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ABSTRACT  Growth studies were conducted w ith  chinook salm on fingerlings 
( Oncorhynchus tshawytscha')  to determ ine the m in im al requirem ents for isoleucine, 
leucine, valine and phenylalanine. A 41% protein diet containing an indispensable  
am ino acid pattern sim ilar to that found in  w hole egg protein w as used as the experi
m ental diet. Based on the dry diet, the salm on required about 1.6% of leucine, 1.3% 
of valine and 2.1% of phenylalan ine (0.4%  supplied by tyrosine). The isoleucine  
requirem ent appeared to be influenced by dietary leucine level, being about 0.9% 
w ith 1.50% of leu cine, about 1.0% w ith  3.68% of leucine and about 1.1% with  
6.00% of leucine. On the other hand, excess dietary isoleucine reduced growth rates 
w hen fed  in  conjunction w ith  a slightly suboptim al level of leucine. Growth of the 
salm on fingerlings w as reduced slightly below that w ith  the control diet w hen 1.0% 
of isoleucine and 1.25% of leucine were fed; however, 3.00 and 5.0% levels o f iso 
leucine w ith 1.25% leucine reduced growth to 67 and 60% of the control, respectively, 
presum ably by increasing the leucine requirem ent sim ilar to the way excessive leucine  
increases the isoleucine requirement.

Halver et al. (1 )  have dem onstrated 
that chinook salmon ( Oncorhynchus tsha
wytscha') require the same 10 amino acids 
indispensable for optimal growth of the 
ra t and the pig. Subsequent experim ents 
with sockeye salm on (O. nerha) have con
firmed the indispensability of the same 
10 amino acids (2 ) . Certain of these 
amino acids have been quantitated for 
chinook salmon using 40% protein diets 
containing an essential amino acid pattern  
sim ilar to tha t of whole egg protein. The 
lysine requirem ent, reported by Halver et 
al.4 was approxim ately 2.0% of the dry 
diet, and the m ethionine requirem ent, also 
reported by Halver et al.,5 was between 
0.5 and 0.6% of the dry diet in the pres
ence of 1.0% of cystine. More recently, 
DeLong et al. (3 )  observed that the threo
nine requirem ent was approximately 0.9% 
of the dry diet irrespective of 2 w ater tem 
peratures (8° and 15°C). The purpose of 
the present studies was to quantitate the 
requirem ents for isoleucine, leucine, valine 
and phenylalanine and to study in terrela

tionships between isoleucine and leucine 
when one was unbalanced with respect to 
the other.

EXPERIMENTAL

The experim ental diet (table 1) con
tained casein and gelatin as natu ral pro
teins to supply m inim al quantities of the 
amino acids being studied, yet m axim al 
quantities of several other amino acids 
(table 2 ). Crystalline amino acid supple
m ents complemented the natu ral proteins 
to give an overall pattern  of indispensable 
amino acids sim ilar to that found in whole * 1

R ece iv ed  fo r  p u b lic a tio n  A p ril 3, 1964.
1 T h e  e x p e r im e n ta l  d a ta  in  th is  p a p e r  a re  ta k e n  

fro m  a  th e s is  su b m itte d  b y  R o n a ld  E . C h an c e  in  
p a r t ia l  fu lf i l lm e n t o f th e  re q u ire m e n ts  fo r  th e  deg ree  
o f D oc to r o f P h ilo so p h y  in  B io ch em is try , P u rd u e  U n i
v e rs ity .

2 P u rd u e  U n iv e rs ity  A g ric u ltu ra l  E x p e r im e n t S ta tio n  
J o u rn a l  P a p e r  no . 2148.

3 P re s e n t a d d re ss : E li L illy  P h a rm a c e u t ic a l  C om 
p a n y , In d ia n a p o lis ,  In d ia n a .

4 H a lv e r , J . E ., D. C. D eL ong  a n d  E . T . M ertz  1958 
T h re o n in e  a n d  ly s in e  re q u ire m e n ts  o f c h in o o k  sa lm o n . 
F e d e ra tio n  P ro c ., 17: 1873.

5 H a lv e r , J . E ., D. C. D eL ong  a n d  E. T . M ertz  1959 
M e th io n in e  a n d  c y s tin e  re q u ire m e n ts  o f c h in o o k  s a l
m on . F e d e ra tio n  P ro c ., 18: 527.

J .  N u t r i t i o n , 83: *6 4 177
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egg protein. The dry solids contained 41% 
of crude protein (N  X 6.25). Isonitroge- 
nous and isocaloric diets were m aintained 
by altering glutamic acid and dextrin with 
the amino acids in  question. The dietary 
ranges necessary to quantitate the isoleu
cine, leucine and valine requirem ents were 
estim ated from prelim inary studies with

TA B LE 1
Experimental d i e t 1

Gelatin
g /3 0 0  g o f  d ie t  

20.00
Casein 5.00
Am ino acid m ixture 2 20.22
W hite dextrin 35.78
a-Cellulose flour 7.00
M ineral m ixture 3 4.00
Vitam ins 4 1.00
Corn oil 5.00
Cod liver oil 2.00
Water 200.00

1 A ll in g re d ie n ts  e x ce p t c o rn  o il su p p lie d  by  N u 
tr i t io n a l  B io ch em ica ls  C o rp o ra tio n . C leveland .

2 A m ino  a c id  co m p o n e n ts  l is te d  in  ta b le  2.
3 S am e as re p o rte d  by  N ic o la id es  a n d  W o o d all ( 4 ) .
4 A dded  v ia  a -cellu lo se : ( i n  m g )  th ia m in e  HC1, 5; 

r ib o flav in , 20; p y rid o x in e -H C l, 5; n ic o tin ic  a c id , 75; 
C a p a n to th e n a te ,  50; ¿-inosito l, 200 ; a sco rb ic  a c id , 100; 
b io tin , 0 .5; fo lic  ac id , 1.5. A dded  v ia  aq u eo u s  so lu 
tio n : ( i n  m g )  c h o lin e  •Cl, 500; v i ta m in  B 12, 0.01. 
A dded  v ia  c o rn  o il: ( i n  m g )  m e n a d io n e , 4; a-tocoph- 
e ry l a ce ta te , 40.

chinook salmon fingerlings, whereas the 
range used to study the phenylalanine re
quirem ent was selected on the basis of 
the phenylalanine requirem ents of other 
species.

Complete amino acid analyses were con
ducted on random  samples of casein and 
gelatin. Eighteen of the amino acids were 
determ ined using the autom atic ion ex
change procedure of Spackman et al. (5 ) . 
Tryptophan was determ ined by the chem i
cal m ethod of Spies and Chambers (6, 7) 
and cystine was estim ated from a m icro
biological assay.6 Casein and gelatin hy- 
drolyzates for autom atic amino acid deter
m inations were prepared by autoclaving 
50 mg of sample with 200 ml of 6  n  HC1 
in  a sealed glass tube for 20 hours at 
120°C and 15 psi. Following hydrolysis 
the hydrolyzates were filtered through a 
fine pore sintered glass filter and HC1 re
moved by repeated evaporation. The resi
dues were dissolved in pH 2.2 sodium 
citrate buffer and stored in polyethylene 
bottles at — 2 0 °C until ready for analysis.

6 D eL ong, D. C. 1958 I. P ro te in  a n d  a m in o  acid  
re q u ire m e n ts  o f c h in o o k  sa lm o n . Ph .D . T h e s is , P u rd u e  
U n iv e rs ity , L a fa y e tte , In d ia n a .

TA BLE 2

Amino acid components in 100 g of dry diet

Supplied 
by 5 g 
casein

Supplied 
by 20 g 
gelatin

Total 
supplied 
by casein 

and gelatin

Supplied by 
crystalline 

supplements 1

Total
a-amino 
acid in 
diet 2

9 9 9 9 9
L-Arginine-HCl 0.18 1.63 1.81 2.05 3.50
n-Histidine ■ HC1 • H2O 0.13 0.16 0.29 0.96 1.00
L-Isoleucine 0.28 0.21 0.49 2.71 3.20
L-Leucine 0.49 0.52 1.01 2.67 3.68
L-LysineH Cl 0.41 0.79 1.20 2.08 2.88
n-Methionine 0.17 0.10 0.27 1.38 1.65
L-Cystine 0.02 0.00 0.02 0.94 0.96
L-Phenylalanine 0.25 0.36 0.61 1.91 2.52
L-Tyrosine 0.25 0.10 0.35 1.45 1.80
L-Threonine 0.18 0.31 0.49 1.24 1.73
L-Tryptophan 0.04 0.00 0.04 0.56 0.60
l-V aline 0.34 0.31 0.65 2.27 2.92
L-Alanine 0.14 2.16 2.30 2.30
L-Aspartic acid 0.32 1.06 1.38 1.38
L-Glutamic acid 1.07 1.76 2.83 2.83
Glycine 0.09 5.08 5.17 5.17
L-Hydroxylysine 0.18 0.18 0.18
L-Hydroxyproline 2.53 2.53 2.53
L-Proline 0.51 2.85 3.36 3.36
L-Serine 0.21 0.48 0.69 0.69

1 E a c h  lo t o f c ry s ta l l in e  a -am in o  ac id s  w as  c h ec k e d  fo r  p u r ity  by  c o m p a rin g  th e  specific  ro ta tio n  
v a lu e s  w ith  th o se  lis te d  in  th e  l i te ra tu re .

2 A p p ro x im a te s  th e  in d is p e n sa b le  a m in o  a c id  co m p o sitio n  ( in c lu d in g  c y s tin e  a n d  ty ro s in e )  
o f 40  g w h o le  egg  p ro te in  ( 3 )  e x ce p t fo r  a rg in in e  a n d  h is t id in e  w h ic h  h a v e  b een  e le v a te d  fro m  
2.56 a n d  0.84, re sp ec tiv e ly .
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Facilities for m aintain ing and handling 
the experim ental fish were described pre
viously (8, 9 ). The chinook salmon finger- 
lings were selected at random  from  a cen
tral supply tank  and placed in  screen-top, 
wooden troughs through which a source of 
well w ater (10°C ) circulated at the rate 
of 10 liters/m inute. At the end of a 2- 
week adjustm ent period undesirable fish 
were elim inated and the num bers equal
ized to either 200 or 250/trough. The diet 
fed during this period was sim ilar in com
position and physical consistency to the 
basal diet used during the experim ental 
period. Also during the adjustm ent period, 
a pyridine m ercuric acetate solution was 
added to the w ater for one hour to elimi
nate external bacteria on the fish.

The methods and procedures for diet 
preparation were essentially those reported 
by Halver (8 )  and DeLong et al. (10, 11). 
The best water-to-solids ratio was found 
to be 2:1  for suitable feeding consistency. 
Gelatin served as the binding agent giving 
a semisolid gel diet that could be dispensed 
to the fish with a garlic press. Diets were 
prepared in  bulk and stored in glass fru it 
jars at —20°C until periods of use at which 
time they were stored at 4°C.

Feeding procedures were similar to those 
reported previously (8 ) . The fish were fed 
on a rigid schedule 3 times a day, 6 days 
a week. Dead fish were removed as soon 
as observed. Each trough was partially 
drained and cleaned daily to keep fecal 
m aterial and excess food from accum u
lating. At each biweekly weighing (de
tailed weighing procedures described by 
Halver ( 9 ) ) ,  the troughs were emptied, 
scrubbed thoroughly and disinfected with

a dilute chlorine solution. Caution was 
taken to disinfect any equipm ent common 
to more than  one trough to prevent in 
advertent transm ittal of diseases.

At the term ination of the experim ents, 
100 g of randomly selected fish were taken 
from  each trough population for proxi
m ate analyses as outlined by Wood et al.
(1 2 ). Similarly, 10 fish were selected at 
random  from each trough for hematologi
cal studies in some trials (m ethods given 
by Hesser (1 3 )) .

RESULTS AND DISCUSSION

The quantitative leucine requirement. 
Results from this experim ent (table 3 and 
fig. 1) indicated that the leucine require-

PER CENT LEUCINE

Fig. 1 The leucine requirem ent of chinook  
salm on. Growth response as percentage gain  
based on in itia l w eights at different levels of 
leucine in  the dry diet.

TABLE 3
Growth data for leucine 1

L e u c in e  in  
d ry  d ie t

No. 
fish  2

In i t ia l
w e ig h t G a in F e e d /g

g a in

% 9 % 9
1 .00 2 0 0 ( 0 ) 2 .4 4 2 8 2 .2 9
1 .2 0 2 0 0 ( 1 ) 2 .4 4 34 1.71
1 .4 0 2 0 0 ( 2 ) 2 .4 8 77 1 .2 8
1 .6 0 2 0 0 ( 0 ) 2 .4 8 111 1 .11
2 .1 0 2 0 0 ( 4 ) 2 .5 2 10 0 1 .1 6
3 .1 0 2 0 0 ( 1 ) 2 .5 8 101 1 .19
C o n tr o l  d i e t 3 2 0 0 ( 4 ) 2 .4 9 91 1 .2 2

1 C o n d u c ted  fo r  8 w eek s  d u r in g  th e  s u m m e r o f 1959 w ith  s p rin g  r u n  sa lm o n  fro m  E ag le  C reek  
N a tio n a l  F is h  H a tc h e ry , E s ta c a d a , O regon.

2 N u m b e rs  in  p a re n th e se s  in d ic a te  m o rta lity . . ,
3 C o n ta in e d  a n  in d is p e n sa b le  a m m o  a c id  p a t te rn  s im ila r  to  th a t  o f w h o le  egg  p ro te in .
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TABLE 4
Growth data for isoleucine 1 (exp. 1)

Iso leu c in e  
in  d ry  d ie t

No. 
fish  2

In i t ia l
w e ig h t G a in F e e d /g

g a in

% 9 % 9
0 .5 0 2 5 0 ( 1 7 ) 1 .0 0 8 0 2 .0 4
0 .7 0 2 5 0 ( 1 8 ) 0 .9 4 121 1 .4 4
0 .9 0 2 5 0 ( 1 1 ) 0 .9 7 1 4 2 1 .3 5
1 .1 0 2 5 0 ( 1 6 ) 0 .9 7 2 0 7 1 .08
1 .3 0 2 5 0 ( 1 2 ) 0 .9 6 16 2 1 .2 8
1 .5 0 2 5 0 ( 1 3 ) 0 .9 7 17 0 1 .2 2
2 .0 0 2 5 0 ( 1 9 ) 0 .9 6 1 4 7 1 .3 8
C o n tro l  d ie t  3 2 5 0 ( 1 7 ) 0 .9 8 13 6 1 .39

1 E x p e r im e n t c o n d u c ted  d u r in g  s u m m e r o f  1959 w ith  f a l l  r u n  sa lm o n  fro m  W illa rd  N a tio n a l  F ish  
H a tc h e ry , C ook, W a s h in g to n .

- N u m b e rs  in  p a re n th e se s  in d ic a te  m o rta lity .
3 C o n ta in ed  a n  in d is p e n sa b le  a m in o  a c id  p a t te rn  s im ila r  to  th a t  o f w ho le  egg  p ro te in .

Fig. 2  The isoleucine requirem ent of chinook  
salm on studied in  the presence of 3.68% of 
dietary leucine. Growth response as percentage 
gain based on in itia l weights at different levels 
of isoleucine in  the dry diet.

m ent of chinook salmon fingerlings was 
approximately 1.6% of the dry diet or 
3.9% of the crude protein. W hen ex
pressed as a percentage of the protein 
this is in  good agreem ent with the leucine 
requirem ent of the pig but less than  the 
leucine requirem ents for ra ts and chicks. 
For example, Eggert et al. (1 4 ) reported 
the leucine requirem ent for baby pigs was 
between 4.0 and 5.0% . Similarly, DeLong7 
noted that the m inim al leucine require
m ent of the w eanling pig was about 0.6% 
of the diet or 4.6% of the dietary protein. 
Rose et al. (1 5 ) suggested a m inim al leu
cine requirem ent of 0.8% for the ra t or 
approxim ately 7% of the protein in the

diet. Similarly, Ram a Rao et al. (1 6 ) re
ported the m inim al requirem ent to be 
0.7% of a 10% protein diet. The leucine 
requirem ent of starting chicks is listed by 
Bird et al. (1 7 ) as 1.4% of the diet or 
7.0% of the protein.

The quantitative isoleucine requirem ent 
of chinook salmon. Three experim ents 
were conducted to determ ine the isoleucine 
requirem ent at different dietary leucine 
levels. Results from experim ent 1 (table 
4 and fig. 2 ) indicated that the require
m ent was approximately 1.0% of the dry 
diet when the leucine level used was the 
same as that of the control diet (3.68%  ). 
Growth of fish was optimal when the in ter
m ediate levels of isoleucine, namely, 1.10, 
1.30 and 1.50% were fed, but growth was 
suboptimal at the higher levels of 2.00 and 
3.20% (the  control diet level).

Four different combinations of isoleu- 
cine and leucine were fed to salm on finger- 
lings in  experim ent 2 (table 5 ). As ex
pected, the low levels of isoleucine and 
leucine (0.50 and 1.00% , respectively) 
were insufficient to support good growth 
and feed efficiency. By keeping the isoleu
cine level at the approxim ate requirem ent 
level of 1.0% , it was confirmed tha t the 
leucine requirem ent did not exceed 1.60% 
since the 2 groups of fish receiving 1.60 
and 2.10% leucine grew at nearly identical 
optimal rates. The salmon fed 1.00% iso
leucine and 6.00% leucine grew more 
slowly than  those fed the optimal levels 
of these amino acids, indicating the iso-

7 D eL ong, D. C. 1956 I. C la ss ific a tio n  o f  th e  
e s s e n tia l a m in o  ac id s  fo r  c h in o o k  sa lm o n . II . Q u a n ti
ta tiv e  le u c in e  re q u ire m e n t o f  th e  w e a n lin g  p ig . M .S. 
T h es is . P u rd u e  U n iv e rs ity , L a fa y e tte , In d ia n a .
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TA B LE 5

Growth data for isoleucine 1 (exp. 2)

Isoleucine 
and leucine 
in dry diet

No. 
fish 2

Initial
weight Gain Feed/g

gain

% 9 % 9
0.50 Isoleucine, 1.00 leucine 2 5 0 (1 8 ) 1.02 108 1.47
1.00 Isoleucine, 1.60 leucine 2 5 0 (1 6 ) 1.00 176 1.15
1.00 Isoleucine, 2.10 leucine 2 5 0 (1 3 ) 1.02 174 1.12
1.00 Isoleucine, 6.00 leucine 2 5 0 (1 8 ) 1.00 159 1.25
Control d ie t3 2 5 0 (1 7 ) 0.98 136 1.39

1 C o n d u c ted  fo r  10 w eeks d u r in g  s u m m e r 1959 w ith  f a l l  r u n  sa lm o n  f ro m  W illa rd  N a tio n a l F is h  
H a tch e ry , Cook, W ash in g to n .

2 N u m b e rs  in  p a re n th e s e s  in d ic a te  m o rta lity .
3 C o n ta in ed  a n  in d is p e n sa b le  a m in o  a c id  p a t te rn  s im ila r  to  th a t  o f  w h o le  eg g  p ro te in .

leucine requirem ent was probably in 
creased by the high level of leucine, a 
level that was reported for some practical 
hatchery diets (1 8 ).

Experim ent 3 was designed to study the 
isoleucine requirem ent at 2 dietary leucine 
levels. The low level, 1.50% , represented 
the approximate m inim al requirem ent for 
leucine or ju st slightly less (see above), 
whereas the high level, 6.00% , represented 
an  excess level tha t decreased growth 
when fed in  conjunction with the m inim al 
requirem ent level of isoleucine (see above). 
Results from this experim ent (table 6 and 
fig. 3) indicated tha t the m inim al iso
leucine requirem ent was approximately 
0.9% of the dry diet with the low leucine 
level and somewhat greater than  0.9% 
with the high leucine level. The detri
m ental influence of excess leucine was 
evident from  the slower growth at all levels 
of isoleucine with the exception of the 
1.50% level which was probably sufficient 
to overcome the adverse effects of excess 
leucine. From the growth curve of the 
high leucine regim en the isoleucine re
quirem ent appeared to be slightly greater 
than  0.9% , possibly closer to 1.0% . How
ever, the erratic growth between the 0.9 
and 1.3% isoleucine levels m ay have 
m asked the actual requirem ent. For this 
reason it was useful to study other criteria 
such as the hematology data available on 
these fish. Plots of the isoleucine levels 
against the precentage hem atocrits (fig. 4) 
for the 2 leucine regim ens dem onstrate 
the effect of excessive dietary leucine. The 
resulting curves show inflection points at 
0.9% isoleucine for the low leucine level 
and 1.1% isoleucine for the high leucine 
level.

It was concluded that the m inim al iso
leucine requirem ent ranged from 0.9 to 
1.1% of the dry diet depending upon the 
dietary leucine level. The isoleucine re
quirem ent appeared to be about 0.9% of 
the diet in  the presence of 1.5% leucine, 
but was increased about 0.1% with every 
additional 2.3% of dietary leucine. Ex
pressed in  term s of the dietary protein, 
the requirem ent ranged from  2.2 to 2.7% , 
or approximately 2.5% . As a percentage 
of the protein in  the diet, the isoleucine 
requirem ent of other species tends to be a 
little higher. For example, Brinegar et al.
(1 9 ) reported the requirem ent of young 
pigs to be 0.7% of a 22% protein diet or 
3.2% of the protein. Becker et al. (2 0 ) 
reported that the isoleucine requirem ent 
of pigs was dependent upon the protein 
level fed. At the 13.35% protein level the 
requirem ent was about 0.46 or 3.4% of the 
protein, whereas the requirem ent was 
about 0.65% at the 26.7% protein level or 
2.4% of the dietary protein. The require
m ent of young chicks is listed at 0.6% of 
a diet containing 20% of protein or 3.0% 
of the protein (1 7 ). Rose et al. (15 ) 
suggested the isoleucine requirem ent for 
young rats to be 0.5% of a diet containing 
about 12 to 13% of protein.

The antagonistic effect of excess leucine 
on the isoleucine requirem ent of salmon 
is in  agreem ent with the ra t studies by 
H arper (2 1 ) in which the growth-de
pressing effect of 3.00% leucine added 
to a 9% casein diet could be alleviated 
with small supplem ents of isoleucine. 
However, H arper was unable to induce an 
im balance by feeding the same level of 
leucine in  conjunction with an 18% casein 
diet. It m ay he, then, that salmon finger-
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TA B LE 6

G r o w t h  d a t a  f o r  i s o l e u c i n e  1 ( e x p .  3)

Iso le u c in e  
in  d ry  d ie t

No. 
fish  2

I n i t ia l
w e ig h t G a in F e e d /g

g a in

% 9 % 9
1 .5 0 %  o f  l e u c in e  i n  d ie t

0 .5 0 2 5 0 ( 4 ) 0 .8 3 18 2 1 .3 4
0 .7 0 2 5 0 ( 2 ) 0 .8 0 2 5 7 1 .2 5
0 .9 0 2 5 0 ( 3 ) 0 .8 4 2 9 9 1 .1 7
1 .1 0 2 5 0 ( 3 ) 0 .8 1 30 1 1 .1 9
1 .3 0 2 5 0 ( 9 ) 0 .8 1 3 2 6 1 .1 6
1 .5 0 2 5 0 ( 7 ) 0 .8 0 3 0 2 1 .2 0
C o n tr o l  d ie t  3 2 5 0 ( 1 ) 0 .7 8 34 8 1 .2 2

6 .0 0 %  o f  l e u c in e  i n  d ie t
0 .5 0 2 5 0 ( 7 ) 0 .7 9 15 7 1 .3 0
0 .7 0 2 5 0 ( 6 ) 0 .7 6 2 3 3 1 .14
0 .9 0 2 5 0 ( 1 1 ) 0 .7 8 2 7 8 1 .2 0
1 .1 0 2 5 0 ( 1 1 ) 0 .7 9 2 8 0 1 .2 2
1 .3 0 2 5 0 ( 0 ) 0 .8 0 3 1 4 1 .1 7
1 .50 2 5 0 ( 1 ) 0 .81 3 0 3 1 .1 6
C o n tr o l  d i e t 3 2 5 0 ( 1 ) 0 .7 8 3 4 8 1 .2 2

1 C o n d u cted  fo r  10 w eeks d u r in g  s u m m e r o f  1960 w ith  fa l l  r u n  sa lm o n  fro m  W illa rd  N a tio n a l 
F ish  H a tch e ry , Cook, W ash in g to n .

2 N u m b e rs  in  p a re n th e se s  in d ic a te  m o rta lity .
3 C o n ta in ed  a n  in d is p e n sa b le  a m in o  a c id  p a t te rn  s im ila r  to  th a t  o f w h o le  egg  p ro te in .

PER CENT ISOLEUCINE

Fig. 3 The isoleucine requirem ent of Chinook 
salm on studied in  the presence of 1.50 and 
6.00% dietary leucine. Growth response as per
centage gain based on in itia l weights at differ
ent levels of isoleucine in  the dry diet.

lings are more sensitive to amino acid im 
balances than  rats, particularly since the 
protein needs of salmon are greater (10 ).

H arper also observed that, in  addition 
to isoleucine, small supplem ents of valine 
plus isoleucine were helpful in elim inating 
the harm ful influence of excess leucine.

It seems improbable, however, that valine 
could have been limiting in these anim als 
since the valine level in the control diet 
was considerably higher than  the m inim al 
valine requirem ent of chinook salmon (see 
valine quantitation experim ent).

Fig. 4 The isoleucine requirem ent of chinook  
salm on studied in  the presence of 1.50 and 6.00%  
dietary leucine. Percentage hem atocrits at differ
ent levels of isoleucine in  the dry diet.
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Effect of  excess isoleucine on the growth  
of chinook salmon. In  view of the detri
m ental effects of excess dietary leucine on 
the isoleucine requirem ent of salmon, the 
opposite relationship was studied because 
of the structural sim ilarity of these 2 
amino acids. Interest in  this relationship 
was also stim ulated by the data from the 
isoleucine requirem ent studies which indi
cated that higher levels of isoleucine 
supported slower growth and poorer feed 
efficiencies. This may have also been re
sponsible for the slower growth observed 
with the egg protein pattern  diets used 
as controls in  the various experim ents. 
To study this relationship 3 levels of iso
leucine (1.00, 3.00 and 5.00% ) were fed 
to salmon receiving a slightly suboptimal 
level of leucine, or 1.25% . The 1.00% 
of isoleucine plus 1.25% of leucine treat
m ent supported a gain slightly less than  
that of the egg protein pattern  control diet, 
indicating the leucine level fed was below 
the requirem ent (table 7). However, 
growth with this treatm ent was 89% of 
that of fish fed the basal diet, whereas the
3.00 and 5.00% of isoleucine treatm ents 
supported growth that was only 67 and 
60% of that with the control diet, respec
tively. This confirmed the suspicion that 
an im balance of isoleucine with respect 
to leucine could be as harm ful to good 
growth as an im balance of leucine with 
respect to isoleucine. However, if the leu
cine level had been at, or close to, the 
m inim al requirem ent level of 1.60% , this 
effect m ight not have been as profound. 
It seems possible that the leucine require
m ent m ay actually be less than  1.60% 
when a more favorable level of isoleucine 
is fed simultaneously, such as the m inim al 
requirem ent level of 1.00% ra ther than

the whole egg protein pattern  level of 
3.20% —  the level present in the diets 
used for quantitating the leucine require
ment.

Brinegar et al. (1 9 ) observed a growth 
depression in  young pigs fed 2.08% of iso
leucine. This level corresponds to the 
3.00% level fed in  this experim ent provid
ing the ratio between requirem ent level 
and level fed is considered. Also, Sauber- 
lich (2 2 ) reported tha t the growth of rats 
was depressed 50% when a 6% casein 
control diet was supplem ented with 5% of 
DL-isoleucine; similarly 5% of L-leucine 
depressed growth 55% .

The quantitative valine requirement. 
Resulting growth data from this study 
(table 8 and fig. 5) indicated that the 
valine requirem ent of salmon was about 
1.3% of the dry diet which corresponds to 
3.2% of the dietary protein. In term s of 
percentage of the protein this value is 
sim ilar to that listed for other species. The 
valine requirem ent for w eanling pigs was 
reported to be about 0.4% of the diet or 
3.1% of the protein (2 3 ). The m inim al 
requirem ent for the ra t was suggested by 
Rose et al. (1 5 ) as 0.7% of the diet or 
about 5 to 6% of the protein. Bird et al.
(1 7 ) list the requirem ent for chicks at 
0.8% of the diet or 4.0% of the dietary 
protein.

Since valine, isoleucine and leucine are 
structurally similar, the valine requirem ent 
may have been affected by the relatively 
high levels of isoleucine and leucine (3.20 
and 3.68% , respectively) in the egg pro
tein pattern  control diet. Thus, the valine 
requirem ent of salmon m ay be less than  
1.3% of the dry diet when a more optimal 
com bination of isoleucine and leucine is 
fed.

TA BLE 7
Growth data for isoleucine: leucine ratios 1

Isoleucine 
and leucine 
in dry diet

No. 
fish 2

Initial
weight Gain Feed/g

gain

% 9 % 9
1.00 Isoleucine, 1.25 leucine 5 0 0 (0 ) 0.69 242 1.32
3.00 Isoleucine, 1.25 leucine 5 0 0 (1 3 ) 0.69 182 1.40
5.00 Isoleucine, 1.25 leucine 5 0 0 (1 6 ) 0.69 164 1.40
Control diet 3 5 0 0 (3 ) 0.69 272 1.31

1 C o n d u c ted  fo r  10 w eeks d u r in g  s u m m e r o f 1960 w ith  f a l l  r u n  sa lm o n  f ro m  W illa rd  N a tio n a l 
F ish  H a tc h e ry , Cook, W a s h in g to n . D a ta  re p re s e n t  a v e rag e  o f 2 re p lic a te s .

2 N u m b e rs  in  p a re n th e s e s  in d ic a te  m o rta lity .
3 C o n ta in ed  a n  in d is p e n sa b le  a m in o  a c id  p a t te rn  s im ila r  to  th a t  o f w h o le  egg  p ro te in .
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TA BLE 8

Growth data for valine 1

Valine 
in dry diet

No.
fish 2

Initial
weight Gain Feed/g

gain

% 9 % 9

0.65 5 0 0 (9 ) 0.67 206 1.42
0.90 5 0 0 (1 1 ) 0.67 244 1.40
1.15 5 0 0 (5 ) 0.67 276 1.35
1.40 5 0 0 (1 3 ) 0.67 290 1.32
1.65 5 0 0 (8 ) 0.69 283 1.34
1.90 5 0 0 (1 0 ) 0.67 285 1.32
Control diet 3 5 0 0 (3 ) 0.69 272 1.31

1 Conducted for 10 weeks during summer of 1960 with fall run chinook salmon from Willard 
National Fish Hatchery, Cook, Washington. Data represent average of 2 replicates.

2 Numbers in parentheses indicate mortality.
3 Contained an indispensable amino acid pattern similar to that of whole egg protein.

320-

PER CENT VALINE

Fig. 5 The valine requirem ent of chinook  
salm on. Growth response as percentage based on 
in itia l weights at different levels of valine in  the 
dry diet.

110-

6 0 -

5ol-------1-------1-------1-------1------ 1— —
1.0 1.5 2.0 2.5 3.0 3.5

PER CENT PHENYLALANINE+TYROSINE

Fig. 6 The phenylalanine (p lus tyrosine) re
quirem ent of chinook salm on. Growth response 
based on in itia l w eights at different levels of 
phenylalanine and tyrosine in  the dry diet.

TA B LE 9

Growth data for phenylalanine 1

Phenylalanine 
in dry diet 1 2

No.
fish 3

Initial
weight Gain Feed/g

gain

% 9 % 9
0.96 2 0 0 (3 ) 2.60 70 1.37
1.50 2 0 0 ( 3 1 ) 4 2.60 87 1.24
2.00 2 0 0 (2 ) 2.62 98 1.15
2.50 2 0 0 (4 ) 2.62 100 1.17
3.00 2 0 0 (3 ) 2.62 102 1.17
3.50 2 0 0 (4 ) 2.72 100 1.17
Basal d ie t5 2 0 0 (4 ) 2.49 91 1.22

1 Conducted for 8 weeks during summer of 1959 with spring run salmon from Eagle Creek 
National Fish Hatchery, Estacada, Oregon.

2 Includes 0.35% of tyrosine in basal diet.
3 Numbers in parentheses indicate mortality.
4 High mortality results from fish jumping from unscreened trough during third week of 

experiment.
5 Contained an indispensable amino acid pattern similar to that of whole egg protein.
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The quantitative phenylalanine require
ment. Results from  this experim ent indi
cated tha t phenylalanine plus tyrosine re
quirem ent was approximately 2 .1 % of the 
dry diet, or the phenylalanine requirem ent 
was 1.7% of the diet in  the presence of 
0.4% of tyrosine (table 9 and fig. 6 ). It 
has been assum ed tha t tyrosine spared a 
part of the phenylalanine requirem ent as 
in  other species. Expressed as a percent
age of the protein, the combined phenyl
alanine plus tyrosine requirem ent was 
about 5.1% . In comparison, young chicks 
require 1.4% phenylalanine plus tyrosine 
in  the diet or 7.0% of the dietary protein
(1 7 ). Similarly, the requirem ent for the 
young ra t has been reported by Rose and 
W omack (2 4 ) as 0.9% of the diet or about 
6 to 7% of the protein. Mertz et al. (2 5 ) 
reported the requirem ent of w eanling pigs 
to be about 0.5% of the diet or 3.6% of 
the total protein. Thus the combined phe
nylalanine plus tyrosine requirem ent of 
the chinook salmon fingerlings expressed 
as a percentage of the dietary protein ap
peared to be w ithin the range of require
m ents reported for other species.
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Effect of Protein Intake on the Ribonucleic Acid 
of Liver Cell Sap * 1

H. N . MUNRO, ELIZABETH J. T. McLEAN a n d  HAZEL J. HIRD
Institute of Biochemistry, The University, Glasgow, Scotland

ABSTRACT  The RNA content and am ino acid-incorporating capacity of rat liver 
cell sap was studied w ith 3 groups of anim als, (a )  rats that had been fed  a protein- 
free diet, (b )  rats in  the post-absorptive state after receiving a diet of adequate protein 
content, and ( c )  rats actively absorbing am ino acids from a recent m eal of protein. 
Cell sap prepared from  anim als of the second dietary group had a higher RNA content 
than that from  either of the other groups, but showed a reduced capacity to incorporate 
leucine-C14 in  relation to the am ount of RNA present. By centrifugation for 3 hours 
at 105,000 x  g, a precipitate (post-m icrosom al fraction) w as isolated from  the cell sap. 
The effect of protein intake on the RNA content and am ino acid-incorporating capacity  
of cell sap was shown to be due entirely to changes occurring in  this post-microsomal 
fraction. These changes m ay be the effect of accum ulation in  the post-microsomal 
fraction of breakdown products from the endoplasm ic reticulum , w hich is known to 
be sensitive to protein intake.

W hen rats are fasted ( 1 ) or are given a 
protein-free diet (2, 3) a considerable part 
of the RNA of the liver is lost during the 
first 2 days of protein deficiency. There
after, the RNA content of the liver tends 
to become constant at a lower level. Munro 
and Clark (4 )  concluded tha t the labile 
RNA thus lost from  the liver is derived 
from the endoplasmic reticulum , which has 
been shown by electron microscopy to di
m inish with protein deficiency (5, 6 ). Im 
mediately after removing protein from  the 
diet and coincident with the rapid loss of 
liver RNA, the uptake of labeled precursors 
of RNA is greatly reduced (7 ) . It has 
therefore been suggested tha t fragm ents 
of RNA released from the disintegrating 
endoplasmic reticulum  into the cell sap 
are responsible for diluting the labeled pre
cursors. W hen protein is once more fed 
to such anim als, uptake of labeled pre
cursors by liver RNA is greatly increased 
and this has been taken to indicate a cessa
tion of the breakdown of the reticulum  (7).

If this interpretation of the response of 
liver RNA metabolism to protein intake is 
correct, the RNA of the liver cell sap may 
show alterations resulting from variations 
in  the ra te of breakdown of endoplasmic 
reticulum  with diet. A study was therefore 
m ade of the influence of diet on the RNA 
of cell sap prepared by centrifuging a 
hom ogenate of liver for one hour at

105.000 X g. This was then fractionated 
by centrifugation for a further 3 hours at
105.000 X g, which precipitated a pellet, 
the post-microsomal fraction (8). The re
sults show th a t the level of protein in  the 
diet does not affect the am ount of RNA in 
the final supernatant fraction from  the 3- 
hour separation procedure or the capacity 
of this RNA to accept activated amino acids. 
However, variations in  protein intake in 
fluence the am ount and properties of the 
RNA in the post-microsomal fraction. It 
has been concluded that part of the RNA 
of the post-microsomal fraction m ay in 
clude the products of RNA breakdown 
coming from  other parts of the liver cell. 
A prelim inary report of these observations 
has appeared (9 ) .

METHODS

Anim als and diets. Male albino ra ts of 
about 180 g were caged separately and fed 
the quantities of protein-free or protein- 
containing diets described previously ( 1 0 ). 
The total daily food intake per ra t provided
8.0 g carbohydrate, and 0.5 g fa t for the 
protein-free diet and 5.6 g carbohydrate, 
2.4 g protein and 0.5 g fat for the protein- 
containing diet; both diets contained ade-

Received for publication February 15, 1964.
1 We are grateful to the Advisory Committee for 

Medical Research of the Department of Health for 
Scotland and to the British Empire Cancer Campaign 
for financial assistance supporting this project.

186 J. N u t r i t i o n ,  83: ’64



P R O T E IN  IN T A K E  A N D  L IV E R  RN A 187

quate quantities of vitam ins and m inerals. 
These diets were fed twice daily in  fixed 
amounts. The m orning m eal contained 
carbohydrate, fa t and vitam ins and the 
evening m eal contained carbohydrate, fa t 
and protein; for anim als fed the protein- 
free regim en, carbohydrate was substituted 
isocalorically for the protein of this meal. 
The anim als quickly learned to consume 
each m eal promptly. After the anim als had 
been fed the diet for 5 days, they were 
killed in the m orning in the fasting state, 
the last m eal of the protein-containing or 
protein-free diet having been consumed 
18 hours before death except for some of 
the rats fed the protein-containing diet 
which were given 2.5 g of casein 1.5 hours 
before killing. In this way, 3 dietary groups 
were ob tained: ( 1 ) ra ts in  a depleted con
dition as the result of eating a protein- 
free diet, ( 2 ) rats in the post-absorptive 
state after a diet of adequate protein con
tent, and (3 )  ra ts actively absorbing amino 
acids after a recent m eal of protein.

Preparation of liver-cell fractions. Liv
ers from 3 to 4 ra ts fed each diet were 
pooled, suspended in 2.5 volumes of the 
medium  of Rendi and Campbell (1 1 ) and 
disintegrated in  a Potter-Elvehjem (12 ) 
homogenizer. The homogenate was then 
fractionated to obtain quantitative recovery 
of the cell sap. Unbroken cells, nuclei and 
m itochondria were removed by centrifug
ing for 10 m inutes at 6500 X g; the super
n a tan t fluid obtained was then centrifuged 
at 105,000 X g for one hour in  the Spinco 
Model L ultracentrifuge (Rotor 40) to pre
cipitate the microsome fraction. This sec
ond supernatan t fluid is referred to in the 
text as the “one-hour cell sap.” In most of 
the experim ents, the one-hour cell sap 
was centrifuged for a fu rther 3 hours at
105,000 X g to yield a precipitate, the 
“post-microsomal pellet” and a final super
n a tan t fluid, the “3-hour cell sap.” Finally, 
the surface of the post-microsomal pellet 
was washed with homogenization medium 
and the fraction suspended in a small vol
ume of the same m edium  for use.

In one series of experim ents, 2 micro- 
some fractions (light and heavy) were pre
pared by removing debris, nuclei and m ito
chondria as above and then centrifuging 
the homogenate for one hour at 18,000 
X g to yield a pellet of heavy microsomes

and finally centrifuging the supernatant 
fluid at 105,000 X g for one hour to give 
a sedim ent of light microsomes (1 3 ).

M easurement of protein and RN A con
tent of fractions. Protein was estim ated 
by the procedure of Lowry et al. (1 4 ) and 
RNA by ultraviolet absorption at 260 mu 
after treating the fractions with cold 0.4 
n  HCICh to remove soluble nucleotides, fol
lowed by 2 extractions with 0.4 n  HC104 at 
70°C for 20 m inutes to extract the RNA. 
The total RNA content of the cell fractions 
is expressed per 100 g initial body weight 
of the anim als to allow for differences in 
the size of the livers at the start of the 
experim ental diets.

Uptake of labeled amino acids by the cell 
fractions. The one-hour cell sap and the
3-hour cell sap preparations and the sus
pension of post-microsomal pellet in m e
dium were each adjusted to pH 5.2 by the 
addition of n  acetic acid (1 5 ). Such a 
procedure gives an active preparation of 
activating enzymes and transfer RNA from 
cell sap (1 5 ). The precipitate formed was 
separated centrifugally and redissolved in 
the homogenization medium. Portions of 
the pH 5 precipitates from  the appropriate 
source containing equal am ounts of RNA 
(about 100 to 200 ug in  different experi
m ents) were placed in  incubation tubes, to 
which were added 10 nmoles ATP 5 and 
1 nc DL-leucine-C14 3 and the volume made 
to 1 ml by the addition of homogenization 
medium. After incubation at 37° for 10 
m inutes the reaction was term inated by 
chilling in  ice, followed by the addition of 
5 volumes of 0.4 n  HC104 at 0°. The pre
cipitate was washed 3 times with cold 0.2 
n  HC104, twice with ethanol:ether:ch loro
form ( 2 :2 : 1 ) and finally with ether. 
Thereafter, the precipitate was allowed to 
dry in air at room tem perature ( 1 1 ).

The dry lipid-extracted residue was then 
used for the m easurem ent of ( a )  the total 
uptake of leucine-C14, (b )  the uptake into 
protein (the activity rem aining after ex
traction with hot HCIO4), and (c )  the 
am ount of RNA left at the end of incuba
tion. To m easure the total leucine-C14 up
take, the residue left after lipid extraction 
was dissolved in  about 0.1 ml of n  NaOH 
and transferred quantitatively, with wash-

2 Disodium salt, Sigma Chemical Company, St. Louis.
3 Radiochemical Centre, Amersham.
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ings, to a lens-paper disc on a stainless 
steel planchet. In  confirmation of Garrow 
and Piper (1 6 ) , this technique gave a con
stan t self-absorption w ith samples of dif
fering protein content. To obtain the 
am ount of leucine incorporated into the 
protein fraction, parallel samples were 
incubated as above and the dry lipid-free 
powder obtained after treatm ent with fa t 
solvents was extracted twice with 0.4 n  
HCIO4 for 20 m inutes at 70°. The protein 
residue rem aining after this extraction was 
dissolved in  0.1 ml n  NaOH and plated as 
above. The absorption of the perchloric 
acid extract was m easured at 260 mu to 
give the am ount of RNA present at the 
end of incubation.

The planchéis were counted to 1000 
counts using an end-window Geiger-Miiller 
counter in  the first series of experiments 
(table 1) and a Nuclear-Chicago window
less counter in  subsequent experiments. 
Activities have been expressed as coun ts/ 
m inute/m illigram  RNA rem aining at the 
end of incubation.

TA BLE 1

Effect of  prote in intake on the am ount of RNA  
in  one-hour cell sap prepared from  ra t  liver and  
on the capacity  of cell sap to accept leucine-C14.

Dietary group 1 RNA/100 g 
body wt

Uptake of 
leucine-C14 

by pH 5 
enzyme 2

mg count/min/  
mg RNA

Protein-depleted 2.41 460

Adequate protein
(fasting  18 hr) 3.03 360

Adequate protein
(fed  protein 2 hr) 2.60 470

1 The results are the mean data from 5 animals in
e a c h  d ie ta ry  group .

2 A G eiger-M iille r en d -w in d o w  c o u n te r  w as  u s e d  fo r  
ra d io a c tiv e  a ssay s. U p ta k e  o f  leu c in e-C 14 p e r  m il l i 
g ra m  R N A  w as  s ig n if ic a n tly  in f lu en c e d  by  d ie t 
( P  <  0.05 by  a n a ly s is  o f v a r ia n c e ) .  F ro m  th e  r e s id u a l 
e r ro r  v a r ia n c e , th e  s ta n d a rd  e r ro r  p e r  g ro u p  w as  com 
p u te d  to  be 4; 29 ; co n se q u e n tly  th e  seco n d  d ie ta ry  
g ro u p  d iffe rs  s ig n if ic a n tly  f ro m  th e  o th e r  tw o, w h ic h  
a re  n o t s ig n if ic a n tly  d if fe re n t f ro m  one  an o th e r .

Chromatography of RNA on Ecteola col
um ns. The RNA from  each fraction was 
extracted by the modified phenol procedure 
proposed by Hoagland et al. (1 7 ). The ex
tracted RNA was applied to a column 3.5 
cm by 1.5 cm of Ecteola * (capacity 0.41 
m E q /g ) by the technique of Goldthwait

(1 8 ). The fractions of RNA were eluted 
successively with an  increasing gradient 
of NaCl in  phosphate buffer (240 m l) fol
lowed by 50 ml of M NaCl, then a gradient 
of NH4OH in  phosphate buffer (200 m l) 
and finally 50 m l of n  NaOH. Approxi
m ately 600 ng of RNA were applied to each 
column and the ultraviolet absorption was 
m easured on 5 m l aliquots of the eluates.

Nucleotide composition of RNA. The 
nucleotide composition of RNA from  cell 
sap and post-microsomal pellet was exam 
ined in  relation to the diet previously fed 
to the rats. Specimens of RNA prepared 
by the phenol procedure were hydrolyzed 
in 0.3 n  KOH for 18 hours at 37° and the 
nucleotides were separated by the paper 
chrom atographic method of Lipshitz and 
Chargaff (1 9 ). The am ounts of each n u 
cleotide were then m easured by ultraviolet 
absorption at 2 wavelengths on eluates 
from the paper.4 5

RESULTS AND DISCUSSION

On the basis of previous studies (4, 7 ), 
it is believed tha t part of the RNA in the 
liver cells of previously well-fed anim als 
becomes unstable when they are given a 
protein-free diet or are fasted for a few 
hours. This unstable RNA disappears after 
a few days of protein depletion or during 
the period when protein is being absorbed 
from the alim entary tract after a meal. 
The unstable RNA involved in  these dietary 
responses is believed to be associated with 
the endoplasmic reticulum  (4 ) . The ex
perim ents reported below were carried out 
on protein-depleted rats, ra ts fasting  after 
an adequate intake of protein and ra ts 
absorbing a m eal of protein.

Experim ents w ith  one-hour cell sap. 
Table 1 shows the effect of protein intake 
on the RNA of cell sap prepared by centri
fuging liver homogenates for one hour at
105,000 X  g ( “one-hour cell sap”). The 
total am ount of RNA recovered in  the cell 
sap was somewhat greater in  the group of 
ra ts  fasting after receiving a protein-con
taining diet than  for either the protein- 
depleted anim als or the anim als fed protein 
shortly before death. Rats fasting for a 
few hours after receiving a diet containing

4 E c teo la , S e rv a , H e id e lb erg .
5 W e a re  in d e b te d  to  G. C. B a r r  fo r  m a k in g  th e se  

re s u lts  a v a ila b le  to  us.
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protein lose RNA rapidly from  their livers 
(2, 3 ), and the additional cell sap RNA 
may represent an  accum ulation of break
down products.

W hen pH 5 enzyme preparations made 
from cell sap of the different dietary groups 
were incubated with leucine-C14, uptake 
was almost exclusively associated with the 
RNA of the fraction, since it could be ex
tracted with hot HCIO4. Incorporation per 
milligram  RNA varied with diet, but in  the 
opposite direction to the changes in  the 
am ount of RNA (table 1). It was signifi
cantly less for the ra ts fasting after receiv
ing a protein-containing diet, the decrease 
being of the same order of m agnitude as 
the increase in  the am ount of RNA in the 
cell sap of this group.

It was concluded th a t the RNA in  the 
one-hour cell sap of anim als fasting after 
receiving a diet adequate in  protein is di
luted with ex tra RNA of a kind which does 
not accept activated amino acids.

Experim ents w ith  3-hour cell sap and 
post-microsomal pellet. Cell sap prepared 
by centrifuging a ra t liver homogenate for 
one hour at 105,000 X g is known to be 
heterogeneous (8, 17). By centrifuging one- 
hour cell sap for 3 hours at 105,000 X g, 
a post-microsomal pellet can  be sedimented
(8 ) , leaving a supernatan t fluid, referred 
to here as “3-hour cell sap.” In  view of the 
effect of protein intake on the RNA of 
one-hour cell sap, the action of diet on the 
RNA of each of its com ponents was ex
amined. Table 2 shows th a t the am ount 
of RNA in  the 3-hour cell sap does not vary 
significantly with diet, but tha t the RNA 
sedim ented in  the post-microsomal pellet 
is greater for anim als fasting after a pro

tein-containing diet than  for the other 2 
groups. Consequently, diet has a signifi
cant influence on the ratio of post-micro
somal RNA to 3-hour cell-sap RNA (table 2).

Uptake of leucine-C14 by pH 5 fractions 
prepared from  the post-microsomal fraction 
and from  the 3-hour cell sap was examined 
under the same conditions as those used 
for studying the uptake of leucine by the 
pH 5 fraction from  one-hour cell sap. Pro
tein intake did not influence the capacity 
of the pH 5 fraction derived from  the 3- 
hour cell sap to accept leucine-C14 (table 3).

The pH 5 precipitate from  the post- 
microsomal fraction also took up the la
beled amino acid but to a m uch sm aller 
extent. This uptake was not the result of 
contam inating cell sap, since it could not 
be elim inated by resuspension and repre
cipitation at 105,000 X g. Since more than  
90% of the activity incorporated into the 
fraction could be extracted with hot HCICL, 
it was assumed to be associated with post- 
microsomal RNA, which is also extracted 
by this procedure. In  contrast with the 
observations with 3-hour cell sap, incorpo
ration by the post-microsomal fraction was 
affected significantly by diet (table 3 ). 
Uptake of leucine was greater for the post- 
microsomal pellet prepared from  the pro
tein-depleted ra ts th an  for the other 2 
dietary groups, both of which were receiv
ing diets containing protein. It therefore 
appears probable tha t the additional RNA 
in the post-microsomal pellets of the pro
tein-fed groups (table 2 ) is due to the 
presence of a different species of RNA 
which dilutes their capacity to accept 
leucine-C14. In  confirmation of this, the 
total capacity of the post-microsomal RNA

t a b l e  2
Effect of  prote in intake on the am ount of RNA in 3-hour cell sap and post-microsomal pellet

RNA in fraction/100 g body wt 
Post-

Dietary group i 3.hr cell Post. microsomal
sap microsomal 3 ^

cell sap 2
mg mg

Protein-depleted 3.19 0.88 0.28
Adequate protein (fastin g  18 h r) 3.17 1.31 0.41
Adequate protein (fed  protein 2 hr) 3.65 1.23 0.33

1 The results are the mean data from three animals in each dietary group.
2 The ratio of post-microsomal RNA to cell sap RNA is significantly affected by diet (P <  0.02 

by analysis of variance). From the residual error variance, the standard error per group was com
puted to be ±  0.02; consequently, the second dietary group ratio differs significantly from the other 
two, which are not significantly different from one another.
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TA BLE 3

Effect of protein intake on the uptake of leucine-C14 by the pH  5 fractions  
of 3-hour cell sap and post-microsomal p e l l e t 1

Specific a c tiv ity  o f f r a c t io n  T o ta l a c tiv ity  o f f r a c t io n  4

Dietary group 2 3-hr 
cell sap

Post-
microsomal 

pellet 3
3-hr 

cell sap
Post-

microsomal
pellet

count ! min /  mg RNA count/min/total fraction
Protein-depleted 4 5 8 0 (1 4 3 ) 9 7 0 (1 1 0 ) 14 ,600(455) 8 5 0 (9 7 )

Adequate protein
(fa stin g ) 4 5 0 0 (1 6 5 ) 6 4 0 (8 8 ) 14 ,300(520) 8 4 0 (7 3 )

Adequate protein
(fed ) 4 0 4 0 (1 1 8 ) 6 7 0 (1 1 8 ) 14 ,800(450) 8 3 0 (8 6 )

1 T h e  co n d itio n s  o f th e  e x p e r im e n t w e re  id e n t ic a l  to  th o se  u s e d  in  ta b le  1 e x ce p t th a t  a  N u c le a r  
C h icag o  w in d o w le ss  gas-flow  a u to m a tic  c o u n te r  w as  u sed . T h e  n u m b e rs  in  p a re n th e se s  a re  th e  
a m o u n ts  o f ra d io a c tiv ity  re m a in in g  a f te r  e x tra c tio n  w ith  h o t HCIO 4 ex p re sse d  as c o u n t /m in /m g

A. extracted*
2 E a c h  e n try  re p re s e n ts  th e  m e a n  r e s u lt  o b ta in e d  fro m  3 e x p e r im e n ts , in  e a c h  o f w h ic h  th e  liv e rs  

o f 3 to  4  r a ts  fe d  e a c h  d ie t  w e re  poo led .
3 D ie t h a d  a  s ig n if ic a n t e ffec t on  th e  specific  a c tiv ity  o f th e  p o s t-m ic ro so m a l f r a c t io n  (P  <  0.01 

by  a n a ly s is  o f  v a r ia n c e ) .  T h is  is  d u e  to  a  s ig n if ic a n t d iffe ren ce  b e tw ee n  th e  specific! a c tiv ity  o f  th e  
f irs t d ie ta ry  g ro u p  a n d  th a t  o f  th e  o th e r  2  g ro u p s , w h ic h  do  n o t d iffe r f ro m  on e  a n o th e r .

4 T h e  to ta l  a c t iv ity  o f e a c h  f r a c t io n  w as  o b ta in e d  by  m u ltip ly in g  th e  specific  a c tiv ity  b y  th e  a m o u n t 
o f R N A  in  th e  f r a c t io n  p e r  100 g body  w e ig h t. T h e re  w e re  n o  s ig n if ic a n t e ffec ts  o f d ie t o n  th e  
to ta l  a c tiv ity .

TA BLE 4

Comparison of the effect of prote in intake on the uptake of leucine-C14 
by post-microsomal pellet  and by two m icrosomal fractions

Dietary group 1 Post-microsomal
pellet

RNA recovered 2 
Light

microsomes
Heavy

microsomes
count/min/mg count/min/mg count/min/mg

Protein-depleted 1,120 303 201
Adequate protein (fa stin g ) 422 456 188
Adequate protein (fed ) 930 359 215

1 T h e  re s u lts  a re  th e  m e a n  d a ta  f ro m  2  a n im a ls  fe d  e a c h  d ie t.
2 D ie t h a d  n o  s ig n if ic a n t e ffec t on  th e  in c o rp o ra tin g  c a p a c ity  o f  e i th e r  o f th e  m ic ro so m a l f ra c tio n s .

to accept labeled leucine (obtained by m ul
tiplying the quantity of RNA in the pellet 
by its specific activity after incubation with 
leucine-C14) was not affected by the dietary 
conditions (table 3). These changes in  the 
am ount and the specific activity of the 
post-microsomal RNA with different diets 
are adequate to explain the observations 
( table 1 ) m ade with the one-hour cell sap 
preparations, which include this m aterial.

Before carrying out further investiga
tions of the properties of the post-micro
somal pellet, it was of im portance to estab
lish whether this variation in  ability to 
incorporate leucine with changes in diet 
was confined to the post-microsomal frac
tion. In table 4, the capacity of post-micro- 
somal RNA to incorporate leucine is com
pared with th a t of a heavy and of a light 
microsome preparation. Uptake by the

post-microsomal fraction is greater than  by 
the microsome fractions and is the only cell 
fraction to show variations with previous 
diet.

Effect of  diet on the molecular hetero
geneity of post-microsomal RNA.  RNA, 
extracted from the post-microsomal frac
tion by the phenol m ethod (1 7 ) , was re 
solved by chrom atography on columns of 
Ecteola, using successively a gradient of 
NaCl in  phosphate buffer, m  NaCl, a 
gradient of NH4OH in  phosphate buffer 
and finally a solution of n  NaOH. For the 
protein-depleted anim als, the post-micro
somal RNA showed only 2 peaks of u ltra
violet absorption, one in  the NH,OH gra
dient and one in  the NaOH eluate, a 
pattern  sim ilar to that shown by m icro
somal RNA. The RNA extracted from  the 
post-microsomal pellet of anim als fed the
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TA B LE 5

Nucleotide composition of RNA from post-microsomal pellet

Dietary group 1
Nucleotide content

Adenylic
acid

Gu any lie 
acid

Cytidylic
acid

Uridylic
acid

Pseudo
uridylic 

acid 2
% % % % %

Protein-depleted 18.8 32.1 29.7 17.7 2.0
Adequate protein (fa stin g ) 19.6 31.6 30.1 17.7 1.6
Adequate protein (fe d ) 18.8 31.3 29.6 18.5 2.0

1 T h e  re s u lts  a re  th e  m e a n  d a ta  fro m  5 a n im a ls  in  e a c h  d ie ta ry  group .
2 T h e  e ffec t o f d ie t on  th e  p seu d o u r id y lic  a c id  c o n te n t o f p o s t-m ic ro so m a l R N A  is  s ta t is t ic a lly  

s ig n if ic a n t (P <  0 .0 5 ). F ro m  th e  re s id u a l  e r ro r  v a r ia n c e , th e  s ta n d a rd  e r ro r  p e r  g ro u p  w as  co m p u te d  
to  be  ±  0 .1 ; c o n se q u e n tly , th e  seco n d  d ie ta ry  g ro u p  d iffe rs  s ig n if ic a n tly  fro m  th e  o th e r  tw o , w h ic h  
w ere  n o t s ig n if ic a n tly  d if fe re n t f ro m  one a n o th e r .

protein-containing diet was more hetero
geneous, usually showing ultraviolet ab
sorbing m aterial distributed throughout 
most of the NaCl gradient and the whole of 
the NH4OH gradient; this pattern  appeared 
especially in  anim als fasting after receiv
ing the protein-containing diet. This addi
tional heterogeneous ultraviolet-absorbing 
m aterial probably represents oligonucleo
tides and RNA fragm ents, an observation 
which is in  agreem ent with our hypothesis 
(7 )  that, when an anim al is fasted after 
receiving a diet adequate in  protein con
tent, the endoplasmic reticulum  breaks 
down and releases fragm ents of RNA.

Effect  of diet on the nucleotide compo
sition of post-microsomal RNA.  Changes 
in the RNA of the post-microsomal fraction 
after feeding different diets were also ex
plored by exam ining the nucleotide com
position of the RNA. The post-microsomal 
RNA contained an appreciable am ount of 
pseudouridylic acid (table 5 ), which was 
greater than  the content in  microsomal 
RNA but less th an  that of cell sap RNA 
(2 0 ) . The pseudouridylic acid content of 
post-microsomal RNA changes significantly 
with diet, being lowest in  anim als fasting 
after a protein-containing diet. This die- 9. 
tary group also had the largest am ount of 
RNA in the post-microsomal fraction (table 
2 ), and it m ay be concluded that the extra io. 
RNA is low in pseudouridylic acid. It is 
therefore relevant to note tha t an RNA 
species associated with the m em branous 
portion of the microsomes is devoid of this 
nucleotide (2 0 ). This observation is com
patible w ith the thesis tha t the variable 12- 
RNA com ponent of the post-microsomal 
fraction comes #from  breakdown of endo- 53. 
plasmic reticulum .
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Biochemical Changes in Progressive 
Muscular Dystrophy
II. PHOSPHORUS METABOLISM IN NORMAL, NUTRITIONAL 
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ABSTRACT  The distribution pattern of total phosphorus (T P ), total inorganic 
phosphorus (T P i) , total acid-soluble phosphorus (T A SP ), total acid-insoluble phos
phorus (T A IP ), adenosine triphosphatase, and creatine in  the m uscle, liver and brain  
of experim ental anim als w ith  nutritional (v itam in  E ) and hereditary dystrophy was 
studied. ATP and creatine phosphate concentration w as greatly reduced in the m uscle  
of dystrophic anim als. In contrast, ATPase activity in  this tissue increased consider
ably; in  the liver, ATP decreased but the concentration of creatine increased markedly.
In the brain of these dystrophic anim als, these concentrations did not undergo any 
significant changes. TP, TPi, TASP and TAIP also increased to various degrees in  the 
m uscles o f  these dystrophic anim als, depending upon the severity of the disease and 
also on the origin of the disease, nam ely, whether the anim al had nutritional or 
hereditary dystrophy. In the liver of the dystrophic rabbit, TP, TPi, TASP and TAIP 
showed considerable increases in  concentration; on the other hand, in  the liver of dys
trophic m ice, TP, TASP and TAIP decreased and TPi increased. In the brain of rabbits 
with nutritional dystrophy, the concentration of these w as also elevated, but to a m uch  
lesser extent; whereas in  the brain of severely affected m ice, TP and TAIP showed  
considerable increases w ith  no significant change in  TPi and TASP.

Num erous studies on phosphorus m e
tabolism in the muscles of all laboratory 
anim als with nu tritional dystrophy show 
without exception an  abnorm al phospho
rous m etabolism in  the affected muscle 
(1 -5 ) . Similar studies on the muscles of 
mice with hereditary dystrophy are few 
and less inform ative. Therefore, we have 
undertaken an investigation of the dis
tribution pattern  of phosphorus in  various 
acid-soluble and acid-insoluble fractions of 
skeletal muscles of rabbits severely affected 
by a vitam in E-deficient diet. For com
parison, we also studied mice with m us
cular dystrophy, both dietary and heredi
tary.

High energy phosphate compounds such 
as adenosine triphosphate (ATP) and crea
tine phosphate (C P) are im portant in  sup
plying and storing energy for muscle con
traction. Any m easurable dim inution in 
the concentrations of ATP and CP in the 
muscles and livers of affected anim als 
m ight be construed as a gradual im pair

m ent of ATP and CP synthesis in  these 
tissues during the progress of the disease. 
Variations in  the activity of ATPase also 
have been investigated, since this enzyme 
may control the contraction and relaxation 
of muscle (6 -7 ) .  The results of our experi
m ents are described in  the present paper.

MATERIAL AND METHODS

Twenty young white rabbits of New 
Zealand strain, weighing approximately 
1000 g each, were kept separately in  m e
tabolic cages and fed a vitam in E-deficient 
diet; the composition of the diet has been 
previously described by Srivastava et al. (8). 
The progress of the disease was followed 
routinely by m easuring the urinary  excre
tion of creatine and creatinine. The same 
vitam in E-deficient diet was supplied to a 
control group of 10 rabbits of approxi
m ately the same age and weight, except

R eceived  fo r  p u b lic a tio n  F e b ru a ry  21 , 1964.
1 T h is  w o rk  w as  su p p o rte d  by  g ra n t  no . 1267 fro m  

th e  M ed ica l R ese a rch  C o u n c il o f C an a d a .

J . N u t r i t i o n , 6 3 :  ’64 193
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that a supplem ent of an adequate am ount 
of vitam in E, was added.

At regular intervals during the entire 
period of 26 days (26 to 28 days are gen
erally required for complete development 
of dystrophy) 2 rabbits from each group 
(experim ental and control) were decapi
tated. Roughly 1 to 2 g of skeletal muscle 
(h ind  leg), liver and brain of each anim al 
were quickly removed, blotted between fil
ter paper, freed of connective tissue, fat, 
et cetera, and then chilled in  ice; 0.5 g of 
each of these tissues was separately ho
mogenized in  10 m l of 0.85% cold NaCl 
solution at 0°C in a Virtis homogenizer for 
3 m inutes at 5000 rpm. An ice bath was 
used to prevent the tem perature from  ex
ceeding 2°C. The tissues were homog
enized for 30 seconds, then allowed to 
cool for 30 seconds, and the cycle was re
peated until a total homogenization time of 
3 m inutes had been completed. For the 
homogenization of liver and brain, a 
Dounce homogenizer was used. The same 
quantity of tissue in  the same volume of 
cold NaCl was homogenized at 0°C. To 
each 5 ml of these homogenates an equal 
volume of 10% cold trichloroacetic acid 
was added, the m ixture was allowed to 
stand for 2 hours in  a refrigerator and then 
was centrifuged at 0°C for 10 m inutes in 
an International centrifuge at 3000 rpm. 
The TCA extract thus obtained was used 
to determ ine total inorganic phosphorus 
(T P i),3 total acid-soluble phosphorus 
(TASP), 7-minute hydrolyzable phospho
rus and creatine. The TPi was determined 
directly from the TCA extract; for TASP, 
an aliquot of this TCA extract was digested 
with 5 N  H2SO4, m ade up to 10 m l and 
then a part of this was used for phosphorus 
determ ination. One m illiliter of the ho
m ogenate was digested with 36 n  H zS0 4 
for total phosphorus (T P ); for total acid- 
insoluble phosphorus (TAIP) determ ina
tions, the residue rem aining after the 
addition of TCA to the homogenate was 
washed twice with 5% cold TCA, and then 
digested with concentrated 36 n  H2S 04. 
The 7-minute hydrolyzable phosphorus was 
determ ined by heating an aliquot of the 
same TCA extract for 7 m inutes in  a boil
ing w ater bath prior to phosphorus anal
ysis (9 ) . In all cases phosphorus was de
term ined by the method of King (1 0 ) and

creatine was estim ated by the diacetyl re
action (11).

In  a second series of experim ents 20 
male mice,4 30 to 90 days old, having here
ditary dystrophy, were so chosen that 10 
of them  exhibited a 50 to 60% 5 degree of 
the disease and the other ten, 90 to 95% 6 
dystrophy. Ten m ale norm al litterm ates of 
the same age served as controls. All re
ceived commercial mouse p e lle ts7 and 
water. Two from each of the 2 groups of 
experim ental anim als and two from  the 
control group were killed on alternate days. 
The liver, muscle and brain  from these 
anim als were removed and homogenized 
in  an Potter-Elvehjem homogenizer at 0 DC 
and used for the determ ination of TP, 
TAIP, TPi, TASP, ATP and creatine.

For ATPase activity determ ination in  the 
muscles of the rabbits and mice with differ
ent degrees of nutritional and hereditary 
dystrophy, respectively, 1.0 g of muscle 
was homogenized in  10 m l of 0.25 m  su
crose in  Virtis homogenizer and then fil
tered twice through 4 layers of fine cheese
cloth. The homogenate was centrifuged at 
600 X g for 10 m inutes in  an International 
centrifuge to remove the unbroken cells, 
nuclear m aterials, et cetera, and then cen
trifuged again at 2000 X g at 0°C for 10 
m inutes. The sediment, consisting largely 
of m itochondria, was suspended in  cold 
glass-distilled water, subjected to freezing 
and thawing 3 times and then was used for 
the determ ination of ATPase activity. The 
ATPase activity was m easured by the 
method described by Sarkar et al. (12 ). 
Protein was determ ined by the m ethod of 
Lang (1 3 ).

R E S U L T S

Changes in  concentration of total phos
phorus, inorganic phosphorus, acid-soluble

3 T o ta l in o rg a n ic  p h o s p h a te  (T P i)  re p re s e n ts  th e  
“p h o s p h o ru s ”  th a t  c a n  be  d ire c tly  e s tim a te d  in  TCA 
e x tra c t  a n d  th e re fo re  in c lu d e s  th e  c re a t in e  “p h o s 
p h o ru s ,” s in ce  w e h a v e  o b serv ed  th a t  c re a t in e  p h o s 
p h a te  (C P )  u n d e rg o e s  co m p le te  h y d ro ly s is  a t  room  
te m p e ra tu re  u n d e r  th e  c o n d itio n s  o f th e  e x p e r im e n t.

4 M ice o f  s t r a in  no . 129 a n d  gen o ty p e  o f AwAwCch 
p /c p ,  o b ta in e d  f ro m  R oscoe B. J a c k s o n  M em o ria l 
L ab o ra to ry , B a r  H a rb o r, M ain e , e x h ib ite d  v a r io u s  d e 
grees o f h e re d ita ry  m u s c u la r  d y s tro p h y .

5 T h ro u g h o u t th e  te x t, w h e re v e r  50 to  60%  o r 90 
to  95%  d y s tro p h y  is  u sed , i t  is  im p lie d  th a t  th e  
d isea se  h a s  a c tu a lly  d eveloped  in  e a c h  in d iv id u a l  
a n im a l  to  th a t  e x te n t. O ne h u n d re d  p e r  c e n t  dys
tro p h y  h a s  b e en  a rb i t r a r i ly  ch o se n  to  in d ic a te  th e  
s tag e  o f th e  d isea sed  c o n d itio n  w h e n  th e  a n im a l  dies.

6 See fo o tn o te  5.
7 P u r in a  M ouse  P e lle ts , R a ls to n  P u r in a  C o m p an y , 

St. L ou is.
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and acid-insoluble phosphorus in  m uscle , 
liver mid brain. In  table 1 are shown the 
variations in the distribution of phosphorus 
into acid-soluble and acid-insoluble frac
tions as observed in  the affected muscles 
of rabbits and mice with progressive n u 
tritional and hereditary dystrophy, respec
tively. The concentrations of the different 
phosphorus compounds observed in  the 
various fractions increased to varying de
grees, depending upon the severity and 
cause of the disease (nam ely, whether the 
disease had been caused by nutritional de
ficiency or heredity). Normally the con
centration increased more, expressed as 
per un it weight of wet tissue, in  dystrophic 
rabbit muscle than  in  dystrophic mouse 
muscle. For example, in the skeletal m us
cle of rabbits exhibiting 90 to 95% of the 
disease, TP, TPi, TASP and TAIP increased 
by 45, 60 to70, 50 and 30% , respectively, 
whereas in the muscles of mice with hered
itary dystrophy, having the same degree of 
severity of the disease as the rabbits, in 
creases of 35, 40, 42 and 33% in TP, TPi, 
TASP and TAIP, respectively, were ob
served. Even when the disease had prog
ressed only to 50 to 60% , the concentra

tions of TP, TPi, TASP and TAIP increased 
considerably although to a lesser extent 
than  the corresponding changes observed 
with severely affected muscles.

Changes in  the concentrations of TP, 
TPi, TASP and TAIP in  the livers of rabbits 
and mice with various degrees of nu tri
tional and hereditary dystrophy, respec
tively, are shown in table 2. The concen
trations of all increased in the livers of 
dystrophic rabbits; for example, TP in 
creased by 20% , TPi by 36% , TASP by 
21% and TAIP by 21% , respectively. On 
the other hand, TP, TAIP and TASP de
creased in  the livers of the dystrophic mice 
by 15, 19 and 20% , respectively, whereas 
TPi increased 22% . In  the liver of the 50 
to 60% diseased rabbit the relative in 
creases in  TP, TPi, TASP and TAIP were 
11, 7, 18 and 8% , respectively. In the 
livers of the mice exhibiting 50 to 60% 
dystrophy, TP, TASP and TAIP decreased 
silghtly, whereas TPi increased not so 
significantly.

The changes in the concentrations of TP, 
TPi, TASP and TAIP in the brain  of ani
m als with 90 to 95% of nutritional and 
hereditary m uscular dystrophy are shown

TA BLE 1

Distribution pattern  of total phosphorus,  total inorganic, total acid-soluble and  acid-insoluble phos
phorus in the muscles of animals w i th  progressive nutritional and hereditary dystrophy 1

A n im a l G roup  2 T o ta l
p h o sp h o ru s

T o ta l
in o rg a n ic  P  
+ c re a t in in e  
p h o s p h a te

T o ta l
ac id -so lub le
p h o sp h o ru s

T o ta l
ac id -in so lu b le

p h o s p h o ru s

R a b b i ts n o r m a l
m g /g wet tissue

3.37 ±  0.27 3 
(3 .1 2 -3 .7 8 ) 4

m g / g wet tissue 
1.36 ±  0.17 

(1 .2 0 -1 .6 6 )

m g /g zvet tissue 
2.28 ± 0 .2 3  
(2 .0 8 -2 .6 8 )

v ig / g  zvet tissue  
1.29 ±  0.10  

(1 .2 0 -1 .4 0 )

d y s t r o p h ic  
(50-60%  )

4.00 ± 0 .3 3  
(3 .7 6 -4 .6 0 )

1 .7 2 ±  0.18 
(1 .6 5 -2 .0 8 )

2.76 ± 0 .2 8  
(2 .5 0 -3 .1 9 )

1 .5 9 ± 0 .0 8
(1 .5 0 -1 .6 8 )

d y s t r o p h ic  
(90-95%  )

4.83 ±  0.21 
(4 .6 1 -5 .1 8 )

2.42 ± 0 .2 7  
(2 .0 8 -2 .7 0 )

3.25 ± 0 .2 4  
(3 .1 0 -3 .6 8 )

1.69 ±  0.11 
(1 .5 6 -1 .7 8 )

M ice n o r m a l 3.65 ± 0 .0 7  
(3 .5 8 -3 .7 4 )

2 .3 0 ±  0.14 
(2 .1 8 -2 .5 0 )

2.85 ±  0.15 
(2 .7 2 -3 .0 8 )

0.83 ±  0.15 
(0 .6 1 -0 .9 4 )

d y s t r o p h ic  
(50-60%  )

4.34 ±  0.07 
(4 .2 5 -4 .4 0 )

2.59 ± 0 .2 4  
(2 .5 1 -2 .9 5 )

3.19 ±  0.10 
(3 .0 8 -3 .3 2 )

1.12 ±  0.04 
(1 .0 8 -1 .1 8 )

d y s t r o p h ic  
(90-95%  )

5.06 ±  0.06 
(5 .0 0 -5 .1 3 )

3.14 ±  0.09 
(3 .0 8 -3 .2 8 )

3.65 ± 0 .2 2  
(3 .5 0 -3 .9 8 )

1.18 ±  0.05 
(1 .1 3 -1 .2 4 )

1 N u tr i t io n a l  d y s tro p h y  w as  p ro d u c e d  in  r a b b its  by  m a in ta in in g  th e m  w ith  a  v ita m in  E -d efic ien t d ie t. M ice 
w ith  h e re d i ta ry  d y s tro p h y  w ere  p u rc h a s e d  fro m  th e  R oscoe B. Ja c k s o n  M em o ria l L ab o ra to ry , B a r  H arb o r, 
M ain e  E a c h  n u m b e r  re p re s e n ts  th e  m e a n  o f 5 se ts  o f e x p e r im e n ts . E a c h  se t c o n sis te d  o f 2 a n im a ls .

2 In  u s in g  50 to  60%  d y s tro p h y  o r 90 to  95%  d y s tro p h y , i t  is  im p lie d  th a t  th e  d isea se  h a d  a c tu a lly  developed 
to  th a t  e x te n t in  e a c h  in d iv id u a l  a n im a l.

3 SD.
* N u m b e rs  in  p a re n th e se s  in d ic a te  ra n g e .
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in  table 3. Here, the relative increases in 
TP, TPi, TASP and TAIP were m uch less 
pronounced than  those observed in  the 
muscles of the same diseased animals. In 
the brains of mice TASP changed very 
slightly and the increase in  TPi was also 
comparatively low; TP and TAIP increased

by only 16 and 18% , respectively. TP in 
creased in the brain of severely affected 
rabbits, by 24% , TPi by 22% , TASP by 
36% and TAIP by 12% , respectively.

Changes in the concentrations of 7-min
ute hydrolyzable phosphorus in liver, brain 
and muscle and ATPase activity in  muscle.

TA BLE 2

Distribution pa ttern  of total phosphorus, total inorganic, total acid-soluble and acid-insoluble phos
phorus in the liver of animals w i th  progressive nutritional and  hereditary dystrophy 1

Animal Group Total
phosphorus

Total
inorganic

phosphorus
Total

acid-soluble
phosphorus

Total
acid-insoluble

phosphorus

Rabbits normal
m g / g w e t  t i s sue  

4.49 ± 0 .0 7  2 
(4 .4 2 —4.56) 3

m g / g w e t  tissi ie  
0.81 ± 0 .0 7  

(0 .7 3 -0 .8 8 )

m g / g w e t  t i s sue  
1 .9 0 ± 0 .1 3  

(1 .7 2 -1 .8 9 )

m g / g w e t  t i s su e  
2.61 ± 0 .0 6  
(2 .5 6 -2 .6 8 )

dystrophic 
(50-60%  )

4.87 ±  0.06  
(4 .8 0 -4 .9 3 )

0 .8 7 ± 0 .1 1
(0 .7 5 -0 .9 8 )

2.19 ±  0.09 
(2 .1 0 -2 .2 8 )

2.79 ± 0 .0 9  
(2 .7 0 -2 .8 8 )

dystrophic 
(90-95%  )

5.35 ± 0 .1 3  
(5 .2 1 -5 .4 7 )

1 .1 6 ± 0 .1 0
(1 .0 8 -1 .2 8 )

2.43 ±  0.15 
(2 .3 0 -2 .6 0 )

3 .1 6 ± 0 .1 2
(3 .0 8 -3 .8 3 )

Mice normal 4.65 ± 0 .2 4  
(4 .4 0 -4 .9 3 )

0 .8 8 ± 0 .1 5
(0 .7 5 -1 .0 8 )

1.45 ± 0 .2 5  
(1 .2 3 -1 .7 8 )

3.35 ± 0 .3 1  
(3 .1 3 -3 .8 2 )

dystrophic 
(50-60%  )

4.43 ± 0 .1 3  
(4 .2 9 -4 .5 8 )

0 .9 5 ± 0 .1 1
(0 .8 3 -1 .0 8 )

1 .3 0 ± 0 .1 8
(1 .2 0 -1 .4 3 )

3 .1 4 ± 0 .3 1
(2 .8 5 -3 .5 8 )

dystrophic
(90-95%  )

4.03 ± 0 .2 7  
(3 .7 6 -1 .3 8 )

1 .0 2 ±  0.12 
(0 .9 0 -1 .1 6 )

1 .1 8 ± 0 .1 5  
(1 .0  -1 .3 8 )

2.72 ± 0 .2 1  
(2 .5 3 -3 .0 3 )

1 See ta b le  1, fo o tn o tes  1 a n d  2 , fo r  e x p e r im e n ta l  co n d itio n s .
2 SD.
3 F ig u re s  in  p a re n th e se s  in d ic a te  ra n g e .

TA BLE 3

Distribution pa ttern  of total phosphorus, total inorganic, total acid-soluble and acid-insoluble phos
phorus in  the brain of animals w i th  progressive nutritional and hereditary dystrophy 1

Animal Group Total
phosphorus

Total
inorganic

phosphorus
Total

acid-soluble
phosphorus

Total
acid-insoluble

phosphorus

Rabbits normal
m g / g  w e t  t i s sue  

2.7 ± 0 .1 3  2 
(2 .6 0 -2 .8 5 )  3

m g / g  w e t  t i s sue  
0 .7 5 ± 0 .1 2  

(0 .6 5 -0 .8 8 )

m g / g  w e t  t is sue
0.90 ± 0 .0 7  

(0 .8 4 -0 .9 8 )

m g / g  w e t  t i s sue  
1.95 ±  0.11 

(1 .8 4 -2 .0 6 )
dystrophic 
(50-60%  )

2.92 ± 0 .0 9  
(2 .8 5 -3 .0 2 )

0 .7 9 ± 0 .1 1
(0 .7 0 -0 .9 2 )

0.98 ± 0 .0 9  
(0 .9 0 -1 .0 8 )

2 .0 2 ± 0 .1 5
(1 .8 9 -2 .1 8 )

dystrophic 
(90-95%  )

3 .3 6 ± 0 .1 0
(3 .3 0 -3 .4 8 )

0.88 ±  0.10 
(0 .7 8 -0 .9 8 )

1.15 ±  0.05 
(1 .1  -1 .1 8 )

2.13 ±  0.14 
(1 .9 8 -2 .2 6 )

Mice normal 3.45 ± 0 .3 5  
(3 .2 0 -3 .9 8 )

0.81 ± 0 .1 3  
(0 .7 0 -0 .9 8 )

1 .4 2 ±  0.16 
(1 .2 8 -1 .5 8 )

1.95 ±  0.13 
(1 .8  -2 .1 )

dystrophic 
(50-60%  )

3.65 ± 0 .2 9  
(3 .4 5 -4 .0 8 )

0.83 ± 0 .0 9  
(0 .7 5 -0 .9 4 )

1 .4 3 ± 0 .1 6
(1 .2 7 -1 .5 8 )

2 .1 3 ± 0 .1 4
(2 .0 6 -2 .3 5 )

dystrophic 
(90-95%  )

3.94 ± 0 .2 1  
(3 .7 7 -4 .2 2 )

0.85 ± 0 .0 8  
(0 .7 7 -0 .9 4 )

1 .4 3 ± 0 .1 3
(1 .2 7 -1 .5 8 )

2.45 ± 0 .1 9  
(2 .3 4 -2 .7 6 )

1 See ta b le  1, fo o tn o tes  1 a n d  2, fo r  e x p e r im e n ta l  co n d itio n s
2 SD.
3 F ig u re s  in  p a re n th e se s  in d ic a te  ra n g e .
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TA BLE 4

Changes in ATP concentration in  m uscle , and 7-m inute  hydrolyzable phosphorus concentration in  
liver and brain of animals w i th  progessive nutritional and  hereditary dystrophy 1

Animal Group
ATP concentration 7-minute hydrolyzable 

phosphorus concentration
Muscle Liver Brain

mg/g wet tissue mg/g wet tissue mg/g wet tissue
Rabbits normal 0.44 ±  0.04 2 0 .1 2 ± 0 .0 3 0.08 ± 0 .0 1

(0 .4 0 -0 .4 8 ) 3 (0 .1 0 -0 .1 6 ) (0 .0 7 -0 .0 9 )

dystrophic 0 .3 0 ± 0 .0 5 0 .0 9 ± 0 .0 1 0.08 ± 0 .0 1
(50-60%  ) (0 .2 7 -0 .3 6 ) (0 .0 8 -0 .0 9 ) (0 .0 7 -0 .0 9 )

dystrophic 0.23 ± 0 .0 4 0.07 ±  0.01 0.10 ±  0.03
(90-95%  ) (0 .2 0 -0 .2 8 ) (0 .0 7 -0 .0 9 ) (0 .0 7 -0 .1 6 )

Mice norm al 0.44 ± 0 .0 3 0.25 ± 0 .0 4 0.31 ± 0 .0 5
(0 .4 0 -0 .4 8 ) (0 .2 0 -0 .2 8 ) (0 .2 7 -0 .3 8 )

dvstrophic 0.35 ± 0 .0 5 0.22 ± 0 .0 3 0.31 ± 0 .0 5
(50-60%  ) (0 .3 0 -0 .4 0 ) (0 .2 0 -0 .2 7 ) (0 .2 7 -0 .3 9 )

dystrophic 0.29 ± 0 .0 4 0.21 ± 0 .0 5 0.31 ± 0 .0 4
(90-95%  ) (0 .2 5 -0 .3 4 ) (0 .1 9 -0 .2 8 ) (0 .2 7 -0 .3 7 )

1 See table 1, footnotes 1 and 2, for experimental conditions.
3 Figures in parentheses indicate range.

TABLE 5 tritional and hereditary dystrophy, as
Variation of ATPase ac tiv ity  in the m uscle  of 

animals w i th  nutritional and hereditary  
dystrophy 1

Animal Group
Muscle 
ATPase 

activity 2
Increase 

in ATPase 
activity

Rabbits norm al

mg/g
protein

24
%

dystrophic 
(90-95%  ) 34 41

Mice norm al 36

dystrophic 
(90-95%  ) 47 30.5

1 E a c h  fig u re  in  th e  ta b le  is  th e  m e a n  o f 4 se ts  o f 
e x p e r im e n ts ; fo r  o th e r  e x p e r im e n ta l  c o n d itio n s , see 
ta b le  1 , fo o tn o tes  1 a n d  2 .

2 M illig ra m s  o f p h o sp h o ru s  l ib e ra te d  fro m  ATP.

shown in  table 4; for example, in  the livers 
of 90 to 95% dystrophic rabbits and mice 
it decreased by 30 to 35% , and 16 to 18% , 
respectively. In the case of brain, the 7- 
m inute hydrolyzable phosphorus showed 
no significant change. The variations in 
the ATPase activities in  the m uscles of 
rabbits and mice exhibiting nutritional and 
hereditary dystrophy are shown in table 5. 
The activity of the ATP-hydrolyzing en
zyme steadily increased as the disease 
progressed; in  fact, an increase of approxi
mately 40% in ATPase activity was ob
served in the muscles of severely affected 
rabbits, and of approximately 30% in the 
muscles of similarly affected mice. In the 
muscle of 50 to 60% dystrophic rabbits * 90

The results shown in table 4 indicate that
in the muscles of severely affected rabbits 
the ATP concentration decreased as m uch 
as 50% , whereas in the muscle of mice 
with 90 to 95% dystrophy a reduction of 
only 30% in ATP concentration was ob
served. In the 50 to 60% diseased state, 
the ATP concentration decreased by only 
20 to 25% in rabbit muscle and 12 to 16% 
in the muscle of mice, respectively. The 7- 
m inute hydrolyzable phosphorus 8 also de
creased in  the livers of anim als with nu-

8 T h e  7 -m in u te  h y d ro ly z a b le  p h o s p h o ru s  re p re s e n ts  
th e  p h o sp h o ru s  o b ta in e d  by  s u b tra c t in g  th e  to ta l 
in o rg a n ic  p h o s p h o ru s  (w h ic h  a lso  in c lu d e s  c re a t in e  
p h o s p h o ru s )  fro m  th e  “p h o s p h o ru s ” d e te rm in e d  a f te r  
b o ilin g  th e  TCA e x tra c t  fo r  7 m in u te s  a t  100°C. I t  
re p re s e n ts  a ll  th e  tri-, di- a n d  m o n o p h o sp h a te s  o f 4 
d eo x y rib o se  a n d  rib o se  n u c le o tid e s , di- a n d  tr ip h o s 
p h a te s  o f p y r id in e  n u c le o tid e s  (D P N  a n d  T P N ) , IM P, 
e t c e te ra . In  sk e le ta l m u sc le , A TP a c tu a lly  re p re s e n ts
90 to 92%  o f th e  7 -m in u te  h y d ro ly z a b le  p h o sp h o ru s  
(3 0 )  a n d  th e re fo re  in  th e  te x t ATP c o n c e n tr a tio n  h a s  
b een  u s e d  loosely  to  re p re s e n t 7 -m in u te  h y d ro ly z a b le  
p h o s p h o ru s  c o n c e n tr a tio n  in  m u sc le . S ince  th e  p e r
c en tag e  o f  A TP in  7 -m in u te  h y d ro ly z a b le  p h o sp h o ru s  
o f l iv e r  a n d  b ra in  is  le ss  th a n  5 0 % , w e h a v e  u sed  
7 -m in u te  h y d ro ly z a b le  p h o s p h o ru s  in s te a d  of ATP to 
in d ic a te  th e  c h an g e s  o f a l l  h ig h  en e rg y  p h o s p h a te  
co m p o u n d s : D PN , T P N , e t ce te ra .
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TABLE 6

Changes in creatine concentration in the muscle ,  liver and brain of animals w i th  progressive
nutritional and hereditary dystrophy 1

Animal Group
Creatine

Muscle Liver Brain

Rabbits norm al
mg/ g xuet tissue 

4 .7 0 ± 0 .2 2  2 
(4 .4 9 -4 .8 2 ) 3

mg/g xvet tissue 
1.72 ±  0.09 

(1 .6 5 -1 .8 2 )

m g /g xuet tissue 
2.39 ± 0 .3 6  
(2 .1 5 -2 .8 1 )

dystrophic 
(90-95%  )

2 .9 0 ± 0 .1 9
(2 .7 1 -3 .0 8 )

3.54 ± 0 .4 0  
(3 .1 5 -4 .0 8 )

2.50 ±  0.19 
(2 .3 3 -2 .7 2 )

Mice norm al 3.33 ± 0 .2 5  
(3 .1 8 -3 .7 0 )

0.05 ±  0.01 
(0 .0 4 -0 .0 6 )

2 .5 5 ± 0 .2 6
(2 .1 8 -2 .9 8 )

dystrophic 
(90-95%  )

2.65 ± 0 .2 3  
(2 .5 0 -2 .9 8 )

0.28 ± 0 .0 8  
(0 .2 0 -0 .3 8 )

2.58 ± 0 .2 8  
(2 .1 2 -2 .9 2 )

1 See ta b le  1, fo o tn o tes  1 a n d  2 , fo r  e x p e r im e n ta l- so.
3 F ig u re s  in  p a re n th e se s  in d ic a te  ra n g e .

and mice, the ATPase activities increased 
by 15 to 18% and 10 to 12% , respectively.

Changes in  the concentrations of crea
tine in  liver, brain and muscle. Changes 
in the concentrations of creatine in  the 
muscle, liver and brain of rabbits and mice, 
with different degrees of progress of the 
disease, are shown in table 6. The results 
show that the concentration of creatine 
varied from organ to organ of the same 
anim al and also among the same organs 
of the 2 species of animals. In all norm al 
anim als the largest am ount of creatine was 
observed in  the skeletal muscle and the 
lowest concentration in  the liver, as re 
ported by Lipm ann (1 4 ). In brain, the 
creatine concentration was less than  ob
served in muscle but it was greater than 
that of the liver. Its concentration in the 
liver of norm al mice was extremely low 
but the creatine concentration in  the liver 
of dystrophic mice steadily increased as 
the disease progressed. This steady in 
crease was also observed for the liver of the 
dystrophic rabbit under sim ilar conditions. 
On the other hand, there was a gradual de
crease in the concentration of creatine in 
the muscles of all anim als with progres
sive dystrophy. This has been also ob
served for rabbit muscles by other investi
gators (1 5 ). Its concentration in  brain 
did not show any significant change. These 
results are shown in table 6.

DISCUSSION

The results of our ATP m easurem ents in 
the muscles of anim als with nutritional

c o n d itio n s .

dystrophy agree fairly well with those of 
Grigoreva and Medovar (1 6 ) who also 
noted a 50% decrease in  ATP concentra
tion in dystrophic rabbit muscle. Zymaris 
et al. (1 7 ), on the other hand, observed a 
dim inution of ATP concentration by 30 to 
40% in muscle of dystrophic mice. Bonetti 
et al. (1 8 ) also reported a decrease in  the 
ATP concentration in  the muscles of pa
tients with progressive m uscular dystrophy. 
The relative decrease in ATP concentration 
m ay be attributed to the increased ATPase 
activity in  the muscles of such dystrophic 
anim als; a regular increase in  the ATPase 
activity of muscles of anim als during the 
progress of the disease was noted by us. 
A 15% increase of ATPase activity in  the 
muscles of dystrophic mice was also re
ported by Pennington (1 9 ). The increased 
hydrolysis of ATP in dystrophic muscles 
probably accounts to a large extent for the 
increased concentration of inorganic phos
phorus in  such muscles. Similarly the de
crease in  the concentration of creatine 
phosphate in  dystrophic muscles could also 
be partly responsible for the increase in 
TPi concentration. However, about 50% 
of muscle creatine is present as creatine 
phosphate (1 4 ) , and therefore variations 
in the concentration of creatine should be 
considered as reflecting changes in  crea
tine phosphate in  dystrophic animals. The 
creatine concentration in  muscle steadily 
decreases with the progress of the disease, 
although its concentration increases in  the 
liver. This may be attributed to a gradual 
loss of the ability of the muscle to re ta in
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creatine. This is not due to lack of en
zyme, since the activity of creatine phos- 
phokinase is not significantly changed in 
such muscles (20, 21), but ra ther appears 
to be the effect of unavailability of a suf
ficient am ount of ATP for carrying out the 
phosphorylation. This is plausible since 
the ATP concentration is reduced by 30 to 
50% in the m uscles of severely affected 
animals. In this connection it has been 
observed that the creatine concentration in 
dystrophic muscle also decreases by 30 to 
50% , a reduction which parallels roughly 
the reduction of ATP in such muscles.

There may be other explanations for the 
inability of the muscle to retain  creatine. 
For example, our previous work (8) showed 
that the protein content in  the muscle of 
severely affected anim als decreased by 28 
to 30% and it is possible tha t the rem ain
ing muscle m ass was not sufficient to ab
sorb and retain  the excess of creatine syn
thesized by the liver and transferred to the 
muscle.

Many investigators have noted previ
ously an increase in  the 0 2 consum ption of 
the muscles of rabbits m aintained with a 
vitam in E-deficient diet (2 2 -2 4 ). Since, 
according to Houchin (2 5 ) , tocopherol acts 
as an inhibitor of succinoxidase, and since 
respiration is coupled w ith phosphoryla
tion. an increased rate of ATP synthesis in  
the muscles of anim als m aintained with a 
vitam in E-deficient diet m ight be expected. 
However, this explanation may not be ade
quate as it is now believed by some that 
tocopherol acts as a cem enting m aterial for 
m aintaining cytochromes b and c in  cor
rect spatial relationship for optimal elec
tron transfer (2 5 -2 7 ). In anim als m ain
tained with a vitam in E-deficient diet, an 
im paired electron transport chain is to be 
expected and therefore an adequate syn
thesis of ATP should not occur (2 5 -2 7 ). 
In the present study the ATP concentra
tion was actually reduced by 30 to 50% in 
such muscles. This decrease in ATP con
centration also m ight have been caused by 
the increased ATPase activity in  these 
affected muscles. The inability of dys
trophic muscle to phosphorylate creatine 
thus appears to be the result of a deficiency 
in ATP.

The increase of total phosphorus in the 
acid-soluble fraction can be explained

largely on the basis of a relative increase in 
the concentration of inorganic phosphorus 
(T P i) in  the muscles of affected anim als 
owing to the hydrolysis of ATP and other 
sim ilar compounds. It is also possible that 
an  increase in  hexose-6-phosphate, fruc
tose-1,6-diphosphate and other such similar 
phosphorus compounds in  the affected 
muscles m ight also be responsible, to some 
extent, for the increase of total phosphorus 
in  the acid-soluble fraction. Actually, an 
increase of phosphorus in  the barium -in
soluble fraction representing hexose mono- 
and diphosphates, and glyceric acid phos
phate was observed by Calvert et al. (4 )  
for breast muscle of dystrophic chicks. 
The apparent increase in TPi, as observed 
for muscles of affected anim als, is some
w hat less than  that which m ight be pre
dicted if the reduction of creatine (30 to 
40% ) in  such muscles is taken into con
sideration. Since in the skeletal muscle, 
one-half of the total creatine is present as 
creatine phosphate (1 4 ) , a reduction in  
creatine in  dystrophic muscle would ob
viously cause a dim inution in  TPi, as the 
m ethod of m easuring the latter includes 
the creatine “phosphorus.” However, the 
increase in  TPi, as noted in the livers of 
dystrophic animals, should have increased 
slightly, since the creatine concentration 
in  the livers of dystrophic anim als actually 
increased two- to threefold over the value 
observed in  the livers of corresponding 
norm al litterm ates. In  the brain of dys
trophic anim als the creatine concentra
tion rem ained unaltered and therefore the 
changes observed in  TPi represent true 
changes.

As observed by m any other investigators 
in  this field, we have also noted an increase 
in  total phosphorus in  the m uscle of rab
bits and mice with nutritional and heredi
tary dystrophy, respectively, but it is more 
difficult to explain this increase. It m ight 
be due to the increase in various inorganic 
phosphorus compounds in the acid-soluble 
and acid-insoluble fractions. From our 
previous work (8 )  and tha t of others (28, 
29) it appears that the nucleic acid content 
increases considerably (two- to threefold) 
in  the muscle of dystrophic anim al; there 
also appears to be an increase in lipid con
tent in  such muscles. These compounds 
contain phosphorus and appear in the acid-
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insoluble fraction, and therefore can pos
sibly explain the increase in phosphorus 
observed in acid-insoluble fraction. There 
is a loss of roughly 30% of muscle protein, 
and this m ight partly account for the in 
crease in phosphorus concentration in the 
different fractions. However, w hether these 
explanations are adequate to explain the 
cause of such a considerable increase in 
the total phosphorus cannot be stated, and 
fu rther experim ents will be needed.
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Phenylalanine Requirements with Different 
Levels of Tyrosine 1,2

LIDA M. BURRILL and  CECILIA SCHUCK
South Dakota Agricultural Experiment Station, Departm ent of Research in
Food and Nutrit ion, Brookings, South Dakota

ABSTRACT  The quantitative relationship between phenylalanine and tyrosine was 
investigated. The subjects were 22 young college m en and wom en. They were fed  
a semipurified diet containing an am ino acid m ixture w hich supplied the essential 
am ino acids in  am ounts present in  20 g of egg protein plus arginine, histid ine, 
cystine and tyrosine. W hen nitrogen equilibrium  w as attained the subjects were 
shifted to a diet of the sam e com position except that phenylalanine and tyrosine were 
omitted. This diet was then supplem ented w ith crystalline tyrosine at 3 levels, zero,
200, and 400 m g, and the am ount of phenylalanine required for N  equilibrium  at 
each level was determined. N itrogen balance periods for the different levels o f tyrosine 
and phenylalanine studied were usually  6 days long. Two criteria o f adequacy were 
used, the Leverton “zone of equilibrium ” and the zero balance used by Rose as the 
equilibrium  point. W ith no tyrosine in  the diet both criteria indicated a requirem ent 
of 600 to 700 m g phenylalan ine for the wom en and 900 to 1000 m g for the m en. At 
200 m g tyrosine both wom en and m en m aintained nitrogen balances that were w ithin  
the “equilibrium  zone” and m ost of the wom en were storing nitrogen. W ith 400 m g 
tyrosine m ost o f the w om en stored nitrogen at 300 to 400 m g phenylalanine; the m en  
required 600 to 700 m g to attain the “equilibrium  zone” or store nitrogen, or both.
Under the conditions of this study 200 m g tyrosine had a replacem ent value of 
35 to 40% for the wom en and approxim ately 50% for the m en. The replacem ent 
value of 400 m g tyrosine w as approxim ately 50% for both wom en and m en.

The early investigations of Rose et al. 
(1, 2) on the am ino acid needs of the 
hum an species established phenylalanine 
as one of the 8 amino acids that m ust be 
supplied in the diet for the m aintenance 
of nitrogen equilibrium in the adult male. 
As a result of quantitative studies, these 
workers (3 ) ,  using young m en as subjects, 
proposed a tentative m inim al daily require
m ent of 1.1 g of L-phenylalanine. This 
am ount of phenylalanine represents the 
highest level found necessary for the at
tainm ent of a positive nitrogen balance in 
the absence of tyrosine. T hat tyrosine can 
be readily formed from  phenylalanine was 
dem onstrated by Moss and Schoenheimer
( 4 )  . This relationship led Rose and Wixom
(5 ) to postulate that the presence of tyro
sine in  the diet m ay exert a sparing action 
upon the phenylalanine requirem ent. In 
a study of 2 young men, having phenyl
alanine requirem ents of 0.8 to 1.1 g re
spectively, in the absence of tyrosine, 
these workers found that the addition of 
liberal am ounts of tyrosine reduced the 
phenylalanine requirem ent 70 to 75% . 
Tolbert and W att (6 )  found a range of 
834 to 1184 m g/day  in  the phenylalanine

requirem ent of 6 young women with a 
10-g nitrogen intake and 45 mg of tyrosine 
from the basal diet. Positive nitrogen bal
ances were m aintained in  3 subjects in 
which 66 to 70% of the phenylalanine 
was replaced by tyrosine.

In a study on the phenylalanine require
m ent of women, Leverton et al. (7 )  inves
tigated the am ount needed for nitrogen 
equilibrium with diets providing zero, 100, 
200, 450 and 900 mg of tyrosine. Based 
on the results of this study, Leverton has 
suggested 220 mg of L-phenylalanine as 
a tentative m inim al daily requirem ent for 
young women when the diet also supplies 
900 mg of L-tyrosine. W ith the particular 
levels of phenylalanine and tyrosine used 
in Leverton’s study, there appeared to be 
no clear-cut quantitative relationship be
tween the 2 amino acids, but the sparing 
action of tyrosine was evident. Leverton 
et al., in light of the inform ation obtained 
in the study just cited, concluded that 
further investigation was needed, espe-

R ece ived  fo r  p u b lic a tio n  N o v em b er 18, 1963.
1 A pproved  by  th e  D ire c to r  o f th e  S o u th  D a k o ta  

A g ric u ltu ra l  E x p e rim e n t S ta tio n  a s  J o u rn a l  S eries  no . 
624.

2 R ece ived  su p p o rt u n d e r  th e  R R F  p ro g ra m  NC-49.

202 J . N u t r it io n , 8 3 : ’6 4
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dally  studies using intakes w ithin a range 
of 220 to 620 mg phenylalanine and 100 
to 450 mg of tyrosine.

The extent to which tyrosine can sub
stitute for phenylalanine has recently be
come of special interest in the metabolic 
disturbance associated with phenylketo
nuria  in in fan ts and children.

EXPERIMENTAL

The purpose of this investigation was to 
study fu rther the quantitative relationship 
between phenylalanine and tyrosine. Four 
separate studies were conducted between 
January  and March, one in  each of the 
years 1959, 1960, 1961 and 1962. A differ
ent group of subjects served each year with 
4 to 6 in  a group. The num ber studied 
was 22, of which 13 were college women 
and 9 college men. The age of the women 
ranged from 19 to 27 years; height, 152 
to 175 cm; weight, 50.4 to 77.2 kg; and 
surface area from  1.48 to 1.94 cm 2. The 
age range for the m en was 20 to 29 years; 
height, 167 to 182 cm; weight, 59.0 to
84.4 kg; and surface area, 1.68 to 2.02 
cm2. Records obtained from the college 
health  departm ent, and exam inations 
made at a local clinic indicated that all 
subjects could be considered normal.

At the beginning of each study there 
was an adjustm ent period in  which sub
jects were given a weighed diet of natu ral 
foods. The use of 2 semipurified diets fol
lowed. All 3 diets were planned to furnish 
approximately 9 g of nitrogen.

Semipurified diet 1 consisted of an 
amino acid m ixture, which supplied the 
essential amino acids in the am ounts con
tained in 20 g of egg protein, plus the 
addition of arginine, histidine, cystine, 
and tyrosine. The m ajor part of the nitro
gen was furnished by glycine, diammo
nium  citrate, and glutamic acid in the 
proportion of 40% from each of the first 
2 compounds and 20% from the last 
named. Semipurified diet 2 was the same 
as semipurified diet 1 except that tyrosine 
and phenylalanine were omitted from 
the amino acid mixture. These 2 amino 
acids were added as supplements. Small 
am ounts of canned fru it (pineapple and 
peaches) and orange juice were used to 
make the diet more palatable. The m in
eral mix proposed by Leverton (8 )  was the

source of the required m inerals, and vita
m in needs were met by the use of one 
vitam in capsule3 daily. Cornstarch wafers 
and pudding, anhydrous m ilk fat, jelly, 
pure sugar candy and bottled soft drinks 
were supplied to bring calories to the de
sired level. Calories were based on the 
estim ated needs of the subjects and ad
justed to m ain tain  constant weight by 
varying the am ounts of the above items 
or varying the am ount of m ilk fa t used in 
the preparation of the pudding. The amino 
acids, with the exception of cystine and 
tyrosine, which were mixed with the milk 
fat, were dissolved in  water. As the water 
solution was sour in  taste, sugar was added 
to make it more palatable. Approximately 
equal am ounts were fed at each of the 3 
meals. One-half of the m ineral mix was 
incorporated in the wafers and the other 
half was dissolved in lemon juice.

The subjects were m aintained with the 
diet of natu ral foods until equilibrium  was 
reached. Sometimes it was necessary to 
lower the nitrogen intake to shorten the 
time necessary to attain  this state. This 
was especially true of the m en who had a 
history of high protein intake before serv
ing as subjects for the study. In the 1959 
study some of the subjects reported dis
comfort on the first day of change to a 
semipurified diet. In an effort to avoid 
this, a slight modification of procedure 
was made in  the later studies. A breakfast 
of natu ral foods, which was low in protein, 
was fed on the day of introduction of semi
purified diet 1 and the experim ental diet 
was begun at the noon meal.

The diets used following which nitrogen 
balances were determ ined were the semi
purified diets 1, and semipurified diet 2 
without added tyrosine and with supple
m ents of 200 and 400 mg tyrosine and 
varying am ounts of phenylalanine. Al
though only urinary  and fecal losses were 
considered in establishing the balances, 
it is recognized that integum ental losses 
are often appreciable. Five-day periods to 
test the different levels of tyrosine and 
phenylalanine were used in the first study 
and 6-day periods in subsequent ones. All

3 C o m p o s i tio n /c a p s u le : v ita m in  A, 1.5 m g ; v i ta m in  
D, 12.5 n g; th ia m in e  HC1, 2 .5  m g ; rib o f la v in , 2 .5  m g ; 
a sco rb ic  a c id , 50 m g ; n ic o tin a m id e , 20  m g ; C a p a n 
to th e n a te ,  5 m g ; p y rid o x in e -H C l, 0.5 m g ; v ita m in
B 12, 2 ¿tg.
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subjects received the semipurified diet for 
2 periods. W hen results were doubtful, 
more than  one period was used for given 
levels of supplem entation of semipurified 
diet 2.

DISCUSSION AND RESULTS

In considering the results of the investi
gation, 2 criteria of adequacy were applied, 
the Leverton “zone of equilibrium ” 4 and 
the zero balance used by Rose as the equi
librium point. The authors feel, however, 
for this particular study that the use of the 
“equilibrium  zone” is more m eaningful as 
a basis for comparison with the earlier 
study of Leverton (7 )  on the relationship 
of the tyrosine level to the phenylalanine 
requirement.

The m ean nitrogen balances of the sub
jects consum ing semipurified diet 1, and 
semipurified diet 2 supplem ented with the 
different levels of tyrosine and phenyl
alanine are shown in tables 1 and 2 and 
figures 1 and 2. The figures are designed 
to make possible the use of both criteria 
m entioned above.

Applying the criterion of Leverton (4 ) 
most of the subjects attained nitrogen 
equilibrium with semipurified diet 1 (in  
which the m ixture of essential amino acids 
was equivalent to that of 20 g of whole 
egg protein) in  6 to 12 days. Three of the 
m en required a third period of 6 days to 
establish equilibrium. It was necessary to 
increase the calorie level of these 3 m en 
to have them  attain  or closely approach 
the zone of equilibrium. W ith the zero 
balance as the criterion, most of the 
women, likewise, were in nitrogen equi
librium, but this was true of only one of 
the 9 men.

W ith the semipurified diet, lacking both 
tyrosine and phenylalanine (except for the 
12 to 15 mg furnished by the fruits and 
orange ju ice), the response to additions 
of phenylalanine varied with the different 
levels of tyrosine. At the zero level of 
tyrosine both criteria indicated that all 
subjects were in  negative nitrogen bal
ance at a level below 550 m g phenyl
alanine. At this level two of the 10 women 
fell w ithin the “zone of equilibrium ,” but

4 S u b jec ts  w hose  N  e x c re tio n  w as  w ith in  95 to 
105%  o f th e  in ta k e  w ere  c o n s id e re d  to  be in  N  
e q u ilib r iu m .



206 LIDA M .  B U R R ILL  AND CECILIA SCH U C K

+ 1.2

+ 1.0

+ 0.8

+ 0.6

1  + 0.4

EGG PROTEIN PATTERN

+ 0.2

UJ
u 0.0

<m

LlI
CDoce

- 0.2

- 0 . 4

- 0.6

- 0.8

- 1.0

- 1.2

RH«
DF"

KW* 
HG *
WZ.

•Represents indiv. means 
^Represents means for 
all subjects of each sex

JC .
LA.

MR*

CR*
ET.WW. 
JP •

RR
RL

TB .

EE-, DL
JO

D0S
DD

ER

DS

O  Number in circle represents 
+  number of female subjects 

included in mean

</ Number in circle represents 
number of male subjects 
included In mean

Bracketed numbers:
E equilibrium
^  positive nitrogen balance
—  negative nitrogen balance

?{;2E
H-

$
8E
2+ @T{u

# 0
2E

(3){3E^ S 
S S

- f e i
92

88^
+? °*1 I. I

|{ 3 - #{f-E

c% -

i  j
1260 MG PHENYLALANINE 
9 0 0  MG TYROSINE

3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  
PHENYLALANINE MG 
0  MG TYROSINE

9 0 0  1000

Fig. 1 N itrogen balances w ith semipurified diet 1 (900 m g tyrosine, 1260 m g phenylalan ine) 
and semipurified diet 2 without tyrosine and supplem ented w ith varying levels of phenylalanine.

all were in  a negative state with zero bal
ance as the criterion. Both criteria indi
cated that all of the m en were in negative 
nitrogen balance with less than  900 mg of 
phenylalanine. At this level of phenyl
alanine 2 of the 3 m en fell in the “equilib
rium  zone” and one was in negative nitro

gen balance. Two out of three m en were in 
a negative state with zero balance as the 
criterion. W hen the level of phenylalanine 
was increased to 1000 mg, all 3 m en ob
served at this level were within the equilib
rium  zone and two were on the positive 
side of zero balance.
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Fig. 2 Nitrogen balances w ith semipurified diet 2 supplem ented w ith 200 and 400 m g tryrosine 
and varying levels of phenylalanine.

Differences in the phenylalanine require
m ent of m en and women at the 200-mg 
level of tyrosine were not apparent when 
the “equilibrium zone” constituted the cri
terion for adequacy. Five out of 8 women 
and 4 out of 7 m en were in  nitrogen 
equilibrium with 400 mg of phenylalanine. 
Raising the level of phenylalanine to 500 
mg did not markedly change the results for 
either m en or women. W ith 400 mg tyro
sine, most of the women were in a positive 
state with reference to zero balance with 
intakes of 300 to 400 m g phenylalanine, 
but only one-half of the m en were able to 
attain  this state at 600 mg. However, 5 
of the 6 m en at this level and the 3 m en 
at the 500 level were w ithin the “equilib
rium  zone.” One of the m en (R L) failed 
to attain  equilibrium by either criterion at 
any of the levels of tyrosine or phenyl-

alanine studied. This subject had a high 
fecal excretion, and m aintenance of cal
orie balance was difficult. His m ean weight 
did not vary greatly from period to period, 
but there were notable fluctuations from 
day to day. Short-term calorie deficits 
may have contributed to the large negative 
balances observed.

CONCLUSIONS

The results of this study suggest the 
following conclusions. With no tyrosine in 
the diet women require 600 to 700 mg 
phenylalanine to come within the nitrogen 
“equilibrium zone”; m en, 900 to 1000 mg. 
At 600 mg, one-half of the women stored 
nitrogen and at 700 mg all did so. One 
of the 3 m en was storing nitrogen at 
900 mg phenylalanine and 2 out of 3 were 
in positive nitrogen balance at 1000 mg.
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W ith 200 mg tyrosine both women and 
m en m aintained nitrogen balances within 
the “equilibrium  zone” with 400 to 500 mg 
phenylalanine. Most of the women and 
one of the 3 m en stored nitrogen at these 
levels of phenylalanine. W ith 400 mg 
tyrosine the results indicated that women 
can store nitrogen at 300 to 400 mg phen
ylalanine; m en require 500 to 600 mg 
phenylalanine to bring them  into the 
“equilibrium zone” or to a tta in  positive 
nitrogen balance, or both.

The observations indicate that 200 mg 
tyrosine show a phenylalanine replace
m ent value of 35 to 40% for the women 
and approximately 50% for the men. The 
replacem ent value of 400 mg tyrosine was 
approximately 50% for both women and 
men. Both replacem ent levels are lower 
than  those reported by Rose and Wixom
(5 ) and used by Tolbert and W atts (6 )  
with subjects receiving more liberal 
am ounts of tyrosine.
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All-vegetable Protein Mixtures for Human Feeding
XV. STUDIES IN DOGS ON THE ABSORPTION OF GOSSYPOL 

FROM COTTONSEED FLOUR-CONTAINING VEGETABLE 
PROTEIN MIXTURES 1,2

RICARDO BRESSANI, LUIZ G. ELIAS a n d  J. EDGAR BRAHAM
Institute of  Nutrit ion of Central America  and Panam a (INCAP),
Guatemala, Central America

ABSTRACT  The results o f  the present study indicate that in  the dog and under 
the conditions used, the cottonseed pigm ent, gossypol, is  excreted in  the feces almost 
quantitatively, particularly for total gossypol. Fecal free gossypol is about 3.5 tim es 
greater than intake, suggesting that som e of the bound gossypol is liberated during 
passage through the gastrointestinal tract. The pigm ent was identified by m axim al 
absorption curves, for the original com pound and as the dianilido gossypol and phloro- 
glucinol derivatives. Other chem ical and biological tests also indicated that the fecal 
pigm ent is gossypol. Furthermore, typical gossypol reactions could not be dem on
strated in fecal extracts o f dogs fed cottonseed-free diets, and upon gossypol additions 
to the diet gossypol appeared in  the feces. Several possible dietary factors were studied  
to learn the conditions under w hich gossypol is excreted w ith  the feces. None of the 
factors studied, such as type and intake of calories, and different fats, altered the pat
tern of gossypol excretion in  feces.

The use of cottonseed flour in the feed
ing of monogastric anim als, including 
m an, has been limited by the presence of 
the pigm ent gossypol in the cottonseed. 
Although during processing of cottonseed 
for oil extraction, most of the gossypol 
is either extracted or inactivated, the 
am ounts rem aining following one type of 
cottonseed processing are high and could 
produce toxic symptoms if fed in  sufficient 
am ounts. The toxicity, however, is variable 
since chicks, ra ts and other experim ental 
anim als grow at norm al rates when con
sum ing the am ounts of gossypol found to 
be toxic to swine, m aking this anim al the 
most sensitive to the toxicity of the pig
ment. Furtherm ore, reduced growth is not 
always a good indication of gossypol toxic
ity since m uch of the reduced growth en
countered w ith cottonseed m eal rations 
now appears to have been the result of a 
lysine deficiency (2 ) . No explanation con
cerning the variability in  toxicity has been 
given (1, 2 ).

During the development of INCAP Vege
table Mixture 9, which contains 38% cot
tonseed flour (3 ) , extensive nutritional 
tests were carried out in  several experi
m ental anim als (4, 5) including dogs (6 ) 
and hum ans (7 ) . Since no adverse effects

were noticed during prolonged feeding of 
the m ixture, it became im portant to deter
m ine the fate of the pigm ent once it was 
consumed. The results reported by Smith 
(8, 10) and Clawson et al. (9 )  have indi
cated that gossypol is present in  the tissues 
of swine. In a recent study by Sm ith (8 ) , 
the pigm ent from swine tissue was isolated 
and identified chemically. In the present 
study, results will be presented showing 
that in  dogs the gossypol consumed is ex
creted, to a very large extent, in  the feces. 
Some possible factors affecting the absorp
tion were also studied.

MATERIALS AND METHODS

In the first experim ent, 3 dogs 10 
m onths of age and weighing 8.90, 11.98 
and 8.44 kg were fed approxim ately 5.5 g 
of protein and 125 kcal/kg  body w eight/ 
day. The protein fed was exclusively from 
Vegetable Mixture 9,3 and the intake of 
calories was adjusted by feeding a nitro
gen-free diet consisting of cornstarch, 20;

R eceived  fo r  p u b lic a tio n  F e b ru a ry  12, 1964.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  by  g ra n ts  RF- 

NRC-1 fro m  th e  N a tio n a l R e s e a rc h  C o u n cil (U .S .)  
a n d  by  P u b lic  H e a lth  S erv ice  R ese a rch  G ra n t no. 
A-981, fro m  th e  N a tio n a l In s t i tu te s  o f H e a lth .

2 IN C A P P u b lic a tio n  1-310.
3 G ro u n d  co rn , 58; co tto n seed  flo u r, 38; to ru la  y eas t, 

3; c a lc iu m  h y d ro x id e , 1 % ; v ita m in  A, 4500 IU /1 0 0  g.

J. N u t r i t i o n , 83: ’64 209
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dextrose, 40; sugar, 24; cellulose, 3; hy
drogenated vegetable fa t, 10; m ineral m ix
ture, 2; and cod liver oil, 1% , supple
m ented with 4 m l of a complete vitam in 
m ixture (1 1 ). The anim als were fed once 
a day, at 8 :00  a.m .

The calculated quantity of Vegetable Mix
ture 9 for each dog was mixed with 800 ml 
of water, and 1% Rhozyme H-39 4 was 
added to make the cooked m ixture more 
fluid. The suspension was cooked for 0, 8, 
16 and 24 m inutes, with constant stirring. 
After cooling, an am ount of the nitrogen- 
free diet was added to bring the intake of 
calories to the desired level and then fed 
to the animals. One balance period of 7 
days’ duration was carried out for each 
cooking time. The anim als were weighed 
daily and feces and urine were collected 
twice daily and stored at 4°C. The urine 
was collected in  dark-colored bottles con
tain ing 2 cm 3 of concentrated acetic acid. 
The nitrogen balance results have been re
ported previously.5 6 A representative aliquot 
of homogenized feces was freeze-dried for 
estim ation of free and total gossypol (12 ) 
and another sample was taken for moisture 
analysis. The entire collection of feces of 
each dog was dried for studies on the ex
traction and identification of gossypol.

The dry feces were extracted with either 
acetone-water (8 0 :2 0 ) or chloroform con
taining 10% concentrated hydrochloric 
acid with constant shaking for one hour. 
After filtering, the chloroform extract was 
concentrated in  a current of air and then 
chromatographed through either a FlorosiT 
or a silicic acid column. The extract was 
eluted first with chloroform, then with 
chloroform containing 10% ethyl ether 
and then with chloroform containing 
80% m ethanol. The m axim al absorption 
of the different fractions and their aniline 
and phloroglucinol derivatives was deter
m ined in  a DU Beckman spectrophotom
eter.

Reaction w ith hydrogen ■peroxide. The 
gossypol extract was treated with a 10% 
sodium hydroxide solution; hydrogen per
oxide (20 volum es) was added drop by 
drop, in  the presence of gossypol, a violet 
color developed.

Reaction w ith  phloroglucinol. The chlo
roform elution was treated with a phloro
glucinol solution in  ethyl alcohol and with

concentrated hydrochloric acid. On stand
ing, a purple color developed. The m axi
mal absorption of the developed color was 
determ ined in  a DU spectrophotometer.

Balance test in dogs. In another experi
m ent, 4 dogs weighing at the start of the 
experim ent 14.0, 10.1, 12.0 and 9.5 kg 
were used. Six grams of protein from 
Vegetable Mixture 9 and 120 kcal/kg  body 
w eight/day were fed. To adjust the intake 
of calories, a nitrogen-free diet of the com
position previously described was used. 
The fats added to this diet at a level of 
10% were: a ) hydrogenated vegetable fat; 
b ) butter fa t, and c) purified cottonseed 
oil. Two balance periods of 4 days’ du ra
tion were carried out with each type of fa t 
and gossypol analysis as well as nitrogen 
balance were determ ined with each fat.

Three additional experim ents were car
ried out to learn whether certain dietary 
factors affect gossypol absorption. Four 
dogs were used to study the effect of intake 
of 2 levels of calories, 140 and 85 kcal/kg  
body w eight/day. In  each case, one die
tary treatm ent consisted of providing all 
calories as carbohydrate compared with a 
second treatm ent in  which 10% of the cal
ories were provided by fat. The average 
weight of the dogs, when fed the higher 
level of calories was 7.79 kg and when fed 
the lower level, the average weight was
11.2 kg. Protein intake was from Vegetable 
Mixture 9 and was held at a constant rate 
of 6 g /kg /day .

In another experim ent using 3 dogs with 
an  average weight of 13.5 kg, the effect of 
cooking Vegetable Mixture 9 in a glass con
tainer, as compared with cooking it in a 
m etal container, on gossypol absorption 
was studied. The intake of calories and of 
protein were 110 kcal and 6.0 g /kg  body 
w eight/day, respectively.

In  a third experim ent 3 dogs with an 
average weight of 9.90 kg were fed 6 g 
p ro te in /kg /day  from Vegetable Mixture 9 
and 140 k ca l/kg /day  for 8 days in 2 four- 
day balance periods. During the first 3 
days, of the first 4-day balance, the dogs 
were given 50 mg of free gossypol/day, in

4 R o h m  a n d  H a a s , P h ila d e lp h ia ,  Pa .
5 B re ssa n i, R ., L. G. E lia s , R . J a r q u in  a n d  J. E. 

B ra h a m  1964 A ll-vege tab le  p ro te in  m ix tu re s  fo r  
h u m a n  fe e d in g . X III. E ffec t o f co o k in g  m ix tu re s  co n 
ta in in g  co tto n seed  flo u r o n  free  gossypo l co n te n t. 
J. Food  Sci., in  p ress.

6 F lo r id in  C o m p an y , T a lla h a se e , F lo rid a .
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capsules, and no additional gossypol was 
fed for the last 4-day balance period. Col
lection, treatm ent and analysis of feces in 
these experim ents was perform ed as pre
viously described.

RESULTS

Table 1 presents the results of the first 
test in dogs. Free gossypol intake varied 
from 22 to 34 m g/dog /day , and the intake 
of total gossypol ranged from 689 to 780 
m g/dog daily. The excretion of free gossy
pol in the feces averaged approximately 
3.3 times higher than  the intake. How

ever, total gossypol in  the feces was essen
tially the same as the intake. A decrease 
in free gossypol and in fa t content in  the 
feces was observed with respect to feed 
cooking times.

The possibility existed that the deter
m ination for free gossypol was giving high 
values because of contam ination with other 
fecal pigments. Therefore, studies were 
carried out to identify gossypol. Figure 1 
shows the absorption curves of acetone- 
water extracts of the feces and of a solu
tion of pure gossypol. The upper part of 
the figure shows the derivative of gossypol

<

Fig. 1

WAVE LENGTH m a

Acetone-water extracts of dog feces. -------feces e x tr a c t;----------- pure gossypol.
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TABLE 1
Gossypol intake and fecal excretion of dogs fed  a cottonseed-corn m ixture  

cooked for several periods of t im e 1

Gossypol 2
Cooking time,3 min

0 8 16 24 0
Intake

Free (A ) 31 30 26 22 34
Total 709 689 704 715 780

Fecal
Free (B ) 108 91 86 83 103
Total 703 687 757 735 805
Free B /A 3.48 3.04 3.31 3.78 3.03

1 A verage o f 3 dogs.
2 M g /d o g /d a y .
3 E a c h  cook ing  p e rio d  w as  te s te d  in  fe e d in g  te s ts  la s t in g  7 days.

with aniline. Both curves show a peak of 
m axim um  absorption at 440 mu. The 
lower part of the figure shows the curves 
of the acetone-water extracts read directly 
in  the spectrophotometer. Both curves 
show a peak of m axim al absorption at 
370 to 380 mu. Figure 2 shows the absorp
tion curve of gossypol extract chrom ato
graphed on a silicic acid column. Curves 
A and B corresponding to the chloroform 
eluates and curve D corresponding to pure 
gossypol, gave a peak of m axim al absorp-

tion of 370 to 380 ma. Figure 3 shows the 
absorption curves of the feces extract chro
m atographed on Florisil, eluted with dif
ferent solvents and reacted with aniline. 
All the solutions studied gave a m axim al 
peak of absorption at 440 mu. Figure 4 
shows the absorption curves of the phloro- 
glucinol derivatives of pure gossypol, and 
of the feces extract. The m axim al absorp
tion for both solutions was at 550 mu. Fur
ther evidence showing tha t the largest 
am ount of gossypol ingested is present in

WAVE LENGTH mjJ
Fig. 2 Gossypol extracts from dog feces. A =  chloroform eluant; B =  chloroform +  10% 

ether eluant; C chloroform +  80% MeOH; D =  pure gossypol.
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Fig. 3 D ianilino gossypol derivatives of CHC13 feces extract absorbed on Florisil. -I-I-I-I-
Florisil eluant C H C I3 ( A ) ; ----------Florisil eluant C H C I3 ( B ) ; ------------- original extract in
CHCI3 (C ); --------  pure gossypol in CHCI3 (D ).

the feces is indicated in  figure 5. In this 
experim ent, 4 dogs used previously were 
fed a casein diet for 4 days, followed by 
the casein diet plus 100 mg of gossypol 
daily, to 2 dogs from crude cottonseed oil 
and to the other two from  ground cotton
seed, for 4 days and finally, the casein diet. 
The feces were collected daily and analyses 
for gossypol were perform ed on freeze- 
dried samples from 2-day pools. The 
graph shows that when no gossypol was 
fed, little gossypol was present in  the feces. 
A peak excretion of gossypol occurred 2 to 
4 days after initial gossypol feeding and 
then decreased to low values when gossypol

was withdrawn. On the basis of 400 mg 
of gossypol, about 75 to 80% was re
covered in  feces over the entire period. 
Only one dog gave zero fecal gossypol val
ues at the end of the study. The results 
suggest a lag in  gossypol excretion.

Table 2 shows the results of qualitative 
reactions of gossypol. All reactions car
ried out in  the fecal extract gave positive 
results. The extract of the feces, and the 
feces were fed to hens and the eggs col
lected. After storage, eggs from hens fed 
pure gossypol, the fecal extract, a fraction 
from  the silicic acid column and the dry 
feces showed discoloration of the egg yolk.
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Fig. 4 Phloroglucinol derivative of feces extract and pure gossypol. ------- pure gossypol;
----------feces extract CHCI3 eluant.

TA BLE 2

Qualitative reactions on feces and fecal extracts  
of dogs fed cottonseed flour

T est R ea c tio n

Fecal extract 
+  NaOH +  H.O. +
+  aniline +
+  phloroglucinol +
+  SbCl3 +
fed to hen egg yolk discoloration

Feces fed to hen egg yolk discoloration

Table 3 presents the results of the experi
m ent where 3 types of fa t were tested to 
learn their effect on gossypol absorption. 
The excretion of free gossypol was es
sentially the same with any of the fat used

and it was, as in  previous studies, about
3.4 times greater than  the intake. Total 
gossypol excretion was 83% of the intake 
when hydrogenated vegetable fa t was fed. 
It was, however, totally excreted when but
ter fa t or refined cottonseed oil were fed. 
Nitrogen retention was better when the fat 
used was purified cottonseed oil.

Several possible factors studied to learn 
the m echanism  by which gossypol was be
ing excreted, are summarized in  table 4. 
One variable studied was a diet with all 
calories coming from carbohydrate as 
against one in  which part of the calor
ies was contributed by fat. These trea t
m ents were tested at 2 levels of intake of 
calories, 140 and 85 kcal/kg body w t/day , 
respectively. The results, however, indi-
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TA BLE 3

Effect of type of fa t  on nitrogen balance and gossypol excretion in dogs

Type of fat in diet
Nitrogen balance 1

Intake1 Fecal Urine Absorption Retention

Hydrogenated vegetable fat 
Butter fat
Refined cottonseed oil

mg/kg/day  
973 230 
977 230 
976 216

m g/kg/day
490
498
477

m g/kg/day
743 253 
747 249 
760 283

Gossypol balance 2
Type of fat in diet

Period
Free Total Fecal

Intake Excreted Intake Excreted

mg /  kg /  day m g/kg/day m g/kg /day
Hydrogenated vegetable fat i 2.8 9.1 59.8 50.0 0.15

2 2.8 9.2 60.1 49.8 0.18

Butter fat 1 2.7 8.9 46.8 47.9 0.16
2 2.7 10.0 47.0 49.3 0.14

Cottonseed oil 1 2.8 8.8 47.2 44.8 0.11
2 2.8 10.6 47.1 48.9 0.13

1 A verage o f 4 dogs and 2 four-day b a lan ce periods.
2 A verage o f 4 dogs.

TA B LE 4

Effect of  type and intake of calories and  of gossypol feeding on fecal content  
of free and total g o ssyp o l1

Treatment Intake of 
calories

Free gossypol Total gossypol
Intake Fecal Intake Fecal

kcal m g/kg/day mg/kg/day
All calories from CHO 140 3.3 2 14.0 87.3 77.9
10% Calories from fat 140 3.3 2 14.0 87.6 73.9

All calories from CHO 85 2.7 2 11.3 65.7 50.4
10% Calories from fat 85 2.7 2 11.9 65.9 49.3

Cooking in m etal container 110 1.9 3 4.6 63.4 45.4
Cooking in  glass container 110 2.1 3 6.2 60.7 49.5

With gossypol 140 6.5 3 16.6 89.3 84.5
W ithout gossypol 140 2.7 3 14.8 85.2 70.7

1 Protein  in tak e: 6 g /k g /d a y .
2 A verage o f 4 dogs and 2 four-day ba lan ce  periods.
3 A verage o f 3 dogs and 2 four-day ba lan ce  periods.

cated no difference in excretion of free and 
total gossypol between the 2 treatm ents 
within intake of calories. The recoveries of 
ingested total gossypol at the 140- and 85- 
kcal intake levels was 87 and 76% , re
spectively. In another study, the food m ix
ture containing cottonseed flour was 
cooked for 10 m inutes in a glass container 
in one case, and in a m etal container in 
another. This was done in view of previous 
results7 which indicated that iron decreases

gossypol content in  cottonseed flour-con
taining m ixtures. The results were again 
not different between treatm ents and about 
78% of the ingested total gossypol was re
covered in  the feces. As in  previous exper
iments, the am ount of free gossypol in 
feces was about 4 times the am ount in 
gested. The table also shows tha t addition 
of gossypol to the diet resulted in  an in 
crease of gossypol in  the feces.

7 See footnote  5.
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Fig. 5 Fecal excretion of gossypol in  dogs fed  
a casein diet and free gossypol (average 2 dogs/
group). ------- Crude cottonseed o i l ; ----------raw
cottonseed.

DISCUSSION

During the time the problem of cotton
seed and gossypol has been studied, it be
came apparent that not all monogastric 
anim als have the same degree of suscep
tibility towards gossypol (1 , 2 ). Although 
different anim als may have different de
toxification m echanism s, it is possible that 
a reason for differences in  resistance to 
gossypol toxicity is the am ount of gossypol 
absorbed by the anim al through the intes
tinal tract.

The results of the present study indicate 
that in  the dog and under the conditions 
used, the cottonseed pigm ent gossypol is 
excreted in  the feces. The excretion is in  
the m ajority of the cases quantitative for 
total gossypol, whereas more free gossypol 
appears in  the feces when compared with 
intake. At present, the only available ex
planation may be that certain  compounds 
of gossypol are susceptible of being hydro
lyzed in the intestinal tract, therefore re
sulting in  higher values for free gossypol. 
T hat the higher values are not entirely due 
to an  error in the method of analysis due 
to contam ination is indicated by: a )  the

almost quantitative relationship between 
the am ounts of total gossypol in  food and 
feces, b )  by low optical density readings of 
fecal extracts of dogs fed diets without cot
tonseed and subsequent increases when 
either cottonseed flour, crude cottonseed 
oil and pure gossypol are given, and c ) by 
the m axim al absorption curves of the fecal 
extracts and derivatives which were the 
same as those from pure gossypol and its 
derivatives. Furtherm ore, the pigm ent iso
lated from  the feces is gossypol as indi
cated from  the last point mentioned, as 
well as from the qualitative and biological 
tests which were positive for gossypol.

Holley et al. (1 3 ) reported on the toxic
ity of cottonseed flour and of gossypol in  
rabbits. It was indicated tha t gossypol was 
absorbed slowly and that the habit of co- 
prophagy apparently increased, by some 
unknown m echanism , the sensitivity of the 
rabbit of gossypol.

The results presented on some of the 
possible factors which could affect excre
tion of gossypol indicated that no differ
ence was found between treatm ents and 
that most of the gossypol ingested was in 
the feces. Therefore, it is not possible at 
this time to suggest a m echanism  or condi
tions which would cause gossypol to be 
totally excreted. At this time, 3 possibilities 
can be offered. One is that the am ounts of 
gossypol ingested are small, thus easily not 
absorbed. A second one is tha t during 
cooking, gossypol reacts with organic com
pounds or iron salts form ing high molecu
lar weight substances or chelates which, 
because of their size, are not easily ab
sorbed through the intestinal tract. These 
high molecular weight compounds or che
lates are decomposed later in  the large in 
testine, resulting in  fecal levels of free 
gossypol in  food slightly larger than  in 
takes. In all studies so fa r carried out, the 
relationship between free gossypol in food 
and feces is about 3.3 to 3.7 times greater 
in  feces, and tha t in several studies the 
difference between the am ount of total 
gossypol in  feces is about 10 to 15 mg less 
in feces than  in  intake. And the third pos
sibility, which is now being studied is that 
the gossypol is absorbed, transported to the 
liver and excreted with the bile into the in 
testinal tract. This m echanism  could ex
plain the higher free gossypol as well as
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the slightly lower total gossypol values ob
served in  feces as compared with the in 
takes of the 2 forms of the pigment. The 
results presented here are of practical in ter
est, particularly if the conditions favoring 
excretion of gossypol are defined, so that 
they can be applied to other anim als and 
increase the use of cottonseed flour in  both 
hum an and anim al feeding.
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Influence of Dried-grass Silage and Silage Fractions 
on the Basal Metabolic Rate of Rats * 1
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ABSTRACT  Seven m etabolism  trials were conducted to determine the influence 
of ground dried-grass silage (D G S), or fractions of DGS on the basal m etabolic rate 
(BM R) of rats. Incorporation of 20% of each of 5 sam ples of DGS, ensiled in  4 d if
ferent years, into  the diets increased BMR above that of rats fed a control ration. 
Increased BMR was observed in  growing and m ature m ale and fem ale rats fed diets 
containing DGS; however, a m uch greater increase in  BMR occurred in  m ales than in  
fem ales. Ground grass hay of sim ilar botanical com position to that of the grass silage 
had no effect on BMR w hen it m ade up 20% of the diet. H istological exam ination  
of the thyroids of rats fed  2  sam ples of 1957 DGS revealed increases in  the height of 
the follicular epithelial cells. DGS w hich had been extracted first w ith petroleum  
ether then w ith  absolute ethanol w as more active in  increasing BMR than the un
extracted DGS. Extraction of the petroleum  ether-absolute ethanol extracted DGS 
with 80% ethanol rem oved m ost o f the BMR stim ulating activity. Hot aqueous extrac
tion of the residue of the 80% ethanol extraction removed the remainder of the 
activity.

Unusually high plasm a protein-bound 
iodine values in  dairy cattle were reported 
by Asplund et al. (2 )  to be associated 
with the feeding of grass silage. Since 
this appeared to be related to thyroid 
activity, it prom pted an investigation of 
the influence of grass silage on basal m et
abolic rate (BM R), which is influenced 
by thyroid activity. In the present work 
dried-grass silage (DGS) or various frac
tions of grass silage were incorporated 
into the diets of ra ts and the effect on 
BMR was determ ined by m easurem ent of 
the rate of oxygen uptake.5,6

EXPERIMENTAL

Grass silage used in  this work was 
ensiled in June of 1956, 1957, 1959 and 
1960 at the West Virginia University Dairy 
Farm. The forage was a m ixture of wheat, 
vetch, orchard grass and alfalfa. The 1956 
and 1957 grass silage was ensiled from 
direct-cut grass which was chopped, 
treated with 0.4% of the preservative, 
sodium metabisulfite, and packed in up
right, circular commercial silos. In 1959 
and 1960 the grass was wilted, chopped 
and treated with 5% beet pulp instead of 
sodium metabisulfite. As indicated in 
table 1 grass silage will be designated

according to the year it was ensiled. An 
exception to this is the 1957 silage which 
is designated 1957a and 1957b to account 
for removal from the silo in September 
1957 and February 1958, respectively. All 
samples of grass silage were dried in a 
forced-air oven at 65°C immediately after 
removal from the silos. The samples were 
ground in  a Wiley mill having a 40-mesh 
screen and stored in closed m etal con
tainers until mixed into the various diets.

Samples of grass hay were obtained in 
June 1958 from a field adjacent to and 
having sim ilar botanical composition to 
that of the grass from which silage had 
been made. The field-cured hay was dried 
at 65°C, ground and stored as described 
for the grass silage.
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TABLE 1
Forages incorporated in to  ra t d iets

Trial Forage
ï ’orage 

designation 
in ration 

tables

Date of 
cutting or 
ensiling

Date of 
removal 
from silo

i 1956 Grass silage 1956 D G S 1 June 1956 February 1957
1,2 1957 Grass silage 1957a DGS June 1957 September 1957
1.2 1957 Grass silage 1957b DGS June 1957 February 1958
3 Grass hay 2 hay June 1958 —

4 1959 Grass silage 1959 DGS June 1959 February 1960
5,6,7 1960 Grass silage 1960 DGS June 1960 October 1960

1 DGS in d ic a te s  d r ied -g rass  s ilag e .
2 F ie ld -cu red .

Ground DGS obtained from grass en
siled in  1956, 1957 and 1959 and the 
grass hay were incorporated at a level of 
20% in the diets of rats used in  m etabo
lism trials 1, 2, 3 and 4. The composition 
of these diets are shown in tables 2 and
3. Diets fed to ra ts in  trials 1, 2 and 3 
contained approxim ately 20% protein. 
The semipurified diets fed in  trial 4 con
tained approximately 7.6% protein. Four 
rats fed the control diet in trial 2 were 
injected twice a week with 0.2 USP units 
of thyroid-stimulating hormone.

Trials 5, 6 and 7 were conducted to de
termine the influence of various fractions 
of grass silage on the BMR of rats.

The diets fed in  all trials consisted of 
a constant portion and a variable portion 
which am ounted to 80 and 20% of the 
diets, respectively. The constant portion, 
the same for all diets fed in  any trial, 
contained all of the supplem entary vita
m ins and m inerals and most of the pro
tein and energy required by the rat. In 
every trial one group of rats received a 
control diet consisting of 80% constant 
portion plus 20% of an artificial roughage 
of cornstarch, protein (purified soybean 
protein or casein) and cellulose. The arti
ficial roughage was added to make these 
diets approximately equivalent in gross 
energy, crude fiber and protein to the 
treatm ent diets which contained 20% of 
ground DGS or hay. In those diets fed in 
trials 5, 6 and 7 in which a grass silage 
extract was incorporated into the diet, the 
variable portion was the same as in  the 
control diet with the exception tha t the 
am ount of cornstarch was reduced by an 
am ount equal to the dry m atter content of 
the concentrated grass silage extract.

Albino ra ts of the W istar strain  were 
used in all trials except trial 4 in  which 
Hooded Norway ra ts of the Lane-Alien 
strain  were used. The ra ts were kept in 
individual cages in an air conditioned room 
m aintained at 22°C. Rats w ithin each 
trial were fed either a control or treatm ent 
diet during a 3- or 4-day prelim inary 
period prior to the start of the metabolism 
trial. The food intake was equalized dur
ing each prelim inary period and was kept 
constant during the metabolism period.

The fractions incorporated into diets of 
rats on trials 5, 6 and 7 were obtained 
from ground 1960 DGS. The fractionation 
procedure which is diagram med in figure 1 
involved continuous, cold extraction of 
2 kg of ground DGS for 36 hours each 
with petroleum ether and absolute ethanol. 
An aliquot of the DGS (Fraction 1) that 
had been extracted with petroleum ether- 
ethanol was saved for assay and the re
m ainder placed in  a percolator and 20 
volumes of cold 80% ethanol percolated 
through for 36 hours. The 80% ethanol 
extract was concentrated to a volume of 
400 ml (Fraction 4). Each milliliter, which 
contained 30 mg of dry m atter, was equiv
alent to 5 g of DGS. A portion of the 
residue of the 80% ethanol extraction 
(F raction 3) was dried and used for assay 
purposes and the rem ainder was refluxed 
twice for periods of 8 hours each with 
10 volumes of distilled water. Filtration 
of this extract m ixture yielded Fraction 6 
which was concentrated in vacuo. The 
residue of the aqueous extraction (F rac
tion 5) was refluxed for 8 hours with 
10 volumes of 0.1 N sulfuric acid. F iltra
tion of the m ixture yielded the acid ex-
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TA B LE 2
C om position of d iets fed  to ra ts in  trials 1, 2 and 3

Control
diet

Silage
diet

Hay
diet

% % %
Basal ration

Yellow cornm eal 46.4 46.4 46.4
Soybean m e a l1 16.0 16.0 16.0
Dried whole m ilk 16.0 16.0 16.0
Brewer’s yeast 0.7 0.7 0.7
NaCl 0.4 0.4 0.4
CaCOa 0.4 0.4 0.4
Fish liver o i l 2 0.1 0.1 0.1
Total 80.0 80.0 80.0

Artificial roughage
Cellulose 3 10.0 — —

Cornstarch 8.0 — —

Purified soybean protein 4 2.0 — —

Natural roughages
Ground 1956 DGS — 20.0 —

or
Ground 1957a DGS — — —

or
Ground 1957b DGS — — —

Ground dried m ixed grass hay — - 20.0
1 S o lv en t-ex trac ted .
2 “ V ita l”  F is h  L iv e r O il (c o n ta in in g  n o t le ss  th a n  2250 IU  v i ta m in  A a n d  600 IU  v ita m in  D /g ) ,  

M id la n d -W es te rn , In c ., R ea d in g , P e n n s y lv a n ia .
3 S o lka  F loe , B ro w n  C o m p an y , B er lin , N ew  H a m p sh ire .
4 D ra c k e tt  A ssay  P ro te in  C -l, A rch e r-D an ie ls-M id lan d , M in n eap o lis .

TA B LE 3

C om position of d iets fed  to ra ts in  tria l 4

Control
diet

1959 DGS 
diet

% %
Cornstarch 75.4 63.9
Casein 7.2 5.2
M ethionine 0.15 0.15
Salt m ix 1 3.2 3.2
Choline chloride 0.15 0.15
Corn o i l 2 4.0 4.0
Fish liver oil 3 2.4 2.4
Glucose — vitam in m ix 4 1.0 1.0
Cellulose 5 6.5 —
Ground 1959 DGS — 20.0

1 S a lt m ix  U SP XIV, N u tr i t io n a l  B io ch em ica ls  C orpo
ra t io n ,  C lev e lan d .

2 F ive  m ill ig ra m s  a -to co p h ero l a n d  0.5 m g  m e n a 
d io n e / 1 0 0  g o f d ie t w e re  d isso lv ed  in  1 0  m l o f 
a b so lu te  e th a n o l a n d  m ix e d  w ith  th e  c o rn  oil.

3 “V ita l”  F is h  L iv e r O il ( c o n ta in in g  n o t le ss  th a n  
2250 IU  v i ta m in  A a n d  600  IU  v ita m in  D /g ) ,  M id
la n d -W e ste rn , In c ., R ea d in g , P e n n s y lv a n ia .

4 B -v itam in  m ix tu re  o f  H a rp e r  e t  al. ( 5 )  w as  m ix ed  
w ith  g lu co se  so th a t  on e  g ra m  o f g lu co se -v itam in  
m ix tu re  c o n ta in e d  su ffic ien t v ita m in s  fo r  1 0 0  g o f 
d ie t.

5 S o lka  F loe , B ro w n  C o m p an y , B er lin , N ew  H a m p 
sh ire .

tract (Fraction 8) and the residue of the 
acid extraction (Fraction 7).

The composition of diets containing the 
various silage fractions is shown in  table 4. 
These diets contained approximately 
12.6% protein. In  the preparation of diets 
containing a silage extract as the variable 
factor, a known volume of extract was 
added to the am ount of starch required 
in  the diet. The starch-extract m ixture 
was dried at 65°C and incorporated into 
the particular diet.

At the end of each trial the ra ts were 
fasted for 16 hours and the BMR was 
determ ined by indirect calorimetry.

The BMR of ra ts in  trial 2 was deter
m ined after 7 and 60 days. The BMR 
of ra ts used in  all other trials was deter
m ined only at the end of the feeding 
period.

The ra te of oxygen consum ption was 
determ ined in  an  apparatus sim ilar to 
that described by Visscher et al. (8 )  except 
that a desiccator was used as the ra t cham-
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GROUND DRIED-GRASS SILAGE (I960)

Pet. ether  ext.
FOLLOWED BY ABS. 
ETHANOL ex t .

Fraction I \  Fraction 2
residue of ta eth er - ethanol
ETHER-ETHANOL EXT
EXT. (ASSAYED)

COLD 80% ETHANOL EXT.

Fraction 3
RESIDUE OF 80% 
ETHANOL EXT. 

(ASSAYED)

Fraction 4
"8 0 %  ETHANOL 

EXT. (ASSAYED)

Ho t  aqueous e x t .

Fraction 5 
RESIDUE OF 

AQUEOUS EXT.

Fr a c t io n  6
Tk AQUEOUS EXT 

(ASSAYED)

h o t  o . i n  h 2 s o 4 e x t .

Fraction 7
RESIDUE OF ACID 
EXT. (ASSAYED)

Fraction 8 
ACID EXTRACT 

(ASSAYED)

Fig. 1 Flow-diagram of dried-grass silage fractionation.

TA BLE 4

C om position of d iets fed  to ra ts in  trials  5, 6 and  7

D ie t d e s ig n a tio n  as v a r ia b le  co m p o n e n t

o  4 i I960  C o n tro l DGS
DGS DGS 
F rac - F ra c 
tio n  1 t io n  3

DGS 
F r a c 
tio n  4
( l x )

DGS DCS 
F rac - S J ”  
tio n  4
( 3  x )  tio n  6

DGS 
F ra c 
tio n  7

DGS 
F ra c 
tio n  8

Trial 5,6,7 5 5 6 6 6 7 7 7

% % % % % % % % %
Constant

constituents 1 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0 80.0
Cornstarch 11.7 11.58 11.34 10.4 2.7 9.7
Casein 1.8 1.80 1.80 1.8 1.8 1.8
Cellulose 2 6.5 6.50 6.50 6.5 6.5
Ground 1960 DGS 3 20.0
DGS Fraction 1 4 20.0
DGS Fraction 3 20.0
DGS Fraction 4 0 . 1 2  5 0.36 6
DGS Fraction 6 1.3
DGS Fraction 7 15.5
DGS Fraction 8 2.0

1 E ig h ty  g ram s c o n s ta n t  c o n s ti tu e n ts  c o n ta in e d  in  g ram s eac h  o f  th e  fo llo w in g : c o rn s ta rc h , 51.1 ; c ase in , 
12 6 - m e th io n in e , 0 .3; s a l t  m ix  U SP XIV, 4.0  (N u tr i t io n a l  B io ch em ica ls  C orp., C le v e la n d ) ;  c o m  o il, 4.0 , c o n 
ta in in g  5 m g  a -to co p h ero l; f ish  l iv e r  o il, 3.0 (see  fo o tn o te  3, ta b le  3 ); B -v ita m in  m ix , 5.0, R a m a  R ao  e t al. ( 6 ).

2 A lp h a  cellu lo se , N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C leveland .
3 G ro u n d  1960 d rie d -g ras s  s ilag e  (D G S ) w as  u s e d  in  tr i a ls  5, 6  a n d  7.
4 See fig u re  1 fo r  f r a c t io n a t io n  p ro ced u re .
5 F o u r  m ill i l i te rs  o f c o n c e n tr a te d  80%  e th a n o l e x tra c t  o f DGS c o n ta in e d  0.12 g d ry  m a tte r ;  e q u iv a le n t to  

20  g DGS.
6 T w elve m ill i l i te r s  o f c o n c e n tr a te d  80%  e th a n o l e x tr a c t  o f DGS c o n ta in e d  0.36 g d ry  m a tte r ;  e q u iv a le n t to 

60 g DGS.
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ber. The bottom of the desiccator con
tained soda lime for the absorption of 
carbon dioxide. For determ ining oxygen 
consum ption rate a fasted ra t was placed 
on a porcelain desiccator plate in the 
desiccator and sufficient time allowed for 
the ra t to become relaxed. At this time 
the cover was placed on the desiccator 
and pure oxygen, saturated with w ater by 
passing through a wash bottle, was passed 
through the desiccator for 10 m inutes to 
replace the air with oxygen. The anim al 
cham ber and gas-washing bottle were 
m aintained in a constant tem perature bath 
at 30.0°C ±  0.1. Following this a 50-cm3 
hypodermic syringe connected to the desic
cator by m eans of rubber tubing was filled 
with oxygen to the 30-cm3 m ark. The in 
take and outlet tubing were then clamped 
to m ake this a closed system. M easure
m ents on ra ts  in  trials 4 through 7 were 
m ade using a 100-cm3 syringe and oxygen 
was filled to the 80-cm3 m ark. W hen the 
pressure of the desiccator became equal to 
tha t of the atm osphere, as indicated by the 
change in  the m anom eter attached to the 
desiccator, a stop watch was started and as 
the anim al used oxygen the piston of the 
syringe was moved inwardly to equalize the 
pressure. The time required for the anim al 
to use 30 cm3 of oxygen in trials 1, 2 and 
3, or 80 cm3 in trials 4 through 7, was 
recorded. The tem perature of the desic
cator, atm ospheric pressure and weight of 
the ra t were also recorded. The BMR was 
calculated from the oxygen consum ption 
by assum ing a respiratory quotient of 
0.82. Calculations were made according 
to Brody (3 )  and are expressed as kilo
calories per 24 hours per kilogram of body 
weight0,75.

At the completion of the 60-day feeding 
period of trial 2 the thyroid glands of the 
m ale ra ts were removed, sectioned and 
stained with hem atoxylin and eosin. The 
follicular cell height was m easured ac
cording to the procedure of Armstrong 
and Flansel (1 ) .

All data  were subjected to analysis of 
variance according to Snedecor (7 ).

RESULTS AND DISCUSSION

M etabolism data presented in tables 5 
and 6 indicate tha t ra ts  fed diets contain
ing 20% of either 1956 DGS, 1957a DGS,

1957b DGS, 1959 DGS or 1960 DGS ex
hibited significant increases (P  <  0.05) 
in BMR above the rate of rats fed control 
diets. Increased BMR as the result of 
feeding diets containing 20% DGS oc
curred in growing and m ature male and 
female albino rats and in m ature male 
Hooded-Norway rats. The BMR was in 
creased in male rats fed DGS-containing 
diets for 7 days, but the increase was 
greater after 60 days of feeding. Although 
the increases in BMR of female rats fed 
DGS were significant (P <  0.05) in all 
groups except those fed the 1957a DGS 
for 7 days, the increases as indicated in 
table 7 were less than 10%. In contrast 
with this the average increase in BMR of 
male ra ts fed the 5 samples of DGS was 
28% above the controls. The percentage 
of dietary protein, which was approxi
m ately 20.0, 7.2 and 12.6% in trials 1 
through 3, 4, and 5, respectively, did not 
influence the qualitative effect of DGS on 
BMR.

Injection of thyroid-stimulating hor
mone twice weekly into rats fed control 
diets in trial 2 for 7 days induced increases 
in  BMR of about the same m agnitude as 
in  rats fed DGS. However, injection of 
thyroid-stimulating hormone twice weekly 
for 60 days resulted in a greater increase 
in  BMR than resulted from DGS feeding.

The lack of change in BMR of rats fed 
ground grass hay suggests that the active 
substance(s) is not present in grass but 
occurs during ensiling. The influence of 
DGS on BMR may be due to the action of 
a com pound(s) synthesized during the 
silage ferm entation or to the release of an 
active com pound(s) from larger molecules 
through enzymatic action. It appears im 
probable that sodium m etabisulphite used 
in  ensiling the 1956 and 1957 grass silage, 
and beet pulp used in ensiling the 1959 
and 1960 grass silage, were responsible 
for the influence of DGS on BMR. How
ever, the results reported do not preclude 
this possibility.

Histological examination of the thyroids 
of male rats in trial 2 revealed changes in 
the appearance of the follicles. Although 
more small follicles occurred in thyroid 
sections of rats fed DGS or injected with 
thyroid-stimulating hormone, the change 
in height of the follicular epithelium cell
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was striking. The height of the follicular DGS, 1957 DGS, or that received thyroid- 
epithelium of the thyroids of rats fed the stim ulating hormone, respectively. " The 
control diets was 5 .5u  compared with 7.4, difference between m eans was highly sig-
7.5 and 7.0-u fo r the follicular epithelium  nificant (P  <  0.01). This increase in
of rats fed  the ration containing 1957a follicular epithelial cell height on rats fed

TA BLE 5
Effect of feeding ground dried-grass silage (DGS) an d  hay on the BMR of rats

(tria ls 1, 2, 3 and 4)

T r i a l D i e t
d e s i g n a t i o n

N o .  o f  
r a t s /

t r e a t m e n t
D a y s  o n R a n g e  o f  r a t  w e i g h t s B M R  i

t r e a t m e n t M a le F e m a l e M a le F e m a l e

9 9
I ( 3 5 2 - 4 2 9 ) ( 1 8 4 - 2 2 3 )
I C o n t r o l 4 7 66 8 1
1 1 9 5 6  D G S 4 7 9 3  2 86 2
1 1 9 5 7 a  D G S 4 7 7 9  3 8 2
2 ( 1 1 3 - 1 3 8 ) ( 1 0 2 - 1 2 2 )
2 C o n t r o l 4 7 5 7 7 8
2 1 9 5 7 a  D G S 4 7 7 0  3 8 4  3
2 1 9 5 7 b  D G S 4 7 7 9  3 8 4  3
2 C o n t r o l  +  T S H  1 4 7 7 1  3 7 5
2 ( 2 5 4 - 3 0 0 ) ( 1 4 6 - 1 8 3 )
2 C o n t r o l 4 6 0 5 6 8 7
2 1 9 5 7 a  D G S 4 6 0 7 7  3 1 1 7  3
2 1 9 5 7 b  D G S 4 6 0 8 3  3 9 6  3
2 C o n t r o l - ) - T S H  4 4 6 0 9 6  3 102 3
3 ( 3 9 7 - 4 5 6 )
3 C o n t r o l 4 7 5 8
3 1 9 5 8  h a y 4 7 5 7
4 ( 3 5 7 - 4 1 1 )
4 C o n t r o l 8 7 5 55
4 1 9 5 9  D G S  5 8 75 62 6

1 K ilo c a lo r ie s /24  h r / k g 0-75.
2 D = 2.2  a t  P  <  0.05.
3 D  = 5.1 a t  P  <  0.05.
4 0.2 U SP u n i ts  o f th y ro id -s t im u la tin g  h o rm o n e  (T S H ) a d m in is te r e d  in tr a p e r ito n e a lly  tw ice  a w eek.
5 A lb in o  r a ts  w e re  u sed  in  a ll  t r i a ls  e x ce p t t r i a l  4 in  w h ic h  H ooded-N orw ay  r a ts  w e re  used , 
e P  <  0.05.

TA B LE 6

Effect of feeding ground dried-grass silage and silage fractions on the BMR of 
m ature m ale ra ts (trials 5, 6 and  7 ) 1

Trial Diet designation
No. of 
rats/

treatment
Days on 

treatment BMR 2

5 Control 6 15 64
5 1960 DGS 3 6 15 70 4
5 DGS Fraction 1, residue of ether-ethanol extraction 6 15 77 4
6 Control 8 8 61
6 DGS Fraction 3, residue of 80% ethanol extraction 8 8 67 5
6 DGS Fraction 4 (1  X ) , 80% ethanol extraction 6 8 8 69 5
6 DGS Fraction 4 (3  X ), 80% ethanol extraction 7 8 8 79 5
7 Control 7 11 55
7 DGS Fraction 6, aqueous extract 7 11 67 8
7 DGS Fraction 7, residue of acid extraction 7 11 56
7 DGS Fraction 8, acid extraction 6 11 56

1 R an g e  o f  w e ig h ts  o f r a ts  u s e d  in  ¿ r ia ls  5, 6  a n d  7 w a s  270  to  418 g.
2 K ilo c a lo r ie s /24  h r /k g 0-76.
3 G ro u n d  1960 d rie d -g ras s  s ilag e  (D G S ) w a s  u s e d  in  tr i a ls  5, 6  a n d  7.
4 D = 4.2  a t  P  <  0.05.
5 D  = 3.1 a t  P <  0.05.
6 0 . 1 2  g o f d ry  m a tte r  in  th e  c o n c e n tr a te d  e th a n o l e x tra c t.
7 0.36 g o f  d ry  m a tte r  in  th e  c o n c e n tra te d  e th a n o l e x tra c t, 
s P  <  0.01.
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TABLE 7

Sum m ary of changes in  basal m etabolic  rate of ra ts in  tria ls 1 through  7

T r e a tm e n t1
No. of 
rats/

t r e a tm e n t
Days on C h an g e  in  BM R

tr e a tm e n t Male Female

1956 DGS 4 7
%

+  41
%

+  6
1957a DGS 8 7 +  21 +  4
1957b DGS 4 7 +  26 +  8
Control +  TSH 2 4 7 +  25 0
1957a DGS 4 60 +  38 -f- 35
1957b DGS 4 60 +  48 +  10
Control +  TSH 2 4 60 +  71 +  29
1958 Hay 4 7 0 —
1959 DGS 8 75 +  13 —
1960 DGS 6 15 +  9 —
DGS Fraction 1 2 6 15 +  20 —
DGS Fraction 3 8 8 +  10 —
DGS Fraction 4 (1  X ) 8 8 +  13 —
DGS Fraction 4 (3  X ) 8 8 +  29 —
DGS Fraction 6 7 11 +  22 —

DGS Fraction 7 7 11 0 —
DGS Fraction 8 6 11 0 —

1 DGS in d ic a te s  d r ied -g rass  s ilag e ; TSH , th y ro id -s t im u la tin g  h o rm o n e .
2 A ll DGS f r a c tio n s  m a d e  fro m  1960 DGS.

DGS suggests tha t the active substance(s) 
in  DGS m ay act directly on the thyroid, 
which in  tu rn  influences BMR.

Prelim inary work on the fractionation 
of DGS has revealed tha t extraction of 
DGS with petroleum ether followed by 
absolute ethanol results in  a fraction hav
ing greater capacity to increase BMR. The 
report of Grosvenor and T urner (4 )  that 
a relatively low level of estradiol benzoate 
increased thyroid horm one secretion would 
tend to preclude the possibility tha t the 
inhibitory substances removed from DGS 
by the organic solvent are estrogens. Ex
traction of the DGS tha t had been ex
tracted with petroleum ether-absolute 
ethanol with cold 80% ethanol removed 
most of the substance(s) that increased 
BMR in rats. Concentration of the 80% 
ethanol extract of DGS (Fraction 4 ) re
sulted in  a preparation more than  160 
times as active in  increasing the BMR of 
rats than  the unextracted 1960 DGS. Al
though most of the activity of the DGS 
was removed in  the 80% ethanol extrac
tion (Fraction 3 ), it still retained some of 
the fac to r(s ) which increased BMR. Hot 
aqueous extraction of this residue removed 
the rem ainder of the activity. This was 
evident since the extraction of the residue 
of the aqueous extraction (F raction 5) 
with hot 0.1 N  H2SO4 yielded a fraction

tha t did not increase the BMR of rats. 
Failure to obtain an active fraction after 
extraction with the hot acid solution sug
gests th a t the active substance(s) does 
not occur in  the bound state in  DGS.
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Mineral Utilization in the Rat
III. EFFECTS OF CALCIUM, PHOSPHORUS, LACTOSE AND 

SOURCE OF PROTEIN IN ZINC-DEFICIENT AND IN 
ZINC-ADEQUATE DIETS

R. M. FORBES
D ivision  of A nim al N u trition , U n iversity  of Illinois, Urbana, Illinois

ABSTRACT  A total of 96 w eanling m ale albino rats was used in  a study of effects 
of Ca, P, lactose, and substitution of isolated soy protein for whole egg white protein  
on growth and m ineral utilization of norm al and of Zn-deficient anim als. D ietary Ca 
decreased w eight gain, Zn absorption, fem ur Zn concentration, Mg absorption and 
balance, percentage Ca absorption and balance and percentage P absorption. It 
increased m illigram s of Ca and P retained, percentage fem ur ash, and percentage 
Fe absorbed. Dietary P increased kidney calcification, percentage P absorbed and 
m illigram s of P retained, w hile decreasing percentage P balance. Substitution of soy 
protein for w hole egg w hite protein affected (increased) w eight gain only of anim als 
fed  Zn-deficient diets. It decreased concentration of fem ur ash Zn, Ca and P absorp
tion and balance, Mg, Zn, and Fe absorption. It increased kidney calcification. Lactose 
increased kidney calcification, percentage fem ur ash, Ca absorption and balance and 
Mg absorption. The m ain  effects cited above were influenced by strong interactions, 
particularly between Ca and soy protein, ind icating that the Ca effects were greater in  
the presence of soy protein. This is of practical im portance in  the consideration of 
Ca effects on Zn utilization.

The investigation reported here repre
sents an extension of a previous study ( 1 ) 
of the effects on m ineral utilization of 
adding Ca, Mg, and P to ra t diets deficient 
in  Mg and P. In the present study the 
basal diet contained norm ally adequate 
concentrations of these m inerals, and the 
effects of adding Ca, P, and lactose and of 
substitution of isolated soy protein for 
whole egg white was investigated with 
zinc-deficient and with zinc-adequate diets.

The dietary variables were selected in 
view of the current interest in  effects of 
Ca and P on Mg and Zn utilization (2 -5 ) ,  
effects of lactose on m ineral utilization 
( 6- 8 ) and effects of isolated soy protein 
on utilization of zinc and other trace 
m inerals (9 -1 1 ) .

PROCEDURE

A total of 96 w eanling male albino ra ts 
of the Sprague-Dawley strain  was em
ployed. They were received at 2-week 
intervals in  groups of 24 and were kept 
on experim ent for 28 days. The anim als 
were kept in  individual stainless steel 
cages throughout the experim ent with 
deionized w ater always available to them.

During the first 14 days, food intake was 
controlled, and a 7-day collection of ex
creta was m ade during the second week. 
Ad libitum  feeding was perm itted during 
the last 14 days and all feed intakes were 
recorded. At the end of the experim ent 
anim als were decapitated, and blood serum 
and tissue samples were obtained and pre
served by freezing until analyses could be 
made.

Four diets were designed to contain 
12 % protein, either from  egg w h ite * 1 or 
from  isolated soy p ro te in 2 supplem ented 
with 3.4% DL-methionine. All diets con
tained 10% corn oil and 0.5% cod liver 
oil containing 0.6 m g vitam in A /g  and 
250 USP units of vitam in D /g. The carbo
hydrate was supplied either as glucose or 
as a m ixture of glucose and lactose, the 
la tter carbohydrate m aking up 25% of the 
diet. The basal salt m ixture, added to all 
diets at a level of 2.89% , contained: (in  
per cen t) NaCl, 12.7; K2C 03, 17.3; FeSOu 
7H20 , 1.27; MnS0<rH20 , 0.41; CuSOu

R ece iv ed  fo r  p u b lic a tio n  J a n u a r y  8 , 1964.
1 S p ray -d ried  w h o le  egg  w h ite , N u tr i t io n a l  B io ch em 

ic a ls  C o rp o ra tio n , C lev e lan d .
2 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 .

J .  N u t r i t i o n , 8 3 : *64 225
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TA B LE 1

M ineral con ten t o f diets

P Ca Mg Fe Zn- Zn +

% % % % ppm ppm

Egg protein Glucose — 0.36 0.39 0.042 0.0056 1.6 9.6
P 0.73 0.39 0.042 0.0056 1.6 9.6
Ca 0.36 0.78 0.042 0.0056 1.6 9.6
P +  Ca 0.73 0.78 0.042 0.0056 1.6 9.6

Lactose _ 0.36 0.39 0.042 0.0056 1.6 9.6
P 0.73 0.39 0.042 0.0056 1.6 9.6
Ca 0.36 0.78 0.042 0.0056 1.6 9.6
P +  Ca 0.73 0.78 0.042 0.0056 1.6 9.6

Soy protein Glucose 0.57 0.40 0.042 0.0056 6.7 14.7
P 0.91 0.40 0.042 0.0056 6.7 14.7
Ca 0.57 0.78 0.042 0.0056 6.7 14.7
P +  Ca 0.91 0.78 0.042 0.0056 6.7 14.7

Lactose _ 0.57 0.40 0.042 0.0056 6.7 14.7
P 0.91 0.40 0.042 0.0056 6.7 14.7
Ca 0.57 0.78 0.042 0.0056 6.7 14.7
P +  Ca 0.91 0.78 0.042 0.0056 6.7 14.7

5H20 , 0.20; KI, 0.013; CaHPCh, 47.0; 
4M gC03-M g(0H )2-nH20 , 4.8; N aH 2P 0 4- 
H20, 16.0. This m ixture was designed to 
provide adequate levels of all m ineral ele
m ents except zinc. A vitamin-glucose m ix
ture of the following composition was 
added to all diets at a level of 5.0% : (in  
m g) thiamine-HC1, 440; riboflavin, 264; 
pyridoxineH C l, 176; Ca panthothenate, 
704; biotin, 9; niacin, 1100; folic acid, 
22; vitam in B», 9 (0.1%  in  m annito l), 
menadione, 14; and (in  gram s) choline 
chloride, 66; glucose, 2117.

The 4 diets described above were each 
modified by addition of CaC03, N aH2P 0 4- 
H20  or both to give a total of 16 diets 
which were fed to a total of 48 rats in  2 
periods (A and B ). These 16 diets were 
then supplem ented with Z nC 03 and fed in 
sim ilar fashion to 48 rats in 2 periods 
(C and D ). Each diet was thus fed to a 
total of 3 rats. The diet designations and 
their analyzed m ineral composition are 
shown in  table 1.

Chemical analyses were conducted by 
the following m ethods: Ca and Mg by 
EDTA titration, employing Calcon and 
Erichrome Black T as indicators (1 2 ) and 
using an autom atic titrator with constant 
rate delivery of titrant, following removal 
of P and interfering cations by use of 
zirconium n itrate and diethyldithiocar-

bam ate (1 2 ) , tungstic acid (1 3 ) or cyclo- 
hexanediam inetetraacetic acid on acetate- 
saturated Dowex 21K (1 4 ); P by the AOAC 
colorimetric procedure,3 Zn by the method 
of Butts et al. (1 5 ); and Fe by the method 
of Moss and Mellon (1 6 ). Prior to analysis 
bones were dry-ashed after extraction for 
24-hour periods with ethyl alcohol and 
with petroleum ether. Diets, kidneys and 
excreta were ashed with H N 0 3 and H ,0 2. 
The ashed m aterials were taken up in  a 
m inim um  of dilute HC1 and m ade to a 
convenient volume with deionized water.

Statistical analysis of the data was 
carried out by standard  analysis of vari
ance procedures for a 24 factorial design.

RESULTS

At the end of a 4-week growth period 
rats fed the egg white diets in  periods A 
and B showed the scaly paws and poor 
hair coat typical of Zn deficiency. A few 
of the anim als fed soy protein diets showed 
these same symptoms but in  m ilder form. 
No Zn deficiency symptoms were observed 
in anim als fed in  periods C and D.

Since the Zn deficiency produced in  
periods A and B m arkedly affected the per
formance of the anim als in  terms of feed 
intake and weight gain, the data for these

3 Association of Official Agricultural Chemists 1960
Official Methods of Analysis, ed. 9, Washington, D. C.
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periods are presented separately from 
those of periods C and D in which Zn- 
adequate diets were fed.

Table 2 shows the 4-week gain and feed 
intake data  and the results of the fem ur 
and kidney analyses. Each figure in  the 
table represents the average obtained from 
3 rats. The m ean m ain  effects and signifi
cant interactions are shown in table 3. The 
correlation between feed intake and weight 
gain was 0.993, considering all of the data 
for both levels of zinc. The various trea t
m ents had specific effects on feed intake 
and weight gain as indicated in  table 3. 
These m easures of perform ance were 
markedly decreased by addition of calcium 
to both the Zn-deficient and Zn-adequate 
diets and were increased by the substitu

tion of isolated soy protein for egg white 
protein only in  the case of the frankly Zn- 
deficient diets. The Ca effect on intake 
and gain was m uch greater with the soy 
protein diets than  with the egg protein 
diets at both Zn levels. Although the addi
tion of P did not in  general affect gain 
and intake, it did decrease these in  ra ts 
fed the Zn-adequate diets containing soy 
protein.

The m ain effect of lactose on gain was 
not significant but soy protein prevented 
the growth depression obtained with lac
tose in egg protein diets.

W ith respect to percentage ash and 
parts per million Zn in  the ash of fem urs, 
there were no differences due to treatm ent 
am ong ra ts fed the Zn-deficient diets, al-

TA BLE 2

T w enty-eigh t-day w eigh t gain, feed  in take, bone and k idney  com position  in  4-week stu dy

Zinc
Glucose Lactose

— P Ca P + Ca — P Ca Ca

Egg protein diets

Wt gain, g _ 19 19 19 18 16 21 12 8
+ 90 90 81 73 65 74 70 81

F eed ,g _ 149 138 147 143 137 144 130 126
+ 248 254 240 234 219 239 221 241

Femur ash, % _ 54.7 53.4 56.1 55.6 54.3 53.3 57.5 57.4
+ 57.7 57.7 60.9 60.0 58.8 58.5 61.6 62.8

Femur ash
Zn, ppm — 313 293 292 283 318 384 320 496

+ 371 383 385 297 392 367 301 323

Kidney Ca, % _ 0.017 0.065 0.021 0.022 0.024 1.80 0.029 0.232
+ 0.041 0.104 0.041 0.401 0.096 3.69 0.094 1.95

Kidney Mg, % _ 0.073 0.094 0.068 0.070 0.068 0.168 0.072 0.071
+ 0.072 0.082 0.074 0.094 0.081 0.219 0.088 0.193

Soy protein diets

Wt gain, g _ 76 60 34 38 68 66 45 39
+ 94 80 64 66 97 88 75 56

F eed ,g 237 202 172 175 225 207 187 179
+ 273 237 223 230 273 262 234 205

Femur ash, % 58.1 58.1 58.6 57.2 56.2 59.3 59.0 54.9
+ 59.0 58.0 60.2 60.3 60.8 60.2 61.8 59.2

Femur ash
312 333 247 325 378 308 340 307

+ 386 359 240 230 379 355 251 239

Kidney Ca, % 0.236 1.45 0.037 2.43 1.08 4.65 0.051 2.02
+ 0.790 2.51 0.045 1.92 1.07 4.27 0.525 2.21

Kidney Mg, % 0.084 0.136 0.065 0.148 0.111 0.212 0.069 0.142
+ 0.100 0.199 0.081 0.149 0.117 0.265 0.097 0.188
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though differences in  these m easurem ents 
were produced by dietary variables in  the 
Zn-adequate diets. In  ra ts fed the latter 
diets, the fem ur ash was increased by Ca 
and by lactose. The Ca effect was sm aller 
in the presence of soy protein than  in  its 
absence. The concentration of Zn in  the 
fem ur ash was definitely decreased by add
ing Ca or soy protein to the diets, and the 
effect of the Ca addition was magnified in  
the presence of soy protein. Actually, only 
in  the presence of Ca did soy protein addi
tions accompany a decrease in  fem ur Zn 
concentration.

An im portant effect of some of the die
tary  variations relates to Ca and Mg dep
osition in the kidneys. The trend of the 
results is the same in both Zn-deficient and 
Zn-adequate diets, but in  the form er in 
stance analyses were perform ed on pooled 
kidneys and statistics could not be applied. 
In the latter case individual pairs of kid
neys were analyzed and the statistical 
analysis was conducted. On the average, 
soy protein, lactose and P each increased 
m ineralization of the kidneys, whereas Ca 
had the opposite effect. The lactose X P 
com bination was more than  additive in its 
effect on kidney calcification. Kidney Mg 
concentration was less affected by dietary 
variables than  was Ca, but the correlation 
coefficient between kidney Ca and Mg was 
0.70 and was highly significant.

The data obtained relative to m ineral 
absorption and balance are shown in table 
4 and the m ean m ain effects and signifi
cant interactions are shown in table 5.

The m ain effects of the dietary variables 
on Ca absorption and balance were quali
tatively sim ilar irrespective of Zn nutri- 
ture. Increasing dietary Ca from  0.4 to 
0.8% reduced the percentage Ca absorbed 
and balance by 17 to 20% although the 
weight of Ca retained by the Zn-adequate 
anim als was increased 84 mg. It is only 
in  these latter anim als tha t weight of Ca 
retained can be used as a criterion since 
equal feed intake was obtained only in  this 
case. The m ain  effect of feeding lactose 
was to increase the percentage Ca ab
sorbed and balance by 7 to 14% , whereas 
soy protein feeding decreased these values 
by 7 to 9% . In no instance was the m ain 
effect of P significant on Ca absorption 
and balance.
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TABLE 5
Effects of d ietary  variables on m in era l absorption  and balance

Zn
Control
group
mean

Mean main effects Significant interactions
P x P x Ca x Ca x Lactose 
Ca soy lactose soy x soyP Ca Lactose Soy

Feed
in ta k e ,g — 36 0 — 4 a - i 11 “

+ 56 no significant effects
Ca

absorbed, % _ 93 — 3 b - 1 7 “ 14 “ — 9 a — 3 c 9 “ — 5 c
+ 90 - 2 - 2 0 “ 8 “ - 8  “ — 7 b - 6 b 8 “

Ca
balance, % — 92 - 3 - 1 7  “ 3 “ - 8 “ 8 “

+ 87 0 - 2 1  “ 7 “ - 7 “ 8 “
W eekly Ca

balance, m g + 188 - 5 85 “ 24 “ - 2 - 4 8  a 43 “

P ab-
so rb ed ,% — 94 3 » - 1 2 “ 2 c - 5  “ 4 c - 8  a

+ 93 4 » - 1 2 “ - 1 — 5 a - 5 “
P bal-

ance, % — 58 - 2 1  a 4 c 6 “ - 1 0 “ — 9 a 8 «
+ 61 - 2 4  a 10 “ 1 - 1 3  “ 15 “ — 7 0

W eekly P
balance, m g + 124 9 26 “ 5 15 “ — 22 '

Mg ab-
sorbed , % — 87 - 3  a - 1 2 “ 1 0 “ - 1 1  “ - 1 3  a 9 ‘

+ 90 - 3  b - 1 1  “ 4 a - 1 3  “ - 8  “ 9 “
Mg bal-

ance, % — 43 - 5 ' _ 7  a 3 2 - 1 4 “ - 1 2  b
+ 45 1 - 6  “ — 2 - 1 - 6  b

Zn ab-
sorbed, % — 77 1 - 1 6  “ — 4 c 2 - 1 6 “ 2 7 “

+ 91 - 1 - 1 2 “ 3 b - 2 5  a - 1 5 “ 12 “
Fe ab-

sorbed, % — 42 - 4 14 “ 14 “ - 3 6 “
+ 29 - 3 10 - 4 - 2 8  “

a S ig n if ic an t a t  1%  level. 
b S ig n ific an t a t  2 .5%  level. 
c S ig n if ic an t a t  5%  level.

A num ber of interactions between these 
variables are apparent, but in this case 
there are differences in  response of the 
anim als dependent on their Zn nutriture. 
For example, in periods A and B, the lac
tose X Ca interaction was significant as 
a result of the lactose effect being greater 
in the presence of added Ca than  in  its 
absence. Actually, the Ca effect was 
greatly minimized by the presence of lac
tose. The soy protein effect was also m ini
mized in  the presence of lactose and was 
absent in presence of lactose at the lower 
Ca level. In periods C and D, on the other 
hand, the lactose X Ca interaction was 
not evident, but a strong soy protein X 
lactose interaction was evidenced by the 
fact that lactose almost entirely abolished 
the soy protein effect of decreasing Ca 
absorption and balance.

As in  the case of Ca absorption and 
balance, the presence of Zn did not affect 
the qualitative response in  terms of P ab
sorption and balance to dietary treatm ent. 
Increasing dietary Ca decreased the per
centage of P absorbed by 13% but this 
was accompanied by a decreased urinary 
excretion of P so tha t the net effect was 
an increase of 7 to 16% in P balance. The 
observed decrease in  the percentage ab
sorption and balance of P by ra ts fed soy 
protein diets probably occurred because 
the soy diets contained a higher concen
tration of total P than  did the egg protein 
diets. Some of the P in  the soy diets was 
present as phytate-P, which is less well 
utilized by the ra t than  is inorganic P. 
Nonetheless, the milligram P balance was 
greatest in  anim als fed the soy protein 
diets.
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Deliberate addition of P to the diets 
resulted in a small but significant increase 
in  the percentage P absorbed and a large 
decrease in  percentage balance. The dif- 
ferance between effects on absorption and 
on balance was a result of increased u ri
nary excertion of P sufficient to cause no 
difference in  the m illigram  P balance de
spite the greater am ount absorbed.

W ith respect to depressing the percent
age P absorbed, the com bination of soy 
protein and Ca had a greater effect th an  
the sum of these variables individually. In 
terms of the percentage P balance, the 
com bination of soy protein and Ca also 
yielded a lesser balance than  the sum of 
their individual effects, again indicating 
a synergism between these, and pointing 
out that the effect of Ca and soy protein 
is more than  additive in depressing P ab
sorption and balance. In term s of the 
percentage balance, increased Ca did not 
overcome effects of increased soy protein.

The m agnesium  absorption was quali
tatively influenced by the imposed vari
ables in  the same m anner as was Ca. The 
presence of soy protein and of supplem en
tal Ca depressed Mg absorption 14% , 
whereas lactose increased it 4 to 11%. 
The effect of P was to decrease Mg absorp
tion slightly, an effect not observed with 
respect to Ca absorption. Lactose in 
creased Mg absorption, its effect being evi
dent only in presence of the soy protein 
diets. The decreased Mg absorption of rats 
fed soy protein diets was greatest when 
Ca was also fed as a supplem ent, the 
combined effect of these variables was 
more than  additive.

The m agnesium  balance was depressed 
17% by supplem ental Ca, but not by lac
tose or by soy protein when the m ain 
effects are studied, since the changes in 
absorption brought about by these factors 
were offset by compensatory changes in 
urinary  excretion. A depressing effect of 
P on Mg balance occurred in the presence 
of soy protein. In fact, soy protein alone 
increased Mg balance, P alone did not 
affect it, but their combination depressed 
Mg balance with respect to the control 
group. The soy X Ca interaction was also 
synergistic in its effect of decreasing Mg 
balance.

The percentage Zn absorption was de
creased 27% by soy protein and 13 to 
21% by Ca. Although the soy effect was 
present at both Ca levels, the Ca effect was 
present in only the presence of soy pro
tein. Lactose itself was without significant 
effect, but its presence m inimized the de
crease of Zn absorption observed with soy 
protein diets.

The Fe absorption, like tha t of Zn, was 
decreased in  the presence of soy protein, 
but unlike that of Zn, was increased by 
supplem ental Ca. No significant am ounts 
of iron were observed in  the urine.

DISCUSSION

The stim ulus of soy protein to feed 
intake and weight gain of ra ts fed the 
low-Zn diets is doubtless a result of the 
larger am ount of Zn absorbed from  these 
diets. The egg protein diets contained only
1.6 ppm  Zn, and the soy protein diets con
tained 6.7 ppm, yet the apparent absorp
tion of Zn from both of these treatm ents 
approxim ated 60% . All those anim als re
ceiving the egg diet low in Zn showed the 
scaly derm atitis typical of Zn deficiency 
in  the rat. This was also true of several of 
those receiving the soy protein-low Zn diet 
and they did not grow as well as those 
receiving the Zn supplem ent in  periods 
C and D.

The facts tha t dietary Ca depressed 
weight gain and feed intake and concen
tration of Zn in the fem ur ash, and that 
these effects were observed m ainly in  the 
presence of soy protein may be ascribed 
to the combined influence of Ca and soy 
protein on Zn absorption. The depression 
in Zn absorption accompanying the pres
ence of both Ca and soy protein was 
greater than  that in the presence of either 
variable alone. The Ca effect was signifi
cant only in the presence of soy protein. 
This observation contributes to our under
standing of the practical observation that 
in some situations Ca exaggerates Zn de
ficiency symptoms more m arkedly than  in 
others (5 ) . More specificially, it appears 
that the effect of Ca on Zn utilization is 
to depress absorption and that a third die
tary variable, probably involving phytic 
acid (1 7 ) m ediates this interaction. Sup
port for this is found in the publications of
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Oberleas et al. (1 9 ) .4 These investigators 
have observed tha t Zn deficiency in  swine 
was produced by adding Ca to a casein 
diet only if phytic acid were also added. 
They have also reported that the precipi
tate formed in  a phytic acid solution at 
pH 6.0 by the addition of both Ca and 
Zn is greater than  that formed by addition 
of either cation separately. The inference 
then draw n is that the Ca-phytic acid dis
turbance of Zn utilization is at the level 
of the gastrointestinal tract and not in  the 
tissues. The present data  support this in 
terpretation.

None of the dietary treatm ents affected 
the Ca (36.6%  ) or the Mg (1.01%  ) con
centration in  the fem ur ash. The percent
age ash in  the fem ur was markedly de
pressed in  the anim als fed the 1.6 ppm  
Zn diets, but this was probably a reflection 
of total nu trien t deficiency since the feed 
intake of these anim als was so low. Among 
anim als receiving supplem ental Zn, Ca 
and lactose, each increased the percentage 
fem ur ash, but the Ca effect was m ini
mized in the presence of soy protein. This 
is in  agreem ent with the balance data, 
showing the m illigrams of Ca to follow the 
same pattern. Although the addition of Ca 
did decrease weight gain of the anim al, it 
increased the percentage ash in  the fem ur 
and the milligrams of Ca gain.

The data relative to m ineral absorption 
and balance show that inclusion of soy 
protein inhibited the percentage utilization 
of Ca, P, Mg, Zn and Fe as compared 
with that exhibited by ra ts receiving egg 
Vvhite diets. The effect of soy protein on 
Zn utilization by anim als has been re
corded previously (9, 11) and is thought 
to be a result of the phytic acid content 
of the isolated soy protein (17, 18). The 
effect on P utilization observed in this 
experim ent is probably a result of 2 fac
tors, the higher total P level of the soy pro
tein diets and the relative lower availabil
ity of phytate-P. The effects on Ca, Mg 
and Fe absorption have yet to be ex
plained and, indeed, with respect to Fe are 
in  opposition to the data of Davis et al.
( 10).

Inclusion of lactose in this experim ent 
improved absorption and balance of Ca, 
and the absorption but not the balance of 
Mg, and was w ithout a consistent effect

on Zn absorption. These effects are in  
agreem ent with our earlier investigations
(1 9 ) and extend them  by showing these 
effects to be modified by the protein 
source used in  the diets. For example, 
lactose had only a slight effect in  the egg 
protein diet but did increase Ca absorption 
and balance when added to the soy pro
tein diet. In a sim ilar m anner, the effect 
of soy protein of decreasing Zn absorption 
was m inimized by the presence of lactose.

Although Ca reduced the percentage 
absorption and balance of Ca, the milli
grams of Ca retained were increased. This 
observation is verified by the increased 
absolute am ount of P retained as a result 
of Ca addition. The effect of Ca in  increas
ing Ca and P retention was not so great in 
the presence of soy protein as in  presence 
of egg white. Although Ca reduced absorp
tion of P, it increased the balance by de
creasing urinary  P excretion. The com
bined effect of Ca and soy protein was not 
additive with respect to P absorption and 
balance, m ainly by virtue of the lesser ef
fect of Ca in  the soy diets. The effects of 
Ca on Mg absorption and balance was to 
decrease it, an  effect which was exagger
ated in  the presence of soy protein as evi
denced by the strong negative interaction 
between soy protein and Ca.

Phosphorus addition did not affect ab
sorption or balance of Ca, of Zn or milli
grams of P retained. It did, however, in 
crease the percentage of P absorption and 
markedly decreased the percentage P bal
ance by increasing urinary P. Phosphorus 
also had a small effect in decreasing ab
sorption and balance of Mg, the effect on 
balance being greatest in  the case of P 
addition to soy protein diets.

Supplemental Ca in  this experim ent was 
shown to decrease feed intake and gain 
over the 4-week period, to increase Ca and 
P retained, to decrease Zn and Mg ab
sorbed and Mg balance, and to decrease 
the concentration of Zn in the fem ur ash. 
Possibly this effect of Ca on intake and 
gain was mediated by its effect on Zn 
nutriture of the anim als —  the regression 
of percentage Zn in fem ur ash on weight 
gain being highly significant, the concen

4 O b erleas , D., B. L. O’D ell a n d  M. E. M u h re r  1962 
In te ra c tio n  o f Ca a n d  p h y ta te  in  z in c  a v a i la b il i ty  
J. A n im a l Sci., 21:  1008 ( a b s t r a c t ) .
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tration of absorbable Zn in  the various 
diets supplem ented with Zn varying from
7.2 to 11.8 ppm, and the regression of 
weight gain on absorbable Zn being highly 
significant, with the regression of weight 
gain on Mg balance not significant. In an 
earlier paper we reported that the Zn re
quirem ent of the young ra t is 8.2 to 8.6 
ppm of absorbable Zn (9 )  lending support 
to the thesis th a t a lim itation in  absorbable 
Zn is the m ost probable reason for the Ca 
effects on perform ance in  this study.

The Ca X soy protein interaction was 
highly significant for decreasing weight 
gain over the 4-week period and also re
sulted in  strong reduction of the m illigram 
Ca balance, milligram  and percentage P 
balance and percentage Zn absorbed dur
ing collection periods (C and D) in  which 
feed intake was constant and hence was 
not a complicating factor. The observa
tion tha t the effect of soy protein of de
creasing 4-week weight gain was less evi
dent in lactose diets is in agreem ent with 
the effect of these variables on Ca and Zn 
absorption, soy protein decreasing these 
m uch more in  the absence of lactose than  
in its presence.

The above considerations indicate that 
the m ain detrim ental effects of soy protein 
and of Ca and the beneficial effects of lac
tose are a result of the effects of these 
variables on Zn utilization.
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Metabolism of 4,7,10,13,16-Docosapentaenoic Acid in 
the Essential Fatty Acid-deficient R at* 1

B. VERDINO, M. L. BLANK, O. S. PRIVETT a n d  W. O. LUNDBERG
The H orm el In stitu te , A ustin , M innesota

ABSTRACT  Three groups of m ale rats of the Sprague-Dawley strain, in  advanced  
stages o f essential fatty acid deficiency, were given orally 150 m g /a n im a l/d a y , of 
safflower oil, 50 m g /a n im a l/d a y , o f ethyl arachidonate and of m ethyl 4, 7, 10, 13, 16- 
docosapentaenoate, respectively. After a supplem entation period of 52 days, the ani
m als were killed by exsanguination, the livers were excised and the fatty acids of liver 
lipids analyzed. Growth, dermal sym ptom s and fatty acid com position showed that 
docosapentaenoic acid possessed alm ost the sam e degree of essential fatty acid ac
tivity as arachidonic acid. The fatty acid com position analyses also showed that 
docosapentaenoic acid w as converted to arachidonic acid, and, together w ith other 
considerations, provided evidence for the degradation of unsaturated fatty acids via a 
concerted chain shortening-reduction process w hich m ay be represented as follow s: 
22:4,7 ,10 ,13,16 [20:2,5,8,11,14] -> 20:5,8,11,14.

Docosapentaenoic acid with double 
bonds in the 4,7,10,13,16 positions m ay be 
synthesized in  the ra t according to the 
m ain pathway of interconversions of poly
unsaturated  fatty  acid (1 , 2 ). Polyunsatu
rated fatty  acids that possess essential 
fatty  acid (EFA) activity have been char
acterized as having all-cis m ethylene in 
terrupted double bonds, num bering from 
the 6 position from  the term inal end 
(m ethyl group) of the molecule (3 ) . Ac
cordingly, it was dem onstrated that 
4,7,10,13,16-docosapentaenoate exhibited 
EFA activity (4 ).

Since 4,7,10,13,16-docosapentaenoic acid 
is synthesized from  arachidonic acid, the 
question arises whether it or arachidonic 
acid plays the principle role in  essential 
fatty  acid activity. The present investiga
tion shows that 4,7,10,13,16-docosapenta
enoic acid corrects an  EFA deficiency al
most as well as arachidonic acid, and that 
it is converted to arachidonic acid in  the 
rat. These observations are discussed in  
relation to present knowledge on EFA ac
tivity and interrelationships in  the m etab
olism of polyunsaturated fatty  acids.

EXPERIMENTAL PROCEDURE
Methyl 4,7,10,13,16-docosapentaenoate 

was prepared from egg yolk lipids by using 
a com bination of low tem perature frac
tional crystallization, urea fractionation 
and silver nitrate-silicic acid as described 
by Privett and Nickell (5 ) . The final prep
aration was approximately 97% pure 22 :5

by gas-liquid chrom atography (GLC), and 
was completely devoid of methyl linoleate 
and methyl arachidonate. S tructural anal
ysis of the final preparation by reductive 
ozonolysis (6 )  showed th a t it consisted of 
11% of the 5,8,11,14,17 isomer, and 89% 
of the 4,7,10,13,16 isomer.

Ethyl arachidonate was obtained com
mercially2 and was 95% pure by GLC. 
High quality commercial safflower oil, con
taining 95% linoleic acid, was used.

Isolation and analysis of polyunsatu
rated fatty  acids from liver tissues was 
carried out as described by Privett et al. 
( 6 ).

Male ra ts  of the Sprague-Dawley strain 
in advanced stages of EFA deficiency from 
having been fed a fat-free diet ad libitum  
for 9 m onths, were used in  this study. All 
anim als had severe symptoms of EFA de
ficiency at the start of the experiment. The 
fat-free diet had the following percentage 
composition: vitam in-test casein, 16; su
crose, 74; a-cellulose, 4; salt m ixture, 4;3 a 
m ixture of vitam ins in  casein, 1; and ca
sein containing chloride, 1 (7). Vitamins A 
and E were mixed into the diet in  a diethyl 
ether solution; the ether was removed by 
evaporation under reduced pressure.

R ece ived  fo r  p u b lic a tio n  F e b ru a ry  17, 1964.
1 S u p p o r ted  in  p a r t  by  U.S. P u b lic  H e a lth  S erv ice  

g ra n t  A-4942 fro m  th e  N a tio n a l In s t i tu te s  o f H e a lth .
2 A g if t  f ro m  th e  H o ffm an n -L aR o ch e  C o m p an y , 

N u tle y , N ew  Jersey .
3 W esson , L. G. 1932 A m o d if ic a tio n  o f  th e  

O sborn -M endel s a l t  m ix tu re  c o n ta in in g  o n ly  in o rg a n ic  
c o n s ti tu e n ts .  S c ience, 75: 339. S a lt M ix tu re-W , ob 
ta in e d  f ro m  N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , 
C leveland .

234 J . N u t r it io n , 8 3 : ’64
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Fig. 1 Data showing growth rates o f the 4 groups of anim als. The 18:2  group received  
150 mg of safflower oil; the 2 0 :4  group, 50 m g of ethyl arachidonate; and the 2 2 :5  group, 
50 m g of m ethyl 4 ,7 ,10,13,16-docosapentaenoate/anim al/day, at start of supplem entation.

Four groups of 5 anim als each were 
used in  the experiment. One was given 
an oral adm inistration of 50 m g /an im a l/ 
day of ethyl arachidonate; another, 50 m g / 
an im al/day  of the m ethyl docosapenta- 
enoate preparation; and a third group, 
150 mg an im al/day  of safflower oil. The 
fourth group continued to be fed the basic 
fat-free diet. The experim ent was con
cluded after 52 days with the exhaustion of 
the supply of the arachidonate and doco- 
sapentaenoate supplements. The anim als 
receiving the supplem ents continued to 
gain weight throughout the supplem enta
tion period, as shown in  figure 1, but only 
one anim al in the fourth group, the fat-free 
group, survived to the end of the experi
ment.

The anim als were killed by exsanguina
tion under light anesthesia, and the livers, 
as well as other organs, were excised. The 
liver lipids were extracted immediately, 
esterified with m ethanol and the fatty  acid 
composition determ ined as described pre
viously (8 ) .

RESULTS

The anim als used in  this study did not 
gain any weight for 4 m onths prior to the 
start of the experiment. Thus, had the fat-

free group of anim als survived, they would 
not have gained weight during the addi
tional period of the experiment. There was 
no significant difference in the increase in  
growth m ade by the anim als of the 3 sup
plem ented groups at the end of the experi
m ent (table 1). The dermal symptoms of 
EFA deficiency were not completely cured 
in  these groups, but they were greatly im 
proved and, undoubtedly, would have been 
completely cured had sufficient supple
m ents been available to continue the ex
periment.

The fatty  acid composition of the livers 
of the anim als of the 3 supplemented 
groups are presented in  table 2. An anal
ysis of the livers of a group of anim als fed 
the fat-free diet for 6 m onths are included 
for comparison. The results also show 
that the anim als in  the supplem ented 
groups had started to recover from the EFA 
deficiency, as evidenced by a decrease in 
the eicosatrienoic acid and an increase in 
eicosatetraenoic acid. Isolation and anal
ysis of the 20 :4  and the 22 :5  acids from 
the docosapentaenoate-supplemented group 
showed th a t the 20 :4  acids consisted ex
clusively of arachidonic acid, and that the 
22 :5  acid consisted of 5% of the 5,8,11,14, 
17-isomer and 95% of 4,7,10,13,16-isomer.
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TA B LE 1
G rowth of essen tia l fa tty  acid-deficient rats

G roup
Avg w t a t 

s ta r t  o f 
e x p e r im e n t

Avg w t a t 
c o m p le tio n  o f 

e x p e r im e n t
Avg w t 

g a in

9 9 9

F  a t - f  re e 2 6 0  ± 1 3 . 5  1 — —
S a ff lo w e r 2 7 5  ± 1 2 . 0 3 4 8  ± 1 5 . 0 73  2

A r a c h id o n a t e 2 4 0  ±  2 .2 3 1 9  ± 2 5 . 8 7 9  2

D o c o s a p e n ta e n o a te 2 2 6  ±  9 .1 3 0 6  ± 2 2 . 4 8 0  2

1 SD.
2 B ased  on  a  w e ig h t g a in  o f zero  fo r  

lev e l o f p ro b a b ility  by th e  t  te st.
th e  fa t- f re e  g ro u p ; w e ig h t g a in s  a re  s ig n if ic a n t a t  th e  98%

TA BLE 2

F atty acid  com position  of liver lipids

F a tty  
a c id  1

Safflow er
o il

A ra c h id o n a te
20:4

D ocosa
p e n ta e n o a te

F at-
free

% % % %
14:0 0.9 ± 0 .1  2 1 .0 ±  0.3 0 .5 ±  0.1 0.8
15:0 0.2 ± 0 .2 0.4 ± 0 .1 0.4 ± 0 .1 t r
16:0 22.7 ±  1.6 21.3 ±  2.4 22.3 ± 2 .3 21.4
16:1 9 .4 ±  1.1 10.1 ±  0.8 9.8 ± 1 .2 11.7
17:0 0 .5 ± 0 .1 1 .1 ± 0 .1 1 .4 ± 0 .2 0.7
18:0 12.1 ±  0.8 1 2 .0 ±  2.5 12.6 ±  1.4 11.8
18:1 3 0 .2 ± 2 .3 30.1 ±  3.8 2 7 .8 ± 2 .1 39.1
18:2 4.5 ± 1 .1 0.3 ±  0.2 0 .7 ± 0 .7 1.1
18:3 — — t r —

20:1 0.2 ± 0 .2 0.3 ± 0 .1 0.4 ± 0 .4 0.5
20:3 2 .2 ± 0 .3 1.5 ±  0.7 3 3 .0 ± 0 .7  3 11.2
20:4 13.9 ±  0.7 1 8 .5 ± 4 .3 8.6 ±  0.5 1.3
(? ) t r t r — —
(? ) 0.2 ± 0 .1 0.7 ± 0 .1 — 0.4
22:5 2.2 ± 0 .3 2.6 ± 0 .2 1 1 .3 ± 2 .8 t r
22:6 0.4 ±  0.2 t r 1.1 ±  0.6 t r

1 T h e  f irs t figu re  re p re s e n ts  th e  n u m b e r  o f c a rb o n  a to m s, th e  seco n d  th e  n u m b e r  o f d oub le  bonds.
2 SD.
3 T h e  leve l o f s ig n if ic a n t d iffe ren c e  o f 2 0 :3  in  th e se  2 g ro u p s  is  a t 92%  p ro b a b ility  by  th e  t  test.

D IS C U S S IO N

There is little direct evidence that ara- 
chidonic acid is converted to 4,7,10,13, 
16-docosapentaenoic acid by tracer experi
m ents (9 ) , but such a conversion is gen
erally accepted from theoretical considera
tions (1, 2 ). Evidence for this conversion 
in  the present studies is the absence of 
docosapentaenoic acid in  the EFA-deficient 
anim al and its presence in  anim als which 
have been fed either safflower oil or ethyl 
arachidonate.

The data on the depression of eicosatri- 
enoic acid indicated tha t methyl docosa- 
pentaenoate acid was not as efficient as 
ethyl arachidonate for correcting an EFA 
deficiency in  rats. Although the difference 
in  the EFA activity was not great in  this 
experim ent, it was significant at the 92% 
level of probability on the basis of the low
ering of the eicosatrienoic acid. However,

more elaborate experiments m ust be per
formed to estim ate quantitatively the dif
ference in  the effectiveness of these com
pounds.

The results (table 2 ) showed tha t 4,7, 
10,13,16-docosapentaenoic acid was con
verted to arachidonic acid, because the ele
vation of 20 :4  in  the tissues of this group 
approached that of the arachidonate-fed 
group. The mode of this conversion m ay 
be visualized as a combination of chain 
shortening and reduction of the double 
bond in  the 2-position of the 2-carbon 
shorter interm ediate. However, the process 
may be a combined one in  which the in 
term ediate with a double bond in  the 2- 
position exists only transitorily, if at all, 
because fatty  acids with double bonds in 
the 1-, 2- or 3-position have not been de
tected in anim al tissues. The steps in the 
process may be represented as follows:
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H H  H H  H H  H H  H HI I  I I I I  I I  | |  °
CH3(CH2)4C =C — CH2— c = c — c h 2c = c — c h 2— c = c — c h 2— C =C (C H 2) 2— q, "  + o 2

OH
H H
I

H H
I

H H H H
I

H H O
CH3(CH 2) 4C = :C -C H 2- C = C - C H 2- C = C - C H 2- C = C - C H 2- C = C - C ^  +  CH3COSC0A +

OH
H H H H H H O

H H
I I  I I  I I I ,

H 2̂ C H 3(CH 2) 4— c = c — c h 2— c = c — c h 2— c = c — c h 2— C = C — (CH 2) 3—

OH

An analogy for the reduction of a double 
bond in  conjugation with a carbonyl group 
m ay be seen in  the case of the synthesis of 
prenoic acids (1 0 ). T hat fatty  acids with 
a double bond in  the 1- or 3-position may 
likewise be reduced in  a scheme sim ilar to 
tha t above is indicated since they, also, 
are not found in  anim al tissues.

The mode of oxidative degradation of 
saturated fatty  acids has been well estab
lished (1 1 ). U nsaturated fatty  acids also 
undergo oxidative degradation as readily 
as saturated fatty  acids in  the anim al body, 
but the pathway has not been delineated 
(1 , 11). One m ay also speculate, on the 
basis of the present study, that unsaturated  
fatty  acids are degraded by the m echanism  
shown above or in  a combined reaction in  
which hydrogen peroxide has a role in  a 
catalase-type reaction. E ither pathway 
m ay be criticized on the basis that oleic 
and linoleic acid, for example, should give 
a series of short-chain monoenoic and di- 
enoic fatty  acids. However, interm ediates 
in  a fast process would not only be present 
in  extremely small am ounts, but m ight ex
ist for only a very short time should the re
action be in term ittent or controlled. Fatty 
acids with double bonds in  the 1-, 2- or 3- 
position m ay be considered as interm edi
ates in  a sim ilar m anner in  the degradation 
of polyunsaturated fatty  acids in  which the 
first double bond is in position 5 from the 
carboxyl group.

Since arachidonic acid is converted to 
docosapentaenoic acid, these fatty  acids 
may be considered to be in  equilibrium 
with each other. Thus, a regulatory type 
of m echanism  m ay govern the relationship 
between m any polyunsaturated fatty  acids 
as opposed to a competitive m echanism . 
A competitive m echanism  is based pri

marily on the basis that under certain 
conditions linolenic acid appears to inhibit 
the conversion of linoleic acid to arach i
donic acid (1 2 -1 5 ). However, inconsistent 
with this view is the observation that ad
m inistration of linolenic acid to ra ts  fed a 
fat-free diet accelerated the depletion of 
arachidonic acid from  the tissues (8 ) .
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Chromium, Lead, Cadmium, Nickel and Titanium in 
Mice: Effect on Mortality, Tumors and Tissue Levels * 1

HENRY A. SCHROEDER,2 JOSEPH J. BALASSA 
a n d  WILLIAM H. VINTON, JR.
D epartm en t of Physiology, D artm outh  M edical School, H anover, Neiv  
H am pshire and the Brattleboro R etreat, B rattleboro, V erm ont

ABSTRACT  About 700 m ice were given throughout their lives 5 ppm cadm ium , 
lead, chrom ium , nickel or titanium  in drinking water w hile fed a diet deficient in  
cadm ium  and low  in other m etals. T issue concentrations comparable to those of 
m an were observed. Sex differences appeared. M ortality o f fem ales was unaffected. 
Mortality o f m ales on cadm ium , lead and nickel was increased compared w ith that of 
the chrom ium  group, and of those on cadm ium  and lead compared w ith the controls. 
Longevity of the oldest 10% of both sexes w as less in lead and titanium  groups, and 
of m ales in  cadm ium  group, compared w ith  controls. No m etal was carcinogenic; in 
cidence of tumors in  m ales on cadm ium  and lead, and in fem ales given nickel w as 
decreased. Body w eights at death were greater in  titanium , chrom ium  and lead groups. 
Large increm ents of titanium , moderate increm ents o f cadm ium  and nickel, and lesser  
increm ents o f chrom ium  and lead were observed in  5 organs, compared w ith controls. 
Higher concentrations of cadm ium  and titanium  occurred in  younger m ice and the 
other m etals did not increase markedly in  tissues w ith age. All m etals except chrom 
ium  exhibited one or more signs of innate toxicity.

We have reported the effects of small 
doses of chromium , lead, cadmium , nickel 
and titanium  in drinking w ater on the 
growth and survival of mice up to 21 
m onths of age in  experim ents attem pting 
to duplicate hum an concentrations (1 ) . 
Chromium and titanium  increased growth 
rates in both sexes; in  males chromium 
lessened early mortality, whereas cadm ium  
and lead increased m ortality at older ages. 
This report is concerned with our total ex
perience for the lifetim e of these anim als, 
regarding m ortality, gross causes of death, 
effects on incidence of tum ors and organ 
accum ulations of metals.

MATERIAL AND METHODS

The experim ental conditions of the rela
tively metal-free environm ent has been re
ported in detail (1 ) . W hite Swiss mice of 
the Charles River strain num bering 697 
were exposed from  the time of weaning to 
drinking w ater containing the essential 
trace m etals, m anganese, cobalt, copper, 
zinc and molybdenum. The diet of seed 
rye flour, powdered skim milk and corn oil 
was low in most of the m etals under study 
and devoid of cadm ium  (1 ) . It also con
tained only a trace of arsenic, 0.05 ag/g. 
Iron and vitam ins were added. Plastic

cages, stainless steel covers and drinking 
tubes, polyethylene w ater bottles and wood 
chips of low metallic content largely pre
vented environm ental exposures to extrane
ous trace metals. One of the following as 
the acetate or oxalate3 was added to the 
drinking water at 5 ppm m eta l: cadmium, 
divalent lead, trivalent chromium , divalent 
nickel and tetravalent titanium , and given 
for life to 50 or more anim als of each sex. 
Experim ents continued until all anim als 
had died; the total elapsed time was 36 
m onths. No anim als were bred.

Dead anim als were weighed and dis
sected, gross anatom ical lesions were re 
corded and abnormal tissues fixed in 
Bouin’s solution, sectioned and stained. Mi
croscopic exam inations were made on 257 
sections. Although mice were autopsied as 
they died and each series was ru n  con
currently, cannibalism  and gross autolytic 
changes occurring over week-ends made 
m any carcasses unfit for analysis. The 
figures shown in the tables, 251 m ales and

R ece iv ed  fo r  p u b lic a tio n  D ecem b er 7, 1963.
1 S u p p o r ted  by  R ese a rch  G ra n t H E -05076 fro m  th e  

N a tio n a l  H e a r t  In s t i tu te ,  U. S. P u b lic  H e a lth  Service, 
T h e  V e rm o n t H e a r t  A sso c ia tio n  a n d  C iba  P h a rm a 
c e u t ic a l  P ro d u c ts , In c .

2 R eq u es ts  fo r  re p r in ts  sh o u ld  be s en t to Dr. H en ry  
A. S ch ro ed e r, 75 L in d en  S tree t, B ra ttleb o ro , V erm on t.

3 R ea g e n t g ra d e  c h e m ic a ls  w e re  u sed , s to red  in  
so lu tio n  in  p o ly e th y le n e  bo ttle s .

J . N u t r it io n , 83: ’64 239
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222  fe m a le s , a re  th o se  of av a ilab le  au top - 
sied  m ice , w h e re a s  d a ta  o n  m o rta lity  c o m 
p rise  all 697  a n im a ls .

O rg a n s  la rg e  e n o u g h  fo r  a n a ly s is  (h e a r t, 
lu n g s , k id n ey s, liv e r, sp le e n )  w ere  fro zen  
in  p o ly e th y len e  b o ttle s  a n d , a f te r  a  c o n 
v e n ie n t in te rv a l, 3 to  6 of e a c h  g ro u p  w ere  
pooled  ac c o rd in g  to  age a t  d e a th , d ried  a t 
110°C , a sh e d  in  a m ufflle fu rn a c e  a t  400°C  
a n d  an a ly zed  fo r  as m a n y  o f th e  m e ta ls  as 
th e  size o f e a c h  sam p le  allow ed. C on tro ls 
fo r  e a c h  m e ta l in c lu d e d  tis su e s  of a n im a ls  
g iven  a n o th e r  m e ta l. M ic ro a n a ly tic a l 
c h e m ic a l m e th o d s  o f S a ltz m a n  (2 ,  3 )  a n d  
S an d e ll ( 4 )  w ere  u se d  as  p rev io u sly  re 
p o rte d  ( 5 - 9 ) .  N e a rly  1000 an a ly se s  w ere  
m ad e . All d a ta  a re  g iven  in  te rm s  of w e t 
w e ig h t a n d  a v a lu e  of 0 .0  in d ic a te s  th a t  
th e  m e ta l w as  n o t d e te c te d  by  th e  m e th o d  
u sed . S ta tis tic s  w ere  an a ly zed  by chi- 
sq u a re  o r S tu d e n t’s t test.

W a te r  w as  w e ig h ed  to  th e  n e a re s t  g ram  
a t  f re q u e n t in te rv a ls . U n av o id ab le  w a s ta g e  
w as c a u se d  by, 1 )  s lig h t v a r ia tio n s  in  e n 
v iro n m e n ta l te m p e ra tu re , 2 )  m o v e m e n t o f 
th e  d r in k in g  tu b e  by p la y in g  m ice , a n d  3 )  
th e  h a b it  o f s tu ff in g  b e d d in g , food  a n d  
feces in to  th e  d r in k in g  tu b e  w ith  co n se 
q u e n t i r re g u la r  leak ag e . Food  w as  allow ed 
ad  lib itu m  a n d  w a s  n o t  w e ig h ed  b e c au se  
of co n s id e ra b le  w a s ta g e  in  p o w d ered  fo rm .

RESULTS

Major causes of death. T h e  g ross a n a 
to m ica l le s io n s  in  th e  473  m ice  au to p s ie d  
w ere  d iv id ed  in to  4 ca te g o rie s : tu m o rs , in 
te rn a l  h e m o rrh a g e , in fe c tio n  a n d  o th e rs , 
p lu s  u n k n o w n  (v is ib le  r e n a l  o r h e p a tic  le 
s ions, sp len o m eg a ly , d ila ta tio n  o f th e  in te s 
tin e s  o r n o  m a jo r  a b n o rm a li t ie s ) . In  tab le  
1 a re  sh o w n  th e  c a u se s  of d e a th . T h e  on ly  
s ig n if ic a n t c h a n g e  w a s  th e  re d u c tio n  of 
v isib le  tu m o rs  in  a  c a d m iu m , le a d  o r n ick e l 
g roup . In  th e  c o n tro l fe m a le s  th e re  w ere  
9 p u lm o n a ry , 3 m a m m a ry  a n d  2 th y ro id  
c a rc in o m a s , a n d  o ne  e a c h  in  liv e r, p e r i
to n e a l cav ity , sk in , ovary , u re te r  a n d  o f 
u n k n o w n  o rig in  w ith  ex te n s iv e  m é ta s ta sé s , 
as  w ell as  2 le u k e m ic  in f il tra tio n s  of 
sp leen . O n ly  3 m ice  g iven  n ick e l h a d  
tu m o rs , a ll p u lm o n a ry  ( P < 0 . 0 1 ) .  T w o 
to  5 m a m m a ry  tu m o rs  a n d  4 to  5 lu n g  
tu m o rs  o c c u rre d  in  e a c h  of th e  o th e r  m e ta l-  
fe d  g roups.

In  th e  c o n tro l m a le s  th e re  w ere  8 lu n g  
c a rc in o m a s , 1 sa rc o m a  in  th e  liv e r a n d  2 
leu k em ic  in f il tra tio n s  of sp leen . O nly  2 
tu m o rs  a p p e a re d  in  th e  le a d  a n d  c a d m iu m  
g roups. O ne m o u se  g iven  le a d , one g iven  
t i ta n iu m  a n d  n o n e  g iven  c a d m iu m  h a d  a 
p u lm o n a ry  tu m o r. T h e  in c id e n c e  o f th ese  
tu m o rs  w a s  13 .5%  in  222  au to p s ie d  fe 
m a le s  a n d  12 .5%  in  164 m a le s , ex c lu d in g

TA BLE 1

Gross causes of death in  m ice ‘ g iven  various m etals: significan t differences from  controls

Controls
No.

Cadmium Lead Nickel Titanium Chromium
No.No. P

value 2 No. P
value No. P

value ^ °' value

Males
Tumors 1 1 ( 5 ) 3 i <  0.005 K D <  0.01 7 (4 ) 4 ( 3 ) 6 (3 )
(L ung) 8 0 <  0.01 i 5 1 <  0.05 6
Hemorrhage 7 16 12 14 10 12
Infection 5 4 15 9 5 11
Other and

unknown 21 27 11 11 21 10
Total no. 44 48 39 41 40 39

Fem ales
Tumors 2 2 (8 ) 1 0 (2 ) 11 3 (3 ) <  0.01 7 (2 ) 9 (4 )
(L un g) 9 5 4 3 5 4
Hemorrhage 9 9 5 8 3 2
Infection 11 6 10 12 9 11
Other and

unknown 18 14 3 10 13 7
Total no. 60 39 29 33 32 29

1 A u to p s ied  m ice .
2 P = probability according to chi-square analysis of differences from controls being due to chance.
3 Numbers in parentheses are deaths from tumor before 600 days of age.
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those given cadm ium  and lead. By chi- 
square analysis of these larger groups, the 
reduction of male pulm onary tum ors as
sociated with cadm ium  and lead was sig
nificant (P  <  0.005).

The ages at death of the 30 male mice 
with tum ors were studied to ascertain 
whether early mortality from  cadm ium  or 
lead could affect the appearance of neo
plasms. W hereas 16 deaths from tum or 
(53.3%  ) occurred before 600 days of age, 
one in  the lead group died during this in 
terval (P  <  0.05). Of the 14 deaths from 
tum or after 600 days of age, one was in  the 
cadm ium  group (P  <  0.05). At the half- 
lives of each group none of the 8 deaths 
from tum ors were in the cadmium- or lead- 
fed anim als. At 500 days of age 46 males 
were alive in  these 2 groups; tum ors oc
curred in  only two ( P < 0 .0 5 ) .  In the fe
m ales 2 of the 21 deaths from tum or in  the 
cadmium  and lead groups occurred before 
600 days of age, compared with 17 
(2 7 .4 % ) in the others (P  <  0 .025).4 No 
deaths of nickel-fed mice occurred after 
547 days of age (P  <  0.005).

The typical lung tum or was an adeno
carcinom a, of which 45 were observed out 
of 51 lung tumors. Eleven m am m ary 
tumors, 8 sarcom ata, 4 splenomegalias of 
leukemic origin, 4 thyroid, 3 hepatic, 3 
skin, 2 ovarian, 2 ureteral and 1 each in  
various other sites, totaled 92. The inci
dences of all tum ors were: males 11.9% ; 
females 27.8% .

There were no obvious changes in other 
causes of death, such as pneum onitis (19 
cases), pyelonephritis (12 cases), m edias
tinal infections (4  cases), hepatic cystic 
or parenchym al degeneration (7  cases). 
Of 12 kidneys exam ined in  the cadmium  
and lead groups, 8 showed hyalinized glo
meruli, thickened basem ent m em brane and 
a reduction of lum en to wall of arterioles; 
lesser alterations were seen in  3 others.

Mortality. Survival curves are shown 
in figures 1-6. Because the curves of 5 
groups of m ale anim als are ra ther straight, 
or slightly concave, unlike “norm al” sur
vival curves, indicating early m ortality, a 
deficiency in  the basic diet for m ales m ay 
have been present. As the rate of growth 
of mice fed chromium  is increased (1 )  and 
the survival curve of m ales more nearly 
resembles a “norm al” one, males fed each

m etal were compared with the chrom ium  
as well as to the control groups (figs. 3—6).

Compared with the chrom ium  group, 
mortality rates were significantly higher in  
m ales given cadmium , lead and nickel. 
Males fed cadm ium  and lead also had 
higher mortalities at one or more intervals 
than  did the controls. Significant differ
ences in  the groups on metals did not ap
pear in  females at any age (figs. 1, 2 ) . Al
though mice of both sexes given titanium  
died at somewhat earlier intervals, changes 
were relatively small (figs. 2, 3 ).

To ascertain whether lifespan was af
fected, the ages at death of the last surviv
ing 10% of anim als in  each group were 
compared with the controls. Longevity was 
less in  each group fed a m etal (table 2 ), 
and was significantly lower in  m ales fed 
lead, cadmium, and titanium  and in  fe
m ales given lead. Males receiving titanium  
lived 80.5% , cadm ium  85.1% , chromium  
86.8% , and lead 90.4% as long as con
trols, or 92 to 187 days less. Females 
given titanium  and those receiving lead 
lived 91.5% as long as controls. There 
was no sex difference in  m ean lifespans of 
controls treated in  this m anner. A few 
anim als lived more than  1000 days; 4 con
trols, three fed chromium  and three given 
nickel. Of the titanium  group the last sur
viving male died 231 days and the last 
surviving female 118 days before the old
est control animals. The relative order of 
decreased longevity was: males, titanium  
>  cadm ium  >  lead >  chromium ; females, 
titanium  s= lead >  cadmium.

Body weights at death. Mean weights 
of anim als dying at less than  one year, 1 
to 2 years and more than  2 years of age 
were calculated. At ages after one year 
anim als of both sexes taking nickel 
weighed somewhat less, by 4 to 13% , and 
those fed the other 4 metals, more than  
did the controls. The differences were 
small in  females, 3 to 11%. In m ales dy
ing under one year of age, m ean weights 
compared with controls were: cadmium , 
113% ; lead, 122% (P  <  0 .01); chromium, 
123% (P  <  0.025); titanium  138% , (P  <

4 P e rc e n ta g es  o f  d e a th s  fro m  tu m o r  in  b o th  sexes 
o c c u r r in g  a t  v a rio u s  ages  w e re : <  400 day s, 3 .1 % ; 
400 to  499 day s, 1 2 .8 % ; 500 to 599 d ay s , 2 3 .4 % ; 
600 to 799 d ay s , 4 3 .6 % ; 8 0 0 +  d a y s , 17 .1% . T h e  a s 
s u m p tio n  is m ad e  th a t  a u to ly zed  a n d  c a n n a b a liz e d  
m ice  n o t e x a m in e d  w ere  ra n d o m ly  se lec ted  a n d  d id  
n o t in f lu en c e  th e  in c id e n c e  o f tu m o rs .



Fig. 1 Survival of fem ale m ice. The shaded area represents the curves of 54 m ice given nickel, 54 
given chrom ium , and 88 controls. Curves for 60 fed cadm ium  and 52 fed lead are shown separately. 
There were no significant differences at any 3-month period, except between lead and cadm ium  at 21 
m onths, where P <  0.05 by chi-square analysis.

Fig. 2 Survival of 53 fem ale m ice given titan ium  and of 88 controls (O ). No significant differ
ences appear at any interval.



Fig. 3 Survival of 54 m ale m ice given titanium , 54 given chrom ium  and 61 controls (dashed lin e ). 
The circles represent significant differences between titanium -fed anim als and the controls; at 12 
m onths. P <  0.05, at 27 m onths, P <  0.025. Chromium-fed m ice differed from the controls significantly  
up to 17 months of age. Note that all given titanium  had died by 27 m onths of age.

Fig. 4 Survival of 52 m ale m ice given lead compared w ith 61 controls (dashed lin e ) and 54 
given chromium. The circles represent significant differences; at 12, 15 and 18 m onths, P <  0.001, at 
21 m onths, P <  0.025. The half-life of lead-fed anim als was 146 days less than those fed chromium.



Fig. 5 Survival of 50 m ale m ice given nickel, compared w ith 61 controls (dashed lin e ) and 54 
on chromium. The circles represent significant differences from the nickel-fed anim als; at 12 and 15 
m onths, P <  0.0005, at 18 m onths, P <  0.02. The half-life of the nickel group w as 160 days less than 
that of the chrom ium  group.

Fig. 6 Survival o f 65 m ale m ice given cadm ium , compared w ith 61 controls and 54 fed chro
m ium . The circles represent significant differences from the cadm ium -fed anim als; from 9 to 21 
m onths, P <  0.001, for chrom ium ; at 18 and 21 m onths for controls, P <  0.01; at 24 m onths, P <  
0.02. Mice given cadm ium  had a half-life 133 days less than those fed chromium.
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TABLE 2

Longevity  of m ice  g iven  trace m etals: ages a t w h ich  75% w ere dead, m ean  ages a t death of last 
surviv ing 1 0 % , and ages of last survivors (days)

M ales F em a le s

No. 75%
d ead

M ean
age

M ax im a l
age No. 75%

d ead
M ean  M ax im a l 

age age

C o n tro l 61 693 957 1035 88 777 966 1084
N ic k e l 50 623 896 995 54 750 929 1042
L e a d 52 576 865 934 52 786 888 938
P  v a lu e  1 ~  0.025 ~  0.01
C h r o m iu m 54 680 831 1016 54 740 940 1059
P  v a lu e <  0.05
C a d m iu m 65 570 814 883 60 758 904 955
P  v a lu e <  0.005
T i t a n i u m 54 618 770 804 53 702 884 966
P  v a lu e <  0.005 <  0.05

1 P is th e  p ro b a b ility  o f th e  d iffe ren ce  fro m th e  c o n tro ls b e in g  du e  to c h a n c e  by S tu d e n t’s t te st. T he
m a le  t i ta n iu m g ro u p  also  d iffe red  fro m  th e n ic k e l (P  ~ 0 .0 1 ) a n d  th e le a d  (P  < 0 .0 0 5 ) g roups. A few
a n im a ls  liv ed  m o re  th a n 912 days (3 0  m o n th s ) : m a le s , 5 co n tro ls , 1 fe d  le a d , 1 fed  c h ro m iu m , 2 fed n ic k e l;
fe m a le s , 7 c o n tro ls , 2 fe d  le ad , 2 fed  c a d m iu m , 3 fe d  c h ro m iu m , 4 fed  n ic k e l a n d  2 fed  t i ta n iu m .

0.005); and nickel, 103%. At 1 to 2 years were analyzed, in which cases 0.01 to 0.3
of age, they were: chromium, 129% ; 
nickel, 96% and titanium  109% , but dif
ferences were not significant at this or 
older ages.

Males in each group had lost 22 to 30% 
and females 28 to 37% of their body 
weights at the time of death. Relative 
weights, however, were of the same order 
as in  living anim als, those given titanium  
and chrom ium  weighing the most and 
those given nickel the least (1 ) .

Accumulation of trace metals. In tables
3-5  are shown the m ean concentrations of 
the various metals in  5 organs according 
to sex, for mice 100 to 800 days or more of 
age, compared with values in  the literature 
for adult m an. At these low levels of dos
age, no m etal accum ulated markedly with 
age; on the contrary, higher concentrations 
of cadm ium  and titanium  appeared in 
younger mice. Table 6 indicates the levels 
in  the organs of highest concentrations ac
cording to 3 ages.

Cadmium: Renal concentrations of 1.3
to 2.8 ug/g were observed in 4 males 134 
to 174 days of age, 6.14 ug/g in  6 about 
one year of age, and 0.90 to 5.8 ug/g in 34 
up to 2 years of age. In females the pat
tern was sim ilar with a range of 0.86 to
6.5 |ig/g. The m ean renal concentrations 
at older ages was a third of that of younger 
mice. Cadmium was undetected in con
trols and in mice given other metals, ex
cept when anim als raised commercially

ug/g were observed in kidney.
Lead: The food contained approxi

mately 0.2 ug/g, an am ount reflected in 
organ concentrations of controls almost 
always less than  1.0 ug/g; no accum ula
tion with age was noted. Renal and 
hepatic ranges were 0.0 to 0.7 and 0.0 to 
0.8 ug/g, respectively. Three groups of 
control mice were apparently devoid of 
lead. W hen given the metal, concentra
tions in  spleen increased somewhat with 
age, but not in  kidney (table 6 ). Males 
showed 0.52 to 3.3 ug/g and females 0.1 
to 1.0 ug/g in liver, with 0.65 to 2.15 and 
0.28 to 3.39 ug/g, respectively, in kidney. 
Thus there was some overlapping of values 
between controls and treated animals.

Chromium and n ickel: These m etals be
haved similarly, with a predilection for 
spleen and heart and with little tendency 
to accum ulate in other organs in am ounts 
m uch greater than  the controls. In male 
mice, concentrations of nickel in  kidney 
and liver with ranges of 0.0 to 3.7 and 
0.0 to 2.5 ug/g, respectively, decreased 
almost regularly from 300 to 755 days of 
age; in  females the phenom enon occurred 
only in  liver where the range was 0.0 to
2.3 ug/g- Taking chromium  for 2 years 
did not cause significantly higher levels 
than  one in  any organ; the range of values 
in heart was 0.58 to 6.2 ug/g-

T itanium : High concentrations in liver 
and kidney were observed only in  animals
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TA BLE 3

Organ concentrations of cadm ium  and lead in  m ice and m an 1

No. K idney L iv er H e a r t L u n g S p leen M ean  2
M eta l in  
food  a n d  
w a te r  3

f ig /g  w e t  w t  f ig /g  w e t  w t f ig /g  w e t  w t f ig /g  w e t  w t f i g /9 w e t  w t p p m

Cadmium
Mice 5 .0

Males 4 4 2 .9 4 0 .6 3 0 . 2 0 0 .3 4 0 . 6 6 0 .9 3
Fem ales 35 2 .6 5 0 . 6 6 0 .6 2 0 .4 2 0 .2 7 0 .9 2
% present 4 1 0 0 83 75 73 9 2

Control m ice 5 0.0 8
Males 69 0 .0 « 0.0 0.0 0.0 0.0 0.0
Fem ales 34 0.0 0.0 0.0 0.0 0.0 0.0

Adult m an 145 3 2 .0 1 . 8 0.0 <  0 .5 0.0 0 .4 3 0 . 0 1

% present 1 0 0 9 8 3 5 0 13

Lead
Mice 5 .1 9

Males 41 1 .2 5 1 .3 7 1 .0 3 1 .1 7 1 .4 2 1 .2 5
Fem ales 2 3 1 .3 5 0 .3 9 0 .8 1 0 .4 9 2 . 6 8 1 .1 4
% present 1 0 0 8 3 9 2 6 7 9 0

Control m ice 5 0 .1 9
Males 118 0 .5 1 0 .3 7 0 .5 8 0 .3 3 0 .5 3 0 .4 6
Fem ales 1 2 1 0 .2 7 0 .2 5 0 .8 2 0 .3 3 0 .7 0 0 .4 7
% present 81 69 8 0 6 7 9 2

Adult m an 1 45 1 . 2 1 .5 <  0 .0 5 0 .6 7 0 .2 7 1 . 1 0 0 . 1 2
% present 1 0 0 1 0 0 5 6 1 0 0 9 7

1 T h e  leve ls  fo r  a d u lt  m a n  a re  th e  m e a n s  o b ta in e d  by  sp ec tro g rap h ic  m e th o d s  fro m  T ip to n  a n d  C ook (1 0 ) ,  
su b je c ts  fro m  th e  U.S. M a in la n d , a n d  show  g e n e ra l lev e ls  in  tis su e s . T h e  ra n g e s  in  a ll  c ase s  w e re  w ide .

2 T h e  m e a n s  o f th e  av e rag e s  fo r  e a c h  o rg a n  a re  sh o w n  as in d e x e s  o f re la tiv e  tis su e  c o n c e n tra tio n s  a n d  a re  n o t 
to be c o n s tru e d  as re p re s e n tin g  o th e r  th a n  a id s  to  th e  re a d e r  in  c o m p a rin g  tre a te d  w ith  c o n tro l g roups.

3 Food a n d  w a te r  v a lu e s  a re  m e a su re d  leve ls  fo r  m ice  a n d  a p p ro x im a tio n s  b a sed  on  a n a ly se s  fo r  m a n  ( 5 - 9 ) .
4 P e rc e n ta g e  o f o rg a n s  a n a ly ze d  in  w h ic h  th e  d e sig n a te d  m e ta l  w as d e tec ted .
5 C o n tro ls  re p re s e n t a ll  a n im a ls  n o t g iv en  th e  m e ta l  in d ic a ted .
6 N o m e ta l d e tec ted  by  a n a ly s is .

less than  260 days of age, with 3 to 15 ug/g 
in  the young and 0.2 to 1.5 pg/g in  the 
old. Heart, lung and spleen had m uch 
titanium , up to 32.5, 18.0 and 18.0 ag/g, 
respectively, in  the young and up to 9.3,
6.7 and 9.9 ag /g  in  the older animals. 
Controls usually had little, 0.0 to 1.9 ag/g- 
In an attem pt to establish a “standard,” 
organs of wild field mice were compared; 
levels were mainly in  the same range as 
laboratory mice given the metal, with a 
range of 0.4 to 7.98 ag/g-

Influence of one divalent m etal on accu
m ulation of another. Organ concentrations 
of a m etal present in  the basal diet were 
compared when another divalent m etal 
was or was not given. Cadmium-fed ani
mals had concentrations of lead in  kidney, 
liver and lungs sim ilar to controls; lead 
did not affect nickel in  liver. Limitations 
in  am ounts of tissue prevented further 
such evaluations.

Intake of trace metals. There were no 
significant differences in the am ounts of 
w ater ingested by the different groups. 
Because of variable am ounts of unavoid
able wastage, the total use varied from 
cage to cage as m uch as 14% in females 
and 25% in males from the means. Fe
male mice took 3.86 and m ales 4.65 g/day. 
On a weight basis, m ean use by males was
10.2 and by females 9.03 g/100  g /day, 
calculated during a representative year of 
adult life.5 The fluid intake of m ale rats 
under identical conditions was 6.85 g and 
of females 7.51 g/100 g body w eight/day.

As fluids contained 5 ag /g  of metal, the 
intake including wastage could be roughly 
approximated at a m axim um  of 45 to 51 
ag m etal/100  g/day, or 16.48 to 18.62

5 U se o f w a te r  by  s in g le  su rv iv in g  m a le s  d id  n o t 
c h a n g e  in  th e  sev e ra l w eek s  o r m o n th s  b e fo re  d e a th ;  
th a t  by fe m a le s  u s u a lly  d o u b led  o r tr ip led . A lth o u g h  
th e  a m o u n t in g e s ted  co u ld  n o t be m e a su re d , th e re  
w as no  ev id en ce  th a t  th e  in ta k e  o f w a te r  a n d  m e ta l 
d ec rea sed  in  o ld e r  an im a ls .
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TA BLE 4
Organ concentrations of chrom ium  and nickel in  m ice and m an 1

No. Metal inKidney Liver Heart Lung Spleen Mean 2 food and
water 3

P-9/9 w e t  w t p g /  g w e t  w t t ig /g  w e t  w t p g / g w e t  w t p g / g  w e t  w t p p m
Chromium

Mice 5.1
Males 41 0.92 0.51 2.10 l . i i 1.83 1.29
Fem ales 30 0.84 0.51 1.23 0.81 1.84 1.23
% p resen t4 100 100 92 91 81

Control m ice 5 0.1
Males 33 0.38 0.09 1.04 0.39 0.40 0.46
Fem ales 30 0.34 0.15 0.31 0.17 0.42 0.28
% present 75 65 74 70 40

Adult m an 145 0.01 0.007 0.015 0.13 0.005 <  0.09 0.04
% present 83 79 88 100 79

Nickel
Mice 5.4

Males 33 0.93 0.78 1.05 1.13 2.76 1.33
Fem ales 27 1.07 0.75 0.72 0.53 4.16 1.45
% present 71 78 75 70 91

Control m ice 5 0.4
Males 69 0.52 0.62 0.43 0.32 0.42 0.46
Fem ales 30 0.46 0.20 0.0 0.61 0.33 0.32
% present 100 87 67 67 75

Adult m an 145 <  0.05 <  0.05 <  0.05 <  0.05 <  0.05 <  0.14 0.2
%  present 21 18 34 50 12

1 T h e  leve ls  fo r  a d u l t  m a n  a re  th e  m e a n s  o b ta in e d  by  sp ec tro g rap h ic  m e th o d s  fro m  T ip to n  a n d  C ook (1 0 ) ,  
su b jec ts  f ro m  th e  U.S. M a in la n d , a n d  sh o w  g e n e ra l leve ls  in  tis su e s . T h e  ra n g e s  in  a ll  c ase s  w e re  w ide.2 T h e  m e a n s  o f th e  av e rag es  fo r  e a c h  o rg a n  a re  sh o w n  as in d e x e s  o f re la tiv e  tis su e  c o n c e n tra tio n s  a n d  a re  n o t 
to  be c o n s tru e d  a s  re p re s e n tin g  o th e r  th a n  a id s  to th e  re a d e r  in  c o m p a rin g  tre a te d  w ith  c o n tro l groups.3 Food  a n d  w a te r  v a lu e s  a re  m e a su re d  leve ls  fo r  m ic e  a n d  a p p ro x im a tio n s  b ased  o n  a n a ly se s  fo r  m a n  ( 5 - 9 ) .4 P e rc e n ta g e  o f o rg a n s  a n a ly ze d  in  w h ic h  th e  d e s ig n a te d  m e ta l  w as  de tec ted .5 C o n tro ls  re p re s e n t a l l  a n im a ls  n o t g iv en  th e  m e ta l  in d ic a te d .6 N o m e ta l  d e te c te d  by  a n a ly s is .

TA BLE 5
Organ concentrations of titan iu m  in  m ice and m an  1

M eta l in
No. K idney L iv er H e a r t L u n g S p leen M ean  2 food  a n d  

w a te r  3

P 9 / 9 w e t  w t p g / g  w e t  w t p g / g  w e t  ivt p g / g  w e t  w t p p m

Titanium
Mice 5.03

Males 41 2.86 1.81 8.80 4.81 6.83 5.02
Fem ales 37 2.89 2.05 4.10 1.66 3.70 2.88
% present 4 79 73 70 73 100

Control m ice 5 0.03«
Males 31 0.33 0.38 0.34 0.13 0.94 0.42
Fem ales 51 0.55 0.67 1.08 0.66 1.10 0.81
% present 57 56 75 50 67

W ild field m ice 9 1.03 4.10 6.93 3.03 — 3.02
Adult m an 144 <  0.05 <  0.05 <  0.05 2.2 <  0.05 <  0.21 0.12

% present 15 23 17 99 22

1 T h e  lev e ls  fo r  a d u l t  m a n  a re  th e  m e a n s  o b ta in e d  by sp ec tro g rap h ic  m e th o d s  f ro m  T ip to n  a n d  C ook (1 0 ) ,  
su b jec ts  fro m  th e  U.S. M a in la n d , a n d  show  g e n e ra l leve ls  in  tis su e s . T h e  ra n g e s  in  a ll  c a se s  w e re  w ide.2 T h e  m e a n s  o f th e  av e rag es  fo r  e a c h  o rg a n  a re  sh o w n  as in d e x e s  o f re la tiv e  t is su e  c o n c e n tra tio n s  a n d  a re  n o t 
to  be c o n s tru e d  as re p re s e n tin g  o th e r  th a n  a id s  to  th e  re a d e r  in  c o m p a rin g  tre a te d  w ith  c o n tro l groups.3 Food a n d  w a te r  v a lu e s  a re  m e a s u re d  leve ls  fo r  m ice  a n d  a p p ro x im a tio n s  b ased  o n  a n a ly se s  fo r  m a n  (5 —9 ).4 P e rc e n ta g e  o f o rg a n s  a n a ly z e d  in  w h ic h  th e  d e s ig n a te d  m e ta l  w a s  d e tected .

5 C o n tro ls  re p re s e n t a l l  a n im a ls  n o t g iv en  th e  m e ta l  in d ic a ted .6 B ed d in g  (so ftw o o d  c h ip s )  c o n ta in e d  2.31 p g /g .
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TA BLE 6

Trace metals in tissues of m ice in relation to age, both sexes: 
organs of highest m ean  concentrations 1

M eta l T a rg e t
o rg an

100-360
days

3 6 0-560
days

5 6 0 -8 0 0
d ay s

C a d m iu m k id n e y 5 .1 9
f ig /g  rvet w e ig h t  

2 .8 2 1 . 6 8

l iv e r 1 .8 2 0 .5 7 0 .0 7
L e a d k id n e y 1 .3 2 1 .43 0 . 6 8

l iv e r 1 . 0 0 1 .38 0 .2 5
s p le e n 1 . 1 1 2 .0 4 2 .1 8

C h r o m iu m s p le e n 2 .3 8 1 . 1 0 1 .4 7
h e a r t 1 . 0 2 0 .6 9 1 .7 7

N ic k e l k id n e y 1 .8 5 0 .7 8 0 .5 7
s p le e n 3 .6 0 1 .27 3 .5 7

T i t a n i u m s p le e n 7 .5 9 6 .6 4 1 .4 9
h e a r t 1 0 .0 5 3 .6 0 3 .3 0

1 5 ppm  m eta l were given in  drink ing w ater contin uously .

m g /100 g /  year. Therefore, even if half 
were wasted, the largest part of each metal 
ingested was not absorbed by body tissues 
(tables 3 -5 ) . The order of absorption, 
assum ing tha t organ concentrations are 
representative, was: titanium  > >  nickel 
>  lead >  chromium  >  cadmium , and of 
the increm ental differences from controls: 
titanium  > >  nickel =  cadm ium  >  lead 
s  chromium.

Metals in newborn. The whole carcas
ses of 5 stillborn mice were analyzed. The 
resu lts : cadmium  0.0, lead 0.0, nickel 0.14 
and chromium  0.31 ug/g wet weight, in 
dicating that 2 metals crossed the placental 
harrier and 2 did not. The m others’ tis
sues contained the metals.

Metals in  tumors. Two lung tum ors in 
mice given cadmium  and 7 in controls 
showed none. Lead was observed in  8 of 
10 tum ors of control females at 0.08 to
2.1 ug/g. Nickel appeared in  2 of 3 tu 
mors in control anim als, chromium  in two 
and titanium  in 1 of 2.

Reproduction. No experiments were 
made on the reproductive capabilities of 
mice on metals. Eight hundred mice, how
ever, have been successfully bred and 
raised with the cadmium-free diet, and 
analyses of representative groups failed to 
show tissue cadmium.

DISCUSSION

This exploratory study was designed to 
reproduce the lifetime hum an experience 
by causing accum ulations of trace metals 
in  mice equal to those of m an (1 0 ) and 
comparing effects with anim als little ex

posed to the same metals. We were suc
cessful in that all values observed lay 
within hum an ranges. In the case of lead, 
m ean values were similar, but we produced 
less than  m ean hum an concentrations of 
cadm ium  and caused greater than  m ean 
hum an concentrations of nickel, chromium 
and titanium  in both control and metal-fed 
animals.

Several unexpected effects were ob
served. There were m arked sex differences 
in the responses of mice, males often being 
affected as to m ortality and females not. 
At the 99% level of confidence, longevity 
of males was decreased by cadm ium  and 
titanium  and of females by lead. Nickel 
appeared to decrease the incidence of tu 
mors in  females, and cadmium  and lead 
in males. No metal was carcinogenic. 
Cadmium, lead and titanium , which accu
m ulate in m an with age, did not so accu
m ulate in mice at the doses used; in  fact, 
younger anim als often had the highest 
ievels at death. Although higher organ 
concentrations were observed in  anim als 
given metals, in all cases a state of “bal
ance” appeared to be achieved independent 
of the duration of exposures; this phenom 
enon was especially m arked in  the cases 
of lead, chromium and nickel. Despite 
careful control of intake, the ranges of 
analytical results were wide and there 
were overlapping values for all m etals ex
cept cadmium. We have found the analy
tical methods dependable and sensitive 
(5 -9 )  and do not believe that methodo
logical errors were of this m agnitude. In 
dividual differences in  mice towards ab
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sorption and accum ulation, therefore, may 
explain the variations in  organ content of 
m etals, early mortality being associated 
with high tissue levels. Similar variations 
occur in  the tissues of m an (1 0 ) , which 
have been presumed to result from dif
ferences in  exposure.

Duplications in  mice of hum an levels of 
hepatic and renal lead of 1.5 ±  1.10 ( s d )  

and 1.2 ±  0.87 ag /g  wet weight, respec
tively (1 0 ) , were associated with increased 
m ale mortality compared with controls and 
with mice given chromium, decreased lon
gevity and fewer tumors. Lead in  these 
concentrations, therefore, exhibits adverse 
effects on male mice not balanced by par
tial inhibition of tumors.

One-fifth to one-tenth of hum an renal 
cadm ium  levels of 32 ±  15 ( s d )  ug/g 
(1 0 ), in  the range of children and African 
natives (1 1 ) , were accompanied by de
creased m ale survival and longevity despite 
suppression of tum ors of the lungs. De
ficiency of cadm ium  caused no obvious ad
verse effects on any param eter. Therefore, 
cadmium  is not an essential m icro-nutrient 
for mice but exhibits an innate toxicity in 
males at relatively low concentrations. In 
rats the m ajor m anifestation is hyperten
sion (12, 13).

Nickel is not common in hum an tissues, 
except skin (1 0 ). Mice had higher levels 
whether fed it or not, although w ithin hu 
m an ranges. W hereas m anifestations other 
than  on female tum ors were not obvious, 
nickel appears to have innate toxicity of an 
undefined nature, expressed by lessened 
male survival.

Chromium occurs in all hum an lungs 
but is not ubiquitous in  other adult tissues; 
when present, it is only in  small am ounts 
(1 0 ). All but one of the mouse tissues 
analyzed had levels w ithin the adult h u 
m an extremes and resembled tissues of in 
fan ts and children who have considerably 
larger concentrations (8 ) . The improved 
growth and survival of both mice (1 )  and 
ra ts (1 4 ) at these levels, and the absence 
of adverse effects, suggest that chromium 
may have an essential function. Other evi
dence for its physiological role has been 
obtained (1 5 ).

T itanium  had not been given chronically 
to anim als, to our knowledge. H um an lung

contains a considerable am ount, with a 
usual range of 0.55 to 7.0 ng/g and ex
trem es up to 20 ug/g. Other tissues have 
little; therefore our mice resembled the 
hum an experim ent in  respect to lung but 
not to other organs. The unexpectedly 
large accum ulations of titanium  in labora
tory and field mice suggest tha t homeo
static m echanism s are not active. Al
though improving the rate of growth (1 ) , 
titanium  is probably not an essential trace 
elem ent because of its adverse effects on 
longevity.

Changes such as these here reported 
m ight occur sometimes in  mice raised with 
various commercial diets which contain 
0.4 to 1.9 ppm lead, 0.4 to 3.0 ppm  nickel, 
0 to 11.7 ppm titanium , 0 to 4.5 ppm chro
m ium  and 0.09 to 0.2 ppm  cadm ium  (1 ). 
Our basal diet was low or deficient in  these 
metals. One or more of them  m ight affect 
growth, survival, longevity or tumors. If 
so, studies on mice should include control 
of the m etal content of the diets given.

Comparison of our control data with 
those of Lindop (1 6 ) on a m uch larger 
series of SAS/4 mice reveal differences. 
The survival curve of our females, their 
m edian age and longest lifespan were 
somewhat less than  hers, whereas body 
weights were greater. The incidence of 
tum ors (38.6%  ) was also less (53.9%  ). 
Our control males had considerably shorter 
survivals, m edian age and longest lifespan 
than  Lindop’s and the incidence of tumors, 
25% , was also less than  the 41.0% re
ported by her. W hereas differing strains 
and diets probably account for these differ
ences, the reduction in  tum ors in  mice 
given m etals is unlikely to be the result of 
these factors.6

These experim ents dem onstrate innate 
toxicities of lead, titanium , nickel and 
cadm ium  in male mice at tissue levels 
within hum an ranges, and a favorable ef
fect of chromium. Low tissue affinity for 
chromium  suggests that barriers to absorp
tion m ay be present, as they m ay be in

6 A lth o u g h  th e  in c id e n c e  o f tu m o rs  in  in b re d  m ice  
v a rie s  m a rk e d ly  w ith  th e  s t r a in  ( 1 7 ) ,  ra n d o m b re d  
a n im a ls  in  la rg e  en o u g h  n u m b e rs  fro m  th e  sam e  
so u rce  a re  n o t lik e ly  to  sh o w  su ch  g re a t d iffe ren ces. 
T h e  c h a n c e  th a t  50 a n im a ls  w ill  h a v e  a n  in c id e n ce  
o f tu m o rs  o f 24%  a n d  a n o th e r  50 o r m o re  o b ta in e d  
a t  th e  sam e  tim e  fro m  th e  sam e  so u rce  h a v e  2 % is  
sm a ll ( <  0 .0 1 ).
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m an (8 ) , whereas such barriers are not 
as active for cadm ium , lead, nickel and 
especially titanium . These experim ents 
also indicate that in  the oral doses em 
ployed, none of these m etals is carcino
genic for mice.

ACKNOWLEDGMENT

We thank Dr. Kurt Benirschke for the 
microscopic sections and for his advice.

ADDENDUM

Since this report was subm itted for pub
lication, evidence has been obtained that 
ra ts on an  identical regim en are partly 
deficient in chrom ium  in respect to glucose 
metabolism.
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Effects of Feeding Frequency on Metabolism, Rate and 
Efficiency of Gain and on Carcass Quality of Pigs * 1

D. W. FRIEND a n d  H. M. CUNNINGHAM
Experimental Farm, Research Branch, Canada Departm ent of  Agriculture, 
Nappan, Nova  Scotia

ABSTRACT  The effect of feeding pigs a 2000-g ration and 5000 m l water in one or 
5 m eals daily w as determined by m etabolism , growth and carcass quality m easure
m ents. In the first experim ent, w ith 50-kg pigs, differences in  digestibility coefficients 
due to increased feeding frequency were negligible. The efficiency of calorie conversion  
to fat and protein gain, derived from nitrogen and carbon balances, was about 49% 
for both groups of pigs. The more frequently fed pigs elim inated more fecal but less 
urinary water than the pigs fed once daily. The sam e restricted feeding regim ens used 
for the caged pigs in  experim ent 1 were applied to individually penned, 60-kg pigs in  
the second experim ent. A higher rate of gain by the pigs fed once daily was attributed 
to the effect of “fill” as evidenced by lighter carcass weights and sm aller carcass gains. 
No significant difference between the 2 groups of pigs could be shown by any of the 
carcass m easurem ents taken w hich included specific density.

The metabolism of experim ental anim als 
may be influenced by the frequency of feed 
intake (1 ) . Less body fa t, but more body 
protein and w ater was stored by ra ts feed
ing at frequent intervals ad libitum  than  
by ra ts force-fed twice daily the same ra 
tion. Greater urinary excretion of non
protein nitrogen and urea nitrogen by 
force-fed rats has also been reported (2 ) . 
It has been suggested that by increasing 
the frequency of feeding pigs, improve
m ents may be obtained in  efficiency of 
feed conversion and carcass quality (3 ) . 
Few studies have been m ade with pigs on 
the effect of single or m ultiple feeding. 
Braude et al. (4 )  observed little or no 
effect on the perform ance and carcass 
quality of pigs fed once or twice daily. 
However, better weight gain and a tend
ency towards improved feed conversion 
was recorded for pigs of about 50- and 
90-kg body weight, fed twice daily com
pared with others fed 4 times daily (5 ) .

Psenicnyj (6 )  reported on the effects of 
the num ber of daily feedings on the digesti
bility of feed and on metabolism in pigs. 
P regnant and lactating sows were fed 
twice or 3 times daily in  one test, and
8-month old fatten ing  pigs fed either 2, 
3 or 4 times daily in a second test. In both 
tests, the digestibility of protein and the 
retention of nitrogen appeared to be im 
proved by less frequent feeding. A de
crease in  the num ber of feedings from  4 
to 2, reduced the production of carbon

dioxide and increased the daily gain in 
body weight of fattening pigs. The purpose 
of the present study was to determ ine the 
effects on the metabolism, growth rate, 
feed conversion and carcass quality of 
feeding pigs either once or 5 times daily.

EXPERIMENTAL
Experim ent 1. Eight Yorkshire barrows 

averaging 60 kg body weight were put into 
individual, m etal metabolism cages. Dur
ing a 4-week prelim inary period, pigs were 
paired according to body weight and fed 
twice daily the same quantities of a grower 
ra tion2 and added water. A m axim al volun
tary intake of 2000 g ration and 5000 ml 
w ater was established. A schedule was 
then introduced whereby these quantities, 
consumed by each caged pig w ithin 20 
m inutes, were given to one m em ber of 
each pair in  one feeding daily,3 at 8  a m , 
and to its m ate in 5 equal feedings daily, 
at 8 a m , 11 a m , 2 p m , 5 p m , and 8 p m . 
The pigs assigned these 2 regimens will be 
referred to as “single-feeders” and “m ul
tiple-feeders,” respectively.

R eceived  for p u b lication  M arch 6 , 1964.
1 C ontribution no. 160, D iv ision  o f A n im al and  

Poultry Science.
2 T he ration  con sisted  o f the fo llo w in g : ( in  per 

cen t)  barley m eal, 88.15; soybean m ea l (44%  C .P .), 
4.50; w h ite  fish m eal (66%  C .P .), 5.50; lim eston e , 
0.80; iod ized  sa lt, 0.50; v ita m in  A and  D 3 m ixture  
(15 0 0  IU and 300 I U /g ) ,  0 .15; v ita m in  B 12, (9  m g /  
454 g ) ,  0.05; antib iotic  (1 0  g ch lo r te tra cy clin e /4 5 4  g ) ,  
0.05; ZnS04 , 0.05; d ica lc iu m  ph osph ate, 0.25. The 
ration  analyzed  (a s  per cen t o f dry m a tter) crude 
protein , 19.1; crude fiber, 5.4.

3 4000 m l o f w ater w ere g iven  w ith  th e ration  at 
8 a m , and 1000 m l o f w ater on ly  at 5 p m .

J .  N u t r i t i o n , 8 3 : ’6 4 251
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A 6-week experim ental period followed, 
during which carbon-nitrogen balances 
were obtained for each pig. A 24-hour 
determ ination of carbon dioxide produc
tion was made for each pig at intervals of 
2 weeks, at a ra te of 4 pigs/week. A res
piration cham ber (m easuring 194 cm long, 
169 cm high and 72 cm w ide) was used 
for this purpose. A metabolism cage, 
allowing separate collection of feces and 
urine from  the test pig in  it, was wheeled 
into the cham ber which became airtight 
on closing its hinged door. T ransparent 
plastic for the roof and sides provided 
adequate visibility for the anim al confined 
in  the otherwise all-metal chamber.

An electric fan  circulated the air in  the 
chamber, with tem perature and hum idity 
being regulated by a therm ostatically con
trolled refrigeration unit, connected to a 
large cooling plate w ithin the chamber. 
Air flow was started 30 m inutes after the 
pig was put in  the chamber. A prelim inary, 
standardization period of 75 m inutes pre
ceded the 24-hour test. The air from the 
cham ber was passed through a respiration 
gas m e te r4 taking continuous 0.1% sam 
ples. Barometric pressure and the air tem 
perature at the m eter were recorded regu
larly during the day. Test pigs were fed 
quickly by m eans of a porthole in  the roof 
of the cham ber; the same feeding motions 
were enacted 5 times daily for pigs fed 
only once daily.

Samples of expired air were analyzed 
for carbon dioxide content by gas-solid 
chrom atography.5 Carbon analysis of feed, 
feces and urine was by the m ethod of 
C unningham  (7 ) . N itrogen balances from 
7-day total collection periods were obtained 
for all pigs each week of the experim ental 
period. Urine was preserved in hydro
chloric acid and stored at 1°C. Apart from 
a single collection for a pig in the respira
tion cham ber, feces were collected twice 
daily and stored frozen. Analyses for dry 
m atter, nitrogen and crude fiber were by 
standard methods (8 ) . Fecal crude pro
tein (nitrogen X 6.25) and dry m atter 
were determ ined with thawed, wet feces 
and the crude fiber with the air-dried feces.

Experim ent 2. Twenty litterm ate pairs6 
of Yorkshire barrows, m atched for initial 
body weight (averaging 50.4 kg) were used 
in this experim ent to test on penned pigs

the feeding regimens previously imposed 
on caged pigs in  experim ent 1. Each pig 
was kept in an individual pen (m easuring
1.2 X 4.3 m eters) in  which neither bedding 
nor w ater was provided. Pigs were allowed 
a week to adjust from a system of ad libi
tum , dry-feeding in groups to one of indi
vidual, restricted, wet-feeding. All pigs 
were fed the same daily quantities of ra 
tion (2043 g) and of w ater (5000 m l) but 
after the end of the first week, one pig in  
each pair was fed once daily and its pair- 
m ate 5 times daily. The ration form ulation 
and feeding regimen were the same as 
described for experim ent 1.

Pigs were weighed weekly at about 
10 a m  each weighing day. Hence, com
pared with pigs fed 5 times daily that had 
received only one fifth of their daily ration 
when finally weighed, those pigs fed once 
daily had consumed by that time the whole 
of their daily ration before weighing. All 
pigs that had reached 85.1 kg were slaugh
tered 2 days later. The last feeding for 
the “single-feeders” was at 8 a m , and for 
the “multiple-feeders” at 8 p m  on the day 
before slaughter. The carcass of each pig 
was weighed while warm and m easured 
after chilling (1°C ) for length, longis- 
simus dorsi area and depth of shoulder 
and loin fa t according to standard methods
(9 ) .

A specific density determ ination was 
m ade on each chilled carcass, as a sensi
tive m easure of its composition, by a modi
fication of a procedure described by Holme 
et al. (1 0 ). The left and the right side of 
a carcass, without its head and tail, were 
weighed in  air and in  water, about 24 
hours after slaughter. The accuracy of 
weighing was to within 114 g and 28 g, 
respectively. A cylindrical, m etal tank 
(2.44 m high and 1.83 m diam eter) was 
filled to overflowing with w ater for the 
in-water weights. The tem perature of the 
w ater was recorded regularly and correc
tions 7 were made for its variation (be
tween 6.5 and 14°C) when calculating

4 Z e n tra lw e rk s ta tt  G ö ttin g en  G .m .b .H ., G ö ttin g en , 
W est G erm any .

s B eck m an  M odel GC-2A, u s in g  a  s ilica-gel co lu m n  
a n d  h e liu m  as c a r r ie r  gas. C arb o n  d io x id e  w as  c a l
c u la te d  by  p e a k  h e ig h t c o m p a riso n  a g a in s t  a  r e fe r 
en ce  sam p le  c o n ta in in g  1.08%  CO2 .

6 T h e  p ig s in  one p a i r  w ere  fro m  d iffe re n t l i t te rs  
b u t su ck led  by  th e  sam e  sow.

7 H an d b o o k  o f C h em istry  a n d  P h y s ic s , ed. 41 1959
C h em ica l R u b b e r  P u b lish in g  C om pany , O hio , p. 2129.
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specific density. A form ula given by Meyer 
and Nelson (1 1 ) was used to calculate, 
from specific density values, the percent
age fat in  each carcass.

RESULTS AND DISCUSSION

Experim ent 1. Differences in weight 
gain, efficiency of feed conversion and 
digestibility of the ration between the “sin
gle” and the “m ultiple” feeders were negli
gible (table 1). The efficiency of caloric 
conversion to fa t and protein gain was 
close to 49% for both groups of pigs. A 
difference in  feed conversion on this basis 
has been observed between ra ts fed ad 
libitum or force-fed (1 ) . Cunningham  et 
al. (12 ) reported that pigs of about 87-kg 
body weight may store over 50% of the 
digestible calories as fa t when fed 2450 g 
daily of a 12% crude protein ration. At a 
level of 1600 g daily, the efficiency was 
reduced to 39% , m aintenance require
m ents apparently taking a larger propor
tion of the caloric intake. The caloric 
conversion in the present experim ent, ex
pressed in  comparable term s of fa t gain 
only, was 41% , therefore agreeing closely 
with the value previously reported.

The apparent digestibility of crude pro
tein and crude fiber was not changed by 
feeding pigs once or 5 times daily. How
ever, Psenicnyj (6 )  gives data showing a

TABLE 1
Effect of feeding frequency on weigh t gain,  

efficiency of feed conversion and coefficients 
of apparent digestibili ty of caged pigs 

(exp. 1)

Frequency of feeding
Once 5 times 
daily daily

F ee d /d a y ,g 2000 2000
W ater/day, ml 5000 5000
Final weight, kg 96.70 93.70
Initial weight, kg 74.42 71.20
G ain /day, kg 0.53 0.54
Feed conversion,

kg feed /k g  gain 3.73 3.77
Kilocalories retained/kcal

consum ed, % 1 49.73 48.80
Digestibility coefficients, %

Dry matter 80.84 80.78
Crude protein 85.00 84.36
Crude fiber 25.58 26.42

1 B ased on a caloric in tak e o f 3 .12 d igestib le  k c a l/
f feed  (p rev iou sly  d eterm in ed ) and on the protein  and  

at gains obtained by n u tr ition a l ba lan ces. C om bus
tion  va lu es o f 5.7 k c a l/g  protein  gain  and 9.5 k c a l/  
g fa t gain  w ere used  (1 6 ) .

tendency for improved crude protein di
gestibility with fewer feedings daily.

Cohn et al. (2 )  working with rats, and 
Wu and Wu (1 3 ) with a hum an subject, 
observed that fewer feedings daily in 
creased urinary nitrogen. In  the present 
study with pigs, differences in urinary 
nitrogen and fecal nitrogen between “sin
gle” and “m ultiple” feeders were small, 
nonsignificant and resulted in almost iden
tical nitrogen retention (table 2 ). Urinary 
nitrogen was slightly lower and fecal nitro
gen higher for the “multiple-fed” than  for 
the “single-fed” pigs. The experimentally 
restricted protein intake by the pigs, may 
have influenced the urinary nitrogen re
sults obtained (1 3 ). Rakes et al. (1 4 ) 
noted no difference in fecal nitrogen (as 
nitrogen absorption) between sheep fed 
either once or 8 times daily. However, 
urinary nitrogen was lower in the more 
frequently fed young sheep but no different 
in more m ature sheep. A significantly 
greater nitrogen retention was reported by 
Satter and Baum gardt (15 ) for cows fed 
8 times daily compared with those fed 
twice daily. Fewer feedings daily, in 
creased fecal and urinary nitrogen, but

TABLE 2
Effect of feeding frequency on the daily  nitrogen  
and carbon balances and on the fecal and urinary  

loss of ivater for caged pigs (exp. 1 )

Frequency o f feed in g

O nce 5 tim es
d aily  daily

W eight of feces, g 851 965 1
Feces dry matter, % 39.69 34.92 1
Feces water, g 516 629 1
Feces nitrogen, g 8.03 8.38
W eight of urine, kg 3.63 3.47 1
Urine dry matter, % 2.65 2.56
Urine water, kg 3.54 3.39 1
Urine nitrogen, g 30.71 30.29
Feces and urine water, kg 4.06 4.02
Grams water lo ss /g

water intake,2 % 77.29 76.56
Nitrogen retention, g 14.81 14.89
Feces and urine carbon, g 167.99 166.42
Respiratory carbon, g 361.92 368.68
Carbon balance, g 249.90 254.83
Protein carbon,3 g 47.41 47.37
Protein gain, g 92.56 93.06
Fat gain,3 g 264.74 271.14

1 P <  0.01.
2 D eterm ined from  w ater lost in  feces  and urine, 

and from  w ater taken w ith  and  in  th e feed  (12.41%  
m oisture co n ten t).

3 A factor o f 52.7% carbon in  body protein  and  
76.5% carbon in  carcass fa t w as used  (1 6 ) .
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the digestibility of nitrogen by the cows 
was not significantly changed.

Results from  the pig experim ent (table
2 ), showed significantly ( P < 0 .0 1 )  more 
feces and less urine from the “m ultiple” 
than  from the “single” feeders. Both 
groups of pigs consumed the same total 
daily quantity of water, but the feces from 
the “multiple-fed” pigs were lower (P  <  
0.01) in  dry m atter content. The differ
ence in  weight of urine appeared to be the 
result of greater (P  <  0.01) elim ination of 
urinary water by the “single” feeders since 
it could not be accounted for by a differ
ence in  dry m atter content. Feeding 5 
times daily was conducive to w ater elimi
nation via the feces, whereas once-daily 
feeding resulted in  greater urinary loss 
of water. The total w ater loss via the 
feces and urine was the same for both 
groups, but the feces of the more fre
quently fed pigs contained 15.7% and 
those of the other pigs 12.8% of the total 
water.

The difference of nearly 7 g respiratory 
carbon daily (table 2 ), m easured as carbon 
dioxide, was not significant. Carbon diox
ide production by pregnant and suckling 
sows was reported to be independent of 
the num ber of feedings daily; with fa tten 
ing pigs however, the production was re
duced by feeding twice instead of 4 times 
daily (6 ).

Less muscle activity, m easured as a 
greater reserve alkalinity of the blood, was 
noted (6 )  with twice daily compared with 
3 or 4 times daily feeding. Visual observa
tions on this aspect of feeding frequency 
were made on the pigs in  the present study. 
Those fed only once daily in  the m orning 
soon became accustomed and relatively 
indifferent to the anxiety and excitement 
shown by the “m ultiple” feeders at each 
of their 4 subsequent feeding times. The 
opposite effect was reported for caged 
sheep (1 4 ); but the daily expenditure of 
energy was not significantly affected.

Protein gain was the same for both the 
“single” and “m ultiple” feeders, and the 
slightly greater fat gain by the “m ultiple” 
feeders was not significant. Evidently there 
was no change in  weight gain, feed con
version, digestibility and carbon-nitrogen 
balance of caged pigs fed the same re

stricted total quantity of ration in  either 
one or 5 feeds daily.

E xperim ent 2. All anim als were slaugh
tered at about the same body weight, and 
since initial body weight was not signifi
cantly different, weight gains by pigs of 
each group were, as expected, markedly 
similar (table 3 ). However, differences in  
“fill” due to the feeding regimens described 
previously were probably responsible for 
the significant (P  <  0.01) increase in  rate 
of gain by the “single” feeders. This is 
supported by the evidence of lighter car
cass weights ( P < 0 .0 1 )  and sm aller cal
culated carcass gains (P  < 0.01) of this 
group of pigs. Since carcass gain was 
directly related to the different (P  <  0.01) 
num ber of days on test, carcass gain per 
day was almost the same for both groups

TABLE 3

Effect of feeding frequency on weigh t gain,  
efficiency of feed conversion and carcass  

m easurem ents  of individually penned  
pigs (exp. 2)

Frequency of feeding
Once
daily

5 times 
daily

F eed/day, g 2043 2043
W ater/day, m l 
Age at slaughter,

5000 5000

days 191 200
Days on test 85 94 1
W eight gain, kg 37.45 35.86
G ain/day, kg 0.44 0.38 2
Carcass weight, kg 67.00 70.18 2
Carcass gain, kg 3 
Carcass g a in /

31.59 33.95 2

day, kg 0.37 0.35
Feed consum ption, kg 
Kilograms feed /k g

173.27 191.86 1

live gain
Kilograms feed /k g

4.64 5.36 2

carcass gain 5.55 5.72
Carcass length, mm  
Carcass specific

783.59 774.45

density 4 1.0566 1.0531
Percentage carcass f a t 5 
Total fat

30.03 31.81

thickness, m m  6 
Longissimus dorsi

51.82 56.89

area, cm  2 27.81 28.00
1 P <  0.05.
2 P <  0.01.
3 E stim ated  as the fin al carcass w eigh t m in;js 71% 

of the in itia l bodyw eight.
4 From averages o f the right and le ft  sides o f each  

carcass.
5 C alculated  from  a form u la  given by M eyer and  

N elson  (1 2 ) ,  u s in g  specific density  determ inations.
6 Sum  o f the shoulder and the lo in  fa t  th ick ness.
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of pigs. Feed consum ption was greater 
(P  <  0.05) for the “m ultiple” feeders be
cause they were on test longer. Their feed 
conversion was correspondingly lower (P  
<  0.01) on a live gain basis but no differ
ent on a carcass gain basis from that of 
the “single” feeders.

No significant difference between the 
2 groups of pigs could be shown by covari
ance analysis with adjustm ent for final 
carcass weight, for any of the carcass qual
ity m easurem ents taken. The apparent but 
not significant difference in  total fa t thick
ness was due probably to a particularly 
lean “single-feeder” carcass m easuring 
12.70 m m  of fat. The percentage carcass 
fat, calculated from specific density, aver
aged 31% , which was not unreasonably 
lower than  the 38% reported for pigs of 
68 kg body weight restricted in  feed intake
(1 2 ). An exam ination of the carcass den
sity data showed that the weight in air and 
the specific density were each significantly8 
(P  < 0.01) greater for the left side (31.19 
kg and 1.0556, respectively) than  for the 
right side of the carcass (30.54 kg and 
1.0541, respectively). The differences prob
ably arise from a tendency for carcasses to 
be sawed9 to one side or other of the m id
line. Although it is likely that the percent
age of bone may have only a small influ
ence on carcass density (1 0 ) , the produc
tion of sides (called “hard” and “soft” sides) 
with unequal proportions of bone was con
sidered to be a possible cause for differ
ences in  weight and density.

At the conclusion of experim ent 1, it 
was considered that the apparent similarity 
of perform ance by the pigs fed either once 
or 5 times daily, was the effect of their 
confinement in  metabolism cages. The re
sults from experim ent 2, however, were in 
agreem ent with those from experim ent 1. 
A measurable effect of increased feeding 
frequency m ight have been a greater en
ergy expenditure and consequently less 
body fat storage by the more active “m ul
tiple-fed” pigs; but no such difference could 
be detected between the 2 groups of penned 
pigs. It could not be determ ined from the 
results of these experim ents whether a 
larger, total intake of feed would have 
produced measurable carcass differences 
between pigs fed once or 5 times daily.
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A Pepsin Pancreatin Digest Index of Protein 
Quality Evaluation * 1

WALTER R. AKESON a n d  MARK A. STAHMANN
D epartm en t of Biochemistry, University  of Wisconsin, Madison, W isconsin

ABSTRACT  A pepsin pancreatin digest index w as devised for a rapid, accurate 
estim ation of protein quality. The index w as calculated from  the am ino acids released  
by an in  vitro digestion w ith pepsin follow ed by pancreatin. The am ino acids were 
determ ined by autom atic am ino acid analysis w hich allowed rapid protein quality 
evaluations w ith very sm all sam ples. U sing whole egg as a standard, excellent cor
relation w as observed between the pepsin pancreatin index values for 12 proteins and 
their biological values reported in the literature from  feeding trials. The proteins 
tested were selected to cover a wide range of protein quality. The pepsin  pancreatin  
digest index values showed better correlation w ith  the biological values for the growing 
rat than did the essential am ino acid index w hich tended to overestim ate the value, 
or the chem ical score w hich tended to underestim ate it.

Although the nutritional quality of pro
teins m ust, in  the final analysis, be estab
lished with feeding trials, in  vitro methods 
of protein evaluation are useful in  screen
ing new protein foods and processing 
methods because of their rapidity. Recent 
reviews of laboratory methods of protein 
quality evaluation have been given by Grau 
and Carroll (1 ) ,  Campbell (2 ) ,  Pearson 
and Darby (3 ) ,  Frost (4 ) ,  and M auron
(5 ) . Two procedures widely used for 
screening potential protein foodstuffs, the 
chemical score (6—8) and the essential 
amino acid index (9, 10) were based on 
the total amino acid composition. These 
procedures were rapid and in  m any cases 
accurate; however, no allowance was m ade 
for variations in  the digestibility and avail
ability of am ino acids. Sheffner et al. (11 ) 
developed the “pepsin-digest-residue amino 
acid index” which combined the pattern  of 
essential amino acids released by in  vitro 
pepsin digestion with the amino acid pat
tern in  the rem ainder of the protein. The 
work involved was considerable since 10 
amino acids had to be determ ined in  an 
acid hydrolysate as well as in a pepsin di
gest by the use of microbiological tech
niques. Therefore, this method did not 
appear suitable for evaluation of large 
num bers of food proteins. The procedure 
to be described in  the present paper gives 
an amino acid index based on the release 
of amino acids by pepsin followed by pan 

creatin. The labor and sample size re
quired for assay was reduced by the use of 
autom atic amino acid analysis.

METHODS AND MATERIALS

Pepsin digests were prepared by incu
bating with shaking 500 mg dried protein 
(sam ples were dried to constant weight 
over P20 3 at room tem perature) with 12.5 
mg pepsin 2 in 15 ml of 0 .1  n  hydrochloric 
acid for 24 hours at 37° in  a w ater bath. 
Pepsin followed by pancreatin  digests were 
prepared by incubating 100 mg protein 
with 1.5 mg pepsin in  15 m l of 0.1 n  
hydrochloric acid at 37° for 3 hours. After 
neutralization with 7.5 ml of 0.2 n  sodium 
hydroxide and addition of 4 mg pancre
atin  3 in  7.5 ml of pH 8.0 phosphate buffer, 
the digestion m ixtures were incubated for 
an additional 24 hours at 37°. Enzyme 
blanks were prepared by incubation under 
the described conditions with the protein 
sample omitted. Fifty parts per million 
m erthiolate which were added to the diges
tion m ixture to prevent growth of m icro
organisms did not interfere with the diges
tion and subsequent analysis. Ten 
milliliters of digestion m ixture were added

R eceived  for p u b lication  Janu ary 13, 1964.
1 P u b lish ed  w ith  th e approval o f th e D irector o f the  

W iscon sin  A gricu ltura l E xperim ent Station. Sup
ported in  part by grants from  th e H erm an Frasch  
F ou ndation .

2 B grade, C aliforn ia  C orporation for B ioch em ica l 
R esearch , Los A ngeles.

3 See footnote 2.

J. N u t r it io n , 83: ’64 2 5 7
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to 50 ml of one per cent picric acid solu
tion and centrifuged for 30 m inutes at 
1000 X g to remove undigested protein 
and larger peptides.

Fifty milliliters of supernatant were 
passed through a column containing anion 
exchange resin 4 in  chloride form  into a 
250 ml lyophilizing bottle. After rinsing 
the column with three 5-ml portions of 
0.02 n  hydrochloric acid, the samples were 
dried by lyophilization. The dried samples 
were dissolved and diluted to 10 ml with 
pH 2.2 buffer. Amino acid analysis of the 
samples was made by the ion exchange 
m ethod of Moore et al. (1 2 -1 4 ) with a 
Spinco model 120 amino acid analyzer. 
Basic amino acids were separated on a 
10-cm column using pH 5.28 buffer. The 
acidic and neutral amino acids were sepa
rated on a 159-cm column using pH 3.25 
buffer followed by pH 4.25 buffer after 
8 hours and 30 m inutes from  zero time.

Chromatograms of pepsin and pepsin 
pancreatin  hydrolysates of egg white pro
tein are shown in figure 1. The pepsin 
hydrolysate represented 53 mg of protein 
and the pepsin pancreatin  hydrolysate rep
resented 5.3 mg of protein. Analyses of 
pepsin hydrolysates were unsatisfactory 
since large concentrations of peptides ob
scured peaks of some amino acids, m any 
of which were present in  small concentra
tions. Chromatograms of the pepsin fol

lowed by pancreatin hydrolysates gave ex
cellent resolution of the amino acids. In 
those areas showing peptides, a slanting 
line was drawn as illustrated in  figure 1 
which served as a baseline for integrating 
the amino acid peaks. Prelim inary studies 
showed this method of integration to be 
more accurate and reproducible than  the 
usual method (1 4 ) when varying concen
trations of the enzyme hydrolysate were 
analyzed.

The total amino acid content of the 
samples was determ ined on acid hydrol
ysates. Fifty-milligram samples were hy
drolyzed with 2  ml of 6  n  hydrochloric 
acid for 22 hours at 110° in  a sealed tube 
containing a nitrogen atmosphere. After 
filtration and evaporation to dryness 3 
times with vacuum  distillation, the sam 
ples were dissolved in pH 2.2 citrate buffer 
and diluted to 25 ml. Tryptophan which 
was destroyed by acid hydrolysis was an
alyzed after hydrolysis with 5 n  sodium 
hydroxide in  a m anner sim ilar to that of 
Dreze (15).

The pepsin pancreatin  digest index was 
calculated in  essentially the same m anner 
as the “pepsin-digest-residue amino acid 
index” described by Sheffner et al. (1 1 ) 
with slight modifications. The amino acid 
concentrations were expressed as grams

4 AG 2-X 8 , 2 0 0 -4 0 0  m esh , C alifornia  Corporation  
for B ioch em ica l R esearch , Los A ngeles.

Fig. 1 Representative chromatograms from  the Spinco Model 120 am ino acid analyzer. A, a chro
m atogram  of a pepsin hydrolysate o f egg white; B .a chromatogram of a pepsin follow ed by pancreatin  
hydrolysate of egg white. The chromatogram of the pepsin hydrolysate shows peptides and am ino acids 
from 10 tim es more protein as the chromatogram of the pepsin-pancreatin hydrolysate.
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p e r 100 g to ta l a m in o  ac id  r a th e r  th a n  as  
m illig ra m s p e r  g ra m  of p ro te in . A m ino  
ac id s  u se d  in  a ll c a lc u la tio n s  in c lu d e d  ly 
sine , p h e n y la la n in e  p lu s  ty ro s in e , m e th io 
n in e , th re o n in e , v a lin e , iso leu c in e , le u c in e , 
a n d  h is tid in e , th e  a m in o  a c id s  c lassified  
by R ose (1 6 , 1 7 ) as  e s se n tia l fo r  th e  g row 
in g  ra t. T ry p to p h a n  w a s  d es tro y ed  d u r in g  
th e  p ic r ic  a c id  p ro c e d u re  a n d  n o t d e te r 
m in e d  in  th e  en zy m e h y d ro ly sa te s . A co r
re c tio n  fo r  th e  try p to p h a n  c o n te n t w as  
th e re fo re  in c lu d e d  in  som e c a lc u la tio n s  to  
see w h e th e r  th e  try p to p h a n  c o n te n t o f th e  
p ro te in s  te s te d  w o u ld  in flu e n c e  th e  re su lts . 
T h is  c o rre c tio n  w h ic h  w a s  th e  ra t io  o f  to 
ta l try p to p h a n  in  th e  sam p le  to  to ta l try p 
to p h a n  in  th e  re fe re n c e  p ro te in  w as  in 
c lu d e d  in  th e  g eo m etric  m e a n  o f ea c h  
fra c tio n .

T h e  p ro c e d u re  w a s  te s te d  w ith  12 food  
p ro te in s  w h ic h  covered  th e  e n tire  ra n g e  of 
p ro te in  q u a lity . C o m m erc ia l p re p a ra tio n s  
te s te d  w ere  egg  w h ite , la c ta lb u m in , ca se in ,

so y b ean  p ro te in , g lu te n , z e in ,5 w h e a t  f lo u r,6 
y e a s t 7 a n d  g e la tin .8 W hole  egg ( r a w ) ,  
m ilk  (p a s te u r iz e d )  a n d  b e e f  ( ro a s te d )  
sa m p le s  w ere  p re p a re d  by  ly o p h iliza tio n  
fo llow ed  by g r in d in g  a n d  m ix in g  w ith  a 
m o r ta r  a n d  pestle . B efore  ly o p h iliza tio n , 
th e  b eef sa m p le s  w ere  h o m o g en ized  w ith  
50 m l o f  w a te r  w ith  a  V irtis  h o m o g en ize r.

RESULTS AND DISCUSSION
T h e  p e p s in  p a n c re a tin  a m in o  ac id  in d e x  

v a lu es  c a lc u la te d  w ith  a n d  w ith o u t th e  
try p to p h a n  c o rre c tio n  a re  sh o w n  in  tab le  1, 
c o lu m n s  4 a n d  3, resp ec tiv e ly . T h e  b io 
lo g ica l v a lu e s  fo r  g ro w in g  r a ts  a s  re p o rte d  
in  th e  l i te ra tu re  fo r  th e  12 p ro te in s  a re  
sh o w n  in  c o lu m n  2. O ne o r m o re  re p o rts  
of th e  b io log ical v a lu e s  w ere  fo u n d  fo r

5 A ll obtained  from  N u tr ition a l B ioch em ica ls  Corpo
ration , C leveland.

6 P illsb u ry ’s B est, T he P illsb u ry  C om pany, M in
neapolis.

7 Red Star Food Yeast, Red Star Y east and  Products 
C om pany, M ilw aukee, W iscon sin .

8 Bacto G elatin , D ifco  Laboratories, D etroit, M ich i
gan.

TABLE 1

Comparison of pepsin  pancreatin digest index (calculated w i th  and without the tryptophan correction)  
w ith  biological values reported in the literature for the growing rat, the chemical score 1 

and the essential amino acid i n d e x 2

Food
protein

Literature 
biological value 
for growing rats

Pepsin pancreatin 
digest index

Excluding Including 
tryptophan tryptophan 
correction correction

Chemical
score

Essential 
amino acid 

index

W hole egg 96,11 97 4 100 100 100 100
Egg white 83,3 82,5 97 6 89 90 100 97
Milk 90,3'5 84 3 (d r ied ), 84 4 87 86 79 89
Lactalbum in 85,3 84 5 85 87 79 88
Beef 76 3-5 80 78 81 83
Casein 73 ,5 69,3 78 7 78 79 66 89
Soybean raw: 57. 

heated:
3 59 7 
75,13’5 74 7 68 67 51 82

Yeast 6 3 ,3 69 5 74 74 55 81
W heat flour 52 3-5 54 52 42 61
Gluten 40,11 61 7 49 47 40 55
Zein — 42 27 17 33
Gelatin 25,5 0 8 29 18 17 23

Correlation coefficient: , r  = 0.982 0.990 0.940 0 .979
(0 .9 9 5 ) 9 (0 .9 9 4 ) 9

Regression equation,11> y  =  :1 .0 9 7 X - 11.00 0.970X—0.54 0 .8 3 1 X + 14.48 1.006X —9.46
( 0.954X +  0 .65) 9 (0 .9 4 0 X +  1.98 ) 9

s e  of estim ate = 1.45 1.05 2.58 1.65
(0 .9 2 ) 9 (1 .0 3 ) 9

1 Bender ( 8 ).
2 Oser (2 0 ) .
3 B lock and M itch ell ( 7 ) .
4 Som m er (2 4 ) .
s M itchell and B lock ( 6 ).
6 M itch ell and  B ead les (2 5 ) .
7 R ippon (2 6 ) .
8 Bender, M iller and T an n an  (2 7 ) .
9 V alues in  parenth eses exclu d e  gelatin .

10 Y = predicted  b io log ica l va lu e; X = p ep sin  p a n crea tin  d igest index.
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e a c h  p ro te in  e x cep t ze in  w h ic h  does n o t 
su p p o rt g ro w th  o r m a in ta in  body  w e ig h t 
w ith o u t su p p le m e n ta tio n  ( 1 8 ) .

W hole  egg w a s  se lec ted  a s  th e  s ta n d a rd  
a n d  se t e q u a l to  100 s in ce  i t  h a d  th e  h ig h 
e s t b io log ical v a lu e  o f th e  p ro te in s  te s ted . 
A b e tte r  c o rre la tio n  w as  observed  b e tw een  
th e  p e p s in  p a n c re a t in  d ig e s t in d e x  a n d  th e  
b io log ica l v a lu e  w h e n  w ho le  egg w a s  u se d  
a s  th e  s ta n d a rd  ( r  =  0 .9 9 0 )  th a n  w h e n  
eg g  w h ite  w as  u se d  a s  th e  s ta n d a rd  ( r  =  
0 .9 7 6 ) .

A rg in in e  w h ic h  h a s  b e e n  c lassified  as  a 
sem i-in d isp e n sa b le  a m in o  ac id  ( 1 9 )  a n d  is 
re q u ire d  on ly  in  sm a ll a m o u n ts  ( 1 6 )  w as  
n o t in c lu d e d  in  th e  c a lc u la tio n s  o f th e  
p e p s in  p a n c re a tin  d ig es t in d e x  sh o w n  in  
ta b le  1. A b e tte r  c o rre la tio n  w as  observed  
b e tw e e n  th e  p e p s in  p a n c re a t in  d ig e s t in d e x  
a n d  th e  b io log ica l v a lu e s  w h e n  a rg in in e  
w a s  e x c lu d ed  ( r  =  0 .9 9 0 )  th a n  w h e n  it  
w as  in c lu d e d  ( r  =  0 .9 7 2 )  in  th e  c a lc u la 
tions.

In d e x  v a lu es  c a lc u la te d  w ith  th e  try p to 
p h a n  c o rre c tio n  show ed  b e tte r  c o rre la tio n  
w ith  b io log ica l v a lu es  fro m  th e  l i te ra tu re  
( r  =  0 .9 9 0 )  th a n  d id  in d e x  v a lu e s  c a lc u 
la te d  w ith o u t th e  try p to p h a n  co rre c tio n  
( r  =  0 .9 8 2 ) . T h e  in d e x  v a lu e s  w ere  v ir 
tu a lly  th e  sa m e  w ith  b o th  m e th o d s  of 
c a lc u la tio n  fo r  all p ro te in s  te s te d  ex cep t 
fo r  ze in  a n d  g e la tin  w h ic h  w ere  devoid 
o f try p to p h a n . W h e n  in d e x e s  fo r  ze in  a n d  
g e la tin  w ere  e x c lu d ed  fro m  th e  co rre la tio n , 
th e  c o rre la tio n  coeffic ien ts w ere  th e  sam e  
w h e th e r  th e  try p to p h a n  c o rre c tio n  w as  in 
c lu d ed  (r  =  0 .9 9 4 ) o r e x c lu d ed  (r  =  0 .995). 
R ose ( 1 6 )  show ed  th e  m in im a l level o f 
try p to p h a n  re q u ire d  fo r  g ro w th  w a s  low er 
(0 .2 %  ) th a n  fo r th e  o th e r  e s se n tia l am in o  
acids. T h e re fo re , good e s tim a tio n s  c a n  be 
m a d e  of th e  b io log ica l v a lu e  w ith o u t in 
c lu d in g  th e  try p to p h a n  c o rre c tio n  ex cep t 
fo r  p ro te in s  low  in  o r devoid  o f try p to p h a n . 
T h is  w o u ld  e lim in a te  th e  n e e d  fo r  a  se p a 
ra te  b a s ic  h y d ro ly sis  a n d  sh o r t co lu m n  ru n .

T ab le  1 show s a  co m p a riso n  of th e  p e p 
s in  p a n c re a tin  d ig est in d e x  v a lu e s  w ith  th e  
c h e m ic a l sco re  o f B en d e r ( 8 )  a n d  th e  
e s se n tia l a m in o  ac id  in d e x  o f O ser ( 2 0 ) .  
T h e  la t te r  2 m e th o d s  w ere  c a lc u la te d  fro m  
th e  to ta l a m in o  ac id  c o n te n t o f th e  food 
p ro te in s  te s ted . T h e  p e p s in  p a n c re a t in  d i
g es t in d e x  show ed  b e tte r  c o rre la tio n  w ith  
th e  li te ra tu re  b io log ica l v a lu e s  ( r  =  0 .9 9 0 )

th a n  d id  th e  c h e m ic a l sco re  ( r  =  0 .9 4 0 )  
o r th e  e s se n tia l a m in o  ac id  in d e x  ( r  =  
0 .9 7 9 ) . S im ila rly  th e  s ta n d a rd  e rro r  o f 
e s tim a te  w as  sm a lle r  fo r  th e  p e p s in  p a n 
c re a tin  d ig es t in d e x  ( 1 .0 5 )  th a n  fo r  th e  
c h e m ic a l sco re  ( 2 .5 8 )  a n d  th e  e s se n tia l 
a m in o  ac id  in d e x  (1 .6 5 ) .  In  g e n e ra l, th e  
c h e m ic a l score  u n d e re s t im a te d  th e  b io log
ic a l v a lu e  o f th e  p ro te in , w h e re a s  th e  e s 
se n tia l a m in o  ac id  in d e x  o v e re s tim a te d  th e  
b io log ical v a lue . T h e re  w ere  ca ses  w h e re  
th e  a g re e m e n t b e tw een  th e  e s se n tia l a m in o  
ac id  in d e x  o r th e  ch e m ic a l sco re  a n d  th e  
b io log ical v a lu e  w a s  poor. F o r e x a m p le , 
th e  e sse n tia l a m in o  ac id  in d ex es  of ca se in , 
m ilk , a n d  la c ta lb u m in  w ere  e q u a l, b u t  th e  
b io log ical v a lu e  o f c a se in  w a s  a c tu a lly  
low er th a n  m ilk  a n d  la c ta lb u m in .

B ecau se  a  v a lu e  o f 100 r a th e r  th a n  96 
o r 97  w as  a ss ig n e d  to  th e  egg s ta n d a rd , 
th e  p e p s in  p a n c re a tin  d ig es t in d e x  slig h tly  
o v e re s tim a te d  th e  b io log ica l v a lu es . M ore 
p rec ise  v a lu e s  m a y  be o b ta in e d  by  m u lt i
p ly in g  th e  in d e x  by th e  co rre c tio n  fa c to r  
(b io lo g ica l v a lu e  o f w ho le  e g g / 1 0 0 ) . T h is  
c o rre c tio n  ag re e d  c losely  w ith  th e  re g re s 
sio n  lin e  (Y  =  0 .970X  — 0 .5 4 ) . T h is  c o r
re c tio n  cou ld  n o t be a c c u ra te ly  ap p lied  to 
th e  e s se n tia l a m in o  ac id  in d e x  o r  th e  
ch e m ic a l score  b e c a u se  th e ir  c o rre sp o n d in g  
re g re ss io n  lin e s  (Y  =  1.006X  — 9 .46  a n d  
Y =  0 .831X  — 1 4 .4 8 ) d id  n o t  c o rre sp o n d  
to  th e  c o rre c tio n  fa c to r .

T he  e sse n tia l a m in o  ac id  in d e x  a n d  th e  
ch e m ic a l sco re  a re  u se fu l in  s c re e n in g  
la rg e  n u m b e rs  o f p o te n tia l foods. H ow 
ever, m a n y  p o te n tia l food so u rces su c h  as 
seed  a n d  le a f  p ro te in s  re q u ire  ex te n s iv e  
p ro c e ss in g  w h ic h  o fte n  m a y  h a v e  a  d e le 
te r io u s  effec t o n  th e  n u tr i t iv e  v a lu e  o f th e  
p ro te in  ( 2 1 ) .  F o r e x a m p le , c a rb o h y d ra te s  
m a y  re a c t  w ith  th e  side  c h a in  o f som e 
am in o  ac id s  like  ly s in e  ( 2 2 ) .  O th e r  p ro c 
esses m a y  im p ro v e  th e  n u tr it iv e  v a lu e  by 
in a c tiv a tin g  d igestive  enzym e in h ib ito rs . 
P ro c e d u re s  b a se d  on  th e  a m in o  a c id  co m 
p o s itio n  u s in g  ac id  hyd ro ly sis  m a y  n o t re 
vea l th e se  c h a n g e s  in  th e  n u tr i t iv e  v a lu e  
in d u c e d  by  th e  p ro cessin g . H ow ever, th ey  
w o u ld  be d e te c te d  by th e  p e p s in  p a n c re a t in  
d ig estio n . H en ce , th e  p e p s in  p a n c re a t in  
d ig e s t in d e x  w o u ld  be u se fu l n o t  on ly  in  
e s tim a tin g  th e  n u tr it iv e  v a lu e  o f p ro cessed  
p ro te in s  b u t  a lso  in  e v a lu a tin g  p ro c e ss in g  
p ro ced u res .
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A d isa d v a n ta g e  of th is  p ro c e d u re  is  th e  
c a lc u la tio n  re q u ire d  fo r  th e  in d e x . F u r 
th e rm o re , an y  e v a lu a tio n  b a se d  o n  am in o  
ac id  a n a ly s is  does n o t  ta k e  in to  a c c o u n t 
th e  c o n tr ib u tio n  to  th e  w e lfa re  o f  th e  a n i
m a l o f fa c to rs  o th e r  th a n  a m in o  ac id s . 
M itche ll ( 2 3 )  su g g ested  th a t  som e p ro te in  
foods m a y  c o n ta in  fa c to rs  o th e r  th a n  
a m in o  ac id s  w h ic h  ad d  to  th e ir  n u tr it iv e  
v a lue . A lth o u g h  p ro c e ss in g  p ro c e d u re s  a n d  
p ro cessed  fo o d stu ffs  m u s t, in  th e  fin a l a n a l
ysis, be te s te d  w ith  fe e d in g  tr ia ls , a  p ro c e 
d u re  su c h  as  th e  one d e sc rib ed  w o u ld  be 
u se fu l in  p re lim in a ry  w o rk  b e cau se  of its  
ra p id ity  a n d  a c c u ra cy . T h e  p ro c e d u re ’s 
g re a te s t a d v a n ta g e  w as  th e  sm a ll sam p le  
size re q u ire d . O nly  150 m g  o f  p ro te in  
w ere  re q u ire d  fo r  e s tim a tio n  of th e  b io 
lo g ica l v a lu e . T h u s  m a n y  v a r ia tio n s  o f a 
p ro cess  cou ld  be rea d ily  te s te d  on  a  sm all 
la b o ra to ry  scale .
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A Study of the Hypocholesterolemic Activity of the 
Ethyl Esters of the Polyunsaturated Fatty Acids 
of Cod Liver Oil in the Rat

SAMUEL G. KAHN
Squibb Institu te  for Medical Research, N ew  Brunswick, N ew  Jersey

ABSTRACT  The ethyl esters o f the polyunsaturated fatty acids o f cod liver oil 
reduced the hypercholesterolem ia produced in  rats fed  diets supplem ented w ith a 
coconut oil, cholesterol, and sodium  taurocholate. As little as 0.1% ethyl ester added 
to the diet caused a reduction of blood cholesterol concentration in  the hypercholes- 
terolem ic rat. The hypocholesterolem ic activity of the polyunsaturated fatty esters was 
sustained after w ithdraw al of the fatty esters from  the ration. Long-term feed ing of 
the polyunsaturated fatty  esters resulted in  a consistent lower blood cholesterol 
through the duration of a 154-day feed ing experim ent. Control anim als fed the 
hypercholesterolem ic diet attained high blood cholesterol values w hich declined after 
7 weeks; however, their blood cholesterol level never reached the lower value of the 
polyunsaturated fatty ester supplem ented rats. Subcutaneous adm inistration of the 
polyunsaturated fatty  esters also caused a reduction in  the blood cholesterol of 
hypercholesterolem ic rats. It is  suggested that the polyunsaturated fatty acids function  
through different m echanism s in  reducing blood cholesterol levels in  the rat and 
chicken.

T h e  fe e d in g  of m a r in e  oils h a s  been  
re p o rte d  ( 1 - 4 ) 1,2 to  re d u c e  b lood ch o le s
te ro l in  th e  ra t. R ecen tly , H ow e a n d  Boss- 
h a rd t  ( 5 )  p u b lish e d  re su lts  in  w h ic h  cod 
liv e r  oil a n d  a  p o ly u n sa tu ra te d  f a t ty  acid  
c o n c e n tra te  d e riv ed  f ro m  cod liv e r  oil d e 
p re sse d  p la s m a  ch o le s te ro l in  th e  m ouse . 
T he  h y p o c h o le s te ro lem ic  effec t o f th e  e th y l 
e s te rs  o f th e  p o ly u n sa tu ra te d  fa t ty  ac id s  of 
cod liv e r oil (E E C L O ) in  th e  ch ic k e n  h a v e  
p rev io u sly  b een  re p o rte d  fro m  th is  la b o ra 
to ry  ( 6 ) .  T h e  e ffec t o f th e  EEC LO  p re p a 
ra t io n  on  w hole  b lood to ta l ch o leste ro l in  
th e  r a t  is re p o rte d  in  th is  p a p e r.

EXPERIMENTAL

A n im a ls  w ere  h o u se d  in  in d iv id u a l 
cages a n d  m a in ta in e d  a t a n  e n v iro n m e n ta l 
te m p e ra tu re  o f 22°C . F eed  a n d  w a te r  w ere  
fe d  ad  lib itu m . F em a le  ra ts  (S p ra g u e  
D aw ley  s t r a in )  w ere  u se d  in  m o s t o f th ese  
e x p e r im e n ts , b e c a u se  th e y  develop  g re a te r  
h y p e rc h o le s te ro lem ia  th a n  m a le  r a ts  ( 7 ) .

T he  e x p e r im e n ta l d ie t (M 5 4 )  u sed  h a d  
th e  fo llo w in g  p e rc e n ta g e  co m p o sitio n : 
su cro se , 4 9 .0 0 ; c a se in , 18 .00 ; c o c o n u t
oil,3 2 0 .0 0 ; s a lt m ix ,4 4 .5 0 ; d ia to m a c e o u s  
e a r th ,5 3 .0 0 ; v ita m in  m ix ,6 2 .5 0 ; ch o le s
te ro l, 2 .0 0 ; so d iu m  ta u ro c h o la te , 1.00; 
ch o lin e  ch lo rid e , 0 .4 0 ; b u ty la te d  hyd ro x y

to lu e n e , 0 .05 . C o co n u t oil, a  s a tu ra te d  
f a t ,  w a s  u sed  in  th e  r a t io n  b e c a u se  it  p ro 
d u ces  g re a te r  h y p e rc h o le s te ro lem ia  th a n  
m o s t o th e r  fa ts  ( 8 ) .  W hole  b lood w as  
co llec ted  fo r  ch o le s te ro l a ssa y  by  b le e d 
in g  f ro m  th e  ta i l  in to  h e p a r in iz e d  c a p il
la ry  tu b es. W hole  b lood ch o le s te ro l w as  
d e te rm in e d  u s in g  a  m o d ifica tio n  7 of th e  
A lbers a n d  L ow ry  ( 9 )  f lu o ro m e tric  p ro c e 
d u re . W hole  b lood ch o leste ro l v a lu e s  a re  
h ig h e r  th a n  re p o rte d  se ru m  a n d  p la sm a  
ch o le s te ro l v a lu es. T h e  p re p a ra tio n  a n d  
a n a ly se s  o f th e  e th y l e s te r  p re p a ra tio n s  of 
cod liv e r oil w ere  p rev io u sly  o u tlin e d  ( 6 ) .  * 1 2 3 4 5 6 7
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RESULTS AND DISCUSSION 
T ab le  1 p re s e n ts  re su lts  o b ta in e d  fro m  

th e  fe e d in g  o f d iffe re n t a m o u n ts  o f th e  
EEC LO  p re p a ra tio n  ( io d in e  n u m b e r , 3 2 0 ) . 
T he  re su lts  re p re s e n t  a  co m p o site  sam p le  
fro m  2 g ro u p s  o f fe m a le  r a ts  th a t  w ere  
s ta r te d  on  te s t a t  w e a n in g  age. T he  hypo-

ch o le s te ro lem ic  effec t o f EEC LO  w a s  n o t 
th e  effec t o f a re d u c tio n  in  ch o le s te ro l co n 
su m p tio n , s ince  fe e d  c o n su m p tio n  a n d  
m e a n  body  w e ig h t g a in  v a lu e s  w ere  s im ila r  
a m o n g  th e  d iffe re n t te s t  g roups. S u p p le 
m e n ta tio n  w ith  0 .25%  a p p e a re d  to  be th e  
lo w est level re s u lt in g  in  s ig n if ic a n t hypo-

TABLE 1
Effect of feeding the polyunsaturated  e thyl  esters of cod liver oil on total ivhole blood

cholesterol in  female rats

T reatm en t 1
Blood cholesterol

In itia l 2 7-Day 14-Day 21-Day 28-Day 35-Day 42-Day

M54
m g / 1 0 0  m l  

179 ±  5 3i4
m g / 1 0 0  m l  

299 ± 9
m g / 100  m l  

342 ±  11
m g / 1 0 0  m l  

3 7 6 ± 3 1
m g / 100  m l

414 ±  33
m g /1 0 0  m l  

564 ± 4 0
m g /1 0 0  m l

590 ± 2 8

M54 +  I % EECLO 185 ±  6 3 2 5 4 +  12 5 267 +  7 5 2 4 5 +  19 5 2 8 4 + 1 5  5 280 ± 20 5 261 ± 8 2  5

M54 +
0.5% EECLO 182 ± 4  3 2 9 0 + 1 0 2 8 9 ±  16 6 315 +  21 295 +  11 5 3 2 9 + 1 3  5 285 +  21 5

M54 +
0.25% EECLO 1 7 6 ± 4  3 2 6 3 +  12 6 2 9 4 +  10 5 322 +  20 358 +  25 390 ± 2 1  5 313 ± 16 5

M54 +
0.1% EECLO 187 +  6 __ 3 5 4 + 2 3 __ 477 +  43 __ 390 ± 1 9  5

M54 +
0.05% EECLO 196 +  5 6 __ 3 3 0 +  18 __ 389 +  26 — 458 ± 3 4  5

M54 +
0.01% EECLO 178 +  3 276 ± 1 3 384 +  50 518 ±  41

M54 +
0.005% EECLO 171 +  6 303 +  25 378 +  29 620 +  51

1 EECLO in d ica tes  e th y l esters o f th e polyu n satu rated  fa tty  acids o f cod liver  o il w ith  an iod in e  num ber of 
320. An equal am ou n t o f  cocon u t o il w as rem oved from  the d iet w h en  a test o il w a s inclu ded .

2 W ean lin g  rats w ere used , w ith  1 0 /trea tm en t excep t w here in d icated .
3 T hese v a lu es  represent 20  rats.
4 M ean ± se .
5 Confidence lim it o f 99% or greater. C holesterol va lu es w ith in  a b leed in g  period w ere com pared w ith  

th eir  respective M 54 cholesterol value.
6 Confidence lim its  betw een  95% and 99% .

TABLE 2
Effect of feeding the polyunsaturated  e thyl  esters of cod liver oil on total whole blood cholesterol in 

female  rats during trea tm ent and after  w ithdraw al

Blood cholestero l

T r e a tm e n t 1 D ays on  t r e a tm e n t D ays a f te r  w ith d ra w a l

I n i t ia l  2 7 14 7 31

m g /1 0 0  m l m g /1 0 0  m l m g /1 0 0  m l m g /1 0 0  m l m g /1 0 0  m l

M 5 4 6 9 5  ± 3 8  3 7 8 4  ±  4 4 7 8 0  ± 6 6 7 1 4  ±  77 7 1 0  ± 13 4
M 5 4  +  1 %  E E C L O 6 6 6  +  55 4 0 7  ± 4 2  4 3 3 7  ± 1 6  4 3 4 6  ±  2 6  4 3 5 4  ± 2 6  5

M 5 4  ±  0 .5 %  E E C L O 6 6 4  ±  65 4 3 9  ± 2 8  4 3 4 7 ±  11 4 3 6 9  ± 3 4  4 4 9 6  ± 4 9
M 5 4  +  0 .2 5 %  E E C L O 7 5 9  ± 6 1 5 7 2 +  8 2  4 4 8 8  +  4 6  4 4 2 6  ± 4 1  4 5 2 9  ±  58
M 5 4  +  0 .1  % E E C L O 7 0 4  ±  75 7 2 9  ± 6 0 6 5 9  ± 8 0 5 2 0  +  6 6  5 4 8 5  ± 5 5
M 5 4  +  0 .0 5 %  E E C L O 7 9 8  ± 5 5 7 3 0  ± 8 5  5 6 9 0  ±  79  5 6 8 5  +  89 5 3 5  ± 4 5

1 Fed pre-test d iet (M 5 4 ) from  w ea n in g  to 7 w eek s o f age. EECLO in d ica tes  eth y l esters o f the p o lyu n sa t
urated fa tty  acids o f  cod liver  o il w ith  an iod in e  num ber o f 320. An eq u al am ou nt o f cocon ut o il w as rem oved  
from  th e d iet w h en  a test o il w as inclu ded .

2 T en ra ts /trea tm en t.
3 M ean +  s e .
4 Confidence lim it  o f 99% or greater. The in crem en t betw een  th e  in it ia l and subseq uent cho lestero l values  

w ith in  a treatm ent w ere com pared w ith  the respective ch a n g e  in  blood cholestero l for  th e M 54 control group.
5 Confidence lim its  betw een 95% and  99% .
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c h o le s te ro lem ic  ac tiv ity , d u r in g  th e  in i t ia l  
w eeks o f EEC LO  fe e d in g . T h is  d ie ta ry  
leve l o f EEC LO  w a s  e q u iv a le n t to  a  daily  
in ta k e  o f  a p p ro x im a te ly  25  m g  of th e  po ly 
u n s a tu r a te d  fa t ty  e s te r  p re p a ra tio n . A fte r 
6 w eek s o f c o n tin u e d  EEC LO  fe e d in g , 
h y p o ch o le s te ro lem ic  ac tiv ity  w as  n o te d  a t 
lev e ls  a s  low  as  0 .0 5 % . T h e  h y p o ch o le s
te ro lem ic  a c tiv ity  o f EEC LO  w as n o t lo st 
b u t  w a s  su s ta in e d  ev en  a f te r  i ts  w ith 
d ra w a l f ro m  th e  r a t io n  ( ta b le  2 ) .  T h is  h a d  
n o t b e e n  observed  in  th e  c h ic k e n  ( 6 ) .  T h e  
p h e n o m e n o n  of a  s ig n if ic a n t re d u c tio n  in  
b lood ch o le s te ro l s u s ta in e d  a f te r  th e  w ith 
d ra w a l o f EEC LO  fro m  th e  d ie t su g g ests  
th a t  th e  r a t ,  u n lik e  th e  c h ic k e n , m a y  be 
ab le  to  s to re  p o ly u n s a tu ra te d  f a t ty  ac id s , 
a n d  th a t  th ese  su b s ta n c e s  a re  re le a se d  
f ro m  body  s to res  over a  p e rio d  o f tim e. 
T h e  re su lts  a lso  su g g e s t th a t  th e  p o ly u n 
s a tu ra te d  f a t ty  ac id s  m a y  e x e r t th e ir  effec t 
a f te r  a b so rp tio n  th ro u g h  th e  in te s t in a l  
w a ll, a n d  m a y  n o t a c t by  re d u c in g  ch o le s
te ro l a b so rp tio n  f ro m  th e  in te s t in a l  tra c t, 
a s  w a s  sp e c u la te d  fo r  cho leste ro l-fed  
ch ick s  ( 1 0 ) .  I t is n o t  illog ica l to  su g 
g es t th a t  th e  r a t  a n d  c h ic k  d iffe r in  th e ir  
m e c h a n ism  fo r  h a n d lin g  su rp lu s  a m o u n ts  
o f b lood c h o le s te ro l —  p a r tic u la r ly  s ince  
fe e d in g  a  ch o le s te ro l-su p p le m en ted  d ie t to 
ch ick s  c o n tr ib u te s  d irec tly  to  th e  in c re a se  
o f se ru m  c h o le s te ro l a n d  to  th e  develop
m e n t of a th e ro m a to u s  p la q u e s  in  th e  a o rta , 
w h e re a s  r a ts  fe d  u n d e r  s im ila r  d ie ta ry  c o n 
d itio n s  do n o t develop  p la q u e s  in  th e ir  
a o r ta  a n d  h y p e rc h o le s te ro le m ia  is  n o t as 
severe. W iss le r e t al. ( 1 1 )  show ed  th a t  
i t  is n e c e ssa ry  to  fe e d  th io u ra c il  i f  e x p e r i
m e n ta l  a th e ro sc le ro s is  is  to be p ro d u c e d  in  
th e  ra t.

A 0 .5%  s u p p le m e n t o f EEC LO  d id  n o t 
re d u c e  b lood ch o le s te ro l in  a  154-day s tu d y  
c o n d u c te d  w ith  w e a n lin g  m a le  a n d  fe m a le  
ra ts  fed  a  m odified  M 54 d ie t fro m  w h ich  
c h o le s te ro l a n d  so d iu m  ta u ro c h o la te  h a d  
b een  o m itted . H ow ever, w h e n  th e  ch o les
te ro l-c o n ta in in g  d ie t, M 54, w a s  fed  fo r  th is  
le n g th  of tim e  ( ta b le  3 ) ,  th e  a d d itio n  of 
0 .5%  EE C L O  re su lte d  in  a  s ig n ifican tly  
lo w er b lood ch o le s te ro l in  b o th  sexes. T he  
h y p o c h o le s te ro lem ic  effec t o f EEC LO  w as 
a lso  observed  w h e n  i t  w as  ad d ed  to  d ie ts  
o f a n im a ls  th a t  h a d  p rev io u sly  a tta in e d  
th e ir  m a x im a l b lood ch o leste ro l level d u r 
in g  49  days o f fe e d in g  d ie t M 54. T h e  blood
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cholesterol level of these anim als was re 
duced to a value sim ilar to that of the ra ts 
receiving EECLO from  weaning age. The 
difference in  elevated blood cholesterol 
between m ales and fem ales was elimi
nated w ith EECLO feeding. However, 
EECLO feeding never reduced blood cho
lesterol to the norm al level observed in  
ra ts fed the modified M54 diet which 
lacked cholesterol and sodium taurocho- 
late. A peak blood cholesterol value was 
reached in  rats of both sexes between 21 
and 49 days of feeding diet M54. A sim ilar 
observation in  ra ts fed a hypercholester- 
olemic diet has been described by Cuth- 
bertson et al. (7 ) . After this m axim um  
was attained there was a decline to a lower 
but still m uch elevated blood cholesterol 
level. Sim ilar observations have been re
ported in  chickens by Rodbard (1 2 ) and 
by Kahn (6 ) . Mean body weights did not 
differ between anim als of the same sex, 
suggesting that comparable am ounts of 
food were consumed, and that the lower 
blood cholesterol for the EECLO-supple- 
m ented groups was not caused by a reduc
tion in  cholesterol intake.

Two additional very unsaturated  EECLO 
preparations were fed in various am ounts 
to hypercholesterolemic female rats (table

4). The iodine num bers for these prepa
rations (EECLO-7 and EECLO-IO) were 
347 and 376, respectively. An increase in 
the unsaturation  of the ethyl ester prepara
tions resulted in  an increase in  hypocho
lestérolémie activity. This was shown by 
the significant decrease in  blood choles
terol of ra ts fed between 0.05 and 0.1% of 
these EECLO preparations. W hen an ethyl 
ester preparation with an  iodine num ber of 
320 was fed (table 1), a dose of 0.25% 
was the lowest level that gave a significant 
hypocholesterolemic activity.

Small quantities of EECLO were ad
m inistered to test ra ts by subcutaneous 
injection, and control groups received an 
equal volume of coconut oil, thus all in 
jections were of the same volume, 0.1 m l/ 
ra t/d ay . This small am ount of oil appeared 
to be absorbed from  the site of injection, 
since nodules of oil were not observed at 
the injection sites when the studies were 
completed. Table 5 shows tha t a hypocho
lesterolemic effect could be obtained from 
the unsaturated  fatty  esters when given in 
this m anner to hypercholesterolemic fe
m ale rats. This route of adm inistering 
EECLO did not affect blood cholesterol in 
normocholesterolemic ra ts fed a commer
cial ra t diet. Subcutaneous injections of

TA B LE 4
A comparison of hypocholesterolemic effects of two ethyl  ester fractions of cod liver oil

fed  to female rats

Treatment 1
Blood cholesterol

Initial 2 7-Day
m g /100 ml m g /100 ml

Group A
M54 473 ± 5 2  3 671 ± 5 4
M54 +  0.5% EECLO-7 551 ± 5 7 336 ±  28 4
M54 +  0.25% EECLO-7 489 ± 4 2 459 ± 6 2  4
M54 +  0.10% EECLO-7 5 4 2 ±  61 608 ±  55
M54 +  0.05% 2EECLO-7 548 ± 5 3 523 ± 5 5  4

Group B
M54 496 ± 7 2 582 ±  62
M54 +  0.5% EECLO-10 609 ± 4 6 317 ± 17 4
M54 +  0.25% EECLO-10 4 7 6 ± 4 7 385 ± 3 0  3
M54 +  0.1% EECLO-10 558 ±  47 472 ± 7 9  4
M54 +  0.05% EECLO-10 557 ± 5 2 600 ± 3 9
M54 + 0.025% EECLO-10 598 ± 7 8 6 5 1 ± 9 7

1 G ro u p  A w as  fe d  p re - te s t d ie t (M 5 4 ) f ro m  w e a n in g  to  8  w eek s  age a n d  g ro u p  B to  9 w eek s  age. 
EECLO-7 a n d  EECLO -10 a re  e th y l e s te rs  o f  th e  p o ly u n s a tu ra te d  f a t ty  a c id s  o f cod  l iv e r  o il w ith  
io d in e  n u m b e rs  o f 347 a n d  376, re sp ec tiv e ly . A n  e q u a l  a m o u n t o f c o co n u t o il w a s  rem o v e d  fro m  
th e  d ie t w h e n  a  te s t  o il w as  in c lu d e d .

2 T e n  r a t s / t r e a tm e n t .
3 M ean  ±  s e .
4 C onfidence  l im it  o f 99%  o r g rea te r. T h e  in c re m e n t  b e tw ee n  th e  in i t ia l  a n d  7-day c h o le s te ro l v a lu e  

w i th in  a  t r e a tm e n t  w as  c o m p a re d  w ith  th e  re sp ec tiv e  c h a n g e  in  b lood  c h o le s te ro l fo r  th e  M 54 co n tro l 
g roup .

5 C onfidence  lim its  b e tw ee n  95%  a n d  99 % .
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TA BLE 5
Effect of  the polyunsaturated  e thyl  esters of cod liver oil on total whole blood cholesterol  

w h en  adm in is tered  subcutaneously to female rats

Treatment 1
Blood cholesterol

Initial 2 Final 3

Group A
M54 +  0.1 m l CO /day
M54 +  0.1 m l EECLO/day
M54 +  0.05 m l CO+  0.05 m l EECLO/day
M54 + 0.075 m l CO+  0.025 m l EECLO/day
M54 +  0.09 m l CO +  0.01 m l EECLO/day
M54 + 0.1 C O /day+  0.5% EECLO (in  d iet)

m g /100 ml

350 ± 2 3  4 
302 ± 1 9  
3 5 9 ± 3 1  
3 1 4 ± 4 0  
331 ± 2 9  
344 ± 5 2

mg /100 ml

474 ± 4 5  
260 ± 1 2  5 
400 ±  33 
421 ± 2 8  
444 ± 3 1  
328 ± 1 1  6

Group B
M54 +  0.1 m l CO/day 
M54 +  0.1 m l EECLO/day 
Commercial diet +  0.1 m l CO/day  
Commercial diet +  0.1 m l EECLO/day

264 ± 2 1  
251 ± 3 1

90 ± 2
91 ±  3

291 ± 2 3  
219 ± 19 6 

87 ±  2 
87 ±  3

1 G roup  A w as  fe d  p re - te s t d ie t M 54 f ro m  w e a n in g  to  7 w eeks age a n d  g ro u p  B to 5 m o n th s  age. 
EECLO  in d ic a te s  e th y l e s te rs  o f th e  p o ly u n s a tu ra te d  f a t ty  ac id s  o f  cod  liv e r o il w ith  a n  io d in e  
n u m b e r  o f 320. CO in d ic a te s  c o co n u t o il w ith  a n  io d in e  n u m b e r  o f 10.

2 I n  g ro u p  A th e re  w ere  10 r a t s / t r e a tm e n t ;  in  g ro u p  B, 8  r a t s / t r e a tm e n t .
3 F in a l  b lood  w as  c o lle c ted  f ro m  g ro u p  A a f te r  7 d a y s  a n d  g roup  B a f te r  5 days.
4 M ean  ±  s e .
> C onfidence l im it  o f 99%  o r g re a te r . T h e  in c re m e n t  b e tw een  th e  in i t ia l  a n d  f in a l  c h o le s te ro l v a lu e  

w ith in  a  tre a tm e n t  w as  co m p a re d  w ith  th e  re sp ec tiv e  c h a n g e  in  b lood  c h o le s te ro l fo r  i ts  re sp ec tiv e  
M 54 + 0.1 m l C O /d ay  c o n tro l group .

6 C onfidence  lim its  b e tw een  95%  a n d  9 9 % .

EECLO into hypercholesterolemic chickens 
did not reduce serum  cholesterol.8 This 
absence of a hypercholesterolemic effect in  
chickens m ay be due to slower absorption 
of the EECLO from the site of injection, 
or the polyunsaturated fatty  acids reduce 
blood cholesterol in  the hypercholester
olemic chicken through a different m echa
nism  than  in the hypercholesterolemic rat.
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Availability of Amino Acids to Microorganisms
IV. COMPARISON OF HYDROLYSATES OF LACTALBUMIN, 

OATMEAL AND PEANUT BUTTER WITH SIMULATED 
AMINO ACID MIXTURES BY GROWTH RESPONSE 
OF MICROORGANISMS

MILLARD J. HORN a n d  HELEN W. WARREN
H um an Nutr it ion Research Division, Agricultural Research Service,  
United States D epartm en t  of Agriculture, Beltsville, Maryland

ABSTRACT A m ethod described previously w as used to com pare hydrolysates of 
oatm eal, peanut butter and lactalbum in w ith  their sim ulated m ixtures of am ino acids. 
Different growth responses of Leuconostoc mesenteroides  P-60 were obtained w ith  the 
hydrolysates of oatm eal and peanut butter and their sim ulated am ino acid counter
parts. The sam e growth responses were obtained w ith  a hydrolysate of lactalbum in , a 
pure protein, and its am ino acid counterpart. These results indicated that the oatm eal 
and peanut butter hydrolysates contained growth factors other than am ino acids. To 
obtain equal growth w ith  an am ino acid m ixture and an oatm eal hydrolysate, addi
tional pyridoxal or pyridoxam ine w as required; to obtain equal growth w ith  an am ino 
acid m ixture and a peanut butter hydrolysate, additional n iacin  w as required. The 
effect o f different form s o f v itam in B6 and n iacin  on growth response at constant 
nitrogen levels and the difficulty o f evaluating am ino acid patterns by the growth re
sponse of L. mesenteroides  P-60 are discussed.

Study of the nutritional evaluation of 
food proteins by m easuring availability of 
amino acids to microorganisms has been 
continued in  this laboratory. In  earlier 
work response of Leuconostoc m esenter
oides P-60 to food hydrolysates and sim u
lated m ixtures of amino acids was differ
ent, even when adjustm ents were made for 
the effect of D-isomers, am m onium  ions 
and carbohydrate content (1 ) . A study of 
the factors, which when added to the 
amino acid mixtures, support growth re
sponses equal to those obtained with hy
drolysates of oatmeal, peanut butter and 
lactalbum in is the subject of the present 
paper.

METHODS

A quantity of food containing 127 m g* 1 
total nitrogen was hydrolyzed with 20% 
hydrochloric acid for 18 hours. The excess 
hydrochloric acid was removed, the hy
drolysate filtered at pH 4 (3), and all the 
tryptophan and one-half the am ount of cys
tine (4 )  calculated to be present in  the 
food before hydrolysis were added to com
pensate for losses. After adjusting the pH 
to 6.8, the hydrolysate was made up to a 
volume of 500 ml.

The am ino acid m ixtures were prepared 
as outlined previously (1 ) . In  table 1 are 
shown the amino acid values and nitrogen 
distribution per 127 m g of total nitrogen 
in  the am ino acid m ixtures for oatm eal, 
peanut bu tter and lactalbum in.

Using the m ethod of Horn et al. (1 ) ,  the 
growth response of L. mesenteroides P-60 
was determ ined for the food hydrolysates 
and for the amino acid m ixtures w hen each 
was added to a basal m edium  containing 
growth factors other th an  am ino acids in  
am ounts considered adequate to support 
m axim al growth of the organism.

RESULTS

Comparison of microbial growth w ith  
oatmeal, peanut butter and lactalbumin  
hydrolysates and their corresponding 
amino acid m ixtures. D ifferent growth 
responses of the m icroorganism  were ob
tained for the hydrolysates of oatm eal and 
peanut butter and their am ino acid counter
parts (table 2, lines 1 and 3; table 3, lines 
1 and 5 ). However, the growth response 
for a hydrolysate of a  pure protein, lactal-

R ece iv ed  fo r  p u b l ic a tio n  F e b ru a ry  20, 1964.
1 In  a  p re v io u s  s tu d y  ( 2 ) ,  127 m g  o f to ta l  n itro g e n  

o f a  good p ro te in  p e r  500 m l w e re  fo u n d  s a tis fa c to ry .

J. N u t r it io n , 83: ’64 267
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TA BLE 1

Free amino acids and nitrogen distribution 1 in  amino acid m ixtures simulating lacta lbum in , 
oats and peanut butter hydrolysates

L a c ta lb u m in O ats P e a n u t  b u t te r

A m ino A m ino A m ino
a c id  N itro g e n a c id  N itro g e n a c id  N itro g e n

v a lu e v a lu e v a lu e

mg mg mg mg mg mg
Isoleucine 50.2 5.361 34.3 3.663 34.9 3.737
Leucine 101.3 10.819 59.2 6.322 50.0 5.340
Lysine 80.3 15.385 31.0 5.952 30.2 5.786
M ethionine 17.6 1.653 12.8 1.202 8.8 0.826
Phenylalanine 26.9 2.281 45.3 3.841 41.3 3.502
Threonine 42.2 4.963 28.6 3.363 22.2 2.611
Tryptophan 14.7 2.017 10.3 1.413 8.0 1.097
Valine 46.6 5.573 47.6 5.693 34.9 4.174
Tyrosine 29.7 2.296 30.2 2.334 30.2 2.334
Cystine 32.6 3.801 23.9 2.787 15.1 1.761

Total EAAN 2 54.149 36.570 31.158
Total EAA 3 442.1 323.3 275.6

Arginine 28.4 9.133 51.8 16.678 95.2 30.616
Histidine 14.5 3.928 17.0 4.591 18.3 4.955
Alanine 42.4 6.665 36.8 5.785 33.4 5.250
Aspartic acid 87.5 9.205 63.5 6.680 98.4 10.351
Glutamic acid 135.4 12.890 206.7 19.678 142.8 13.594
Glycine 22.0 4.105 38.1 7.109 47.6 8.882
Proline 43.0 5.233 42.8 5.209 49.3 6.000
Serine 41.3 5.505 44.4 5.918 35.7 4.759

Total NEAA N 4 56.664 71.648 84.407
Total NEAA 414.5 501.1 520.7
Total am m onium

chloride N 16.187 18.782 11.435
Total N 127.000 127.000 127.000

1 P e r  127 m g  to ta l  n itro g en .
2 E s s e n tia l  a m in o  a c id  n itro g en .
3 E s s e n tia l  am in o  acid s.
4 N o n e ss e n t ia l a m in o  a c id  n itro g en .

bum in, was the same as for its amino acid 
counterpart at all levels of nitrogen (table 
4, lines 1 and 3 ). The lactalbum in hydrol
ysate would be expected to contain only 
amino acids and am m onium  ions. There
fore, the differences observed for oatmeal 
and peanut butter and their amino acid 
counterparts were postulated to be the re
sult of factors other than  amino acids and 
am m onium  ions that affected the growth 
of the microorganism.

Factors responsible for growth difference 
w ith oatmeal hydrolysate and a simulated  
m ixture of amino acids. For oatmeal, 
more growth was obtained with the amino 
acid m ixtures than  with the hydrolysate at 
the lower nitrogen levels and less growth 
at the higher nitrogen levels (table 2, lines 
1 and 3). To determ ine whether these dif
ferences resulted from  the presence of 
vitam ins in  the hydrolysate, the concentra
tion of vitam ins in the basal medium was

doubled. W ith the additional vitam ins, 
growth with the amino acid m ixture de
creased at the lower nitrogen levels and 
increased at the higher levels (lines 3 and
4). To determ ine which vitam ins were 
present in  the oatmeal hydrolysate in  ap
preciable am ounts, the hydrolysate was as
sayed using basal media lacking first one 
vitam in then another. We found that no 
vitam in except Bb was present in am ounts 
sufficient to change the response obtained 
with the regular basal medium. The hy
drolysate contained enough vitam in Bb to 
give the same response with or without 
pyridoxine in  the basal m edium  (lines 1 
and 2).

Lines 5 through 21 show the effect on 
growth response with the amino acid m ix
ture when increasing am ounts of pyridoxal 
and pyridoxamine were added to this m ix
ture and when vitam in Bb was omitted 
from the basal medium. As the am ount of
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TABLE 2
Growth response 1 w i th  oatmeal hydrolysate and a sim ulated  m ixture of amino acids a t  increasing

nitrogen levels: the effect of Bs vitam ins

Food
hydrolysate

Changes in 
basal medium Added 

to amino Milligrams of total nitrogen
or synthetic 

mixture Vitamin
B6

Other
vitamins

acid
mixture 0.254 0.508 0.762 1.016 1.270

fig/100 ml ml ml ml ml ml
1 Hydrolysate none none 3.7 8.2 13.8 17.3 20.0
2 omitted none 3.8 8.4 13.8 17.4 19.9
3 Mixture none none 0 4.5 10.5 14.8 17.0 18.4
4 doubled doubled 0 4.2 9.9 15.4 19.1 21.2
5 om itted none 0 3.8 4.8 7.3 9.0 11.1
6 om itted none 0.1 a l 2 5.4 10.1 12.2 13.7 14.8
7 om itted none 0.2 al 4.8 10.5 14.3 16.4 17.8
8 om itted none 0.4 al 4.4 10.2 14.3 17.2 19.6
9 om itted none 1.0 al 4.0 9.4 13.9 17.0 19.6

10 omitted none 2.0 al 3.6 8.5 13.7 16.8 19.6
11 omitted none 2.5 al 3.6 8.3 13.5 17.1 19.5
12 om itted none 3.0 al 3.4 8.2 13.4 17.0 19.5
13 omitted none 100 al 3.4 7.6 12.3 15.6 18.2
14 om itted none 1.0 am ine 3 5.7 10.6 13.4 15.3 16.5
15 om itted none 2.0 am ine 5.2 10.8 14.1 15.9 17.4
16 om itted none 4.0 am ine 4.6 10.3 14.6 17.4 19.8
17 omitted none 10.0 am ine 4.1 9.1 14.1 17.3 19.8
18 omitted none 16.0 am ine 3.9 8.8 13.9 17.2 19.6
19 om itted none 20.0 am ine 3.9 8.9 13.9 17.3 19.9
20 omitted none 25.0 am ine 3.7 8.5 13.8 17.2 19.7
21 om itted none 100 am ine 3.6 7.9 12.6 15.4 18.6

1
2
3

As measured by milliliters of 0.05 n NaOH. 
Pyridoxal.
Pyridoxamine.

TABLE 3
Growth response 1 w i th  peanut butter hydroly sate and w i th a sim ulated  amino acid mixture:

effect of niacin

Food
hydrolysate

or
amino acid 

mixture

Changes in 
basal medium Added 

to amino Milligrams of total nitrogen
Vitamin

Be
Other

vitamins
acid

mixture 0.254 0.508 0.762 1.016 1.270

fig/100 ml ml ml ml ml ml
1 Hvdrolvsate none none 3.7 9.0 13.5 17.5 19.5
2 omitted none 4.3 9.5 12.5 15.1 16.8
3 none doubled 4.0 9.1 13.6 17.0 19.5
4 om itted doubled 5.0 10.1 13.3 15.5 16.5
5 Mixture none none 0 4.1 9.0 13.8 16.6 17.5
6 omitted none 0 4.6 5.3 5.9 6.7 8.0
7 om itted none 25 ine 2 4.3 9.7 12.4 14.1 15.1
8 omitted none 50 ine 2 4.3 9.9 13.9 16.1 17.1
9 none doubled 0 4.4 9.4 14.5 18.0 19.0

10 none none 80 niacin 4.0 9.0 14.0 17.7 19.3

1 As m e a s u re d  by  m ill i l i te rs  o f 0.05 n  N aO H .
2 P y rid o x in e .

pyridoxal or pyridoxamine was increased 
the response at all nitrogen levels increased 
and then decreased. However, larger 
am ounts of the vitam ins were required to 
produce a decrease in  growth at the higher 
than  at the lower nitrogen levels. At about
2.5 ug pyridoxal/100 ml of amino acid 
m ixture the growth response equaled the

response with oatm eal hydrolysate (lines 2 
and 11). The same results were obtained 
with about 25 ug of pyridoxam ine/100 ml 
of amino acid m ixture (lines 2 and 20).

Factors responsible for groivth difference 
w ith  peanut butter hydrolysate and a sim u
lated m ixture of amino acids. For peanut 
butter, growth at the lower nitrogen levels
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TA BLE 4

Growth response 1 w i th  a purified lacta lbumin hydrolysate  and a s imulated amino acid mixture: effect
of B6 v itam ins  and niacin

Food
h y d ro ly sa te

or
a m in o  ac id  

m ix tu re

C h an g es  in  
b a s a l  m e d iu m A dded 

to  am in o  
acid  

m ix tu re

M illig ra m s  o f to ta l n itro g e n

V ita m in
B 6

O th e r
v ita m in s

0.254 0.508 0.762 1.016 1.270

fj.g /100 m l m l m l m l m l m l
1 H y d r o ly s a te n o n e n o n e 3 .5 7 .8 12 .3 1 5 .4 1 7 .0
2 o m i t te d n o n e 3 .2 3 .6 4 .0 4 .7 5 .1
3 M ix tu r e n o n e n o n e 0 3 .6 7 .8 1 2 . 6 1 5 .5 17 .1
4 o m i t te d n o n e 0 3 .0 3 .2 3 .6 4 .1 4 .7
5 o m i t te d n o n e 4 .0  a m in e  2 3 .5 7 .3 11 .9 15.1 1 7 .8
6 o m i t te d n o n e 0 .4  a l  3 3 .4 7 .2 1 1 . 6 15.1 1 7 .6
7 n o n e n o n e 8 0 .0  n i a c i n 3 .7 8 . 1 1 2 .9 1 6 .5 1 8 .4
8 d o u b le d d o u b le d 0 3 .3 7 .3 12 .4 1 6 .3 1 9 .5

1 As m e a su re d  by m ill i l i te rs  o f 0.05 n  N aO H .
2 P y r id o x am in e .
3 P y r id o x a l.

was approximately the same for the hydrol
ysate and the amino acid m ixture; a t the 
higher nitrogen levels more growth was ob
tained with the hydrolysate than  with the 
amino acid m ixture (table 3, lines 1 and 5). 
W hen the hydrolysate was assayed using 
a basal medium  containing no vitam in B6, 
less growth was obtained at the higher 
nitrogen levels (lines 1 and 2 ) than  with 
the regular basal medium. Thus, vitam in 
Be is not the factor responsible for the 
greater growth obtained with the hydrol
ysate than  with the amino acid m ixture, 
although the results obtained without vita
m in B6 show that the hydrolysate contains 
some vitam in B6 (lines 2 and 6).

The am ount of pyridoxine present in the 
peanut butter hydrolysate appears to be 
between 25 to 50 ug/100 ml as judged by 
growth responses (lines 2, 7 and 8 ). Using 
the regular am ount of pyridoxine in  the 
basal medium but doubling all the other 
vitam ins suggested that the factors m issing 
in the amino acid m ixture were among the 
other 7 vitam ins in  the basal medium 
(lines 3 and 9 ). Of the 7 vitam ins, only 
niacin had any effect on the response at 
higher levels of nitrogen. W hen graded 
am ounts of niacin were added to the amino 
acid m ixture, 80 ug/100 ml were required 
to produce a response equal to th a t with 
the peanut butter hydrolysate (lines 1 
and 10).

Lactalbumin hydrolysate and its sim u
lated amino acid m ixture. It seemed de

sirable to study a pure protein hydrolysate 
which we were reasonably sure contained 
nothing but amino acids and am m onium  
ions. For these experim ents a sample of 
lactalbum in was selected which had been 
purified in  this laboratory and which con
tained 15.4% nitrogen (5 ) . In table 4, 
lines 1 and 3, are shown the responses ob
tained with the unfiltered hydrolysate of 
lactalbum in and its simulated amino acid 
m ixture. The agreem ent at all levels of the 
hydrolysate and the amino acid m ixture 
indicates that no extra factors were present 
in the hydrolysate. However, the hydroly
sate was tested for the presence of vita
m ins that had survived the purification 
and hydrolysis and none were noted. As 
an example, the absence of vitam in B6 is 
shown by the limited growth with the 
lactalbum in hydrolysate when no vitam in 
B6 was included in  the basal medium  (line 
2 ).

Because of the results obtained for oats, 
the response to additions of pyridoxal and 
of pyridoxamine to the amino acid m ix
ture sim ulating lactalbum in was deter
m ined (lines 5 and 6 ). N either of these 
vitam ins changed the response signifi
cantly. Addition of niacin increased the 
response at the last 2 levels of nitrogen 
(lines 3 and 7) as with the amino acid 
m ixture sim ulating peanut butter. Doub
ling all the vitam ins also increased the last 
2 levels but lowered the first two (lines 3 
and 8 ).
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Reproducibility of results. W hen all 
phases of this method were rigidly con
trolled the reproducibility was excellent. A 
statistical analysis of each nitrogen level 
of results on oatmeal and peanut butter 
hydrolysates gave a coefficient of variation 
for oats of 4.4, 4.0, 1.3, 2.6, and 1.6% ; 
average for all levels 2.8% ; for peanut but
ter 3.2, 4.0, 2.0, 2.1, and 1.7% , average 
2 .6 % .

DISCUSSION

A study of the nutritional value of the 
proteins of a food involves a determ ination 
of the amino acids of that food. This neces
sitates a hydrolysis of the food with strong 
acids for a considerable length of time. 
Other nutrients in the food having an ef
fect on growth response of the microor
ganisms m ay be drastically changed by 
such treatm ent. However, some nutrients 
in these hydrolysates are still active and 
influence the growth response of the m i
croorganism used. Among the active m ate
rials are some of the vitamins.

Generally an excess of a nutrien t in  the 
basal medium minimizes the effect of that 
nutrien t in  the food hydrolysate. Such a 
nutrien t is niacin which, if present in  ex
cess in the basal m edium , does not increase 
growth response even when large am ounts 
are present in  the hydrolysate. This is not 
true, however, when the food hydrolysate 
contains vitam in B6. Various forms of 
vitam in B,; undergo changes in  activity 
when heated with m ineral acid and when 
autoclaved with amino acids as shown by 
Snell et al. (6 , 7) and Hochberg and associ
ates (8 ) . In  the preparation of food hy
drolysates with 20% acid, active vitam in 
Be compounds survived. The activity of 
these surving compounds cannot be com
pensated for by having an excess of vita
m in Be in the basal m edium, because an 
excess of pyridoxal or pyridoxamine will 
give low growth response at all levels of 
nitrogen (table 2 ).

The presence in food hydrolysates of 
nu trients other than  amino acids which af
fect the growth of the m icroorganism  
makes difficult the evaluation of amino 
acid patterns in  foods. For example, the 
same growth responses are obtained with 
oatmeal and peanut butter hydrolysates 
containing the same am ount of total nitro
gen but having entirely different amino

acid patterns. For peanut butter hydrol- 
lysate the growth response is partially due 
to the presence of niacin, whereas for the 
oatm eal hydrolysate it is partially due to 
the presence of vitam in B6. Thus in com
paring 2 food hydrolysates, more growth 
m ight be obtained with one than  with the 
other, not because of its amino acid pat
tern, but because of the presence of other 
nutrients.

The growth response with a hydrolysate 
of lactalbum in, a protein of relatively high 
biological value, was less, under standard 
conditions, than  with oatmeal or peanut 
butter hydrolysates ( tables 2 and 3 ). Even 
when the m axim al am ount of pyridoxal or 
pyridoxamine for the total nitrogen was 
added, the increased growth at the fifth 
level of nitrogen still was less than  with 
oatm eal or peanut butter hydrolysates. 
Addition of more niacin resulted in  in 
creased growth at the high nitrogen levels, 
but at no level did it equal the response 
with oatmeal or peanut butter hydrol
ysates. Doubling all the vitam ins in  the 
basal medium, however, brought the fourth 
and fifth levels closer to the corresponding 
levels with oatmeal and peanut butter hy
drolysates (table 4 ).

Purification in  the preparation of lactal
bumin m ay have removed unknown factors 
in milk which are necessary for the effi
cient use of this protein. Such factors also 
m ay have been removed in  filtration during 
the preparation of other food hydrolysates. 
The effect of some of these factors is be
ing investigated.
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Effect of Dietary Carbohydrate on Glucokinase and 
Mannokinase Activities of Various Rat Tissues * 1
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ABSTRACT  Glucokinase activities were determ ined in  9 rat tissues — liver, brain, 
m uscle, kidney, sm all intestine, heart, spleen, adipose tissue and m am m ary gland. 
Significant am ounts of glucokinase activity were particle-bound in  brain (40  to 55% ), 
in heart (5 0  to 60% ) and in m am m ary gland (40%  ). In the other tissues, alm ost all 
of the activity appeared in  the particle-free supernatant fraction. Except for a minor 
response by sm all intestine, liver w as the only tissue in  w hich glucokinase activity 
responded significantly to nutritional treatm ent of the rat. Evidence for the existence  
of 2 distinct enzym es capable o f phosphorylating glucose was obtained from  a study 
of the Kra (g lu cose) values for the enzym es in  the particle-free supernatant fraction of 
rat liver. The hepatic enzym e w ith a high Km value for glucose was shown to adapt to 
dietary treatm ent, whereas the hepatic glucokinase w ith a low Km for glucose w as non- 
adaptable. M annokinase activities were determined in brain, liver and mammary  
gland. The rates at w hich brain, liver and m am m ary gland phosphorylated m annose 
were 33, 27 and 26% , respectively, of those observed for glucose.

The level of hepatic glucokinase activity'2 
in the ra t is influenced by the previous n u 
tritional state of the animal. DiPietro and 
W einhouse (1 )  have shown that glucoki
nase activity is lower in  the liver of the 
fasted rat than  in the fed rat. Rats fed 
diets high in carbohydrate for 20 and 40 
days respond with increased activities (2 ). 
Blumenthal and associates (3 )  studied the 
effects of feeding a high carbohydrate diet 
(60%  glucose) on hepatic glucokinase3 of 
fasted rats and observed an increase in 
enzyme activity in  4 hours. These workers 
also dem onstrated that the enzyme re
sponds principally to carbohydrate. Long
(4 )  compared the hexokinase4 activity in 
the liver of the fasted ra t with that in  other 
tissues of the fed rat, and concluded that 
liver had the lowest activity. Since hepatic 
glucokinase activity responds to diet, his 
comparison is open to question.

In the present report we have investi
gated the effects of diet on glucokinase ac
tivities of ra t liver, skeletal muscle, brain, 
kidney, heart, spleen, small intestine and 
epididymal adipose tissue, by m eans of an 
assay system that involved a coupled re
action with glucose-6-phosphate dehydro
genase. In addition, the m ethod was modi
fied to perm it the study of m annokinase 
activities.5

EXPERIMENTAL

Animals and their treatment. Female 
rats (150 to 210 g) of the Long-Evans 
strain, raised and m aintained with an  ade
quate stock diet,6 were used throughout, 
except in the experim ents with epididymal 
fa t pads.

The high carbohydrate diet consisted of 
65% glucose, 22% vitamin-free casein,7 
10% cellulose,8 2% salt m ixture (5 )  and 
1% liver.9 The high protein diet con
tained 78% vitamin-free casein, 19% cel
lulose, 2% salt m ixture (5 )  and 1% liver.10

R eceived  for pu b lication  February 8 , 1964.
1 T h is  w o rk  w as su p p o rte d  by  a  c o n tra c t  f ro m  th e  

U n ite d  S ta te s  A tom ic E n e rg y  C om m ission .
2 H exok in ase (A TP: D-hexose 6- ph osp h otran sferase) 

is  used  as a genera l design ation  for en zym es capable  
of transferrin g  a phosphate group from  ATP to the 
6 p osition  o f any hexose. G lu cok inase (A TP: D-glucose 
6-p hosp hotransferase) is  used  to design ate  the en 
zym e th at cata lyzes the transfer o f  a ph osph ate group 
from  ATP to th e 6 p osition  o f g lucose; and m a n n o
k in ase  (A TP: D-mannose 6-p h osp h otran sferase) that 
w h ich  ca ta lyzes th e transfer o f a phosphate from  ATP 
and resu lts in  form ation  o f m an n ose-6-phosphate. 
G lu cok inase activ ity  therefore refers to the rate of 
glucose p h osph orylation  and m an n ok in ase  activ ity  
to the rate o f  m an n ose phosphorylation .

3 See footnote  2.
4 See fo o tn o te  2.
5 See fo o tn o te  2.
6 D iab lo  L a b ra tio n , D iab lo  L a b o ra to r ie s , B erkeley , 

C a lifo rn ia .
7 “V ita m in -T es t” C ase in , N u tr i t io n a l  B io ch em ica ls  

C o rp o ra tio n , C leveland .
8 C ellu  F lo u r , C h icag o  D ie te tic  S u pp ly  H ouse , C h i

cago.
9 A ra w  liv e r  su b s ta n c e , V io-Bin C o rp o ra tio n , M onti- 

cello , I llin o is .
10 See fo o tn o te  9.
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The ra ts were fed these specially prepared 
diets, ad libitum, for 3 days before they 
were killed. The ra ts ate 7 to 11 g /day 
regardless of which diet was fed.

Tissue preparations. The ra ts  were 
stunned by cervical fracture, and bled. 
Liver, brain, kidney, spleen and epididymal 
adipose tissue were rapidly excised, and 
each tissue was blotted on filter paper and 
weighed. The heart was cut in half, and 
excess blood was removed. The small 
intestine was opened along its entire 
length, washed 3 times with 10 volumes 
of the homogenizing buffer, blotted dry, 
weighed and minced. Muscle was taken 
from the lateral thigh of the hind limb. 
This tissue was blotted dry, weighed and 
minced, with sharp scissors, in  1 ml of the 
homogenizing buffer. M ammary glands 
were excised from lactating ra ts that had 
suckled at least 6 pups for the entire lac
tational period (17 to 18 days). The glands 
were sliced (6 ) , washed 4 to 5 times with 
10 volumes of the homogenizing buffer, 
blotted dry, weighed and minced.

Unless otherwise stated, all tissues were 
homogenized for about 1 m inute, with 
3 ml of buffer/g , in  a motor-driven, Potter- 
El vehjem-type grinder provided with a 
loose-fitting Teflon pestle (0.5-mm toler
ance). The buffer (pH 7.0) consisted of 
0.15 m  KC1, 0.005 m  EDTA and 0.005 m  
MgCL. To each liter of buffer, 0.65 ml of
2-mercaptoethanol was added immediately 
before use (3 ) . The resulting homoge
nates were centrifuged in  a Model PR-2 
International Refrigerated Centrifuge and 
the Model L Spinco Ultracentrifuge. All 
preparative procedures were carried out in 
a cold room, at 2 to 4°.

Glucokinase assay. A modification (3 ) 
of the method of DiPietro and Weinhouse
(1 )  was used. The am ount of glucose-e- 
phosphate formed by the enzyme was de
term ined by following the appearance of 
TPNH in the presence of purified glucose-
6-phosphate dehydrogenase and TPN. Each 
cuvette was m ade to contain 1.0 ml of a 
buffer (pH  8.0) m ixture (consisting of 
0.1 m  histidine HC1,0.1 m  Tris buffer, 0.01 
m  EDTA and 0.01 m  MgClz), 0.025 ml of 
0.55 m  neutralized ATP, 0.02 ml of 0.06 m  
TPN, 0.002 ml of a suspension of purified 
glucose-6-phosphate dehydrogenase,11 and 
0.01 to 0.1 ml of the tissue preparations.

The reaction was started by addition of 
0.1 ml of 1 m  glucose. The final volume 
of each m ixture was adjusted with w ater 
to 2.0 m l,12 and the reaction was carried 
out at 30°C. Blank cuvettes contained no 
added glucose.13 Changes in optical den
sity were m easured spectrophotometrically 
at 340 mu with a Beckman DU spectro
photom eter equipped with a Gilford model 
210 autom atic cuvette positioner, a model 
220 optical density converter, and a Leeds- 
Northrup 10-mv recorder. The absorban
cies of 4 samples were recorded sequen
tially in  autom atic rotation at 10-second 
intervals. M easurements were taken con
tinuously for the first 10 m inutes after 
zero-order kinetics was observed. The ex
tinction coefficient of 6.22 X 106 cnd/m ole 
for TPNH (7 )  was used to convert changes 
in optical density to am ounts of TPNH 
formed. Glucokinase activities, measured 
in this m anner, are expressed as (a )  milli- 
micromoles of TPNH formed per milligram 
protein per m inute (specific activity), and
(b )  millimicromoles of TPNH formed per 
gram wet weight of tissue (to tal activity).

Purification of phosphoglucose isomer- 
ase and phosphomannose iscrmerase. The 
protein of the particle-free supernatant 
fraction, obtained from lactating ra t m am 
m ary glands that precipitated in  the pres
ence of 55 to 75% saturation with ammo
nium  sulfate, was used as the source for 
both isomerases. This preparation yielded 
the highest specific activities of both en
zymes and contained very little kinase 
activity (table 1). Since the preparation 
of these enzymes from lactating ra t m am 
mary glands differed radically from that 
reported by Slein (8 )  for rabbit muscle, 
a description of our method is presented 
here: Ten grams of m am m ary glands ex-

11 T his am ou nt o f g lucose-6-phosphate dehydro
genase is  capable o f producing 0.28 nm ole  of T P N H / 
m in u te w h en  0.1 m l o f 0.5 m  g lucose-6-phosphate is  
used to in itia te  th e reaction. T he form ation  o f T PN H  
in  the coupled  g lucok inase assay w as a lw ays kept 
at about 0.025 /¿m ole/m inute to in su re at lea st a ten 
fo ld  excess o f g lucose-6-phosphate dehydrogenase.

12 T his assay system  therefore com prised  5 x 1 0 -2  
m  glucose, 7 x 1 0 -3  m  ATP, 6 x 10"« m  T PN , 5 x 1 0 ~ 3 
m  M gCl2 and 5 x 1 0 - 3  m  EDTA.

13 W ith the h om ogen ate fraction s ob ta in ed  from  
liver, k id ney  and sk eleta l m u scle , there w as a slow  
lin ear  increase  in  optical density  w ith ou t add ition  o f  
glucose. E ndogenous glucose, a lth ough  accou n tin g  
for a large proportion o f th is  production o f T PN H , w as  
not the sole precursor o f g lucose-6-phosphate. The  
presence o f g lycogen  in  th ese fraction s, together w ith  
su b stan tia l am ounts o f phosph orylase  and phospho- 
glucom u tase activ ity , could  have  accounted  for the  
add itional in crease  in  th e op tica l density  observed  
w ith  b lank cuvettes.
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TA B LE 1

Purification of phosphohexose isomerases from  lactating rat m a m m a ry  g l a n d 1

A m m o n iu m
s u lfa te

f r a c tio n s

E n zy m e  a c tiv ity

P h o s p h o m a n n o se
iso m era se

P h o sp h o g lu co se
iso m era se G lu co k in a se M an n o k in a se

% sa tu ra tio n m /im o le s  T P N H /m g  p r o te in /m in
0  to  4 5 2 . 1 3 .1

4 5  to  5 5 9 .5 4 5 .1 8 .4 1 .7
55  to  75 3 9 .5 4 8 4 2 . 1 0 . 6

1 F o r d e sc rip tio n  o f a m m o n iu m  s u lfa te  f r a c tio n s  a n d  e n zy m e  a ssay s  see tex t. T h e  a v e rag es , 
e ac h  o f tw o  c lo se ly  a g re e in g  v a lu e s  o b ta in e d  w ith  2  r a ts ,  a re  g iven .

cised from a lactating, 17-day postpartum  
ra t were sliced (6 ) , washed 4 times with 
15 ml of 0.25 m  sucrose to remove as m uch 
of the contained milk as possible, minced, 
and finally homogenized with 35 ml of 
0.25 m  sucrose solution. The homogenate 
was centrifuged at 100,000 X g 14 for 45 
m inutes, and the clear supernatant frac
tion between the fatty  layer and the pellet 
was separated. To 30 ml of this particle- 
free fraction enough solid am m onium  sul
fate was added to provide 45% saturation
(9 ) . After 15 m inutes, the precipitate was 
separated by centrifugation, and the super
n a tan t fraction was adjusted to 55% satu
ration with solid am m onium  sulfate. The 
precipitate formed was separated by cen
trifugation for 15 m inutes. Enough am 
m onium sulfate was then added to the 
supernatant fraction to yield a final con
centration of 75% . The m ixture was cen
trifuged, and the pellet separated. All 
procedures were carried out at 2°.

The precipitates obtained were dissolved 
in 0.25 m  sucrose, and tested for enzy
m atic activity. Glucokinase activity was 
estim ated as described above. Activities of 
phosphom annose isomerase (which con
verts mannose-6-phosphate to fructose-6- 
phosphate) and phosphoglucose isomerase 
(which converts fructose-6-phosphate to 
glucose-6-phosphate) were assayed in  the 
same m ixture without the additions of 
either glucose or ATP, but 0.05 ml of 0.07 
m  mannose-6-phosphate or 0.05 ml of 0.13 
m  fructose-6-phosphate was added to start 
the reaction.

Mannokinase assay.15 The method used 
m easured the conversion of m annose to 
mannose-6-phosphate. In the presence of 
excess phosphomannose isomerase, phos
phoglucose isomerase and glucose-6- 
phosphate dehydrogenase, mannose-6-

phosphate is converted to gluconic 
acid-6-phosphate, TPNH being produced 
by the dehydrogenase reaction.

M annokinase activity was assayed in 
the same m ixture as described above for 
glucokinase, except that purified phospho
glucose isomerase and phosphomannose 
isomerase were added in excess. The re
action was started with 0.1 ml of 1  m  
m annose, and the linear increase in  optical 
density was followed for 10 m inutes after 
an initial 20-minute lag period (1 0 ). The 
units used to express m annokinase activity 
were the same as those for glucokinase 
activity.

Preparation of brain mitochondria. 
Whole ra t brains were homogenized with 
7 m l/g  of the buffer (pH  7.4 and com
posed of 0.075 m  sucrose, 0.21 m  m an
nitol, 0.005 m  EDTA and 0.01 M  T ris) 
described by Sacktor and Packer (1 1 ). 
The homogenate was first contrifuged at 
800 X g for 10 m inutes to remove cellular 
debris and nuclei. The pellet obtained by 
centrifugation at 10,000 X g for 10 m in
utes was resuspended in  the same buffer 
by hand homogenization. Some heavy par
ticles were removed by centrifugation at 
800 X g for 1 0 ‘m inutes. The mitochon
drial pellet was washed with the buffer 
and resedimented centrifugally. W ashed 
m itochondria obtained in  this way were 
suspended in  the buffer and analyzed for 
enzymatic activity immediately after their 
preparation. All procedures were carried 
out at 2°C.

Chemical analyses. Protein was deter
mined by the biuret method of Gornall 
et al. (1 2 ). Glucose was estim ated enzy
matically with purified yeast hexokinase * 13

14 C e n tr ifu g a l fo rce  m e a su re d  as th e  av erag e  in  th e  
c e n te r  o f th e  tube.

13 See fo o tn o te  2-
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and the glucokinase assay system de
scribed above. The an  throne procedure
(1 3 ) was used for determ ination of gly
cogen.

Materials. The disodium salt of ATP 16 
and triphosphopyridine nucleotide17 were 
neutralized with KOH before use. Diso
dium glucose-6-phosphate and glucose-6- 
phosphate dehydrogenase (yeast) were 
obtained commercially 18 as was the puri
fied hexokinase (y east).19 Mannose-6-phos- 
phate was prepared according to the 
method of Slein (1 4 ), and isolated as the 
barium  salt. It was converted to the potas
sium salt by the use of K2SO, and Dowex- 
50-K+. The barium  salt of fructose-6-phos- 
phate20 was converted to the potassium 
salt. It was found to be contam inated with 
about 6% of glucose-6-phosphate when 
tested spectrophotometrically by the de
hydrogenase assay system (1 5 ). It was 
purified so that it contained not more than 
0.4% glucose-6-phosphate.21 EDTA was 
obtained commercially.22

RESULTS

Intracellular distribution 
of glucokinase

The cellular distribution of glucokinase 
in  various ra t tissues is shown in table 2. 
Since the levels of glucokinase activity in 
the supernatant fractions prepared from 
homogenates of liver, muscle, kidney, 
spleen and adipose tissue were not dim in
ished by centrifugation at speeds th a t sedi
m ented cytoplasmic particles (15 m inutes 
at 10,000 X g for m itochondria followed 
by 100,000 X g for 45 m inutes, for micro- 
somes ), we concluded that almost all of the 
enzyme was in  the particle-free fraction, 
which represents cellular cytoplasm (see 
table 2, columns 8 and 9 ). It is therefore 
not unexpected that the specific activities 
of glucokinase increased with removal of 
cytoplasmic particles, which do not con
tain this enzyme. In the case of liver, not 
only did the specific activity increase, but 
a measurable increase in  total activity also 
occurred.

About 41% of the total glucokinase ac
tivity in  brain was associated with the 
particles; the rem ainder was in  the high
speed supernatant fraction (table 2 ). A 
sim ilar pattern  was observed with heart

and lactating m am m ary gland homoge
nates. A small am ount of glucokinase 
activity in  the small intestine is probably 
bound to particles, but by fa r the m ajor 
portion of the enzyme in this tissue is in  
the soluble fraction.

Particle-bound glucokinase of brain was 
fu rther studied by isolation of its m ito
chondria. Attempts to solubilize the en
zyme by freeze-thawing of these particles 
was not successful (table 3). Although 
treating them  with 0.25% sodium desoxy- 
cholate in  a 0 . 1  m  sodium phosphate buffer 
(pH  7.2) solubilized about 50% of the 
total protein, this released very little gluco
kinase activity into the soluble fraction. 
In confirmation of the observations of 
Crane and Sols (1 6 ) , the data in  table 3 
show that use of desoxycholate, by solubi
lizing some of the nonglucokinase-contain- 
ing m itochondrial protein, resulted in  a 
twofold increase in  glucokinase activity 
which was, however, still bound to the 
insoluble portion.

Effect of  previous nutritional 
state on glucokinase activity 

of various tissues
Table 4 shows that hepatic glucokinase 

is profoundly affected by dietary treatm ent. 
The specific activities of this enzyme were 
greater in  rats fed a diet high in  glucose 
than  in  those that were either fasted or fed 
a diet devoid of carbohydrate (bu t high in 
protein). Since total protein in  the high
speed supernatan t fractions from  all 3 
groups was about the same, it is not unex
pected that total hepatic activity was lower 
in the fasted ra ts and in  those fed the 
protein diet than  in those fed the high- 
carbohydrate diet.

Glucokinase activity of small intestine 
(expressed as specific or total activity) 
also responded to the nutritional state of 
the ra t (table 4 ), but the response was not 
so great as that observed in  liver.

The specific activity of the enzyme in 
adipose tissue was lower in  ra ts fed the 
high protein diet than  in  those fed the

18 P a b s t L a b o ra to r ie s , M ilw au k ee , W isco n s in .
17 See fo o tn o te  16.
18 C a l ifo rn ia  C o rp o ra tio n  fo r  B io c h em ic a l R ese a rch , 

Los A ngeles.
19 S ig m a  C h em ica l C o m p an y , St. Louis.
20 S w artz  L a b o ra to r ie s , In c ., M t. V ern o n , N ew  York.
21 U n p u b lish ed  m e th o d .
22 F is h e r  S c ien tific  C o m p an y , F a ir la w n , N ew  Jersey .
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TA BLE 3
Glucohinase ac tiv ity  in various brain homogenate fractions 1

H om ogenate fraction
C entrifu gation

G lu cok inase activ ity  
as % o f ac tiv ity  in  

supernatant + 
m itoch ondria  +

T otal protein  
as % o f  

protein  in
Speed T im e m icrosom es su p ern atan t + 

m itoch on d ria  + 
m icrosom esSpecific

activ ity
Total

activ ity

Supernatant +  m itochondria 
m icrosom es

x 9 

350

m in

10 100 2 100 100

Supernatant +  microsomes 10,000 10 80 46 57

W ashed m itochondria 10,000 10 104 53 52

Pellet from  m itochondria after 
freeze-thaw treatment 20,000 30 92 48 53

Supernatant from m itochondria after 
freeze-thaw treatment 20,000 30 70 3.8 5.6

Pellet from m itochondria after 
desoxycholate treatment 100,000 25 182 54 29

Supernatant from m itochondria after 
desoxycholate treatm ent 100,000 25 24 5.6 23

1 Two w hole  rat brains (3 .1  g ) w ere hom ogen ized  w ith  21 m l o f th e sucrose-m ann ito l buffer m ixture, and  
th e h om ogen ate w as cen tr ifu g a lly  fraction ated  as described  in  text. T he supernatant fraction  obtained  by 
cen tr ifu gation  at 350 x g for  10 m in u tes  (su p ern atan t p lu s m itoch ondria  p lu s m icrosom es) con ta in ed  220 m g  
o f protein . The in d iv id u a l frac tion s w ere tested  for g lu cok in ase  activ ity . V alues reported are th e m ean s o f  
two separate, c lo se ly  agreeing determ inations obtained w ith  2 groups o f rats.

2 The specific activ ity  o f th is  fraction  w as 80 m/zm oles o f T PN H  fo rm ed /m g  p ro te in /m in u te .

high glucose diet, but total enzyme activity 
did not change appreciably. This change 
in specific activity in  the case of adipose 
tissue is related to the fact that the protein 
content of the particle-free supernatant 
fractions was higher in  the experim ents 
with the rats fed the high protein diet than  
in those with rats fed the high glucose 
diet.

Glucokinase activity in  all of the other 
tissues examined failed to respond to die
tary treatm ents.

Michaelis constants of the various 
tissue glucokinases

The Michaelis constants (Km) were de
term ined by the m ethod of Lineweaver and 
Burk (1 7 ) and are recorded in  column 
12 of table 4. The values were of the order 
of 10" 5 m  glucose for all tissues except for 
liver of rats fed the high glucose diet. In 
the latter case, glucokinase had an appar
ent Km of 7 -9  X 10~3 m  glucose.

To determine true Km values it is im por
tan t to assess carefully the significance of 
the endogenous substrates present in  tissue 
homogenates so that the exact concentra
tion of the enzyme’s substrate is known.

In the case of liver, endogenous glucose 
would certainly interfere with the deter
m inations of the true K„, value for gluco
kinase. W hen the glucose concentration 
in the assay system was varied from 5 X 
10"3 m  to 2 X 10 1 m , the apparent Km was 
of the order of 7 -9  X 10"3. This value 
agrees well with values o f l  X 10~2 to 4 X 
10"2 reported by DiPietro et al. (18) who 
m easured the Km over the same range of 
glucose concentration. However, when the 
glucose concentration was lowered step by 
step to 1 X 10"4 m , we no longer obtained 
good linearity in the reciprocal Lineweaver- 
Burk plots as the curves sloped off. These 
observations suggest the possible existence 
of 2 enzymes, with different Km values, as 
already reported by W alker (1 9 ) and 
Vinuela et al. (2 0 ).

An experim ent to test whether the pres
ence of a kinase with a low Km for glucose 
could be detected by this assay procedure 
was performed. Purified yeast hexokinase 
(K m of 1 X  1 0 “ 4 m )  was added to a par
ticle - free supernatant fraction prepared 
from the homogenate of the liver of a ra t 
that had been fed the high carbohydrate 
diet — the am ount added being such that
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the m axim al activity of the yeast hexokin- 
ase was 25% of that of the liver enzyme. 
W hen the Km for glucose was determined 
in this m ixture at high glucose concentra
tions (2.5 X 10-3 to 5 X 10~2 m ), the 
apparent Km was 2.5 X 10-3, whereas at 
low glucose concentrations (5  X 10“4 to
1 X 10~3 m ) ,  the apparent K,„ was 3 X 
10-4. We may conclude from the results 
of this experim ent that if a kinase with a 
low Km value were present along with the 
kinase with a high K,„ value, it would not 
escape detection by this assay procedure.

The possible existence of 2 distinct glu- 
cokinases with different K,„ values for the 
phosphorylation of glucose in  liver (19, 
20) was examined further. The glucokin- 
ase assay procedure used here was modi
fied as described by Vinuela et al. (20) 
for the determ ination of the activity of the
2 glucokinases. Thus the activities were 
m easured in  the following way: (a )  by 
the use of N-acetyl glucosamine, a potent 
inhibitor of the glucokinase, with a high 
Km value; and (b ) at a high glucose con
centration (5  X 10“2 m ) ,  which yielded 
values for the sum of the activities of the 
2 glucokinases, and at a low glucose con
centration (8  X 10“4 m ) ,  which yielded 
values for the activity of the low Km gluco
kinase. The results of experim ents per
formed with dialyzed and undialyzed 
am m onium  sulfate fractions of the par
ticle-free supernatant fractions of homo
genates prepared from the livers of rats 
fed high carbohydrate and of those fasted 
are presented in table 5. In the particle- 
free supernatant preparations, before am 
m onium sulfate fractionation, total gluco
kinase activity was about 7 times higher 
in the liver of the ra t fed high carbohy
drate (colum n 5, table 5) than  in that of 
the fasted rat. The data in columns 7 and 
8 clearly show that this variation in glu
cose phosphorylation induced by the die
tary treatm ent is due to a change in the 
activity of only one of the two glucokinases. 
For this reason we have designated these 
enzymes as adaptable and non-adaptable. 
A distinct difference in the Km values for 
glucose with these 2 enzymes could be 
dem onstrated only in dialyzed ammonium 
sulfate fractions. For example, with the 
non-dialyzed am m onium  sulfate fractions 
from both tissue preparations, we could

detect only the high Km value over a glu
cose concentration range of 1 X 10-3 to 
5 X 10“2 m . Under these conditions, when 
the glucose concentration was decreased, 
the Lineweaver-Burk plots were no longer 
linear — as had been the case for the u n 
fractionated particle-free supernatant prep
arations. This was apparently due to these 
2 enzymes not having been adequately 
separated by the am monium sulfate frac
tionation (colum ns 7 and 8).

Linear Lineweaver-Burk plots (1 7 ) over 
the whole glucose concentration range of 
1 X 10“4 to 5 X 10_2m  were obtained only 
in the experim ents with the dialyzed 20 
to 50 and 60 to 75% am m onium  sulfate 
fractions from the fasted ra t liver prepara
tion and with the dialyzed 60 to 75% 
am m onium  sulfate fraction liver prepara
tion from the rats fed high carbohydrate. 
In these dialyzed fractions we detected 
little or no cross contam ination of one en
zyme with the other, and the difference 
in the Km values was therefore very clear. 
The Km value observed with the non-adap- 
table glucokinase was 5 X 10-5 M  glucose 
and that for the adaptable glucokinase was
7-9 X 10“3 m  glucose (table 5).

Apparently a m ajor difficulty in the dem
onstration of these 2 liver enzymes with 
different kinetic properties is related to the 
degree of purity of the isolated fractions 
rather than  to the presence of endogenous 
glucose (table 5). The data in table 5 also 
dem onstrate that the adaptable glucoki
nase was unstable to prolonged dialysis, 
whereas the non-adaptable enzyme w ith
stood such treatm ent.

Estimation of the actual am owits 
of glucose phosphorylated 

by various tissue 
homogenates

To relate the am ount of TPNH gener
ated in the glucokinase assay system to 
the am ount of glucose phosphorylated, we 
determ ined the moles of TPNH generated 
per mole of glucose-6-phosphate formed 
from  glucose at a specified time (10 m in
u tes) for each tissue. In this connection 
the effect of 2 other enzymes m ust be 
considered: gluconic acid-6-phosphate de
hydrogenase, an enzyme which reduces 
TPN, and phosphoglucose isomerase, 
which converts glucose - 6 - phosphate to
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B< p aj 

U rp p
£ ~ . to g> o> B fi‘3
c .S l-2 6
3 i » 3 S  o ^ as QiJ_| CO CO u ^
M E  .  1̂ 7 3  

3 - 2 « <
O O «  © B |

S S ^ d 1? :^ © H
B <y ^  p  ft
,MpC "S*̂
C.H

E

. C
S 2

be X
C 1H

Ci P

5  3be 05
05 ©fP «

bo
05

P ',33 
-  | S g  
5 S 3 § h

05 P3 ^2  i|_( co ̂  b£i0  o
aS P © co 

.0 5

(N'B*^ o05 M P  c+HpQ OOP
o'K^- 2
CO ^ X S cN - m

> T )  p  aS

„  pP
O
■O > |  05 o B C . P © Bd -d o,S3 aS 'D
° B2

05 P M ©
©  05

s §/-s O
IN

aSco co aS 
aj fn - pT3£

-P P >  O B

'-<•*-»<03 05
aS pjCD Sh botlrn ft

H CO
« o 3 d B 
PQ
S ft2
« Pc  D Bp,
^
2 M o B Bpp
d aS
Sh  ̂05aS ? >© 05 OP _P ^
d d <305

P



A
m

ou
n

ts
 o

f 
T

P
N

H
 f

or
m

ed
 f

ro
m

 g
lu

co
se

-6
-p

ho
sp

ha
te

 a
n

d 
fr

uc
to

se
-6

-p
ho

sp
ha

te
 

in
 

th
e 

gl
uc

ok
in

as
e 

as
sa

y 
sy

st
em

1

2 8 2 S. ABR A H A M , B. BORREBAEK AND X. L . C H A IK O FF

C
• H ld CD 05 CD CO ID 05 CD
u o r r t> O 05 05 <N q q CO ID
D o rH rH rH o o rH o rH rH rH*

03QCH
u

73M
05

(1)
g

-d
CD

"cd fH 73 i
43 =2 73

cd
ft

o CD CO ID (N CO ID CO LD CDft
B

[> O o 05 CO 05 q q
O f. T—1 rH rH rH o rH o rH rH rH

3 43 2 CO Uo ft
CO

ft rb ft

o H
3 ¿3

73
Ou

Cfioo

TP
NH

 
fo

rm
ed

/ 
10

 m
in <D

O CD O o CD rH CD ID CD
f t 3 £=4

£
o ID rH o t> o ID 05 CO

X
2

3 CO CO <N <N (N CM CN CN CO
PH
H od
fn 05 73 £0CH

05 gu CD73 I0) A OMh
73
cd O CO CO CD CO rH <N CO LD ocdu ftCfi X f tCO

rf O- o 05 05 rH ao CO q LD
Cfi O

43 2
f.<D rH rH o o o rH rH **

43a ft ft Pm ft
cn CO H

CD
C f i Cfi
O
<J MT3 fi Sm'3 Q 00 05 CD o CM rH o t> O3 £ faH°

rH
s
=1
s

7f o f - CD CD 05 CO rH CD
fH

Pm
f t
H

«*
CN CO rH rH rH rH rH CN CN (N

3 pH
*s cd ft 05 ID (N o ID LD l> O O
O' CfiCfi g <N CD q CN W CN CO q LD
u

f t
03 6 6 o rH o O o o o

C
05
s e ID ID ID ID LD LD LD ID ID IDo

H i 7^ 7T 7T
rt
be
3

'C O O o O O O O o O O
g 73 O O LD O O O O o O O
© ID

ID
ft

f t CO o^ O^ o^ O^ O^
o X o ' o " o ' o ' o ' o ' o ' o ' o 'co o o o o o o o o orH rH

(D (D CD 0) <D 05 05 05 05
"cd "cd 03 cd "cd cd "cd "cd cdMl fH fH fH fH fH fH fH fH"O T3 T3 73 T3 73 73 73■w >> Ph PH PH PHo! 43 p A A 43 43 43 43 A 43O "iD o O o O O O O O■w 40 40 A 42 A A A A AfH O fH fH fH fH fH fH fH fHcd fH cd cd cd cd cd cd cd cdcfl o ft CD a CD o CD o U o0) 43 43 A 43 A 43 A 43 433 W) ftO bJD be be be W> be be .beA A A A A A A 43 A A

05
.2
Cfi
05

053Cfi fH fH £ .2
(D
O

PH
05

fi
S3
05

05
CfiO

H (U> CD> cd
fH cd

fH
Cfi3 fl

73 cd
CD

"cd
2

JD
’ft

ft
'O3 3 m pq 2 K CD CD <

a.«

o c
_  3

«? «PmIj , <u 
A  ajH

"cd

ft'scfi

¿ I
CO °
¿ 2  .o 0)t}<
o
2 o a

«H 2  «

cfi bfl ̂0) 45
o^-Se C j3 ai
gft.S
CO<< 75

QJ
rH + jT 3

cd £  
U r -  Om i o

“ S'«ch O OX»

g-o 8 
aji.2 35 m

S 8 8-*J QJ 4P

I s *h 0Jt3
o  w0)
I—I >H _«

cfi 3
fH

*< « 2 ̂ Cfl»HPh cfi h-h
'cn ^  cfl 
§ 0 5 «
g « g3 3 S
- 3  2
§ 8 .

73 bn 
0) cfi 
£  05 cd O-g £
OoS<Mh +j 3

*¿43flrij O 03•¿^0) 
2 OJ M
|,c ^
■S&'S
M  O  > . 5-0 ctf Z a  cfi
» ¡6«
„ S 3° o 2 T

he
 

ex
ac

t 
am

ou
nt

 
of

 
fr

uc
to

se
-6

-p
ho

sp
ha

te
 

ad
de

d 
w

as
 

de
te

rm
in

ed
 

by
 

m
ea

su
ri

n
g

 T
P

N
H

 p
ro

du
ct

io
n 

sp
ec

tr
op

ho
to

m
et

ri
ca

ll
y 

w
it

h 
pu

ri
fi

ed
 p

ho
sp

ho
gl

uc
os

e 
is

om
er

as
e,

 p
ur

if
ie

d 
gl

uc
os

e-
6-

ph
os

ph
at

e 
de

hy
dr

og
en

as
e 

an
d

 T
P

N
.

3 
T

he
 e

xa
ct

 a
m

ou
nt

 o
f 

gl
uc

os
e-

6-
ph

os
ph

at
e 

ad
de

d 
w

as
 d

et
er

m
in

ed
 b

y 
m

ea
su

ri
n

g
 

T
P

N
H

 
pr

od
uc

ti
on

 
sp

ec
tr

op
ho

to
m

et
ri

ca
ll

y 
w

it
h

 
pu

ri
fi

ed
 

gl
uc

os
e-

6-
ph

os
- 

ph
at

e 
de

hy
dr

og
en

as
e 

an
d 

T
P

N
.

4 
T

he
se

 v
al

ue
s 

ar
e 

th
e 

av
er

ag
es

 o
f 

th
e 

n
u

m
b

er
s 

in
 c

ol
um

ns
 7

 a
n

d
 9

.



D IETA RY  E F F E C T  ON RAT T IS S U E  H EX O K IN A SE 2 8 3

fructose-6-phosphate. The effects of the 
activities of these 2 enzymes upon the 
glucokinase assay system are presented in  
table 6. In brain, muscle and heart, the 
activity of endogenous gluconic acid-e- 
phosphate dehydrogenase was very low 
compared with the large excess of glucose-
6-phosphate dehydrogenase added to the 
assay system; hence the am ounts of TPNH 
generated and the glucose-6-phosphate 
formed from  the added glucose were al
most identical w ithin the 10-minute assay 
period. Apparently, in  this assay system 
any fructose-6-phosphate formed by phos- 
phoglucose isomerase is reconverted to 
glucose-6-phosphate — in preference to its 
conversion to hexose diphosphate — be
cause the values for TPNH generation 
from added glucose-6-phosphate and fruc- 
tose-6-phosphate in these tissue homoge
nate fractions (brain muscle and heart) are 
almost the same. W ith liver, kidney, small 
intestine, spleen and adipose tissue, how
ever, the activity of the endogenous glu
conic acid-6-phosphate dehydrogenase was 
such that it also produced TPNH during 
the 10-minute glucokinase assay. Thus, 
with some tissues, a correction factor, to 
take into account the extra TPNH formed 
by the second dehydrogenase, m ust be con
sidered in calculating the actual am ounts 
of glucose phosphorylated. The correction 
factors for these tissues are presented in 
column 10 of table 6.

In the experim ents with liver homoge
nate fractions, as studied with both hex- 
ose-6-phosphates as substrates in  the glu
cokinase assay system, about 1.6 amóles 
of TPNH were generated per amolé of 
added glucose-6-phosphate or of added 
fructose-6-phosphate in  the 10-minute 
assay period (colum n 10, table 6). W hen 
this generation of TPNH was allowed to 
proceed to completion (about 30 m inutes), 
2 amóles of TPNH were produced per 
amolé of hexose phosphate added. These 
results affirm the suggestion that phospho- 
fructokinase activity does not interfere 
with the glucokinase assay.

In the experim ents with the liver frac
tions shown in table 2, total activity of 
hepatic glucokinase was unchanged when 
microsomes (the  particles which contain 
glucose-6-phosphatase (2 1 ) were present 
in the assay system. This suggests that

glucose-6-phosphatase did not interfere 
with our assay of hepatic glucokinase. The 
results of another type of experim ent with 
liver homogenate fractions dem onstrated 
directly tha t hepatic glucose-6-phosphatase 
did not influence our values for hepatic 
glucokinase activity. W hen glucose-6-phos- 
phate or fructose-6-phosphate was added 
to the assay system along with either (a )  
the particle-free supernatant fraction, or
(b )  the particle-free supernatan t plus m i
crosomes, or (c )  the particle-free super
n a tan t fraction plus microsomes plus m ito
chondria, a production of 2 nmoles of 
TPNH per nmole of added hexosephos- 
phate was observed after about 30 m inutes. 
If any glucose-6-phosphate had been con
verted to glucose by any of these 3 liver 
fractions, the am ount of TPNH formed 
would have been lower at equilibrium since 
no ATP was added.

Since none of the glucose-6-phosphate 
formed from glucose is diverted to path 
ways other than  the one involving the 
glucose-6-phosphate dehydrogenase reac
tion, the correction factor determ ined for 
each tissue enabled us to calculate the 
actual am ounts of glucose phosphorylated 
by the homogenate fractions of the various 
tissues studied. These am ounts were ob
tained (table 7) by correcting the values 
for TPNH generation (table 4 ) by m eans 
of the correction factors determ ined for 
each tissue homogenate (table 6 ).

TA BLE 7

Actual am ount of glucose phosphorylated  
by various rat t issues 1

N u tr i t io n a l  s ta te  o f r a t

T issu e Fed
h ig h

c a rb o h y d ra te
d ie t

F ed
h ig h

p ro te in
d ie t

L iv e r 3 8 .2 3 .8

B r a in 8 0 .0 8 1 .1

M u s c le 12 .4 1 2 . 6

K id n e y 2 3 .2 2 0 . 1

S m a l l  i n t e s t i n e 2 2 .5 1 6 .4

H e a r t 2 3 .0 2 0 .5

A d ip o s e 3 3 .8 2 4 .5

i T h e  specific  a c tiv itie s  o f  g lu c o k in a se  w e re  c a lc u 
la te d  by  d iv id in g  th e  v a lu e s  fo r  th e  a m o u n ts  o f T P N H  
fo rm ed  in  th e  g lu c o k in a se  a ssa y  sy stem  fo r  th e  v a r i
ous  r a t  tis s u e  h o m o g e n a te  f r a c tio n s  (se e  ta b le  4 )  by 
th e  c o rre c tio n  fa c to rs  re c o rd e d  in  ta b le  6 . T h e  v a lu e s  
a re  p re s e n te d  as m illim ic ro m o le s  o f g lucose  p h o s
p h o ry la te d  p e r  m ill ig ra m  p ro te in  p e r  m in u te .



2 8 4 S. A BR A H A M , B. BORREBAEK AND I . L . C H A IK O FF

Mannokinase activity of liver, 
brain and lactating 

m am m ary gland
In liver, m annokinase activity was high

est in the particle-free supernatant frac
tion. This observation resembles that with 
hepatic glucokinase. On the other han d — 
as was also true for brain glucokinase— a 
large portion of the brain m annokinase 
activity was associated with the m itochon
dria (table 8).

As for glucokinase, hepatic m annokinase 
activity responded to the previous nu tri
tional state of the rat, but that of brain 
m annokinase did not. The specific activ
ities for hepatic m annokinase observed in 
ra ts fed a diet containing 65% glucose 
were about 7 times higher than  those in

rats fed a diet low in available glucose and 
containing 78% protein. This difference 
in  the specific activities of hepatic m an
nokinase closely resembles that observed 
for hepatic glucokinase. Glucokinase and 
m annokinase activities of the particle-free, 
supernatant fraction obtained from lacta t
ing ra t m am m ary gland homogenates were 
also compared. This study revealed that, 
whereas the specific activity of glucokin
ase was 16.3, that for m annokinase was
4.2. W hen total activity toward each of 
these substrates was compared, glucokin
ase activity was 1.04 and m annokinase 
activity, 0.19. Thus, the ratio of glucoki
nase to m annokinase in  this tissue was 
about 5, a value corresponding well with 
values noted for liver and brain.

TA BLE 8

Mannokinase activit ies in  liver and brain homogenate fractions

Tissue Dietary treatment
Centrifugation Mannokinase activity 1

Speed Time Specific Total Km

Liver high carbohydrate
x g

100,000
m in
45 13.3 ±  0.67 2 1.24 ±  0.07

m  m a n n o se
8 X IO"3

Liver high protein 100,000 45 1.9 ± 0 .3 0.21 ± 0 .0 4
Brain high carbohydrate 350 5 28.0 ±  1.7 1.54 ±  0.09 6 X IO“5
Brain high carbohydrate 100,000 45 19.8 ± 1 .3 0.84 ± 0 .0 6 6 X 1 0 -5

1 M a n n o k in a s e  a c tiv ity  w as m e a su re d  as d e sc rib ed  in  te x t a n d  is  ex p re sse d  as m illim ic ro m o le s  T P N H  
fo rm ed  p e r  m ill ig ra m  p ro te in  p e r  m in u te  (sp ec ific  a c t iv i ty ) ,  a n d  m ic ro m o les  T P N H  fo rm ed  p e r  g ra m  w et 
w e ig h t tis su e  p e r  m in u te  ( to ta l  a c t iv ity ) .

2 v a *ues a re  m e a n s  ±  sd o f re s u lts  o f 3 se p a ra te  e x p e r im e n ts  w ith  s u p e r n a ta n t  f r a c tio n s  o b ta in e d  by 
c e n t r ifu g a l tre a tm e n ts  g iv en  above.

TA BLE 9

Inhibition of glucokinase activ ity  by mannose

Exp. Tissue
Substrate added

TPNH
Calculated

if
glucokinase

and
mannokinase

activities
were

additive (B)

A/B
Glucose Mannose Observed

(A)

/im o les fim o les m a m ó le s  fo r m e d /m in /m g  p ro te in
i 1 Liver 100 0 55

Liver 0 100 2 3
Liver 100 100 25 57 0.44

2 2 Brain 100 0 63
Brain 0 100 19
Brain 100 100 47 82 0.57

1 E x p e r im e n t 1 w as p e rfo rm e d  w ith  th e  100,000 x g s u p e r n a ta n t  f r a c tio n  o b ta in e d  fro m  h o m o g en a tes  
p re p a re d  fro m  th e  l iv e r  o f a  r a t  fe d  a  h ig h  c a rb o h y d ra te  d ie t. T h e  co n d itio n s  fo r  th e  m e a su re m e n ts  
of e n zy m a tic  a c tiv ity  a re  g iven  in  th e  te x t, u n d e r  g lu c o k in a se  a ssay , ex cep t as  n o te d  above. T h e  
m e a su re m e n ts  w ere  m a d e  fo r  1 0  m in u te s  im m e d ia te ly  a f te r  a d d itio n  o f s u b s tra te .

2 E x p e r im e n t 2 w as  p e rfo rm e d  w ith  th e  100,000 x g s u p e r n a ta n t  f r a c t io n  o b ta in e d  fro m  b ra in  
h o m o g en a tes  p re p a re d  fro m  a r a t  fe d  a  h ig h  c a rb o h y d ra te  d ie t. T h e  c o n d itio n s  fo r  th e  m e a su re m e n t 
o f e n zy m a tic  a c tiv ity  a re  g iv en  in  th e  te x t, u n d e r  m a n n o k in a se  a ssay , e x ce p t as  n o te d  above. T h e

w ere  ta k e n  a f te r  a  2 0 -m in u te  la g  p e rio d  a n d  w e re  fo llo w ed  fo r  1 0  a d d it io n a l m in u te s .
1 m s  v a lu e  c a n n o t be c o m p a re d  w ith  th e  v a lu e s  fo r  h e p a t ic  m a n n o k in a se  a c tiv ity  as  th e  a ssay  

sy stem  d id  n o t c o n ta in  a  la rg e  ex cess  o f  th e  p h o sp h o h ex o se  iso m erases.
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The apparent Km values for hepatic man- 
nokinase (table 8) and hepatic glucokinase 
(table 4 ) were of the same order, namely, 
7-9  X 1CT3 M ; those for brain mannoki- 
nase (table 7 ) and glucokinase (table 4 ) 
were both about 4-6  X 10“5 M.

Hepatic glucokinase was inhibited by 
m annose (table 9) to about 50% at 
equimolar concentrations of the 2 hexoses. 
In brain homogenate fractions, a similar 
observation was made.

DISCUSSION

In  1953 Crane and Sols (16 ) studied the 
cellular location of hepatic glucokinase by 
using a glucose disappearance method for 
assay of the enzyme, and observed that as 
m uch as 35% of the total glucokinase was 
particle-bound. Subsequently, Lange and 
Kohn (2 2 ) , using a m icrotitrim etric proce
dure (2 3 ) , reported that 22% of the total 
glucokinase in  liver was associated with 
the particles. According to Thielm ann and 
Blume (2 4 ) , 70 to 90% of the hexokinase 
activity of norm al ra t liver is localized in 
the particle-free supernatant fraction. 
DiPietro and W einhouse (1) observed, how
ever, that soluble glucokinase of liver can 
account adequately for the total phosphory
lation of glucose by liver slices. The re
sults of the present study are in  accord 
with their observation (1 ) , for we found 
all of the hepatic glucokinase activity in 
the cytoplasmic fraction of the cell.

In contrast with this situation in  liver, 
a large portion of brain glucokinase is par
ticle-bound, a result that confirms the ob
servations of Crane and Sols (16 ,25). In 
the present study, in  which a spectropho- 
tometric assay method was used, 2 types of 
experim ents revealed that 40 to 55% of the 
glucokinase activity in brain was particle- 
bound. In the first, a brain homogenate 
fraction composed of m itochondria plus 
microsomes plus cytoplasmic fluid had 
about 40% more activity than  a brain 
fraction composed of microsomes plus cy
toplasmic fluid. This suggests that m ito
chondria contained 40% of the total brain 
glucokinase. In the second experiment, 
isolated, washed m itochondria accounted 
for about 55% of the brain glucokinase 
activity. Crane and Sols (16, 25), in their 
study of the cellular location of brain glu
cokinase, observed that about 70 to 90%

of the total activity was in the m itochon
drial fraction. It is unlikely that the ho
mogenization procedure used in  this study 
solubilized appreciable am ounts of brain 
glucokinase; even our attem pts to solubilize 
the enzyme by a freeze-thawing technique 
and desoxycholate treatm ent of the m ito
chondria resulted in little release of the 
enzyme.

In homogenates of spleen, skeletal m us
cle and adipose tissue, almost all of the 
glucokinase activity was observed in  the 
particle-free supernatant fraction. Similar 
results were reported by Jervell et al. (26) 
for ra t diaphragm  and by W alaas and 
W alaas23 for rat skeletal muscle. (To our 
knowledge, no study of the cellular loca
tion of glucokinase in adipose tissue or 
spleen has appeared.) The reports of 
Crane and Sols (1 6 ) that 73% of the glu
cokinase in  intestinal m ucosa can be sedi
m ented at 18,000 X g  for 60 m inutes, and 
of Lange and Kohn (2 2 ) that almost 90% 
of this enzyme in ra t intestine is present 
in  the pellet obtained after centrifugation 
at 20,000 X g  for 30 m inutes, have not 
been confirmed in  the present study.

The increase in total hepatic glucokinase 
activity observed when the particles sedi
m ented at 10,000 X g  are removed from 
the liver homogenates is worthy of com
ment. This particulate fraction contains 
m itochondria, and its ability to utilize 
TPNH is well known. The possibility that 
these particles reduce the am ount of m eas
ured TPNH generated in  the glucokinase 
assay system, thereby lowering the appar
ent glucokinase activity, m ust be con
sidered. We tested this possibility experi
mentally, using the 350 X g  supernatant 
fraction obtained from liver homogenates 
as the enzyme source in  the glucokinase 
assay system with only 0.2 nmole of glu
cose as substrate. Optical density in 
creased slowly for about 30 m inutes, by 
which time the reaction produced 0.4 
nmole of TPNH. When this reaction m ix
ture was followed for at least 30 m inutes 
more, no decline in  the level of TPNH oc
curred. The same result was observed 
when 0.4 nmole of TPNH was added as 
substrate instead of glucose. These re
sults show that no oxidation of TPNH oc
curred in our assay system. Similar results

23 P r iv a te  co m m u n ic a tio n .
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were obtained with the 350 X g superna
tan t fraction of brain homogenates. It is 
not unexpected that no TPNH oxidation by 
liver or brain cytoplasmic particles occurs 
in this system, as adequate substrates for 
such an oxidation are not present.

Curiously enough, removal of the par
ticle fraction obtained with 100,000 X g 
failed to affect total hepatic glucokinase 
activity. This fraction contains micro- 
somes and, according to de Duve et al. 
(2 1 ), all of the glucose-6-phosphatase is 
located here. This hydrolytic enzyme de- 
phosphorylates glucose-6-phosphate, and 
thus the presence of microsomes would be 
expected to decrease the apparent total 
glucokinase activity. That no such de
crease was observed in  the present study 
m ight be explained by the observations of 
Beaufay et al. (2 7 ) who showed tha t (a )  
the optimal pH for glucose-6-phosphatase 
is 6.0; (b ) the enzyme is inhibited by glu
cose; and (c) the enzyme needs a certain 
concentration of its substrate, glucose-6- 
phosphate, to be active. Considering their 
results the conditions in our experiments 
were unfavorable for the activity of this 
enzyme for the following reasons: (a )  our 
glucokinase system contained a high glu
cose concentration; (b ) glucose-6-phos- 
phate was rapidly removed by the large 
excess of added dehydrogenase; and (c ) 
the pH of the medium was 8.0. Thus, our 
results dem onstrate that it is necessary to 
clear the liver homogenate of the heavy 
particles to obtain m axim al glucokinase 
activity. However, the presence of micro
somes, which contain glucose-6-phospha- 
tase, does not interfere with the assay.

The nutritional state of the ra t is of 
extreme im portance in  the study of activ
ities of certain enzymes, particularly those 
of liver. Many workers (1 -3 , 20, 28-33) 
have emphasized that the levels of activity 
of m any enzymes concerned with carbo
hydrate metabolism respond to dietary 
treatm ent. In a comparison of glucokinase 
activity of various ra t tissues, Long (4 ) 
concluded that the activity of this enzyme 
was lowest in  liver. Unfortunately, he com
pared the activity of this enzyme in fasted 
ra ts with those of other tissues in fed  rats. 
Our results dem onstrate that the n u tri
tional state of the ra t has a m arked effect 
on hepatic glucokinase. Although the feed

ing of diets low in available carbohydrate 
decreased liver glucose phosphorylating ac
tivity, this activity in  other tissue was un 
affected. W hen glucose phosphorylation in  
various tissues of the ra t fed the high glu
cose diet was compared, the liver had an 
activity almost as high as that of brain, but 
m uch higher than  that in  kidney, small 
intestine, spleen, heart, skeletal muscle and 
adipose tissue.

The affinity of glucokinase for glucose 
can be expressed in  term s of Km values. 
Both DiPietro et al. ( 1 8 )  and Vihuela et al. 
( 2 0 )  reported values of 1 X 1 0  “2 m  glu
cose for the Km when they used the spectro- 
photometric assay for hepatic glucokinase 
with crude enzyme preparations. W alker
(1 9 ), who used the same assay method, 
observed that the value for this constant 
was 3 -4  X 1 0 -3 m  glucose. However, 
Lange and Kohn ( 2 2 )  reported a value of 
4  X 1 0 ~ 5 m  glucose for the hepatic enzyme, 
which was assayed by a m icrotitrimetric 
procedure. Our value with the crude par
ticle-free supernatant fraction of liver 
(7 -9  X 1 0 ~ 3 m  glucose) agrees well with 
the higher figures reported.

In a recent report, Vihuela et al. (20 ) 
suggested that the liver of the well-fed ra t 
contains 2 enzymes capable of phosphor
ylating glucose. On the basis of inhibition 
experim ents and am m onium  sulfate frac
tions, they postulated the existence of one 
kinase with a high Km ( I X  10-2 m  glu
cose), which is adaptable to diet or hor
monal environm ent, and another with a 
low K,„ (1 X 10“5 m  glucose), which is not 
adaptable. The results presented in this 
report confirm the observations of these 
workers (2 0 ). Thus the adaptable gluco
kinase of liver, as compared with the non- 
adaptable glucokinases of other tissues, 
has a remarkably low affinity for glucose.

This low affinity, combined with the pro
nounced response to dietary carbohydrate, 
makes the glucokinase step an excellent 
regulatory and rate-limiting m echanism  for 
glucose metabolism in the liver. The liver 
cell, according to Cahill et al. (3 4 ), is 
freely permeable to glucose, so that trans
port of glucose from extracellular to in 
tracellular com partm ents cannot be rate 
limiting. This is in contrast with other 
cells such as those of skeletal muscle, 
heart, brain, and adipose tissue, in  which
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the transport process is presumed to be 
rate-limiting, and glucose reaching the in 
tracellular com partm ent is rapidly phos- 
phorylated by a non-adaptable glucokinase 
with a high affinity for this substrate.

Sols and Crane (3 5 ) reported that brain 
glucokinase also catalyzes phosphorylation 
of m annose and other hexoses. (The ratio 
of relative m axim al rates of glucose and 
m annose for the brain kinase observed by 
these workers was two to one.) We have 
confirmed this observation. Our observa
tions indicate that glucose and m annose 
are phosphorylated in liver by the same 
enzymes (adaptable and non-adaptable), 
as previously reported by Viñuela et al.
(2 0 ) , and that the affinities for the 2 sub
strates are approximately the same. The 
rates of dissociation of the enzyme-sub
strate complex into the enzyme and prod
ucts, however, m ust differ, because differ
ences in the m axim al activities with glu
cose and m annose were observed. In the 
case of liver, the ratio of relative m axim al 
rates of glucose and m annose phosphoryla
tion was about three to one.

LITERATURE CITED
1. DiPietro, D. L., and S. W einhouse 1960 

Hepatic glucokinase in  the fed, fasted, and 
alloxan-diabetic rat. J. Biol. Chem., 235: 
2542.

2. Vaughan, D. A., J. P. H annon and L. N. 
Vaughan 1960 Effect of diet on selected  
glycolytic enzym es of the rat. Am. J. Physiol., 
199: 1041.

3. Blum enthal, M. D., S. Abraham and I. L. 
ChaikofE 1964 Dietary control of liver glu
cokinase activity in  the norm al rat. Arch. 
Biochem. Biophys., 104: 215.

4. Long, C. 1952 Studies involving enzym ic  
phosphorylation. I. The hexokinase activity  
of rat tissues. Biochem . J., 50: 407.

5. Hawk, P. B., B. L. Oser and W. H. Summer- 
son 1947 Practical Physiological Chem is
try, ed. 12. Blakiston, Philadelphia, p. 1273.

6. M cllw ain, H., and H. L. Buddie 1953 
Techniques in  tissue m etabolism . I. A m e
chanical chopper. Biochem . J., 53: 412.

7. Horecker, B. L., and A. Kornberg 1948 The 
extinction coefficients of the reduced band of 
pyridine nucleotides. J. Biol. Chem., 175: 
385.

8. Slein, M. W. 1955 In Methods in Enzymol- 
ogy, eds., S. P. Colowick, and N. O. Kaplan, 
vol. 1. Academ ic Press, Inc., N ew  York, p. 
299.

9. Taylor, J. F. 1953 In The Proteins, eds., 
H. Neurath and K. Bailey. Academ ic Press, 
Inc., New York, p. 1.

10. Abraham, S., W. M. Fitch and I. L. Chaikoff
1961 M annose m etabolism  and the dem on
stration of m annokinase and phosphom an- 
noisom erase activities in  the lactating rat 
m am m ary gland. Arch. Biochem . Biophys., 
93: 278.

11. Sacktor, B., and L. Packer 1962 Reactions 
of the respiratory chain in  brain m itochon
drial preparations. J. Neurochem ., 9: 371.

12. Gornall, A. G., C. J. Bardawill and M. M. 
David 1949 Determ ination of serum  pro
teins by m eans of the biuret reaction. J. Biol. 
Chem ., 177: 751.

13. H assid, W. Z., and S. Abraham 1957 In 
Methods in  Enzym ology, eds. S. P. Colowick, 
and N. O. Kaplan, vol. 3. Academ ic Press, 
Inc., N ew  York, p. 34.

14. Slein, M. W. 1957 In Methods in  Enzym ol
ogy, eds. S. P. Colowick and N. O. Kaplan, 
vol. 3. Academic Press, Inc., N ew  York, p. 
154.

15. Kornberg, A., and B. L. Horecker 1955 In 
Methods in  Enzym ology, eds., S. P. Colowick, 
and N. O. Kaplan, vol. 1. Academ ic Press, 
Inc., N ew  York, p. 323.

16. Crane, R. K., and A. Sols 1953 The associ
ation of hexokinase w ith particulate fractions 
of brain and other tissue hom ogenates. J. 
Biol. Chem., 203: 273.

17. Lineweaver, H., and D. Burk 1934 The 
determ ination of enzym e dissociation con
stants. J. Am. Chem. Soc., 56; 658.

18. DiPietro, D. L., C. Sharma and S. W einhouse
1962 Studies on glucose phosphorylation in 
rat liver. Biochem istry, 1: 455.

19. W alker, D. G. 1962 The developm ent of 
hepatic hexokinases after birth. Biochem . J., 
84; 118P.

20. V ihuela, E., M. Salas and A. Sols 1963 
Glucokinase and hexokinase in  liver in  rela
tion to glycogen synthesis. J. Biol. Chem., 
238: PC1175.

21. de Duve, C., B. C. Pressm an, R. Gianetto, R. 
W attiaux and E. Appelmans 1955 Tissue 
fractionation studies. 6. Intracellular dis
tribution patterns of enzym es in  rat-liver 
tissue. Biochem. J., 60: 604.

22. Lange, C. F., Jr., and P. Kohn 1961 Sub
strate specificity of hexokinase. J. Biol. 
Chem., 236: 1.

23. Schwartz, M., and T. C. Myers 1958 Sim
ple m icrotitrim etric constant-pH m ethod for 
accurate enzym e assays. Anal. Chem., 30: 
1150.

24. Thielm ann, K., and E. Blum e 1962 Intra
zelluläre Verteilung von H exokinase und ATP 
in der Leber A lloxandiabetischcr Mäuse. 
Ztschr. Physiol. Chem., 328: 164.

25. Sols, A., and R. K. Crane 1955 In Methods 
in  Enzym ology, eds., S. P. Colowick and N. 
O. Kaplan, vol. 1. Academic Press, Inc., N ew  
York, p. 277.

26. Jervell, K. F., E. W alaas and O. W alaas 
1956 The inhibition of hexokinase reaction 
in the rat diaphragm by 2, 4-dinitrophenol. 
Acta Physiol. Scand., 35: 321.

27. Beaufay, H., H. G. Hers, J. Berthet and C. de 
Duve 1954 Le systèm e hexose-phosphatasi-



2 8 8 S. A BR A H A M , B. BORREBAEK AND I. L. C H A IK O FF

que. V. Influence de divers agents sur l ’ac
tivité et la stabilité de la  glucose-6-phospha- 
tase. Bull. Soc. Chim. Biol., 36: 1539.

28. Tepperman, J., and H. M. Tepperman 1957 
Effects of antecedent food intake pattern on 
hepatic lipogenesis. Am. J. Physiol., 193: 55.

29. Fitch, W. M., and I. L. Chaikoff 1960 Ex
tent and pattern of adaptation of enzym e ac
tivities in  livers o f norm al rats fed diets high  
in  glucose and fructose. J. Biol. Chem., 235: 
554.

30. Fitch, W. M., R. H ill and I. L. Chaikoff 
1959 The effect o f fructose feeding on gly
colytic enzym e activities of the normal rat 
liver. J. Biol. Chem., 234: 1048.

31. Freedland, R. A., and A. E. Harper 1959 
Metabolic adaptations in  higher anim als. V. 
The study of m etabolic pathways by m eans of 
m etabolic adaptations. J. Biol. Chem., 234: 
1350.

32. Weber, G., G. Banerjee and S. B. Bronstein  
1961 Selective induction and prevention of 
enzym e synthesis in  m am m alian liver. Bio- 
chem . Biophys. Res. Comm., 4: 332.

33. W illmer, J. S., and T. S. Foster 1962 En
zym atic and m etabolic adaptations. I. 
Changes in  intact rats subjected to dietary 
m odifications. Canad. J. Biochem . Physiol., 
40: 953.

34. Cahill, G. F., Jr., J. Ashmore, A. S. Earle and 
S. Zottu 1958 Glucose penetration into 
liver. Am. J. Physiol., 192: 491.

35. Sols, A., and R. K. Crane 1954 Substrate 
specificity of brain hexokinase. J. Biol. 
Chem., 210: 581.

36. Abraham, S., P. F. Hirsch and I. L. Chaikoff 
1954 The quantitative significance of gly
colysis and non-glycolysis in  glucose utiliza
tion by rat m am m ary gland. J. Biol. Chem., 
2 11: 31.


	THE JOURNAL OF NUTRITION 1964 VOL.83 NO.3
	Nutrition of Scdmonoid FishesXII. ISOLEUCINE, LEUCINE, VALINE AND PHENYLALANINE REQUIREMENTS OF CHINOOK SALMON AND INTERRELATIONSBETWEEN ISOLEUCINE AND LEUCINE FOR GROWTH 1,2
	Effect of Protein Intake on the Ribonucleic Acid of Liver Cell Sap *
	Biochemical Changes in Progressive Muscular DystrophyII. PHOSPHORUS METABOLISM IN NORMAL, NUTRITIONAL AND HEREDITARY DYSTROPHIC MUSCLES, LIVERS AND BRAINS OF ANIMALS *
	Phenylalanine Requirements with Different Levels of Tyrosine 1,2
	All-vegetable Protein Mixtures for Human FeedingXV. STUDIES IN DOGS ON THE ABSORPTION OF GOSSYPOL FROM COTTONSEED FLOUR-CONTAINING VEGETABLE PROTEIN MIXTURES 1,2
	Influence of Dried-grass Silage and Silage Fractions on the Basal Metabolic Rate of Rats *
	Mineral Utilization in the RatIII. EFFECTS OF CALCIUM, PHOSPHORUS, LACTOSE AND SOURCE OF PROTEIN IN ZINC-DEFICIENT AND IN ZINC-ADEQUATE DIETS
	Metabolism of 4,7,10,13,16-Docosapentaenoic Acid in the Essential Fatty Acid-deficient Rat*
	Chromium, Lead, Cadmium, Nickel and Titanium in Mice: Effect on Mortality, Tumors and Tissue Levels *
	Effects of Feeding Frequency on Metabolism, Rate and Efficiency of Gain and on Carcass Quality of Pigs *
	A Pepsin Pancreatin Digest Index of Protein Quality Evaluation *
	A Study of the Hypocholesterolemic Activity of the Ethyl Esters of the Polyunsaturated Fatty Acids of Cod Liver Oil in the Rat
	Availability of Amino Acids to MicroorganismsIV. COMPARISON OF HYDROLYSATES OF LACTALBUMIN, OATMEAL AND PEANUT BUTTER WITH SIMULATED AMINO ACID MIXTURES BY GROWTH RESPONSE OF MICROORGANISMS
	Effect of Dietary Carbohydrate on Glucokinase and Mannokinase Activities of Various Rat Tissues

