-5- 
phosphate were added to any of the flasks.

TABLE 5
Effect of v ita m in  Be deficiency on ep id idym al fa t pad a c tiv ity

Pyridoxal and 
pyridoxal-5-PC>4 

in medium
Diet with 

vitamin Bö
Diet 

without 
vitamin Be

P value

1 net gas exchange/
100 m g fat pad/hr — 28 ± 5  1 6 9 ±  11 <  0.01

+ 34 ± 7 78 ± 1 2 <  0.01

Count/m in//xEq. of ester — 1.69 ± 0 .2 6 2.51 ± 0 .3 2 NS 2
+ 1.81 ± 0 .2 2 2.91 ± 0 .4 0 <  0.05

1 E a c h  v a lu e  r e p r e s e n t s
2 N o t  s ig n i f i c a n t .

th e  m e a n  ±  s e  o f m e a n  o f  o b s e r v a t io n s m a d e  o n  8  p a i r - f e d animals.
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TA BLE 6
E ffect of in  v ivo  pyridoxal adm in istra tion  on ep id id ym a l fa t pad a c tiv ity  

in  v ita m in  B 6-deficient rats

D iet

W ith W ith o u t W ith o u t
v i ta m in  B6 v ita m in  B6 v ita m in  B6 1

Net gas exchange, ¿4/100 m g fa t pad /hr 13.0 ±  2.2 2 32.0 ± 3 .9 3 3 .0 ± 4 .8
¿4/100 ¿tg N /h r 7.7 ±  2.0 13.3 ± 1 .3 1 7 .2 ± 2 .7

1 E a c h  r a t  in je c te d  w ith  4 m g  o f p y rid o x a l 24 h o u rs  p r io r  to  k illin g .
2 E a c h  v a lu e  re p re s e n ts  th e  m e a n  +  s e  of m e a n  o f o b se rv a tio n s  m a d e  on  8 a n im a ls .

The results of this study are shown in  table 
6. They indicate tha t when the fa t pads of 
deficient ra ts  given a single large dose of 
pyridoxal 24 hours prior to killing were in ­
cubated with insulin and glucose, net gas 
exchange was not significantly different 
than  th a t observed when the fa t pads of 
un treated  vitam in Bs-deficient ra ts  were 
similarly incubated. Similar conclusions 
are draw n whether the results are ex­
pressed on a wet weight or nitrogen basis.

DISCUSSION

Evidence exists which suggests the pos­
sibility that insulin is deficient in  vitam in 
B,¡-deficient rats. Tezuka and Makino (2 0 ) 
and Koide (2 1 ) reported mild hypergly­
cemia and glucosuria in  this deficiency. 
The anim als studied here were hypogly­
cemic, as has been reported by Beaton and 
Goodwin (5 ) . Urinary glucose excretion 
was negligible, and urinary  ketone excre­
tion was normal. No apparent explanation 
for the differences observed in  these stud­
ies and those of the Japanese is available. 
However, in  agreem ent with Koide (21 ) 
the rate of removal of glucose from  the 
blood after a glucose load was abnormally 
slow in vitam in B6-deficient rats. Other evi­
dence has been provded tha t changes ob­
served in  vitam in Bs-deficient rats m ay be 
partially reversed by insulin  adm inistra­
tion. However, these anim als are not typi­
cally diabetic.

Beaton et al. (7 )  showed that the adm in­
istration of insulin to vitam in Bs-deficient 
ra ts improved their growth. This has been 
confirmed and extended. Carcass analyses 
indicated tha t the m ain abnormality in  the 
body composition of weanling rats fed vita­
m in Bs-deficient diets for 4 weeks is a de­
crease in  the percentage of fa t and that 
this can be prevented by insulin  adm inis­
tration.

The composition of the tissue fatty  acids 
was also altered by vitam in B6 deficiency. 
In  the experim ents reported here, and 
others not reported, these changes did not 
occur in  pair-fed control animals. In de­
ficient ra ts receiving either corn oil or 
trim yristin as their m ain  fa t source, tissue 
levels of palmitoleic acid decreased and 
stearic and linoleic acids increased. Palm i­
toleic acid was not present in  the dietary 
fats in  appreciable am ounts and the lower 
content of this fatty  acid in  the tissues pre­
sumably reflected a decrease in  its rate of 
synthesis. Linoleic acid is not synthesized. 
Thus, the relatively large quantities in  the 
deficient anim als m ay reflect a lower rate 
of destruction. The adm inistration of in ­
sulin to vitam in B6-deficient ra ts  resulted 
in  a reversion of the fatty  acid content of 
the tissues toward norm al, both in  am ount 
and composition. In view of our inability 
to control independently the rates of syn­
thesis, deposition and mobilization of fatty 
acids, the exact role of insulin  is unclear 
from  these studies.

An obvious possibility to explain the in ­
sulin effect would be the conservation of 
vitam in B6 by the body. Liver, kidney and 
blood concentrations of vitam in Be in  the 
anim als were not increased by the adm in­
istration of insulin. However, it is possible 
that tissues not studied or parts of tissues 
conserve vitam in B6 under the influence of 
insulin.

The evidence that insulin  reverses or 
prevents m any of the changes accom pany­
ing vitam in B6 deficiency is associated with 
the hypothesis tha t there is a decreased 
availability of insulin. It is realized tha t 
the methods used are m easures of insu lin­
like activity and until the specificity of the 
methods is better defined, the results m ust 
be interpreted with caution. Nevertheless, 
the data show a decrease in  insulin-like ac­
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tivity in  both the sera and pancreata of the 
vitam in B6-deficient rats. It is not neces­
sarily clear that a decreased availability of 
insulin  is one of the first m anifestations of 
vitam in B6 deficiency. However, w ithin 24 
hours after young ra ts are fed the vitam in 
Brrdeficient diet, there is a considerable de­
crease in  food intake which can be pre­
vented by insulin  adm inistration.

It is well known tha t appetite can be 
stim ulated by insulin  adm inistration. 
However, we are unaw are of any studies 
in which the anorexia accompanying a de­
ficiency of an  essential nu trien t other than  
vitam in B6 has been prevented by insulin 
adm inistration. In unreported studies from 
this laboratory the adm inistration of in ­
sulin to thiamine-deficient ra ts did not re ­
sult in  an increase in  growth or food in ­
take. Unlike vitam in Br,-deficient rats, th ia­
m ine deficient ra ts  did not show a greater 
sensitivity to insulin  than  their controls. 
In  a study prelim inary to the work reported 
here, daily injections of zero to 10 units 
of in su lin /day  were given to weanling 
vitam in B6-deficient and control rats. None 
of the deficient ra ts survived more than  6 
un its/day . The controls tolerated 10 u n its / 
day w hen food was provided ad libitum. 
Increased sensitivity of vitam in Bc-deficient 
ra ts  to insulin has also been m entioned by 
Beaton et al. (7 ) . In the present study it 
was also observed that the fa t pads of defi­
cient ra ts  exhibit m uch greater responses 
th an  those of control ra ts  to the same level 
of insulin  in  vitro as shown in tables 5 and 
6. Significant differences in  net gas ex­
change between fa t pads of vitam in B6-de- 
ficient and control ra ts have not been ob­
served in  the absence of insulin. Thus it 
appears th a t the RQ of fa t pads from vita­
m in Bs-deficient ra ts  in  the presence of a 
glucose substrate is greater than  that of 
control anim als only when insulin is added 
to the medium. The data presented from 
the in  vitro studies indicate that in the 
presence of equal am ounts of added in ­
sulin the fa t pads of vitam in B6-deficient 
ra ts synthesize fa t from  glucose more 
rapidly than  the fa t pads of control ani­
mals.

One of the first signs of vitam in B6 de­
ficiency is decreased food intake and 
growth failure. Paired feeding experim ents 
show clearly tha t there is inefficient energy

utilization in  the deficient anim als (4 ) . 
They gain less rapidly with the same ca­
loric intake. The work of Carter and 
Phizackerley (3 )  and unreported studies 
from  this laboratory indicate tha t this is 
not the result of faulty intestinal absorp­
tion or loss of calories through increased 
urinary  excretion. It is difficult to assess 
how m any of the metabolic changes of vita­
m in Be deficiency are the result of inan i­
tion. Paired feeding experim ents are of 
value in  m inim izing the effects of inan i­
tion, but the value of the paired feeding 
m ethod is limited by the necessity to re­
strict the food intake of one of the groups. 
In  the present studies it was impossible to 
pair-feed vitam in B6-deficient ra ts receiving 
insulin with untreated deficient anim als be­
cause they could not be kept alive on a re­
stricted feeding program. The adm inistra­
tion of insulin  to vitam in B6-deficient ra ts 
resulted in  an im m ediate increase in  food 
consum ption with a concom itant increase 
in  body size. However, it should not be 
concluded th a t the metabolic changes of 
vitam in B6 deficiency reported here are the 
result of inanition. The decrease in  palmi- 
toleic acid and the increase in  stearic and 
linoleic acids reported in  the fa t pad and 
the liver lipid of vitam in B6-deficient rats 
were not observed in  the epididymal fa t 
pads of pair-fed control anim als (table 2). 
The increased activity of the epididymal fat 
pads of vitam in Be-deficient ra ts in  the 
presence of insulin  was also observed in 
both pair-fed (table 5 ) and ad libiturn-fed 
anim als (table 6). Beaton and Goodwin
(5 )  have reported that vitam in B.¡-deficient 
ra ts showed lower fasting liver glycogen 
and lactic acid dehydrogenase activity and 
lower fasting blood sugar, pyruvic acid and 
lactic acid levels than  their pair-fed con­
trols. Beaton (2 2 ) has also reported that 
insulin  adm inistration has a slightly more 
pronounced effect on blood sugar levels in 
vitam in B6-deficient ra ts  th an  in  pair-fed 
controls.

The sim ultaneous occurrence of hypo­
glycemia, decreased availability of insulin 
and increased sensitivity to insulin suggest 
the possibility of a pituitary or adrenal de­
rangem ent in  vitam in B6-deficient rats. It 
is well known that hypophysetcomy or ad­
renalectom y of the diabetic aniam l leads to 
am elioration of hyperglycemia, and it has
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been reported repeatedly th a t hypophysec- 
tomized anim als are more sensitive to in ­
sulin. Furtherm ore, Reit-Correa et al. (2 3 ) 
have shown tha t cortisone injected into 
the ra t reduces the sensitivity of the epidid- 
ym al fa t pad to small doses of insulin. In 
view of the changes observed it is possible 
that changes in  insulin  availability may 
simply be an adaptation to a state in which 
less insulin is required.

T hat food intake in  the ra t m ay be modi­
fied w ithin 24 hours of the time it is fed 
a vitam in B6-deficient diet, and before large 
changes in  total body concentrations of the 
vitam in occur, indicates tha t there m ay be 
specific centers which are very sensitive to 
changes in  vitam in concentration. These 
m ight include the endocrine glands or hy­
pothalam ic centers, such as those known 
to be intim ately associated with the control 
of food intake.
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Tissue Distribution of a-Aminoisobutyric Acid 
and Nitrogen Metabolism in the Rat
II. EFFECTS OF ENVIRONMENTAL TEMPERATURE 

AND DIETARY IMBALANCE* 1

L. A. BAVETTA a n d  M. E. NIMNI
D epartm en t of B iochem istry and N utrition , School of D entistry,
U n iversity  of Southern California, Los Angeles, California

ABSTRACT  Exposure to cold (7 °C ) resulted in  rats increasing their food intake, 
independently of the nature of their diets. In spite of this, the nitrogen retention of 
these anim als was lower than that o f their respective controls m aintained at room  
temperature (2 4 ° ) . The addition of toxic levels of am ino acids to the diet o f anim als 
m aintained at 24° greatly decreased the ratio of w eight gain per gram of retained  
nitrogen. On the other hand, anim als fed  sim ilar diets but exposed to the low  environ­
m ental temperature were able to gain more w eight in  terms of the retained nitrogen. 
Since this increase in  w eight cannot be attributed to an increase in  net protein syn­
thesis over that o f their controls, accum ulation of other products such as lipids or 
water m ay be responsible. Exposure to cold, as w ell as the supplem entation of the 
diets w ith toxic am ounts o f tryptophan or an isoleucine-free am ino acid m ixture, stim u­
lated the urinary excretion of injected a-aminoisobutyric acid, w ith more rapid deple­
tion of this unm etabolizable am ino acid from  the tissues.

It is generally well-recognized that in ­
complete or im balanced diets, inadequate 
to support optimal growth, result in de­
creased food intake. This depression of 
food consum ption cannot be attributed to 
low palatability of the diets and is probably 
related to some systemic effect which 
causes food rejection (1 , 2 ). Attempts to 
overcome this growth retardation by force- 
feeding these anim als have been unsuc­
cessful and even detrim ental (3, 4 ).

However a recent report indicated that 
exposure to cold was able to overcome, in 
certain instances, the growth retardation 
caused by amino acid-imbalanced diets
(5 ) . The m echanism  involved in this be­
havior has not been advanced. In no in ­
stance was this response to cold exposure 
nearly as adequate as that obtained by 
feeding isonitrogenous am ounts of a bal­
anced supplement.

In  any case, it appears reasonable to 
expect that the beneficial effect of cold on 
the growth of ra ts fed im balanced rations 
should be associated with an increased 
retention of nitrogen or its more effi­
cient utilization. The following experi­
m ents were initiated to investigate these 
possibilities: the feeding of diets with im ­
balanced am ino acid m ixtures, amino acid 
deficiencies and m arked excesses. In addi­

tion to effect on growth and nitrogen bal­
ance, the distribution as well as the excre­
tion, of the unmetabolizable amino acid 
a-aminoisobutyric (AIB) was investigated. 
Recent experim ents from  our laboratory 
indicate that the nature of the diet, espe­
cially the protein level, greatly influenced 
the retention, distribution and pattern  of 
urinary excretion of tracer doses of in ­
jected AIB (6 ).

EXPERIMENTAL
Young, growing m ale Holtzm an ra ts of 

100 to 110 g in  body weight were used in 
these experim ents. They were divided into 
2 groups; one m aintained at room tem per­
ature (24°C ) and another in  the cold (7°). 
The anim als were housed in stainless steel 
metabolic cages, food intake was m easured 
daily, and urine and feces were collected 
daily. The basal 24 and 9% casein diets 
were m ade up as previously described ( 7 ). 
The 6% fibrin diet was similar, with this 
protein replacing casein. At these low 
levels of dietary fibrin, isoleucine has been 
shown to be one of the most lim iting amino 
acids on the growth of the ra t (8 ) . An 
isoleucine-free amino acid m ixture, sim-

R eceived  fo r  p u b lic a tio n  O c tober 25, 1963.
1 T h is  in v e s t ig a tio n  w a s  su p p o rte d  b y  a  P u b lic  

H e a lth  R ese a rch  G ra n t o f  th e  N a tio n a l  I n s t i tu te  o f 
D e n ta l R esearch .

J. N u t r i t i o n , 82: ’64 379
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TABLE 1
Changes in body w e ig h t and nitrogen balance of an im als fed  d ifferen t im balanced diets w hile  

m ain ta in ed  a t room  tem perature (24°C ) and in  a cold environm en t (7 °C)

Group Environment Body wt 
increase

Food
intake

Nitrogen
retention

RNER i 
increase 

body w t/g  
N retention

Protein
efficiency

ratio

24% C asein room  tem p era tu re
g / d a y  

7.0 ± 0 .3  2
g / d a y
16.6

m g / d a y
386 ± 1 0 18.1 ±  0.4 1.88 ±  0.12

cold 4.1 ±  0.2 21.9 232 ±  14 17.7 ± 1 .3 0.85 ± 0 .1 7
24%  C ase in  +

3%  try p to p h an room  tem p era tu re 3.8 ± 0 .3 15.1 340 ± 2 1 11.2 ±  1.3 1.15 ±  0.12
cold 2.5 ±  0.6 18.3 122 ± 2 5 20.4 ± 0 .6 0 .6 0 ±  0.1

9% C asein room  tem p era tu re 5.4 ± 0 .4 18.8 198 ± 1 2 2 7 .3 ±  1.1 3.70 ±  0.12
cold 3.8 ± 0 .2 21.5 173 ± 9 2 2 .0 ±  1.1 2.26 ± 0 .1 1

9%  C a se in +  
3%  leuc ine room  tem p era tu re 0 .8 ±  0.1 13.0 101 ±  7 7.9 ± 1 .2 0.78 ± 0 .4 3

cold 1 .7 ±  0.2 18.3 69 ± 2 24.7 ±  2.8 1.21 ±  0.11

6% F ib rin room  tem p era tu re 3.4 ±  0.2 16.5 130 ± 5 2 6 .2 ±  1.2 3 .4 0 ±  0.14
cold 3.1 ±  0.2 21.4 141 ± 5 22.0 ± 2 .0 2.40 ±  0.18

6 %  Fibrin-f- 
4.5%  am ino 
acid  m ix tu re room  tem p era tu re 2.3 ± 0 .2 12.7 107 ±  9 21.5 ±  2.0 1 .9 4 ±  0.16

cold 2.5 ±  0.6 19.9 96 ±  13 26.0 ± 4 .9 1.35 ± 0 .3 5

1 Indicates retained nitrogen efficiency ratio.
2 SE.

ilar to the one used by Kum pta and Harper
(9 )  except for the omission of tryptophan, 
was used. It contained DL-methionine, 
9% ; DL-phenylalanine, 13.5% ; L-leucine, 
9% ; DL-valine, 15.5% ; L-lysine-HCl, 13.5 
% ; DL-threonine, 4.5% ; L-arginine, 4.5% ; 
L-glutamic acid, 22%;  and L-histidine, 
9% . This amino acid unbalancing m ix­
ture, when added to the diet, supplied an 
extra 4.5% of amino acids above those 
contributed by fibrin.

All the anim als were injected subcutane­
ously with 1 yc of AIB-1-C14/1 0 0  g of body 
weight (specific activity 6.05 m c /m l) , 3 
days after starting to be fed the experi­
m ental diets and killed 3 weeks following 
the isotope injection. Serum, tissue and 
urine samples were treated as previously 
described for the purpose of determ ining 
residual radioactivity (6 ) . Total nitrogen 
in  the diet and urine was determ ined 
colorimetrically after digestion using the 
Nessler reagent.

The protein efficiency ratio (PE R ) repre­
sents the gain in  body weight in  grams 
resulting from the intake of 1 g of protein. 
A retained nitrogen efficiency ratio (RNER) 
was also calculated, which would reflect 
the gain in  body weight in  grams which 
accompanies the retention of 1 g of nitro­
gen.

RESULTS

The changes in  body weight, the food 
intake as well as the calculated nitrogen 
balance values recorded during the course 
of these experiments, are sum m arized in 
table 1. In all instances exposure to cold 
increased the food consumption. The an i­
mals fed the 24% casein diet grew less in 
the cold in  spite of their increased food 
intake. The decreased nitrogen retention 
of these anim als is also reflected in  their 
decreased growth. The efficiency with 
which this retained nitrogen was utilized 
for growth was similar in  both groups. In 
contrast, the PER was decreased in  the 
group exposed to cold.

Addition of toxic am ounts of tryptophan 
to the diet retarded growth of both the 
controls and cold-exposed animals. Cold 
exposure again produced a decrease in  the 
nitrogen retention. However, when m eas­
ured in  term s of utilization of retained

Fig. 1 Urinary excretion of C14 follow ing the 
injection of a single dose of a-am inoisobutyric 
acid-l-C14 to rats. Anim als were fed  diets differ­
ing in protein quality and quantity, and supple­
m ented w ith toxic levels of a single am ino acid or 
an am ino acid im balancing m ixture free o f iso ­
leucine. In each experim ent one group was m ain­
tained at 24°C and one at 7°. Values are the 
average of 5 anim als, expressed as percentage of 
the injected dose excreted.
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nitrogen (RNER) the anim als exposed to 
the cold appear to have utilized it m uch 
more efficiently. W hen dietary casein was 
supplied at the 9% level, exposure to cold 
again retarded growth. Retention of nitro­
gen was also reduced but not significantly.

The addition of 3% leucine to the 9% 
casein diet produced a m arked inhibition 
of growth when fed to anim als m aintained 
at 24°. However, anim als m aintained at 
7° perform ed better as judged by growth, 
RNER, and PER ratios. On the other hand, 
anim als fed the 6% fibrin diet were not 
affected in  the above param eters when ex­
posed to the colder environm ent. The addi­
tion to this diet of an im balancing m ixture 
of am ino acids lacking isoleucine further 
stunted the growth of these animals. How­
ever, as in  the previous experim ent the 
growth rate of these anim als was not af­
fected by tem perature.

The PER calculated throughout these ex­
perim ents tended to be greater at room 
tem perature, with the exception of the ani­
m als receiving toxic am ounts of leucine 
mixed in  a 9% casein diet where the 
values were reversed.

The urinary  excretion patterns of the 
radioactive AIB injected at the beginning 
of the experim ent, are shown in figure 1. 
Each point of the curve represents the 
average urinary radioactivity of that group,

for a 24-hour period, expressed as a per­
centage of the injected dose. Those ani­
m als consum ing the higher levels of casein 
excreted initially the greatest am ount of 
the unmetabolizable amino acid. The addi­
tion of 3% tryptophan to the diet of the 
anim als resulted in  a m arked increase in 
excretion of AIB in both the group m ain­
tained at 7° as well as those kept at 24°. 
However, no differences were observed 
when anim als were fed the 9% casein diet 
unsupplem ented with excess tryptophan. 
In anim als fed the 6% fibrin diet, AIB ex­
cretion increased when an im balancing 
amino acid m ixture was fed.

The addition of toxic am ounts of amino 
acids, or of im balancing amino acid added 
to the diets of the experim ental anim als 
resulted in  a m arked increase in the u ri­
nary excretion of tracer doses of adm inis­
tered AIB. Simple exposure to cold had 
sim ilar effects in  all groups except in  those 
anim als fed the 9% casein diet. All the 
anim als in the experim ent were killed at 
the end of 3 weeks and tissues were 
analyzed for radioactivity. The values ob­
tained are recorded in  table 2.

Exposure to cold as well as the level and 
nature of the protein in the diet greatly 
influenced the am ount of AIB retained by 
the animal. As expected, the am ounts ex­
creted in the urine m aintained a reverse

TA BLE 2
R esidual tissue rad ioactiv ity  21 days follow ing the adm in istra tion  of a-am inoisobutyric acid-1-C14 to 

rats fed  d ifferen t im balanced diets w hile  m ain ta in ed  in  the cold room and at room tem perature

Serum
radioactivity

Tissue radioactivity
Diet Environment

Liver Kidney Skeletal
muscle

24% Casein room temperature
count/min /m l 

128 270
count/m in /g 

2140 530
cold 0 10 30 10

24% Casein +
3% tryptophan room temperature 0 10 30 0

cold 0 0 20 0

9% Casein room temperature 320 330 5130 1160
cold 190 380 3570 750

9% C asein+  
3% leucine room temperature 592 1720 12180 1080

cold 72 260 2340 400

6% Fibrin room temperature 608 670 5950 1660
cold 304 600 5660 790

6% F ibrin+
4.5% am ino acid 
m ixture room temperature 72 110 2340 250

cold 0 20 220 20
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relationship with the am ounts retained in 
the tissues. On the other hand, the distri­
bution of radioactivity among the various 
tissues studied for all the anim als in  the 
test follows a sim ilar pattern. Calculation 
of the distribution ratio, tissue radioactiv- 
ity-to-serum radioactivity (w here the serum  
value is used as a standard of com parison) 
shows this to be true. The large kidney up­
take observed in  all instances, reflects the 
physiological concentrative capacity of this 
organ, prior to AIB excretion in  the urine.

DISCUSSION

In agreem ent with the observations of 
Klain and co-workers (5 ) ,  exposure to low 
tem perature increased the food consum p­
tion of ra ts in  all of our experim ental 
groups. However, in spite of increased 
food intake the total nitrogen retention of 
these anim als was lower th an  tha t of 
their respective controls m aintained at 
24°. However, the addition of toxic 
am ounts of leucine to a 9% casein diet 
resulted in  better growth in  the anim als 
m aintained in  the cold, compared with con­
trols m aintained at 24°. However, although 
these anim als ate more food, their nitrogen 
retention was considerably less.

The anim als fed the fibrin diet, as well 
as those fed the same diet plus an unbal­
ancing amino acid m ixture, grew equally 
as well regardless of the environm ental 
tem perature. This contrasts with w hat oc­
curs during the feeding of casein. Under 
these circum stances cold exposure retarded 
growth, and the addition of toxic am ounts 
of tryptophan to the diet produced a fu r­
ther depression of weight gain.

The addition of toxic levels of amino 
acids to the diet of anim als m aintained at 
24° greatly decreased the efficiency of 
utilization of the retained nitrogen with 
respect to growth. On the other hand, ani­
mals fed identical diets but exposed to the 
low environm ental tem perature were able 
to gain more weight in  term s of the re­
tained nitrogen. It cannot be ascertained 
at this time whether this increase in  weight 
is due to protein synthesis or to the ac­
cum ulation of other products such as lipids 
or water. Based on our present knowledge 
concerning protein synthesis, it is difficult 
to explain how a sm aller am ount of re­
tained nitrogen can generate a larger

am ount of organized tissue. But it is per­
missible to think that the increased caloric 
intake of the cold-exposed anim als could 
lead to a deposition of other nonprotein 
metabolic products. Body composition 
studies are needed to ascertain  the bio­
chemical nature of the weight changes ob­
served.

Exposure to cold, as well as the supple­
m entation of a balanced diet with a toxic 
am ount of tryptophan stim ulated the u ri­
nary excretion of injected AIB. The com­
bination of cold and amino acid toxicity ex­
hibited additive effects. At low levels of 
dietary protein the effects induced by 
amino acid toxicity or im balance were simi­
lar in  nature but m uch less pronounced. 
Exposure to cold in  most instances tended 
to deplete more rapidly the stores of AIB 
from  the tissues. These observations are a 
possible reflection of the increased nitrogen 
loss which takes place during exposure to 
cold resulting in  a decrease in  nitrogen re­
tention in  spite of the increased intake. 
The nature of the weight gain of the an i­
mal exposed to cold and consum ing im bal­
anced diets with low levels of protein re­
quires fu rther investigation. Long-term 
studies are being perform ed to evaluate the 
effects and implications of this stim ula­
tion in  growth.
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Amino Acid Composition of Rye Flour and the 
Influence of Amino Acid Supplementation of 
Rye Flour and Bread on Growth, Nitrogen 
Efficiency Ratio and Liver Fat 
in the Growing Rat* 1
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ABSTRACT  The am ino acid com positions of 4 rye flours were sim ilar except in  
the lysine content. Compared w ith  the FAO reference pattern, rye protein appears to 
be low  in  m eth ionine and cystine, tryptophan, lysine and isoleucine. For the grow­
ing rat the calculated deficiencies appear to be lysine, m ethionine and cystine, iso­
leucine or threonine, and tryptophan. In rat feed ing experim ents lysine was the 
first and threonine the second m ost lim iting am ino acid. No single am ino acid or pair 
of acids increased the protein value of rye flour supplem ented w ith  lysine and threo­
nine. This required a group of am ino acids in  w hich isoleucine appeared to be 
indispensable. A rye diet containing 8 tim es the optim al am ount of L -lysineH C l w as 
still superior to a nonsupplem ented rye diet and the addition of DL-threonine or 
L-isoleucine alone to a nonsupplem ented rye diet had little  effect on growth, nitrogen  
efficiency ratio and liver fa t content. However, w hen essential am ino acids other than  
threonine were added to rye diets fortified w ith  lysine, a lowering of the protein value 
followed. This could be counteracted by threonine supplem entation. Rye flour had 
a protein value superior to that of w heat flour but rye crisp bread w as inferior to 
soft w heat bread.

Rye, Secale cereale, is a cereal that does 
not attract the same world-wide interest 
as for instance wheat, m aize or rice. The 
total world production of rye is also com­
paratively small, about 37 million m etric 
tons as com pared with about 244, 224 and 
240 million m etric tons for wheat, maize 
and rice (1). However, in  U.S.S.R., Poland, 
Germany, Sweden and some other coun­
tries, rye still occupies a position among 
the cereals significant enough to w arran t 
attention from  a nutritional point of view.

An investigation of the amino acid com­
position of rye flour and the effect of forti­
fication with free amino acids on the pro­
tein value of rye flour and rye bread was 
a logical extension of our previous work on 
wheat and wheat products (2 -4 ) ,  teff (5 )  
and leguminose products (6 ) . The amino 
acid analyses were carried out using chem ­
ical and microbiological methods and the 
results compared with the amino acid re­
quirem ents of hum ans and of the growing 
rat. The protein value of rye flour and 
bread before and after amino acid supple­
m entation was estim ated by a ra t growth 
method.

EXPERIMENTAL

Conditions of the animal experiments. 
Young m ale albino ra ts of the Sprague- 
Dawley strain  with an  initial weight of 
about 45 g were used in  all the feeding 
experiments. They were arranged in  such 
a way as to give experim ental groups of 
approximately the same m ean weight and 
weight distribution. The anim als were 
housed individually in  wire-bottom cages 
in  an air conditioned room kept at a tem ­
perature of 25°C and a relative hum idity 
of 50 to 55% .

Food and w ater was fed ad libitum. Be­
fore being fed the various experim ental 
diets, a basal rye diet was given for a few 
days to accustom the w eanling ra ts to the 
new living and feeding conditions. This 
m ay also have served to standardize the 
ra ts with respect to their protein stores. 
W eighing took place twice a week and food 
consum ption was m easured individually 
at the end of the experim ental period. 
Losses of feed through spillage were gen­

R ece ived  fo r  p u b lic a tio n  S ep tem b e r 13, 1963.
1 T h e  a u th o rs  a re  g ra te fu l  fo r  th e  f in a n c ia l  su p p o rt 

o f th e  K n u t a n d  A lice W a llen b e rg  F o u n d a tio n .

J .  N u t r it io n , 8 2 : ’64 385
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erally insignificant due to the type of 
feeder used. At the end of the experi­
m ental period each anim al was stunned by 
a blow on the head, decapitated and bled, 
w hereafter the liver was removed immedi­
ately.

The diets.2 All diets contained (in  per 
cen t): salt m ixture, 3; soybean oil, 5; cod 
liver oil, 0.5; choline chloride, 0.15; and 
147 m g/kg  of a vitam in mixture. In most 
cases, 91% rye flour or ground rye bread 
supplied all the protein and carbohydrate 
of the diets. W hen diets had to be adjusted 
with respect to the protein content, this 
was done by the inclusion of wheat starch; 
in  such diets, flour, bread or casein plus 
wheat starch m ade up 91% of the diet 
weights.

The salt m ixture was the same as that 
of Hegsted et al. (7 )  and the vitam in m ix­
ture was identical to that of H arper et al.
( 8 ).

Four different m ixtures of rye flour were 
studied. Their origin, w ater and nitrogen 
content is shown in table 1. The extrac-

TA BLE 1

Origin of and the w a ter  and nitrogen conten t 
of the types o f rye flour stud ied

R ye W ate r
c o n te n t

N itro g e n  1 
c o n te n t

R u ss ia n
rye

S w ed ish
rye

A rg en ­
t in ia n

rye

% % % % %

A 12 .8 2 .0 3 10 0 — —
B 13.9 1 .7 5 5 0 50 —
C 1 3 .2 1 .4 7 2 0 80 —
D 1 2 .0 1 .7 9 70 — 30

i E x p ressed  as p e rc e n ta g e  o f th e  f re s h  w e ig h t o f 
th e  flour.

tion rate of all the rye flours was approxi­
m ately 98% . As indicated in the table, the 
4 types have been designated “rye A to D." 
Besides rations made from the 4 rye flour 
m ixtures, diets based on Swedish rye crisp 
bread, w heat crisp bread, soft white bread 
and w heat flour were also fed in order to 
estim ate the loss of protein value due to 
baking and to compare the protein values 
of w heat and rye flour and bread. All 
breads were commercial products of wide 
acceptance. The soft white bread was 
sliced, dried at 2 0 °C for 3 days and 
ground. The w heat flour was the same 
as that used in  previous feeding experi­
m ents (3 ) .

The nitrogen content of the various ex­
perim ental diets is given in  the headings 
of the tables of results.

Analytical procedures. Dry weight de­
term inations were carried out by heating 
the samples at 104 to 105° for 24 hours, 
cooling in  a desiccator over silica gel and 
weighing. N itrogen content was deter­
m ined by the modified Kjeldahl procedure 
of Perrin  (9 ) . Liver fa t content was esti­
m ated on dried and ground samples by the 
procedure recom m ended by the AOAC (10).

The amino acid composition of the 4 
different rye flours, with the exception of 
tryptophan and cystine, was determ ined by 
chrom atography on ion exchange resins 
according to Spackm an et al. (1 1 ). The 
samples were defatted and hydrolyzed in 
sealed, evacuated am pules in 6 n  HC1 
(4  m l to 0.2-g sample at 105 to 110° for 
about 40 hours).

Tryptophan was estim ated microbiologi- 
cally using a turbidim etric tube assay with 
Leuconostoc mesenteroides ATCC 8042. 
The assay m edium  was basically the same 
as that used by Bolinder and Larsen (1 2 ) 
for the determ ination of niacin but with 
the omission of tryptophan and the addi­
tion of 1 mg n iac in /lite r single strength 
medium. The assay tubes were incubated 
at 37° for 20 hours and the m easurem ent 
of turbidity was m ade at 640 mu.

Various methods for the liberation of 
the tryptophan were tried. In one series 
of experim ents, flour samples were de­
fatted and mixed with powdered barium  
hydroxide and w ater as recom m ended by 
Hepburn et al. (1 3 ). The m ixtures were 
heated at 122° in sealed ampules for 10, 
15, 20, and 40 hours. Both Pyrex and 
quartz ampules were used. In other series, 
enzymatic liberation with pepsin, trypsin 
and erepsin according to Barton-W right
(1 4 ) or with a broad-spectrum p ro tease3 
was tried. In the present work, barium  
hydroxide hydrolysis for 10 hours in glass 
ampules always gave the highest value and 
was therefore used for obtaining the data 
on the tryptophan content quoted in  the

v i ta m m -f  re e  C ase in , u tn u u n a i  m o c n e m ic a is  
C o rp o ra tio n , C le v e la n d ; L -lysine-H C l, o b ta in e d  fro m  
C has . P fize r AB, N â sb y  P a rk , S w eden ; D L -th reon ine, d l - 
m e th io n in e , DL-valine a n d  D L -tryp tophan  f ro m  A .E.C ., 
S ociété  de C h im ie  O rg a n iq u e  e t B io log ique , P a ris !  
F ra n c e ; a n d  L -leucine, n -iso leu c in e , L .-p h en y la lan in e  
L -h istid in e  fro m  F lu k a  AG, B u ch s  SG, S w itz e rla n d .

» P ro n ase -P , C a l ifo rn ia  C o rp o ra tio n  fo r  B io ch em ica l 
R ese a rch , Los A ngeles.
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following. The ratio between the am ount 
of samples and the am ount of barium  
hydroxide was found to influence the re ­
sult; in  our hands the optimal ratio was 
3 g sample /2 5  ml 5 n  B a(O H )2.

Pediococcus cerevisiae ATCC 8081 was 
used for the cystine analyses. A cup-plate 
procedure was applied and the medium  
was that developed in  this laboratory by 
Bolinderd Acid hydrolysis was used for 
the liberation of this amino acid. Heating 
0.4 g sample in  20 ml 3 n  HC1 at 120° 
for 6 hours gave the highest yields.

RESULTS AND DISCUSSION

The amino acid compositions of the 4 
rye flour m ixtures, presented in  table 2, 
are sim ilar except for the lysine content 
which varies from 2.9 to 4.1 g /16  g n itro­
gen. Compared w ith wheat (3, 13, 15), 
rye has a higher content of both lysine 
and threonine, whereas the content of 
m ethionine appears to be lower. The ratio 
of essential to nonessential amino acids 
is higher in  rye than  in wheat flour.

A com parison of the FAO provisional 
pattern  (1 6 ) with the amino acid analyses 
presented here indicates tha t the lim iting 
essential amino acids for hum ans are, in

order: m ethionine and cystine (53 to 
6 0 % ), tryptophan (63 to 7 5 % ), lysine 
(67 to 95% ) and isoleucine (77 to 82% ). 
The m ean protein score is 57. The amino 
acid composition of rye protein presented 
by FAO (1 6 ) gives a protein score of 80 
with the sulphur amino acids as the first 
limiting. Vuyst and Vervack (1 7 ) also 
state m ethionine to be the first limiting 
amino acid and give rye protein a chem i­
cal score of 45. However, Szkilladziowa
(1 8 ) and Trzebska-Jeske and Morkowska- 
Gluzinska (1 9 ) calculate tryptophan to be 
the first lim iting am ino acid in  rye flour.

For rats, based on analytical data  and 
the reported requirem ents for this species 
(2 0 ) , the calculated order of deficiency is: 
lysine, m ethionine and cystine, isoleucine 
or threonine, and tryptophan (table 3). 
The protein level in  our experim ents was
8.5 to 11.5% and the fa t content about 
7.5% , whereas Ram a Rao et al. (2 0 ) , in 
determ ining ra t requirem ents used diets 
containing 10% protein and 2% fat. In 
view of the uncertainties of both the analy­
tical and the nutritional requirem ent data 
and the lack of inform ation concerning 
the availability of the individual amino

4 Personal communication.

TABLE 2
A m ino acid  com position  of the 4 rye flours com pared w ith  the FAO provisional 

p a ttern  of essen tia l am ino acids for hum ans

Amino acid
Composition in g/16 g N Composition in g/100 g N FAO pro- 

- visional 
patternRye A Rye B Rye C Rye D Rye A Rye B Rye C Rye D

Alanine 4.15 4.30 4.08 3.75 25.91 26.88 25.50 23.46
g /1 0 0 g N

Arginine 4.39 4.59 4.51 4.16 27.46 28.66 28.19 26.01 —

Aspartic acid 8.18 7.26 7.01 6.13 51.12 45.41 43.80 38.29 —

Cystine 1.35 1.46 1.63 1.54 8.46 9.11 10.19 9.63
M ethionine 0.94 0.99 0.95 0.98 5.89 6.22 5.95 6.13 14.4
Total sulphur 

am ino acids 2.29 2.45 2.58 2.52 14.35 15.33 16.14 15.76 27.0
Glutamic acid 25.87 26.82 23.48 25.15 161.67 167.64 146.74 157.18 —

Glycine 4.20 4.54 4.17 4.04 26.24 28.38 26.03 25.27 —

H istidine 2.17 2.13 2.19 2.05 13.55 13.34 13.70 12.78 ___

Isoleucine 3.35 3.53 3.43 3.37 20.91 22.05 21.44 21.06 27.0
Leucine 6.07 6.38 6.05 5.77 37.91 39.87 37.79 36.09 30.6
Lysine 4.13 3.41 3.16 2.88 25.80 21.31 19.76 18.01 27.0
Phenylalanine 4.30 4.56 4.39 4.26 26.85 28.49 27.44 26.65 18.0
Tyrosine 1.21 1.36 1.24 1.23 7.58 8.49 7.76 7.68 (1 8 .0 )
Proline 9.64 9.68 8.27 9.30 60.25 60.51 51.68 58.11 —

Serine 4.18 4.38 4.25 3.85 26.13 27.36 26.54 24.08 —

Threonine 3.11 3.39 3.18 3.06 19.41 21.17 19.85 19.09 18.0
Tryptophan 1.08 0.97 0.95 0.90 6.74 6.05 5.96 5.63 9.0
Valine 4.65 4.77 5.00 4.64 29.04 29.83 31.26 28.98 27.0

Protein score 53 57 60 58 100
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TABLE 3
Percentage composition of essential amino acids in diets containing 91 % rye flour 

compared w i th  the requirements of the growing rat

Amino acid
Basal diet containing 91% of 

Rye A Rye B Rye C Rye D
Required 

by the ra t1
% of

requirement

% % %
L-A r g in in e 0 .5 1 0 .4 6 0 .3 8
L -C y s tin e 0 .1 6 0 .1 4 0 .1 4
i .-M e th io n in e 0 .1 1 0 .1 0 0 .0 8
T o t a l  s u l p h u r  

a m in o  a c id s 0 .2 7 0 .2 4 0 .2 2
L - H is t id in e 0 .2 5 0 .2 1 0 .1 8
L - Is o le u c in e 0 .3 9 0 .3 5 0 .2 9
L -L e u c in e 0 .7 0 0 .6 3 0 .5 1
L -L y s in e 0 .4 8 0 .3 4 0 .2 6
L - P h e n y la la n in e 0 .5 0 0 .4 5 0 .3 7
r ,-T y ro s in e 0 .1 4 0 .1 3 0 .1 0
L - T h re o n in e 0 .3 6 0 .3 4 0 .2 7
L - T r y p to p h a n 0 .1 2 0 .1 0 0 .0 8
l -V a l in e 0 .5 4 0 .4 7 0 .4 2

1 According to Rama Rao et al. (20).

acids, it would, however, not be justified 
to draw definite conclusions with respect 
to the deficiencies for either hum ans or 
ra ts on the basis of analytical results 
alone.

Table 4 shows the effect on growth, 
nitrogen efficiency ratio (N E R ) and liver 
fa t of supplem enting rye A with 7 levels 
of L-lysine-HCl. M aximal im provem ent 
was obtained by supplem entation with 
about 0.25% lysine, increasing the total 
lysine concentration of the diet to about 
0.70% . The ratio of lysine to threonine 
in  the rye A diet is then 1.86, which is 
nearly the same as the ratio deduced from 
requirem ent determ inations, 1.8 according 
to Ram a Rao (2 0 ) and 2.0 according to 
Rose et al. (2 1 ). The addition of more

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

0 .2 6 0 .5 0 4 4 - 5 4
0 .2 1 0 .2 5 7 2 - 1 0 0
0 .3 4 0 .5 5 5 3 - 7 1
0 .5 9 0 .7 0 7 3 - 1 0 0
0 .2 9 0 .9 0 2 9 - 5 3
0 .4 3
0 .1 3

° .4 2 )  
0 .3 0 J U' z 6 7 - 8 9

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

lysine led to a slight im pairm ent, but even 
at a level 8 times the optimal dose, growth 
and NER were better for the supplemented 
than  for the nonsupplem ented flour.

That lysine is the most lim iting amino 
acid for the growing ra t in  all of the rye 
flours tested is supported by the data  in  
tables 4, 5 and 6.

The second most lim iting amino acid is 
threonine (table 5 ). Supplem entation with 
lysine plus threonine gave an NER that 
was significantly higher (P  <  0.05) than  
when only lysine was added. The addition 
of threonine alone to a rye diet did not 
cause a m arked im balance even at high 
levels (table 7), an observation which was 
unanticipated, especially in  view of the 
fact that the protein value of rye flour for-

TA BLE 4
Effect of  lysine supplem entation  to rye A (nitrogen content of  the nonsupplem ented diet

w as 1.85% of the fresh w e ig h t ) 1

n ____  A dded
G ro u p  L -lysine-H C l Avg w t g a in

N itro g e n
efficiency

ra tio
L iv e r f a t  
c o n te n t 2

% a /d a y g /a %
i 0 2 .6 3  ± 0 . 1 7  3 1 2 .8 6  ± 0 . 4 5  3 12.1
2 0 .0 5 3 .1 8  ±  0 .1 6 1 3 .4 2  ± 0 . 3 1 12.1
3 0 .1 0 3 .5 1  ±  0 .1 3 1 4 .8 9  ± 0 . 3 3
4 0 .1 7 3 .6 8  ± 0 . 1 6 1 5 .5 6  ±  0 .4 5 _
5 0 .2 5 3 .8 6  ± 0 . 2 6 1 6 .0 6  ± 0 . 4 2 1 1 .8
6 0 .5 0 3 . 7 2 ± 0 .1 7 1 5 .5 3  ± 0 . 3 4
7 1 .0 0 3 .5 6  ±  0 .1 8 1 4 .9 3  ± 0 . 3 6 1 2 .4
8 2 .0 0 3 .5 7  ±  0 .2 5 1 3 .8 0  ±  0 .4 8 1 1 .8

1 Ten rats/group were fed the diets for 23 days.
2 Liver fat was determined on a dry weight basis.
3 se  o f m ean .
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TABLE 5
Effect of  multiple  amino acid supplem entation to rye C (nitrogen content of the 

nonsupplem ented diet  w as 1.34% of the fresh w e ig h t ) l

G roup
N itro g e n

S u p p le m e n ta tio n Avg w t g a in effic iency f a t
ra tio c o n te n t 2

S e r ie s  A
% 9 / d a y 9 / 9 %

1 — 1 .5 2  +  0 .1 4  3 1 4 .4 1  +  0 .8 2  3 9 .1
2 0 .3  i,-L y s in e -H C 1 2 .6 3  ±  0 .1 7 1 9 .8 3  +  0 .6 1 7 .6
3 0 .3  D L -T h re o n in e 1 . 6 4 ± 0 .1 2 1 4 .5 1  +  0 .5 9 9 .9
4 0 .2 5  L - Is o le u c in e 1 .8 0  +  0 .1 2 1 5 .3 1  +  0 .8 8 1 0 .0
5 0 .5  L -L y s in e -H C l +  0 .3  D L - th re o n in e 3 . 0 0 ± 0 .1 8 2 1 .8 4  +  0 .6 6 6 .4
6 0 .5  L -L y s in e -H C l +  0 .2 5  L - is o le u c in e 1 .7 9  +  0 .2 3 1 5 .5 4  +  1 .0 6 6 .8
7 0 .5  L -L y s in e -H C l +  0 .3  D L -m e th io n in e 2 .1 5  +  0 .0 8 1 7 .5 8  +  0 .2 7 9 .4
8 0 .5  L -L y s in e -H C l +  0 .2 5  L - p h e n y la la n in e 2 .1 9  +  0 .2 4 1 7 . 8 1 + 0 .9 7 1 0 .4
9 0 .5  L -L y s in e -H C l +  0 .5  D L -v alin e 2 .1 0  +  0 .1 2 1 7 .7 8  +  0 .6 1 6 .6

10 0 .5  L -L y s in e -H C l +  0 .2 5  L - le u c in e 2 .0 4  +  0 .0 7 1 6 .2 0  +  0 .9 8 8 .3
11 0 .5  L -L y s in e -H C l +  0 .2 5  L - h is t id in e 2 .0 4  +  0 .2 0 1 5 .7 2  +  0 .7 1 9 .7
12 0 .5  L -L y s in e -H C l +  0 .3  D L - try p to p h a n 1 .71  +  0 .2 4 1 4 .6 5 + 1 .5 0 7 .4
13 D ie t  5 +  0 .2 5  L - is o le u c in e 2 .5 9  +  0 .3 2 1 9 .3 2 + 1 .6 4 6 .2

14 TV , c ,  J 0 .2 5  L-isoleucine 
16 +  |0 .3  DL-methionine 2 .5 7  +  0 .1 9 2 0 .2 9  +  0 .5 2 5 .6

15 A ll n i n e  a m in o  a c id s  a b o v e 4 .0 5  +  0 .3 0 2 1 .0 2  +  0 .4 3 8 .7

S e r ie s  B
16 0 .5  L -L y s in e -H C l +  0 .3  D L - th re o n in e 2 .8 7  +  0 .1 9  3 2 2 . 8 8 +  0 .5 7  3 8 .7
17 0 .5  L -L y s in e -H C 1 +  0 .5  D L - th re o n in e 2 .9 9  +  0 .1 9 2 3 .3 5  +  0 .5 0 1 1 .2
18 D ie t  16  +  0 .2 5  L - h is t id in e 2 .9 6  +  0 .1 2 2 2 .6 5  +  0 .4 9 7.1
19 D ie t  1 6  +  0 .3  D L -m e th io n in e 2 .8 9  +  0 .2 8 2 2 .3 6  +  0 .8 9 8 .9
2 0 D ie t  1 6 + 0 . 2 5  L - p h e n y la la n in e 2 .9 3  +  0 .2 4 2 2 .1 3  +  0 .7 8 1 2 .2
21 D ie t  1 6  +  0 .3  D L - try p to p h a n 2 .8 3  +  0 .1 9 2 2 .1 3  +  0 .7 3 1 0 .9
22 D ie t  1 6  +  0 .2 5  L - le u c in e 2 .9 8  +  0 .2 0 2 1 .2 7  +  0 .5 8 11 .1
2 3 D ie t  1 6  +  0 .5  D L -v alin e 2 .9 9  +  0 .2 0 2 0 . 4 6 + 1 .0 2 1 1 .4
24 A ll e ig h t  a m in o  a c id s  a b o v e 2 .2 5  +  0 .1 2 1 8 .1 1  +  0 .7 7 9 .2

S e r ie s  C
J 0 .5  L -L y s in e -H C l-1 -0 .2 5  L - is o le u c in e  
1 0 .3  D L - th re o n in e 2 .6 4  +  0 .1 4 2 0 .9 1  +  0 .4 3 6 .9

2 6 D ie t  2 5  +  0 .5  D L -v alin e 2 .4 2  +  0 .1 0 2 0 .4 7  +  0 .4 7 9 .8
2 7 D ie t  2 5  +  0 .5  D L -v alin e 2 .4 5  +  0 .1 3 1 9 .9 5  +  0 .4 5 8 .4
2 8 D ie t  2 5  +  0 .2 5  L - p h e n y la la n in e 2 .2 3  +  0 .1 3 1 9 .7 6  +  0 .3 7 1 2 .2
29 D ie t  2 5  +  0 .2 5  L - le u c in e 2 .2 3  +  0 .1 7 1 9 .4 1  +  0 .7 9 7 .9
3 0 D ie t  2 5  +  0 .2 5  L - h is t id in e 2 .4 6  ± 0 . 1 4 1 9 .1 2  +  0 .5 7 1 0 .0

1 Six rats/group in series A and B and 8 in series C: diets were fed for 21 days. 
- On a dry weight basis.
3 se of m ean .

tified with lysine was easily decreased 
by supplem entation with other essential 
amino acids, except threonine (table 5, 
groups 2 and 6 -1 2 ).

The third lim iting amino acid was more 
difficult to identify. No single amino acid 
gave a positive effect when added to rye 
flour diets fortified with lysine and threo­
nine (table 5, series A and B). The addi­
tion of a m ixture of isoleucine, leucine, 
phenylalanine, valine, tryptophan, m ethio­
nine and histidine to rye fortified with 
lysine and threonine improved growth. 
Omission of isoleucine from this m ixture 
led to a decrease in both growth and NER

(table 5, groups 15 and 24). Furtherm ore, 
the addition of even small am ounts of iso­
leucine to a rye diet supplem ented with 
lysine im paired growth and lowered NER 
(table 5, group 6 and table 8, series A). 
This can be taken to indicate tha t the defi­
ciency in threonine, the second lim iting 
amino acid in  rye, was accentuated by in ­
creasing the content of one of the third 
lim iting amino acids in a fashion typical of 
an amino acid imbalance. It was also found 
that this negative effect was overcome by 
the addition of threonine. Isoleucine, like 
threonine, had no deleterious effect when 
added to a nonsupplem ented rye diet.
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TABLE 6
Effect of  supplem enta tion  w i th  lysine or lysine plus threonine of rye flours, rye crisp bread  

and w h ea t  flour, w i th  isonitrogenous casein diet  fed to a reference group (nitrogen  
content of nonsupplem en ted  diets in  series A and  B w as 1.34 and  1 .63% )

Group Diet Avg wt gain
Nitrogen
efficiency

ratio
Liver

fat
content 2

g/day s / s %
Series A

i Rye flour A 1 .6 3 ± 0 .1 0  3 12.25 ± 0 .2 9  3 19.8
2 Rye flour A +  0.3% L-lysine-HCl 2.28 ± 0 .2 0 1 5 .5 5 ± 0 .8 1 13.5
3 Rye flour B 1 .7 9 ± 0 .0 7 1 3 .3 2 ± 0 .3 1 17.3
4 Rye flour B +  0.3% L-lysine-HCl 2.54 ± 0 .1 5 1 6 .7 0 ± 0 .6 4 12.3
5 Rye flour C 2.09 ± 0 .1 0 14.66 ± 0 .4 7 13.4
6 Rye flour C + 0.3% L-lysine-HCl 2.58 ±  0.15 17.35 ±  0.67 11.9
7 Rye flour D 1 .5 5 ± 0 .0 8 11.51 ± 0 .3 8 18.6
8 Rye flour D +  0.3% L-lysine-HCl 2.84 ± 0 .2 4 1 7 .7 2 ±  0.68 11.0
9 Rye crisp bread D 0.79 ± 0 .0 4 6.82 ± 0 .3 2 30.6

10 Rye crisp bread D +  0.3% L-lysine-HCl 2 .0 4 ± 0 .1 5 1 4 .9 0 ± 0 .6 7 15.8
11 Rye crisp bread D +  S g " ' ™ 3.31 ±  0.17 16.78 ± 0 .6 0 8.9
12 W heat flour 0 .4 4 ± 0 .1 0 4.70 ± 0 .2 9 26.7
13 W heat flour+  0.4% L-lysine-HCl 1.03 ± 0 .0 8 9.28 ± 0 .5 0 17.6
14 Casein 3.01 ± 0 .0 7 18.98 ± 0 .2 9 15.7

Series B
15 Rye flour D 1 .9 9 ± 0 .1 1 12.68 ± 0 .3 5 15.4
16 Rye flour D +  f t ® *  ^ y s in e - H a  

\0.3%  DL-threonme 3.64 ± 0 .2 3 19.00 ± 0 .7 6 13.3
17 Rye crisp bread D 1.15 ±  0.09 7.73 ± 0 .4 7 16.1
18 Rye crisp bread D +  { J | *  £ £ £ £ 2.88 ±  0.19 16.68 ± 0 .5 4 13.5
19 Casein 3 .6 7 ± 0 .2 1 1 9 .4 5 ± 0 .7 7 16.0

1 Eight rats/group fed diets for 28 and 21 days, respectively.
2 On a dry weight basis.

TABLE 7
Effect of  threonine supplem entation  to rye B (nitrogen content of all the  

to 1.77% of the fresh w e ig h t  by the addition of g lyc in e )1
diets adjusted

Group Added
DL-threonine Avg wt gain

Nitrogen
efficiency

ratio
Liver
fat

content 2
% g/day g/g %

i 0 2.08 ± 0 .1 8  3 11.48 ± 0 .4 8  3 13.4
2 0.06 2 .1 9 ± 0 .0 8 11.42 ±  0.31 —

3 0.14 2 .0 3 ± 0 .1 3 11.66 ±  0.52 —

4 0.30 2 .1 4 ± 0 .1 1 10.87 ±  0.38 11.1
5 0.50 2 .0 9 ±  0.13 10.99 ± 0 .4 5 9.9
6 1.00 1 .9 0 ± 0 .1 0 10.89 ± 0 .2 4 6.5
7 1.60 1 .7 9 ± 0 .1 1 10.26 ± 0 .2 9 10.7

1 Ten rat6/group were fed diets for 22 days.
2 On a dry weight basis.
3 se o f m e a n .

No increase in  the protein value was 
obtained by adding individual am ino acids 
to rye diets supplem ented with lysine, 
threonine and isoleucine (table 5, series 
C). It, therefore, appears tha t at least 3 
am ino acids are co-limiting after threo­
nine. An attem pt to find a group of 5 
am ino acids tha t had the same supplem en­

tary effect as the previously tested group 
of 9 failed (com pare group 9, table 8 and 
group 15, table 5).

A comparison of the protein values be­
fore and after lysine supplem entation of 
the 4 rye flour m ixtures, wheat flour and 
a Swedish rye crisp bread is provided by 
the data of series A, table 6. In series B
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TA B LE 8
E f f e c t  o f  a d d i t i o n  o f  i s o le u c in e  to  r y e  C s u p p l e m e n t e d  w i t h  l y s i n e  o r  l y s i n e  a n d  t h r e o n i n e  1 

(n i t r o g e n  c o n t e n t  o f  t h e  n o n s u p p l e m e n t e d  d ie t  w a s  1 .3 4 %  o f  t h e  f r e s h  w e i g h t )

G roup S u p p le m e n ta tio n
N itro g e n L iv e r

Avg w t g a in effic iency f a t
ra tio c o n te n t 2

S e r ie s  A
% 9 / day <7/9 %

1 0 .5  L -L y s in e  HC1 2 .4 1  ± 0 . 1 7  3 1 7 .2 5  ± 0 . 5 6  3 1 1 .7
2 D ie t  1 +  0 .1  L - is o le u c in e 2 .2 9  ± 0 . 2 2 1 6 . 1 9 ± 0 .9 6 1 3 .5
3 D ie t  1 +  0 .3  L - is o le u c in e 2 .1 1  ±  0 .1 4 1 5 .2 5  ± 0 . 4 3 1 3 .5
4 D ie t  1 +  0 .8  L - is o le u c in e 2 .0 4  ± 0 . 1 1 1 4 . 7 2 ±  0 .5 2 9 .7
5 D ie t  1 +  2 .0  L - is o le u c in e 1 .7 3  ± 0 . 0 8 1 3 .3 4  ± 0 . 3 9 9 .8

S e r ie s  B
6 0 .6  L -L y s in e -H C 1  + 0 .6  D L - th re o n in e 2 .7 6  +  0 .2 5 1 9 .2 1  ± 1 . 0 2 1 0 .9

7 JO .6  L - L y s in e H C 1  . „  „  . ,
\ 0 . 3  D L -T h re o n in e  + 0 '3  L-l s o le u c ™ 2 .8 6  ± 0 . 2 3 1 9 .7 1  ± 0 . 6 2 1 1 .2

8 fO.6  L -L y s in e  -HC1 . n  0 . ,. +  0 .3  L - is o le u c m e  \ 0 . 6  D L - th re o m n e  1 3 .0 1  ±  0 .1 3 1 9 . 4 2 ± 0 .4 0 1 3 .3

9 n . „  J 0 .2  D L -m e th io n in e  
16 ' \ 0 .1  D L - try p to p h a n 2 .3 3  ± 0 . 2 2 1 9 . 0 2 ±  0 .8 1 8 .9

1 E ig h t r a ts /g r o u p  w e re  fe d  th e  d ie ts  fo r  21 days.
2 O n a  d ry  w e ig h t b asis .
3 se  o f  m ean .

rye flour and the corresponding crisp bread 
were tested at the highest possible nitrogen 
concentration. The 4 rye flour m ixtures 
did not differ m arkedly in  the response to 
lysine but it is noteworthy that the largest 
im provem ent was observed with the rye 
having the lowest lysine content. The addi­
tion of free lysine consistently increased 
the growth ra te  and the NER and de­
creased liver fa t, which is in  agreem ent 
with the observations of Johnson and 
Palm er (2 2 ) and Strpmnaes and Kennedy
(2 3 ) who studied lysine fortification of 
rye flour and rye bread ingredients. Sure
(2 4 ) reported only a small response to 
lysine supplem entation. By adding valine 
alone he achieved an im provem ent that 
was even greater than  that obtained with 
lysine plus threonine or with a m ixture of 
lysine, threonine and valine. However, in  
the experim ents described here the addi­
tion of valine to diets supplem ented with 
lysine, lysine and threonine, or lysine, 
threonine and isoleucine tended to im ­
pair NER and growth.

W hen fed at the same nitrogen level, 
the rye flour diets were superior to a diet 
based on a 70% extraction wheat flour 
(table 6, series A). At the nitrogen level 
tested, wheat flour supplemented with 
lysine was still inferior to nonsupple­
m ented rye flour. It appears likely that

this is due prim arily to a threonine defi­
ciency for ra ts in  the w heat (2 , 25, 26). 
The superiority of rye protein over wheat 
protein has been reported by Mitchell and 
H am ilton (2 7 ) and la ter by Jones et al. 
(2 8 ) , Sure (24, 2 9 ), Szkilladziowa (18, 
30) and N ehring and Bock (3 1 ) using 
growing ra ts as test animals.

Although the rye crisp bread was forti­
fied with dry milk before baking, its NER 
was only 60% of tha t of the corresponding 
flour (table 6, series A and B). Lysine 
supplem entation of rye flour increased the 
NER 25 to 50% , whereas lysine supple­
m entation of rye crisp bread increased this 
ratio  about 120% . As the content of lysine 
in  rye crisp bread D, estim ated micro- 
biologically after acid hydrolysis, was 2.9 
g /16  g nitrogen or about the same as in  
rye flour D, it is apparent that the avail­
ability of lysine was reduced during the 
baking procedure. The low protein value 
of rye crisp bread, which also m anifested 
itself by a tendency to cause fatty  infiltra­
tion of the liver, could thus be largely com­
pensated for by the addition of free lysine 
or lysine plus threonine. W hen supple- 
m eted with both lysine and threonine, the 
NER of rye crisp bread became about 90% 
of that of an isonitrogenous casein diet.

Previous studies in  our laboratory have 
indicated that the loss of added amino
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TABLE 9
Comparison of the prote in values of rye crisp bread, w h ea t  crisp bread and  soft  white  bread  

(nitrogen content of the 3 diets w as  1.85, 1.57 and  2.03% ) x

G roup D ie t Avg w t g a in
N itro g e n
efficiency

ra tio

L iv er
f a t

c o n te n t 2

g /d a y g /g %
i R y e  c r i s p  b r e a d  D 1 . 2 2 ± 0 .1 1  3 7 .2 4  ± 0 . 3 9  3 1 2 .9
2 W h e a t  c r i s p  b r e a d - 0 . 0 2 — 2 6 .5
3 S o f t  w h i te  b r e a d 1 .5 0  ± 0 . 0 8 7 . 8 3 ± 0 .3 1 19 .1

1 Six rats/group fed diets for 21 days.
2 On a dry weight basis.
3 s e  of m e a n .

acids during baking varies considerably 
from one type of bread to another and is 
due partly to destruction and partly to 
inactivation (3, 32). It would be necessary 
to investigate carefully the loss of added 
free lysine during the baking of crisp bread 
to evaluate the possibility of improving its 
nutritive value by amino acid fortification.

Table 9 shows a comparison of the pro­
tein  value of rye crisp bread, wheat crisp 
bread and soft white bread, each fed at 
the highest possible nitrogen level. The 
w heat crisp diet did not even m ain tain  the 
weight of the young rats. Likewise growth 
as well as NER were lower with rye crisp 
bread than  with the soft white bread, in 
spite of the earlier m entioned superiority 
of rye over wheat flour. The baking of 
crisp bread evidently causes a m uch 
greater decrease in  the protein value than  
the baking of soft bread.

Testing soft rye and wheat breads in 
experim ents with rats, Kon and Markuze 
(3 3 ) obtained results indicating the su­
periority of rye breads and likewise Strpm- 
naes and Kennedy (2 3 ) observed higher 
protein efficiency ratios for rye bread than  
for whole wheat bread. Kofränyi and 
Müller-Wecker (3 4 ) obtained sim ilar re­
sults using the nitrogen balance technique 
on hum ans and they also noted a positive 
effect of lysine supplem entation of rye 
bread. However, the approach used in 
their laboratory (3 5 ) makes a comparison 
between the biological value of the various 
proteins tested difficult. French and Mat- 
till (3 6 ) noted no difference between the 
biological values of rye and wheat bread 
as determ ined with both hum an subjects 
and rats, and Johnson and Palm er (2 2 ) 
concluded th a t rye protein is comparable 
with that of wheat.

It is sometimes argued that the calcula­
tion of protein or nitrogen efficiency ratios 
is unnecessary (37, 38) as the correlation 
between these ratios and body weight gain 
is stated to be satisfactory. The experi­
m ents reported here do not support such 
a conclusion. For instance, according to 
the weight gain data in  table 6 for groups 
11 and 14, rye crisp bread supplemented 
with lysine and threonine would be supe­
rior to casein. The NER for the bread diet 
is, however, only about 90% of the ratio 
for casein. In  a separate experim ent, these 
2 diets were pair-fed and in  this case both 
weight gain and NER consistently in ­
dicated th a t the fortified bread diet had a 
protein value approximately 90% of that 
of the casein diet. Besides, the NER is 
less variable than  weight gain and there­
for a more useful param eter.
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Relationship between Tryptophan — Niacin 
Metabolism and Changes in 
Nitrogen Balance* 1
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D epartm en t of Home Economics, Ohio Agricultural E xperim ent Station, 
Columbus, Ohio

ABSTRACT  Two investigations of the conversion of tryptophan to n iacin  in  adult 
w om en were m ade w hen nitrogen loss was induced by om ission of lysine in  one period. 
The norm al food diet provided 10 g nitrogen, 680 m g tryptophan and 10 m g niacin. 
The semi-purified diet provided 10 g nitrogen, 255 m g tryptophan and 2.5 m g n iacin  in  
study 1 and 10 in  study 2. A niacinam ide test load indicated niacin  tissue depletion in  
study 1 but not in  study 2. A sharp increase in  nitrogen retention was observed in both 
term inal norm al food periods w hich follow ed semi-purified food periods in  w hich  
there w as sm all retention. N-M ethylnicotinam ide and 2-pyridone urinary excretions 
increased during nitrogen loss in  study 2. An average of 1.7% of tryptophan was 
excreted as an increase in  m etabolites. Calculations showed that 59.2 m g tryptophan 
were equivalent to 1 m g n iacin  and efficiency of conversion w as 3.0% . It is suggested  
that a specific percentage of tryptophan is always converted to n iacin  regardless of 
protein m etabolism  status.

It has been well established tha t trypto­
phan  is used in  supplying a portion of the 
niacin requirem ent of m an and that ad­
m inistration of tryptophan to norm al h u ­
m an subjects results in  an increased level 
of urinary niacin metabolites. Vivian and 
co-workers (1 )  observed a preferential use 
of tryptophan in  women fed diets low in 
niacin and tryptophan to which trypto­
phan  was added in gradually increasing 
amounts. They observed tha t tryptophan 
was used first to establish and m aintain  
nitrogen equilibrium, next for the syn­
thesis of blood pyridine nucleotides and 
finally, tha t when the blood pyridine nucle­
otides had reached nearly norm al levels, 
there was an  increase in  the urinary  ex­
cretion of the 2 m ajor niacin metabolites. 
Therefore, it was reasoned that if protein 
synthesis was limited by the omission of 
one essential amino acid, the tryptophan 
normally used for protein synthesis should 
be available from the metabolic pool for 
conversion to niacin and as a result the 
level of n iacin  m etabolites in  the urine 
would increase.

The present paper presents results from 
2 investigations of the conversion of tryp­
tophan to niacin in hum an subjects when 
nitrogen loss was induced by excluding 
lysine during one period of the semi-puri­
fied diet.

EXPERIMENTAL PROCEDURES

Subjects A total of 9 American college 
women participated in the investigations 
while engaging in  their usual activities. 
Ages ranged from 19 to 29 years and 
weights were w ithin norm al range for 
their heights. Participants were in  good 
health  as determ ined by physical exam i­
nations.

Diets. The general adm inistration of 
the diets and the food plans were sim ilar 
to those previously described by Vivian 
et al. (1 ) . In each of 2 studies (1 and 2) 
a control diet of norm al foods2 was given 
for the first 6 days. This diet provided 
approxim ately 10 g nitrogen, 680 mg 
tryptophan, 10 mg niacin and recom­
m ended am ounts of all other known die­
tary essentials. In the succeeding 3 days 
most foods were replaced by purified com­
ponents. No data were collected for this 
period. During the following 29 days 
(semi-purified regim en) a basal diet con­
sisting of selected low protein fruits, butter

R ece iv ed  fo r  p u b lic a tio n  A u g u s t 12, 1963.
1 P u b lish e d  a s  J o u rn a l  P a p e r  no . 69—63 o f th e  O hio  

A g r ic u ltu ra l  E x p e r im e n t S ta tio n . T h is  c o n tr ib u te s  to 
th e  N o rth  C e n tra l  R eg io n a l C o o p era tiv e  P ro je c t  N C -49, 
F a c to rs  a ffe c tin g  re q u ire m e n ts  o f a d u l t  h u m a n  s u b ­
je c ts  fo r  p ro te in  a n d  a m in o  acid s.. A p re l im in a ry  r e ­
p o r t  w as  p re s e n te d  in  F e d e ra tio n  P ro c ., 22: 203 , 1963 
( a b s t r a c t ) .

2 N o rm a l foods  d o n a te d  by  B o rd en ’s M oores a n d  
R oss, C o lu m b u s , O hio , a n d  T h e  K roger C om pany .

J .  N u t r it io n , 8 2 : ’6 4 395
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oil, cornstarch, sucrose and a vegetable oil 
supplied approximately 0.8 g nitrogen,
2.5 mg niacin and 25 mg tryptophan. 
N atural isomers of the essential amino 
acids (except tryptophan at 230 m g) plus 
arginine, histidine, cystine and tyrosine 
were supplied in  the am ounts found in 
20 g of egg protein. The rem ainder of 
10 g nitrogen was provided by glycine and 
diam m onium  citrate. Minerals and vita­
m ins were given as supplements. A puri­
fied hemicellulose compound provided die­
tary bulk. Calories were adjusted to 
m aintain  a constant weight for each sub­
ject by variations in am ounts of fa t and 
carbohydrate. The semi-purified regimen 
was divided as follows: 9 days designated 
as complete; 10 days w ith lysine omitted 
from the amino acid mix; and 10 days, 
complete. On the last day of the semi- 
purified regimen a test load of 25 mg n ia­
cinam ide was given orally at breakfast. In  
study 2 the niacin intake was 10 mg 
throughout the study and the study was 
term inated after 6 days with norm al foods 
as compared with two days in study 1.

Methods. The 24-hour urine samples 
were collected under toluene, diluted to a 
known volume and aliquots refrigerated 
or frozen until analyses were completed. 
Daily creatinine determ inations were made 
by m eans of an alkaline-picrate reagent to 
evaluate the completeness of collections. 
Feces, m arked by carm ine, were separated 
into periods and prepared for analyses. 
W ith the exception of meat, butter oil, 
beverages and candy, food composites 
equivalent to one day’s diet were prepared 
approximately every 3 days. Meat aliquots 
were prepared and analyzed prior to use. 
The nitrogen content of aliquots of the 
amino acid mixes, food composites, urine 
and feces was determ ined by a macro- 
Kjeldhal method.

The daily urinary  excretions of N- 
methyl - 2 - pyridone - 5 - carboxamide ( pyri­
done) were m easured by the method of 
Price (2 )  using the larger diam eter col­
um ns described by W alters et al. (3 ) . The 
daily urinary  excretion of N-methylnicotin- 
amide (N-M e) was m easured by a modifi­
cation 3 of the method of Huff and Perlz- 
weig (4 ) .

RESULTS

The values presented in figure 1 are 
averages for the last 3 days of each ex­
perim ental period for all subjects in each 
of the 2 studies. Prelim inary examination 
of data from these studies indicated that 
ranges of excretions were similar to those 
commonly observed in  hum an metabolism 
studies and that the first few days of each 
period were required for adjustm ent to 
treatm ent.

Nitrogen balance. In study 1 the aver­
age nitrogen balance for the initial period 
of norm al foods was 0.45 g and in  the 
term inal 2-day period, 2.43 g (fig. 1). In 
study 2 nitrogen retention for the initial 
period was 1.48 g and for the term inal 
period, 1.62 g. W hen lysine was excluded, 
nitrogen loss averaged 0.76 g in  study 1 
and 0.50 g in  study 2. In the semi-purified 
periods including lysine (com plete) reten­
tion was observed in  3 of the 4 periods. 
The pattern  of nitrogen storage and loss 
was sim ilar in  both studies except for the 
one period.

Pyridone excretion. The daily excre­
tions of urinary pyridone showed a wide 
range among individuals during the first 
3 days of both studies; thereafter the ex­
cretion levels were rem arkably sim ilar for 
all subjects. The individual excretion 
values for the 5 subjects in  study 1 are 
presented in  figure 2. The reduction in 
tryptophan intake from 680 mg in norm al 
foods to 255 in  the semi-purified regimen 
m ay account for the sharp decrease in ex­
cretion. The differences in levels of aver­
age excretion during the semi-purified 
regim en in  the 2 studies are probably due 
to the difference in niacin intake (fig. 1). 
The omission of lysine resulted in an in ­
crease of excretion in both studies and 
when lysine was restored to the diet the 
excretion decreased. However, in study 2, 
the excretion was higher than  that of the 
first complete semi-purified period. Follow­
ing the niacinam ide test load the excretion 
was approximately twice as great in  study 
2 as in  study 1. During the 2-day term inal 
norm al food period in  study 1 the excre­
tion was higher than  tha t of the previous 
period, but was considerably less than  that

3 Unpublished data by the author.
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STUDY I

25

•NORMAL- ■ SEMI-PURIFIED
VI—  COMPLETE— 4—  NO LYSINE

255 MG TRYPTOPHAN 
- 2 .5 MG NIACIN

N(g)
+1

L im ó le

75

STUDY I

SEM I-PURIFIED
COMPLETE — (-—  NO LYSINE

-255 MG TRYPTOPHAN 
10 MG NIACIN

Fig. 1 N itrogen balances and urinary excretions of N-Me and pyridone for 5 subjects 
in  study 1, and 4 subjects in  study 2. Values presented are averages for the last 3 days of 
each of the 5 periods except for the 1-day test load and term inal 2-day period of study 1.
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in the initial period of norm al foods. In 
study 2 the increase in  the term inal 6-day 
period resulted in  a level sim ilar to that 
of the initial period.

N-Me excretion. Average N-Me urinary 
excretions in  the initial norm al food period 
and in  the first complete semi-purified 
period were sim ilar in  both studies. In 
study 1 the levels of excretion were rela­
tively constant throughout the semi-puri­
fied regimen. In study 2 the level increased 
in  the lysine-deficient period and rem ained 
at approximately this level when lysine 
was restored. Following the niacinam ide 
test load the excretion was 2.5 times 
greater in  study 2 than  in study 1. During 
the 2-day term inal norm al food period of 
study 2 the excretion was higher than  that 
of the previous period but lower than  that 
of the initial norm al food period. In  study 
2, the average excretion for the last 3 days 
of the term inal period was greater than  
that of the previous period as well as that 
of the initial period.

DISCUSSION
The nitrogen loss in  the lysine-deficient 

period of study 1 was evidence of a lim ita­
tion of norm al protein tissue synthesis 
(fig. 1). Thus, the daily intake of 255 mg 
tryptophan should have been available for 
non-synthesis metabolic processes. How­

ever, the average pyridone excretion in ­
creased only 5 nmoles and N-Me excretion 
did not increase over the previous period. 
Furtherm ore, the excretion levels of both 
m etabolites throughout study 1 were lower 
than  those reported (5 )  for control sub­
jects consum ing standard diets which sup­
plied 180 to 230 m g tryptophan and 4.3 
to 6.0 mg niacin. These same workers re ­
ported tha t in  subjects with pellagra the 
excretion of these metabolites was lower 
than  the control subjects both with the 
standard diets and following adm inistra­
tion of small doses of niacinam ide. The 
low excretory levels of the subjects in  
study 1 and the response to the n iacin­
amide test load were interpreted as evi­
dence that these subjects were depleted of 
tissue niacin reserves. Therefore, it was 
assum ed that any increased production of 
niacin from tryptophan resulted in  reple­
tion of body niacin stores ra ther than  in ­
creased excretion of niacin metabolites.

On the basis of these results a second 
investigation was conducted in which the 
niacin intake was 10 mg for all periods. 
In study 2 the nitrogen loss in  the lysine- 
deficient period was accompanied by in ­
creased excretions of pyridone and N-Me 
(fig. 1). This is in  accord with the obser­
vations of Goldsmith et al. (6 )  who re­
ported a significant increase in  niacin
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m etabolite excretion in  subjects receiving 
corn diets which furnished 200 mg trypto­
phan  when the niacin  supplem entation 
level reached 8 to 10 mg. Following the 
test dose of niacinam ide, the excretion 
patterns of the subjects in  study 2 were 
sim ilar to those of the control subjects 
reported by Rosenthal (5 ) . It was con­
cluded tha t there was probably no deple­
tion-repletion of n iacin  reserves in  study 2 
and therefore the increased excretion of 
niacin metabolites represented the trypto­
phan  available for conversion to niacin.

Goldsmith et al. (7 )  reported tha t an  
average of 3.3% of the tryptophan adm in­
istered to adults receiving adequate in ­
takes of tryptophan and niacin  was con­
verted to niacin. They also calculated th a t 
the average am ount of tryptophan equiva­
lent to 1 m g niacin  was 55.8 m g (range 34 
to 86). These calculations were based on 
excretion data  of N-Me and pyridone when 
standard  diets were supplem ented inde­
pendently w ith several levels of niacin and 
tryptophan. W ertz et al. (8 )  observed 
tha t the average am ount of tryptophan 
equivalent to 1 m g niacin  was 31 m g 
(range 16 to 47) in  postpartum  wom en 
w hen calculations were based on data  ob­
tained with diets supplem ented with one 
level of tryptophan. In study 2 the calcu­
lations of the am ount of tryptophan equiv­
alent to 1 m g niacin  were based on the 
assum ption tha t the 255 m g tryptophan 
in  the lysine-deficient period was com­
pletely available for conversion to niacin. 
Therefore, using excretion da ta  from  the 
first 2 periods of the semi-purified regi­
m en, an  average of 59.2 m g tryptophan 
was calculated to be equivalent to 1 mg 
niacin. Goldsmith et al. (7 )  also reported 
th a t an  average of 1.9% of adm inistered 
tryptophan and 56.9% of adm inistered 
niacin  were excreted as the 2 niacin m e­
tabolites. In study 2 an  everage of 1.7% 
of 255 m g tryptophan was excreted as 
m etabolites. Although no supplem ent of 
niacin was given in  these periods, based 
on the assum ption th a t these subjects 
would excrete at the ra te  of 56.9% , the 
percentage efficiency of conversion of 
tryptophan to n iacin  would be 3.0% . Thus 
it appears from  the lim ited data  in  study 2 
th a t the efficiency of conversion of trypto­
phan  to n iacin  is not altered when protein

synthesis is limited. This fu rther suggests 
tha t a specified percentage of tryptophan 
is always converted to niacin regardless of 
the use of tryptophan in  protein m etabo­
lism.

Vivian et al. (1 )  showed tha t even on 
the low levels of 25 m g tryptophan and
2.5 m g niacin  there was some excretion 
of the 2 niacin metabolites as well as other 
m etabolites on the pathw ay of tryptophan 
to n iacin  (9 ) . Thus the perferential use 
of lim ited am ounts of tryptophan reported 
in  these studies obviously occurred after 
some conversion to niacin had taken place.

The fact tha t when nitrogen loss occurs 
tryptophan is released cannot be ignored. 
If 1 g of nitrogen was excreted this would 
represent about 6.25 g of protein and thus 
approxim ately 62.5 m g tryptophan. If 60 
m g of this tryptophan produced 1 mg 
niacin, it would be difficult to m easure this 
additional niacin as an increase in  m etab­
olites.

During all periods of the semi-purified 
regim ens the excretion levels of N-Me were 
rem arkably uniform  for all subjects; in 
periods of norm al foods there was a some­
w hat greater variation am ong individuals. 
Pyridone excretion levels followed the 
sam e pattern  (fig. 2 ) . This observation is 
in  agreem ent with the suggestion of Vivian 
et al. (1 )  th a t w hen tryptophan is supplied 
in  abundance there is variability among 
individuals in  its m etabolic utilization but 
a sim ilar pa tte rn  of utilization is observed 
when tryptophan is limited. The greatest 
variation in  individual nitrogen excretions 
(range 2.0 g) occurred in  the in itial nor­
m al food periods and probably reflects pre­
study protein intake. N itrogen excretions 
were relatively uniform  in  the semi-puri- 
fied regim en (range in  variability, 0.6 to 
0.9 g).

Averages of N-Me excretions in  the 
in itial periods of both studies were ap­
proxim ately the same. Pyridone excretions 
in  these periods were quite different as 
were the nitrogen balances. D ietary h is­
tories showed th a t the food intakes of the 
subjects prior to study 1 more nearly m et 
the NRC recom m ended dietary allowances
(1 0 ) th an  did those of the subjects in  
study 2. Thus, the pyridone excretion re­
flected the pre-study protein and niacin 
intakes and could be used as one criterion
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of nutritional status with self-selected 
diets.

The sharp increase in  nitrogen retention 
in the 2-day term inal norm al food period 
of study 1 was not anticipated. Therefore, 
a 6-day term inal period was included in 
study 2 and the m arked retention was 
again observed over the longer period. The 
nitrogen storage in  each of these term inal 
periods followed a small storage in the 
preceding period. There have been indica­
tions in  the literature (11, 12) that nitro­
gen balance is slightly better with diets 
of in tact protein than  with equivalent 
am ounts of nitrogen from  amino acid 
mixtures. The sharp increase in  retention 
sustained over a 6-day span cannot be 
entirely explained by a difference in the 
source of protein. If labile protein reserves 
were severely exhausted in the lysine- 
deficient periods and only partially re- 
pleted when lysine was restored, then the 
additional retention of nitrogen in the ter­
m inal period m ight represent fu rther re ­
pletion of labile or stable protein reserves, 
or both. Further investigations of this 
observation are underway in  this labora­
tory.
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