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ABSTRACT T h e  e f f e c t  o f  f e e d in g  h i g h  d i e t a r y  le v e ls  o f  v i t a m i n  A p a l m i t a t e  o n  th e  
u t i l i z a t i o n  o f  c a r o t e n o id s ,  n i t r o g e n  r e t e n t i o n  a n d  e n e r g y  u t i l i z a t i o n  b y  th e  c h ic k  w a s  
s tu d ie d .  F iv e -w e e k -o ld  c h ic k s  w e r e  f e d  d ie ts  s u p p le m e n te d  w i th  4 ,4 0 0 , 2 6 ,4 0 0 , 1 5 8 ,4 0 0 , 
a n d  4 7 5 ,2 0 0  IU  o f  v i t a m i n  A / k g  o f  d ie t  f o r  a  3 -w e e k  e x p e r im e n ta l  p e r io d .  Y e llo w  c o r n  
w a s  th e  d i e t a r y  s o u r c e  o f  c a r o te n o id s .  A  c o n s i s t e n t  d e c r e a s e  i n  th e  c a r o te n o id  c o n te n t  
o f  s e r u m ,  l iv e r  a n d  s k in  w a s  o b ta in e d  w i t h  th e  i n c r e a s e  i n  v i t a m i n  A  le v e l  o f  th e  d ie t .  
S ig n i f i c a n t  ( P < 0 . 0 1 )  n e g a t iv e  c o r r e la t i o n  c o e f f ic ie n ts  w e r e  c a l c u l a t e d  w h e n  v a lu e s  
o f  s e r u m ,  l iv e r ,  a n d  s k in  c a r o te n o id s  w e r e  p lo t t e d  a g a i n s t  l o g a r i th m  o f  d i e t a r y  v i t a m i n  
A le v e l .  A  c o n s i s t e n t  d e c r e a s e  i n  th e  a b s o r p t io n  o f  c a r o te n o id s  w a s  f o u n d  w h e n  th e  
o u t p u t  o f  c a r o te n o id s  i n  th e  e x c r e t a  w a s  m e a s u r e d .  A b s o rp t io n  o f  c a r o te n o id s  w a s  
d e t e r m in e d  b y  th e  c o n v e n t io n a l  t o t a l  c o l le c t io n  m e th o d  a n d  b y  t h e  c h r o m ic  o x id e  i n d i ­
c a to r  t e c h n iq u e .  T h e  r e s u l t s  o b t a in e d  b y  th e  2  m e th o d s  w e r e  e s s e n t ia f f y  s im i la r .  B o th  
N  r e t e n t i o n  a n d  m e ta b o l iz a b le  e n e r g y  o f  th e  d ie ts  w e r e  d e p r e s s e d  w i th  e x c e s s  v i t a m i n  
A  s u p p le m e n ta t i o n .  A n  a d v e r s e  e f f e c t  o f  e x c e s s  b o d y  s to r a g e  o f  v i t a m i n  A  o n  th e  
u t i l i z a t i o n  o f  c a r o te n o id s  w a s  a ls o  n o te d .

High dietary levels of vitamin A have 
been reported to depress the utilization of 
carotene and other carotenoid pigments.
Deuel et al. (1 , 2 ) noted a marked de­
crease in the carotene content of milk 
following the administration of large doses 
of vitamin A to cows. In a later study,
Mattson and Deuel (3 )  observed a similar 
decrease in blood and liver carotenoids of 
chicks in the presence of an excessive 
vitamin A intake. More recently, Dua and 
Day (4 )  demonstrated the adverse effect 
of high levels of vitamin A on skin and 
serum carotenoids of chicks. The mecha­
nism of the manner in which vitamin A 
depresses the utilization of these pigments 
has not been explained. Deuel et al. (2 )  
postulated that vitamin A increases the 
destruction of carotene in the tissues 
through the development of a new enzyme 
system.

An excessive intake of vitamin A has 
also been shown to affect the utilization of 
other nutrients. The administration of
10,000 IU of vitamin A /g  of body weight 
to rachitic rats resulted in a negative nitro­
gen balance.4 Similarly, Nerurkar and 
Sahasrabudhe (5 )  reported a decrease in 
N retention in young rats fed 40,000 IU 
of vitamin A/day.
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The investigations reported herein were 
undertaken to study further the effect of 
high dietary levels of vitamin A on the 
utilization of carotenoids together with its 
effect on N retention and energy utiliza­
tion by the chick.

E X P E R IM E N T A L

Two experiments were conducted using 
5-week-old male Vantress X  Arbor Acre 
chicks. The chicks had previously been 
fed a carotenoid-free diet (a  white corn- 
soybean meal starting diet). The chicks 
were housed as groups in rearing batteries 
with raised wire-screen floors, with the 
room temperature held at approximately 
25°. Feed and water were supplied ad 
libitum. Individual body weights were ob­
tained at the beginning and end of the 
test periods. Feed consumption records 
were obtained by groups.

Received for publication April 25, 1966.
1 Mississippi Agricultural Experiment Station Jour­

nal Article no. 1413.2 Presented in part before the meeting o f the Poultry 
Science Association, August 1965 (Poultry Sci., 44: 
1365, 1965, abstract).3 Present address: University o f South Florida,
Tampa, Florida.4 Maddock, C. L., and S. B. W olbach 1950 Nitro­
gen, phosphorus and calcium  metabolism in the 
rachitic rat given excessive doses o f vitamin A. 
Federation Proc., 9: 337 (abstract).
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In experiment 1. the basal diet consisted 
of the following: (in per cent) yellow
corn, 61.16; soybean meal (5 0 %  protein), 
27.80; poultry by-products meal (5 5 %  
protein), 2 .50; dried whey (18%  protein), 
2.50; vegetable oil,5 3.00; defluorinated 
rock phosphate (1 4 %  P, 34%  Ca), 1.50; 
limestone, 0.50; sodium chloride, 0.35; 
chromic oxide, 0 .35; and the following 
supplements/kg of diet: vitamin D3, 1200 
ICU; a-tocopheryl acetate, 13.2 IU; vita­
min B12, 9.9 ug; and (in m g/k g) ribo­
flavin, 4.4; Ca pantothenate, 8.8; niacin, 
35.2; manganese sulfate, 141; and cho­
line chloride, 325. This diet was supple­
mented with 4 levels of stabilized vitamin 
A palmitate:6 (IU /k g ) 4,400, 26,400, 
158,400, and 475,200. Each dietary treat­
ment was fed to duplicate groups of birds 
(10/group) for a 3-week experimental 
period. Yellow corn was used as the die­
tary source of carotenoids. All diets, by 
analysis, contained approximately 21 mg 
of total carotenoids/kg of diet.

During the last week of the experiment 
the feces which fell onto pans covered 
with waxed paper were collected for 3 con­
secutive days. A record of feed intake dur­
ing the collection period was also main­
tained. Each day’s fecal collection was 
stored in a refrigerator. Fecal collections 
for 3 days were composited, sampled for 
moisture immediately and portions were 
frozen for future analysis.

At the termination of the test period 
the birds were bled by cardiac puncture, 
killed by disjunction of the neck and the 
livers and feet were removed. Within each 
dietary group, serum, liver and toe-web 
skin samples from each of 5 birds were 
pooled for determination of carotenoids.

A second experiment was conducted to 
determine the effect of previous storage 
of vitamin A in the body on subsequent 
utilization of carotenoids. Duplicate groups 
of chicks (12/group) were fed a caro- 
tenoid-free basal diet from 5 to 8 weeks of 
age, supplemented with the same dietary 
levels of vitamin A as used in the first ex­
periment. The basal diet was similar to 
the one used in the first experiment except 
that white corn replaced yellow corn and 
chromic oxide was omitted. At 8 weeks of 
age the chicks were weighed, 2 chicks/lot 
were killed for estimating liver storage of

vitamin A and the remaining chicks were 
fed the basal diet containing yellow corn 
with a normal level of vitamin A (2,640  
IU /k g ). At 10 weeks of age carotenoids in 
serum, liver and skin were determined.

The analytical procedure of determining 
carotenoids of feed samples was essen­
tially that of Blessin (6 )  with the excep­
tion that a Goldfish fat extraction appa­
ratus rather than Butt extraction tubes was 
used to extract the pigments. Feces and 
liver samples were saponified with alco­
holic KOH and carotenoids were then ex­
tracted with hexane. The optical density 
of the extract was measured at 445 mu 
against a hexane blank in a Beckman DU 
spectrophotometer. For the determination 
of skin carotenoids, samples were obtained 
by removing discs of skin from the toe- 
web area by means of a sharp cork borer 
(7-m m  diameter). The skin discs from 5 
birds were pooled in Erlenmeyer flasks 
(50-ml glass stoppered) containing 10 ml 
of acetone. The discs were kept in the ace­
tone solution for 48 hours in the dark, with 
frequent shaking. The solutions were fil­
tered and the volume was adjusted to 10 
ml prior to measuring the optical density 
of each solution at 445 mu. Serum caro­
tenoids were determined by the method of 
Grau and Klein (7) .  In each case, the con­
centrations of carotenoids were deter­
mined by reference to a standard calibra­
tion curve established for pure (3-carotene 7 
at 445 mu. The carotenoid content of the 
skin was expressed as micrograms/100 
cm2 of toe-web area.

Liver vitamin A was estimated by the 
method of Ames et al. (8 ) .  Energy deter­
minations were made on feed and feces 
samples using a Parr oxygen bomb calo­
rimeter. Dietary and fecal N were deter­
mined by the macro-Kjeldahl method, and 
chromic oxide was determined essentially 
according to the method of Czarnocki et al.
(9 ) .  Metabolizable energy values were 
corrected for N retention (10) .

Statistical examinations of the data 
were made using analysis of variance, and 
treatment differences were separated using

5 Wesson Oil, distributed by Wesson Oil Sales 
Company, Fullerton, California.6 Vitamin A palmitate in gelatin, 30,000 IU /g. 
Additions to feed based on declared potency. From 
Chas. Pfizer & Co., Inc., New York 10017.7 Eastman Organic Chemicals no. 3702.
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TABLE 1
Effect of vitamin A levels on the performance and utilization of carotenoids (exp. 1)

V itam in  A 
level

A vg wt
Feed 1 
gain

Carotenoids 2

In itia l
(5 -w eek )

Final
( 8 -w eek) Serum Liver Toe-w eb

skin

IU/kg 9 9 tig/ml M/g ßg/100 cm2
4 ,4 0 0 711 1449 2 .3 6 6 . 1  a 3 3 . 8 “ 3 118  a 3

2 6 ,4 0 0 718 1 42 4 2 .4 1 5 .5  a 2 . 8  ab 1 08  »
1 5 8 ,4 0 0 721 1463 2 .3 9 2 . 1  » 1 . 2  b 4 8  b
4 7 5 ,2 0 0 730 1434 2 .4 2 1.3  b 1.0 b 4 1  »

1 Feed-to-gain ratio during the experimental period.
2 Each value represents the average o f 4 separate determinations (samples from  5 birds were 

pooled for  each determination).
3 Means within each column having different superscripts are significantly different (P  <  0.01) 

by Duncan’ s multiple range test (1 1 ).

Duncan’s multiple range test ( 11 ). In ex­
periment 1 the data were also evaluated 
by means of regression analysis.

R E S U L T S

Supplemental vitamin A (4 ,400 , 26,400, 
158,400, and 475,200 IU /kg of diet) did 
not significantly affect body weight gain 
or feed utilization in experiment 1 (table 
1). Similarly, no significant effect on body 
weight or feed gain was obtained among 
dietary treatments in the second experi­
ment at any of the feeding periods; con­
sequently, the performance data from the 
second experiment are not presented.

Increasing the vitamin A level of the 
diet resulted in a consistent decrease in 
the carotenoid content of serum, liver and 
skin (table 1). At the two highest levels 
of vitamin A supplementation a significant 
decrease ( P < 0 . 0 1 )  was obtained in the 
serum and skin carotenoids as compared 
with the other 2 groups. Liver carotenoids 
in the groups fed 158,400 and 475,200 IU 
of vitamin A /k g  of diet were significantly 
lower (P <  0.01) than those in the group 
supplemented with 4,400 IU of vitamin A.

Table 2 shows the effect of dietary levels 
of vitamin A on the absorption of caro­
tenoids as measured during the last week 
of the experiment; the absorption repre­
sents the difference between intake and 
output of carotenoids in the excreta and 
is expressed as percentage of intake. The 
absorption values were calculated using 
both the conventional total collection and 
the chromic oxide indicator ratio tech­
nique. The results indicate a consistent 
decrease in the absorption of carotenoids 
as the dietary vitamin A level was in­

creased. With the total collection method, 
the absorption of carotenoids in the group 
fed the highest level of vitamin A was 
significantly depressed (P <  0 .05) as com­
pared with the groups supplemented with 
4,400 and 26,400 IU of vitamin A. With 
the chromic oxide ratio method, the ab-

TABLE 2
Effect of vitamin A levels on the absorption 

of carotenoids (exp. 1 )

V itam in  A 
level

Total 
intake o f 

ca ro ten o id s / 
group 1

A bsorption  o f  carotenoids

Total
co lle ction

m ethod

C hrom ic
oxide
ratio

m eth od

IU/kg mg % %
4 ,4 0 0 3 7 0 6 1 .9  a 2 6 6 .5  “ 2

2 6 ,4 0 0 3 6 0 5 1 .2  ab 5 0 .3  »
1 5 8 ,4 0 0 3 7 3 4 4 .4  bc 4 9 .3  »
4 7 5 ,2 0 0 3 6 0 3 6 .7  b 3 9 .0  <=

SE 3 ± 2 . 6 ± 2 . 1

1 Intake during the experimental period, calculated 
from  the total feed consumed; values are averages of 
duplicate groups.

2 Means within each colum n having different super­
scripts are significantly different (P  <  0.05) by Dun­
can’ s multiple range test (1 1 ).

3 s e  of the general mean.

TABLE 3
Effect of vitamin A levels on nitrogen retention 

and metabolizable energy of the diets (exp. 1)
V itam in  A 

level
N

retention
M etabolizab le

energy

IU/kg % heal/g
4 ,4 0 0 6 4 .3  * 1 3 .3 6 5  A >

2 6 ,4 0 0 5 7 .4  ab 3 .3 1 4  A
1 5 8 ,4 0 0 6 1 .1  ab 3 .3 6 8  A
4 7 5 ,2 0 0 5 0 .2  b 3 .1 3 8  B

SE 2 ± 2 . 7 ± 0 .0 1 5

1 Duncan’s multiple range test (1 1 ) : means within 
each colum n having different small and large super­
scripts are significantly different at P <  0.05 and 
P <  0.01, respectively.2 se of the general mean.
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sorption of carotenoids in the group fed 
the highest level of vitamin A was signifi­
cantly lower (P <  0 .05) as compared with 
all other groups. There was no significant 
difference in the absorption values ob­
tained with the 2 methods.

The intake of carotenoids, calculated 
from the total feed consumed, was essen­
tially similar in all groups (table 2 ) .

The effect of vitamin A on N retention 
and metabolizable energy of the diets is 
shown in table 3. These values were cal­
culated using only the chromic oxide ratio 
technique. N retention and metabolizable 
energy tended to be depressed with the 
increase in dietary vitamin A level. At the 
highest level of vitamin A supplementa­
tion, N retention was significantly lower

F ig . 1 R e la t i o n s h ip  b e tw e e n  l o g a r i th m  o f  v i t a m i n  A  le v e l  a n d  ( A )  s e r u m  c a r o te n o id s ,  ( B )  l iv e r  
c a r o t e n o id s ,  ( C )  s k in  c a r o te n o id s ,  (D ) a b s o r p t io n  o f  c a r o t e n o id s ,  ( E )  N  r e t e n t i o n ,  a n d  ( F )  m e t a b ­
o l iz a b le  e n e r g y  ( e x p .  1 ) .  A s te r i s k s  i n d i c a t e  le v e l  o f  s ig n i f ic a n c e :  * =  P  <  0 .0 5 , a n d  * * = P < 0 . 0 1 .
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T A B L E  4
Effect of previous feeding of vitamin A on subsequent utilization of carotenoids (exp. 2)

D ie ta ry  1 
v ita m in  A  

le v e l
L iv e r

v ita m in  A  2

R e su lts , 10 w eek s

C a ro te n o id s  3

S eru m L iv e r S k in

I U / k g 9 9 / 9 t ig / m l 9 9 / g ß g / 1 0 0  c m 2
4 ,4 0 0 5 4 4 .8  a 4 3 .3  a 4 6 3

2 6 ,4 0 0 212 4 .8  “ 3 .6  a 6 4  a
1 5 8 ,4 0 0 1 ,3 2 3 4 .4  alj 3 .1  »» 5 5  »
4 7 5 ,2 0 0 4 ,2 3 4 3 .3  b 2 .4  b 4 1  c

1 T h e se  le v e ls  w e re  f e d  in  a c a r o te n o id -fr e e  d ie t  to  d u p lic a te  g ro u p s  ( 1 2  c h i c k s /g r o u p )  f r o m  
5 to  8 w e e k s  o f  age.

2 A v e ra g e  o f  4  b ir d s /t r e a t m e n t  a t 8 w e e k s  o f  age .
3 F ro m  8 to  10 w e e k s  a ll  c h ic k s  w e re  f e d  a  y e l lo w  c o r n  b a s a l  c o n t a in in g  2 ,6 4 0  IU  o f  v ita m in  A /k g .  

E a ch  v a lu e  re p re se n ts  th e  a v e ra g e  o f  4  s ep a ra te  d e te r m in a t io n s  (s a m p le s  f r o m  5 b ir d s  w e re  p o o le d  
f o r  e a c h  d e t e r m in a t io n ) .

4 M e a n s  w ith in  e a c h  c o lu m n  h a v in g  d i ffe r e n t  s u p e rs c r ip ts  a re  s ig n if ic a n t ly  d iffe r e n t  (P  <  0.05") 
b y  D u n c a n ’ s m u lt ip le  r a n g e  tes t  ( 1 1 ) .

(P <  0 .05) as compared with the group 
supplemented with 4,400 IU of vitamin A. 
Metabolizable energy of the diet was sig­
nificantly depressed ( P < 0 . 0 1 )  in the 
group fed the highest level of vitamin A 
as compared with all the other groups.

The data from experiment 1 were also 
evaluated by regression analysis tech­
niques and are shown in figure 1. The re­
sults were plotted against the logarithm of 
vitamin A level and their respective pre­
diction equations and correlation coeffi­
cients were calculated. These data demon­
strate negative correlations between die­
tary vitamin A level and the different 
criteria studied.

The results from the second experiment 
are shown in table 4. Liver vitamin A of 
the representative birds removed from 
each treatment at 8 weeks, as expected, 
increased with each increase in the dietary 
vitamin A and was proportional to the 
vitamin A content of the diet. The results 
from carotenoid analyses at 10 weeks show 
that body storage of vitamin A also exerted 
an adverse effect on the utilization of these 
pigments. Carotenoids of serum, liver and 
skin were significantly lower (P <  0 .05) 
in the group which had previously been 
fed the diet supplemented with highest 
vitamin A level and had the highest liver 
storage of vitamin A as compared with the 
groups which were fed 4,400 and 26,400  
IU of vitamin A /k g  of diet.

D IS C U S S IO N

The adverse effect of high dietary levels 
of vitamin A on the utilization of caro­
tenoids is in agreement with previous re­

ports ( 1 - 4 ) .  Our results indicate that 
vitamin A interferes with the absorption 
of carotenoids from the intestinal tract. 
These results are in contrast with those of 
Mattson and Deuel (3 )  who failed to find 
a difference in the absorption of carotene 
and xanthophyll in chicks fed 9,000 IU 
of vitamin A /day from shark-liver oil. In 
the present study, total carotenoids in feed 
and feces were also separated into main 
fractions, carotene and xanthophyll. Xan­
thophyll constitutes the main fraction of 
carotenoids in yellow corn which was 
the only source of dietary carotenoids 
used in this study. With the quantity 
of samples taken for fecal analysis of 
carotenoids, the amount of carotene sepa­
rated was very small and could not be 
estimated accurately; xanthophyll was the 
major fraction separated and when the 
values were calculated separately for the 
absorption of xanthophyll, essentially the 
same relative values as those for the ab­
sorption of total carotenoids were obtained.

Since carotenoids are unstable during 
long storage periods, feed samples were 
analyzed for carotenoids at the start and 
at the end of the experimental period to 
check for any possible destruction of caro­
tenoids. No appreciable loss of carotenoids 
was observed in the feed during the 3-week 
experimental period.

Chromic oxide as an index material has 
been used successfully in carotene absorp­
tion studies (1 2 ) .  In the present study, 
good agreement was obtained between the 
conventional total collection and the 
chromic oxide ratio technique when ap­
plied to the absorption of carotenoids. The
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v a lu e s  d e t e r m i n e d  b y  t h e  c h r o m i c  o x id e  
r a t i o  t e c h n iq u e  w e r e ,  i n  g e n e r a l ,  h i g h e r  
t h a n  t h o s e  d e t e r m i n e d  b y  t h e  t o t a l  c o l l e c ­
t i o n  m e t h o d .

D e c r e a s e d  N  r e t e n t i o n  d u e  t o  h i g h  v i t a ­
m i n  A  s u p p l e m e n t a t i o n  i s  i n  a g r e e m e n t  
w i t h  t h e  r e s u l t s  o f  N e r u r k a r  a n d  S a h a s -  
r a b u d h e  ( 5 )  w i t h  y o u n g  r a t s .  I t  a p p e a r s  
t h a t  t h e  h i g h  d i e t a r y  l e v e l s  o f  v i t a m i n  A  
m a y  p r o d u c e  a  g e n e r a l i z e d  p h e n o m e n o n  
t h a t  a f f e c t s  t h e  o v e r a l l  m e t a b o l i s m  o f  t h e  
b o d y .

T h e  a d v e r s e  e f f e c t  o f  v i t a m i n  A  w a s  
g r e a t e r  o n  c a r o t e n o id s  t h a n  o n  N  r e t e n t i o n  
a n d  m e t a b o l i z a b l e  e n e r g y  ( f i g .  1) .  S in c e  
v i t a m i n  A  a n d  c a r o t e n o i d s  a r e  s t r u c t u r a l l y  
r e la t e d ,  t h i s  w o u l d  i n d i c a t e  a  c o m p e t i t i o n  
b e t w e e n  t h e  t w o  f o r  a b s o r p t i o n  f r o m  t h e  
i n t e s t i n a l  t r a c t .  S u c h  a  c o m p e t i t i v e  r e l a ­
t i o n s h i p  m a y  e x i s t  e v e n  a f t e r  a b s o r p t i o n ,  

a c c o r d i n g  t o  d a t a  o b t a i n e d  i n  t h e  s e c o n d  
e x p e r i m e n t .  R u b i n  a n d  B i r d  ( 13)  a ls o  
n o t e d  a n  i n h i b i t o r y  e f f e c t  o f  p r e v io u s  v i t a ­
m i n  A  f e e d in g  o n  s u b s e q u e n t  u t i l i z a t i o n  o f  
c a r o t e n o id s .

W h e t h e r  h i g h  le v e l s  o f  v i t a m i n  A  e x e r t  
a  d i r e c t  o r  i n d i r e c t  e f f e c t ,  i n v o l v i n g  
s o m e  p h y s i o l o g i c a l  o r  b io c h e m ic a l  m e c h a ­
n i s m ^ ) ,  o n  t h e  u t i l i z a t i o n  o f  c a r o t e n o id s  
a n d  o t h e r  n u t r i e n t s  c a n n o t  b e  e x p l a i n e d  
f r o m  t h e  p r e s e n t  d a t a .  C h a n d a  e t  a l .  ( 14)  
r e p o r t e d  t h a t  t h y r o x i n e  r e d u c e d  a n d  t h i o u -  
r a c i l  i n c r e a s e d  t h e  f e c a l  e x c r e t i o n  o f  c a r o ­
t e n e  i n  c o w s .  A  d e c r e a s e d  m e t a b o l i s m  
r a t e  a n d  t h y r o i d  s iz e  h a s  b e e n  r e p o r t e d  a s  
a  r e s u l t  o f  h i g h  v i t a m i n  A  a d m i n i s t r a t i o n  
i n  r a t s  ( 15) .  I t  i s  p o s s ib le  t h a t  t h e  e f f e c t  
o f  e x c e s s  v i t a m i n  A  i s  m e d i a t e d  t h r o u g h  
t h e  t h y r o i d  g la n d .  S e v e r a l  s u g g e s t io n s  
h a v e  b e e n  m a d e  o f  a  p o s s ib le  r o le  o f  t h i s  
v i t a m i n  o n  m e m b r a n e  p e r m e a b i l i t y .  I n  a  
r e c e n t  r e v i e w  a r t i c l e ,  D i n g l e  a n d  L u c y
( 16)  c o n c l u d e d  t h a t  m a n y  o f  t h e  w i d e ­
s p r e a d  e f f e c t s  o f  e x c e s s  v i t a m i n  A  a p p e a r  
t o  r e s u l t  i n d i r e c t l y  f r o m  i t s  a c t i o n s  o n  t h e  
l i p o p r o t e i n  m e m b r a n e s  o f  t h e  c e l l .
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Effects of Dietary Modifications on Response 
of the Duckling to Aflatoxin 1,2

PAUL M. NEWBERNE, GERALD N. WOGAN a n d  ALLEN HALL III 
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of Technology, Cambridge, Massachusetts

ABSTRACT The purpose of this investigation was to determine the short-term 
effects of dietary modifications on the response of ducklings to aflatoxin, a mold con­
taminant found in certain natural food products. In the presence of aflatoxin, dietary 
supplements of 4.0% of methionine, 1.0% of arginine or 0.8% of lysine, as individual 
additions, depressed weight gain but decreased mortality. The addition to the diet of 
1.0% arginine and 0.8% lysine with, but not without, aflatoxin sharply decreased 
weight gain and increased mortality. The addition of glutathione or cysteine to the 
diet as sources of sulfhydryl groups had no effect on toxicity. Autoclaving aflatoxin- 
contaminated peanut meal decreased toxicity and markedly increased weight gains of 
ducklings over a 9-day period.

D u r i n g  a n  i n v e s t i g a t i o n  o f  f i e l d  o u t ­
b r e a k s  o f  a  t o x i c  d is e a s e  ( 1)  w h i c h  r e ­
s u l t e d  i n  t h e  lo s s  o f  o v e r  100,000 t u r k e y  
p o u l t s  i n  E n g l a n d  i n  1960 a n d  1961, i t  
w a s  o b s e r v e d  t h a t  d u c k l i n g s  w e r e  v e r y  
s e n s i t i v e  t o  t h e  t o x i c  f a c t o r  r e s p o n s ib l e  f o r  
t h e  c o n d i t i o n  l a t e r  d e s ig n a t e d  a s  t u r k e y  
“ X ”  d is e a s e .  S u b s e q u e n t  s t u d ie s  r e v e a le d  
t h a t  t o x i c i t y  w a s  a s s o c ia t e d  w i t h  t h e  p e a ­
n u t  m e a l  i n c l u d e d  i n  t h e  d i e t  o f  t h e  a n i ­

m a ls .  T h e  p e a n u t  m e a l  u s e d  i n  t h e  a n i m a l  
f e e d s  a s s o c ia t e d  w i t h  t h e  o r i g i n a l  o u t b r e a k  
i n  E n g l a n d  w a s  s h ip p e d  t o  E n g la n d  f r o m  
B r a z i l .  D u r i n g  t h e  s a m e  p e r i o d  p e a n u t  
m e a l  g r o w n  i n  A f r i c a  a n d  i n  I n d i a  w a s  
f o u n d  t o  c o n t a i n  a  t o x i n  w h i c h  r e s u l t e d  i n  
t h e  s a m e  c l i n i c a l  s y n d r o m e  a n d  h i s t o p a t h ­
o lo g i c  l e s i o n s  i n  a n i m a l s  a s  h a d  b e e n  o b ­
s e r v e d  i n  E n g la n d .  S h o r t l y  t h e r e a f t e r  i n ­

v e s t i g a t i o n s  r e v e a le d  t h a t  p e a n u t  m e a l  
p r o d u c e d  i n  t h e  U n i t e d  S ta te s  a ls o  c o n ­
t a i n e d  a  t o x i n  ( 2 )  t h a t  i n d u c e d  a  t o x i c o s i s  
i d e n t i c a l  t o  t h a t  o b s e r v e d  i n  E n g la n d ,  
A f r i c a  a n d  I n d i a .  I t  i s  n o w  k n o w n  t h a t  t h e  
t o x i c  f a c t o r  i n v o l v e d  i n  a l l  o f  t h e  a f o r e ­
m e n t i o n e d  o u t b r e a k s  i s  a  c o m p l e x  o f  
m e t a b o l i t e s ,  r e f e r r e d  t o  c o l l e c t i v e l y  a s  
a f l a t o x i n  a n d  e la b o r a t e d  b y  c e r t a i n  s t r a i n s  
o f  t h e  m o ld  A s p e r g i l l u s  f l a v u s  ( 3) .  W h e n  
t h e s e  s t r a i n s  o f  m o l d  g r o w  o n  n a t u r a l  f o o d  
p r o d u c t s  s u c h  a s  p e a n u t s ,  c o t t o n s e e d  m e a l ,  
s o y b e a n  m e a l  a n d  c e r e a l  g r a i n s ,  t h e i r  m e ­
t a b o l i t e s  ( a f l a t o x i n )  c o n t a m in a t e  t h e  p r o d ­
u c t .  T h e r e  a r e  4 m a j o r  f r a c t i o n s  i n  t h e  
c o m p l e x ,  d e s ig n a t e d  B i ,  B 2, G i  a n d  G 2 a c ­

c o r d i n g  t o  t h e i r  c h a r a c t e r i s t i c  f l u o r e s c e n c e  
a n d  R f  v a lu e s  o n  a  t h i n - l a y e r  c h r o m a t o ­
g r a m .  T h e  c h e m i c a l  s t r u c t u r e s  o f  t h e  v a r i ­
o u s  f r a c t i o n s  h a v e  b e e n  i d e n t i f i e d  ( 4 )  a n d  
t h e  c r u d e  c o m p l e x  a s  w e l l  a s  t h e  p r i m a r y  

f r a c t i o n  ( B i )  a r e  n o w  k n o w n  t o  b e  c a r c i n ­

o g e n i c  t o  s e v e r a l  s p e c ie s  o f  a n i m a l s  ( 2, 
5, 6 ) .

T h e  d a y - o ld  d u c k l i n g  p la y e d  a n  i m p o r ­
t a n t  r o l e  i n  t h e  i s o l a t i o n  a n d  c h e m i c a l  
c h a r a c t e r i z a t i o n  o f  t h e  t o x i n  c o m p l e x  b e ­
c a u s e  o f  i t s  s e n s i t i v i t y  a n d  r a p i d  r e s p o n s e ,  
a s  m a n i f e s t e d  b y  l i v e r  p a r e n c h y m a l  c e l l  
d a m a g e  a n d  b i l e  d u c t  p r o l i f e r a t i o n  ( 6 ) .

R i c h a r d s o n  e t  a l .  ( 7 )  o b s e r v e d  t h a t  d ie ­
t a r y  s u p p l e m e n t s  o f  a r g i n i n e  a n d  l y s i n e  
d e c r e a s e d  t h e  t o x i c i t y  o f  m o l d y  f e e d  t o  
p o u l t s .  R e n e w e d  i n t e r e s t  i n  t h e  t o x i c i t y  
o f  m o l d y  f e e d s  a n d  t h e  w id e s p r e a d  u s e  
o f  v e g e t a b le  p r o t e i n s  f o r  b o t h  h u m a n  a n d  
a n i m a l  c o n s u m p t i o n  p r o m p t e d  a  s t u d y  o f  
t h e  e f f e c t s  o f  d i e t a r y  s u p p l e m e n t s  o n  t h e  
r e s p o n s e  o f  t h e  d u c k l i n g  t o  a f l a t o x i n - c o n -  
t a m i n a t e d  f e e d s  a n d  t o  p u r i f i e d  a f l a t o x i n .  
O b s e r v a t i o n s  o f  t h e  e f f e c t s  o f  d i e t a r y  a d d i ­
t i o n s  o f  a m in o  a c id s  o r  s o u r c e s  o f  s u l f ­
h y d r y l  g r o u p s  a n d  o f  a u t o c la v e d  p e a n u t  
m e a l  w e r e  i n c l u d e d  i n  o u r  s t u d ie s .  R e s u l t s  * 1 2

R e ce iv e d  fo r  p u b lic a t io n  M arch. 1 1 , 1966.
1 T h is  w o rk  w a s  su p p o rte d  in  p a rt  b y t r a in in g  g ra n t 

G M -1 1 3 3  fro m  the N a t io n a l In s t itu te s  o f H e a lth  a n d  
b y  c o n tra c t no. P H  43-62-468 fro m  the N a t io n a l 
C a n c e r  In s titu te .

2  T h is  is  c o n tr ib u tio n  no. 8 8 7  fro m  the D e p a rtm e n t 
o f N u t r it io n  a n d  Food S cie n ce , M a s s a c h u se tts  In s t i­
tute o f T e ch n o lo g y , C a m b rid g e , M a ssa ch u se tts.

J. N u t r it io n , 90: ’ 66 123
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o f  th e s e  i n v e s t i g a t i o n s  f o r m  t h e  b a s is  f o r  
t h i s  r e p o r t .

MATERIALS AND METHODS
O n e - d a y - o ld  w h i t e  m a le  P e k in  d u c k l i n g s  

w e r e  u s e d  i n  a l l  e x p e r i m e n t s .  T h e y  w e r e  
p la c e d  i n  a  b a t t e r y  b r o o d e r  24 t o  30 h o u r s  
a f t e r  h a t c h i n g ,  w i t h  f e e d  a n d  w a t e r  s u p ­
p l i e d  a d  l i b i t u m .  P u r i f i e d  a f l a t o x i n ,  i s o ­
l a t e d  b y  m e t h o d s  d e s c r i b e d  p r e v i o u s l y  ( 6 ) ,  
w a s  i n t u b a t e d  d a i l y  i n  0.1 m l  v o lu m e  o f  
p r o p y l e n e  g l y c o l ;  c o n t r o l  d u c k l i n g s  w e r e  
g i v e n  o n l y  a  0.1 m l  d a i l y  r a t i o n  o f  p r o p y ­
l e n e  g l y c o l .  F e e d - g r a d e  p e a n u t  m e a l  w a s  
p u r c h a s e d  o n  t h e  o p e n  m a r k e t  a n d  i t s  a f l a ­
t o x i n  c o n t e n t  w a s  d e t e r m i n e d  b y  c h e m i c a l  
f l u o r e s c e n c e  a n d  b io a s s a y  t e c h n iq u e s  ( 6 ) .  
S o m e  s a m p le s  o f  t h e  p e a n u t  m e a l  w e r e  
e x t r a c t e d  w i t h  h o t  m e t h a n o l  f o r  3 p e r i o d s  
o f  4 h o u r s  e a c h  w i t h  t h e  s o lv e n t  e x ­
c h a n g e d  a f t e r  e a c h  p e r i o d  o f  e x t r a c t i o n ,  
a  p r o c e d u r e  k n o w n  t o  r e m o v e  m o s t  o f  t h e  
c o n t a m i n a t i n g  a f l a t o x i n .  O t h e r  s a m p le s  
o f  t h e  r a w  p e a n u t  m e a l  w e r e  a u t o c la v e d  
u n d e r  s t e a m  p r e s s u r e  a t  121° f o r  30 m i n ­
u t e s  i n  s t a i n l e s s  s t e e l  p a n s  w i t h o u t  a d d i ­
t i o n a l  w a t e r .  A d d i t i o n a l  s a m p le s  o f  p e a ­
n u t  m e a l  w e r e  w a s h e d  3 t i m e s  w i t h  t a p  
w a t e r ,  d r i e d  a n d  g r o u n d ,  t h e n  m i x e d  i n t o  
t h e  d ie t .  T h e  w a s h  w a t e r  w a s  e v a p o r a t e d  
a n d  t h e  d r ie d  r e s id u e  w a s  a d d e d  a s  10%

o f  t h e  d ie t .  T h e  c o m p o s i t i o n  o f  t h e  d ie t s  i s  
s h o w n  i n  t a b le  1.

N e c r o p s y  w a s  p e r f o r m e d  o n  a l l  d u c k ­
l i n g s .  T h e  t i s s u e s  w e r e  r o u t i n e l y  p r o c e s s e d  
f o r  m i c r o s c o p i c  s t u d y .

RESULTS
E x p e r i m e n t  1 w a s  d e s ig n e d  t o  s t u d y  

t h e  e f f e c t s  o f  a d d i n g  m e t h i o n i n e ,  a r g i n i n e  
a n d  l y s i n e  t o  d ie t s  c o n t a i n i n g  t o x i c  p e a n u t  
m e a l .  A  d i e t  w i t h  n o n t o x i c  p e a n u t  m e a l  

( b a s a l  d i e t  D )  w a s  f e d  t o  c o n t r o l  g r o u p s .  
D a t a  s h o w n  i n  t a b le  2 r e p r e s e n t  2 o r  3 
t r i a l s  f o r  e a c h  d i e t a r y  t r e a t m e n t  w i t h  r e ­
s u l t s  c o m b in e d .  T h e  a d d i t i o n  o f  m e t h i o ­
n i n e ,  a r g i n i n e  o r  l y s i n e  i n d i v i d u a l l y  t o  t h e  
d i e t  d e p r e s s e d  w e i g h t  g a i n  s l i g h t l y  b u t  d e ­
c r e a s e d  m o r t a l i t y  H o w e v e r ,  w h e n  l y s i n e  
a n d  a r g i n i n e  w e r e  a d d e d  t o g e t h e r ,  t h r e e -  

f o u r t h s  o f  t h e  d u c k l i n g s  s u c c u m b e d  b e f o r e  
t h e  e n d  o f  1 w e e k  a n d  a l l  w e r e  d e a d  b e f o r e  
t h e  e n d  o f  t h e  2- w e e k  p e r i o d .  T h e  a p p a r ­
e n t  r e d u c t i o n  i n  b i l e  d u c t  c e l l  p r o l i f e r a t i o n  
i n  g r o u p s  f e d  s u p p l e m e n t a l  a r g i n i n e  p l u s  
l y s i n e  i s  m i s l e a d i n g  b e c a u s e  t h e  u n u s u a l  
t y p e  o f  m o r p h o l o g i c  a l t e r a t i o n  o b s e r v e d  
u n d e r  th e s e  c o n d i t i o n s  w a s  d i f f i c u l t  t o  

e v a lu a t e .
E x p e r i m e n t  2 t e s t e d  t h e  e f f e c t s  o f  a u t o ­

c l a v e d  p e a n u t  m e a l  o n  d u c k l i n g  g r o w t h ;  
i n  a d d i t i o n ,  a n  a t t e m p t  w a s  m a d e  t o  d e t e r -

T A B L E  1

Dietary composition

Diets
A B c D E

Casein 20.0 10.0
% of diet 

10.0 10.0 10.0
Peanut meal no. 4 1 — 50.0 35.0 — —

Peanut meal no. 10 2 — — — 50.0 —

Methanol-extracted peanut m eal3 — — — — 35.0
Gelatin 8.0 — — — —

Sucrose 49.7 22.0 37.0 49.7 37.0
Cellulose 4.0 — — — —

Salts 4 5.0 5.0 5.0 5.0 5.0
Vitamin mix 5 3.0 3.0 3.0 3.0 3.0
DL-Methionine 0.3 0.0 0.0 0.0 0.0
Cottonseed o i l6 10.0 10.0 10.0 10.0 10.0

1 C o n ta in e d  3 .0  p p m  o f a fla to x in  w h e n  p u rch a se d .
2 C o n ta in e d  n o  d ete ctab le  a fla to x in .
3 C o n t in u o u s  e x tra c tio n  w it h  h o t m e th a n o l, 3  p e rio d s o f 4 h o u rs  e a ch  w ith  so lv e n t ch a n g e d  

b etw een  p e rio d s o f e x tra c t io n ; a f la to x in  w a s  n o t detected b y u,sual a ssay.
4 W e sso n  salts. W e sso n , L . G., S c ie n c e , 7 5 : 3 3 9 , 1932.
5  T h e  v it a m in  m ix  s u p p lie d  th e  fo llo w in g  in  m il l ig r a m s / k g  o f d ie t: t h ia m in e -H C l,  8 .0 ; r ib o fla v in , 

4.0; p y r id o x in e -H C l,  4 .0 ; C a  p a n to th e n a te , 20.0; f o lic  a c id , 10 .0 ; n ic o t in ic  a c id , 50.0; in o s ito l, 25 0 .0 ; 
b io tin , 0 .2; d i-a -to co p h e ryl acetate, 11 0 ; m e n a d io n e , 10 .0 ; v it a m in  A  acetate, 10,000 I U ;  v it a m in  
D 3 , 2500 I U ;  v it a m in  B 1 2  a n d  c h o lin e  c h lo rid e  a d d e d  i n  aq ue o us s o lu tio n , 50 /¿g a n d  0 .2 % , re sp e c­
tiv e ly , w h e n  d ie t w a s  m ix e d .

6 W e sso n  O il, W e sso n  O il S ales C o m p a n y , F u lle rt o n , C a lifo r n ia .



DUCKLING RESPONSE TO AFLATOXIN 1 2 5

m i n e  w h e t h e r  a f l a t o x i n  c o u l d  b e  d e s t r o y e d  
o r  r e m o v e d  b y  a u t o c l a v i n g  o r  b y  w a t e r  e x ­
t r a c t i o n .  R e s u l t s  a r e  s h o w n  i n  t a b le  3. 
W h e n  t h e  d i e t  c o n t a i n e d  1.5 p p m  a f l a ­
t o x i n  ( d i e t  B )  w e i g h t  g a i n  w a s  o n l y  h a l f  
t h a t  o f  t h e  c o n t r o l s  ( d i e t  D ) ;  a u t o c l a v i n g  
t h e  t o x i c  m e a l  r e v e r s e d  t h i s  e f f e c t .  T h e  
t o x i c  e f f e c t  w a s  n o t  e n t i r e l y  e l i m i n a t e d  b e ­
c a u s e  b i l e  d u c t  p r o l i f e r a t i o n  w a s  o b s e r v e d  
i n  a l l  d u c k l i n g s  f e d  t h e  a u t o c la v e d  p e a n u t  
m e a l  a n d  c h e m i c a l  a s s a y  c o n f i r m e d  t h e  
p r e s e n c e  o f  r e s i d u a l  a f l a t o x i n  i n  t h e  d ie t .  
C o m p a r e d  w i t h  t h o s e  f e d  n o n a u t o c la v e d  
t o x i c  m e a l ,  a v e r a g e  b o d y  w e i g h t  a f t e r  9 
d a y s  w a s  h i g h e r  i n  a l l  3 o f  t h e  g r o u p s  f e d

t h e  a u t o c la v e d  c o n t a m in a t e d  p e a n u t  m e a l .  
H ig h e s t  b o d y  w e i g h t s  w e r e  a c h ie v e d  b y  
d u c k l i n g s  f e d  b a s a l  d i e t  D ,  w h i c h  c o n ­
t a i n e d  n o n t o x i c ,  a u t o c la v e d  p e a n u t  m e a l .

E x p e r i m e n t  3 w a s  d e s ig n e d  t o  t e s t  t h e  
e f f e c t s  o f  t h e  a d d i t i o n  o f  s i n g le  a n d  c o m ­
b in e d  a m i n o  a c id s  a n d  a f l a t o x i n  t o  s e m i-  
p u r i f i e d  ( c a s e i n )  d ie t s .  R e s u l t s  a r e  s h o w n  
i n  t a b le  4. T h e  a d d i t i o n  o f  a r g i n i n e  o r  o f  
l y s i n e  t o  t h e  d i e t  w i t h o u t  a f l a t o x i n  d e ­
p r e s s e d  b o d y  w e i g h t  b u t  m o r t a l i t y  o c ­
c u r r e d  o n l y  i n  t h o s e  g r o u p s  g i v e n  a f l a ­
t o x i n ;  t h e  a d d i t i o n  o f  2%  i n s t e a d  o f  1%  
o f  a r g i n i n e  t o  t h e  s e m i p u r i f i e d  d i e t  a p ­
p e a r e d  t o  b e  t o x i c .  A s  o b s e r v e d  w i t h  t h e

TABLE 2
Effects of supplemental amino acids on ducklings fed aflatoxin-contaminated peanut meal (exp. 1)

Dietary
treatment

No. of 
ducklings 1

Dietary
aflatoxin

Avg
2-week

wt
2-Week

mortality
Bile duct 

proliferation 2

Basal diet D 15
ppm
0.0

9
263 0/15 0.0

Basal diet B 10 1.5 143 6/10 34.0
Basal diet B +  4% methionine 15 1.5 112 3/15 24.0
Basal diet B +1 .0%  arginine 15 1.5 118 1/15 32.0
Basal diet B +  0.8% lysine 15 1.5 121 3/15 34.0
Basal diet B + 1.0%  arginine

+  0.8% lysine 20 1.5 ___ 3 20/20 20.0

1 Numbers represent 2 or 3 trials in each dietary treatment, results of which are combined; the total is
presented in the table.

2 Graded 0 to 4 according to severity ranging from none (0) to severe (4), multiplied by 10 and averaged.
3 Losses began at 5 days with 15/20 dead by day 7and 20/20 dead by day 12.

TABLE 3
Effects of autoclaving and water-washing peanut meal on toxicity of ducklings to aflatoxin (exp. 2) 1

Dietary No. of Dietary Avg
9-day

wt
9-Day Bile duct

treatment ducklings aflatoxin mortality proliferation

Basal diet D 10
ppm
0.0

9
242 0/10 0.0

Basal diet B 14 1.5 119 10/14 24.0

Basal diet B (autoclaved
peanut meal) 10 0.5 289 0/10 20.0

Basal diet B (autoclaved
peanut meal) 15 — 320 0/15 15.0

Basal diet B (autoclaved
peanut meal) 10 — 328 0/10 18.0

Basal diet B +  water-extracted
peanut meal 10 1.0 135 0/10 20.0

Basal diet D +dried, water
extract o f peanut meal no. 4 12 0.3 338 0/12 12.0

Basal diet D (autoclaved
peanut meal) 10 0.0 410 0/10 0.0

1 Data represent combined results of 2 trials.
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c a s e in - p e a n u t  m e a l  d ie t s ,  t h e  a d d i t i o n  o f  
b o t h  a r g i n i n e  a n d  l y s i n e  t o  t h e  d i e t  h a d  
a d v e r s e  e f f e c t s  o n l y  i n  t h e  p r e s e n c e  o f  
a f l a t o x i n .

E x p e r i m e n t  4 e x a m i n e d  t h e  e f f e c t s  o f  
s o u r c e s  o f  s u l f h y d r y l  g r o u p s  a n d  o f  a m in o  
a c id s  o n  b i l e  d u c t  h y p e r p l a s i a  a n d  m o r t a l ­
i t y  i n  d u c k l i n g s  w i t h  a n d  w i t h o u t  a f l a ­
t o x i n .  R e s u l t s  a r e  s h o w n  i n  t a b le  5. T h e  
a d d i t i o n  o f  c y s t e i n e  o r  g l u t a t h i o n e  t o  t h e  
t o x i c  d i e t  h a d  n o  a p p r e c ia b le  e f f e c t  o n  t h e  
r e s p o n s e  o f  t h e  d u c k l i n g s .  W h e n  t h e  t o x i n -  
c o n t a i n i n g  d i e t  w a s  s u p p l e m e n t e d  w i t h  
b o t h  a r g i n i n e  a n d  l y s i n e ,  t o x i c i t y  w a s  
i n c r e a s e d  i n  a  m a n n e r  s i m i l a r  t o  t h a t  

o b s e r v e d  p r e v i o u s l y .  T h e  a d d i t i o n  o f  a r g i ­
n i n e  a n d  l y s i n e ,  a s  s i n g l e  o r  c o m b i n e d  s u p ­
p le m e n t s ,  t o  t h e  n o n t o x i c  c a s e in - p e a n u t

m e a l  d i e t  h a d  n o  e f f e c t  o n  g r o w t h  o r  m o r ­

t a l i t y .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  r e ­
s u l t s  o b t a in e d  w h e n  s e m i p u r i f i e d  c a s e in  
d ie t s  w e r e  s u p p l e m e n t e d  w i t h  a r g i n i n e  
a n d  l y s i n e .

H i s t o p a t h o l o g y . T h e  r e s p o n s e  o f  d u c k ­
l i n g s  t o  a f l a t o x i n  i s  d e g e n e r a t i o n  o f  p a r e n ­

c h y m a l  c e l l s  a n d  p r o l i f e r a t i o n  o f  b i l e  d u c t  
c e l l s  ( f i g s .  1- 4 ) .  I n  p a r a f f i n  p r e p a r a t i o n s  
h e p a t i c  c e l l s  a r e  s e v e r e ly  v a c u o l a t e d ,  a  r e ­
s u l t  o f  t h e  a c c u m u l a t i o n  o f  l a r g e  q u a n t i ­
t i e s  o f  l i p i d  a s  s h o w n  b y  s t a i n i n g  f r o z e n  
s e c t io n s  w i t h  O i l  R e d  O .  T h e  y o u n g  d u c k ­
l i n g  n o r m a l l y  h a s  a  s i g n i f i c a n t  a m o u n t  o f  
l i p i d  i n  i t s  l i v e r ,  b u t  t h i s  i s  i n c r e a s e d  w h e n  
t h e  a n i m a l  i s  e x p o s e d  t o  a f l a t o x i n .  P r o l i f ­
e r a t i o n  o f  b i l e  d u c t  c e l l s  u n d e r  t h e  i n ­
f l u e n c e  o f  a f l a t o x i n  o r i g i n a t e s  i n  t h e  p e r i -

TABLE 4
Effect of amino acids and aflatoxin with purified diets on response to aflatoxin by ducklings (exp. 3) 1

Dietary No. of 10-Day
body
wt

10-Day Bile duct
treatment ducklings mortality hyperplasia

Basal diet A 20
9

200 0/20 0.0
Basal diet A + 1  % arginine 10 192 0/10 0.0
Basal diet A +  aflatoxin 2 10 188 0/10 24.0
Basal diet A +  1% arginine +  aflatoxin 2 10 180 1/10 30.0
Basal diet A +  2% arginine 10 159 0/10 0.0
Basal diet A +  2% arginine +  aflatoxin 2 10 145 2/10 26.0
Basal diet A +  0.8% lysine 10 185 0/10 0.0
Basal diet A +  0.8% lysine +  aflatoxin 2 10 165 1/10 24.0
Basal diet A +  0.8% lysine+1.0%  arginine 
Basal diet A +  0.8% lysine+1.0%  arginine

15 182 0/15 0.0

+  aflatoxin 2 20 136 8/20 20.0

1 Data represent 2 or more trials, results of which are combined; the total is presented in the table.
2 Two micrograms of aflatoxin intubated daily for 5 days.

TABLE 5
Effect of amino acids, sulfhydryl compounds and aflatoxin in ducklings (exp. 4)

Dietary
treatment

No. of 
ducklings Aflatoxin 12-Day

wt
12-Day

mortality
Bile duct 

hyperplasia

Basal diet C 10
ppm
1.0

9
143 0/10 22.0

Basal diet C + 1  % cysteine 10 1.0 121 0/10 26.0
Basal diet C + 1.75% glutathione 10 1.0 135 2/10 30.0
Basal diet C + 1.0% arginine 

+  0.8% lysine 15 1.0 142 3/15 30.0
Basal diet E 5 1 0.0 281 0/5 0.0
Basal diet E +  1 % arginine 10 0.0 284 0/10 0.0
Basal diet E +  0.8% lysine 10 0.0 285 0/10 0.0
Basal diet E +aflatoxin 5 1 __1 225 1/5 18.0
Basal diet E + 1% arginine 

+  0.8% lysine 10 0.0 296 0/10 0.0
Basal diet E +  1% arginine

+  0.8% lysine +  aflatoxin 10 __ 2 180 6/10 20.0
1 One trial only; all others represent 2 trials with results combined.
2 Two micrograms of aflatoxin Bi intubated daily for 5 days.
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Fig. 1 Normal duckling liver illustrating portal (open arrow) and central (black arrow) 
areas of lobules. H & E. X 75.

Fig. 2 Higher magnification of figure 1 showing appearance and arrangement of paren­
chymal cells and 1 bile duct (arrow). H & E. x  376.

Fig. 3 Section of liver from duckling exposed to aflatoxin. Note vacuolation of paren­
chymal cells and proliferating bile duct cells radiating out from portal zone. H & E. X 188.

Fig. 4 High magnification of figure 3. Enlarged, vacuolated parenchymal cells forming 
cyclindrical cords can be seen scattered among proliferating bile duct cells. H & E. X 639.

t
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p o r t a l  z o n e  a n d  r a d i a t e s  t o w a r d  t h e  
c e n t r o l o b u l a r  z o n e  ( f i g .  3 ) .  T h e  l o b u l e  i s  
i n v o l v e d  t o  a  v a r i a b le  d e g r e e ,  d e p e n d i n g  
o n  t h e  c o n c e n t r a t i o n  o f  a f l a t o x i n  a n d  t h e  
l e n g t h  o f  e x p o s u r e .  A f t e r  a  s i n g le  d o s e  o f  
a f l a t o x i n ,  d i f f u s e  b i l e  d u c t  c e l l  p r o l i f e r a ­
t i o n  b e g in s  w i t h i n  48 h o u r s  a n d  in c r e a s e s  
p r o g r e s s i v e l y  t o  4 d a y s ;  i t  t h e n  r e a c h e s  a  
p l a t e a u  a n d  b e g in s  t o  r e g r e s s  a f t e r  5 t o  
7 d a y s .  W h e n  e x p o s u r e  i s  c o n t i n u o u s ,  a s  
i t  i s  w i t h  c o n t a m in a t e d  f e e d ,  b i l e  d u c t  c e l l  
h y p e r p l a s i a  p r o c e e d s  i n  a  m o r e  o r d e r l y  
f a s h i o n  a n d  a t t e m p t s  t o  f o r m  d u c t - l i k e  
s t r u c t u r e s  a r e  o f t e n  s e e n  i n  s e c t io n s  ( f i g .  4) .

I n  c o n t r a s t  w i t h  t h e  r e s p o n s e  o f  d u c k ­
l i n g s  t o  a f l a t o x i n  u n d e r  n o r m a l  d i e t a r y  
c o n d i t i o n s ,  t h e  a d d i t i o n  o f  a r g i n i n e  a n d  
l y s i n e  t o  d ie t s  c o n c o m i t a n t  w i t h  a f l a t o x i n  
e x p o s u r e  r e s u l t e d  i n  a  d i f f e r e n t  m o r p h o ­
l o g i c  a l t e r a t i o n .  I n s t e a d  o f  t h e  t y p i c a l  p e r i ­
p o r t a l  r a d i a t i o n  o f  b i l e  d u c t  c e l l s  t h e  e n t i r e  

l o b u l e  w a s  s e v e r e ly  a f f e c t e d  a n d  l i v e r  
c e l l s  a s s u m e d  a  d u c t - l i k e  a r r a n g e m e n t  
( f i g s .  5 a n d  6 ) ,  s o m e  o f  w h i c h  r e s e m b le d  
b i l e  d u c t s .  T h e  m o r p h o l o g i c  a p p e a r a n c e  
s t r o n g l y  s u g g e s te d  a  m e t a p la s t i c  c h a n g e  

f r o m  p a r e n c h y m a l  t o  b i l e  d u c t  c e l l s .

DISCUSSION
I t  h a s  b e e n  e s t a b l i s h e d  b y  a  n u m b e r  o f  

l a b o r a t o r i e s  t h a t  t h e  d u c k l i n g  i s  h i g h l y  
s e n s i t i v e  t o  t h e  a c u t e  e f f e c t s  o f  a f l a t o x i n .  
R e s u l t s  o f  t h e s e  e x p e r i m e n t s  d e m o n s t r a t e  
c o n c l u s i v e l y  t h a t  f e e d in g  s u p p l e m e n t a l  
a r g i n i n e  a n d  l y s i n e  in c r e a s e d  t h e  s e n s i t i v ­
i t y  o f  t h e  d u c k l i n g  t o  a f l a t o x i n .  T h i s  w a s  
a ls o  t r u e  w h e n  t h e s e  2 a m in o  a c id s  w e r e  
a d d e d  t o  c a s e in  d ie t s  a n d  t h e  d u c k l i n g  w a s  
i n t u b a t e d  w i t h  a f l a t o x i n .  A d d i t i o n  o f  t h e  
a m i n o  a c id s  t o  t h e  s a m e  d ie t s  w i t h o u t  
s u p e r i m p o s i n g  a f l a t o x i n  h a d  n o  e f f e c t  o n  
g r o w t h  a n d  d i d  n o t  a f f e c t  l i v e r  m o r p h o l ­
o g y .  T h e  r e a s o n  f o r  t h i s  u n u s u a l  r e s p o n s e  
i s  n o t  c l e a r ;  i t  m a y  h a v e  b e e n  a n  i m b a l ­
a n c e  o r  a  t o x i c i t y  o r  i t  m a y  h a v e  b e e n  r e ­
l a t e d  i n  s o m e  w a y  t o  t h e  i n c r e a s e d  w o r k  
l o a d  p r e s e n t e d  t o  t h e  l i v e r  b y  t h e  a d d i t i o n  
o f  t h e s e  d ib a s i c  a m in o  a c id s  t o  t h e  d ie t .  
I n c r e a s e d  d e a m i n a t i o n  a n d  t r a n s a m i n a ­
t i o n  a s  a  r e s u l t  o f  a m in o  a c id  a d d i t i o n s  t o  
t h e  d i e t  e x p o s e d  t h e  a l r e a d y  d a m a g e d  l i v e r  
t o  a  h i g h e r  l e v e l  o f  n i t r o g e n o u s  p r o d u c t s  
a n d  im p o s e d  a  d e m a n d  f o r  d e t o x i c a t i o n  
g r e a t e r  t h a n  t h a t  a s s o c ia t e d  w i t h  a f l a t o x i n  
a lo n e .  H o w e v e r ,  t h i s  d o e s  n o t  o f f e r  a  c o m ­

p le t e  e x p l a n a t i o n  s in c e  t h e  a d d i t i o n  o f  4%  
m e t h i o n i n e ,  r o u g h l y  e q u i v a le n t  t o  a r g i ­
n i n e - l y s i n e  a d d i t i o n s  i n  a m in o  n i t r o g e n ,  
r e s u l t e d  i n  a  m u c h  le s s  s e v e r e  r e s p o n s e .  
T h e  e x p e r i m e n t s  o f  S q u ib b  e t  a l .  ( 8 )  a r e  
o f  i n t e r e s t  i n  t h i s  r e s p e c t ;  t h e s e  i n v e s t i g a ­
t o r s  f e d  4 t i m e s  t h e  n o r m a l  d i e t a r y  r e ­
q u i r e m e n t  o f  l y s i n e  t o  c h i c k s  a n d  r e p o r t e d  
t h a t  t h i s  l e v e l  n o t  o n l y  f a i l e d  t o  i n c r e a s e  
c e l l u l a r  l e v e l s  o f  t h i s  a m in o  a c id  b u t  
t e n d e d  t o  d e p r e s s  le v e l s  o f  o t h e r  a m in o  
a c id s .  L i v e r  w e i g h t ,  a s  a  p e r c e n t a g e  o f  
b o d y  w e i g h t ,  w a s  u n a f f e c t e d  i n  t h e  n o r m a l  
c h i c k  b y  i n c r e a s e d  d ie t a r y  l y s i n e ,  b u t  l i v e r  
s iz e  i n  c h i c k s  i n f e c t e d  w i t h  t u b e r c u l o s i s  
i n c r e a s e d  l i n e a r l y  w i t h  i n c r e a s i n g  l e v e l s  o f  
d i e t a r y  l y s i n e .  M o r e o v e r ,  w h e n  t u b e r c u ­
lo s i s  w a s  c o n c o m i t a n t  w i t h  i n c r e a s e d  d ie ­
t a r y  l y s i n e ,  t h e  o n l y  s i g n i f i c a n t  c h a n g e s  i n  
f r e e  a m in o  a c id s  o f  t h e  l i v e r  w e r e  i n  t o t a l  
l y s i n e  a n d  a r g i n i n e ,  b o t h  o f  w h i c h  w e r e  
d e c r e a s e d .  T h e s e  c o n d i t i o n s  a ls o  p e r m i t t e d  
a  m o r e  s e v e r e  i n f e c t i o n  w i t h  t u b e r c u l o s i s .

R e c e n t l y ,  J o n e s  ( 9 )  h a s  r e p o r t e d  t h a t  
e x c e s s iv e  d i e t a r y  l y s i n e  m a y  i n d u c e  a n  
a r g i n i n e  d e f i c i e n c y  i n  c h i c k  p l a s m a  a n d  
m u s c le .  T h e r e  a p p e a r e d  t o  b e  a n  a n t a g o ­
n i s m  b e t w e e n  th e s e  2 d ib a s i c  a m i n o  a c id s  
u n d e r  h i s  e x p e r i m e n t a l  c o n d i t i o n s .

I t  s e e m s  c l e a r  f r o m  r e s u l t s  s h o w n  i n  
t a b le  3 t h a t  a u t o c l a v i n g  t h e  c o n t a m in a t e d  
p e a n u t  m e a l  d e s t r o y e d  o r  e l i m i n a t e d  a  
p a r t  o f  t h e  a f l a t o x i n  a c t i v i t y .  I t  m u s t  a ls o  
b e  c o n c l u d e d ,  b a s e d  o n  w e i g h t  g a in s ,  t h a t  
a u t o c l a v i n g  t h e  p e a n u t  m e a l  i n c r e a s e d  i t s  
e f f i c i e n c y  a s  a  f o o d  f a c t o r .  W a s h i n g  t h e  
c o n t a m in a t e d  p e a n u t  m e a l  w i t h  w a t e r  r e ­
m o v e d  a  p a r t  o f  t h e  a f l a t o x i n ,  s o m e  o f  
w h i c h  w a s  o b s e r v e d  i n  t h e  d r i e d ,  p a r t i c u ­
l a t e  r e s id u e  a f t e r  t h e  w a t e r  w a s  e v a p o ­
r a t e d .  I t  i s  n o t  l i k e l y  t h a t  a n y  o f  t h e  t o x i n  
w a s  a c t u a l l y  i n  a q u e o u s  s o l u t i o n ;  i n s t e a d

Fig. 5 Section of liver from duckling fed diet 
containing supplements of 1.0% of arginine and
0.8% of lysine. Note arrangements of paren­
chymal cells into cords and duct-like structures 
and lack of characteristic bile duct cell hyper­
plasia as shown in figure 4. H & E. X 140.

Fig. 6 High magnification of figure 5 illus­
trating unusual architectural arrangement of 
liver cell cords of duckling exposed to aflatoxin 
concomitant with dietary supplements of arginine 
and lysine. Cells form duct-like structures in 
some areas with what appears to be continuity 
between parenchymal cells and bile duct cells. 
H & E. X 680.
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i t  w a s  p r o b a b l y  a t t a c h e d  t o  t h e  p a r t i c u l a t e  
f r a c t i o n  a s  a  s u s p e n s io n  i n  t h e  w a t e r .

T h e  a d d i t i o n  o f  s o u r c e s  o f  s u l f h y d r y l  
g r o u p s  f a i l e d  t o  d e c r e a s e  t h e  t o x i c i t y  t o  t h e  
d u c k l i n g ,  i n d i c a t i n g  t h a t  t h e  t o x i n  h a s  
l i t t l e  e f f e c t  o n  a c t i v e  s u l f h y d r y l  g r o u p s  
a n d  t h a t  i t  m u s t  a c t  t h r o u g h  s o m e  m e c h a ­
n i s m  o t h e r  t h a n  t h e  i n a c t i v a t i o n  o f  s u l f -  
h y d r y l - c o n t a i n i n g  e n z y m e s .

A l t h o u g h  r e s u l t s  o f  o u r  w o r k  d o  n o t  
p a r a l l e l  t h o s e  o f  R i c h a r d s o n ,  w e  w e r e  
w o r k i n g  w i t h  d u c k l i n g s  e x p o s e d  t o  k n o w n  
a m o u n t s  o f  a  w e l l - d e f i n e d  t o x i n ,  w h e r e a s  
R i c h a r d s o n  f e d  p o u l t s  d ie t s  w h i c h  w e r e  
c o n t a m in a t e d  b y  u n i d e n t i f i e d  m o ld s .  T h e  
e x a c t  n a t u r e  o f  t h e  c o n t a m i n a n t s  a n d  
t o x i n s  o r  o f  e i t h e r  a lo n e  w a s  u n k n o w n .  
T h e r e f o r e ,  i t  i s  im p o s s ib e  t o  c o m p a r e  r e ­
s u l t s  b e c a u s e  o f  t h e s e  f a c t o r s  a n d  b e c a u s e  
o f  a  d i f f e r e n c e  i n  s p e c ie s .

T h e  s i g n i f i c a n t  o b s e r v a t i o n  i n  t h i s  i n ­
v e s t i g a t i o n  w a s  t h e  p r o f o u n d  i n c r e a s e  i n  
s e n s i t i v i t y  o f  d u c k l i n g s  t o  a f l a t o x i n  w h e n  
t h e y  w e r e  f e d  c o n c o m i t a n t  d i e t a r y  s u p p l e ­
m e n t s  o f  a r g i n i n e  a n d  l y s i n e .  T h i s  u n ­
u s u a l  p a t h o l o g i c  c h a n g e  d e s e r v e s  f u r t h e r  

s t u d y .
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ABSTRACT A combination of physiological, clinical and enzymatic criteria was 
used to characterize the onset of thiamine deficiency in male Holstein calves fed a 
purified diet lacking thiamine. Deficiency symptoms appeared between 27 and 48 days 
after eliminating thiamine from the diet and 24 to 45 days after thiamine excretion 
had decreased to below 0.05 mg/day. Concomitantly with the appearance of overt 
deficiency symptoms, blood pyruvate and lactate levels increased from 1 and 15 mg/' 
100 ml to 5 and 100 m g/100 ml, respectively; urinary pyruvate excretion increased 
from 15 m g/day to over 50 mg/day. Average blood hemoglobin and hematocrit levels 
were significantly depressed, 16 and 22% , respectively. The activities of transketolase 
and anaerobic pyruvate dehydrogenase decreased to 50 and 30% of control values. 
Aldolase activity increased at the time of the clinical symptoms relative to that of 
controls, whereas malic enzyme, isocitrate dehydrogenase, and glucose-6-phosphate 
dehydrogenase activities apparently were not altered. Refeeding thiamine corrected all 
the deficiency symptoms.

O n e  o f  t h e  m a j o r  p r o b l e m s  w h e n  a t ­
t e m p t i n g  t o  s t u d y  m e t a b o l i c  a l t e r a t i o n s  a c ­
c o m p a n y i n g  t h i a m i n e  d e f i c i e n c y  i s  t h a t  o f  
e s t a b l i s h i n g  w h e n  t h e  d e f i c i e n c y  h a s  a  
d i r e c t ,  s p e c i f i c  e f f e c t  u p o n  m e t a b o l i s m .  
T h i s  i s  i m p o r t a n t  b e c a u s e  i f  t h e  d e f i c i e n c y  
d e v e lo p s  t o  t h e  p o i n t  a t  w h i c h  a c u t e ,  g r o s s  
s y m p t o m s  b e c o m e  a p p a r e n t ,  m e t a b o l i s m  
m a y  h a v e  b e c o m e  a l t e r e d  b y  n o n s p e c i f i c  
f a c t o r s  s u c h  a s  r e d u c e d  f o o d  i n t a k e .

M a n y  c l i n i c a l  t e s t s  w i t h  v a r y i n g  d e g r e e s  
o f  r e l i a b i l i t y  h a v e  b e e n  d e v is e d  a s  m e a n s  
f o r  a s s a y in g  a d e q u a c y  o f  t h i a m i n e  i n t a k e .  
I n d i v i d u a l  v a r i a t i o n  h a s  l i m i t e d  t h e  u s e ­
f u l n e s s  o f  s o m e  o f  t h e s e  m e t h o d s ,  e s p e ­
c i a l l y  t h o s e  i n v o l v i n g  r e l a t i o n s h i p s  b e t w e e n  

t h i a m i n e  i n t a k e  a n d  e x c r e t i o n  le v e l s  ( 1- 3 )  
o r  b lo o d  le v e l s  ( 4- 6 ) .  O t h e r s  b a s e d  o n  
m e t a b o l i c  i n d e x e s  s u c h  a s  l e v e l s  o f  b lo o d  
p y r u v a t e  a n d  l a c t a t e  ( 7 ) ,  t h e  “ c a r b o h y ­
d r a t e  i n d e x ”  ( 8 )  o r  a c t i v i t y  o f  e r y t h r o c y t e  
t r a n s k e t o la s e  ( 9 )  m a y  i n v o l v e  u n c e r ­
t a i n t i e s  u n d e r  p a r t i c u l a r  c i r c u m s t a n c e s
( 1 0 ) .

R e s u l t s  a r e  p r e s e n t e d  i n  t h i s  p a p e r  f r o m  
a  s t u d y  o f  t h i a m i n e  d e f i c i e n c y  i n  c a lv e s  
w h e n  n o r m a l  d i e t a r y  l o a d s  w e r e  m a i n ­
t a i n e d .  S e v e r a l  c r i t e r i a ,  i n c l u d i n g  u r i n a r y  
a n d  b lo o d  m e t a b o l i t e  l e v e l s  a n d  a c t i v i t i e s  
o f  s e v e r a l  k e y  e n z y m e s ,  w e r e  u s e d  t o  c h a r -  *

J. N u t r it io n , 90: ’ 66

a c t e r i z e  t h e  s e q u e n c e  o f  e v e n t s  a s s o c ia t e d  
w i t h  t h e  d e v e l o p m e n t  a n d  o n s e t  o f  a  
m e t a b o l i c  t h i a m i n e  d e f i c i e n c y .

MATERIALS AND METHODS
A n i m a l s  a n d  d i e t .  M a le  H o l s t e i n  c a lv e s  

o n e  w e e k  o f  a g e  a n d  w e i g h i n g  b e t w e e n  36 
a n d  45 k g  w e r e  o b t a in e d  f r o m  e i t h e r  t h e  
U n i v e r s i t y  h e r d ,  t h e  s t o c k y a r d s ,  o r  l o c a l  
d a i r y m e n .  T h e y  w e r e  k e p t  i n  i n d i v i d u a l  
c i r c u l a r  w i r e  p e n s ,  f i t t e d  w i t h  u r i n e  c o l l e c ­
t i o n  p a n s ,  a n d  h o u s e d  i n  a n  a i r  c o n d i t i o n e d  
r o o m  m a i n t a i n e d  a t  20 t o  22° .

T e n  c a lv e s  w e r e  u s e d  i n  t h e  s t u d y .  T w o  
w e r e  u s e d  i n  a  p r e l i m i n a r y  t r i a l  t o  e v a l u ­
a t e  t h e  d i e t  a n d  t h e  c l i n i c a l  a n d  e n z y m a t i c  
t e c h n iq u e s  t o  b e  u s e d ,  a n d  4 p a i r s  o f  a n i ­
m a l s  w e r e  u s e d  i n  t h e  m a i n  p a r t  o f  t h e  

s t u d y .
A  p u r i f i e d  d i e t  ( t a b l e  1)  s i m i l a r  t o  t h a t  

u s e d  b y  J o h n s o n  e t  a l .  ( 11)  w a s  f e d  a t  12- 
h o u r  i n t e r v a l s .  T h e  l a r d  w a s  e m u l s i f i e d  i n  
w a t e r ,  s t a b i l i z e d  w i t h  s o y a  l e c i t h i n  a n d  * 1 2 3

R e c e iv e d  fo r  p u b lic a t io n  M a y  16, 1966.
1 S upporte d  i n  p a rt  by P u b lic  H e a lth  S e rv ice  R e ­

s e a rc h  G ra n t  no. A M -0 5 74 5-0 2 , fro m  the N a t io n a l 
In s t itu te  o f A r t h r it is  a n d  M e ta b o lic  D ise a se s; a n d  b y 
N a t io n a l In s t itu te s  o f H e a lth  P re d o c to ra l R e s e a rc h  
F e llo w s h ip  1-F 1-G M -176 6 0-01A 1.

2 D a ta  fro m  a th e sis  s u b m itte d  b y the s e n io r a u th o r 
in  p a r t ia l fu lf il lm e n t  o f re q u ire m e n ts  fo r  the D o cto r 
o f P h ilo s o p h y  degree.

3 P re se n t a d d re ss: D e p a rtm e n t o f B io c h e m is try , U n i­
v e rs ity  o f W is c o n s in , M a d is o n , W is c o n s in .
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TABLE 1
Composition of the d iet1

Vitamin-free casein, micro-pulverized
Weight % 

22.6
Lard 2 9.9
Dextrose 3 30.9
Lactose 4 30.9
Salt mix IV +  cobalt5 4.8
Supplementary salt mix 6 0.3
Fat-soluble vitamins 7 —

1 Blended with water to 11.7% solids and fed at 
12 kg/100 kg live weight/day.

2 Silver Leaf, Swift and Company, Chicago, added 
as an emulsion (25% ) in water and stabilized with 
1% lecithin. The mixture was heated to 90° and 
homogenized at 125 kg/cm2.

3 Cerelose 2001, Corn Products Company, New York.
4 Edible lactose grade B, Foremost Dairies, Inc., 

San Francisco.
5 Phillips, P. H., and E. B. Hart 1935 The effect 

of organic dietary constituents upon chronic fluorine 
toxicosis in the rat. J. Biol. Chem., 109: 657. The 
salt mixture contained: (in per cent) dipotassium 
phosphate, 32.2; calcium carbonate, 30.0; sodium 
chloride, 16.7; magnesium sulfate (hydrate), 10.2; 
calcium phosphate (CaHP04-2H20 ), 7.5; ferric citrate, 
2.75; manganese sulfate, 0.51; potassium iodide, 0.08; 
copper sulfate, 0.03; zinc chloride, 0.025; and cobalt 
chloride, 0.005. Obtained in premixed form from 
Nutritional Biochemicals Corporation, Cleveland.

6 MgO, 9.70%; CuS04-5H20, 0.53%; MnS04-5H20, 
1.54%; ZnS04-7H20, 0.60%; and K2HP04, 87.61%.

7 3,600,000 IU vitamin A and 450,000 IU vitamin D 
Quadrex 20, Napco Chemical Company, Harrison, 
New Jersey); 100 IU vitamin E acetate ( a-tocopherol 
powder, 250 IU vitamin E /g); and 2.5 mg menadione/ 
kg diet.

TABLE 2
B -vitamin mixture 1

Thiamine -HC1
mg/100 ml 

122.9
Riboflavin 245.8
Pyridoxine-HCl 122.9
Ca pantothenate 491.6
Choline-Cl 49,166.0
Folic acid 83.3
Biotin 2 1.9

1 Fed at a rate of 1.0 ml/kg liquid diet.
2 Taken up in minimum 95% ethanol before added 

to the mixture.

s t o r e d  s e p a r a t e l y  f r o m  t h e  m i x e d ,  d r y  n o n ­
f a t  i n g r e d i e n t s  u n t i l  f e e d in g .  T h e  l i q u i d  
d i e t  w a s  p r e p a r e d  b y  m i x i n g  t h e  p o w d e r  
a n d  f a t  e m u l s i o n  i n  w a t e r  ( 38° )  t o  11.75%  
s o l i d s  a n d  f e d  a t  l e v e l s  o f  12 k g /100 k g  o f  
l i v e  w e i g h t .  A  v i t a m i n  B  m i x t u r e  ( t a b l e  2 )  
w a s  a d d e d  t o  t h e  d i e t  j u s t  b e f o r e  i t  w a s  
o f f e r e d  i n  n i p p l e  p a i l s .

T h e  l e v e l  o f  v i t a m i n  i n t a k e  s h o w n  i n  
t a b le  2 w a s  s e le c t e d  a f t e r  r e s u l t s  o f  t h e  
p r e l i m i n a r y  s t u d y  i n d i c a t e d  t h a t  t h e  l e v e l  
o f  v i t a m i n  B  s u p p l e m e n t a t i o n  u s e d  p r e v i ­
o u s l y  ( 11)  w a s  i n a d e q u a t e .  A t  t h i s  i n t a k e  
u r i n a r y  t h i a m i n e  e x c r e t i o n  w a s  v e r y  l o w  
a n d  b lo o d  m e t a b o l i t e  l e v e ls  b e c a m e  e le ­

v a t e d  a f t e r  2 w e e k s  ( f i g s .  1 a n d  2 ) .  T h e r e ­
f o r e ,  t h e  v i t a m i n  i n t a k e  w a s  a d j u s t e d  t o  
t h a t  s h e w n  i n  t a b le  2.

D u r i n g  t h e  c o u r s e  o f  t h e  p r e l i m i n a r y  
t r i a l  i t  w a s  n o t e d  t h a t  t h e  a c t i v i t i e s  o f  
s e v e r a l  e n z y m e s  c h a n g e d  w i t h  a g e .  T h e r e ­
a f t e r ,  c o n t r o l  a n d  d e f i c i e n t  a n i m a l s  w e r e  
p a i r e d  b y  a g e  a n d  w e i g h t .  B o t h  a n i m a l s  
w e r e  f e d  t h e  c o m p le t e  d i e t  a n d  a f t e r  t h e y

Fig. 1 Relative blood metabolite levels. The 
vitamin B supplement doubled on day 15. Thia­
mine removed from diet on day 35 ( — Bt) and 
added on day 75 ( + B i ) .  The data plotted are 
the averages of 2 animals, presented as percentage 
of the values on day 1. The average values on 
day 1 were 160, 15, and 1 m g /100 ml for glu­
cose, lactate, and pyruvate, respectively.

Fig. 2 Relative urinary excretion levels of thi­
amine and pyruvate. Vitamin B supplement 
doubled on day 15. Thiamine removed from diet 
on day 35 ( — B j) and added on day 75 ( + B i ) .  
Data plotted are the averages of 2 animals, pre­
sented as a percentage of the values on days 10 
and 11. The average daily excretion levels at 
that time were 42 fig and 14 mg, respectively, for 
thiamine and pyruvate.
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h a d  a d j u s t e d  t o  i t ,  t h i a m i n e  w a s  r e m o v e d  
f r o m  t h e  v i t a m i n  B  s u p p l e m e n t  o f  t h e  

d e f i c i e n t  m e m b e r  o f  t h e  p a i r .  W h e n  a n o ­
r e x i a  d e v e lo p e d  a s  a  r e s u l t  o f  t h e  d e f i c i e n c y  
t h e  a n i m a l s  w e r e  f o r c e - f e d  i n  o r d e r  t o  
m a i n t a i n  t h e  s a m e  r e l a t i v e  d i e t a r y  l o a d s  
i n  t h e  d e f i c i e n t  a n d  c o n t r o l  a n i m a l s .

C l i n i c a l  m e t h o d s .  T w i c e  w e e k l y ,  2 
h o u r s  a f t e r  t h e  m o r n i n g  f e e d in g ,  j u g u l a r  
b lo o d  w a s  c o l l e c t e d .  M i c r o h e m a t o c r i t  v a l ­
u e s  w e r e  c a l c u l a t e d  a f t e r  b lo o d  w a s  c e n t r i ­
f u g e d  a t  5,000 X g  f o r  10 m i n u t e s .  H e ­
m o g l o b i n  w a s  d e t e r m i n e d  b y  2 m e t h o d s :  
t h e  o n e  d e s c r i b e d  b y  E v e l y n  ( 12)  a n d  
t h e  c y a n m e t h e m o g l o b in  m e t h o d  a s  o u t ­
l i n e d  b y  B e n j a m i n  ( 13) .  C r y s t a l l i n e  b o ­
v i n e  h e m o g l o b i n  w a s  u s e d  a s  a  r e f e r e n c e  
s t a n d a r d  i n  t h e  l a t t e r  m e t h o d .  G lu c o s e  
w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  K l e i n  
a n d  W e i s s m a n  ( 14)  a n d  l a c t a t e  b y  t h e  
m e t h o d  o u t l i n e d  b y  B a r k e r  a n d  S u m m e r s o n
( 15) .  P y r u v i c  a c i d  w a s  d e t e r m i n e d  b y  a  
m o d i f i c a t i o n  o f  t h e  m e t h o d  d e s c r i b e d  b y  
B o n t i n g  ( 16) .  B y  th e s e  m e t h o d s  t h e  r e ­
c o v e r y  o f  g lu c o s e ,  l a c t a t e ,  a n d  p y r u v a t e  
s t a n d a r d s  a d d e d  t o  w h o l e  b l o o d  w a s  95 t o  
1 0 0 % .

O n  a l t e r n a t e  d a y s  t o t a l  u r i n e  w a s  c o l ­
l e c t e d  a n d  a n a l y z e d  f o r  p y r u v i c  a c i d  b y  t h e  
s a m e  p r o c e d u r e  a s  t h a t  f o r  b lo o d .  U r i n a r y  
t h i a m i n e  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  
M i c k e l s e n  e t  a l .  ( 17) .  R e c o v e r y  o f  a d d e d  
t h i a m i n e  w a s  95 t o  99% .

E n z y m a t i c  m e t h o d s .  T h e  e n z y m e s  l i s t e d  
i n  t a b le  3 w re r e  s e le c t e d  a s  i n d i c a t o r s  o f  
t h i a m i n e - d e p e n d e n t  m e t a b o l i s m  a n d  p e n ­
to s e  c y c le ,  E m b d e n - M e y e r h o f ,  a n d  r e l a t e d  
m e t a b o l i c  a c t i v i t i e s .  L i v e r  s a m p le s  f o r  t h e  
e n z y m a t i c  a s s a y s  w e r e  o b t a i n e d  w e e k l y  b y  
b io p s y  2 h o u r s  a f t e r  t h e  m o r n i n g  f e e d in g .  
A  b io p s y  t o o l  o f  5- m m  i n s i d e  d ia m e t e r  X 
34- c m  l o n g  ( 18)  w a s  i n s e r t e d  t h r o u g h  a  
s m a l l  i n c i s i o n  m a d e  e i t h e r  i n  t h e  e l e v e n t h  
o r  t w e l f t h  i n t e r c o s t a l  s p a c e ,  a n d  a  l i v e r  
s a m p le  w e i g h i n g  0.5 t o  1.0 g  w a s  r e m o v e d .  
T h e  l i v e r  s a m p le  w a s  h o m o g e n i z e d  i n  9 
v o lu m e s  o f  i c e  c o ld  0.14 n  K C 1 i n  a  P o t t e r -  
E l v e h j e m - t y p e  h o m o g e n i z e r .  A  p o r t i o n  o f  
t h e  h o m o g e n a t e  w a s  r e m o v e d  f o r  t h e  p y r u ­
v a t e  d e h y d r o g e n a s e  a s s a y  a n d  t h e  r e ­
m a i n d e r  w a s  c e n t r i f u g e d  a t  z e r o  t o  4°  f o r  
30 m i n u t e s  a t  27,000 X g .  T h e  s u p e r ­
n a t a n t  w a s  r e m o v e d  a n d  u s e d  a s  t h e  e n ­
z y m e  s o u r c e  f o r  a l l  a s s a y s  e x c e p t  p y r u v a t e  
d e h y d r o g e n a s e .

A l l  a s s a y s  e x c e p t  p y r u v a t e  d e h y d r o g e n ­
a s e  w e r e  m a d e  i n  a  B e c k m a n  m o d e l  D U  

m o n o c h r o m a t o r  f i t t e d  w i t h  a  G i l f o r d  m o d e l  
2000 m u l t i p l e  s a m p le  a b s o r b a n c e  r e c o r d ­
i n g  s y s t e m .  T h e  c u v e t t e  c h a m b e r  t e m p e r ­
a t u r e  w a s  m a i n t a i n e d  a t  30 ±  1° .  A l l  t h e  

d i r e c t  s p e c t r o p h o t o m e t r i c  a s s a y s  w e r e  
s h o w n  t o  b e  l i n e a r  w i t h  r e s p e c t  t o  e n z y m e  

c o n c e n t r a t i o n  o v e r  t h e  r a n g e  o f  r a t e s  r e ­
p o r t e d .  T h e  d e t a i l s  o f  t h e  i n d i v i d u a l  a s ­
s a y  s y s t e m s  a r e  s h o w n  i n  t a b le  3. S o m e  
m o d i f i c a t i o n s  o f  t h e  o r i g i n a l  m e t h o d s  w e r e  
m a d e  t o  o b t a i n  m a x i m a l  e n z y m e  a c t i v i t i e s .  
T h e  p H  o p t i m u m  f o r  t h e  a s s a y  o f  c a l f  
t r a n s k e t o la s e  a c t i v i t y  w a s  f o u n d  t o  b e  7.8 
r a t h e r  t h a n  9.0 a s  r e p o r t e d  f o r  t h e  r a t  
e n z y m e  ( 19) .  T h e  t r a n s k e t o la s e  a n d  p y ­
r u v a t e  d e h y d r o g e n a s e  a s s a y s  w e r e  m a d e  
w i t h  a n d  w i t h o u t  p r e i n c u b a t i o n  o f  t h e  e n ­
z y m e  w i t h  t h i a m i n e  p y r o p h o s p h a t e  (10 t o  
20 u g / m l )  t o  d e t e r m i n e  w h e t h e r  d e c r e a s e s  
i n  e n z y m e  a c t i v i t i e s  w e r e  d u e  t o  d e c r e a s e s  
i n  a c t i v e  e n z y m e  o r  t o  i n c o m p le t e  c o ­
f a c t o r  s a t u r a t i o n .

T h e  p y r u v a t e  d e h y d r o g e n a s e  a s s a y  s y s ­
t e m  u s e d  w a s  a  m o d i f i c a t i o n  o f  t h a t  d e v e l ­
o p e d  b y  M o n f o o r t  ( 20)  b u t  i n c l u d e d  t h e  
u s e  o f  a c e t a ld e h y d e  a s  s u g g e s t e d  b y  J u n i  
a n d  H e y m  ( 21) .  U s in g  t h e  l e v e l s  o f  i n ­
g r e d i e n t s  l i s t e d  i n  t a b le  3 t h e  r e a c t i o n  w a s  
c a r r i e d  o u t  a s  d e s c r i b e d  b e lo w .  A l l  c o m ­
p o n e n t s  w e r e  p i p e t t e d  i n t o  a  50- m l  E r l e n -  
m e y e r  f l a s k ,  w h i c h  w a s  t h e n  c a p p e d  w i t h  
a  r u b b e r  s e r u m  s t o p p e r .  T h e  f l a s k  w a s  
e v a c u a t e d  a n d  f l u s h e d  w i t h  n i t r o g e n  4 o r  
5 t i m e s  a n d  i n c u b a t e d  f o r  3 h o u r s  a t  37° .  
T h e  r e a c t i o n  w a s  s t o p p e d  w i t h  1 m l  o f  
5%  t r i c h l o r o a c e t i c  a c id ,  h e a t e d  f o r  3 m i n ­
u t e s  o n  a  s t e a m  b a t h ,  a n d  c h i l l e d .  O n e  
m i l l i l i t e r  o f  w a t e r  w a s  a d d e d  t o  t h e  c o n ­
t e n t s  a n d  t h e  m i x t u r e  w a s  c e n t r i f u g e d  a t
27,000 X g  f o r  20 m i n u t e s .  A  4- m l  a l i q u o t  
o f  s u p e r n a t a n t  w a s  r e m o v e d  a n d  a e r a t e d  
f o r  12 t o  15 h o u r s  t o  e l i m i n a t e  t h e  a d v e r s e  
e f f e c t  o f  a c e t a ld e h y d e  o n  t h e  c o lo r  r e a c ­
t i o n  ( 22) .  O n e - f o u r t h  m i l l i l i t e r  o f  I n  
N a O H  w a s  a d d e d  t o  e a c h  o f  t h e  t e s t  t u b e s  
a n d  t h e  v o lu m e  w a s  a d j u s t e d  t o  6 m l  w i t h  
d i s t i l l e d  w a t e r .  A c e t o i n  w a s  m e a s u r e d  b y  
t h e  m e t h o d  d e v is e d  b y  W e s t e r f e l d  ( 23) .  
E n z y m e  a c t i v i t y  w a s  e s t i m a t e d  f r o m  a  
s t a n d a r d  c u r v e  b e c a u s e  e a r l y  e x p e r i m e n t s  
w i t h  t h i s  s y s t e m  i n d i c a t e d  t h a t  a c e t o in  
p r o d u c t i o n  w a s  n o t  l i n e a r l y  r e l a t e d  t o  e n ­
z y m e  c o n c e n t r a t i o n .  T h e  p H  o p t i m u m  o f
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THIAMINE DEFICIENCY, ENZYM E AND METABOLITE LEVELS 1 3 5

TABLE 4
Requirements of the anaerobic pyruvic 

dehydrogenase system

Assay mixture Relative
rate

Complete system 100
Complete system minus TPP 1 59
Complete system minus homogenate 
Complete system minus TPP

14

and homogenate 12
Complete system minus TPP

and acetaldeyhde 13
Complete system minus TPP

and pyruvate 20
Complete system minus TPP,

pyruvate, and acetaldehyde 12
1 T h iam in e pyrophosph ate ; 10 /tg /flask  w h en  added.

t h e  a s s a y  w a s  b r o a d ;  t h e r e f o r e ,  a  p H  o f
7.5 w a s  u s e d .  T h e  r e q u i r e m e n t s  o f  t h e  
p y r u v a t e  d e h y d r o g e n a s e  a s s a y  a r e  p r e ­
s e n t e d  i n  t a b le  4. E n z y m e ,  p y r u v a t e ,  a n d  
a c e t a ld e h y d e  w e r e  r e q u i r e d  a n d  t h i a m i n e  
p y r o p h o s p h a t e  d i d  n o t  c a t a l y z e  t h e  r e a c ­
t i o n  i n  t h e  a b s e n c e  o f  e n z y m e .

RESULTS
A f t e r  t h e  a d j u s t m e n t  i n  v i t a m i n  i n t a k e  

t h e  d i e t  a p p e a r e d  t o  b e  s a t i s f a c t o r y ,  b e ­
c a u s e  t h e  2 c a lv e s  u s e d  i n  t h e  p r e l i m i n a r y  
e x p e r i m e n t  g a in e d  a n  a v e r a g e  o f  0.36 k g /  
d a y  o v e r  t h e  90 d a y s  o f  t h e  e x p e r i m e n t .  
T h e  c o n t r o l  c a lv e s  u s e d  i n  t h e  l a t e r  p h a s e  
o f  t h e  e x p e r i m e n t  g a in e d  0.27 k g / d a y .  
T h e  le v e l s  o f  b lo o d  p y r u v a t e  a n d  l a c t a t e  
i n  c o n t r o l  c a lv e s  w e r e  n o r m a l  t h r o u g h o u t  
t h e  t r i a l .

R e s u l t s  f r o m  t h e  p r e l i m i n a r y  t r i a l  a r e  
s h o w n  i n  f i g u r e s  1 a n d  2. T h e  p a t t e r n  o f  
t h i a m i n e  e x c r e t i o n  a f t e r  t h e  a d j u s t m e n t  
i n  v i t a m i n  i n t a k e  ( f i g .  2 )  i n d i c a t e d  t h a t  
t h e  t i s s u e s  w e r e  b e c o m i n g  s a t u r a t e d  w i t h  
t h i a m i n e ,  s i n c e  t h e  u r i n a r y  l e v e l s  i n ­
c r e a s e d  s t e a d i l y  e v e n  w h i l e  t h e  i n t a k e  r e ­
m a in e d  r e a s o n a b l y  c o n s t a n t .  W h e n  t h i a ­
m i n e  w a s  r e m o v e d  f r o m  t h e  d i e t  o n  d a y  
35 i t s  e x c r e t i o n  d e c r e a s e d  m a r k e d l y  a n d  
r e m a i n e d  le s s  t h a n  10%  o f  n o r m a l  f o r  
20 t o  25 d a y s  b e f o r e  d e f i c i e n c y  s y m p t o m s  
b e c a m e  a p p a r e n t .  U r i n a r y  p y r u v a t e  e x ­
c r e t i o n  h a d  i n c r e a s e d  t h r e e f o l d  b y  d a y  36 
a f t e r  r e m o v a l  o f  t h i a m i n e  f r o m  t h e  d ie t .  
B lo o d  p y r u v a t e  a n d  l a c t a t e  l e v e l s  r e ­
m a in e d  n o r m a l  f o r  a  c o n s id e r a b le  p e r i o d  
o f  t i m e  a n d  t h e n  in c r e a s e d  m a r k e d l y  t o  
a b o u t  400 a n d  500%  o f  i n i t i a l  v a lu e s  
a f t e r  t h e  d e f i c i e n t  d i e t  h a d  b e e n  f e d  f o r

40 d a y s .  A n o r e x i a  d e v e lo p e d  i n  b o t h  a n i ­
m a l s  b y  d a y  36 a n d  2 t o  3 d a y s  l a t e r  t h e  
h e a r t  d e v e lo p e d  a  d i s t i n c t  a r r h y t h m i a .  
B r e a t h i n g  w a s  a f f e c t e d  s o  t h a t  t h e  a n i ­
m a ls  r e s p i r e d  r a p i d l y  4 t o  5 t i m e s  a n d  
t h e n  r e s t e d  f o r  a  s h o r t  p e r i o d .  E a c h  e x ­
p i r a t i o n  a p p e a r e d  t o  r e q u i r e  c o n s id e r a b le  
e f f o r t  a n d  w a s  a c c o m p a n ie d  b y  a  g r o a n .  
D u r i n g  t h i s  p e r i o d  p r o f u s e  l a c r i m a t i o n  
a n d  a  c o n t i n u a l  g r i n d i n g  a c t i o n  o f  t h e  
j a w s  w e r e  o b s e r v e d  i n  b o t h  a n i m a l s .

I n  t h e  p r e l i m i n a r y  t r i a l ,  l i v e r  “ t r a n s -  
k e t o la s e ”  a c t i v i t y  ( s e e  n o t e  t a b le  3 )  h a d  
d e c r e a s e d  t o  a p p r o x i m a t e l y  70%  o f  o r i g ­
i n a l  b y  d a y  40 a f t e r  t h i a m i n e  h a d  b e e n  
r e m o v e d  f r o m  t h e  d i e t .  T h e  d e f i c i e n c y  
d i d  n o t  a p p e a r  t o  a f f e c t  t h e  a c t i v i t y  o f  
g lu c o s e - 6- p h o s p h a t e  d e h y d r o g e n a s e  o r  i s o ­
c i t r a t e  d e h y d r o g e n a s e .  H o w e v e r ,  m a l i c  e n ­
z y m e  a c t i v i t y  w a s  m a r k e d l y  r e d u c e d  b y  
t h e  t i m e  t h a t  t h e  a n i m a l s  e x h i b i t e d  t h e  
h i g h  b lo o d  m e t a b o l i t e  l e v e ls .  O n  t h e  b a s is  
o f  s u b s t a n t i a l  i n c r e a s e s  i n  l e v e l s  o f  b lo o d  
l a c t a t e  a n d  b lo o d  a n d  u r i n a r y  p y r u v a t e ,  
a n d  r e d u c t i o n s  i n  l i v e r  “ t r a n s k e t o la s e ”  a c ­
t i v i t y ,  t h e  a n i m a l s  w e r e  d ia g n o s e d  a s  b e ­
i n g  d e f i c i e n t  o n  d a y  40 a f t e r  t h i a m i n e  
w a s  r e m o v e d  f r o m  t h e  d i e t  ( d a y  75 o f  t h e  
t r i a l ) .  A l l  d e f i c i e n c y  s y m p t o m s  d is a p ­
p e a r e d  c o m p l e t e l y  a f t e r  t h e  a n i m a l s  w e r e  
s u p p l e m e n t e d  w i t h  t h i a m i n e .

T h e  c l i n i c a l  a n d  e n z y m a t i c  r e s u l t s  f r o m  
s t u d ie s  w i t h  4 p a i r s  o f  a n i m a l s  a r e  p r e ­
s e n t e d  i n  f i g u r e s  3, 4 , 5, a n d  6. T h e  a v e r ­
a g e  v a lu e s  f o r  t h e  4 p a i r s  o f  a n i m a l s  w e r e  
e x p r e s s e d  a s  p e r c e n t a g e s  o f  c o n t r o l  v a lu e s  
a n d  w e r e  p l o t t e d  f r o m  a  c o m m o n  o r i g i n  
a r b i t r a r i l y  c a l l e d  d a y  z e r o ,  w h i c h  w a s  t h e  
d a y  t h a t  a n i m a l s  w e r e  d ia g n o s e d  a s  t h i ­
a m in e  d e f i c i e n t .  T h e  r e l a t i v e  le v e l s  o f  
b lo o d  p y r u v a t e  a n d  l a c t a t e  ( f i g .  3 )  i n ­
c r e a s e d  m a r k e d l y  a t  o n s e t  o n  t h e  d e f i ­
c i e n c y ,  w h e r e a s  t h e  le v e l s  o f  g lu c o s e  a p ­
p e a r e d  t o  b e  u n a f f e c t e d .  A t  t h e  t i m e  o f  t h e  
d e f i c i e n c y ,  t h e  e x c r e t i o n  o f  t h i a m i n e  w a s  
b e lo w  1%  o f  c o n t r o l  v a lu e s ,  w h e r e a s  t h a t  
o f  p y r u v a t e  w a s  6 t i m e s  t h a t  i n  c o n t r o l  
c a lv e s  ( f i g .  4 ) .  T h e  d a t a  s h o w n  f o r  t h e  
p e r i o d  f o l l o w i n g  t h e  a d d i t i o n  o f  t h i a m i n e  
( d a y  z e r o )  r e p r e s e n t  o n l y  o n e  p a i r  o f  a n i ­
m a l s  s i n c e  2 p a i r s  w e r e  k i l l e d  t o  c o m ­
p le t e  a n  i s o t o p e  e x p e r i m e n t 4 a n d  o n e

4 B enevenga, N. J., R. L. B aldw in , M. R on n in g  and 
A. L. B lack . Pyruvate m etabolism  in  thiam ine- 
deficient ca lves (to  be p u b lish ed ).
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Fig. 3 Relative blood metabolite levels as a 
percentage of each animal’s respective control. 
Averages of 4 deficient-control pairs. Day 0 is the 
day of diagnosed deficiency. Average control val­
ues on day — 40 were 160, 13, and 1 m g /100 ml, 
respectively, for glucose, lactate, and pyruvate.

Fig. 4 Relative levels o f urinary metabolites 
as a percentage of each animal’s respective con­
trol. Averages of 4 deficient-control pairs. Day 0 
is the day of diagnosed deficiency. Average con­
trol values on day 32 were 15 m g/day and 900 
(300-2000) ,ug/day for pyruvate and thiamine, 
respectively.

a n i m a l  d ie d  d u r i n g  b io p s y .  T h e  d a t a  p r e ­
s e n t e d  i n  f i g u r e s  1, 3, a n d  4 s u g g e s t e d  t h a t  
t h e  m e t a b o l i c  b r e a k d o w n ,  o n c e  i n i t i a t e d ,  
b e c a m e  c r i t i c a l  w i t h i n  3 t o  5 d a y s .

A v e r a g e  h e m o g l o b i n  a n d  h e m a t o c r i t  
l e v e l s  d e c r e a s e d  16 a n d  22%  , r e s p e c t i v e l y ,  
b y  t h e  t i m e  c a lv e s  b e c a m e  d e f i c i e n t .  T h e s e  
v a lu e s  w e r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  
t h e  i n i t i a l  v a lu e s  a t  t h e  2 a n d  5%  le v e l s  
o f  p r o b a b i l i t y ,  r e s p e c t i v e l y ,  w h e n  a n a l y z e d  
a s  p a i r e d  d a t a .  D i f f e r e n t i a l  c e l l  c o u n t s  
w e r e  n o t  c h a n g e d  f r o m  t h o s e  o f  n o r m a l  
a n i m a ls .

Fig. 5 Relative liver enzyme activities as a 
percentage of control. Transketolase (TK ) and 
pyruvate dehydrogenase (PVAD) and transketo­
lase (TK +  TPP) and pyruvate dehydrogenase 
(PVAD +  TPP) after incubation with thiamine 
pyrophosphate. Day 0 is the day of diagnosed 
deficiency.

Fig. 6 Relative activities of liver aldolase 
(ALD ), glucose-6-phosphate dehydrogenase 
(G6PD), malic enzyme (M E ), and isocitrate 
dehydrogenase (ICD) as a percentage of control. 
Day 0 is the day of diagnosed deficiency.
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T h e  a c t i v i t i e s  o f  t h e  t h i a m i n e - r e q u i r i n g  
e n z y m e s  w e r e  s u b s t a n t i a l l y  r e d u c e d  a t  t h e  
t i m e  o f  t h e  d e f i c i e n c y .  “ T r a n s k e t o la s e ”  
a n d  p y r u v a t e  d e h y d r o g e n a s e  a c t i v i t i e s  w e r e  
49 a n d  32% ,  r e s p e c t i v e l y ,  o f  c o n t r o l  v a l ­
u e s  ( f i g .  5 ) .  T h e  m a j o r  f a c t o r  c a u s i n g  t h i s  
r e d u c t i o n  i n  a c t i v i t y  a p p e a r e d  t o  b e  t h e  
l i m i t a t i o n  o f  c o f a c t o r  s i n c e  th e s e  v a lu e s  
w e r e  74 a n d  83%  o f  t h e  c o n t r o l  v a lu e s  
w h e n  t h e  h o m o g e n a t e s  w e r e  p r e i n c u b a t e d  
w i t h  t h i a m i n e  p y r o p h o s p h a t e .  O f  t h e  n o n ­
t h i a m i n e - r e q u i r i n g  e n z y m e s  o n l y  t h e  a c ­
t i v i t y  o f  a ld o la s e  a p p e a r e d  t o  b e  a f f e c t e d ,  
s in c e  i t s  a c t i v i t y  w a s  140%  o f  c o n t r o l  
v a lu e s  ( f i g .  6 ) .

O n  t h e  b a s is  o f  a l l  c r i t e r i a ,  b a s e d  o n  
in c r e a s e d  b lo o d  p y r u v a t e  a n d  l a c t a t e  l e v e l s  
i t  a p p e a r e d  t h a t  t h e  c a lv e s  b e c a m e  m e t a b -  
o l i c a l l y  d e f i c i e n t  i n  t h i a m i n e  b e t w e e n  27 
a n d  48 d a y s  a f t e r  t h i a m i n e  w a s  r e m o v e d  
f r o m  t h e i r  d ie t s .  T h i s  w a s  s u b s t a n t i a t e d  
b y  o t h e r  c l i n i c a l  c r i t e r i a  a n d  b y  d e c r e a s e d  
a c t i v i t i e s  o f  t r a n s k e t o la s e  a n d  p y r u v a t e  
d e h y d r o g e n a s e .

DISCUSSION
T h i a m i n e  d e f i c i e n c y  s y m p t o m s  o b s e r v e d  

i n  t h i s  s t u d y  w e r e  s i m i l a r  t o  t h o s e  r e ­
p o r t e d  f o r  a  n u m b e r  o f  o t h e r  s p e c ie s .  

A n o r e x i a  h a s  b e e n  r e p o r t e d  i n  t h e  d e ­
f i c i e n t  c a l f  ( 11, 24) ,  l a m b  ( 25) ,  h o r s e
( 26) ,  c h i c k  ( 27) ,  p i g  ( 28) ,  a n d  r a t  ( 29) .  
B r a d y c a r d i a  a n d  h e a r t  a b n o r m a l i t i e s  h a v e  
b e e n  a s s o c ia t e d  w i t h  t h i a m i n e  d e f i c i e n c y  
( 23, 25- 28) ;  h o w e v e r ,  t h e r e  i s  a  q u e s t io n  
w h e t h e r  b r a d y c a r d i a  i s  a  s p e c i f i c  s y m p t o m  
r e s u l t i n g  p r i m a r i l y  t o  a  t h i a m i n e  d e f i c i e n c y  
( 27, 28) ,  o r  w h e t h e r  i t  i s  c a u s e d  b y  l o w ­
e r e d  f e e d  i n t a k e  s in c e  c h i c k s  f o r c e - f e d  
t h i a m i n e - d e f i c i e n t  d ie t s  r a r e l y  h a v e  e x ­
h i b i t e d  t h i s  s y m p t o m  ( 27) .  H e a r t  a r r h y ­
t h m i a  w a s  o b s e r v e d  i n  a l l  d e f i c i e n t  c a lv e s  
e v e n  t h o u g h  t h e  e f f e c t s  o f  f o o d  i n t a k e  
w e r e  p r e v e n t e d  b y  f o r c e - f e e d i n g .  A  r e s p i r a ­
t o r y  a b n o r m a l i t y  d e v e lo p e d  i n  f o u r  o f  t h e  
d e f i c i e n t  c a lv e s  a n d  a p p e a r e d  t o  b e  s i m i l a r  
t o  t h a t  r e p o r t e d  i n  t h i a m i n e - d e f i c i e n t  
h o r s e s  ( 26) .  T h e  r e s p i r a t o r y  p r o b l e m  o b ­
s e r v e d  m a y  h a v e  b e e n  d u e  t o  a c id o s is  
c a u s e d  b y  h i g h  l a c t a t e  a n d  p y r u v a t e  le v e l s  

i n  t h e  b lo o d .
T h e  m o s t  m a r k e d  c h a n g e s  t h a t  o c c u r r e d  

i n  t h e  d e f i c i e n t  c a lv e s  w e r e  t h e  in c r e a s e s  
i n  b lo o d  l a c t a t e  a n d  b lo o d  a n d  u r i n a r y  
p y r u v a t e .  B lo o d  p y r u v a t e  in c r e a s e d  f r o m  a

n o r m a l  o f  1 m g / 100 m l  t o  a n  a v e r a g e  c lo s e  
t o  5 m g /100 m l .  S i m i l a r  h i g h  b lo o d  p y r u ­

v a t e  c o n c e n t r a t i o n s  h a v e  b e e n  r e p o r t e d  f o r  
a  l a r g e  n u m b e r  o f  s p e c ie s  ( 11, 24, 26, 28, 
30- 33) .  I n  t h i s  s t u d y  b lo o d  l a c t a t e  l e v e ls  
o f  d e f i c i e n t  c a lv e s  i n c r e a s e d  f r o m  a  n o r ­
m a l  o f  15 m g /100 m l  t o  a n  a v e r a g e  o f  
100 ( 85—200)  m g /100 m l .  T h e s e  le v e l s  
w e r e  c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  p r e ­
v i o u s l y  r e p o r t e d  f o r  t h e  c a l f ,  40 m g /100 
m l  ( 24)  a n d  d o g ,  60 m g /100 m l  ( 32) .  
U r i n a r y  p y r u v a t e  e x c r e t i o n  i n c r e a s e d  f r o m  

a  n o r m a l  o f  a b o u t  15 t o  a n  a v e r a g e  o f  80 
( 50- 140)  m g / d a y ,  e le v a t i o n s  s i m i l a r  t o  
t h o s e  r e p o r t e d  p r e v i o u s l y  f o r  d e f i c i e n t  
c a lv e s  ( 11, 24)  a n d  l a m b s  ( 25) .

T h e  l e n g t h  o f  t i m e  r e q u i r e d  f o r  t h e  a n i ­
m a l s  t o  b e c o m e  d e f i c i e n t  w a s  a b o u t  t h e  
s a m e  a s  t h a t  r e p o r t e d  p r e v i o u s l y  f o r  
c a lv e s  ( 11, 24)  a n d  l a m b s  ( 25)  b u t  
s l i g h t l y  l o n g e r  t h a n  t h a t  r e q u i r e d  f o r  y o u n g  
p ig s  ( 30) .  T h e r e  a p p e a r e d  t o  b e  n o  r e l a ­
t i o n s h i p  b e t w e e n  t h e  l e v e l  o f  u r i n a r y  t h i a ­
m i n e  a t  t h e  t i m e  o f  r e m o v a l  o f  t h i a m i n e  
f r o m  t h e  d i e t  a n d  t h e  l e n g t h  o f  t i m e  b e ­
f o r e  t h e  a p p e a r a n c e  o f  c l i n i c a l  s y m p t o m s .  
H o w e v e r ,  t h e r e  w a s  a  c lo s e  a n d  p o s i t i v e  
c o r r e l a t i o n  b e t w e e n  t h e  l e n g t h  o f  t i m e  t h a t  
c a lv e s  w e r e  f e d  t h e  c o n t r o l  d i e t  a n d  t h e  
t i m e  r e q u i r e d  t o  d e p le t e  t h e  a n i m a l s  o f  
t h e i r  t h i a m i n e  s t o r e s  t o  t h e  p o i n t  a t  w h i c h  
d e f i c i e n c y  s y m p t o m s  b e c a m e  m a n i f e s t .  
F u r t h e r m o r e ,  t h e r e  w a s  a  p o s i t i v e  c o r ­
r e l a t i o n  b e t w e e n  t h e  l e n g t h  o f  t i m e  t h a t  t h e  
c o n t r o l  d i e t  h a d  b e e n  f e d  a n d  t h e  p e r i o d  
o f  t i m e  e la s p e d  b e t w e e n  t h e  t i m e  w h e n  
d a i l y  u r i n a r y  t h i a m i n e  e x c r e t i o n  h a d  d e ­
c r e a s e d  b e l o w  50 a g / d a y  a n d  t h e  d a y  w h e n  
t h e  d e f i c i e n c y  w a s  d e f i n i t e l y  d ia g n o s e d .  
T h e s e  o b s e r v a t i o n s  s u g g e s t e d  t h a t  t h e  
a m o u n t  o f  t h i a m i n e  s t o r e d  d e p e n d e d  o n  
t h e  l e n t g h  o f  t i m e  t h a t  t h e  c o n t r o l  d i e t  h a d  

b e e n  f e d .
T h e  d e f i c i e n c y  a f f e c t e d  t h e  a c t i v i t y  o f  

l i v e r  p y r u v a t e  d e h y d r o g e n a s e  t o  a  g r e a t e r  
e x t e n t  t h a n  t h e  a c t i v i t y  o f  “ t r a n s k e t o la s e ”  
( f i g .  5 ) .  T h e  d e p r e s s io n  i n  l i v e r  “ t r a n s ­
k e t o la s e ”  a c t i v i t y  w a s  s i m i l a r  t o  t h a t  o b ­
s e r v e d  i n  r a t  l i v e r  ( 19, 34, 35) .  H o w e v e r ,  
t h e  a c t u a l  d e p r e s s io n  o f  “ t r a n s k e t o la s e ”  a c ­
t i v i t y  m a y  h a v e  b e e n  g r e a t e r  t h a n  t h a t  o b ­
s e r v e d  d u e  t o  t h e  n a t u r e  o f  t h e  a s s a y  s y s ­

t e m  e m p lo y e d  ( 19) .
D e c r e a s e s  i n  l i v e r  p y r u v a t e  d e h y d r o g e n ­

a s e  a c t i v i t y  s i m i l a r  t o  t h o s e  s h o w n  i n  f i g ­
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u r e  5 h a v e  b e e n  o b s e r v e d  i n  t h e  l i v e r s  o f  

t h i a m i n e - d e f i c i e n t  r a t s  ( 31, 36, 38)  a n d  i n  
b r e a s t  a n d  h e a r t  m u s c le s  o f  p ig e o n s  f e d  
t h i a m i n e - f r e e ,  h i g h  c a r b o h y d r a t e  d ie t s  ( 20) .  
A  m a j o r  p o r t i o n  o f  t h e  a c t i v i t y  w a s  r e ­
s t o r e d  w h e n  t h i a m i n e  p y r o p h o s p h a t e  w a s  
a d d e d  t o  t h e  m e d i u m .  T h e  p e r c e n t a g e  
s t i m u l a t i o n  o f  p y r u v a t e  d e h y d r o g e n a s e  
( p y r u v a t e  d e h y d r o g e n a s e  +  t h i a m i n e  p y r o -  
p h o s p h a t e ) / p y r u v a t e  d e h y d r o g e n a s e  X  100 
w a s  n o t  p o s i t i v e l y  c o r r e l a t e d  s i g n i f i c a n t l y  
w i t h  t i m e  t h e  d i e t  w a s  f e d  t o  c o n t r o l  a n i ­
m a l s  b u t  w a s  ( P < 0.01)  i n  t h e  d e f i c i e n t  
o n e s ,  i n d i c a t i n g  t h a t  t h e  s t i m u l a t i o n  d i d  
n o t  c h a n g e  i n  t h e  c o n t r o l ,  w h e r e a s  i t  i n ­
c r e a s e d  w i t h  t i m e  i n  t h e  d e f i c i e n t  c a lv e s .  
T h e  a v e r a g e  p e r c e n t a g e  s t i m u l a t i o n  o f  
p y r u v a t e  d e h y d r o g e n a s e  b y  t h i a m i n e  p y r o ­
p h o s p h a t e  w a s  s i g n i f i c a n t l y  g r e a t e r  ( P  <  
0.02)  f o r  t h e  d e f i c i e n t  c a lv e s  ( 460% )  
r e l a t i v e  t o  t h a t  o f  t h e i r  c o n t r o l s  ( 180% )  
a t  t h e  t i m e  o f  d ia g n o s e d  d e f i c i e n c y .  T h e  
n e a r l y  t w o f o l d  s t i m u l a t i o n  o f  p y r u v a t e  d e ­
h y d r o g e n a s e  i n  c o n t r o l  c a lv e s  b y  t h i a m i n e  
p y r o p h o s p h a t e  i n d i c a t e d  t h a t  t h e  a p o e n -  
z y m e  w a s  o n l y  a b o u t  50%  s a t u r a t e d  w i t h  
c o f a c t o r  w i t h i n  t h e  c e l l .  S i m i l a r  s t i m u l a ­
t i o n s  h a v e  b e e n  o b s e r v e d  i n  h e a r t  a n d  
b r e a s t  m u s c le  o f  p ig e o n s  d e f i c i e n t  i n  t h i a ­
m i n e  ( 20, 38) .

I n  c o n t r a s t  w i t h  p y r u v a t e  d e h y d r o g e n ­
a s e ,  t r a n k e t o la s e  a c t i v i t y  o f  l i v e r  e x t r a c t s  
f r o m  n o r m a l  c a lv e s  w a s  n o t  u n i f o r m l y  a f ­
f e c t e d  b y  p r e i n c u b a t i o n  w i t h  t h i a m i n e  p y ­
r o p h o s p h a t e .  H o w e v e r ,  s in c e  t h e  o b s e r v e d  
d e p r e s s io n  o f  l i v e r  t r a n s k e t o la s e  a c t i v i t y  
i n  t h e  d e f i c i e n t  c a lv e s  w a s  r e v e r s e d  b y  
p r e i n c u b a t i o n  w i t h  t h i a m i n e  p y r o p h o s ­
p h a t e  i t  a p p e a r e d  t h a t  c o f a c t o r  s a t u r a t i o n  
o f  t h e  t r a n s k e t o la s e  a p o e n z y m e  w a s  a ls o  
l o w e r  i n  d e f i c i e n t  t h a n  c o n t r o l  c a lv e s .

T h e  a c t i v i t y  o f  g lu c o s e - 6- p h o s p h a t e  d e ­
h y d r o g e n a s e  w a s  e x p e c t e d  t o  d e c r e a s e  
a lo n g  w i t h  t h a t  o f  “ t r a n s k e t o la s e ”  b e c a u s e  
“ t r a n s k e t o la s e ”  a n d  g lu c o s e -6- p h o s p h a t e  d e ­
h y d r o g e n a s e  a c t i v i t i e s  h a v e  b e e n  r e p o r t e d  
t o  i n c r e a s e  a n d  d e c r e a s e  t o g e t h e r  i n  r a t s  i n  
v a r i o u s  p h y s i o l o g i c a l  c o n d i t i o n s  ( 19)  i n ­
c l u d i n g  t h i a m i n e  d e f i c i e n c y .5 T h e  a b s e n c e  
o f  a  d e c r e a s e  i n  g lu c o s e -6- p h o s p h a t e  d e h y ­
d r o g e n a s e  i n  t h e  c a lv e s  m a y  h a v e  b e e n  r e ­
l a t e d  t o  t h e  l e n g t h  o f  t i m e  t h a t  t h e  a n i m a l s  
w e r e  m e t a b o l i c a l l y  d e f i c i e n t  i n  t h i a m i n e .  
T h e  c a lv e s  h a d  j u s t  e n t e r e d  t h e  p e r i o d  o f  
d e f i c i e n c y  w h e n  s a m p le d ,  w h e r e a s  t h e  r a t s

h a d  b e e n  a l l o w e d  t o  lo s e  w e i g h t  f o r  3 t o  4 
d a y s  b e f o r e  t h e  a c t i v i t i e s  o f  t h e  e n z y m e s  
w e r e  e v a lu a t e d .  W h a t  a p p e a r e d  t o  b e  a n  
i n c r e a s e  i n  a ld o la s e  a c t i v i t y  ( f i g .  6 )  m a y  
r e f l e c t  a n  in c r e a s e d  a b i l i t y  t o  m e t a b o l i z e  
g lu c o s e  v i a  t h e  E m b d e n - M y e r h o f  p a t h w a y ,  
a n d  m a y  i n d i c a t e  a n  a d a p t i v e  r e s p o n s e  t o  a  
d e c r e a s e  o f  p e n t o s e  c y c le  a c t i v i t y  a s  a  
r e s u l t  o f  t h e  d e p r e s s io n  i n  “ t r a n s k e t o la s e ”  
a c t i v i t y .  A l t e r n a t i v e l y ,  i n c r e a s e d  a c t i v i t y  
o f  t h e  C o r i  c y c l e  m a y  b e  i n d i c a t e d

T h e  d a t a  p r e s e n t e d  i n  f i g u r e s  3, 4 a n d  
5 i n d i c a t e  t h a t  t h e  a c t i v i t y  o f  p y r u v a t e  
d e h y d r o g e n a s e  d e c r e a s e d  t o  a b o u t  50%  o f  
n o r m a l  b e f o r e  e le v a t e d  p y r u v a t e  l e v e l s  
w e r e  o b s e r v e d ;  h o w e v e r ,  t h i s  d o e s  n o t  
e s t a b l i s h  a  d i r e c t  c a u s e - a n d - e f f e c t  r e l a t i o n ­
s h ip  b e t w e e n  l i v e r  p y r u v a t e  d e h y d r o g e n a s e  
a c t i v i t y  a n d  b lo o d  l a c t a t e  a n d  p y r u v a t e  
le v e ls .  A l t e r a t i o n s  i n  m u s c le  m e t a b o l i s m  
c o u l d  b e  t h e  c a u s e  o f  e le v a t e d  m e t a b o l i t e  
l e v e ls .  T h e  r a t e  o f  lo s s  o f  p y r u v a t e  d e h y ­
d r o g e n a s e  a c t i v i t i e s  f r o m  l i v e r  a n d  m u s c le  

m a y  n o t  b e  s i m i l a r  s in c e  i t  h a s  b e e n  s h o w n  
t h a t  h e a r t  lo s e s  p y r u v a t e  d e h y d r o g e n a s e  
a c t i v i t y  f a s t e r  t h a n  b r e a s t  m u s c le  i n  p i g ­
e o n s  f e d  a  t h i a m i n e - f r e e  d i e t  ( 20) .

T h e  r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  
c o m p r e h e n s i v e  s t u d ie s  o f  t h i a m i n e - d e f i c i ­
e n t  a n i m a l s  r e q u i r e  t h e  u s e  o f  m a n y  t e c h ­
n iq u e s .  M a n y  o f  t h e  i n d e x e s  o f  t h i a m i n e  
d e f i c i e n c y  a r e  n o t  e f f e c t i v e  w h e n  c o n s i d ­
e r e d  a lo n e .  F o r  e x a m p le ,  t h i a m i n e  e x c r e ­
t i o n  r e a c h e d  a  m i n i m u m  a  l o n g  t i m e  
b e f o r e  t h e  a n i m a l s  e x h i b i t e d  c l i n i c a l  s y m p ­
t o m s  o f  t h i a m i n e  d e f i c i e n c y ,  a n d  c e l l u l a r  
t h i a m i n e  p y r o p h o s p h a t e  l e v e l s  c a n  d e ­
c r e a s e  m a r k e d l y  b e f o r e  a n  e f f e c t  o n  e n ­
z y m e  a c t i v i t y  i s  o b s e r v e d  ( 34- 41) .  A l s o ,  
e n z y m e  a c t i v i t i e s  d e c r e a s e d  s i g n i f i c a n t l y  
b e f o r e  e le v a t i o n s  o f  l a c t a t e  a n d  p y r u v a t e  
i n  b o d y  f l u i d s  w e r e  o b s e r v e d .
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Comparative Effects of Dihydrotachysterol2 and 
Dihydrotachysterol3 in Chicks * 1

H. BRUCE BOSMANN a n d  PHILIP S. CHEN, JR. 
Department of Radiation Biology and Biophysics,
University of Rochester School of Medicine and Dentistry, 
Rochester. New York

ABSTRACT Crystalline dihydrotadiysterol2 (DHT2) was compared with vitamins 
D2 and Ds and with dihydrotachysterol3 (DHT3) over a wide dose range in chicks fed 
a rachitogenic diet. Effects on mineral metabolism were evaluated by following 
changes in serum calcium and phosphorus levels and in percentage bone ash. Both 
DHT2 and DHT3 possessed potent antirachitic and toxic actions, with a very narrow 
therapeutic range. DHT3 was only very slightly more potent than DHT2 in chicks in 
marked contrast with the tenfold potency difference of the parent molecules, vitamins 
E)3 and D2, in this species.

T h e  p o t e n c y  d i f f e r e n c e  i n  c h i c k s  b e ­
t w e e n  b o t h  a n t i r a c h i t i c  ( 1)  a n d  h y p e r -  
c a l c e m i c  ( 2 )  d o s e s  o f  v i t a m i n s  D 2 a n d  
D 3 h a s  b e e n  s y s t e m a t i c a l l y  r e - in v e s t i g a t e d  
u s i n g  c r y s t a l l i n e  s t e r o ls  g i v e n  d a i l y  i n  a n  
o r a l  d o s i n g  r e g i m e n .  A l t h o u g h  m i n o r  q u a l ­
i t a t i v e  d i f f e r e n c e s  w e r e  n o t e d ,  t h e  o v e r a l l  
c o n c l u s i o n  o f  t h e s e  s t u d ie s  w a s  t h a t  v i t a ­
m i n  D 3 w a s  m o r e  p o t e n t  t h a n  v i t a m i n  D 2 
i n  t h e  c h i c k  b y  a  f a c t o r  o f  a b o u t  10:1 a t  
b o t h  l o w  a n d  h i g h  d o s e  le v e l s .  T h i s  p o ­
t e n c y  r a t i o  i s  l o w e r  t h a n  t h e  r a t i o s  g i v e n  
i n  a n y  o f  t h e  e a r l i e r  s t u d ie s  r e f e r r e d  t o  
p r e v i o u s l y  ( 1) ,  i n  w h i c h  t h e  v a lu e s  f o r  
t h e  r a t i o  r a n g e  f r o m  15:1 t o  400: 1. T h e  
u s e  o f  c r y s t a l l i n e  v i t a m i n s ,  h o w e v e r ,  w a s  
n o t  s p e c i f i e d  e x c e p t  i n  o n e  i n s t a n c e .

I n  t h e  p r e s e n t  s t u d y ,  t h e s e  e x p e r i m e n t s  
h a v e  b e e n  e x t e n d e d  t o  i n c l u d e  c r y s t a l l i n e  
d i h y d r o t a c h y s t e r o h  ( D H T 2)  a n d  d ih y d r o -  
t a c h y s t e r o h  ( D H T 3)  w h i c h  a r e  r e d u c t i o n  
p r o d u c t s ,  c h e m i c a l l y  r e l a t e d  t o  v i t a m i n s  
D 2 a n d  D 3, r e s p e c t i v e l y .  A s  e v id e n t  f r o m  
t h e  s t r u c t u r a l  f o r m u l a s  s h o w n  i n  f i g u r e  1, 
t h e  r e d u c t i o n  o f  a  v i t a m i n  D  t o  a  d i h y d r o -  
t a c h y s t e r o l  i s  c h a r a c t e r i z e d  b y  c o n v e r s i o n  
o f  t h e  C -10 m e t h y le n e  g r o u p  t o  a  m e t h y l  
g r o u p  w i t h  a n  a c c o m p a n y in g  s t e r e o c h e m ­
i c a l  r o t a t i o n  o f  t h e  r i n g  ( A )  o n  w h i c h  i t  
r e s id e s .  N o  c h a n g e  o c c u r s  i n  t h e  s id e  
c h a i n ,  w h i c h  i s  t h e  o n l y  f e a t u r e  t h a t  d i s ­
t i n g u i s h e s  v i t a m i n  D 2 a n d  D H T 2 f r o m  
v i t a m i n  D 3 a n d  D H T 3, r e s p e c t i v e l y .  T h e  
v i t a m i n  D 2 s id e  c h a i n  i s  t h a t  o f  e r g o s t e r o l ,  
w h e r e a s  v i t a m i n  D 3 h a s  t h e  s a m e  s id e  
c h a i n  a s  c h o l e s t e r o l ,  w i t h  n o  d o u b le  b o n d

b e t w e e n  C 22 a n d  C 23 a n d  n o  m e t h y l  g r o u p  
o n  C 24.

W h i l e  D H T 2 a n d  D H T S h a v e  n o t  y e t  
b e e n  c h e m i c a l l y  i d e n t i f i e d  i n  n a t u r a l  
s o u r c e s ,  o w i n g  t o  t h e  e x t r e m e l y  s m a l l  
c o n c e n t r a t i o n s  o f  a n y  o f  t h e  c a lc é m ie  
s t e r o ls  i n  m o s t  b i o l o g i c a l  m a t e r i a l s ,  p r a c ­
t i c a l l y  a l l  o f  t h e  a v a i l a b l e  e v id e n c e  c o n ­
c e r n i n g  t h e  d i s t r i b u t i o n  o f  t h e s e  s t e r o ls  i n  
n a t u r e  h a s  b e e n  o b t a in e d  b y  b i o l o g i c a l  
a s s a y  m e t h o d s .  H o w e v e r ,  t h e  h i g h  c o n ­
c e n t r a t i o n  i n  c e r t a i n  f i s h  l i v e r  o i l s  h a s  
p e r m i t t e d  c h e m i c a l  i d e n t i f i c a t i o n  o f  v i t a ­
m i n  D  i n  s u c h  s o u r c e s .  A l t h o u g h  t h e  
D H T ’s a r e  p r o b a b l y  n o t  p r e s e n t  i n  f o o d  
n o r  f o r m e d  i n  v i v o ,  t h e i r  i n v e s t i g a t i v e  
i m p o r t a n c e  r e s id e s  i n  t h e i r  s t r u c t u r a l  s i m ­
i l a r i t y  t o  v i t a m i n  D  a n d  t h e i r  e x t r e m e l y  
p o t e n t  h y p e r c a l c é m i e  a c t i v i t y .

D ih y d r o t a c h y s t e r o h  w a s  o r i g i n a l l y  i n t r o ­
d u c e d  c l i n i c a l l y  a s  a  s u b s t i t u t e  f o r  p a r a ­
t h y r o i d  h o r m o n e  o w i n g  t o  i t s  h y p e r c a l ­
c é m ie  a c t i o n  ( 3 ) .  P r e p a r a t i o n s  a v a i l a b l e  
f o r  c l i n i c a l  u s e  i n  t h i s  c o u n t r y  2 w e r e  f o r ­
m e r l y  p r e p a r e d  b y  r e d u c t i o n  o f  v i t a m i n  
D 2 i r r a d i a t i o n  m i x t u r e s ,  r e q u i r e d  s t a n d a r d ­
i z a t i o n  b y  b io a s s a y ,  a n d  w e r e  f o u n d  u p o n  
p h y s i c o c h e m i c a l  a n a l y s i s  ( 4 )  t o  c o n s i s t  
m a i n l y  o f  d i h y d r o v i t a m i n  D 2- I I  a  s t e r o l

R eceived  fo r  p u b lica tion  M ay 12, 1966.
1 T h is  paper is  based on  w ork  perform ed  un der co n ­

tract w ith  the U nited States A tom ic E nergy C om m is­
sion  at the U niversity o f  R ochester A tom ic E nergy 
P roject, R ochester, N ew  York , and  w as supported in  
part by a P ub lic  H ealth  Service F ellow sh ip  (8 17 -0 1 ) 
from  the N ation a l Institute o f  G eneral M ed ica l Sci­
ences to H. B. B osm ann.

2 H ytakerol, m arketed by  W inthrop  Laboratories, 
N ew  Y ork  (see  referen ces 4 and 5 ) .
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VITAMIN D2 VITAMIN D3

DIHYDROTACHYSTEROL2 DIHYDROTACHYSTEROL 3

Fig. I Structural formulas of vitamin Dì , vitamin D3 dihydrotachysterol2 and dihydro- 
tachysterol3.

p o s s e s s in g  o n l y  o n e - f i f t h  t o  o n e - s i x t h  t h e  
h y p e r c a l c é m i e  p o t e n c y  o f  D H T 2 i n  r a t s  
a n d  d o g s  ( 5 ) .  T h e r e f o r e  i t  i s  e x t r e m e l y  
d i f f i c u l t  t o  p r o p e r l y  e v a l u a t e  t h e  e a r l i e r  
s t u d ie s  o f  “ d i h y d r o t a c h y s t e r o l ”  a c t i o n  i n  
v i e w  o f  t h e  f a c t  t h a t  t h e  p a r t i c u l a r  p r e p ­
a r a t i o n  u s e d  ( H y t a k e r o l ,3 A T - 10)  m a y  
h a v e  b e e n  v a r i a b le  i n  p o t e n c y  ( 4 )  a n d  
p e r h a p s  c o n s i s t e d ,  i n  f a c t ,  o f  s o m e t h in g  
o t h e r  t h a n  c r y s t a l l i n e  D H T 2.

N e v e r t h e le s s ,  a n  i n t e r e s t i n g  a s p e c t  o f  
“ D H T ”  a c t i o n  r e p o r t e d  f o r  c h ic k s  ( 6 )  d e ­
s e r v e s  c o n f i r m a t i o n  a n d  e x t e n s io n .  D e ­

s p i t e  t h e  s i g n i f i c a n t  p o t e n c y  d i f f e r e n c e  i n  
t h e  c h i c k  b e t w e e n  v i t a m i n s  D 2 a n d  D 3 
( w h i c h  d i f f e r  c h e m i c a l l y  o n l y  i n  t h e i r  s id e  
c h a i n s ) ,  i t  w a s  o b s e r v e d  ( 6- 8 )  t h a t  t h e  
p o t e n c y  o f  D H T 2 m o r e  c l o s e l y  r e s e m b le d  
t h a t  o f  v i t a m i n  D 3 t h a n  o f  v i t a m i n  D 2, a s  
i f  t h e  r e d u c t i o n  o f  r i n g  B  i n  t h e  s t e r o l  
n u c l e u s  c o u n t e r a c t e d ,  t o  a  l a r g e  d e g r e e ,  
t h e  r e d u c t i o n  i n  p o t e n c y  c a u s e d  b y  t h e  
s id e  c h a i n .  T h e  p r e s e n t  a v a i l a b i l i t y  o f  
b o t h  c r y s t a l l i n e  D H T 2 a n d  D H T 3 a l l o w s

3 See footnote 2.
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d e f i n i t e  r e s o l u t i o n  o f  t h i s  q u e s t io n .  E x ­

p e r i m e n t s  c o n d u c t e d  f o r  t h i s  p u r p o s e  a r e  
d e s c r i b e d  i n  t h e  p r e s e n t  r e p o r t .

METHODS
T h e  g e n e r a l  e x p e r i m e n t a l  a p p r o a c h  i s  

s i m i l a r  t o  t h a t  u s e d  p r e v i o u s l y  i n  s t u d ie s  

w i t h  c r y s t a l l i n e  v i t a m i n s  D  ( 2 ) .  M a le ,  
W h i t e  L e g h o r n  c h i c k s  ( M t .  H o p e  Q u e e n s )  
w e r e  r e c e i v e d  a t  o n e  d a y  o f  a g e  a n d  s e p a ­

r a t e d  i n t o  g r o u p s  o f  8 t o  14 a n i m a l s .  A l l  
c h i c k s  w e r e  k e p t  i n  b r o o d e r s  i n  a n  a i r -  

c o n d i t i o n e d  r o o m  f r o m  w h i c h  a l l  u l t r a ­

v i o l e t  i r r a d i a t i o n  w a s  e x c lu d e d  b y  c o v e r i n g  

w in d o w s  a n d  o v e r h e a d  l i g h t i n g  w i t h  r e d  

c e l l o p h a n e  a n d  w e r e  f e d  a  c o m m e r c i a l  
“ r a c h i t o g e n i c  c h i c k  t e s t  d i e t ”  ( 1.43%  c a l ­

c i u m ,  1. 10%  p h o s p h o r u s )4 a n d  d i s t i l l e d  
w a t e r  a d  l i b i t u m .

A f t e r  b e i n g  f e d  t h i s  d i e t  f o r  21 d a y s ,  
e a c h  c h i c k  w a s  i n t u b a t e d  d a i l y  w i t h  0. 1- 

m l  d o s e s  o f  s e s a m e  o i l  w i t h  e i t h e r  n o t h i n g  
a d d e d  ( r a c h i t i c  c o n t r o l )  o r  c o n t a i n i n g  
g r a d e d  d o s e s  o f  c r y s t a l l i n e  s t e r o l s .5 T r e a t ­
m e n t  w i t h  t h e  s t e r o ls  w a s  c o n t i n u e d  f o r  
e i t h e r  14 o r  21 d a y s .  P e r i o d i c a l l y  t h e  b o d y  
w e i g h t s  o f  e a c h  c h i c k  w e r e  r e c o r d e d .

F o o d ,  b u t  n o t  w a t e r ,  w a s  w i t h d r a w n  
24 h o u r s  p r i o r  t o  k i l l i n g .  T h e  c h i c k s  w e r e  
d e c a p i t a t e d  a n d  b lo o d  w a s  c o l l e c t e d  f r o m  
t h e  s e v e r e d  n e c k .  S e r u m  c a l c i u m  a n d  
s e r u m  p h o s p h o r u s  le v e l s  w e r e  a n a l y z e d  
b y  m e t h o d s  d e s c r ib e d  p r e v i o u s l y  ( 1) .  T h e  
2 t i b i a  f r o m  e a c h  c h i c k  w e r e  d is s e c t e d  
o u t ;  o n e  w a s  a n a l y z e d  f o r  p e r c e n t a g e  o f  
b o n e  a s h ,  t h e  o t h e r  w a s  f i x e d  i n  a b s o lu t e  
e t h a n o l  f o r  h i s t o l o g i c a l  e x a m i n a t i o n  o r  m i ­
c r o r a d i o g r a p h y ,  a l t h o u g h  r e s u l t s  o f  t h e  
l a t t e r  s t u d y  a r e  n o t  g i v e n  h e r e .  F o r  b o n e  
a s h  a n a l y s i s  e a c h  t i b i a  w a s  b r o k e n  i n  h a l f  
a n d  t h e  b o n e s  f r o m  e a c h  g r o u p  w e r e  
p la c e d  t o g e t h e r  i n  a  S o x h le t  t h i m b l e ,  e x ­
t r a c t e d  f o r  48 h o u r s  w i t h  a b s o lu t e  e t h a n o l  
a n d  f o r  a n  e q u a l  p e r i o d  o f  t i m e  w i t h  
d i e t h y l  e t h e r .  T h e  b o n e s  w e r e  t h e n  p la c e d  
i n  a  d e s s i c a t o r  f o r  24 h o u r s  a n d  c a r e f u l l y  
w e ig h e d .  F r o m  t h i s  w e i g h i n g ,  a n  a v e r a g e  
e x t r a c t e d  b o n e  w e i g h t  w a s  c a l c u l a t e d .  T h e  
b o n e s  w e r e  t h e n  d r i e d  i n  p l a t i n u m  d is h e s  
a t  100° ,  f l a m e d  o v e r  a  M e k e r  b u r n e r  t o  
b u r n  o f f  t h e  m a j o r  f r a c t i o n  o f  v o l a t i l e  
m a t e r i a l ,  a n d  a s h e d  i n  a  m u f f l e  f u r n a c e  a t  
750° f o r  16 h o u r s .  T h e  p e r c e n t a g e  o f  
t i b i a l  a s h  w e i g h t  w a s  d e t e r m i n e d  f o r  e a c h

g r o u p  u s in g  t h e  f o r m u l a : %  b o n e  a s h  =
_  a sh w e ig h t _____^  1 0 0 ' l
e x tra cte d  bone w e ig h t /  *

T w o  c o m p a r a t i v e  s t u d ie s  w e r e  c o n ­
d u c t e d .  I n  t h e  f i r s t  s t u d y ,  D H T 2 w a s  c o m ­
p a r e d  w i t h  v i t a m i n s  D 2 a n d  D 3 a t  d a i l y  
d o s e  le v e l s  r a n g i n g  f r o m  0.25 u g  t o  2.5 
m g / d a y  i n  l o g a r i t h m i c  i n c r e m e n t s  u s in g  
a  14- d a y  t r e a t m e n t  p e r i o d .  I n  t h e  s e c o n d  
s t u d y ,  D H T 2 a n d  D H T 3 w e r e  c o m p a r e d  
w i t h  e a c h  o t h e r  a t  d a i l y  d o s e s  o f  0.1 u g  
t o  100 a g  o v e r  a  21- d a y  t r e a t m e n t  p e r i o d .

RESULTS
C o m p a r a t i v e  l e t h a l  e f f e c t s  o f  D H T 2 ,  

D H T s  a n d  v i t a m i n s  D 2 a n d  D 3 . S u r v i v a l  
c u r v e s  a r e  s h o w n  i n  f i g u r e  2 b a s e d  o n  
r e s u l t s  f r o m  b o t h  s e r ie s  o f  c o m p a r a t i v e  
s t u d ie s .  D a t a  a r e  s h o w n  f o r  g r o u p s  o f  8 
c h i c k s  w h i c h ,  a f t e r  b e i n g  f e d  t h e  r a c h i t o ­
g e n i c  d i e t  f o r  3 w e e k s ,  w e r e  i n t u b a t e d  
d a i l y  w i t h  e i t h e r  0.1 m g  o f  D H T 2 o r  D H T 3 
f o r  a  m a x i m a l  p e r i o d  o f  21 d a y s ,  o r  g i v e n  
a  h i g h e r  d o s e  o f  2.5 m g  D H T 2 o r  v i t a m i n s  
D 2 o r  D 3, w i t h  k i l l i n g  o f  s u r v i v o r s  o n  t h e  

f o u r t e e n t h  d a y .
T h e  r e s u l t s  i n d i c a t e d  t h a t  h i g h  d o s e s  o f  

D H T 2 w e r e  c o n s i d e r a b l y  m o r e  t o x i c  t h a n  
e i t h e r  v i t a m i n s  D 2 o r  D 3 a n d  t h a t  D H T 3 
w a s  c o m p a r a b le  t o  o r  s l i g h t l y  g r e a t e r  t h a n  
D H T 2 i n  t o x i c i t y .

C o m p a r i s o n  o f  D H T 2 w i t h  v i t a m i n s  D s 

a n d  D 3 . D a t a  a r e  p l o t t e d  i n  f i g u r e  3 f o r  
t h e  v a r i o u s  q u a n t i t a t i v e  p a r a m e t e r s  m e a s ­
u r e d  o r  c a l c u l a t e d  f o r  t h e  3 s t e r o ls  i n  t h e  
e x p e r i m e n t  i n  w h i c h  c h i c k s  w e r e  t r e a t e d  

f o r  14 d a y s .
R e f e r r i n g  t o  t h e  d a t a  o n  p e r c e n t a g e  

b o n e  a s h ,  10 I U  ( 0.25 u g )  o f  v i t a m i n  D 2 
w e r e  n o t  c u r a t i v e  o f  r i c k e t s ,  w h e r e a s  
0.25 u g  D H T 2 g a v e  e v e n  b e t t e r  p e r c e n t a g e  
o f  b o n e  a s h  v a lu e s  t h a n  v i t a m i n  D 3. C o n ­
s i d e r a t i o n  o f  t h e  d a t a  o n  e x t r a c t e d  t i b i a  
w e i g h t s ,  s e r u m  c a l c i u m  le v e l s  a n d  f i n a l  
b o d y  w e i g h t s  a ls o  s u g g e s t s  t h a t  D H T »  w a s  
a s  a n t i r a c h i t i c  a s  v i t a m i n  D 3. S e r u m  p h o s ­
p h o r u s  le v e ls  w i t h  D H T Z t r e a t m e n t ,  h o w -

4  G e n e ra l B io c h e m ic a ls , In c .,  C h a g r in  F a lls ,  O hio. 
T h is  d ie t is  com posed o f: ( i n  p e r  c e n t )  a lf a lf a  m e a l, 
5 .5 ; soyb e an  m e a l, 15 .4 ; bone m e a l, 4.4; y e llo w  c o rn , 
34 .4 ; w h e a t f lo u r  m id d lin g s , 28.4; d rie d  s k im  m ilk ,  
9 .4 ; cottonseed o il, 1 .0 ; io d iz e d  salt, 1 .0 ; a n d  bone 
c h a rc o a l, 0.5. O u r lo t o f d ie t c o n ta in e d  1 .4 3 %  c a l­
c iu m  a n d  1 .1 0 % p h o sp h o ru s  b y a n a ly s is  (n a m e ly , a 
c a lc iu m -to -p h o sp h o ru s  ra t io  o f 1 .3 ).

5  C r y s t a llin e  V ita m in s  D 2  a n d  D 3 , D H T 2  a n d  D H T 3 
w ere m a n u fa c tu re d  b y  P h ilip s - D u p h a r, W eesp, N e th ­
e rla n d s . D H T 3  w a s  s u p p lie d  th ro u g h  the co u rte sy  o f 
the m a n u fa c tu re r.
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Fig. 2 Survival curves. Treatment begun after chicks had received rachitogenic diet for 21 days. 

Dose indicated is the daily dose.

e v e r ,  w e r e  n o t  s i m i l a r  t o  t h o s e  e x h i b i t e d  
b y  v i t a m i n  D 3- t r e a t e d  b i r d s  a n d ,  a t  t h e  
0.25- u g  d o s e ,  t h e  s e r u m  p h o s p h o r u s  l e v e l  
f o r  t h e  D H T 2- t r e a t e d  c h i c k s  w a s  c l o s e r  t o  
t h a t  f o r  t h e  s a m e  d o s e  o f  v i t a m i n  D 2. 
T h i s  o b s e r v a t i o n  i s  r e f l e c t e d  b y  t h e  s e r u m  
C a  X  P  p r o d u c t s .  A s  t h e  d o s e  o f  s t e r o ls  
w a s  i n c r e a s e d ,  t h e  a n t i c i p a t e d  f a l l  i n  
s e r u m  p h o s p h o r u s  l e v e l  o c c u r r e d  e a r l i e r  
w i t h  D H T 2 a n d  v i t a m i n  D 3 t h a n  w i t h  v i t a ­
m i n  D 2, a g a i n  i n d i c a t i n g  t h e  r e s e m b la n c e  
b e t w e e n  th o s e  2 s t e r o ls .

C o m p a r i s o n  o f  D H T S w i t h  D H T 3 . L i t t l e  
q u a n t i t a t i v e  d i f f e r e n c e  w a s  o b s e r v e d  b e ­
t w e e n  c r y s t a l l i n e  D H T .  a n d  D H T 3 i n  t h e i r  
e f f e c t s  o n  t h e  v a r i o u s  q u a n t i t a t i v e  p a r a m ­
e t e r s ,  a s  i l l u s t r a t e d  i n  f i g u r e  4 f o r  t h e  
d o s e s  r a n g i n g  f r o m  0.1 t o  100 u g  a d m i n ­
i s t e r e d  d a i l y  f o r  21 d a y s .

O n  t h e  b a s is  o f  g r o w t h  a n d  b o n e  
w e i g h t s ,  t h e  p e a k  r e s p o n s e  w a s  o b t a in e d  
w i t h  t h e  d a i l y  d o s e  o f  10 u g .  D o s e s  b e l o w  
t h i s  l e v e l  d i d  n o t  p r o d u c e  c o m p le t e  h e a l ­
i n g  o f  t h e  r a c h i t i c  s t a t e  a s  d e m o n s t r a t e d  
b y  t h e  l o w e r  p e r c e n t a g e  b o n e  a s h  v a lu e s  
a n d  l o w e r  C a  X  P  p r o d u c t s .

T h a t  t h e  d i h y d r o t a c h y s t e r o l s  h a v e  a n  
e x t r e m e l y  n a r r o w  t h e r a p e u t i c  r a n g e  i s  o b ­
v i o u s  b e c a u s e  t h e  t o x i c  m a n i f e s t a t i o n s  
b e c a m e  e v id e n t  a t  d o s e s  i m m e d i a t e l y  
h i g h e r  t h a n  t h e  10- u g  le v e l .  A t  25 u g ,  
g r o w t h  a n d  b o n e  w e i g h t s  s t a r t e d  d e c r e a s ­
i n g ,  d e n o t i n g  t o x i c i t y ,  a n d  s e r u m  p h o s ­
p h o r u s  le v e l s  f e l l  s h a r p l y  a t  t h e  100- u g  
d o s e .

A s  p o i n t e d  o u t  p r e v i o u s l y  f o r  v i t a m i n s  
D 2 a n d  D 3 ( 2 )  t h e  s e r u m  c a l c i u m  le v e l s  
a n d  p e r c e n t a g e  b o n e  a s h  v a lu e s  w e r e  p o o r  
i n d i c a t o r s  o f  t o x i c i t y ,  s h o w i n g  r e l a t i v e l y  
l i t t l e  r e s p o n s e  w i t h  t o x i c  d o s e s  o f  t h e  
s t e r o l .  A n  i m p o r t a n t  o b s e r v a t i o n ,  h o w ­
e v e r ,  w a s  t h a t  w i t h  D H T  t r e a t m e n t ,  t h e  
s e r u m  c a l c i u m  le v e l s  r e m a i n e d  r e l a t i v e l y  
n o r m a l  a t  a  d o s e  g i v i n g  o b v io u s  t o x i c i t y  
( e . g . ,  25 u g )  a n d  t h e n  s u d d e n ly  i n c r e a s e d  
t o  o v e r  16 m g / 100 m l  a t  t h e  h i g h e r  d o s e  

o f  100 u g .

DISCUSSION
S e v e r a l  i m p o r t a n t  p o i n t s  r e g a r d i n g  t h e  

p h y s i o l o g i c  a n d  p h a r m a c o lo g i c  a c t i o n s  o f  
D H T 2 a n d  D H T 3 i n  c h i c k s  a r e  p r e s e n t e d  
i n  t h i s  s t u d y .  A  m a j o r  s p e c ie s  d i f f e r e n c e  
b e t w e e n  t h e  c h i c k  a n d  t h e  r a t  i n  t h e i r  
r e s p o n s e  t o  t h e  d i h y d r o t a c h y s t e r o l s  i s  t h e  
p o w e r f u l  a n t i r a c h i t i c  a c t i v i t y  s h o w n  b y  
D H T 2 a n d  D H T 3 i n  c h ic k s .  I n  r a t s ,  c r y s ­
t a l l i n e  D H T 2 a n d  D H T 3 h a v e  b e e n  r e p o r t e d  
( 9 )  t o  b e  o n l y  0.5%  a n d  0.9%  a s  a c t i v e  
a s  v i t a m i n s  D 2 o r  D 3 ( b o t h  e q u i p o t e n t  i n  
r a t s ) .  H o w e v e r ,  t h e  d i h y d r o t a c h y s t e r o l s  
a r e  m o r e  t o x i c  a n d  h y p e r c a l c e m i c  t h a n  
e q u i v a le n t  w e i g h t s  o f  t h e  v i t a m i n s  D  i n  
b o t h  r a t s  ( 5, 9, 10)  a n d  i n  c h i c k s  a s  
s h o w n  i n  t h i s  s t u d y .

T h e  s e r u m  c a l c i u m  l e v e l  w a s  a  r e l a ­
t i v e l y  p o o r  i n d i c a t o r  o f  t h e  t o x i c i t y  o f  
D H T .  I t  h a s  b e e n  p o i n t e d  o u t  p r e v i o u s l y  
t h a t  t h i s  w a s  t r u e  f o r  r a t s  ( 5 )  o w i n g  
p r e s u m a b l y  t o  r e n a l  d a m a g e ,  w h i c h  c a u s e d
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Fig. 3 Dose (log scale) o f vitamins D2 and D3 and DHT2 vs. (top left) serum phos­
phorus level; ( middle left) percentage bone ash; ( bottom left') serum calcium level; (top 
right) Ca X P product; ( middle right) tibia weight; and ( bottom right) final body weight. 
R refers to rachitic controls (means ±  SE).

e le v a t e d  s e r u m  p h o s p h a t e  a n d  u r e a  n i t r o ­
g e n  le v e ls .  I n  c h i c k s ,  h o w e v e r ,  h y p o p h o s ­
p h a t e m i a  r a t h e r  t h a n  h y p e r p h o s p h a t e m ia  
w a s  o b s e r v e d  a t  h i g h  d o s a g e s  o f  D H T ;  
t h u s  t h e  s e r u m  p h o s p h o r u s  r e s p o n s e  t o  
t o x i c  d o s e s  o f  t h e s e  s t e r o ls  w a s  d i f f e r e n t  
i n  t h e  2 s p e c ie s .

T h e  s e r u m  c a l c i u m  r e s p o n s e  t o  t h e  d i -  
h y d r o t a c h y s t e r o l s  f o l l o w e d  a  s t e p - b y - s t e p  
p a t t e r n  a s  s h o w n  i n  f i g u r e s  3 a n d  4. A t  
D H T  d o s e s  b e t w e e n  1 a n d  25 p g / d a y ,  t h e  
s e r u m  c a l c i u m  r e m a i n e d  a t  a  p l a t e a u  l e v e l  
o f  a b o u t  12 m g / 100 m l  a n d  t h e n  i n ­
c r e a s e d  r a p i d l y  t o  16 t o  17 m g / 100 m l  a t  
d o s e s  o f  100 t o  250 p g / d a y .  T h i s  i s  i n

d i s t i n c t  c o n t r a s t  w i t h  t h e  s e r u m  c a l c i u m  
r e s p o n s e  t o  v i t a m i n s  D 2 o r  D 3 w h i c h  f o l ­
l o w e d  a  r a t h e r  s m o o t h  c u r v e  i n c r e a s i n g  
g r a d u a l l y  w i t h  d o s a g e  ( 2 ) .

T h e  e x p l a n a t i o n  f o r  t h e  s u d d e n  r i s e  i n  
s e r u m  c a l c i u m  l e v e l  i n  r e s p o n s e  t o  t h e  
h i g h e r  D H T  d o s e s  c o u l d  b e  t h a t  t h e  m e c h ­
a n i s m  b y  w h i c h  t h e s e  s t e r o ls  e v o k e  h y p e r ­
c a l c e m i a  i s  c r i t i c a l l y  d o s e - d e p e n d e n t ,  a n d  
q u i t e  d i f f e r e n t  f r o m  t h e  m e c h a n i s m  b y  
w h i c h  l o w  d o s e s  s t i m u l a t e  i n c r e a s e d  i n ­
t e s t i n a l  c a l c i u m  a b s o r p t i o n .  I n  l a r g e  m e a s ­
u r e  t h e  a n t i r a c h i t i c  a c t i o n  o f  t h e  l o w e r  
d o s e s  o f  D H T  i n  c h i c k s  m u s t  b e  t h e  r e s u l t  
o f  a  s t i m u l a t i o n  o f  i n t e s t i n a l  c a l c i u m



1 4 6 H. BRUCE BOSMANN AND PHILIP S. CHEN, JR.

Fig. 4 Dose (log scale) o f DHT2 and DHT3 vs. (top left) serum phosphorus level; 
( middle left) percentage bone ash; ( bottom left) serum calcium level; (top right) Ca X P 
product; ( middle right) tibia weight; and ( bottom right) final body weight. R refers to 
rachitic controls.

t r a n s p o r t ;  i n c r e a s e d  r a t e s  o f  a p p e a r a n c e  
i n  s e r u m  o f  o r a l l y  a d m i n i s t e r e d  45C a  h a v e  
b e e n  n o t e d  i n  D H T  a s  w e l l  a s  v i t a m i n  
D . ¡ - t r e a te d  c h i c k s  c o m p a r e d  w i t h  r a c h i t i c  
c o n t r o l s  ( 11) .  H o w e v e r ,  a  d i r e c t  b o n e  a c ­
t i o n  o f  D H T  a t  l o w  d o s e s  s h o u l d  a ls o  b e  
c o n s id e r e d  ( 12) .

H i g h e r  d o s e s  o f  t h e  s t e r o ls  p r o d u c e  
t o x i c  e f f e c t s  b y  h y p e r s t i m u l a t i o n  o f  i n t e s ­
t i n a l  c a l c i u m  a b s o r p t i o n  a n d  e x c e s s iv e  
b o n e  r e s o r p t i o n .  T h e  r e s u l t a n t  t e n d e n c y  
t o w a r d s  h y p e r c a l c e m i a  m a y  p r o d u c e  a d ­
v e r s e  e f f e c t s  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  
( e . g . ,  r e n a l  d a m a g e ) .  T h e s e  c a l c i u m  
m o v e m e n t s  r e s u l t  i n  d e c r e a s e d  g r o w t h  a n d  
s m a l l e r  b o n e s ,  d e s p i t e  h i g h  s e r u m  C a  X P  
p r o d u c t s  a n d  n o r m a l  p e r c e n t a g e  b o n e  a s h  
v a lu e s .

I t  i s  a t  t h e  h i g h e r  d o s e  le v e l s  t h a t  t h e  
r e s p o n s e  o f  t h e  c h i c k  t o  D H T  d i f f e r s  s o  
m u c h  f r o m  i t s  r e s p o n s e  t o  v i t a m i n  D .  
P r e v io u s  s t u d ie s  i n  d o g s  ( 5 )  i n d i c a t e  a  
m u c h  m o r e  r a p i d  i n d u c t i o n  a n d  c e s s a t io n

o f  t h e  h y p e r c a l c é m i e  r e s p o n s e  t o  D H T 2 a s  
c o m p a r e d  w i t h  v i t a m i n  D 2. W h i l e  t h e  p r e s ­
e n t  d a t a  d o  n o t  a l l o w  c o n c l u s i o n s  t o  b e  
d r a w n  a b o u t  r a t e s  o f  a c t i o n  i n  c h i c k s ,  t h e  
f a c t  t h a t  D H T  t o x i c i t y  o c c u r r e d  a t  d o s e s  
i m m e d i a t e l y  a b o v e  t h o s e  w h i c h  w e r e  b e n e ­
f i c i a l  i s  c o n s i s t e n t  w i t h  s u c h  a  r a p i d  a c ­
t i o n .  C o n c e i v a b l y  v i t a m i n  D  t o x i c i t y  i s  
m o r e  t h e  c o n s e q u e n c e  o f  a  c u m u l a t i v e  
e f f e c t  a n d  t h e r e f o r e  i t s  t h e r a p e u t i c  r a n g e  
i s  g r e a t e r .  N e v e r t h e le s s ,  i t  i s  e q u a l l y  p r o b ­
a b le  t h a t  t h e  m e c h a n i s m  f o r  D H T  t o x i c i t y  
d i f f e r s  i n  s o m e  i m p o r t a n t  q u a l i t a t i v e  m a n ­
n e r  f r o m  t h a t  f o r  v i t a m i n  D  t o x i c i t y .

O n e  p o s s i b i l i t y  i s  t h a t  v i t a m i n  D  m i g h t  
u n d e r g o  a  r e d u c t i o n  i n  v i v o  w h i c h  c o n ­
v e r t s  i t  i n t o  a  h y p e r c a l c é m i e  a g e n t  s t r u c ­
t u r a l l y  r e l a t e d  t o ,  o r  i d e n t i c a l  w i t h ,  D H T ,  
t h u s  a c c o u n t i n g  f o r  t h e  s l o w e r  o n s e t  o f  
v i t a m i n  D  a c t i o n .  A l t h o u g h  t h i s  p o s s i ­
b i l i t y  i s  d i f f i c u l t  t o  e x p l o r e  d i r e c t l y ,  t h e  
i n d i r e c t  e v id e n c e  o b t a in e d  t o  d a t e  h a s  n o t  
s u p p o r t e d  t h i s  h y p o t h e s i s .  F o r  e x a m p l e ,
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n o  m e t a b o l i c  i n h i b i t o r s  h a v e  b e e n  f o u n d  
w h i c h  w o u l d  i n h i b i t  v i t a m i n  D  a c t i o n  
w i t h o u t  h a v i n g  a  s i m i l a r  i n h i b i t o r y  a c t i o n  
a g a i n s t  D H T  ( e . g . ,  a c t i n o m y c i n  D  a n d  
o , p ' - D D D ) .  A  c o n v e r s e  r e s u l t  w o u l d  h a v e  
s u g g e s t e d  t h a t  s u c h  a  p o s s i b i l i t y  m i g h t  
e x is t .

I n  c o n c l u s i o n ,  i t  h a s  b e e n  s h o w n  t h a t  
D H T 2 a n d  D H T 3 a r e  a n t i r a c h i t i c  i n  t h e  
c h i c k ,  p o s s e s s in g  n e a r l y  e q u a l  p o t e n c ie s  
b o t h  a t  t h i s  l e v e l  a n d  a t  h i g h e r  t o x i c  d o s e s .  
T h u s ,  t h e  e f f e c t  o f  a l t e r a t i o n s  i n  t h e  s id e  
c h a i n  w h i c h  g iv e  r i s e  t o  s u c h  d r a m a t i c  
p o t e n c y  d i f f e r e n c e s  ( v i t a m i n  D 3 >  v i t a m i n  
D a) i n  t h e  c h i c k  a r e  a b o l i s h e d  w h e n  t h e  
s t e r o l  n u c l e u s  i s  c h e m i c a l l y  r e d u c e d  t o  
g iv e  t h e  d i h y d r o t a c h y s t e r o l s .
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E f f e c t  o f  a n  E s s e n t i a l  F a t t y  A c i d  D e f i c i e n c y  i n  R a t s  o n

t h e  I n c o r p o r a t i o n  i n  v i t r o  o f  P a l m i t a t e - l - 14C  a n d

L i n o l e a t e - l - 14C  i n t o  L i v e r  G l y c e r o l i p i d s  1

ABSTRACT In an attempt to learn more about the nature of the biochemical 
alterations occurring in an essential fatty acid deficiency, the incorporation, in vitro, 
of palmitate-l-14C and linoleate-l-14C into several glycerolipids has been measured in 
whole homogenate, microsomes, and microsomes plus supernatant, o f livers from 
normal and essential fatty acid deficient rats. When either the homogenate or the 
microsomes plus supernatant were used as enzyme, most of the incorporation of 
palmitate-l-14C and linoleate-l-14C occurred in the triglycerides. When the microsomal 
fraction was used, however, relatively little radioactivity was observed in the trigly­
cerides, and most of the 14C uptake from both fatty acids occurred in the phospha- 
tidylethanolamines. The incorporation of the fatty acids into the several lipids studied 
clearly was altered by the imposition of an essential unsaturated fatty acid deficiency. 
These effects differed depending upon the fatty acid used as precursor, the specific 
type of glycerolipid considered, and the portion of the liver used as enzyme.

S t u d ie s  r e p o r t e d  e a r l i e r  ( 1- 3)  l e d  t o  
t h e  s u g g e s t i o n  t h a t  l i v e r  m i t o c h o n d r i a  
f r o m  r a t s  m a i n t a i n e d  w i t h  a  d i e t  d e f i c i e n t  
i n  t h e  e s s e n t ia l  f a t t y  a c id s  ( E F A )  w e r e  
s t r u c t u r a l l y  le s s  s t a b le  t h a n  t h o s e  f r o m  n o r ­
m a l  r a t s ,  a n d  t h a t  p a r t ,  a t  l e a s t ,  o f  t h e  
s t r u c t u r a l  i n s t a b i l i t y  r e la t e s  t o  t h e  l i p i d  p o r ­
t i o n  o f  t h e  l i p o p r o t e i n  o f  t h e  m i t o c h o n ­
d r i o n .  W h e t h e r  t h i s  p r e s u m e d  s i t e  o f  a  
d e f e c t  i s  a s s o c ia t e d  w i t h  a l t e r e d  r e s p i r a -  
t o r y - l i n k e d  p r o c e s s e s  i n  E F A - d e f i c i e n t  l i v ­
e r s  ( 4- 8 )  b y  w a y  o f  a l t e r e d  p h o s p h o l i p i d s  
i s  n o t  k n o w n .  M a r k e d  c h a n g e s  o c c u r  i n  
t h e  f a t t y  a c id  c o m p o s i t i o n  o f  p h o s p h o l i p ­
i d s  i n  d e f i c i e n t  m i t o c h o n d r i a  ( M t )  ( 9 ) ,  
h o w e v e r ,  w h i c h  m a k e s  t h e m  s u s p e c t ,  e s ­
p e c i a l l y  i n  v i e w  o f  p h o s p h o l i p i d  i n v o l v e ­
m e n t  i n  e l e c t r o n  t r a n s f e r  m e c h a n i s m s  
( 1 0 ) .

I n  a n  e f f o r t  t o  g a i n  a  b e t t e r  u n d e r s t a n d ­
i n g  o f  t h e  m e t a b o l i s m  o f  i n d i v i d u a l  g l y ­
c e r o l i p i d s ,  a n d  p a r t i c u l a r l y  o f  t h e  p h o s ­
p h o l i p i d s ,  i n  l i v e r s  o f  r a t s  r e a r e d  w i t h  a  
d i e t  d e v o i d  o f  t h e  e s s e n t ia l  f a t t y  a c id s ,  a  
s t u d y  w a s  m a d e  o f  t h e  i n c o r p o r a t i o n ,  i n  
v i t r o ,  o f  p a l m i t a t e - l - 14C  a n d  l i n o l e a t e - l - 14C  
i n t o  t r i g l y c e r i d e s ,  p h o s p h a t i d y l e t h a n o l a -  
m i n e  p h o s p h a t i d y l s e r i n e ,  p h o s p h a t i d y l i n ­
o s i t o l ,  a n d  p h o s p h a t i d y l c h o l i n e .  F e d  a n d  
f a s t e d  a n i m a l s  w e r e  u s e d ,  a n d  w h o l e  l i v e r  
h o m o g e n a t e  ( H o r n ) ,  l i v e r  m ic r o s o m e s

( M e )  a n d  m i c r o s o m e s  p lu s  c y t o p la s m i c  
s u p e r n a t a n t  ( M c S )  w e r e  u s e d  a s  e n z y m e s .

EXPERIMENTAL METHOD
M a le  r a t s  o f  t h e  H o l t z m a n  s t r a i n ,  

w e a n e d  a t  18 d a y s  o f  a g e ,  w e r e  m a i n ­
t a i n e d  w i t h  e i t h e r  a  s e m i p u r i f i e d  d i e t  c o n ­
t a i n i n g  c o r n  o i l  a t  a  l e v e l  o f  5%  ( 6 ) ,  o r  
w i t h  a n  E F A - d e f i c i e n t  d i e t  i n  w h i c h  h y d r o ­
g e n a t e d  c o c o n u t  o i l  w a s  s u b s t i t u t e d  f o r  
c o r n  o i l  i n  e q u i v a l e n t  a m o u n t s .  A f t e r  t h e  
a n i m a l s  h a d  b e e n  f e d  th e s e  d ie t s  f o r  12 
w e e k s  ( 11)  t h e y  w e r e  p la c e d  i n  o n e  o f  
f o u r  e x p e r i m e n t a l  g r o u p s  a n d  f e d  a s  f o l ­
l o w s :  ( a )  t h e  c o n t r o l  c o r n - o i l  d i e t  u n t i l  
k i l l e d ,  ( b )  t h e  c o n t r o l  d i e t  a n d  f a s t e d  f o r  
24 h o u r s  b e f o r e  k i l l i n g ,  ( c )  t h e  E F A - d e f i ­
c i e n t  d i e t  u n t i l  k i l l e d ,  ( d )  t h e  E F A - d e f i ­
c i e n t  d i e t  a n d  f a s t e d  24 h o u r s  p r i o r  t o  
k i l l i n g .  T h e  f a t t y  a c i d  c o m p o s i t i o n  o f  t h e  
d ie t s  ( t a b l e  1)  w a s  d e t e r m i n e d  b y  g a s -  
l i q u i d  c h r o m a t o g r a p h y  o f  t h e  m e t h y l  

e s t e r s  ( 9 ) .  * 1 2

R e c e iv e d  fo r  p u b lic a t io n  A p r il  2 8 , 1966.
1 T h is  w o rk  w a s  su p p o rte d  i n  p a rt  b y  P u b lic  H e a lth  

S e rv ice  R e s e a rc h  G ra n ts  no. H E -0 5 4 7 3  a n d  C A -0 4 72 0  
fro m  th e  N a t io n a l In s t itu te s  o f H e a lth .

2  K a th le e n  S titt re ce iv e d  a M e ad  Jo h n so n  G ra d u a te  
F e llo w s h ip  fro m  the A m e ric a n  D ie te tic  A ss o c ia tio n  
a n d  a  H a z e l L a p p  F e llo w s h ip  fro m  the S ch o o l o f 
H om e  E c o n o m ic s  o f T h e  O hio State U n iv e rs ity . T h is  
w o rk  is  ta k e n  fro m  h e r  d iss e rta tio n  s u b m itte d  in  
p a r t ia l fu lf il lm e n t  o f th e  re q u ire m e n ts  f o r  th e  degree, 
D o cto r o f P h ilo s o p h y  in  the G ra d u a te  S ch o o l o f T h e  
O h io  State U n iv e rs ity .

148 J. N u t r it io n , 9 0 : ’ 66
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T A B L E  1

Composition of diets

Normal Hydrogenated coconut oil 
dlet diet
% %

Vitamin-free casein 1 21 21
Non-nutritive fiber 2 16 16
Salt mix, USP XIV 4 4
Dextrose 53 53
Vitamin mix 3 1 1
Corn oil 5 __
Hydrogenated coconut oil 4 — 5

Composition of fatty acids :
9 9

Laurie 0 35.7
Myristic 0 27.8
Palmitic 17.5 16.3
Stearic 2.0 16.0
Oleic 26.6 4.3
Linoleic 51.6 0
Linolenic 2.4 0

Total 100.1 100.1
1 O b ta in e d  fro m  G e n e ra l B io c h e m ic a ls , In c .,  C h a g r in  

F a lls ,  O hio.
2  A lp h a c e l, N u t r it io n a l B io c h e m ic a ls  C o rp o ra tio n , 

C le v e la n d .
3  C o n ta in e d  ( i n  g / k g  v it a m in  m i x ) :  v it a m in  A  

con e (2 0 0 ,0 0 0  U S P  u m t s / g ) ,  9 .93; v it a m in  D  cone 
(4 0 0 ,0 0 0  U S P  u n it s / g ) ,  0 .5 5 ; a-toco pherol, 11 .0 5 ; 
a sc o rb ic  a c id , 9 9 .3 ; ¿-in o sito l, 1 1 .0 5 ; c h o lin e  c h lo rid e , 
16 5 .6 ; m e n a d io n e , 4.96; p -a m in o b e n zo ic  a c id , 11 .0 5 ; 
n ia c in ,  9 .9 3; r ib o f la v in , 2 .2 ; p y r id o x in e -H C l,  2.2; 
th ia m in e  • H C 1, 2.2; C a  p a n to th e n a te , 6 .6 3 ; b io tin , 
0 .0 44; f o lic  a c id , 0 .19 8 ; v it a m in  B 1 2 , w ith  m a n n ito l 
0 .1 % , 2.98 ( V it a m in  D ie t F o rt if ic a t io n  M ix t u r e  in  
D e xtro se , N u t r it io n a l B io c h e m ic a ls  C o rp o ra t io n ).

4  H y d ro l, D u rk e e ’ s F a m o u s  Food s, C le v e la n d , O hio.

T h e  a n i m a l s  w e r e  d e c a p i t a t e d  w i t h  a  
g u i l l o t i n e  a n d  l i v e r s  w e r e  r e m o v e d  r a p i d l y  
a n d  p la c e d  i n  a  b e a k e r  i m m e r s e d  i n  i c e .  
A f t e r  w e i g h i n g ,  t h e  l i v e r s  w e r e  f o r c e d  
t h r o u g h  a  p e r f o r a t e d  L u c i t e  p r e s s  t o  r e ­
m o v e  c o n n e c t i v e  t i s s u e .  T h e  l i v e r s  w e r e  
s u s p e n d e d  i n  T r i s - K C l  b u f f e r  a t  a  p H  o f
7.4 a n d  h o m o g e n i z e d  i n  a n  a l l - g la s s  P o t -  
t e r - E l v e h j e m  h o m o g e n i z e r .

T h e  H o r n  a n d  M e  f r a c t i o n s  w e r e  s e p a ­
r a t e d  a c c o r d i n g  t o  t h e  m e t h o d  a s  d e s c r i b e d  
e ls e w h e r e  ( 12) .  T h e  s u p e r n a t a n t ,  a f t e r  
r e m o v a l  o f  t h e  M t  b y  c e n t r i f u g a t i o n  a t
12,000 X g  f o r  30 m i n u t e s ,  w a s  d e s ig ­

n a t e d  a s  t h e  M c S .
T h e  c o m p o n e n t s  o f  t h e  i n c u b a t i o n  m i x ­

t u r e  ( t a b l e  2 )  w e r e  a d d e d  t o  50- m l  E r l e n -  
m e y e r  f l a s k s  i n  t h e  o r d e r  g i v e n .  T h e  
i n c u b a t i o n s  w e r e  c a r r i e d  o u t  i n  a i r  i n  a  
D u b n o f f  m e t a b o l i c  i n c u b a t o r ,  w i t h  m e ­
c h a n i c a l  a g i t a t i o n ,  f o r  20 m i n u t e s  a t  37°
( 13) .  T h e  r e a c t i o n s  w e r e  s t o p p e d  b y  t h e  
a d d i t i o n  o f  m e t h a n o l  t o  t h e  f l a s k s .  Z e r o ­
t i m e  c o n t r o l s  w e r e  u s e d  i n  w h i c h  m e t h ­

a n o l  w a s  a d d e d  i m m e d i a t e l y  f o l l o w i n g  t h e  
a d d i t i o n  o f  e n z y m e  p r e p a r a t i o n  t o  t h e  
i n c u b a t i o n  m i x t u r e s .

T h e  l i p i d s  w e r e  e x t r a c t e d  b y  t h e  m e t h o d  
o f  J o h n s o n  a n d  K e r u r  ( 12) .  T h e  p h o s ­
p h o l i p i d s  w e r e  p r e c i p i t a t e d  3 t i m e s  i n  t h e  
c o ld  w i t h  a c e t o n e ,  a n d  f i n a l l y  d i s s o lv e d  i n  
p e t r o l e u m  e t h e r .  T h e  t r i g l y c e r i d e s  w e r e  
s e p a r a t e d  b y  2- s ta g e  t h i n - l a y e r  c h r o m a t o g ­
r a p h y  o n  a l u m i n u m  o x id e  a c c o r d i n g  t o  
t h e  m e t h o d  o f  L e d e r k r e m e r  a n d  J o h n s o n
( 13)  a n d  t h e  p h o s p h o l i p i d s  w e r e  s e p a r a t e d  
b y  2- d i m e n s io n a l  t h i n - l a y e r  c h r o m a t o g ­
r a p h y  o n  S i l i c a  G e l  H ,  a s  d e s c r i b e d  b y  
J o h n s o n  a n d  L e d e r k r e m e r  ( 14) .  T h e  
p la t e s  w e r e  s p r a y e d  w i t h  2/ ,7/ - d i c h l o r o -  
f l u o r e s c e i n  a n d  t h e  s p o t s  c o n t a i n i n g  t h e  
l i p i d s  w e r e  l o c a t e d  u n d e r  u l t r a v i o l e t  l i g h t ,  
t r a n s f e r r e d  t o  s c i n t i l l a t i o n  c o u n t i n g  v i a l s ,  
a n d  r a d i o a c t i v i t y  e s t i m a t e d  a s  d e s c r i b e d  
p r e v i o u s l y  ( 13, 14) .  P r o t e i n  d e t e r m i n a ­
t i o n s  w e r e  m a d e  o n  a l l  e n z y m e  s y s t e m s  b y  
a  m o d i f i e d  b i u r e t  m e t h o d .3

RESULTS
W h e n  e i t h e r  t h e  w h o l e  h o m o g e n a t e  o r  

t h e  m i c r o s c o m e s  p lu s  s u p e r n a t a n t  w e r e  
u s e d  a s  e n z y m e ,  m o s t  o f  t h e  i n c o r p o r a t i o n  
o f  p a l m i t a , t e - l - 14C  a n d  l i n o l e a t e - l - 14C  o c ­
c u r r e d  i n  t h e  t r i g l y c e r i d e s .  W h e n  t h e  m i ­
c r o s o m a l  f r a c t i o n  w a s  u s e d ,  h o w e v e r ,  r e l a ­
t i v e l y  l i t t l e  r a d i o a c t i v i t y  w a s  f o u n d  i n  t h e  
t r i g l y c e r i d e s  a n d  m o s t  o f  t h e  14C  u p t a k e  
f r o m  b o t h  f a t t y  a c id s  o c c u r r e d  i n  t h e  
p h o s p h a t i d y l e t h a n o l a m i n e s  ( t a b le s  2 a n d

3 ) .
E f f e c t  o f  a n  e s s e n t i a l  f a t t y  a c i d  d e f i ­

c i e n c y  ( f e d  r a t s ) .  T h e  i n c o r p o r a t i o n  o f  
t h e  f a t t y  a c id s  i n t o  t h e  s e v e r a l  l i p i d s  s t u d ­
i e d ,  c l e a r l y  w a s  a l t e r e d  b y  t h e  i m p o s i t i o n  
o f  a n  e s s e n t ia l  f a t t y  a c id  d e f i c i e n c y .  M o r e ­
o v e r ,  t h e  e f f e c t s  d i f f e r e d  d e p e n d i n g  o n  t h e  
f a t t y  a c id  u s e d  a s  p r e c u r s o r ,  t h e  s p e c i f i c  
t y p e  o f  g l y c e r o l i p i d  c o n s id e r e d ,  a n d  t h e  
p o r t i o n  o f  t h e  l i v e r  u s e d  a s  e n z y m e .  F o r  
e x a m p l e ,  E F A - d e f i c i e n t  H o r n  i n c o r p o r a t e d
82.8 m u m o le s  o f  p a l m i t a t e - l - 14C  i n t o  t h e  
p h o s p h a t i d y l c h o l i n e s  a n d  19.2 m u m o le s  i n ­
t o  t h e  p h o s p h a t i d y l s e r i n e s ,  w h e r e a s  c o n ­
t r o l  l i v e r  H o r n  i n c o r p o r a t e d  47.0 a n d  38.1 
m u m o le s ,  r e s p e c t i v e l y ,  i n t o  t h e s e  l i p i d s  

( t a b l e  2 ) .
W h e n  M c S  w a s  u s e d  a s  e n z y m e ,  m o r e  

p a l m i t a t e - l - ,4C  ( 57.4 m u m o l e s )  w a s  i n -

3  P e rs o n a l c o m m u n ic a t io n , D r. A lb e rt  L . L e h n in g e r.
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T A B L E  2

Incorporation of palmitate-l-liC into glycerolipids of liver cell fractions of essential fatty
acid-deficient rats 1

F e d F a ste d

N o rm a l E F A -d e fic ie n t N o rm a l E F A -d e fic ie n t

m/imoles/100 mg protein m/imoles/100 mg protein

Phosphatidylethanolamine
Phosphatidylserine
Phosphatidylinositol
Phosphatidylcholine
Triglycerides

Phosphatidylethanolamine
Phosphatidylserine
phosphatidylinositol
Phosphatidylcholine
Triglycerides

Phosphatidylethanolamine
Phosphatidylserine
Phosphatidylinositol
Phosphatidylcholine
Triglycerides

Homogenate
30.7 ± 7.3 2 45.2 ± 17.2
38.1 ± 18.9 19.2 ± 6.2
27.9 ± 7.5 27.0 ± 6.3
47.0 ± 4.4 82.8 ± 33.7

383.4 ± 128.2 457.8 ± 156.1

Microsomes plus supernatant
29.4 ± 7.8 23.6 ± 10.8
57.4 ± 34.4 15.0± 13.4
19.7 ± 13.8 11.3± 9.5
20.4 ± 7.7 22.0 ± 15.7

310.4± 131.4 312.1 ±261.1

Microsomes
145.0 ± 39.1 189.7 ± 93.6
25.5 ± 31.7 27.8 ± 24.2
17.0 ± 21.2 28.8 ± 25.0
37.3 ± 13.3 134.2 ± 95.9
32.2 ± 7.5 57.5 ± 21.2

41.5 ± 13.7 47.9 ± 34.9
19.8± 13.7 12.2± 9.8
24.6 ± 9.6 20.4 ± 13.7
44.8 ± 15.5 45.8 ± 32.1

337.4 ± 107.1 298.0 ± 119.4

28.0 ± 9.3 24.5 ± 18.8
17.9± 16.3 7.9 ± 6.0
9.6 ± 6.2 8.3 ± 6.2

19.9 ± 12.2 26.9 ± 22.2
327.7 ± 110.4 286.8 ± 199.2

199.4 ± 95.0 219.0 ± 140.8
19.3 12.3 20.4 ± 15.9
15.3 ± 14.9 22.0 ± 20.0
47.5 ± 35.7 83.9 ± 68.9
21.8 9.8 45.3 ± 17.8

1 In c u b a te d  f o r  20  m in u te s  at 3 7 °  in  m e d iu m  w h ic h  c o n ta in e d  0 .3 3  g liv e r ,  20 /¿mole .M gC L. T r is - K C l b u f ­
f e r  o f p H  7 .4  w ith  25 /¿mole T r is  a n d  69.3 /¿mole K C 1, 20 /¿mole K H 2 P O 4  w ith  p H  o f 7.4, 50 /¿m ole g luco se , 
10  /¿m ole N a -a -A T P , 1.5  /¿m ole N a-a-G P , 5 /¿m ole co zym a se , 1 /¿mole C oA , 2 /¿m ole n o n ra d io a c t iv e  lin o le ic  or 
p a lm it ic  a c id , 0.1 m l p a lm ita t e - l-14C  o r lin o le a t e - l- 1 4 C , a n d  1 m l r a t  l iv e r  ho m o genate, m ic ro s o m a l f ra c t io n  
p lu s  s u p e rn a ta n ts  o r  m ic ro so m a l f ra c t io n . S p e cific  a c t iv ity  o f 0.1 m l p a lm ita t e - l-14C  a n d  lin o le a t e - l-14C 
ra n g e d  fro m  3 53 ,0 0 0  to 6 75 ,0 0 0  cp m . F ig u re s  are  b ase d  on  6  e x p e rim e n ts  fo r  e a ch  o f the 4 d ie ta ry  c o n d itio n s.

2  M e a n  +  s d .

T A B L E  3

Incorporation of linoleate-l-liC into glycerolipids of liver cell fractions of essential fatty
acid-deficient rats 1

F ed F a ste d

N o rm a l E F A -d e fic ie n t N o rm a l E F A -d e fic ie n t

m/j.moles/100 mg protein mgmoles/100 mg protein

Homogenate
Phosphatidylethanolamine 33.3 ±  8.4 2 40 .4± 17.1 26.7 ± 11.7 40.6 ± 18.0
Phosphatidylserine 16.4 ±  6.8 9.5 ± 5.2 7.3 ± 4.1 6 .6 ± 4.3
Phosphatidylinositol 46.4 ±  18.4 26.5 ± 6.1 26.9 ± 8.2 24.2 ± 6.1
Phosphatidylcholine 42.9 ±  23.3 80.6 ± 48.8 40.8 ± 32.8 46.6 ± 15.3
Triglycerides 286.9 ±170.2 224.1 ± 109.1 320.2 ± 196.1 276.6 ± 145.9

Microsomes plus supernatant
Phosphatidylethanolamine 32.1 ±  18.8 26.6 ± 16.9 21.0 ± 17.1 21.1 ± 9.4
Phosphatidylserine 24.5 ±  22.3 8 .7 ± 7.2 9.6 ± 5.7 6.0 ± 4.5
Phosphatidylinositol 24.6 ±  19.8 12.2 ± 5.0 13.4 ± 7.8 7.8 ± 4.6
Phosphatidylcholine 15.7 ±  10.8 18.2 ± 12.5 6.4 ± 5.9 9.9 ± 5.1
Triglycerides 214.0± 147.4 155.4 ± 137.6 226.0 ± 127.4 146.7 ± 106.8

Microsomes
Phosphatidylethanolamine 185.7± 114.4 123.5 ± 56.5 103.2 ± 66.4 131.4± 67.2
Phosphatidylserine 31.5 ±  15.1 21.7 ± 12.2 23.3 ± 20.5 11.7 ± 4.5
Phosphatidylinositol 30.8 ±  13.8 24.2 ± 11.3 13.8 ± 8.4 13.0± 7.8
Phosphatidylcholine 57.4 ±  48.5 68.3 ± 33.9 38.2 ± 53.5 35.0 ± 18.4
Triglycerides 33.0 ±  18.6 43.6 ± 22.3 26.0 ± 15.1 30.8 ± 10.7

1 See ta b le  2 fo r  e x p e rim e n ta l c o n d itio n s.
2  M e a n  ±  s d .
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c o r p o r a t e d  i n t o  t h e  p h o s p h a t i d y l s e r i n e  o f  
n o r m a l  r a t s  t h a n  i n  t h a t  o f  d e f i c i e n t  a n i ­
m a ls  ( 15.0 m a m ó l e s ) ,  a n d  n o  d i f f e r e n c e s  
w e r e  o b s e r v e d  i n  t h e  o t h e r  3 p h o s p h o l i p i d s .  
E m p l o y i n g  M e  a s  e n z y m e ,  t h e  o n l y  d i f ­
f e r e n c e  o b s e r v e d  b e t w e e n  t h e  n o r m a l  a n d  
d e f i c i e n t  t i s s u e s  i n  p a l m i t a t e  i n c o r p o r a ­
t i o n  i n t o  t h e  p h o s p h o l i p i d s  w a s  a n  i n ­
c r e a s e d  u p t a k e  o f  t h e  f a t t y  a c id  i n t o  t h e  
p h o s p h a t i d y l c h o l i n e s  o f  t h e  l a t t e r  ( 37.4 a s  
c o m p a r e d  w i t h  134 m a m ó l e s ) .  T h e  o n l y  
s i g n i f i c a n t  d i f f e r e n c e s  n o t e d  i n  t h e  i n c o r ­
p o r a t i o n  o f  e i t h e r  o f  t h e  f a t t y  a c id s  i n t o  
t r i g l y c e r i d e s  o f  n o r m a l  a n d  E F A - d e f i c i e n t  
e n z y m e  s y s t e m s  o c c u r r e d  i n  t h e  M e ,  w h e n  

p a l m i t a t e - l - 14C  i n c o r p o r a t i o n  w a s  h i g h e r  
i n  e n z y m e s  f r o m  E F A - d e f i c i e n t  r a t s  ( 57.5 
m a m ó l e s )  t h a n  f r o m  n o r m a l  r a t s  ( 32.2 
m a m ó l e s )  ( t a b l e  2 ) .

L e s s  l i n o l e a t e - l 14C  w a s  i n c o r p o r a t e d  i n t o  
t h e  p h o s p h a t i d y l i n o s i t o l  o f  d e f i c i e n t  f i v e r  
h o m o g e n a t e s  t h a n  w a s  f o u n d  i n  t h e  n o r m a l  
( t a b l e  3 ) .  W h e n  e i t h e r  M c S  o r  M e  w e r e  
u s e d  a s  e n z y m e ,  h o w e v e r ,  n o  d i f f e r e n c e s  
w e r e  o b s e r v e d  b e t w e e n  n o r m a l  a n d  e s ­
s e n t i a l  f a t t y  a c i d - d e f i c i e n t  t i s s u e s  i n  t h e  
i n c o r p o r a t i o n  o f  l i n o l e a t e - l - 14C  i n t o  a n y  o f  
t h e  l i p i d s  s t u d ie d .

E f f e c t  o f  f a s t i n g .  T h e  e f f e c t  o f  a  24- 
h o u r  f a s t  w a s ,  i n  g e n e r a l ,  t o  r e d u c e  t h e  
a m o u n t  o f  r a d i o a c t i v i t y  i n c o r p o r a t e d  i n t o  
t h e  g l y c e r o l i p i d s ,  r e g a r d le s s  o f  t h e  e n z y m e  
s y s t e m  u s e d .  I n  a  f e w  i n s t a n c e s ,  h o w e v e r ,  
f a s t i n g  a f f e c t e d  r a d i o a c t i v e  u p t a k e  i n t o  t h e  
l i p i d s  o f  E F A - d e f i c i e n t  t i s s u e s  d i f f e r e n t l y  
f r o m  t h a t  o b s e r v e d  i n  n o r m a l  t i s s u e s  
( t a b le s  2 a n d  3 ) .

U s i n g  M c S  f r o m  c o n t r o l  a n i m a l s ,  w e  o b ­
s e r v e d  a  d e p r e s s e d  i n c o r p o r a t i o n  o f  p a l m i -  
t a t e - l - I4C  i n t o  p h o s p h a t i d y l s e r i n e  w i t h  f a s t ­
i n g  ( 57.4 v s .  17.9 m a m ó le s )  a n d  n o  c h a n g e  
i n  l i n o l e a t e - l - 14C  i n c o r p o r a t i o n .  N o  d i f f e r ­
e n c e s  w e r e  o b s e r v e d  w i t h  M e  a s  e n z y m e ,  
a n d  n o  d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  
f e d  a n d  f a s t e d  e n z y m e  s y s t e m s  i n  t h e  i n ­
c o r p o r a t i o n  o f  e i t h e r  p a I m i t a t e - l - 14C  o r  
l i n o l e a t e - l - 14C  i n t o  t r i g l y c e r i d e s .

E f f e c t  o f  t h e  k i n d  o f  f a t t y  a c i d .  I n  e x ­
p e r i m e n t s  u s i n g  n o r m a l  h o m o g e n a t e  f r o m  
f e d  r a t s  a s  e n z y m e ,  t h e  i n c o r p o r a t i o n  o f  
p a l m i t a t e - l - 14C  w a s  h i g h e r  t h a n  t h a t  o f  
l i n o l e a t e - l - 14C  i n t o  p h o s p h a t i d y l s e r i n e  o f  
b o t h  n o r m a l  t i s s u e  ( 38.1 v s .  16.4 m a m ó le s )  
a n d  d e f i c i e n t  t i s s u e  ( 19.2 v s .  9.5 m a m ó le s ) ,  
a n d  i n t o  t r i g l y c e r i d e s  o f  d e f i c i e n t  h o m o g ­

e n a t e s  ( 457.8 v s .  224.1 m a m o l e s ) .  L i n o -  

l e a t e ,  h o w e v e r ,  w a s  i n c o r p o r a t e d  f a s t e r  
t h a n  p a l m i t a t e  ( 46.4 v s .  27.9 m a m o l e s )  
i n t o  p h o s p h a t i d y l i n o s i t o l  o f  n o r m a l  h o m o g ­
e n a t e .  W h e n  M c S  f r o m  f a s t e d  n o r m a l  r a t s  
w e r e  u s e d ,  m o r e  p a l m i t a t e - l - 14C  t h a n  l i n o -  
l e a t e - l - 14C  w a s  i n c o r p o r a t e d  i n t o  l e c i t h i n s  
( 19.9 m a m o le s  a n d  6.4 m a m o le s ,  r e s p e c ­
t i v e l y ) .

DISCUSSION
T h e  r e s u l t s  p r e s e n t e d  a p p e a r  t o  b e  i n  

c o n f l i c t  w i t h  t h e  o b s e r v a t i o n s  o f  S t e i n  a n d  
S t e i n  ( 15) ,  w h o  r e p o r t e d  t h a t  a n  e s ­
s e n t i a l  f a t t y  a c id  d e f i c i e n c y  i n  r a t s  w a s  
a c c o m p a n ie d  b y  a n  i n c r e a s e d  i n c o r p o r a ­
t i o n  o f  b o t h  l i n o l e a t e  a n d  p a l m i t a t e  i n t o  
t h e  t o t a l  p h o s p h o l i p i d s  o f  e i t h e r  h e a r t  
p e r f u s e d  i n  v i v o  o r  d i a p h r a g m  u s e d  
i n  v i t r o ,  a n d  t h e  2 f a t t y  a c id s  w e r e  
i n c o r p o r a t e d  t o  a p p r o x i m a t e l y  e q u a l  e x ­
t e n t s .  I n  t h e  p r e s e n t  e x p e r i m e n t s ,  o n  t h e  
c o n t r a r y ,  d i f f e r e n c e s  w e r e  o b s e r v e d  b e ­
t w e e n  l i n o l e a t e  a n d  p a l m i t a t e  i n c o r p o r a ­
t i o n  i n t o  s e v e r a l  l i p i d s ,  a n d  t h e  i n c o r p o r ­
a t i o n  o f  f a t t y  a c id s  w a s  b o t h  d e c r e a s e d  a n d  
in c r e a s e d  i n  d e f i c i e n t  t i s s u e s ,  d e p e n d i n g  
u p o n  t h e  l i p i d  c o n s id e r e d  a n d  t h e  e n z y m e  
p r e p a r a t i o n  u s e d .  T h e  d i f f e r e n c e s  i n  r e ­
s u l t s  m a y  b e  r e l a t e d  t o  e i t h e r  ( o r  b o t h )  
t h e  f a c t  t h a t  d i f f e r e n t  t i s s u e s  w e r e  u s e d ,  
o r  t h a t  s p e c i f i c  p h o s p h o l i p i d s  w e r e  e x a m ­

i n e d  i n  t h e  p r e s e n t  s t u d y ,  w h e r e a s  t o t a l  
p h o s p h o l i p i d s  w e r e  e x a m i n e d  i n  t h e  e x ­
p e r i m e n t s  o f  S t e i n  a n d  S t e in .  T h u s ,  i n  
t h e  l a t t e r s ’  e x p e r i m e n t s ,  d i f f e r e n c e s  e x i s t ­
i n g  i n  t h e  m e t a b o l i s m  o f  i n d i v i d u a l  p h o s ­
p h o l i p i d s  m a y  h a v e  b e e n  o b s c u r e d .

O n e  o f  t h e  c h a r a c t e r i s t i c s  o f  a n  e s s e n ­
t i a l  f a t t y  a c i d  d e f i c i e n c y  i n  r a t s  i s  a  d e ­
c r e a s e d  a m o u n t  o f  l i n o l e i c  a c i d  i n  t o t a l  
f i v e r  l i p i d s ,  w h i c h  i s  o b s e r v e d  i n  m i c r o -  
s o m e s  a s  w e l l  ( 16) .  W h e n  d e f i c i e n t  a n i ­
m a l s  a r e  r e f e d  a  d i e t  c o n t a i n i n g  l i n o l e a t e ,  
t h i s  a c i d  r a p i d l y  a p p e a r s  i n  t h e  f i v e r  l i p i d s ,  
a n d  f o r  t h i s  r e a s o n  a s  w e l l  a s  a  c o n s i d e r ­
a t i o n  o f  t h e  o b s e r v a t i o n s  o f  S t e i n  a n d  
S t e i n  ( 15)  w e  e x p e c t e d  l i n o l e a t e  t o  b e  i n ­
c o r p o r a t e d  i n t o  t h e  s e v e r a l  l i p i d s  f a s t e r  
t h a n  w a s  p a l m i t a t e .  W i t h  t h e  e x c e p t io n  o f  
f a t t y  a c i d  i n c o r p o r a t i o n  i n t o  t h e  i n o s i t o l s  
o f  h o m o g e n a t e s ,  w h e r e v e r  d i f f e r e n c e s  w e r e  
n o t e d  i n  t h e  i n c o r p o r a t i o n  o f  t h e  2 a c id s  
u s e d ,  m o r e  r a d i o a c t i v i t y  w a s  i n c o r p o r a t e d  
w h e n  p a l m i t a t e  w a s  u s e d  t h a n  w h e n  l i n o -
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l e a t e  w a s  u s e d .  W h e t h e r  t h i s  r e f l e c t s  a n  
a t t e m p t  t o  r e g a i n  a  c o n d i t i o n  o f  n o r m a l c y  
i s  n o t  k n o w n .  H o w e v e r ,  i n  a n  e a r l i e r  s t u d y ,  
m o s t  o f  t h e  l i v e r  m i t o c h o n d r i a l  p h o s p h o ­
l i p i d  s p e c ie s  p r e p a r e d  f r o m  d e f i c i e n t  r a t s  
c o n t a i n e d  le s s  p a l m i t a t e  t h e n  w a s  n o t e d  
i n  c o r r e s p o n d i n g  l i p i d s  f r o m  n o r m a l  r a t s  
( 9 ) .

C o l l i n s  ( 17, 18)  p o s t u l a t e d  t h a t  l e c i t h i n s  
c o n t a i n i n g  le s s  a r a c h i d o n i c  a c i d  i n c o r ­
p o r a t e d  32P  f a s t e r  t h a n  o t h e r  l e c i t h i n s ,  a n d  
s u g g e s t e d  t h a t  p h o s p h o l i p i d s  c o n t a i n i n g  
t h i s  a c id  l e n d  s t a b i l i t y  t o  m e m b r a n e s .  P r e ­
s u m a b l y ,  t h e  in c r e a s e d  3ZP  s p e c i f i c  a c t i v i t y  
o f  l e c i t h i n s  a n d  e t h a n o l a m i n e s  o f  d e f i c i e n t  
r a t s  w a s  a s s o c ia t e d  i n  t h e i r  e x p e r i m e n t s  
w i t h  le s s  s t a b le  m e m b r a n e s .

T h e  i n c r e a s e d  i n c o r p o r a t i o n  o f  p a l m i -  
t a t e - l - 14C  i n t o  l e c i t h i n s  o f  h o m o g e n a t e s  a n d  
m i c r o s o m e s  i n  E F A - d e f i c i e n t  a n i m a l s  o b ­
s e r v e d  i n  t h e  p r e s e n t  e x p e r i m e n t s  p o s s ib l y  
m i g h t  b e  a c c e p t e d  a s  e v id e n c e  f a v o r i n g  t h e  
C o l l i n s ’ h y p o t h e s i s  t h a t  t h e  d e f i c i e n c y  le a d s  
t o  a n  i n c r e a s e d  t u r n o v e r  o f  p h o s p h o l i p i d s  
i n  m e m b r a n e s .  T h i s  c o n n e c t i o n  b e t w e e n  
t h e  p r e s e n t  e x p e r i m e n t s  a n d  h i s  m a y  b e  i n  
q u e s t io n ,  a s  h e  o b s e r v e d  a n  i n c r e a s e d  32P  

i n c o r p o r a t i o n  i n t o  p h o s p h a t i d y l e t h a n o l a -  
m i n e s  a s  w e l l  a s  i n t o  l e c i t h i n s  i n  d e f i c i e n t  
a n i m a l s  ( 17) ,  a n d  i n  t h e  p r e s e n t  e x p e r i ­
m e n t s  w e  f a i l e d  t o  o b s e r v e  a n y  d i f f e r e n c e s  
i n  t h e  i n c o r p o r a t i o n  o f  e i t h e r  p a l m i t a t e  o r  
l i n o l e a t e  i n t o  p h o s p h a t i d y l e t h a n o l a m i n e s  
i n  E F A  d e f i c i e n c y .  I t  m a y  b e  o f  s i g n i f i ­
c a n c e  i n  t h i s  r e s p e c t ,  h o w e v e r ,  t h a t  w h e r e ­
a s  t h e  l e c i t h i n s  o f  d e f i c i e n t  l i v e r  m i t o c h o n ­
d r i a  c o n t a i n  o n l y  a  t r a c e  o f  a r a c h i d o n i c  
a c id ,  t h e  p h o s p h a t i d y l e t h a n o l a m i n e s  s t i l l  
c o n t a i n  r e l a t i v e l y  l a r g e  a m o u n t s  ( 9 ) .  I t  
a p p e a r s  t h a t  m o r e  i n f o r m a t i o n  i s  n e e d e d  
c o n c e r n i n g  t h e  r o le  o f  s p e c i f i c  p h o s p h o ­
l i p i d  c la s s e s  i n  m e m b r a n e  f u n c t i o n s  b e ­
f o r e  t h e  s i g n i f i c a n c e  o f  t h e s e  o b s e r v a t i o n s  
c a n  b e  a s s e s s e d .

LITERATURE CITED
1. Johnson, R. M. 1963 Swelling studies on 

liver mitochondria from essential fatty acid 
deficient rats. Exp. Cell Res., 32: 118.

2. Ito, T., and R. M. Johnson 1964 Effects 
of a nutritional deficiency of unsaturated 
fats on rat liver mitochondria. J. Biol. Chem., 
239- 3V01

3. Johnson, R. M. 1963 Adenosine triphos­
phatase and ATP-Pi exchange in mitochon­
dria of essential fatty acid deficient rats. 
J. Nutr., 81: 411.

4. Klein, P. D., and R. M. Johnson 1954 
Phosphorus metabolism in unsaturated fatty 
acid-deficient rats. J. Biol. Chem., 221: 103.

5. Tulpule, P. G., and J. N. Williams, Jr. 1955 
Study of the role of essential fatty acids in 
liver metabolism. J. Biol. Chem., 217: 229.

6. Levin, E., R. M. Johnson and S. Albert 1957 
Mitochondrial changes associated with es­
sential fatty acid deficiency in rats. J. Biol. 
Chem., 228: 15.

7. Smith, J. A., and H. F. DeLuca 1964 Struc­
tural changes in isolated liver mitochondria 
of rats during essential fatty acid deficiency. 
Cell Biol., 21: 15.

8. Hayashida, T., and O. W. Portman 1960 
Mitochondria dehydrogenase activity of rat 
liver deficient in essential fatty acids. Arch. 
Biochem. Biophys., 91: 206.

9. Johnson, R. M., and T. Ito 1965 Effects of 
a nutritional deficiency of unsaturated fats 
on the distribution of fatty acids in rat liver 
mitochondrial phospholipids. J. Lipid Res., 
6: 75.

10. Fleischer, S., G. Brierley, H. Klouwen and 
D. B. Slautterback 1962 Studies of the 
electron transfer system. XLVII. The role 
of phospholipids in electron transfer, J. 
Biol. Chem., 237: 3264.

11. Aaes-Jdrgensen, E. 1961 Essential fatty 
acids. Physiol. Rev., 41: 1.

12. Johnson, R. M., and L. Kerur 1963 The 
incorporation in vitro of palmitate-14C into 
glycerolipids by various cell components. 
Biochim. Biophys. Acta, 70: 152.

13. Johnson, R. M., and J. M. Lederkremer. The 
incorporation of palmitate-l-14C in vitro into 
several glycerolipids by normal and regen­
erating rat liver fractions. Arch. Biochem. 
Biophys., in press.

14. Lederkremer, J. M., and R. M. Johnson 
1965 Purification of neutral lipid fractions 
by thin-layer chromatography on aluminum 
oxide. J. Lipid Res., 6: 572.

15. Stein, O., and Y. Stein 1964 Metabolism in 
vitro of palmitic and linoleic acid in the 
heart and diaphragm of essential fatty acid- 
deficient rats. Biochim. Biophys. Acta, 84: 
621.

16. Klein, P. D., and R. M. Johnson 1954 A 
study of the onset of unsaturated fatty acid 
deficiency in subcellular particles of rat 
livers. Arch. Biochem. Biophys., 48: 380.

17. Collins, F. D. 1962 Phospholipid metab­
olism in essential fatty acid deficient rats. 
Biochem. Biophys. Res. Commun., 9; 289.

18. Collins, F. D. 1963 Studies on phospho­
lipids. 9. The composition of rat-liver leci­
thins. Biochem. J., 88: 319.



Cycad Flour Used by Guamanians: Effects 
Produced in Rats by Long-term Feeding * 1

M. G. YANG, O. MICKELSEN, M. E. CAMPBELL, G. L. LAQUEUR 
a n d  J. C. KERESZTESY
Department of Foods and Nutrition, Michigan State University,
East Lansing, Michigan and the National Institute of Arthritis 
and Metabolic Diseases, Bethesda, Maryland

ABSTRACT Male and female rats were fed diets containing home-made cycad flour 
for about 23 months to determine whether the flour was carcinogenic. This cycad 
flour was processed by Guamanians for human consumption. Continuous ingestion 
of nutritionally adequate diets containing 1.5, 5.0 or 10.0% home-made cycad flour 
did not affect growth rates of rats significantly. However, a sudden drop of environ­
mental temperatures caused a greater loss of body weights of transient nature in the 
treated rats than in the controls. Activity of the male rats measured by revolving 
cages was not significantly different between the control and treated rats. At the 
termination of the experiment, 11 of 45 experimental rats had died or were moribund, 
whereas all o f the 15 control rats appeared to be in good health. Tumors and hyper­
plastic processes in organs of the endocrine system as well as reticulum cell sarcomas 
found at autopsy at the termination of investigation were thought to be related to 
the advanced age of the animals rather than to the ingestion of processed cycad flour. 
No neoplastic lesions were observed such as those noted previously following long­
term ingestion of unprocessed cycad flour. These observations suggest that the local 
customs of preparing cycad flour by soaking, if  properly executed, removes the 
carcinogenic substance effectively.

S e v e r a l  r e p o r t s  h a v e  a p p e a r e d  s in c e  
1963 d e s c r i b i n g  a c u t e  t o x i c  a n d  l a t e  c a r ­
c i n o g e n i c  e f f e c t s  o f  u n p r o c e s s e d ,  d r i e d  a n d  
g r o u n d  s e e d s  o f  C y c a s  c i r c i n a l i s  w h e n  f e d  
t o  r a t s  a n d  g u i n e a  p ig s  a s  p a r t  o f  t h e  d i e t  
( 1, 2 ) .  T h e  a g e n t  i n  t h e  s e e d  w h i c h  
c a u s e d  t u m o r  d e v e l o p m e n t  i n  f e e d in g  e x ­
p e r i m e n t s  w ra s  t h e  g lu c o s id e ,  c y c a s in  
( 13- D - g l u c o s y l o x y a z o x y m e t h a n e ) ,  i t s  a g ly -  
c o n e  ( m e t h y l a z o x y m e t h a n o l )  b e i n g  a ls o  
a c t i v e  a f t e r  i n t r a p e r i t o n e a l  i n j e c t i o n  a n d  
i n  g e r m f r e e  r a t s  ( 3, 4 ) .

T h e  n a t i v e  p o p u l a t i o n  i n  G u a m  u s e s  
f l o u r  p r e p a r e d  f r o m  t h e  s e e d s  ( k e r n e l s )  o f  
C y c a s  c i r c i n a l i s  f o r  f o o d .  G u a m a n i a n s  
r o u t i n e l y  t r y  t o  r i d  t h e  c y c a d  k e r n e l  o f  i t s  
t o x i c  c o m p o n e n t  b y  p r o l o n g e d  s o a k i n g  i n  
w a t e r  a n d  s u b s e q u e n t  d r y i n g  i n  t h e  s u n .  
O b s e r v a t i o n s  b y  W h i t i n g  ( 5 )  i n d i c a t e  t h a t  
c o n s id e r a b le  f e r m e n t a t i o n  o c c u r s  d u r i n g  
t h e  s o a k i n g  p r o c e s s .  S in c e  t h e  w a s h e d  a n d  
d r i e d  p ie c e s  o f  c y c a d  s e e d s  a r e  u s u a l l y  
g r o u n d  a n d  s t o r e d  f o r  l a t e r  u s e  i n  h o m e s ,  
e x a m i n i n g  t h e  p r o c e s s e d  f l o u r  f o r  p o s s ib le  
h a r m f u l  e f f e c t s  i n  f e e d in g  e x p e r i m e n t s  i n  
a n i m a l s  s e e m e d  i m p o r t a n t .

EXPERIMENTAL PROCEDURES
F o u r t e e n  s h ip m e n t s  o f  p r o c e s s e d  f l o u r  

p r e p a r e d  b y  t h e  n a t i v e s  i n  G u a m  w e r e  
o b t a i n e d  f r o m  l o c a l  m a r k e t s  r e p r e s e n t i n g  
w i d e l y  d i f f e r e n t  a r e a s  o n  t h e  i s l a n d .2 T h e  
s a m p le s  w e r e  c o m b i n e d ,  a d d e d  t o  t h e  b a s a l  
d i e t  i n  c o n c e n t r a t i o n s  o f  1.5, 5.0, 10.0%  
a n d  f e d  t o  g r o u p s  o f  15 r a t s  c o n s i s t i n g  o f  
7 o r  8 m a le s  a n d  8 o r  7 f e m a le s  o f  t h e  
O s b o r n e - M e n d e l  s t r a i n .  A n o t h e r  g r o u p  o f  
15 r a t s  s e r v e d  a s  c o n t r o l s  a n d  w a s  f e d  o n l y  
t h e  b a s a l  d ie t .  T h e  b a s a l  d i e t  r o u t i n e l y  
u s e d  i n  o u r  l a b o r a t o r y  h a s  b e e n  d e s c r i b e d
( 6 ) .  T h e  r a t s  w e r e  s t a r t e d  o n  t h e  e x p e r i ­
m e n t  w h e n  t h e y  w e r e  4 w e e k s  o ld .  T h e y  
w e r e  h o u s e d  i n  i n d i v i d u a l  s u s p e n d e d  w i r e -  
b o t t o m  c a g e s  a n d  w e r e  f e d  t h e i r  r e s p e c ­
t i v e  d ie t s  a n d  w a t e r  o n  a n  a d  l i b i t u m  b a s is .

R e c e iv e d  fo r  p u b lic a t io n  A p r il  7 , 1966.
1 J o u r n a l A rt ic le  3 8 1 4  fro m  th e  M ic h ig a n  A g r ic u l­

t u r a l E x p e rim e n t  S ta tio n , E a s t  L a n s in g . T h is  in v e s t i­
g a tio n  w a s  p a r t ia lly  su p p o rte d  b y P u b lic  H e a lth  
S e rv ice  R e se a rc h  G ra n t  no. C A -0 70 5 2  fro m  th e  N a ­
t io n a l C a n c e r  In s titu te .2 W e  th a n k  D rs. L . T . K u r la n d  a n d  M . G. W h it in g  
o f the In s t itu te  o f N e u ro lo g ic a l D ise a se s  a n d  B lin d ­
n ess, B e th e sd a , M a r y la n d , fo r  the g enero us s u p p ly  o f 
p ro ce ssed  c y c a d  flo u r, w h ic h  w a s  co lle cte d  th ro u g h  
the k in d n e s s  o f P. A. H a n s e n , A n im a l In d u s tr ie s , 
D e p a rtm e n t o f A g ric u ltu r e , A g a n a , G u a m .

J. N u t r it io n , 9 0 : ’ 66 153
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Body weights were recorded at weekly in­
tervals throughout the 23 months of ex­
periment.

Since these studies were initiated (6 )  to 
determine whether there was any relation 
between the ingestion of cycad by the na­
tives in Guam and their high incidence of 
amyotrophic lateral sclerosis, an attempt 
was made to evaluate the neuromuscular 
condition of the animals after they had 
been fed the cycad for about 6 weeks. One 
indicator of motor function was postulated 
to be spontaneous activity and it was 
hypothesized that animals with any dis­
turbances interfering with locomotion 
would show a reduction in spontaneous 
activity.

To evaluate spontaneous activity, the 
males in all groups were placed in activity 
cages 3 and left for one week to become 
familiar with their new environment. 
Spontaneous activity was then recorded 
daily for all male rats during the seventh 
and eighth week of the experiment.

Complete autopsies were performed on 
all rats including those that died or were 
moribund during the experiment and those 
that survived the duration of the investiga­
tion. Sections of tissues of all internal 
organs and all endocrine glands were pre­
pared for microscopic study.

Body weight and spontaneous activity 
data were examined by analysis of vari­
ance (7 ) .

RESULTS AND DISCUSSION
No significant difference in body weight 

gain was noted between the experimental 
and control groups although a greater de­
pression in body weight was observed in 
all experimental groups than in the control 
group during a sudden drop of the tem­
perature in the animal quarters. The effect 
was more severe on all female experi­
mental animals than the control females 
( P < 0 .0 1 ) .  The difference in the male 
animals was not significant (P >  0 .05)  
(table 1 ). When the temperature in the 
laboratory was corrected, all animals re­
gained their lost weight in about 2 months.

The average voluntary activity was not 
significantly different (P >  0 .05) among 
the groups of male rats. The averages 
were 2457, 1773, 2526, and 1763 revolu­
tions per rat per day for rats fed diets 
containing zero, 1.5, 5.0 and 10%  proc­
essed cycad flour, respectively.

During the course of the experiment, 2 
rats from each experimental group died 
and none in the control group. Three of 
them (1 female each from the 3 experi­
mental groups) had extensive pulmonary 
infections, one male fed 1.5%  cycad flour 
diet had a reticulum cell sarcoma probably 
arising from the submandibular region 
with widespread métastasés; one other

3 W e  a r e  g r a t e f u l  t o  D r .  W .  D . V a n H u s s  o f  t h e  
H u m a n  E n e r g y  L a b o r a t o r y ,  M i c h i g a n  S t a t e  U n iv e r s i t y ,  
E a s t  L a n s in g ,  f o r  t h e  u s e  o f  t h e  r e v o l v i n g  d r u m  c a g e s .

T A B L E  1

Body weights and mortality in controls and rats fed cycad flour prepared 
by the natives in Guam

Measurements Weeks on experiment Sex 1 Processed kernels in basal diets, %
0 1 .5 5 .0 10.0

Body wt, g 0 M +  F 77.4 76.1 77.7 77.2
32 M 480 493 471 467

F 292 295 307 308
64 M 552 595 546 520

F 330 322 344 343
104 M 533 609 566 529

F 371 310 375 404
Wt loss associated with low

room temperature, g M 28 44 41 57
F 9 22 20 23

No. rats dead before end of experiment 0 2 2 2
No. rats killed before termination 2 0 2 1 2

1 M  =  m a l e ,  F  =  f e m a l e ;  7  M  a n d  8  F  w e r e  f e d  0  o r  5 .0 %  a n d  8  M  a n d  7  F  w e r e  f e d  1 .5  o r  1 0 .0 %  
p r o c e s s e d  c y c a d  f l o u r  d ie t s .

2 K i l l e d  b e c a u s e  o f  s e v e r e  w e i g h t  l o s s  a n d  m o r i b u n d  c o n d i t i o n .
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T A B L E  2

Incidence of hyperplastic lesions in endocrine glands 1

C o n t r o l s  1 .5 %  c y c a d  f l o u r  5 %  c y c a d  f l o u r  1 0 %  c y c a d  f l o u r

M 2 F 3 M F M F M F

Anterior pituitary 3/7 6/8 3/8 3/7 3/7 2/8 1/8 3/7
Thyroid 2/7 1/8 2/8 1/7 0/7 0/8 1/8 1/7
Adrenal cortex 2/7 2/8 2/8 2/7 0/7 3/8 1/8 4/7
Adrenal medulla 1/7 1/8 0/8 0/7 3/7 0/8 0/8 0/7
Pancreas 0/7 0/8 0/8 0/7 0/7 0/8 1/8 0/7
Breast 1/7 4 1/8 0/8 1/7 0/7 0/8 0/8 2/7
Testis 0/7 0/0 0/8 0/0 0/7 0/0 0/8 0/0
No endocrine lesions 2/7 2/8 4/8 2/7 3/7 4/8 4/8 1/7

1 T h e  t a b l e  i n c l u d e s  p a t h o l o g i c  d a t a  f r o m  a l l  r a t s  w h e t h e r  f o u n d  d e a d  o r  k i l l e d .
2 M  =  m a l e ;  v a l u e s  i n  t a b le  i n d i c a t e  n u m b e r  o f  r a t s  a f f e c t e d  o v e r  n u m b e r  o f  r a t s  u s e d .
s F  =  f e m a l e ;  v a l u e s  i n  t a b l e  i n d i c a t e  n u m b e r  o f  r a t s  a f f e c t e d  o v e r  n u m b e r  o f  r a t s  u s e d .  
4 F i b r o m a  s u b c u t a n e o u s  t i s s u e s  o f  c h e s t  w a l l ;  n o  g l a n d u l a r  t i s s u e  i n v o l v e d .

male fed 10% cycad flour diet had a large 
islet cell adenoma of the pancreas as the 
only important lesion and the sixth, a fe­
male (5 %  cycad flour diet) was autolyzed 
to such an extent that detailed study was 
impossible.

An additional 5 rats were killed because 
of their moribund condition associated 
with marked weight loss. One of these 
(male, 5%  cycad diet) had severe pneu­
monia, three (male and female, 1.5% and 
female, 10%  cycad diet) had large tumors 
of the pituitary gland and in one (male, 
10% cycad diet), no pathologic lesion was 
found.

Thirty-four of the original 45 rats on the 
experimental diets and all 15 control rats 
were still living when the trial was termi­
nated 713 to 717 days after its start. Many 
adenomas or foci of adenomatous hyper­
plasia or both in the organs of the endo­
crine system were found (table 2 ) . How­
ever, these observations have been noted 
frequently in old rats of other experiments 
as well as in the present experiment and, 
therefore should not be attributed to the 
experimental treatments. Furthermore, 
primary tumors of liver, kidneys and in­
testinal tract, characteristic of cycad toxic­
ity, were not found. These organs have 
been thus far the most frequent sites of 
tumor development in rats fed unprocessed 
cycad material and the glucoside (1 , 8 ) .

Other observations included 3 (male, 
1.5% ; male and female, 5%  cycad diet) 
reticulum cell sarcomas which were limited 
to the lung and the one mentioned before,

originating in the neck nodes with meta­
static spread to lung, liver, lymph nodes, 
brain and bone marrow. A tumor in the 
anterior mediastinum, consistent with a 
histologic diagnosis of thymoma, was 
found at the termination of the experiment 
in a male fed 10% cycad flour diet. 
Lymphosarcomas have been observed in 
our laboratory in old rats of the same 
strain serving as controls in other experi­
ments. They have also been reported in 
the literature as occurring spontaneously 
in old rats of the Osborne-Mendel strain 
(9 -1 1 ) .
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Protein Requirements of Growing-Finishing 
Cattle and Lambs * 1 * *
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ABSTRACT Data were summarized which indicate that the protein requirements 
of growing-finishing cattle and lambs are a function of body weight, body weight gain 
and digestibility of the protein in the ration. Daily digestible protein requirements 
can be expressed by the following equations:

cattle, DP =  2.79 Wks0-75 (1 +  1.905 G) 
lambs, DP =  2.79 Wkg°-75 (1 +  6.02 G)

where DP is the amount of digestible protein (g ), Wkg0-75 is the metabolic mass and 
G is the daily gain (kg). Ideally, the above equations need to be modified such that 
body weight and weight gain can be replaced with carcass weight and gain of a 
specified composition.

Protein requirements of livestock are 
thought to be a function of many variables 
and not a specific figure for all conditions. 
Yet, requirements as listed in the various 
NRC publications (8 -1 0 ) ,  are specific 
quantities, expressed either as a percent­
age of the ration or as an amount per 
animal per day. This may be a simple way 
of expressing protein requirements but is 
probably an over-simplification of the facts. 
A major need exists in nutrition research 
for further quantification of nutrient re­
quirements in terms of all the variables 
which may cause these requirements to 
vary. Once the quantitative importance of 
each of these variables is determined, then 
the ability to formulate rations with pre­
dictable results will be enhanced.

Three variables known to affect the 
amount of protein required in a ration are 
body weight, rate of body gain and digesti­
bility of the protein in the ration. It was 
the purpose of the work in this paper to 
attempt to integrate these 3 variables into 
a single protein requirement equation for 
growing-finishing cattle and lambs.

METHODS
Requirements listed in the NRC publica­

tions ( 8 -1 0 ) ,  were used as a source of 
data for the theoretical derivation of the 
relationship that was being sought. This 
was then applied to some experiments 
where protein intake was thought to be a 
limiting variable.

R E S U L T S

Total daily crude protein and digestible 
protein requirements listed for both grow­
ing-finishing beef cattle and growing 
dairy cattle weighing in excess of 100 kg 
were plotted as shown in figure 1. Both 
crude and digestible protein requirements, 
expressed per unit of metabolic mass 
( W kg0-75) per day, are plotted against the 
daily rate of gain shown for the respective 
protein intakes. Assuming that protein re­
quirements are a function of body weight 
and rate of gain, the equations expressing 
these relationships are as follows:

( 1 )  C P  =  5 . 8 6  W k g ° - 75 ( 1  +  0 . 9 2 4  G )  r  =  0 . 8 8

( 2 )  D P  =  2 . 7 9  W k * » - 7» ( 1  +  1 . 9 0 5  G )  r  =  0 . 9 7  

where CP and DP are grams of crude and 
digestible protein per day, respectively, W  
is the body weight and G is the daily rate 
of gain, both in kilograms. As the correla­
tion coefficients indicate, both relationships 
are quite good (P <  0.01, n =  2 6 ). Stand­
ard errors of estimate are 1.06 and 0.61 g 
per unit of metabolic mass, respectively, 
for equations 1 and 2.

Similar computations for growing-finish­
ing lambs (data shown in figure 2 ) give 
the following relationship for daily crude 
and digestible protein requirements as a

R e c e i v e d  f o r  p u b l i c a t i o n  M a r c h  1 4 ,  1 9 6 6 .
1 C o n t r i b u t i o n  f r o m  t h e  M is s o u r i  A g r i c u l t u r a l  E x ­

p e r i m e n t  S t a t i o n ,  J o u r n a l  S e r ie s  n o .  2 7 9 4 .  A p p r o v e d
b y  t h e  D ir e c t o r .

J. N u t r it io n , 9 0 : ’66 157
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Fig. 1 Daily crude and digestible protein re­
quirements per unit of metabolic mass (Wkg0-75) 
for growing-finishing cattle.
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D o ily  ro le  o f g a in  (kg  )

Fig. 2 Daily crude and digestible protein re­
quirements per unit of metabolic mass (Wkg0-75) 
for growing-finishing lambs.
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function of metabolic mass and rate of 
gain:

(3 ) CP =  4.88 Wkg°-75 (1 +  6.64 G) r =  0.86
(4 ) DP =  2.79 Wkg0-75 (1 +  6.02 G) r =  0.84 

using the same symbols as in the case of 
the cattle data. Both relationships are 
quite good (P <  0.01, n =  14). Standard 
errors of estimate are 1.15 and 0.63 g per 
unit metabolic mass, respectively, for equa­
tions 3 and 4.

Two cattle experiments by Thompson 
et al. (12 , 13) were evaluated in terms of 
equation 1 (table 1). Here, in all cases 
where crude protein was thought to be 
limiting in relation to the energy which 
was fed, the calculated requirement was 
greater than the amount fed. It also ap­
pears that additional protein could have 
been effectively fed in treatment 2 in 1962. 
In a cattle experiment reported by Clanton 
et al. ( 2 ) ,  the calculated digestible protein 
requirement (equation 2 ) is greater than 
the amount which was fed in the ration 
where digestible protein was thought to be 
limiting (table 2 ).

In both of these reports, when rations 
were fed which were deficient in protein, 
the cattle gained at a greater rate than 
expected from their protein intake. This 
may be the result of conservation of circu­
lating urea (7 ) ,  a lower maintenance re­
quirement (5 ) ,  or possibly to greater 
deposition of fat and less protein.

Digestible protein requirements of lambs 
(equation 4 ) can be compared with that 
found experimentally (1 1 ) as follows:

D P = 1.54 Wkg0-75 (1 +  10 G )
In this work, the maintenance require­
ment for digestible protein (1 .54 W kg0-75)  
was lower than Armsby’s figure (1 )  of 
2.78 W ks0-75. The coefficient for body weight 
gain, 1.54 WkS0 75 (10 G ), is similar to that 
shown in this paper, 2.79 W kg075 (6 .02  G ) ,  
however. Both coefficients calculate close 
to 16 GWkg0'75.

DISCUSSION
In comparison with the conclusions of 

Armsby ( 1 ) , the maintenance requirement 
for digestible protein of cattle and lambs 
(equations 2 and 4 ) is in good agreement 
(2 .78  and 2.79 g /W kg0-75, respectively). 
With increasing rate of gain, digestible 
protein requirements increase for cattle
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T A B L E  1

Calculated crude protein required in comparison with the amount of crude protein fed 1

Y e a r T r e a t m e n t A v g D a i l y T D N C r u d e  p r o t e in
n o . W t g a in f e d

F e d R e q u i r e d

kg 9 kg 9 9
1 9 6 1 i 2 2 7 0 7 2 7 4 . 3 1 4 5 4 6 5 3

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

1 9 6 2 1 2 2 3 4 6 0 0 4 . 0 9 4 5 4 6 0 0
2 3 1 2 1 0 4 0 4 . 5 5 - 5 . 4 5 7 2 7 8 5 3
3 2 5 4 8 7 7 4 . 0 9 7 2 7 6 7 5
4 2 1 6 3 5 0 3 . 1 8 4 5 4 4 4 0

1 T h o m p s o n  e t  a l .  (  1 2 , 1 3 ) .
2 I n d i c a t e s t r e a t m e n t s  w h e r e p r o t e in  w a s  t h o u g h t  t o b e  l i m i t i n g  i n  t h e r a t i o n  f e d .

T A B L E 2

Calculated digestible protein required in comparison with the amount fed\ 1

T r e a t m e n t A v g D a i l y D ig e s t i b l e
e n e r g y

f e d

D ig e s t i b l e  p r o t e i n
n o . w t g a in

F e d  R e q u i r e d

kg 9 megcal 9 9
i 1 7 3 1 0 9 9 . 0 8 1 6 8 1 5 9
2  2 1 8 1 2 0 0 9 . 2 2 1 3 6 1 9 1
3 1 7 9 2 0 0 9 . 3 2 2 9 5 1 8 6
4 1 9 6 3 6 8 1 0 . 7 7 2 9 5 2 5 0

1 C l a n t o n  e t  a l .  ( 2 ) .
2 I n d i c a t e s  t r e a t m e n t  w h e r e  p r o t e i n  w a s  t h o u g h t  t o  b e  l i m i t i n g  i n  t h e  r a t i o n  f e d .

and lambs according to the relationship 
shown in equations 2 and 4, respectively.

Four NRC protein requirement values 
(9 )  were omitted in the relationships 
shown in this paper. They were those 
shown for 23-, 45-, 68- and 91-kg dairy 
calves. The listed crude and digestible pro­
tein requirements for these calves were 
very much higher than are indicated by 
equations 1 and 2 and probably reflect a 
high protein requirement for growth rela­
tive to their metabolic mass.

Protein requirements have little mean­
ing unless energy requirements have been 
satisfied. Crampton (4 )  has discussed the 
relationship which exists between the pro­
tein and energy requirements of animals. 
Since the NRC requirement tables have ex­
pressed energy requirements of beef cattle 
and lambs in a form similar to that shown 
in equations 1 through 4 from the work of 
Garrett et al. (6 ) ,  it is possible to calculate 
the protein-to-energy ratio required in the 
ration of cattle and lambs gaining a given 
amount of weight per day (table 3 ).

These ratios are well in line with those 
proposed by Crampton (4 ) . Thus, rations

which are formulated to provide energy 
for a specific rate of gain can also be 
formulated to supply sufficient digestible 
protein by providing the indicated protein- 
to-energy ratio required for that rate of 
gain. The data presented here indicate 
that this ratio is more a function of the 
rate of gain rather than the portion of 
mature weight which has been attained as 
presented by Crampton (4 ) . At 100%  of 
mature body weight, where the rate of body

T A B L E  3

Protein-to-energy ratios required in the rations of 
growing-finishing cattle and lambs

D a i l y  D ig e s t i b l e  p r o t e i n  ( g )
g a i n  D ig e s t i b l e  e n e r g y  ( m e g c a l )

kg
Cattle (maintenance) 20.8

0.5 24.7
1.0 26.4
1.5 27.2
2.0 27.8

Lambs (maintenance) 20.4
0.1 21.4
0.2 21.9
0.3 22.2
0.4 22.4
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weight gain would be zero, the indicated 
ratio would be 20.8 and 20.4, respectively, 
for cattle and lambs, which compares well 
with the inter-species maintenance value 
of 19 to 20 proposed by Crampton (4 ) .

It is of interest to note the marked in­
crease in apparent protein-to-energy ratio 
required by cattle with an increasing rate 
of gain in contrast with that required by 
lambs. A ratio of 22 has been found to be 
the optimal ratio for growing-finishing 
lambs (1 1 ) .

The relationships presented above have 
two major criticisms. First, protein re­
quirements shown in the NRC publications 
were used as the basis for derivation of 
the equations. Any consistent bias in these 
requirements would be reflected in the 
equations. This appears unlikely in the 
case of cattle since both the dairy and beef 
cattle requirement tables were used. A 
second criticism is the use of body weight 
and weight gain as the determining fac­
tors. Body weight gain, as measured in the 
live animal, is composed of gastrointestinal 
fill, water, protein, fat and bone. Thus, 
the ideal expression would relate protein 
requirements to specific increases in car­
cass mass of a certain composition. Such 
a method has been introduced by Combs
(3 ) . Development of this method of stat­
ing the protein requirements of cattle and 
lambs should yield very useful expressions.
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Alterations in the Metabolism of 2-14C-Thiazole-labeled
Thiamine by the Rat Induced by a High Fat
Diet or Thyroxine 1
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Division of Nutrition, Department of Biochemistry, Vanderbilt University 
Medical School, Nashville, Tennessee

ABSTRACT This study was designed to test the hypothesis that dietary fat “spares” 
thiamine by reducing its metabolic destruction. Fourteen adult rats of the Sprague- 
Dawley strain, of similar nutritional backgrounds, were fed a “low” fat (11% calor­
ies from fat) diet and injected daily with 50 Mg 2-14C-thiazole-labeled thiamine for 8 
weeks. For 10 days, seven of the group were then fed a “high fat” diet (63% calor­
ies from fat) isocalorically with the remainder of the group that was continued on the 
“low-fat” regimen. Daily injections of radioactive thiamine were continued during 
this period. The rats fed the high fat diet excreted significantly more radioactive thi­
amine in the urine but significantly less 14CC>2 than did the controls. In a similar 
study, the administration of 20 Mg of thyroxine daily to rats fed the “low fat” diet 
enhanced the excretion of >4COo but did not alter the excretion of urinary radioactivity.

The thiamine-sparing effect of dietary fat 
has been the subject of many studies since 
its establishment in early feeding trials 
( 1 -3 ) .  Although comparable long-term 
feeding studies have not been made in the 
human, balance studies in infants (4 )  
and studies of thiamine excretion by the 
uncontrolled diabetic (3 )  have supported 
this observation.

The general hypothesis that has emerged 
from these investigations is that an ani­
mal receiving a large portion of his calor­
ies from fat (or, in another way, a smaller 
portion of his calories from carbohydrate) 
has a lower thiamine requirement. The bio­
chemical basis for this observation has 
been tacitly assumed to revolve around the 
fact that fatty acids can be converted to 
acetyl CoA without the participation of 
the pyruvic dehydrogenase system, a thia­
mine-requiring sequence that is obligatory 
for the entrance of the end-product of gly­
colysis (pyruvate) into the tricarboxylic 
acid cycle. For the concept to be correct, 
it must also be assumed that some thia­
mine is destroyed during its participation 
in the pyruvate dehydrogenase system.

Attempts to obtain experimental evi­
dence in support of this hypothesis have 
met with failure. Studies of the rate of 
thiamine loss in animals fed thiamine-free 
diets of different fat content have yielded

conflicting results. In 2 studies (6 , 7) no 
differences were observed in the thiamine 
content of the tissues in rats fed high or 
low fat rations, whereas a higher tissue 
thiamine content in animals fed high fat 
rations was reported in two other studies 
(8 , 9 ). All of these studies are subject to 
the general criticism that the precision of 
the thiamine methodology used may not 
have been sufficient to detect the small dif­
ferences in thiamine content to be ex­
pected.

The presumed association of thiamine 
need with the basal metabolic rate has 
been discussed by Kleiber (1 0 ) . The evi­
dence for this association has been based 
largely on studies of the effect of thyroxine 
on thiamine requirements (11, 12) and on 
the rate of tissue depletion ( 7 ) .3 No stud­
ies of the effect of thyroxine on thiamine 
catabolism are recorded in the literature.

Long-term studies in this laboratory of 
the metabolism of 14C-labeled thiamine in 
the rat afforded a unique opportunity to

R e c e i v e d  f o r  p u b l i c a t i o n  A p r i l  2 3 ,  1 9 6 6 .
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T h y r o x i n e - i n d u c e d  m o d i f i c a t i o n s  i n  t h e  t h i a m in e  d e ­
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study the effects of high fat diets and 
thyroxine upon thiamine catabolism. The 
results of these studies are presented in 
this report.

MATERIALS AND METHODS
Fourteen adult rats of the Sprague- 

Dawley strain were fed a low fat thiamine- 
deficient diet and were injected daily with 
50 ng of 14C-thiazole-labeled thiamine4 for 
8 weeks. At this point they were divided 
into 2 groups of 7 rats by weight-pairing. 
One group received the regular thiamine- 
deficient diet containing 5%  of fat and the 
other group received an isocaloric, isonitro- 
genous diet with an equal content of vita­
mins and minerals, but containing 40%  
of fat.

The regular “low fat” thiamine-deficient 
diet consisted of: (in per cent) vitamin- 
free casein, 18; hydrogenated vegetable
oil,5 5; sucrose, 69; succinylsulfathiazole,6 
1; HM W  7 salt mixture, 4; and nonnutri­
tive fiber,8 3. The following amounts of 
vitamins were added per 100 g of the diet: 
vitamin A, 400 IU; vitamin D, 40 IU; and 
(in milligrams) a-tocopheryl acetate, 3; 
riboflavin, 0.8; niacin, 4.0; Ca pantothe­
nate, 4.0; p-aminobenzoic acid 10.0; cho­
line chloride, 100.0; menadione, 0.5; and 
vitamin Bu, 0 .0 0 3 «^

The “high-fat” thiamine-deficient diet 
contained: (in per cent) vitamin-free ca­
sein, 26.0; hydrogenated vegetable oil,9 
40%  ; sucrose, 25.6; succinylsulfathiazole, 
1; HM W  salt mixture, 5.4; and nonnutri­
tive fiber, 3.0. The amount of vitamins 
added to this diet was 1.4 times that in 
the low fat diet described above. The con­
trol rats fed the low fat diet ad libitum 
consumed an average of 10 g of diet daily. 
The rats fed the high fat diet were pair- 
fed isocalorically with the control group 
and consequently received an average of
7.0 g of diet daily. The absolute daily in­
takes of nitrogen, calories, vitamins and 
minerals by the 2 groups were, within ex­
perimental error, almost identical but the 
high fat group received 63%  of its cal­
ories from fat and the low fat group only 
1 1 % . Both groups received daily intra- 
peritoneal injections of 50 |ig of 2-14C-thia- 
zole-labeled thiamine.

The effect of thyroxine on thiamine me­
tabolism was studied in 2 groups of 7 rats

having similar nutritional backgrounds 
and similar weights. These animals re­
ceived the low-fat thiamine-deficient diet 
and daily intraperitoneal injections of 50 
ag of 2>4-C-thiazole-labeled thiamine for 8 
weeks before the experiment. During the 
thyroxine studies, each rat in the experi­
mental group received a daily subcutaneous 
injection of L-thyroxine sodium pentahy- 
drate (20 ug of thyroxine) and the control 
rats were injected daily with saline solu­
tion. Both groups were fed the low fat 
thiamine-deficient diet (ad libitum) and 
were injected daily with 50 ag of 14C-thia- 
zole-labeled thiamine.

Details of the housing of the animals, 
collection of the excreta, and respiratory 
studies, desalting and chromatography of 
urine on Amberlite CG-50 columns and 
measurement of the radioactivity have 
been described previously (1 3 ) .

RESULTS
Table 1 shows the urinary excretion of 

radioactive metabolites by rats fed the low 
and high fat diets during the 10-day ex­
perimental period. The rats fed the high 
fat diet excreted 50.8 ±  5.58%  of their thi­
amine intake as metabolites and the rats 
fed the low fat diet excreted 43.7 ±  4.37%  
of their intake. This difference is signifi­
cant (P <  0.02 by Student’s t test).

The effect of feeding the high fat diet on 
the excretion of 14C 0 2 is presented in table
2. The rats fed the high fat diet excreted 
about 15% less 14C 0 2 than the control 
group. This difference is significant (P <  
0 .01).

To determine whether the high fat diet 
altered the excretion pattern of thiamine 
metabolites, the 10-day urine samples col­
lected from each group were pooled and 
the metabolites were isolated by charcoal 
adsorption, elution and separation by col­
umn chromatography on Amberlite CG-50. 
The results are shown in figure 1. In both 
groups the radiactive metabolites were re­
solved into 5 peaks. Because the principal 
quantitative difference observed was in the

4 O b t a in e d  f r o m  N u c le a r - C h i c a g o ,  I n c . ,  C h i c a g o .  
S p e c i f i c  a c t iv i t y  =  5 6 0 0  c p m / / i g .

5 C r i s c o ,  P r o c t e r  a n d  G a m b le  C o m p a n y ,  C i n c i n n a t i .
6 N u t r i t i o n a l  B i o c h e m i c a l s  C o r p o r a t i o n ,  C l e v e l a n d .
7 H u b b e l l ,  R .  B .,  L . B . M e n d e l  a n d  A .  J . W a k e m a n  

1 9 3 7  A  n e w  s a l t  m ix t u r e  f o r  u s e  i n  e x p e r i m e n t a l  
d ie t s .  J . N u t r . ,  1 4 : 273 .

8 A l p h a c e l ,  N u t r i t i o n a l  B i o c h e m i c a l s  C o r p o r a t i o n .
9 S e e  f o o t n o t e  5 .

—̂  Column 1, line 30 should continue to read: biotin, 0 .04; folic acid, 0.20 
and pyridoxine, 0.50.
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T A B L E  1

Urinary excretion of 14C-labeled thiamine metabolites by rats fed diets 
high or low in fat content1

E x p .  
d a y  n o .

L o w  f a t  d ie t H ig h  f a t  d i e t

A s
v i t a m i n  B i

A s
v i t a m i n  B i

fl9 %  o f  d o se fi9 %  o f  d o se
1 1 2 4 .9 3 5 . 6 1 6 3 .3 4 6 . 6
2 1 6 2 .4 4 6 . 4 1 7 5 .1 5 0 . 0
3 1 4 6 .5 4 1 . 8 1 5 7 .2 4 4 . 9
4 1 3 7 .7 3 9 . 3 1 9 4 .5 5 5 . 5
5 1 7 1 .7 4 9 . 0 1 6 9 .7 4 8 . 5
6 1 6 7 .3 4 7 . 8 1 6 6 .7 4 7 . 6
7 1 6 7 .9 4 7 . 9 2 1 6 .1 6 1 . 7
8 1 6 2 .0 4 6 . 2 1 7 2 . 2  * 5 7 . 4
9 1 4 5 .6 4 1 . 6 1 5 0 . 9  * 5 0 . 3

1 0 1 4 7 .3 4 2 . 0 1 3 6 .8  * 4 5 . 6

M e a n ±  s d : 4 3 . 7 ± 4 . 3 7  2 5 0 . 8  ± 5 . 5 8  2

1 E a c h  v a l u e  i s  t h e  t o t a l  14C m e t a b o l i t e  e x c r e t i o n  e x p r e s s e d  a s  t h i a m in e  o f  2 4 - h o u r  p o o l e d  u r i n e  
s a m p l e  f r o m  7  r a t s .  V a lu e s  w i t h  a s t e r is k s  r e p r e s e n t  t h e  e x c r e t i o n s  o f  6  r a t s .

2 S i g n i f i c a n t l y  d i f f e r e n t  ( P  <  0 . 0 1 ) .

T A B L E  2

Effect of a high fat diet or the administration of thyroxine on the excretion of 14C02 
derived from 14C-thiazole-labeled thiamine 1

L o w  f a t  d i e t H ig h  f a t  d ie t T h y r o x in e  
( l o w  f a t  d i e t )

A s
v i t a m i n  B i

A s
v i t a m i n  B i A s

v i t a m i n  B i

fJ-9 %  o f  d o se V-9 %  o f  d o se fJ-9 %  o f  d o se
7 .3 1 4 . 6 5 . 9 1 1 .8 7 .9 1 5 . 8
6 . 8 1 3 . 6 6 . 2 1 2 . 4 7 .9 1 5 . 8
6 . 6 1 3 . 2 5 . 7 1 1 . 4 7 . 6 1 5 . 2
6 . 5 1 3 . 0 6 .1 1 2 . 2 7 .5 1 5 . 0

5 . 3 1 0 . 6

M e a n ±  s d : 
6 . 8  ± 0 . 3 5 1 3 . 6 ±  1 . 2 4 5 . 8  ± 0 . 7 2 1 1 . 6 ±  1 . 4 3 7 . 7  ± 0 . 1 1 1 5 . 4  ± 0 . '

1 E a c h  v a l u e  r e p r e s e n t s  t h e  t o t a l  r a d i o a c t i v i t y  e x c r e t e d  b y  a  s i n g le  r a t  d u r i n g  o n e  2 4 - h o u r  p e r i o d  
o f  t h e  1 0 -d a y  e x p e r i m e n t .  R a t s  f e d  t h e  l o w  f a t  a n d  h i g h  f a t  d i e t s  w e r e  p l a c e d  i n t o  t h e  m e t a b o l i s m  
c h a m b e r  o n  a l t e r n a t e  d a y s  b e g i n n i n g  o n  d a y  2  o f  t h e  e x p e r i m e n t a l  p e r i o d .  T h e  t h y r o x i n e - t r e a t e d  
r a t s  w e r e  p l a c e d  i n t o  t h e  m e t a b o l i s m  c a g e  o n  c o n s e c u t i v e  d a y s  f o l l o w i n g  t e r m i n a t i o n  o f  t h e  f a t ­
f e e d i n g  e x p e r i m e n t .  T h e  v a l u e s  a r e  e x p r e s s e d  a s  m i c r o g r a m s  o f  t h i a m in e  a n d  a s  p e r c e n t a g e  o f  
t h e  d a i l y  d o s e .

size of peak 4 (free thiamine) (1 4 ) , the 
tubes containing peak 4 (tubes 6 5 -7 3 )  
from each chromatographic separation 
were pooled and the solvent removed under 
vacuum at 40°. The residue was dissolved 
in 20 ml of water and analyzed for thia­
mine, using microbiological assay with 
Lactobacillus viridescens (1 5 ) . The results 
revealed 273.9 ag of thiamine activity in 
peak 4 from the animals fed the high fat 
diet as compared with 171.6 ag in that of 
the low fat group.

Daily analysis of urine for radioactivity 
from thyroxine-treated animals and their 
controls during the 10-day experimental

period showed no remarkable difference 
between the 2 groups. Conversely, mea­
surement of the 14C 0 2 excretion during the 
last 4 days of the experiment showed that 
the thyroxine-treated group excreted about 
13% more 14C 02 than did the controls 
( P < 0 .0 1 ) .  These data are presented in 
table 2.

D I S C U S S I O N

In this study, decreased production of 
“ CCh from radioactive thiamine by rats fed 
a high fat diet was associated with an in­
creased urinary excretion of free thiamine. 
The excretion of other radioactive meta-
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Fig. 1 Comparison of the chromatographic pattern of radioactive metabolities of a pooled 
10-day urine collection of 7 rats fed the high fat and low fat diets, respectively. Exchanger, 
Amberlite CG-50 H+ form (200-400 mesh), column size, 1 X  40 cm. The column was first 
eluted with 200 ml of water and then with 300 ml of a mixture of pyridine/acetic acid/ 
water (75/10/915 v /v ). Fraction size 5 ml, flow rate 60 ml /hour. Continuous line =  rats 
fed high fat diet; broken line =  rats fed low fat diet.

bolites of thiamine was not enhanced. 
These observations support the thesis that 
an alteration in the fat-to-carbohydrate 
ratio of the diet has a direct effect upon 
the metabolic need for thiamine. The data 
suggest that this effect is specifically con­
cerned with the conservation of thiamine 
itself because the conversion of the 2-14C- 
thiazole moiety of C 0 2 may represent 
a “wear-and-tear” loss of thiamine as 
a direct consequence of its participation in 
metabolic reactions in the body (pyruvate 
dehydrogenase step?) or may be the re­
sult of unknown extra-metabolic reac- 
tion(s). The former hypothesis appears 
to be more reasonable because it is well- 
known that acetyl CoA can be generated 
from fat without the participation of the 
thiamine pyrophosphate, whereas this co­
factor is required when acetyl CoA is de­
rived from glycolysis. In any event, the 
substitution of fat for carbohydrate pre­
vents the catabolic destruction of some 
thiamine and the term “sparing effect” ap­
pears to be an appropriate one.

Since the thiamine “spared” from the 
catabolic destruction by the high fat in­
take was excreted in the urine no actual

nutritional advantage accrued to the rats 
in these studies. This observation does not 
detract from the biochemical interpreta­
tion, however, when it is considered that 
the experimental animals were in excellent 
thiamine nutriture. The fact that they 
were excreting significant quantities of 
radioactive thiamine in their urine (fig. 1) 
testifies to the adequacy of their tissue 
stores because assayable thiamine does not 
appear in rat urine until the tissue stores 
are 75 to 80%  saturated (1 6 ) . Under 
these circumstances it appears reasonable 
to assume that any “spared” thiamine 
would be excreted in the urine along with 
the excess already appearing there. Un­
der more severe dietary conditions (i.e., 
thiamine deficiency) the “spared” thiamine 
would probably not be excreted but would 
be retained for metabolic purposes. Thus, a 
delay in onset of thiamine deficiency in 
the rat would be observed.

An alternate hypothesis for the thia­
mine-sparing effect of dietary fat deals 
with its possible effects upon the intestinal 
flora. This concept, first considered by 
Evans and Lepkovsky (1) has been recently 
re-evaluated by Meghal and Nath (1 7 ) .



FAX AND T H IA M IN E  M E TA B O L ISM 1 6 5

These workers concluded that dietary fat 
enhances the microbial synthesis of thia­
mine or its availability, or both. W e con­
sider intestinal microfloral effects to be an 
unlikely explanation for our observations 
because 1) the presence of succinylsulf- 
athiazole in our diets depressed the in­
testinal microflora, 2 ) the screen-floor 
cages used permitted only limited access 
to the feces, and 3 ) the difference in thia­
mine excretion was evident within 24 hours 
of feeding the animals their respective 
diets (table 1 ). That bacterially synthe­
sized “ S-labeled thiamine does not appear 
in the heart and liver of rats during the 
48-hour period following its synthesis has 
been well-demonstrated by Wostmann and 
Knight (1 8 ) .

Of the other hypotheses proposed to ex­
plain the thiamine-sparing effect of fat, 
two (production of toxic material from 
carbohydrate (1 9 ) ; anti-convulsive effects 
of ketone bodies ( 6 ) )  are without tangible 
experimental support, and a third (an ef­
fect of glycerol produced from the fat) 
has been tested and discarded by Jones 
(2 0 ).

Since it is known that thyroxine admin­
istration increases the thiamine require­
ment (11 , 12, 2 1 ) , it is to be expected that 
its effect on thiamine metabolism would 
be diametrically opposed to that induced 
by feeding a high fat diet. The C 0 2 pro­
duction data presented in table 1 are con­
sistent with this anticipated effect. Since 
the major metabolic effect of thyroxine is 
to increase the basal metabolic rate and 
accelerate the reactions involved in energy 
production, it may be assumed that the 
increased breakdown of thiamine in thy­
roxine treated rats is the consequence of 
its participation in the normal metabolic 
reactions of the animal body rather than 
the result of a specific effect of thyroxine 
on thiamine catabolism. The fact that the 
requirements for several other vitamins 
are increased by thyroxine suggests fur­
ther that this is probably a general effect 
of the hormone secondary to its effect on 
the metabolic rate rather than a specific 
effect on thiamine catabolism. Further 
evidence in favor of this idea is that other 
factors, such as physical activity which 
raise the basal metabolic rate, may also 
increase the thiamine requirement (3 ) .

The percentage of radioactivity excreted 
in the urine by thyroxine-treated rats did 
not differ from that of the control animals. 
Since the former group showed a higher 
excretion of radioactive C 0 2, it might be 
anticipated that there would be a concomi­
tant decrease in the urinary excretion of 
radioactivity. It is possible that larger 
doses of thyroxine are necessary to pro­
duce any appreciable effect on the urinary 
excretion of thiamine especially when the 
tissue thiamine stores are adequate.
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Metabolism of a Plant Wax Paraffin 
(n-Nonacosane) in the Rat

P. E. KOLATTUKUDY a n d  L. HANKIN
Department of Biochemistry, The Connecticut Agricultural Experim ent 
Station, N ew  Haven, Connecticut

A B S T R A C T  Utilization of orally administered long-chain solid paraffin hydrocarbons 
by the rat was studied with 14C-n-nonacosane (C29 H6o) as a tracer and evidence was pre­
sented which shows that these wax hydrocarbons from food are absorbed and metabol­
ized by the rat. Nonacosane, the major paraffin of most plant waxes, is partly 
absorbed from the digestive tract, the major portion (75% ) being excreted. Of the 
administered radioactivity, 4% appeared in respiratory C02 during the 5-day experi­
mental period. Radioactivity was widely distributed in the many tissues and organs 
examined, the liver having the greatest amount (about 2% of the administered 14C). 
Fractionation of total lipids from organs such as lung, heart, kidney and liver showed 
that paraffins accounted for less than 10% of the radioactivity. Gas-liquid chromatog­
raphy of liver paraffins showed the presence of 14C-nonacosane. About 2 0 % of the 
radioactivity in the blood was found in the paraffins. Although 14C was found in all 
classes of lipids in the liver, the major part of the radioactivity was in the phospho­
lipids, almost all being in the fatty acid portion. Gas-liquid chromatography of the 
fatty acids derived from both the glycerides and phospholipids showed that most of 
the radioactivity present was present as C 1 5 , Ci6, C 1 7 , Cn and C 19 saturated fatty acids,
the C17 being the most radioactive.

Recent reports have been noted which 
show saturated hydrocarbons to be present 
in human arterial tissues and plaques (1 )  
and in lymph nodes, spleen and portal 
triads of liver in human autopsy and biopsy 
material.* 1 Although no evidence was pre­
sented about the origin of these hydro­
carbons, it was suggested that food prod­
ucts are a likely source. Long-chain hy­
drocarbons are widely distributed in ani­
mals (2 )  and plants (3 ) . Crude and re­
fined edible seed oils also contain a mix­
ture of hydrocarbons (4 ) . Although very 
complex mixtures of paraffins are often 
found in nature, normal saturated paraf­
fins of the chain length C29 and C3i pre­
dominate in plants (3 ) . For example, 
apple peel and common vegetables such as 
broccoli, cauliflower and cabbage contain 
normal paraffins of which about 90%  is 
rz-nonacosane (3 , 5 ).

Extensive work has been carried out on 
the metabolism of various paraffins by mi­
croorganisms (6 ) . In most cases hydro­
carbons of medium-chain length (up to 
Ci8) were studied, but there is ample evi­
dence to show that microorganisms do 
utilize solid long-chain hydrocarbons (7 ) .  
To the best of our knowledge nothing is

known about the metabolic fate of the 
long-chain solid hydrocarbons that are gen­
erally present in the diet, although some 
work has been carried out with short-chain 
paraffins (8 ) .

Results reported in this paper demon­
strate that in the rat a solid paraffin nor­
mally found in food is absorbed, trans­
ported to various organs and metabolized, 
thus providing experimental evidence that 
the paraffins in animal organs may be at 
least in part derived from the diet.

EXPERIMENTAL
Radioactive n-nonacosane was isolated 

by the method recently reported (5 )  from 
brocolli leaves which had metabolized 
1 mCi of l -14C-acetate for 4 days under 
light. Presumably the 14C is present 
throughout the length of the molecule prob­
ably in alternate positions. About 2 .4%  of 
the 14C administered to the leaf was re­
covered in the paraffin fraction, and this 
fraction was used as the substrate without 
further purification because about 90%  
was shown to be nonacosane (5 ) .

R e c e i v e d  f o r  p u b l i c a t i o n  M a y  4 ,  1 9 6 6 .
l  B o i t n o t t ,  J . K .,  a n d  S. M a r g o l i s  1 9 6 6  T h e  i n ­

c r e a s i n g  i n c i d e n c e  o f  m i n e r a l  o i l  i n  h u m a n  t is s u e s .  
F e d e r a t i o n  P r o c . ,  2 5 :  2 0 0  ( a b s t r a c t ) .

J. N u t r it io n , 9 0 :  ’ 66 1 67
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A 274-day-old male rat (600 g) of the 
Osborne-Mendel strain was fed for 5 days 
a diet consisting of ground dog m eal2 3 con­
taining 1% of sulfaguanidine and 0.1 of 
neomycin sulphate (504  ug/g) to suppress 
the bacterial flora of the intestine as much 
as possible. Preliminary experiments had 
shown that when a few milligrams of 14C- 
nonacosane were administered by stomach 
tube in 0.5 ml corn oil to a rat, most of the 
14C-nonacosane could be recovered from 
the feces, but measurable amounts of 14C 
were observed in tissue lipids. To increase 
the absorption of the paraffin the follow­
ing procedure was used in feeding the ex­
perimental animal. The radioactive paraf­
fin (about 30 mg, 20.5 uCi) was dissolved 
in a small amount of pentane, and this 
solution was allowed to soak into about 10 
g of warm (5 5 ° )  dry dog food meal. 
After the pentane had evaporated com­
pletely, the radioactive food was mixed 
with warm (5 5 ° )  4%  agar solution. The 
food was immediately divided into 5 ap­
proximately equal parts and allowed to 
harden. Each morning for 5 days, the 
rat was given one portion of the radioac­
tive food after overnight starvation (16  
hours). This was eaten completely with 
minimal spillage within 10 minutes. Sub­
sequently throughout the day the rat re­
ceived the ordinary dog food meal con­
taining the antibacterial agents. The rat 
was kept in a large desiccator fitted with 
air inlet and outlet tubes throughout the 
experimental period except for the 10 min­
utes each day required for feeding the 
radioactive material. The respiratory C 0 2 
was collected in an alcoholic solution of 
ethylenediamine (1 0 :1 , v /v ), the C 0 2 trap 
being changed twice daily. Feces were 
collected on a wire screen placed in the 
desiccator and urine was collected at the 
bottom. The experiment was terminated 
6 hours after feeding the last portion of 
the radioactive food. The animal was anes­
thetized with ether and the blood removed 
directly from the heart with a hypodermic 
syringe. Total lipids were extracted from 
blood, feces, urine, gut contents, various 
internal organs, abdominal fat pads, and 
portions of the subcutaneous fat and mus­
cle with a 2 :1  chloroform-methanol mix­
ture (9 ) .

Total lipid samples were placed on silica 
gel (1 0 ) columns (up to 2 mg lipid/g  
silica gel) and eluted successively with 
hexane, benzene, ether and methanol. 
Eluents (2  void volumes of each solvent) 
were collected in 10- or 20-ml portions, 
and the lipids located by assaying for 14C. 
Lipid classes were identified by thin-layer 
chromatography (11), infrared spectroscopy
(12), and phosphorus assays (13). Hexane 
eluted paraffins, benzene eluted cholesterol 
esters together with triglycerides, ether 
eluted mono- and diglycerides with free 
fatty acids, and finally, methanol eluted 
phospholipids.

Glyceride and phospholipid fractions of 
the liver lipids were saponified by reflux­
ing under nitrogen with 20%  alcoholic 
KOH for 5 hours. The fatty acids were 
then isolated, and methyl esters prepared 
with BF3 as a catalyst. The methyl esters 
were purified by column chromatography 
on silica gel with 2%  ethyl ether in ligroin 
(6 0 -7 0 ° )  as eluent.

A sample of oven-dried dog food was ex­
tracted with hexane in a soxhlet extractor 
for 4 hours; the lipid solution was evapo­
rated to dryness, and paraffins were iso­
lated by silica gel column chromatography 
as described.

Gas chromatographic analyses were 
made on a Perkin Elmer 810 gas chro­
matograph with a flame ionization detec­
tor. Fatty acids were analyzed on a 15%  
stabilized DEGS column and an Apiezon L 
column paraffins were analyzed on a 5%  
silicone rubber gum (SE-30) column.4 
Authentic samples of paraffins 5 and other 
lipid standards 6 were used for thin-layer 
and gas-liquid chromatography.

Radioactivity in the respiratory C 0 2 was 
determined in aliquots of the ethanolic

2 T h e  m a n u f a c t u r e r ’ s  a n a ly s i s  o f  t h is  m a t e r ia l  i s  
a s  f o l l o w s :  ( i n  p e r  c e n t )  p r o t e in  ( m i n . ) ,  2 5 .8 0 ;  f a t  
( m i n . ) ,  1 0 .2 0 ;  f ib e r  ( m a x . ) ,  3 .3 1 ;  a s h  ( m a x . ) ,  9 .9 0 ;
N .  F .E . ,  4 2 .7 ;  h i s t id i n e ,  0 .5 7 ;  m e t h i o n i n e ,  0 .4 3 ;  l y s in e ,  
1 .3 4 ;  t r y p t o p h a n ,  0 .4 0 ;  p h e n y l a l a n i n e ,  1 .0 7 ;  l e u c i n e ,  
2 .0 4 ;  t h r e o n i n e ,  0 .9 6 ;  v a l i n e ,  1 .2 6 ;  i s o l e u c i n e ,  1 .1 4 ;  
c a l c i u m ,  2 .1 ;  p h o s p h o r u s ,  1 .4 ;  s o d i u m ,  1 .4 ;  p o t a s s i u m ,
O. 8 ;  m a g n e s i u m ,  0 .5 ;  a n d  ( i n  m g / k g )  c o p p e r ,  9 .5 ;  
m a n g a n e s e ,  5 .3 ;  c o b a l t ,  2 .2 ;  i r o n ,  1 6 7 .4 ;  z i n c ,  6 .6 ;  
i o d in e ,  1 .5 ;  v i t a m i n  B i ,  7 .9 ;  v i t a m i n  B 2, 6 .8 ;  v i t a m i n  
B 6 , 1 .5 ;  n i a c i n ,  3 0 .4 ;  p a n t o t h e n i c  a c i d ,  7 .5 ;  c h o l i n e ,  
1 2 7 0 .9 ;  a n d  ( i n  ¿ i g / k g )  v i t a m i n  B 12 , 2 9 .1 ;  ( i n  U S P  
u n i t s / k g )  v i t a m i n  A ,  1 1 ,6 7 4 ;  v i t a m i n  D ,  5 ,5 0 7 ;  a n d  
( i n  I U / k g )  v i t a m i n  E ,  4 6 .9  ( B i g  R e d  D o g  F o o d  M e a l ,  
A g w a y ,  I n c . ,  S y r a c u s e ,  N e w  Y o r k ) .

3 F r o m  t h e  A n a l y t i c a l  E n g i n e e r i n g  L a b o r a t o r y ,  
H a m d e n ,  C o n n e c t i c u t .

4 S e e  f o o t n o t e  3 .
5 G i f t  f r o m  D r .  B . J . H u m p h r e y ,  H u m p h r e y  C h e m ­

i c a l  C o . ,  N o r t h  H a v e n ,  C o n n e c t i c u t .
6 F r o m  T h e  H o r m e l  I n s t i t u t e ,  A u s t i n ,  M in n e s o t a .
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solution of ethylenediamine carbonate in 
a liquid scintillation counter. Aliquots of 
lipid solutions, generally in ether, were 
similarly assayed for l4C. In general, 
counting was done with 62%  efficiency 
and a standard deviation not greater than 
3 % . The liquid scintillation mixture and 
the determination of 14C in the thin-layer 
and gas-liquid chromatographic fractions 
have been described previously (5 ) .

RESULTS AND DISCUSSION
About 75%  of the administered radio­

activity was recovered from the excretion 
products. Almost all of the excreted radio­
activity was noted in unchanged hydro­
carbons. When the paraffins recovered 
from the excretion products were sub­
jected to gas-liquid chromatography, a pat­
tern identical to the substrate hydrocar­
bon (5 )  was obtained together with a se­
ries of additional peaks corresponding to 
paraffins mostly smaller than C29 (see fig. 
1). In the paraffin fraction isolated from 
the dog food diet, a series of hydrocarbons 
including C29 was detected by gas-liquid 
chromatography. The aditional hydrocar­
bons observed in the excretion products 
were presumably derived from the diet. 
Cattle manure for example has been re­
ported to contain paraffins identical to 
those in pasture plants (1 4 ) . It is clear 
that the major portion of the administered 
paraffin is excreted unchanged, unlike such 
substrates as 2 :2  dimethyl stearic acid 
which is mostly absorbed (1 5 ). However 
such paraffins as hexadecane have been 
reported to be absorbed well (50 to 100 mg 
/d ay) (1 6 ) . Most microorganisms utilize 
long-chain solid paraffins much less effi­
ciently than shorter liquid paraffins (1 7 ) .

A considerable amount of the paraffin 
eaten by the rat is metabolized as indicated 
by the distribution of 14C in the various 
organs (table 1). The appearance of 4%  
of the administered 14C in the respiratory 
C 0 2 shows that a significant amount of the 
paraffin had undergone extensive meta­
bolic breakdown by the end of the experi­
mental period. Although the water-soluble 
metabolites were not investigated in detail, 
measurable amounts of 14C could be de­
tected in these fractions. Data in table 1 
indicate that the 14C from orally adminis­
tered vegetable hydrocarbons is incorpo­

rated into the lipids of every organ ex­
amined. Liver had the greatest amount of 
14C, almost 2%  of the 14C eaten by the rat.

An increase in the unsaponifiable frac­
tion of tissue lipids after the administration 
of hexadecane to animals has been reported
(1 6 ). Hexadecane has been isolated from 
tissue lipids after prolonged feeding of this 
material (1 8 ) . Accordingly the tissue lip­
ids were fractionated by column chroma­
tography and the results are shown in 
table 1. Small but significant amounts of 
14C were present in the paraffin fractions 
isolated from organs such as liver. This 
observation indicates that paraffins were 
taken up from the food and translocated 
through blood into various organs and 
probably metabolized there. The presence 
of large proportions of 14C in the hydro­
carbon fraction of the intestinal wall lip-

Fig. 1 Gas-liquid chromatography of the sub­
strate paraffins (A ) and the hydrocarbons iso­
lated from liver (B) food (C ), feces (D ), and 
urine (E). Number on each peak represents the 
chain length. Paraffins shorter than C2» were 
not identified. Radioactivity distribution was 
identical in substrate, feces, gut contents, urine 
and liver. Experimental conditions: 122-cm
(0.6-cm o.d.) (4-foot (0.25 in. o.d.)) coiled cop­
per column, 5% silicone rubber gum (SE-30) 
on 80-90 mesh Anakrome ABS; column tempera­
ture 290°, carrier gas He at 45 ml/minute.
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T A B L E  1

Distribution of radioactivity in  lipids of organs 
and excreta obtained from a rat metabolizing 

14C-nonacosane 1

Fraction Radioactivity 
in total lipids

Radioactivity 
in paraffins

cpm % of total 
lipid/fraction

Kidney 10,300 1.4
Blood 2 28,000 18.0
Abdominal 

fat pads 3 190,000
Liver 450,000 10.0
Muscle 4 10,000 —

Heart 14,000 2.1
Lung 41,000 1.5
Brain 6,300 4.0
Testes 4,000 —

Gut contents 4,780,000 99.1
Urine 5 850,000 98.0
Subcutaneous fa t6 50,000 —

Feces 13,300,000 98.9
Intestinal w all7 116,000 62.0

1 O f  t h e  2 6 .5  x 1 0 6 c p m  f e d  t o  t h e  r a t  o n l y  0 .6  x 1 0 6 
c p m  c o u l d  b e  r e c o v e r e d  f r o m  t h e  s p i l l a g e  a n d  f o o d  
c u p s ,  0 .9 6  x 1 0 6 c p m  a p p e a r e d  i n  t h e  r e s p i r a t o r y  C O 2.

2 A l l  t h e  b l o o d  t h a t  c o u l d  b e  r e m o v e d  f r o m  t h e  h e a r t  
i s  i n c lu d e d .

3 A l l  o f  t h e  f a t  p a d s  t h a t  c o u l d  b e  d i s s e c t e d .
4 A  p i e c e  o f  t h e  a b d o m i n a l  m u s c l e  w a s  e x t r a c t e d  

t o  d e t e r m in e  w h e t h e r  r a d i o a c t i v e  l i p i d s  w e r e  p r e s e n t  
i n  m u s c l e  a n d  p r o b a b l y  o n l y  l e s s  t h a n  5 %  o f  t h e  
t o t a l  m u s c l e  o f  t h e  r a t  i s  r e p r e s e n t e d  i n  t h i s  f r a c t i o n .

5 U r in e  h a d  s o m e  c o n t a c t  w i t h  t h e  f e c e s  a n d  h e n c e  
s o m e  o f  t h e  r a d i o a c t i v i t y  c o u l d  h a v e  b e e n  d e r i v e d  
f r o m  t h e  f e c e s .

6 O n ly  a  s m a l l  p o r t i o n  o f  t h e  s u b c u t a n e o u s  f a t  w a s  
u s e d  t o  d e t e r m in e  w h e t h e r  r a d i o a c t iv e  l ip i d s  w e r e  i n ­
c o r p o r a t e d  i n t o  t h i s  f r a c t i o n .  N o  a c c u r a t e  e s t im a t e  
c a n  b e  m a d e  o f  t o t a l  r a d i o a c t iv i t y  i n  t h i s  f r a c t i o n .

7 I n t e s t in a l  w a l l s  w e r e  w a s h e d  w i t h  w a t e r  b e f o r e  
l i p i d s  w e r e  e x t r a c t e d .  H o w e v e r ,  t h e  p o s s i b i l i t y  t h a t  
t r a c e s  o f  a d s o r b e d  p a r a f f in  w e r e  p r e s e n t  c a n n o t  b e  
r u l e d  o u t  w i t h  c e r t a in t y .

ids, and the distribution of radioactivity 
in blood lipids (table 1) support this con­
tention. Moreover, when the liver hydro­
carbon fraction was further analyzed by 
gas-liquid chromatography, n-nonacosane 
could be detected (see fig. 1 ), and most 
of the 14C was located in this paraffin just 
as it was in the original substrate. This 
demonstrates that food paraffins are trans­
located intact to the liver. The liver hy­
drocarbon fraction also contained some 
additional paraffins, similar in retention 
time to those present in the diet, feces 
and gut contents (fig. 1). ft is likely, 
therefore, that other paraffins present in 
the food are absorbed from the gut just as 
is nonacosane. Thus it may be concluded 
that the paraffins from the diet are ab­
sorbed in the intestines and translocated 
via blood to various organs; a similar con­
clusion has been drawn in the case of 
short-chain paraffins also (8 ) . In the light

of recent observations that human organs 
and tissues such as arterial walls and 
plaques contain hydrocarbons of unknown 
origin ( l ) , 7 the present results are highly 
significant, since a possible source of such 
material is now indicated. To ascertain 
to what extent the diet contributes to the 
hydrocarbon deposits in animal tissues, 
further studies on the composition of tis­
sue hydrocarbons and the availability of 
these in the diet are needed.

Organs such as heart, kidney and lung, 
in contrast with the liver, contain much 
less radioactive lipid and in particular, 
extremely small amounts of radioactive 
paraffins. Probably the liver is the most 
active site of paraffin metabolism. The 
presence of radioactive lipids in other or­
gans may be at least in part due to trans­
location of metabolites of hydrocarbon 
from the liver. Stetten (8 )  also concluded 
that hexadecane is metabolized largely in 
the liver.

As liver appears to be the organ in 
which 14C from nonacosane is concen­
trated, the total lipids from this organ 
were fractionated on a silica gel column. 
From the distribution of activity shown 
in table 2, it is clear that nonacosane 
contributed its carbon atoms to every class 
of lipid examined. The phospholipid frac­
tion had more radioactivity than all other 
fractions.

It has been reported that animals con­
vert paraffins such as hexadecane into 
fatty acids of the same chain length
( 8 ) ,  an observation similar to that made 
with microorganisms (6 ) . To determine 
whether this is true for long-chain paraf-

T A B L E  2

Radioactivity in rat liver lipids 1

Lipid fraction Radioactivity

cpm % Of 
total

Hydrocarbons 45,900 10.2
Cholesterol esters 3,600 0.8
Triglycerides
Mono- and diglycerides

91,800 20.4

and free fatty acids 58,500 13.0
Phospholipids 250,200 55.6

1 T o t a l  l i p i d  w a s  f r a c t i o n a t e d  o n  a  s i l i c a  g e l  c o l u m n ;  
e l u t i o n  o f  l i p i d s  w a s  f o l l o w e d  b y  a s s a y s  f o r  14C  a n d  
t h e  e l u t e d  l i p i d s  w e r e  t h e n  i d e n t i f i e d  b y  t h i n - l a y e r  
c h r o m a t o g r a p h y  o n  s i l i c a  g e l ,  p h o s p h o r u s  a s s a y  a n d  
i n f r a r e d  s p e c t r o s c o p y .

7 S e e  f o o t n o t e  1.
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fins such as nonacosane, the liver lipids 
were saponified, and the fatty acids were 
examined by thin-layer chromatography. 
Almost all of the radioactivity of the gly­
ceride and phospholipid fractions was 
found to be in the fatty acids. When the 
methyl esters of fatty acids were analyzed 
on a diethylene glycol succinate column, 
the major part of the radioactivity could 
be located in the fatty acids that are pres­
ent only in trace quantities. Comparison 
of the retention times of the radioactive 
fatty acids with those of authentic samples 
showed that these highly radioactive mi­
nor components are Ci7, Ci9 and Ci5 (figs. 
2 and 3 ) . To avoid the possibility that 
unsaturated fatty acids are not well sepa­
rated from the next higher homologue of 
the saturated series on the polyester col­
umn, the methyl esters were analyzed on 
an Apiezon L column. On this column 
unsaturated fatty acids precede the satu­
rated ones. The results confirmed those 
obtained with the polyester column (see 
figs. 4 and 5 ). To make sure that the

peaks of radioactivity and mass coincided, 
nonradioactive Ci5, Cu and Ci9 were added 
to the radioactive samples and the mix­
ture was chromatographed, care being 
taken to collect several fractions of the 
effluent during the elution of each single 
added fatty acid. The radioactivity col­
lected was proportional to the mass of the 
component collected. The distribution of 
radioactivity in various fatty acids isolated 
from the phospholipids and glycerides is 
shown in figures 2, 3, 4, and 5. In both 
phospholipids and glycerides, the fatty 
acids which contain significant radio­
activity are the Ci5, Ci6, Ci-, Ci8, and Ci9 
acids. Heptadecanoic acid, which is pres­
ent in the rat only in trace quantities was 
the most radioactive. This observation 
suggests that the C29 molecule, presumably 
after being oxidized to the corresponding 
acid, undergoes successive [3-oxidation un­
til the chain length becomes similar to 
those fatty acids (C™ and Cis) that are 
generally present in the organism. The 
presence of radioactivity in Ci5 and Ci9

1000
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Fig. 2 Gas-liquid chromatography of the methyl esters of fatty acids isolated from the 
phospholipids of rat liver. Number on each peak represents chain length, the number that 
follows the colon is the number of double bonds. Nonradioactive methyl heptadecanoate 
added. Radioactivity represented by the bar graph; height of each bar represents the total 
radioactivity collected during the time represented by the width of the bar. Experimental 
conditions: 183-cm (0.6-cm o.d.) coiled copper column, 15% stabilized diethylene glycol 
succinate on 60-70 mesh Anakrome AB, column temperature 200°, carrier gas He at 
67 ml/minute.
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Fig. 3 Gas-liquid chromatography of the methyl esters of fatty acids isolated from the 
glycerides of rat liver. Experimental conditions and presentation of radioactivity identical 
to those in figure 2.
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Fig. 4 Gas-liquid chromatography of the methyl esters of fatty acids isolated from the 
phospholipids of rat liver. Non-radioactive methyl esters of heptadecanoic acid and non- 
adecanoic acid added. Presentation of radioactivity in the same manner as in figure 2. 
Experimental conditions: 183-cm (0.6-cm o.d.) coiled copper column, 12% Apiezon L on 
50-60 mesh Anakrome A, column temperature 250°, carrier gas He at 60 ml/minute. 
U =  unsaturated.
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Fig. 5 Gas-liquid chromatography of the methyl esters of fatty acids isolated from the 
glycerides of rat liver. Experimental conditions same as in figure 3, presentation of radio­
activity in the same manner as in figure 2.

acids support such a contention. In mi­
croorganisms the carbon chain of paraf­
fins shorter than Ci6 are elongated to Ci6 
or Cis during their incorporation into other 
lipids (6 ) . Presumably carbon chains of 
paraffins much longer than Cn are short­
ened by (3-oxidation to the vicinity of Ci6 
or C18 before being incorporated into tissue 
lipids. Such a trend is indicated in the 
fatty acids produced by Nocardia grown 
on n-paraffins (1 9 ) . The presence of 
radioactivity in palmitic acid may be ex­
plained by either a-oxidation of the C,7 
acid or by the synthesis of palmitic acid 
from acetate or other short-chain acids 
produced from the radioactive paraffin. 
Small amounts of radioactivity found in 
other fatty acids with even numbers of 
carbon atoms might have been from sim­
ilar sources.

That hydrocarbons are utilized by ani­
mals, at least in small quantities, raises 
the question of their possible nutritive 
value. In a diet rich in vegetables, long- 
chain hydrocarbons (C27 to C3i) are gen­
erally present in small quantities. Our 
study with nonacosane, one of the hydro­
carbons most commonly found in vege­

tables, indicates that the major part of 
the paraffins consumed by a rat is excreted 
and thus lack of absorption appears to 
limit their utilization. If the normal pop­
ulation of intestinal bacteria were present, 
the utilization of the paraffin might have 
been higher, since many species of bac­
teria can produce metabolites (6 )  that 
might be more easily absorbed than paraf­
fins. However, when milligram quantities 
of radioactive cabbage leaf paraffin were 
administered in 0.5 ml of com oil by stom­
ach tube to a mature rat (no antibiotics 
used) most of the 14C could be recovered 
from the feces as unchanged hydrocarbon. 
Under the same conditions, lipids such as 
2,2-dimethyl stearic acid and shorter par­
affins such as hexadecane were well taken 
up (15 , 16, 18). The fact that paraffins 
of the pasture plants tend to accumulate 
in the manure (1 4 ) also indicates poor 
absorption in the digestive tract of cattle. 
Thus it appears that a major portion of 
the paraffin present in the food is excreted 
unabsorbed even when only a few milli­
grams of hydrocarbons are present in the 
food. A small increase in chain length of 
a paraffin often results in a dramatic de-
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crease in the rate of utilization of that 
paraffin by organisms. For example, As- 
pergillus versicolor showed good-to-no 
growth as the chain length increased from 
Cm to C35 (1 7 ) . Hence the results ob­
tained with relatively small paraffins such 
as hexadecane cannot be extended to the 
long solid paraffins that are found in the 
diet as far as uptake and catabolism are 
concerned. From our results it may be 
concluded that the solid paraffins that are 
generally present in the diet cannot sup­
ply significant caloric value. But there 
can be little doubt as to the ability of 
animals to utilize, at least to a limited 
extent, the n-paraffins such as nonacosane 
usually present in the diet.

The observation of omnipresence of 
paraffins in nature raises the question 
whether these compounds in small quan­
tities can play a functional role in nutri­
tion in a manner yet to be elucidated.
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Requirements for Glucose and Amino Acids in 
Defined Media for Chick Embryos * 1

R. E. AUSTIC, C. R. GRAU a n d  G. C. MATTESON 
Department of Poultry Husbandry, University of California, 
Davis, California

ABSTRACT Experiments were conducted to determine the response of young chick 
embryos to amino acids and glucose in a defined medium for yolk-sac perfusion. As 
the concentration of glucose in the medium was increased from zero to 5.0 g/liter, 
the median survival of the embryos increased from 24 to 80 hours of perfusion. 
A similar increase in survival was obtained when amino acids in a medium containing 
1.5 g of glucose/liter were increased from 0 to 4.8 g/liter. It is proposed that these 
effects may be attributable, in part, to changes in the total solute concentration of 
the medium. It has been shown, however, that glucose also exerts an effect on survival 
which is independent of solute concentration. When lysine or valine was omitted 
from the defined medium, there was a marked reduction in survival: the omission of 
lysine produced a smaller effect than the omission of valine. When these amino acids 
were omitted from the medium supplemented with 2.5 ml of yolk and 5 ml of egg 
white/liter, survival was not decreased, thus indicating the relative effectiveness of 
small amounts of yolk and egg white as sources of amino acids for the embryo.

The role of nutrition in embryonic de­
velopment can be studied directly by re­
placing the natural food supply of the 
embryo with a defined medium. Such a 
replacement was attempted by Spratt (1 ) ,  
who observed that explanted one-day chick 
embryos quickly disintegrated when glu­
cose was omitted from the agar-containing 
nutrient medium. Refinements in ex­
plantation techniques eventually permitted 
Klein et al. (2 )  to show for the first time 
that leucine and lysine are essential for 
development of the embryo.

Previous attempts to use defined media 
during yolk-sac perfusion have been un­
successful (3 ) ,  but yolk-sac perfusion of
4-day embryos with a defined medium con­
taining small amounts of egg white or yolk 
permitted survival to 8 days of incubation
(4 ) . Best survival was obtained with 
media in which potassium and glucose 
concentrations were higher, and sodium 
and calcium concentrations lower, than 
in media used for tissue culture. Death 
followed after a few hours of perfusion 
with media lacking glucose, thus confirm­
ing the observations of Spratt (1 ) .

In some experiments in which the ef­
fects of varying the glucose concentrations 
were studied,2 survival was better with 5.0 
g/liter than with 2.5 g or 1.0 g/liter. This 
most effective concentration is much

higher than that of glucose normally pres­
ent in the subgerminal fluid (approxi­
mately 1.0 g/liter) with which the embryo 
is in direct contact. The apparent high 
requirements for glucose plus the observa­
tion that egg white enters the yolk-sac 
during perfusion (3 )  suggested to us that 
the glucose concentration in the yolk-sac 
medium bore some relationship to the 
movement of egg white into the yolk-sac, 
or to the enhanced availability of egg white 
to the embryo. It appeared possible that 
this may have been a factor in our inabil­
ity to demonstrate a requirement for 
amino acids in defined media in earlier 
studies (unpublished).

In the studies we shall discuss in the 
present paper, the requirements of chick 
embryos for glucose and amino acids were 
reinvestigated in an endeavor to construct 
a medium with which the requirements of 
embryos for specific amino acids could be 
studied. With the observation that amino 
acids could substitute effectively for a 
large portion of the glucose normally in­
cluded in the media, it became possible, 
through the use of a low glucose-high

R e c e i v e d  f o r  p u b l i c a t i o n  M a y  3 ,  1 9 6 6 .
1 T h e s e  s t u d ie s  w e r e  s u p p o r t e d  i n  p a r t  b y  N a t i o n a l  

S c i e n c e  F o u n d a t i o n  g r a n t  G B  1 4 8 7  a n d  a  P u b l i c  
H e a l t h  S e r v i c e  F e l l o w s h i p  ( n o .  1 -F 1 -G M -3 0 ,9 1 6 -0 1 )  
f r o m  t h e  N a t i o n a l  I n s t i t u t e  o f  G e n e r a l  M e d i c a l  
S c i e n c e s .

2 P e t e r s ,  S. M .,  a n d  C . R . G r a u ,  u n p u b l i s h e d  d a t a .

J. N u t r it io n , 9 0 : ’ 66 1 7 5
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amino acid medium, to minimize the rela­
tive contribution of egg white and residual 
yolk to the protein nutrition of the em­
bryos, and to study for the first time the 
effect of the lack of specific amino acids 
on the development of 4-day-old chick em­
bryos.

M A TE R IA LS A N D  M E T H O D S 3-4

White-shelled eggs from hybrid, egg- 
production stocks were obtained from a 
commercial hatchery, incubated for 3 days 
at 38°, and prepared with an opening from 
the yolk-sac to the exterior of the egg 
using an electrosurgical technique (3 , 5 ).

Yolk was flushed out at 3 days by passing 
a salts-glucose solution through a 20- 
gauge needle which was inserted into the 
egg through the opening. Flushing was 
repeated again at 4 days to remove resid­
ual yolk.

Equipment was sterilized by autoclaving 
and the media were sterilized by passage 
through membrane filters (Millipore, 0.22  
m u ) .  In experiments in which yolk or 
egg white was included in the media, 
fresh yolk or egg white was collected under

3 Dihydrostreptomycin sulfate was kindly furnished 
by Merck and Company, Rahway, New Jersey.

4 Erythromycin glucoheptonate was kindly furnished 
by Eli Lilly and Company, Indianapolis, Indiana.

TABLE 1
Composition of the defined media; the flushing solutions and media were prepared

with demineralized water

Component
(1 )

Salts-glucose
flushing
solution

(2 )
Defined medium

(3 )
Defined medium

Glucose
experiment

Amino acid 
experiments

m g/liter m g/liter m g/liter
N aC l 4460 4460 4460
KC1 1700 1700 1700
CaClo 20 20 20
M gC l2-4H 20 340 340 340
M gH 2P 0 4 H 20 200 200 200
N aH 2PO.,-H20 280 280 280
NaHCOa 1100 1100 1100
D-Glucose 1500
D ih yd rostrep tom ycin  su lfate 851 851 851
E rythrom ycin  glucoheptonate 13.4 13.4 13.4
P yridox ine • HC1 1.0 1.0
B iotin 0.1 0.1
F olic  acid 0.1 0.1
N iacin 1.0 1.0
Thiam ine-H C 1 1.0 1.0
C alciu m  pantothenate 2.0 2.0
R iboflavin 2.0 2.0
C yan ocoba lam in 0.002 0.002
Inositol 10.0 10.0
C holine ch loride 300 300
L-Alanine 60 120
L-A rgin ine-H C l 140 280
L-Aspartic acid 90 180
G lycine 60 120
L-G lutam ic acid 190 380
L-H istidine 40 80
L -Isoleucine 100 200
P-Leucine 150 300
P-Lysine-H C l 140 280
P -M ethionine 40 80
p-P henylalanine 80 160
L-Proline 60 120
L-Serine 110 220
L -Threonine 90 180
L-Tryptophan 30 60
p-V aline 110 220
p-Cystine 30 60
L-Tyrosine 80 160
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sterile conditions from unincubated eggs 
and was added directly to defined media 
which had been sterilized previously by 
filtration.

The perfusion of the medium into the 
yolk-sac, begun on the fourth day, was 
continued at 8-hour intervals at a rate of 
30 ml/feeding. Perfused eggs were main­
tained in an atmosphere of 50%  oxygen 
and 50%  nitrogen (7 ) . A diagram of the 
perfusion apparatus is given in figure 1.

The eggs were candled at each feeding 
period. Embryos that had died, as indi­
cated by the appearance of the yolk-sac 
circulatory system, were removed and 
fixed in 10% formalin for observations 
and wet-weight determinations. Sterility

Fig. 1 Perfusion apparatus. The perfusion 
medium flows from a reservoir through the cali­
brated tube on the left into the egg. The fluid 
which is displaced from the yolk-sac passes 
through the observation tube on the right and 
is collected in the flask. The arrow in the tubing 
indicates the direction of fluid flow.

(mg/mt)
Fig. 2 Effect of glucose concentration on sur­

vival. Each bar represents the median survival 
in hours of perfusion for 6 embryos except the 
bar for the zero glucose group which represents 
5 embryos. The vertical lines represent the 
range; W =  egg white, 10 ml/liter.

was checked by plating a sample of the 
fluid from the yolk-sac on blood agar.

In the experiment concerned with glu­
cose concentrations (fig. 2 ) , the yolk was 
displaced at three and four days with the 
salts-glucose solution (table 1, column 1) 
containing 5.0 g of glucose/liter. The per­
fusion medium contained the concentra­
tions of nutrients listed in table 1, column
2. Glucose was omitted, or included at 1.5 
g or 5.0 g/liter. One group of embryos re­
ceived 1.5 of glucose plus 10 ml of fresh 
egg white/liter.

To maintain a constant concentration 
of glucose, yolk was displaced with the 
salts-glucose solution (table 1, column 1) 
containing only 1.5 g of glucose/liter in 
the experiment concerned with amino acid 
concentration (fig. 3 ) . In this experiment 
4 groups of embryos were perfused with 
the defined medium (table 1, column 2 )  
containing 0, 1.6, 3.2, or 4.8 g of amino 
acids/liter, corresponding to zero, one, 
two and three times, respectively, the con­
centrations of amino acids listed in table 
1, column 2.

Earlier studies (3 )  have indicated that 
the osmolarity of the perfusion medium 
may be an important factor determining.



178 R. E. A U STIC , C. R . GRAU AND G. C. M A TT E SO N

Amino Acid Concentration 
{mg/ml)

Fig. 3 Effect of amino acid concentration 
on survival. Each bar represents the median 
survival in hours of perfusion for 6 embryos. The 
vertical lines represent the range.

~ G ~G +(S 
-A A  +AA ~AA 

Treatment
Fig. 4 Effects of isosmotic substitution of 

glucose and amino acids for salts in a defined 
medium lacking glucose and amino acids. Each 
bar represents the median survival, in hours of 
perfusion, for 6 embryos. The verticle lines rep­
resent the range; AA =  amino acids; G =  glucose.

embryo survival. Since the osmolarity of 
the media was not held constant in the 2 
previous experiments as glucose and 
amino acid concentrations varied, the fol­
lowing experiment (fig. 4 ) was designed 
to determine the response of embryos to 
the addition of glucose and amino acids to 
a medium in which osmotic pressure was 
not a variable.

The basal medium contained no glucose 
or amino acids. The concentrations of 
salts and antibiotics were 1.15 times those 
listed in table 1, column 2; the vitamin 
concentrations, except for choline, were 
one-tenth of those listed. To maintain the 
osmolarity of the medium constant, the 
concentrations of salts and antibotics were
1.05 times those listed in table 1, column 
2 when glucose or amino acids were added 
to the medium. One group of embryos re­
ceived the basal medium; one group each 
received the medium supplemented with
4.2 g of glucose/liter or 3.2 g of amino 
acids/liter.

In the experiments in which lysine and 
valine were studied (figs. 5 and 6 ) in 
defined media, the yolk was displaced with 
the salts-glucose solution containing 1.5 g 
of glucose/liter (table 1, column 1). 
Lysine and valine were omitted from the 
medium containing 3.2 g of amino acids/ 
liter (table 1, column 3 ) , or were included 
in concentrations listed in table 1, col­
umn 3.

Lysine and valine were also studied in 
media supplemented with 2.5 ml of yolk 
plus 5.0 ml of egg white/liter (fig. 7 ) . 
Yolk was displaced with the salts-glucose 
solution containing 5.0 g of glucose/liter 
(table 1, column 1). The perfusion me-

-Ly +Ly -Ly +Ly 
Exp. / Exp. 2

Fig. 5 Effect of lysine deficiency on survival. 
Each bar represents the median survival in hours 
of perfusion. The vertical lines represent the 
range. There were 7 embryos in the +Ly group 
of experiment 1 and the —Ly group of experi­
ment 2, and 8 embryos in each of the other 2 
groups. The +Ly medium contained 3.2 g of 
amino acids/liter.

¡2

<0>
k

48

^  24
c<0

I
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Exp. /  Exp. 2
Fig. 6 Effect of valine deficiency on survival. 

Each bar represents the median survival in hours 
of perfusion. The vertical lines represent the 
range. Each bar represents 8 embryos except the 
bar for the +V group in experiment 1 which rep­
resents 7 embryos. The +V medium contained 
3.2 g of amino acids/liter. V =  valine.

+1/ -1 / +1/ 
Treafmenf

Fig. 7 Effect on survival of lysine and valine 
omission from the defined medium supplemented 
with 2.5 ml of yolk and 5.0 ml of egg white/liter. 
The first and third bars represent the median 
survival, in hours of perfusion, for 3 embryos; 
the second bar represents that for 4 embryos. 
Vertical lines represent the range. The +Ly +V  
medium contained 4.8 g of purified amino acids/ 
liter. Ly =  lysine; V =  valine.

dium contained the concentrations of 
salts, glucose and antibiotics listed in table 
1, column 3. In addition to the presence 
of yolk and egg white, this medium dif­
fered from the defined medium used in the

previous lysine and valine experiments in 
amino acid and B-vitamin concentrations: 
The amino acid concentration was one and 
one-half times, and the B-vitamins, ex­
cept choline, one-tenth, the levels used in 
those experiments.

In the glucose experiment, two of the 
embryos in each of the groups receiving
1.5 and 5.0 g of glucose/liter became con­
taminated. Although they are included in 
the data in figure 2, their omission would 
not have affected the median survival time 
of the 1.5 g/liter group, but would have 
increased the median survival time of the
5.0 g/liter group by 8 hours. Only four 
of the total of 95 embryos in all of the 
amino acid experiments were contami­
nated. Their omission would have in­
creased the medium survival time by 8 
hours for the groups which received the 
complete medium in experiment 1 (figs. 
5 and 6 ).

RESULTS
When glucose was omitted from the 

medium containing 1.6 g of amino acids/ 
liter (table 1, column 2 ) , survival time 
was greatly reduced (fig. 2 ) , in confirma­
tion of previous reports (3 ) . At a concen­
tration of 1.5 g of glucose/liter, the me­
dian survival was increased to 56 hours, 
and at 5.0 g/liter, it was extended to 80 
hours. In the group that received 10 ml 
of egg white/liter in the presence of only
1.5 g of glucose/liter, the median survival 
was extended to 88 hours, in contrast with 
56 hours without the egg white.

There were no obvious abnormalities 
among embryos that were given any of the 
glucose levels. Weight comparisons are 
not meaningful because of the great dif­
ferences in survival times between groups. 
There was considerable variation in sur­
vival times within treatments. The single 
embryo in the egg white-supplemented 
group that died during the first 8 hours 
clearly fell outside the range of others in 
the group, and its early death is probably 
attributable to injury during preparation 
for the experiment.

The striking effect of supplemental egg 
white on the defined medium containing 
only 1.5 g of glucose/liter may be explained 
on the basis of some special attributes of 
egg white (vitamins, minerals, or specific
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proteins) or it may be the result of the 
contribution of egg white to the total 
amino acid and energy content of the me­
dium. The defined medium contained
1.6 g of amino acids/liter; 10 ml of egg 
white contains about 1.1 g of protein, 
contributing significantly to the total of
2.7 g of amino acids. Thus it appeared 
possible that the medium containing 1.5 g 
of glucose/liter was deficient in amino 
acids, and that higher amino acid concen­
trations might prove beneficial. For this 
reason, the first amino acid experiments 
were conducted.

Omission of amino acids from the me­
dium (fig. 3) did not reduce survival be­
low that obtained with 1.6 g of amino 
acids/liter, which was the level used in 
the glucose experiment (fig. 2 ) . The only 
differences between the treatment given 
the second groups of figures 2 and 3 was 
that in the glucose experiment, the yolk 
was displaced with the salts-glucose solu­
tion containing 5.0 g of glucose/liter. As 
the amino acid concentration was in­
creased to 3.2 g/liter, the median survival 
of the embryos increased from 32 hours to 
80 hours. The decrease to 64 hours when 
the amino acid concentration was in­
creased to 4.8 g/liter probably was not 
significant. No gross differences in ap­
pearance were observed among the em­
bryos perfused with the various concen­
trations of amino acids. In experiments 
prior to those reported in this paper the 
inclusion of varying levels of amino acids 
in a medium containing 5.0 g of glucose/ 
liter had little effect on survival and had 
no effect on growth.

In the experiment concerned with the 
isosmotic substitution of glucose or amino 
acids into the defined medium (fig. 4 ) , the 
median survival was 16 hours for embryos 
receiving the medium containing no glu­
cose or amino acids. The addition of 3.2 g 
of amino acids/liter did not increase sur­
vival, but the addition of 4.2 g of glucose/ 
liter increased the median survival to 56 
hours.

The effect on survival which was ob­
tained by varying the concentrations of 
amino acids (fig. 3 ) led to more critical 
experiments in which single amino acids 
were omitted from the defined medium. 
Two of these experiments are summarized

in figures 5 and 6. In a preliminary ex­
periment which is not presented in detail 
because one group of embryos became con­
taminated, the results were nearly identi­
cal to those obtained in these 2 experi­
ments. In all 3 experiments the complete 
medium permitted the longest survival. 
Lysine omission produced less effect on 
survival than the omission of valine. There 
were no differences in weights between 
any of the groups of embryos in these ex­
periments; all were markedly smaller than 
the controls.

When the medium contained 2.5 ml of 
yolk plus 5 ml of egg white/liter there was 
no depression in survival nor in embryo 
weights when either lysine or valine was 
omitted from the amino acid mixture 
(fig- 7 ).

In all of the studies reported, the growth 
of embryos perfused with defined media 
was much less than that of control em­
bryos. The specific reasons for this are 
not known, but it is recognized that the 
medium did not supply all of the nutrients 
present in yolk, particularly lipids, fat- 
soluble vitamins and some minerals.

D I S C U S S I O N

It is not possible from the experiments 
reported here to determine the nature of 
the need for glucose or amino acids in the 
yolk-sac perfusion medium. There is 
abundant evidence from tracer studies 
that embryos utilize free glucose,5 and that 
explanted embryos disintegrate in the ab­
sence of glucose or some related com­
pound (1 ) . Neither this evidence nor that 
reviewed by Boell (8 )  precludes the pos­
sibility that energy sources other than glu­
cose may be more important than glucose 
itself for the early development of the 
embryo.

In the present studies it appears possible 
that part of the effect on survival which 
was obtained by varying glucose and 
amino acid concentrations may be attrib­
utable to changes in the osmolarity of the 
media. When the median survival times 
of embryos which received the various 
treatments in the glucose and amino acid 
experiments (figs. 2 and 3 ) were plotted

5 K le i n ,  N . W .  1 9 5 9  T h e  m e t a b o l i s m  o f  c a r b o n - 1 4 -  
l a b e l e d  n u t r i e n t s  b y  t h e  c h i c k  e m b r y o .  P h .D .  T h e s i s »  
U n iv e r s i t y  o f  C a l i f o r n i a ,  D a v is .
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Fig. 8 Relationship between median survival, 

in hours of perfusion, and the calculated osmolar- 
ity of the medium. O =  data from glucose ex­
periment (fig. 2 ); •  =  data from amino acid 
experiment (fig. 3).

against the osmolarity of the media (fig.
8 ) , it became apparent that an increase 
in survival was associated with an in­
crease in osmolarity. As the osmolarity 
increased from 248 to 288 milliosmols/ 
liter, the median survival increased from 
a low of 24 hours to a high of 80 hours. 
Grau et al. ( 3 ) ,  utilizing a more complex 
medium, reported that when the osmolar­
ity of the medium was increased from ap­
proximately 158 to 317 milliosmols/liter,6 
the median survival of 4-day-old embryos 
increased from 5 hours to a peak of 95 
hours.

The manner in which the osmolarity of 
the medium influences survival is uncer­
tain, but it is possible that a large differ­
ence in osmotic pressure between the 
medium in the yolk-sac and egg white 
may favor the movement of egg white 
components across the vitelline membrane 
where they may be utilized by the em­
bryo. The osmolarity of egg white is ap­
proximately 224 milliosmols/liter 7 which 
is much less than that of the defined 
media promoting maximal survival.

It was shown in one experiment, how­
ever, that glucose exerted an effect on sur­
vival which was independent of changes 
in the osmolarity of the medium (fig. 4 ). 
Further evidence for this is shown in the 
first groups of the glucose and amino acid 
experiments (figs. 2 and 3 ). Poor survival 
was obtained in the glucose experiment 
when glucose was omitted from the per­

fusion medium containing 1.6 g of amino 
acids/liter. Survival was considerably bet­
ter when amino acids were omitted from 
the medium containing 1.5 g of glucose/ 
liter in the amino acid experiments. The 
osmolarities of these 2 media were similar; 
253 and 248 milliosmols/liter8 for the 
glucose and amino acid experiments, re­
spectively.

Thus, there is a special requirement for 
glucose in the defined medium which can­
not be satisfied by substituting similar 
amounts of amino acids for glucose. It is 
not possible from the data presented here 
to determine the magnitude of this re­
quirement, but it is proposed that it may 
be relatively low and that once the require­
ment has been met, the osmolarity of the 
medium may be the most important factor 
determining survival. Hence, amino acids 
and glucose are similarly effective in sup­
porting maximal survival when added to 
a low glucose medium.

The special function of glucose in the 
perfusion medium is not clear. Since glu­
cose and amino acids are the only nutri­
ents included in the medium from which 
the embryo can derive a significant 
amount of energy, glucose may be spe­
cifically required as a readily available 
source of energy. Another possibility is 
that glucose enhances the utilization of 
egg white by the embryo. Feeney et al.
(9 )  have presented evidence for a reaction 
in ovo between glucose and egg white pro­
teins.

With the observation that a relatively 
high concentration of amino acids was re­
quired in the media containing 1.5 g of 
glucose/liter, it became possible to study 
the requirements of the chick embryo for 
single amino acids. The lack of tyrosine 
has resulted in degeneration of the neural 
retina and cessation of retinal pigment 
formation ( 6 ) ;  the lack of methionine has 
resulted in similar retinal degeneration 
and in reduced embryo growth and sur­
vival.9

6 T h e  e x p e c t e d  o s m o la r i t i e s  h a v e  b e e n  c a l c u l a t e d  
f r o m  t h e  d e s i g n a t e d  c o m p o n e n t s  o f  t h e  m e d i u m .  
T h e s e ,  a n d  t h e  s u b s e q u e n t  v a l u e s  r e p o r t e d  i n  t h i s  
p a p e r ,  h a v e  n o t  b e e n  a d ju s t e d  f o r  a c t iv i t y .

7 A v e r a g e  v a l u e  o f  e g g  w h i t e  f r o m  7 e g g s  d e t e r m in e d  
b y  v a p o r  p r e s s u r e  o s m o m e t r y .  S t a n d a r d  d e v i a t i o n  =
8.6.

8 S e e  f o o t n o t e  6.
9 G r a u ,  C . R . ,  G . C . M a t t e s o n ,  R .  E . A u s t i c  a n d  P . 

N ie b e r g .  T h e  n e e d  f o r  m e t h i o n i n e  i n  d e f in e d  m e d i a  
f o r  c h i c k  e m b r y o s ,  i n  p r e p a r a t i o n .
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In the present studies, marked effects on 
survival were obtained when the defined 
medium lacked lysine or valine (figs. 5 
and 6 ) but the complete medium did not 
permit good growth, and no differences in 
embryo weights were observed. Survival 
was shorter when all amino acids were 
omitted (fig. 3 ) than when either lysine 
or valine was omitted. This may be at­
tributed, however, to the great reduction 
in the solute concentration of the media 
when all amino acids were omitted.

When yolk and egg white were present 
in the medium in low concentrations the 
omission of lysine or valine had no effect 
on growth or survival (fig. 7 ). The em­
bryos were not severely deficient in lysine 
or valine when these amino acids were 
omitted from the defined medium. This 
is evident because the weights of the 
embryos were not different from those of 
the embryos perfused with the medium 
containing all of the amino acids. Thus, 
even the survival effect resulting from 
lysine or valine omission could be elimi­
nated by the availability of small amounts 
of lysine and valine from yolk and egg 
white added to the medium.

The egg white which is left intact in the 
perfused egg is another potential source 
of amino acids for the embryo. The ex­
tent to which it is utilized is not known, 
but it may be sufficient to prevent the ex­
pression of more severe deficiencies when 
single amino acids are omitted from the 
defined medium. The relative importance 
of this source of amino acids, and of yolk 
and egg white added to the perfusion me­
dium, may be reduced in further experi­
ments by increasing the concentration of 
purified amino acids in the medium above
4.8 g/liter.

These experiments have demonstrated 
for the first time with yolk-sac perfusion

techniques that normal nutrients of chick 
embryos can be replaced in part by defined 
media. The use of a low glucose medium 
containing relatively high concentrations 
of amino acids has made possible the study 
of specific amino acid deficiencies. Further 
improvements in this defined medium and 
in the perfusion techniques may permit 
even more meaningful studies of amino 
acids and other nutrients in relation to 
the development of chick embryos.
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Effect of Dietary Fat, Protein and Cholesterol 
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ABSTRACT Three trials involving 48 pigs each were conducted to study the effects 
of high and low levels of energy intake from 2 fat sources (soybean oil versus tallow), 
protein level (18 versus 12%) and the addition of 1% cholesterol to the above fat 
sources, on serum cholesterol levels and the incidence of atherosclerotic lesions in the 
thoracic and abdominal aortas and coronary arteries. The feeding of diets containing 
tallow generally resulted in a trend toward higher serum cholesterol levels and in­
creased incidence of lesions except in trial 1, where the coronary arteries of the pigs 
receiving the diets containing soybean oil had the greater incidence. Serum cholesterol 
levels were unaffected by the levels of energy intake. The effect of caloric intake on the 
incidence of lesions was inconsistent. The pigs fed the diets containing 12% protein 
had slightly elevated serum cholesterol levels as opposed to those fed the diets con­
taining 18% protein. The effect of protein level on the incidence of lesions was in­
consistent. Cholesterol addition to the diets significantly increased serum cholesterol 
levels and incidence of lesions as compared with that observed in the pigs on similar
diets without cholesterol addition.

There is little doubt that lesions occur- 
ing in the aorta and coronary arteries of 
swine bear a close resemblance to athero­
sclerotic lesions in man (1 , 2 ) 3 and that 
long-term application of dietary variables 
influences the prevalence and severity of 
these lesions (3 , 4 ) . The work reported 
herein was initiated to study the effect of 
fat source (soybean oil versus tallow), 
level of food intake, protein level and the 
effect of cholesterol addition to the diet on 
serum cholesterol levels and lesion devel­
opment in the coronary arteries and in the 
thoracic and abdominal aortas of swine.

EXPERIMENTAL PROCEDURE
The pigs used were crossbreds consist­

ing of Poland China, Landrace and York­
shire breeding. Pigs were allotted at ran­
dom from outcome groups, based on 
initial weight and sex, to a randomized 
complete block experimental design. The 
initial starting weights of the pigs in these 
trials ranged from 23.6 to 38.2 kg and 
averaged 32.7, 34.7 and 35.0 kg for trials 
1, 2 and 3, respectively. The age of the 
pigs averaged 85, 101 and 98 days ini­
tially and the animals were on test for 
140, 257 and 96 days for trials 1, 2 and 
3, respectively. In trials 1 and 2 the pigs 
were fed a common corn-soybean diet in 
individual feeding pens for one week be­

fore the start of the trials. The compo­
sition of the experimental diets is shown 
in table 1. Stabilized4 edible tallow and 
degummed 5 soybean oil were used as the 
fat sources. In trial 2 dehydrated, finely 
ground corn cobs replaced a part of the 
carbohydrate-containing ingredients in the 
diets to increase the proportion of metab­
olizable calories coming from the fat 
source. The corn cob material is highly 
indigestible, thus contributing little en­
ergy to the diet and in addition is highly 
absorptive which facilitates the inclusion 
of higher levels of fat in the diet mixture.

In trials 1 and 2, the pigs were fed 
individually twice daily, and in trial 3 the 
pigs were allowed feed ad libitum. Trials 
1 and 2 included 8 and 6 individually fed 
pigs per treatment and trial 3 included 
4 groups of 3 pigs per treatment. In trial 
1, the pigs of one group were allowed to 
consume all the control (low fat) diet

R e c e i v e d  f o r  p u b l i c a t i o n  D e c e m b e r  2 0 ,  1 9 6 5 .
1 J o u r n a l  P a p e r  n o .  J -5 2 6 4  o f  t h e  I o w a  A g r i c u l t u r a l  

a n d  H o m e  E c o n o m i c s  E x p e r i m e n t  S t a t i o n ,  A m e s ,  
I o w a .  P r o j e c t  n o .  1 5 1 3 .

2 P r e s e n t  a d d r e s s : B i o c h e m i s t r y  S e c t i o n ,  M a y o  R e ­
s e a r c h  F o u n d a t i o n ,  R o c h e s t e r ,  M in n e s o t a .
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i n  t h e  a r t e r ia l  s y s t e m  o f  a g i n g  s w i n e .  P h .D .  T h e s i s .  
L i b r a r y ,  I o w a  S t a t e  U n iv e r s i t y ,  A m e s ,  I o w a .

4 T a l l o w  w a s  s t a b i l i z e d  w i t h  0 .0 1 %  c i t r i c  a c i d ,  
0 .0 1 %  b u t y l a t e d  h y d r o x y t o l u e n e  a n d  0 .0 1 %  b u t y l a t e d  
h y d r o x y a n i s o l .

5 P h o s p h a t id e s  r e m o v e d  b y  s t e a m  w a s h i n g  a n d  
c e n t r i f u g a t i o n .

J. N u t r it io n , 9 0 :  ’66 1 8 3
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they wanted in two 30-minute feeding 
periods daily. This level was considered 
as the high level of food intake and 
served as the basis for determining the 
level of caloric intake for the other groups. 
A second group was fed 70%  of the high 
level of intake. The diets containing soy­
bean oil or tallow were then fed in iso­
caloric amounts to the high or low intake 
levels of the control diet. In trial 2, one 
group of pigs was allowed to consume 
approximately full feed; this was in­
creased step-by-step as the pigs matured, 
up to a maximal intake of 2.7 kg/day. 
The low intake group was fed 70%  of 
the high level of intake.

Blood samples were taken at the start 
then bi-weekly throughout each trial. The 
samples were withdrawn, after a 16-hour 
fast period, from the anterior vena cava 
by the method described by Carle and 
Dewhirst (5 ) . In trial 2, to investigate 
treatment effects in fasted and nonfasted 
animals, samples were collected after a 
16-hour fast and at 2, 4 and 6 hours 
after feeding over a period of 4 bleeding 
times. These collections were made as 
follows: All pigs were bled after a 16- 
hour fast and then fed. After 2 hours, 
two of the replications were sampled; af­
ter 4 hours, two more were sampled; and 
after 6 hours, the remaining 2 replications 
were sampled. Total serum cholesterol 
determinations were carried out by using 
the method of an industrial laboratory.6

Upon termination of the trials, the pigs 
were slaughtered, and the heart with the 
aorta and the first few centimeters of the 
iliac arteries was carefully dissected from 
each carcass. The coronary arteries were 
dissected from the heart by the method 
described by Skold.7 The aorta was di­
vided into the thoracic and abdominal 
portions by transection at the hiatus aorti- 
cus of the diaphragm. In these studies, 
the abdominal aorta also included the 
first few centimeters of the external and 
internal iliac arteries. The aorta and cor­
onary arteries were carefully stripped of 
any adventitial fat and tissue and were 
then opened longitudinally and pressed

6 T e c h n i c o n  I n s t r u m e n t s  C o r p o r a t i o n  1 9 6 4  T o t a l  
c h o l e s t e r o l .  T e c h n i c o n  A u t o  A n a l y z e r  M e t h o d o l o g y  —  
M e t h o d  F i l e  N -2 4 .  T e c h n i c o n  I n s t r u m e n t s  C o r p o r a t i o n ,  
C h a u n c e y ,  N e w  Y o r k .

7 S e e  f o o t n o t e  3 .
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onto dry chipboard for fixing and gross 
staining by the method described by Hol­
man et al. (6 ) . Measurement of the total 
area involved with atherosclerotic lesions 
was determined by a method of tracing 
and planimetry similar to that described 
by Cranston et al. (7 ) . No attempt was 
made to distinguish between plaques and 
fatty streaks; both were considered as 
lesions of atherosclerosis and included in 
the percentage of the total area involved.

The data collected from each experi­
ment were statistically analyzed by vari­
ance methods as described by Snedecor 
(8 ) .

R E S U L T S

Trial 1. This trial involved a 2 X 3 
factorial arrangement of 2 levels of feed­
ing (high caloric or low caloric intake) 
in combination with 3 types of diets (low 
fat control diet, diet containing 15% tal­
low or diet containing 15% soybean oil). 
A summary of the results is presented in 
table 2.

Feeding the control diet resulted in 
significantly (P <  0 .01) lower serum cho­
lesterol levels than feeding the diets with 
added fat. Pigs consuming the diets con­
taining tallow had significantly higher 
( P < 0 . 0 1 )  serum cholesterol levels than 
those consuming the diets containing soy­
bean oil. A significant (P <  0 .05) fat 
source and level of feeding interaction 
was noted. The low intake with the tallow 
diet resulted in a higher serum cholesterol 
level than that with the high intake, 
whereas the serum cholesterol levels of 
the pigs fed the 2 levels of the diets con­
taining soybean oil were similar. The 
differences in serum cholesterol levels 
among samples taken at different times 
during the experiment were statistically 
significant ( P < 0 . 0 1 ) .  However, no con­
sistent relationship of time on experiment 
and serum cholesterol levels was observed.

No statistically significant treatment ef­
fects were noted on the percentage of the 
total area of the right coronary artery 
affected with lesions. There was a trend, 
however, for the pigs on the lower level 
of intake to have a lesser area affected by 
lesions and for pigs fed the diets contain­
ing soybean oil to have a greater inci­
dence of lesions than those fed the diets 
containing tallow or the control diet.
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The addition of fat to the diet resulted 
in a significantly higher (P <  0 .05) inci­
dence of lesions in the left coronary ar­
tery. Fat source or level of intake did not 
significantly affect the severity of lesions. 
The pigs had a greater incidence of le­
sions in the right coronary artery than in 
the left coronary artery.

No statistically significant effects of die­
tary variables on the production of athero­
sclerotic lesions in the thoracic aorta were 
noted. The animals on the low intake 
level tended to have a greater incidence 
of lesions than those on the high dietary 
intake level. In the abdominal aorta, pigs 
fed at the high energy intake level ex­
hibited a significantly lower (P <  0 .05) 
percentage of lesions than those in the 
low energy intake group. Fat source ex­
hibited no significant effects on the sever­
ity of lesions. The pigs had a greater 
incidence of atherosclerotic lesions in the 
abdominal aorta than in the thoracic 
aorta.

Trial 2. This trial involved a 2 X 2 X 2 
factorial arrangement of 2 levels of feed­
ing (high caloric or low caloric intake), 
2 types of diet (diet containing 15%  soy­
bean oil or diet containing 15% tallow) 
and 2 levels of protein (1 2 %  or 1 8 % ) .  
A summary of the results is presented in 
table 3.

Fat source had no statistically signifi­
cant effect on serum cholesterol levels, 
although pigs fed the tallow diet tended 
to have higher serum cholesterol levels 
than those receiving the soybean oil treat­
ment (120 vs. 110 m g /100  m l). Overall, 
the low intake groups had serum choles­
terol levels similar to the high intake 
groups. The group receiving the diets con­
taining 12%  protein tended to have higher 
serum cholesterol levels than the group 
receiving diets containing 18% protein.

Time after feeding resulted in a signifi­
cant increase (P <  0 .05) in serum cho­
lesterol levels, with the greatest increase 
generally coming between 4- and 6-hour 
bleeding periods. The average levels were 
105 m g /100  ml following a 16-hour fast 
and 119 m g /100  ml at 6 hours after feed­
ing. In the samples taken at 2, 4 or 6 
hours after feeding, pigs receiving the 
diets containing soybean oil had signifi-
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cantly lower (P <  0 .05) values than those 
pigs receiving the diets containing tallow.

The pigs fed the diets containing tallow 
showed a trend toward an increased inci­
dence of lesions in the right and left cor­
onary arteries, and pigs fed the diets 
containing 18% protein exhibited a trend 
toward an increased incidence of lesions 
over those fed the diets containing 12%  
protein. In the case of the left coronary 
artery, there was a significant interaction 
(P <  0 .05) between protein level, fat 
source and level of feeding; pigs on the 
high intake level of the high protein diet, 
containing tallow, had the greater inci­
dence of lesions. In the right and left 
coronary arteries, the pigs receiving the 
high level of intake had a greater inci­
dence of lesions than those on the low 
intake level; however, the difference was 
not statistically significant. The pigs had 
a greater incidence of lesions in the left 
coronary artery than in the right coronary 
artery.

There were no statistically significant 
treatment effects on the incidence of le­
sions in the thoracic or abdominal aortas. 
The pigs had a greater incidence of lesions 
in the abdominal aorta than in the tho­
racic aorta. The feeding of low protein, 
low intake and tallow diets resulted in a 
greater incidence of lesions in the thoracic 
aortas than the feeding of high protein, 
high intake and soybean oil diets; how­
ever, the trend was not statistically sig­
nificant. Similar differences were noted 
with the abdominal aorta, except that the

pigs on the high intake level in this case 
had a greater incidence of lesions than 
those on the low intake level.

Trial 3. This trial involved a 2 X 2 
factorial arrangement of 2 fat sources 
(5 %  tallow or 5%  soybean oil) with and 
without the addition of 1% cholesterol to 
the diet. A summary of the results is pre­
sented in table 4.

Differences in serum cholesterol levels 
among samples taken at different times 
during the experiment were statistically 
significant (P <  0 .01 ). The serum choles­
terol levels increased linearly with time. 
The pigs fed the diets containing tallow 
had higher serum cholesterol levels than 
those fed the diets containing soybean oil; 
however, the difference was not statis­
tically significant. The addition of choles­
terol to the diet resulted in a significant 
increase ( P < 0 .0 1 )  in serum cholesterol 
levels over those observed in pigs fed the 
same diet treatment without the choles­
terol inclusion. Although the source of 
the fat and cholesterol interaction was not 
significant, the addition of cholesterol to 
the diet containing tallow resulted in 
higher serum cholesterol levels than a 
similar cholesterol addition to the diet 
containing soybean oil.

The feeding of diets containing tallow 
resulted in a trend toward an increased 
incidence of lesions in the thoracic and 
abdominal aortas and in the right and 
left coronary arteries as compared with 
the incidence of lesions in the animals fed 
the diets containing soybean oil. The addi-

TABLE 4
Summary of the effect o f dietary fat and cholesterol on serum cholesterol levels and 

atherosclerotic lesions (trial 3)

Fat source Soybean oil Tallow

Cholesterol, 1% Without
cholesterol

With
cholesterol

Without
cholesterol

With
cholesterol

Sx1

Avg feed intake, kg/day 2.87 2.82 2.66 2.78
Energy intake, kcal/day 2 9439 9176 8818 9118
Avg gain, g/day 902 885 837 874
Serum cholesterol, m g/100 ml 112 158 114 184 7.45

% of total area affected by
atherosclerotic lesions

Right coronary 1.30 9.34 2.76 12.49 2.67
Left coronary 1.10 8.12 2.14 14.47 2.34
Thoracic aorta 0.48 6.89 0.49 18.59 3.42
Abdominal aorta 1.34 6.24 1.32 8.47 1.19

1 s e  o f  m e a n .
2 See footnote 2, table 2.
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tion of 1 % cholesterol to the diets resulted 
in a significantly greater ( P < 0 .0 1 )  in­
cidence of lesions in the pigs fed these 
diets over the incidence of lesions in ani­
mals fed similar diets but without the in­
clusion of cholesterol. The fat source and 
cholesterol interaction was not statisti­
cally significant; however, the addition of 
1% cholesterol to the diet containing tal­
low resulted in a greater incidence of 
lesions than a similar cholesterol addition 
to the diet containing soybean oil. The 
pigs had approximately the same incidence 
of lesions in the left coronary artery as in 
the right coronary artery. The pigs had 
a greater incidence of lesions in the tho­
racic aorta than in the abdominal aorta.

DISCUSSION
Lesion distribution. Lesions in the 

coronary arteries were generally confined 
to the first few centimeters of the right 
coronary artery and of the two main divi­
sions of the left coronary artery. This re­
sult is in agreement with observations re­
ported by Skold,8 Downie et al. (2 )  and 
French et al. (1 0 ) . In trial 1, the main 
branch of the right coronary arteries had 
a greater incidence of lesions than the 
two main branches of the left coronary 
arteries. In trial 2, however, the incidence 
was reversed. In trial 3, the percentage 
of total area involvement was similar for 
the right and left coronary arteries. The 
observation of a greater involvement of 
the two main branches of the left coro­
nary than of the main branch of the right 
coronary is in accord with reports by Duff 
and McMillan (1 1 ) and Levene (1 2 ) who 
reported a greater incidence at this site in 
man. A greater involvement with plaque 
formation was noted in the abdominal 
aortas than in the thoracic aortas. This ob­
servation is in agreement with Schwartz 
and Mitchell (1 3 ) , who noted similar re­
sults in man, and Skold 9 who noted simi­
lar observations in the pig. The plaques 
were most prevalent around the bifurca­
tion of the aorta and the external and in­
ternal iliac arteries. In trials 1 and 2, the 
abdominal aorta had a greater percentage 
involvement with lesions than the tho­
racic; whereas, in trial 3, the thoracic 
aorta had the greater total area involve­
ment of the two. Bragdon et al. (1 4 ) re­

ported that lesions of experimentally pro­
duced atherosclerosis in swine were most 
prevalent in the thoracic aorta. Downie 
et al. (2 )  reported results similar to those 
of Bragdon et al. (1 4 ) but noted that, with 
age, the distribution of atherosclerotic le­
sions became more pronounced in the ab­
dominal aorta. Trial 3 lasted 96 days, 
whereas in trials 1 and 2, the time was 
140 and 257 days, respectively; hence, the 
lesser time on experiment could be respon­
sible for the greater incidence of lesions 
in the thoracic than in the abdominal 
aorta, in trial 3. The observations in trials 
1 and 2 agree with those reported by 
Stephenson et al. (1 5 ) who noted that, in 
man, the greatest concentrations of lesions 
were in the abdominal and common iliac 
arteries rather than in the thoracic aorta.

Fat source. In the comparison of soy­
bean oil or tallow as the fat source in the 
diet, the pigs fed the diets containing tal­
low had slightly elevated serum cholesterol 
levels. In general, the pigs in trials 2 and 
3 which received the diets containing tal­
low had a greater incidence of lesions than 
those fed the diets supplemented with soy­
bean oil. In trial 1, however, lesions were 
more prevalent in the coronary arteries but 
not in the thoracic and abdominal aortas 
of the pigs receiving the diets containing 
soybean oil. Neither of these observations 
was statistically significant. Since the 
caloric intake per day from the fat sources 
was maintained fairly constant, it appears 
that the type and not the quantity of the 
fat source was important. The results ob­
tained in trials 2 and 3 and trial 1 in part 
are consistent with work reported by Peifer 
and Lundberg10 and Rowsell et al. (3 )  
who reported that saturated fats give rise 
to a greater incidence of atherosclerosis 
than unsaturated fats and with Bragdon 
et al. (1 4 ) and Barnes et al. (1 6 ) who 
reported increased serum cholesterol levels 
resulting from feeding saturated fats. 
Barnes et al. (1 7 ) and Gresham et al. 
(1 8 ) , however, noted no evidence that the 
type of fat in the diet influenced the level

8 S e e  f o o t n o t e  3.
9 S e e  f o o t n o t e  3.

10 P e i f e r ,  J . J . ,  a n d  W .  O . L u n d b e r g  1 9 5 7  I n f l u ­
e n c e  o f  s p e c i f i c  f a t t y  a c i d s  o n  t h e  d e v e l o p m e n t  o f  
a t h e r o s c le r o s i s  i n  m in ia t u r e  p i g s .  F e d e r a t i o n  P r o c . ,  
16:  2 3 2  ( a b s t r a c t ) .
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of serum cholesterol or the degree of ather­
osclerosis, respectively.

Energy intake. An increased incidence 
of lesions as the caloric intake was re­
stricted was shown in trial 1. In trial 2, 
however, there was a trend for the animals 
on the high energy intake level to have 
the greater incidence of lesions. In trial 1, 
the energy effect was significant only in 
the case of the abdominal aorta, and in 
trial 2, the incidence of lesions in the tho­
racic aorta did not fit into the general 
trend. Serum cholesterol levels in each 
trial for the overall high and low levels of 
intake were similar. Peifer and Lund- 
berg 11,12 reported no significant effects at­
tributable to the total calories per se but 
that the effect of the caloric intake from 
the fat source was important; however, 
Hays et al.13 observed that marked differ­
ences in caloric intake did significantly in­
fluence the serum cholesterol levels.

Protein level. No significant effects due 
to protein level were observed in trial 2, 
although there was a trend for the feeding 
of the low protein diet to elevate the serum 
cholesterol levels and result in a greater 
incidence of lesions in the thoracic and 
abdominal aortas. The feeding of the high 
protein diet resulted in a greater involve­
ment in the case of the right and left coro­
nary arteries. Barnes et al. (1 6 ) and 
Moreland et al. (1 9 ) reported that serum 
cholesterol levels were not influenced by 
protein level; however, Barnes et al. (2 0 )  
did find that extremely low protein diets 
elevated the serum cholesterol levels. Hays 
et al.14 reported that, in gestating pigs, a 
high protein intake elevated serum choles­
terol levels and that the effect was greater 
with a higher level of energy intake.

Cholesterol addition. In trial 3, the ad­
dition of 1% cholesterol to diets supple­
mented with either soybean oil or tallow, 
resulted in significantly higher serum cho­
lesterol levels and incidence of lesions 
than that noted in pigs fed similar diets 
without added cholesterol. These observa­
tions are in agreement with the reports of 
Downie et al. (2 )  and Moreland et al.
(1 9 ) . Reiser et al. (2 1 ) reported that un­
saturated fat increased the absorption of 
cholesterol, whereas the saturated fat de­
pressed the absorption. The results in this 
trial do not support the work of Reiser

et al. (2 1 ) since cholesterol addition re­
sulted in a greater incidence of lesions and 
higher serum cholesterol levels in animals 
fed the saturated fat source (tallow) as 
compared with the incidence of lesions 
and cholesterol levels in pigs fed the diet 
containing the unsaturated fat source (soy­
bean oil).

Time of sampling after feeding. In 
trial 2, the serum cholesterol levels in­
creased in a linear manner with time at 
2, 4 and 6 hours after feeding. When the 
differences between treatments were com­
pared at each sampling time with the cor­
responding serum cholesterol values ob­
tained after a 16-hour fast and just prior 
to feeding, the differences were similar, 
regardless of sampling time. This suggests 
that treatment effects were no less evident 
in the fasted than in the nonfasted animal.
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ABSTRACT Growth inhibition of rats fed raw navy beans and the action of anti­
biotics in overcoming it were investigated. The growth inhibitory action of a navy 
bean fraction isolated by sodium chloride extraction and precipitation by 0.75 am­
monium sulfate saturation was also studied. More nitrogen and more of 5 amino 
acids studied were excreted in the feces of rats fed raw navy beans than in the feces 
of rats fed heated beans. Nitrogen and amino acid retention in the animals was 
increased by feeding antibiotics. The intestinal contents of rats fed raw navy beans 
contained more insoluble nitrogen, protein nitrogen and amino nitrogen and these 
were not changed by supplementation with antibiotics. Proteolytic activity in the intes­
tine of animals receiving raw navy beans was similar to that of those receiving 
heated navy beans. Increased insoluble matter and proteolytic activity in the cecum 
and increased size of the cecum of rats receiving antibiotics suggest that the site of 
antibiotic action may be the cecum. No significant effect on nitrogen or amino acid 
absorption due to the inclusion of the navy bean fraction in the diet was observed. 
Growth inhibition of rats fed raw navy beans may, in part, be the result of endogenous 
loss of nitrogen and impaired absorption of amino acids.

Growth inhibition of experimental ani­
mals resulting from the ingestion of raw 
beans has been reported by various work­
ers and is generally attributed to the toxic 
factor(s) present in beans (1 ) . The well- 
known toxic factors of navy beans are the 
trypsin inhibitors and hemagglutinins; 
however, very little is known regarding 
their mechanism of action.

The present investigation was under­
taken to examine the mechanism of 
growth inhibition of rats fed raw navy 
beans. Two experiments were included 
in an attempt to explain: i) the action of 
supplementary antibiotics ( 2 ) ;  and ii) the 
growth inhibitory action of Fraction 4 iso­
lated from navy beans as described pre­
viously (3 ) . Various investigators have 
discussed the possible manner by which 
an antibiotic might exert its action on the 
nutritive value of beans (2 , 4—8 ). Re­
cently Goldberg and Guggenheim (5 )  sug­
gested that the action of antibiotics is to 
reduce the decrease of intestinal “trypsin” 
in rats fed beans, and the studies of 
Barnes et al. ( 6 -8 )  indicate that anti­
biotics protect the trypsin from bacterial 
degradation. The mechanism of action 
was investigated by studying nitrogen and 
amino acid absorption, nitrogen analyses

of intestinal contents, and proteolytic ac­
tivity of intestinal contents using young 
male albino rats.

EXPERIMENTAL
Preparation of diets. Navy beans of the 

Sanilac variety (protein content 24%  ) 
were used as a source of dietary protein at 
a level to supply 10% protein. The com­
position of the diet is given in table 1.

Supplements were added to the diets at 
the expense of starch at the following 
levels: antibiotics: 0 .1%  procaine peni­
cillin +  0.1 streptomcyin sulfate; and 
Fraction 4 (F4) : 1% Fraction 4, a major 
growth inhibtory fraction, was isolated 
from navy beans by the procedure de­
scribed previously (3 ) .

Rat feeding test. Weanling male rats 
from the Michigan State University stock 
colony, 21 to 23 days old, were trained to 
eat the maximal amount of food at one 
time by a restricted feeding technique.

R e c e i v e d  f o r  p u b l i c a t i o n  M a r c h  2 8 ,  1 9 6 6 .
1 T h i s  i n v e s t ig a t i o n  w a s  s u p p o r t e d  i n  p a r t  b y  P u b ­

l i c  H e a l t h  S e r v i c e  R e s e a r c h  G r a n t  n o .  A M - 0 6 7 5 5  f r o m  
t h e  N a t i o n a l  I n s t i t u t e  o f  A r t h r i t i s  a n d  M e t a b o l i c  
D is e a s e s .  J o u r n a l  A r t i c l e  n o .  3 8 0 6  f r o m  t h e  M i c h i g a n  
A g r i c u l t u r a l  E x p e r im e n t  S t a t io n .
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m e n t  o f  B i o c h e m i s t r y  a n d  N u t r i t i o n ,  U n iv e r s i t y  of 
N e b r a s k a ,  L i n c o l n ,  N e b r a s k a .
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TABLE 1
Composition of diet

Navy beans, raw or heated 1
g / 1 0 0  g diet

(24% protein; N X 6.25) 41.67
Hegsted salt mixture 2 4.00
Vitamin fortification mix 3 2.00
Corn oil 6.00
Cornstarch 46.33

Total 100.00
1 Autoclaved at 121° for 5 minutes.
2 Hegsted, D. M., R. C. Mills, C. A. Elvehjem and E. B. Hart 1941 Choline in the nutrition of chicks.J. Biol. Chem., 1 3 8 : 459. Purchased from Nutritional Biochemicals Corporation, Cleveland.
3 Purchased from Nutritional Biochemicals Corpora­tion. Supplied the following in mg/100 g diet: vita­min A cone (200,000 units/g), 9.0; vitamin D cone (400,000 units/g), 0.5; a-tocopherol, 10.0; ascorbic acid, 90.0; inositol, 10.0; choline-Cl, 150.0; menadione, 4.5; p-aminobenzoic acid, 10.1; niacin, 9.0; ribo­flavin, 2.0; pyridoxine-HCl, 2.0; thiamine-HCl, 2.0; Ca pantothenate, 6.0; biotin, 0.04; folic acid, 0.19; and vitamin B 12, 0.0027.

The technique consisted of feeding the 
regular stock diet to the rats twice a day 
for one hour only. The hours of feeding 
were from 9 :0 0  a m  to 10 :00  a m  and 
4 :0 0  p m  to 5 :0 0  p m . Water was avail­
able to the rats all the time. After the 
initial period of training (usually 8 to 10 
days), rats were divided into groups of 6 
animals, and each group was equalized 
with respect to initial weight.

Nitrogen and amino acid absorption. 
The animals were fed the experimental 
diets for 7 days. Feces were collected daily 
on absorbant paper during the last 4 days 
of the feeding period and dried at 95° 
to 100°.

Food consumption was determined 
daily, and the animals were weighed at 
the end of the experiment. The nitrogen 
of feces and diets was determined by 
Kjeldahl procedure (9 ) . Amino acids were 
assayed microbiologically (1 0 ) in the diets 
and feces after acid hydrolysis of the sam­
ples. Acid hydrolysis was carried out with
2.5 n  HC1 in an autoclave for 8 hours at 
121°. Leuconostoc mesenteroides P-60 
was used for assaying methionine, cystine 
and lysine, and Lactobacillus arabinosus 
1 7 /5  was used to assay leucine and valine.

Studies on intestinal contents of un­
adapted rats. The trained rats were given 
the experimental diets in the morning 
from 9 :0 0  a m  to 10 :00  a m , and the food 
intake was recorded. Two hours after the 
feeding period ended, all the rats were 
killed by ether and dissected. The intesti­

nal tract of the animal was excised from 
the adhering tissues and was exposed. 
Ligatures were made at the proper places 
to remove the small intestine, and cecum 
separately. The contents of these organs 
were washed out with distilled water and 
made up to 25 ml. The contents were 
then centrifuged in the cold, and the in­
soluble residue was separated from the 
soluble fraction of the contents.

Nitrogen was determined by the Kjel­
dahl procedure (9 )  on the insoluble and 
soluble fractions of the intestinal contents 
and were designated as insoluble nitrogen 
and soluble nitrogen, respectively. Protein 
nitrogen determinations were made on the 
TCA precipitate of the soluble fraction 
after addition of 5 ml of 10% TCA to 5 mi 
of the soluble fraction. Total nitrogen was 
calculated by adding insoluble nitrogen and 
soluble nitrogen together, and non-protein 
nitrogen was calculated by subtracting 
the protein nitrogen from the soluble nitro­
gen. Amino nitrogen (NFL-N) was deter­
mined by the method of Northrop (1 1 ).

Proteolytic activity was determined on 
the intestinal and cecal contents (soluble 
fraction) by the casein digestion method 
of Kunitz (1 2 ) , and the activity was ex­
pressed as an increase in optical density 
at 280 ma against a blank prepared by 
the addition of 5%  TCA to the substrate 
prior to the addition of enzyme (intestinal 
or cecal) solution.

Studies on the intestinal contents of 
adapted rats. The trained rats were given 
the experimental diets for a week. These 
rats were designated as adapted rats. At 
the end of the adaptation period, the rats 
were given the experimental diets for one 
hour in the morning and then killed 2 
hours after the feeding time. Record of 
food consumption was noted during this 
feeding period. Collection of the intestinal 
contents, nitrogen analysis, and the pro­
teolytic activity determinations were made 
as described above.

RESULTS
Nitrogen absorption. Table 2 shows 

the data regarding the growth rate, food 
intake, and nitrogen absorption by rats fed 
the experimental diets. The results ob­
tained in this experiment were similar to 
those reported earlier (2 , 3, 13), namely,
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T A B L E  2

Nitrogen absorption from navy beans as measured in rats

W e ig h t /d a y  1  Food in t a k e /d a y  1 N  absorbed  , 2
G ro u p

no. D ie t

1 Raw beans
9

— 1.11 3±  0.15 4
9

4.75 3 ±0.21
%

43.5 3±4 .0
2 Heated beans 1.80 ±0 .19 8.80 ±0.39 80.9 ±0 .17
3 Raw beans-[-antibiotics 0.52 3±  0.16 5.45 3 ±0.28 59.5 3 ±  4.9
4 Heated beans +  antibiotics 2.47 ±0 .22 8.38 ±0.44 87.1 ± 1 .0
5 Heated beans +  fraction 4 1.19 3±0.21 7.46 3 ±0.29 75.5 5±2 .1
6 Heated (raw beans-[-fraction 4 ) 2.75 ±0 .30 9.65 ±0.51 83.5 ±1 .4

1 A v e ra g e  o f 6  rats.
„ _  , , , , N itro g e n  in ta k e  — n itro g e n  e xcre te d  in  feces
2 C a lc u la te d : - - --T- -  7 - . ---------- - x 100.N itro g e n  in ta k e
3  S ig n ific a n t, P  <  0 .01, co m p a re d  w ith  a p p ro p ria te  tre a tm e n t (c o m p a ris o n s  b etw een gro u p s 1 a n d  2, 3  a n d  

4, 5 a n d  6 ).
4 s e  o f m e a n .
5 N o t s ig n if ic a n t, P >  0 .0 1, co m p a re d  w tih  a p p ro p ria te  treatm ent.

that i) rats fed the raw navy bean diet lost 
weight and consumed less food when com­
pared to those fed the heated navy bean 
diet; ii) the addition of antibiotics to the 
raw navy bean diet prevented weight losses 
in the rats; iii) Fraction 4, when included 
in the heated bean diet, was growth inhibi­
tory; iv) nitrogen absorption from raw 
navy beans was poor;3 and v) antibiotics 
improved nitrogen absorption.4 Although 
the inclusion of Fraction 4 in the diet re­
duced the nitrogen absorption of heated 
navy beans when compared with the 
proper control diet, the difference was 
not statistically as great ( P > 0 .0 1 )  as 
that between raw and heated beans (P <  
0.01) or between antibiotics supplemented 
raw and heated beans (table 2 ).

Amino acid absorption (table 3 ). The 
absorption of all amino acids studied here 
for rats fed the raw navy bean diet was 
much lower (P < 0 .0 1 ) than that obtained 
with rats fed the heated navy bean diet. 
Antibiotic supplementation greatly im­
proved the absorption of amino acids by 
rats fed raw navy beans. However, the 
values for the absorption of amino acids 
from the raw navy bean diet with added 
antibiotics were significantly lower than 
those for the heated navy bean diet with or 
without added antibiotics. No significant 
differences were observed in the absorp­
tion of amino acids when Fraction 4 either 
heated or unheated was added to the ration 
(P >  0 .01).

Nitrogen analyses of the intestinal con­
tents of unadapted and adapted rats. A 
separate experiment was designed as de­
scribed in the Experimental section to 
study the nitrogen analyses of the intesti­
nal contents of unadapted and adapted 
rats. The results are presented in table 4 
and are expressed on the basis of percent­
age of total nitrogen intake in order to dif­
ferentiate the dietary nitrogen from en­
dogenous nitrogen. It is assumed that 
nitrogen present in the intestine in excess 
of actual intake represents the endogenous 
nitrogen. The data indicated that there 
was a higher percentage of ingested nitro­
gen in the intestinal contents of rats re­
ceiving the raw navy bean diet than in 
those of rats receiving the heated navy 
bean diet caused by more insoluble ni­
trogen and soluble nitrogen (more NH2-N, 
non-protein nitrogen and protein nitro­
gen). The addition of antibiotics to the 
raw navy bean diet did not prevent the 
increased percentage of ingested nitrogen 
in the intestinal contents. Although the 
same picture regarding the nitrogen anal­
ysis was observed in adapted rats, a defi­
nite decrease in NH.-N, non-protein nitro­
gen and protein nitrogen was observed. 
The values of nitrogen analyses were not 
significantly different for the diets con-

3  K a k a d e , M . L . 1964 G ro w th  in h ib it io n  o f ra ts  
fe d  r a w  n a v y  bean s. P h .D . T h e s is , M ic h ig a n  State 
U n iv e rs ity , E a s t  L a n s in g , M ic h ig a n .

4  See footnote 3.
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taining Fraction 4 (table 4, groups 5 
and 6 ).

Proteolytic activity. The proteolytic ac­
tivity of the intestine and cecal contents of 
unadapted and adapted rats is shown in 
figure 1. No significant difference in the 
activity of the intestinal contents of rats 
fed the experimental diets was observed. 
However, a higher proteolytic activity was 
observed in the cecal contents of the rats 
fed the diets containing raw navy beans or 
raw navy beans plus antibiotics or heated 
beans plus Fraction 4 when compared 
with that obtained with the proper con­
trol diets containing heated navy beans or 
heated navy beans plus antibiotics or 
heated (raw navy beans +  Fraction 4 ). 
There was a marked increase in proteolytic 
activity of cecal contents of adapted rats 
when they received antibiotic supplemen­
tation. Also, the size of cecum of rats fed 
the diets with added antibiotics was four 
to five times greater than that of rats fed 
the diets without added antibiotics. As 
shown in figure 2, more insoluble matter, 
which probably represents the food parti­
cles, mucosal cells and microorganisms, 
was found in the cecum of rats receiving 
antibiotics supplementation than that of 
rats receiving no antibiotics.

DISCUSSION
The results presented in the present in­

vestigation indicate that the lower nitro­
gen and amino acid absorption from raw 
navy beans is the result of increased ex­
cretion of endogenous nitrogen and inter­
ference in amino acid absorption. The 
sources of endogenous nitrogen could be 
mucosal cells (14 , 15), digestive secre­
tions (16, 17), and plasma albumin passed 
into the lumen (1 8 ) . The data presented 
in table 4 show more insoluble nitrogen 
in the intestines of rats fed raw navy 
beans than in those of rats fed heated 
beans indicating that there was more mu­
cosal slough-off, more protein nitrogen 
suggesting that there was probably exces­
sive enzyme secretions or that the fraction 
of navy bean protein was resistant to 
enzymatic attack, and more NH2-N show­
ing interference with amino acid absorp­
tion from the intestine. Similar obser­
vations were reported for soybeans by
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Fig. 1 Trypsin activity in the intestine (A ) and cecum (B ) of rats fed the experimental diets 
expressed as average of 6 rats. Key: R, raw navy bean diet; H, heated navy bean diet; R +  A, 
raw navy bean diet +  antibiotics; H +  A, heated navy bean diet +  antibiotics; H +  F.t, heated 
navy bean diet +  Fraction 4; H (R  +  F4), heated (raw navy beans +  Fraction 4 ) diet.

UNADAPTED

1

ADAPTED

I
R H  R+A H+A H .^ H (R » I^ )  R H  R i i  H .A  H*I^H(R*F4 )

Fig. 2 Insoluble matter in the cecum of 
rats fed the experimental diets. Results are pre­
sented as a percentage of food intake. Key: 
R, raw navy bean diet; H, heated navy bean 
diet; R +  A, raw navy bean diet +  antibiotics; 
H +  A, heated navy bean diet +  antibiotics; 
H +  F4, heated navy bean diet +  Fraction 4; 
H (R  +  F4), heated (raw navy beans +  Fraction 
4 ) diet.

de Muelenaere (1 4 ) and Lepkovsky et al. 
(1 9 ) .

According to the studies of de Muele­
naere (1 4 ) , it is the trypsin inhibitor of 
soybeans that brings about the increased 
mucosal slough-off, increased secretion of 
digestive enzymes, and the inhibition of 
amino acid absorption in rats. The pres­
ence of a trypsin inhibitor in navy beans 
would possibly explain the data in table 4.

The observation that raw navy beans 
interfere with the absorption of amino 
acids supports the hypothesis that the ac­
tion of hemagglutinins is to combine with 
the intestinal cell linings, thereby interfer­
ing with the intestinal absorption of nu­
trients (1 ) .

The results shown in figure 1A are in 
contrast with those of Goldberg and Gug­
genheim (5 )  who observed a decrease in 
the trypsin activity of intestine due to anti­
biotics. Our results (fig. IB ) tend to agree 
with those of Barnes et al. (8 ) ,  who ob­
served an increase in trypsin in the cecum 
and colon of rats fed raw soybeans. Barnes 
and co-workers (6 , 7, 8 ) proposed that
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the action of the antibiotic is to pro­
tect trypsin from bacterial degradation in 
the intestine and hence the high cystine 
content of trypsin is available to the ani­
mals through coprophagy. This is an at­
tractive hypothesis supported by the fact 
that the beneficial effects of antibiotics 
supplementation is abolished when copro­
phagy is prevented (7 ) . However, these 
authors state (8 )  that “the complete ex­
planation of the beneficial effects of anti­
biotics added to the diets of rats receiving 
unheated soybeans has not as yet been 
obtained”; and since supplementation of 
methionine or trypsin completely failed 
to correct the growth depression in rats 
fed raw navy beans (1 3 ) , the other pos­
sibilities still remain open to propose the 
mode of antibiotics action in improving 
the nutritive value of beans.

It appears that the beneficial effect of 
antibiotics added to the raw navy bean diet 
involves the participation of cecum, a con­
clusion which also has been reached by 
Nitsan and Bondi (2 0 ) in explaining the 
supplementary effect of antibiotics on soy­
beans. This would perhaps explain the 
present observations that antibiotics in­
creased nitrogen and amino acid retention 
(tables 2 and 3 ) but had no effect on the 
nitrogen of small intestinal contents (table
4 ). Observations such as increased in­
soluble matter (fig. 2 ) , increased tryptic 
activity, and increased size (observed in 
the present investigation) suggest that 
there was an increase of microflora in the 
cecum of rats fed raw or heated navy 
beans with added antibiotics. The stimu­
lation of microbial growth in the intestinal 
tract of the animals fed diets supple­
mented with antibiotics has been reported 
by other workers, (20, 21 ). It is possible 
that the antibiotics promote the growth of 
certain microorganisms while suppressing 
the growth of others.

In the light of the above discussion, it 
can be suggested that increased microflora 
as a result of addition of antibiotics to 
the diets induced microbial activities such 
as detoxification, proteolysis, deamination, 
and protein synthesis which are beneficial 
to the animals. The question then remains 
why the addition of antibiotics to the raw 
navy bean diet did not promote growth of 
animals equal to that of those fed the

heated navy bean diet. It may be that the 
site of antibiotic action, i.e., the cecum, 
is far away from the site (intestine) where 
efficient digestion and absorption of the 
nutrients take place.

Although trypsin inhibitors and hemag­
glutinins in navy beans can explain to 
some extent the results of the present 
study, the presence of other toxic factor(s) 
cannot be overruled. Kakade and Evans
(3 )  isolated a major growth inhibitory fac­
tor from navy beans (Fraction 4 ) and ob­
served no correlation between the growth 
inhibitor activity and trypsin inhibitor or of 
the inhibitor and the hemagglutin activity. 
The observations of the present investiga­
tion indicate that Fraction 4 inhibited the 
growth of rats by some unknown manner 
not revealed by the impaired absorption of 
amino acids and loss of endogenous nitro­
gen. The lower values reported for nitro­
gen and amino acid absorption caused by 
the addition of Fraction 4 to the diet than 
those of control diet containing heated 
Fraction 4, may in fact, be the result of 
the residual trypsin inhibitor or hemag­
glutinin activity present in Fraction 4 ( 3 ) ,  
or of both.

In conclusion, the growth inhibition of 
rats fed raw navy beans may in part be the 
result of low food intake, increased loss of 
endogenous nitrogen, and impaired absorp­
tion of amino acids. Toxic factors such as 
trypsin inhibitor and hemagglutinins pres­
ent in navy beans might cause these ef­
fects. More work is needed to characterize 
the major growth-inhibiting factor con­
tained in Fraction 4 and to examine the 
mechanism involved in the growth inhibi­
tion of rats resulting from Fraction 4.
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ABSTRACT A series of experiments was conducted to determine the chick tissue 
tocopherol-depressing activity of various fractions separated from alfalfa lipid extract. 
The methods of separation included precipitation from various solvents, column, and 
thin-layer chromatography. Liver and plasma tocopherol levels of chicks fed diets 
containing the various alfalfa fractions were used as the criteria of measurement. 
Two tocopherol-depressing fractions, an ethanol-soluble fraction, and an ethanol- and 
SkeUysolve B-insoluble but acetone-soluble fraction, were isolated from the crude al­
falfa lipid extract. The latter fraction was further subdivided by column chromatog­
raphy and purified by thin-layer chromatography. Feeding the purified compound at 
levels of 0.02 and 0.00125% (200 and 12.5 ppm ) of the diet resulted in a depression 
in liver storage of tocopherol of approximately 70 and 33% , respectively. This com­
pound is dark green to black in color, and has a very firm but waxy consistency with a 
melting point of 114° and a molecular weight of 1060. The carbon, hydrogen, oxygen, 
and nitrogen content is 73.72, 8.36, 9.47, and 5.50%, respectively. The visible and 
infrared spectra indicate the possible presence of a prophyrin nucleus.

Alfalfa has been reported (1 )  to con­
tain a relatively large amount of tocoph­
erol that is primarily in the alpha- form. 
This tocopherol has been shown 5 to be less 
effective than an equivalent amount of 
pure d-a-tocopherol in preventing chick 
encephalomalacia. Later it was reported 
(2 )  that only approximately one-third of 
the tocopherol in alfalfa was utilized by 
the chick when liver storage of tocopherol 
was used as the measurement of response. 
This reduced utilization was subsequently 
found (3 )  to be caused by a material con­
tained in the hot ethanol extract of alfalfa. 
The occurrence of this factor in the lipid 
extract was demonstrated by separating a 
distillate, which contained all of the to­
copherol, from the remainder of the lipid 
material by molecular distillation and by 
feeding the partitioned materials sepa­
rately and in combination with each other 
and pure d-a-tocopherol.

Studies involving the isolation of the 
components contained in the lipid extract 
of alfalfa have been carried out by pre­
cipitating fractions from a variety of sol­
vents (4 , 5 ) , and more refined separations 
have been conducted by the use of column 
chromatography ( 6 -8 ) .  Using a combina­

tion of column and thin-layer chromatog­
raphy (TLC) as the separating medium, 
Thirkell and Tristam (9 )  were able to 
separate the lipid extract of lucerne into 
approximately 90 different components.

In preliminary work,6 it was found that 
the unsaponifiable ethanol-soluble fraction 
of the crude alfalfa lipid extract contained 
a tocopherol-depressing factor for chicks. In 
the same study, 5 fractions of crude alfalfa 
lipid extract were obtained by precipitation
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from a number of solvents, and three of 
these fractions contained some tocopherol­
depressing activity.

With this preliminary information, a 
study was undertaken that had as its ob­
jectives: (a )  to develop a reliable and short 
bioassay which would use minimal 
amounts of the separated fractions in or­
der to follow the course of isolation of the 
active material; (b ) to isolate and purify a 
tocopherol-depressing factor from the lipid 
extract of alfalfa 7; (c )  to determine the 
quantity of this factor required to give a 
significant depression of tocopherol levels 
in chick tissue; and (d ) to determine some 
of the physical properties of this com­
pound.

EXPERIMENTAL
Bioassay. Day-old White Plymouth Rock 

male chicks were placed in electrically 
heated wire batteries and fed a vitamin E- 
low basal diet (1 0 ) for from 15 to 18 days. 
The exact time period was adjusted to 
suit the needs of the experiment. The 
smallest and largest chicks, approximately 
40%  of the total, were then removed and 
the remaining chicks were distributed into 
experimental groups of 4 chicks each, of 
approximately equal weight. Four chicks 
provided sufficient pooled plasma and 
pooled liver for 2 or 3 tocopherol de­
terminations. The isolated lipid frac­
tions were then mixed into a refer­
ence tocopherol diet (40 or 80 mg of d-a- 
tocopherol 8/k g ) and fed for exactly 72 
hours. A vitamin E-low basal diet and a 
reference tocopherol diet were included in 
each experiment. During preparation of 
the test diets, 2%  of coconut o il9 was 
added at the expense of the white corn 
meal. This oil reduced dustiness of the 
feed and acted as a carrier for the supple­
ments. To equalize feed consumption dur­
ing the 72-hour supplementation period, 
50 g were fed each group of 4 chicks at 
zero, 12, 24, 36, and 48 hours and 100 g 
after 60 hours of supplementation for a 
total of 350 g. At the end of the test 
period, 4 ml of blood were obtained by 
heart puncture from each chick using 
heparin as the anticoagulant. The birds 
were then decapitated to exsanguinate the 
liver. Plasma tocopherol was determined 
by the method of Quaife and Biehler (1 1 ) .

Tocopherol determinations for excreta, 
liver, and the alfalfa extract were made as 
described previously for liver tocopherol
(1 0 ). This method uses extraction, molec­
ular distillation, and chromatography 
through Florex.10 Total reducing material 
was determined by the ferric chloride- 
dipyridyl reaction. When the total reduc­
ing substances of the liver, plasma, or 
excreta of the chicks fed the basal diet 
were subtracted from the total reducing 
substances of the respective tissues of 
chicks fed the supplemented diets, essen­
tially all of the residual reducing material 
was then assumed to be d-a-tocopherol. 
since this was the only form of tocopherol 
fed. Excreta collections were made as re­
ported previously (3 ) .

Fractional precipitation. The 2 primary 
objectives of the fractional precipitation 
were: (a ) to separate the extract into a 
number of individual fractions, and (b ) to 
concentrate as much of the tocopherol as 
possible into one fraction, thus leaving 
the other fractions essentially devoid of 
tocopherol. To the fractions devoid of to­
copherol, a known amount of pure d-a-to­
copherol was added when assaying for to­
copherol-depressing activity. Five fractions 
of the alfalfa lipid extract were obtained 
by fractional precipitation using absolute 
ethanol, Skellysolve B, and acetone (fig. 
1 ) .

Fraction Gi represents a fraction which 
is soluble in absolute ethanol at — 20° and 
contains approximately 50%  of the dry 
matter of the original lipid extract. The 
tocopherol of alfalfa is present in this frac­
tion, along with a major portion of the 
carotenoids.

Fractions G2 and G3 represent fractions 
which are soluble in hot ethanol but pre­
cipitate from ethanol when cooled to 
— 20°. This portion of the extract repre-

7 O b t a in e d  t h r o u g h  t h e  c o u r t e s y  o f  D r .  K . W .  T a y lo r ,  
A g r i c u l t u r a l  R e s e a r c h  S e r v i c e ,  W e s t e r n  U t i l i z a t i o n  
R e s e a r c h  a n d  D e v e lo p m e n t  D iv i s i o n ,  A l b a n y ,  C a l i ­
f o r n i a .  I t  i s  a  1 6 -h o u r  h e x a n e  e x t r a c t  ( 5 4 ° )  o f  1 t o n  
o f  d e h y d r a t e d  a l f a l f a  m e a l .  T h e  s o l v e n t  w a s  r e ­
m o v e d  b y  v a c u u m  d i s t i l l a t i o n  a n d  c o n t a i n e d  a p p r o x i ­
m a t e ly  9 0 %  d r y  m a t t e r  w h e n  r e c e iv e d .  T h e  t o c o p h e r o l  
c o n t e n t  w a s  3  m g / g  o f  d r y  m a t t e r .

8 R e c e i v e d  t h r o u g h  t h e  c o u r t e s y  o f  D r .  S. R .  A m e s ,  
D is t i l l a t i o n  P r o d u c t s  I n d u s t r i e s ,  R o c h e s t e r ,  N e w  Y o r k .

9 T h is  i s  a  r e f i n e d ,  b l e a c h e d  a n d  d e o d o r i z e d ,  t o c o p h ­
e r o l - l o w  a n d  s t e r o l - f r e e  c o c o n u t  o i l ,  P r o d u c t  1 2 2 3 , 
o f  t h e  D r e w  C h e m i c a l  C o r p o r a t i o n ,  N e w  Y o r k .

10 F l o r e x  A  A  R V M  6 0 / 9 0  m e s h ,  r e c e i v e d  t h r o u g h  t h e  
c o u r t e s y  o f  R . M . M c C r a c k e n  o f  t h e  F l o r i d i n  C o m ­
p a n y ,  N e w  Y o r k .
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Fig. 1 Flow diagram for fractionation of al­
falfa lipids.

sents about 27%  of the total weight of 
the original extract. Fraction G3, which 
was separated from G2 by concentration 
and cooling to — 20°, was previously ob­
served 11 to have no activity and therefore 
was combined with fraction G2 in this 
study.

Fraction G, is a fraction which is insolu­
ble in ethanol. It is soluble in hot Skelly- 
solve B, but precipitates relatively rapidly 
on cooling to — 20°. This fraction repre­
sents slightly more than 10% of the orig­
inal extract.

Fraction G5 is a fraction which is insolu­
ble in absolute ethanol, Skellysolve B, and 
acetone, but is soluble in chloroform. This 
fraction accounts for approximately 5%  of 
the original lipid. After several precipita­
tions from acetone, the material is nearly 
white and has a waxy consistency.

Fraction G6 is a fraction that is insoluble 
in ethanol and insoluble in Skellysolve B 
between room temperature and — 20°. 
However, it is soluble in acetone at this 
temperature and contains approximately 
3%  of the original lipid. This material, 
upon removal of solvent, is greenish-black 
in color and has a waxy appearance.

Each of the 5 fractions was analyzed 
for tocopherol. The Gi fraction contained 
93%  of the tocopherol that was present in 
the lipid extract. The remaining 7%  was 
in the G2 fraction, whereas only a trace

was found in fraction G4. Fractions G5 
and G6 were devoid of tocopherol.

Saponification procedure. The saponifi­
cation procedure was a modification of the 
method described by Moore (1 2 ) . Because 
of the low solubility of this material in 
ethanol, the quantity of solvent used was 
increased threefold.

Physical determinations. Melting points 
were determined using the Thiele melting 
point apparatus. Qualitative tests for ni­
trogen and sulfur were conducted by the 
sodium fusion method outlined by McEl- 
vain (1 3 ) . Carbon, hydrogen, oxygen, and 
the molecular weight were determined 
commercially,12 the latter by an ebullio- 
scopic procedure using the Rieche’s micro­
apparatus, with butanone as the solvent. 
The ultraviolet (U V ) and visible absorp­
tion spectra were made on a Cary Model 
15 recording spectrophotometer. The in­
frared (IR ) spectrum was made on a 
Perkin-Elmer Model 137 Infracord.

EXPERIMENTS AND RESULTS
The concentrations and standard devia­

tions of the bioassay used gave blood 
plasma tocopherol levels of 1389 ±  80 
(range 1276 -1528) ug/100 ml and liver 
tocopherol levels of 18.2 ± 1 .4  (range 
15 .8 -2 0 .1 ) ag/g when the diet contained 
40 mg d-a-tocopherol/kg of diet. Ten repli­
cates of the reference diet were used in 
the study. This bioassay was considered 
to be sufficiently reproducible to be used 
in these studies.

Experiment 1. W e have recognized for 
some time that plant lipids can cause some 
difficulty in the analysis of tocopherol. The 
Emmerie-Engel colorimetric method for the 
determination of tocopherols is not spe­
cific, and numerous quinones present in 
plant tissue (1 4 ) would give a positive re­
action when in the reduced state (1 5 ) .13 
The reduced condition is brought about by 
chromatographing through a SnCl2-washed 
adsorbent,1'1 a purification procedure often 
used in the analysis of tocopherol. It was, 
therefore, felt desirable to obtain unequivo­
cal proof that the decreased tocopherol 
content of tissues which occurred when

11 S e e  f o o t n o t e  6 .
12 C o n d u c t e d  b y  t h e  C l a r k  M i c r o a n a l y t i c a l  L a b o r a ­

t o r y ,  U r b a n a ,  I l l i n o i s .
13 U n p u b l i s h e d  d a t a  a b o u t  p l a s t o q u i n o n e ,  W .  J. 

P u d e l k i e w i c z ,  1 9 6 4 .
14 S e e  f o o t n o t e  1 0 .
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alfalfa lipids were in the diet was caused 
by some component in the alfalfa lipid ex­
tract and not by erroneous tocopherol anal­
ysis of the extract.

In this experiment, zero, 1, 2, and 4%  
of alfalfa lipid extract, equivalent to zero,
37.5, 75, and 150 mg of tocopherol/kg of 
diet and pure d-a-tocopherol in equivalent 
amounts were added to the basal diet in a 
4 X 4  factorial design. This design should 
reveal both quantitative and interaction ef­
fects resulting from the graded levels of 
the 2 variables. Coconut oil was not used 
in this experiment.

The data in table 1 show that at the 
zero level of alfalfa extract, the typical 
linear response to supplementation with 
pure d-a-tocopherol was obtained. As the 
amount of alfalfa extract was increased, a 
corresponding decrease in liver tocopherol 
occurred even though the alfalfa extract 
contributed 37.5, 75, or 150 mg of tocoph­
erol/kg of diet. This observed decrease 
clearly indicated a detrimental effect of the 
alfalfa lipids on the deposition of tocoph­
erol in the liver tissue. At the zero level of 
d-a-tocopherol, addition of the alfalfa ex­
tract resulted in only a very slight in­
crease in liver tocopherol. Furthermore, 
when 150 mg of d-a-tocopherol/kg of diet 
were added in the presence of the alfalfa 
extract (last column), a significant de­
crease in liver tocopherol occurred. The 
contrast between 67.9 and 29.7 ug/g at 
the zero and 4%  levels of alfalfa extract, 
respectively, is most striking.

Experiment 2. This experiment was de­
signed to test the alfalfa lipid extract and 
5 fractions separated by fractional pre­
cipitation for tissue tocopherol-depressing 
activity. In conjunction with this phase of

TABLE 1
Effect of alfalfa lipids on the tocopherol content 

of liver tissue when an alfalfa lipid extract was 
fed with different combinations of d-a-tocopherol 
in a 72-hour bioassay.

Alfalfa 
extract1

d-a■■Tocopherol, mg/kg of diet
0 37.5 75.0 150

% lig/g liver ng/g liver
0 2.5 13.6 33.1 67.9
1 7.8 23.8 40.0 57.3
2 10.7 21.0 27.6 47.1
4 13.9 16.9 25.1 29.7

1 Each 1% of alfalfa lipid extract is equivalent to 
37.5 mg of apparent tocopherol/kg of diet.

the experiment, balance studies were con­
ducted to determine whether the lower to­
copherol content of the tissue, associated 
with certain fractions, could be related to 
a greater excretion of tocopherol.

The alfalfa lipid extract and fraction Gi 
were analyzed for tocopherol and incor­
porated into the diet at levels that would 
give 40 and 80 mg of tocopherol/kg of 
diet, namely 1.3 and 2 .6 % , and 0.7 and 
1.4% of the diet, respectively. The re­
maining 4 fractions were fed in amounts 
equivalent to the amount of each fraction 
contained in the alfalfa lipid extract fed.

The data presented in figure 2 indicate 
that 3 of the 7 treatments (alfalfa lipid 
extract, fractions G: and G6) resulted in a 
sizable depression of liver tocopherol, 
whereas the remaining treatments corre­
sponded favorably to the tissue tocopherol 
levels of the chicks receiving the standard 
tocopherol diet. The liver tocopherol levels 
obtained by feeding these 3 fractions at the 
80 mg tocopherol level were 25.8, 39.2, 
and 4 6 .3 % , respectively, of the birds re­
ceiving the standard tocopherol reference 
diet. Plasma tocopherol plots (not shown) 
paralleled those of liver tocopherol.

Fig. 2 Effect of feeding 2 levels of alfalfa 
lipid extract and its subfractions on chick liver 
tocopherol levels.
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Analysis of the tocopherol content of 
the excreta (table 2 ) showed that the 2 
fractions which caused the greatest de­
pression in the tissue levels of tocopherol 
(Gi and G6) may have produced their de­
pressing activity by different mechanisms. 
Incorporating the Gi fraction into the diet 
caused a fourfold increase in the percent­
age of tocopherol intake excreted over that 
of the reference diet. Thus, it is possible 
that this fraction interfered with the in­
testinal absorption of tocopherol. However, 
supplementing the diet with the G6 frac­
tion did not increase the percentage of to­
copherol intake excreted, suggesting that 
interference with absorption through the 
intestinal wall may not be the primary 
cause.

Based on the results of this experiment, 
it was assumed that at least 2 different 
compounds observed in the lipid extract of 
alfalfa were capable of producing a de­
pression in chick tissue levels of tocoph­
erol. Fraction G6 was selected for further 
study primarily because it represented only 
3%  of the original extract, whereas frac­
tion Gi contained approximately 50%  of 
the original material.

Experiment 3. This experiment con­
sisted of a chromatographic separation of 
the G6 fraction by the use of silicic acid 
(1 6 ) and Hyflo Supercel15 in a 2 :1  ratio. 
After drying at 110° for 24 hours, this 
mixture was further activated by the use 
of dehydrating washes as outlined by Bar­
ron and Hanahan (17). Seventy-five grams 
of the pretreated adsorbent mixture were

T A B L E  2

Percentage of tocopherol intake excreted by chicks 
receiving alfalfa lipid extract and 

5 major fractions

T r e a t m e n t
D ie t a r y  t o c o p h e r o l  l e v e l  

4 0  m g / k g  8 0  m g / k g

% %
Standard tocopherol1 10.6 2 7.0
Alfalfa lipid extract3 34.0 45.3
Fraction Gi 30.3 32.0
Fraction G2 +  tocopherol 10.7 20.2
Fraction G4 +  tocopherol 11.9 11.6
Fratcion G5 +  tocopherol 11.3 6.3
Fraction G6 +  tocopherol 9.4 5 . 8

1 W h e r e  d - a - t o c o p h e r o l  w a s  a d d e d  t o  t h e  d i e t  i t  w a s  
i n c o r p o r a t e d  a t  t h e  r a t e  o f  4 0  m g  a n d  8 0  m g / k g  o f
UlCl.

2 E a c h  v a l u e  r e p r e s e n t s  a n  a v e r a g e  o f  d u p l i c a t e  
a n a ly s e s  o f  d u p l i c a t e  lo t s .

3 E q u iv a le n t  t o  1 .3  a n d  2 . 6 %  o f  t h e  d ie t .

added to a glass column 34 mm in diam­
eter and 400 mm in length. The lipid mix­
ture (236 mg of fraction G6) was added to 
the column in 15 ml of benzene. A total of 
40 cuts of approximately 25 ml each were 
collected from the column by the solvent 
sequence given below. Aliquots of each cut 
were spotted on plates coated with silica 
gel H. Then, on the basis of the similarity 
of major components that were observed 
either by the natural color of the compo­
nents or made visible by UV light, the cuts 
were combined into 7 subfractions and are 
listed as G6fi through G6f7. The order and 
quantity of eluting solvents was as follows: 
(a ) 200 ml of petroleum ether (bp 6 5 -  
1 1 0 °), (b ) 200 ml of 20%  diethyl ether 
in petroleum ether, (c )  400 ml of 50%  
diethyl ether in petroleum ether, and (d )  
200 ml of absolute methanol. Cuts 1 -5  
(G 6fi) were clear at first and then yellow; 
6 -11  (Gefa, a gray band on the column) 
were dark green at first and then greenish- 
yellow; 1 2 -15  (G 6f3) contained a dark 
green band; 16—21 (G 6f.i) a reddish-brown 
band; 2 2 -2 4  and 2 5 -3 2  (G 6f5 and G6f„, 
respectively) contained several light green 
and greenish-yellow bands; 3 3 -4 0  (G 6f7) 
dark green, and contained the strongly ad­
sorbed material released by methanol. The 
room temperature was maintained below 
20° during the chromatographic proce­
dures to prevent the formation of air 
pockets. The 236 mg of the G6 fraction 
applied to the column corresponded to the 
amount of it fed at the 80 mg tocopherol 
level in the preceding experiment. The 
7 subfractions listed above were biolog­
ically assayed for tocopherol-depressing ac­
tivity and the results are presented in 
table 3.

The plasma tocopherol levels of the birds 
receiving the reference diet were within 
the range expected at this level of dietary 
tocopherol intake. A large variation was 
observed in the plasma tocopherol levels of 
the birds receiving the various subfrac­
tions. Fraction Gc, and subfractions G6f3 
and G6f<, resulted in a definite depression 
in the plasma tocopherol levels, whereas 
subfractions G6f2, G6fs, G6f8, and G8f7 caused 
no appreciable change when compared 
with the reference tocopherol diet. Frac-

15 A  d i a t o m a c e o u s  e a r t h  p r o d u c t  o f  J o h n s - M a n v i l l e  
C o m p a n y ,  N e w  Y o r k .
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T A B L E  3

Tissue tocopherol-depressing activity of the sub­
fractions of fraction G6 separated by 

silicic acid column chromatography

Treatment Plasma
tocopherol

Liver
tocopherol

Basal
lig/100 ml 

143 1
irg/g

2.0
Standard tocopherol2 2427 46.9
Fraction G8 +  tocopherol 1910 23.6
Subfraction G6fi +  

tocopherol 3102 42.0
Subtraction Gcf2 +  

tocopherol 2649 40.5
Subtraction G8f 3 +  

tocopherol 1963 29.9
Subtraction Gof.» +  

tocopherol 1954 30.1
Subtraction Gets 

tocopherol 2324 35.4
Subtraction G8f 8 +  

tocopherol 2515 39.1
Subfraction Gef7-f 

tocopherol 2778 40.2
1 E a c h  v a l u e  r e p r e s e n t s  a n  a v e r a g e  o f  d u p l i c a t e  

a n a ly s e s .
2 P u r e  d - a - t o c o p h e r o l  w a s  i n c o r p o r a t e d  a t  a  l e v e l  o f  

8 0  m g / k g  o f  d ie t .

tion G6fi resulted in an increased plasma 
tocopherol level; however, this increase 
was not reflected in the liver tocopherol 
level from those same birds. The liver stor­
age of tocopherol in the birds that received 
subfractions G6fi, G6f2, G6f6, and G8f7 was 
within the expected range. This range, 
determined from 13 lots of chicks that con­
sumed the standard tocopherol diet (80  
m g/k g) in the entire series of experiments, 
was 40.1 ng/g of liver tissue with a con­
fidence limit of ±  1.8 ng. The liver tocoph­
erol level of the chicks fed the standard 
diet in the present experiment fell out­
side of the confidence interval; however, 
the plasma tocopherol level of the same 
birds was within the confidence interval. 
Incorporating fraction G8 and subfractions 
G6f3 and G8f4 into the diet, resulted in a 
pronounced depression in liver storage of 
tocopherol, whereas subfraction G6f5 was 
only slightly below the normal range. From 
these results, it is evident that the tocoph­
erol-depressing activity of the G6 fraction 
is contained in its 2 subfractions, G8f3 and 
Gci). Of the 2 depressing subfractions, 
G6f3 was found to be the least contaminated 
by other components on the basis of thin 
layer chromatographic analysis, and for 
this reason was selected for further puri­
fication.

Subfraction GT) contained a large 
amount of pigment that was dark green 
to black in color and appeared as a grey 
solution when diluted with chloroform. 
The consistency of this compound was tar­
like but waxy. When this pigment was 
saponified, or removed by adsorption on 
activated charcoal,16 the activity of these 
fractions was lost. Therefore, it was as­
sumed that the depressing activity of the 
Gsfa subfraction was intimately associated 
with the pigment.

Experiment 4. This experiment con­
sisted of separating the G8f3 subfraction 
into its components by TLC on silica gel
H. The developing solvent for all assay 
and preparative work consisted of a 12: 
12:1 ratio of petroleum ether, diethyl 
ether, and ethanol. To prevent overloading 
of the plates, only approximately 3 mg of 
the parent lipid mixture could be applied 
to each plate. The developed chromato­
grams were observed to contain one major 
component, greenish-black in color, and 
several minor components. The major 
component was removed and designated 
as G6f3M. All minor components above 
the major one were collected as one (G8f3A), 
and all components below were collected 
as a separate one (G 8f3L ). The plasma 
and liver tocopherol content of the birds 
fed these components are presented in 
table 4.

The tissue tocopherol level of the birds 
fed the G«f»M component corresponds very

TABLE 4
Plasma and liver tocopherol levels of birds receiv­

ing components of subfraction Gef3 separated 
by thin-layer chromatography

Treatment Plasma
tocopherol

Liver
tocopherol

/ig/100 ml ßg/g
Basal 2 2 2 1 1P
Standard tocopherol2 2548 38.8
Subtraction G8f 3 +

tocopherol 1372 19.0
Component G8f3A +

tocopherol 2516 42.1
Component G8f3M +

tocopherol 1437 20.1
Component G6f 3L +

tocopherol 1959 27.6
1 E a c h  v a l u e  r e p r e s e n t s  a n  a v e r a g e  o f  d u p l i c a t e  

a n a ly s e s .
2 P u r e  d - a - t o c o p h e r o l  w a s  i n c o r p o r a t e d  a t  a  l e v e l  o f  

8 0  m g / k g  o f  d ie t .

16 N o r i t e  A , P f a n s t i e h l  C h e m i c a l  C o m p a n y ,  W a u k e ­
g a n ,  I l l i n o i s .
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closely with the value obtained from the 
original G6f3 subfraction. This relationship 
was expected since the GT/M component 
theoretically contained all of the tocoph­
erol-depressing substance contained in the 
parent G6fs subfraction. It is apparent that 
the minor components making up fraction 
GufsA contained no tocopherol-depressing 
activity. Because there was some streak­
ing of the G6f3M component into the lower 
area of the TLC plate, a slight depression 
of both the plasma and liver tocopherol 
was expected from the Gd/L compounds; 
however, a sizable depression of tissue to­
copherol resulted from this component. 
No explanation for this unexpected de­
pression of tissue tocopherol is offered. It 
was concluded from this experiment that 
one of the factors contained in the alfalfa 
lipid extract that caused a depression in 
the tissue levels of tocopherol was the 
highly pigmented component designated 
as G,;f~M. On the basis of one- and two- 
dimensional TLC, and by the use of 2 sol­
vent systems, this component was assumed 
to be essentially pure; however, attempts 
to crystallize it from a variety of solvents 
failed.

Experiment 5. This experiment was 
designed to determine whether feeding 
graded levels of the GsfsM compound, 
which had been found to contain the tis­
sue tocopherol-depressing activity, would 
result in a linear depression of liver and 
plasma tocopherol levels. Five levels of 
the G6fsM compound were fed, ranging 
from 0.2 to 200 mg/'kg (ppm ) of diet. 
Each level was supplemented with the 
standard amount (80 m g /k g) of pure d-a- 
tocopherol.

Incorporating the GefsM component into 
the diet at the rate of 200 m g/kg of the 
diet resulted in an average liver tocopherol 
level of 13.0 ug/g of liver tissue, as com­
pared with an average of 40.1 ag/g of 
liver tissue in the birds receiving the stand­
ard tocopherol diet. The incorporation of 
either 50 or 12.5 m g/kg of the G0f/M com­
ponent resulted in a depression of tissue 
tocopherol levels of approximately 3 0 % , 
and a slight reduction from the standard 
tocopherol level was noted when as little 
as 3.1 mg of the component were added.

To evaluate the quantitative relationship 
between the intake of the G6LM component

and the liver and plasma levels of tocoph­
erol, the logs of the liver and plasma to­
copherol levels were plotted against the 
log of the GefsM intake/kg of diet (fig. 3 ). 
Increasing the level of the G6f3M compo­
nent in the diet progressively depressed 
the tissue content of tocopherol. How­
ever, when the linearity of the treatment 
effects were tested with orthogonal com­
parisons, a significant quadratic effect (P =  
0.05) was obtained. The tocopherol content 
of the excreta collected from the birds in 
this experiment showed no pronounced dif­
ference between treatments. These results 
confirmed those obtained for the parent 
compound, G6, presented in table 3.

Results of chemical and physical deter­
minations. On the basis of a stable melt­
ing point at 114° and a single spot on two- 
dimensional TLC with 2 solvent systems, 
it was assumed that the GsfaM compound 
was essentially pure. Figure 4 shows the 
visible spectrum of this compound. This 
spectrum contains 4 peaks between 500 
and 700 mp in addition to a major (Soret) 
band with a maximum at 415 mp. This 
spectrum resembles those commonly as­
sociated with a porphyrin-type molecule 
(1 8 ) . The UV spectrum of this compound 
had 2 minor peaks at 276 and 327 mp. 
The infrared spectrum (fig. 5) contains 
some characteristics which resemble 
known porphyrin spectra (1 9 ) .

Results of the elemental analyses for 
carbon, hydrogen, oxygen, and nitrogen 
are, respectively, 73.72, 8.36, 9.47, and 
5.50%  and total only 9 7 .0 5 % . Of the 
2.95%  unaccounted for, silicon and mag-

L0G OF G6 F3M INTAKE 
MG PER KG OF DIET

Fig. 3 Effect of feeding graded levels of al­
falfa lipid fraction G6f 3M on liver and plasma 
levels of tocopherol.
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Fig. 4 Visible spectrum of alfalfa lipid frac­
tion GefaM in chloroform.

Fig. 5 Infrared spectrum of alfalfa lipid frac­
tion G6f3M.

nesium were present in the ash in a ratio of 
12:1  and are believed to be contaminants 
from column and TLC. Tests for sulfur 
and the halogens were negative. The mole­
cular weight was 1060. It was estimated 
that there was approximately 4 mg of the 
G6f3M component/g of alfalfa lipid.
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ABSTRACT Inclusion of 40% L-arabinose and D-xylose in chicks’ diet resulted in 
a severe depression of growth, feed efficiency, liver and gastrointestinal sizes and 
depletion in liver and muscle glycogen. Twenty per cent xylose also depressed 
growth significantly. From 3 experiments the average metabolizable energy values for 
arabinose and xylose at 20% dietary level were 3.06 and 2.54 kcal/g of pentose, re­
spectively. The effects of graded dietary levels (10, 20 and 4 0 % ) of arabinose and 
xylose were compared. The data indicated that plasma uric acid was elevated at the 
two higher levels of each pentose. Plasma cholesterol was significantly higher among 
birds receiving a 40% xylose diet. Total reducing sugars in blood plasma were con­
sistently higher for each level of arabinose, whereas xylose treatment at each level 
significantly increased the total reducing sugars in the plasma. Liver and muscle 
glycogen was proportionally depleted with increase in dietary pentose level. Glycogen 
in liver was more depleted among birds receiving 40% arabinose as compared with
those fed the same level of xylose.

Bolton (1 )  has shown that the chick 
(2  to 5 weeks of age) digested pentosans 
(mainly of wheat by-products) to an ex­
tent of 5 % , in contrast with sugar and 
starch which were fully digested. While it 
may be possible to improve the digestibility 
of pentosans through the use of enzymes 
or special processing procedures of feeding 
ingredients, or both, it seemed desirable 
first to examine the utilization of the con­
stituent pentoses, namely, L-arabinose and 
D-xylose, by the chick.

It was the objective of this investigation 
to determine the influence of arabinose 
and xylose on the growth and certain me­
tabolic characteristics of chicks and to 
determine the metabolizable energy of 
these carbohydrates.

EXPERIMENTAL
Male chicks (New Hampshire X Colum­

bian) were reared in electrically heated 
battery brooders. Details of experimental 
periods and replication are shown in table 
footnotes. A randomized complete block 
design was used in each experiment. Sta­
tistical analysis of variance was made for 
each experiment and reported by means of 
Duncan’s multiple range test (2 ) . The 
composition of diets is shown in table 1. 
L-Arabinose, D-xylose and a-cellulose 3 were 
substituted at the expense of D-glucose

(A .R .) in experiments 1 and 2, and D-glu­
cose -H20  in experiment 3; the stated per­
centage of each component was added on 
a dry-matter basis. Feed and water were 
supplied ad libitum.

Metabolizable energy values, including 
correction for nitrogen retention, for the 
test carbohydrates were determined using 
the equations of Potter et al. (3 ) . In ex­
periments 1 and 2, chromium sesquioxide 
and nitrogen were analyzed by the meth­
ods of Hill and Anderson (4 )  and AOAC
(5 ) , respectively, whereas in experiment 
3 these were determined by a method de­
veloped in this laboratory,4 using an auto­
mated technique employing a continuous 
digestor and autoanalyzer.5 Samples of 
excreta were collected from each pen on 
the twelfth, thirteenth and fourteenth days 
of experiment 1, the seventh through 
twelfth days of experiment 2, and the 
fourth and fifth days of experiment 3. 
The excreta samples from each pen in 
each experiment were pooled, dried at 70°

R e c e i v e d  f o r  p u b l i c a t i o n  A p r i l  1 4 ,  1 9 6 6 .
1 P a p e r  n o .  5 9 1 8 ,  S c i e n t i f i c  J o u r n a l  S e r ie s ,  M i n n e ­

s o t a  A g r i c u l t u r a l  E x p e r im e n t  S t a t io n .
2 P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  B i o c h e m i s t r y ,

S c h o o l  o f  M e d i c i n e ,  S t a t e  U n iv e r s i t y  o f  N e w  Y o r k  a t  
B u f f a l o ,  N e w  Y o r k .

3 S o lk a  F l o e  ( B r o w n  C o m p a n y ,  B e r l i n ,  N .  H . ) ,  a  
p u r i f i e d  w o o d  c e l l u l o s e  c o n t a i n i n g  a t  l e a s t  9 9 .5 %  
a - c e l l u l o s e  o n  a  m o is t u r e - f r e e  b a s i s .

4 U n p u b l i s h e d  d a t a .
s T e c h n i c o n  I n s t r u m e n t s  C o r p o r a t i o n ,  A r d s l e y ,  N e w  

Y o r k .

J. N u t r it io n , 9 0 :  ’66 207
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in a forced-draft oven, ground and to­
gether with samples of diets, assayed for 
gross energy using an adiabatic oxygen 
bomb calorimeter.6

T A B L E  1

Composition of diets

Exp. 1 Exp. 2 Exp. 3

D-Glucose'H20  1 31.55 0 40
D-Glucose (A.R.) 
Isolated soybean

20 20 0

protein 2 35 0 0
Corn, ground yellow 0 34.5 10.2
Soybean meal, dehulled 0 30.6 33.6
Constant ingredients 13.54 3 15.07 4 16.32 5

1  C e r e lo s e ,  C o r n  P r o d u c t s  C o m p a n y ,  N e w  Y o r k .
2 P r o m i n e ,  C e n t r a l  S o y a ,  I n c . ,  C h i c a g o .
3 C o n s t a n t  i n g r e d i e n t s  ( % ) :  c e l l u l o s e  ( S o l k a  F l o e ,  

B r o w n  C o m p a n y ,  B e r l i n ,  N .  H . ) ,  2 ;  c h r o m i c  o x i d e  
( 3 0 %  b r e a d ) ,  1 ;  D L -m e t h io n in e ,  0 .7 5 ;  g l y c i n e ,  0 .3 ;  
v i t a m i n  m i x  P -4  ( p e r  k g  d i e t :  t h ia m in e - H C 1 ,  2 0  m g ;  
n i c o t i n i c  a c i d ,  5 0  m g ;  r i b o f l a v i n ,  1 2  m g ;  C a  D -p a n - 
t o t h e n a t e ,  2 0  m g ;  v i t a m i n  B 12, ( 0 . 1 %  t r i t u r a t e ) ,  i n  
m a n n i t o l ,  2 0  m g ;  p y r i d o x i n e  • H C 1 , 5  m g ;  b i o t in ,  
0 .4  m g ;  f o l i c  a c i d ,  4  m g ;  m e n a d i o n e ,  2  m g ;  a s c o r b i c  
a c i d ,  5 0  m g ;  v i t a m i n  A  p a l m i t a t e  ( 2 5 0 ,0 0 0  I U / g ) ,  
4 0  m g ;  v i t a m i n  D  ( 3 0 , 0 0 0  I C U / g ) ,  3 3 .3  m g ;  d -a - t o c o -  
p h e r y l  a c e t a t e  ( 2 5 0  m g / g ) ,  8 0  m g ;  g l u c o s e - H 20  
c a r r i e r ) ,  0 .2 0 ;  m i n e r a l  m i x t u r e  P -6  ( p e r  k g  d i e t :  
C a H P 0 4 -2 H 20 ,  2 1 .1  g ;  C a C 0 3, 1 6 .9  g ;  K H 2P 0 4, 1 1 .2  g ;  
N a C l ,  6 .5  g ;  M g S 0 4 ( 7 0 - 7 2 % ) ,  3 .5  g ;  F e S 0 4 -7 H 20 ,  
3 3 3  m g ;  M n S 0 4 -H 20 ,  3 3 3  m g ;  K I ,  6 .5  m g ;  C u S 0 4 - 
5 H 20 ,  1 6 .7  m g ;  Z n C 0 3, 9 6  m g ;  N a 2M o 0 4 * 2 H 20 ,  5  m g ;  
N a 2S e 0 3, 0 .2 2  m g ) ,  6 ;  c o r n  o i l  ( r e f i n e d ) ,  3 ;  c h o l i n e  
c h l o r i d e  ( 7 0 % ) ,  0 .2 8 6 .

4 C o n s t a n t  i n g r e d i e n t s : ( %  )  f i s h  s o l u b l e s  d r i e d  o n  
s o y b e a n  m e a l  ( 1 0 0 %  e q u i v a l e n c e ) ,  3 ;  a l f a l f a  m e a l ,  
d e h y d r a t e d  ( 1 7 %  p r o t e i n ) ,  2 .5 ;  d r i e d  w h o l e  w h e y ,  3 ;  
c o r n  o i l ,  2 .0 ;  d i c a l c i u m  p h o s p h a t e ,  1 .7 5 ;  c a l c i u m  
c a r b o n a t e ,  1 ;  m e t h i o n i n e  h y d r o x y  a n a lo g u e  c a l c i u m  
s a l t  ( 9 0 % ) ,  0 .0 5 ;  v i t a m i n  A  ( 3 0 ,0 0 0  I U / g ) ,  0 .0 1 5 ;  
v i t a m i n  s u p p l e m e n t  ( 4 . 4  g  r ib o f l a v i n ,  8 .8  g  c a l c i u m  
p a n t o t h e n a t e ,  1 9 .8  g  n i a c i n  a n d  2 2  g  c h o l i n e  c h l o r i d e /  
k g ) ,  0 .1 ;  c h o l i n e  c h l o r i d e  ( 2 5 %  ) ,  0 .0 5 ;  i o d i z e d  s a l t ,  
0 .5 ;  v i t a m i n  D 3, ( 1 5 , 0 0 0  I C U / g ) ,  0 .0 0 5 ;  v i t a m i n  E  
a c e t a t e  ( 4 4  I U / g ) ,  0 .0 2 5 ;  m e n a d i o n e  s o d i u m  b i s u l f i t e  
—  6 3 %  U S P  ( 3 5 . 2  g / k g ) ,  0 .0 0 6 2 5 ;  v i t a m i n  B 12 

( 4 4  m g / k g ) ,  0 .0 3 ;  m a n g a n e s e  s u l f a t e  ( f e e d  g r a d e ) ,  
0 .0 2 5 ;  z i n c  s u l f a t e  ( f e e d  g r a d e ) ,  0 .0 1 ;  c h r o m i c  o x i d e  
b r e a d  ( 3 0 % ) ,  1.

5 C o n s t a n t  i n g r e d i e n t s : ( %  )  a s  i n  f o o t n o t e  4 ,  p lu s  
c o r n  o i l ,  1 ;  a n d  d i c a l c i u m  p h o s p h a t e ,  0 .2 5 .

At the end of the experimental period 
in experiment 3, plasma was prepared 
from heparinized blood samples from in­
dividual birds and pooled for each pen. 
Determinations of total plasma reducing 
sugars, cholesterol and uric acid in plasma 
were made by modified methods of Hoff­
man (6 ) , Zlatkis et al. (7 )  and an indus­
trial laboratory,7 respectively, employing a 
continuous automated flow system. Liver 
and muscle glycogen analyses were made 
according to Carroll et al. (8 ) .

RESULTS
Experiments 1 and 2. Both xylose and 

cellulose at 20%  substitution for glucose 
depressed growth and efficiency of feed 
utilization in a highly significant manner 
(table 2 ) . Arabinose depressed growth sig­
nificantly in experiment 1. Feeding arabi­
nose and xylose at the 20%  dietary level 
resulted in higher gastrointestinal tract 
weights (including contents) as compared 
with either glucose or cellulose at the iden­
tical level. This was due mostly to in­
creased water content.

Using the value for glucose as 3.64 kcal 
of metabolizable energy/g of dry glucose 
(9 )  for a reference, the determined values 
of metabolizable energy for arabinose, 
xylose and cellulose were 3.05, 2.52 and 
0.05 keal/g of respective carbohydrate, 
when the average results of both experi­
ments were considered. Agreement be­
tween experiments was good, although 
diets were not similar.

6 P a r r  I n s t r u m e n t s  C o m p a n y ,  M o l i n e ,  I l l i n o i s .
7 T e c h n i c o n  I n s t r u m e n t s  C o r p o r a t i o n ,  m e t h o d  N -1 3 a .

T A B L E  2

Performance of chicks as influenced by i-arabinose and d-xylose and metabolizable energy
of test carbohydrate1

Diet 
variable 

(20%  level) 2
Wt gain Gain/feed ME of test 

carbohydrates 2
GI tract 
wt/kg 3

iLXp. 1 Lxp. 2 Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 2

D-Glucose
9

292 a 4
9

218 a 0.60 * 0.50 »
kcal/g 
3.64 a

kcal/g 
3.64 a

9
136 a

L-Arabinose 234 » 199 “b 0.58 4 0 .4 7 “ 3.13 b 2 .9 7 » 192 »
D-Xylose 217 »= 141 « 0 .4 7 » 0.41 »» 2.59 c 2.44 c 182 c
a-Cellulose 194 c 149 0 .4 5 » 0.35 b 0.06 d 0.03 d 159 d

1 I n  e x p e r i m e n t  1 , t r e a t m e n t  v a l u e s  a r e  a v e r a g e  o f  t r ip l i c a t e  l o t s  o f  o n e  c h i c k  e a c h ;  e x p e r i m e n t a l  p e r i o d  
7  t o  2 1  d a y s  o f  a g e .  I n  e x p e r i m e n t  2 ,  t r e a t m e n t  v a l u e s  a r e  a v e r a g e  o f  d u p l i c a t e  l o t s  o f  3  c h i c k s  e a c h ;  e x p e r i ­
m e n t a l  p e r i o d  1 4  t o  2 7  d a y s  o f  a g e .

2 M E  i n d i c a t e s  m e t a b o l i z a b le  e n e r g y ;  s e e  e x p e r i m e n t a l  s e c t i o n  f o r  d e t a i ls .
3 V a lu e s  r e p o r t e d  o n  w e t  b a s i s  p e r  k i l o g r a m  b o d y  w e i g h t  a n d  a r e  a d ju s t e d  m e a n s  a f t e r  r e m o v a l  o f  b o d y  

w e i g h t  v a r i a t i o n  b y  c o v a r i a n c e  a n a ly s i s .  G a s t r o i n t e s t in a l  t r a c t  w e ig h t  w i t h  c o n t e n t s  f r o m  a n t e r i o r  e n d  o f  
e s o p h a g u s  t o  p o s t e r i o r  o f  r e c t u m  p e r  k i l o g r a m  o f  b o d y  w e ig h t .

4 T r e a t m e n t  v a l u e s  f o l l o w e d  b y  t h e  s a m e  l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  P  <  0 .0 5 .
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Experiment 3. Diets containing 20%  
arabinose and 10% xylose depressed 
growth and feed efficiency slightly but not 
significantly as did the next higher level 
(table 3 ) . The results obtained due to 
the highest level of these pentoses were 
similar to those produced by the 40%  
cellulose control.

Liver and gastrointestinal tract weights 
were significantly lower due to the 40%  
dietary arabinose and xylose. However, 
the lower levels of arabinose resulted in 
significantly higher gastrointestinal tract 
weights when compared with the glucose 
control. The dietary level of cellulose at 
the 40%  level also significantly lowered 
the liver and gastrointestinal tract weights.

Metabolizable energy values for arabi­
nose and xylose at a 20%  level of sub­
stitution were 3.07 and 2.58 kcal/g of test 
pentose, respectively, and were close to 
the values obtained earlier.

Inspection of the data pertaining to the 
amounts of total reducing sugars in blood 
plasma, and liver and muscle glycogen in­
dicated that with reference to the 40%  glu­
cose control, each dietary level of the pen­
toses showed consistently an increase in 
the total reducing sugars in plasma and a 
decrease in the liver and muscle glycogen 
of chicks. Significant increases in the 
plasma reducing sugars were noted be­
tween each increasing level of xylose. For 
each 10% increase in the dietary xylose 
level, there was approximately an increase 
of 125 mg of total reducing sugars/100 ml 
of plasma. Arabinose levels did not reveal 
significant differences in total reducing 
sugars.

At the higher dietary levels of both pen­
toses, the liver glycogen was more de­
pleted among the birds fed arabinose than 
those receiving xylose. There was less 
than one-half as much liver glycogen in 
livers of chicks receiving 40%  arabinose 
as compared with those receiving the same 
level of xylose.

Plasma cholesterol values increased as 
a result of the higher levels of arabinose 
and all the levels of xylose in relation to 
glucose and cellulose controls. The only 
significant increase in plasma cholesterol 
resulted from the 40%  xylose level.

Uric acid level in the plasma was ele­
vated by the presence of pentoses and cel-
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lulose in the diet. The higher levels of 
both pentoses resulted in a higher value 
for plasma uric acid as compared with 
their respective lower levels. The resultant 
increases in plasma uric acid due to the 
20%  and 40%  cellulose diets were not 
significantly different from those resulting 
from the higher levels of dietary pentose.

DISCUSSION
Growth and efficiency of feed utilization 

owing to either of the pentoses at lower 
levels suggest some, although not statisti­
cally detectable, decrease in performance. 
Further studies, covering a longer experi­
mental period, are required to determine 
whether these levels impair growth and 
(perhaps more importantly) physiological 
well-being.

There was little variation in the metabo­
lizable energy (M E ) values of carbohy­
drates among the 3 experiments. If it can 
be assumed that the effect of cellulose in 
reducing the rate of growth of chicks is a 
reflection only of energy deprivation, then 
the lesser available energies of arabinose 
and xylose may also be expected to limit 
growth. The expectation is partially sub­
stantiated by the observation that xylose 
yielded less ME and also showed greater 
growth depression effects at the 10% and 
20%  substitution levels than did arabi­
nose. The observation that cellulose, xylose 
and arabinose all yielded zero ME at the 
40%  substitution level and at the same 
time resulted in more or less equivalent 
and severe growth depression also sup­
ports this energy limitation hypothesis.

Contrary to the above hypothesis, xylose 
depressed growth more than expected on 
the basis of apparent energy level as com­
pared with cellulose. This suggests that 
xylose, despite having a higher ME value 
than cellulose, reduced the growth of 
chicks by yet another mechanism. Further 
investigations are needed to resolve this 
question.

That the apparent ME values for arabi­
nose and xylose at the 40%  level was zero 
kilocalories per gram, as compared with 
much higher values at lower pentose 
levels, requires consideration. Anderson
(1 0 ) used 3 dietary levels of lactose, 10, 
20 and 40%  , in diets for growing chicks 
and reported a decrease in the ME value

for lactose at the two higher dietary levels 
as compared with the lower level. The 
author attributed the decrease to the 
known laxative effect of lactose. Loss of 
xylose and arabinose at high levels may 
have resulted from decreased absorptive 
capability (including laxative effect) or 
increased urinary excretion. Loss in liver 
weight suggests the further possibility of 
alimentary excretion of energy-bearing 
components, namely, cholesterol and bile 
acids. It is also possible that precision of 
the ME determination was reduced be­
cause of abnormally low feed consumption 
and the longer time required to attain 
equilibrium.

At lower dietary levels, arabinose-fed 
birds had heavier cecums as compared 
with those receiving similar levels of 
xylose. This might explain the higher 
gastrointestinal weights of birds receiving 
lower arabinose levels. The heavier ce­
cums contained mainly watery substance. 
A considerable reduction in the gastro­
intestinal weights of the birds fed the 
highest levels of both pentoses reflects the 
severe growth retardation and the low 
feed consumption.

The increase in plasma uric acid re­
sulting from 20%  and 40%  cellulose and 
the higher levels of arabinose and xylose 
may be due to relative energy deficiency 
as related to the protein intake and con­
sequently greater nitrogen metabolism. In­
creased uric acid in blood appears to be 
a good indicator of this occurrence.

Increase in the plasma cholesterol level 
as a result of the 40%  xylose treatment 
may be the result of metabolic effects on 
cholesterol synthesis. As consistent in­
creases in the cholesterol level were ob­
served in relation to the higher dietary 
levels of arabinose and all the levels of 
xylose, pentoses may participate either in 
influencing cholesterol synthesis or in­
hibiting its excretion. Various workers 
have demonstrated that dietary carbohy­
drate may alter plasma cholesterol levels. 
Grant and Fahrenbach (1 1 ) reported that 
purified diets containing sucrose gave 
higher plasma cholesterol values than glu­
cose.

Increases in the total reducing sugars 
in blood with increasing dietary xylose
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suggest that the pentoses entering in the 
blood stream accumulate prior to excretion 
or utilization. Unpublished data indicate 
that the increased reducing activity in the 
plasma is caused by compounds other than 
glucose. Accordingly, it is unsafe to as­
sume the total reducing activity as glucose.

The severe glycogen depletion in liver 
and muscle of chicks at 20%  and 40%  
dietary levels of pentoses might be attrib­
uted to an interruption of glycogen syn­
thesis. As a result, the endogenous glyco­
gen could have been utilized by the chicks 
where the pentoses were not metabolized 
to glucose. Were the pentoses in question 
freely metabolized and converted to glu­
cose by the chicks, glycogen should not 
have been depleted from the liver. This 
hypothesis can be further substantiated 
from the liver and muscle glycogen values 
among the birds fed cellulose. Since cellu­
lose is not metabolized by chicks and the 
available energy to the bird, therefore, is 
lacking, the lower values of liver and mus­
cle glycogen could be attributed to glyco- 
genolysis. Also the depletion of liver gly­
cogen could be related to the size of the 
liver as influenced by the pentose treat­
ment. The ingestion of arabinose and 
xylose at 20%  and 40%  of the diet by 
chicks may in some way interfere with 
the enzyme systems participating in glyco- 
genesis. Another possibility is that there 
is no effective route for the pentoses in 
the glycogen synthesis.
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