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ABSTRACT The Toepfer and Lehman assay for pyridoxine, pyridoxal and pyri- 
doxamine was studied to determine optimal conditions of acid hydrolysis, sample size 
and volume of resin bed in order to apply it to animal tissues. Subsequent studies of 
B6 vitamer content and transaminase activity in tissues obtained from vitamin Bc- 
deficient, ad libitum-fed control and pair-fed contrcl rats showed that (a ) total vitamer 
content of the tissues from the vitamin B6-depleted rats was lower than that of the 
pair-fed and ad libitum controls; (b ) highest levels of the tctal vitamer content were 
observed in the heart and muscle of the ad libitum controls; (c )  total vitamer content 
of liver, kidney and brain of the ad libitum controls was intermediate between that of 
the pair-fed and deficient group; (d ) similar total results were obtained when total 
vitamin B6 was determined without chromatographic separation; (e ) pyridoxine was 
noted in the lowest concentration in the rat tissues; ( f )  in all tissues except muscle, 
pyridoxamine was the vitamer found in highest concentrations, whereas pyridoxal was 
highest in muscle; (g ) the values for tissue transaminase activity and vitamin Be con
tent of liver and kidney of the pair-fed groups were higher than those for the ad libitum 
controls; and (h ) the vitamin Be content of the brain of the pair-fed groups was higher 
than that for the ad libitum controls, but no difference was observed in the transami
nase activity.

Various methods such as rat bioassay
( 1 ,2 ) ,  chemical ( 3 -6 ) ,  fluorometric 
(7 —9 ), microbiologic with yeast (1 0 ) and 
lactobacilli (11 , 12) and paper chroma
tography (1 3 -1 5 )  have been used to de
termine the concentration of vitamin Be. 
However, some of these methods have not 
been used as successfully with biologic 
tissues of animal origin. Bioassay is ex
tremely time-consuming and it is difficult 
to obtain reproducible results with these 
materials. Chemical procedures are not 
generally applicable owing to the presence 
of interfering substances in the tissues. At 
present, chromatographic separation tech
niques followed by microbiologic assay 
offer promise. The most recently reported 
analyses involve gas chromatography,3 but 
as yet this has been used only with pure 
samples. However, Toepfer and Lehman 
(16 , 17) have developed a method for the 
chromatographic separation of the 3 vita
mers followed by microbiologic assay of 
the individual eluates. They have used this 
procedure tc determine the vitamin B6 con
tent of various food products but primarily 
of plant origin (1 8 -2 0 ) . In the current
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study an attempt has been made to modify 
this procedure for use with animal tissues. 
Thus it was necessary to determine condi
tions for hydrolysis, the amount of hydrol
ysate to be chromatographed per volume 
of resin, and the volume of eluate to be 
collected. Correlation of the vitamin Be 
content of normal and vitamin B6-deficient 
tissues with tissue transaminase activity is 
also presented.

MATERIALS AND METHODS
1. Animals and diets. Three groups of 

five male weanling rats 4 each, were used 
in this experiment: vitamin B6-deficient, 
vitamin Be-adequate and a vitamin B6- 
adequate group which was pair-fed to the

R eceived  fo r  p u b lica tion  July 20, 1966.
1 This study w as a ided  by  P ub lic  H ealth  Service 

R esearch  grants no. AM -09540-01 and AM -03127 from  
the N ation a l Institute o f  A rthritis and  M etabolic 
D iseases.

2 Presented in  part at the m eetings o f  the Federa
tion  o f  A m erican  Societies fo r  E xperim enta l B iology, 
A tlantic City, 1966 (F ed eration  P roc., 25: 669, 1966).

3 Prosser, A. R-, and  A. J. Sheppard 1966 T he 
separation  o f  p yrid ox in e , p yrid oxa l and pyridoxam ine 
(v ita m in  B6 a n a logs ) by gas-liquid  ch rom atograph y. 
Federation  P roc., 25: 669 (a b s tra ct).

4 P urchased  from  Carw orth Inc., N ew  City, N ew  
York.
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deficient group. The following diet was fed 
for 32 days: (in per cent) glucose, 73; 
casein, 18; corn d ii,'4 ; Hegsted salt mix
ture, 4 (2 1 ) ;5 and cod liver oil, 1. The vita
mins added were: (a g /1 0 0  g of diet)
thiamine chloride, 400; riboflavin, 800; 
pyridoxine-HC1, 400; Ca pantothenate, 
2500; niacin, 4000; and choline chloride, 
100,000. The vitamin B6-deficient diet did 
not contain pyridoxine hydrochloride.

2. Vitamin Bs assay. Reagents, resin 
preparation and general procedures were 
used as described previously (1 7 ) except 
as modified below. Hydrolysis: Frozen tis
sue samples were homogenized in acid in 
the proportions of 1 g tissue to 200 ml 
acid. Either 0.055 n  or 0.44 n  HC1 was 
used. After five hours, or two hours, re
spectively, for each acid, of autoclaving at 
120°, the hydrolysate was cooled and the 
pH adjusted to 4.5. Five milliliters of 
pH 4.5 buffer were added to each sample 
and each was then made up to a volume 
equivalent to 250 ml for a 1-g sample.

Chromatography. Ten milliliters of 
prepared resin were placed on a thiamine 
chromatography colum n6 over a glass 
bead. This consisted of a column 160 mm  
long with a 2-mm bore capillary tube, an 
internal diameter of 11.5 mm and a reser
voir of 50 ml capacity. A volume of hydrol
ysate equivalent to 100 to 300 mg of tissue 
(depending upon the specific tissue) was 
added to the column. Fifty milliliters of 
each buffer (1 7 ) were used for elution. 
Forty milliliters of each eluate were col
lected, the pH was adjusted to 5.0 and the 
volume made up to 50 ml. The remaining 
10 ml were discarded. With each run 40 
ml of acid which had been treated as the 
samples described above, were placed on 
the column to serve as a blank. Also a 
standard mixture consisting of 0.08 ng 
each of pyridoxal, pyridoxine and pyridox- 
amine was hydrolyzed and separated on a 
column for recovery calculations.

Microbiologic assay. Duplicate tubes 
containing 0.5, 1 and 2 ml of the column 
eluates were prepared. Water was added 
to make a total volume of 9 ml in each tube 
and the tubes were autoclaved for 15 min
utes. One milliliter of prepared yeast basal 
medium was added to each tube. This con
sisted of a filter-sterilized vitamin-free 
yeast base 7 to which was added 0.5 ml of

a vitamin stock solution per 100 ml of 
10 X broth. The vitamin solution contained 
the following (in g /5 0 0  m l) : biotin 0.008, 
Ca pantothenate, 2.5; inositol, 25 ; thi
amine, 0 .250; and nicotinic acid, 2.5.

Standard solutions. Stock solutions of 
the vitamers were prepared according to 
the method of Toepfer and Lehman (1 7 )  
except that 0.055 n  HC1 was used. The fol
lowing amounts of the 3 vitamers were 
used to prepare standard curves (in mag) 
pyridoxal, pyridoxamine: 1.5, 3, 4, 5, 6, 9, 
12, 18; and pyridoxine: 1, 2, 3, 4, 6, 7, 12.

3. Total vitamin B6 assay. The proce
dure followed was that described above ex
cept that the hydrolyzed samples were 
pipetted directly without chromatographic 
separation. Because of the light sensitivity 
of vitamin B6 all assay procedures were 
carried out under the illumination of gold 
light.8

4. Transaminase activity. Glutamic- 
pyruvic transaminase assays were made 
according to the procedure of Wroblewski 
and Cabaud (2 2 ).

RESULTS

The concentration of acid used for hy
drolysis did not affect the liberation of the 
vitamin (table 1). However, increasing the 
time of hydrolysis resulted in more of 
the vitamin being released, and the great
est positive effect was observed in the pyri
doxal fraction. For all subsequent assay 
procedures samples were hydrolyzed in 
0.055 n  HC1 for 5 hours.

The most effective separation of the 
three vitamers was obtained with 100 mg 
of liver hydrolysate and 10 ml of resin as 
indicated in table 2. With larger amounts 
of resin the poor separation may have re
sulted from the use of an insufficient vol
ume of buffer solution for the elution. 
Similar values were obtained when both 
100 mg and 200 mg of hydrolysate were 
applied to the column. Therefore, 100 mg 
of fiver sample did not exceed the capacity 
of the resin. Similar experiments were re
peated with other tissues. The following 
weights of sample appeared optimal: kid
5 Purchased  from  N utrition al B ioch em ica ls  C orpora

tion , C leveland.6 Purchased  from  Kontes G lass C om pany, V in e lan d , 
N ew  Jersey.7 Purchased  fro m  D ifco  Laboratories, D etroit, M ich 
igan.8 Personal com m u n ica tion  from  E. W . T oepfer.
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ney, 100 mg; heart, 300 mg; brain, 300 
mg; and muscle 400 mg.

Recovery studies were made using mix
tures of 2, 4, and 8 ag of each pure vita
mer. These solutions were subjected to acid 
hydrolysis prior to chromatographic sepa
ration. As shown in table 3, the separation 
of the 3 vitamers became less efficient as 
the concentration increased. A concentra
tion of approximately 0.1 ag of the vitamer 
per 50 ml of eluate was equivalent to an 
average amount found in a tissue sample. 
With each assay a standard mixture con
sisting of 0 08 ag each of pure pyridoxal, 
pyridoxine and pyridoxamine was hydro
lyzed and chromatographically separated. 
This then served as a check on the separa
tion of the 3 vitamers as well as on the 
percentage recovery or efficiency of the 
assay.

Reproducible results were obtained 
when five individual aliquots of the same 
liver hydrolysate were assayed. These data 
are shown in table 4, for the 2 tissue sam
ples. In both instances there was close 
agreement between four out of five deter
minations of pyridoxal content. Very low 
amounts of pyridoxine were observed in 
liver with some slight variation, and the 
values for pyridoxamine were the most 
constant.

The growth curves for the three groups 
of rats that were used in the study of the 
relationship between vitamin B6 content 
and tissue transaminase activity are pre
sented in figure 1. The rate of growth of 
the pair-fed rats was somewhat greater 
than that for the deficient rats, but was 
markedly less than that for the ad-libitum 
control rats.

TABLE 1
Effect of acid concentration and time of hydrolysis on vitamin B6 

determination of liver tissue

C one o f  HC1 Tim e
V itam in B 6 con ten t

Pyridoxal P yridoxine P yridoxam ine

0 .0 5 5  N hours
2 1 . 0 0

fig vitamer/g tissue 
0 .3 3 2 . 0 0

0 .4 4  N 2 0 .9 5 0 .3 5 2 . 0 0
0 .0 5 5  N 5 2 . 2 0 0 .5 0 2 .5 5
0 .4 4  N 5 2 .6 5 0 .4 5 2 .4 5

TABLE 2
Effect of amount of hydrolysate and resin on vitamin Be determination of liver tissue

W t o f  
tissue

V oi o f  
resin Pyridoxal Pyridoxine P yridoxam ine

mg ml fig vitamer/g tissue
1 0 0 1 0 1 .6 0 0 .4 5 2 .9 0
1 0 0 2 0 1 . 0 0 0 .6 0 1 .25
1 0 0 3 0 0 .0 3 1 .60 1.50
2 0 0 1 0 1 .82 0 .5 5 2 .9 5
2 0 0 2 0 0 . 0 2 2 .3 0 1 .75

TABLE 3
Recovery studies of pure vitamers

Am t o f  
each 

added

A m ou nt o f  each  v itam er recovered  1
Pyri
doxal

R ecovery

Pyri- Pyri
d ox in e  doxam ineP yridoxal P yridox ine P yridoxam ine Total

ß 9 f i 9 U 9 H 9 ß 9 % % %
2 1 .7 9  ± 0 .0 9 2 .5 3  ± 0 .0 3 1 .6 9  ± 0 .0 6 6 .0 0  ± 0 .1 4 89 127 8 5
4 3 .5 0  ± 0 .1 9 4 .9 1  ± 0 .0 8 2 .3 5  ± 0 .1 9 1 0 .9 6  ± 0 .2 6 87 125 59
8 6 .3 2  ± 0 .6 9 6 .2 8  ± 0 .9 4 6 .7 5  ± 0 .5 2 1 9 .3 5  ± 0 .7 0 79 79 84

1 M ean o f  4 determ inations and s e  o f  m ean.
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Fig. 1 Growth curves for body weights of 
rats maintained with vitamin Bo-deficient diets, 
vitamin Bo-adequate diets, and vitamin Be-ade- 
quate diets in which the rats were pair-fed to 
the deficient group.

The values for tissue vitamin B6 content 
which were obtained both with and with
out the chromatographic separation tech
nique are shown in table 5. Whether chro
matographed or not, it was clearly evident 
that there was less vitamin B6 in the vita
min Bo-deficient tissues. Considering total 
vitamin Bo, in which the forms were chro
matographed, the highest levels were in the 
heart and muscle of the ad libitum con
trols. For the same analysis in liver, kid
ney and brain the vitamin Be content of 
the ad libitum controls was intermediate 
between that of the pair-fed and the defi
cient group.

Very little pyridoxine was present in 
these tissues, the highest values being 
noted in the liver, brain and muscle of the 
ad libitum controls and in the muscle and

TABLE 4

Multiple determinations on 2  liver samples 1

Sam ple P yridoxa l P yridox ine P yridoxam ine Total

1 4 .0 5  ± 0 .3 8
tig vitamer/g liver 

0 .3 4  ± 0 . 0 8 2 .8 7  ±  0 .0 9
ligi g liver 

7 .2 6  ± 0 .3 7

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

1 M ean o f  5 determ inations and se o f  m ean.

TABLE 5

Vitamin B6 content of rat tissues 1

Chromatographed Unchromatographed
Tissue Group ------ -------------------------------------------------------------------------------------  --------------------------------

Pyridoxine Pyridoxal Pyridoxamine Total Total

Liver vitamin B6-
lig vitamer/g tissue tig/g tissue

deficient 0.06 ±0.06 0.90 ±0.20 2.26 ±0.38 3.22 3.62 ±0.70
pair-fed 0.05±0.02 4.04 = 0.35** 6.31 ±0.52** 10.40 7.60 ±0.46**
ad lib.-fed

( controls) 0.24 ±0.09 3.67 ±  0.34** 4.76±0.39** 8.67 5.20 ±0.80
Kidney deficient 0.13 ±0.04 0.15 ±  0.03 1.23 ±0.22 1.51 1.52± 0.21

pair-fed 0.08 ±0.01 2.64 =  0.12** 6.16± 1.2* 8.88 6.64 ±0.56**
ad lib.-fed 0.05 ±0.02 2.28 =  0.18** 4.03±0.70** 6.36 5.80±0.29**

Brain deficient 0.09 ±0.01 0.65 ±0.04 1.25 ±0.08 1.99
pair-fed 0.28 ±0.02** 1.92±0.08** 2.26 ±0.06** 4.46
ad lib.-fed 0.23 ±0.04* 1.28±0.14** 1.96 ±  0.16** 3.47

Muscle deficient 0.10±0.01 0.85 ±0.06 0.54 ±0.01 1.40 1.02± 0.12
pair-fed 0.19 ±  0.03* 2.71 ±0.33** 1.09 ±  0.05** 3.99 3.79 ±0.43**
ad lib.-fed 0.24±0.02** 3.08 ±  0.12** 1.21 ±0.06** 4.53 4.37 ±  0.09**

Heart deficient 0.01 ±0.01 0.40 ±0.01 1.26 ±  0.11 1.67 1.47 ±  0.05
pair-fed 0.01 ±0.01 0.92±0.10** 2.02 ±0.26 2.95 2.80±0.31**ad lib.-fed 0.02 ±0.02 0.92 ±0.04** 2.44 ±0.12** 3.38 2.36±0.18**

1 M ean o f  5 rats and s e  o f  m ean .
** S ign ificantly  d ifferent fro m  the deficient m ean , P <  0.01. 

* S ign ificantly  different from  the deficient m ean , P <  0.05.
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brain of the pair-fed group. In all of the 
tissues except muscle, pyridoxamine was 
the vitamer observed in the highest con
centrations, whereas pyridoxal was the 
highest in muscle. Also the amount of 
pyridoxal and pyridoxamine was much 
greater in both control groups than in the 
vitamin B6-deficient group in all tissues. 
Total vitamin B6 content without chroma
tography was determined in all tissues ex
cept brain. Again in all cases, the concen
tration of vitamin B6 in the pair-fed and 
ad libitum group was much higher than in 
the deficient group. However, liver and 
kidney values for the pair-fed group were 
higher than for the ad libitum control 
group. In the heart, the values were only 
slightly higher. This effect was also ob
served by Beaton and McHenry (2 3 ) in 
1953.

Additional studies involved the determi
nation of glutamic pyruvic transaminase 
activity in these tissues (table 6 ) as this 
enzyme is more sensitive to a vitamin Be 
deficiency than glutamic-oxalacetic trans
aminase (24—2 6 ). The increased trans
aminase activity which was observed in 
the pair-fed group was significantly differ
ent from the activity in the deficient tissues 
( P < 0 .0 1 ) .  However, this also held true 
for the ad libitum controls except for the 
value in the kidney which was not sig
nificantly higher.

A tissue often used for the evaluation of 
vitamin B6 status in man and rats is the 
erythrocyte (25, 26 ). In this study eryth
rocyte transaminase activity was similar 
in the pair-fed and ad libitum controls but 
markedly depressed in the deficient eryth
rocytes (table 6 ) and as previously re
ported (2 7 ) . Evidently the erythrocyte of 
the pair-fed animal retained sufficient vita

min Be to maintain normal transaminase 
activity. Although transaminase activity in 
the plasma of pair-fed animals was some
what less than in ad libitum controls, it 
was certainly more active than in the de
ficient plasma.

The increased transaminase activity in 
the livers and kidneys of pair-fed rats over 
that of the ad libitum controls is consid
ered a real one, and may be explained as 
an adaptation of the liver and kidney en
zymes to the stimulus of a semifasting 
state as a physiologic stress. The response 
of the liver transaminase enzyme and that 
of intestinal mucosa at least, to this kind 
of stress was first demonstrated by Brin 
et al. (2 8 ) and has been confirmed by 
many others (2 9 ).

A comparison of the tissue transaminase 
activity and the total vitamin B6 content 
of liver and kidney showed that in both 
cases the values for the pair-fed group 
were higher than those for the ad libitum 
controls. This was also true for the vita
min Be content of the brains of these re
spective rats, although no differences were 
observed in the transaminase activity in 
this tissue.

DISCUSSION
The choice of appropriate acid concen

tration, length of time of autoclaving and 
other conditions of vitamin Be assay were 
determined empirically in this study. It 
was shown that the recovery of larger 
samples was often interfered with, pos
sibly due to a competition between the free 
amino acids and the vitamin Be for the 
resin surface. Therefore, it is important 
not to exceed the resin capacity. The re
covery studies also indicated that separa
tion of the 3 vitamers was not absolutely

TABLE 6
Glutamic pyruvic transaminase activity 1

Tissue D eficient Pair-fed Ad lib itum  
controls

Liver
mg pyruvic acid/g/hour 

67 ±8.3 198 ±23.1** 112 ±  9.2**
Kidnev 6.5± 0.6 10.3 ±  0.4** 7.5 ±  0.5
Brain 3.7± 0.3 6.5±  0.4** 6.6± 0.4**
Plasma 44 ±4.1 2 151 ±10.7** 203 ±19.5**
Red blood cells 72 ± 3 .7 2 343 ±  4.1** 333 ±15.6**

1 M ean o f  5 rats and s e  o f  m ean.
2 /¿g p yru v ic a c id /m l/h o u r .
** S ign ificantly  d ifferent fro m  the deficient m ean . P <  0.01.
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complete. The high recovery values for 
pyridoxine are probably the result of con
tamination with pyridoxal and pyridoxa- 
mine as a result of suboptimal elution. 
Much information can be obtained with 
this assay, nevertheless.

Pyridoxine was the vitamer observed in 
lowest concentrations in all of the rat tis
sues. In animal systems, pyridoxal and 
pyridoxamine are used in enzyme reac
tions and thus pyridoxine would be 
converted to these 2 vitamer forms.

The transaminase activity and the 
vitamin Bs content of the livers and the 
kidneys of the pair-fed controls was higher 
than that of the ad libitum controls. Other 
liver enzymes have been shown to undergo 
adaptation to fasting (3 0 ) . The increase 
in vitamin B6 content along with that of 
transaminase activity in the pair-fed group 
could perhaps reflect the cellular need for 
the coenzyme form.

In the vitamin B6-depleted rats the vita
min Be content of all vitamers decreased 
except for pyridoxine in the liver and 
kidney.

In most tissues, except muscle, pyridox
amine was present in higher amounts than 
pyridoxal. In the deficiency state the ratio 
of pyridoxamine to pyridoxal was even 
greater as the pyridoxamine was preserved 
in the cell. In muscle however, the pyri
doxal content was higher than the pyridox
amine content and the reverse was true in 
the deficiency state. This may have been 
due to the fact that pyridoxal phosphate 
was attached to the phosphorylase enzyme 
which is found in large amounts in muscle 
and that this may be a storage form of the 
vitamin in this tissue (3 1 ) .
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Organ Weights and Water Levels of the Rat 
following Reduced Food Intake 1,2

J. M. PETERS3 and ELDON M. BOYD 
Department of Pharmacology, Queen’s University, 
Kingston, Ontario, Canada

ABSTRACT The effect of anorexia on the weights and water levels of body organs 
was determined. Ninety-two adult female albino rats of a Wistar strain were divided 
into groups which were subjected to various daily restrictions of food intake that 
resulted in a loss of body weight up to 40% at the end of 2 weeks when they were 
killed and autopsied. At autopsy the wet weight and water content of the following 
organs were measured: adrenal glands, brain, cardiac stomach, pyloric stomach,
small bowel, cecum, colon, heart, kidneys, liver, lungs, muscle, ovaries, skin, spleen, 
salivary glands, thymus gland and residual carcass. Up to 20% loss of body weight, 
the effects of starvation were of a minor nature. At 30 to 40%, gastric ulcers and a 
stress reaction appeared, and most organs had lost considerable dry weight and gained 
water; but only brain showed no changes in weight.

Reduced food intake and body weight 
loss are common observations in toxicity 
studies (1 ) . Loss of organ weight and 
changes in water content have been used 
as criteria in the assessment of drug tox
icity in animals (2 ) . The latter changes 
may, in turn, result from reduced food in
take. Published reports on inanition from 
reduced food intake have been mainly 
concerned with biochemical and histologi
cal parameters (3 , 4 ) . The present report 
describes the effect of restricted food in
take on the weight and water content of 
various organs of albino rats.

MATERIALS AND METHODS
General design. Groups of adult female 

albino rats of a Wistar strain bred in the 
animal quarters of this department were 
subjected to varying degrees of restricted 
food intake for a pexiod of 14 days. This 
was accomplished by restricting the allow
ance of powdered laboratory ration4 to 
amounts ranging between 2 and 9 g/rat. 
When more than 9 g ration/day were 
offered it was not always eaten. Controls 
were fed ad libitum. All animals were 
housed separately in metabolism cages 
with free access to water.

Animals. The first group of starvation 
experiments, comprising 23 rats of initial 
weight 196 ±  12 g (mean ±  s d )  and 9 
controls (197  ±  17 g ), was performed in 
the winter. The range of food restriction

was expanded in 50 animals (195  ±  12 g) 
starved during the following summer and 
10 rats (193  ±  10 g) served as controls. 
At this body weight, growth rate is 
slow. This facilitated comparison between 
starved and control animals. Numbers of 
animals and daily allowances of food are 
summarized in table 1.

Autopsy. The rats were killed with 
chloroform and autopsied after 14 days of 
reduced food intake. Animals that died 
before 14 days were autopsied immedi
ately.

The organs removed and weighed 5 are 
listed in table 2. The contents of the gas
trointestinal tract were removed by wash
ing and milking before weighing. The or
gans were dried to constant weight in a 
forced-draft Isotemp oven6 at 96°. Suit
able aliquots were taken from skin and 
residual homogenized carcass. Gross pa
thology was recorded. * 1
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2 Presented in  part at the annu al m eeting o f  the 

Society o f  T ox ico log y , W illiam sburg , V irg in ia , 1965.
3 F ellow , M ed ica l R esearch  C ou n cil o f  Canada.
4 P urina L aboratory C how  C heckers, R alston  P urin a  

C om pany, L im ited , W ood stock , O ntario, C anada.
5 Organs w ere w eighed  to 0.1 m g  on  a 1 -911x3  

M ettler B alance , Sem i-M icro G ram -atic, excep t fo r  
skin and residual carcass w h ich  w ere w eighed  on  a 
P recision  B alance , M ettler K -5 T . T he ba lances w ere 
supplied  by  Fisher S cientific C om pany, L im ited , 
T oronto, Canada.
6 F isher Scientific C om pany, L im ited , T oron to , 

O ntario, Canada.
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TABLE 1
Daily food intake, numbers of animals and loss of weight of summer and winter groups

Sum m er W inter

D aily 
a llow an ce  

o f  fo o d
N o. o f  

an im als  1
C hange in 
body w t 2

D aily  
a llow an ce 

c f  fo o d
N o. o f  C hange in  

anim als 1 body w t 2

9 % 9 %
2 6(1) — 37.1±3.3 — — —
2.5 6(3) -35 .5 — — —
3 8 — 32.7±4.9 — — —
4 6(2) -34 .9 4 9 (1 )  —36.5 ±2.3
5 8 -1 9 .6  ±2.3 6 6 -2 5 .4  ±2.7
7 8 —16.2±3.7
9 8 -  9.9 ±3.2 8 8 —16.4 ±4.7

a d  lib itu m 10 +  1.0 ±  2.1 ad  l ib itu m 9 +  1.2 ±2.8
1 N u m ber o f  deaths in  parentheses.2 M easured as percen tage o f  in itia l body w eight and expressed  as m ean  ± SD.

TABLE 2
Weights and water levels of organs in the summer control group fed ad libitum

O rgan or tissue W e ig h t1 W ater level 2
% %

A d r e n a l  g la n d s 0.0263 ±0.0021 3 71.73± 1.51
B ra in 0.926 ±0.066 78.18 ±0.23
G a s tr o in te s t in a l tra c t

C a r d ia c  s to m a c h 0.132 ±0.012 76.34 ±0.39
P y lo r ic  s to m a c h 0.390 ±0.034 76.57 ±0.53
S m a ll b o w e l 0.990 ±0.082 79.94 ±1.03
C e c u m 0.323 ±0.041 78.79 ±0.81
C o lo n 0.536 ±0.044 79.30 ±0.51

H e a rt 0.345 ±0.013 77.09 ±0.50
K id n e y s 0.777 ±0.052 77.41 ±0.21
L iv e r 4.281 ±0.364 71.09 ±  0.61
L u n g s 0.655 ±0.182 78.92±0.55
M u s c le  (a b d o m . w a l l ) 1.311 ±0.214 74.56± 1.09
O v a rie s 0.0285 ±0.0046 78.04 ±0.77
S k in 19.99 ±1.01 64.27 ±2.04
S p le e n 0.359 ±0.080 76.53 ±0.32
S u b m a x il la r y  g la n d s 0.136 ±0.013 75.10 ±0.76
T h y m u s  g la n d 0.0914 ±0.0141 78.12 ±  1.03
R e s id u a l  c a r c a s s 53.34 ±1.46 66.99 ±1.34

1 M easured as % o f  autopsy body w eight.
2 M easured as % w et w eight.
3 M ean ±  s d .

Statistical analysis. Results for winter 
and summer groups were computer- 
analyzed 7 separately. Organ weight was 
expressed as percentage of autopsy body 
weight and water content as percentage 
of organ wet weight. These variables were 
correlated with percentage loss of initial 
body weight as linear, hyperbolic, para
bolic, semi- and double-logarithmic regres
sions. Standard errors, correlation coeffi
cients and the t values were calculated. 
Results in animals that died before 14 
days were compared with those in a group 
of starved survivors that had lost an equiv
alent percentage of initial body weight.

RESULTS
The number of deaths and mean weight 

losses are summarized in table 1. Animals 
fed an equivalent amount of food tended 
to lose more weight during the winter than 
during the summer.

Organ weights. Data for organ weights 
and water content of the summer control 
group are summarized in table 2. Changes 
in the relative weights of organs in the 
summer-starved groups are illustrated in 
figures 1, 2, and 3. Organs which resisted 
the effect of starvation and actually lost

3 IBM  1620 II D igit Com puter.
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no weight were adrenal glands, brain, and 
the pyloric part of the stomach. Their 
weight thus became a greater percentage 
of autopsy body weight as the degree of 
starvation increased as shown in figures 
1, 2, and 3. Ulcers were observed in pyloric 
stomach when body weight loss exceeded 
3 0 % .

The thymus gland, spleen and the liver 
lost weight at a rate faster than loss of 
body weight. Loss of weight in the remain
ing organs was approximately the same as 
that in body weight with minor differences 
shown in figures 1, 2, and 3.

Fig. 1 Percentage change from controls (fed 
ad libitum) in the weight (calculated as % of 
autopsy body weight) of adrenal glands (1), heart 
(2 ), ovaries (3 ), spleen (4 ) and thymus (5 ) of 
rats starved during a summer season. Correla
tion coefficients for the original calculations of 
organ weight (as % of body weight, and before 
expressing weight as % change from controls) 
were, respectively, 0.80, 0.57, 0.35, 0.62 and 0.77, 
and were significantly different from zero cor
relation at P — 0.05 or less.

Results obtained during the winter were 
similar to those in the summer except in 
the case of heart. During the winter 
the relative weight of the heart increased 
significantly at higher degrees of starva
tion.

Loss of body weight of rats that died 
between the tenth and fourteenth days of 
starvation during the summer amounted 
to 30 to 40%  of initial weight, and 
changes in organ weights compared with 
those in a group of 12 survivors starved to 
a similar degree are shown in table 3. The 
adrenal glands, cardiac stomach, heart 
and kidneys had lost significantly less 
weight and the pyloric stomach, liver, 
spleen and salivary glands significantly 
more weight than had the comparison 
group which survived.

Organ water content. Changes in or
gan water content are shown in figures 
4, 5, and 6. In most organs, water levels 
increased at higher degrees of starvation.

%  LOSS of INITIAL BODY WEIGHT

Fig. 2 Percentage change from controls (fed 
ad libitum) in the weight (calculated as % of 
autopsy body weight) of pyloric part of stomach 
(1 ), submaxillary salivary glands (2 ), cecum 
(3 ), colon (4 ) and liver (5 ) of rats starved dur
ing a summer season. Correlation coefficients for 
the original calculations of organ weight (as % 
of body weight, and before expressing weight as 
% change from controls) were, respectively, 
0.59, 0.74, 0.49, 0.35 and 0.65 and were signifi
cantly different from zero correlation at P — 0.05 
or less.
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The increase sometimes followed an ini
tial drying of the organ at lower levels of 
starvation, e.g., in ovaries, salivary glands, 
colon, heart and kidneys.

The results of the winter group were 
similar to those for the summer group ex
cept in the case of the adrenal glands. 
Water content of this organ was signifi
cantly lower in the winter controls than 
in the summer control animals, and in-

Fig. 3 Percentage change from controls (fed 
ad libitum) in the weight (calculated as % au
topsy body weight) of brain (1 ), residual carcass 
(2 ), skin (3 ) and left abdominal muscle wall 
(4 ) of rats starved during a summer season. 
Correlation coefficients for the original calcula
tions of organ weight (as % of body weight, and 
before expressing weight as % change from con
trols) were, respectively, 0.89, 0.43, 0.54 and 0.60 
and were significantly different from zero cor
relation at P =  0.05 or less.

%  LOSS of INITIAL BODY WEIGHT

Figure 3

TABLE 3
Shifts in the weight and water level of organs and tissues of rats that died before 14 days 

compared with those of 12 survivors with similar loss of body weight

Organ or tissue
Weight1.2 Water 2>3

Gain Loss Gain Loss
% % % %

Adrenal glands +  42.2** +  1.54*
Brain +  3.3 +  0.63**
Gastrointestinal tract 

Cardiac stomach +  7.3* -0 .3 5
Pyloric stomach -31.7** -2 .77**
Small bowel +  0.1 +  0.91
Cecum +  12.1 +  5.53**
Colon +  3.3 + 2.68**

Heart +  12.1** +  2.75**

Kidneys +  11.2** +  3.03**

Liver -24.5** +  2.23**

Lungs +  0.5 -0 .59

Muscle (abdom. wall) -  9.5 + 1.68**

Ovaries -1 0 .6 -0 .31
Skin +  0.4 +  2.03**

Spleen -44.8** +  1.84**

Submaxillary glands — 21.0** +  2.25**

Thymus gland -1 8 .0 +  3.77**

Residual carcass +  0.7 +  2.68**
1 Shifts are expressed as m ean  % ch an ge  from  survivors. T he w eight o f  organs is  m easured 

as % o f  autopsy b od y  w eight.
2 M eans fo r  an im als w h ich  d ied  that d iffered  at P =  0.05 to 0.01 fro m  corresp on din g m eans fo r  

survivors are in d ica ted  by on e  asterisk, at 0.01 by 2 asterisks.
3 Shifts are expressed  as m ean  % ch an ge from  survivors. T he w ater level o f  organs is m easured 

as % w et w eight.
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Fig. 4 Percentage change from controls (fed 
ad libitum) in water content (calculated as % 
of wet weight) of liver (1 ), adrenal glands (2 ), 
heart (3 ), kidneys (4 ), ovaries (5 ) and spleen 
(6 ) of rats starved during a summer season. Cor
relation coefficients for the original calculations 
of water content (before expressing it as % 
change from controls) were, respectively, 0.74, 
0.81, 0.66, 0.48, 0.41 and 0.73 and were signifi
cantly different from zero correlation at P =  0.05 
or less.

crease in the starved animals occurred at 
lower levels of starvation than during the 
summer.

Most organs of animals that died before 
the fourteenth day during the summer had

%  LOSS of INITIAL BODY WEIGHT
Fig. 5 Percentage change from controls (fed 

ad libitum) in water content (calculated as % 
of wet weight) of pyloric (1 ) and cardiac (2 ) 
parts of stomach, small bowel (3 ), cecum (4 ), 
colon (5 ) and submaxillary salivary glands (6 ) 
of rats starved during a summer season. Corre
lation coefficients for the original calculations of 
water content (before expressing it as % change 
from controls) were, respectively, 0.76, 0.60, 0.75, 
0.72, 0.31 and 0.59 and were significantly differ
ent from zero correlation at P =  0.05 or less.

a marked increase in water content as 
shown in table 3.

DISCUSSION
It has been demonstrated in this project 

that as the degree of starvation and loss of 
body weight increases, most body organs
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Fig. 6 Percentage change from controls (fed 
ad libitum) in water content (calculated as % 
of wet weight) of left abdominal muscle wall 
(1 ), residual carcass (2 ), skin (3 ), brain (4 ), 
and lungs (5 ) of rats starved during a summer 
season. Correlation coefficients for the original 
calculations of water content (before expressing 
it as % change from controls) were, respectively, 
0.83, 0.42, 0.35, 0.53, and 0.45 and were signifi
cantly different from zero correlation at P =  0.05 
or less.

lose fresh wet weight and gain water. A  
gain in water content under comparable 
conditions has been reported previously in 
the adrenal glands (5 )  and muscle (6 )  
but not in liver (7 ) . In the present work, 
liver water content was significantly in
creased in rats that survived 14 days of 
marked reduction in food intake (fig. 4 )  
and the hydration was even greater in 
animals that died before the fourteenth 
day (table 3 ). The hydration of inanition 
has been found to be associated with hy
dropic degeneration in the adrenal glands
(5 )  and with a relative increase in con
nective tissue of muscle (6 ) .

The average water content of the organs 
in unstarved controls listed in table 2 is 
75.5%  wet weight or 308 g of water/100 g 
dry weight of tissue. At 40%  loss of initial 
body weight, the average gain in water 
content of organs shown in figures 3 and 4

was 2 .6 % . This latter represents an aver
age water content of 77.5%  wet weight or 
344 g of water/100 g dry weight, an in
crease of some 12% over the average in 
the controls. Thus an average loss of 40%  
in wet weight is equivalent to an average 
loss of 45%  in dry weight. On the average, 
therefore, there was a greater percentage 
loss of dry weight than of wet weight.

When organ weights were calculated as 
dry weight, the only organ which lost no 
dry weight (and gained no water —  see 
fig. 6 ) was brain. Brain has been reported 
previously to resist weight loss during 
starvation (4 )  and in the anorexia and 
weight loss which follow administration 
of lethal doses of many drugs (8 ) . There 
was a slight loss of dry weight in the ad
renal glands and both parts of the stomach 
and a considerable loss of dry weight in 
most other organs, especially in liver.

The appearance of ulcers in the pyloric 
stomach was probably associated with a 
stressor reaction. Loss of weight in the 
ovaries was probably accompanied by an- 
estrus which has been found to occur dur
ing malnutrition (9 ) . Beznak suggested 
(1 0 ) that loss of weight in the heart may 
be due to decreased functional demand. 
A similar relationship may exist for intes
tine, lungs, and kidneys.

Finally, it is emphasized that if admin
istration of toxic doses of a drug produces 
anorexia and loss of weight and hydration 
of organs as reported herein, the organ 
changes should be related to the anorexia 
and not necessarily to direct effects of the 
drug.
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Functional and Allometric Descriptions of the Liver 
and Small Intestine in Genetically Obese Mice * 1
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ABSTRACT To assess intestinal activity in mice with the hereditary obese hyper
glycemic syndrome, the small gut was studied by means of histochemistry, as well as 
the transport of 10-3 m  glucose and 5 X 10-6 m  L-methionine against a concentration 
gradient in vitro. In addition, the weight of the intestine was determined at nine and 
eleven weeks of age. There was no difference in the histochemical reactions of the gut 
between affected animals and their normal littermates. There was also no impairment 
of in vitro transport of the 2 nutrients. While the small gut of the obese animals 
weighed more than that of controls, the weight was correctly predicted by the allo
metric relationship on the basis of their increased body weight. The weight of the 
liver in the hereditary obese hyperglycemic mice was considerably greater than pre
dicted by the allometric relationship.

Mice with the hereditary obese hyper
glycemic syndrome have a number of 
metabolic errors (1 ) . In view of the 
marked obesity of these animals, as com
pared with normal littermates, we sought 
to determine whether intestinal function 
was within normal limits. Three ap
proaches were used in an effort to answer 
this question: histochemical observations 
of the intestinal mucosa, in vitro studies 
on transport against a concentration gra
dient, and comparison of the observed in
testinal weights with those predicted on 
the basis of the allometric relationship. 
Since the livers of the obese mice were 
observed to be quite large, the allometric 
equation was also applied to the liver 
weight as a function of body weight.

METHODS

The hereditary obese hyperglycemic 
mice and their normal littermates (males)

were obtained from the Jackson Labora
tories.® Mice were allowed food and water 
ad libitum and groups of four were killed 
by a blow on the head at weeks 9 and 11. 
The animals were weighed, the livers re
moved and weighed after blotting, and the 
small intestine was weighed after washing 
thoroughly with pH 7.4 Krebs-bicarbonate 
buffer, and blotting.

Everted intestinal sacs were prepared 
(2 )  (3 /m ou se). The sacs were filled with 
1 ml of buffer containing the compound 
under investigation, and incubated in 
5 ml of solution of identical composition. 
After gassing with 95%  0 2 +  5%  C 0 2, 
flasks containing the sacs and buffer were
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TA BLE  1
Comparison of transport of glucose and 'L-methionine in 9-week-old congenital hyperglycemic 

obese mice and their normal littermates; transport vs. concentration gradient

10-3 m  glucose 5  x 1 0 _  6 m  L - m e t h i o n i n e

C ontrol ( 1 2 )  1 Obese (1 2 ) C ontrol (1 1 )  Obese (1 1 )

serosal cone/mucosal cone 
3.25 ±  0.96 2 3.03 ±: 0.92

serosal cone/mucosal cone
3.93 ±  1.55 3.24 ±  1.18

P =  0.5 P >  0.2
1 N um ber o f  sacs is show n  in  parentheses.
2 V alues show n  are the fina l con cen tra tion  ratios ±  s d .

N u t r i t i o n ,  9 0 .  ’ 6 6
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stoppered and incubated at 37° for one 
hour. At the end of this period, sacs were 
drained and weighed. Mucosal and serosal 
fluids were centrifuged and aliquots re
moved for liquid scintillation counting. 
Materials used were 10-3 m  D-glucose-I4C 
and 5 X  1CT6 m  L-methionine-14C. Since 
the initial condition was the same concen
tration on both sides of the sacs, increased 
radioactivity within the sacs represented 
movement against a concentration gradi
ent. Results were expressed in terms of 
the final serosal concentration divided by 
the final mucosal concentration (the con
centration ratio).

Segments of proximal, mid and distal 
small intestine were removed immediately 
after killing the animals, and immersed in 
liquid nitrogen; storage was at —70°. His- 
tochemical reactions were carried out on 
cryostat sections cut 4 u thick. Assays for 
acid phosphatase, alkaline phosphatase, 
nonspecific esterase, NAD-diaphorase and 
NADP-diaphorase were performed as pre
viously described (3 ) . The localized inten
sities of the stains were evaluated without 
knowledge of whether the section was 
from a normal or obese mouse.

To compare organ weights in normal 
and hyperglycemic mice with their “pre
dicted weights,” the allometric relation
ship was used. The equation is of the 
form:

W = ABX ( I )
or log W =  X log B +  log A (2)
where W  is the weight of the organ, B is 
the body weight, and both A and X are con
stants descriptive of the organ’s growth. 
For the intestine (4 ) ,  we have noted that 
the exponent X is about 0.71; for the liver 
(5 ) ,  it is approximately 0.78 to 0.87. 
Using these values, the weights of the in
testine and liver of normal littermates of 
the obese mice were determined and used, 
in conjunction with their body weight, to 
calculate the parameter A. The equations 
were:

log L =  0.87 log B -  1.04 (3)
log I =  0.71 log B -  0.70 (4)

where L represents liver weight and I the 
intestinal weight. These equations were 
then applied to the obese mice.
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RESULTS
Table 1 compares the transport of glu

cose and L-methionine against a concen
tration gradient by the in vitro small in
testine of obese and normal mice. There 
was no statistical difference.

Table 2 summarizes information on the 
predicted and experimentally determined 
weights of the liver and small intestine in 
obese mice and their normal littermates. 
The weight of the liver in the obese mice 
was underestimated by 22%  at 9 weeks 
and 41%  at 11 weeks, whereas in the 
normal animals there was correct predic
tion of the liver weight.

The histochemical studies revealed no 
difference in either distribution or inten
sity of reaction, between the intestinal 
segments from obese and normal mice.

DISCUSSION
When expressed in terms of transport 

against a concentration gradient (using 
comparable intestinal weights), there was 
no difference between the normal and 
obese mice. The obese mice, however, have 
a larger intestine and hence might tend to 
absorb food materials more rapidly in vivo. 
The lack of specific difference between the 
intestine of normal mice and that of their 
obese counterparts was reinforced by the 
observation of identical histochemical re
actions.

Application of the allometric equations 
to the liver and small intestine revealed a 
marked difference between the normal and 
obese mice. The allometric equation that 
described the weight of the small intestine 
in normal mice also accuratley predicted 
the weight of the gut in obese mice. That 
is, although the weight of the small intes

tine in obese mice was greater than that 
of controls, it was no larger than predicted 
on the basis of the increased body weight 
of the obese mice. With the liver, how
ever, this was not the case. The allometric 
equation, which was descriptive of the 
weight of the liver in normal mice, grossly 
underestimated the hepatic weight in the 
obese animals. Hence, the obese mice have 
a liver that is disproportionately large, 
even for their increased body weight. As 
either a causative factor or result of the 
disease, the enlarged liver of the hyper
glycemic obese mice will likely serve as a 
useful starting point in obtaining data as 
to the nature of the disease. As data are 
accumulated on the extent and composi
tion of the deposited lipids, it might be 
possible to calculate a lean body (or lean 
organ) weight, and then apply the allo
metric equation. In such a manner, growth 
of the lipid-free portion of the mice might 
be compared with that of the lipid com
ponents.
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Arginine-Lysine Antagonism in the Chick and Its
Relationship to Dietary Cations 1,2

ABSTRACT Broiler-strain chicks were reared to four weeks of age with semi- 
purified diets based on protein from casein (30% ), soybean (26% ) or sesame meal 
(30% ). A total of at least 2.4% arginine was required for maximal growth with the 
casein diet. When arginine was suboptimal, growth was stimulated by extra glycine, 
glutamic acid, leucine and creatine but not by ammonium acetate or citrate. Lysine 
depressed growth severely and this effect was largely counteracted in a competitive 
manner by arginine. In the presence of excess lysine, extra glycine and glutamic acid 
had no stimulating effect. Soybean protein supplemented with methionine supported 
a maximal growth rate, but addition of lysine depressed growth and produced gross 
symptoms of arginine deficiency. This effect was counteracted by a combination of 
arginine, glycine and potassium acetate. Potassium acetate supplementation of the 
casein diet produced a marked stimulation of growth rate with or without added 
lysine, but had no effect when added to the basal soybean protein diet. When added 
to a sesame meal diet deficient in lysine, potassium acetate appeared to depress 
growth. Excess arginine also depressed growth when lysine was limiting and potas
sium acetate was included, but not when lysine was adequate. The results suggest a 
metabolic antagonism between arginine and lysine.

Various explanations have been offered 
for the exceptionally high arginine re
quirement of the growing chicken fed 
casein as the chief source of amino acids 
and it appears likely that more than one 
mechanism is involved. Klose et al. (1 )  
were the first to suggest that the arginine 
of casein is unavailable and more recent 
work tends to confirm this explanation if 
the term availability includes the concept 
of utilization of absorbed nutrients. By 
use of balance studies, O’Dell et al. (2 )  
showed that casein nitrogen is readily di
gested and absorbed by the chick. The 
arginine requirement of chicks fed 20%  
protein diets is about 1.7% when the 
casein is the source of amino acids and 
about 1.1%  wThen the protein is supplied 
by corn and soybean meal (3 , 4 ) . This 
difference has led to the suggestion that 
natural products contain unrecognized 
factors that enhance arginine utilization
(4 ) . Chicks fed diets containing 35%  of 
casein required a total of 2 .2%  arginine 
to attain a maximal rate of gain (5 ) . The 
requirement for arginine can be spared by 
glycine, creatine, creatinine and guanido- 
acetic acid (5 , 6 ) , but the use of the term 
“spared” has been questioned by Water

house and Scott (7 )  who reported that the 
favorable effect of glycine is independent 
of the arginine concentration in the diet. 
There is a wide variation in the growth 
rates of chicks fed a suboptimal level of 
arginine, and recent work (8 )  has shown 
an inverse relationship between kidney 
arginase and the growth rate of chicks fed 
a suboptimal level of arginine.

Anderson and Dobson (9 )  have sug
gested that the amino acid composition of 
the diet is responsible for the higher argi
nine requirement when casein is the 
source of protein. They proposed that the 
excess of total essential amino acids (less 
arginine and glycine) found in casein is 
responsible. The addition of nonessential 
amino acids such as glutamic acid, cys
tine, aspartic acid and alanine or non
protein nitrogen such as diammonium 
citrate increased the growth rate. Lysine 
depressed the rate of gain, but this was 
largely overcome by arginine supplemen
tation. Fisher et al. (1 0 ) have also sug- * 1 2

R eceived  fo r  p u b lica tion  A ugust 15, 1966.
1 C ontribution  fro m  the M issouri A gricu ltu ra l E x 

perim ent Station. A pproved  by  the D irector as Journ al 
Series n o . 2870. Supported in  part by a G rant-in-A id  
from  the M onsanto C om pany, St. Louis.2 A  prelim in ary  report has been  presented : F edera
tion  P roc., 21: 8, 1962.

3 6 4 J. N u t r it io n , 9 0 : ’ 66
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gested that the amino acid composition of 
casein accounts for the high arginine re
quirement. Maddy et al.3 observed that 
various amino acids, including glycine, 
serine, glutamic acid and aspartic acid, 
improved the growth rate of chicks fed a 
casein basal diet. Leucine, an essential 
amino acid, stimulated growth, whereas 
lysine and tyrosine depressed it. Snet- 
singer and Scott (1 1 ) reported a growth 
depression when excess lysine was added 
to soybean and sesame meal diets. The 
deleterious effect was largely overcome by 
a combination of arginine and glycine. 
Jones (1 2 ) observed that the addition of 
lysine-HC1 to a casein-gelatin diet caused 
growth depression which was counter
acted by arginine supplementation and 
suggested that excess lysine induces an 
arginine deficiency. If arginine and lysine 
are metabolically competitive, it should 
also be possible to induce a lysine de
ficiency by feeding an excess of arginine.

The results of Nesheim et al. (1 3 ) in
dicate the importance of the proper cation- 
anion balance for support of maximal 
growth rate in chicks. Unpublished data 
from this laboratory show that an excess 
of cations is beneficial when a high level 
of casein is fed. Potassium and sodium 
supplements in the form of acetates, cit
rates and carbonates stimulated growth, 
whereas the chlorides were ineffective.

The effects of supplementing diets 
based on casein, soybean protein and 
sesame meal with an excess of various 
amino acids are reported here. The results 
suggest a competitive lysine-arginine an
tagonism and a physiological interaction 
between amino acids and the cation level 
of the diet.

EXPERIMENTAL
Groups of ten male Vantress X White 

Rock chicks were maintained from hatch
ing to four weeks of age in electrically 
heated battery brooders. The dietary treat
ments were repeated at different times to 
give the numbers shown in the tables. 
Feed and water were supplied ad libitum 
and weights were recorded weekly.

The composition of the basal diets is 
shown in table l .4 Proteins of widely dif
ferent amino acid compositions were used. 
Soybean protein, when supplemented with

TABLE 1
Composition of basal diets

Casein
(A)

Soybean
protein

(B)
Sesame
meal
(C)

% % %
Casein (water-washed) 35.0 — —
Soybean protein 1 — 30.0 —
Sesame meal2 — — 58.0
DL-Methionine 0.5 0.8 —
Glycine 1.5 1.0 —
Glucose hydrate 46.8 52.0 28.8
Salts N 3 6.0 6.0 6.0
Soybean oil 10.0 10.0 7.0
Choline-Cl 0.2 0.2 0.2
Vitamin supplement 4 + + +

Calculated composition
Crude nrotein 30 26 30
Arginine 1.2 1.8 2.4
Lysine 2.5 1.7 0.8

1 T he soybean  protein  w as P rom ine R  supplied  by 
C entral Soya Inc., C hicago.

2 T he sesam e m eal, donated  by  John  K raft Sesam e 
C orporation , Paris, T exas, con ta ined  about 52%  crude 
protein . 6 %  fa t, and 9%  ash.

3 Salts N  (1 4 )  supplied  as percen tage o f  the d iet: 
C aH P 04, 2 .84 ; CaCOa, 1.00; N a 2H P 0 4, 0.7; N aC l, 0.4; 
KC1, 0 .7 ; M g S 0 4, 0 .3 ; Fe citrate, 0 .02 ; M n S 0 4 H20 , 
0 .025; KIO 3 , 0 .001; ZnCOs, 0 .013; and C uS 04, 0.001.

4 T he v itam in  supplem ent supplied  per 100 g o f  
d iet: ( in  m g )  th iam ine HC1, 1; riboflav in , 1; pyri- 
d ox in e-H C l, 1; Ca pantothenate, 3 ; n ia cin , 5 ; inosito l, 
50; fo la c in , 0 .2 ; b iotin , 0 .04 ; cy an ocob a la m in , 0 .003; 
a -tocopheryl acetate, 2 .5 ; m enad ion e, 2 .5 ; and  ethoxy- 
qu in , 12.5; v itam in  A , 2,000 IU  and v ita m in  D , 
430 ICU.

methionine and glycine, is an excellent 
source of amino acids for the chick, where
as casein is deficient in arginine, and ses
ame meal protein is grossly deficient in 
lysine. These 3 proteins were compared 
with respect to their adequacy for the 
chick when supplemented with excesses 
of lysine, arginine and other selected 
nitrogen compounds. Lysine and arginine 
were added as the hydrochlorides and po
tassium as the acetate or chloride. All 
supplements were added in lieu of glucose.

RESULTS

Casein based diets. In agreement with 
earlier studies with casein diets (5 ) ,  2 .4%

3 M addy, K. H ., L. J. M ach lin  and R. S. G ordon 
1960 T he e ffect o f  excess  am in o acids on  the requ ire
m ent fo r  g lycine. P ou ltry Sci., 39: 1271 (a b s tra ct ) .4 T he authors gratefu lly  ack now ledge g ifts  o f  fo la 
c in  from  Lederle Laboratories, P earl R iver, N ew  Y ork ; 
b iotin  fro m  H offm an n-L aR oche, N utley, N ew  Jersey; 
v itam in  A  from  D istillation  P roducts, Inc., R ochester, 
N ew  Y ork ; vitam in  D from  D aw e’s Laboratories, C hi
ca g o ; and  other vitam ins from  M erck  and C om pany, 
R ahw ay, N ew  Jersey. E th oxyqu in  ( l,2 -dihydro-6- 
eth oxy -2 ,2 ,4 -trim ethy lqu in oline) w as donated by the 
M onsanto C om pany. L ysine HC1 w as generously d o 
nated by M erck  and  C om pany, and  argin ine HC1 by 
G eneral M ills, Inc., M inneapolis.
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TABLE 2
Value of various nitrogen compounds as supplements to a casein diet

Diet
no.

Supplem ents to basal diet A
No.

ch ick s
A vg  w t,1 
4  w eeksA rgin ine 

(a s  HC1) Other com pounds

Al 0.6
%

None 44
9

359 ± 17 2
A2 1.2 None 38 462+11
A3 2.0 None 36 494 + 12
A4 0.6 Glycine, 2.0 (3.5) 3 38 452 + 20
A5 0.6 Glycine, 3.5 (5.0) 29 412 + 20
A6 0.6 Glutamic acid, 4.0 39 426+18
A7 0.6 Leucine, 3.6 39 412 + 21
A8 0.6 Creatine-ILO, 1.0 25 448 + 20
A9 0.6 NH4 acetate, 2.1 33 368 + 19
AIO 0.6 NH; citrate, 3.0 35 301 + 18
A ll 0.6 Lysine-HC1, 2.0 35 228 + 11

1 The fo llo w in g  diets w ere statistically  greater than diet A1 as determ ined by the t test: A 2, 
P <  0 .001; A4, P <  0.001; A 5 ; P <  0.05 ; A 6, P <  0.01 ; A 7. P <  0.05; A 8, P <  0.005. A3 >  A2, 
P <  0.1 but >  0.05. A l l  <  A l ,  P <  0.001.

2 s e  o f  m e a n .
:: The total g lycine  supplem ent is show n in  parentheses.

TABLE 3
Counteraction of lysine toxicity by supplementation of a casein diet

D iet
no.

Supplem ents to diet A +  2% lysine-H C l 

^as*HCl ) Other com pou n ds
No.

ch ick s
A vg w t,1 
4 w eeks

% % 9
A12 0.6 None 30 217+11 2
A13 0.6 Glycine, 2.0 (3.5) 26 211 + 16
A14 0.6 Glycine, 3.5 (5.0) 29 213+16
A15 0.6 Glutamic acid, 4.0 30 192+10
A16 0.6 Leucine, 3.6 19 262+17
A17 0.6 Creatine-HaO, 1.0 25 286+19
A18 1.2 None 28 391 +  19
A19 2.0 None 28 464+12

1 T he fo llo w in g  diets w ere statistically  greater than diet A12 as determ ined by the t test: A17, 
P <  0 .005; A 18, P <  0.001; A19 >  A 18, P <  0.005. A 16 >  A12, P <  0.1 but >  0.05.

2 s e  o f  m e a n .

TABLE 4
Counteraction of lysine toxicity by supplementation of a soybean protein diet

Supplem ents to diet B

no. Lysine-H C l A rgin ine 
(a s  HC1) G lycine K

acetate
ch icks 4 weeks

% % % % 9
B — — — — 2 7 5 6 8  +  11 2
B1 — — — 2 .7 29 5 7 6 + 1 2
B 2 — 1 . 2 2 .0 ( 3 .0 ) 2 .7 2 9 5 7 9  +  9
B 3 4 .0 — — — 2 9 4 2 4  +  16
B 4 4 .0 — — 2 .7 3 0 4 6 6  +  15
B 5 4 .0 1 . 2 — 2 .7 2 5 5 0 0  +  17
B 6 4 .0 2 .4 — 2 .7 2 7 528  +  11
B 7 4 .0 — 2 .0 ( 3 .0 ) 2 .7 2 6 4 5 9  +  2 0
B 8 4 .0 1 . 2 2 .0 ( 3 .0 ) 2 .7 30 5 4 6  +  13
B 9 4 .0 1 . 2 2 .0 ( 3 .0 ) — 29 4 7 4  +  15

1 S tatistical treatm ent by the t test show ed the fo llo w in g  s ign ifican ce : diet B >  diet B3, P <  0 .001 ' 
B4 >  B3, P <  0.1 but >  0.05 ; B5 >  B3, P <  0 .005; B6 >  B4, P <  0 .005; B8 >  B4, P <  0 .001; 
B8 >  B5, P <  0.025; B8 >  B9, P <  0 .001; B >  B8, P >  0.1.

2 s e  o f  m e a n .
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of arginine supported near the maximal 
growth rate (table 2 ) . A diet that con
tained 0 .6%  of supplementary arginine, 
(A l , 1.8%  total arginine) was improved 
by extra glycine and also by supplemen
tary glutamic acid, leucine or creatine. 
Ammonia nitrogen was not beneficial and 
lysine was highly detrimental. In fact 
lysine accentuated the gross symptoms of 
arginine deficiency such as stilted gait and 
poor feathering.

In an attempt to counteract the toxicity 
of added lysine, various amino acid sup
plements were tested (table 3 ). In con
trast with their beneficial effect in the ab
sence of added lysine, glycine and glu
tamic acid were of no value and leucine 
was of questionable benefit. Creatine and 
arginine produced a marked growth re
sponse, but a total of more than 2 .4%  of 
arginine was required when lysine was 
added.

Since both lysine and arginine were 
added as the hydrochloride, it seemed pos
sible that a negative cation balance may 
have been created. Consequently 2 .7%  
potassium acetate was added to all diets

Fig. 1 Arginine-lysine antagonism as affected 
by potassium acetate supplementation of the 
casein basal diet. There were approximately 40 
chicks/group among those fed potassium acetate 
and data for those not receiving potassium ace
tate are the same as in tables 2 and 3. Sup
plements were: O-------O, none; • ---------# .
2% lysine-HCl; A--------A, 2.7% K acetate;
■ --------■ , 2.7 K acetate +  2% lysine-HCl. The
arginine level shown includes the 1.2% present 
in the basal diet.

and graded levels of arginine were sup
plied with and without added lysine. The 
results of these trials as well as those 
shown in table 3 are presented graphically 
in figure 1. The addition of potassium ace
tate improved the growth rate at all levels 
of arginine both with and without added 
lysine. That potassium acetate stimulation 
was as great in the absence of lysine-HCl 
as in its presence suggests that the effect 
was mediated by a mechanism not di
rectly related to the extra chloride. The 
depressing effect of lysine-HCl was not 
overcome by potassium acetate, but it was 
partially counteracted by arginine in a 
step-by-step manner suggesting competi
tive antagonism.

Soybean protein-based diets. Since ly
sine appeared to be antagonistic to argi
nine when added to a casein diet, it 
seemed worthwhile to test this effect in a 
diet with a better amino acid balance such 
as one based on soybean protein. The re
sults of trials dealing with this protein are 
shown in table 4. In contrast with the 
results with casein diets, the addition of 
potassium acetate to the basal soybean 
protein diet (diet B) did not improve the 
growth rate nor did the further addition 
of arginine and glycine. The addition of 
4%  lysine-HCl (diet B3) significantly in
hibited growth and produced symptoms

TABLE 5
Lysine requirement of chicks fed a sesame meal 

diet supplemented with potassium acetate 
or potassium chloride

Dieu
no. Lysine 1 No.

chicks
Avg wt,2 4 weeks

% 9
Potassium acetate (2.7% )

Cl 0.2 29 297 ±12  3
C2 0.4 38 432 ±18
C3 0.6 29 579 ±26
C4 0.9 28 605 ±15
C5 1.4 40 615 ±  7

Potassium chloride (2.0% )
C6 0.2 27 369 ±  10
C7 0.4 37 504 ±13
C8 0.6 30 592 ±15
C9 0.9 30 557 ±16
CIO 1.4 40 583± 11
1 Fed as the hyd roch lorid e  and expressed as the

free base.
2 S tatistically d iet C6 >  

C2, P <  0 .005; C4 >  C9, 
0.025

3 s e  o f  m e a n .

diet C l,  P <  0.001; C7 >  
P <  0.05; C5 >  C10,P <
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TABLE 6
Counteraction of arginine excess by lysine supplementation of a sesame meal diet

Diet
no. Lysine 1 Arginine 1 No.

chicks
Avg wt,2 
4 weeks

% % 9
Potassium acetate (2.7% )

C2 0.4 — 38 432 ±18 3
C12 0.4 1.2 39 380 ±15
C5 1.4 — 40 615± 7
C13 1.4 1.2 38 603 ±11

Potassium chloride (2.0% )
C7 0.4 — 37 504 ±13
C14 0.4 1.2 39 507 ±12
CIO 1.4 — 40 583 ±11
CIS 1.4 1.2 39 560 ±17

1 Fed as the hydrochloride and expressed as the free base.
2 Statistically diet C2 > diet C12, P < 0.05.
3 s e  o f  m e a n .

typical of arginine deficiency. The further 
addition of potassium acetate alone (diet 
B4) did not improve growth significantly 
but both potassium acetate and arginine 
(diets B5 and B6) produced a highly sig
nificant growth response. However, the 
weights were less than that of the basal 
group. Glycine and potassium acetate 
(diet B7) were no better than potassium 
acetate alone, but a combination of argi
nine, glycine and potassium acetate (diet 
B8) supported a growth rate that was not 
significantly different from that of chicks 
fed the basal diet. Omission of potassium 
acetate (diet B9) from the combination 
resulted in a lower growth rate.

Sesame meal diets. An attempt was 
made to induce lysine deficiency by add
ing an excess of arginine to diets based 
on sesame meal. It was first necessary to 
determine the approximate lysine require
ment under the experimental conditions. 
To one series of diets 2 .7%  potassium 
acetate was added and an equivalent 
amount of potassium chloride was added 
to the other series. The results obtained 
with graded levels of lysine are shown in 
table 5. Particularly striking was the dif
ference in growth rate between those fed 
potassium acetate and those fed potas
sium chloride when lysine was limiting.

At the lower levels of lysine, growth 
rate was more rapid in the presence of 
potassium chloride than in the presence 
of potassium acetate. However, with the 
higher levels of added lysine (0 .9  and

1.4% ) potassium acetate supported su
perior gains. Near maximal growth rate 
was achieved with 0 .6%  of supplemental 
lysine (calculated total 1 .4 % ) .

For the purpose of studying the effect 
of excess arginine a suboptimal level of 
lysine (1 .2 %  ) was chosen. The results of 
adding 1.2%  of arginine in the presence 
of potassium acetate and potassium chlo
ride are shown in table 6. This level of 
arginine depressed the growth rate of 
chicks fed potassium acetate but had no 
effect on those that consumed potassium 
chloride. When adequate lysine was fed, 
excess arginine had no effect.

D IS C U S S IO N

The results presented here are con
sonant with the concept presented by 
others (9 , 10) that the amino acid com
position of casein is largely responsible for 
the high arginine requirement of chicks 
fed this protein. However, it is not justi
fiable to attribute the effect to “essential 
amino acid” composition because certain 
essential amino acids, as for example leu
cine, improved growth whereas lysine had 
a depressing effect. The concept that gly
cine spares the requirement for arginine 
has been questioned (7 )  and clearly the 
relationship between glycine and arginine 
is complex. Nevertheless the addition of 
excess glycine to a casein diet, suboptimal 
in arginine, supported a rate of growth 
almost equal to that promoted by ade
quate arginine. Whether glycine spares
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arginine or vice versa is a moot question, 
but their growth-stimulating effects are 
not additive (5 ) . It seems probable that 
glycine and arginine serve the same or a 
similar function in nitrogen metabolism 
which is not related to protein synthesis. 
For example, arginine as well as glycine 
may be involved in uric acid biosynthesis 
(1 5 ) . However, in this respect, it is sig
nificant that in the presence of excess ly
sine, extra glycine was not beneficial, 
whereas arginine and creatine stimulated 
growth. Glutamic acid and leucine also 
stimulated growth in the absence of added 
lysine but not in its presence. The mech
anism by which the above amino acids 
stimulate growth in chicks fed casein 
diets is not clear. The lack of response to 
ammonia nitrogen suggests that they may 
have a function other than simply serving 
as a source of nitrogen.

Supplementation of both the casein and 
soybean protein diets with excess lysine 
so as to provide lysine-to-arginine ratios 
of 2 .2 :1  and 2 .6 :1 , respectively, caused 
severe growth depression and produced 
gross symptoms of arginine deficiency. 
The ratio of lysine to arginine in casein 
protein is about 2.0, whereas in soybean 
protein the ratio is about 1.0. The high 
lysine-to-arginine ratio in casein no doubt 
contributes to the increased arginine re
quirement of the chick fed this protein as 
the source of amino acids. Supplementa
tion of the casein basal diet with arginine 
to provide a ratio of 1.0 gave maximal 
growth but, when excess lysine was 
added, supplementation with arginine to 
provide a lysine-to-arginine ratio of 1.2 
did not quite support the maximal rate.

The effect of excess arginine in a low 
lysine diet (lysine/arginine =  0 .5 ) was 
not as dramatic as in the case of excess 
lysine, but in the presence of excess 
cations provided by potassium, growth 
was depressed by arginine (table 6 ). 
When the diet was adequate with respect 
to lysine, excess arginine was not detri
mental. That excess arginine produces a 
growth depression strengthens the evi
dence for a true metabolic antagonism 
between arginine and lysine.

The growth depression caused by add
ing excess lysine -HC1 to soybean protein 
was not entirely counteracted by arginine

alone. Both potassium acetate and glycine 
were required in addition to arginine. Snet- 
singer and Scott (1 1 ) observed that a com
bination of glycine and arginine overcame 
lysine depression in a soybean protein 
diet. Part of the function of potassium 
acetate may be to balance the chloride 
ions added with the supplementary amino 
acids, but it appears to play another role 
which is not entirely clear. For example, 
it improved the casein diet regardless of 
whether lysine HC1 was added and the 
stimulation was not directly related to the 
amount of chloride ion present. However, 
potassium acetate was of no benefit when 
added to the basal soybean protein diet 
and tended to depress growth when added 
to the sesame meal diet.
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Effect of Various Mushroom Preparations on 
Cholesterol Levels in Rats 1

TAKASHI KANEDA a n d  SETSUKO TOKUDA
Department of Food Chemistry, Faculty of Agriculture, Tohoku University, 
Sendai, Japan

ABSTRACT To evaluate the effect of mushrooms on cholesterol metabolism, rats 
were fed, ad libitum, for 10 weeks a diet containing 5% of ground dried mushroom 
(Lentinus edodes, Kohshin) with or without exogenous cholesterol. The results indicate 
that the dried mushroom preparation markedly reduced plasma cholesterol levels. 
In further experiments, some other species of mushrooms were screened. All the 
caps and the stem of mushrooms used for feeding experiments were effective to 
various degrees in lowering the plasma cholesterol levels: Lentinus edodes, Donko 
was more effective, while Auricularia polytricha (Jews-ear) and Flammulia velutipes 
less effective, than L. edodes, Kohshin or Agaricus bisporus (champignon). To de
termine the nature of the substances responsible for the effect, mushrooms of the 
species L. edodes, Kohshin were extracted with ether, water or ethanol. The results 
showed that the ether-soluble fraction was ineffective, but both the water-soluble frac
tion and the 30% ethanol-soluble fraction were effective in lowering the plasma 
cholesterol.

For many years it has been generally 
believed in Japan that a species of mush
room, Lentinus edodes, is an elixir of life. 
Although no definite reason has been 
established for this legendary belief, the 
dried mushroom is available at the Japan
ese market as an important item of Japan
ese food. In an attempt to document the 
physiological value of the mushroom, the 
authors decided to investigate the effect of 
this fungus on several biochemical criteria 
associated with atherosclerosis and coron

ary heart disease. This possibility has been 
investigated by studying the effect of the 
Japanese mushroom on some aspects of 
cholesterol metabolism in rats.

EXPERIMENTAL
Experiment 1. Weanling albino male 

rats of the former University of Southern 
California strain were divided into groups

R eceived  fo r  p u b lica tion  M ay 16, 1966.
1 Supported by  grant fro m  the A ssocia tion  fo r  Pro

m otion  o f  the Japanese M u shroom  Industry.

TA BLE  1
Composition of diets

1 2 3 4 5
% % % % %

Sucrose 63.26 62.01 62.01 63.26 61.51
Casein 22 22 22 22 22
Non-nutritive cellulose 1 5 5 5
McCollum salt mix no. 185 2 4 4 4 4 4
Choline chloride 0.24 0.24 0.24 0.24 0.24
Vitamin mixture 3 0.5 0.5 0.5 0.5 0.5
Cholesterol 1 1 1
Bile salts 0.25 0.25 0.25
Cottonseed oil 5 5 5 5 5
Mushroom 4 5 5
Ergosterol

1 Cellu F lour, C h icago D ietetic Supply H ouse, C hicago.
2 M cC ollu m , E. V ., and N . S im m onds. J. B iol. C hem ., 3 3 : 55, 1918. .
3 T he v itam in  m ixture  had  the fo llo w in g  com p osition : ( in  gram s) casein , 44; p -am inobenzoic 

acid , 1 ; inosito l, 1; a-tocopheryl acetate, 1; ascorb ic  acid , 1; ( in  m illig ra m s ) Ca pantothenate, 400; 
n iacin , 400; vitam in  B 12, 0 .3 ; r iboflav in , 200; p yr id ox in e , 100; fo l ic  a cid , 20; m enad ion e, 50; b iotin , 
10; and v itam in  A, 20,000 IU  and v itam in  D , 2000 IU.

4 T he cap  o f  ground L. edodes, K ohshin .

J. N u t r it io n , 9 0 : '66 371
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of 8 each and were fed the following diets: 
group 1, cholesterol-free diet (C F ); group 
2, diet containing 1% cholesterol (C ) ; 
group 3, cholesterol diet plus 5%  ground 
dried mushroom 2 (C M ); group 4, choles
terol-free diet plus 5%  ground dried mush
room 3 (C F M ); group 5, cholesterol diet 
plus 0 .5%  ergosterol (C E ).

The complete diets are listed in table 1. 
The rats were fed the diets ad libitum for 
10 weeks. In this experiment a group of 
rats was fed ergosterol because the mush
room under study is rich in ergosterol 
(approximately 0 .3%  in dry matter) and 
because Peterson and co-workers (1 -3 ) re
ported the effect of phytosterols against 
plasma cholesterol in rats.

At the end of the experimental period, 
the animals were killed by intraperitoneal 
injection of pentobarbital sodium,4 after 
which the blood, livers and adrenals were 
removed; the tissues were weighed, and 
frozen for later analyses.

Cholesterol analyses were performed on 
extracts of plasma and tissues by a modi
fied Sperry-Schoenheimer method as de
scribed by Nieft and Deuel (4 ) .  Total 
liver lipids were determined gravimetri- 
cally.

Plasma, liver and adrenal cholesterol 
levels and liver total lipids are shown in 
table 2. The plasma cholesterol values of 
the animals given the mushroom prep
aration and cholesterol (group 3 ) were 
lower than those fed cholesterol without 
the mushroom preparation ( group 2 ). The 
results indicate a markedly positive effect 
of the mushroom in reducing plasma cho
lesterol level. However, the cholesterol con
tent in the livers and liver total lipids of 
the mushroom-fed animals (group 3 ) was 
higher than that of the controls (group 2 ) . 
Plasma cholesterol values of rats fed the 
diet containing ergosterol (group 5 ) were 
comparable to those for group 2. But the 
liver cholesterol content of group 5 was 
lower than that of group 2.

Experiment 2. In this experiment, 
weanling male rats of the Wistar strain 
were divided into groups of 8 each and were

2 The m ushroom  used w as the cap  o f  dried  Lentinus 
edodes, K ohshin , which, w as ground. A n a ly tica l data 
o f  the sam ple: ( in  per ce n t)  w ater, 4 .2 ; protein , 19.9; 
fa t, 1.9; sugars, 63.9 ; crude fiber, 5 .7 ; and ash , 4.4.3 See footnote  2.4 N em buta l, A bbott Laboratories, In c., N orth  C h i
cago , Illinois.
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fed the following diets: group 1, choles- 
terol-free diet (C F ); group 2, diet contain
ing 1% cholesterol (C ) ; group 3, choles
terol diet plus 5%  ground cap of Lentinus 
edodes, Kohshin (C LK ); group 4, choles
terol diet plus 5%  ground cap of Lentinus 
edodes, Donko (C L D ); group 5, cholesterol 
diet plus 5%  ground stem of L. edodes, 
Donko ( C SL ); group 6, cholesterol diet 
plus 5%  ground Jews-ear (C J); group 7,

cholesterol diet plus 5% Flammulia velu- 
tipes (CFV) ; group 8, cholesterol diet plus 
5%  ground Agarieus bisporus (champig
non) (C A ).

The analytical data of mushroom prep
arations are shown in table 3. The rats 
were fed the diet ad libitum for 30 days. 
Plasma cholesterol levels are reported in 
table 4. All the mushrooms used were 
effective, to varying extents, in reducing

TA BLE  3
Analytical data of dried and ground mushrooms used

Water Protein Fat Sugars and crude fiber Ash

% % % % %
Cap of Lentinus edodes, Kohshin 7.25 18.16
Cap of Lentinus edodes, Donko 7.09 17.90
Stem of L. edodes, Donko 11.53 8.90 1.37 80.70 7.93
Auricularia polytricha (Jews-ear) 10.56 7.80 2.20 86.98 3.02
Flammulia velutipes 7.82 23.22 3.09 66.57 7.12
Agarieus bisporus (champignon) 10.50 45.11 2.50 40.87 11.52

TABLE 4
Plasma cholesterol levels of rats fed mushrooms

Group Total Free Free
mg/100 ml mg/100 ml %

1 Cholesterol-free ( cf) 119 ± 2  1 65.1 ±0.7 55

2 1% Cholesterol (c ) 185 ± 2 85.8 ±0.9 46

3 Cholesterol +  5% L. edodes,
Kohshin, ground cap ( clk) 121 ±1 71.4 ±0.8 59

4 Cholesterol +  5% L. edodes,
Donko, ground cap (cld) 99.6 ±  1.1 57.8 ±0.9 58

5 Cholesterol +  5% L. edodes,
Donko, ground stem ( csl) 131 ± 2 60.8 ±1.2 46

6 Cholesterol+  5% Jews-ear, ground ( c j ) 149 ±1 67.8 ±  1.0 45

7 Cholesterol +  5% F. leutipes ( cfv ) 159 ± 2 92.3± 1.7 58

8 Cholesterol +  5% A. bisporus ( ca) 117 ±1 73.8 ±0.7 63
1 se of mean.

TABLE 5
Analytical data of fractions separated from Lentinus edodes, Kohshin

Fraction (dryY“ ^ ter) Water Protein Fat 1 Sugars Crude fiber Ash

% % % % % % %
1 2.45 — 100 — — —
2 46.87 38.00 18.44 — 71.46 — 10.10
3 9.89 34.06 17.33 — 75.97 — 6.70
4 2.61 42.10 9.57 — 86.51 — 3.92
5 39.57 72.00 22.38 — 64.99 11.17 1.46

1 The p rin c ip a l fa tty  acids o f  the fa t  separated fr o m  L. edodes h ad  the fo llo w in g  percentage 
com p osition  (d eterm in ed  by gas-liquid  ch ro m a to g ra p h y ): C m o, 0 .5 ; Ci5:o, 0 .8 ; C i6:o, 14.2; C j6:i, 1.1; 
Ci6:2, 0 .3 ; Ci8:0, 0 .8 ; Ci8:i, 2 .8 ; Ci8:2, 64.8; c20:i(?), 1-1: C20:2(?), 0.7 ; c22:i, 5.0; and C2.n0, 7.9.
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the plasma cholesterol values, with the 
lowest level observed in rats fed Lentinus 
edodes, Donko (group 4 ) . Plasma choles
terol values of the animals given either 
Agaricus bisporus (group 8 ) or L. edodes, 
Kohshin (group 3 ) were almost equal to 
each other and lower than in the other 
groups except group 4. On the other hand, 
the stem of L. edodes, Donko (group 5 ) is 
slightly less effective. Jews-ear (group 6) 
and Flammulia velutipes (group 7) had 
less of an effect than any of the other 
test fungi.

Experiment 3. Dried L. edodes, Koh
shin was fractionated with ether, water 
and ethanol as indicated in figure 1. Each 
fraction was concentrated by using a rotary 
evaporator. Analytical data of the frac
tions are shown in table 5.

Weanling male rats of U.S.C. strain were 
fed each fraction to be equivalent to 10%  
of the diet as ground, dried mushroom.

Group 1 was fed a cholesterol-free diet 
(C F ); group 2, a diet containing 1% cho
lesterol (C ) ; groups 3 -7 , the cholesterol 
diet plus fractions 1 -5 , respectively; group 
8, cholesterol diet plus 5%  ground L. 
edodes, Kohshin (C M ); and group 9, cho
lesterol diet plus 1.5 mannitol (C M A N ). 
The complete diets are listed in table 6. 
Since the mushroom contains mannitol, 
group 9 was included to determine whether 
mannitol had any effect on the criteria 
under investigation.

Among the fractionated constituents, the 
water-soluble fraction (group 4 ) and the 
30%  ethanol-soluble fraction (group 5 )  
markedly lowered plasma cholesterol (table
7). On the other hand, the materials which 
were found to be ineffective were the ether- 
soluble fraction (group 3 ) , and the 70%  
ethanol-soluble and its residue (groups 6 
and 7 ). Mannitol (group 9 ) was also in
effective.

Dried powder of L. edodes, Kohshin

Extracted with ether

Filtrate Residue
(Fr. 1)

Extracted with water

Filtrate Residue
(Fr. 2)

Extracted with 30% ethanol

Filtrate Residue
(Fr. 3)

Extracted with 70% ethanol

Residue 
(Fr. 5)

Filtrate 
(Fr. 4)

Fig. 1 Diagrammatic representation of the fractionation of constituents of Lentinus edodes, Kohshin.
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TABLE 6
Composition of diets

1 2 3 4 5 6 7 8 9

Sucrose 64.26 63.01 62.76 58.33 62.03 62.75 59.06 58.01 61.49
Casein
Non-nutritive

22 22 22 22 22 22 22 22 22

cellulose 1 4 4 4 4 4 4 4 4 4
Salt mixture 2 4 4 4 4 4 4 4 4 4
Choline chloride 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Vitamin mixture 2 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Cholesterol — 1 1 1 1 1 1 1 1
Bile salts — 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Cottonseed oil 5 5 5 5 5 5 5 5 5
Fraction 1 
Fraction 2 
Fraction 3 
Fraction 4 
Fraction 5

0.25
4.68

0.98
0.26

3.95
L. edodes, Kohshin, ground 5
Mannitol 1.52

1 Cellu F lour, C h icago D ietetic Supply H ouse, C hicago.
2 See footnotes to table 1.

TABLE 7
Plasma cholesterol levels of rats fed mushroom fractions

Group Total Free Free
mg/100 ml mg/100 ml %

1 Cholesterol-free 84.4 ±1.2 1 34.1 ±0.6 40
2 1% Cholesterol 168 ± 2 80.8 ±1.2 48
3 Cholesterol -f fraction 1 177 ± 2 47.1 ±1.0 27
4 Cholesterol +  fraction 2 110 ± 1 51.7 ±  1.4 47
5 Cholesterol +  fraction 3 124 ± 1 64.8 ±0.7 52
6 Cholesterol +  fraction 4 175 ± 2 75.3± 1.4 43
7 Cholesterol +  fraction 5 166 ± 2 53.8± 1.1 32
8 Cholesterol +  5% L. edodes,

Kohshin, ground cap 110 ± 1 42.8 ±1.0 39
9 Cholesterol +  1.5% mannitol 171 ± 1 51.6±0.9 33

1 s e  o f  t h e  m e a n .

DISCUSSION
In the animals supplemented with ergo- 

sterol or mannitol without the ground 
mushrooms or mushroom fractions, there 
was no effect on the plasma cholesterol 
levels.

Fractionation on the cholesterol-lower
ing principle in the mushroom yielded 2 
active fractions, one a water-soluble frac
tion and the other a fraction soluble in 
30%  ethanol.

However, although the whole ground 
dried mushroom preparation was effective 
in reducing plasma cholesterol levels, liver 
cholesterol levels remained high. The ergo- 
sterol supplement, however, did cause a 
marked decrease in hepatic cholesterol 
levels.

There appears to be no question that the 
plasma cholesterol levels in rats are low
ered by presence of the mushroom in the 
diet under our experimental conditions.
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Effects of Vitamin BI2 on the Weights of 
Certain Organs in the Rat

L. P. D R Y D E N  and A. M. H A R T M A N
Animal Husbandry Research Division, Agricultural Research Service, 
United States Department of Agriculture, Beltsville, Maryland

ABSTRACT Comparisons were made between the tissue weight-to-body weight 
ratios of certain organs in vitamin Bu-deficient and vitamin B 12-sufficient littermate 
pairs of rats under both ad libitum and paired feeding conditions. Seminal vesicles, 
ovaries and uteri were smaller in young vitamin Bi2-deficient animals, even when 
their vitamin Bi2-supplemented littermates were limited to the same food intake and 
made the same weight gains. Mature males did not exhibit a significant difference 
in seminal vesicle weight. Thus the effect of the vitamin B 12-deficiency was to delay 
the maturation of the secondary sex glands rather than to prevent the eventual growth 
of these tissues to maturity. Enlarged thyroid glands were observed in the deficient 
animals, whether fed ad libitum or pair-fed. Renal and hepatic weights were also 
greater in such rats. The testes, the adrenals, and the heart were heavier in the 
deficient animals but only under ad libitum feeding conditions. No consistent differ
ences were observed in the weights of the pituitary gland or of the spleen. N o  differ
ence was observed between vitamin Bi2-deficient and supplemented animals in their 
response to stilbestrol as measured by uterine weights.

Early studies of vitamin BJ2 deficiency 
in rats demonstrated that animals deficient 
in the vitamin possessed relatively larger 
kidneys ( 1 -3 )  and livers (2 , 4, 5 ) and 
smaller accessory sex glands (6 ) . In an
other study (7 ) , the heart, thyroid, kid
neys and liver of a vitamin B^-deficient 
pig weighed more and the spleen and ad
renals less, per unit of body weight, than 
the average of 3 pigs supplemented with 
the vitamin. However, since a deficiency 
of the vitamin also decreases food con
sumption, the effects on the weights of 
these tissues may have been due either to 
the vitamin deficiency per se, to the con
comitant inanition associated with it, or to 
a combination of both. In the present 
paper, a comparison is reported of weights 
of a number of organs and glands of vita
min Bi2-deficient and vitamin Bis-supple- 
mented animals under conditions of both 
ad libitum and pair-feeding.

E X P E R I M E N T A L  P R O C E D U R E
Rats of the Wistar strain were used. 

They came from mothers who were trans
ferred from a stock ration to a vitamin 
Bia-deficient ration at parturition and con
tinued with the deficient ration during 
lactation. At weaning (2 1 -2 5  days of age) 
or within 2 weeks thereafter, they were

divided into sex-littermate pairs, one mem
ber of each pair being given a vitamin B12 

supplement and the other continued with 
a vitamin B,2-deficient ration. The rats 
were maintained during the experimental 
period in individual cages furnished with 
raised screen floors. Distilled water was 
supplied ad libitum.

The vitamin Bi2-deficient ration used dur
ing the experimental period had the follow
ing composition: ( % )  dextrin, 40.38;
lactose, 15.0; casein (10 X hot-alcohol-ex
tracted), 20.0; dried brewer’s yeast, 10.0; 
salt mixture (8 ) ,  4 .5 ; cottonseed oil, 9.85; 
fish liver oil, 0 .15; crystalline vitamins, 
0.12 .* 1 Vitamin Bi2, when given, was in
cluded in the ration or fed separately by 
hypodermic syringe, as indicated.

At the end of the experimental period, 
the rats were killed by ether inhalation and 
the tissues removed, cleaned, blotted and 
weighed immediately. Tissue weights are 
expressed in the tables and discussed in 
the paper in terms of grams per 100 g of 
body weight.

R eceived  fo r  p u b lica tion  July 15, 1966.
1 F urnished in  m illigram s per 100 g o f  ra tion : 

th iam ine-H C l, 0 .5 ; r iboflav in , 0 .5 ; p yr id ox in e-H C l, 0 .5 ; 
Ca pantothenate, 3 .1 ; ch o lin e  ch lorid e , 75.0 ; n ico t in ic  
a cid , 3 .1 ; inosito l, 3 .1 ; p -am in oben zoic a cid , 18.8; 
b io tin , 0 .006; pteroylg lu tam ic acid , 0 .06 ; ascorb ic  
a cid , 3 .08 ; a -tocopheryl acetate, 6 .25 ; and  2-m ethyl,1,4- 
n ap h th oqu in on e, 0.16.

J. N u t r it io n , 9 0 :  '66 3 7 7
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TABLE 1
Effect of vitamin B12 deficiency on organ weights of male rats of 

different age groups fed ad libitum

Age o f  rats, days 56 to 57 
(9 p a ir s ) 1

62 to 77 
(10 p a irs ) 2

189 to 301 
( 15 p a irs ) 3>4

W ithout
vitam in

Bi2
W ith 

vitam in 
B 12 5

t value 6
W ith out
vitam in

B l2

W ith 
vitam in 

B i2  7
t value

W ithout W ith  
v itam in  v itam in  

B l2  B  12 7
t value

A vg. body w t, g 114 212 13.0 ** 190 300 14.8 ** 356 521 8.8 **
g/100g body 

wt
g/100gbody 

wt
g/100g body 

wt
Testes 1.25 1.09 2.0 1.34 1.01 6.7 ** 0.78 0.68 3.0 *
Seminal vesicles 0.016 0.044 9.3 ** 0.071 0.102 4.8 ** 0.155 0.135 2.1
Thyroid 0.013 0.008 4.1 ** 0.009 0.006 5.1 ** 0.007 0.004 4.1 **
Kidneys 1.79 1.12 11.7 ** 1.41 0.92 7.1 ** 1.11 0.64 4.0 **
Liver 7.42 6.90 2.0 5.13 4.67 3.1 * 4.13 3.08 5.1 **
Pituitary 0.003 0.003 0.2 0.003 0.003 1.2 0.003 0.002 3.8 **
Spleen 0.295 0.376 1.5 0.231 0.218 1.5 0.168 0.147 3.2 **
Adrenals 0.014 0.010 7.7 ** 0.011 0.008 4.1 ** 0.007 0.005 3.2 **
Heart 0.448 0.393 3.9 ** 0.427 0.354 7.9 ** 0.395 0.287 4.6 **

1 17 pairs fo r  body w eight, testes, sem inal vesicles and kidneys.
2 A verage: 67.2 days.
3 A verage: 275.6 days.
4 12 pairs fo r  adrenals, 11 fo r  thyroid  and 14 fo r  pituitary.
5 2 /¿g /day .
6 ** ad jacen t to a t va lue ind icates  statistical s ign ificance  at o r  less than the 1% leve l; * in d i

cates s ign ifican ce  at the 5%  level or betw een the 5%  and 1 %  levels ; n o  asterisk ind icates  no 
statistically  sign ificant d ifference.

7 5 fig/ 10 g food .

RESULTS AND DISCUSSION
As expected, when the animals were fed 

ad libitum, the vitamin Bi2-supplemented 
rats gained considerably more weight than 
those maintained with the vitamin Bn-de- 
ficient ration. In all groups fed in this 
manner (tables 1 and 2 ) , the body weights 
at slaughter reflect these differences. How
ever, limiting both members of each pair 
to the same food intake resulted in nearly 
identical average body weights for vitamin 
Biz-deficient and supplemented animals at 
the end of the experiment (table 3 ) . Thus, 
the vitamin Bn-fed rats in these groups 
served essentially as paired-weight as well 
as pair-fed controls. The supplemented 
rat in a pair was always the one whose 
food consumption had to fee limited 
throughout the experiment. It tended to 
consume all or the greater part of its food 
allotment during the first few hours after 
feeding, whereas the deficient rat spread 
its food intake over a much longer period 
of time.

Sex organs and glands. In rats fed ad 
libitum, the testes appeared heavier per 
unit of body weight in the vitamin Bt2-de- 
ficient animals, significantly in two of the 
groups and nearly so in the third group. 
When the rats were limited to the same

food intake, however, this difference dis
appeared. Thus, it appears that any effect 
of the vitamin Bt2 deficiency upon testes 
weight can be explained by the concomi
tant inanition.

In contrast, the seminal vesicles were 
enlarged in the young vitamin Bi2-supple- 
mented rats not only when they were fed 
ad libitum but even when they were limited 
to the same food intake, although the dif
ferences were smaller in the latter case. 
This effect was confined to the young ani-

TABLE 2
Effect of vitamin BI2 deficiency on organ weights 

of female rats 1 fed ad libitum

W ithout 
v itam in  B 12

W ith
v itam in  B 12 2 t value 3

A vg .body w t, g 90 158 18.5 **
g/100 g body wt

Ovaries 0.026 0.052 8 . 2  **
Uterus 0.044 0.156 1 2 . 7  **
Thyroid 0.013 0.010 5 . 4  **
Kidneys 1.72 1.12 8 . 1  **
Liver 7.40 6.52 3 . 5  **
Pituitary 0.003 0.004 4 . 3  **
Spleen 0.258 0.369 2 . 3  *
Adrenals 0.017 0.017 0 . 2

Heart 0.470 0.420 3 . 5  **
1 10 pa irs; age: 48 to 52 days.
2 2 ^ig/day.
3 See table 1, footnote  6.
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mals, for no significant difference was de
tected in the older group of ad libitum-fed 
males, as between the vitamin deficient 
and supplemented animals. Thus the de
gree of vitamin Bi2 deficiency present here 
delayed the maturation of these secondary 
sex glands more than it delayed the gen
eral body growth, but it did not prevent 
the eventual growth of these tissues to 
maturity. The delay apparently was 
greater than that due to the concomitant 
inanition associated with the deficiency.

A similar difference was observed be
tween young vitamin B 12-deficient and sup
plemented females with respect to the ovar
ies and uterus. Both weighed relatively 
more on the average in vitamin B ̂ -supple
mented rats, either when fed ad libitum 
or when pair-fed. Here too the differences 
were considerably smaller and, in this 
instance, not quite statistically significant 
under pair-feeding conditions. However, 
if values in table 4 for the pair-fed females 
(those not given stilbestrol) are also con-

TABLE 3
Organ xveights of vitamin Bi2-supplemented and vitamin B r;rdeficient rats 

limited to the same food intake

Males Females
57 to 61 days of age 48 to 50 days of age

(10 pairs) 1 (10 pairs) 2
Without With . 4 

vitamin B12 vitamin B12 3 1 vaAue
Without With . * 

vitamin B12 vitamin B12 3 vai e
Avg. body wt, g 133 133 0.1 101 100 0.4

Testes
g/100 g body w t 

1.11 1.17 0.4
g/100 g body zut

Seminal vesicles 0.014 0.025 2.3 * — — —

Ovaries — — — 0.026 0.032 1.9
Uterus — — — 0.045 0.070 2 .2 5
Thyroid 0.013 0.010 3.3 * 0.011 0.009 2.9 *
Kidneys 1.59 1.08 6.2 ** 1.54 1.20 5.8 **
Liver 7.00 5.63 8.0 ** 7.12 5.40 6.5 **
Pituitary 0.002 0.002 2.0 0.003 0.004 1.6
Spleen 0.317 0.288 0.7 0.303 0.374 1.1
Adrenals 0.015 0.018 2.2 0.018 0.019 1.8
Heart 0.439 0.409 1.7 0.433 0.420 1.0

1 Nine pairs for spleen and adrenals; 7 pairs for pituitary; 8 pairs for thyroid.
2 Nine pairs for pituitary.
3 2 fig/day.
4 See table 1, footnote 6.
5 t — 2.26 required for significance at the 5% level.

TABLE 4
Vitamin Bu and stilbestrol administration

Treatment
No.
of

litters 1

Weight of uterus
Difference

(4 — 3) minus 
( 2 - 1 )

Without vitamin Bi2 With vitamin Bi2
No

stilbestrol
(1 )

Stilbestrol
(2 )

No
stilbestrol

(3 )
Stilbestrol

(4 )
mg mg mg mg vig

Ad libitum 2 55 29.5 76.2 42.0 89.6 +  0.9

Limited to same
food intake 3 * 5 32.5 67.3 40.0 74.5 -  0.3

1 Weanling rats, 19 to 25 days of age.
2 Includes 13 individual experiments; total dose of stilbestrol, 0.052 to 2.0 fig given in 1 or 4 

injections (rats killed, respectively, 2 days or one day following last injection and vitamin Bt2- 
supplemented rats given the vitamin, respectively, 6 to 11 days prior to stilbestrol injection or only 
during the injection period); vitamin B12 was administered in a single dose (25 fig) at the time 
of stilbestrol injection, in daily doses (2 /¿g/day) or included in the ration (0.5 /ig/10 g food). 
None of these variations appeared to affect the results significantly.

3 Total dose of stilbestrol, 0.083 fig, given in single dose; vitamin Bi2-supplemented rats received
the vitamin 7 to 11 days prior to injection; rats killed 2 days after injection.
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sidered along with values for those shown 
in table 3, then both the ovaries and uterus 
were significantly larger in the vitamin B12- 
supplemented rats (t ovaries =  2 .3*; t 
uterus =  3 .1 * * ). The delay in attaining 
maturity of the sex organs is also reflected 
in a delayed vaginal potency of vitamin 
Bi2-deficient animals (9 ) .

Some evidence has also been obtained 
with the chick suggesting an effect of vita
min B12 upon the sex processes in the body. 
Gassner et al. (1 0 ) obtained a stimulation 
of testicular growth and differentiation 
and comb growth when the vitamin was 
fed to deficient cockerels. Doran and Greg
ory (1 1 ) noted an increase in the vitamin 
B12 content of chick blood at the onset of 
laying. When stilbestrol was administered 
to chicks, Kline (1 2 ) observed a lower re
sponse of the oviduct in vitamin B)Z-de- 
ficient birds than in those supplemented 
with the vitamin.

Experiments with the rat bearing upon 
the latter point are summarized in table 
4. The basal diet used, however, in con
trast with that of Kline (1 2 ) , contained 
ample methionine and choline. With both 
ad libitum-fed rats and those limited to the 
same food intake, uterine weights were 
higher when vitamin B12 was fed regardless 
of whether stilbestrol was administered. 
Taking this into consideration, there was 
clearly no difference between vitamin Bm- 
deficient and supplemented animals in 
their response to stilbestrol as measured 
by uterine weights.

Thyroid gland. The thyroid gland was 
enlarged significantly in all groups of vita
min Bi2-deficient rats. Since this result 
was evident in pair-fed as well as in ad 
libitum-fed animals, it was apparently due 
to an effect of the vitamin deficiency be
yond the associated concomitant inanition. 
This enlargement of the thyroid with the 
deficient ration is in agreement with the 
observations of Bertazzoli et al. (1 3 ) but 
somewhat in contrast with those of Meites
(1 4 ) , who observed no significant differ
ence between the thyroid weights of rats 
fed vitamin B12 supplements and those of 
rats that received no such supplement. 
The basal ration used by Meites, however, 
although apparently not supplying a level 
of vitamin B12 sufficient for maximal 
growth of his animals, nonetheless did

contain 20%  whole milk powder; thus it 
could hardly have been as deficient in the 
vitamin as the deficient ration used in the 
present experiments. Ferguson et al. (1 5 )  
observed an enlarged thyroid gland in vita
min Bw-deficient chick embryos and noted 
evidence suggesting that the thyroids from 
such embryos may be hypofunctional.

Kidneys. The kidneys were larger per 
unit of body weight in all groups of vita
min Bi2-deficient animals than in their 
littermates receiving the vitamin. In fact, 
in the older group of rats that had been 
fed the deficient ration for a long period 
of time, the kidneys of the deficient ani
mals were larger than those of the supple
mented animals in actual size, as well as 
in relative size, despite the considerably 
smaller body weights of the deficient rats. 
This result, together with the observation 
that, with equalized food intake, the kid
neys were also significantly larger in the 
vitamin-deficient animals, indicates that 
the enlargement was due more to the 
vitamin deficiency per se than to the con
comitant inanition.

Kidney hypertrophy has been shown to 
be associated with a number of different 
kinds of stress (1 6 -1 8 ) . The stress put 
upon it by vitamin BJ2 deficiency may bear 
some relation to the large amount of the 
vitamin that it takes up when ample 
amounts of the vitamin are absorbed (1 9 ).

Liver. Liver weights were greater per 
unit of body weight in all ad libitum-fed 
groups of vitamin Bi2-deficient animals, in 
most cases significantly so. The differ
ences were even greater when the groups 
were limited to the same food intake, the 
size of the livers of the vitamin Bi2-supple- 
mented rats tending to be smaller under 
these conditions. A similar depression of 
hepatic weights in paired-weight controls 
was reported in a study of thiamine defi
ciency (1 7 ) . The liver being a storage 
organ, this depression in relative weight 
may be related to the manner in which the 
vitamin-supplemented rats fed the limited 
food intake consumed their ration —  in 
large quantities immediately after feeding 
with periods of comparative hunger prior 
to the next feeding.

Other tissues. There were no consistent 
differences between the weights of the 
pituitary gland or of the spleen in rats fed
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ad libitum and no significant differences 
when they were pair-fed. Adrenal weights 
were in most cases higher in the vitamin 
B12-deficient animals when fed ad libitum 
but not when pair-fed. Any apparent en
largement due to the vitamin deficiency 
can therefore be attributed to the smaller 
food intake of the deficient animals or, 
perhaps, since vitamin Bi2-supplemented 
rats lay down relatively less fat than vita
min B,2-deficient rats ( 5 ) ,  to the method 
of expressing the results in terms of per 
unit of total body weight rather than fat- 
free body weight. Much the same com
ment can be made concerning the weight 
of the heart, which was significantly 
greater in the ad libitum-fed vitamin B,2- 
deficient rats but only slightly and not 
significantly larger in the pair-fed animals. 
As with the kidney, many forms of stress 
(17 , 18) can bring about enlargement of 
the adrenals and the heart.
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Relative Concentration of Vitamin B12 in the Organs of 
the Male Rat as Affected by its Intake of the Vitamin
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ABSTRACT The concentrations of vitamin Bi2 in certain organs of the male rat 
were studied under conditions where the animal was deficient in the vitamin and 
where it was fed ample quantities. The kidneys stored large amounts when an abun
dant supply was available. The pituitary and the adrenals also contained high con
centrations, equal to or not far below those in the kidneys of vitamin BI2-deficient 
rats but much less than those in the kidneys of vitamin B 12-sufficient rats. The heart 
contained fair amounts when the vitamin was supplied. The other tissues studied con
tained much smaller concentrations, the testes and seminal vesicles having particu
larly low amounts when the rat was deficient in the vitamin. Rats aged 189 to 301 
days differed little from those aged 62 to 77 days of age in respect to the vitamin B12 

concentration in their tissues, except for slightly greater storage in a few of the tissues 
in the older group when the vitamin was administered.

Numerous workers have studied the 
concentration of vitamin Bn in and its 
distribution among various tissues of a 
number of species of animals fed a stock 
ration or a complete ration containing the 
vitamin. In some instances, they deter
mined the vitamin Bn content by micro
biological or other assay; in others, they 
followed the deposition of the radioactive 
vitamin. Although some investigators 
( 1 -3 )  found a good correlation between 
the deposition of radioactive vitamin Bn 
in the tissues and the amount of unlabeled 
vitamin already present there, others 
showed that the proportion taken up, by 
certain tissues at least, can be affected 
by a number of factors, one of which is 
the current status of the animal relative 
to the vitamin ( 4 -6 ) .  Some species differ
ences also apparently exist in the distribu
tion of the vitamin among the tissues 
( 1 ,7 ) .

The present paper concerns the relative 
concentration of the vitamin in a number 
of organs of the rat as affected by its vita
min B12 status. Such studies in the past 
with the rat have been confined largely to 
a comparison of the relative amounts in 
the kidney and liver (8 -1 2 ) . In early work 
using a rat assay method (1 3 ) , several 
other tissues were also measured, but of 
those tested in the vitamin Bio-deficient

rat, only the kidney gave a measurable 
response. Another study (6 )  determined 
the amount of radioactive vitamin B12 ab
sorbed by the kidney, liver and heart, as 
well as by the blood, muscle, bone and 
gastrointestinal tract, in vitamin B12- 
deficient and supplemented rats. One 
group of workers (1 4 ) , comparing the 
vitamin B12 content of the tissues of 28- 
day-old rats obtained from mothers receiv
ing rations unsupplemented or supple
mented with a source of vitamin B12, meas
ured the amounts in the kidney, liver, 
spleen and heart. Salmi (1 5 ) measured 
microbiologically the vitamin BJ2 content 
of certain rat tissues —  kidney, liver, ali
mentary canal, brain and lungs. He fol
lowed changes in the concentrations in 
these tissues from the fetal stage to 3 
months of age and compared test rats fed 
a ration low but not greatly deficient in 
vitamin Bt2 with controls fed a ration con
taining 4 times this amount of the vitamin 
(equal to that in the stock ration). The 
present work compares by microbiological 
assay the vitamin Bi2 concentration in 9 
organs and glands, obtained from rats 
rendered greatly deficient in the vitamin 
or amply supplied with it. The study in
cludes comparisons between both imma
ture and mature animals.

Received for publication July 15, 1966.
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EXPERIMENTAL PROCEDURE
Two groups of male rats, one aged 62 

to 77 days and the other aged 189 to 301 
days were used. Each group consisted of 
littermate pairs, fed ad libitum, one mem
ber of each pair having been fed a ration 
deficient in vitamin Bi2 and the other hav
ing received the same ration supple
mented with 5 ag of the vitamin per 10 g 
of food. This amount of the vitamin is 
about 10 times that found to be required 
to obtain maximal growth of deficient rats 
in this colony within a 4-week period after 
weaning. Thus the rats fed vitamin Bi2 
received ample amounts for their needs 
and even some excess. The rats and the 
vitamin Bi2-deficient ration used have been 
described in a previous paper (1 6 ) .

The animals were killed at the ages in
dicated and the organs and glands being 
studied were removed. Immediately upon 
removal, these tissues were cleaned, blot
ted, weighed and placed in buffer solution. 
The buffer used was a pH 5 citrate-phos
phate solution with cyanide added (0.1 g 
NaCN/liter of buffer). At least 10 ml were 
used for each tissue and in no case were 
less than 10 ml per g of tissue added. The 
tissues were then ground into fine particles 
and the vitamin Bi2 was extracted from 
them by autoclaving for 20 minutes at 
120°. The extracts were filtered and the 
residues washed with small amounts of 
distilled water. The filtrates were resteri
lized and frozen in plastic containers until

assay. They were concentrated or diluted 
when required for the test.

The assay method used was the 
Escherichia coli tube test of Burkholder
(1 7 ). While this test measures not only 
animal-active vitamin B22 but also ana
logues that are active for microorganisms 
but not for animals, such analogues are 
present in the tissues of animals only in 
very small amounts if at all (1 8 -2 0 ) . Re
sults are expressed in the tables as micro
grams of vitamin Bi2 per gram of tissue.1

RESULTS AND DISCUSSION
The comparative vitamin B i2 concentra

tions in the organs and glands of the 
younger group of rats are shown in table 
1, and those for the older group in table 2. 
As might be expected, the tissues of the 
vitamin Bi2-supplemented rats were mark
edly higher, and in all cases significantly 
higher, in the vitamin than those of the 
vitamin Bi2-deficient animals.

The kidneys showed the greatest in
crease of any of the tissues. Values for the 
vitamin Bi2-supplemented rats far sur
passed those for all other organs and tis
sues studied in the content of the vitamin 
per gram of tissue, exceeding their nearest 
values by 5 to 6 times. However, under 
conditions of vitamin Bi2 deprivation, the 
content in the kidneys decreased mark-

1 Recovery of cyanocobalamin added to groundkidney tissue and carried through this extraction andassay procedure: 92 +  4.9% ( 6  samples).

TABLE 1
Concentration of vitamin Bj2 in certain organs of rats aged 62 to 77 days 1

Organ
Vitamin B12 content of organ Vitamin B12

Rats fed no 
vitamin B12

Rats fed 
vitamin B12 t value 2 no vitamin B12

0 9 1 9 0 9 / 9

Kidneys 0.050 ±0 .0051  3 2.910 ±  0.3138 9 2 ** 58.2
Pituitary 0.056 ±0 .0101 0.256 ±0 .0390 5.3 ** 4.6
Adrenals 0.029 ±0 .0045 0.539 ±0 .04 9 6 9.7 ** 18.6
Heart 0 .0 1 7 ±  0.0036 0.135 ±  0.0109 12.1 ** 7.9
Liver 0.007 ±0 .0007 0.050 ±0 .0073 6.0 ** 7.1
Spleen 0.009 ±0 .0013 0.052 ±0 .00 3 7 11.8 ** 5.8
Thyroid 0.009 ±  0.0016 0.081 ±0 .01 5 0 4.8 ** 9.0
Seminal vesicles 0.005 ±0 .0006 0.065 ±0 .0081 7.3 ** 13.0
Testes 0.002 ±0 .0003 0.035 ±0 .0043 7.7 ** 17.5

1 Ten pairs; average age: 67.2 days. Body weight when killed: no vitamin B 12 group, 190 g;vitamin B 12 group, 300 g.
2 ** adjacent to a t value indicates statistical significance at or less than the 1 %  level; * indicates significance at the 5% level or between the 5% and 1% levels; no asterisk indicates no statistically significant difference.
3 se of mean.
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TABLE 2
Concentration of vitamin B12 in certain organs of rats aged 189 to 301 days 1

Organ
Vitamin B12 content of organ Vitamin B12

Rats fed no 
vitamin B12

Rats fed 
vitamin B12 t value 2 no vitamin B12

Kidneys
H 9 / 9

0.069 ±0 .0121  3
1 x9 / 9

2.300 ±0 .2078 10.5 ** 3 3 .3
Pituitary 0.032 ±0 .00 9 5 0.369 ±0 .04 2 9 34.3  ** 11.5
Adrenals 0.044 ±0 .0078 0.369 ±0 .05 4 4 6.1 8.4
Heart 0.019 ±0 .00 3 2 0.241 ±0 .01 7 8 12.8 ** 12.7
Liver 0.011 ±0 .00 2 0 0.084 ±0 .0103 7.6  ** 7.6
Spleen 0.017 ±0 .0025 0.058 ±0 .0044 12.2 ** 3.4
Thyroid 0.021 ±0 .00 5 5 0 .078±0 .0138 4.0 ** 3 .7
Seminal vesicles 0 .0 0 8 ±  0.0017 0.056 ±0 .0056 8.2 ** 7.0
Testes 0.005 ±0 .0010 0.065 ±0 .00 9 0 6.7  ** 13.0

1 Fifteen pairs (except 12 pairs for adrenals, 11 for thyroid and 14 for pituitary); average age: 
275.6 days. Body weight when killed: no vitamin B12 group, 356 g; vitamin B12 group, 521 g.

2 See table 1, footnote 2.
3 s e  o f  m e a n .

edly and by a much larger amount than 
in any of the other tissues. The concen
tration was then about the same or not 
far above that in some of the others. These 
results support the concepts concerning 
the kidney in species such as the rat as the 
most important organ in the body for 
storage of vitamin Bi2 and of a large ac
cumulation of the vitamin in this organ 
as an indicator of a highly saturated state 
of the body with respect to this nutrient 
(6 , 15, 21 ).

Under conditions of vitamin Bi2 depri
vation, the present results with the 
younger group of rats agree with those 
obtained by Cooperman et al. (2 ) ,  with 
dogs fed an undescribed but presumably 
stock diet, in that the pituitary contained 
a higher average concentration of the vita
min than any other tissues studied, includ
ing even the kidney. With the older rats, 
however, the kidneys, even when the ani
mals were vitamin Bi2-deficient, contained 
about twice the concentration observed in 
the pituitary. With both groups, when 
ample vitamin B,2 was supplied, the kid
neys contained far more of the vitamin 
per gram of tissue than did the pituitary. 
However, the high content of the vitamin 
in the pituitary relative to most of the 
other tissues measured, with both the de
ficient and the supplemented rats, is in 
accord with the concept that the vitamin 
may play an important role in the metab
olism of this gland.

Another tissue of importance with re
spect to vitamin B]2 concentration, equal

to that of the pituitary, was the adrenal 
glands, and, as with the pituitary, the re
sults suggest an importance of the adre
nals with respect to the need for the vita
min in its metabolism. These observations 
differ somewhat from those of Cooperman 
et al. (2 )  with the dog. Although these 
investigators reported the adrenals to con
tain amounts of the vitamin relatively high 
compared with some of the other tissues, 
they noted far less there than in the pitui
tary. Wider et al. (2 2 ) observed that, in 
rats, the adrenals took up a fairly high 
concentration of parenterally administered 
60Co-labeled vitamin Bt2 and obtained evi
dence suggesting the importance of the 
vitamin to metabolism in the gland.

The heart ranked next in importance to 
the pituitary and adrenals with respect to 
vitamin Bn content per unit of tissue when 
the vitamin was supplied to the animal. 
This was also true with the younger group 
of deficient animals, but with the older 
group, the vitamin Bn content differed 
little from that of several of the remain
ing tissues studied. With this exception, 
the latter contained much smaller concen
trations of the vitamin both in the defi
cient and supplemented states.

In the deficient rats, the seminal vesi
cles and the testes contained smaller con
centrations of the vitamin than the other 
tissues studied but showed a relatively 
high rate of increase from the deficient to 
the sufficient stage. The possible impor
tance of the vitamin to the development 
of the accessory sex glands was discussed
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in a previous paper (1 6 ) . Any stimulatory 
effect of the vitamin on the accessory sex 
glands might be mediated through other 
glands, such as the pituitary and the ad
renals, where high concentrations of the 
vitamin were noted.

The results obtained with the older 
group of rats were not markedly different 
from those with the younger group. Tests 
for the significance of the differences be
tween the 2 sets of values are summarized 
in table 3.

TABLE 3
Comparison of the concentration of vitamin Biz 

in certain organs of young and old rats 1

O rg an

t v a lu e s  fo r  d iffe ren ce  be tw een  
y o u n g  a n d  o ld  g ro u p s 2

R a ts  fed  
n o  v i ta m in  B 12

R a ts  fe d  
v i ta m in  B 12

K id n e y s 1.4 1.6
P i t u i t a r y 1.4 1.9
A d r e n a ls 1.7 2.3 *
H e a r t 0.4 5.1 **
L iv e r 1.9 2.7 *
S p le e n 3  1 ** 1.0
T h y ro id 1 .7 0.1
S e m in a l  v e s ic le s 1 .8 0.9
T e s te s 2 .7  * 3.0 **

1 Y oung  r a ts ,  d a ta  su m m a riz e d  in  ta b le  1; o ld  r a ts ,  
d a ta  s u m m a riz e d  in  ta b le  2.

2 See ta b le  1, fo o tn o te  2.

Apparently the maximal depletion of 
the vitamin had occurred by the 62-to  
77-day period. The amounts present in 
the tissues of the deficient animals may 
have been obtained from traces contained 
in the ration or from small amounts de
rived from synthesis in the alimentary 
tract.

With the vitamin Bi2-supplemented rats, 
the older group had a higher average con
centration of the vitamin in certain tissues 
than the younger group, whereas in other 
comparisons, the reverse was true. Al
though many organs, notably the kidneys, 
apparently had reached their maximal 
storage capacity, at least for the amount 
of vitamin fed, by 62 to 77 days of age, 
others, such as the heart, testes and liver, 
may have been somewhat slower in at
taining this condition.
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Observations on Respiratory Decline in the Pre- 
necrotic Phase of Dietary Liver Necrosis 1

E. BONETTI, F. De STEFANO and F. STIRPE
Istituto di Patologia Generale dell’Università di Bologna, Bologna, Italy

ABSTRACT The capacity to oxidize succinate was studied with liver mitochondria, 
homogenates or slices from rats maintained with commercial diets or with semipurified 
diets with or without addition of vitamin E or sodium selenite. A decline in the oxida
tion rate was observed with all systems in vitamin E-deficient, selenium-deficient ani
mals, and in some instances in rats fed commercial diets. The decline was prevented by 
administration of large amounts of vitamin E. Dietary selenite prevented decline in 
mitochondria, but not in homogenates or slices. The significance of respiratory decline 
as a possible specific lesion of the latent phase of dietary liver necrosis is discussed.

The “respiratory decline” during the 
“pre-necrotic phase” of vitamin E deficiency 
was described originally as the inability to 
maintain oxygen consumption of liver 
slices from rats fed a necrogenic diet with
out vitamin E, “Factor 3” (later identified 
as a selenium-containing compound), with 
a low content of sulfur amino acids, and 
containing Torula yeast as the only pro
tein source (1 ) . This alteration was not 
observed in kidney or diaphragm slices 
from vitamin E-deficient rats, nor in the 
liver damaged with CC14 or with a choline- 
deficient diet.

The respiratory decline was prevented 
by the addition to the diet of vitamin E 
or of other necrosis-preventing substances, 
such as cystine and preparations of Factor 
3, although to a variable extent in the lat
ter case (1 ) .

Further studies showed that various to- 
copherols were effective in preventing re
spiratory decline of liver slices when in
jected intraportally (2 , 3 ) 2 or intraven
ously 3 and when added in vitro (4 ) . Anti
oxidants also prevented the decline when 
injected intraportally (5 )  or when added 
in vitro (6 ) ,  whereas selenium prevented 
almost completely the respiratory decline 
of liver slices when added to the diet, but 
not when injected intraportally shortly be
fore death or when added in vitro (7 ) .

The decline was not observed in liver 
homogenates fortified with NAD and with
out substrate (1 ) ,  but occurred in liver 
homogenates without addition of NAD and 
with succinate as substrate, or with NAD

and a-ketoglutarate as substrate (8 , 9 ). 
Under these conditions the decline was 
prevented by some tocopherols or antioxi
dants given to the animals or added in 
vitro. Some decline was observed also with 
liver homogenates from rats fed a com
mercial diet,4 but not from rats fed a 
“wheat casein diet” (8 , 9 ).

Preparations of liver mitochondria 
showed respiratory decline in the oxida
tion of succinate. In this case a-tocopherol 
prevented decline when administered in
traportally to the rats, but not when added 
in vitro. The addition of selenium to the 
diet was without effect on decline (1 0 ) .

These observations led Schwarz (7 )  
to conclude that respiratory decline is a 
biochemical lesion specific for the latent 
phase of dietary liver necrosis in the rat.

Dietary liver necrosis has been observed 
in rats fed diets without vitamin E, with 
5% or 20%  of casein as the protein source, 
which could be prevented by the addition 
of vitamin E or selenium to the diet (1 1 ) . 
The aim of the experiments described in 
the present paper was to determine 
whether respiratory decline occurs also in

Received for publication April 22, 1966.
1 Research supported by a financial contribution from Consiglio Nazionale delle Ricerche, Roma.
2 Rodnan, G. P., and K. Schwarz 1955 Dietarynecrotic liver degeneration: reversal of defect inoxygen consumption by intraportal a-tocopherol. Federation Proc., 1 4 : 270 (abstract).3 Mertz, W., and K. Schwarz 1956 Dietary necrotic liver degeneration: comparison of peripheral intravenous and intraportal injection of vitamin E in respiratory decline. Federation Proc., 1 5 : 564( abstract).
4 Purina Laboratory Chow, Ralston-Purina Company, St Louis.
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liver preparations from rats fed these 
casein-containing diets without selenium 
or vitamin E. Owing to the substantial dif
ference between the necrogenic diets with 
casein or Torula, these experiments may 
give a better understanding of the rela
tionship between vitamin E, selenium and 
protein intake.

EXPERIMENTAL
Diets. Two semipurified diets with 

20%  and 5%  of casein, respectively, no 
vitamin E, and low selenium content as 
described by Bonetti and Stirpe (1 1 ) were 
used. The composition of the diets is 
shown in table 1. In some experiments 
the 20%  casein diet was prepared with 
5%  of stripped lard in order to eliminate 
traces of vitamin E which might be pres
ent in the fats used for the original diet. 
Some groups of rats received a-tocopheryl 
acetate 1 2 3 4 5 5 (500  m g/kg of diet) or selenium 
(68  ug of selenium, as sodium selenite, 
per kg of diet). Control rats received the 
stock diet of the laboratory, composition 
in per cent: whole flour of mixed cereals 
(wheat, oats and barley), 79; crude casein, 
8; half-skim milk (lipid content 12.5%  ), 
5; dried wheat germ, 5; sodium chloride 
(common salt), 0 .5 ; calcium lactate, 1.5; 
dried brewer’s yeast, 1; raw ox liver and

TABLE 1
Composition of semipurified diets 1

20%casein 5%casein
% %

Casein, fat-extracted 2 20 5
Rice starch 35 40
Sucrose 35 45
Lard 3 3 3
Salt mixture 4 3 3
Vitamin mixture 5 
Olive oil with

1 1

menadione (1 m g/g) 1 1
Cod liver oil 1 1

1 Other diets were derived from the above, with the following modifications: 2 0 %  casein, stripped lard diet: as 20% casein, with 5% stripped lard (Distillation Products Industries, Rochester, N.Y.) instead of lard, olive oil and cod liver oil; menadione was added to the vitamin mixture, and 1.44 mg of vitamin A and 28.3 /¿g of vitamin D 2 were added/kg of diet as alcoholic solution; 5% casein without choline diet: as 5% casein, with choline omitted from vitamin mixture.
2 Purchased from Laboratorio D.ri Piccioni, Brescia.
3 Strutto (Ital. ), lard that has been melted and filtered free of the solid residues after melting; supplied from S.P.A. Galbani, Melzo.
4 Osborne and Mendel (12); mixture IV without lactose.
5 Bonetti and Stirpe (11).

fresh vegetables were given once a week 
or a commercial diet6 containing 20 % of 
protein.7 The stock diet contained 40 mg 
of total tocopherols/kg and 20.5 mg of 
a-tocopheryl acetate/kg.8 The commercial 
diet contained 40 m g/kg of vitamin E.9

Animals. Male rats of the Wistar-Glaxo 
strain were used. The dietary treatment 
has been described previously (1 1 ) . The 
selenium supplementation in the diet was 
started at birth (added to the diet given 
to mothers), and vitamin E was started 
at weaning. Rats fed the 20%  casein diet 
were killed when 60 days old, and those 
fed the 5%  casein diet were killed as soon 
as the first death due to liver necrosis 
occurred in each group. Chloroform in
toxication was produced by injecting sub
cutaneously 0.2 ml of a mixture of chloro
form and olive oil (1 :1  v /v ) , 48 and 24 
hours before killing.

Respiratory decline. Rats were decapi
tated, and the liver was quickly removed 
and washed in ice-cold isotonic phosphate 
buffer, pH 7.4. The respiratory decline 
was studied with slices as described by 
Chernick et al. ( 1 ), with homogenates (9 )  
or with mitochondria (1 0 ) . All experi
ments were carried out in duplicate. The 
values reported for oxygen uptake obtained 
with homogenates or mitochondria are 
those after subtraction of the oxygen up
take without substrate. The decline was 
calculated as described by the authors of 
the original observations.

Other determinations. Nitrogen was de
termined with the micro-Kjeldhal. The 
dialuric-acid induced hemolysis was de
termined as described by Rose and Gvôrgy
(1 3 ).

RESULTS
The experiments were performed ini

tially with liver homogenates and mito
chondrial preparations, according to Cor
win and Schwarz (9 , 10). Succinate was 
used as the substrate, since these investi
gators reported that with this substrate 
decline occurs in both systems. Since the 
results obtained in this way were some

3 Ephynal Roche, generously contributed by Roche, S.P.A., Milan.
6 Zoofarm, Padua.
7 Manufacturer’s data.
8 Determinations kindly performed by Hoffmann- La Roche, Basle, Switzerland.
9 See footnote 7.
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what equivocal and difficult to interpret, 
liver slices were used in a second series of 
experiments.

Mitochondria and homogenates. Both 
determinations were carried out on the 
same liver of the same animals. The re
sults obtained with mitochondria are re
ported in table 2. The greatest respiratory 
decline was observed in rats fed the stock 
diet or the commercial diet ( — 20%  and 
— 32%  , respectively). In all other groups, 
including the vitamin E-deficient groups,

decline was never greater than — 20%  
and was prevented or reduced by addition 
of vitamin E or selenium to the diet, with 
statistical significance only when selenium 
was added to the 20%  casein diet.

The results obtained with homogenates, 
and with succinate as substrate, are sum
marized in table 3. Respiratory decline 
was almost nil in rats fed the stock diet, 
but it was — 32%  in rats fed the com
mercial diet. In three different groups of 
rats fed the 20%  casein diet, the decline

TABLE 2
Oxidation of succinate by rat-liver mitochondria 1

Group 2 Diet Oxygen consumption 3 Variation 4
Statistical significance

0—30 min 30—60 min P value Referencegroup

1 (8) Stock 84 ±  5.7 66 ± 3.6
%

— 20± 3.45
2 (7 ) Commercial5 70 ±  9.7 46 ± 5.4 — 32± 6.91
3 (4 ) Commercial5 

+  vitamin E 67±  5.6 58 ± 2.4 —13 ±  4.1 <  0.10 i
4 (6 ) Commercial5; 

chloroform- 
intoxicated 53 ±  4.7 50 ± 10.1 +  16 ±23.25

5 (19) 20% Casein 47±  3.8 42 ± 3.5 —12± 4.48 <  0.30 7

6 (6) 

7 (6)

20% Casein, 
stripped lard

20% Casein 
+  vitamin E

34 ±  3.1 

61 ±  16.4

28 ±  6.1 

53 ±10.1

- 2 0 ±  13.70 

+  3 ±17.00

<  0.30
<  0.10

7
8

8 (6) 20% Casein+ Se 26± 6.0 27 ± 4.7 +  11 ±10.75 <  0.05 5

9 (4) 20% Casein 
+  vitamin E; 
chloroform- 
intoxicated 65 ±  0.4 65 ± 6.4 ±  0 ±  9.10

10 (6) 5% Casein 64 ±  5.8 53 ± 6.3 —18± 4.08 <  0.20 11

11 (7) 5% Casein 
+  vitamin E 31 ±  5.2 31 ± 7.4 -  5 ±  8.15

12 (6) 5% Casein+ Se 54 ±  7.1 52 ± 5.3 ±  0 ±  15.08 <  0.30 10

13 (4) 5% Casein 
+  vitamin E; 
without choline 28 ±  6.1 24 ± 5.6 —14 ±  2.75

'Each flask contained: 50 /¿moles of Tris (hydroxymethyl)-aminomethane buffer, pH 7.4, 4 /¿moles of MgCL, Í4 /¿moles of NaF, 30 /¿moles of sodium succinate, 3 /¿moles of NAD, and 0.8 ml of mitochondrial suspension (mitochondria from 200 mg of liver/ml) in 0.25 M  sucrose, in a final volume of 3 ml. The center weil contained 0.2 mi of 20% NaOH. Oxygen uptake was measured at 30°, with air as gas phase, after 1 0  minutes’ equilibration.
2 The numbers of rats of each group are given in parentheses.
3 /¿I 0¿/mitochondria from 200 mg of liver. Averages ±  se of mean.
4 Calculated by the formula of Corwin and Schwarz (10):

( O2  consumption 0-30 min) —  (O 2  consumption 30-60 min) ^
(O2 consumption 0—30 min)

Averages of individual variations ±  se of mean.
5 Zoofarm, Padua.
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was — 41, — 4.5 and ±  0%  , respectively. 
Mortality due to liver necrosis in the same 
groups was 1 /1 4 , 0 /8  and 2 /8 , respec
tively; these results have been pooled in 
a single group in table 3. The respiratory 
decline was only — 7%  in a group of rats 
fed the 20%  casein diet prepared with 
stripped lard and consequently almost com
pletely free of vitamin E. Mortality in this 
group was 0 /8 . The dialuric-acid hemol
ysis test was consistently positive in deter
minations made at random on some ani
mals of these 4 groups.

Decline was marked in rats fed the 5%  
casein diet. The addition of selenite to 
the various diets was practically ineffec
tive, whereas the addition of vitamin E 
prevented decline in all cases. The effect 
of vitamin E was statistically significant 
only when the differences were more 
marked, as in the case of the low protein 
diet. No decline was observed in the 
homogenates from rats fed the diet with
out choline, which had a considerably 
fatty liver. Chloroform intoxication caused 
a significant decline even in rats receiving 
the vitamin E-supplemented diet. There is 
a rough correlation between the initial 
oxygen uptake (i.e., the oxidation of suc
cinate in the first 30 minutes of incuba
tion) and respiratory decline, which ap
peared to be more marked in those groups 
showing a higher initial oxygen uptake.

Slices. The results obtained with ho
mogenates and particularly with mito
chondria were not consistent, and some
times were not in agreement with those 
reported by Corwin and Schwarz (9 , 10). 
This led to a study of respiratory decline 
in our animals with the slice technique of 
Chernick et al. (1 )  (table 4 ) . Practically 
no decline was observed in rats fed the 
stock or the commercial diet. A very 
marked decline occurred in rats fed the 
20%  and 5%  casein diets, which was re
duced by dietary vitamin E, whereas sele
nite was completely ineffective. The effect 
of vitamin E was statistically significant 
in rats fed the 20%  casein diet, but not 
in those fed the 5%  casein diet, although 
the variation was in the expected direction 
in the latter case. No decline was observed 
in the chloroform-intoxicated rats.

DISCUSSION
The results will be discussed according 

to the experimental system used (mito
chondria, homogenates or slices).

With mitochondria, the decline observed 
in preparations from rats fed the stock 
and commercial diets was equal to or even 
greater than that observed in rats fed the 
vitamin E-deficient diets with 20%  or 5%  
casein. This is not in agreement with the 
conclusions of the Schwarz group (5 , 7, 
10) 10,11 that respiratory decline is specific 
of the pre-necrotic phase of avitaminosis
E. According to these investigators (1 0 )  
mitochondria from rats fed the vitamin 
E-supplemented Torula diet show decline 
of — 19% . Unfortunately they do not re
port data obtained with mitochondria from 
rats fed a normal, complete and well-bal
anced diet. In our experiments the addi
tion of selenium to the 20%  and 5%  
casein diets appeared to prevent decline 
in mitochondria, although the difference is 
not statistically significant in the case of 
the 5%  casein diet and is at the limit of 
significance in the case of the 20%  casein 
diet.

Different results were obtained with the 
homogenates of the same livers used for 
preparing mitochondria. Maximal decline 
was observed in rats fed the 5%  casein 
diet. The inconsistent response of 4 groups 
of rats fed the 20%  casein diet is rather 
difficult to explain, and a further compli
cation is the lack of correlation between 
the extent of decline and the mortality ob
served in these groups. The comparison 
between rats fed the 20%  casein diet and 
those fed the 5%  casein diet appears to 
indicate that protein deficiency may at 
least aggravate respiratory decline in ho
mogenates.

Respiratory decline occurs also in rats 
fed the nonpurified diets (commercial) 10 * 12 
and in rats intoxicated with chloroform. 
These data, and the fact that protection is 
afforded by vitamin E but not by selenium, 
again raise the question as to whether 
respiratory decline of homogenates could

10 Schwarz, K. 1961 Nutritional significance of selenium (Factor 3). Federation Proc., 20: 6 6 6

(anSSchwarz, K., and W. Mertz 1960 Physiological effects of trace amounts of selenium. Proc. Conference on Physiological Aspects of Water Quality, Wash
ington, p. 79.

12 Zoofarm.
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be considered as a specific phenomenon 
of the prenecrotic phase of avitaminosis 
E, as postulated by Schwarz and co-work
ers (5 , 7, 1 0 ),13 or whether it is an un
specific consequence of several liver-dam- 
aging causes, or even a “physiological” 
phenomenon, relieved only by large quanti
ties of vitamin E. This last possibility is sup
ported by the occurrence of decline in rats 
fed commercial diets, like the one used in 
our experiments, or the commercial labora
tory ration 14 used by Schwarz, since all 
these diets support normal growth rate and 
fertility and therefore contain an amount 
of vitamin E which is adequate for phys
iological needs.

The results obtained with slices are gen
erally in agreement with those of Chernick 
et al. (1 ) . The lack of protection by 
selenium may indicate that the prepara
tions of Factor 3 used by Chernick et al. 
(1 )  afforded protection possibly because 
they were contaminated by some sub
stan ce^) other than selenium.

A comparison between the results ob
tained with slices, homogenates and mito
chondria shows the lack of a definite cor
relation between the “decline” in the dif
ferent preparations, even when they were 
obtained from the same animals, as was 
the case for homogenates and mitochon
dria. This poses the question whether 
“respiratory decline” of different prepara
tions can be considered a well-defined alter
ation, i.e., whether the inability to main
tain oxygen consumption is due to the same 
cause in all cases and whether the systems 
used for the study of the respiration are 
adequate, and particularly in the case of 
mitochondria and homogenates.

Recently Grove et al. (1 5 ) reported 
that respiratory decline is observable, with 
succinate as substrate, in liver homog
enates of both vitamin E-deficient and vita
min E-supplemented rats fed a Torula diet. 
They observed also that decline was less 
severe when the concentration of succinate 
was higher, thus causing a higher oxygen 
uptake. Our results, obtained at a fixed 
concentration of succinate, indicate that 
decline is more severe when the initial 
oxygen uptake is higher. Although no ex
planation is possible at present, our results 
appear to indicate that decline is not cor
related with absolute oxygen consumption.

but rather with the oxidative capacity of 
the tissue.
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In vivo Interactions of Cadmium, Copper, Zinc and 
Iron in the Mouse and R at1,2

CLARA R. BUNN and GENNARD MATRONE 
Department of Biochemistry, North Carolina State University, 
Raleigh, North Carolina

ABSTRACT Certain chemical parameters of the elements, copper, zinc, cadmium, 
and iron and the interactions of these elements were used to obtain insight on their 
absorption and utilization. Three experiments were conducted. In experiment 1, rats 
were subjected to a copper depletion pretreatment (pretreatment 1). Mice that re
ceived a normal diet in the pre-experimental period (pretreatment 2) were used in 
experiment 2, and both pretreatments were used with mice in experiment 3. Cadmium 
decreased gains and hemoglobin levels significantly in all experiments. With pre
treatment 1, the combination of copper and zinc largely overcame the adverse effects 
of cadmium for rats and mice. In pretreatment 2, however, supplemental copper and 
zinc did not overcome the depressing effect of cadmium. Another pretreatment effect 
was observed with dietary cadmium. This element increased zinc concentrations in 
the liver and testes more markedly in pretreatment 2 than in pretreatment 1. Dietary 
zinc increased liver iron concentration in all cases.

In previous publications ( 1 ,2 )  studies 
were reported of trace element inter
actions utilizing the chick and based on 
certain chemical parameters, coordination 
numbers, chelate configuration and iso- 
electronic valency shell. These concepts 
were utilized in the present study with the 
rat and mouse. The basic plan was to use 
interacting effects of cadmium, copper, 
zinc, and iron to obtain some insight on 
the metabolism of the essential elements 
involved. As in the previous report (1 ) , in 
order to minimize the difficulty in inter
pretation encountered when excessive 
dietary levels of trace elements are uti
lized, the levels of the three essential 
elements in these studies were held at 
relatively “physiological” concentrations.

EXPERIMENTAL
Three experiments were conducted. The 

first experiment was conducted with rats 
(Holtzman strain); the second and third, 
with mice.3

In experiment 1, the rats were sub
jected to a pretreatment period in order 
to deplete their copper stores. Eighty pre
weaned male rats, approximately 14 days 
old and averaging 35 g, were distributed 
among 10 lactating females. Each female 
and its allotted 8 young were housed in 
individual polypropylene cages with fluffed

cotton-linter cellulose bedding. During this 
2-week pretreatment period, the dam and 
young were offered diet 1 (table 1) and 
fresh cow’s milk ad libitum. At the end of 
this 2-week period, 64 of the young were 
weaned, divided into 8 weight groups, and 
the rats in each weight group were allotted 
at random to the 8 diets (table 1). As 
shown in table 2, the variables were cop
per, zinc, and cadmium added to the diet 
singly and in combination, in a 3 X 2 fac
torial design.

In the second experiment, 64 mice were 
placed on experiment directly after wean
ing. During the preweaning period, com
mercial laboratory ration4 was available 
to the mice at all times. Diets and han
dling procedures were similar to those of 
experiment 1.

In experiment 3, one-half of the mice 
were subjected to the same pretreatment 
as the rats in experiment 1, and the other 
half were treated as the mice in experi- * 1 2 3 4
Received for publication July 15, 1966.
1 Contribution from the Biochemistry Department, North Carolina Agricultural Experiment Station, Raleigh, North Carolina. Published with the approval of the Director of Research as Paper no. 2231 of the Journal Series.
2 Supported in part by a grant from the Herman Frasch Foundation and Public Health Service Research grant A-5651 from the National Institutes of Health.
3 Mice were obtained from W. B. Rogers at the North Carolina State Hygiene Laboratory, Raleigh, North Carolina.
4 Purina Chow, Ralston Purina Company, St. Louis.
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TABLE 1 
B a s a l  d ie t

Casein
%

25.0
Glucose 1 37.2
Starch 23.0
Hydrogenated vegetable fa t2 4.0
CaCC>3 1.0
CaHPCU 1.8
Vitamin mix 3 5.0
Mineral mix 4 3.0

1 Crystalline glucose. Com Products Sales Company, Norfolk, Virginia.
2 Primex B and C (pure vegetable shortening), Procter and Gamble Company, Cincinnati.3 Matrone et al., J. Nutr., 8 6 : 155, 1965.
4 Mineral mixture for 1 kg of diet: KC1, 6.0132 g; NaCl, 5.2643 g; MgS04, 4.4933 g; glucose monohydrate (Cerelose), 13.8615 g minus adjustments for trace element variations; MnS 0 4 *H20 , 0.0308 g; C0 CO3, 0.0002 g; KI, 0.0001 g; FeS04-2H20, 0.3366 g (diet 1 or basal); diets 2, 5, 6 and 8 , basal +  0.0251 g CuS04; diets 3, 5, 7, and 8 , basal -f 0.2490 g (exp. 2) and 0.4979 g (exps. 1 and 3) ZnO; diets 4, 6 , 7, and 8 , basal -f 0.3423 g 3 CdS04-8H20.

ment 2 (pretreatment 2 ) . The 64 male 
mice were allotted to diets in the same 
manner as in experiment 1.

Diets in all experiments contained ap
proximately 100 ppm of iron by analysis. 
Diet 1 (table 1 ), which served as the basal 
diet, contained by analysis approximately 
2 ppm copper and 9 ppm zinc. The levels 
of supplemental copper used were zero 
and 10 ppm, and of zinc were zero and 
200 in experiment 2 or 400 in experiments 
1 and 3. Cadmium levels of zero and 100 
ppm were used in all experiments. Each 
experiment extended over 5 weeks.

Body weights and feed intakes were re
corded weekly; however, the feed intakes 
were not used because of excess scattering 
of the diet. Hemoglobin measurements 
were determined by the method of Shenk 
et al. (3 )  on blood obtained from the tail. 
These samples were taken at the end of 
each experiment and, in addition, at the 
fourth week in experiment 1. The animals 
were decapitated, and the livers excised 
at the end of each experiment. In experi
ment 3, testes were also removed. Results 
are expressed on a dry-weight basis. For 
the copper, cadmium, zinc, and iron anal
yses, the tissues were wet-ashed with nitric 
and perchloric acids, and analyses were 
made with a Perkin Elmer Model 303 
Atomic Absorption Spectrophotometer.

All data were subjected to an analysis 
of variance (4 ) . Statements of difference 
for overall effects in the factorial analyses

are based on the F test of the analysis of 
variance. Least significant differences 
(l s d ) have been included in the table for 
comparison of differences between 2 treat
ment means.

RESULTS AND DISCUSSION
Results of these studies are presented 

in table 2. In agreement with results ob
tained with chicks (1 ) ,  cadmium de
creased gains (P — 0 .01) and hemoglobin 
(P 0.05) in all experiments. In pretreat
ment 1, the combination of copper and 
zinc (diet 8, table 2 )  largely overcame the 
adverse cadmium effect for both rats and 
mice. These results are in accordance with 
those reported for chicks. However, in pre
treatment 2, supplemental copper and zinc 
did not overcome the depressing effect of 
cadmium. Considering only the diets to 
which cadmium had been added, since 
cadmium is not a normal dietary constitu
ent, it is significant to note that the 
pretreatments apparently affected liver 
cadmium concentration in an inverse 
manner; i.e., the rats or mice subjected 
to pretreatment 1, which were fed diet 8, 
had lower levels of liver cadmium than 
those fed diet 4; the reverse is true in pre
treatment 2. This may offer a partial ex
planation for the difference in pretreat
ment effects on gain and hemoglobin 
noted above.

In rats, but not in mice, both cadmium 
and zinc lowered the liver copper concen
tration. In the mice, however, neither zinc 
nor cadmium alone appreciably affected 
liver concentrations of copper. No explana
tion for this discrepancy is offered except 
that it is presumed that species differences 
are involved.

As shown in table 2, the overall effect 
of supplemental dietary cadmium was to 
increase zinc concentration of the liver 
and testes. Analysis of the zinc data in 
experiment 3, however, indicated a highly 
significant difference (P — 0 .01) between 
pretreatments. Cadmium increased liver 
and testes zinc to a greater extent in pre
treatment 2 than in pretreatment 1. It is 
pertinent to note that in treatments where 
cadmium was not added to the diet the 
liver zinc concentration at the end of the 
experiment was the same regardless of 
pretreatment. The results showing an
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TABLE 2
Results of experiments 1 1, 2, and 3

Experiment 1 Experiment 2 Experiment 3
Pretreatment 1 2 Pretreatment 2 3 Pre treatment 1 Pretreatment 2

WithoutCd With
Cd Without With Cd Cd Without

Cd
With
Cd

Without
Cd

With
Cd

Gains, g
o 125.2(1)'* 59.1(4) 14.0(1) 5.1(4) 11.5(1) 5.6(4) 10.9(1) 5.4(4)
Cu 140.2(2) 79.4(6) 15.4(2) 10.4(6) 14.9(2) 8.6(6) 14.2(2) 2.6(6)
Zn 147.9(3) 70.6(7) 11.1(3) 7.2(7) 12.9(3) 5.8(7) 9.0(3) 5.6(7)
CuZn 136.9(5) 114.5(8) 16.6(5) 7.1(8) 13.3(5) 10.6(8) 14.2(5) 6.0(8)
LSD 5 39.4 4.3 4.0

Hemoglobin, g/100 ml
O 13.8(1) 5.4(4) 13.4(1) 7.9(4) 14.5(1) 5.9(4) 13.6(1) 4.9(4)
Cu 13.9(2) 7.9(6) 14.0(2) 9.1(6) 14.2(2) 10.9(6) 14.0(2) 7.5(6)
Zn 13.4(3) 5.9(7) 13.0(3) 5.1(7) 11.2(3) 5.9(7) 8.9(3) 2.8(7)
CuZn 13.9(5) 10.9(8) 14.7(5) 7.0(8) 14.4(5) 12.4(8) 13.5(5) 9.2(8)
LSD 1.1 4.2 1.5

Liver copper, ppm
o 11.0(1) 2.9(4) 12.1(1) 12.8(4) 11.1(1) 11.0(4) 8.5(1) 6.7(4)
Cu 17.7(2) 14.2(6) 13.1(2) 14.6(6) 14.2(2) 14.6(6) 13.6(2) 17.6(6)
Zn 8.4(3) 3.1(7) 12.5(3) 8.1(7) 9.1(3) 11.4(7) 5.4(3) 6.2(71
CuZn 13.6(5) 12.6(8) 15.1(5) 15.0(8) 15.5(5) 12.9(8) 12.9(5) 18.1(8)
LSD 2.2 4.2 8.1

Liver zinc, ppm
o 92.1(1) 82.7(4) 87.0(1) 196.8(4) 75.0(1) 150.7(4) 78.2(1) 114.2(4)
Cu 66.6(2) 92.6(6) 84.0(2) 160.0(6) 71.2(2) 107.0(6) 85.5(2) 191.0(6)
Zn 85.3(3) 94.6(7) 91.8(3) 194.6(7) 85.4(3) 144.0(7) 72.1(3) 193.4(7)
CuZn 66.4(5) 100.7(8) 81.7(5) 209.7(8) 71.1(5) 108.5(8) 104.9(5) 194.6(8)
LSD 36.4 23.7 68.1

Liver cadmium, ppm
o 0.4(1) 77.6(4) 1.2(1) 205.6(4) 1.9(1) 152.6(4) 1.9(1) 133.0(4)
Cu 0.6(2) 101.2(6) 1.3(2) 174.5(6) 1.1(2) 124.5(6) 1.9(2) 172.8(6)
Zn 0.5(3) 74.2(7) 1.0(3) 182.0(7) 2.5(3) 105.8(7) 2.5(3) 105.9(7)
CuZn 1.8(5) 68.3(8) 0.7(5) 219.4(8) 0.7(5) 106.5(8) 1.2(5) 152.7(8)
LSD 16.6 34.0 44.1

Liver iron, ppm
o 391.4(1) 244.2(4) 507.0(1) 261.6(41 312.4(1) 476.8(4) 363.2(1) 246.4(4)
Cu 185.1(2) 109.1(6) 387.4(2) 294.4(6) 344.6(2) 116.8(6) 289.2(2) 163.2(6)
Zn 456.7(3) 275.7(7) 740.4(3) 370.2(7) 760.3(3) 502.4(7) 558.0(3) 472.9(7)
CuZn 185.6(5) 129.5(8) 420.2(5) 179.5(8) 287.3(5) 290.9(8) 282.5(5) 150.1(8)
LSD 106.7 74.4 250.4

Testes zinc, ppm
o 81.5(1) 125.4(4) 139.6(1) 146.3(4)
Cu 72.8(2) 92.4(6) 139.9(2) 216.8(6)
Zn 66.4(3) 141.4(7) 154.8(3) 265.7(7)
CuZn 110.0(5) 137.4(8) 137.0(5) 150.0(8)
LSD 86.8

1 Experiment 1 conducted with rats and experiments 2 and 3 with mice.
2 Animals were subjected to a depletion period in which they were fed a purified diet low in copper.
3 Animals were fed commercial laboratory ration (Purina Chow, Ralston Purina Company, St. Louis) during the pre-experimental period.
4 Numbers in parentheses refer to diet numbers in table 1.
5 Least significant difference (P=^ 0.05) between treatment means.
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overall increase in liver zinc concentration 
by dietary cadmium are in agreement with 
isotope studies showing the accumulation 
of “5Zn in livers of rats or mice where cad
mium was administered orally or by injec
tion (5 , 6 ) . These authors offer 2 possible 
explanations of this phenomena. Cad
mium interferes in the normal excretion 
of zinc (5 )  or the zinc turnover rate is 
lowered by cadmium (6 ) . A third possi
bility is that cadmium may also affect the 
absorption of zinc through the action of 
cadmium on sulfhydryl groups of the in
testinal tract.5

The most interesting effect on liver cad
mium, as shown in table 2, experiment 3, 
is the copper-by-pretreatment interaction. 
In pretreatment 2, dietary copper signifi
cantly (P — 0 .05) increased liver cadmi
um; however, in pretreatment 1 of experi
ment 3, copper tended to decrease liver 
cadmium. This pattern is similar to that 
shown by liver zinc in this experiment.

As shown in table 2, the overall effect 
of cadmium was to lower liver iron. A 
striking result is the effect that zinc has 
in increasing liver iron. Further examina
tion of the data of all experiments, dis
regarding differences in species and pre
treatment, show that animals fed dietary 
copper have a lower level of liver iron. 
The effect of zinc on liver iron is note
worthy since other studies on zinc toxicity 
report the reverse effect, that is, that zinc 
decreased liver iron ( 7 -9 ) .  Since much 
lower levels of zinc were used in the pres
ent experiment than those reported on in 
the literature (2 0 0 -4 0 0  ppm versus 4 0 0 0 -  
7500 ppm ), these data can be interpreted 
that either zinc increases iron absorption 
at low dietary levels and decreases iron 
absorption at high levels, or that zinc, de
pending on the level in the diet, may inter
fere in one or more steps in the hemo
poietic system. Of these 2 alternatives, the 
latter appears more probable. For example, 
if the data in table 2 on liver iron are con
sidered, omitting those where cadmium 
was added to the diets, it can be ration
alized that when copper was omitted from 
the diet and when zinc without copper was 
added to the diet, iron accumulated in the 
liver, because the copper concentration 
was inadequate for the normal mobiliza
tion and utilization of liver iron (1 0 ). The

fact that liver iron was generally highest 
when zinc without copper was added to 
the diet can be explained by the antag
onism of zinc to copper reported in zinc 
toxicity studies ( 1 ,9 ) .  Explanation of the 
depressing effects of zinc on liver iron 
when toxic levels of zinc are fed, remains 
to be made. Recent work by Settlemire 
and Matrone 6 offers an explanation con
sistent with the hypothesis proposed here
in. These investigators observed in zinc 
toxicity studies that the metabolic defect 
is a shortened red blood cell life span and 
a greater excretion of iron into the intes
tinal tract ( l l ) . 7 It is pertinent to note 
that in experiment 1, with rats, 400 ppm 
of zinc increased iron concentration in the 
liver but did not affect hemoglobin level, 
whereas, in experiment 3 with mice, 
400 ppm affected both hemoglobin and 
liver iron accumulation, indicating a spe
cies difference. Species differences in 
terms of the effect of dietary levels of zinc 
have also been reported by Havini and 
Guggenheim (1 2 ).

It may be informative to evaluate the 
results of this study in the light of the 
chemical parameters discussed elsewhere
( 1 ,2 ) .  Although the interacting effects of 
Cu, Cd, and Zn observed with rats and 
mice subjected to pretreatment 1 are sim
ilar to those reported for chicks ( 1 ,2 ) ,  
discrepancies were observed with mice in 
pretreatment 2. Supplemental copper and 
zinc did not ameliorate the cadmium effect 
on growth as it did for rats and mice sub
jected to pretreatment 1, and mice fed 
cadmium in pretreatment 2 had a higher 
concentration of zinc in their liver than 
did those subjected to pretreatment 1. 
These differences between pretreatments 
suggest a modifying factor involving the 
preconditioning of the intestinal tract in 
relation to dietary cations. The fact that 
growth as well as cation concentration of 
the liver was affected suggests that ab
sorption, per se, was also involved. It 
appears that the intestinal tracts condi
tioned to a normal or adequate level of 
essential trace elements, under the modi

5 Charles H. Hill 1966 Studies on the absorption and distribution of zinc in the chick. Federation Proc., 25: 483 (abstract).
6 Settlemire, C. T., and G. Matrone 1966 Effect of high-zinc intake on life span of red blood cells and heme in the rat. Federation Proc., 25: 484 (abstract).
7 See footnote 6 .
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fying influence of dietary cadmium, can 
absorb much more than those precondi
tioned to a depletion or low level of these 
cations.

From the chemical parameter view
point (1 , 2 ) Z n ++, Cd++, and Cu+ tend to 
form similar chelates and have similar 
affinities for ligands such as sulfhydryl 
groups, presumably present in intestinal 
as well as body tissues. These chelate 
affinities might well be the basis of mutual 
effects of these metal ions on liver or tis
sue turnover as well as on absorption. 
From this point of view, site of absorption 
must also be considered in evaluating in
teracting effects. For example, results with 
rats (1 3 ) show that copper, unlike cad
mium and zinc, is absorbed to a large ex
tent from the stomach rather than from 
the small intestine.
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Changes in Rat Liver Cytochromes b, c,# and c and
Mitochondrial Protein in Prolonged
Protein Deficiency

ABSTRACT In protein deficiency, rat liver cytochromes b, Ci, and c and mitochon
drial protein are lost from the cells to about 50% of normal after 8 weeks and there
after decrease to 40% of normal after 14 weeks of depletion, at which time the animals 
become moribund from the deficiency. When protein is added back to the ration these 
components return almost linearly to normal within 8 days. That all of these com
ponents were lost at the same rate and responded at the same rate to protein repletion 
suggests that they are under the control of a single underlying regulator of mitochon
drial metabolism. The presence of 0.3% DL-methionine in the protein-free ration 
appeared to protect against the loss of cytochromes b  and c but not c

In earlier papers of the present series 
( 1 -3 ) ,  studies on the response of individ
ual components of the mitochondrial elec
tron transport system to protein depletion 
have been reported. In the first study ( 1 ) 
the response of succinic dehydrogenase, 
the “antimycin A-sensitive factor,” which 
is a measure of the rate of electron trans
port through cytochromes b and Ci using 
succinate as substrate, and cytochrome c 
were investigated. At that time no quanti
tative method existed for cytochrome b or 
Ci per se. Also, it was subsequently found 
by us that the method used for cytochrome 
c which involved isolating cytochrome c 
and measuring the product spectrophoto- 
metrically (4 ) , was quite inaccurate. This 
was due to the fact that, under the condi
tions used and with the minute amounts 
of cytochrome c observed in the necessarily 
small portions of liver used, cytochrome 
c was incompletely precipitated by trichlo
roacetic acid. The degree of precipitation 
was also found to be erratic as observed in 
recovery studies. With the development of 
a quantitative method for measuring si
multaneously the cytochromes in rat liver 
mitochondria (5 ) , all of the individual 
cytochrome components of the electron- 
transport system could be followed conve
niently and accurately during protein de
pletion followed by repletion.

It has been observed in previous studies 
in which changes in various liver compo

nents were followed during protein deple
tion (2 ,3 ,6 ,7 ) that inclusion of 0 .30%  
DL-methionine in the protein-free diet pro
tected against the loss of succinic dehydro
genase, ubiquinone and phospholipids. 
However, cytochrome oxidase was not in
fluenced by methionine under these condi
tions. In the present studies it was of 
interest to continue this investigation of 
the effect of methionine on the other cyto
chrome components of liver mitochondria 
to determine whether the lack of effect on 
cytochrome oxidase was general for mito
chondrial cytochromes. This would make 
more complete the picture of the response 
of the individual components of the suc
cinic oxidase system to prolonged protein 
depletion.

Thus far, with succinic dehydrogenase
( 1 ,2 )  and cytochrome oxidase ( 3 ), pre
viously reported evidence suggests that a 
common regulatory mechanism may exist 
which is involved in controlling the main
tenance of mitochondrial enzyme systems 
under the stress of protein deficiency (3 ) .  
In the present studies on cytochromes 
b, ci and c this speculation was further in
vestigated.

EXPERIMENTAL METHODS
Adult male rats of the Sprague-Dawley 

strain, previously adjusted for 3 weeks to 
a complete purified diet (diet R l )  (8 )
Received for publication July 11, 1966.
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were separated into 4 groups. Group 1 was 
fed the complete diet ad libitum; group 2 
was pair-fed with group 4; group 3 was 
given diet R 1 with casein omitted; and 
group 4 was fed diet R 1 with both casein 
and methionine omitted. Briefly, diet R 1 
consisted of: (in per cent) casein, 20; 
DL-methionine, 0 .3 ; corn oil, 5; salts N plus 
molybdate (9 ) ,  6.5; glucose monohydrate, 
63.5; choline chloride, 0 .2 ; ¿-inositol, 0.02; 
and water-soluble vitamin mix in glucose 
monohydrate (1 ) ,  4.5. Fat-soluble vita
mins (8 )  were given weekly to each rat in 
2 drops of corn oil.

At various time-intervals as indicated in 
the figures under Results, 6 to 8 rats from 
groups 1, 2 and 4 were killed and liver 
mitochondria isolated by the method of 
Schneider and Hogeboom (1 1 ). Cyto
chromes b, Ci and c were assayed by the 
method of Williams (5). Only one group of 
rats from group 3 was killed in these stud
ies, after 56 days. The protein-depletion 
period for group 4 lasted for 100 days, at 
which time many of the remaining ani
mals in group 4 became moribund from 
the protein deficiency. Thereupon casein 
was returned to the deficient ration, and 
more rats were killed after 1, 2, 3, 4, 8 
and 13 days. Not enough rats remained in 
group 4 to obtain points at 13 days, 
however.

Liver DNA was extracted by the method 
of Schneider (1 2 ) and analyzed with di- 
phenylamine (1 3 ) . Mitochondrial protein 
was estimated by the method of Lowry et 
al. (1 4 ) .

RESULTS
All of the results were calculated as 

micromoles of each cytochrome per unit 
weight of fiver DNA. These values in turn 
were converted to percentage of the ad 
libitum-fed controls (group 1). The ab
solute values represented by the control 
value of 100% in each of the figures, re
spectively, were as follows: figure 1, 4.74  
mumoles of cytochrome b/m g  fiver DNA; 
figure 2, 2.97 mumoles of cytochrome Cj/ 
mg liver DNA; figure 3, 4.49 mumoles of 
cytochrome c/mg-liver DNA; figure 4, 15.2 
mg of mitochondrial protein/mg fiver 
DNA. Statistical analysis using Student’s t 
test was used, and the results of this anal
ysis are presented in the legend of each 
figure.

TIME IN DAYS
Fig. 1 The response of liver cytochrome b to 

protein depletion followed by repletion. Protein 
repletion was begun at the arrows. The hori
zontal dotted lines represent the ad libitum-fed 
controls (group 1); A =  group 2 (pair-fed con
trols); ■  =  group 3 (protein-deficient rats fed
0.3% DL-methionine); O =  group 4 (protein- 
deficient rats).

Statistical analysis using Student’s t test indi
cated the following significant differences (P <  
0.01) among the points in the figures: 56 days: 
1 versus 4, 2 versus 4; 100 days: 1 versus 2, 
1 versus 4, 2 versus 4; 1 day post-repletion: 
1 versus 4, 1 versus 2. While P >  0.01 for group 
3 versus 4, there was no overlapping of the 
limits of the standard errors of these 2 groups.

Cytochrome b in protein deficiency in 
the absence of added methionine (group
4 ) decreased to about 50%  of normal after 
56 days and then to 40%  of normal after 
100 days (fig. 1 ). Thus the major loss 
occurred over the first 8-week period. When 
0 .3%  DL-methionine was present in the 
protein-free ration, some sparing action on 
cytochrome b was observed. The cyto
chrome b of the pair-fed controls did not 
change during the first 56-day period, but 
after 100 days it had decreased to about 
60%  of normal. A more rapid return of 
cytochrome b to normal occurred in the 
previously protein-deficient group than in 
the pair-fed control group. There appeared
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TIME IN DAYS
Fig. 2 The response of liver cytochrome cj 

to protein depletion followed by repletion. Pro
tein repletion was begun at the arrows. The 
horizontal dotted lines represent the ad libitum- 
fed controls (group 1); A =  group 2 (pair-fed 
controls); ■  =  group 3 (protein-deficient rats 
fed 0.3% DL-methionine); O =  group 4 (protein- 
deficient rats).

Statistical analysis using Student’s t test indi
cated the following significant differences (P <  
0.01) among the points in the figures: 56 days: 
1 versus 4, 2 versus 4; 100 days: 1 versus 4; 
1 day post-repletion: 1 versus 4.

to be a slight oscillation in the response of 
the pair-fed controls to repletion.

The results for cytochrome Ci (fig. 2 )  
were almost identical to those for cyto
chrome b. Again there was a loss in group 
4 to 50%  of normal after 56 days followed 
by a slight further loss to 45%  of normal 
after 100 days. The pair-fed control value 
was unchanged after 56 days but de
creased to about 65%  of normal after 100 
days. There was a marked lag with an 
oscihation in the return of the pair-fed 
controls to normal after beginning reple
tion; the previously protein-deficient group, 
however, returned to normal almost line
arly after only a 1-day lag. There was no 
effect of methionine on cytochrome ct.

Fig. 3 The response of liver cytochrome c 
to protein depletion followed by repletion. Pro
tein repletion was begun at the arrows. The 
horizontal dotted lines represent the ad libitum- 
fed controls (group 1); A =  group 2 (pair-fed 
controls); ■  =  group 3 (protein-deficient rats 
fed 0.3% DL-methionine); O =  group 4 (protein- 
deficient rats).

Statistical analysis using Student’s t test indi
cated the following significant differences (P <  
0.01) among the points in the figures: 56 days: 
1 versus 4, 2 versus 4; 100 days: 1 versus 2,
1 versus 4; 1 day post-repletion: 1 versus 2,
1 versus 4; 2 days post-repletion: 1 versus 2,
1 versus 4; 3 days post-repletion: 1 versus 2;
4 days post-repletion: 1 versus 2.

While P >  0.01 for group 3 versus 4, there 
was no overlapping of the limits of the standard 
errors of these 2 groups.

With cytochrome c (fig. 3) the results 
for groups 2 and 4 were almost identical 
to those for cytochromes b and c,. How
ever, when methionine was present in the 
protein-free ration, a protective effect on 
cytochrome c was observed. Also the re
sponse of the pair-fed controls (group 2 )  
to repletion followed a unique pattern in 
that not only a lag was observed but a 
pronounced oscillation occurred.

The results for mitochondrial protein 
(fig. 4 ) were almost precisely superimpos
able on those for cytochrome b within ex-
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TIME IN DAYS
Fig. 4 The response of liver mitochondria] 

protein to protein depletion followed by reple
tion. Protein repletion was begun at the arrows. 
The horizontal dotted lines represent the ad 
libitum-fed controls ( group 1 ) ; A =  group 2 
(pair-fed controls); ■  =  group 3 (protein-defi
cient rats fed 0.3% DL-methionine); O =  group 
4 (protein-deficient rats).

Statistical analysis using Student’s t test indi
cated the following significant differences (P <  
0.01) among the points in the figures: 56 days: 
1 versus 4, 2 versus 4; 100 days: 1 versus 2, 
1 versus 4, 2 versus 4; 1 day post-repletion: 
1 versus 2, 1 versus 4; 2 days post-repletion: 
1 versus 4; 3 days post-repletion: 1 versus 4.

While P >  0.01 for group 3 versus 4, there 
was no overlapping of the limits of the standard 
errors of these 2 groups.

perimental error. There was protection of 
mitochondrial protein by methionine and 
the response of the previously protein-defi
cient group to repletion was considerably 
more rapid than that of the pair-fed con
trols. Again a slight oscillation in the pair- 
fed controls occurred during repletion.

DISCUSSION
If the net change in the number of in

tact mitochondria, in protein deficiency is 
negative, then the similar losses in each of 
the cytochrome components would be ex
pected. There is evidence which suggests 
that in the liver, mitochondria can repro
duce by fission and subsequent growth
(1 5 ). However, there is other evidence

which suggests that if even this is the case, 
certain proteins (1 6 ) and lecithin (1 7 )  
are synthesized outside the mitochondria 
and are subsequently incorporated into the 
mitochondrial structure. Beattie et al. (16) 
interpreted their studies on amino acid in
corporation into mitochondrial proteins on 
the hypothesis that water-soluble proteins, 
which include cytochrome c, may be syn
thesized outside of the mitochondria and 
are subsequently incorporated into the mi
tochondria. Roodyn et al. (1 8 ) observed 
negligible labeling of soluble mitochondrial 
proteins as compared with insoluble mito
chondrial proteins when isolated mitochon
dria were incubated with labeled amino 
acids. These types of results lead to the 
conclusion that insoluble proteins are syn
thesized in the mitochondria and other 
mitochondrial proteins are synthesized 
elsewhere and then incorporated into the 
mitochondria.

In the present studies, the marked simi
larities in the responses of cytochrome oxi
dase (3 ) ,  cytochromes b, Ci, and c, succinic 
dehydrogenase (2 ) ,  and mitochondrial 
phospholipid (3 )  are indicative of a com
mon regulatory mechanism controlling the 
levels of these components under the stress 
of protein deficiency. That all of these 
components were lost at the same rate and 
responded at the same rate to protein re
pletion suggests that they are under the 
control of a single underlying regulator of 
enzyme maintenance in mitochondria. 
That cytochrome c responds almost identi
cally to the insoluble cytochromes indi
cates that the underlying regulatory mech
anism would control mitochondrial fission 
and concomitant mitochondrial synthesis 
of insoluble cytochromes as well as extra- 
mitochondrial synthesis of cytochrome c 
and incorporation into the mitochondria. 
Another argument that the similar re
sponses in each of the mitochondrial en
zymes to protein depletion is not due sim
ply to a net loss of intact mitochondria is 
that methionine influences the mainte
nance of cytochromes b  and c but has no 
effect on cytochrome ct or cytochrome oxi
dase (3 ) . The effect of methionine is not 
large after 56 days of depletion and might 
have been shown to best advantage if that 
group had been killed after 100 days (cf. 
ref. 2 ) . However, the effect undoubtedly
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exists since it has been observed not only 
with cytochromes b and c but also with 
succinic dehydrogenase ( 2 ) ,  ubiquinone
(6 ) , and phospholipids (7 ) .

Since a lower limit of each of the en
zymes studied to about 40%  of normal is 
reached after 100 days, at which time the 
animals become moribund from the pro
tein deficiency, then, in addition to the 
mechanism for regulating enzyme levels in 
mitochondria as discussed above, there 
must be a limiting conservation mecha
nism which prevents further loss even 
though the animals begin to die from the 
deficiency. It is of interest to speculate 
whether these “hard core” mitochondrial 
enzymes represent the amount of mito
chondrial function which is absolutely es
sential for cellular survival and whether 
the 60%  of the normal total which are lost 
represent a combination of excess mito
chondrial enzymes plus enough enzyme 
concentration for normal cell maintenance 
and cell division.
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Actinomycin D Inhibition of Vitamin D- and Dihydro- 
tachysterol-induced Responses in the Chick * 1

H. BRUCE BOSMANN a n d  PHILIP S. CHEN, JR.
Department of Radiation Biology and Biophysics,
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ABSTRACT Low doses of actinomycin D (2.0-2.5 /¿g/day for 14 days) adminis
tered intraperitoneally to chicks fed a rachitogenic diet did not cause any measurable 
deterioration of their rachitic state as assessed by serum calcium and phosphorus 
levels, percentage bone ash, growth, or bone weights. These observations suggest 
that there is a basal level of intestinal function and bone metabolism in rachitic 
chicks which is not inhibited by actinomycin D. The increased intestinal absorption 
of calcium above the basal level induced by oral antirachitic doses (2.5 ¿¿g/day) of 
vitamin D3 or dihydrotachysterol2 (DHT2) was abolished by the above doses of 
actinomycin D. Bone ash values, however, were normal despite the actinomycin D 
treatment, although growth was retarded. Actinomycin D reduced the hyperstimu- 
lated calcium absorption and lowered the hypercalcemia evoked by the high dosages 
of vitamin D3 or DHT2 (250 ¿tg/day). Various evidence suggests that certain bone 
effects of the sterols were relatively unaffected by actinomycin D. In birds receiving 
2500 jitg/day of vitamin D3, oral 45Ca was well absorbed into the blood but failed to 
deposit in bone; actinomycin D by inhibiting calcium absorption, caused a lowering 
of the hypercalcemia, but since bone uptake was negligible, the resultant serum 
calcium level was not as low as rachitic levels.

The antibiotic, actinomycin D, is thought 
to inhibit protein synthesis by binding 
primarily to the guanine residues in de
oxyribonucleic acid (D N A ) primer mole
cules, thus impeding DNA directed mes- 
menger-ribonucleic acid (mRNA) synthesis 
by obstructing the enzymic activity of 
RNA polymerase (1 ) . Recently, actino
mycin D has been found to inhibit para
thyroid hormone-induced hypercalcemia 
in parathyroidectomized rats ( 2 -4 )  and 
to inhibit the hypercalcémie effect of toxic 
doses of vitamin D in rats (5 ) . Further
more, both Norman (6 )  and Zull et al.
(7 )  have indicated that vitamin D-stimu- 
lated intestinal calcium transport is in
hibited by the antibiotic in chicks and rats, 
respectively. Harrison and Harrison (8 ) ,  
however, believe that the effect of actino
mycin D in inhibiting intestinal calcium 
transport is on the transport system itself 
rather than only on the vitamin D-stimu- 
lated component. • Zull et al. (9 )  report 
that none of the vitamin D alterations in 
membrane permeability to calcium ions 
were affected by actinomycin D, but that 
vitamin D stimulation of active Ca+ + 
transport in vitro and incorporation of 32P

into intestinal phospholipids was blocked 
by the antibiotic.

These various results indicate that pro
tein synthesis may be required at some 
phase in the mechanism of vitamin D 
action. The possibilities are numerous; 
for example, vitamin D might initiate the 
production of a protein necessary for 
proper transport such as the calcium-bind
ing protein studied by Wasserman (10, 
11). Another possible mechanism is that 
synthesis of an enzyme might be neces
sary to activate the vitamin itself. The 
exact point in vitamin D and mineral me
tabolism in which protein synthesis is ob
ligatory is still unresolved. The present 
study was conducted to examine in detail 
the degree of inhibition by actinomycin D 
of the effects in chicks of a wide dose 
range of vitamins D and dihydrotachys- 
teroh (DHT2) varying from low antirachi
tic levels to large toxic levels.

Received for publication June 30, 1966.
1 This paper is based on work performed under contract with the United States Atomic Energy Commission at the University of Rochester Atomic Energy Project, Rochester, New York and was supported in part by a Public Health Service Fellowship (817-01) from the National Institute of General Medical Sciences to H. B. Bosmann.
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METHODS
Two series of experiments were con

ducted with actinomycin D. Day-old male 
White Leghorn chicks (Mt. Hope Queens) 
were fed a rachitogenic diet2 for 5 weeks 
with treatment occurring during the last 
2 weeks of the period. In the first experi
mental series the crystalline sterols 3 were 
administered orally at the following daily 
dose levels: vitamin D3, 0.25 and 100 ug 
(10 and 4000 IU ); vitamin D2, 2.5 and 
1000 ug (100 and 40,000 IU ); and di- 
hydrotachysterol (DHT2), 2.5 and 100 ug. 
There were 20 birds at each dose level, 
10 receiving the sterol alone and 10 re
ceiving the sterol plus 2.0 ug of actino
mycin D 4 per day given intraperitoneally 
in saline. The control group for this first 
experimental series consisted of 10 birds 
maintained with the rachitogenic diet and 
intubated daily with 0.1 ml sesame oil and 
10 birds treated the same way but in 
addition, injected intraperitoneally with
2.0 ug actinomycin D each day.

In the second experimental series vita
min D2, vitamin D3 and DHT2 were ad
ministered at the following daily dose 
levels: 0.25, 2.5, 25, 250, 2500 ug (1 0 -
100.000 IU of the D vitamins). Each 
group given the sterols alone consisted of 
8 birds; at each dose level of vitamin D3 
and DHT2 another group of 8 birds was 
intubated with the sterol and injected in
traperitoneally with 2.5 ug of actinomycin 
D. The inhibition of vitamin D2 by the 
antibiotic was not studied in this second 
experiment but a vitamin D2 dose-response 
curve was determined for comparative 
purposes. The control groups in this sec
ond experiment were the same as in the 
first except that the dose of actinomycin 
D was 2.5 ug instead of 2.0 ug.

Experimental procedures were essen
tially the same as used in previous work 
from this laboratory (1 2 -1 4 ) . Chicks 
were decapitated after the 5-week experi
mental period and the following param
eters evaluated: serum calcium level,
serum phosphorus level, percentage bone 
ash, extracted tibia weight, and final body 
weight. The data presented in the figures 
are given as mean values with standard 
errors indicated by vertical lines where 
applicable.

Bone analysis was performed on tibiae 
(taken from each chick, cleanly dissected 
and stored in a freezer until ready for 
extraction). Each tibia was broken in 
half and bones from each group were 
placed into a paper thimble and extracted 
in a Soxhlet apparatus for 48 hours with 
absolute ethanol and for an equal period 
of time with diethyl ether. The bones 
were then placed in a dessicator for 24 
hours and weighed carefully. From this 
weight an average value was calculated 
for extracted tibia weight. The bones were 
then dried in platinum dishes at 100°, 
flamed over a Meker burner to burn off 
the major portion of volatile material and 
finally ashed in a muffle furnace at 750° 
for 16 hours. The percentage bone ash 
was calculated as:

extracted

Furthermore, in this study the appear
ance of 45Ca in the serum and bone at 
different time intervals was measured fol
lowing an oral dose of the isotope. 45Ca 
(low specific activity 4.0 m C i/m g )5 which 
had been previously purified chemically 
by oxalate precipitation was intubated or
ally at a concentration of 25 uCi in 0.2 ml 
of saline to each chick at zero time which 
was 24 hours prior to killing. Samples of 
blood (0 .3 m l)  were removed from differ
ent positions on each wing vein at 2 time 
periods following isotope administration. 
Due to the large number of birds being 
tested, the first time point ranged from 
30 to 100 minutes and the second time 
point was 100 to 180 minutes. After cen
trifugation of samples, 100 iiliters of se
rum were counted in 5 ml of scintillation 
fluid (1 5 ) in the Ansitron liquid scintilla
tion counter.

In addition to these short-term meas
urements of blood levels of 45Ca, samples

2 General Biochemicals Inc., Chagrin Falls, Ohio. This diet was composed of: (in %  ) alfalfa meal, 5.5; soybean meal, 15.4; bone meal, 4.4; yellow corn, 34.4; wheat flour middlings, 28.4; dried skim milk, 9.4; cottonseed oil, 1.0; iodized salt, 1.0; and bone charcoal, 0.5. Our lot of diet contained 1.43% calcium and 1.10% phosphorus by analysis (namely, a cal- cium-to-phosphorus ratio of 1:3).
3 Crystalline vitamins D 2 and D 3 and D H T 2 were manufactured by N. V. Philips-Duphar, Weesp, Netherlands.4 Actinomycin D was kindly supplied by Merck, Sharp and Dohme Research Laboratories, Rahway, New Jersey.5 Tracerlab, Waltham, Massachusetts.
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of serum were assayed as described at 24 
hours after the 45Ca administration. One 
tibia from each chick was removed at 
killing 24 hours after isotope administra
tion, broken in half and extracted as de
scribed above. After ashing, the bones 
were ground finely in a mortar.

Fifty milligrams of ground bone ash 
from each tibia were weighed into a count
ing vial and dissolved in 0.5 ml of 1.8 n  
HNOs. The samples were allowed to stand 
for several hours to ensure complete dis
solution of the ash. Ten milliliters of 
counting fluid were then added to each 
vial and the radioactivity was assayed as 
above.

RESULTS
Actinomycin D (2.0 ug/day) vs. 

vitamin D3, vitamin D2 
arid DHTo

Growth. Data presented in figure 1 
(bottom) indicate that actinomycin D ex

□  VIT. ALONE ^  VIT. *2.0/19. ACT. 0 J MEAN * S.E
90-

§ 50-

1 ' 
^ 30-

H

<2 io -

1.4 -|

eg

SÙ5 10'
& S<ô .
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Fig. 1 Effect of actinomycin D on response 
of rachitic chicks to vitamins D2, D3, and DHT2. 
Top: serum Ca X P products, values as m g /100 
ml. Middle: extracted tibia weights. Bottom: 
final body weights. Column labeled R refers to 
rachitic controls, and column labeled A indicates 
actinomycin D controls.

erted growth-depressing effects on the 
sterol-treated chicks but not on the ra
chitic controls. If this decrease in final 
weight had been due to an action which 
would cause a decrease in potency of the 
sterol, then the actinomycin D-treated 
chicks given high doses of sterol would 
have been expected to give higher, rather 
than lower, weights when compared with 
their controls. The extracted bone weights 
also bear out this observation (fig. 1, mid
dle). At every dose level, the bone weights 
were less in the actinomycin D-treated 
group than in the group treated with the 
sterol alone. However, no fatalities oc
curred which could be attributed to actino
mycin D treatment.

Serum calcium levels. At each dose 
level of sterol, actinomycin D treatment 
resulted in a lowered serum calcium level 
(fig. 2, bottom). Actinomycin D inhibited 
the sterol-induced increase in the serum 
calcium at antirachitic dose levels of

□  VIT. ALONE ES3 VIT * 2.0/ig. ACT D J MEAN i 5 E.

R A 025 100 25 1000 2.5 100D, D, De De DHTj OHTj
DAILY DOSE (̂ g)

Fig. 2 Effect of actinomycin D on response of 
rachitic chicks to vitamins D2, D3, and DHT*. 
Top: serum phosphorus level in m g /100 ml. 
Middle: % bone ash. Bottom: serum calcium 
level in m g /100 ml. Column labeled R refers to 
rachitic controls, and column labeled A indicates 
actinomycin D controls.
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sterol. For example, with 0.25 ag/day 
(10  IU) vitamin D3 the serum calcium 
was 11.4 m g /100  ml for the sterol alone 
and 9.0 m g /100  ml for the sterol plus
2.0 ug of actinomycin D. The inhibitor 
also blocked the hypercalcemia associated 
with the large doses of the sterols, al
though in this experiment the hypercal
cemia in control groups was not as 
marked as usual; for example, in figure 2 
(bottom) 100 iig/day vitamin D3 resulted 
in a serum calcium level of 13.2 
m g /100  ml.

Bone ash. Figure 2 (middle) illustrates 
that the percentage bone ash values were 
essentially the same whether the sterol 
was administered alone or given with 
actinomycin D. However, since the ex
tracted tibia weights in each group treated 
with the inhibitor were greatly diminished, 
actinomycin D resulted in a decreased 
total mineral content in the bones.

Serum phosphorus level. At the low 
doses of sterol, the serum phosphorus level 
was reduced in the actinomycin D-treated 
groups (fig. 2, top). An example of this 
is the group receiving 2.5 ag/day vitamin 
D2 which had a serum phosphorus value 
of 7.6 m g /100  ml, whereas the same dose 
of sterol resulted in a value of 5.0 m g /100  
ml when administered simultaneously 
with the antibiotic. At high doses of the 
sterols, hypophosphatemia was present in

both the controls and actinomycin D- 
treated groups.

Ca X P product. The Ca X  ?  product, 
representing a measure of the “calcifying” 
property of the serum, reflected changes 
in the serum calcium and phosphorus lev
els responses (fig. 1, top). The actino
mycin D treatment resulted in lowered 
products at every dose level; in some 
cases values were below the rachitic con
trol value.

Actinomycin D effect on rachitic chicks. 
Based on the values of the various mea
sured parameters, actinomycin D had lit
tle deleterious effect on the rachitic state 
(figs. 1 and 2). Of most importance, how
ever, the serum calcium level was the 
same in the rachitic group (8 .8  m g /100  
m l) and the group injected intraperi- 
toneally with 2.0 ag of actinomycin D (8 .8  
m g /100  m l).

Actinomycin D (2.5 \xg/day) vs. 
vitamin D3 and DHTs

Sterol lethality. Survival curves for 
groups of chicks given 2,500 ag/day of 
vitamins D2 and D3 and DHT2 and for the 
2 groups given vitamin D3 or DHT2 with 
simultaneous intraperitoneal injections of
2.5 ug of actinomycin D are shown in fig
ure 3. From this figure it is evident that 
DHT2 was much more toxic than either 
vitamin D2 or D3. Vitamin D3 at this dose 
level appeared slightly more toxic than

DAYS AFTER INTUBATION (2500 ¡iq)

Fig. 3 Survival curves of chicks treated with vitamin D2 or with vitamin D3 and DHT; 
with or without actinomycin D.



ACTINOMYCIN D VS. VITAMIN D AND DHT 4 0 9

vitamin D2. These observations, plus those 
given elsewhere indicating that DHT3 is 
slightly more toxic than DIIT2 (1 4 ) , estab
lish that in the chick, DHT3 is the most 
toxic of the 4 sterols, followed in decreas
ing order by DHT2, vitamin D3 and vitamin 
D2. This order is identical to that observed 
in rats (1 6 ) .

Actinomycin D had little additional ef
fect on the number of fatalities in each 
group; few deaths were directly attribu
table to the inhibitor treatment even 
though toxic manifestations of the anti
biotic were evident in the other parameters.

Growth. Sterol-stimulated growth, as 
measured by final body weights, was in
hibited at all dose levels by actinomycin D 
(fig. 4, bottom). However, no inhibition 
was noted in chicks given only the rachito- 
genic diet, e.g., rachitic chicks weighed 
171 g, and actinomycin D chicks weighed 
184 g. It is well known that vitamin D3 is 
an order of magnitude more potent than 
vitamin D2 at both antirachitic and toxic 
dose levels (12 , 13). The dihydrotachy- 
sterob results indicated a greater stimula
tion of growth by the 0.25 ug/day level 
than was produced by the same dose of 
vitamin D2. Also, the data in figure 4 con
firm that the therapeutic range of DHT2 is 
very narrow, since the final body weight 
started decreasing immediately above the 
0.25 pg/day dose; each of the parameters 
studied in this experiment bears out the 
closeness between optimal and toxic dose 
levels of DHT.

Tibia weight. Intraperitoneal injection 
of 2.5 ng of actinomycin D resulted in a 
decreased extracted tibia weight at each 
level studied (fig. 4, middle). No signifi
cant difference was noted between the val
ues of the 2 control groups (rachitic, 0.74 
g; actinomycin D treated, 0.79 g ), but the 
values for the inhibitor-treated groups at 
the highest dose level of each sterol fell 
below these control values (2500 pg vita
min D3, 0.65 g; 250 ug DHT, 0.63 g ). Vita
min D2 proved to be less potent than either 
vitamin D3 or DHT2.

Percentage bone* ash. The values for 
the percentage bone ash for each group are 
graphed versus the log-dose of sterol in 
figure 5 (middle). Except for the 2 control 
groups which resulted in essentially the 
same responses (rachitic, 30.1%  ; actino-

R A 25 2,5 25 250 2500

DAILY DOSE t f i g l

Fig. 4 Effect of actinomycin D on response 
of rachitic chicks to vitamin D3 and DHT2. Top: 
serum Ca x P products, values as mg/100 ml. 
Middle: extracted tibia weights. Bottom: final 
body weights. R indicate rachitic controls. A 
indicates actinomycin D controls.

mycin D-treated, 29 .4%  ) and the 0.25 ug/ 
day (10 IU ) vitamin D2 group which was 
predictably low (31 .7%  ), all of the other 
groups exhibited bone ash values in the 
normal range. No deleterious effects re
sulted from administration of the anti
biotic. This was the only parameter stud
ied on which actinomycin D had little in
hibitory effect.

Serum phosphorus level. Actinomycin 
D markedly reduced the serum phosphorus 
level at the dosages where the sterols alone 
produced normal serum phosphorus levels. 
At high dose levels where the effect of the 
sterol was to produce hypophosphatemia.
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R A .25 2.5 25 250 2500

DAILY DOSE { fiq)

Fig. 5 Effect of actinomycin D on response 
of rachitic chicks to vitamin D3 and DHT2. Top: 
serum phosphorus level in mg/100 ml. Middle: 
% bone ash. Bottom: serum calcium level in 
mg/100 ml. R indicates rachitic controls. A 
refers to actinomycin D controls.

the actinomycin D did not further ag
gravate this condition (figs. 2 and 5, top). 
Again, the 2 control groups gave essen
tially equivalent responses (rachitic, 4.1 
m g /100  ml; actinomycin D-treated, 4.1 
m g /100  m l). On this parameter, DHT2 
was less potent than vitamin D2 at low dose 
levels but much more toxic than either 
vitamin D2 or DE at the higher dose levels. 
The very narrow range for optimal re
sponse to DHT2 is again evident.

Serum calcium level. Both control 
groups exhibited essentially equivalent se

rum calcium levels as shown in figure 5 
(bottom) (rachitic, 7.6 m g /100  ml; actino
mycin D-treated, 8.0 m g /100  m l), but 
actinomycin D administration caused a 
lowered serum calcium level with the 
sterols at each dose level.

Vitamin D3 and vitamin D2 both followed 
smoothly rising dose-response curves, 
whereas DHT2 followed a plateau over a 
wide dose range followed by a sudden rise 
as shown in figure 5 (bottom). The 2 vita
min D dose-response curves illustrate the 
potency difference between vitamins D2 
and D3 with flattening out at the higher 
dose levels (1 3 ).

Ca X P product. Figure 4 (top) indi
cates the serum Ca X P products for the 
actinomycin D-treated groups were well 
below the respective control group prod
ucts at each dose level studied. No differ
ence was evident between the value for 
the rachitic group [31 (in m g /100  m l) 2] 
and that for the actinomycin D treated 
group [33 (in m g /100  m l) *]. Both of the 
curves resulting from concurrent actino
mycin D treatment were near the rachitic 
control value over the entire dose range 
studied. The curve for DHT2 did not reach 
as high a value as that obtained with 
either vitamin D2 or D3.

Bone deposition of isCa. In figure 6 (bot
tom) the counts per minute of 45Ca in 50 mg 
of bone ash 24 hours after air oral dose of 
45Ca for each group are plotted logarithmic
ally against the log-dose of sterol. The val
ues for the control groups were essentially 
the same (rachitic, 453,000 count , min; ac
tinomycin D treated, 421,000 count/m in). 
Very little difference was noted between 
the curves obtained for the sterols with 
or without the simultaneous inhibitor treat
ment. In fact, almost all the treated groups 
gave essentially the same values at a given 
dose level, usually between 200,000 and
400,000 count/min per 50 mg bone ash. 
The rachitic group with or without the 2.5 
Ug/day of actinomycin D gave higher up
takes of 45Ca than any of the treated groups. 
At the high toxic dose^of vitamin D3 and 
DHT2, the amount of 45Ca deposited in the 
bone diminished and was negligible at the 
highest dose of vitamin D3 (2 ,500  ug/day), 
due most likely to the fact that the cellu
lar components of bone were essentially
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DAILY DOSE (Mg)

Fig. 6 Concentrations o f 45Ca in serum and bone follow ing oral administration to 
rachitic chicks treated with vitamin D3 or DHT2 with or without actinom ycin D. Top: 
serum level o f  45Ca. Bottom: bone level o f  45Ca. R indicates rachitic controls. A refers to 
actinom ycin D controls.

dead (1 7 ). It appears that actinomycin D 
had little effect on the specific activity of 
the 45Ca in the bone at 24 hours after an 
oral dose.

Twenty-fow-hour serum tr‘Ca level. Fig
ure 6 (top) graphically illustrates that the 
serum level of 43Ca at 24 hours comple
mented the bone data presented in figure 
6 (bottom). The 2 control groups resulted 
in similar values (rachitic, 542 count/ 
min; rachitic plus actinomycin D, 679 
counts/min) in the number of counts per 
minute in 0.1 ml ^erum, and all 5 curves 
were essentially equivalent in the dose 
range between 0.25 and 25 ug/day. At the 
high levels of administered sterols, elevated 
"C a  concentrations were present in serum 
(e.g., the 2500 ug/day vitamin D3 value

was 19,700 count/m in). This compara
tively huge excess of 45Ca in the serum 
was anticipated, since the 45Ca was not be
ing deposited in bone, and therefore was 
not being removed from the serum as ra
pidly as in the other groups. As in the 24- 
hour deposition of "C a, actinomycin D 
treatment had little effect on the amount 
of "C a  in the serum at 24 hours; each 
sterol gave essentially the same value 
whether administered alone or simultane
ously with actinomycin D.

Short-term appearance of 45Ca. In fig
ures 7 and 8 are presented the results of 
short-term monitoring of serum "C a  levels 
from the wing vein of the chick after an 
oral "C a  dose. The results obtained with
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Fig. 7 Effect of actinomycin D on the appearance in serum of 45Ca administered orally 
to rachitic or DHTVtreated chicks.

vitamin D2 are comparable to those with 
vitamin D3 and therefore are not sepa
rately presented.

Figure 7 indicates that in the rachitic 
and the actinomycin D-treated control 
groups, the rates at which the 45Ca ap
peared in the serum were essentially the 
same. A similar curve was exhibited by 
the group given 0.25 pg/day of vitamin D2 
(not shown). Thus, in the 3 groups in 
which the serum calcium values were in 
the rachitic range (fig. 5, bottom) a rela
tively low basal rate of 45Ca appearance in 
the serum was observed. Increasing doses 
of vitamin D2 above 0.25 pg/day resulted 
in increased rates of appearance of the 45Ca 
in the serum.

Figure 7 also illustrates the data ob
tained with DHT2. Increasing doses of 
DHT2 resulted in a more rapid appearance

of 45Ca in the serum. In all instances the 
groups given actinomycin D injections 
simultaneously with the DHT2 treatment 
displayed curves in the basal range. The 
curves indicated by the dashed lines in 
figure 7, representing inhibitor treatment, 
are completely different from and much 
lower than those illustrated with solid lines 
which represent treatment with DHT2 
alone. None of the antibiotic-treated 
groups exhibited a counting rate equal to 
the minimal rate observed in the groups 
treated with DHT2 alone.

The results for the groups given vita
min Da treatment are graphed in figure 8. 
Except for the 2500 pg/day plus inhibitor 
group, each of the actinomycin D groups 
resulted in a curve that was quite similar 
to the rachitic curve. Increasing doses of 
vitamin D3 resulted in increased rates of
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appearance of the 45Ca. The results with 
the 2500 iig/day vitamin D3 were especially 
interesting, though based on only one sur
viving chick (all others in the group had 
died due to toxicity of the sterol); there
fore no standard error could be determined. 
At this dose level the appearance of 45Ca 
in the serum was extremely rapid and not 
completely blocked by the actinomycin D.

In each of the 45Ca experiments, the ef
fect of actinomycin D was to block the 
sterol-induced increase in the rate of ap
pearance of the 45Ca in the serum. This 
obstruction of the sterol-induced response 
was complete, and as a result the anti
biotic-treated groups showed basal values. 
Although this technique has been repre
sented erroneously as measuring intes
tinal absorption of calcium ( 6 ) ,  it does 
give an indication of such absorption. Since 
deposition of 45Ca was essentially the same 
at each dose level at least at 24 hours (fig.

6, bottom), with or without inhibitor treat
ment. the data in figures 7 and 8 probably 
measure to a first approximation the rela
tive differences in the degree of intestinal 
absorption of calcium. With this reserva
tion, the data may be interpreted to mean 
that actinomycin D inhibited the sterol- 
induced stimulation of calcium movement 
across the intestine. Furthermore, an im
portant point is that actinomycin D did 
not affect the basal calcium movement 
across the intestine in the rachitic chicks.

DISCUSSION
The major point of the present study is 

that with chronic administration to chicks 
of a low dose level of actinomycin D, it 
was possible to inhibit a number of vita
min D- and dihydrotachysterol-induced re
sponses in sterol-treated chicks, but not 
produce any measurable effects in vitamin 
D-deficient chicks at the same dose of

Fig. 8 Effect of actinomycin D on the appearance in serum of 45Ca administered orally 
to rachitic or vitamin Da-treated chicks.
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actinomycin. From these data, it appears 
that in the rachitic chick some basal level 
of calcium and bone metabolism func
tions by processes which are relatively in
sensitive to various inhibitors, such as 
actinomycin D or o,p'-DDD (18) capable of 
blocking certain vitamin D-induced re
sponses; these processes may not be di
rectly dependent on protein synthesis and 
might be regulated largely by physico
chemical rather than metabolic phenom
ena.

Sensitivity of various protein-synthetic 
pathways to actinomycin D inhibition must 
vary considerably, since the low dose used 
in this study was well below lethal levels, 
yet was sufficiently high to greatly inhibit 
most of the changes in the measured par
ameters that were induced by the calcemic 
sterols.

Actinomycin D treatment resulted in 
values for the serum Ca X P products 
which were lower in each instance than the 
respective controls (figs. 1 and 4 ) and 
were quite close to the rachitic values. 
However, in each of the inhibitor-treated 
groups the tibial percentage bone ash 
(figs. 2 and 5) was almost normal. Thus, 
it appears that in the actinomycin D- 
treated birds, relatively normal bone min
eralization was maintained at least to the 
the extent of having a normal percentage 
bone ash despite a serum Ca X P product 
at or near rachitic levels. This suggests 
that an effect of the calcemic sterols on 
bone was not being blocked by actino
mycin. Perhaps this actinomycin-insensi- 
tive bone effect of the sterols was respon
sible for the increased serum calcium level 
observed at the highest doses of vitamin 
D3 or DHT2 given despite actinomycin treat
ment (see fig. 5, bottom), and the fact 
that deposition of 45Ca in bone 24 hours 
after oral administration was relatively 
unaffected by actinomycin.

Strict comparison of the results of the 
present study with those of previous in
vestigators is difficult because of dose or 
species differences. Thus, for example, the 
report of an actinomycin D effect on cal
cium metabolism in vitamin D-deficient 
rats (8 )  is at variance with our results in 
chicks. Is this a species difference or a 
difference due to the much larger actino
mycin dose used in the rat experiments?

The total daily doses of actinomycin D 
used in this study are equivalent to single 
doses of 28 ug in the case of the first ex
perimental series and 35 ug in the second 
series. It has been shown experimentally
(19), and is consistent with the postulated 
biochemical mechanism of action of ac
tinomycin D that the effects of the anti
biotic are dependent on the total dose ad
ministered. The total doses of 28 or 35 ug 
represent dose levels of between 10 and 
20 ug/100 g body weight and are well 
below the reported short-term LDso’s (1 9 ) .  
Most previous investigators (3 , 5, 7 ) , ex
cept for Norman (6 ) , have utilized doses 
(generally 1 ug/g body weight) of actino
mycin D close to or exceeding the lethal 
dose. In addition the usual procedure has 
been to give a single dose of vitamin D 
and evaluate the results shortly thereafter. 
The present experiment is unique in that 
a small effective dose of actinomycin D 
was given chronically to chicks treated 
with a wide dose range of sterols, also ad
ministered chronically.

The greater hypercalcémie and toxic po
tency of the reduced derivative, dihydro- 
tachysterol, compared with vitamin D, has 
raised the question of whether the latter 
must undergo such a reduction in the body 
prior to exerting its hypercalcémie action. 
The more rapid hypercalcémie action of 
DHT than vitamin D would be in line with 
such a reaction.

Sallis and Holdsworth (20) reported that 
while vitamin D2 had little activity in stim
ulating in vivo Ca absorption by chick in
testine, the corresponding DHT2 (with 
same side chain) was much more potent, 
suggesting that the stereochemical changes 
in ring B had “activated” the vitamin D2 
molecule. Unfortunately for their argu
ment, vitamin D3 with the same structure 
in ring B as vitamin D2 was more potent 
even than DHT2 or DHT3. The effect of 
actinomycin D in blocking DHT2 as well 
as vitamin D2 or D3 action also argues, at 
least, that the sensitive step is not one be
tween a vitamin D and a DHT-like reduced 
derivative.
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Determination of the Minimum Dietary Essential
Amino Acid-to-Total Nitrogen Ratio for Beef
Protein Fed to Young Men 1,2

ABSTRACT The extent to which beef protein could be isonitrogenously replaced 
with nonspecific nitrogen without influencing the efficiency of dietary nitrogen utili
zation was studied in 9 male college students. They were fed at constant nitrogen 
intakes, equivalent to 0.39 g protein/kg body weight, and daily urinary nitrogen was 
measured. Strained beef protein furnished 90% of the nitrogen of the basal diet, 
with oatmeal and tomato juice the remainder. When the nitrogen of the basal diet 
was isonitrogenously replaced by a nonspecific nitrogen source, a mixture of glycine 
and diammonium citrate in which each furnished equal amounts of nitrogen, a 20% 
replacement caused a barely significant increase in urinary nitrogen excretion in one 
of the five healthy subjects studied. A 25% replacement caused no significant 
increase in urinary nitrogen excretion in three of four healthy subjects studied, but 
a 30% replacement was tolerated by only two of six subjects. A 20% replacement 
gives an E/Tn ratio of 2.16 and 26.4% of the total nitrogen furnished by essential 
amino acids; 25% replacement results in an E/TN ratio of 1.89 and 24.3% of the 
nitrogen from essential amino acids. Sulfur-amino acids and tryptophan may be limit
ing in the 30% diluted diet. One subject receiving a 20% dilution showed a mark
edly increased nitrogen excretion during an acute febrile infection despite the low 
protein intake.

The 1957 report of the Food and Agricul
tural Organization (FAO ) and World 
Health Organization (W H O ) Committee 
on Protein Requirements proposed a pro
visional pattern of essential amino acids 
as a guide towards further studies of pro
tein requirements (1 ) . A significant and 
largely ignored feature of this reference 
protein was that by expressing the essen
tial amino acids per gram of total protein 
nitrogen ( E /T n ratio), the proportion of 
essential amino acids to total nitrogen was 
thus fixed.

A more recent FAO/W H O report (2 )  
takes cognizance of this and emphasizes 
the 2 components of man’s protein require
ment: 1) the amounts and proportion of 
essential amino acids, and 2 ) the total 
nitrogen required for body protein synthe
sis and other nitrogen-containing com
pounds. The essential amino acid pattern 
of whole egg protein, expressed as propor
tions of the essential amino acids to the 
total essential amino acid concentration, 
was proposed as the new reference pro
tein. This had the advantage of encourag
ing separate investigations of the effects

of changes in the ratio of essential amino 
acids to one another and also of changes 
in the relationship between the essential 
amino acids and the total nitrogen re
quired.

Whole egg protein has a higher E /'T n 
ratio (3 .2 2 ) than the 1957 FAO reference 
protein (2 .0 2 ) but protein scores based on 
the latter agreed reasonably well with bio
logical assays ( 2 -3 ) .  Expressed in an
other way, the essential amino acids in 
whole egg supply 37.6%  of the total pro
tein nitrogen, whereas the comparable fig
ure is 23.6%  in the 1957 FAO reference 
protein. Furthermore, the data obtained 
by Rose and Wixom (4 )  from 2 adult 
subjects suggests that as little as 14 to 
23%  of the total dietary nitrogen from es- * 1 2 3

R ece ived  fo r  p u b lica tion  M ay 26, 1966.
1 This paper is con tribution  no. 929 from  the D e

partm ent o f  N utrition  and Food  Science , M assachu 
setts Institute o f  T ech n ology , C am bridge, M assachu 
setts. •

2 T h is investiga tion  w as supported in  part b y  grants 
fro m  the N ationa l L ive S tock  and M eat Board, and by 
P u b lic  H ealth  Service R esearch  grant n o . A M  06274 
from  the N ation a l Institute o f  A rthritis and  M etabolic 
D iseases.

3 On leave fro m  the D epartm ent o f  B iochem istry, 
N ationa l T a iw an  U niversity C ollege o f  M ed icin e , 
T a iw an , supported by N IH  F ellow sh ip  no. I F 05 -T W - 
853-01.
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sential amino acids is enough to maintain 
minimum nitrogen balance.

It appears, therefore, that the E /T N ratio 
of whole egg protein is higher than that 
required for maintenance of nitrogen equi
librium in adult subjects. Investigations 
are underway in our laboratories to deter
mine the extent to which the E /T N ratios 
of various proteins may be reduced, by iso- 
nitrogenous substitution of the protein 
with a nonspecific nitrogen source, with
out influencing the nutritive value of the 
protein. Using diets in which whole egg 
protein furnished 90%  of the total dietary 
protein, we found that the E /T N ratio of 
the basal diet (3 .0 8 ) could be reduced to 
between 2.18 and 1.85 in most young 
adults without changing the nutritive 
value of the diet (5 ) . At these ratios es
sential amino acids furnish between 21 
and 25%  of the total dietary nitrogen.

Since beef protein is known to be of 
high nutritive value, it appeared probable 
that the E /T N ratio of a diet in which this 
protein substitutes for the whole egg pro
tein of the diet as used in our earlier stud
ies, could also be reduced significantly 
without influencing the efficiency of die
tary nitrogen utilization. A comparison of 
the essential amino acid concentrations 
and E /T n ratios of the whole egg protein,

the beef protein diets and the 1957 FAO 
reference protein is given in table 1. On 
the basis of our previous observations with 
whole egg, it can be predicted that the 
total nitrogen of a beef formula diet could 
be isonitrogenously replaced with non
specific nitrogen to the extent of approxi
mately 20 to 30%  without affecting its 
nutritive value for young adults. At these 
levels of substitution the final dietary E /T n 
ratios would be from 2.16 to 1.89. The ex
periments reported here test this predic
tion.

e x p e r im e n t a l
Subjects. Nine male college students, 

19 to 26 years old (table 2 ) , were allowed 
to continue their normal activities. All 
were in good health as determined by 
medical history and examination. Sub
jects were required to maintain the same 
level of daily physical activity throughout 
the experiment.

Diet. The composition of the liquid 
formula diet, as calculated for a 70-kg sub
ject, is shown in table 3, the amount re
ceived depending upon the weight of the 
individual subject. Beef protein supplied 
90%  of the dietary protein, with oatmeal4

4 B uckeye R olled  Oats, hom ogen ized . Specially  pre
pared in  standardized  fo rm  through  the courtesy o f 
the Q uaker Oats C om pany, B arrington , Illinois.

TABLE 1
Proportions of essential amino acids to total nitrogen 1 in the experimental diets, whole egg protein

diet and the 1957 FAO reference protein

Amino acid
Basal
eggformula 2

Basal
beefformula

Diluted beef formula,3 % 1957 FAO reference protein20 25 30
mg/g N mg/g N mg/g N mg/g N mg/g N mg/g N

Isoleucine 398 318 254 239 223 270
Leucine 530 495 396 371 347 306
Lysine 384 522 418 392 365 270
Methionine +  cystine 
Phenylalanine +

321 223 179 167 156 270

tyrosine 608 462 370 347 323 360
Threonine 300 268 214 201 188 180
Tryptophan 99 72 58 54 50 90
Valine 444 338 270 254 237 270
Total essential

amino acids 3084 2698 2159 2025 1889 2016
EAAN,4 % 35.7 32.9 26.3 24.7 23.0 23.6
E/Tn ratio 5 3.08 2.70 2.16 2.03 1.89 2.02

1 C alcu lated  fro m  Orr, M. L., and B. K. W att 1957 A m ino A cid  Content o f  Foods. H om e E con. Res. Rep. 
no. 4, USDA, W ash in gton , D. C.

2 W hole  egg  protein  diet used in  previous studies by Scrim shaw  et al. ( 5 ) .
3 % ison itrogenous rep lacem ent o f  d ietary n itrogen  w ith  g ly cin e  and d iam m on iu m  citrate m ixture  supp ly

in g  equal am ounts o f  n itrogen.
4 % o f  total n itrogen  contributed  bv essential am in o acids.
5 Gram s o f  total essentia l am in o a c id s /g total d ietary nitrogen.
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TABLE 2

Age, weight and daily intake of calories by young 
men studied for the metabolic effects of 

dietary protein dilution with glycine and 
diammonium citrate

Subject Age
Weight Calculated

caloric
intakeInitial Final

years kg kg kcal/kg/ 
body wt

DK 22 66.3 65.4 44
KS 19 65.1 65.2 49
WT 19 83.4 82.9 48
WV 20 76.3 76.3 46
YH 26 62.2 61.5 47
DQ 24 69.5 69.7 47
BW 20 74.9 74.5 46
BN 22 75.9 76.0 43
DP 22 73.1 72.8 43

TABLE 3

Basal beef formula diet used during 
experimental periods

g/100 g formula 9 /day 1
Strained beef 20.1 181.9
Oatmeal 6.5 59.2
Com oil 15.9 145.0
Dextrins and maltose 2 13.6 123.0
Lemon juice 0.8 7.0
Salt 0.2 1.5
Methyl cellulose 0.9 8.0
k 2h po 4 0.5 4.1
Ca10(OH)2(PO4) 6 0.3 2.4
H»0 41.3 375
Total 100 907.1
Tomato juice — 158
Iron 3 __ _
Vitamins 4 _
Cornstarch, cookies 

and desert variable 5
Carbonated beverage — variable 5

1 For a 70-kg subject.
2 ^Tvri n̂ ’ Ru rrougbs W ellcom e and C om pany, Tucka- 

hoe. N ew  York. A pproxim ate  com p osition : dextrins, 
75%  m altose, 2 4 % .

• 3 G iven  da ily  as a tablet supp ly ing  14 m g Fe. Fur
n ished  through the courtesy o f  Sm ith, K line and 
F rench, Philadelph ia .

»U n ica p  m u ltiv itam in  capsu le, U p joh n  C om pany, 
K alam azoo, M ich igan .

, . 5 Intake varied am on g sub jects  in  order to adjust 
diet to in d iv id u a l ca loric  needs but was constant for 
any one subject.

and tomato juice each supplying 5%  . The 
beef protein used was a strained beef 
product.5

Caloric intake of the subjects was based 
upon an average of previous intakes as 
estimated from individual dietary histories 
and the calculation based upon food nomo
gram. Further changes were found un
necessary in view of the stable body weight 
of the subjects throughout the experi
mental period (table 2 ).

“Dilution” of dietary protein. As in the 
previous studies (5 )  the protein nitrogen 
in the formula diet was “diluted” by sub
stituting isonitrogenously part of the die
tary nitrogen with a mixture of glycine 
and diammonium citrate, in which each 
compound supplied equal amounts of ni
trogen. Table 1 summarizes the concen
tration of essential amino acids per gram 
of dietary nitrogen, the E/Tx ratios and 
percentages of total nitrogen contributed 
by the essential amino acids in experi
mental diets. The pattern of the basal egg 
diet used in our previous studies (5 )  and 
the 1957 FAO reference protein are given 
for comparison.

Experimental sequence. Subjects were 
fed initially 0.39 g protein/kg/day, a level 
found to supply nitrogen at or below the 
minimal nitrogen requirement. The basis 
for use of a low protein diet in these stud
ies has been described previously in detail
(5 ) . The subjects were fed the basal or 
undiluted beef formula for 12 to 16 days 
depending upon the time required to reach 
a relatively steady state of urinary nitro
gen secretion. The sequence in which 
dilutions of the nitrogen of the basal diet 
were made and the length of each dilution 
phase are given with the results.

Handling and analysis of samples. 
Urine was collected for complete 24-hour 
periods. Total nitrogen, urea nitrogen and 
creatinine were analyzed in fresh urine as 
described previously (5 ) . Alpha-amino ni
trogen was determined by the method of 
Albanese and Irby (6 ) .

Statistical analysis. Total urinary ni
trogen excretion was the principal indica
tor of dietary nitrogen utilization. The 
approach and its limitations have been dis
cussed in an earlier publication (5 ) . Stud
ent’s t test was used to determine whether 
urinary nitrogen excretion during a dilu
tion period differed significantly from that 
for the corresponding baseline period. The 
average of daily values, after a relatively 
steady state of urinary nitrogen excretion 
was achieved by subjects fed the basal 
beef formula, was taken as the baseline.

5 Gerber Strained B eef, Gerber B aby F oods, F re
m ont, M ich igan . Prepared by grind ing , co ok in g  and 
sterilization  at approxim ately  115° fo r  75 m inutes. 
N .P.U. w as 70 by rat assay com pared  w ith  63 fo r  
casein  controls.
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RESULTS
The data from DK are shown in figure 1 

to illustrate the method of daily evaluation. 
A summary of results for total urinary ni
trogen excretion during the experimental 
periods for all subjects is given in table 4. 
Results obtained from subject DP will be 
considered separately since this subject 
contracted an acute infection during the 
experiment.

Four of the healthy subjects studied at 
the 20%  dilution level failed to show a

statistically significant increase in urinary 
nitrogen excretion. The increase in uri
nary nitrogen excretion shown by subject 
BN at this level of dilution just reached 
statistical significance (P <  0.05). A 30%  
level of dilution was found too high for 
most subjects; only two of the six sub
jects studied tolerated this level of dilu
tion. No significant increase in nitrogen 
excretion was observed in the 3 of the 4 
healthy subjects studied at the 25%  level 
of dilution. These results suggest that

Fig. 1 Urinary nitrogen excretion per day in subject DK, fed the basal beef formula 
diet with 30 and 20% replacement of nitrogen with glycine and diammonium citrate. 
Broken lines indicate mean baseline nitrogen excretion ±  one SD.

TABLE 4
Effects of dilution of beef protein formula with glycine and diammonium citrate on urinary nitrogen

excretion of young men

Subject Dietary
intake

D ilution  o f  d ietary protein , %
0 2 0 25 30

g N/day g urinary N/day g urinary N/day g urinary N/day g urinary N/day
D K  1 4 .1 0 4 .6 4  ± 0 .2 4 2 ( 7 )  3 4 .6 3  ± 0 . 2 3 ( 6 ) — 5 .2 0 ±  0 .2 8 * (  1 0 )  4
KS 1 4 .0 2 3 .3 6 ± 0 .1 4 ( 3 ) 3 .4 1  ±  0 .1 9 ( 6 ) — 3 .9 8  ±  0 .2 6 *  ( 1 0 )  4
W T  1 5 .1 2 5 .6 4  ± 0 .3 1 ( 7 ) — — 5 . 5 0 ± 0 .3 5  ( 1 6 )  4
W V  1 4 .6 4 4 .3 4  ± 0 .2 6 ( 6 ) 4 .5 9  ±  0 .41  ( 6 ) — 5 .1 0 ±  0 .4 2 * (  1 0 )  4
Y H  5 3 .9 3 3 .6 0  ±  0 .1 4 ( 6 ) — 3 .5 6 ± 0 .2 9  ( 9 )  4 3 .8 3  =  0 .5 1  ( 1 1 )
D Q  5 4 .3 9 4 .2 6  ± 0 .3 5 ( 7 ) — 4 .4 0 ± 0 .2 9  ( 9 )  4 5 .0 3  ± 0 . 3 9 * ( 4 ) 6
B W S 4 .6 4 4 .1 2  ±  0 .5 1 ( I D 4 .0 9  ± 0 . 3 1 ( 1 1 )  4 4 .5 2 ±  0 .5 2 * (  1 4 ) —

B N 5 4 .7 4 4 .1 0  ±  0 .2 8 ( 1 1 ) 4 .4 1  ±  0 .2 8 * (  1 1 )  4 4 .3 7 ± 0 .3 0  ( 8 ) —

D P  5 4 .5 6 3 .9 7  ±  0 .1 5 ( 7 ) 5 .4 5 ± 0.51 * ( 8 )  7 4 . 6 2 ± 0 . 3 2 * ( 8 )  4-7 —

1 S ubjects fe d  un d iluted  basal d iet fo r  12 days prior to d ilu tion .
2 M ean ±  s d .
3 N um bers in  parentheses are num bers o f  days observed w ith  the diet.
4 D ilution  tested first a fter baseline period.
5 S ubjects fe d  u n d ilu ted  basal d iet fo r  16 days p rior to d ilu tion .
G Last 4 days o f  the total 9 days o f  this d ilu tion . O verall va lue fo r  9-day period  4.53 ±  0.64. 
7 S ubject con tracted  a feb rile  con d ition  du rin g  the experim ent.
* S ign ificantly  greater than baseline p eriod  ( 0 % )  at 0.05 level.
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TABLE 5
E ffects o f d ilu t io n  o f beef p ro te in  fo rm u la  w ith  g lyc ine  and d iam m on ium  citra te  on urea n itrogen

excre tion o f young m en

Subject D ietary
intake

D ilu tion  o f  d ietary protein , %
0 2 0 25 30

g N/day g urea N/day g urea N/day g urea N/day g urea N/day
D K 1 4 .1 0 3 .0 8  ± 0 .2 5  2 3 .2 3  ± 0 . 2 7 — 3 .9 0  ± 0 .2 0 *  3

K S 1 4 .0 2 2 .1 3  ± 0 .4 5 2 .1 9  ± 0 . 3 4 — 2 .6 6 ± 0 .3 2 *  3

W T  1 5 .1 2 3 .6 7  ±  0 .31 — — 3 .6 1  ± 0 . 3 5  3

W V  1 4 .6 4 2 .6 9  ± 0 .3 7 2 .7 4  ± 0 . 7 4 — 3 .3 5  ± 0 .2 7 *  3

Y H 4 3 .9 3 2 .1 8 ± 0 .1 4 — 2 . 2 0  ± 0 .2 6  3 2 .3 6  ± 0 .4 4
D Q 4 4 .3 9 2 .7 1  ± 0 .2 2 — 3 .0 4  ± 0 .2 8 *  3 3 .3 0  ± 0 .2 8 *  5

B W  4 4 .6 4 2 .6 0  ± 0 .3 8 2 .5 5  ± 0 . 4 4  3 2 .7 8  ± 0 .4 6 —
B N 4 4 .7 4 2 .5 3  ± 0 .1 9 2 .8 9  ±  0 .3 1 *  3 2 .7 1  ± 0 .1 5 * —

D P 4 4 .5 6 2 .4 8  ± 0 . 1 8 3 .4 5 ± 0 .6 4 *  6 3 .2 2  ± 0 .4 3 *  3 -6 —

1 S ubjects fe d  u n d ilu ted  basal diet fo r  12 days prior to d ilu tion .
2 M ean  ±  s d  fo r  periods show n in  table 4.
3 D ilu tion  tested first a fter baseline period.
4 S ubjects fe d  u n d ilu ted  basal diet fo r  16 days prior to d ilu tion .
5 V alu e fo r  entire 9-day period.
6 Sub ject con tracted  a febrile  con d ition  durin g  the experim ent. 
* S ign ificantly  greater than baseline period  (0%  ) at 0.05 level.

most normal, young adults can tolerate a 
20 to 25%  dilution of the beef formula 
diet. After the last period shown in table 
4, subject BN was returned to the 20%  
level of dilution and again showed an 
increased rate of urinary nitrogen excre
tion (P <  0 .05 ). The daily excretion value 
for this period was 4.45 ±  0 .35 g N.

Urea nitrogen excretion during the ex
perimental periods is summarized in 
table 5. The results parallel those de
scribed earlier for total urinary nitrogen 
excretion and indicate that the increased 
urinary nitrogen excretion is largely ac
counted for by an increased urea ex
cretion.

Table 6 shows results for a-amino nitro
gen excretion during the various periods. 
Although the changes were not wholly 
consistent, a-amino nitrogen excretion 
tended to be slightly higher at higher dilu
tion levels.

Urinary creatinine excretion during the 
study is shown in table 7. The complete
ness of the 24-hour collections is con
firmed by the small variation in creatinine 
excretion during any one experimental 
period for most subjects. The mean co
efficient of variation during the baseline 
period was 4 .6 % .

Subject DP developed a febrile condi
tion, owing to an upper respiratory infec
tion, during the latter part of the 25%

dilution period. Urinary nitrogen excretion 
during this period (fig. 2 ) was signifi
cantly higher than during the correspond
ing baseline period. An even greater in
crease in urinary nitrogen excretion 
occurred during the 20%  dilution which 
followed. Although fever was not recorded 
at this time, it appears probable that the 
markedly higher rate of nitrogen excretion 
was associated with the infection. In this 
subject urea nitrogen excretion also paral
leled the change in total nitrogen ex
cretion.

TABLE 6

Effects o f d ilu t io n  o f beef prote in  fo rm u la  w ith  
g lyc ine  on a-am ino n itrogen  excretion  

of young m en 1

Subject
D ilu tion  o f  d ietary protein , %

0 20 25 30

D K
mg/day

226
mg/day

260
mg/day mg/day

267
KS 232 224 — 246
WT 252 — — 317
WV 280 328 — 323
YH 179 — 177 229
dq 228 - 235 254
BW 209 233* 276 —
BN 213 214 207 —

D P 225 251 243 —

1 A nalysis  perform ed  on  a com posite  urin e  sam ple 
prepared fo r  each  p eriod  as in d ica ted  in  foo tn otes  o f  
table 4.



E /T n r a t i o s  i n  b e e f  d i e t s 4 2 1

TABLE 7
U rin a ry  c rea tin in e  excre tion  by young m en stud ied fo r the effects o f d ilu t io n  

of a beef p ro te in  fo rm u la  diet

Subject
D ilu tion  o f  d ietary protein , %

0 2 0 25 30

9 /day 9 /day 9 / day 9 /day
D K 1 .8 0 ± 0 .0 3  1 1 .7 5  ± 0 . 0 3 — 1 .7 8  ± 0 .0 5
K S 1 .8 9  ± 0 .0 3 1 .7 9 ±  0 .0 7 — 1 .8 3  ± 0 .0 5
W T 2 .4 7  ± 0 .0 5 — — 2 .3 7  ± 0 .0 5
W V 2 . 0 0  ± 0 . 1 1 1 .9 7  ±  0 .0 4 — 1 .98  ± 0 .0 6
Y H 1 .6 8  ± 0 .0 5 — 1 .63  ± 0 .0 4 1 .6 7  ± 0 .0 4
D Q 1 .9 2 ± 0 .0 3 — 1 .8 9  ± 0 .0 6 1 .93  ± 0 .0 3
B W 1 .8 9  ± 0 .2 2 1 .78  ±  0 .1 7 1 .93  ±  0 .1 8 —

B N 1 .9 9  ± 0 .2 0 1 .9 9  ± 0 . 0 6 2 .0 6 ± 0 .0 7 —

D P 1.91  ±  0 .0 8 1 .9 2 ±  0 .0 3 1 . 8 6  ± 0 .0 8 —

1 M ean t- s d  fo r  periods in d ica ted  in  table 4. N one o f  the d ifferences am on g d ilu tions are 
statistically  sign ificant, except fo r  W T  (P <  0 .0 1 ).

°C *  
38.3 uj

H
37.2 >_ 

36.1 §

Fig. 2 Urinary nitrogen excretion per day in subject DP fed the basal beef formula 
diet with 30 and 20% replacement of nitrogen with glycine and diammonium citrate, who 
contracted an acute infection during the experiment. Broken lines indicate mean baseline 
nitrogen excretion ±  one SD.

DISCUSSION
The results suggest that a diet in which 

beef protein supplies 90%  of the total 
protein intake, with the remainder from 
oatmeal and tomato juice, can be diluted 
to the extent of 20 to 25%  without a 
decrease in the efficiency of dietary nitro
gen utilization by most young men. The

dietary E /T N ratios within this range of 
dilution lie between 2.16 to 2.02, the es
sential amino acids contributing 24.7 to 
26.3%  of the total dietary nitrogen 
(table 1).

From our previous studies with whole 
egg protein diets (5 )  the prediction was 
made that the basal beef formula could be
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diluted to the extent of 20 to 30%  (E /'T n 
ratio 2.16 to 1.89) without significantly 
decreasing dietary nitrogen utilization in 
most subjects. The results of the present 
experiment support this prediction with 
the qualification that a 30%  dilution ap
pears to be too high in the case of most 
young adults. An E /T N ratio of 1.89 for 
beef essential amino acids appears to lie 
outside of the normal range. This may be 
due to the fact that methionine and cys
tine are the limiting amino acids in beef 
protein when compared with the amino 
acid pattern of whole egg protein (2 ) .

The FAO/W H O Expert Group on Pro
tein Requirements (2 )  suggested 190 to 
220 mg methionine plus cystine/g nitro
gen to be necessary for adequate human 
nutrition. The 30%  diluted formula in 
the present study supplied approximately 
156 mg methionine plus cystine/g nitro
gen. Tryptophan may also be limiting in 
our beef formula diet since a 30%  diluted 
diet supplies 50 m g /g  nitrogen as com
pared with the 60 to 70 mg tryptophan 
suggested by the FAO /W H O  Expert Group 
as being adequate for human nutrition. 
The influence of sulfur amino acids or 
tryptophan supplementation, or both, on 
the ability of subjects to tolerate a 30%  
dilution should be studied. These consid
erations emphasize that minimum dietary 
E Tn ratios will depend upon the ade
quacy of the essential amino acid pattern 
of the dietary protein tested.

The results from subject DP are of 
special interest since he developed a fe
brile condition during the study. On the 
basis of the results obtained with the 
other subjects it appears probable that his 
increased rate of urinary nitrogen excre
tion during the latter part of the study 
was due to this fact. An increased nitro
gen excretion at this low level of protein 
intake is noteworthy since it has been 
shown in experimental animals that the 
catabolic response to stress, as measured 
by urinary nitrogen excretion, is reduced 
or even abolished at low levels of protein 
intake ( 7 -8 ) .  It is possible, therefore, 
that infection or trauma may increase the

proportion of essential amino acids to total 
nitrogen required. W e intend to investi
gate this possibility.

As stated previously (5 ) ,  the present
experiments are relatively short-term
ones; long-term studies will be required
before minimum E /T n ratios for various 
proteins or combinations of proteins can 
be recommended as satisfactory for the 
continued well-being of population groups. 
Furthermore, it is recognized that mini
mum dietary E /T n ratios for infants and 
possibly for elderly persons may be higher 
than those determined for the young
adults in the present experiments. This is 
also under study.
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Effect of Phytate on Iron Absorption in the Rat
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ABSTRACT Hemoglobin regeneration was studied in groups of anemic rats fed 
purified diets containing 10 or 20 ppm of iron in which either 45 or 75% of the 
phosphorus was replaced with phytate phosphorus. The results were compared with 
those obtained with control animals receiving phytate-free diets. In the groups receiv
ing 20 ppm of iron, hemoglobin regeneration was more rapid than in the groups given 
10 ppm. However, at either level of iron, dietary phytate had no effect on iron ab
sorption as measured by total hemoglobin regeneration.

A great deal of confusion exists con
cerning the role of phytate in nutrition 
(1 ) , and, in particular, its effect on iron 
absorption remains a controversial issue. 
Much of this controversey has arisen be
cause various investigators have reported 
conclusions based on different types of ex
perimental designs, techniques and experi
mental subjects.

Balance studies, performed on human 
subjects by Walker et al. (2 ) , and by Foy 
et al. (3 ) ,  showed no consistent effect of 
dietary phytate on iron absorption. How
ever, Hussain and Patwardhan (4 )  showed 
that, when phytate phosphorus was in
creased from 8 to 40%  of the total dietary 
phosphorus, iron absorption was reduced 
from 11 to 3 % . In contrast. Apte and 
Venkatachalam (5 ) , using a diet and tech
niques similar to those of the latter work
ers, observed iron absorption to be 30%  
instead of 3 % .

Sharpe et al. (6 ) ,  in studies with radio
active iron, noted no correlation between 
the phytate content of foods and reduction 
in iron absorption in humans; however, 
they reported that added sodium phytate 
reduced iron absorption considerably. Us
ing iron utilization for red cell production 
in normal human adults, Turnbull et al. 
(7 )  showed that the addition of sodium 
phytate to 5 mg of ferrous ascorbate re
sulted in the reduction of iron absorption 
by around 5 0 % . In contrast, the addition 
of sodium phytate to hemoglobin iron, if 
anything, enhanced iron absorption.

Sathe and Krishnamurthy (8 )  studied 
hemoglobin regeneration in rats, and con
cluded that phytin phosphorus inhibited

the absorption of iron. However, they pre
sented neither the phytate nor the iron 
content of the diets used, and the differ
ences in values for hemoglobin regenera
tion among their groups of rats were not 
statistically significant.

The present work was initiated after 
previous rat studies4 failed to show a 
correlation between the phytate content of 
certain cereals and legumes and the phys
iological availability of iron in these foods. 
Although red cell utilization of radioactive 
iron is the most accurate technique for 
measurement of iron absorption, its use in 
rats poses technical difficulties. Moreover, 
iron balance studies suffer from severe 
limitations of inaccuracy. Hemoglobin re
generation in anemic rats has been shown 
to be a suitable criterion for the measure
ment of iron absorption (9 , 10) and ap
peared to be best suited for this investiga
tion.

EXPERIMENTAL
Weanling rats of the Sprague-Dawley 

strain were maintained with a low iron 
( <  5 ppm) basal diet (table 1) for 3 to 5 
weeks, or until their hemoglobin levels 
were below 7 g /1 0 0  cm ’.

The desired levels of 10 or 20 ppm of 
iron (10  or 20 m g /k g) in the experimental * 1 2 3 4
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A m erican  U niversity o f  Beirut.2 Present address: D epartm ent o f  B iochem istry,
U niversity o f  F lorida , G a inesville , F lorida.3 C lin ica l Instructor in  Internal M ed icin e  and R e
search A ssociate in  N utrition , F acu lty  o f  M ed ica l 
S ciences, A m erican  U niversity o f  Beirut.4 E sfahan i, M ., and J. W . C ow an, un pub lished  data.
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TA BLE  1

Composition of basal loxu iron diet

sA s
Vitamin-free casein 1 200
Reagent grade sucrose 600
Non-nutritive cellulose 2 50
Corn oil 3 100
Vitamin mixture 4 10
Mineral mixture (iron-free) 5 40

1 O btained fro m  G eneral B ioch em ica ls  In c., C hagrin  
Falls, Ohio.

2 A lp h ace l, N utrition al B ioch em ica ls  C orporation , 
C leveland.

3 M azola  (C orn  P roducts C om pany, A rgo, I llin o is )  
in  glass con ta iners.

4 E ach  k ilogram  o f  m ixture  c®ntained the fo llo w in g  
vitam ins, triturated in  d extrose : ( in  g ra m s) v itam in  
A con e  (200 ,000  u n it s /g ) ,  4 .5 ; v itam in  D cone 
(400 ,000  u n it s /g ) ,  0 .25 ; a-toc®pherol, 5 .0 ; a scorb ic 
acid , 45 .0 ; inosito l, 5 .0 ; ch o lin e  ch lor id e , 75.0; r ib o 
flav in , 1.0; m en ad ion e, 2 .25 ; p -am in oben zoic a cid , 5.0; 
n ia cin , 4 .5 ; p yrid ox in e-H C l, 1.0; th iam ine-H C l, 1.0; 
Ca pantothenate, 3 .0 ; and  ( in  m icro g ra m s) b iotin , 20; 
fo lic  a cid , 90; and v itam in  B 12, 1.35 (V ita m in  Diet 
F ortification  M ixture, N utrition al B ioch em ica ls  C orpo
ra tio n ).

5 C ontained  the fo llo w in g : ( g /1 0 0  g )  CaCOa, 26.000; 
CaH4( P 0 4) 2 H 20 , 10.500; C0 CI2 , 0 .005; C uS 04, 0.030; 
M gS 04, 10.200; M n S 0 4, 0 .510; KI, 0 .080; K2H P 0 4, 
41.200; N aC l, 11.450; and  Zn C l2, 0.025.

diets were attained by mixing thoroughly 
the appropriate amount of ferrous sulfate 
with the basal diet. For the phytate diets, 
sodium phytate 5 was added at the expense 
of K2HPO4 at one of 2 levels: 0.7 or 1.2%  
by weight. These amounts represented 45 
and 75%  of the total dietary phosphorus 
respectively. All experimental diets were 
isocaloric.

During the experiment, the animals were 
housed individually in stainless steel cages; 
the diets and deionized water were sup
plied ad libitum. Eight anemic rats (4  
males and 4 females) were assigned to 
each of 6 diets according to a randomized 
block design based on hemoglobin concen
tration (1 1 ) . Diet groups 1, 2 and 3 were 
fed the diet containing 10 ppm of iron as 
ferrous sulfate; the other 3 groups received 
20 ppm. In diets 2 and 5, 45%  of the die-

5 O btained from  Sigm a C hem ical C om pany, St. 
Louis.

WEEKS

Fig. 1 Growth curves for 6 groups of anemic rats fed for 4 weeks purified diets con
taining various levels of iron and sodium phytate. Each point represents the average of 8 
values.
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tary phosphorus was replaced by phytate 
phosphorus, whereas in diets 3 and 6, 
phytate represented 75%  of the total die
tary phosphorus. Diets 1 and 4 were phy- 
tate-free and served as controls.

Feed intake and weight gains were re
corded weekly; the experiment was ter
minated at the end of 4 weeks. Hemo
globin was determined on each animal 
weekly using the cyanomethomoglobin 
method (1 2 ) . Total hemoglobin was cal
culated on the basis of 6.7 ml of blood/ 
100 g body weight (9 ) .

RESULTS AND DISCUSSION
The growth curves for the 6 dietary 

groups are shown in figure 1; growth was 
rapid and average gains were similar 
among all the groups (range, 9 7 -113  g in 
the 4 weeks).

A level of 20 ppm of dietary iron is con
sidered marginal, yet adequate, for nor

mal hemoglobin regeneration in the anemic 
rat (1 3 ) . However, in planning the pres
ent study, it was speculated that at this 
level of iron, there may be sufficient iron 
left over for hemoglobin regeneration after 
the chelating potential of the added phy
tate is satisfied. Thus, to accentuate any 
effect of dietary phytate, the presumed 
submarginal level of iron (10 ppm) was 
used in addition to the higher level of 20 
ppm.

Figure 2 shows the hemoglobin regen
eration curves (expressed as gain in hemo
globin concentration) for the 2 control 
groups fed the phytate-free diets. The 
rate of gain in the group which re
ceived 20 ppm was much more rapid 
than in the group receiving the lower 
level, and at the end of 4 weeks, aver
age hemoglobin concentrations in the 
former group approached normal (13 .84  
g /1 0 0  cm3). These results are in agree-

Fig. 2 Hemoglobin regeneration curves for groups of anemic rats fed for 4 weeks diets 
containing 10 and 20 ppm of iron from ferrous sulfate. Each point represents the average 
of 8 values.
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ment with those of Raven and Thompson
(1 3 )  who reported that the hemoglobin 
levels of growing anemic rats fed diets 
containing 20 ppm of inorganic iron re
turned to normal or near normal in 4 
weeks. The curve for hemoglobin regen
eration on 10 ppm (fig. 1) shows clearly 
that this was a submarginal level and was 
not sufficient to promote normal hemo
globin regeneration. After this diet had 
been fed for 4 weeks the average hemo
globin concentration increased to only 
10.36 g./100 cm3.

The data in table 2 are the average val
ues for iron intake and hemoglobin regen
eration (gain in grams per 100 cubic centi
meters and gain in total hemoglobin) in 
the 6 diet groups at the end of 2, 3 and 4 
weeks. The first week was considered one 
of adjustment to the diets and the results 
were excluded from the table. The values 
for iron intake indicate that food consump
tion in all groups was similar; at 10 ppm. 
the iron intake was about one-half in all 
instances compared with that of the groups 
receiving 20 ppm.

The hemoglobin values in table 2 show 
that, even at the submarginal level of 10 
ppm of iron, the rate of hemoglobin re
generation was not affected by the pres
ence of either level of dietary phytate. 
When expressed on the basis of milligrams 
of iron consumed, there were no signifi
cant differences, at either level of iron, 
between control values and those of the 
diets containing phytate.

It was concluded from the results of this 
work that high levels of phytate have no 
effect on iron absorption in the rat. There
fore, the presence of phytic acid in foods 
fed to rats should not be expected to de
crease the physiological availability of the 
iron in such foods.
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Linoleic Acid Requirement of the Chick
J. G. BIERI a n d  E. L. PRIVAL
Laboratory of Nutrition and Endocrinology, National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, Bethesda, Maryland

ABSTRACT The linoleic acid requirement of young male chicks was determined 
during 4- to 6-week periods on the basis of growth response and also the triene-to- 
tetraene ratio of fatty acids in liver and erythrocytes. Dietary fat levels in different 
experiments ranged from 3 to 8% and the dietary content of linoleic acid varied from
0.18 to 4.3% of calories. Maximal body weight was obtained with 0.9 to 1.1% of cal
ories as linoleic acid, and these supplements also resulted in triene-to-tetraene ratios 
of 0.4 or less in liver. In erythrocytes, 1.3 to 1.8% of dietary calories as linoleic acid 
were required to produce triene-to-tetraene ratios of 0.4. The latter criterion indicates 
a maximal linoleic acid requirement under the conditions of these experiments of 
1.8% of calories, whereas the criteria of growth and liver triene-to-tetraene ratio gave 
a requirement of 1%.

It is well established that the chick re
quires a dietary source of essential fatty 
acid ( 1 -3 ) ;  however, the quantitative 
requirement has not been ascertained as 
thoroughly as it has for other species. Re
cently, Hill (4 )  estimated the linoleic acid 
requirement of the chick on the basis of 
the liver fatty acid composition. W e have 
used a similar approach while varying the 
type and amount of dietary fat. In addi
tion to determining the effect on erythro
cyte and liver fatty acids, we have also 
recorded the effect of dietary linoleic acid 
on growth.

Linoleic acid deficiency results in altera
tions in the distribution of tissue fatty 
acids which are remarkably similar for all 
species that have been studied. The most 
prominent fatty acid changes are decreases 
in linoleic and arachidonic acids ( and also 
of other acids derived from linoleic acid) 
and increases in oleic and 5,8,11-eicosatri- 
enoic acids, the latter being derived from 
oleic acid (5 ) . The proposal by Holman
(6 )  of using the ratio of 5 ,8 ,11-eicosatri- 
enoic acid to arachidonic acid (the triene- 
to-tetraene ratio), as developed for the rat, 
has also been used satisfactorily with 
other species (7 , 8 ) . A dietary linoleate 
level which results in a triene-to-tetraene 
ratio in tissues of about 0.4 or less has 
been shown to supply the physiological re
quirement for essential fatty acid as deter
mined by growth rate and prevention of 
dermal symptoms.

E X P E R IM E N T A L

One-day-old male Arbor Acres chicks, 
eight to a group, were kept in electrically 
heated brooders with wire-mesh flooring. 
They were fed a casein-gelatin diet (table 
1) in which the amount of fat and also 
the composition was varied in each experi
ment. Food and water were available ad 
libitum and lighting was continuous. In 
experiments where growth was used as a 
response, duplicate groups of 8 chicks were 
selected with similar average weights. A 
few small and large chicks were removed 
from all groups after the second week.

The linoleic acid content of the dietary 
fats as determined by gas chromatography 
was as follows: (as per cent of total fatty 
acids) trilaurin,* 1 0; triolein,2 3.1 ; hydro
genated coconut oil,3 0 ; safflower oil,4 77.1; 
olive oil,5 5.4. No linolenic acid was de
tected in any of the fats. The mixtures of 
these fats used in various experiments 
were also analyzed to verify the linoleic 
acid content of each diet. The triolein, saf
flower oil and olive oil were stabilized by 
the addition of 0 .01%  each of propyl gal- 
late and citric acid, and were stored at 4° 
as were also the complete diets.

Received for publication June 11, 1966.
1 Drew Chemical Corporation, Boonton, New Jersey.
2 See footnote 1.
3 Hydrol, Durkee Famous Foods, Chicago.
4 Pacific Vegetable Oil Corporation, Richmond, California.
5 Progresso, Uddo and Taornina Corporation, Brooklyn, New York.

4 2 8 J. N u t r it io n , 9 0 : ’ 66



LIN O LE A TE  R E Q U IR E M E N T OF TH E CHICK 4 2 9

TABLE 1
Composition of chick diet C 73

Vitamin-free casein 1
%
20

Gelatin 8
Salt mix N 2 6
Vitamin mix 3 2
Stabilized vitamin A 4 1
L-Arginine 0.8
DL-Methionine 0.3
Ethoxyquin 5 0.02
Fat6 3-8
Glucose monohydrate to make 100

1 Nutritional Biochemicals Corporation, Cleveland.
2 Fox, M. R. S., and G. M. Briggs 1960 J. Nutrition, 

72: 243.
3 Provided in mg/kg of diet: thiamine-HC1, 8 ; 

riboflavin, 8 ; Ca pantothenate, 2 0 ; choline chloride, 
2000; niacin, 100; pyridoxine-HCl, 8 ; D-biotin, 0.3; 
folic acid, 3; and vitamin B12, 0.1. Added in ethanol 
solutions: (mg/kg diet) vitamin D3 , 0.02; 2-methyl- 
1 ,4-naphthoquinone, 1 ; dl,a-t ocopheryl acetate, 1 0 0 .

4 Nopcay 20, Nopco Chemical Company, Newark, New Jersey, provided 0.7 mg retinyl palmitate.
5 Santoquin, Monsanto Company, St. Louis.
6 Amount for each experiment given in the tables. Fats are described in the text.

Total lipids were extracted from liver 
and washed erythrocytes and the total fatty 
acids methylated and analyzed by gas 
liquid chromatography as described previ
ously (9 ) . A 4 mm X 180 cm column of 
15%  ethylene glycol succinate on 80 -100  
mesh Gas-Chrom P was operated at 180°. 
Peak areas were determined by triangula
tion and the results expressed as area per
centage. The positional isomers of eicosa- 
trienoic acid separated distinctly and are 
designated as 20:3co6 (8 ,11,14 isomer) or 
20:3u)9 (5,8,11 isomer).

RESULTS
Detailed results of fatty acid analyses of 

liver and erythrocytes are given for only 
one study (table 2 ) . In this 6-week experi
ment, a dietary fat level of 4 .5%  was com
posed of 2%  hydrogenated coconut oil 
with the remainder made up of varying

TABLE 2
Effect of varying linoleic acid intakes on weight gain and on the fatty acid 

composition of liver and erythrocytes 1

Dietary fat, % 0 4.5 4.5 4.5 4.5 4.5 4.5
Calories as 

linoleate, % 0 0.40 0.55 0.87 1.15 1.71 2.77
Average wt, g 626± 19 2 793 ±19  3 780 ±14 822 ±14 776 ±18 795 ±23 831 ±25
Feed efficiency 4 0.520 0.612 0.683 0.595 0.601 0.605 0.611
RBC fatty acids, % of total fatty acids 

16 aid. 0.4 ±0 .2  2 0.8 ±0.2 1.4 ±0.3 0.9±0.1 0.5±0.1 1.1 ±0.3 1.4 ±0.2
16:0 17.6±0.8 18.2 ±0.6 18.1 ±0 .4 18.4 ±0.2 16.7 ±0.4 19.4 ±0.4 19.1 ±0.5
16:1 4.9 ±0.6 2.5 ±0.2 2.2 ±0.3 2.2±0.1 1.7 ±  0.2 1.8 ±0.2 1.7±0.1
18:0 9.5 ±0.8 13.2±0.3 12.9 ±0.5 13.6± 0.6 14.4 ±0.5 13.0±0.4 14.6 ±0.2
18:1 60.9 ±0.9 47.2 ±0.8 44.9 ±0.3 42.6 ±1.6 37.6±0.8 33.4 ±0.5 24.2 ±0.8
18:2 1.2±0.1 10.4 ±0.4 12.6± 0.4 15.7 ±  1.2 18.3 ±0.7 20.1 ±0.8 26.3 ±0.8
20: 3o>9 4.3 ±0.2 3.0± 0.3 2.7 ±0.1 2.2± 0.1 2.1±0.1 1.8±0.1 1.3±0.1
20:3a>6 tr 5 0.8±0.1 0.9± 0.1 1.0±0.0 1.4±0.1 1.4±0.0 1.6±0.1
20:4 0.7±0.1 2.3 ±0.3 2.6± 0.1 2.5±0.1 4.5±0.3 4.7±0.1 6.3 ±0.4
22:4 0 tr tr tr 0.7 ±0.0 0.8±0.1 1.1 ±  0.1
20:3«9/20:4 6.2 1.3 1.0 0.85 0.48 0.39 0.20

Liver fatty acids, % of total fatty acids 
16:0 21.9 ±  1.0 24.1 ±  2.1 24.6± 1.1 22.9 ±  1.1 25.3 ±1.1 19.9 ±2.6 22.7 ±2.2
16:1 5.2 ±0.5 4.9± 1.0 4.5 ±0.4 4.6 ±0.3 5.4 ±0.7 3.5±0.9 3.6 ±0.6
18:0 14.6 ±1.9 18.6 ±2.0 20.5 ±1.0 20.8 ±0.6 18.7 ±1.5 23.2±2.1 23.5 ±1.6
18:1 50.3 ±1.8 39.1 ±2.2 35.7 ±  1.6 33.3±2.1 35.7 ±3.4 31.6 ±  2.2 28.9 ±2.4
18:2 0.5 ±0.1 4.2±0.7 5.1 ±0.4 7.8 ±1.2 6.2± 1.1 9.0±0.9 9.5 ±1.2
18:3 0.8 ±0.1 0.7 ±  0.1 0.6± 0.1 0.6±0.1 0.5 ±0.1 0.7±0.1 0.5 ±0.0
20:3cu9 4.9±0.8 3.3 ±0.6 3.2 ±0.5 2.4± 0.5 2.0 ±0.5 2.8±0.1 2.0 ±0.4
20:3oj6 tr 1.1 ±0.2 1.3±0.1 1.7±0.1 1.4 ±0.9 2.2 ±0.2 2.1 ±0.3
20:4 1.3±0.2 3.5± 0.6 4.0 ±0.3 5.5 ±0.5 4.2 ±0.8 6.8±0.8 6.9 ±1.0
20:3w9/20:4 3.7 0.94 0.80 0.43 0.48 0.41 0.29

1 13 to 15 male chicks/group; 6 -week period. Dietary fat contained 2% hydrogenated coconut oil and 2.5 .-o 
of a variable mixture of olive oil and safflower oil to provide the amounts of linoleic acid indicated. et 
calculated to have 398 kcal/100 g.

2 Mean ±  s e .  ^  .
3 Significantly greater than the fat-free group (P < 0.001).
4 Weight gain (g)/feed consumed (g).
3 Trace, less than 0.3%.
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TABLE 3
Weight gains and the triene-to-tetraene ratios of erythrocyte and liver fatty acids 

of chicks fed varying dietary levels of linoleic acid 1

Calories 
as 18:2 Weight Feed

efficiency
20:3a>9/20:4

RBC Liver

% 9 g gain/g feed
0.0 2 529 ± 1 1  3 0 .585 7.64 4.92
0.0 1 568 ± 1 7 0.589 — —

0.18 6 4 3 ± 10 5 0.618 3.26 2.31
0.56 640 ±  15 0.616 1.36 0.92
0.84 658 ± 1 3 0.620 0.77 0.51
1.13 685 ± 15 8 0.664 0.58 0.34
1.61 686 ± 1 2 0.679 0.30 0.14
4.34 686 ± 1 6 0.633 0.04 0.02

1 13 to 15 male ch icks/group ; 5-week period; 4.5% dietary fat (2 %  trilaurin, 0 to 2.5% triolein 
and 0 to 2.5% safflower o il).

2 Fat-free diet.
3 Mean +  se.
4 Fat-free diet +  2% glycerol.
5 Significantly greater than the fat-free group (P  <  0.001).
6 Significantly greater than the 0.56% group (P  <  0.001), but not different from  the 0.84% 

group (P >  0.1).

proportions of olive oil and safflower oil to 
give the designated amounts of linoleic 
acid. The triene-to-tetraene ratio in the red 
cells approached 0.4 when the dietary 
linoleate constituted 1.15 to 1.71% of cal
ories, whereas in the liver this ratio was 
achieved at 0 .87%  of calories. With re
spect to body weight, a highly significant 
increase over the fat-free group was 
achieved with the lowest amount of lino
leate, 0 .40%  of calories. Higher dietary 
levels of linoleic acid produced a some
what erratic response, in that the weights 
with both the 0.87 and 2 .77%  levels were 
significantly greater (P <  0 .01) than the 
weights achieved at the other levels of 
linoleate supplementation. However, the 
average weight of even the lightest group 
(1 .15 %  of calories, 776 g) is close to max
imal growth for this strain of chicks. All 
levels of linoleate improved feed efficiency 
over that of the fat-free group.

In a second experiment of 5 weeks’ du
ration, the dietary fat level of 4 .5%  was 
composed of 2%  trilaurin, and the re
mainder was made up of varying propor
tions of triolein and safflower oil (table 3 ). 
In the erythrocytes, a triene-to-tetraene 
ratio <  0.4 was produced by 1.61%  of cal
ories as linoleate, whereas in the liver 
1.13% of calories was sufficient. Two per 
cent of glycerol in the fat-free diet may 
have improved body weight (P <  0 .0 5 ), 
but the lowest level of dietary linoleate, 
0.18%  of calories, gave a highly sig

TABLE 4
Triene-to-tetraene ratios of erythrocyte fatty acids 

of chicks fed varying dietary levels 
of linoleic acid

Calories 
as 18:2 20:3o)9/20:4

%
Series 253 1

0.0 2.26
0.67 0.71
1.34 0.40
2.00

Series 244 2
0.20

0.0 1.31
0.18 1.02
0.36 0.76
0.89 0.47
1.76 0.27
2.65 0.14

1 Six ch icks/group; 4-week period; 8%  dietary fat 
(6 .8-8 .0%  hydrogenated coconut oil and 0-1.2%  saf
flower o il).

2 Five male chicks/group; 4-week period; 3%  die
tary fat (1 .5 -3 %  hydrogenated coconut oil and 
0—1.5% safflower o il).

nificant increase (P <  0 .001). Maximal 
growth was attained with 0.84 to 1.13%  
of calories as linoleate. Feed efficiency was 
improved only at the higher levels of lino
leate intake.

In two additional studies of 4 weeks’ du
ration, the dietary fat levels were 3 and 
8%  , provided by mixtures of hydrogenated 
coconut oil and safflower oil. The number 
of birds in the experiments was small and 
hence growth data were not meaningful. 
The triene-to-tetraene ratios of the eryth
rocytes (table 4 ) show that 1.34% of cal
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ories as linoleate was adequate in the diet 
with 8%  total fat, whereas with 3%  die
tary fat 0.89 to 1.76%  of calories produced 
a ratio of about 0.4.

DISCUSSION
Available criteria for evaluating the 

essential fatty acid requirements of young 
animals over a short period are limited to 
either the growth response or the changes 
in tissue fatty acid composition. In the 
case of the chick, although the typical 
essential fatty acid deficiency pattern in 
tissues is readily demonstrable in 4 weeks, 
growth effects in this time are not con
sistently observed. Differences in results 
reported by different investigators can 
probably be attributed to the variable lino- 
leic acid stores in newly hatched chicks 
and also to the type and amount of dietary 
fat. In our earlier studies with a slower 
growing strain of chicks ( 1 ) ,  an effect of 
a fat-free diet on growth was not apparent 
until the sixth week. With the faster grow
ing Arbor Acres chick, a growth difference 
has been noticeable after only 4 weeks. If, 
however, instead of a fat-free diet, a diet 
containing fat low in linoleic acid is used, 
then growth is not significantly retarded 
even though the triene-to-tetraene ratio is 
considerably greater than 0.4. Thus, in the 
2 growth experiments (tables 2 and 3) the 
lowest dietary levels of linoleic acid, 0.18 
and 0 .40%  of calories, produced body 
weights equal to levels of 1%  or higher. It 
should be noted that in the diet containing 
0.18%  of calories as linoleate (table 3) 
all of the linoleic acid was contributed by 
the linoleic acid contained in the 2 .5%  
triolein, i.e., there was no added safflower 
oil. This result strongly suggests that the 
growth response was due to unsaturated 
fat per se and not entirely to its linoleic 
acid content. Hill (4 ) ,  using a similar 
casein-gelatin diet with a mixture of hy
drogenated coconut oil and com oil fed for
4- or 7-week periods, obtained maximal 
body weights with 0.25 and 0 .5%  of cal
ories as linoleate but not with 0 .13%  . One 
difference in thes^ experiments was that 
we kept the amount of saturated fat in the 
diet constant and substituted the linoleate 
source (safflower oil) for an oil poor in 
linoleate (olive oil or triolein), whereas 
Hill substituted corn oil for the saturated

fat. A strict comparison of the response to 
dietary oils which vary in linoleic acid con
tent (and without more highly unsatu
rated fatty acids) does not appear to have 
been made previously with the chick.

A comparison of the triene-to-tetraene 
ratios in liver and erythrocytes (tables 2 
and 3 ) indicates that liver may be more 
sensitive to dietary linoleate, i.e., the tri
ene-to-tetraene ratio is lower in liver than 
in erythrocytes, particularly at lower die
tary levels of linoleate. If the liver ratio is 
used to estimate linoleate requirement (a  
ratio about 0.4 or less), then in these 2 
experiments the values would be 0.87 and 
1.13% of calories, whereas the erythrocyte 
ratios indicate a requirement of 1.15 to 
1.61% of calories as linoleate. In the other 
2 experiments in which only erythrocytes 
were analyzed, linoleate requirements of 
1.34% and 1.76% of calories are indi
cated. The range of caloric requirement 
for linoleic acid from these studies thus is 
0.9 to 1 .8 % . This is similar to the range 
of 1 to 2%  estimated by Hill (4 )  from a 
plot of the triene-to-tetraene ratio versus 
the dietary linoleate content. Of special in
terest is a comparison of the liver triene- 
to-tetraene ratios at similar linoleate in
takes obtained by Hill with those reported 
here. In the following summary, the first 
2 ratios are our values and the third is that 
of Hill:

0.50—0.56% of calories: 0.80, 0.92, 0.73
0.75-0.87% of calories: 0.43,0.51,0.42
1.00-1.15% of calories: 0.48,0.34,0.33

There was thus very good agreement be
tween the 2 studies.

Although the triene-to-tetraene ratios 
from liver and erythrocyte analyses indi
cate a linoleic acid requirement of the 
growing male chick of 0.9 to 1.8%  of cal
ories, it would be desirable to have a cor
relation of this biochemical parameter 
with physiological observations such as 
was done in the rat where the body weight 
and dermal score were used (5 ) . Dermal 
symptoms in the chick do occur (1 )  but 
are not amenable to quantitative evalu
ation. As noted by Hill (4 ) ,  the growth of 
young chicks in experiments of this type 
tends to be irregular; however, meaning
ful information should be obtainable under 
properly controlled conditions. In both of 
the experiments reported here in which
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body weight was measured, although all 
dietary levels of linoleate improved growth 
over that of the fat-free groups, the re
sponse to increasing amounts of linoleic 
acid was not consistent. Further experi
ments in which dietary oils low in linoleic 
acid are fed with oils high in the acid 
should be able to clarify the young chick’s 
linoleate requirement for growth.
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Influence of the Type of Dietary Saturated Fatty Acid 
on Lipemia, Coagulation and the Production of 
Thrombosis in the R at* 1

S. RENAUD,2 C. ALLARD an d  J. G. LATOUR 3
Laboratories of Experimental Pathology and Metabolic Research, 
Institut de Cardiologie de Montréal, affiliated with the 
University of Montreal, Canada

ABSTRACT The degree of saturation of a dietary fat in a low protein diet and the 
resulting hypercholesterolemia or hypertriglyceridemia could not be correlated, in the 
rat, with the incidence of phlebothrombosis as initiated by a Salmonella typhosa endo
toxin, nor to the recalcification plasma clotting time. To determine whether in a fat, 
it is the type of the saturated fatty acid rather than its degree of saturation that pre
disposes to thrombosis, various saturated fatty acids or their methyl esters were added 
to lard in the diet of the rat. Only the palmitic or stearic acid feeding resulted in a 
high incidence of thrombosis and a shortened clotting time, although the triglyceride 
levels in serum were approximately the same whichever fatty acid was fed. Under 
the present conditions, it appears therefore, that the thrombogenic capacity of a dietary 
fat depends primarily on the type of saturated fatty acids it contains. This thrombo- 
genicity does not appear to be related to the concentration of cholesterol or triglycerides 
in serum, but possibly to the type of proteins these parameters were bound to. The 
plasma clotting time gave a good indication of the thrombotic tendency on a group 
basis.

Epidemiologic studies have shown that 
the high incidence of coronary heart dis
ease (1 , 2 ) and of venous thrombosis (3 —
5) in certain countries is usually associated 
with a high intake of saturated fats. A 
relationship has also been found to exist 
between the cholesterol level and the inci
dence of coronary heart disease in several 
(6 , 7 ) , but not all (8), populations studied. 
Although it appears that saturated fats 
raise the serum cholesterol in man (9 -1 1 )  
as well as in animals (1 2 -1 4 ) , studies 
performed on chicks and rabbits indicated 
that there is no relationship between the 
degree of atherosclerosis and the level of 
cholesterol in the blood (1 5 -1 8 ) . It has 
been concluded (1 5 ) that the development 
of experimental atherosclerosis is depend
ent, not only on the concentration of cho
lesterol in the serum, but on other patho
genetic factors as well.

Several investigators have reported that 
long-chain saturated fatty acids accelerate 
the clotting of blt)od (1 9 -2 1 ) . In addition, 
it has been demonstrated that only these 
long-chain saturated fatty acids can induce 
thrombotic phenomena when injected in
travenously into animals (2 2 ,2 3 ) . The 
aim of the present experiments was to de

termine whether it is the type of the dietary 
saturated fatty acid rather than the degree 
of saturation that predisposes to thrombo
sis. For this purpose, rats were fed for 
several weeks high fat, low protein diets 
differing only in the type of fat or of fatty 
acid they contained. After removal of 
blood for determination of the lipemic and 
coagulation changes, an endotoxin was in
jected intravenously to initiate the forma
tion of large hepatic vein thrombosis as 
described previously (2 4 -2 6 ) .

EXPERIMENTAL
Male rats of the Holtzman strain, with 

an initial body weight of 140 to 160 g, 
were used for these studies. At the begin
ning of each experiment, each group com
prised 6 rats. Most of the experiments 
were repeated once or several times, and 
the results reported in the tables were, 
therefore, obtained from pooled data. In
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the course of the studies, several animals 
were eliminated for various reasons; the 
final number of animals retained in each 
group is indicated in the corresponding 
table.

The rats were housed 6 per cage in a 
constant - temperature environment and 
given, ad libitum, tap water and the hyper- 
lipemic diets. All the diets contained: (in 
per c e n t)4 casein, 11; cholesterol, 5; salt 
mixture (2 7 ) , 4 ; sodium cholate, 2 ; su
crose, 23; vitamin mixture, 2; and cellu
lose as reported in detail elsewhere (2 5 ) . 
In addition, in experiment 1 (table 1) iso
caloric amounts of coconut oil (group 1 ), 
butter (group 2 ) , or arachis oil (group 3) 
were added to these basic ingredients. In 
all the other experiments (3  to 5 ) , water 
(7 %  ) was included in the diet and the fat 
consisted of lard alone ( 3 1 % )  (tables 2, 
3 and 4, group 1 ), a fatty acid (8 %  ) plus 
lard (tables 2, 4 and 5 ) , or a methyl ester 
(1 0 %  ) plus lard (2 1 %  ) (table 3 ).

At the end of the feeding periods indi
cated in the corresponding tables and after 
17 hours’ fasting, altogether 3 ml of blood 
were removed in 2 ml siliconized syringes, 
using 20-gauge needles, from the jugular 
vein of all the rats, by a clean venipunc
ture, under ether anesthesia. A few drops 
of blood were first removed with one 
syringe, and 1 ml of blood was then col
lected in another syringe containing 0.1 ml 
of sodium citrate (3 .8 %  ) and thoroughly 
mixed immediately. The first syringe was 
again connected to the needle and blood 
was removed to 2 ml for chemical deter

mination. Immediately after withdrawal of 
blood for the laboratory tests, the rats were 
given, by the same needle, 1 m l,/100 g 
body weight of physiologic saline contain
ing a Salmonella typhosa (0901 , Boivin 
type) lipopolysaccharide5 at the dosage 
indicated in the tables.

All the glassware and needles were given 
at least 6 coats of silicon, according to the 
technique reported by Bauer (2 8 ) . For 
the plasma clotting time, the citrated blood 
was transferred to a centrifuge tube kept 
at 30°, preliminary experiments having 
shown that the clotting time of plasma 
kept at this temperature remains practi
cally constant for several hours. After 6 
minutes’ centrifugation at 2000 rpm, the 
plasma was removed and also kept at 30° 
until the test was performed. One-tenth 
milliliter of plasma was incubated for 10 
minutes at 37° before the addition of 0.2 
ml of m / 100 calcium chloride solution 
(0.11 g anhydrous calcium chloride, 0.42 g 
sodium chloride, distilled water 100 m l), 
which was also kept at 37°. After one 
minute, the tube was tilted gently every 
10 seconds, until a firm clot formed. The 
test was performed in duplicate. In ex
periments 1 and 3, the tubes were of plas-

4 The salt mixture, the vitamin mixture (Vitamin 
Diet Fortification Mixture), the cellulose (Alphacel) 
and the fatty acids were obtained from Nutritional 
Biochemicals Corporation, Cleveland. The vitamin 
mixture contained/kg: vitamin A, 900,000 units; vita
min D, 100,000 units; and (in g) a-tocopherol, 5; 
ascorbic acid, 45; inositol, 5; choline chloride, 75; 
menadione, 2.25; p-aminobenzoic acid, 5; niacin, 4.5; 
riboflavin, 1; pyridoxine-HCl, 1; thiamine -HCl, 1; Ca 
pantothenate, 3; and (in mg) biotin, 20; folic acid, 
90; vitamin B12, 1.35; and dextrose to make 1 kg.

5 Difco Laboratories, Detroit.

TABLE 1
Influence of the dietary fat on the production of thrombosis,1 coagulation and 

lipemie changes (feeding period, 11 weeks) 2

Dietary fat, wt % Coconut oil, 32 Butter, 38 Arachis oil, 32
Group 1 2 3

No. of animals 18 17 15

Cholesterol, mg/100 ml 1222 ± 2 8 4 3 978 ±  72 297 ± 12
Triglycerides, mg/100 ml 299 ±  85 176 ±25 59 ± 5
a-Lipoproteins, % 
Plasma clotting time,

12.5 ±  1.4 10.2 ±  0.9 0.3 ± 0 . 3

(plastic tubes) sec 191 ±  18 171 ±14 175 ± 1 0

Thrombosis, (incidence) % 33 94 * 57
Survival, min 142 ±  21 189 ±15 1091 ± 135
Mortality, % 100 100 33

1 Thrombosis was initiated by the intravenous injection of S. typhosa lipopolysaccharide (0.6 mg/kg).
2 Diet composition in addition to the fats listed in the table: (wt %) casein, 11; cholesterol, 5; 

salt mixture, 4; sodium cholate, 2; sucrose, 23; vitamin mixture, 2; and cellulose to make 100.5 Mean ±  s e .
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tic (cellulose nitrate, no. 654) 6 instead of 
siliconized glass.

In experiments 1, 2 and 3 (tables 1, 2 
and 3 ) , the determinations of the lipemic 
parameters were performed on individual 
or pooled sera of 2 animals, according to 
the following techniques: the total serum 
cholesterol by the Trinder (2 9 ) method; 
the lipoproteins, by prestained paper elec
trophoresis (3 0 ) ; the triglycerides, by the 
Van Handel method (3 1 ) . In experiments 
4 and 5, the lipoprotein electrophoretic 
fractionation was carried out according to 
the following technique. The paper elec
trophoresis cells, the power supply and the 
scanning apparatus used were all from 
Beckman Instruments Inc. The paper 
strips used were Beckman no. 319 328, 
with a standard barbital buffer of pH 8.6 
and an ionic strength of 0.05 (1 .84  g di
ethyl barbituric acid, 10.27 g sodium di
ethyl barbiturate, distilled water 1000 m l). 
The techniques used were generally those 
recommended by the manufacturer, except 
for the following modifications. For lipo
proteins, 0.04 ml of serum was applied in 
0.01 ml amounts and a constant potential 
of 120 v was passed through the paper for 
17 hours. The strips were then heated for 
15 minutes in an oven at 120 to 130° and, 
as reported by other workers (3 2 ) , stained 
for 1 hour in a fat red 7B 7 solution (satu
rated solution of the dye in absolute ethyl 
alcohol 60 ml, diluted before use with dis
tilled water 40 ml and then filtered twice). 
The strips were decolorized for approxi
mately 2 minutes with constant agitation 
in a 2%  acetic acid solution to which was 
added 0.02 ml of a commercial sodium 
hypochlorite (1 2 %  ) per 100 ml and then 
quickly immersed, still under agitation, in 
a 2%  solution of acetic acid. Three addi
tional baths of the 2%  acetic acid were 
used to complete the staining and the strips 
were dried for 15 minutes in an oven at 
120°. The scanning was performed on a 
RB model Analytrol8 with two 500 mu in
terference filters and a B-5 cam. The pro
teins were stained with the bromophenol 
blue dye in alcoholic solution, according to 
the technique recommended by the manu
facturer.9

6 International Equipment Company, Boston.
7 Ciba Company. Dorval, P. Qué., Canada.
8 See footnote 5.9 Beckman Instruments Inc., Fullerton, California, 

Technical bulletin 6095 A.
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TABLE 3
Influence of methyl caprylate and methyl palmitate on the production of thrombosis,1 

coagulation and lipemie changes (feeding period, 8 weeks) 2

Lard, 21 + Lard, 21 +
Dietary fat, wt % Lard, 31 methyl methyl

caprylate, 10 palmitate, 10
Group 1 2 3

No. of animals 11 12 11

Cholesterol, m g /100 ml 415 ± 5 8 3 1101 ±87 985 ±  54
Triglycerides, mg/100 ml 79 ±  3.4 167 ±13 211 ±22
a-Lipoproteins, % 1.8 ±  0.3 69.0 ±  2.0 14.0 ±  0.5
Plasma clotting time, (plastic tubes) sec 185 ±  6 160 ±10 140 ±13
Thrombosis, incidence, % 18 8 90
Thrombosis, severity, 0-3 0.36 0.08 2.7
Mortality, % 36 75 100

1 Thrombosis was initiated by the intravenous injection of S. typhosa lipopolysaccharide (0.6 mg/kg).
2 In addition to the fats listed in the table, the diet was composed of: (wt % ) casein, 11; cellulose, 

15; cholesterol, 5; sodium cholate, 2; salt mixture, 4; sucrose, 23; vitamin mixture, 2; and water, 7.3 Mean + s e .

TABLE 4
Influence of saturated fatty acids on the lipoprotein electrophoretic fractions and the 

production of thrombosis 1 (feeding period, 6 weeks) 2

Dietary fatty acid None Capric Behenic
Group3 1 2 3

Lipoprotein fractions, %
a- 5.3 12.0 14.2
ai- 31.3 26.9 20.2
a- +  ai- 36.6 38.9 34.4
a2- 16.7 18.7 20.7
ß- 31.9 28.8 33.1
origin 14.8 13.6 11.8

Triglycerides, mg/100 ml 68 81 83
Thrombosis, incidence, % 18 0 33
Thrombosis, severity, 0-3 0.3 0 0.8

1 Thrombosis was initiated by the intravenous injection of S. typhosa lipopolysaccharide (1 mg/kg).
2 In addition to the fatty acids listed in the table, included at the expense of lard (8%), the 

diet was composed of: (wt %) casein, 11; cellulose, 15; cholesterol, 5; lard, 31; salt mixture, 4; 
sodium cholate, 2; sucrose, 23; vitamin mixture, 2; and water, 7.

3 Six rats/group.

TABLE 5
Influence of saturated fatty acids on the production of thrombosis,1 coagulation and 

lipemie changes (feeding period, 10 weeks) 2

Dietary fatty acid 
(no. carbon atoms) Capric

Cio
Stearic

Cl8
Behenic

C22

Group 1 2 3
No. of animals 10 10 11

Triglycerides, mg/100 ml 94 ± 1 4 3 146 ±11 164 ±22
a- +  at-lipoproteins, % 31.1 ±  1.8 27.9 ±  1.3 26.6 ±  2.0
Gain in body wt, g 
Plasma clotting time,

35 ±  5 76 ±  4 81 ±  7
(siliconized tubes) sec 252 ±  12 221 ±16 • 232 ±  19

Thrombosis, incidence, % 30 70 64
Thrombosis, severity, 0-3 0.7 1.6 1.2
Mortality, % 30 60 54

1 Thrombosis was initiated by the intravenous injection of S. typhosa lipopolysaccharide (0.6 mg/kg).
2 Diet composition: (wt %) casein, 11; cellulose, 15; cholesterol, 5; fatty acid, 8; lard, 23; salt 

mixture, 4; sodium cholate, 2; sucrose, 23; vitamin mixture, 2; and water, 7.3 Mean ±  s e .
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After the intravenous injection of the 
endotoxin some or most of the animals, 
depending on the experiment, died in 3 to 
18 hours. The survivors were killed 24  
hours after the injection, autopsy was per
formed on every animal, and the red he
patic infarcts were evaluated macroscopi- 
cally.

The macroscopic readings were verified 
by histologic examination of the left he
patic lobe. As reported previously (24, 26), 
the incidence of hepatic infarcts corre
sponds exactly to the incidence of occlusive 
thrombosis. The severity of the lesions was 
graded in terms of an arbitrary scale of 
zero to 3.

RESULTS
Experiment 1, ( table 1 ). The intrave

nous endotoxin injection in the rats fed 
the diets for 11 weeks resulted in a 100%  
mortality rate in groups 1 and 2 fed coco
nut oil and butter, respectively, whereas it 
was only 33%  in group 3 fed arachis oil. 
Survival time was shortest (142  minutes) 
in group 1, longer in group 2 (189  min
utes), and longest in group 3 (1091 min
utes). In contrast with this, the incidence 
of thrombosis was 33%  in group 1, 94%  
in group 2, and 57%  in group 3. The type 
of thrombosis observed here is the one de
scribed in detail previously, occurring 
mostly in the large hepatic veins (phlebo- 
thrombosis) and giving rise to multiple, 
large red infarcts (24 , 26 ).

The plasma clotting time was lowest in 
group 2, although this result was not statis
tically significant. The cholesterol and tri
glyceride levels in serum were highest in 
group 1 fed coconut oil, which was also the 
most saturated among the 3 fats used here. 
The cholesterol and triglyceride levels were 
lower wdth butter and lowest with arachis 
oil, the least saturated fat. The percentage 
of a-lipoproteins was highest in group 1 
and lowest in group 3.

Experiment 2 ( table 2 ) . Addition to the 
diet, at a given level (8 %  ), of any of the 
saturated fatty acids used (groups 2 to 7) 
significantly increased (P <  0 .001) the tri
glycerides in serum from 62 m g /100 ml 
(group 1) to between 125 (group 5 ) and 
159 (group 2 ) . On the other hand, the 
differences in the triglyceride levels be
tween each of the groups receiving the

added fatty acids (groups 2 to 7 ) were not 
significant. The total serum cholesterol 
was also increased by the addition of the 
saturated fatty acid to the diet, but 
this parameter presented more variations 
among the different groups than did the 
triglycerides. The percentage of the a-lipo- 
proteins was markedly lower in group 1 
fed lard alone, and in groups 4 and 5 fed 
palmitic and stearic acid, respectively. 
(Lard contains only 2 saturated fatty acids, 
i.e., palmitic and stearic acid.) Except for 
group 6 as compared with group 5, the 
plasma clotting time was significantly 
lower in groups 4 and 5 than in the other 
groups. The incidence and severity of 
thrombosis resulting from the injection of 
the endotoxin was by far the highest in 
groups 4 and 5.

The lowest body-weight gains (2 7  and 
17 g, respectively) were observed in ani
mals fed caprylic and capric acid, whereas 
the highest gain (73  g) was recorded with 
behenic acid, the fatty acid with the long
est chain in the present series.

Experiment 3 ( table 3 ) . Addition to the 
diet of 10% of either methyl caprylate 
(group 2 ) or methyl palmitate (group 3 ) , 
at the expense of lard, also resulted in a 
marked increase in the serum cholesterol 
and triglyceride levels as compared with 
lard alone (group 1 ), (P <  0 .001). In con
trast with this, there was no significant 
difference between groups 2 and 3 with 
respect to the cholesterol (P >  0 .2 ) or the 
triglyceride (P >  0 .05) levels. However, 
the percentage of a-lipoproteins was mark
edly more elevated in group 2 than in 
group 3. Group 1, fed lard alone, presented 
the lowest percentage of a-lipoproteins. 
The plasma clotting time, performed here 
in plastic tubes, was shortest in group 3, 
although the difference between groups 2 
and 3 was not significant. However, in 
group 3, the incidence and severity of 
thrombosis was by far the highest.

Experiment 4 ( table 4, fig. 1 ) . The pur
pose of this experiment was to investigate 
which of the lipoprotein electrophoretic 
fractions, as determined by poststaining 
with fat red 7B, could be related to the 
incidence of thrombosis. Three groups 
from experiment 2, i.e., those fed lard 
alone (group 1 ), capric (group 2 ) and 
behenic acids (group 3 ) , were repeated
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Fig. 1 Typical lipoprotein electrophoretic pat
terns obtained with fat red 7B staining.

here. With the staining technique used in 
the present experiment, the percentage of 
the lipoprotein fractions (fig. 1) could eas
ily be determined with accuracy. As with 
prestaining (experiment 2 ) , the lowest per
centage of a-lipoproteins was found in 
group 1 fed lard alone. However, if frac
tion ai- was added to the a-fraction, the re
sulting percentage was 34.4 for group 3 
fed behenic acid and presenting an inci
dence of thrombosis of 33%  . It was 36.6%  
in group 1, where the incidence of throm
bosis was 1 8 % , and 38.9%  in group 2, 
where no thrombosis was observed. There
fore, the percentage of a- +  a,-lipoprotein 
appears to be more inversely related to the 
incidence of thrombosis than does the a- 
value alone. Among the other fractions, 
the percentage of 3-lipoproteins appeared 
to be directly related to the incidence of 
thrombosis (table 4 ).

Experiment 5 ( table 5 ). The purpose of 
this experiment was to investigate to what 
extent capric and behenic acids were less 
thrombogenic than stearic acid by main
taining the animals with the diets for a 
longer period. After 10 weeks of dietary 
feeding, group 2 (stearic acid) presented 
an incidence of thrombosis of 70%  ; but 
in group 3 (behenic acid), the incidence 
was 6 4 % . The incidence of thrombosis

was only 30%  , in group 1 fed capric acid. 
The plasma clotting time was lowest in 
group 2, although not significantly so, and 
the percentage of a- +  ai-lipoprotein was 
highest in group 1. The gain in body 
weight was still highest in group 3, fed 
behenic acid, and lowest in group 1, fed 
capric acid.

DISCUSSION
As reported previously (2 5 ) , in most 

experiments with endotoxin it appears that 
there is little relationship between the mor
tality rate and the incidence of thrombosis. 
The animals appear to die largely from  
shock, and the mortality rate expresses the 
susceptibility to shock rather than the se
verity of the thrombotic phenomenon. In 
experiment 1, the survival time was 
roughly inversely related to the level of 
cholesterol or of triglycerides in the serum 
and, finally, to the degree of saturation of 
the dietary fat. In contrast, neither the 
incidence of thrombosis nor the plasma 
clotting time could be correlated with the 
cholesterol or triglyceride levels, or there
fore with the degree of saturation of the 
fat. In the chick, it has also been reported 
that the severity of cholesterol deposition 
in the aorta is not related either to the 
plasma level of cholesterol or to the satu
ration of the fat used (14, 18). The low 
thrombogenicity of coconut oil feeding ob
served under the present experimental con
ditions is also concordant with studies car
ried out in coconut-eating Polynesians (10). 
Although the serum cholesterol of this pop
ulation is elevated, ischemic heart disease 
does not appear to be common.

Coconut oil, butter, and arachis oil differ 
markedly in both their degree of saturation 
and also in the type of saturated fatty acid 
they contain. For example, the 2 saturated 
fatty acids present in the largest quanti
ties in coconut oil are lauric and myristic 
acid, whereas palmitic and stearic acid 
predominate in butter and arachis oil. It 
was, therefore, for the purpose of eliminat
ing one variable, namely the degree of 
saturation, that the present experiments 
concerning the addition of various fatty 
acids to the diet were undertaken. It was 
observed that when only the type of satu
rated acid was changed, and not the de
gree of saturation, the triglycerides did not
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vary significantly from one group to an
other. However, the incidence of throm
bosis and the plasma clotting time differed 
markedly according to the fatty acid used. 
Particularly at 6 weeks, a high incidence of 
thrombosis and a short clotting time were 
recorded only in groups fed palmitic and 
stearic acids.

The addition to the diet of free fatty 
acids does not seem to be factitious, since 
similar results were obtained when methyl 
esters of these same acids were added; in 
fact, the low thrombogenicity of coconut 
oil could not be explained in any way other 
than by its content of short-chain saturated 
fatty acids. Preliminary experiments have 
shown that lauric and myristic acids do 
not appear to be more thrombogenic than 
capric acid. In addition, each group of 
animals fed the fats tested here (coconut 
oil, butter, arachis oil) were characterized 
by a different lipoprotein electrophoretic 
pattern. The pattern of coconut oil could 
be superposed upon that of lard plus capric 
acid; the pattern of butter upon that of lard 
plus palmitic or stearic acid; and arachis 
oil, which contains some very long-chain 
fatty acids, presented a pattern which 
could be superposed upon that of behenic 
acid. Although many more experiments 
are needed to verify these preliminary re
sults, it appears that the lipoprotein elec
trophoretic pattern induced by a dietary 
fat is due, at least in part, to its content of 
saturated fatty acids.

Therefore, with respect to the effect on 
the lipoprotein pattern as well as on the 
production of thrombosis, it appears to be 
immaterial whether free fatty acids them
selves, their esters, or fats containing these 
acids, are added to the food.

Among the lipemic parameters exam
ined here in the groups fed a fatty acid, 
the only one that was found to bear some 
relationship with the incidence of throm
bosis was the percentage of a-lipoproteins. 
We previously reported the value of this 
parameter for evaluating a thrombotic ten
dency in the rat (3 3 ) , and its usefulness 
has also been repotted in man as an index 
of atherosclerosis (34 , 3 0 ). Nevertheless, 
in animals fed lard alone and presenting a 
very low incidence of thrombosis, the per
centage of the a-lipoproteins was the lowest 
of all the groups. To further evaluate the

relationship between certain lipoprotein 
fractions and the production of thrombo
sis, modifications of the electrophoretic 
technique were introduced, with poststain- 
ing of the strips by fat red 7B. The various 
fractions could then be evaluated more ac
curately and yielded results comparable to 
those reported in man (3 2 ) . Nevertheless, 
even with this method, the percentage of 
a-lipoproteins was still the lowest in the 
group fed lard alone (exp. 4 ) . In contrast, 
the ai-fraction in this group was higher 
than in the other groups and, although 
these experiments have to be repeated and 
extended on a much larger scale, it is prob
able that this fraction is no more thrombo
genic than the a-fraction. Therefore, the 
sum of these 2 fractions has to be consid
ered for more accurate evaluation of the 
thrombotic tendency and could conduce to 
more reliable results than just the sole per
centage of a-lipoproteins, as in experi
ments 1 and 2.

After 10 weeks of feeding, the incidence 
of thrombosis was much higher in the 
group receiving behenic acid than in the 
group receiving capric acid. Behenic acid, 
therefore, appears to be more thrombo
genic than capric acid, although less so 
than palmitic or stearic acid. However, 
since lard, which of itself contains pal
mitic and stearic acids, is added to all these 
diets, complete evaluation of the thrombo
genicity of the different fatty acids could 
be achieved only by feeding pure trigly
cerides as the sole fat. The present experi
ments indicate, however, that palmitic and 
stearic acids could be the most thrombo
genic fatty acids, since they predispose the 
animals to thrombosis in the shortest 
period of time.

These results are similar to those ob
tained by the addition of fatty acids to 
blood to shorten the in vitro thrombus- 
formation time (2 0 ) . While short-chain 
saturated fatty acids were almost ineffec
tive in this respect, stearic acid was the 
most efficient. However, behenic and 
arachidic acid were reported to be more 
thrombogenic in vitro than palmitic acid
(2 0 ) and all these long-chain fatty acids, 
but not the short-chain, were able to induce 
similar massive thrombosis by infusion in 
the dog (2 1 ).
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Effects of Mineral and Vitamin Supplementation on 
Swimming Times and Other Parameters Related 
to Performance of Rats on a 
Low Calorie Regimen 1

DIRK TOLLENAAR
Nutrition Branch, Food Division, U. S. Army Natick Laboratories, 
Natick, Massachusetts

ABSTRACT The effect of mineral and vitamin supplementation was studied on 
certain performance characteristics of rats on a low calorie, semipurified diet regimen. 
Male, albino, rats of the Charles River strain, 6 months old, were used. At a one- 
third ad libitum caloric level or less, the rats at nonsupplemented mineral-vitamin 
levels, on the whole, swam 26% longer than the groups receiving additional minerals 
and vitamins. This trend was the same with a low fat diet with corn oil and a rela
tively high fat diet with butter as the fat source. Lifespan was not affected at the 
5% probability level by the mineral-vitamin supplementation used. A significant dif
ference in blood glucose levels between rats receiving mineral-vitamin supplements 
versus those receiving none was found only after 10 days with one-third ad libitum 
caloric intake plus 9 days of complete caloric deprivation. However, the pooled re
sults of blood glucose measurements during the whole period of caloric restriction 
showed no significant effect of the mineral-vitamin supplementation used. Likewise, 
water consumption was not significantly affected by mineral-vitamin supplementation. 
The same was true for weight loss.

The studies reported here were con
ducted to document the degree to which 
physical performance, among other fac
tors, in rats can be affected by supple
ments of vitamins and minerals to certain 
low calorie diets already containing these 
vitamins and minerals. This information 
is valuable in refuting assertions relative 
to alleged military ration design inade
quacies.

Keys and Henschel (1 )  state that in 
neither brief periods of extreme exercise 
nor in prolonged severe exercise and semi
starvation were there indications of any ef
fects of supplementation with thiamine, 
riboflavin, nicotinic acid, pyridoxine, pan
tothenic acid and ascorbic acid on mus
cular ability, endurance, resistance to fa
tigue or recovery from exertion in healthy 
young men. The effect of water-soluble 
vitamins, fed in small amounts to fasted 
albino rats, is botlf reported to be negligi
ble (2 ) , and to enhance survival time (3 ) .  
Chevul et al. (4 )  state that fasted rabbits 
survived longer when given small doses of 
vitamin A or E daily. Rate of weight loss in 
fasted rats is reported to be both unaltered

by administration of water-soluble vita
mins ( 3 ) ,  and to be increased (5 ) . A 
number of investigators have called atten
tion to the absence of vitamin deficiencies 
in humans undergoing starvation during 
World War II both in Europe and in the 
Orient ( 6 -9 ) .  The riboflavin-to-N ratio in 
the urine was markedly increased, how
ever, in normal human subjects during a 
24- to 37-hour fast (10). In fasting guinea 
pigs, the tissue content of ascorbic acid 
was diminished (1 1 ).

Kleiber 2 observed that rats given salts 
and vitamins died as early as rats given 
water only. Rats given salts and vitamins in 
addition to glucose (one-fifth of caloric 
maintenance) died as early as rats given 
water and glucose only. The use of a salt 
mixture, containing the amounts of Na, Cl, 
K and P in a 1200-kcal diet, did not decrease
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conversion (power) in starvation. Federation Proc., 
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loss of N or weight during a 4-day fast of 
2 obese male patients, as compared with a
4-day starvation period with water only
(1 2 ) .

It may be held that a decreased concen
tration of certain minerals in blood or 
other tissues can constitute evidence of 
increased requirements. An increase in 
the percentage of Na, Cl, and N in the 
body of rats during starvation with dis
tilled water, but a decrease in the percent
age of K has been reported by McCance 
and Morrison (1 3 ) . Keys et al. ( 6 ) ,  how
ever, report no significant change in the 
percentage composition of the fat-free dry 
substance of the skeleton of starved rab
bits. The concentration of K (1 4 ) and Na 
and Cl (1 5 ) in muscle is reported to be 
decreased during fasting in rabbits and 
rats, respectively. During starvation or 
semistarvation, decreased levels have been 
reported in blood and serum of Na, K, Ca, 
Mg, and Cl (6 , 9, 1 6 -2 1 ) , as well as un
changed levels of Na, K, Ca, and Cl (6 , 16, 
17, 2 0 ), and increased levels of Na, Ca, 
and Cl (6 , 13, 15). However, with respect 
to increased levels of certain minerals, 
there are indications that dehydration oc
curs during fasting (16 , 2 0 ). In a young 
girl, according to Gamble et al. (1 6 ) , the 
plasma Na decreased through the sixth 
day of the fast and then started to increase; 
on the fifteenth day of the fast, the plasma 
Na was back to normal. According to 
Mellinghoff (1 7 ) , serum Ca of humans 
subjected to semistarvation during World 
War II was at first abnormally low, but 
soon increased to normal. It appears, how
ever, that in many cases blood and serum 
Cl concentration decreases progressively 
with increasing severity of starvation (6 , 
16, 20, 2 1 ). Such declines in blood and 
serum inorganic ion levels in certain cases 
could indicate a beneficial effect on per
formance of an increased concentration in 
the diet of such ions during a period of 
reduced food intake.

METHODS
Male, albino rats, randomly bred, and 

Caesarian-derived from Charles River 
strain SD were used. They were housed 
individually at 21 ±  1° in stainless steel 
cages with wire-mesh bottoms. At the 
start of the experiment these rats were 3

months old and weighed 353 ± 3 0  g 
(mean ±  sd).

After the rats had been fed a commer
cial laboratory ration 3 for a brief period, 
they were divided into 2 groups of 34 ani
mals each. One group received: (in % ) 
vitamin-free casein, 2 0 .0 ;4 com oil, 6.0 
(14%  of calories, “low” fat diet); cellulose, 
4 .0 ;5 mineral mixture, 4 .2 ; vitamin mix
ture, 0.4; and the remainder cornstarch.6 
The other group received the same diet, 
but with 24 .8%  saltless butter (4 1 %  of 
calories, “high” fat diet) replacing the 
com oil and part of the cornstarch. The 
group given 41%  of calories from butter 
was included to determine whether an 
amount and kind of fat approximating 
that used in combat rations would bring 
about a different reaction to the mineral- 
vitamin levels tested than a level of corn 
oil frequently fed to rats. The mineral 
mixture, per 100 g of diet, consisted 
of: CaC03, 0.66 g; CaHPCh, 1.50 g; 
Na2H P04, 0.72 g; KC1, 0.69 g; MgSCh, 
0.26 g; M nS04-H20 , 18.5 mg; ZnCCh,
4.7 mg; CuSCh, 5.0 mg; Fe citrate 
(1 6 .7 %  Fe), 61 mg; KI03, 255 ug; Cr ace
tate, 2.1 mg (2 2 ). The vitamin mixture, 
per 100 g of diet, consisted of: vitamin A 
(as palmitate), 600 IU; vitamin D2, 300 
IU; a-tocopherol, 8 mg; menadione, 0.03 
mg; thiamine-HCl, 0.6 mg; riboflavin, 0.5 
mg; pyridoxineHCl, 0.3 mg; niacin, 3.0 
mg; Ca pantothenate, 1.6 mg; vitamin B]2 
+  intrinsic factor, 0.075 USP units (0 .38  
g ) ; inositol, 1.7 mg; p-aminobenzoic acid,
1.7 mg; choline dihydrogen citrate, 350 
mg; and ascorbic acid, 6 mg. These 
amounts of minerals and vitamins are 
based primarily on the recommendations 
for the rat of the National Research Coun
cil (2 3 ) . The intrinsic factor was added 
because in calorically restricted rats, the 
intrinsic factor may not be as active as in 
rats fed ad libitum. Ascorbic acid was in
cluded to minimize the destruction of thi
amine (2 4 ) . Dibasic sodium phosphate 
rather than K2H P04 wras used, again, to re
duce thiamine losses (25 , 2 6 ). The diets 
were kept refrigerated. Tests conducted in

3 Purina Laboratory Chow, Ralston Purina Com
pany, St. Louis.

4 General Biochemicals, Inc., Chagrin Falls, Ohio.
5 Alphacel, Nutritional Biochemicals Corporation, 

Cleveland,
6 Buffalo Starch no. 3401, Corn Products Company, 

New York.
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o u r  l a b o r a t o r y  h a v e  i n d i c a t e d  t h a t ,  w h e n  

r a t i o s  o f  v i t a m i n s  a n d  m i n e r a l s ,  a s  u s e d  i n  

t h e s e  d i e t s ,  w e r e  m i x e d  a n d  k e p t  a t  0 ° ,  t h e  

l o s s  o f  t h i a m i n e  p e r  w e e k  d i d  n o t  e x c e e d  

1 5 %  . U n m o d i f i e d  c o r n s t a r c h  c a n  b e  e x 

p e c t e d  t o  p r o d u c e  b e t t e r  w e i g h t  g a i n s  i n  

r a t s  t h a n  u n m o d i f i e d  p o t a t o  s t a r c h ,  d e x 

t r o s e ,  o r  c o m m e r c i a l  p r e p a r a t i o n s  o f  c o m  

d e x t r i n  ( 2 7 ) .  T h e  d i e t s  d e s c r i b e d  w e r e  

f e d  a d  l i b i t u m  f o r  1 0  w e e k s .  T h e  r a t s  

w e r e  t h e n  6  m o n t h s  o l d .  A f t e r  t h i s  p e r i o d ,  

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

s u b d i v i d e d  i n t o  3  g r o u p s  7 o f  a b o u t  e q u a l  

s i z e :  ( a )  a  g r o u p  f e d  a d  l i b i t u m ;  ( b )  a  

g r o u p  f e d  a n  a m o u n t  ( 9 . 0  g / r a t / d a y )  o f  

f o o d  a p p r o x i m a t e l y  o n e - t h i r d  o f  t h e  a v e r 

a g e  p r e v i o u s  a d  l i b i t u m  c o n s u m p t i o n ;  a n d  

( c )  a  g r o u p  t h a t  h a d  a  s i m i l a r l y  r e s t r i c t e d  

c a l o r i c  i n t a k e  b u t  i n  a d d i t i o n  r e c e i v e d  a n  

a m o u n t  ( 0 . 6 2  g / r a t / d a y )  o f  m i n e r a l - v i t a 

m i n  m i x t u r e ,  o f  t h e  s a m e  p e r c e n t a g e  c o m 

p o s i t i o n  a s  u s e d  i n  t h e  c o m p l e t e  d i e t s ,  t h a t  

t h a t  i n c r e a s e d  t h e  i n t a k e  o f  t h e s e  m i n 

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

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

d u r i n g  w h i c h  t h e  c a l o r i c  i n t a k e  f o r  p a r t  

o f  t h e  r a t s  w a s  t h u s  r e s t r i c t e d  ( i . e . ,  t o  

a b o u t  o n e - t h i r d  t h a t  o f  t h e  a n i m a l s  f e d  a d -  

l i b i t u m )  l a s t e d  1 0  d a y s .  T h e r e a f t e r ,  t h e  

r e s t r i c t e d  g r o u p s  w e r e  s u b j e c t e d  t o  c o m 

p l e t e  c a l o r i c  d e p r i v a t i o n .  D u r i n g  t h i s  l a t 

t e r  p e r i o d ,  t h e  g r o u p s  ( c )  r e c e i v e d  a n  

a m o u n t  ( 1 . 0  g / r a t / d a y )  o f  m i n e r a l - v i t a 

m i n  m i x t u r e ,  b r i n g i n g  t h e  i n t a k e  a g a i n  t o  

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

r a t s  f e d  a d  l i b i t u m .  T o  m a k e  t h e  r a t s  

c o n s u m e  t h i s  m i x t u r e ,  1 . 2 5  g  o f  s o d i u m  

c y c l a m a t e  a n d  1 2 5  m g  o f  s o d i u m  s a c 

c h a r i n 8 p e r  1 0 0  g  o f  m i n e r a l - v i a m i n  m i x 

t u r e  w e r e  a d d e d .  A b o u t  9 0 %  o f  t h e  r a t s  

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

e r a l - v i t a m i n  m i x t u r e  c o m p l e t e l y ;  t h e  r e 

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

m i n e r a l - v i t a m i n  m i x t u r e  w a s  p r e p a r e d  

e a c h  w e e k  a n d  k e p t  r e f r i g e r a t e d .  W a t e r  

w a s  s u p p l i e d  a d  l i b i t u m .  D u r i n g  t h e  

p e r i o d s  w i t h  t h e  s e m i p u r i f i e d  d i e t s ,  t h e  

w a t e r  w a s  a l l - g l a s s  d i s t i l l e d .  T h e  r e s i s t a n c e  

o f  t h i s  w a t e r  w a s  m o r e  t h a n  5 0 0 , 0 0 0  

o h m s / c m 3 a t  2 2 ° . *

D u r i n g  t h e  a d  l i b i t u m  a n d  r e s t r i c t e d  

f e e d i n g  p e r i o d s ,  s w i m m i n g  t r i a l s  w e r e  

c o n d u c t e d .  T h e  a n i m a l s  w e r e  c o n d i t i o n e d  

t o  s w i m m i n g  d u r i n g  a d  l i b i t u m  f e e d i n g .  

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

u n t i l  t h e y  w e r e  c o n d u c t e d  t o  e x h a u s t i o n .  

T h e  p o i n t  o f  e x h a u s t i o n  w a s  c o n s i d e r e d  t o  

h a v e  b e e n  a c h i e v e d  w h e n  t h e  r a t  d i d  n o t  

r e a c h  t h e  s u r f a c e  f o r  1 0  s e c o n d s ,  o r  i f  

s i g n s  o f  d i s o r i e n t a t i o n  w e r e  o b s e r v e d ,  

w h i c h e v e r  c a m e  e a r l i e r .  N o  a n i m a l  w a s  

l o s t  d u e  t o  d r o w n i n g .  E q u a l  w e i g h t s  w e r e  

a t t a c h e d  t o  t h e  b a s e  o f  t h e  t a i l  o f  a l l  r a t s  

f o r  t h e  s w i m m i n g  t e s t s .  T h e s e  w e i g h t s  

w e r e  g r a d u a l l y  i n c r e a s e d  d u r i n g  t h e  a d  

l i b i t u m  c o n d i t i o n i n g  f e e d i n g  p e r i o d ,  a n d  

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

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

t h e  c o u r s e  o f  t h e  r e s t r i c t e d  f e e d i n g  p e r i o d  

f o r  t h e  l a t t e r ;  t h e s e  w e i g h t s  c o n s t i t u t e d  4 
t o  5 %  o f  t h e  b o d y  w e i g h t s  o f  t h e  r a t s .  

T h e  a n i m a l s  w e r e  t e s t e d ,  o n e  p e r  t a n k ,  i n  

1 2 1 - l i t e r  p l a s t i c  c a n s ,  f i l l e d  t o  a  h e i g h t  o f  

a t  l e a s t  6 0  c m  w i t h  w a t e r .  T h e  t e m p e r a 

t u r e  o f  t h e  w a t e r  w a s  k e p t  a t  a b o u t  2 8 ° .  

( A  d i r e c t  r e l a t i o n s h i p  h a s  b e e n  r e p o r t e d  t o  

e x i s t  b e t w e e n  s w i m m i n g  t i m e  a n d  w a t e r  

t e m p e r a t u r e  ( 2 8 ) . )  T h e  r a t s  w e r e  a l w a y s  

t e s t e d  b e t w e e n  1 a n d  4 p m  t o  l i m i t  p o s s i b l e  

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

1 0  s w i m m i n g  t e s t s  f o r  a l l  r a t s  w a s  p e r 

f o r m e d ,  e a c h  a b o u t  6  d a y s  a p a r t .

P o s t a b s o r p t i v e  ( o v e r n i g h t  f a s t i n g )  b l o o d  

g l u c o s e  d e t e r m i n a t i o n s  w e r e  c a r r i e d  o u t  

o n c e  a  w e e k  u s i n g  t h e  “ g l u c o s t a t ”  m i c r o 

m e t h o d ,9 o n  a  0 . 3 -  t o  0 . 4 - m l  s a m p l e  f r o m  

t h e  t a i l .

RESULTS
S w i m m i n g  t i m e s .  D u r i n g  t h e  t r a i n i n g  

p e r i o d  w i t h  s e m i p u r i f i e d  d i e t ,  b e f o r e  r e 

s t r i c t i o n  o f  f o o d  i n t a k e  a n d  t h e  u s e  o f  

m i n e r a l  a n d  v i t a m i n  s u p p l e m e n t s ,  t h e  

s w i m m i n g  t i m e s  w e 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  b e t w e e n  a n y  o f  t h e  f u t u r e  s u b g r o u p s  

( i . e . ,  w i t h i n  t h e  l o w  f a t ,  r e s p e c t i v e l y  

“ h i g h ”  f a t  g r o u p ) .  F o r  e x a m p l e ,  7  d a y s  b e 

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

e x p e r i m e n t  ( p e r i o d  1 , t a b l e  1 ) ,  t h e  s w i m 

m i n g  t i m e s  f o r  w h a t  w e r e  t o  b e c o m e  t h e  

6  d i f f e r e n t  g r o u p s  4  d a y s  l a t e r  w e r e : L F , 10 

6 . 4 7  ±  4 . 2 1  ( m e a n  ±  s d ) ;  H F ,  9 . 6 9  ±  4 . 5 4 ;  

L F  +  M V ,  5 . 4 0  ±  2 . 7 7 ;  H F  +  M V ,  7 . 1 8  ±

7 T lie _  f o l l o w i n g  a b b r e v i a t i o n s  w i l l  b e  u s e d  h e n c e 
f o r t h :  J_,F =  l o w  f a t ,  r e d u c e d  f o o d  i n t a k e ,  w i t h  c o m  
o i l  a s  t h e  f a t  s o u r c e ;  H F  =  “ h i g h ”  f a t ,  r e d u c e d  f o o d  
i n t a k e ,  w i t h  b u t t e r  a s  t h e  f a t  s o u r c e ;  -f- M V  =  p l u s  
a d d i t i o n a l  m i n e r a l s  a n d  v i t a m in s .

8 A s  p o w d e r e d  t a b le t s  o f  S u e  a r y l ,  A b b o t t  L a b o r a 
t o r ie s ,  N o r t h  C h i c a g o ,  I l l i n o i s .

9 W o r t h i n g t o n  B i o c h e m i c a l  C o r p o r a t i o n ,  F r e e h o l d ,  
N e w  J e r s e y .

10 S e e  f o o t n o t e  7.
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T A B L E  1

Effect of different diet regimens on swimming times, measured at different periods
during diet treatment

Treatment1
Swimming time

Period 1 2 Period 2 Period 3
minutes minutes minutes

LF 7.53 ±4 .75  3 10.62 ±4 .22 8.27 ±4.38
HF 8.83±4.96 10.69 ±4 .60 8.28 ±3 .67
LF +  MV 4.43 ±1.84 8.05 ±  4.18 6.12±4.29
HF +  MV 6.66±3.69 11.59 ±  4.61 7.37 ±  3.39
LF ad libitum 4.93 ±2.73 8.48 ±4.60 8.94 ±3 .96
HF ad libitum 7.87 ±4.58 12.35±4.28 11.73 ±  4.82

1 L F  =  l o w  f a t ,  r e d u c e d  f o o d  i n t a k e ,  w i t h  c o m  o i l  a s  t h e  f a t  s o u r c e ;  H F  =  “ h i g h ”  f a t ,  r e d u c e d  f o o d  
i n t a k e ,  w i t h  b u t t e r  a s  t h e  f a t  s o u r c e ;  + M V  =  p l u s  a d d i t i o n a l  m in e r a l s  a n d  v i t a m in s .

2 P e r i o d  1 , a f t e r  f e e d i n g  3  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  f o r  t h e  4  r e s t r i c t e d  g r o u p s ;  
w e ig h t s  o f  2 6 .5  g  a t  t h e  b a s e  o f  t h e  t a i l  o f  a l l  r a t s ;  9  t o  1 2  r a t s /g r o u p .  P e r i o d  2 , a f t e r  f e e d i n g  
1 0  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  f o r  t h e  4  r e s t r i c t e d  g r o u p s ;  w e ig h t s  o f  2 0  g  u s e d  f o r  a l l  
r a t s ;  9  t o  1 1  r a t s /g r o u p .  P e r i o d  3 , a f t e r  f e e d i n g  1 0  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  p l u s  
7  d a y s  o f  c o m p le t e  c a l o r i c  d e p r i v a t i o n  f o r  t h e  4  r e s t r i c t e d  g r o u p s ;  2 0 -g  w e ig h t s  u s e d  f o r  a l l  r a t s ;  
9  t o  11  r a t s /g r o u p .  E a c h  r a t  w a s  t e s t e d  o n c e  i n  p e r i o d  1 , o n c e  i n  p e r i o d  2 , e t c .

3 M e a n  ±  s d .

4 . 4 2 ;  L F  a d  l i b i t u m ,  5 . 7 8  ±  3 . 8 6 ;  a n d  H F  

a d  l i b i t u m ,  6 . 9 5  ±  4 . 3 3  m i n u t e s ,  r e s p e c 

t i v e l y .  T h e  s w i m m i n g  t i m e s  a t  t h i s  d a t e  

w e r e  f o r  t h e  l o w  f a t  g r o u p  a s  a  w h o l e  

5 . 8 3  ±  3 . 4 7  m i n u t e s ,  f o r  t h e  " h i g h ”  f a t  

g r o u p  7 . 9 6  ±  4 . 4 7  m i n u t e s .  A c c o r d i n g  t o  

S t u d e n t ’ s  t  t e s t ,  t h e  l a t t e r  d i f f e r e n c e  i s  s i g 

n i f i c a n t  a t  t h e  5 %  p r o b a b i l i t y  l e v e l .  T h i s  

d i f f e r e n c e  d i d  n o t  e x i s t  d u r i n g  t h e  p e r i o d  

w i t h  t h e  c o m m e r c i a l  r a t i o n  11  f o r  w h a t  w e r e  

g o i n g  t o  b e c o m e  t h e  l o w  f a t  a n d  “ h i g h ”  f a t  

g r o u p s  ( 4 . 7 4  ±  1 . 3 7 ,  r e s p e c t i v e l y ,  4 . 5 9  ±  

1 . 4 7  m i n u t e s ) .  F o r  t h e  e x p e r i m e n t a l  

p e r i o d ,  t h e  s w i m m i n g  t i m e s  f o r  t h e  r a t  

g r o u p s  a t  d i f f e r e n t  t i m e s  a r e  s h o w n  i n  

t a b l e  1 .  A n a l y s i s  o f  v a r i a n c e  ( 2 9 )  i n d i 

c a t e d  t h a t  t h e  n o n s u p p l e m e n t e d  g r o u p s  

s w a m  4 8 %  l o n g e r  ( P  <  0 . 0 5 )  t h a n  t h e  

g r o u p s  s u p p l e m e n t e d  w i t h  t h e  m i n e r a l -  

v i t a m i n  m i x t u r e .  W h e n  t h e  e f f e c t  o f  t h e  

f a c t o r s ,  f a t  l e v e l  a n d  c a l o r i c  l e v e l ,  w a s  

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

1  a n d  2 , t h e  r a t s  f e d  t h e  h i g h  f a t  b u t t e r  

d i e t  s w a m  s i g n i f i c a n t l y  l o n g e r  ( P  <  0 . 0 5 ) ;  

o n l y  a t  p e r i o d  3  t h e  r a t s  f e d  a d  l i b i t u m  

s w a m  s i g n i f i c a n t l y  l o n g e r  ( P  <  0 . 0 5 )  t h a n  

t h e  o t h e r  g r o u p s .  I n  t h e  a n a l y s e s  o f  v a r i 

a n c e ,  a l l  v a l u e s  w e r e  a d j u s t e d  f o r  a n  a v e r 

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

T o  m a k e  p o s s i b l e  a n  a n l y s i s  o f  t h e  e f 

f e c t s  o f  f a t  l e v e l  a n d  k i n d  o f  f a t ,  a n d  m i n 

e r a l - v i t a m i n  l e v e l  f o r  t h e  p o o l e d  r e s u l t s  o f  

p e r i o d s  1 ,  2  a n d  3 ,  r e s u l t s  o b t a i n e d  o n  d i f 

f e r e n t  d a t e s  w e r e  m u l t i p l i e d  b y  d i f f e r e n t  

f a c t o r s ,  s o  t h a t  t h e  p r o d u c t s  o f  t h e  s u m  

o f  t h e  m e a n s  f o r  a l l  g r o u p s  a n d  t h e  p a r 

t i c u l a r  f a c t o r s  u s e d  e q u a l e d  e a c h  o t h e r  f o r  

t h e  d i f f e r e n t  p e r i o d s ;  t h e  r e s u l t s  f o r  t h e  

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

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

v a r i a n c e  o f  t h e  r e s u l t s  t h u s  p o o l e d  i n d i 

c a t e d  t h a t ,  f o r  t h e  w h o l e  p e r i o d  s t u d i e d ,  

o v e r a l l  s w i m m i n g  t i m e s  w e r e  2 6 %  l o n g e r  

( P  <  0 . 0 2 5 )  a t  t h e  n o n s u p p l e m e n t e d  t h a n  

a t  t h e  s u p p l e m e n t e d  m i n e r a l - v i t a m i n  

l e v e l s .  W h e n  o n l y  t h e  r e s u l t s  o b t a i n e d  

w i t h  g r o u p s  s u p p l e m e n t e d  w i t h  t h e  m i n 

e r a l - v i t a m i n  m i x t u r e  w e r e  c o m p a r e d ,  t h e  

r a t s  f e d  t h e  h i g h  f a t  b u t t e r  d i e t  s w a m  s i g 

n i f i c a n t l y  l o n g e r  ( P  <  0 . 0 2 5 )  t h a n  t h e  a n i 

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

L i f e s p a n .  T h e  l i f e s p a n  i n  d a y s ,  f r o m  

t h e  s t a r t  o f  r e s t r i c t i o n  o f  t h e  c a l o r i e  l e v e l  

f o r  t h e  d i f f e r e n t  g r o u p s  12 w a s  a s  f o l l o w s  

( m e a n  ±  s d )  :

LF 36.9 ±  9.0 HF 35.2 ±  9.1
LF +  MV 31.0 ± 6 .5  HF +  MV 40.3 ±  6.6

A n a l y s i s  o f  v a r i a n c e  s h o w e d  a  s i g n i f i 

c a n t  ( P  <  0 . 0 5 )  i n t e r a c t i o n  o f  t h e  f a c t o r s ,  

f a t  l e v e l  a n d  k i n d  o f  f a t ,  w i t h  t h e  m i n 

e r a l - v i t a m i n  l e v e l .  W h e n  o n l y  t h e  r e s u l t s  

a t  t h e  s u p p l e m e n t e d  m i n e r a l - v i t a m i n  l e v e l  

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

b e  3 0 %  l o n g e r  ( P  <  0 . 0 0 5 )  f o r  t h e  r a t s  

f e d  t h e  h i g h  f a t ,  b u t t e r  d i e t .  N o n e  o f  t h e  

o t h e r  d i f f e r e n c e s  b e t w e e n  g r o u p s  w a s  s i g 

n i f i c a n t  a t  t h e  P  <  0 . 0 5  l e v e l  a s  d e t e r m i n e d  

b y  a n a l y s i s  o f  v a r i a n c e  a n d  S t u d e n t ’ s  t  
t e s t .

11 S e e  f o o t n o t e  3 .
12 S e e  f o o t n o t e  7 .
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T A B L E  2

Effect of different diet regimens on postabsorptive or fasting blood glucose levels, 
measured at different periods during diet treatment

Treatment1 Blood glucose levels
Period 1 2 Period 2 Period 3

mg/100 ml mg/100 ml mg/100 ml
LF 74.0 ±  9.4 s 49.2 ±  7.2 43.0 ±  6.0
HF 73.1 ±  4.2 45.3 ±10.1 37 .2±  4.5
LF +  MV 70.3 ±  6.0 44.6 ±  7.8 50.3 ±  7.5
HF +  MV 70.1 ±  6.7 50.1 ±  9.0 47 .4±  11.1
LF ad libitum 70.5 ±  6.2 81.4 ±  3.3 61 .8± 13.2
HF ad libitum 75.4 ±10.3 75.3 ±  9.6 66.5 ±14.5

1 L F  =  l o w  f a t ,  r e d u c e d  f o o d  i n t a k e ,  w i t h  c o r n  o i l  a s  t h e  f a t  s o u r c e ;  H F  =  “ h i g h ”  f a t ,  r e d u c e d  f o o d  
i n t a k e ,  w i t h  b u t t e r  a s  t h e  f a t  s o u r c e ;  - f -M V  —  p l u s  a d d i t i o n a l  m i n e r a l s  a n d  v i t a m in s .

2 P e r i o d  1 , a f t e r  f e e d i n g  5  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  f o r  t h e  4  r e s t r i c t e d  g r o u p s ;  
8  t o  11  r a t s / g r o u p .  P e r i o d  2 ,  a f t e r  f e e d i n g  1 0  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  p l u s  2  d a y s  
o f  c o m p l e t e  c a l o r i c  d e p r i v a t i o n  f o r  t h e  4  r e s t r i c t e d  g r o u p s ;  7  t o  1 0  r a t s /g r o u p .  P e r i o d  3 ,  a f t e r  f e e d 
i n g  1 0  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  p l u s  9  d a y s  o f  c o m p l e t e  c a l o r i c  d e p r i v a t i o n  f o r  t h e  
4  r e s t r i c t e d  g r o u p s ;  6  t o  11 r a t s /g r o u p .

3 M e a n  ±  s o .

T A B L E  3

Effect o f different diet regimens on water consumption, measured at 
different periods during diet treatment

Treatment1
Water consumption

Period 1 2 Period 2 Period 3
ml/day ml/day ml/day

LF 13.0 ± 6 .3  3 12.2 ± 6 .9 12.6 ± 4 .9
HF 13.1 ±6 .4 15.9 ±7 .7 14.2±4.6
LF +  MV 15.5±5.7 16.0 ±8 .8 16.0±6.1
HF +  MV 10.3±3.6 14.2± 8.2 14.5 ± 5 .9
LF ad libitum 19.5 ± 5 .9 19.3 ±5 .8 16.3 ±4 .2
HF ad libitum 16.6± 7.1 13.8±6.1 15.4 ±3 .4

1 L F  =  l o w  f a t ,  r e d u c e d  f o o d  i n t a k e ,  w i t h  c o r n  o i l  a s  t h e  f a t  s o u r c e ;  H F  =  “ h i g h ”  f a t ,  r e d u c e d  f o o d  
i n t a k e ,  w i t h  b u t t e r  a s  t h e  f a t  s o u r c e ;  - j -M V  =  p l u s  a d d i t i o n a l  m i n e r a l s  a n d  v i t a m in s .

2 P e r i o d  1 ,  a f t e r  f e e d i n g  7  a n d  8. d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  f o r  t h e  4  r e s t r i c t e d  
g r o u p s ,  a v e r a g e  o f  2  d a y s ;  9  t o  1 2  r a t s /g r o u p .  P e r i o d  2 ,  a f t e r  f e e d i n g  1 0  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  
c a l o r i c  l e v e l  p l u s  2  a n d  3  d a y s  o f  c o m p l e t e  c a l o r i c  d e p r i v a t i o n  f o r  t h e  4  r e s t r i c t e d  g r o u p s ;  9  t o  1 2  
r a t s /g r o u p .  P e r i o d  3 , a f t e r  f e e d i n g  1 0  d a y s  a t  o n e - t h i r d  a d  l i b i t u m  c a l o r i c  l e v e l  p l u s  9  a n d  1 0  d a y s  
o f  c o m p l e t e  c a l o r i c  d e p r i v a t i o n  f o r  t h e  4  r e s t r i c t e d  g r o u p s ;  8  t o  1 2  r a t s /g r o u p .

3 M e a n  ±  sd.

P o s t a b s o r p t i v e  o r  f a s t i n g  b l o o d  g l u c o s e  

l e v e l s .  T h e  b l o o d  g l u c o s e  v a l u e s  f o r  t h e  

r a t  g r o u p s  a t  d i f f e r e n t  p e r i o d s  a r e  s h o w n  

i n  t a b l e  2 .  A n a l y s i s  o f  v a r i a n c e  s h o w e d  

t h a t  o n l y  a t  p e r i o d s  2  a n d  3  w e r e  b l o o d  

g l u c o s e  l e v e l s  s i g n i f i c a n t l y  h i g h e r  ( P  <  

0 . 0 0 5 )  f o r  t h e  r a t s  f e d  a d  l i b i t u m  t h a n  

f o r  t h o s e  o n  r e s t r i c t e d  c a l o r i c  l e v e l s ,  

n a m e l y ,  6 6 %  h i g h e r  a t  p e r i o d  2  a n d  

4 4 %  a t  p e r i o d  3 .  O n l y  a t  p e r i o d  3  

w e r e  g l u c o s e  l e v e l s  h i g h e r  ( 2 2 % ;  P <  

0 . 0 0 5 )  i n  g r o u p s  r e c e i v i n g  t h e  m i n 

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

n o n s u p p l e m e n t e d  g r o u p s .  I n  t h e  a n a l y s e s  

o f  v a r i a n c e ,  a l l  v a l u e s ,  a g a i n ,  w e r e  a d 

j u s t e d  f o r  a n  a v e r a g e  n u m b e r  o f  r e p l i c a 

t i o n s .  A g a i n ,  t o  m a k e  p o s s i b l e  a n  a n a l y s i s  

o f  t h e  e f f e c t s  o f  f a t  l e v e l  a n d  k i n d  o f  f a t ,

a n d  m i n e r a l - v i t a m i n  l e v e l  f o r  t h e  p o o l e d  

r e s u l t s  o f  p e r i o d s  1 ,  2  a n d  3 ,  r e s u l t s  o b 

t a i n e d  o n  d i f f e r e n t  d a t e s  w e r e  m u l t i p l i e d  

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

H o w e v e r ,  n o  s i g n i f i c a n t  ( P  <  0 . 0 5 )  d i f 

f e r e n c e s  f o r  t h e  f a c t o r s  f a t  l e v e l  a n d  m i n 

e r a l - v i t a m i n  l e v e l  w e r e  f o u n d .

W a t e r  c o n s u m p t i o n .  W a t e r  c o n s u m p 

t i o n  i s  s h o w n  i n  t a b l e  3 .  W h e n  t h e  v a l u e s  

a t  t h e  s u p p l e m e n t e d  m i n e r a l - v i t a m i n  l e v e l  

w e r e  c o m p a r e d ,  i n t a k e  d u r i n g  p e r i o d  1  

w a s  5 0 %  h i g h e r  ( P  <  0 . 0 5 )  w i t h  t h e  l o w  

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

b u t t e r  d i e t .  W a t e r  c o n s u m p t i o n  d u r i n g  

p e r i o d  1  w a s  3 7 %  h i g h e r  ( P  <  0 . 0 2 5 )  a d  

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

l e v e l s .  S t a t i s t i c a l  a n a l y s i s ,  a s  o u t l i n e d  p r e 

v i o u s l y ,  o f  t h e  p o o l e d  r e s u l t s  o f  p e r i o d s  1 ,
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WT.

Fig. 1 Average weights for each rat group determined at different times during the course of the 
experiment.

2  a n d  3  s h o w e d  a  s i g n i f i c a n t  ( P  <  0 . 0 5 )  

i n t e r a c t i o n  o f  t h e  f a c t o r s  f a t  l e v e l  a n d  

k i n d  o f  f a t ,  w i t h  m i n e r a l - v i t a m i n  l e v e l .

W e i g h t s .  A v e r a g e  w e i g h t s  a r e  s h o w n  

i n  f i g u r e  1 .  T h e  a v e r a g e  w e i g h t s  f o r  t h e  

r a t s  f e d  t h e  h i g h  f a t  d i e t  a t  a l l  t i m e s  w e r e  

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

l o w - f a t  d i e t .  T h i s  w a s  t r u e  b o t h  f o r  t h e  

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

c a l o r i c a l l y  r e s t r i c t e d  i n t a k e .  A t  t h e  s a m e  

f a t  l e v e l s ,  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r 

e n c e  i n  w e i g h t ,  f r o m  t h e  s t a r t  o f  c o m p l e t e  

c a l o r i c  d e p r i v a t i o n  u n t i l  t h e  e l e v e n t h  d a y  

o f  t h i s  p e r i o d ,  b e t w e e n  t h e  g r o u p s  w i t h  

a n d  w i t h o u t  a d d i t i o n a l  m i n e r a l s  a n d  v i t a 

m i n s .

A u t o p s y  r e s u l t s .  U p o n  e x p i r a t i o n ,  t h e  

m a j o r i t y  o f  t h e  c a l o r i c a l l y  d e p r i v e d  r a t s  

s h o w e d  s y m p t o m s  o f  e n t e r i t i s ,  h e m o r r h a g e  

o f  t h e  k i d n e y s  a n d  m o t t l i n g  o f  t h e  l u n g s .  

F o r  e a c h  o f  t h e s e  s y m p t o m s ,  n o  s t r i k i n g  

d i f f e r e n c e  w a s  n o t i c e a b l e  i n  p e r c e n t a g e  o c 

c u r r e n c e  b e t w e e n  g r o u p s .  H o w e v e r ,  f o r  

b o t h  e n t e r i t i s  a n d  m o t t l i n g  o f  t h e  l u n g s ,

a n d  f o r  t h e  p o o l e d  i n c i d e n c e  o f  t h e  3  s y m p 

t o m s  m e n t i o n e d ,  t h e  p e r c e n t a g e s  f o r  t h e  

g r o u p s  w i t h o u t  a d d i t i o n a l  m i n e r a l s  a n d  

v i t a m i n s ,  b o t h  L F  a n d  H F , 2 13 w e r e  l o w e r  

t h a n  f o r  t h e  g r o u p s  r e c e i v i n g  a d d i t i o n a l  

m i n e r a l s  a n d  v i t a m i n s .  O f  1 2  r a t s ,  6  “ l o w ”  

f a t  a n d  6  “ h i g h ”  f a t ,  f e d  a d  l i b i t u m  

t h r o u g h o u t  t h e  e x p e r i m e n t ,  n o n e  s h o w e d  

a n y  d i s e a s e  s y m p t o m s  o r  a b n o r m a l i t y  o f  

o r g a n s  e x c e p t  f a t t y  i n f i l t r a t i o n  o f  t h e  l i v e r  

o f  a l l  r a t s  f e d  t h e  h i g h  f a t ,  b u t t e r  d i e t .

D I S C U S S I O N

L i t e r a t u r e  c i t e d  i n  t h e  i n t r o d u c t i o n  i n 

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

b e r  o f  m i n e r a l s  a n d  v i t a m i n s  i n  b l o o d  a n d  

p a r t s  o f  t h e  b o d y  c a n  b e  d e c r e a s e d  a n d  

e x c r e t i o n  i n c r e a s e d  d u r i n g  c e r t a i n  p h a s e s  

o f  f a s t i n g .  H o w e v e r ,  t h i s  i n  i t s e l f  d o e s  n o t  

n e c e s s a r i l y  c o n s t i t u t e  p r o o f  o f  a n  i n c r e a s e  

i n  r e q u i r e m e n t  o f  t h e  t o t a l  b o d y  u n d e r  

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

v i t a m i n s .  D i f f e r e n t  t i s s u e s  a r e  b e i n g  c a t a -

13 S e e  f o o t n o t e  7 .
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b o l i z e d  a t  d i f f e r e n t  r a t e s  d u r i n g  c a l o r i c  r e 

s t r i c t i o n .  A l s o ,  t h e  r e q u i r e m e n t  o f  d i f f e r 

e n t  s o f t  t i s s u e s  f o r  m i n e r a l s  a n d  v i t a m i n s  

m a y  d i f f e r ,  b o t h  n o r m a l l y  o r  d u r i n g  c a l o r i c  

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

p r o o f  i n  t h i s  r e s p e c t ,  i t  i s  w o r t h w h i l e  n o t 

i n g  t h a t ,  f o r  i n s t a n c e ,  t h e  i r o n  c o n t e n t  o f  

t h e  l i v e r  w a s  o b s e r v e d  b y  K o j i m a  ( 3 0 )  t o  

i n c r e a s e  w i t h  t h e  d u r a t i o n  o f  a  s t a r v a t i o n  

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

i r o n  c o n t e n t  d e c r e a s e d .  S t a r v a t i o n  o f  r a b 

b i t s  r e s u l t e d  i n  a n  i n c r e a s e  o f  v i t a m i n  B i 2 

c o n c e n t r a t i o n  i n  t h e  k i d n e y ,  l i v e r ,  h e a r t ,  

a n d  u r i n e ,  b u t  p l a s m a  a n d  s p l e e n  c o n c e n 

t r a t i o n s  o f  v i t a m i n  B 12 r e m a i n e d  n o r m a l ,  

a c c o r d i n g  t o  R o s e n t h a l  a n d  C r a v i t z  ( 3 1 ) .  

A l s o ,  t h e r e  m a y  b e  s o m e  a v a i l a b l e  “ b a s e  

d e p o t s ”  i n  t h e  b o d y ,  f o r  i n s t a n c e  o f  N a  i n  

“ u n e s s e n t i a l ”  b o d y  w a t e r .  H o w e v e r ,  S a k s  

( 3 2 )  o b s e r v e d  i n  d o g s  t h a t ,  i n  g e n e r a l ,  t h e  

r a t e  o f  K  e x c r e t i o n  d u r i n g  i n a n i t i o n  p a r a l 

l e l s  t h a t  o f  N .  F u r t h e r ,  A i k a w a  ( 3 3 )  r e 

p o r t e d  t h a t  t h e  d e c r e a s e  i n  t o t a l  b o d y  K  

d u r i n g  s t a r v a t i o n  c o u l d  b e  a c c o u n t e d  f o r  

o n  t h e  b a s i s  o f  t i s s u e  c a t a b o l i s m .

D u r i n g  t h e  p e r i o d  a t  o n e - t h i r d  a d  l i b i t u m  

c a l o r i c  l e v e l ,  t h e  r a t s  f e d  t h e  h i g h  f a t  d i e t s  

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

l o n g e r  t h a n  t h o s e  f e d  t h e  l o w  f a t  d i e t s .  

T h i s  m a y  h a v e  b e e n  b e c a u s e  o f  a  t h i c k e r  

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

t h e  h i g h  f a t  d i e t s ,  a s  w a s  e v i d e n t  a t  a u 

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

b u o y a n c y  w a s  t h e  o n l y  r e a s o n  f o r  t h e  b e t 

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

s h o w  u p  i f  s i m i l a r  r a t s ,  u n d e r  o t h e r w i s e  

i d e n t i c a l  c o n d i t i o n s ,  w e r e  r u n  o n  a  t r e a d 

m i l l .  I t  i s  s t r i k i n g  t h a t  c a l o r i e  l e v e l  d i d  

n o t  e x e r t  a  s i g n i f i c a n t  e f f e c t  ( a t  t h e  5 %  

p r o b a b i l i t y  l e v e l )  o n  s w i m m i n g  t i m e s  u n 

t i l  a f t e r  1 0  d a y s  a t  o n e - t h i r d  o f  a d  l i b i t u m  

c a l o r i c  i n t a k e  p l u s  a  p e r i o d  o f  c o m p l e t e  

c a l o r i c  d e p r i v a t i o n .  A l s o ,  i t  t o o k  m o r e  t h a n  

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

l e v e l  f o r  t h e  b l o o d  g l u c o s e  l e v e l  t o  b e c o m e  

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

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

g l u c o s e  l e v e l s  a t  p e r i o d  3  i n  t h e  r a t s  g i v e n  

m i n e r a l - v i t a m i n  s u p p l e m e n t a t i o n ,  a s  c o m 

p a r e d  w i t h  t h e  g r o u p s  w i t h o u t  t h i s  a d d i 

t i o n ,  w e r e  n o t  e x p r e s s e d  i n  b e t t e r  s w i m 

m i n g  p e r f o r m a n c e  a t  t h i s  p h a s e  i n  t h e  

e x p e r i m e n t ,  o r  i n  l o n g e r  l i f e s p a n .

A t  n o  t i m e  w a s  a  s i g n i f i c a n t l y  h i g h e r  

( P < 0 . 0 5 )  w a t e r  c o n s u m p t i o n  o b s e r v e d

f o r  t h e  c a l o r i c a l l y  r e s t r i c t e d  g r o u p s  r e c e i v 

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

c o m p a r e d  w i t h  n o n s u p p l e m e n t e d  g r o u p s .  

T h i s  a d d i t i o n  o f  m i n e r a l s  w a s  0 . 6 2  g / r a t /  

d a y .

W e i g h t  l o s s ,  i n  g r a m s  p e r  d a y ,  w a s  a b o u t  

e q u a l  f o r  a l l  g r o u p s ,  u p  t o  a b o u t  2 0  d a y s  

a f t e r  t h e  s t a r t  o f  c a l o r i c  r e s t r i c t i o n .  T h e  

w e i g h t  c u r v e s  g i v e  n o  i n d i c a t i o n  o f  w a t e r  

r e t e n t i o n  a s  c a u s e d  b y  a d d i t i o n a l  i n t a k e  o f  

m i n e r a l s  d u r i n g  t h i s  p e r i o d .

T h e  p o o l e d  r e s u l t s  i n d i c a t e  t h a t ,  d u r i n g  

a  p e r i o d  o f  c a l o r i c  r e s t r i c t i o n ,  t h e  u n s u p 

p l e m e n t e d  r a t s  s w a m  2 6 %  l o n g e r  ( P  <  

0 . 0 2 5 )  t h a n  t h e  r a t s  g i v e n  t h e  m i n e r a l -  

v i t a m i n  m i x t u r e .  F a t  l e v e l  a n d  k i n d s  o f  

f a t ,  a s  u s e d ,  h a d  n o  e f f e c t  o n  t h e  g e n e r a l  

t r e n d  o f  t h e s e  r e s u l t s .  L i f e s p a n  w a s  n o t  

s i g n i f i c a n t l y  a f f e c t e d  ( 5 %  p r o b a b i l i t y  

l e v e l )  b y  t h e  a d d i t i o n a l  m i n e r a l - v i t a m i n  

l e v e l s  u s e d ,  e i t h e r  w i t h  t h e  h i g h  f a t  b u t t e r  

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

U n d e r  t h e  c o n d i t i o n s  o f  t h i s  e x p e r i m e n t ,  

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

n o t  t o  b e  b e n e f i c i a l  w i t h  r e s p e c t  t o  t h e  

p e r f o r m a n c e  p a r a m e t e r s  m e a s u r e d .
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G l y c o g e n  M e t a b o l i s m  i n  M e a l - f e d  R a t s  a n d  C h i c k s

a n d  t h e  T i m e  S e q u e n c e  o f  L i p o g e n i c  a n d

E n z y m a t i c  A d a p t i v e  C h a n g e s  1

ABSTRACT The time course of the lipogenic and enzymatic adaptations to meal- 
feeding (access to food for a single daily 2-hour period) in rat adipose tissue and 
in rat and chick liver were investigated. The incorporation of acetate-l-14C into fatty 
acid had increased in rat adipose tissue after 5 to 7 days of meal-feeding, and in 
chick liver after 7 days. The activities of glucose 6-phosphate dehydrogenase, 6-phos- 
phogluconate dehydrogenase and NADP-malic dehydrogenase did not increase in rat 
adipose until after 9 days of meal-feeding and did not increase over control values in 
liver of meal-fed chicks. The data are interpreted as demonstrating that the hyper- 
lipogenesis induced by meal-feeding is not dependent upon increased activities of the 
dehydrogenase enzymes studied. These data are discussed in relation to the NADPH 
requirements for the support of lipogenesis. Glycogen metabolism was studied in liver 
of meal-fed rats and chicks and in rat diaphragm and adipose tissue. In both rats 
and chicks, the level o f glycogen in liver of meal-fed animals was depleted to a lesser 
extent by 22 hours of fasting than that in liver of nibbling (ad libitum-fed) animals. 
In chicks, liver glycogen increased to twice normal levels in meal-fed animals killed 
after the daily 2-hour meal. In meal-fed rats, liver glycogen was not increased by the 
2-hour meal, and values remained at about 50% of those found in fed control animals. 
However, four hours after the initiation of the meal period, hepatic glycogen levels 
in meal-fed animals were equivalent to those observed in livers of fed control rats. 
Glycogen in diaphragm and adipose tissue of meal-fed or nibbling rats fasted for 22 
hours was similar, but glycogen increased more rapidly and reached a higher level in 
tissues of meal-fed rats in a 6-hour period following refeeding. The possible physiolog
ical significance of these observations is discussed.

S i g n i f i c a n t  m e t a b o l i c  a d a p t a t i o n s  a r e  i n 

d u c e d  b y  l i m i t i n g  a n  a n i m a l ’ s  a c c e s s  t o  

f o o d  o r  m e a l - f e e d i n g .  T e p p e r m a n  a n d  

T e p p e r m a n  ( 1 )  f i r s t  s h o w e d  t h a t  l i v e r  

s l i c e s  o f  m e a l - f e d  r a t s  i n c o r p o r a t e d  m o r e  

a c e t a t e - 14C  a n d  g l u c o s e - 14C  i n t o  l i p i d s  t h a n  

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

a d  l i b i t u m - f e d  a n i m a l s .  H o l l i f i e l d  a n d  P a r 

s o n  ( 2 ) ,  S t e v e n s o n  e t  a l .  ( 3 )  a n d  L e v e i l l e  

a n d  H a n s o n  ( 4 )  d e m o n s t r a t e d  t h a t  m e a l 

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

o f  r a d i o a c t i v e  p r e c u r s o r s  i n t o  f a t t y  a c i d s  

b y  i s o l a t e d  a d i p o s e  t i s s u e .  A c c o m p a n y i n g  

t h e  i n c r e a s e d  r a t e  o f  l i p o g e n e s i s  i n  l i v e r  

a n d  a d i p o s e  t i s s u e  i s  a n  i n c r e a s e  i n  p e n 

t o s e  c y c l e  e n z y m e s ,  g l u c o s e  6 - p h o s p h a t e  

( G - 6 - P )  d e h y d r o g e n a s e  a n d  6 - p h o s p h o g l u -  

c o n a t e  d e h y d r o g e n a s e  ( 2 ,  5 ,  6 )  a n d  i n  

N A D P - m a l i c  d e h y d r o g e n a s e  ( 5 ,  6 ) .  L e 

v e i l l e  a n d  H a n s o n  ( 6 )  h a v e  a l s o  d e m o n 

s t r a t e d  i n c r e a s e d  c i t r a t e  c l e a v a g e  e n z y m e  

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

T h e  i n c r e a s e  i n  e n z y m e  a c t i v i t y  a p p e a r s

t o  b e  r e l a t e d  t o  t h e  p r o d u c t i o n  o f  N A D P H  

f o r  f a t t y  a c i d  s y n t h e s i s .  T h e  e n z y m e s  o f  

t h e  p e n t o s e  c y c l e  i n  a d i p o s e  s u p p l y  s u b 

s t a n t i a l  q u a n t i t i e s  o f  N A D P H  ( 7 ) ,  a n d  a  

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

r e d u c e d  c o e n z y m e  h a s  a l s o  b e e n  p r o p o s e d  

( 4 ,  8 - 1 0 ) .  H o w e v e r ,  i t  i s  n o t  c l e a r  

w h e t h e r  t h e  i n c r e a s e d  e n z y m e  a c t i v i t y ,  

a n d  h e n c e  s u p p l y  o f  N A D P H ,  s t i m u l a t e s  

i n c r e a s e d  l i p o g e n e s i s  o r  p e r h a p s  t h e  e n 

h a n c e d  l i p i d  s y n t h e s i s  m i g h t  s t i m u l a t e  i n 

c r e a s e d  e n z y m e  a c t i v i t y  ( 1 1 , 1 2 ) .

M e a l - f e e d i n g  h a s  a l s o  b e e n  s h o w n  t o  

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

m a n  a n d  T e p p e r m a n  ( 1 )  a n d  H o l l i f i e l d  

a n d  P a r s o n  ( 2 )  o b s e r v e d  t h a t  l i v e r  g l y c o 

g e n  o f  m e a l - f e d  r a t s  w a s  m o r e  r e s i s t a n t  

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

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

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

2 P r s e n t  a d d r e s s : 1 2 4  A n i m a l  S c i e n c e s  L a b o r a t o r y ,  
U n iv e r s i t y  o f  I l l i n o i s ,  U r b a n a ,  I l l i n o i s  6 1 8 0 1 .
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r a t s ,  a n d  t h a t  g l y c o g e n  a c c u m u l a t i o n  i n  

l i v e r  p r o c e e d s  a t  a n  e l e v a t e d  r a t e  u p o n  r e 

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

g e n  h a v e  b e e n  o b s e r v e d  i n  l i v e r  ( 1 )  a n d  

i n  a d i p o s e  t i s s u e  ( 1 3 )  o f  f a s t e d - r e f e d  r a t s .

T h e  s t u d i e s  t o  b e  r e p o r t e d  w e r e  d e 

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

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

r e s p e c t  t o  t i m e  i n  t i s s u e s  o f  m e a l - f e d  r a t s  

a n d  c h i c k s  a n d  t o  e v a l u a t e  t h e  e f f e c t  o f  

m e a l - f e e d i n g  o n  g l y c o g e n  m e t a b o l i s m .

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

E x p e r i m e n t a l  a n i m a l s

R a t s .  M a l e  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 i g h i n g  2 0 0  t o  3 0 0  g  w e r e  u s e d  f o r  a l l  

s t u d i e s .  T h e  a n i m a l s  w e r e  h o u s e d  i n d i 

v i d u a l l y  i n  s t a i n l e s s  s t e e l  c a g e s  h a v i n g  

r a i s e d  w i r e  f l o o r s ,  a n d  m a i n t a i n e d  i n  a  

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

( 2 1 °  a n d  5 0 %  r e l a t i v e  h u m i d i t y ) .  C o m 

m e r c i a l  l a b o r a t o r y  r a t i o n  3 w a s  f e d  i n  a l l  

o f  t h e  s t u d i e s  t o  b e  d e s c r i b e d ;  t h e  p e l l e t s  

w e r e  g r o u n d  t o  a  p o w d e r e d  f o r m  i n  o r d e r  

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

M e a l - f e d  r a t s  w e r e  a l l o w e d  a c c e s s  t o  f o o d  

f r o m  8  t o  1 0  a m  o n l y ,  w h e r e a s  c o n t r o l  

a n i m a l s  w e r e  f e d  a d  l i b i t u m .  W a t e r  w a s  

a v a i l a b l e  a t  a l l  t i m e s .  B o d y  w e i g h t  a n d  

f o o d  c o n s u m p t i o n ,  d e t e r m i n e d  a t  w e e k l y  

i n t e r v a l s ,  f o l l o w e d  t h e  p a t t e r n  d e s c r i b e d  

p r e v i o u s l y  ( 4 ) .

C h i c k s .  M a l e  H y l i n e  W h i t e  L e g h o r n  

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

r a t i o n  4 f r o m  d a y - o l d  u n t i l  t h e y  r e a c h e d  a  

b o d y  w e i g h t  o f  a p p r o x i m a t e l y  6 0 0  g .  A t  

t h i s  t i m e ,  t h e  c h i c k s  w e r e  d i v i d e d  i n t o  

2  g r o u p s ;  o n e  w a s  f e d  a d  l i b i t u m  ( c o n 

t r o l )  a n d  t h e  o t h e r  w a s  a l l o w e d  a c c e s s  t o  

f o o d  f r o m  8  t o  1 0  a m  o n l y  ( m e a l - e a t e r s ) .  

T h e  c h i c k  s t a r t i n g  r a t i o n  w a s  u s e d  a s  d i e t  

t h r o u g h o u t  t h e  s t u d y .  T h e  c h i c k s  w e r e  

h o u s e d  i n  h e a t e d  c a g e s  h a v i n g  r a i s e d  w i r e  

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

B o d y  w e i g h t  a n d  f o o d  c o n s u m p t i o n  w e r e  

d e t e r m i n e d  w e e k l y  a n d  f o l l o w e d  a  p a t 

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

( 1 4 ) .

M e t a b o l i c  s t u d i e s

R a t s  w e r e  k i l l e d  b y  d e c a p i t a t i o n  a n d  

c h i c k s  b y  c e r v i c a l  d i s l o c a t i o n .  T h e  t i s s u e s  

t o  b e  u s e d ,  e p i d i d y m a l  a d i p o s e  t i s s u e  a n d  

l i v e r  f o r  t h e  r a t  s t u d i e s  a n d  l i v e r  t i s s u e  i n  

c h i c k  s t u d i e s ,  w e r e  r a p i d l y  e x c i s e d  a n d

c h i l l e d .  P i e c e s  o f  t h e  t h i n  p e r i p h e r a l  p o r 

t i o n  o f  t h e  e p i d i d y m a l  f a t  p a d s  w e i g h i n g  

a b o u t  1 0 0  m g  a n d  l i v e r  s l i c e s  w e i g h i n g  

a p p r o x i m a t e l y  1 5 0  t o  2 0 0  m g  a n d  p r e 

p a r e d  f r o m  t h e  l e f t  l a t e r a l  l o b e  w e r e  u s e d  

f o r  t h e  i n  v i t r o  s t u d y  o f  l i p o g e n e s i s  f r o m  

a c e t a t e - l - 14C .  T h e  t i s s u e s  w e r e  i n c u b a t e d  

i n  2 . 0  m l  o f  C a + + - f r e e  K r e b s - R i n g e r  b i c a r 

b o n a t e  b u f f e r  ( 1 5 ) ,  p H  7 . 4 ,  a t  3 8 °  f o r  3  

h o u r s  u n d e r  9 5 %  0 2 t o  5 %  C 0 2 i n  a  s h a k 

i n g  w a t e r  b a t h  ( 9 0  s t r o k e s / m i n u t e ) .  T h e  

b u f f e r s  c o n t a i n e d  1 0  n m o l e s  a n d  0 . 1 6 7  

n C i  a c e t a t e - 1 - 14C  p e r  m l  a n d  g l u c o s e  a n d  

i n s u l i n 5 a s  i n d i c a t e d  i n  t h e  t a b l e s  o f  r e 

s u l t s .  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  

f l a s k s  s t o p p e r e d  w i t h  r u b b e r  s e r u m  s t o p 

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

t a i n i n g  a  2  X  2  c m  p i e c e  o f  W h a t m a n  

n o .  1  f i l t e r  p a p e r .  14C O z w a s  d e t e r m i n e d  

e s s e n t i a l l y  a s  d e s c r i b e d  b y  B u h l e r  ( 1 6 ) .  

A t  t h e  e n d  o f  t h e  3 - h o u r  i n c u b a t i o n  

p e r i o d ,  t h e  f i l t e r  p a p e r  i n  t h e  c e n t e r  w e l l  

w a s  s a t u r a t e d  w i t h  0 . 1  m l  o f  2 5 %  K O H ,  

a n d  0 . 5  m l  o f  0 . 2  n  H 2S 0 4 w a s  a d d e d  t o  

t h e  i n c u b a t i o n  m e d i u m  t o  l i b e r a t e  C O z . 

S h a k i n g  w a s  c o n t i n u e d  f o r  2 0  t o  3 0  m i n 

u t e s  t o  e n s u r e  c o m p l e t e  l i b e r a t i o n  a n d  

t r a p p i n g  o f  t h e  C 0 2. T h e  f i l t e r  p a p e r  c o n 

t a i n i n g  r a d i o a c t i v e  C O z w a s  t r a n s f e r r e d  t o  

a  c o u n t i n g  v i a l  a n d  a l l o w e d  t o  a i r - d r y .  

W h e n  d r y ,  t h e  p a p e r  w a s  f l a t t e n e d  i n  t h e  

b o t t o m  o f  t h e  v i a l  a n d  1 0  m l  o f  s c i n t i l l a 

t i o n  s o l u t i o n  w e r e  a d d e d .  T h e  t i s s u e s  w e r e  

r i n s e d  s e v e r a l  t i m e s  i n  s a l i n e  a n d  t r a n s 

f e r r e d  t o  t u b e s  c o n t a i n i n g  5 %  e t h a n o l i c  

K O H .  T h e  t i s s u e s  w e r e  s a p o n i f i e d  b y  r e 

f l u x i n g  a t  8 5 ° .  T h e  K O H  s o l u t i o n s  w e r e  

d i l u t e d  w i t h  w a t e r ,  a n d  t h e  n o n s a p o n i f i -  

a b l e  l i p i d  f r a c t i o n  w a s  e x t r a c t e d  w i t h  

t h r e e  5 - m l  p o r t i o n s  o f  p e t r o l e u m  e t h e r  

( b p  3 0 - 6 0 ° ) .  T h e  a q u e o u s  p h a s e  w a s  a c i d i 

f i e d  w i t h  H C 1  a n d  t h e  f a t t y  a c i d s  w e r e  

r e m o v e d  b y  3  s u c c e s s i v e  5 - m l  e x t r a c t i o n s  

w i t h  p e t r o l e u m  e t h e r .  T h e  c o m b i n e d  e t h e r  

e x t r a c t s  w e r e  b a c k w a s h e d  w i t h  w a t e r ,  a n d  

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

s c i n t i l l a t i o n  v i a l s .  T h e  e t h e r  w a s  e v a p 

o r a t e d  u n d e r  a  s t r e a m  o f  0 2- f r e e  n i t r o g e n  

a n d  t h e  f a t t y  a c i d s  d i s s o l v e d  i n  1 0  m l  o f  

s c i n t i l l a t i o n  s o l u t i o n .  W h e n  c h o l e s t e r o -

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

4 P u r i n a  C h i c k  S t a r t e r ,  R a l s t o n  P u r i n a  C o m p a n y .
5 T h e  i n s u l i n  u s e d  i n  t h e s e  s t u d ie s  w a s  g e n e r o u s l y  

s u p p l i e d  b y  D r .  W .  B r o m e r ,  E l i  L i l l y  a n d  C o m p a n y ,  
I n d i a n a p o l i s ,  I n d i a n a .
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g e n e s i s  w a s  s t u d i e d ,  c h o l e s t e r o l  w a s  i s o 

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

t h e  d i g i t o n i d e  a n d  c o u n t e d  ( 1 7 ) .

G l y c o g e n  d e t e r m i n a t i o n

P o r t i o n s  o f  l i v e r  a n d  d i a p h r a g m  w e r e  

q u i c k l y  t r a n s f e r r e d  t o  t a r e d  t u b e s  c o n t a i n 

i n g  h o t  3 0 %  K O H .  T i s s u e  w e i g h t s  w e r e  

d e t e r m i n e d ,  a n d  t h e  t u b e s  w e r e  p l a c e d  i n  

a  b o d i n g  w a t e r  b a t h  u n t i l  d i g e s t e d .  A d i 

p o s e  t i s s u e  w a s  e x t r a c t e d  w i t h  c h l o r o f o r m :  

m e t h a n o l  ( 2 : 1 , v / v )  a n d  t h e  d e f a t t e d  t i s 

s u e  w a s  d i g e s t e d  i n  h o t  3 0 %  K O H .  T h e  

g l y c o g e n  w a s  c o - p r e c i p i t a t e d  f r o m  t h e  

K O H  s o l u t i o n  w i t h  N a 2S O . i  a s  d e s c r i b e d  b y  

V a n  H a n d e l  ( 1 8 ) .  T h e  g l y c o g e n  w a s  d i s 

s o l v e d  i n  w a t e r  a n d  a p p r o p r i a t e  a l i q u o t s  

w e r e  t a k e n  f o r  q u a n t i t a t i o n  b y  t h e  a n -  

t h r o n e  r e a c t i o n  ( 1 9 ) ,  o r  f o r  c o u n t i n g  b y  

s u s p e n d i n g  i n  B r a y ’ s  s c i n t i l l a t i o n  m e d i u m  

( 2 0 ) .
E n z y m e  s t u d i e s

A d i p o s e  t i s s u e  o r  l i v e r  t i s s u e  w a s  h o 

m o g e n i z e d  i n  0 . 1 5  m  K C 1 ,  a n d  t h e  h o m o g 

e n a t e s  w e r e  c e n t r i f u g e d  a t  1 0 0 0  X  g  a t  5 °  

f o r  1 5  m i n u t e s .  T h e  c l e a r  i n t e r m e d i a t e  

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

w a s  u s e d  f o r  a s s a y .  T h e  s u p e r n a t a n t s  

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

f u g e d  a t  1 5 0 0 0  X  g  f o r  3 0  m i n u t e s  a t  5 ° ,  

a n d  t h e  c l e a r  s u p e r n a t a n t  w a s  u s e d  f o r  

a s s a y .  G l u 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  ( G - 6 - P )  ( E C  1 . 1 . 1 . 4 9 )  a n d  6 - p h o s p h o -  

g l u c o n a t e  d e h y d r o g e n a s e  ( E C  1 . 1 . 1 . 4 4 )  

w e r e  a s s a y e d  s e p a r a t e l y  i n  a d i p o s e  t i s s u e  

b y  t h e  p r o c e d u r e  o f  H o r e c k e r  a n d  S m y r -  

n i o t i s  ( 2 1 ) .  I n  l i v e r ,  t h e  c o m b i n e d  a c t i v 

i t y  o f  G - 6 - P  d e h y d r o g e n a s e  a n d  6 - p h o s p h o -  

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

u s i n g  b o t h  g l u c o s e  6 - p h o s p h a t e  a n d  6 -  

p h o s p h o g l u c o n a t e  a s  s u b s t r a t e s  ( 2 2 ) .  

N A D P - m a l i c  d e h y d r o g e n a s e  ( m a l i c  e n 

z y m e )  ( E C  1 . 1 . 1 . 4 0 )  w a s  a s s a y e d  s p e c t r o -  

p h o t o m e t r i c a l l y  b y  t h e  m e t h o d  o f  O c h o a  

( 2 3 ) .  N i t r o g e n  c o n t e n t  o f  t h e  h o m o g e 

n a t e s  w a s  d e t e r m i n e d  b y  m i c r o - K j e l d a h l  

d i g e s t i o n  f o l l o w e d  b y  N e s s l e r i z a t i o n  ( 2 4 ) .  

T h e  a c t i v i t y  o f  t h e  e n z y m e s  w a s  e x p r e s s e d  

a s  u n i t s  p e r  m i l l i g r a m  o f  n i t r o g e n ,  w h e r e  

a  u n i t  i s  d e f i n e d  a s  t h e  t r a n s f o r m a t i o n  o f  

1  n m o l e  o f  s u b s t r a t e / m i n u t e  a t  3 0 ° .

T h e  s c i n t i l l a t i o n  s o l u t i o n  u s e d  c o n 

t a i n e d  p e r  l i t e r :  4  g  2 , 5 - d i p h e n y l o x a z o l e  

( P P O ) ,  0 . 0 1 5  g  1 , 4 - b i s - 2 - ( 5 - p h e n y l o x a l o l y l )  

b e n z e n e  ( P O P O P ) ,  2 3 0  m l  e t h a n o l  a n d

t o l u e n e  t o  1  l i t e r .  T h e  r a d i o a c t i v i t y  w a s  

d e t e r m i n e d  i n  a  N u c l e a r - C h i c a g o  M o d e l  

7 2 2  a m b i e n t  t e m p e r a t u r e  l i q u i d  s c i n t i l l a 

t i o n  s p e c t r o m e t e r .  D a t a  w e r e  s t a t i s t i c a l l y  

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

t h e  t  t e s t .

RESULTS

T i m e  c o u r s e  o f  a d a p t i v e  c h a n g e s  
i n  a d i p o s e  t i s s u e  o f  

m e a l - f e d  r a t s

T h e  d a t a  p r e s e n t e d  i n  f i g u r e  1  a r e  t h e  

r e s u l t  o f  a n  a t t e m p t  t o  d e l i n e a t e  t h e  r e l a 

t i v e  t i m e  s e q u e n c e  o f  t h e  i n c r e a s e d  l i p o -  

g e n e s i s  a n d  e n z y m a t i c  a c t i v i t y  i n  e p i d i d y -  

m a l  a d i p o s e  t i s s u e  o f  m e a l - f e d  r a t s .  R a t s  

w i t h  a n  a v e r a g e  b o d y  w e i g h t  o f  2 3 0  g  

w e r e  d i v i d e d  i n t o  2  g r o u p s ;  o n e  w a s  m e a l -  

f e d  a n d  t h e  o t h e r  a l l o w e d  t o  e a t  a d  l i b i 

t u m .  F i v e  r a t s  p e r  g r o u p  w e r e  k i l l e d  o n  

t h e  d a y s  i n d i c a t e d ,  a n d  t h e  a b i l i t y  o f  i s o 

l a t e d  a d i p o s e  t i s s u e  t o  i n c o r p o r a t e  a c e t a t e -  

1 - 14C  i n t o  f a t t y  a c i d s  a n d  t h e  a c t i v i t i e s  o f  

G - 6 - P  d e h y d r o g e n a s e ,  6 - p h o s p h o g l u c o n a t e  

d e h y d r o g e n a s e  a n d  N A D P - m a l i c  d e h y d r o 

g e n a s e  w e r e  d e t e r m i n e d .  C o n t r o l  n i b b l i n g  

a n i m a l s  w e r e  f a s t e d  2 2  h o u r s  o n  t h e  d a y  

p r e c e d i n g  t h e  e x p e r i m e n t  a n d  r e f e d  f o r  

2  h o u r s  p r i o r  t o  k i l l i n g ;  m e a l - f e d  r a t s  w e r e  

k i l l e d  i m m e d i a t e l y  a f t e r  t h e  d a i l y  m e a l .

T h e  d a t a  i n  f i g u r e  1  s h o w  t h a t  a f t e r  5  

d a y s  o f  m e a l - e a t i n g ,  l i p o g e n e s i s  w a s  i d e n 

t i c a l  i n  a d i p o s e  t i s s u e  o f  m e a l - f e d  a n d  

c o n t r o l  r a t s ,  a n d  t h e  a c t i v i t y  o f  t h e  e n 

z y m e s  s t u d i e d  w a s  5 0  t o  9 5 %  o f  c o n t r o l  

v a l u e s .  A f t e r  7  d a y s  o f  m e a l - f e e d i n g ,  l i p o 

g e n e s i s  w a s  m a r k e d l y  e n h a n c e d  i n  t i s s u e  

o f  m e a l - f e d  r a t s ,  w h e r e a s  e n z y m e  a c t i v i t y  

w a s  s t i l l  e q u i v a l e n t  t o  o r  b e l o w  t h a t  o f  

c o n t r o l  a n i m a l s .  E n z y m e  a c t i v i t y  w a s  n o t  

s i g n i f i c a n t l y  e l e v a t e d  i n  t i s s u e  o f  m e a l - f e d  

r a t s  u n t i l  d a y  9 .  N A D P - m a l i c  d e h y d r o 

g e n a s e  a n d  G - 6 - P  d e h y d r o g e n a s e  r e m a i n e d  

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

r a t s  t h r o u g h o u t  t h e  r e m a i n d e r  o f  t h e  

s t u d y ,  w h e r e a s  6 - p h o s p h o g l u c o n a t e  d e h y 

d r o g e n a s e  a c t i v i t y  w a s  n o t  a s  m a r k e d l y ,  

i f  a t  a l l ,  i n c r e a s e d .  6 - P h o s p h o g l u c o n a t e  

d e h y d r o g e n a s e  d o e s  n o t  a p p e a r  t o  b e  a d a p 

t i v e  i n  a d i p o s e  t i s s u e  o f  m e a l - f e d  r a t s  ( 6 ) .  

T h e s e  d a t a  s u g g e s t e d  t h a t  t h e  i n c r e a s e  i n  

l i p o g e n e s i s  r e s u l t i n g  f r o m  m e a l - f e e d i n g  i s  

n o t  t h e  r e s u l t  o f  i n c r e a s e d  e n z y m e  a c t i v 

i t y ,  s i n c e  i t  o c c u r r e d  2  d a y s  b e f o r e  a n y  

c h a n g e  i n  e n z y m e  a c t i v i t y  w a s  n o t e d .
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Fig. 1 Acetate-1-,4C incorporation into fatty acids by isolated adipose tissue and the 
activities of glucose 6-phosphate, 6-phosphogluconate and NADP malate dehydrogenases in 
adipose tissue of meal-fed and nibbling rats. Pieces of adipose tissue weighing approxi
mately 100 mg were incubated in Ca++-free Krebs-Ringer bicarbonate buffer containing 
per ml: 10 /¿moles acetate, 5 /¿moles glucose, 0.1 unit insulin and 0.167 //Ci acetate-l-14C. 
Each point represents the average for 5 meal-fed compared with 5 nibbling rats.

T o  v e r i f y  t h e s e  o b s e r v a t i o n s ,  t h i s  e x 

p e r i m e n t  w a s  r e p e a t e d ,  k i l l i n g  a n i m a l s  a t  

m o r e  f r e q u e n t  i n t e r v a l s ,  a n d  t h e  r e s u l t s  

o f  t h i s  s t u d y  a r e  s h o w n  i n  f i g u r e  2 .  I n  

t h i s  s t u d y ,  a c e t a t e - l - 14C  i n c o r p o r a t i o n  i n t o  

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

f e e d i n g ,  a l t h o u g h ,  a s  p r e v i o u s l y  o b s e r v e d  

( f i g .  1 ) ,  t h e  a c t i v i t y  o f  t h e  e n z y m e s  s t u d 

i e d  w a s  o n l y  4 5  t o  9 0 %  o f  c o n t r o l  v a l u e s .  

L i p o g e n e s i s  r e m a i n e d  s i g n i f i c a n t l y  h i g h e r  

i n  a d i p o s e  t i s s u e  o f  m e a l - f e d  a n i m a l s  

t h r o u g h o u t  t h e  s t u d y  a n d ,  a g a i n ,  e n z y m e  

a c t i v i t i e s  w e r e  n o t  i n c r e a s e d  s i g n i f i c a n t l y  

u n t i l  t h e  n i n t h  d a y  o f  m e a l - f e e d i n g .  T h e  

r e s u l t s  o f  t h e s e  2  s t u d i e s  d e m o n s t r a t e  t h a t  

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

r a t s  t o  i n c o r p o r a t e  a c e t a t e - l - 14C  i n t o  f a t t y  

a c i d s  i n c r e a s e s  2  t o  4  d a y s  b e f o r e  a n y  

s i g n i f i c a n t  i n c r e a s e  i n  N A D P - m a l i c  d e h y 

d r o g e n a s e ,  G - 6 - P  d e h y d r o g e n a s e  a n d  6 -  

p h o s p h o g l u c o n a t e  d e h y d r o g e n a s e  o c c u r s .  

A  f u r t h e r  i n c r e a s e  i n  l i p o g e n e s i s  d o e s  a p 

p e a r  t o  a c c o m p a n y  t h e  i n c r e a s e  i n  e n z y m e  

a c t i v i t y ,  b u t  t h e  i n i t i a l  l i p o g e n i c  r e s p o n s e

t o  m e a l - f e e d i n g  i s  n o t  d e p e n d e n t  u p o n  t h e  

i n c r e a s e d  d e h y d r o g e n a s e  a c t i v i t y .

T i m e  c o u r s e  o f  c h a n g e s  i n  l i v e r  
o f  m e a l - f e d  c h i c k s

C h i c k s  w e i g h i n g  a p p r o x i m a t e l y  6 0 0  g  

w e r e  d i v i d e d  i n t o  2  g r o u p s ;  o n e  w a s  m e a l -  

f e d  a n d  t h e  o t h e r  w a s  a l l o w e d  t o  e a t  a d  

l i b i t u m .  T h r e e  c h i c k s  p e r  g r o u p  w e r e  

k i l l e d  o n  t h e  d a y s  i n d i c a t e d  ( f i g .  3 )  a n d  

h e p a t i c  f a t t y  a c i d  s y n t h e s i s  f r o m  a c e t a t e -  

1 - 14C ,  N A D P - m a l i c  d e h y d r o g e n a s e  a n d  

c o m b i n e d  G - 6 - P  d e h y d r o g e n a s e  p l u s  6 -  

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

k i l l 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 i r  d a i l y  

m e a l ,  w h e r e a s  c o n t r o l  c h i c k s  w e r e  a l l o w e d  

a c c e s s  t o  f o o d  u n t i l  t h e  t i m e  o f  k i l l i n g .  

T h e  r e s u l t s  o f  t h i s  e x p e r i m e n t ,  s h o w n  i n  

f i g u r e  3 ,  d e m o n s t r a t e  t h a t  l i p o g e n e s i s  h a d  

i n c r e a s e d  a b o v e  c o n t r o l  v a l u e s  a f t e r  7  

d a y s  o f  m e a l - f e e d i n g  a n d  r e m a i n e d  e l e 

v a t e d  t h r o u g h o u t  t h e  s t u d y .  H o w e v e r ,  e n 

z y m e  a c t i v i t y  w a s  n o t  i n c r e a s e d  s i g n i f i -
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Fig. 2 Acetate-l-14C incorporation into fatty acids by isolated adipose tissue and the 
activities of glucose 6-phosphate, 6-phosphogluconate and NADP malate dehydrogenases in 
adipose tissue of meal-fed and nibbling rats. Incubation conditions as described for figure 1. 
Each point represents the average for 5 meal-fed compared with 5 nibbling rats.

Fig. 3 Acetate-l-14C incorporation into fatty acids by liver slices and the hepatic activi
ties of glucose 6-phosphate, 6-phosphogluconate and NADP malate dehydrogenases of meal
eating and nibbling chicks. Incubation conditions as described for figure 1 except that 
insulin was omitted. Each point represents the average for 3 meal-fed chicks compared 
with 3 nibbling chicks.
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c a n t l y  i n  l i v e r  o f  m e a l - f e d  c h i c k s .  T h e r e  

i s  a  s u g g e s t i o n  o f  i n c r e a s e d  e n z y m e  a c 

t i v i t y ,  b u t  t h i s  i s  n o t  v e r y  g r e a t .  T h e s e  

d a t a  i m p l i e d ,  a s  d i d  t h e  r e s u l t s  o f  t h e  r a t  

s t u d i e s ,  t h a t  e n h a n c e d  l i p o g e n e s i s  i s  n o t  

d e p e n d e n t  u p o n  a  c o n c o m i t a n t  i n c r e a s e  i n  

d e h y d r o g e n a s e  a c t i v i t y .

L i v e r  g l y c o g e n  l e v e l s  o f  m e a l - f e d  
c h i c k s  a n d  i n  v i t r o  a c e t a t e -  

1 - U C  u t i l i z a t i o n

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

m o r e  d e t a i l ,  t h e  e x p e r i m e n t  d e s c r i b e d  i n  

t a b l e  1  w a s  c a r r i e d  o u t .  C h i c k s  w e i g h i n g  

6 0 0  g  w e r e  m e a l - f e d  o r  a l l o w e d  a c c e s s  t o  

f o o d  a d  l i b i t u m  f o r  4  w e e k s .  S o m e  n i b 

b l i n g  a n d  m e a l - e a t i n g  c h i c k s  w e r e  k i l l e d  

a f t e r  h a v i n g  b e e n  f a s t e d  f o r  2 2  h o u r s  o r  

f a s t e d  2 2  h o u r s  a n d  r e f e d  f o r  2  h o u r s .  

A n o t h e r  g r o u p  o f  c o n t r o l  c h i c k s  w a s  a l 

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

k i l l i n g .  T i s s u e s  w e r e  i n c u b a t e d  i n  a  b i 

c a r b o n a t e  b u f f e r  c o n t a i n i n g  a c e t a t e - l - 14C  

w i t h  o r  w i t h o u t  a d d e d  u n l a b e l e d  g l u c o s e .  

L i p o g e n e s i s  w a s  v i r t u a l l y  a b o l i s h e d  b y  a  

2 2 - h o u r  f a s t  i n  n i b b l i n g  c h i c k s  a n d  w a s  

s t i l l  r e d u c e d  a f t e r  2  h o u r s  o f  r e f e e d i n g .  

L i p o g e n e s i s  i n  t i s s u e  f r o m  f a s t e d  m e a l - f e d  

c h i c k s  w a s  s l i g h t l y  h i g h e r  t h a n  i n  t i s s u e  

o f  n o n f a s t e d  c o n t r o l  c h i c k s ,  b u t  n o t  s i g 

n i f i c a n t l y  s o .  R e f e e d i n g  f o r  2  h o u r s  i n 

c r e a s e d  a c e t a t e  i n c o r p o r a t i o n  a p p r o x i 

m a t e l y  t w o f o l d  i n  l i v e r  s l i c e s  o f  m e a l - f e d

a n i m a l s ,  t o  a  v a l u e  s i g n i f i c a n t l y  g r e a t e r  

t h a n  t h a t  o b s e r v e d  f o r  l i v e r  s l i c e s  o f  f e d  

c o n t r o l  c h i c k s .  T h e  o x i d a t i o n  o f  a c e t a t e -  

1 - 14C  t o  I4C 0 2 w a s  n o t  m a r k e d l y  a l t e r e d  b y  

t h e  v a r i o u s  t r e a t m e n t s  s t u d i e d .  C h o l e s t e r o -  

g e n e s i s  w a s  d e p r e s s e d  b y  f a s t i n g  a n d  s t i m 

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

l a b e l e d  g l u c o s e  t o  t h e  i n c u b a t i o n  m e d i u m  

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

t i o n  i n t o  f a t t y  a c i d s  b u t  n o t  i n t o  c h o l e s 

t e r o l ,  n o r  w a s  a c e t a t e  o x i d a t i o n  i n f l u e n c e d .

H e p a t i c  g l y c o g e n  c o n t e n t  i n  t h e s e  c h i c k s  

w a s  o f  p a r t i c u l a r  i n t e r e s t  ( t a b l e  1 ) .  F a s t 

i n g  f o r  2 2  h o u r s  d e p l e t e d  l i v e r  g l y c o g e n  

a l m o s t  c o m p l e t e l y  i n  n i b b l i n g  c h i c k s ,  

w h e r e a s  t h e  l e v e l  o f  g l y c o g e n  i n  t h e  l i v e r  

o f  t h e  m e a l - e a t e r s  a f t e r  a  s i m i l a r  f a s t  w a s  

e q u i v a l e n t  t o  t h a t  o f  f e d  c o n t r o l  c h i c k s .  

R e f e e d i n g  f o r  2  h o u r s  r e t u r n e d  l i v e r  g l y 

c o g e n  l e v e l s  t o  n o r m a l  i n  n i b b l i n g  c h i c k s  

a n d  t o  a b o u t  t w i c e  n o r m a l  l e v e l s  i n  m e a l -  

f e d  a n i m a l s .

G l y c o g e n  m e t a b o l i s m  a n d  l i p o g e n e s i s  
i n  r a t  l i v e r  a n d  a d i p o s e  t i s s u e

A n  e x p e r i m e n t  s i m i l a r  t o  t h a t  d e s c r i b e d  

a b o v e  w a s  c o n d u c t e d  w i t h  r a t s .  R a t s  

w e i g h i n g  a p p r o x i m a t e l y  2 7 0  g  w e r e  a l l o t 

t e d  t o  a  m e a l - f e e d i n g  o r  n i b b l i n g  r e g i m e n  

a n d  w e r e  u s e d  a f t e r  8  w e e k s .  T h e  r e s u l t s  

o f  t h i s  s t u d y  a r e  s h o w n  i n  t a b l e  2 .  H e 

p a t i c  l i p o g e n e s i s  w a s  l o w e r  i n  t i s s u e  s l i c e s  

o f  f a s t e d  o r  f a s t e d - r e f e d  m e a l - e a t e r s  a n d

T A B L E  1

Effect of fasting and refeeding on liver glycogen levels and in vitro utilization of acetate-l-14C by 
liver slices of meal-eating and nibbling chicks

Treatment1 Liver
glycogen

Acetate-l-14C utilization 2
»co2 Fatty acid Cholesterol

mg/g liver mfimoles utilized./100 mg tissue/3 hours
Buffer A, no glucose added

Nibbler, fed 12.9 ± 4 .2  3 6107 ± 1128 1038 ±259 102.6 ±  8.0
Nibbler, fasted 0.1 ±  0.05 4782 ±204 8 ± 2 2 .6 ±  0.9
Nibbler, refed 12.8 ±3 .7 7033 ±988 145 ± 4 5 38.5±  8.2
Meal-eater, fasted 15.0 ±  5.2 6522 ±673 1380±420 48.2 ±  13.0
Meal-eater, refed 25.2 ±6 .3 7052 ±642 2416 ±315 65.8 ±15.6

Buffer B, 5 mM glucose added
Nibbler, fed — 5899 ±857 1254 ±336 94.7 ±  7.2
Nibbler, fasted — 6085 ±292 20 ±  5 8.6 ±  0.4
Nibbler, refed — 7145 ±756 179±48 37.6 ±  7.1
Meal-eater, fasted — 7108 ±444 1645 ±418 50.8 ±  8.4
Meal-eater, refed — 6448 ± 770 2768 ±294 69.9 ±  11.6

1 F a s t e d  c h i c k s  w e r e  m a i n t a i n e d  f o r  2 2  h o u r s  w i t h o u t  f o o d  p r i o r  t o  k i l l i n g ;  r e f e d  c h i c k s  w e r e  f a s t e d  2 2  h o u r s  
a n d  r e f e d  f o r  2  h o u r s  i m m e d i a t e l y  p r i o r  t o  k i l l i n g ;  f e d  c h i c k s  h a d  a c c e s s  t o  f o o d  u n t i l  k i l l e d .

o c o n t a i n e d  p e r  m l :  1 0  /¿ m o le s  a c e t a t e ,  0 .1 6 7  f i d  a c e t a t e - l - 14C  a n d ,  w h e r e  i n d i c a t e d ,  g l u c o s e  5  /¿ m o le s .
3 M e a n  f o r  4  c h i c k s  ±  s e m .
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n i b b l e r s  t h a n  i n  t i s s u e  o f  f e d  r a t s .  R e 

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

p a t i c  l i p o g e n e s i s ,  b u t  t i s s u e  f r o m  f a s t e d  

o r  r e f e d  m e a l - e a t e r s  d i d  i n c o r p o r a t e  m o r e  

a c e t a t e  i n t o  f a t t y  a c i d  t h a n  d i d  l i v e r  s l i c e s  

f r o m  n i b b l i n g  a n i m a l s  f a s t e d  a n d  r e f e d  

o n  t h e  d a y  o f  e x p e r i m e n t ,  i n  a  m a n n e r  

a n a l o g o u s  t o  t h e  t r e a t m e n t  o f  m e a l - e a t e r s .  

C h o l e s t e r o l  s y n t h e s i s  b y  f i v e r  s l i c e s  w a s  

h i g h e s t  i n  t i s s u e  o f  f a s t e d  m e a l - e a t e r s  a n d  

d e c r e a s e d  s o m e w h a t  u p o n  r e f e e d i n g .  C h o -  

l e s t e r o g e n e s i s  w a s  m a r k e d l y  r e d u c e d  i n  

f i v e r  s l i c e s  o f  n i b b l i n g  r a t s  b y  f a s t i n g  a n d  

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

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

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

a l l  g r o u p s  s t u d i e d .

I n  r a t s ,  a l t e r a t i o n s  i n  f a t t y  a c i d  s y n 

t h e s i s  d u e  t o  t h e  t r e a t m e n t s  u s e d  w e r e  

q u i t e  d i f f e r e n t  f o r  a d i p o s e  t i s s u e  t h a n  f o r  

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

b l i n g  r a t s ,  f a t t y  a c i d  s y n t h e s i s  w a s  r e 

d u c e d  b y  f a s t i n g  t o  a b o u t  5 0 %  a n d  r e 

t u r n e d  t o  7 8 %  o f  n o r m a l  a f t e r  2  h o u r s  

o f  r e f e e d i n g ,  w h e r e a s  t i s s u e  o f  f a s t e d  

m e a l - e a t e r s  i n c o r p o r a t e d  a p p r o x i m a t e l y  

1 5 0 %  m o r e  a c e t a t e  i n t o  f a t t y  a c i d s  t h a n  

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

b e e n  f a s t e d .  W h e n  t h e  m e a l - f e d  r a t s  w e r e  

r e f e d  f o r  2  h o u r s ,  t h e i r  a d i p o s e  t i s s u e  i n 

c o r p o r a t e d  a b o u t  4 . 7  t i m e s  a s  m u c h  a c e 

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

f r o m  f e d  c o n t r o l s .  T h e  g l y c o g e n  c o n t e n t  

o f  f i v e r  w a s  r e d u c e d  t o  a b o u t  1 0 %  o f  

n o r m a l  i n  n i b b l i n g  a n i m a l s  a s  a  c o n s e 

q u e n c e  o f  a  2 2 - h o u r  f a s t ;  r e f e e d i n g  f o r  2  

h o u r s  r e s u l t e d  i n  a n  i n c r e a s e  t o  a p p r o x i 

m a t e l y  3 3 %  o f  n o r m a l .  L i v e r  o f  m e a l - f e d  

r a t s  f a s t e d  f o r  2 2  h o u r s  c o n t a i n e d  5 0 %  

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

f i v e r s  o f  n o r m a l  a d  l i b i t u m - f e d  r a t s ,  a n d  

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

2  h o u r s .  A d i p o s e  t i s s u e  g l y c o g e n  w a s  r e l a 

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

i n  n i b b l i n g  a n i m a l s .  I n  f a s t e d  m e a l - f e d  

r a t s  a d i p o s e  t i s s u e  g l y c o g e n  l e v e l s  w e r e  

s i m i l a r  t o  t h o s e  i n  t i s s u e  o f  n i b b l i n g  r a t s ,  

b u t  a f t e r  2  h o u r s  o f  r e f e e d i n g  t h e  l e v e l  

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

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

o f  t h e  d a i l y  m e a l  o n  g l y c o g e n  l e v e l  i n  

a d i p o s e  t i s s u e ,  m e a l - f e d  r a t s  w e r e  k i l l e d  

4  h o u r s  a f t e r  t h e  i n i t i a t i o n  o f  t h e  2 - h o u r  

m e a l .  T h e  r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  

s h o w n  i n  t a b l e  3 .  L i p o g e n e s i s  f r o m  a c e -
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TABLE 3
Liver and adipose tissue glycogen levels and 

lipogenesis by isolated adipose tissue of 
meal-fed rats as influenced by refeeding 1

Glycogen/g tissue
Treatment Lipogenesis 2

Liver Adipose
tissue

m g l i 9

Nibblers 349 ±7 1  3 59 ± 3 55 ± 3
Meal-eaters 1559±315 52 ±  5 2236 ±771

1 Meal-fed rats were killed 4 hours after the initia
tion o f the daily 2-hour m eal; nibblers had access 
to food  until killing.

2 For adipose tissue incubated in C a+ + -free Krebs-
Ringer bicarbonate buffer containing per m l: 10
/¿moles acetate, 0.167 /¿Ci acetate-l-14C, 5 /¿moles 
glucose and 0.1 unit insulin.

3 Mean for 3 rats ±  sem.

t a t e - l - ' 4C  w a s  4 . 5 - f o l d  h i g h e r  i n  a d i p o s e  

t i s s u e  o f  m e a l - f e d  a s  c o m p a r e d  w i t h  t i s s u e  

f r o m  f e d  n i b b l i n g  a n i m a l s .  L i v e r  g l y c o g e n  

l e v e l s  w e r e  n o w  e q u i v a l e n t  f o r  b o t h  

g r o u p s ,  w h e r e a s  2  h o u r s  a f t e r  t h e  i n i t i a 

t i o n  o f  t h e  m e a l  p e r i o d ,  t h e  l e v e l  o f  g l y 

c o g e n  i n  l i v e r  o f  m e a l - f e d  r a t s  w a s  o n l y  

5 0 %  o f  c o n t r o l  v a l u e s  ( t a b l e  2 ) .  A d i p o s e  

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

t h a n  c o n t r o l  2  h o u r s  a f t e r  t h e  s t a r t  o f  t h e  

m e a l  ( t a b l e  2 ) ,  i n c r e a s e d  t o  o v e r  4 0  t i m e s  

t h e  l e v e l  i n  t i s s u e  o f  f e d  n i b b l e r s  4  h o u r s  

a f t e r  i n i t i a t i o n  o f  t h e  m e a l  ( t a b l e  3 ) .

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

g l y c o g e n  m e t a b o l i s m  i n  m e a l - e a t i n g  a n d  

n i b b l i n g  r a t s  w a s  s t u d i e d  f u r t h e r ,  a s  

s h o w n  i n  t a b l e  4 .  B o t h  m e a l - e a t i n g  a n d  

n i b b l i n g  a n i m a l s  w e r e  f a s t e d  f o r  2 2  h o u r s  

p r i o r  t o  i n i t i a t i o n  o f  t h e  e x p e r i m e n t .  T o  

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

o f  f o o d  c o n s u m e d ,  t h e  r a t s  w e r e  f o r c e - f e d  

1 0  m l  o f  a  s u s p e n s i o n  c o n t a i n i n g  2 5 %  

g l u c o s e  a n d  2 5 %  s t a r c h  a n d  4 . 8 0  u C i  o f  

g l u c o s e - U - I4C .  A n i m a l s  w e r e  k i l l e d  b e f o r e  

f e e d i n g  a n d  2 ,  4  a n d  6  h o u r s  a f t e r  f e e d i n g ,  

a n d  t h e  g l y c o g e n  c o n t e n t  a n d  r a d i o a c t i v i t y  

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

i n  l i v e r ,  d i a p h r a g m  a n d  e p i d i d y m a l  a d i 

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

c o n t e n t  o f  n i b b l i n g  r a t s  d i d  n o t  c h a n g e  

a p p r e c i a b l y  d u r i n g  t h e  f i r s t  4  h o u r s  a n d  

s h o w e d  o n l y  a  s l i g h t  i n c r e a s e  b e t w e e n  t h e  

f o u r t h  a n d  s i x t h  h o u r  a f t e r  f e e d i n g .  I n  

t i s s u e  f r o m  m e a l - f e d  r a t s ,  t h e  g l y c o g e n  

c o n t e n t  i n c r e a s e d  l i n e a r l y  o v e r  t h e  6 - h o u r  

p e r i o d ,  s h o w i n g  a p p r o x i m a t e l y  a n  8 0 - f o l d  

i n c r e a s e  6  h o u r s  a f t e r  f e e d i n g .  I n  d i a 

p h r a g m  m u s c l e ,  g l y c o g e n  l e v e l s  w e r e  s i m 

i l a r  i n  t i s s u e  o f  m e a l - f e d  a n d  n i b b l i n g
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a n i m a l s  f o l l o w i n g  a  2 2 - h o u r  f a s t  a n d  i n 

c r e a s e d  d u r i n g  t h e  6 - h o u r  p e r i o d  a f t e r  

f e e d i n g .  T h e  i n c r e a s e  w a s  m o r e  r a p i d  a n d  

r e a c h e d  a  h i g h e r  v a l u e  i n  t i s s u e  o f  m e a l -  

f e d  a n i m a l s  t h a n  i n  t h a t  o f  n i b b l e r s .  I n  

d i a p h r a g m  o f  n i b b l i n g  a n i m a l s ,  g l y c o g e n  

i n c r e a s e d  f i v e f o l d ,  a s  c o n t r a s t e d  w i t h  a  

1 4 - f o l d  i n c r e a s e  i n  t i s s u e  o f  m e a l - f e d  a n i 

m a l s .  I n  l i v e r  t i s s u e ,  t h e  v a l u e s  f o r  b o t h  

m e a l - f e d  a n d  n i b b l i n g  r a t s  i n c r e a s e d  d u r 

i n g  t h e  6 - h o u r  p e r i o d  a f t e r  f e e d i n g ;  v a l u e s  

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

t h e  o v e r a l l  i n c r e a s e  w a s  s i m i l a r  f o r  b o t h  

g r o u p s .  I n  n i b b l i n g  r a t s ,  l i v e r  g l y c o g e n  

i n c r e a s e d  b y  3 4  m g / g ,  a s  c o m p a r e d  w i t h  

3 0  m g / g  f o r  m e a l - f e d  r a t s  d u r i n g  t h e  6  

h o u r s  f o l l o w i n g  f o r c e - f e e d i n g .  D a t a  i n  

t a b l e  4  s h o w  t h a t  t h e  r a d i o a c t i v i t y  i n  g l y 

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

l e v e l ,  d e m o n s t r a t i n g  t h a t  t h e  i n c r e a s e d  

g l y c o g e n  i n  t h e s e  3  t i s s u e s  w a s  d e r i v e d  

f r o m  t h e  f e d  g l u c o s e .

DISCUSSION
T h e  s t i m u l a t i o n  o f  l i p o g e n e s i s  r e s u l t i n g  

f r o m  m e a l - f e e d i n g  h a s  b e e n  w e l l - d o c u 

m e n t e d  f o r  b o t h  r a t  ( 1 )  a n d  c h i c k  ( 1 4 )  

l i v e r  a n d  r a t  a d i p o s e  t i s s u e  ( 2 - 4 ) .  Y e t ,  

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

s t o o d ,  a n d  t h e  t r i g g e r i n g  m e c h a n i s m  i n 

v o l v e d  r e m a i n s  t o  b e  d e m o n s t r a t e d .  

T e p p e r m a n  a n d  T e p p e r m a n  ( 1 )  h a v e  i n 

v e s t i g a t e d  t h e  “ s u p e r l i p o g e n i c ”  r e s p o n s e  

i n d u c e d  i n  l i v e r  o f  a n i m a l s  f e d  m e a l s  o r  

r e f e d  a f t e r  a  4 8 - h o u r  f a s t .  T h e s e  a u t h o r s  

d e m o n s t r a t e d  a n  e l e v a t e d  f a s t i n g  g l y c o g e n  

l e v e l  i n  l i v e r  o f  m e a l - f e d  r a t s ,  a n  o b s e r v a 

t i o n  c o n f i r m e d  b y  H o l l i f i e l d  a n d  P a r s o n  

( 2 )  a n d  i n  t h e  p r e s e n t  s t u d y .  T e p p e r m a n  

a n d  T e p p e r m a n  a l s o  d e m o n s t r a t e d  a n  i n 

c r e a s e  i n  G - 6 - P  d e h y d r o g e n a s e  a n d  6 -  

p h o s p h o g l u c o n a t e  d e h y d r o g e n a s e  ( 5 )  a n d  

N A D P - m a l i c  d e h y d r o g e n a s e  ( 1 2 )  a c t i v i t i e s  

i n  l i v e r  o f  m e a l - f e d  r a t s .  A  s i m i l a r  i n 

c r e a s e  i n  t h e  a c t i v i t y  o f  t h e s e  e n z y m e s  

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

s u e  o f  m e a l - f e d  r a t s  ( 2 , 6 ) .

T e p p e r m a n  a n d  T e p p e r m a n  ( 5 ) ,  a s  a  

r e s u l t  o f  t h e i r  i n v e s t i g a t i o n s ,  p r o p o s e d  a  

m e c h a n i s m  f o r  t h e  c o n t r o l  o f  l i p o g e n e s i s  

d e p e n d e n t  u p o n  t h e  p r o d u c t i o n  o f  N A D P I I  

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

t h a t  t h e  a v a i l a b i l i t y  o f  N A D P H  l i m i t e d  

f a t t y  a c i d  s y n t h e s i s  a n d  t h a t  “ s u p e r n o r 

m a l ”  l i p o g e n e s i s  w a s  d e p e n d e n t  u p o n  a n

i n c r e a s e d  p e n t o s e  c y c l e  a c t i v i t y  t o  g e n 

e r a t e  a d e q u a t e  r e d u c i n g  e q u i v a l e n t s .  I n  

a  m o r e  r e c e n t  r e p o r t  ( 1 2 ) ,  t h i s  p o s i t i o n  

h a s  b e e n  m o d i f i e d  a n d  t h e y  h a v e  c o n s i d 

e r e d  t h e  d i f f i c u l t i e s  i n  d e t e r m i n i n g  w h e t h e r  

e n h a n c e d  l i p o g e n e s i s  i s  t h e  r e s u l t  o f  i n 

c r e a s e d  p e n t o s e  c y c l e  a c t i v i t y  o r  w h e t h e r  

t h e  i n c r e a s e d  N A D P  + r e s u l t i n g  f r o m  l i p o 

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

T h e  a r g u m e n t s  f o r  a n d  a g a i n s t  t h i s  m e c h 

a n i s m  h a v e  r e c e n t l y  b e e n  c o n s i d e r e d  i n  

d e t a i l  ( 1 1 ) ,  a n d  p r e s e n t l y  i t  a p p e a r s  m o r e  

l i k e l y  t h a t  i n c r e a s e d  e n z y m e  a c t i v i t i e s  a r e  

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

p r e s e n t e d  i n  t h i s  r e p o r t  d e m o n s t r a t e  t h a t  

t h e  i n c r e a s e  i n  f a t t y  a c i d  s y n t h e s i s  o b 

s e r v e d  i n  a d i p o s e  t i s s u e  o f  m e a l - f e d  r a t s  

a n d  i n  l i v e r  o f  m e a l - e a t i n g  c h i c k s  i s  n o t  

d e p e n d e n t  u p o n  i n c r e a s e d  a c t i v i t i e s  o f  G -

6 - P  d e h y d r o g e n a s e ,  6 - p h o s p h o g l u c o n a t e  

d e h y d r o g e n a s e  o r  N A D P - m a l i c  d e h y d r o 

g e n a s e .

T h e  h i g h e r  a c t i v i t i e s  o f  G - 6 - P  d e h y d r o 

g e n a s e ,  6 - p h o s p h o g l u c o n a t e  d e h y d r o g e n 

a s e  a n d  N A D P - m a l i c  d e h y d r o g e n a s e ,  a l 

t h o u g h  n o t  e s s e n t i a l  f o r  t h e  i n i t i a l  i n c r e a s e  

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

t h e  i n c r e a s e d  d e m a n d  f o r  N A D P H  t o  s u p 

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

i n  t h i s  l a b o r a t o r y  h a v e  s h o w n  t h a t  2 4 %  

o f  t h e  g l u c o s e  u t i l i z e d  b y  i s o l a t e d  a d i p o s e  

t i s s u e  o f  m e a l - f e d  r a t s  i s  m e t a b o l i z e d  v i a  

t h e  p e n t o s e  p a t h w a y ,  a s  c o n t r a s t e d  w i t h  

1 6 %  f o r  t i s s u e  o f  n i b b l i n g  r a t s .  T h e  i m 

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

w a y  t o  t h e  o v e r a l l  N A D P H  r e q u i r e m e n t  

f o r  l i p o g e n e s i s  i s  e v e n  m o r e  a p p a r e n t  

w h e n  i t  i s  c o n s i d e r e d  t h a t  1 0  t o  1 5  t i m e s  

m o r e  g l u c o s e  i s  u t i l i z e d  b y  a d i p o s e  t i s s u e  

o f  m e a l - f e d  a s  c o m p a r e d  w i t h  a d  l i b i t u m -  

f e d  r a t s .  H o w e v e r ,  t h e  a m o u n t  o f  r e d u c e d  

c o e n z y m e  p r o d u c e d  v i a  t h e  p e n t o s e  p a t h 

w a y  a p p e a r s  t o  b e  i n a d e q u a t e  t o  m e e t  t h e  

d e m a n d s  f o r  r a p i d  l i p o g e n e s i s  i n  r a t  

a d i p o s e  t i s s u e .  F l a t t  a n d  B a l l  ( 7 )  a n d  R o g n -  

s t a d  a n d  K a t z  ( 2 5 )  h a v e  s h o w n  t h a t  u n 

d e r  c o n d i t i o n s  f a v o r i n g  l i p o g e n e s i s  i n  a d i 

p o s e  t i s s u e ,  w h e n  p e n t o s e  p a t h w a y  a c t i v i t y  

i s  h i g h ,  o n l y  a b o u t  5 0  t o  6 0 %  o f  t h e  r e 

q u i r e d  r e d u c i n g  e q u i v a l e n t s  a r e  g e n e r a t e d  

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

i n g  p o w e r  a p p e a r s  t o  b e  t h e  c o u p l i n g  o f  

m a l i c  d e h y d r o g e n a s e  a n d  N A D P - m a l i c  d e 

h y d r o g e n a s e  ( 6 , 8 - 1 0 ) .  T h e s e  e n z y m e s  

w o u l d  c a t a l y z e  t h e  r e a c t i o n  o x a l o a c e t a t e - ^
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m a l a t e  — »  p y r u v a t e  a n d ,  i n  t h e  p r o c e s s ,  

o x i d i z e  1  m o l e  o f  N A D H  a n d  r e d u c e  1  

m o l e  o f  N A D P ,  i n  e s s e n c e ,  e f f e c t i n g  a  

t r a n s h y d r o g e n a t i o n  f r o m  N A D H  t o  N A D P .  

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

a d a p t a b i l i t y  o f  m a l i c  e n z y m e  i n  c o n d i t i o n s  

p r o m o t i n g  r a p i d  l i p o g e n e s i s .

T h e  m e t a b o l i s m  o f  g l y c o g e n  i n  a d i p o s e  

t i s s u e  h a s  r e c e n t l y  b e e n  e x t e n s i v e l y  r e 

v i e w e d  ( 2 6 ) .  A l t h o u g h  n o r m a l  g l y c o g e n  

l e v e l s  a r e  l o w  i n  a d i p o s e  t i s s u e ,  g l y c o g e n  

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

i n f l u e n c e  o f  m e a l - f e e d i n g  o n  a d i p o s e  t i s 

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

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

W e r t h e i m e r  ( 1 3 )  d e m o n s t r a t e d  t h a t  r e 

f e e d i n g  a f t e r  a  f a s t  r e s u l t s  i n  a n  e l e v a t i o n  

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

( 2 7 )  h a s  s u g g e s t e d  t h a t  g l y c o g e n  f o r m a 

t i o n  i n  a d i p o s e  t i s s u e  p r e c e d e s  f a t t y  a c i d  

s y n t h e s i s .  C h a r i - B r i t o n  e t  a l .  ( 2 8 )  r e 

p o r t e d  t h a t  a d i p o s e  t i s s u e  o f  m e a l - f e d  r a t s  

a c c u m u l a t e d  g l y c o g e n  a n d  i n c o r p o r a t e d  

14C - l a b e l e d  s u b s t r a t e s  i n t o  g l y c o g e n  w h e n  

f e d  f o l l o w i n g  a  f a s t .  L e v e i l l e  a n d  H a n s o n  

( 4 ,  6 )  h a v e  d e m o n s t r a t e d  t h a t  a d i p o s e  

t i s s u e  o f  m e a l - f e d  r a t s  c o n v e r t s  m o r e  g l u -  

c o s e - 14C  t o  g l y c o g e n  i n  v i t r o  t h a n  d o e s  

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

s i g n i f i c a n c e  o f  t h e  a c c u m u l a t i o n  o f  g l y 

c o g e n  i n  t i s s u e  o f  m e a l - f e d  r a t s  o b s e r v e d  

i n  t h i s  s t u d y  i s  n o t  c l e a r .  H o w e v e r ,  i t  

s e e m s  u n l i k e l y  t h a t  t h e  s u g g e s t i o n  o f  

W e r t h e i m e r  ( 2 7 ) ,  t h a t  g l y c o g e n  d e p o s i t i o n  

i s  n e c e s s a r y  f o r  l i p o g e n e s i s  t o  o c c u r ,  i s  

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

( 2 9 ) 6 h a v e  s h o w n  t h a t  l i p o g e n e s i s  f r o m  

a c e t a t e - 14C  c a n  b e  s t i m u l a t e d  i n  t i s s u e  

f r o m  f a s t i n g  r a t s  b y  t h e  a d d i t i o n  o f  u n 

l a b e l e d  p y r u v a t e  t o  t h e  m e d i u m .  S i m i l a r l y ,  

H e r r e r a  e t  a l .  ( 3 1 )  h a v e  r e p o r t e d  t h a t  t h e  

r e d u c e d  l i p o g e n e s i s  i n  a d i p o s e  t i s s u e  o f  

r a t s  f a s t e d  f o r  9 6  h o u r s  c a n  b e  r e t u r n e d  

t o w a r d  n o r m a l  b y  p r e i n c u b a t i o n  i n  a  m e 

d i u m  c o n t a i n i n g  p y r u v a t e .  T h e s e  s t u d i e s ,  

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

v i r t u a l l y  n o  g l u c o n e o g e n e s i s  c a n  o c c u r  

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

o f  t h e  a b s e n c e  o f  f r u c t o s e - 1 , 6 - d i p h o s p h a 

t a s e  ( 3 1 ) ,  r u l e  o u t  a n  o b l i g a t o r y  r o l e  o f  

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

o b s e r v a t i o n s  c i t e d  d o  n o t ,  h o w e v e r ,  r u l e  

o u t  t h e  p o s s i b i l i t y  t h a t  i n  t h e  i n t a c t  o r 

g a n i s m  g l y c o g e n  f o r m a t i o n  i n  a d i p o s e  t i s 

s u e  m a y  b e  r e l a t e d  t o  l i p o g e n e s i s .  O n e

o t h e r  p o s s i b i l i t y  w h i c h  s h o u l d  b e  c o n s i d 

e r e d  i s  t h e  r e q u i r e m e n t  f o r  a - g l y c e r o p h o s -  

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

o f  f a s t  b e t w e e n  m e a l s .  S i n c e  a d i p o s e  t i s 

s u e  c a n n o t  r e u t i l i z e  g l y c e r o l  r e s u l t i n g  f r o m  

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

( 3 2 ) ,  a - g l y c e r o p h o s p h a t e  m u s t  b e  f o r m e d  

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

v a t e  a n d  p r e s u m a b l y  l a c t a t e  c a n  s e r v e  a s  

p r e c u r s o r s  o f  a - g l y c e r o p h o s p h a t e  ( 2 9 ) , 7 

b u t  g l u c o s e  w o u l d  p r o b a b l y  b e  t h e  p r e 

c u r s o r  o f  c h o i c e .  I t  i s  t h e r e f o r e  c o n c e i v 

a b l e  t h a t  p a r t  o f  t h e  o v e r a l l  a d a p t i v e  r e 

s p o n s e  t o  m e a l - e a t i n g  i n  t h e  r a t  i n v o l v e s  

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

a d i p o s e  t i s s u e  t o  s t o r e  a b n o r m a l l y  l a r g e  

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

p e r i o d  t o  b e  u s e d  j u d i c i o u s l y  d u r i n g  t h e  

p e r i o d  o f  f a s t  b e t w e e n  m e a l s  f o r  t h o s e  

r e a c t i o n s  r e q u i r i n g  o r  p r e f e r e n t i a l l y  u t i l i z 

i n g  g l u c o s e .  S u c h  r e a c t i o n s  w o u l d  i n c l u d e  

t h e  s u p p l y  o f  g l u c o s e  a s  a n  e n e r g y  s o u r c e  

f o r  n e r v o u s  t i s s u e  a n d  a - g l y c e r o p h o s p h a t e  

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

b i l i t y  i s  b e i n g  p u r s u e d .

T h e  h i g h e r  l e v e l  o f  g l y c o g e n  i n  l i v e r s  

o f  f a s t e d  m e a l - e a t i n g  r a t s  a n d  c h i c k s ,  a s  

c o m p a r e d  w i t h  f a s t e d  n i b b l i n g  a n i m a l s ,  

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

r e s u l t s  r e p o r t e d  f o r  r a t s  b y  T e p p e r m a n  

a n d  T e p p e r m a n  ( 1 )  a n d  b y  H o l l i f i e l d  a n d  

P a r s o n  ( 2 ) .  I t  i s  n o t  p o s s i b l e  t o  d e t e r m i n e  

w h e t h e r  t h e  h i g h e r  g l y c o g e n  l e v e l s  i n  t i s 

s u e  o f  m e a l - f e d  r a t s  i s  d u e  t o  a n  i n c r e a s e d  

r a t e  o f  s y n t h e s i s  o r  a  d e c r e a s e  i n  u t i l i z a 

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

c i f i c  a c t i v i t i e s  i n  t i s s u e s  o f  m e a l - f e d  a n d  

n i b b l i n g  r a t s  ( t a b l e  4 )  s u g g e s t s  t h a t  f o l 

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

l e v e l s  a r e  d u e  t o  a n  i n c r e a s e d  r a t e  o f  s y n 

t h e s i s  i n  t h e  m e a l - f e d  a n i m a l  r a t h e r  t h a n  

a  d i f f e r e n t i a l  r a t e  o f  u t i l i z a t i o n .  S u c h  a  

c o n c l u s i o n  i s  i n  a c c o r d  w i t h  t h e  o b s e r v a 

t i o n s  o f  W h i t n e y  a n d  R o b e r t s  ( 3 3 )  i n  r a t s  

f e d  a  h i g h  f a t  d i e t  a n d  i m p l i e s  t h a t  g l u c o 

n e o g e n e s i s  a n d  g l y c o g e n e s i s  a r e  g r e a t e r  i n  

t i s s u e s  o f  m e a l - f e d  a n i m a l s  o r  t h o s e  f e d  a  

h i g h  f a t  d i e t .  C o n s i s t e n t  w i t h  t h i s  c o n c e p t  

i s  t h e  o b s e r v a t i o n  o f  K r e b s  e t  a l .  ( 3 5 )  

t h a t  g l u c o n e o g e n e s i s  i ^  h i g h e r  i n  t i s s u e s  

o f  r a t s  f e d  a  h i g h  f a t  d i e t .

6 Leveille, G. A. 1966 Lipogenesis in  adipose tis
sue o f meal-fed rats. A possible regulatory role o f 
a-glycerophosphate form ation (m anuscript in prepara
tion).7 See footnote 6.
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N e w  p o l i c y  c o n c e r n i n g  p a g e  c h a r g e ,  a b s t r a c t s  a n d  

s u m m a r i e s ,  a n d  n u m e r i c a l  c i t a t i o n  o f  l i t e r a t u r e

T h e  J o u r n a l  o f  N u t r i t i o n  w e l c o m e s  c o n 

c i s e  r e p o r t s  o f  o r i g i n a l  r e s e a r c h  b e a r i n g  o n  

t h e  n u t r i t i o n  o f  a n y  o r g a n i s m .  P r e l i m i n a r y  

n o t e s ,  o r  p a p e r s  a l r e a d y  p u b l i s h e d  o r  i n  

p r e s s  e l s e w h e r e  a r e  n o t  a c c e p t a b l e .  C o n 

s i d e r a t i o n  w i l l  b e  g i v e n  t o  t h e  p u b l i c a t i o n  

o f  s u p p l e m e n t s  a t  t h e  a u t h o r ’ s  e x p e n s e .

M a n u s c r i p t s  a r e  t o  b e  t y p e w r i t t e n  o n  

b o n d  p a p e r  ( 8 V 2  X  1 1  i n c h e s ) .  D o u b l e  

s p a c i n g  s h o u l d  b e  u s e d  t h r o u g h o u t ,  i n 

c l u d i n g  t h a t  o n  t i t l e  p a g e ,  t a b l e s ,  l e g e n d s ,  

f o o t n o t e s  a n d  r e f e r e n c e s .  A  m a r g i n  o f  

a b o u t  I V 4 i n c h e s  ( o r  3  c m )  i s  n e e d e d  a t  

e a c h  s i d e  o f  t h e  s h e e t s .

A n  a b s t r a c t  o f  2 0 0  w o r d s  o r  l e s s ,  t y p e d  

o n  a  s e p a r a t e  s h e e t  a n d  d o u b l e - s p a c e d ,  

s h o u l d  b e  i n c l u d e d .  W h e n  p u b l i s h e d ,  t h i s  

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

t i o n  o f  t h e  t e x t  i n  l i e u  o f  a  s u m m a r y  a t  t h e  

e n d .  T h e  a b s t r a c t  s h o u l d  p r e s e n t  t h e  s c o p e  

o f  t h e  w o r k  a n d  t h e  p r i n c i p a l  o b s e r v a t i o n s .

A n  o r i g i n a l  a n d  a  c a r b o n  c o p y  o f  t h e  

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

f l a t  b y  r e g i s t e r e d  m a i l  t o

R IC H A R D  H . B A R N E S . E D IT O R
T H E  J O U R N A L  O F  N U T R IT IO N
G R A D U A T E  S C H O O L  O F  N U T R IT IO N
C O R N E L L  U N IV E R S IT Y , S A V A G E  H A L L
IT H A C A , N E W  Y O R K

T h e  f o l l o w i n g  i n f o r m a t i o n  s h o u l d  b e  l i s t e d  

o n  p a g e  1 :

1 .  C o m p l e t e  t i t l e  o f  p a p e r  ( i n  u p p e r  

a n d  l o w e r  c a s e  l e t t e r s ) .

2 .  N a m e  o r  n a m e s  o f  a u t h o r s .

3 .  I n s t i t u t i o n  o r  l a b o r a t o r y ,  w i t h  c i t y  

a n d  s t a t e .

4 .  S h o r t e n e d  f o r m  o f  t i t l e  ( n o t  m o r e  

t h a n  4 8  l e t t e r s  a n d  s p a c e s ) .

5 .  A d d r e s s  a n d  n a m e  o f  a u t h o r  t o  

w h o m  p r o o f  i s  t o  b e  s e n t .

( A l l  f o o t n o t e s ,  i n c l u d i n g  t h o s e  p e r 

t a i n i n g  t o  t h e  t i t l e  p a g e ,  s h o u l d  b e  

p l a c e d  o n  a  s e p a r a t e  s h e e t ,  t y p e d  

d o u b l e - s p a c e d . )

T h e  t e x t  s h o u l d  b e g i n  o n  p a g e  2 .  T h e  

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

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

s e c u t i v e l y  i n  t h e  f o l l o w i n g  o r d e r :  t i t l e  

p a g e ,  t e x t ,  l i t e r a t u r e  c i t e d ,  f o o t n o t e s ,  a b 

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

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

S t a r t  e a c h  o f  t h e  f o l l o w i n g  s e c t i o n s  o n  

a  n e w  p a g e ,  t y p e d  d o u b l e - s p a c e d :

1 .  T h e  a b s t r a c t .

2 .  T a b l e s ,  w i t h  a p p r o p r i a t e  h e a d i n g  

( a  s e p a r a t e  s h e e t  f o r  e a c h  t a b l e ) .

3 .  E x p l a n a t i o n  o f  f i g u r e s ,  n u m b e r e d  

a n d  l i s t e d  c o n s e c u t i v e l y  ( d o  n o t  

a f f i x  i l l u s t r a t i o n s  t o  t h e s e  s h e e t s ) .

4 .  F o o t n o t e s  —  i n c l u d i n g  t h o s e  r e 

f e r r i n g  t o  t i t l e ,  a u t h o r ,  i n s t i t u t i o n  

a n d  t e x t .

5 .  L i t e r a t u r e  c i t e d ,  a r r a n g e d  n u m e r 

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

i n  t h e  t e x t ,  a s  “ J o n e s  a n d  S m i t h  

( 1 )  a n d  o t h e r s  ( 2 )  h a v e  r e 

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

a n d  t e m p e r a t u r e  i s  e x p r e s s e d  i n  t h e  c e n t i 

g r a d e  s c a l e .  T h e  w o r d s  “ e t  a l . , ”  “ p e r  s e ”  

a n d  “ a d  l i b i t u m ”  a r e  n o t  u n d e r s c o r e d .  T h e  

r e p e a t e d  u s e  o f  a  u n i t  i n  a  s e n t e n c e  m a y  

b e  a v o i d e d  b y  s t a t i n g  t h e  c o m m o n  u n i t  

u s e d ,  a s  “ t h e  d i e t  c o n s i s t e d  o f  t h e  f o l 

l o w i n g :  ( i n  g r a m s )  s u c r o s e ,  5 0 ;  c a s e i n ,  

1 3 0 ;  . . . ”  O r ,  i n  o t h e r  i n s t a n c e s ,  a s  “ 8 ,  

1 2  a n d  1 4 %  . ”  T h e  e x p r e s s i o n  “ f e d  a  d i e t ”  

i s  p r e f e r r e d  t o  “ o n  a  d i e t . ”  C e r t a i n  o t h e r  

p r e f e r r e d  u s a g e  i s  d e s c r i b e d  i n  t h e  S t y l e  
M a n u a l  f o r  B i o l o g i c a l  J o u r n a l s . 1 T h e  u s e  

o f  l a b o r a t o r y  j a r g o n  i s  t o  b e  a v o i d e d ,  a s  

w e l l  a s  s u c h  c o m m e n t s  a s  “ i t  c a n  b e  s e e n  

t h a t , ”  “  i t  i s  i n t e r e s t i n g  t h a t , ”  a n d  “ i t  c a n  

b e  n o t e d  t h a t . ”  T h e  w o r d  “ q u i t e ”  i s  o f t e n  

m i s u s e d .  U s e  o f  t h e  a c t i v e  v o i c e  i n  a l l  

w r i t i n g  i s  p r e f e r r e d  t o  t h e  p a s s i v e  v o i c e .

R e g i s t e r e d  t r a d e  n a m e s .  R e g i s t e r e d  

t r a d e  n a m e s  a r e  n o t  u s e d  i n  t e x t ,  t a b l e s  o r  

f i g u r e s ,  e x c e p t  w h e n  n e c e s s a r y  t o  i d e n t i f y  

c e r t a i n  e q u i p m e n t .  A  t r i v i a l  o r  d e s c r i p 

t i v e  n a m e  s h o u l d  b e  u s e d  i n  t e x t  a n d  

t a b l e s ,  w i t h  a  f o o t n o t e  g i v i n g  t h e  r e g i s 

t e r e d  t r a d e  n a m e ,  m a n u f a c t u r e r  a n d  a d 

d r e s s  ( c i t y  a n d  s t a t e ) .

F o o t n o t e s .  I n  t h e  t e x t ,  f o o t n o t e s  s h o u l d  

b e  n u m b e r e d  c o n s e c u t i v e l y ,  i n c l u d i n g  a n y  

i n d i c a t e d  o n  t h e  t i t l e  p a g e .  F o r  t a b l e s ,  

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

1 ,  2 ,  3 ,  e t c .  S u p e r s c r i p t s  i n  t h e  t a b l e  

s h o u l d  a p p e a r  c o n s e c u t i v e l y ,  s t a r t i n g  a t  

t h e  t o p  o f  t h e  t a b l e  a n d  r e a d i n g  f r o m  l e f t  

t o  r i g h t  a c r o s s  e a c h  l i n e .  F o o t n o t e s  t o  

t a b l e s  a r e  i n d e p e n d e n t  o f  t h e  o t h e r  f o o t 

n o t e  n u m b e r s  i n  t h e  t e x t .  S y m b o l s  a r e  n o t  

u s e d  a s  s u p e r s c r i p t s  a n d  s u b s c r i p t s .

A c k n o w l e d g m e n t s .  F i n a n c i a l  s u p p o r t  

s h o u l d  b e  l i s t e d  a s  a  f o o t n o t e  t o  t h e  t i t l e .  

C r e d i t  f o r  m a t e r i a l s  s h o u l d  b e  l i s t e d  a s  a  

f o o t n o t e  i n  t h e  t e x t .  T e c h n i c a l  a s s i s t a n c e  

a n d  a d v i c e  m a y  b e  c i t e d  i n  a  s e c t i o n  h e a d e d  

A c k n o w l e d g m e n t s ,  w h i c h  w i l l  a p p e a r  a t  

t h e  e n d  o f  t h e  t e x t .

L i t e r a t u r e  C i t e d .  A c c u r a c y  a n d  a d e 

q u a c y  o f  t h e  r e f e r e n c e s  a r e  t h e  r e s p o n s i 

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

b e  c h e c k e d  c a r e f u l l y  w i t h  t h e  o r i g i n a l  p u b 

l i c a t i o n .  R e f e r e n c e s  t o  a b s t r a c t s  o f  v e r b a l  

r e p o r t s  a n d  t o  o t h e r  u n e d i t e d  m a t e r i a l  ( a s  

t h e  a b s t r a c t s  i n  F e d e r a t i o n  P r o c e e d i n g s ,  

t h e s e s ,  a n d  i n d u s t r i a l  t e c h n i c a l  b u l l e t i n s )  

s h o u l d  b e  t r e a t e d  a s  t e x t  f o o t n o t e s .  R e f e r 

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

i n  L i t e r a t u r e  C i t e d .  I f  s u c h  a  p a p e r  w o u l d  

b e  u s e f u l  i n  t h e  e v a l u a t i o n  o f  t h e  m a n u 

s c r i p t  u n d e r  c o n s i d e r a t i o n ,  i t  i s  a d v i s a b l e  

t o  m a k e  a  c o p y  o f  i t  a v a i l a b l e  t o  t h e  E d i t o r .  

W h e n  a  m a n u s c r i p t  i s  o n e  o f  a  s e r i e s  o f  

p a p e r s ,  t h e  p r e c e d i n g  p a p e r  s h o u l d  b e  i n 

c l u d e d  i n  L i t e r a t u r e  C i t e d .  P e r s o n a l  c o m 

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

s h o u l d  b e  t r e a t e d  a s  f o o t n o t e s  t o  t h e  t e x t .

N u m b e r s .  U s e  A r a b i c  n u m e r a l s  t h r o u g h 

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

I f  p o s s i b l e ,  a v o i d  b e g i n n i n g  a  s e n t e n c e  

w i t h  a  n u m e r a l ;  w h e n  n e c e s s a r y ,  n u m b e r s  

s o  u s e d  s h o u l d  b e  s p e l l e d  o u t  a s  w e l l  a s  

a n y  u n i t s  i m m e d i a t e l y  f o l l m v i n g .

A b b r e v i a t i o n s  a n d  s y m b o l s .  L e t t e r s  i n  

a b b r e v i a t i o n s  s u c h  a s  D P N  o r  I U  a r e  n o t  

s p a c e d  a n d  p e r i o d s  a r e  o m i t t e d  e x c e p t  

w h e n  t h e  a b b r e v i a t i o n  m i g h t  b e  r e a d  a s  

a n o t h e r  w o r d .  F o l l o w i n g  i s  a  l i s t  o f  t h e  

m o r e  c o m m o n  a b b r e v i a t i o n s  a n d  s y m b o l s

u s e d  i n  t h e  J o u r n a l - .  
average 
centimeter(s) 
counts per minute 
cubic centimeter(s) 
cubic millimeter 
degree(s) 
degrees of freedom 
gram(s)
international unit(s)

kilogram(s) 
liter(s) 
meter(s) 
microgram(s) 
micromicrogram ( s ) 
microcurie ( s ) 
m icron(s) 
micromicron(s) 
micromolar

(unit of concn) 
micromole

(unit of mass) 
milligram(s) 
milligrams % 
milliliter(s) 
millimeter(s) 
millimicrogram( s ) 
m illim icron(s) 
millimole ( s ) 
molar (mole per liter) 
parts per million 
per cent 
probability (in 

statistics) 
square centimeter

avg (in  tables) 
cm
count/min
cm3
mm3O
df (in  tables) 
g
IU (to be used only 

when weight can 
not be given) 

kg
(spell out) 
m
yg (not 7 )
«*  g 
/iCi 
A
fi/i
flM

nmole

mg
( never use)
ml
mm
mng
mn
mmole
M
ppm
%
t

cm*

1 S t y le  M a n u a l  f o r  B i o l o g i c a l  J o u r n a l s  1 9 6 0  A m e r 
i c a n  I n s t i t u t e  o f  B i o l o g i c a l  S c i e n c e s ,  2 0 0 0  P  s t r e e t ,  
N .  W . ,  W a s h i n g t o n  6 . D . C .
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square meter m2
square millimeter mm2
standard deviation SD
standard error SE
t (Fisher’s test) t
weight (in tables) wt

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

m a y  b e  f o u n d  i n  t h e  S t y l e  M a n u a l  f o r  
B i o l o g i c a l  J o u r n a l s . 2 T h e  i s o t o p e  d e s i g n a 

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

n a r i l y  a p p e a r  b e f o r e  t h e  n a m e  o f  t h e  c o m 

p o u n d  t o  w h i c h  i t  a p p l i e s .  W h e n  f o l l o w i n g  

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

w r i t t e n  a s  s u p e r s c r i p t  ( a s ,  14C ) ;  w h e n  t h e  

n a m e  o f  t h e  c o m p o u n d  i s  s p e l l e d  o u t ,  t h e  

i s o t o p e  d e s i g n a t i o n  s h o u l d  b e  w r i t t e n  o n  

t h e  s a m e  l i n e  ( a s ,  c a r b o n - 1 4 ) .

T a b l e s  a n d  f i g u r e s .  F o l l o w  f o r m  i n  c u r 

r e n t  i s s u e s  f o r  t h e  u s e  o f  u p p e r  a n d  l o w e r  

c a s e  l e t t e r s  a n d  i t a l i c s .  A u t h o r s  a r e  u r g e d  

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

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

( 2 %  i n c h e s )  o r  w h e n  n e c e s s a r y ,  t w o  c o l 

u m n  w i d t h s  ( 5 V 2  i n c h e s ) .  A  c h a r g e  w i l l  

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

u s e d  f o r  t a b l e s  a n d  f i g u r e s  w h i c h  e x c e e d s  

o n e - q u a r t e r  o f  t h e  s p a c e  u s e d  f o r  t h e  

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

A  t a b l e  o r  f i g u r e  s h o u l d  b e  c o n s t r u c t e d  

t o  b e  i n t e l l i g i b l e  w i t h o u t  r e f e r e n c e  t o  t h e  

t e x t .  L e n g t h y  t a b u l a t i o n  o f  e s s e n t i a l l y  

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

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

t h e i r  m e a n  v a l u e s ,  w i t h  s t a n d a r d  d e v i a 

t i o n s  o r  r a n g e s  w i t h i n  w h i c h  t h e  v a l u e s  

f a l l .  S t a t e m e n t s  t h a t  s i g n i f i c a n t  d i f f e r 

e n c e s  e x i s t  b e t w e e n  t h e  m e a n  v a l u e s  o f  

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

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

t h e  t e s t  o f  s i g n i f i c a n c e  a p p l i e d .  U n i t s  o f  

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

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

O r i g i n a l  d r a w i n g s ,  w i t h  t w o  r e p r o d u c 

t i o n s ,  t o  b e  s e n t  t o  r e v i e w e r s ,  o r  i n  t h e  

c a s e  o f  p h o t o g r a p h s ,  t h e  o r i g i n a l  a n d  t w o  

g l o s s y  p r i n t s ,  s h o u l d  a c c o m p a n y  t h e  m a n u 

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

i n  i n k  w i t h  t h e  a u t h o r ’ s  n a m e ,  c o m p l e t e  

a d d r e s s ,  a n d  w i t h  t h e  f i g u r e  n u m b e r s .  

S u c h  d r a w i n g s  a n d  p h o t o g r a p h s  m u s t  n o t  

e x c e e d  8 V z  X 1 1  i n c h e s  i n  s i z e  a n d  m u s t  b e  

a t  l e a s t  5 V 4  i n c h e s  w i d e  i n  o r d e r  t o  f i t  t h e  

2 % - i n c h  s i n g l e  c o l u m n  w i d t h  w h e n  r e 

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

f i g u r e  r e q u i r e s  m o r e  s p a c e  f o r  c l a r i t y ,  a

p r o p o r t i o n a t e l y  l a r g e r  i l l u s t r a t i o n  w i l l  b e  

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

b e  s u b m i t t e d  o n  s h e e t s  o f  t h e  s a m e  s i z e  a s  

t h e  t e x t .  O r  i f  p r i n t s  a r e  s m a l l e r ,  t h e y  

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

s i z e .  O v e r s i z e  o r  u n d e r s i z e  f i g u r e s  a r e  d i f 

f i c u l t  t o  h a n d l e  i n  e d i t i n g .  L e g e n d s  ( i n 

c l u d i n g  a n y  k e y s  t o  s y m b o l s  o r  c h a r t s )  

s h o u l d  a p p e a r  o n  a  s e p a r a t e  s h e e t .  D r a w 

i n g s  s h o u l d  b e  o n  w h i t e  o r  b l u e - w h i t e  

p a p e r  o r  b r i s t o l  b o a r d  —  n o t  c r e a m - w h i t e .  

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

a s  l i n e  o r  h a l f t o n e  e n g r a v i n g s .  L e t t e r s  a n d  

n u m b e r s  s h o u l d  b e  u n i f o r m  a n d  l a r g e  

e n o u g h  s o  t h a t  n o  c h a r a c t e r  w i l l  b e  l e s s  

t h a n  2  m m  h i g h  a f t e r  r e d u c t i o n .  A  l i n e  

0 . 4  m m  w i d e  r e p r o d u c e s  s a t i s f a c t o r i l y  

w h e n  r e d u c e d  b y  o n e - h a l f .

F i g u r e s  s h o u l d  b e  l e t t e r e d  ( p r e f e r a b l y  b y  

s t e n c i l )  i n  b l a c k  I n d i a  i n k .  F o r  a n y  c h a r t s  

m a d e  o n  c r o s s  s e c t i o n  p a p e r ,  u s e  I n d i a  i n k  

o n  p a p e r  p r i n t e d  i n  l i g h t  b l u e  o n l y .  C h a r t s  

d r a w n  i n  I n d i a  i n k  s h o u l d  b e  s o  e x e c u t e d  

t h r o u g h o u t ,  w i t h  n o  t y p e w r i t t e n  m a t e r i a l  

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

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

w i l l  a p p e a r  i n  t h e  t e x t .

P a g e  c h a r g e .  F o r  m a n u s c r i p t s  r e c e i v e d  

o n  a n d  a f t e r  D e c e m b e r  1 ,  1 9 6 2 ,  a  c h a r g e  

o f  $ 2 0 . 0 0  p e r  p r i n t e d  p a g e  i n  t h e  J o u r n a l  

o f  N u t r i t i o n  w i l l  b e  m a d e  b y  t h e  A m e r i c a n  

I n s t i t u t e  o f  N u t r i t i o n  t o  a u t h o r s  o r  i n s t i 

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

c h a r g e s  f o r  p u b l i c a t i o n .  A u t h o r s  w i l l  b e  

n o t i f i e d  o f  t h e  c o s t  a f t e r  t h e y  r e c e i v e  t h e  

p a g e  p r o o f s ,  a n d  w i l l  h a v e  t h e  o p p o r t u n i t y  

a t  t h a t  t i m e  t o  s i g n i f y  w h e t h e r  t h e  r e s e a r c h  

r e p o r t e d  w a s  s u p p o r t e d  b y  t h e  t y p e  o f  

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

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

s c r i p t .  B i l l i n g  w i l l  b e  h a n d l e d  d i r e c t l y  b y  

A I N ;  t h e  E d i t o r ’ s  O f f i c e  w i l l  n o t  s e e  t h e s e  

c h a r g e s ,  n o r  b e  a d v i s e d  c o n c e r n i n g  t h e  

a u t h o r ’ s  p a y m e n t  o r  n o n p a y m e n t  o f  t h e  
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