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ABSTRACT Changes of liver selenium after intake of organic selenium at different 
levels and for various lengths of time were studied in 236 young rats. In litters horn 
to mothers fed a diet containing 4.5 ppm selenium (in  seleniferous sesame press 
cake) and kept on this diet after weaning, the liver levels decreased steadily; these 
levels increased in stock rats fed the same diet. The graphical presentation of these 
changes resulted in two straight lines, crossing each other. When the selenium diet was 
fed to dams 5 to 7 days prior to parturition and thereafter, the liver levels of the litters 
rose rapidly; liver levels increased at a slower rate in rats bom to females fed the 
diet 15 to 19 days prior to birth and decreased in litters from mothers kept on the 
diet prior to mating. When litters from stock females were nursed by dams fed the 
seleniferous diet during pregnancy and changed to the stock ration after the birth of 
their litters, the liver selenium levels rose rapidly for about 3 weeks after weaning 
and then decreased. On a diet containing 10 ppm selenium, liver values in rats from 
the stock colony rose for 2 to 3 weeks to high levels and then decreased. Animals bred 
on the diet containing 4.5 ppm selenium exhibited a slower, more continuous rise 
of liver selenium when the high selenium diet was fed. The results suggest the exis­
tence of an adaptation mechanism which allows rats exposed to chronic selenium in­
gestion to store less of this element than previously unexposed controls.

In previous experiments on the effect of 
selenium in growing rats, it was observed 
that a dietary level of this element which 
resulted in a small but significant growth 
depression in young animals from the 
stock colony was without notable effect in 
litters born to dams which had been kept 
on an experimental seleniferous diet prior 
to mating (1). This was quite unexpected 
because higher selenium body levels at the 
start of the experiment would have made 
the opposite result more likely, and also 
because young animals are often more 
severely affected by dietary injury when 
exposed to it during embryonic life. In an­
other study from this laboratory, it was 
found that the characteristic drop in hem­
atocrit and hemoglobin levels in rats fed 
high selenium diets was significantly de­
layed when the experimental animals had 
been bred on a seleniferous ration as com­
pared with controls bred on stock rations,
(2). These observations pointed to the 
possible existence of some adaptation to 
chronic selenium intake in rats. The pres­
ent experiments were undertaken to inves­
tigate whether such a mechanism could 
be detected through the accumulation of 
selenium in the liver.

MATERIAL AND METHODS
The experiments were performed with 

236 rats descended from the Sprague-

Dawley strain, bred in this Institute for 
about 20 years They were kept in individ­
ual screen-bottom cages. Food and water 
were offered ad libitum, and the stock diet 
was a commercial laboratory ration.* 1 Each 
bag was analyzed for selenium content and 
only those lots with values below 1.0 ppm 
were used.

Two lots of expeller processed sesame 
press cake with a selenium content of 
0.8 and 23.3 ppm, respectively, were used. 
They were ground in a hammer mill. By 
mixing appropriate portions of these lots, 
diets containing 4.5 and 10 ppm sele­
nium, respectively, were prepared. They 
contained 16.4% protein. The rest of the 
diet consisted of the following compo­
nents; (in percent) corn oil with vitamins 
A and D added, 5; salt mixture USP XIV, 
4; L-lysine-HCl, 0.4; vitamin B mixture
(3), 1; and cassava starch to make up 
100%.

Animals of experiments 1 and 4 had 
been weaned at 28 days, those of experi­
ments 2 and 3 at 22 days. They were killed 
at convenient periods by a blow on the 
head; the livers were extirpated, weighed, 
dried at 100° to constant weight, ground 
in a laboratory mill2 and duplicate samples 
of about 100 mg burned in oxygen in a
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2-liter Schoninger flask containing 20 ml 
of bidistilled water. After cooling the con­
tent was stirred with a magnetic stirrer for 
10 minutes and selenium was determined 
in a filtered aliquot by the fluorometric 
method of Dye et al. (4) with 3,3-diamino- 
benzidine tetrahydrochloride. Two to five 
animals were killed in each case and the 
mean liver selenium values were calculated 
on the fresh weight basis.

Five different experiments were per­
formed. In experiment 1, the selenium 
contents of the livers of two groups of rats 
fed a diet containing 4.5 ppm selenium 
were compared: one group of 34 animals 
had been bred and nursed on the stock 
ration and was fed the selenium diet since 
weaning; the mothers of the second group 
of 37 animals had been fed the selenium 
diet 5 days prior to mating and the litters 
were continued on the same diet after 
weaning. For mating, one male was kept 
for 5 days in the cage of one female.

The mothers of the rats of experiment 2 
were fed the selenium diet 5 to 7 days 
(group 1) or 15 to 19 days (group 2) be­
fore giving birth, respectively, or 5 days 
before mating and during the experimen­
tal period (group 3). Twenty animals were 
used in each experimental group.

For experiment 3, two groups of female 
stock rats were mated simultaneously; one 
was fed the stock ration and the other was 
given the seleniferous diet 5 days prior to 
mating and until birth of the litters. The 
fitters from group 1 were given for nurs­
ing to females of group 2 within 24 hours 
after birth; in turn, the young bom of the 
mothers of group 2 were nursed by group 1 
mothers. Both groups received the stock 
ration after the birth of the fitters and 
for the duration of the experiment. They 
totaled 22 young rats.

In experiment 4, three groups of rats 
were fed a diet containing 10 ppm sele­
nium from sesame. Two groups had been 
bred and kept on the stock ration; the third 
group was fed the 4.5 ppm seleniferous 
diet. These animals were 3, 6 and 4 weeks 
old at the beginning of the experiment and 
consisted of 14, 18 and 16 animals, respec­
tively.

Fifteen 4-week-old rats, bred on the 4.5- 
ppm selenium diet and 20 stock rats kept 
for 4 days on the 10-ppm selenium diet 
were used in experiment 5. It was expected

from the results of the previous experi­
ments that both groups would have similar 
fiver selenium levels. The rate of elimina­
tion of fiver selenium was compared while 
both groups were fed the stock ration.

RESULTS

The amounts of selenium detected in 
fiver with the analytical technique involv­
ing drying may be smaller than that exist­
ing in the fresh organ, because, according 
to Heinrich and Kelsey (5), volatile selen­
ium compounds may exist. Therefore, the 
present results refer to the nonvolatile fiver 
selenium as the amount of volatile selen­
ium was not determined.

The fiver selenium levels in the two 
groups of rats of experiment 1 changed in 
the opposite direction with time (fig. 1). 
In one group the amount of selenium rose 
from 1.7 to 3.8 ppm; in the other it fell 
from 6.3 to 3.2 ppm. The graphic repre­
sentation of the corresponding values falls 
on two straight fines which cross each 
other at the point corresponding to day 87 
of the experiment. No gross differences in 
weight gain or food intake were observed 
between these groups. The individual sel­
enium values of animals of one group 
killed at the same age fall generally within 
the range of ±  0.4 ppm.

Fig. 1 Experiment 1. Liver selenium levels in 
rats fed a diet with 4.5 ppm selenium. Group 1: 
rats bred on the selenium containing diet; group 
2: rats bred on the stock diet.
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The influence of duration of feeding the 
seleniferous diet before the birth of the 
litters, on liver selenium at the time of 
birth and later, was studied in experiment 
2; the results are summarized in figure 2. 
The young of group 1, born to dams fed the 
selenium-containing diet 5 to 7 days before

Age of animals in days
Fig. 2 Experiment 2. Liver selenium levels in 

young rats reared on a diet containing 4.5 ppm 
selenium. Group 1: dams put on the seleniferous 
diet 5 to 7 days before the birth of the litters; 
group 2: dams put on the diet 15 to 19 days be­
fore the birth of the litters; group 3: dams put 
on the diet 5 days prior to mating.

Days of age
Fig. 3 Experiment 3. Influence of nursing on 

the liver selenium level of young rats. Group 1: 
bred on the stock diet, nursed by the mothers of 
group 2; group 2: bred on the seleniferous diet, 
nursed by the mothers of group 1.

giving birth, had at first the lowest liver 
selenium contents, which rose until they 
reached higher levels than those in the 
other series. The mothers of group 2 had 
been fed the experimental diet for about 
2 weeks. The livers of their young had more 
selenium at birth, the amount of which 
rose more slowly than in the first series. 
The last group was comparable to group 1 
of experiment 1 and consisted of animals 
born from mothers which had ingested the 
experimental ration 5 days prior to breed­
ing. In this case, the liver selenium was 
highest at birth and decreased steadily.

In experiment 3, fitters were changed at 
birth between mothers fed the stock ration 
or the selenium diet, respectively. The fiver 
selenium levels observed in figure 3 show 
a steep rise and subsequent fall in the fit­
ters of group 1 (nursed by dams fed selen­
ium). In group 2 (rats bom to mothers fed 
selenium and nursed by stock dams) these 
levels were high at birth and fell until lev­
eling off at about 1 ppm.

Rats of experiment 4 were fed a diet con­
taining 10 ppm selenium. The changes in 
fiver values are shown in figure 4. In the 
stock animals these values increased to 14 
ppm within 14 or 21 days, respectively, ac­
cording to the age at which selenium feed­
ing began, and fell later; in group 3, they 
rose steadily with no tendency to level off 
during the 52-day experimental period.

Fig. 4 Experiment 4. Liver selenium levels in 
rats fed a diet containing 10 ppm selenium. Group 
1: stock animals 4 weeks old at the beginning of 
the experiment; group 2: stock animals 6 weeks 
old; group 3: animals bred on the 4.5 ppm selen­
ium diet and 4 weeks old.
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Fig. 5 Experiment 5. Liver selenium in rats 
fed the stock diet. Group 1: bred on the stock diet, 
fed for 4 days a diet with 10 ppm selenium; 
group 2: bred on the 4.5 ppm selenium diet.

The drop in liver selenium after the in­
take of this element had been discontinued 
was similar in rats born to mothers fed 
selenium and in stock animals previously 
fed a high selenium diet for 4 days (fig. 5, 
exp. 5). The level dropped from 6.2 to 1.3 
ppm in 3 weeks in group 1 whereas it de­
creased from 6.9 to 2.3 ppm in the stock 
rats fed selenium.

DISCUSSION
The experimental diets were prepared 

with seleniferous sesame press cake, a ma­
terial better suited for this type of investi­
gation than inorganic selenium because it 
closely simulates the natural condition. 
The level of 4.5 ppm was chosen because it 
was the lower limit at which signs of in­
toxication became apparent in young stock 
rats under experimental conditions similar 
to those of the present experiment (1). 
The diets were supplemented with lysine 
because fewer symptoms of selenium toxic­
ity developed in rats fed supplemented se­
same rations than in those fed unsupple­
mented sesame rations (2).

The most important result of this study 
is that of experiment 1. It demonstrated 
that young rats may eliminate or accumu­
late selenium in the liver while consuming 
the same seleniferous diet, depending on 
the ration fed to their mothers (fig. 1).

Those born from dams kept on the selen­
ium-containing diet lost selenium from 
their livers, whereas rats bred on the stock 
ration accumulated this element under the 
same conditions. For the duration of the 
experiment these changes followed straight 
lines which crossed each other and showed 
no tendency for leveling off. This could 
mean that the animals in the two groups 
handled selenium metabolism in the livers 
in a different fashion, possibly because of 
differences in the intrauterine exposure to 
this element. Another possibility was that 
the handling of selenium may be related to 
the different levels existing at birth or the 
beginning of the experiment. The existence 
of an adaptation to selenium intake in rats 
born to dams fed the seleniferous diet dur­
ing pregnancy was indicated by these re­
sults. It was not investigated whether the 
different protein levels in the stock diet 
and the seleniferous diet had any influ­
ence on the result.

It would be of interest to investigate how 
liver selenium will develop further in 
adapted animals on a seleniferous diet. In 
a preliminary trial with four second-gener­
ation rats, born to mothers which had been 
bred and kept on the 4.5 ppm selenium 
diet, the liver levels were much lower at 
birth than in the first generation, i.e., 4.7 
compared with 7.1 ppm.

In experiment 2 the influence of intrau­
terine exposure on adaptation was studied 
by following the changes in the selenium 
contents in the livers of young rats from 
birth to about 6 weeks of age, and exposure 
to this element for different lengths of time 
during embryonic life. The course of 
change of the selenium levels with time de­
pends on the selenium level at birth, 
which is, in turn, dependent on the time of 
feeding the seleniferous diet to the dams 
prior to the birth of the litters. The fast and 
discontinuous selenium accumulation in 
the rats of group 1 (fig. 2, exp. 2) with the 
lowest initial values was similar to that of 
the animals of groups 1 and 2 (fig. 4, exp.
4). In both cases the previous exposure to 
selenium had been less and the rise of the 
liver levels was faster than in the compar­
able groups of the respective experiments. 
Liver selenium increase was faster in rats 
of group 2 (fig. 2, exp. 2) whose mothers
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received the experimental diet for 2 weeks 
during pregnancy, than in animals of 
group 1 (exp. 1) which had been bred on 
the stock ration and were fed the experi­
mental diet after weaning. Perhaps this is 
related to the results of experiment 3 which 
gives evidence for a rapid increase of sel- 
nium in young rats during nursing. As the 
animals of this experiment were fed the 
stock diet, this rise was caused by the sel­
enium excreted in the mother’s milk. In 
experiment 2 this may have enhanced the 
selenium accumulation within the relative­
ly short experimental period. Comparison 
with the performance of rats of group 1 
(exp. 2) shows that some adaptation had 
taken place. Possibly liver selenium would 
level off if the duration of the experiment 
were extended. The selenium content in liv­
ers of the rats of group 3 (fig. 2) decreased 
at exactly the same rate as in experiment 1. 
The corresponding curves can be combined 
into one single, straight line. These results 
point to the influence of time of feeding 
the seleniferous diet to the mothers prior 
to the birth of their litters on the adapta­
tion to selenium.

Experiment 3 was designed to investi­
gate the course of the changes of liver sel­
enium in young rats exposed to different 
intrauterine and dietetic levels of this ele­
ment. A very rapid rise was evident in the 
animals nursed by dams previously fed the 
selenium diet and kept on the stock ration 
since birth of the litters, indicating high 
selenium excretion in the milk. Persistent 
rise of selenium level after weaning, when 
selenium intake stopped, points to liver dep­
osition of selenium mobilized from other 
tissues.

After only 5 days of feeding a diet con­
taining 10 ppm selenium to young stock 
rats, liver levels rose to over 6 ppm from an 
initial value of about 1 ppm. The maxi­
mum value of 14 ppm was reached earlier 
in younger animals than in older animals. 
The subsequent decrease may indicate that 
an adaptation to selenium intake may de­
velop also under these conditions. The dif­
ference in performance between groups 1 
and 2 (fig. 4) points to the importance of 
the age at which exposure to selenium oc­
curred. The initial rise and subsequent fall 
of selenium in these animals brings to mind 
an observation of Rosenfeld and Beath (6) 
that tissue selenium is high in animals

dead with blind staggers soon after the 
disease developed and considerably lower 
if the disease was prolonged. The rise in 
liver selenium in rats of this experiment, 
bred on the 4.5 ppm selenium diet, devel­
oped differently from that of the stock an­
imals after the high selenium diet was fed. 
The corresponding values fell on a straight 
line in the graphic representation of figure
4 and indicate that these animals had 
adapted themselves to the selenium intake 
but could not handle the large intake as 
they handled that of experiment 1. A 
slightly lower selenium content (less than 
10 ppm) would be more suitable for an 
experiment of longer duration because 
signs of intoxication became evident in 
some of the rats.

The outcome of the last experiment pre­
sented in figure 5 shows that rats adapted 
to selenium could eliminate this element 
at a slightly faster rate from the liver than 
the nonadapted controls. The difference, 
however, was too small to allow any con­
clusion on the physiological importance of 
this observation. Ganther et al. (7) ob­
served that volatilization of a single dose 
of injected selenite was enhanced by pre­
feeding selenium. According to Hopkins 
and co-workers (8), urinary excretion also 
increased progressively with previous sel­
enium intake, indicating an inverse rela­
tionship between selenium retention and 
body selenium under the conditions of a 
2-week feeding period of the seleniferous 
diet. In these cases the experimental condi­
tions were such that different levels of sel­
enium should be expected to exist in the 
rats which were being compared. The ani­
mals of the experiment presented in figure
5 had similar amounts of body selenium as 
judged by the liver levels. The possibility 
that adapted rats absorb selenium at a 
lower rate than unadapted animals, or that 
differences in volatilization of selenium 
may exist between adapted and nonadapted 
animals, was not investigated.

Liver level may or may not reflect the 
total body selenium content under the pres­
ent conditions. Hopkins et al. (8) found re­
tention from a single dose of 75Se similar in 
the livers of rats fed 5 ppm selenium for 2 
weeks and in controls which had not been 
given selenium previously; carcass reten­
tion, however, was less in the former than 
in the latter. If these results, obtained un­
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der very different conditions, can be ap­
plied to our experiments, it could be ex­
pected that carcass selenium between 
adapted and nonadapted rats differs more 
widely than liver selenium.

It cannot be concluded from the present 
experiments that a direct relationship 
exists between liver selenium and intoxi­
cation. The observation of Rosenfeld and 
Beath (6) on selenium in animals dead 
from blind staggers does not support the 
existence of such a relationship under the 
conditions of lethal intoxication in cattle. 
A connection between tissue selenium and 
intoxication may be expected, however, 
when the selenium intake is near the toxic 
level. Previous results from this laboratory 
(1, 2) pointed to the existence of an ac­
quired tolerance to selenium through com­
parison of reproductive performance, 
growth, hemoglobin, hematocrit and body 
water in rats bred on a seleniferous or stock 
diet and fed a moderately toxic selenium- 
containing diet. Harr et al. (9) found me­
dian survival age greater in rats receiving 
diets with increasing selenium levels than 
in those receiving a constant level, but ad­
mit that their data are inconclusive con­
cerning selenium tolerance. From observa­
tions of Tsuzuki et al. (10) it can be con­
cluded that adaptation to selenium exists 
in species other than the rat. These authors 
exposed several generations of mice to sel­
enium intake by inhalation. The animals 
bred under these conditions were less sus­
ceptible to toxic doses of this element than 
the controls.

The problems of the relationship be­
tween liver selenium and resistance to in­

toxication, the persistence of adaptation af­
ter the ingestion of selenium has been dis­
continued, the selenium balance in the 
adapted animals and the existence of simi­
lar mechanisms in other species, await fur­
ther investigations and are of considerable 
interest in relation to chronic selenium in­
gestion in cattle and man.
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Modification of Lipemie Responses to an 
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ABSTRACT Chronic ingestion of 15% ( w / v )  alcohol in lieu of drinking water in 
rats fed ad libitum failed to modify the usual lipemic response to a single dose of corn 
oil-alcohol mixture. The rise in plasma triglycerides was associated with an increase in 
their 14C-specific activity indicating that the additional plasma lipids were derived 
from the I4C-labeled dietary fat. The lipemic response was, however, markedly reduced 
by restricting the food intake of the animals to 2 hours/day.

It has been shown in previous studies 
with both human and animal subjects that 
consumption of a single large dose of alco­
hol prior to or with a meal enhanced the 
usual postprandial lipemia (1-7). In ani­
mals, the hepatic triglyceride levels were al­
so increased (5-7). Chronic ingestion of 
relatively large amounts of dilute alcohol, 
however, failed to affect the plasma and 
liver triglyceride levels of rats (8, 9), pos­
sibly because of the increased activity of 
alcohol dehydrogenase and faster meta­
bolic breakdown of alcohol reported to oc­
cur during long-term administration of al­
cohol (10, 11).

We decided, therefore, to find out whe­
ther previous exposure of animals to dilute 
alcohol for an extended period of time can 
modify the hyperlipemic response to a sub­
sequent single large dose of alcohol. In ad­
dition, we investigated the effect of a re­
duced caloric intake on the ethanol-in­
duced rise in plasma and liver lipids.

METHODS
Forty male rats of the Sprague-Dawley 

strain initially weighing approximately 
250 g each were used in the study. Twenty 
animals received a commercial rat ration2 
ad libitum; the remaining 20 received the 
same ration restricted to only 2 hours feed­
ing time during each 24-hour period (8 to 
10 a m ) .  Each group was further subdi­
vided into two subgroups. One subgroup re­
ceived drinking water, the other subgroup 
was offered a 15% ethanol (w/v) solution 
for 28 days. Weekly weight changes and 
daily food and liquid intakes were recorded 
for each animal.

On day 29 of the experiment, food was 
removed and only water was offered as a 
liquid to all the animals. One half the ani­
mals in each group was given 5 g corn oil 
and 5 g ethanol/kg body weight by stomach 
tube. The remaining five animals in each 
group received in the same manner, 5 g 
corn oil/kg bedy weight and an amount 
of dextrose isocaloric with alcohol. The 
corn oil contained trace amounts of trio- 
lein-l-I4C.s Analysis by thin-layer chroma­
tography (12) revealed that more than 
95% of the radioactivity was associated 
with the triolein moiety. Sixteen hours 
later, the animals were bled by heart punc­
ture; their livers were removed, blotted on 
a filter paper and weighed. The blood sam­
ples were immediately centrifugated in a 
refrigerated centrifuge, and the plasma 
and tissue samples were kept at — 15° 
until processed. Plasma and liver triglycer­
ide levels were determined by conventional 
procedures (13, 14) and 14C-activity of the 
plasma liver extracts lipid was measured 
in a scintillation spectrometer after absorp­
tion of phospholipids (13).

RESULTS
Information on daily weight gain and 

food and water intake is summarized in 
table 1. The animals in the group receiving 
food and water ad libitum consumed an 
average of 30.4 ±  3.2 g (mean ±  standard 
error) of food and gained 5.3 ±  0.2 g/day
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TABLE 1
Effect of chronic alcohol administration and caloric restriction on weight gain, 

and food and liquid intakes of rats 1

Food A lcoh ol N o. o f  
rats

Food
intake W t gain W ater

intake

g /day g/day g/day

Ad libitum
_ 10 30.4 ±  3.2 5.3 ±0 .2 46 .0± 0.5
+ 10 21.9 ±0 .3 3.4 ±0 .3 20.5 ±0 .3

Restricted
_ 10 16.0± 0.1 1.6±0.3 28.7 ±0 .5
+ 10 12.0 ±0 .2 2.0 ± 0 .2 22.0 ±0 .3

1 F ifteen  percent ( w / v )  a lcoh o l or w ater w as offered  fo r  28 days; anim als on  ca lo r ic  restriction  
received  fo o d  fo r  2  hours each  day. A ll values m ean  ±  s e .

during the 4-week experimental period. Re­
placement of drinking water by 15% etha­
nol reduced the food intake to 21.9 ±  0.3 g 
/day and the daily weight gain to 3.4 
±  0.3 g. The liquid intake was also signifi­
cantly reduced in this group. Animals lim­
ited to food for 2 hours/day and offered 
drinking water consumed 16.0 ±  0.1 g food 
and gained 1.6 ± 0.3 g/day. Animals in the 
subgroup with 15% alcohol as the drinking 
solution ate less food, 12.0 ±  0.2 g, but 
gained slightly more weight, 2.0 ±  0.2 g/ 
day, probably reflecting the utilization of 
alcohol calories. This group drank 22.0 ±  
0.3 ml of the 15% alcohol solution per day, 
slightly more than the animals receiving 
food ad libitum and 15% alcohol which 
consumed 20.5 ±  0.3 ml of the alcohol so­
lution per day.

The effect of the dietary regimen and 
chronic alcohol intake on the lipemie re­
sponse to the alcohol-corn oil mixture is 
shown in figure 1. Animals fed ad libitum 
reacted to the alcohol-corn oil mixture with 
a pronounced rise in plasma triglyceride 
levels. This lipid rise did not seem to be 
modified by a previous 4-week intake of 
15% alcohol in lieu of drinking water. The 
increase in plasma triglycerides was asso­
ciated with a rise in 14C-specific activity of 
the lipids, indicating that the additional 
triglycerides appearing in the blood were 
derived from the diet. When food intake 
was restricted to 2 hours/day, the lipemie 
reaction to the alcohol-corn oil mixture was 
less marked than in the animal fed ad libi­
tum. Again, the administration of 15% al­
cohol in place of water for 4 weeks prior 
to the test did not seem to enhance or re­
duce to any great extent the response to 
the alcohol-corn oil mixture.

The changes in hepatic triglyceride 
levels and 14C-specific activity of hepatic

lipids are shown in figure 2. The animals 
fed ad libitum and offered drinking water 
had an average liver triglyceride level of
10.7 ±  0.4 mg/g fresh tissue when receiv­
ing corn oil with glucose, and 20.1 ± 1 .0  
mg/g when the corn oil was administered 
with alcohol. This rise in hepatic triglycer­
ides, however, was not reflected in corres­
ponding changes of 14C-specific activity. 
The animals fed ad libitum and receiving 
15% alcohol for drinking also showed a 
marked increase of liver triglycerides fol­
lowing administration of corn oil plus alco­
hol. In this group, the rise in triglyceride 
level was associated with an increase in 
14C-specific activity.

The restriction of food intake to 2 hours/ 
day was, in general, associated with lower 
hepatic triglyceride levels and higher 14C- 
specific activities than seen in the groups 
fed ad libitum. Regardless of the type of 
drinking solutions, administration of the 
corn oil-ethanol mixture was followed by 
a rise in hepatic triglycerides.

DISCUSSION
Chronic ingestion of 15% alcohol as 

drinking solution by the rats fed ad libitum 
failed to modify the lipemic response to the 
alcohol-corn oil mixture. It would seem, 
therefore, that an increase in alcohol dehy­
drogenase activity, observed to occur in 
animals given alcohol for longer periods of 
time (10, 11) was not able to prevent the 
lipemia-enhancing effect of the alcohol-oil 
combination.

The lipemic response to the alcohol-oil 
combination was, however, markedly re­
duced by the restriction of food intake to 
2 hours/day. The animals on the restricted 
food regimen were probably in a state of 
caloric deficiency. It is possible, therefore, 
that the administered corn oil was pri-
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marily utilized as an immediate source of 
energy and only small portions remained to 
contribute to the build-up of plasma lipids. 
A rapid metabolic utilization of the dietary 
fat by the animals with restricted food in­
take is also suggested by the higher 14C- 
activity of their hepatic triglycerides. Fur­
thermore, periodic food restrictions, such 
as used in the present study have been re­
ported to enhance utilization of dietary 
substrates (15, 16) and this might have 
decreased the availability of the adminis­
tered fat as a source of blood lipids.

The definite mechanism of the alcohol- 
induced enhancement of postprandial lipe- 
mia seen in rats fed ad libitum is not well 
understood at this time. The increase in 
HC-specific activity of plasma lipids indi­
cates that the triglycerides were mainly de­
rived from the diet. The presence of high 
concentration of the 14C-label in blood lipids 
as late as 16 hours after administration of 
the fat suggests a delay in the metabolic 
processing of the absorbed corn oil (7).

Replacing the drinking water with the 
15% alcohol solution in the rats fed ad 
libitum led to a reduced food intake and 
lower weight gains. Similar growth-retard­
ing effects of chronic alcohol administra­
tion have been observed even in studies in 
which the energy deficit, due to low food 
intake was counterbalanced by the caloric 
content of the ingested alcohol (8, 17). It 
it not clear whether the observed impair­
ment of growth is due to a direct effect of 
alcohol (18) or to a reduced intake of 
dietary factors needed for optimal growth, 
as suggested by Lucas et al. (19). Animals 
receiving restricted amounts of food and 
offered alcohol grew, however, at a slightly 
faster rate than animals receiving the re­
stricted diet and water. Furthermore, the 
former group consumed more alcohol than 
the animals fed ad libitum and given al­
cohol.
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Fargo, North Dakota

ABSTRACT Three experiments were conducted to determine the magnesium (Mg)  
requirement of the laying hen. Hens fed a semipurified basal ration containing 55 
ppm Mg developed anorexia, hypomagnesemia, nervous tremors and seizures within 
2 weeks. A severe decrease in egg production, egg weight and hatchability of eggs was 
also observed. Feeding a ration containing 155 ppm Mg improved egg production, but 
not egg weight or hatchability. The reduction in hatchability preceded decreases in 
appetite and egg production, and was closely associated with hypomagnesemia in the 
hen and lower concentration of magnesium in the egg. Magnesium concentration in 
the dry matter of livers from hens fed the basal ration was markedly decreased whereas 
calcium concentration was increased. When expressed on a fat-free basis, however, 
the magnesium concentration in the livers was not significantly affected by ration 
treatment. Histological studies of the liver from hens fed the basal ration showed a 
considerable accumulation of fat globules in the cells. Oxrdative phosphorylation, 
measured as P /O  ratio of liver homogenates, from hens fed a magnesium-deficient 
ration was approximately half that of liver from control hens. The results show that 
the hen (1.8 to 2.0 kg body weight) requires a minimum of 355 ppm Mg in the diet 
or an intake of at least 36 mg M g/day to maintain a high rate of egg production, 
desirable egg production, desirable egg weight and high rate of hatchability of fertile 
eggs.

Magnesium (Mg) is one of the elements 
known to be necessary for normal meta­
bolic functioning of the body. It is an es­
sential nutrient for growth, production and 
reproduction of animals as has been dem­
onstrated with the rat, guinea pig, dog and 
other species. Magnesium was first shown 
to be required for normal growth of mice 
by Leroy in 1926 (1). Later Kruse et al.
(2) demonstrated conclusively that mag­
nesium is an essential nutrient for animals 
by inducing acute magnesium deficiency 
in rats. The need for magnesium in the 
diet of growing chicks was shown by 
Almquist (3) and Gardiner et al. (4). 
They reported that the chick requires 250 
to 400 ppm Mg for optimum growth. Cox 
and Sell (5) and Sell et al. (6) have shown 
that hens require dietary magnesium and 
described some of the symptoms of mag­
nesium deficiency in the laying hen.

The objectives of the present study were 
to obtain further information about mag­
nesium deficiency manifestations in the 
hen and to determine the dietary mag­
nesium requirement of the hen for repro­
duction.

MATERIALS AND METHODS 
Single-comb White Leghorn hens kept 

in individual wire laying-hen cages were 
used in three experiments. Prior to the 
start of the experiments, 3 weeks were 
allowed for the hens to adjust to the cage 
environment and become accustomed to a 
semipurified ration which contained 650 
ppm Mg. The composition of the basal 
ration is presented in table 1. By analysis, 
it contained 55 ppm Mg. All ration treat­
ments were kept isocaloric and equinitrog- 
enous by appropriate adjustments in 
Solka Floe 3 and soybean oil. The rations 
were fed in mash form, except in experi­
ment 1, in which the rations were fed as
3-mm pellets. Feed and distilled water 
were supplied ad libitum in individual 
feeders and waterers. Experiments 1 and 
2 were of 8 weeks duration; experiment 3 
lasted 5 weeks.

R eceived  fo r  p u b lica tion  O ctober 17, 1968.
1 P ublish ed  w ith  the approval o f  the D irector o f  

N orth  D akota  A gricu ltu ra l E xperim ent Station  as 
Journal A rticle  no. 161, P ro ject H-7-26.

2 C urrent address: M ansourieh  —  M etn, L ebanon .
3 Solka F loe, BW -40, B row n  C om pany, N ew  York, 
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TABLE 1
Composition of the basal ration

Sucrose
%

50.00
Isolated soybean protein 1 21.60
Degummed soybean oil 6.00
Solka Floe 2 10.47
Vitamin premix 3 1.35
Mineral premix 4 0.85
Calcium carbonate, reagent grade 7.39
Calcium phosphate (monobasic), 

reagent grade 1.83
Choline chloride (99.9% ) 0.17
Vitamin E (2200 IU /g) 0.12
DL-Methionine 0.21
Antioxidant 5 0.01

Laboratory analysis
Protein, % 18.40
Calcium, % 3.10
Phosphorus, % 0.62
Magnesium, ppm 55.00
Metabolizable energy, kcal/g, 

calculated 3.04

1 N u trition al B iochem ica ls  C orporation , C leveland, 
Ohio.

2 Solka F loe, BW -40, B row n C om pany, N ew  York. 
N . Y.

s The v itam in  p rem ix  supplied  the fo llo w in g  per 
k ilogram  o f  ra tion : v itam in  A , 7500 IU ; v itam in  D 3 , 
1487 IC U ; m enadione, 500 fig; v itam in  B 12, 10 fig; 
r iboflav in , 10 m g ; fo lic  acid , 4  m g ; pantoth en ic acid , 
20 m g ; n ico t in ic  acid , 50 m g ; th iam ine, 10 m g ; pyri- 
doxine, 4.5 m g ; and  biotin , 200 fig.

4 T he m in era l p rem ix  supplied  the fo llo w in g  per 
k ilogram  o f  ra tion : sodium  ch lorid e , 3.7 g; potassium  
ch loride , 1.99 g ; m anganese, 110 m g; z in c, 44  m g ; 
iron , 19.8 m g ; copper, 1.98 m g ; and iod in e, 440 fig.

5 Santoquin , M onsanto C om pany, St. L ou is, M o.

The hens were artificially inseminated 
every 5 days. Feed consumption data were 
recorded weekly throughout each experi­
ment. Eggs were gathered daily and 
weighed. The eggs were accumulated and 
incubated at weekly intervals, and fertility 
and hatchability of eggs were recorded. In 
experiments 1 and 2, two infertile eggs 
(clear at day 19 of incubation) were saved 
weekly from each ration treatment for 
magnesium and calcium (Ca) analyses. 
The “clear” egg contents (albumen plus 
yolk) were homogenized in a blender,4 
coagulated and stored at — 23° until anal­
yses for magnesium and calcium could be 
performed.

Calcium and magnesium analyses were 
performed on rations, egg contents, blood 
serum and tissues using atomic absorption 
spectrophotometry. The samples were wet- 
washed (7) and diluted with lanthanum 
chloride solution to obtain a final concen­
tration of magnesium and calcium in the

range of 0.2 to 2 and 2 to 20 ppm, respec­
tively, in a final solution containing 1% 
lanthanum.

The ration treatments were assigned to 
the experimental units according to a com­
pletely randomized design with five hens 
receiving each treatment. In experiment 1, 
25 hens about 45 weeks of age were used. 
The five ration treatments contained the 
following levels of magnesium: 155, 280, 
405, 530, or 655 ppm. Reagent grade 
MgSOj-THaO was the source of supplemen­
tal magnesium. Blood was obtained by 
heart probe from three hens from each 
treatment at the beginning of week 1 and at 
the end of weeks 4, 6 and 8 of the experi­
ment. The serum was removed and stored 
at — 23° until analyses for calcium and 
magnesium could be performed.

In experiment 2, 30 hens about 30 weeks 
of age were used. The six rations tested 
contained the following levels of mag­
nesium; 55, 155, 255, 355, 455 or 555 ppm. 
At the end of week 2, hens which had been 
fed the 55-ppm Mg ration were fed a ra­
tion containing 555 ppm Mg. The experi­
ment was terminated at the end of 8 
weeks.

In experiment 3, 20 hens about 30 weeks 
of age were used. The four rations tested 
contained the following levels of magne­
sium: 55, 155, 255 or 455 ppm. At the 
end of 5 weeks of the experiment, two 
hens which had received 55, 155 and 455 
ppm Mg were killed and the livers and 
tibias were removed. Estimates of the rate 
of oxidative phosphorylation (P/O) by 
liver homogenates were made (8). The 
tibias were dried, ashed at 600° for 12 
hours and analyzed for magnesium and 
calcium. Another two birds from the same 
treatments were killed and histological 
preparations of their livers and hearts 
were made, using frozen sections 12 a in 
thickness. Liver and heart tissues were 
stained with a lipid stain (oil red O) using 
the Lillie and Ashburn method (9). Sam­
ples of the livers were saved for magne­
sium, calcium and lipid analyses.

The data were analyzed by analysis of 
variance according to Snedecor (10) and 
multiple range comparisons were made 
according to Duncan (11).

4 W arin g  B lendor, W arin g  Products C om pany, W in -
sted, C onn.
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TABLE 2
Effect of dietary magnesium levels on egg production, feed consumption, fertility

and egg weight (exp. 1 )

Dietary
Mg

Egg
production

Feed
consumption Egg

wt Fertility

ppm % 9 9 %
155 57 A1 103 54.5 a 1 88
280 85 B 101 58.1 b 92
405 79 B 100 58.6 b 91
530 75 B 104 60.9 b 92
655 78 B 104 60.6 b 93

i Treatm ent m eans w ith in  an item  sh ow in g  the sam e superscript letter are n ot sign ificantly  dif­
feren t (A , B at P — 0.01 or a, b  at P £  0 .0 5 ).

RESULTS
In experiment 1, hens fed rations con­

taining 280 ppm Mg or more produced 
eggs at a high and nearly equal rate dur­
ing the 8-week experiment (table 2). 
Average hen-day egg production (average 
number of eggs produced per hen per day 
expressed as a percentage) of hens fed 
the ration containing 155 ppm Mg was 
significantly (P — 0.01) less than that of 
other treatment groups even though feed 
consumption was not adversely affected. 
Also, average weight of eggs produced by 
hens fed 155 ppm Mg was significantly 
less than that of hens fed 280 ppm Mg or 
more.

Although fertility of eggs was not af­
fected by ration magnesium level (table 2),

--------155 PPM MG. --------- 405 PPM MG.
------- 280 PPM MG. - X - * -  530 PPM MG.

.  655 PPM MG.

Fig. 1 Influence of varying levels of dietary 
magnesium on hatchability of fertile eggs (exp. 1).

hatchability of fertile eggs produced by 
hens fed 155 ppm Mg was significantly 
(P — 0.01) lower than that of eggs from 
hens fed 280, 405, 530 or 655 ppm Mg 
(fig. 1). Within 4 weeks of beginning the 
experiment, hatchability of eggs produced 
by hens fed 155 ppm Mg decreased from 
a level of 89 to 64%. This decline contin­
ued, reaching 16% on week 8 of the ex­
periment. Hatchability of eggs produced by 
hens fed 280, 405, 530 or 665 ppm Mg 
remained high.

Most of the embryonic mortality due to 
feeding hens the ration containing 155 
ppm Mg occurred late in incubation (days 
19 and 20). Furthermore, many chicks 
hatched from eggs produced by these hens 
were morbid and suffered convulsions, fol­
lowed by coma and death within 2 days 
after hatching.

Magnesium concentration of egg con­
tents decreased significantly (P^O.Ol) 
within 3 weeks after feeding the ration 
containing 155 ppm Mg as compared with 
the 280, 405, 530 or 655 ppm Mg rations 
(fig. 2). By week 8 of the experiment, 
magnesium concentration of egg contents 
from hens fed 155 ppm Mg had decreased 
to 69 ppm — less than one-half that ob­
served in week 1.

Within 4 weeks of beginning the experi­
ment, serum magnesium of hens fed 155 
ppm Mg decreased from 2.9 to 1.1 mg/100 
ml and remained at this low level through 
week 8 of the experiment (fig. 3). The se­
rum concentration of magnesium of hens 
fed 280, 405, 530 or 655 ppm Mg also de­
creased, but only slightly as compared with 
that at the star: of the experiment.

In experiment 2, serum magnesium con­
centration of hens fed the ration contain-
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----------155 PPM MG. ---------- 4 0 5  PPM MG.
----------280  PPM MG. - v - x -  5 3 0  PPM MG.

- * - # - 6 5 5  PPM MG.

Fig. 2 Influence of varying levels of dietary 
magnesium on the concentration of magnesium 
in egg contents (exp. 1).

---------155 PPM MG. -----------  4 0 5  PPM MG.
---------2B0 PPM MG. - x - x - 5 3 0  PPM MG.

- * - * - 6 5 5  PPM MG.

Fig. 3 Influence of varying levels of dietary 
magnesium on the concentration of magnesium 
in serum (exp. 1).

ing 55 ppm Mg was extremely low by the 
end of 2 weeks (table 3). Simultaneously, 
egg magnesium concentration and average 
egg weight decreased significantly (P

2 3  4  5 6 7
WEEKS ON EXPERIMENT

-------- 55 PPM MG TO WEEK 2 , 555  PPM MG TO WEEK 8.
---------155 PPM MG. ---------- 255 PPM MG.
-x - x -3 5 5  PPM MG. - « - 5 5 5  PPM MG.

Fig. 4 Influence of varying levels of dietary 
magnesium on hatchability of fertile eggs (exp. 2).

0.01) as compared with the other treat­
ment groups, and hatchability of fertile 
eggs decreased to zero (fig. 4). Subsequent 
feeding of a ration containing 555 ppm 
Mg to these hens resulted in rapid im­
provement in hatchability of eggs (fig. 4) 
as well as in magnesium concentration in 
serum and egg, and egg weight (table 3).

The results obtained by the end of 8 
weeks show that a dietary level of 255 
ppm Mg was required to maintain serum 
magnesium concentration and egg weight 
in a satisfactory range (table 3). Signifi­
cantly (P — 0.01) higher egg magnesium 
concentrations, however, were not ob­
tained unless 355 ppm Mg or more were 
fed. Also, the largest relative increases in 
egg weight with increased time on experi­
ment were observed when hens were fed 
rations containing 355 ppm Mg or more. 
These results indicated that a minimum of 
355 ppm Mg is required to insure that eggs 
produced will be of desired size and will 
contain a high concentration of mag­
nesium.

There were no significant treatment ef­
fects on calcium concentration in egg con­
tents (table 3).

During the trial visible signs of magne­
sium deficiency, anorexia, ruffled feathers, 
shriveled, pale combs and wattles, emaci­
ation, nervous tremors, gasping and con­
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vulsions, were observed in hens fed the 
diet containing 55 ppm for 2 weeks.

Although not given here, egg production 
and hatchability data obtained in experi­
ment 3 followed the same pattern of re­
sponse to ration treatments as observed in 
previous experiments.

The average weight of fresh liver was 
not significantly affected by ration treat­
ment in experiment 3 (table 4). The per­
centage dry matter and the calcium and 
lipid concentration in the dry matter were 
significantly higher for hens fed 55 ppm

Mg than for hens fed either 155 or 455 
ppm Mg. Low magnesium intake also re­
sulted in a significantly lower concentra­
tion of magnesium in the dry matter. When 
liver magnesium was expressed on a fat- 
free dry matter basis, however, there were 
no significant differences among treat­
ments. In contrast, the relatively high cal­
cium concentration in liver dry matter of 
hens fed 55 ppm became more pronounced 
when expressed on the fat-free basis.

The rate of cxidative phosphorylation, as 
indicated by P/O ratios of homogenates of

TA BLE  3
Effect of dietary magnesium levels on magnesium concentration in serum and egg, egg weight and

calcium concentration in egg (eocp. 2)

W eeks on  experim ent

D ietary 2  8

Serum
magnesium

Egg
magnesium

Egg
wt

Egg
calcium

Serum
magnesium

Egg
magnesium

Egg
wt

Egg
calcium

ppm m g/100 m l ppm 9 p pm m g/100 m i ppm 9 ppm
55 0.62  A 1 61 A 46 .7  A 524 2.84  A 145 A 57.8 * 586

155 2.63 B 102 B 55.8 B 545 1.00 B 62  B 5 3 .2 » 540
255 2.76  B 131 c 56.0 B 571 2.58 A 1 0 6 ° 57.1 a 541
355 2.91 B 136 c 56.3 B 562 2.72  A 134 A 58.9 a 537
455 2.73 B 148 c 57.6 B 550 2.80  A 138 A 60.1 * 528
555 2.87  B 136 c 56.4 B 567 2.70  A 146 A 59.1 a 568

i T reatm en t m eans w ith in  an item  sh ow ing the sam e superscript letter are not sign ificantly  d ifferent (A , B, 
C at P ^ O .O l )  o r  (a , b  at P ^ 0 . 0 5 ) .

TABLE 4
Effect of dietary magnesium levels on liver magnesium, calcium and lipid concentration, 

magnesium and calcium in tibia, P /O  ratios o f liver homogenates and 
body weight (exp. 3)

55
Dietary magnesium 

155 455
ppm ppm ppm

Liver 1
Fresh weight, g 33.7 36.5 36.8
Dry matter, % 38.3 a 2 30.6» 31.9 b
Magnesium, ppm dry matter 167 A 285 B 330 B
Magnesium, ppm fat-free dry matter 327 424 372
Calcium, ppm dry matter 583 a 384 b 316 b
Calcium, ppm fat-free dry matter 1143 A 424 B 372 B
Lipids, % dry matter 49.0 A 9.5 B 15.0 B
P/O  ratio 0.88 A 1.91 B 1.90 B

Bone 3
Magnesium, % 0.30 0.33 0.43
Calcium, % 24.8 21.9 24.2
Ash, % 70.3 66.0 68.9

Body wt
Initial 1654 1592 1681
Final 1112 A 1564 B 1692 B

1 E ach  va lue represents tw o hen s per ra tion  treatm ent. .
2 T reatm en t m eans w ith in  an item  sh ow in g the sam e superscript letter are not sign ificantly  

d ifferent (A , B at P — 0 .0 1 ) or (a , b at P — 0 .0 5 ).
3 E xpressed as a p ercen t o f  dry m atter.

1
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livers, was significantly less for hens fed 
55 ppm Mg than that of livers from hens 
receiving 155 or 455 ppm Mg.

Slightly lower bone magnesium concen­
trations were observed with hens fed the 
55 or 155 ppm Mg rations compared with 
hens fed 455 ppm Mg, but the differences 
were not significant. There were no signifi­
cant treatment effects on calcium concen­
trations or percentage ash in the bone.

Average body weight of hens fed the 
basal ration decreased markedly during 
the experiment whereas body weights of 
hens fed 155 or 455 ppm added Mg re­
mained approximately the same (table 4).

Histological examination of liver tissues 
from hens fed the ration containing 55 
ppm Mg showed a greater accumulation 
of fat globules in the cells compared with 
hens fed 155 or 455 ppm Mg. Histological 
preparation of heart tissues from hens fed 
the basal ration also showed a slight ac­
cumulation of lipids in the muscle cells 
whereas those prepared from hens fed 
magnesium-supplemented rations did not.

DISCUSSION
Laying hens fed rations containing 155 

ppm Mg or less developed signs of mag­
nesium deficiency within 8 weeks or less. 
Hypomagnesemia occurred within 2 weeks 
and 4 weeks when rations containing 55 
and 155 ppm Mg, respectively, were fed. 
Hypomagnesemia due to inadequate die­
tary magnesium has been observed previ­
ously in chickens 5 (6), in rats (12) and 
in dogs (13).

A ration containing 155 ppm Mg was 
not sufficient to maintain a high rate of 
egg production or satisfactory egg weight. 
Sell et al. (6) found that hens fed 150 
ppm Mg produced eggs of small size and 
at a low rate. In the current study, a mini­
mum of 255 ppm Mg was required for max­
imum egg production. Hens fed 255 ppm 
Mg, however, produced smaller eggs than 
hens fed 355 ppm Mg or more. In addition, 
the usual rate of increase in egg weight as­
sociated with increased time in production 
was slower in the case of hens fed 255 ppm 
Mg. These results indicate that a minimum 
of 355 ppm Mg was required in the ration 
to obtain a normal pattern of increasing 
egg weight as the laying cycle progressed.

Although there was little or no effect on 
fertility, hatchability of fertile eggs was 
decreased markedly when hens were fed 
a ration containing 155 ppm Mg or less. 
This effect on hatchability occurred rela­
tively rapidly and preceded a decline in rate 
of egg production. The data presented here 
show that a relative decrease in magnesium 
concentration of egg contents occurred 
within 2 weeks of feeding a ration con­
taining 155 ppm Mg. Hatchability was not 
adversely affected until week 4, however, 
when magnesium concentration of egg 
contents decreased to less than 90 ppm. A 
decrease in magnesium concentration in 
egg contents of hens fed 255 or 280 ppm 
Mg was also observed but hatchability did 
not decrease even though egg magnesium 
declined to about 100 ppm. This suggests 
that magnesium concentration in egg con­
tents should be at least 100 ppm to have 
high hatchability. The severe decline in 
hatchability coincided with the decline in 
serum magnesium.

Cox6 demonstrated that serum magne­
sium concentrations declined rapidly dur­
ing a low magnesium regimen, indicating 
a lag or inadequacy in rate of mobilization 
of body magnesium stores. He also found 
that at marginal dietary levels of magne­
sium, the rate of egg production declined 
relatively slowly, thereby producing a 
heavy withdrawal of this element from 
body stores. Under these conditions, eggs 
containing abnormally low levels of mag­
nesium in the shell and contents would be 
produced within a short time after feeding 
a severely deficient ration. Consequently, 
the requirement for magnesium to sustain 
complete embryonic development of the 
chick could not be met.

In experiment 2, the hatchability of eggs 
produced by hens fed the low magnesium 
(55 ppm) ration increased rapidly within 
2 weeks after feeding a ration containing 
555 ppm Mg. An increase in magnesium 
intake and absorption should cause a rapid 
increase in magnesium content of the egg 
since Edwards et al. (14) showed that a 
high proportion of 28Mg was detected in

5 C ox, A. C. 1966 T he effects o f  d ietary ca lc iu m  
and phosphorus on  the m agnesium  status o f  the 
la y in g  hen . M .S. Thesis, U niversity o f  M anitoba, 
W in n ip eg , Canada.

6 See footn ote  5.
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eggs produced within 48 hours after the 
radioisotope was injected into hens.

The results of these experiments indi­
cated that the effect of magnesium defi­
ciency on egg production and hatchability 
was independent of feed intake, but was 
dependent on magnesium intake per se. 
This was particularly apparent when ra­
tions containing 155 ppm Mg were fed. 
Under these conditions, rate of egg produc­
tion, serum and egg magnesium concentra­
tions, and hatchability decreased markedly 
even though feed consumption was not af­
fected. Sell et al. (6) previously showed 
that hatchability as related to magnesium 
deficiency was independent of feed intake 
and average egg weight.

The majority of embryonic mortality due 
to magnesium deficiency occurred at 19 to 
20 days of incubation and may be indica­
tive of the general role of magnesium in 
the metabolism of the embryo. As pointed 
out by Sell et al. (6) it is during this inter­
val of embryonic development that energy 
metabolism would be nearing a maximum. 
Since magnesium is involved in a multi­
tude of enzyme systems concerned with 
energy metabolism, the requirement for 
this element would be relatively high and 
perhaps critical.

Considerable accumulation of fat glo­
bules in the liver was observed in hens 
fed magnesium-deficient diets. Approxi­
mately 50% of the dry weight of the liver 
was lipid material. A deficiency of dietary- 
magnesium for the laying hen also de­
creased the rate of oxidative phosphoryla­
tion (P/O ratio) of liver homogenates. 
After 5 weeks on a deficient ration, the 
P/O ratio of liver homogenates from hens 
fed 55 ppm Mg was about half that of 
livers from hens fed 155 or 455 ppm Mg. 
Vitale et al. (15) reported that magnesium 
deficiency in young rats decreased the P/O 
ratio of heart mitochondria to approxi­
mately half that of the control animals 
within 8 days. Also, a decrease of lesser 
magnitude was observed in P/O ratio of 
liver mitochondria from the same animals.

Magnesium serves as an activator in 
nearly all transphosphorylation reactions 
involving adenosine triphosphate. Thus, a 
deficiency of magnesium could cause un­
coupling of oxidative phosphorylation, 
thereby affecting energy metabolism. The

decreased P/O ratio of liver homogenates 
observed in the present study when hens 
were fed a magnesium-deficient ration may 
have been due to inadequate magnesium 
ions in this organ. The relatively low con­
centration of magnesium in liver dry mat­
ter, and a decrease in total liver magne­
sium indicate that this was the case. The 
magnesium concentration in the fat-free 
dry matter, however, was not decreased by 
feeding the magnesium-deficient ration. If 
one assumes that magnesium participates 
in energy transformation reactions primar­
ily in fat-free tissue, the latter observation 
indicates that adequate magnesium would 
have been present where needed. The pos­
sibility that the reduced rate of oxidative 
phosphorylation may have been related, di­
rectly or indirectly, to the high levels of 
lipid or calcium, or both, in the liver de­
serves consideration.

The data from these experiments indi­
cate that the hen requires a minimal die­
tary magnesium level of 155 ppm (55 ppm 
in the basal plus 100 ppm added Mg) for 
prevention of the accumulation of exces­
sive levels of calcium and lipids in the liver 
(table 5). Although this level of magne­
sium supported egg production, a minimal 
dietary magnesium level of 255 ppm was 
required to maintain a high rate of egg 
production and hatchability. The data also 
revealed that the hen required at least 355 
ppm Mg in the ration to maintain a high 
rate of egg production, hatchability and 
egg weight. This was particularly appar­
ent from the egg magnesium data which 
suggest that at levels lower than 355 ppm

TABLE 5
Dietary magnesium requirement of the laying hen 

on the basis of various criteria

Criteria
Minimum

dietary
requirement

for
magnesium

Absence of excessive calcium 
and lipid concentrations

ppm

in liver 155

High rate of egg production and
hatchability of eggs

High concentration of magnesium 
in serum and egg contents, and

255

satisfactory egg weight 355
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total Mg in the ration, depletion of body 
stores followed by decreased hatchability 
of eggs would occur over a prolonged feed­
ing period.
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Role of Calcium in the Nutritional Etiology of a 
Metabolic Disorder in Ruminants Fed a 
High Grain Ration 1,2

P. E. VIPPERMAN, JR.,3 R. L. PRESTON,4 L. D. KINTNER 5 a n d  W. H. 
PFANDER 4
Missouri Agricultural Experiment Station, Columbia, Missouri

ABSTRACT Four experiments involving 152 wether lambs were conducted to de­
termine the nutritional factor(s) involved in the etiology of a metabolic disorder of 
cattle caused by feeding a high maize ration containing 0.3% phosphorus and 0.16 to 
0.19% calcium. The calcium intake was inadequate to satisfy the needs of the growing­
finishing lamb for calcium. Calcium deficiency signs observed were lack of appetite, 
decreased growth, emaciation, muscular stiffness, decreased plasma serum calcium 
concentration and rarefaction of bone. Phosphorus levels similar to those encountered 
in the field ration, in conjunction with the low calcium levels had a detrimental effect; 
plasma calcium levels were not maintained and plasma magnesium and inorganic 
phosphorus concentrations were increased. Death resulted from blockage of the urethra 
by sludge, or calculi, or both. The signs of the disorder were reversed by added calcium 
carbonate, but not by organic calcium sources or extra sodium as chloride or carbonate: 
bicarbonate and potassium. The evidence indicates that in the presence of phosphorus 
levels exceeding recommended levels, the calcium levels (expressed as a percentage 
of the diet) recommended by the National Research Council for lambs and probably 
for beef cattle are grossly inadequate. With these rations a Ca:P ration of 1.3:1 is 
borderline. The data suggest that ratios of 1.5:1 or 2:1 are more desirable.

These studies were initiated to determine 
the cause of a metabolic disorder described 
as “stiffness in cattle.” 6 The syndrome in­
cluded swollen shoulders, stiff hind limbs 
and evidence of pain whenever the animals 
moved. The rations generally contained 
about 90% ground ear corn and 10% of a 
closed formula commercial supplement 
containing 0.0011% diethylstilbestrol 
(DES). Daily gains were about 0.5 kg/ 
day.

When sheep were fed these rations under 
laboratory conditions, they exhibited symp­
toms similar to those observed in cattle. 
In addition, some lambs developed urinary 
calculi.

It was reasoned that, with rations bor­
derline in calcium, certain metabolic pat­
terns in the ruminants involved may have 
been altered by the relatively high level of 
phosphorus in the high grain ration. The 
minimum calcium (Ca) and phosphorus (P) 
requirement of ruminants and the rela­
tionship which exists in the metabolism of 
these two elements have been studied by 
several workers (1-6). However, little 
work, if any, has been reported on the

effect of feeding high phosphorus (0.30 
to 0.45% ) rations in conjunction with the 
minimum calcium level (0.17 to 0.23% ) 
recommended by the National Research 
Council (7,8).

EXPERIMENTAL PROCEDURE

The field ration supplied 0.16% calcium. 
The basal ration, used in trials 1 and 2, 
was designed to duplicate those which pro­
duced the metabolic disorder. It contained 
ground ear corn and a protein-mineral 
supplement formulated from the same in­
gredients at levels estimated by micro­
scopic analysis to duplicate the commercial 
supplement. In the first of three consecu­
tive feeding trials, the effects of three * 1
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ration calcium levels and two ration phos­
phorus levels on performance of growing 
wether lambs, were studied. Four sources 
and two levels of calcium were used in trial 
2 to determine if the favorable response to 
added calcium noted in trial 1 was due 
to: 1) a buffering or alkalizing effect of 
the CaCo.3 in the rumen; 2) a need for the 
elemental calcium for normal body func­
tion; or 3) the contribution of calcium to 
the total cationic load of the animal. Equal 
molar amounts of sodium (Na) as Na- 
HC03:Na2C03, and potassium (K) as 
KHCOsiKiCCh, were added to one-half the 
rations to determine if these cations were 
as effective as the equivalent amount of 
calcium in the prophylaxis. Two levels of 
calcium and three levels of phosphorus 
were employed in trial 3 to study their 
effect upon the performance of growing­
finishing lambs under feedlot conditions.

Trial 1. Thirty-two Texas crossbred 
wether lambs were randomly placed into 
four treatment groups of eight lambs each. 
The lambs were fed individually to appe­
tite, for two periods of 2 hours each day, 
a completely mixed ration containing 
either 0.16% Ca and 0.35% P (ration 1); 
0.19% Ca and 0.37% P (ration 2); 
0.31% Ca and 0.31% P (ration 3); or 
0.59% Ca and 0.36% P (ration 4), re­
spectively, as shown in table 1. Rations 
2 to 4 contained 0.53% added salt. Four 
samples of each ration taken at intervals

TABLE 1
Formulation of rations 1 used (trial 1)

Ingredients 2
Ration no.

1 2 3 4

Soybean m eal3 4.01 4.33 4.52 5.00
Wheat grey shorts 4.60 3.89 3.42 2.27
Limestone 0.05 0.05 0.60 1.05
Salt, iodized 0.05 0.53 0.53 0.53
Bone meal 0.05 0.05 — 0.05
Calcium phosphate 4 0.05 0.05 — 0.05
Rock phosphate 5 0.20 0.20 — 0.20

1 Kilogram of ingredients per 100 kg ration.
2 All rations contained: (in percent) ground ear 

com, 90; urea, 262, 0.17; dehydrated alfalfa, 0.2; 
blackstrap molasses, 0.5; sodium sulfate, 0.02; and a 
trace mineral mixture supplying 4.405 g MnSO^HaO; 
0.991 g C u S04‘5H 20; 0.441 g Fe2C>3; and 23.6 m g  
C0C O 3/IOO kg ration.

3 Processed by solvent method. Contained 44% 
crude protein.

4 Supplied by International Minerals, Skokie, 111. 
Eighteen percent phosphorus and 30 to 35% Ca.
s Supplied by International Minerals. Eighteen and 

one-half percent phosphorus and 20 to 24% Ca.

TABLE 2
Chemical analyses of rations 1 used (trial 1 )

Ingredient
Ration no.

1 2 3 4
%

Crude protein 10.9 11.0 10.9 11.3
Dry matter 89.3 89.4 89.2 89.5
Organic matter 87.1 86.8 86.6 86.2
Nitrogen-free

extract 64.8 64.9 64.8 64.5
Fat 3.2 3.2 3.1 3.1
Fiber 8.2 7.7 7.8 7.3
Ash 2.2 2.6 2.6 3.3
Calcium 0.16 0.19 0.31 0.59
Phosphorus 0.35 0.37 0.31 0.36
Magnesium 0.12 0.13 0.13 0.13
Sodium 0.03 0.25 0.22 0.24
Potassium 0.50 0.49 0.52 0.52

1 Average of samples from rations mixed 1on four
separate dates.

during the trial were analyzed 7 and the 
analyses are presented in table 2.

The trial was conducted in two phases. 
Phase 1 lasted 90 days after which 50% 
of the animals were killed. Phase 2, which 
followed a metabolism trial, lasted 60 days. 
The lambs were weighed weekly and feed 
intake was recorded. The lambs had access 
to shelter in an earthen lot and water was 
available except while they were in the 
feeding stalls in an adjacent bam.

Trial 2. Sixty-four Northwestern cross­
bred wether lambs were randomly placed 
into eight treatment groups of eight lambs 
each. The lambs were fed individually the 
rations shown in table 3. The chemical 
analyses of trial 2 rations are given in 
table 4. The feeding trial lasted 128 days 
and management of the experimental ani­
mals was similar to that in trial 1.

At zero, 2, 4, 8, 16, 32, 64 and 128 days 
after the lambs started on test, blood sam­
ples were withdrawn from the external 
jugular vein 5 hours after the morning 
feeding. Plasma calcium, magnesium, inor-

7 Protein, dry matter, fat, fiber and ash were deter­
mined by proximate analysis (Association of Official 
Agricultural Chemists 1960 Official Methods of Anal­
ysis, ed. 9. Washington, D.C.), Calcium and magne­
sium determinations in feed, feces, urine and plasma 
were made with a Perkin-Elmer Model 290 atomic 
absorption spectrophotometer, Perkin-Elmer Corpora­
tion, Norwalk, Conn., using methods suggested by the 
manufacturer. The method of Fiske and Subbarow 
(Fiske, C. H., and Y. Subbarow 1925 The colori­
metric determination of phosphorus. J. Biol. Chem., 
66: 375) was employed for all phosphorus determina­
tions. Sodium and potassium were determined by 
flame photometry.
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TA BL E 3
Composition of rations 1 used (trial 2)

Ingredient2
Ration no.

9 10 11 12 13 14 15 16

Wheat grey shorts 2.54 2.07 2.26 1.78 1.83 1.41 1.79 1.32
Limestone 0.05 0.05 0.05 0.05 0.71 0.71 0.47 0.47
NaHCO„ 0.00 0.08 0.00 0.08 0.00 0.08 0.00 0.08
NaCOs 0.00 0.13 0.00 0.13 0.00 0.13 0.00 0.13
KHCOa 0.00 0.13 0.00 0.15 0.00 0.15 0.00 0.15
KC03 0.00 0.11 0.00 0.11 0.00 0.11 0.00 0.11
Calcium gluconate 0.00 0.00 1.29 1.29 0.00 0.00 0.00 0.00
Calcium acetate 0.00 0.00 0.47 0.47 0.00 0.00 0.00 0.00
CaCl2 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.33
Corn starch 1.37 1.37 0.00 0.00 1.37 1.37 1.37 1.37

1 Kilogram of ingredients per 100 kg ration.
2 In addition to the ingredients listed, all rations contained: (in percent) com, 90; solvent soybean

oil meal, 5.57; urea, 262, 0.17; steamed bone meal, 0.05; dicalcium phosphate (18% P, 33% Ca). 0.05:
rock phosphate (18% P, 22% Ca), 0.2; iodized salt, 0.05; and a trace mineral mixture containing
4.405 g M n S 0 4-H20; 0.991 g CuS04-5H20; 0.441 g Fe2O st; and 23.6 m g  C0C O 3/IOO kg ration.

TABLE 4
Chemical analyses of rations used (trial 2)

Ration no.
Ingredient

9 10 1 1 12 13 14 15 16

%
Crude protein 12.4 12.1 12.2 12.1 12.2 12.1 12.2 12.0
Dry matter 90.4 90.4 90.7 90.6 90.7 90.7 90.6 90.9
Organic matter 88.3 88.1 83.3 87.8 88.2 88.0 88.1 83.1
Nitrogen-free extract 64.7 64.5 64.9 64.6 64.4 64.5 64.6 64.4
Fat 4.0 3.9 4.0 3.9 3.8 3.8 4.0 3.9
Fiber 7.2 7.5 7.0 7.1 7.7 7.5 7.3 7.7
Ash 2.1 2.3 2.4 2.7 2.5 2.7 2.5 2.7
Calcium 0.16 0.15 0.37 0.40 0.40 0.40 0.41 0.42
Phosphorus 0.34 0.32 0.33 0.34 0.33 0.33 0.33 0.33
Sodium 0.06 0.11 0.06 0.11 0.05 0.12 0.06 0 .1 2
Potassium 0.43 0.55 0.44 0.56 0.43 0.56 0.42 0.54

ganic phosphorus, sodium, potassium, he­
moglobin and hematocrit were determined.8

Trial 3. Forty-eight wether lambs of 
Northwest origin were randomly divided 
into six treatment groups of eight lambs 
each. The lambs were group-fed ad libitum 
on the rations shown in table 5 for a period 
of 70 days. The chemical analyses of these 
rations are given in table 6. The lambs were 
weighed at biweekly intervals and were 
housed by treatment group in 3 X 4 meter 
stalls containing self-feeders and auto­
matic waterers. The lambs had access to 
adjacent outside lots. Plasma calcium and 
inorganic phosphorus were determined9 
at zero, 7, 14, 21 and 70 days. The right 
metacarpal bone from all lambs was re­
moved at time of killing. The length was 
measured and the bone divided into two 
equal lengths; it was dried, extracted with

petroleum ether, weighed and dry-ashed in 
procedures similar to those described by 
Benzie et al. (9).

Trial 3-A. An additional eight lambs 
were divided into two subgroups to study 
the effect of ration calcium and phos­
phorus level on phosphorus retention and 
excretion. One subgroup received, in se­
quence, rations 1, 3 and 5; the other, ra­
tions 2, 4 and 6 (table 5). The lambs were 
placed in metabolism crates to facilitate 
urine and feces collection. For each ration 
tested, feed intake was determined by the 
maximum amount of ration each sheep 
would consume on each of 3 consecutive 
days before the collection period. This level 
of feed intake was maintained throughout 
the remainder of the trial. All animals

8 See footnote 7.
9 See footnote 7.
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TA BL E 5
Composition of rations 1 used (trial 3)

Ration no .2
Ingredient 3

1 2 3 4 5 6

Cornstarch 9.95 9.38 9.45 8.88 8.95 8.38
Limestone 0.20 0.77 0.20 0.77 0.20 0.77
Na2HPO — — 0.22 0.22 0.45 0.45
KjHPOi — — 0.28 0.28 0.57 0.57
Trace mineral 4 + + + + + +
Vitamins A and D 5 + + + + + +

1 Kilogram of ingredients per 100 kg ration.
2 Ration numbers shown have prefix 502-66-000—.
3 All rations contained: (in percent) corn, 60; solvent soybean meal, 2.8; cottonseed hulls, 15; 

urea, 262, 1.3; co m oil, 0.3; cane molasses, 10; and iodized salt, 0.45.
4 A mixture containing 4.405 g MnSO^EfeO; 0.991 g CuS04*5H 20; 0.441 g Fe203; 43.81 g sulfur; 

43.81 g methionine; 1.764 g ZnO; and 23.6 C 0C O 3/IOO kg ration.
5 Two and two-tenths grams per kilogram of mixture. Contained 400 IU vitamin D 3 and 2500 IU 

vitamin A/gram.

TA BL E 6

Chemical analyses of rations used (trial 3)

Ingredient
Ration no.1

1 2 3 4 5 6

Crude protein 12.3 12.0 12.0 12.3 12.4 11.8
Dry matter 92.7 92.4 92.0 94.1 93.2 92.7
Nitrogen-free extract 66.9 66.0 66.2 67.0 65.9 65.9
Fat 3.3 3.2 3.2 3.2 3.3 3.1
Fiber 7.3 7.6 7.3 7.8 7.6 7.7
Ash 2.9 3.2 3.3 3.8 3.8 4.2
Calcium 0.22 0.41 0.19 0.44 0.20 0.46
Phosphorus 0.22 0.21 0.33 0.33 0.44 0.42
Sodium 0.27 0.28 0.29 0.29 0.36 0.42
Potassium 0.68 0.68 0.80 0.84 0.90 1.01
Magnesium 0.13 0.13 0.13 0.13 0.13 0.13
Copper, ppm 6.10 5.85 5.67 6.02 6.60 5.50

1 Ration numbers shown have prefix 502-66-000-,

were fed twice daily and water was avail­
able at all times. Twenty-four-hour total 
collections of urine and feces were made 
for 3 consecutive days, after which the 
ration was changed. Four days were al­
lowed on the new ration before the collec­
tion sequence was repeated. The phospho­
rus contents of urine, feces and feed were 
determined as described by Hawk et al. 
( 10).

RESULTS
E ffec t o f  ration calcium  and phosphorus 

on  grow th and perform ance  
Trial 1. The growth curves of lambs on 

the four treatments are shown in figure 1. 
The lambs which received the basal ration 
(ration 1, 0.16% Ca, 0.35% P) had a 
lower rate of gain during both phases of 
the test, and this difference became

greater with time (P < 0.05). Gains of 
lambs fed ration 2 (0.19% Ca, 0.37% P) 
were greater than those of the basal group 
during phase 1 of the feeding trial, but not 
in phase 2. This response may have been 
due to the slightly higher calcium level in 
their ration, or to their increased feed in­
take during phase 1, or both. Stiffness and 
general unthriftiness were noted in the 
lambs in these two groups during phase 2 
of the feeding trial. Weight gains and gen­
eral performance improved when the 
sources of inorganic phosphate were re­
moved from the basal ration and CaCCh 
was added to give a Ca:P ratio of 1 (ration 
3, 0.31% Ca, 0.31%P). When perform­
ance for the entire 196-day period was con­
sidered, those lambs which received ration 
4 (0.59% Ca and 0.36% P) gained faster 
than other lambs. They did not exhibit any
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Fig. 1 Growth curves of lambs fed the basal ration and the supplemental calcium (trial 1).

TABLE 7
Performance of lambs 1 (trial 2)

Treatment
no.

Final
wt

Daily
gain

Daily
feed

Gain/
Feed Mortality

kg g kg 9/hg %
9 (basal) 47.8 190 l . i i 171 0

10 (9  + sodium, potassium) 48.6 168 1.01 166 25
11 ( basal +  organic calcium) 52.9 242 1.08 224 12.5
12 (11 +  sodium, potassium ) 52.8 230 1.03 223 37.5
13 (basal+ lim e) 53.3 232 1.15 202 0
14 (13 + sodium, potassium) 53.7 222 1.16 191 12.5
15 ( basal+ CaCl2, CaCOa) 53.8 246 1.18 208 0
16 (15 + sodium, potassium) 52.6 225 1.08 208 25
1 One hundred twenty days on test, individually fed.

signs of stiffness. Average daily gain and 
feed efficiency were improved in phase 1 of 
the feeding trial by all additions to the 
basal ration (P < 0.05). Only the addition 
of CaC03 to give a Ca:P ratio of 1.5:1, 
however, resulted in an improvement in 
these criteria during phase 2 (P < 0.05). 
Of the lambs killed at the end of feeding 
phase 1, those which received the basal 
ration were lighter in weight (P < 0.05) 
and yielded a carcass of inferior quality 
(P < 0.05) when compared with those on 
the three other rations. No gross lesions or 
abnormalities were noted in any of the 
lambs killed. Three lambs died during the 
latter feeding phase, two from the group 
which received the basal ration and one

from the group which received the basal 
ration plus NaCl.

Trial 2. The average performance of 
the lambs on the different treatments 10 is 
summarized in table 7. The lambs which 
received supplemental calcium consist­
ently gained more throughout the experi­
mental period than those fed the basal11 
ration (P < 0.05). Furthermore, the dif­

10 The following calcium sources were used: 1) that 
coming from the basal ration only (rations 9 and 10); 
2) basal plus equimolar portions of calcium gluconate 
and calcium acetate (rations 11 and 12); 3) basal 
plus CaCC>3 (rations 13 and 14); and 4) basal plus an 
equivalent amount of calcium from CaCl2 and CaC03 
(rations 15 and 16). An equimolar mixture of sodium 
and potassium carbonates and bicarbonates were 
added to each even-numbered ration to give a ration 
potassium level of 0.6%.

11 The basal ration contains the same kind and 
level of ingredients as used in trial 1.
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ference in weight gain between the supple­
mented and nonsupplemented lambs 
became more pronounced with time. Al­
though there was little difference in feed 
consumption, the lambs which received 
supplemental calcium gained faster and 
made more efficient gains (P < 0.05) than 
those which received the basal ration.

There was a small, but consistent ad­
verse effect on weight gain and feed ef­

ficiency when mixtures of sodium and 
potassium carbonates and bicarbonates 
were added to the rations. This effect on 
weight gain was significant (P < 0.05) 
when sodium and potassium were fed in 
conjunction with the basal ration.

Two lambs receiving CaCL, CaCOs, 
sodium and potassium died within 30 days 
after the experiment was initiated. Seven 
other deaths occurred between 50 and 120

TA BL E 8

Performance of lambs 1 (trial 3)

Lot Calcium Phosphorus Final
wt

Daily
gain

Daily
feed

Gain/
Feed

Plasma inorganic
phosphorus Mortalitv

Number
with
kidney
damageDay 0 Day 70

kg 9 kg g/kg
1 0.22 0.22 54.3 284 1.56 182 7.3 8.6 i
2 0.41 0.22 57.9 307 1.65 186 7.9 9.3 i
3 0.19 0.33 53.0 247 1.63 151 7.1 10.4 1 i
4 0.44 0.33 54.9 270 1.60 169 7.1 10.4 i
5 0.20 0.45 54.3 258 1.68 153 8.2 10.8 1 3
6 0.46 0.45 55.2 264 1.73 153 7.7 8.9 2 3

1 Seventy days on test, lot fed.

0 1 I I I I I I I— p
0 10 20 30 40 50 60 70 80 90 "T I------1------T

loo no 120 no
Days on test

Fig. 2 Effect of ration calcium level on plasma calcium (trial 2).
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days on test, with the highest loss (three) 
occurring in the group which received the 
calcium acetate and calcium gluconate 
mixture with supplemental sodium and po­
tassium. Eight of the nine lambs that died 
during the experiment received supple­
mental sodium and potassium. Only one 
lamb that received CaCOs died. Stiffness, 
lack of appetite and alertness, and an arch­
ing of the back were noted in the animals 
that died, as well as in several animals 
from the basal-ration treatments which did 
not die or have any gross lesions at slaugh­
ter. The postmortem condition common to 
most lambs was a blockage of the urinary 
tract by uroliths or by a sludgelike plug in 
the urethra. Organic calcium was appar­
ently satisfying the tissue needs for cal­
cium but did not maintain the proper con­
ditions in the urine to prevent sludge 
formation. A qualitative analysis of the 
sludge indicated it was composed largely 
of a magnesium-ammonia-phosphate com­

plex with traces of calcium. No other gross 
lesions were noted.

The lambs fed rations containing sodium 
and potassium carbonate-bicarbonate mix­
tures suffered the highest mortality rate, 
regardless of calcium source (P<0.01). 
This was probably because the urine pH of 
these animals was higher and favored the 
precipitation of minerals in the urinary 
tract.

Trial 3. The data shown in table 8 in­
dicate that the greatest 70-day weight gain 
(P < 0.05) was obtained in lambs which 
received ration 2 (0.41% Ca, 0.22% P).

Four deaths occurred in trial 3; one 
each from the group which received rations 
3 (0.19% Ca, 0.33% P) and 5 (0.20% 
Ca, 0.45% P), and two which received ra­
tion 6 (0.44% Ca, 0.45% P). Deaths were 
due to blockage of the urinary tract by 
calculi, or sludge, or both. Ten lambs had 
mineral deposits in the kidney when killed; 
of these, one came from each group fed

Fig. 3 Effect of ration calcium level on plasma inorganic phosphorus (trial 2).
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rations 1, 2, 3 and 4 and three came from 
each group fed rations 5 and 6.

E ffect o f ration calcium  and phosphorus 
on certa in  blood constituents

Trial 2. The plasma calcium level of 
the lambs fed the basal ration decreased 
throughout the experimental period where­
as the plasma inorganic phosphorus and 
magnesium concentrations increased (P  <  
0.05) for 64 days and then plateaued. In 
lambs fed supplemental calcium, there was 
a slight increase in plasma inorganic phos­
phorus (fig. 3) and magnesium (fig. 4), 
and a decrease in plasma calcium (fig. 2) 
by day 8 on test. These differences con­
tinued until day 32; subsequent changes 
which occurred in plasma mineral con­
tent were, for the most part, in the direc­
tion of a gradual return toward initial 
levels. No consistent treatment differences

in plasma sodium and potassium levels 
or in mean hemoglobin and hematocrit 
levels were noted.

Trial 3. Although not statistically sig­
nificant, a small increase over the initial 
concentration was observed in plasma in­
organic phosphorus at 70 days. Dietary 
calcium level had very little effect on 
plasma inorganic phosphorus concentra­
tion, except when fed in conjunction with 
0.45% P. There was an indication, how­
ever, that dietary phosphorus level affected 
plasma phosphorus concentration. The 
greatest increase in plasma inorganic phos­
phorus over the initial values (P < 0.05) 
was noted in lambs which were fed the 
0.33% P rations (3.3 mg/100 ml when 
0.33% P was fed versus 1.4 mg/100 ml 
when 0.22% P was fed). In trial 3-A, the 
plasma inorganic phosphorus concentra­
tion increased from 8.18 mg/100 ml when

D a y s  o n  t e s t

Fig. 4 Effect of ration calcium level on plasma magnesium (trial 2 ).
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0.22% P rations were fed to 10.48 mg/100 
ml when 0.33% P rations were fed, and 
decreased to 8.58 mg/100 ml when the ra­
tions were changed to those containing 
0.45% P.

E ffect o f ration calcium  and phosphorus 
level on bone

Trial 3. The metacarpal bone weight, 
percentage ash and mean thickness of the 
bone shaft were greater on 0.4% Ca than 
on 0.2% Ca rations (P < 0.05). The high­
est values for all three criteria were ob­
tained when the ration containing 0.41% 
Ca and 0.22% P was used (ration 2). The 
mean values of the criteria used to measure 
differences in bone development, however, 
do not reflect the great variation noted in 
the metacarpal after ashing. The ashed

bones from several lambs which received 
low calcium and high phosphorus were so 
fragile they could not be handled without 
breaking apart and were obviously more 
porous than those from corresponding 
treatments which received 0.41 % Ca in the 
ration. Figures 5 and 6 illustrate the ex­
tremes noted in the ashed bone.
E ffect o f  dietary calcium  and phosphorus 

on urine phosphorus excretion
Phosphorus intake and excretion in fe­

ces and urine at each level of dietary phos­
phorus and calcium are shown in figure 7. 
Phosphorus intake was somewhat higher 
at each level of dietary phosphorus when 
0.44% Ca was fed. The amount of phos­
phorus excreted in the urine, however, was 
less in those lambs which received the

Fig. 5 Illustration of extremes noted in bone ash from lambs in trial 3 which received 
rations containing 0.20% Ca and 0.45% P (top), and 0.44% Ca and 0.45% P (bottom).
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Fig. 6 Illustration of extremes noted in thick­
ness of metacarpal shaft from lambs in trial 3 
which received rations containing 0.20% Ca and 
0.45% P (top), and 0.44% Ca and 0.45% P 
(bottom).

higher level of calcium, except when it was 
fed with 0.45% P (P < 0.05).

Phosphorus retention was highest in 
lambs receiving 0.33% dietary P and 
lowest when 0.45% P rations were fed 
(P < 0.05). Most of the decrease in phos­
phorus retention with the 0.45% P rations 
could be accounted for by an increase in 
urinary phosphorus excretion (P < 0.05).

The amount of phosphorus excreted in 
the urine was decreased when 0.44% Ca 
was fed in conjunction with the two lower 
dietary phosphorus levels (P < 0.05); how­
ever, the amount excreted in the urine 
increased slightly when the higher calcium 
level was fed in conjunction with 0.45%

P. Fecal phosphorus was higher on the 
higher calcium and phosphorus rations.

Figure 8 shows the relationship of plas­
ma inorganic phosphorus concentration to 
urinary phosphorus concentration during 
the 20-day experimental period. Phospho­
rus concentration of both plasma and urine 
was lower when 0.4% Ca rations were fed.

DISCUSSION

The results of these trials indicated that 
there was a growth response and an over­
all improvement in lamb performance 
when supplemental calcium was added to 
a basal ration containing 0.16% Ca and 
0.33% P. This compares with the mini­
mum requirements of 0.17% Ca and 
0.15% P for fattening lambs (7) and 
0.20% Ca and 0.20% P for finishing short 
yearlings (8). More recent estimates (11,
12) are slightly higher but appear to be 
grossly inadequate when viewed against 
the background provided by the initial 
field cases and the data obtained in our 
studies. With our present knowledge, no 
one calcium level can be recommended. 
When all observations are considered, the 
best performance during the three trials 
was obtained in the presence of 0.6% Ca, 
0.36% P (trial 1); 0.4% Ca, 0.33% P 
(trial 2); and 0.4% Ca, 0.2% P (trial 3). 
In each of the above situations, however, 
the performance of lambs was not optimal 
for all criteria observed. The major fea­
ture to be emphasized is that performance 
was always unsatisfactory when the Ca:P 
ratio was 1:1 or less, and that high levels 
of phosphorus generally accentuated the 
difficulties observed. Most rations formu­
lated from grain, oil meals and hays grown 
on fertilized soil will supply phosphorus in 
excess of NRC requirements, and high 
grain rations will contain at least 0.3% P. 
As a first step, it is. suggested that suffi­
cient calcium be added to provide an in­
take of at least 1.3 times the phosphorus 
intake, and a ratio of 2:1 may be advisable. 
Presumably, the levels needed will be modi­
fied by vitamin D status, length of feeding 
period and endocrine status of the animal.

The addition of 0.5 to 1.0% CaC03 
often corrected the field conditions in cat­
tle. Many functions of calcium that have 
been elucidated help establish it as a 
primary factor in the etiology of the field
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Fig. 8 Influence of calcium and phosphorus levels on plasma inorganic phosphorus and urinary 
phosphorus (trial 3-A).

condition and in the syndrome observed 
when the basal ration was fed. Calcium 
has been shown to have a role in the activa­
tion of certain enzymes, including lipase, 
succinic dehydrogenase, adenosine triphos­
phatase and some proteases. This could ac­
count, at least in part, for the increased 
weight gain noted when supplemental cal­
cium was offered. The failure of lambs 
receiving 0.44% Ca and 0.45% P to retain 
phosphorus (trial 3-A) suggests that less 
phosphorus was being used by these lambs.

The stiffness noted in the lambs may 
have been due to soreness from bone re­
sorption, or an effect on the neuromuscular 
system. Campbell (13) reported that dogs 
were reluctant to move about after being 
fed a diet low in calcium and vitamin D. 
Nocenti (14) summarized the basic role 
of Ca2+ concentration in determining the 
excitability of nerve and muscle.

An increase in plasma inorganic phos­
phorus and magnesium from the initial 
values was noted in most lambs whereas 
the plasma calcium decreased. Generally, 
the greatest increase in plasma inorganic 
phosphorus occurred in those sheep with 
the lower plasma calcium values. This in­

crease in plasma inorganic phosphorus at 
the end of the experimental period was 
due in part to the high level of phosphorus 
in the rations (plasma data from trial 3-A) 
and to the resorption of bone (figs. 5 and
6) which was occurring to maintain plas­
ma calcium level (15-19). There is ample 
experimental evidence that blood calcium 
is lowered in hypoparathyroidism and 
raised in hyperparathyroidism, but the 
mechanism by which this is achieved is 
poorly understood (20, 21). Though some 
researchers believe that only the plasma 
calcium concentration determines para­
thyroid activity (22), others believe an in­
crease in plasma inorganic phosphorus is 
a further stimulus to the parathyroid 
glands to decrease tubular reabsorption of 
phosphorus (23, 24). The data obtained 
from trial 3-A suggest that the plasma 
phosphorus must reach some as yet unde­
termined threshold before there is a signifi­
cant increase in urinary phosphorus and 
concomitant decrease in plasma inorganic 
phosphorus.

The ostensible inability of the parathy­
roid to function in the manner described 
above in the case of the lambs in trial 2
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may have been due to: 1) hypofunction 
of the glands; 2) the activation of a control 
mechanism after a certain amount of bone 
has been resorbed, which prevents the 
total disappearance of bone, no matter 
how great the stimulus for resorption (25); 
or 3) the high phosphorus content of the 
plasma could have lowered the plasma 
calcium through some as yet undetermined 
mechanism. Salvesen et al. (26) reported 
that overloading the circulatory fluids 
quickly with inorganic phosphorus, given 
either parenterally or orally, resulted in 
rapid decline of the serum calcium con­
centration. Pfander et al. (27) reported 
similar results when phosphate was infused 
intravenously in sheep. A smaller amount 
in the ration fed over a long period of time 
may have the same effect. This effect may 
be mediated through calcitonin or a cal­
citonin-releasing factor (21, 28, 29).

The probable explanation of the in­
creased mortality rate from sludge and cal­
culi by the addition of the sodium-potas­
sium carbonate-bicarbonate mixture is its 
effect on urine pH. The formation of cal­
culi and sludge in these experiments oc­
curred at much lower levels of phosphorus 
intake than those used by Emerick and 
Embry (5, 6), but the favorable effect of 
supplemental calcium is similar to the 
South Dakota results. Although the acid- 
base economy of the ruminant is intimately 
associated with events which take place in 
the rumen (30), the renal mechanism is 
an imriortant regulator of the concentra­
tion of H+ and the excretion of “fixed 
base” in the urine.

The increased intake of sodium and po­
tassium would tend to reduce renal tubule 
exchange of H+ and Na+ ions (31), in­
creasing the amounts of phosphate being 
excreted in the form of Na2HPOi instead of 
NaH?PO<. Urinary phosphate compounds 
would be less soluble in urine with a higher 
pH. The increased magnesium excretion 
on low calcium rations would increase the 
probability of urolith or sludge formation, 
or both, from Mg2+ and HPCL2-. The addi­
tional urinary phosphorus resulting when 
high phosphate rations are fed, as indi­
cated by the results of trial 3-A, would con­
tribute to the adverse situation.

At least two interrelationships between 
calcium and phosphorus in the intestine

have been reported. McCance (32) found 
that excess dietary phosphate reduced cal­
cium absorption and Albright and Reifen- 
stein (33) found that dietary calcium may 
limit the absorption of phosphorus from 
the gastrointestinal tract. Some of the ef­
fects of a Ca:P ratio less than 1:1 which 
were responsible for the field condition and 
were reproduced in detail in the laboratory 
recall the reports of Kintner and Holt (34) 
and Kintner (35) with horses.

The favorable effect of organic calcium 
sources and CaCh on growth merit addi­
tional attention, especially if their contri­
bution to increased sludge formation could 
be overcome.
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Effect of Prior High Protein Intake on Food Intake, 
Serine Dehydratase Activity and Plasma 
Amino Acids of Rats Fed Amino 
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ABSTRACT Relationships among food intake, growth, liver serine-threonine de­
hydratase activity (S-TDH) and plasma amino acid concentrations were studied in 
rats adapted to low or high protein diets at intervals after feeding them imbalanced 
diets containing 5% casein and 6, 12 or 18% of an amino acid mixture devoid of 
histidine (AA—His). When rats adapted to the low protein diet were fed the 6% AA— 
His-imbalanced diet, S-TDH was low; total plasma amino acid concentrations increased; 
plasma histidine, food intake and growth decreased. As time progressed S-TDH in­
creased slowly; plasma serine plus threonine concentration fell; food intake and growth 
began to rise. When rats adapted to the high protein diet were fed the 6% AA—His-im­
balanced diet, S-TDH decreased rapidly, but food intake remained constant until S-TDH 
had decreased considerably and plasma serine plus threonine had risen. When rats 
adapted to the high protein diet were fed the more severely imbalanced diets their 
diminishing ability to degrade amino acids was apparently exceeded; plasma amino 
acids rose; food intake and growth decreased. Both alterations in food intake and amino 
acid-degrading capacity appear to contribute to the ability of the rat to adjust to dietary 
imbalances of amino acids.

The physiological and biochemical re­
sponses of growing rats to a dietary im­
balance of amino acids, commonly created 
by the addition of an amino acid mixture 
devoid of one indispensable amino acid to 
a low protein diet, include depressions in 
food intake and growth (1-5), a sharp de­
crease in the plasma concentration of the 
amino acid which is most limiting in the 
diet and elevated concentrations of other 
amino acids (1, 3, 4), and a preference 
for a protein-free or balanced-protein diet 
over the imbalanced diet when the rat is 
offered a choice between them (2, 6, 7). 
From these observations the hypothesis 
was proposed that an amino acid imbal­
ance, by causing the plasma amino acid 
pattern to resemble that of an animal fed 
a much more deficient diet, may trigger 
appetite depression (8). If the altered 
plasma amino acid pattern serves directly 
as a signal for appetite depression, one 
would expect restoration of normal food 
intake to be associated with a change in the 
plasma amino acid pattern toward that of 
the rat fed a balanced-protein diet.

Because the food intake and growth 
rate of rats fed an imbalanced diet in a 
cold environment were not depressed (9-
12) and the plasma amino acid pattern of 
rats fed a diet in which the imbalance 
was produced by only 1% of amino acids 
was similar to that of rats fed the control 
diet (10), Klain et al. (9) and Klain and 
Winders (10) suggested that rats in a cold 
environment may preferentially degrade 
the imbalancing portion of the amino acid 
mixture. There is some evidence that food 
intake depression is alleviated by treat­
ments that enhance the ability of the rat to 
degrade amino acids. Food intake of rats 
consuming a low protein diet and having 
only a limited capacity for amino acid 
degradation (13-17) falls when they are 
fed a high protein diet, and this is associ­
ated with elevated plasma amino acid con­
centrations (13). Within a short time, their
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1 Supported in  part by P ub lic  H ealth Service Grants 
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2 Present address: D epartm ent o f  F ood  and  N utri­
tion , U niversity o f  M issouri, C olum bia , M issouri.
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food intake returns to normal; this occurs 
in conjunction with a rising ability to de­
grade amino acids and decreasing plasma 
amino acid concentrations (13). Growth 
and food intake depressions in rats fed an 
imbalanced diet are smaller if the animals 
have previously been fed an adequate or 
high protein diet or if the balanced-protein 
content of the imbalanced diet is increased 
(18-21). Also, rats adapted to a high pro­
tein intake and offered a choice between a 
protein-free and an imbalanced diet con­
sume 75% of their total intake as the im­
balanced diet (7). If alleviations of the ef­
fects of the imbalanced diet on food intake, 
growth rate and food preference are related 
to the ability of the rat to degrade amino 
acids and to reduce concentrations of 
amino acids in the plasma, the gradual 
improvement with time in food intake and 
growth rate of rats fed an imbalanced diet 
might be similarly explained (22, 23). 
On the other hand, assuming that food in­
take depression is the result of a certain 
degree of abnormality in the plasma amino 
acid pattern, different amounts of food 
would be required to produce this degree of 
abnormality depending upon the capacity 
of the animal to metabolize amino acids.

To investigate these possibilities, associa­
tions among food intake, growth, the activ­
ity of serine-threonine dehydratase (S- 
TDH) and plasma amino acid concentra­

tions were investigated in rats allowed to 
adjust to either low or high protein diets 
before being offered an imbalanced diet. Se­
rine-threonine dehydratase was selected as 
being representative of enzymes that in­
crease in activity under conditions in 
which amino acid catabolism is enhanced 
(14, 24-29). The results indicate that al­
though growth and food intake of rats fed 
an imbalanced diet improved with time, 
the plasma amino acid pattern remained 
abnormal.

EXPERIMENTAL

Young male rats of the Holtzman3 
strain were used in both experiments. They 
were individually housed in suspended 
wire-bottom cages in a room with a 12- 
hour light-dark cycle. The rats were offered 
the diets, prepared as agar-gels (30), and 
water ad libitum throughout the experi­
ments. The composition of the diets is pre­
sented in table 1. Body weight changes 
and dry matter intakes were recorded daily 
for each animal.

In experiment 1 rats averaging 83 g in 
weight were fed the 5% casein diet for 
12 days. They were then separated into 
two groups of equal average weight (116 
g). One group of animals was continued on 
the 5% casein diet and the other group 
was fed the diet containing 5% casein

3 Holtzman Company, Madison, Wis.

TABLE 1
Composition of the diets in percent

Diet1
Ingredient

50% C 5%C
5%C +  

6%
AA -  His

5%C + 
12%

AA — His
5%C +  

18%
AA -  His

5%C +  
18%

AA +  His

Vitamin-test casein 2 50.0 5.0 5.0 5.0 5.0 5.0
L-Methionine 0.0 0.3 0.3 0.3 0.3 0.3
L-Threonine 0.0 0.2 0.2 0.2 0.2 0.2
Corn oil 5.0 5.0 5.0 5.0 5.0 5.0
Mineral mixture 3 5.0 5.0 5.0 5.0 5.0 5.0
Vitamin mixture 3 0.5 0.5 0.5 0.5 0.5 0.5
Choline chloride 4 0.2 0.2 0.2 0.2 0.2 0.2
Cornstarch 19.6 41.9 38.9 35.9 32.9 32.7
Glucose monohydrate 19.7 41.9 38.9 35.9 32.9 32.8
Amino acid mixture 5 0.0 0.0 6.0 12.0 18.0 18.0
L-Histidine -HC1 • H2O 0.0 0.0 0.0 0.0 0.0 0.3

1 C =  casein; AA =  amino acid mixture; His =  histidine.
2 General Biochemicals, Inc., Chagrin Falls, Ohio.
3 Rogers, Q. R., and A. E. Harper (30).
4 Added to the diet as a water solution.
5 T he am in o acid  prem ix  con ta ined  the fo llo w in g : ( in  p ercen t) L-m ethionine, 5 ; L -phenylalanine, 

15; L-leucine, 15; L-isoleucine, 10; L-valine, 10; L-lysine-H Cl, 15; L -a rg in in eH C l, 10; L-threonine, 7.5; 
L-tryptophan, 2.5; and N a acetate, 10.
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plus 6% of the amino acid mixture devoid 
of histidine (6% AA—His; table 1). Plasma 
amino acid concentrations and the activity 
of liver serine-threonine dehydratase were 
determined on days zero, 2, 6, and 14 
(five rats per group). In experiment 2 
the rats were fed the 50% casein diet for 
7 days. They were then separated into 
groups of equal average weight (115 g in 
study 1 and 135 g in study 2) and were 
fed the diets shown in table 1. Plasma 
amino acid concentrations and liver serine- 
threonine dehydratase activity were deter­
mined on days 2 and 6 in study 1 and on 
day 13 in study 2 (four or five rats per 
group). Ten rats in study 2 served as zero 
day controls.

To obtain blood and liver samples rats 
were lightly anesthesized with ether dur­
ing the first 1.5 hours after the beginning 
of the daylight period at a time when most 
of them still had food in their stomachs; 
blood was obtained by heart puncture im­
mediately thereafter and liver was excised, 
weighed and chilled in 0.14 m  KC1.

Plasma amino acid concentrations were 
determined using an analyzer.4 Equal

quantities of plasma from each rat within 
a group were pooled and deproteinized with 
an amount of 15% sulfosalicylic acid to 
make the concentration in the resulting 
supernate 3% in sulfosalicylic acid. Since 
asparagine and glutamine could not be 
adequately separated from the first four 
amino acids on the chromatogram, each 
sample was heated for 3 hours in a sealed 
ampule with an equal quantity of 3% sul­
fosalicylic acid. This procedure hydrolyzed 
the amides and resulted in reasonably good 
separation of aspartic acid, threonine, 
serine and glutamic acid.

Serine-threonine dehydratase activity 
was determined by a modification (13) of 
the procedure of Freedland and Avery
(26) using serine as the substrate.

RESULTS

Growth and food intake of rats adjusted 
to a low protein intake (5% casein) before 
they were fed the 6% AA—His-imbalanced 
diet were greatly depressed within 1 day 
(exp. 1; figs. 1 and 2). After consuming

4 T ech n icon  A uto-Analyzer, T ech n icon  C orporation , 
Ardsley, N. Y.

Fig. 1 Growth of rats previously fed 5% casein (A ) or 50% casein (B ) and then fed the 
experimental diets. Weight gain (grams per rat per day) is plotted versus days on the diet. 
Each point represents the average weight gain of five rats. # ,  5% casein; O, 5% casein -f- 
6% of the amino acid mixture — histidine (AA—H is); ■ ,  5% casein +  12% AA—His; □ , 5% 
casein +  18% AA—His; A, 5% casein +  18% AA+His; A, 50% casein (see table 1 for 
composition of the diets). I, mean ±  s e .
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Fig. 2 Food intake of rats previously fed 5% casein (A ) or 50% casein (B ) and then fed 
the experimental diets. Dry matter consumed (grams per rat per day) is plotted versus days 
on the diet. Each point represents the average food intake of five rats. • , 5% casein; O, 5% 
casein +  6% of the amino acid mixture — histidine (AA—H is); ■ ,  5% casein +  12% AA— 
His; □ , 5% casein +  18% AA—His; A, 5% casein +  18% AA+His; A, 50% casein (see table 
1 for composition of the diets). I, mean ±  s e .

the imbalanced diet for 4 days, these rats 
had lost an average of 12 to 13 g of body 
weight, but on day 11 their food intake in­
creased, they began to gain weight and 
continued to gain until the end of the 
experiment. In contrast, the growth of rats 
adjusted to a high protein intake (50% 
casein) before they were fed the 6% AA- 
His-imbalanced diet was not depressed on 
day 1 and only slightly on days 2, 3 and 4, 
after which they grew at a reasonably 
steady rate (exp. 2). Food intake of these 
rats was not depressed initially but some 
decrease occurred from days 9 to 13. Food 
intake and growth patterns of these ani­
mals were similar to those of rats fed the 
5% casein diet throughout experiment 1.

In experiment 2 growth and food intake 
of rats fed the more severely imbalanced 
diets (12 and 18% AA—His) after they had 
become adjusted to a high protein intake 
(50% casein) were depressed within 1 or 
2 days and remained depressed until day 
11 when both began to increase. Growth 
and food intake patterns of groups fed the 
6% AA—His-imbalanced diet throughout

experiment 1 and the 12 and 18% AA—His- 
imbalanced diets throughout experiment 2 
were similar, but the depression was more 
severe in experiment 1. The food intakes of 
all three groups fed the imbalanced diets 
throughout experiment 2 were approxi­
mately the same by day 13.

Serine-threonine dehydratase activities 
of all groups in both experiments are 
shown in figure 3. The activity of serine- 
threonine dehydratase in the livers of all 
groups of rats adjusted to the 50% casein 
diet and then fed the low protein experi­
mental diets (table 1) decreased rapidly 
for the first 6 days of experiment 2 regard­
less of the quantity or quality of the amino 
acid mixture present in the diet. Between 
days 6 and 14 enzyme activity decreased 
more gradually. This pattern of decrease in 
serine-threonine dehydratase activity with 
time is similar to that obtained for ar gin ase
(31) under comparable conditions. On 
day 13 the activity of serine-threonine de­
hydratase in the livers of rats fed the 18% 
AA—His-imbalanced diet was significantly 
greater than that of rats fed either the 5%
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Fig. 3 Liver serine-threonine dehydratase activity of rats previously fed 5% casein(-------)
or 50% casein ( -------) and then fed the experimental diets. Serine dehydratase activity
(mmoles DPNH per minute per 100 g body weight) is plotted versus days on the diet. Each 
point represents the average serine dehydratase activity of five rats. 9 ,  5% casein; O, 5% 
casein +  6% of the amino acid mixture — histidine (AA—H is); ■ ,  5% casein +  12% AA— 
His; □ , 5% casein +  18% AA—His; ▲, 5% casein +  18% AA-j-His; A, 50% casein (see table
1 for composition of the diets). I, mean ±  s e .

casein diet or the 6% AA—His-imbalanced 
diet (P  < 0.01), whereas for rats fed the 
18% AA + His-imbalanced diet supple­
mented with histidine the activity was just 
significantly greater than that of rats fed 
the 5% casein diet (P  < 0.05).

The activity of serine-threonine dehydra­
tase in the liver of rats fed the 5% casein 
diet remained constant throughout experi­

ment 1. The activity of the enzyme rose 
about threefold, from 0.32 to 1.02 pmoles/ 
minute per 100 g body weight, between day 
zero and day 14 (P  < 0.01) in the livers of 
rats adjusted to a low protein intake and 
then fed the 6% AA—His-imbalanced diet, 
so that by the termination of the experi­
ment the activity was fourfold greater than 
the value of 0.25 pmole/minute per 100 g
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body weight of rats fed the 5% casein diet 
throughout; the activity at the end of the 
experiment was also similar to that of rats 
adjusted to a high protein intake in experi­
ment 2 and then fed the 6% AA—His-im- 
balanced diet for 13 days.

Figure 4 shows that at the end of experi­
ment 2 there was a direct logarithmic rela­
tionship between the intake of amino acids 
and the calculated capacity of the rat to 
degrade serine and threonine or threonine. 
Rats fed the 5% casein diet, the 6, 12 and 
18% AA—His-imbalanced diets were theo­
retically capable of degrading 0.8, 1.8, 3.4 
and 6.8 times, respectively, the amount of 
serine plus threonine that they consumed

% OF AMINO ACID MIX MINUS 
HISTIDINE IN 5 %  CASEIN DIET

Fig. 4 Effect on serine-threonine dehydratase 
activity of including increasing increments of the 
imbalanced amino acid mixture in the 5% casein 
diet. The ratio of the amount of serine plus threo­
nine or threonine (log of mmoles per rat per 24 
hours) that could theoretically be catabolized to 
the amount of serine plus threonine or threonine 
consumed on day 13 of experiment 2 is plotted 
versus the percentage of the imbalanced amino 
acid mixture included in the 5% casein diet 
(see table 1 for composition of the diets). Theoret­
ical ability to catabolize serine plus threonine or 
threonine was calculated from the actual enzyme 
activity determined on day 13 using the formula: 
activity/hour/liver X 24 hours. The serine and 
threonine content of the casein in the diet was 
estimated using the figures of Orr and Watt (32) 
and the threonine content of the amino acid 
mixture was estimated from the unknown compo­
sition (table 1, footnote 5 ). Each point represents 
the average for five rats.

on day 13. Relative liver sizes for all rats 
on days 13 and 14 were within the range 
of 3.4 to 4.1 g/100 g body weight. These 
differences in liver size would not influence 
appreciably the values calculated. The cal­
culated values for rats adapted to low or 
high protein diets were essentially the 
same after they had consumed the 6% 
AA—His diet for 13 or 14 days since the 
value was 2.3 for the group previously fed 
the low protein diet and 1.8 for those pre­
viously fed the high protein diet.

Alterations in the total concentrations of 
amino acids in the plasma varied with the 
diet the rats had been fed previously, the 
subsequent experimental diet fed and the 
length of time it was fed. In experiment 1 
there was a tendency for the concentra­
tions of total amino acids in the plasma of 
rats that had become adjusted to a low 
protein intake before they were fed the 
6% AA—His-imbalanced diet to rise, and 
for these concentrations in rats fed the 5% 
casein diet throughout the experiment to 
fall (fig. 5). In experiment 2 in which all 
rats had become adjusted to a high protein 
intake before being fed the experimental 
diets, the total amino acids in the plasma 
of all groups, except those fed the 50% 
casein diet throughout, decreased sharply 
during the first 2 days, presumably owing 
to both the decreased intake of amino acids 
and the higher degradative enzyme activity 
in the livers of the animals at that time 
than later in the experiment (fig. 3). The 
degree of rise in plasma amino acid concen­
trations after day 2 varied with the diet. 
The concentration of total amino acids in 
the plasma of rats fed the 5% casein diet 
remained low until day 6, after which it 
rose at the same time that enzyme activity 
was still decreasing (fig. 3). In the groups 
fed the three imbalanced diets the concen­
trations of total amino acids rose until day 
6 but were higher in rats fed the 12 and 
18% AA—His diets than in those fed the 
6% AA—His diet; thereafter, they contin­
ued to increase in rats fed the 6% AA—His- 
imbalanced diet, remained the same in 
those fed the 12% AA—His-imbalanced 
diet and decreased in those fed the 18% 
AA—His-imbalanced diet. By day 13 when 
the values for enzyme activity were similar 
for the different groups of rats in experi­
ment 2 (fig. 3), plasma total amino acid
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Fig. 5 Plasma concentrations of total amino 
acids of rats previously fed 5% casein (top two 
sections) or 50% casein (bottom six sections) and 
then fed the experimental diets. Total amino 
acids (¿uñóles per 100 ml plasma) are plotted 
versus days on the diet. Each bar represents a 
pooled plasma sample from five rats. See table 
1 for composition of the diets. All diets containing 
the amino acid mixture also contained 5% casein.

ability, the figure appears to support the 
suggestion that a reduction in the ability 
of rats fed the imbalanced diet to clear 
amino acids from the plasma was associ­
ated with decreasing food intake while en­
hancement of this ability was associated 
with increasing food intake.

The plasma concentration of histidine 
in rats adjusted to a low protein intake 
prior to being fed the 6% AA—His-imbal- 
anced diet fell rapidly and on day 6 was 
31% of the day zero value (fig. 7); after day 
6, at the time growth rate was increasing 
(fig. 1), plasma histidine concentration 
rose to 50% of the day zero value. In ex­
periment 2 plasma histidine concentra­
tions of all animals fed the imbalanced 
diets had fallen by day 2. This probably 
was a reflection of the greatly reduced 
histidine intake of each group after day 
zero. After day 2, histidine concentrations 
began to rise until by day 13 they were ap­
proximately the same for rats fed the three 
imbalanced diets. Plasma histidine con­
centrations of groups fed the balanced 
diets that supported substantial growth 
rates (fig. 1) were higher by the end of the 
experiment than those of the groups fed 
the imbalanced diets that depressed growth 
rate. Histidine concentrations in the 
plasma of groups fed the 6% AA- His-im- 
balanced diet, whether their previous diet 
contained 5 or 50% casein, were the same 
on days 6 and 14.

DI SC US SI ON

values were also similar and approached 
that of the group fed the 50% casein con­
trol diet. In contrast, the total amino acid 
concentrations in the plasma of the rats fed 
the 5% casein diet in both experiments 
were nearly 200 umoles/100 ml less than 
those for the group fed the 6% imbalanced 
diet regardless of the casein content of the 
diet fed before initiation of the experiment.

Figure 6 represents an attempt to assess 
changes in the ability of the different 
groups in the two experiments to catabolize 
serine plus threonine by plotting on the 
various days of blood sampling the ratio 
of the total amounts of these two amino 
acids circulating in the plasma to the total 
amounts ingested by the rat per day. If one 
can assume that a change in this ratio in­
dicates a change in amino acid degradative

Plasma amino acid concentrations 
change with time after ingestion of a meal 
and differ with the quality and quantity 
of the protein in the diet5 (18, 34-36); 
however, the values are usually at their 
maxima by 3 hours and remain relatively 
constant until about 6 hours after the meal. 
Comparisons at single intervals during the 
period of absorption cannot give as accu­
rate a quantitative picture as comparisons 
made at several intervals over the time 
period. In most of the studies reported, 
however, interpretations based on com­
parisons of values for a single time interval 
during the absorptive period would not 
differ greatly from that based on the full 
curve. Differences among plasma amino
s Perez, L., and A. E. Harper, unpublished observa­

tions.
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Fig, 6 Ability of the rat to degrade serine plus threonine. The ratio of serine plus threo­
nine circulating in the plasma at time of killing to the ingested serine plus threonine 

(/¿moles plasma Thr -|- Ser/rat at sacrifice time)
(/¿moles ingested Thr +  Ser/rat/24 hours)

is plotted versus days on the diet. The values were corrected for plasma volume using the 
figures of Fernandez et al. (33 ). Each point represents the average value for five rats. •  , 
5% casein; O, 5% casein +  6% of the amino acid mixture — histidine (AA—H is); ■ ,  5% 
casein 4- 12% AA—His; □ , 5% casein +  18% AA—His; A, 5% casein +  18% AA+His;
50% casein; ( -------), rats fed 5% casein before being fed the experimental diets; ( ------- ),
rats fed 50% casein before being fed the experimental diets.

acid values for the single interval during 
the absorptive period in these studies are 
therefore considered to be representative 
of differences among groups throughout 
that period.

The physiological and biochemical re­
sponses of the growing rat to a dietary im­
balance of amino acids appear to depend 
upon the pretreatment; rats previously fed 
a low protein diet responded differently 
than those previously fed a high protein 
diet. This suggests that the responses to an 
imbalanced diet are influenced by the ca­
pacity of the animal to degrade amino 
acids, as affected by the diet fed initially.

In animals adapted to a low protein diet 
both major routes for the utilization of 
dietary amino acids are limited: growth
(13), owing to the low amount of amino 
acids in the diet; and degradation, owing 
to low activities of amino acid catabolizing 
enzymes (13-17). When such an animal is 
fed an imbalanced diet low in protein and 
limiting in one indispensable amino acid, 
the concentrations of the amino acids in 
excess in the diet, and which cannot be 
used for protein synthesis (37) or be 
readily catabolized, tend to rise in the 
plasma, and concomitantly, food intake 
and growth decrease (figs. 1, 2, 5). As time
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Fig. 7 Plasma concentrations of histidine of 
rats previously fed 5% casein (top two sections) 
or 50% casein (bottom six sections) and then 
fed the experimental diets. Histidine concentra­
tion (mmoles per 100 ml plasma) is plotted versus 
days on diet. Each bar represents a pooled plasma 
sample from five rats. See table 1 for composition 
of the diets. All diets containing the amino acid 
mixture also contained 5% casein.

progresses the rat continues to consume a 
small amount of the imbalanced diet, the 
plasma concentrations of amino acids in­
gested in excess of needs remain elevated, 
and the activity of serine-threonine dehy­
dratase (fig. 3), taken as an indicator of 
the behavior of many of the enzymes of 
amino acid catabolism, begins to rise 
slowly and may constitute the initial phase 
of adaptation to the diet. When serine- 
threonine dehydratase activity has in­
creased above the initial value, the amount 
of serine plus threonine present in the 
plasma in relation to that ingested (fig. 6) 
has decreased and food intake and growth 
begin to increase.

On the other hand, rats adapted to a 
high protein diet and growing rapidly (13) 
are synthesizing considerable amounts of

protein and have the ability to catabolize 
large amounts of amino acids (13, 38- 
39). When the rat is then fed a low protein, 
imbalanced diet the influx of amino acids 
is much less than before and both the 
concentrations of plasma amino acids and 
the activity of serine-threonine dehydratase 
fall (figs. 3 and 5); subsequently, as serine- 
threonine dehydratase activity continues to 
decrease, the concentrations of the amino 
acids in surplus in the diet rise in the 
plasma; food intake (fig. 2) is constant for 
a time but also falls after enzyme activity 
has decreased considerably and serine plus 
threonine concentration in the plasma have 
risen. If the amino acid imbalance is se­
vere enough, ingestion of such a diet by the 
rat adapted to a high protein intake ap­
parently results in so large an influx of 
amino acids that must be degraded while 
the animal’s ability to catabolize amino 
acids is rapidly decreasing, that, within a 
short time its degradative capacity is ex­
ceeded, amino acids accumulate in body 
fluids and coincident with this, its food in­
take and growth rate decrease (figs. 1, 2, 3). 
Serine-threonine dehydratase activity con­
tinues to decrease with time while only a 
small amount of the imbalanced diet is 
being consumed. The concentrations of 
plasma amino acids and enzyme activity 
eventually stabilize at values that depend 
upon the food intake and the percentage of 
the unbalancing amino acid mixture in the 
diet. Thereafter, food intake and growth, 
although remaining low, tend to increase. 
Evidence that a large quantity of dietary 
amino acids from either a balanced or from 
certain incomplete mixtures results in ele­
vated threonine dehydratase activity was 
obtained by Peraino et al. (40). Thus, al­
terations in both food intake and in amino 
acid-degrading capacity contribute to the 
ability of the rat to cope with a dietary 
imbalance of amino acids.

Evidence of some adaptation of rats to 
the 6% AA—His diet in experiment 1 and 
to the 12 and 18% AA—His diets in experi­
ment 2 was observed as the investigation 
progressed. Apparently, the ability of these 
rats to degrade amino acids (fig. 3) was 
great enough toward the end of the experi­
ments to influence the concentrations of 
amino acids present in the plasma (figs. 5 
and 6) and, associated with this, food con­



472 H. L. ANDERSON, N. J. BENEVENGA AND A. E. HARPER

sumption was rising (fig. 2). Such in­
creases in amino acid degradative ability 
with increasing amino acid intake, al­
though small, would be a decided advan­
tage when amino acid-imblanced diets are 
fed since this would enable the animal to 
dispose of some of the surplus of dietary 
amino acids while consuming a quantity 
of diet that provides enough balanced pro­
tein for maintenance and, perhaps, some 
growth.

In contrast, the apparent protective in­
fluence of adaptation to a high protein in­
take in the present investigation appeared 
to decline toward the end of experiment 2. 
The tendency for the total plasma amino 
acid concentrations (fig. 5) to increase 
despite the decreased food intake of the 
animals (fig. 2) toward the end of the 
2-week period, coincides with a decreased 
ability to catabolize amino acids (figs. 3 
and 6), and appears to be a reflection of 
the progressively decreasing ability of these 
animals to cope with the dietary influx of 
amino acids.

There was not a consistent correlation 
between changes in food intake and plasma 
amino acid concentrations in rats fed the 
various imbalanced diets in the present 
investigation. For example, rats adapted 
to a high protein diet and having high 
degradative ability were able to consume 
much more of the imbalanced diet (5% 
casein + 6% AA—His) throughout the 2 
weeks than those adapted to a low protein 
diet even though the ratios of the concen­
trations of indispensable amino acids to 
histidine in the plasma (41 and 36 on day 
2, 64 and 67 on day 6 and 56 and 54 on 
days 13 and 14 for rats previously adapted 
to high and low protein, respectively) were 
similar. Growth and food intake of rats 
adapted to low protein and then fed the 
imbalanced diet improved gradually toward 
the end of the study even though the 
plasma amino acid pattern remained quite 
abnormal. From a different type of study 
Peng et al. (18) also concluded that no 
direct quantitative relationship exists be­
tween the plasma concentrations of his­
tidine or total amino acids and food intake 
in rats fed an amino acid-imbalanced diet.

If changes in plasma amino acid concen­
trations do trigger an appetite-depressing 
mechanism, there is no reason to assume

that there should be a quantitative relation­
ship between food intake and the concen­
trations of amino acids in the plasma. 
Changes in plasma amino acid concentra­
tions depend upon the amount and pattern 
of amino acids ingested, the ability to uti­
lize amino acids in protein synthesis and 
the ability to degrade any surplus. There­
fore, rats previously fed a high protein 
diet and having a high capacity to degrade 
amino acids would be able to consume 
more of the imbalanced diet than those 
previously fed a low protein diet before 
their plasma amino acid pattern showed 
the same degree of abnormality. As their 
capacity to degrade amino acids fell, the 
amount of imbalanced diet to cause this 
degree of abnormality in the plasma amino 
acid pattern would be less. This is what 
was observed. Also, rats previously fed the 
low protein diet and whose degradative 
ability increased slowly, would gradually be 
able to consume more of the imbalanced 
diet without developing any greater degree 
of abnormality in their plasma amino acid 
pattern. This, too, is essentially what oc­
curred. Changes in plasma amino acid pat­
terns could, therefore, still provide the 
triggering mechanism for food intake de­
pression, but as the ability of the animal 
to remove amino acids increased, more 
food would be consumed before this signal 
of satiety was evoked.
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Iron Restriction in the Nursing Rat: Early 
effects upon tissue heme proteins, 
hemoglobin and liver iron * 1 2

PETER R. DALLMAN J'3
Department of Pediatries and Human Development, Stanford University
School of Medicine, Palo Alto, California

ABSTRACT Rats were made iron deficient between 10 and 21 days of age by 
restricting their customary access to nonmaternal sources of iron. The depression of 
cytochrome c and myoglobin concentrations in skeletal muscle and of cytochrome c in 
intestinal mucosa became comparable to and, in some instances, was more profound 
than the concomitant 34% mean decrease in hemoglobin concentration. These condi­
tions did not interfere with normal gain in body weight. Thus, tissue heme protein 
deficiency was one of the early manifestations of iron depletion during a period of 
rapid growth. Earlier and more stringent iron deficiency in newborns was also pro­
duced by treating the mothers with an iron-chelating agent starting at 16 days of 
gestation to 21 days postnatally. This treatment reduced the rate of growth of the 
young and resulted in a more marked diminution in the concentration of hemoglobin.
There was little additional effect, however, upon cytochrome c in skeletal muscle or 
intestinal mucosa in comparison with the mildly iron-restricted group. A significant 
depression was also observed in heart muscle and in kidney. The concentration of 
cytochrome c in brain was least affected. The rapid rate of growth and differentiation 
that characterizes most organs during the newborn period is probably a predisposing 
factor to a more widespread and rapid tissue heme protein depletion than that ob­
served in adult animals.

Prolonged deprivation of dietary iron re­
duces the concentration of iron-containing 
heme proteins in many tissues in humans 
and experimental animals (1-7). Initially, 
it was thought that this tissue depletion 
occurred only with severe or chronic iron 
deficiency, and that the comparatively 
small amount of iron in myoglobin and 
the cytochromes was spared until there 
was a profound reduction in hemoglobin 
concentration. Recent data indicate, how­
ever, that tissue heme proteins can also be 
affected rapidly even under mild condi­
tions (8, 9). In man, cytochrome-oxidase 
activity in the buccal mucosa may be de­
creased even when there is little depression 
in concentration of hemoglobin (8). Stud­
ies in the growing rat indicate that cyto­
chrome c and myoglobin deficiencies also 
can result from a brief exposure to a low 
iron regimen (9).

In the rat, as in man, iron balance is 
most precarious during the end of the 
nursing period just before the exogenous 
sources of iron become available (10). 
During this period of rapid growth, when 
iron stores are rapidly utilized, the diet

consists almost entirely of milk, a rela­
tively poor source of this trace element. 
In man, a mild deficiency of iron is com­
mon at this age and severe depletion of 
iron results if there is either an undue de­
lay in the addition of supplementary foods 
or the iron stores of the newborn have 
been decreased by such factors as prema­
ture birth. Previous studies in man have 
shown heme protein depletion in two tis­
sues with a rapid rate of cell turnover
(11), that is, buccal mucosa (5, 8) and 
intestinal mucosa (12). Studies of the less 
approachable solid tissues in man are dif­
ficult to justify and prompt the use of an 
experimental animal whose iron metabo­
lism resembles that of man in many essen­
tial respects (10).

Nursing rats begin to open their eyes 
and become physically more active at
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about 14 days of age. At this time, they 
are observed to supplement breast milk, 
their major source of nourishment, with 
the diet and drinking water provided for 
the mother. After about 21 days, they rely 
predominately upon solid food and can 
be weaned.

The present study is designed to inves­
tigate the manifestations of iron deficiency, 
particularly the response of tissue heme 
proteins, during the transitional last third 
of the nursing period when breast milk is 
not supplemented with other sources of 
iron. The results of this mild iron restric­
tion are compared with the effects of ear­
lier and more stringent depletion that fol­
lows treatment of pregnant and nursing 
mother rats with the iron-chelating agent, 
desferrioxamine.4

METHODS
Rats of the Wistar strain were placed on 

several regimens involving iron deprivation 
during gestation and the nursing period. 
The iron-poor diet in each case was based 
upon dried, partially skimmed milk (12% 
fat) 5 supplemented with a complete vita­
min and mineral formula which contained 
no added iron (13). Drinking water was 
provided ad libitum in all experiments. 
Nursing rats were not restricted in their 
access to the diet and drinking water pro­
vided for the dams.

E xperim ent 1. Mothers with litters of 
eight male young were provided a stock- 
pellet diet until the pups were 10 days old. 
Then they were placed into one of four 
groups as follows: A) iron-poor diet and 
distilled water; B) iron-poor diet and 0.5 g 
ferrous sulfate added/liter of drinking 
water; C) stock-pellet diet (iron content 
197 ppm) 6 and distilled water; and D) 
iron-poor diet and distilled water; mothers 
received one intramuscular injection of
2.5 mg of elemental iron as iron dextran 7 
when the young were 10 days old. At 21 
days of age the rats were killed for deter­
mination of liver iron, hemoglobin con­
centration, myoglobin and cytochrome c.

E xperim ent 2. The regimen of iron de­
pletion during gestation was instituted as 
follows: four females at 15 days of gesta­
tion were provided the iron-poor diet and 
distilled water. The iron-chelating agent, 
desferrioxamine, was administered intra­

muscularly (50 mg once a day). The in­
jection was omitted on the day of delivery 
and then resumed until the young were 
21 days old. One of the litters was elimi­
nated because it contained only three 
young. A control group of four females 
was given the stock-pellet diet and daily 
injections of saline. Animals from each lit­
ter were killed individually at 2, 7 and 12 
days of age for determination of liver iron 
and hemoglobin concentration. In addition 
to these, cytochrome c assays were done 
at 21 days.

E xperim ent 3. A group of four females, 
each with eight newborn males, was sub­
jected to a series of desferrioxamine in­
jections, as above, starting 1 day after de­
livery and continuing daily until the young 
were 21 days old. The low iron diet was 
provided throughout this period. Four con­
trol mothers received saline injections and 
the stock-pellet diet. An additional group 
of four mothers was fed the iron-poor diet. 
All rats had received the stock-pellet diet 
during gestation. At 21 days of age studies 
were done on the young as above.

Animals were killed by decapitation and 
tissues were handled as before (9). Ven­
ous hemoglobin was estimated as cyan- 
methemoglobin (14). Cytochrome c was 
determined spectrophotometrically by the 
method of Rosenthal and Drabkin (15). 
Myoglobin was measured spectrophoto­
metrically after purification by differential 
precipitation with ammonium sulfate and 
by column chromatography on carboxy- 
methylcellulose according to the method 
of Akeson et al. (16). Hydrolyzable liver 
iron was determined colorimetrically by 
the method of Kaldor (17).

RESULTS
D eprivation o f  exogen ou s iron  during 

the nursing period (exp . 1). Nursing rats, 
whose access to exogenous iron was lim­
ited between 10 and 21 days of age, had a 
deficiency of cytochrome c  and myoglobin 
proportional to the decrease in the concen­
tration of hemoglobin. The limitation of 
iron intake in groups A and D did not re-

4 Desferol, CIBA Corporation, Summit, N. J.
5 Dryco, Borden Company, N e w  York, N. Y.
6 Purina Rat Chow, Ralston Purina Company, St. 

Louis, Mo.
7 Imferon, Lakeside Laboratories, Inc., Milwaukee, 

Wise.
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suit in retardation of growth in relation to 
the animals in control groups B and C 
(table 1). The total liver iron content in 
group A was significantly less than in rats 
allowed free access to the stock-pellet diet 
(group C). Group B, which had access to 
drinking water supplemented with ferrous 
sulfate, had the highest liver iron content. 
In group A, the concentrations of the heme 
proteins, hemoglobin, myoglobin and cy­
tochrome c were 30 to 50% less than in 
groups B or C.

In group D, the mothers had received 
an injection of iron dextran equivalent to 
the normal liver iron in an adult female 
(18). This was intended to compensate 
for a possible decrease in breast-milk iron 
related to the short-term exposure to a 
low iron regimen. Although the mean he­
moglobin concentration of this group was 
somewhat higher than in group A, the liver 
iron and skeletal muscle cytochrome c con­
centrations were equivalent.

Severe depletion  o f  iron during gesta ­
tion and the nursing period (exp s. 2 and 3). 
The combination of a low iron diet and in­
jections of the iron-chelating agent, desfer- 
rioxamine, during the last 6 days of gesta­
tion (exp. 2) reduced the liver iron content

TABLE 2

Effect of desferrioxamine treatment and the low
iron regimen after day 16 of gestation (days 

16 to 22) upon individual newborn rats

No. in 
litter Hemoglobin Liver iron

g/100ml total fig

Desferrioxamine group
7 9.1 19

8.1 21
8 9.5 25

13 7.0 17
7.7 19
8.3 ±1 .1  1 * 18 ±  1.4 1 **

Control group
10 10.6 39

10.2 34
7 9.9 31

8.9 47
11 12.3 40

10.2 41
13 11.6 25

10.5 ±1 .3  1 37 ±2 .8  1
i M e a n  +  se  o f  m e a n .

* C o n tro l  a n d  e x p e r im e n ta l g ro u p s  d i f fe r  ( P  <  0 .3 ) .  
* *  C o n tr o l  a n d  e x p e r im e n ta l  g ro u p s  d i f fe r  ( P  <  

0.001).
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in newborn animals to about one-half of 
the control values, as shown in table 2. 
The effect upon hemoglobin concentration 
in the newborns appeared less marked. 
One or two animals from each litter were 
used for liver iron determinations at 7 and 
12 days of age to determine the rate of 
iron depletion with control and deficient 
regimens. At day 7, hydrolyzable liver iron 
in the control group ranged from 190 to 
380 compared with 4 to 15 ug/g in the de­
ficient group. At 12 days of age the ranges 
were 50 to 185 and 5 to 20 ug/g, respec­
tively. Data obtained at day 21 are shown 
in the upper part of table 3. The deficient 
group was characterized by profound 
growth retardation, anemia and depletion 
of liver iron stores. Cytochrome c deple­
tion was observed in skeletal muscle, intes­
tinal mucosa, heart muscle, kidney and 
brain. The deficiency in the first two tis­
sues, however, was no more severe than 
observed in the moderately iron-depleted 
group A (table 1).

Similar results were obtained when des- 
ferrioxamine injections were initiated 
after birth (exp. 3, table 3). The unusu­
ally low weight of this control group is 
unexplained and may be a response to the 
amount of handling required by the regi­
men. No depletion of brain cytochrome c 
was observed in this study. Offspring of 
four mothers exposed to the iron-poor diet 
and saline injections (not shown in the 
table) had a hemoglobin concentration of
7.2 ±  0.5 g/100 ml, or similar to that ob­
served in group A (table 1).

DISCUSSION
The present studies with nursing rats 

show that a relatively brief period during 
which dietary intake is limited to breast 
milk and a cow’s milk product results not 
only in a moderate depletion of hemoglobin 
but also produces deficiencies in tissue 
heme proteins often of comparable or 
greater magnitude. After iron administra­
tion, hemoglobin deficiency is repaired 
rapidly and completely, as hypochromic 
cells are replaced by newly produced nor­
mal red cells. Tissue cytochrome deficien­
cies in long-lived cells, however, such as 
skeletal muscle, are more slowly repaired 
(9) and may have a greater potential for 
resulting in permanent damage.

In experiment 1, the deficiency of heme 
proteins in the iron-poor young appeared 
to be due primarily to lack of supplemen­
tal iron from nonmatemal sources. It is 
doubtful that decreased breast-milk iron, 
resulting from acute loss of the mother’s 
dietary iron, plays a large role. These re­
sults are consistent with the studies of 
Ezekial and Morgan (18) who showed 
that breast-milk iron in the rat can be mod­
ified only to a minor extent either by iron 
loading or deprivation.

In experiment 2, the rapid depletion of 
iron in the offspring of mothers treated 
with desferrioxamine appeared to be due 
primarily to the action of this chelating 
agent rather than to the low iron content 
of the maternal diet. This is suggested be­
cause the animals in experiment 3 exposed 
to the low iron diet during the entire nurs­
ing period were no more anemic than rats 
on the deficient regimen only between 10 
and 21 days (group A, table 1). Desferri­
oxamine might act directly upon iron me­
tabolism in the young after transport of 
the drug through the placenta or via breast 
milk. In addition, it could decrease the iron 
content of breast milk and the normal
(19) , rapid placental transport of iron dur­
ing the last part of gestation. The ultimate 
influence of desferrioxamine upon hemo­
globin synthesis in the young is note­
worthy since no effect upon hemoglobin 
production has been found in the adult rat
( 2 0 )  .

Depression of cytochrome c concentra­
tion in skeletal muscle and intestinal mu­
cosa was maximal, even after the mild 
depletion of iron in experiment 1. Conser­
vation of this respiratory enzyme in more 
severe iron restriction (exps. 2 and 3) ap­
peared to occur at the expense of produc­
tion of other heme proteins and ultimately 
at the expense of body growth (2-4, 6, 
7, 9).

Heart muscle and brain have been found 
to be unusually resistant to cytochrome c 
depletion in older iron-deficient rats (7). 
The rapid rate of growth and differentia­
tion that characterizes most tissues in the 
nursing animal undoubtedly contributes to 
the more widespread cytochrome deficiency 
found in the severely iron-depleted groups. 
The cytochrome c concentration in both 
heart muscle and brain normally increased
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rapidly between 10 and 20 days of age
(2 1 ) . Even the most stringent restriction 
of iron interfered surprisingly little with 
this developmental rise in concentration 
of the respiratory enzyme, despite diminu­
tion in concentration of this and other 
heme proteins in most parts of the body.
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Synthesis of Phospholipids and Deoxyribonucleic 
Acid in Choline-supplemented and Choline- 
deficient Weanling Rats * 1

PAUL F. PARKS a n d  ROBERT C. SMITH
Department of Animal Science, Agricultural Experiment Station,
Auburn University, Auburn, Alabama

ABSTRACT The incorporation of choline-1,2-14C into phospholipid and thymidine- 
2-14C into DNA of kidneys, liver and several other tissues has been measured in cho­
line-supplemented and choline-deficient male, weanling rats. One hour after injection 
the kidneys had incorporated eight times as much labeled choline as heart tissue and 
approximately three times as much as either spleen or intesune (per unit weight). 
The liver was the most active tissue studied; however, the kidneys incorporated cho­
line into phospholipid at a rate significantly faster than the other nonhepatic tissues 
measured. In choline-deficient rats, the specific activity (disintegration per minute per 
milligram phospholipid) of heart, spleen and intestine increased; liver decreased and 
kidney remained the same. Rats fed a choline-deficient diet incorporated more thymi­
dine per unit weight into the DNA fraction of the kidneys than rats receiving the 
supplemented diet. The increased incorporation of thymidine in the choline-deficient 
rats is probably due to increased cellular synthesis as the kidneys become enlarged. 
The radioactivity in the acid-soluble nucleotide pool in the kidneys was not altered 
by choline deficiency.

Male weanling rats fed a diet deficient 
in choline for 7 days develop fatty livers 
and enlarged hemorrhagic kidneys. Parks 
and Smith (1 )  have presented evidence 
that this increased kidney size in choline- 
deficient rats (2 9  to 33 days of age) is 
due in part to increased renal cellular pro­
liferation. Other physical and chemical 
treatments also cause enlargement of the 
kidney. Rats fed a 70%  protein diet for 1 
year had kidneys that were 20%  larger 
than those of a control group (2 ) . There 
were no pathological changes in these rats. 
Unilateral nephrectomy in young rats re­
sulted in compensatory growth of the re­
maining kidney (3 ) . DNA synthesis in the 
remaining kidney was markedly enhanced 
after unilateral nephrectomy (4 ) .

Patterson et al. (5 )  reported that phos­
pholipid turnover in the kidney tissue of 
male rats is maximum at 27 days of age. 
These workers (5 )  also reported an in­
creased phospholipid turnover in the fiver 
during this period. Thus the question may 
be raised, is the increased phospholipid 
turnover at this age unique to the kidneys 
or do the other nonhepatic tissues also ex­
hibit this increased activity? If the kidneys 
do have an increased phospholipid require­

ment (especially choline-containing phos­
pholipids) relative to these other tissues, 
it may help to explain the profound patho­
logical changes that occur in the kidneys 
of choline-deficient rats at about 30 days 
of age.

The purpose of this study was a) to 
compare the rate of phospholipid synthesis 
in kidney, fiver, heart, spleen and intestine 
from male rats 27 to 29 days of age and 
b) to compare the synthesis of phospho­
lipids and DNA in weanling rats fed a cho­
line-deficient or a choline-supplemented 
diet.

EXPERIMENTAL PROCEDURE
Male weanling rats of the Charles River 

CDA strain with an average initial weight 
of 55 g were used in these experiments. 
The diets have been described in a previ­
ous paper of this series (6 ) . Essentially 
they were high protein, high fat ( 2 0 % )  
diets that were limiting in methionine and 
vitamin Bi2. The rats were housed in indi­
vidual wire-bottom cages in an air-condi­

R ece ived  fo r  p u b lica tion  O ctober 9, 1968.
1 Supported by  P ub lic  H ealth  Service R esearch  

Grants no. HE-02615 fro m  the N ationa l H eart Insti­
tute and nos. CA-01018 and CA-02771 fro m  the N a­
tion a l C ancer Institute.
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tioned room and had continuous access to 
the experimental diets and fresh water.

Phospholipid studies. Rats 27 to 29 
days of age were injected intraperitoneally 
with 0.3 ml of 0.15 m  NaCl solution con­
taining 15 nCi of choline-1,2-I4C (20  uCi/ 
nmole). The rats were killed and the heart, 
liver, kidney, spleen and intestines were 
removed, cleaned and weighed. The time 
of killing and the number of rats killed at 
each time interval are presented under re­
sults. The tissues were homogenized in 2 :1  
chloroform-methanol; the crude lipid ex­
tract was washed by the method of Folch 
et al. (7 )  and the phospholipid fraction 
isolated as described by Parks and Smith
(1 ) . This fraction contained approximately 
10% cholesterol (1 ) . An aliquot of the 
phospholipid fraction dissolved in 0.2 ml 
of 2 :1  chloroform-methanol was added to 
10 ml of a scintillation mixture (8 ) . All 
samples were counted in a liquid scintilla­
tion counter.2

The phospholipid from one rat was used 
to determine if the recovered radioactivity 
was still associated with choline. This was 
performed by hydrolyzing an aliquot of the 
phospholipid fraction in 6  n  HC1 for 3 
hours (9 )  and chromatographing the hy­
drolysate on Dowex 50-X8 resin according 
to the procedure of Christianson et al. (10). 
Five-milliliter fractions were collected from 
the column and each fraction was ana­
lyzed for radioactivity and choline. Radio­
activity was determined by taking 1 ml of 
each fraction to dryness, redissolving the 
residue in 10 ml of an aqueous scintilla­
tion fluid and counting in the scintillation 
counter. Choline was determined by the 
method of Wall et al. (1 1 ) .

Nucleic acid studies. The rats used in 
these studies were approximately 23 days 
old when placed on the experimental diets. 
In one experiment (ATP experiment) 27- 
day-old rats were used. DNA synthesis in 
tissues was ascertained by injecting rats 
intraperitoneally with 0.3 ml of an aqueous 
solution containing 3 uCi of thymidine-2- 
14C (49 .7  |jCi/|jmole). Thirty minutes later 
they were killed and the tissues were ho­
mogenized in cold 5%  trichloroacetic acid 
(T C A ). After about 30 minutes the sam­
ples were centrifuged and washed once 
with an equal volume of cold TCA. The 
residue was incubated in 0.3 n  KOH at 37°

for 16 hours to hydrolyze the RNA. The 
KOH was neutralized with HC1, and DNA  
and protein precipitated by the addition of 
20%  TCA to a final concentration of 5 % .  
After centrifugation, the pellet was sus­
pended in 5%  TCA and the DNA hydro­
lyzed by heating for 30 minutes at 100°. 
The extract was centrifuged and aliquots 
of the supernatant solution used to de­
termine the amount of DNA by a diphen- 
ylamine reaction (1 2 ) and counted to 
determine the amount of thymidine incor­
porated. The TCA was removed by extrac­
tion of the solutions five times with an 
equal volume of ether and the aqueous 
solution evaporated to dryness under a 
stream of air. Concentrated perchloric acid 
(0 .4  m l) was added to each tube and the 
tubes were heated for 1 hour at 100°. A f­
ter cooling, 5 ml of water and about 200  
mg of acid-washed carbon were added to 
each tube. After 30 minutes the solutions 
were filtered, washed with 2 volumes of 
water and the nucleotides eluted with an 
aqueous ethanol-ammonium hydroxide so­
lution (1 3 ) . The filtrates were evaporated 
to dryness, dissolved in water and chro­
matographed on Whatman no. 3MM filter 
paper in a butanol-water (8 6 :1 4 )  solvent 
system. The ultraviolet-absorbing com­
pounds that chromatographed with the 
same RF as a thymine standard were eluted 
overnight in 5 ml of 0.1 n  HC1. The con­
centration of thymine was estimated by its 
absorption at 260 mu using a molar absor­
bance of 7400. An aliquot of the same 
sample was counted to determine the 
amount of radioactivity. The remaining so­
lution was evaporated to dryness and chro­
matographed on Whatman no. 3MM filter 
paper in an isopropanol-HCl-water (1 7 0 : 
4 1 :3 9 )  solvent system. The paper was 
scanned with a radiochromatogram scan­
ner.3 One major spot which contained ap­
proximately 90%  of the ultraviolet-absorb­
ing material also contained all of the ra­
dioactivity and had the same Rf as a thy­
mine standard.

Tissues were analyzed for RNA by the 
orcinol method (1 2 ). ATP was analyzed 
in the cold TCA-soluble portion (see above) 
of the cells by a luciferin-luciferase reac-

2 Tri-C arb, P ack ard  Instrum ent C om pany , In c., 
D ow ners G rove, 111.

3 P ackard  Instrum ent C om pany, In c ., D ow ners 
G rove, 111.
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tion (1 4 ) . TCA was removed by ether ex­
traction before analysis.

Chemicals. The radioisotopes were pur­
chased from a commercial source.4

RESULTS
The relative weights and phospholipid 

content of the five tissues from choline- 
supplemented and choline-deficient rats 
are compared in table 1. The organ 
weights and the phospholipid concentra­
tions (milligrams per gram tissue) of the 
heart, liver and spleen were similar in the 
two groups. The kidneys in the deficient 
rats weighed almost twice as much as 
those from the control rats and their phos­
pholipid concentration was approximately 
one-half of the control. The total phos­
pholipid contents of the various tissues 
were similar in the supplemented and defi­
cient rats. These results support the ear­
lier report of Parks and Smith (1 )  that 
the concentration of phospholipid per unit 
weight of kidney tissue is reduced in cho­
line-deficient weanling rats but the total 
renal phospholipid content is similar to 
that of supplemented rats.

The rats in this laboratory are normally 
placed on the choline-deficient diets at 23 
to 26 days of age and develop hemorrhagic 
kidneys by 29 to 33 days of age. W e have 
determined the relative incorporation of 
choline-1,2-,4C into the phospholipids of 
kidneys, liver, heart, spleen and intestine 
of 27- to 29-dav-old choline-supplemented

TABLE 1
Organ weight and phospholipid content from 29-day-old male choline-supplemented

and choline-deficient rats

Tissue Organ wt Phospholipid Total
phospholipid

9 mg/9 tissue mg

Choline-supplemented
Heart 0.48 ±0 .02  1 25.66 ±0 .44 12.21 ±0 .47
Liver 5.02 ±0 .24 25.61 ±2 .07 127.62 ±6.38
Kidney 1.16± 0.02 26.33 ±1.31 30.57 ±  1.75
Spleen 0.48 ±0 .05 18.07 ±  1.28 8.56±0.77
Intestine — 20.15 ±0.40 —

Choline-deficient2
Heart 0.40 ±0 .02 31.90 ±3.98 12.83 ±1 .75
Liver 5.00 ±0.28 27.14 ±0.98 135.37 ±5.43
Kidney 2.01 ±0 .02 15.07 ±  1.36 30.32 ±2.73
Spleen 0.47±0.01 19.20± 1.31 9.01 ±0 .66
Intestine — 19.95 ±0 .27 —

1 Mean ±  s e , three rats.
2 These rats were removed from the choline-deficient diet on day 6 of the experiment.

TIME (MIN)
Fig. 1 The incorporation of choline-1,2-14C in­

to the phospholipids of heart, liver, kidney, spleen 
and intestine of male rats 27 to 29 days of age. 
Each rat received 15 /xCi of the labeled choline.

rats (fig. 1, table 2 ) and 29-day-old choline- 
deficient rats (table 2 ) . Initially, separate 
incorporation experiments were run at 27, 
28 and 29 days with the choline-supple­
mented rats. The results of the three ex­
periments were similar, therefore the val­
ues have been pooled for the purpose of 
this report. At 29 days the rats had been 
on the choline-deficient diet almost 6 full 
days.

4 Schwarz BioResearch, Inc., Orangeburg, N. Y.
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TABLE 2
Relative incorporation of choline-1 J2-,4C into the heart, liver, kidney, spleen and intestine of 

choline-supplemented and choline-deficient male weanling rats 1

Tissue No. of 
animals

dpm/mg
tissue

dpm/mg 
phospholipid 

x 10-2

Choline-supplemented
Heart 10 6 5 ± 6  2 23 ±  2
Liver 10 984 ±145 352 ± 4 9
Kidney 10 536 ± 2 8 192 ± 3
Spleen 10 179 ± 1 5 96 ± 8
Intestine 10 194 ± 1 2 92 ±  5

Choline-deficient
Heart 3 236 ±  66 78 ± 2 6
Liver 3 209 ±  29 78 ± 1 2
Kidney 3 239 ± 4 6 160 ± 2 9
Spleen 3 449 ±140 235 ± 6 8
Intestine 3 288 ±  30 144 ±  14

1 T he values presented in  this table w ere obta ined  1 h ou r after in je ct io n  o f  the labeled  ch oline .
2 M ean ±  s e .

The relative incorporation of choline in­
to the phospholipids of kidney, liver, heart, 
spleen and intestine, over a 2-hour period 
is indicated in figure 1. With the excep­
tion of 15-minute samples for spleen and 
intestine (based on the analyses of two rats) 
all points presented in figure 1 represent 
the tissue from at least three animals. The 
60-minute values represent the tissue from 
10 rats. Kidneys incorporated significantly 
(P <  0.01 at 1 hour) more choline into 
phospholipid (disintegration per minute per 
milligram phospholipid) over the duration 
of this experiment than either heart, spleen 
or intestine. The rate of incorporation by 
the kidneys for the first 30 minutes was ap­
proximately eight times faster than heart 
and three times faster than spleen or in­
testine. The liver incorporated more cho­
line into phospholipid than kidney; how­
ever, the rate of incorporation did not differ 
greatly for kidney and liver over the first 
30 minutes. The mean level of choline in­
corporated into the phospholipids of the 
five tissues at 1 hour is presented in table 2 
with the standard error of the mean. At 1 
hour the kidneys had incorporated eight 
times as much choline into phospholipid 
per milligram of tissue as heart (P <  0 .01) 
and three times as much as spleen 
or intestine ( P < 0 .0 1 ) .  Approximately 
twice as much choline was incorporated 
into liver tissue as was incorporated into 
kidney tissue at 1 hour (P <  0 .01 ). Wells 
and Remy (1 5 ) have reported similar re­

sults with fiver and kidney using slightly 
older rats. Considerable variability was 
noted in the activity of hepatic tissues as 
evidenced by the large standard error.

The injection of labeled choline into 
choline-deficient rats resulted in the in­
creased incorporation per unit weight of 
choline by the heart, spleen and intestine 
at 1 hour relative to the choline-supple­
mented rats. The incorporation of labeled 
choline per milligram of kidney tissue was 
decreased in the deficient rats; however, 
when the specific activity was related to 
phospholipid there was no difference in 
supplemented and deficient rats. There 
appeared to be decreased incorporation of 
choline in hepatic phospholipids of choline- 
deficient rats.

Figure 2 demonstrates that the labeled 
compound isolated from the phospholipid 
was choline rather than some metabolic 
product. No radioactivity could be detected 
in the fractions 5 0 -6 0  that normally con­
tain ethanolamine, N-methyl ethanolamine 
or N, N-dimethyl ethanolamine.5

The incorporation of thymidine-2-14C in­
to DNA (per 100 ug) of the tissues of 
choline-deficient rats showed marked dif­
ferences at 7 days (table 3). The DNA of the 
kidneys of the choline-deficient rats con­
tained twice as much radioactivity as that 
of the control group (P <  0 .01 ). There 
was a threefold increase in the amount of 
thymidine incorporated into the DNA of

5 H aggard and Strength, un pub lished  results.
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FRACTION NUMBER
Fig. 2 Coincidence of choline and radioactiv­

ity in the renal phospholipids of rats injected 
with choline-1,2-14C. The chromatographic sepa­
ration was performed according to the method of 
Christianson et al. (10 ).

spleens of rats fed the choline-deficient 
diet ( P < 0 .0 1 ) .  Incorporation of thymi- 
dine-2-14C by the spleen was two to three 
times that of the other tissues in the con­
trol group. The DNA in hearts of deficient 
rats incorporated only 30%  as much thy­
midine as the control group ( P < 0 .0 1 ) .  
The livers of the choline-deficient rats in­
corporated about the same amount of 
radioactivity as the control group at 7 days

(P  >  0 .05 ). Increased incorporation of 
thymidine into renal DNA of choline-de­
ficient rats is not evident on either 
days 5 or 6. As noted above, however, 
there was a twofold increase on day 7. 
This increase coincides with kidney en­
largement observed in the choline-deficient 
rats on day 7. This conclusion is strength­
ened by the observation that one rat on 
day 6 had enlarged kidneys and this rat 
incorporated 921 dpm /100 pg DNA —
some 135 dpm above the supplemented 
rats. In preliminary studies, we have noted 
increased thymidine incorporation in cho­
line-deficient rats as early as day 5. The 
specific activities of thymine purified by 
paper chromatography showed the same 
patterns of incorporation. Nucleic acid 
and protein content of liver, heart and 
spleen in control and deficient rats were 
similar. The concentration of RNA and 
DNA in the kidneys was less in the choline- 
deficient group than in the controls.

At 5, 6 or 7 days the radioactivity (dis­
integration per minute per gram tissue) 
from thymidine-2-14C in the cold TCA- 
soluble portion of the kidneys of control 
rats was greater than that of the liver, 
spleen or heart, which were all similar 
(table 4 ) . At 5 days the radioactivity in 
the tissues of the choline-deficient rats 
was similar to that of the control group. 
At 7 days the TCA-soluble portion of the 
heart, liver and spleen of the choline-defi­
cient rats contained two to three times as

TABLE 3
Incorporation of thymidine-2-IiC into DNA of organs of rats fed either a choline-supplemented

or choline-deficient diet

Tissue
Days on experimental diets 1

5 6 7

Heart 1318 ±  95 2

dpm/100 ng of DNA

Choline-supplemented
660 ± 2 9 1068 ±106

Liver 1044 ±106 1634 ±268 1379 ±166
Kidney 962 ± 4 7 786 ±51 780 ±3 3
Spleen 1535 ± 7 2 2144 ±290 2178 ±227

Heart 708 ±152
Choline-deficient 

541 ± 8 9 361 ± 8 5
Liver 1582 ±229 1785 ±224 2920 ±  882
Kidney 769 ± 8 8 878 ± 2 8 1761 ±223
Spleen 1621 ±71 2816±611 6597 ±446

1 Tissues from three rats were analyzed on days 5 and 6. Tissues from six rats were analyzed 
on day 7.

2 Mean ±  se .
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TABLE 4
Radioactivity in the cold TCA-soluble portion of organs of rats injected with thymidine-Z^C

Tissue
Days on experimental diets 1

5 6 7

Heart 237 ±  5 2

dpm/g tissue x 10~2

Choline-supplemented 
176± 15 214±  11

Liver 183 ± 1 0 318 ± 4 4 269 ± 1 7
Kidney 496 ± 1 437 ± 3 7 518 ± 3 6
Spleen 181 ± 1 0 203 ±  12 167 ±  15

Heart 288 ± 1 6
Choline-deficient 

322 ± 1 4 411 ±  24
Liver 212±32 317± 21 517±97
Kidney 504 ± 7 3 509 ± 5 7 490 ± 5 2
Spleen 201 ± 9 230 ± 4 0 499 ± 3 7

1 T issues from  three rats w ere analyzed  on  days 5 and 6. T issues fro m  six  rats w ere analyzed 
on  day 7.

z M ean ±  s e .

TABLE 5
Concentration of ATP in organs of weanling rats 

fed either a choline-supplemented or 
choline-deficient diet

Tissue Choline-
supplemented

Choline-
deficient

fimoles/g tissue fimoles/g tissue
Heart 1.34 ±0 .06 1 1.38 ±0 .09
Liver 1.40 ±0.05 0.68 ±0 .02
Kidney 0.76 ±0.01 0.60 ±0 .05
Spleen 1.26 ±0.01 1.18 ±0.04

1 M ean  +  s e , t h r e e  r a t s .

much radioactivity as that of the controls. 
The kidneys of the choline-deficient rats 
had approximately the same activity as 
the control group and was comparable to 
the value at 5 days. The increase in the 
activity of the tissues did not necessarily 
result in increased incorporation into the 
DNA of these tissues (table 3 ).

The concentration of ATP in the livers 
of rats fed the choline-deficient diet for 
7 days was markedly reduced in weanling 
rats (table 5 ) just as it was in older rats 
fed a choline-deficient diet (1 6 ) . A variety 
of other treatments that produce fatty 
livers result in a lowering of the concentra­
tion of ATP (1 6 ). In this study the con­
centration of ATP in the kidneys of the 
choline-deficient group was 79%  that of 
the control group; however, this has not 
been a consistent observation in this lab­
oratory. Choline deficiency did not affect 
the concentration of ATP in the spleen or 
heart.

DISCUSSION
Several workers have reported that the 

kidneys of rats are not fully developed at 
birth but maturate during the first few 
weeks of life (see review by Foster ( 1 7 ) ) .  
Patterson et al. (5 )  have shown that this 
is also the period of most active phospho­
lipid synthesis by the kidneys. The results 
reported here further demonstrate that this 
synthetic process (as measured by choline 
incorporation into phospholipids) is much 
more active in the kidneys than in other 
nonhepatic tissues. In these studies the 
kidneys had incorporated eight times as 
much labeled choline into phospholipid as 
heart tissue and approximately three times 
as much as either spleen or intestine 1 
hour after injection (per unit weight). 
The liver was the most active tissue stud­
ied as one might expect due to the key role 
played by this organ in lipid metabolism. 
Several interesting results were obtained 
when rats which had been on a choline- 
deficient diet almost 6 full days were in­
jected with labeled choline. Heart, spleen 
and intestine had an increased specific ac­
tivity (disintegration per minute per milli­
gram phospholipid) relative to rats on a 
supplemented diet, whereas kidneys which 
were beginning to exhibit pathological 
changes had essentially the same specific 
activity as those from supplemented rats. 
The kidneys from the deficient rats had 
almost doubled in size; however, there was 
no increase in the total phospholipid con­
tent or apparendy in phospholipid synthe­
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sis. The livers from the deficient rats in­
corporated less choline into phospholipid 
than fivers from supplemented rats. We 
presently can offer no clear-cut explanation 
for the incorporation patterns in kidneys 
and fiver except that they are probably re­
lated to the well-known pathological con­
ditions (hemorrhagic kidneys and fatty 
fiver) associated with these organs in cho­
line deficiency. Work is continuing on this 
problem.

Much of the renal growth during the 
early fife of the rat is related to the forma­
tion of new nephrons in the outer zone of 
the cortex (1 7 ) . This is also the site of 
renal hemorrhage in choline-deficient rats 
4 to 5 weeks of age (1 8 ) . Older rats with 
mature kidneys do not normally develop 
renal hemorrhages on choline-deficient 
diets. Handler (1 9 ) has shown, however, 
that older, choline-deficient rats which 
undergo unilateral nephrectomy and the 
accompanying hypertrophy do exhibit 
hemorrhagic kidneys similar to that ob­
served in weanling rats. Thus, the devel­
opment of renal hemorrhage appears to be 
more closely related to the metabolic ac­
tivity of the kidney (synthesis of renal 
tissue) than chronological age of the rat. 
Parks and Smith (1 )  have presented evi­
dence that the kidneys from choline-defi­
cient rats exhibit a rate of cellular prolifer­
ation which exceeds that normally observed 
in weanling rats. There is also a small in­
crease in moisture concentration and prob­
ably protein concentration in hemorrhagic 
kidneys.

Unilateral nephrectomy in young rats al­
so causes a compensatory type of cellular 
proliferation in the remaining kidney (3 ) .  
This compensatory growth is marked by 
increased DNA synthesis (4 ) . A similar 
increase in DNA synthesis was noted in 
the kidneys of choline-deficient rats. At 
7 days rats fed a choline-deficient diet in­
corporated more thymidine into the DNA  
fraction of the kidneys than did a control 
group. Although the concentration of DNA 
in the kidneys of the choline-deficient 
group was less than the controls, the total 
kidney DNA was greater (1 ) . The in­
creased incorporation of thymidine in the 
choline-deficient rats is probably a reflec­
tion of an increase in cellular synthesis as 
the kidneys become enlarged. This differ­

ence in incorporation could be due to an 
alteration in the pool size of the thymidine 
nucleotides. This seems unlikely because 
the radioactivity in the acid-soluble pool of 
the kidneys was not altered by choline defi­
ciency and the concentration of ATP, one 
of the major components of the pool, was 
altered only slightly. In the fiver where 
there was a marked decrease in the concen­
tration of ATP and an increase in the radio­
activity of the acid-soluble pool of the cho­
line-deficient rats, there was no significant 
change (P >  0 .05) in the incorporation of 
thymidine into DNA at 7 days. Although 
neither the concentration nor total content 
of DNA in the spleen were altered by cho­
line deficiency, there was a threefold in­
crease in the incorporation of thymidine in­
to the DNA of choline-deficient rats at 7 
days. The incorporation of thymidine into 
the DNA of hearts of choline-deficient rats 
was only about 30%  that of controls al­
though the radioactivity in the acid-soluble 
pool was twice as high. This may be related 
to the cardiovascular alterations reported 
in weanling rats (2 0 ) . After the experi­
ments reported here were completed, New- 
berne et al. (21) reported that the renal epi­
thelium of male weanling rats fed a diet 
low in methionine and choline had an in­
crease in DNA synthesis after 6 weeks on 
the diet but not after 3 weeks.

One explanation of our results is that 
the developing tubular tissues in the renal 
cortex of young rats require large amounts 
of choline-containing phospholipids for 
membrane formation. In choline-deficient 
rats the limiting concentration of choline 
causes the synthesis of abnormal cells. 
This could have an effect similar to that 
seen in unilateral nephrectomy and trigger 
increased cell growth. The new cells, how­
ever, would also be abnormal. The exact 
cause of the renal hemorrhage remains to 
be determined.
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Reproductive Performance and Progeny 
Development in Swine as Influenced 
by Feed Intake During Pregnancy
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Department of Animal Science, University of Illinois, Urbana, Illinois

ABSTRACT First-litter gilts (nearly equal numbers of purebred Hampshires, pure­
bred Yorkshires and crossbreds) were used to study effects of gestation-diet intake on 
reproductive performance and progeny development. From breeding to farrowing, gilts 
were fed 0.9, 1.4, 1.9, 2.4 or 3.0 kg/day of a diet which was designed to he adequate 
to super adequate in all nutrients when fed at 1.9 kg. All gilts received this diet ad 
libitum during a 3-week lactation period. Farrowing percentage (number farrowing as 
a percentage of those mated) was less for gilts fed 0.9 kg/day than for those fed more, 
and was less for purebreds than for crossbreds. Gestation-diet intake did not affect the 
number of pigs farrowed (total or live) or weaned, but crossbreds farrowed and weaned 
more pigs than purebreds. Birth weight and weaning weight of offspring increased as 
gestation-diet intake increased; birth weight plateauing at 1.9 kg and weaning weight 
plateauing at 2.4 kg. As gestation-diet intake increased, weight gain of gilts increased 
quadratically during gestation but decreased linearly during lactation. Birth weight 
per pig decreased 43 g for each additional pig in the litter.

Information pertaining to the nutritive 
requirements for reproduction in swine is 
very meager. Successful swine producers 
usually impose some form of feed restric­
tion on pregnant swine, yet the minimal 
level of feed intake for optimal reproduc­
tive performance has not been established.

There is good evidence to suggest that 
underfeeding of swine during pregnancy 
will reduce both birth and weaning weight 
of the offspring ( 1 -3 ) .* 1 Similar effects 
have been reported for rabbits (4 )  and rats 
(5 , 6 ). Reduced birth and weaning weights 
in offspring from underfed pregnant swine 
appear to result specifically from energy 
restriction and not from protein restriction 
(7).

The objective of our study was to evalu­
ate effects of levels of gestation-feed intake 
on reproductive performance of first-litter 
gilts.

EXPERIMENTAL
The experiment was conducted over 1 

complete year period. Six groups of first- 
litter gilts farrowed at bimonthly intervals; 
Hampshires in October and April, York­
shires in December and June, and cross­
breds (hybrids) in February and August.

Prebreeding and breeding. For each of 
the six replicate groups, about 75 gilts were

selected from finishing lots at an average 
age of 6 months. They were transferred to 
pasture lots where they were fed individu­
ally 2.27 kg/day of a 16% -protein-corn- 
soybean meal diet to an average age of 8 
months. After worming (piperazine) the 
gilts were trucked to a confinement, slot- 
ted-floor breeding facility where environ­
mental temperature was not allowed to fall 
below 10°. For 30 days prior to breeding 
and during the 30-day breeding period, the 
same diet was fed at 2.27 kg/day.

Each gilt was hand-mated to one of three 
boars of the same breed, and when possi­
ble remated 24 hours later. Gilts failing to 
show estrus were discarded. Breeding was 
stopped as soon as 55 gilts were mated.

Gestation. Within 24 hours after the 
last mating each gilt was moved to a con­
finement, slotted-fioor gestating unit. Sup­
plemental heat was provided as needed to 
keep the temperature above 10° during the 
winter months. As bred, and randomly 
within groups of five, they were immedi­
ately placed on one of the five gestation 
feed-intake treatments and hand-fed once 
per day in individual feeding stalls. Gilts

R eceived  fo r  p u b lica tion  O ctober 28, 1968.
i V erm edah l, L. D., R . J. M eade, H. E. H anke and 

J. W . Rust 1968 Gestation and lactation  feed in g  
levels fo r  gilts. I. E ffects on  reprodu ction  and la cta ­
tion  perform ance. J. A nim . Sci., 2 7 ; 1158 (a b s tra ct ) .

J. Nutrition, 97 : 489-495. 489
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on the same treatment were penned to­
gether, each pen containing 11 feeding 
stalls. The pen, therefore, became the ex­
perimental unit (five pens times three 
breeds times two replicates) of which there 
were 30 by the end of the experiment.

The experimental diet (table 1) contained 
16%  crude protein and 3310 kcal metabo­
lizable energy (M E )/k g  diet. This diet was 
fed at a daily rate of 0.9, 1.4, 1.9, 2.4 or
3.0 kg. Treatment 5 (3 .0  kg) was originally 
intended to be ad libitum feeding, but mid­
way through group 1 it was decided that
3.0 kg/day was close to a maximum intake 
when fed once per day. Thereafter, 3.0 k g / 
day was fed to gilts on treatment 5. The 
experimental diet was designed to be ade­
quate to superadequate in all nutrients (ex­
cept energy, for which there is no estab­
lished requirement for gestation) when fed 
at a level of 1.9 kg/day. Hence, the treat­
ments involved graded intakes of all nutri­
ents, including energy, protein, vitamins 
and minerals.

Gilts remained on their designated feed- 
intake treatment throughout gestation. 
When a gilt reached day 109 of gestation 
she was transferred to one of three 20-sow 
farrowing houses where she remained on 
her respective feed-intake treatment until 
farrowing. If good evidence was obtained 
that a gilt was cycling, hence nongravid, 
she was removed from the experiment and 
considered to have mated but not con­
ceived.

Gilts were weighed at mating, at day 109 
of gestation, just after farrowing and when

TABLE 1
Composition of diet fed during gestation

Ingredient
%

Ground yellow corn 79.35
Solvent soybean meal 18.00
Dicalcium phosphate 1.00
Ground limestone 1.00
Trace-mineralized sa lt1 0.50
Vitamin mix 2 0.10
Antibiotic premix 3 0.05

100.00
1 C ontained, as a percentage o f  the m ix : salt, 97.0; 

z in c, 0 .800; m an ganese, 0 .400; iron , 0.330; copper, 
0 .048; iod in e , 0 .011; and coba lt, 0.022.

2 C ontained , per k ilogra m : 1.1 g r ibo flav in ; 5.5 g 
ca lc iu m  pantoth enate; 16.5 g n ico tin ic  a cid ; 110.3 g 
ch o lin e  ch lor id e ; 18.0 m g  v itam in  B 12 activ ity ; 3.3 
m illio n  IU  v ita m in  A ; and 330,000 IU  v itam in  D 2.

3 C ontained  33.0 g streptom ycin  (a s  su lfa te ) and 
11.0 g p roca in e  p e n ic illin /k g .

fitters were weaned at 21 days of age.
Lactation. After parturition all gilts 

were continued on the same diet (table 1) 
but on a simulated ad libitum basis ( 8 ) —  
all they would eat in two 1-hour feedings/ 
day. A standard creep ration was fed to 
baby pigs between day 7 and day 21 of lac­
tation. Pigs were weighed at birth and at 
weaning.

In calculating the average number of 
offspring weaned per fitter, all fitters con­
taining one or more five pigs at farrowing 
were included. For calculation of average 
pig weaning weight, only fitters containing 
at least one five pig at weaning were used. 
Likewise, the average gilt lactation weight 
change and feed consumption were based 
on those gilts weaning at least one five pig.

Analysis of variance with orthogonal 
single degree-of-freedom comparisons was 
used to test for breed and gestation feed- 
intake effects and interactions.

RESULTS AND DISCUSSION
The breed times treatment interaction 

was not statistically significant for any of 
the parameters measured so only main ef­
fects are presented (table 2 ).

Farrowing percentage. Gilts fed only 
0.9 kg diet/day exhibited a lower (P <0.05) 
farrowing percentage than those fed at 
higher levels, and purebreds were lower 
(P < 0 .0 5 ) than crossbreds. Because treat­
ment was initiated after conception, it 
seems likely that the low farrowing per­
centage of gilts fed 0.9 kg/day was the re­
sult of interference with embryo implanta­
tion, which is thought to occur in swine 
about 18 days postconception (9 ) . Abor­
tions were recorded, but there was no in­
dication that incidence was related to treat­
ment.

Overall, 72%  of the gilts mated actu­
ally farrowed, crossbreds substantially out­
performing purebreds. This average value 
provides an estimate of breeding perfor­
mance under complete confinement. Many 
producers have found it difficult to detect 
estrus in gilts confined to a concrete- or 
slotted-floored enclosed building. W e had 
no difficulty in detecting estrus in our gilts. 
Perhaps the presence of boars in the same 
building aided estrus detection. A farrow­
ing percentage of 72 is certainly accept­
able for first-litter gilts for a breeding 
period as short as 30 days.
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TABLE 2
Reproductive performance of gilts fed different quantities of diet during gestation

Criterion
D aily  gestation  diet in tak e,1 kg Breed 2

0.9 1.4 1.9 2.4 3.0 H am p­
shire

Y ork­
shire

Cross­
bred

N o . o f  g ilts  s ta rte d  3 6 2 6 2 6 2 6 2 6 2 95 105 1 10
F a rro w in g , % 4 6 0 .9 7 1 .0 8 2 .3 7 1 .4 7 6 .0 6 9 .2 6 5 .0 8 2 .7
N o . o f  p ig s  b o r n 9.1 8 .9 9 .5 9 .6 9 .3 8 .7 9 .0 10.1
N o . o f  p ig s  b o r n  a liv e 7 .6 7.9 8 .2 8 .7 8 .0 7.3 8 .0 9 .0
N o . o f  p ig s  w e a n e d 6 .0 5 .7 6 .3 6 .7 6.1 5 .4 5 .9 7 .2
B ir th  w t , k g 1 .0 0 1 .13 1.23 1.24 1 .22 1.18 1.08 1 .24
2 1 -d a y  w e a n in g  w t , k g 4 .2 3 4 .7 7 5 .0 6 5 .4 0 5 .3 4 4 .8 0 4 .9 6 5 .11
G e s ta t io n  w t  g a in , k g  5 5 .9 3 0 .3 5 1 .2 6 2 .8 74 .4 4 4 .0 4 5 .2 4 5 .4
L a c ta t io n  w t  g a in , k g  6 6.1 0 .9 - 4 . 4 - 7 . 6 - 8 . 5 - 0.1 - 1 . 8 - 6 . 2
L a c ta t io n -d ie t  in ta k e , k g 8 9 .4 9 0 .3 9 0 .5 81 .1 7 1 .7 9 0 .3 8 4 .5 78 .9

1 D iet in take com parison s represent a p oo lin g  o f  a ll three breeds.
2 Breed com parison s represent a p oo lin g  o f  results from  all levels o f  feed ing.
3 A verage w eight o f  gilts at con cep tion  w as 120 kg.
4 N um ber fa rrow in g  as a percentage o f  those m ated.
3 G ain  o f  gilts from  con cep tion  to day 109 o f  gestation.
6 Gain o f  gilts fro m  im m edia tely  postfa rrow in g  to w ean in g (2 1  d a ys ).

Number of pigs born and weaned. 
Levels of feed intake during pregnancy- 
exerted no significant effect on the number 
of pigs born, born alive or weaned at 21 
days of age. This is in agreement with 
other reports (1 -3 , 7 ) 2 and suggests that 
underfeeding during pregnancy does not 
influence litter size.

Crossbreds farrowed (total or live) and 
weaned more (P < 0 .0 5 ) pigs than pure- 
breds. This supports the well-known effect 
of heterosis on criteria such as litter size 
( 10).

Weight of pigs at birth and at weaning. 
Diet intake in pregnancy had a marked 
effect on both birth and weaning weight of 
offspring. Birth weight increased quadra- 
tically (P C 0.01) and weaning weight in­
creased linearly (P < 0 .0 1 ) as diet intake 
during pregnancy increased. Gilts fed 1.9,
2.4 and 3.0 kg/day farrowed heavier 
(P < 0 .0 1 ) pigs than those fed less, and gilts 
fed 2.4 and 3.0 kg/day weaned heavier 
(P < 0 .0 1 ) pigs than those fed less. Thus, 
under conditions of our study it appeared 
that slightly more feed was required during 
pregnancy to maximize weaning weight 
(2 .4  kg/day) than to maximize birth 
weight (1 .9  kg/day).

Crossbred gilts farrowed heavier (P <  
0 .01) offspring than purebred gilts, and 
within purebreds, Hampshires farrowed 
heavier (P C 0.01) offspring than York­
shires. That crossbred pigs were heavier 
than purebreds is particularly noteworthy 
because of a negative regression (P C 0.01)

of birth weight on litter size. Birth weight 
per pig decreased 43 g for each additional 
pig in the litter. Thus, despite the larger 
(P < 0 .0 5 ) litter size in crossbreds, birth 
weight per pig was still greater in cross­
breds than in purebreds. Weaning weight 
too was greater in crossbreds than in pure­
breds, but not significantly.

There is good evidence to support the 
conclusion that both gestation-feed intake 
( 1 - 3 ) 3 and breed (1 0 ) influence weight 
of offspring at birth and at weaning. To 
date, however, there has been no good basis 
for selecting a minimal gestation-feed in­
take which will support maximal reproduc­
tive performance. Our data permit an esti­
mate of the minimal feed intake during 
pregnancy for maximal birth or weaning 
weight, but only insofar as it applies to 1 ) 
first-litter gilts under confinement manage­
ment, and 2 ) total feed restriction rather 
than restriction of individual nutrients. It 
is questionable, however, whether maximal 
birth and weaning weights contribute to 
most efficient swine production. Are the 
reduced weaning weights at lower levels 
of gestation-feed intake reversible during 
later growth or are they indicative of a per­
manent growth stunting as seems to be the 
case with rats (5 ) ;  and, if permanent, is 
the magnitude sufficient to offset the in­
creased cost of a greater diet intake during 
pregnancy? Elsley et al. (3 )  suggest that 
the greatest efficiency of overall swine pro-

2 See footn ote  1.
3 See footn ote  1.
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duction may be realized at a gestation-feed 
intake less than that needed for maximal 
weaning weight. Vermedahl et al.4 reported 
that growth rate subsequent to weaning 
was similar in offspring from gilts fed 1.36 
kg/day and those fed 2.27 kg/day during 
gestation. However, gain/feed ratio be­
tween weaning (at 21 days) and 23-kg 
body weight was greater in offspring from 
gilts fed the lesser quantity of feed during 
pregnancy, but this difference did not exist 
for the period from 23- to 91-kg body 
weight. This suggests that the lower weight 
gain of pigs in utero and during lactation 
can be reversed subsequent to weaning.

An apparent species difference between 
swine 5 and rats ( 5 ) regarding the reversi­
bility of the stunting effect that occurs in 
utero raises the question of what specific 
nutrient or nutrients are involved. Using 
individual component restriction, Hsueh et 
al. (6 )  concluded that growth retardation 
of young rats was the result of protein re­
striction and, to a lesser extent, energy re­
striction, and definitely not due to mineral 
or vitamin restriction. When the pregnancy 
and lactation diet intake was restricted by 
5 0 % , energy supplementation as sucrose 
eliminated the birth weight difference be­
tween offspring of dams fed ad libitum and 
dams fed a restricted diet, but only parti­
ally eliminated the reduction observed at 
weaning. On the other hand, it was shown 
that an ad libitum pregnancy and lactation 
diet based upon casein (high quality) pro­
duced far greater birth and weaning 
weights of offspring than one based upon 
zein (low quality). Moreover, methionine 
alone added to a methionine-deficient 
alpha-protein diet fed ad libitum during 
gestation and lactation markedly increased 
weight of offspring at birth, at 3 weeks 
(weaning) and even at 26 weeks.

Indeed, deleterious effects of underfeed­
ing rats during pregnancy have been tied 
closely to the restriction of protein. A re­
duced protein intake before and during 
gestation has been associated with a cessa­
tion of estrus and increased embryonic 
mortality (1 1 -1 3 ) . Impaired protein meta­
bolism has been observed in offspring from 
underfed dams (1 4 ) . Moreover, that 
growth hormone or pituitary extract admin­
istration to offspring of dams fed restricted 
diets can reverse the stunting effect (5 )  
implies that protein is involved.

In the studies with rats, it is difficult to 
isolate the effects of restriction during ges­
tation from those of restriction during lac­
tation, because in most cases the restricted 
regimen commenced at conception and 
continued uninterrupted through lactation. 
It is conceivable that different results 
might have been obtained, particularly 
with regard to the permanence of the stunt­
ing effect, if a liberal quantity of diet con­
taining good quality protein in sufficient 
quantity had been fed during the lactation 
period. The rat data of Richardson et al. 
(1 5 ) suggest that protein intake during 
lactation is more critical than protein in­
take during gestation in terms of achiev­
ing maximal weaning weight of offspring. 
With swine (7 )  energy restriction during 
gestation, with high quality protein fed ad 
libitum during lactation, caused reduced 
birth and weaning weight of offspring. In 
the same study, rather severe protein re­
striction during gestation had no effect on 
baby pig weights. However, recent work by 
Mahan et al.6 suggests that protein restric­
tion of the dam during lactation markedly 
reduces weight gain of pigs from birth to 
weaning.

The experiments of Rippel et al. (1 6 )  
indicate that pregnant güts can perform 
normally on protein intakes considered 
very low in both quantity and quality. No 
differences in number or weight of pigs 
born or weaned resulted from feeding preg­
nant gilts 1.82 kg/day of a 1 6 % -protein 
corn-soybean meal control diet, an 8 % -  
protein corn diet (low in lysine and tryp­
tophan) or 5 % -protein diets (3500 kcal 
M E /k g) containing either sesame meal 
(low in lysine) or gelatin (tryptophan de­
void) as the sole source of dietary protein 
during the last 50 days of gestation. In 
agreement with these results, Holden et al.7 
observed no effect on birth weight or wean­
ing weight of pigs from feeding 1.82 k g / 
day of an 8 % -protein corn-soybean meal

4 V erm edah l, L. D ., R . J. M eade, J. W . R ust and 
H. E. H anke 1968 Gestation and la cta tion  feed in g  
levels fo r  gilts. II. P erform an ce  o f  o ffsp rin g  subse­
quent to w ean in g and carcass characteristics. J. A nim . 
Sci., 27: 1158 (a b stra ct).

5 See footn ote  4.
6 M ahan, D. C., D. E. B ecker and A. H. Jensen 

1968 E fficacy o f  protein  levels and opaque-2 c o m  fo r  
la cta ting  sows. J. A nim . Sci., 27: 1777 (a b s tra ct).

7 H olden, P., E. Lucas, V . C. Speer, V. W . H ays and 
R. C. E w an 1967 L ong term  effects o f  protein  level 
on  sw ine reprodu ction . J. A nim . Sci., 26 : 1478 (a b ­
stract).
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diet to gravid swine over four successive 
reproductive cycles.

Strachan et al.8 fed a protein-free diet to 
gilts throughout gestation. Embryo survival 
was not affected but birth weight was re­
duced as compared with a control diet. 
However, feeding the control diet at 1.8 k g / 
day up to day 24 of gestation (through the 
period of embryo implantation), followed 
by the protein-free diet at the same level 
of intake for the remainder of gestation, 
resulted in birth weights similar to those 
obtained when the control diet was fed 
throughout the 114-day gestation. This sug­
gests that severe protein restriction (or per­
haps restriction of certain amino acids) 
during the period of implantation may af­
fect subsequent birth weight of offspring.

The results with rats and swine raise the 
question of what constitutes a proper diet 
intake and, more specifically, a proper nu­
trient intake for pregnant women. Gesta­
tion-feeding studies with swine would sug­
gest that, although total diet or energy 
restriction of the dam will reduce birth 
weight and weaning weight of offspring, 
permanent stunting does not occur from 
underfeeding during pregnancy. Protein re­
striction of the dam seems to have little 
effect during gestation but a marked effect 
during lactation on performance of off­

spring. With rats, the consequences of pro­
tein restriction of the dam in either gesta­
tion or lactation, or both, are so severe that 
it seems important to isolate that which is 
caused by lactation restriction and that 
which is caused by gestation restriction. 
Nutritive considerations of women who 
breast-feed their babies could be far differ­
ent from those who do not.

Weight gain of gilts. Weight gain dur­
ing pregnancy (based on 109 days of a 
gestation period averaging 114 days) in­
creased quadratically (P <  0 .01) as gesta­
tion-diet intake increased from 0.9 kg/day  
to 3.0 kg/day (table 2, fig. 1 ). Conversely, 
subsequent weight gain during the 21-day 
lactation period decreased linearly (P <  
0 .01) as diet intake in pregnancy in­
creased. These data support the conclusion 
of Lodge et al. (1 7 ) that the greater the 
weight gain of swine in gestation, the lesser 
the subsequent weight gain in lactation. 
Gilts fed gestation-diet intakes less than
I . 9 kg/day lost weight during lactation.

It is remarkable that pregnant gilts fed 
only 0.9 kg/day throughout gestation could, 
in fact, gain weight. Pregnant gilts, how­

« Strachan, D. N „  E. F. W alk er , Jr., W . G. P ond,
J. R. O’C onnor, J. A. D u nn  and R. H. B arnes 1968 
R eproduction  in  sw ine fe d  a protein -free diet at 
variou s stages o f  gestation. J. A nim . Sci., 27 : 1157 
(a b s tra ct ) .

GESTATION D I ET  INTAKE (k g / d a y )

Fig. 1 Weight gain in gestation and lactation as a function of feed intake during gestation.
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ever, have a remarkable propensity to gain 
weight, even on intakes below that which 
would be considered a maintenance intake 
for nonpregnant gilts (1 8 ) . Elsley et al.
(1 9 )  found that pregnant gilts gained over 
twice as much weight as nonpregnant gilts 
when fed the same quantity of diet. Part of 
this difference undoubtedly arises from the 
increased weight of the products of con­
ception in the pregnant animal, but there 
is also evidence that a more efficient nitro­
gen metabolism accompanies the gravid 
state (19 , 20 ).

An apparent change of slope in the ges­
tation weight gain curve occurred at an 
intake of 1.9 kg/day (fig. 1 ). This sug­
gests that feed utilization for weight gain 
was more efficient at intakes at or below
1.9 kg than at intakes above 1.9 kg. Per­
haps it is significant that birth weight of 
offspring also appeared to plateau at this 
point. Another possible explanation for the 
apparent decrease in feed utilization for 
weight gain at the higher levels of gesta­
tion-feed intake, however, is that maternal 
fat synthesis may have increased relative 
to protein synthesis at intakes above 1.9 
kg/day. Elsley et al. (3 )  also observed an 
apparent change in slope (in gain from 
mating to 110 days postmating) at an in­
take of 2.4 kg with gestation-diet intakes 
of 1.6, 2.4 and 3.2 kg/day fed to first-litter 
gilts. Litter weight plateaued at 2.4 kg also, 
however, so that gain from mating to im­
mediately postfarrowing showed no change 
in slope.

Crossbred dams lost more (P <  0 .05) 
weight during lactation than purebred 
dams, probably an indication that cross­
bred dams milked more heavily. Crossbreds 
nursed larger litters containing heavier 
pigs, and the weight advantage of cross­
bred pigs did not decrease during lactation.

Diet intake of gilts and creep intake of 
pigs during lactation. Lactating gilts that 
had been fed 2.4 or 3.0 kg during gestation 
consumed less (P <  0 .01) feed during lac­
tation than those that had been fed lower 
levels in gestation. Lactation-diet intake de­
creased quadratically (P <  0 .01) as gesta­
tion-diet intake increased. Gilts on the 
three lower levels of gestation-feed intake 
voluntarily consumed virtually the same 
quantity of feed ( approximately 4.3 k g / 
gilt per day). Nevertheless, weight gain 
during lactation decreased linearly with

each increase in gestation-feed consump­
tion. This indicates that feed intake, hence 
weight gain, during gestation had a greater 
effect on subsequent weight gain during 
lactation than feed consumption during 
lactation; and, as also noted by Lodge et al. 
(1 7 ) , lactation weight gain can decrease 
with an increasing intake during gestation, 
even at the same rate of lactation-feed con­
sumption.

Intake of the creep diet, which was 
offered to pigs at 7 days of age, was ex­
tremely low. Average creep consumption 
per pig was only 80 g for the entire 14 days 
during which it was offered. Apparently, 
young nursing pigs do not readily accept 
solid feed until sometime after 21 days 
of age. There was no indication that 
either gestation-feed intake or breed af­
fected creep-feed consumption.

Throughout the trial, there seemed to be 
a rather high incidence of baby pig scours. 
As others conducting similar research have 
observed this also, we wonder if the fre­
quent manipulation of animals in weighing 
and in other operations is a contributing 
factor. Certainly, the data collected after 
parturition must be interpreted in light of 
this condition.
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Effect of Food Restriction on Systematic 
Oscillations in “Control Animals" Used 
in Studies on Biotin-deficient Rats 1,2

M. S. PATEL 3 a n d  S. P. MISTRY
Division of Nutritional Biochemistry, Department of Animal Science, 
University of Illinois, Urbana, Illinois

ABSTRACT Various “control animals”  used in studies on biotin-deficient rats have 
been evaluated. Biotin-deficient and control rats fed ad libitum, and control animals 
given restricted amounts of food ( lO g )  as one, two or four equal meals a day were 
used. Average food intake of control and deficient animals fed the basal diet ad libitum 
were 17.1 and 9.5 g, respectively. Control animals given a restricted amount of food 
(10 g ) as one, two or four equal meals a day consumed each allotment in 6 hours, 30 
and 15 minutes, respectively. The rate of food ingestion appeared to be higher in ani­
mals given multiple meals than in animals given a single meal. Systematic oscillations 
in body weight, liver weight, the level o f hepatic glycogen and spontaneous activity, 
were observed in control animals given a single meal. Furthermore, these oscillations 
decreased proportionately in animals given multiple meals. Similar oscillations were 
also observed in body weights of pair-fed animals. A threefold increase in spontaneous 
activity was observed in animals given a restricted amount of food as a single meal 
compared with animals fed ad libitum. This activity increased with progress of the 
fast. In view of these results it is apparent that “pair-fed,”  “ pair-weighed” and “ trained- 
fed”  control animals are different from biotin-deficient and control animals fed ad 
libitum.

It is generally known that biotin defi­
ciency results in a marked reduction in 
food intake. In a recent study using a basal 
diet containing 20%  spray-dried egg white, 
Patel and Mistry (1 )  observed a signifi­
cant decrease in food intake of rats within 
3 to 5 days from the start of the experi­
ment. To overcome differences in energy 
intake between biotin-deficient and con­
trol animals the following methods were 
used: a) pair-feeding (2 ,3 ) ; b) pair-weigh­
ing (4 ,5 ) ; and c) trained-feeding (5 ) .  
Also, “positive controls” (6 )  and control 
animals fed ad libitum (1 , 4, 7 ) have been 
used. Patel and Mistry (1 )  observed ap­
parent differences in body weights of con­
trol animals pair-fed a single meal or given 
the same amount of food in two equal 
portions 12 hours apart.

The consequence of food restriction 
(pair-feeding) on metabolic patterns in 
animals used as controls has not been 
investigated. A review of the literature re­
veals that diurnal variations in liver weight 
and tissue glycogen in rats are induced as 
a result of limited access to food (8 -1 1 ) .  
Gram and Okey (4 )  reported that the 
“pair-weighed” control rats consumed the

daily food allotment in a short period. 
In view of this “meal-eating” pattern of 
control animals, the effect of food re­
striction on body weight, liver weight, the 
steady-state level of hepatic glycogen and 
the spontaneous activity of these animals 
has been studied. Also, the possibility of 
using control animals given restricted 
amounts of food but in multiple meals a 
day has been investigated.

MATERIALS AND METHODS
Animals. Nineteen-day-old weanling 

male rats of the Sprague-Dawley strain 
weighing 32 to 38 g were used. The ani­
mals were housed individually in metal 
cages with raised screens in a tempera­
ture-regulated room. Biotin deficiency was 
produced by feeding ad libitum a basal 
diet (1 2 ) containing 20%  spray-dried egg 
white. The deficient animals were cured

R eceived  fo r  p u b lica tion  O ctober 1, 1968.
1 Supported in  part by  P u b lic  H ealth  Service Grant 

no. AM -08373 and  N ation a l Science F oun dation  Grant 
no. GB-1417.

2 T aken  in  part from  a thesis subm itted  in  partia l 
fu lfillm en t o f  the requirem ents fo r  a Ph.D . degree 
at the U niversity o f  Illin o is , U rbana.

3 Present ad d ress : Fels R esearch  Institute, T em ple 
U niversity S chool o f  M ed icine , P h ilad e lp h ia , P en n ­
sylvania.
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of biotin deficiency by injecting 100 ug 
biotin in physiological saline three times 
a week during the 2-week curative period,
i.e., only during the last 2 weeks of the 
experiment. During the curative treat­
ment the visible symptoms of biotin de­
ficiency progressively disappeared. Normal 
animals fed the basal diet ad libitum re­
ceived the same biotin treatment from the 
start of the experiment. Normal animals 
fed a commercial ration 4 ad libitum were 
not given additional biotin. Water was 
available to animals at all times.

Experiment 1. In this study 126 male 
rats, after 4 weeks of being fed the basal 
diet, were divided into five groups as shown 
in the experimental design in table 1. Dur­
ing the following 2-week curative period 
the control animals (groups 3 to 5 ) on 
restricted food intake received 10 g of the 
basal diet in one, two, or four equal allot­
ments a day. During the same 2-week 
period, deficient (group 1) and control 
( group 2 ) animals were fed ad libitum and 
their daily food intake was recorded.

Before the animals were offered food at 
the zero hour ( 1  p m ) on day 4 1  of the 
experiment, i.e., on day 13  of the treat­
ment, body weights of animals in all groups 
were recorded. The daily food allotments 
were then offered, and food intake and 
body weights were recorded at various in­
tervals over the 24-hour period.

On day 43 on experiment, i.e., day 15 
of the treatment, at the zero hour (1 p m ) ,  
six animals from each group were killed.

The remaining animals were given their 
respective food allotments. At various in­
tervals six animals from each group were 
killed. Portions of livers were rapidly re­
moved and glycogen was determined as 
described below. The total liver weight was 
also recorded. Percentage of water in the 
liver was determined by drying approxi­
mately 1 g of sample to constant weight 
at 60°.

Experiment 2. Thirty-two weanling 
rats were divided into four groups as 
shown in figure 6. The animals in group 1 
were fed the basal diet ad libitum. Normal 
animals in group 2 were pair-fed with ani­
mals in group 1. Normal animals in groups 
3 and 4 were fed ad libitum the basal diet 
and the commercial ration, respectively. 
On day 16 of the experiment, the animals 
were offered food at the zero hour (9  a m ) ,  
and the body weights were recorded at 
various intervals over the 24-hour period. 
The experiment was terminated at the end 
of day 16.

Experiments 3 and 4. Spontaneous ac­
tivity was recorded in a revolving cage 
connected to a counter which registered 
each revolution of the cage. In experiment 
3, normal animals were fed the hasal diet 
ad libitum or the restricted amount of food 
(10 g/rat per day) given as a single meal 
for 6 weeks before they were placed in re­
volving cages. In experiment 4, animals 
were placed in revolving cages at the start

4 R ock la n d  M ou se /R a t S tock D iet (c o m p le te ) , Tek- 
lad , In c., M onm outh , 111.

TABLE 1
Experimental design 1

Group Biotin
status

Feeding
pattern

No. of 
animals

i Deficient Ad libitum 24

2 Cured-normal Ad libitum 24

3 Cured-normal Restricted food intake, 10 g once 
a day (10 g X 1) 30

4 Cured-normal Restricted food intake, 5 g twice
a day at 12-hour intervals (5 g X 2 ) 24

5 Cured-normal Restricted food intake, 2 5 g four 
times a day at 6-hour intervals 
(2.5 g X 4 ) 24

1 A ll an im als w ere fe d  ad lib itum  an egg-w hite diet fo r  the first 4 w eeks o f  the experim ent. ̂  The 
an im als w ere then  grouped and fe d  the sam e diet fo r  another 2  w eeks as_ in d ica ted  above. A nim als 
in  con tro l groups w ere cu red  o f  b io tin  de ficien cy  by  in je ct in g  100 fig b io t in /a n im a l every other day 
fo r  the last 2  w eeks o f  the experim ent.
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of the curative and feeding treatments, i.e., 
after 4 weeks of being fed the basal diet. 
The animals in both experiments were 
allowed to adjust to these cages for 1 week 
before data were collected. In experiment 
3, the activity was measured for a 24-hour 
period; in experiment 4 the activity was 
recorded from 12 noon to 6 p m , from 6 pm  
to 6 a m , and from 6 am  to 12 noon for 7 
days.

Determination of glycogen. Immedi­
ately after decapitation about 300 mg of 
the liver were removed, quickly weighed 
on a torsion balance,5 transferred to a 
tube containing 2 ml of hot 30%  KOH and 
digested in a boiling-water bath for 30 
minutes. Glycogen was coprecipitated with 
NazSCh from the KOH digest using 95%  
ethanol (1 3 ) , and the precipitate was 
washed once with 65%  ethanol, as sug­
gested by Fong et al. (1 4 ) . The precipitate 
was dissolved in water and glycogen was 
estimated by the an throne method (1 5 ).

RESULTS
The daily food intake of biotin-deficient 

(group 1) and control (group 2 ) animals

fed ad libitum in experiment 1 during the 
2-week curative period is shown in figure
1. Food intake of biotin-deficient animals 
(group 1) was about 10 g/day during the 
2-week period. In the case of control ani­
mals (group 2 ) , food intake increased 
markedly immediately after the first injec­
tion of biotin and later increased gradu­
ally. The average food intake of deficient 
and control animals over the 2-week pe­
riod was 9.5 and 17.1 g, respectively
(fig- I ) -

As seen in figure 2, animals fed 10 g 
once (group 3 ) , 5 g twice (group 4 ) and
2.5 g four times (group 5) a day consumed 
their individual offering in about 6 hours, 
30 and 15 minutes, respectively. The rate 
of food consumption of animals in groups 
4 and 5 appeared to be the same, whereas 
that of animals in group 3 was consider­
ably lower when observed after 30 minutes 
from the initiation of meals (see enlarged 
area in fig. 2 ) . In contrast to animals given 
a restricted amount of food (groups 3 to
5 ) animals fed ad libitum (groups 1 and

s R oller-Sm ith  P recis ion  B alances, N ew ark , N . J.

Fig. 1 Effect of biotin on food intake of rats during the curative treatment. Each result 
is the mean ±  standard error of 24 animals. The mean ±  standard error of all means in 
each group is shown in parentheses.
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HOURS OF 41St DAY ON EXPERIMENT, STARTING AT 1PM

Fig. 2 Effect of various treatments on food intake of control and biotin-deficient rats. 
Each result is the mean ±  standard error of the mean. The number of animals is shown in 
parentheses.

2 ) consumed the food steadily over the 24- 
hour period.

As seen in figure 3, ad libitum feeding 
had no oscillating effect on body weights 
of biotin-deficient (group 1) and control 
(group 2 ) animals over the 24-hour pe­
riod, whereas the body weights of animals 
given 10 g once (group 3 ) , 5 g twice 
(group 4 ) and 2.5 g four times (group 5) 
a day increased by about 20, 10 and 5 g, 
respectively. This increase was more than 
could be accounted for by the amount of 
food consumed and was due to water in­
take. The ratio of food to water intake was 
approximately 1. When the control ani­
mals (group 3 ) were given 10 g of food 
once a day, their body weights increased 
by 20 g about 5 hours after the commence­
ment of the meal. After this period the 
body weights gradually declined and re­
turned to the initial weight at the end of 
the 24-hour period. When the single meal 
of 10 g was given as two or four equal 
meals, the increase in body weight was re­

flected in two or four proportionately 
smaller peaks over the 24-hour period.

The effect of feeding patterns on liver 
weight is seen in figure 4. Liver weights of 
biotin-deficient (group 1) and control 
(group 2 ) animals did not differ at any 
experimental period except at the zero 
hour (before feeding). Control animals 
given 10 g of food once a day showed max­
imum variations in the weight of the liver, 
whereas the animals fed multiple meals 
showed proportionately smaller variations. 
Despite these observed changes in the total 
weight of the liver, the water content (69  
±  1% ) of the liver per unit weight re­
mained the same under all experimental 
treatments.

The effect of feeding patterns on the 
steady-state level of glycogen in the liver 
over a 24-hour period is seen in figure 5. 
The profiles of liver glycogen in any given 
group (fig. 5, compare A with B) are very 
similar and indicate that liver glycogen 
could be expressed either on the basis of
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HOURS OF 41st DAY ON EXPERIMENT, STARTING AT 1 PM

Fig. 3 Effect of feeding patterns on body weights of control and biotin-deficient rats 
over a 24-hour period. Each result is the mean ±  standard error of the mean. The number 
of animals is shown in parentheses.

per gram of liver or per 100 g of body 
weight. The biotin-deficient ( group 1) and 
control (group 2 ) animals fed ad libitum 
showed diurnal variations in liver glyco­
gen; the levels did not differ during the 
night, but there was a significant differ­
ence during the day. Control animals fed 
once a day (group 3 ) had a very low level 
of glycogen in livers at the zero hour (be­
fore feeding), and was close to that ob­
served in 24-hour-fasted normal rats. After 
the control animals (group 3 ) were offered 
10 g of food the level of glycogen in the 
liver increased markedly in the first 8 
hours and continued to increase at a 
slightly lower rate until it reached a peak 
of 95 m g /g  fiver, or 425 m g /100 g body 
weight at 12 hours, and then decreased 
markedly. On multiple feeding, the marked 
variations in fiver glycogen observed in 
animals fed a single meal were reduced 
proportionately with the increase in the 
number of meals (compare groups 4 and 
5 with group 3 ) . The levels of fiver gly­
cogen observed in control animals fed four 
meals a day were in the range observed in

control animals fed ad libitum (compare 
group 5 with group 2 ) .

The effect of pair-feeding on body 
weights of control animals over the 24- 
hour period is shown in figure 6. As ob­
served in the previous experiment (fig. 3, 
groups 1 and 2 ) , ad libitum feeding had 
no oscillating effect on body weights of 
biotin-deficient (fig. 6, group 1) and con­
trol (groups 3 and 4 ) animals over the 
24-hour period. Pair-fed control animals 
(group 2 ) , however, showed periodic os­
cillations in body weights which were com­
parable with those observed with control 
animals given the restricted amount of 
food as a single meal (fig. 3, group 3 ) .

The effect of restricted food intake given 
as a single meal on the spontaneous activ­
ity of control animals is shown in table 2. 
Restricted feeding resulted in approximate­
ly threefold increase in the activity of 
these animals as compared with similar 
animals fed ad libitum over the 24-hour 
period. Compared with animals fed ad libi­
tum, those fed a restricted amount of food 
were more active even during the period
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Fig. 4 Effect of feeding patterns on livers of 
biotin-deficient and control rats over a 24-hour 
period. Each result is the mean ±  standard error 
of the mean of six animals; in group 3 at 16 and 
17 hours, only three animals were used. The letter 
indicates the level of significance (a, <  0.05; b, 
< 0 .0 2 ; c, < 0 .0 1 ; and d, < 0 .0 0 1 ) compared 
with the result at zero time of the same group.

(12 noon to 6 p m ) in which they consumed 
their daily food allotment of 10 g. Their 
activity increased with the increase of the 
fast, whereas the activity of animals fed 
ad libitum increased only during the night 
(6  p m  to 6 a m ). It is of interest to note 
that during the period in which the food- 
restricted animals consumed their daily 
allotment there was a threefold decrease 
in the activity (compare 6 a m  to 12 noon 
with 12 noon to 6 p m ) ,  whereas no change 
in the activity of animals fed ad libitum 
was observed during the same periods.

DISCUSSION

It is known that the food intake of bio­
tin-deficient animals is markedly reduced. 
To restrict the energy intake of control ani­
mals, pair-feeding (2 , 3 ) , pair-weighing 
(4 , 5 ) and trained-feeding (5 )  techniques

have been used. When food intake is re­
stricted, the animals get adapted to con­
sume the daily food allotment in a short 
period after the initiation of the meal (4 ) .  
As shown in the present study, the rate of 
food ingestion in these animals was very 
high as compared with animals fed ad libi­
tum (fig. 2 ) . Control animals given a re­
stricted amount of food (10  g) as a single 
meal consumed the food in about 6 hours, 
but when the same amount was given as 
two or four equal meals, the animals con­
sumed each allotment in 30 or 15 minutes, 
respectively. The time elapsed between two 
successive meals was greater in animals 
given a single meal than in animals given 
multiple meals, however, the rate of food 
ingestion in the former appeared to be 
slower than in the latter. No satisfactory 
explanation can be offered for this finding.

The rat, a nocturnal creature, consumes 
a greater portion of its daily food in the 
dark (night). This was reflected as diurnal 
variations in the liver weight and glycogen 
content of livers of animals fed ad libitum. 
On the other hand, in animals given re­
stricted amounts of food, systematic oscil­
lations in body and liver weights, and in 
glycogen content of livers were observed 
over a 24-hour period. These oscillations 
decreased proportionately with the increase 
in the number of meals offered in a day. 
Despite the changes observed in total 
weight of the liver and in hepatic glyco­
gen of animals fed restricted amounts of 
food, the water content per unit weight of 
liver remained unaltered. On calculation, 
water accounted for about two-thirds of 
the increase in the weight of the liver, and 
glycogen the remaining one-third. A simi­
lar observation has been made in livers of 
meal-fed rats (1 0 ) .

Recently several reports (8 -1 1 )  have ap­
peared demonstrating diurnal variations 
in liver weight and hepatic glycogen in 
rats adapted to a variety of experimental 
conditions in which access to food was lim­
ited. Leveille (9 )  and Leveille and Chakra- 
barty (1 0 ) observed diurnal variations in 
liver weight and tissue glycogen in rats 
having access to food daily for a single 2- 
hour period. Potter and his co-workers re­
ported systematic oscillations in liver and 
in several liver enzymes of rats adapted to : 
a) 12 hours of feeding and 36 hours of
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Fig. 5 Effect of feeding patterns on liver glycogen of biotin-deficient and control rats over a 24- 
hour period. Each result is the mean ±  standard error of the mean of six animals; in group 3 at 16 
and 17 hours, only three animals were used. The letter indicates the level of significance (a , <  0.05; 
b, <  0.02; c, <  0.01; and d, <  0.001) compared with the result at zero time of the same group.

fasting in a 48-hour period ( “12 +  36” reg­
imen) ( 8 ) ;  b ) “8 +  40” regimen (1 1 ) ;  
and c) “8 +  16” regimen (1 1 ) .

Wald and Jackson (1 6 ) observed an in­
crease in the spontaneous activity of rats 
deprived of food. Fabry et al. (1 7 ) and Pot­
ter et al. (8 )  have shown this to be true 
in a variety of experimental conditions in 
which access to food was limited. Potter 
et al. (8 )  reported that rats on a “12 +  
36” regimen were more active than animals 
fed ad libitum. Furthermore, the volun­
tary activity of these animals adapted to 
fasting was diminished during the day 
(light period) as compared with the activ­
ity in the night (dark period). In the pres­
ent study, the activity of animals given a 
restricted amount of food as a single meal 
was greater than that of animals fed ad 
libitum. Also, this activity increased with

the progress of the fast. Light and dark 
periods had no effect on the activity of ani­
mals given restricted amounts of food, 
whereas a marked increase in the activity 
of animals fed ad libitum was observed 
during the night.

In the present study we have shown that 
the systematic oscillations in body weight, 
liver weight, the level of hepatic glycogen 
and spontaneous activity are induced in 
animals given a restricted amount of food 
as a single meal as compared with animals 
fed ad libitum. Thus, it is apparent that 
“pair-fed,” “pair-weighed” and “trained- 
fed” control animals are different from 
control and biotin-deficient animals fed ad 
libitum. When the restricted amount of 
food was given in four equal meals 6 hours 
apart these oscillations were proportion­
ately reduced but did not disappear com-
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Fig. 6 Effect of pair-feeding on body weights 
of rats over a 24-hour period.

pletely. It is possible that these oscillations 
in control animals would disappear if the 
restricted amount of food is given in more 
frequent meals a day. The effect of food re­
striction on metabolic patterns in control 
animals has been investigated and will be 
reported in a separate paper.
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Effect of Scurvy on Deiodination of ,3,I-labeled 
Thyroxine in Guinea Pigs

JENG M. HSU
Biochemistry Research Laboratory, Veterans Administration Hospital, 
and the Department of Biochemistry, The Johns Hopkins University, 
Baltimore, Maryland

ABSTRACT The effect of scurvy on metabolism of thyroxine (T 4) and triiodothy­
ronine ( T 3 )  was investigated. Experimental scurvy was produced in guinea pigs by 
feeding a diet low in vitamin C for 3 or 4 weeks. Control animals received the same 
diet and ascorbic acid injections. Deiodination of both thyroid hormones was greatly 
increased in scorbutic guinea pigs. This was shown by an increasing excretion of 131I 
in the urine and a decreasing retention of protein bound 131I in the plasma, liver and 
kidney after a single injection of 131I-labeled T4. Similar effects were observed after 
131I-labeled T3 injection. Administration of nonradioactive T4 or cortisone to scorbutic 
animals failed to show any significant changes in the metabolism of I31I-labeled T4. 
Normal deiodinating activity was completely restored by daily injection of 15 mg of 
ascorbic acid for 7 days. Scurvy had no effect on the thyroid uptake of 131I in vivo, 
but increased the amount of 131I-labeled T3 to the erythrocyte in vitro. Both plasma 
protein-bound iodine and thyroxine levels were significantly decreased in scorbutic 
guinea pigs. These low values are probably due to a decrease of plasma protein bind­
ing capacity during scurvy.

The influence of scurvy on the thyroid 
function has been investigated by a num­
ber of workers. Fidler et al. ( 1 ) ,  Mosonyi 
and Rigo (2 )  and Hamne (3 )  observed 
that oxygen consumption was increased in 
ascorbic acid-depleted guinea pigs. Other 
workers were unable to show any differ­
ence in oxygen consumption and, in fact, 
some investigators reported decreased val­
ues (Söderström and Tornblom (4 ) , Scoz 
et al. (5 )  and Baucke ( 6 ) ) .  Studies by 
McCarrison ( 7 ) ,  Bessesen (8 )  and Harris 
and Smith (9 )  have indicated that various 
types of enlargement of the thyroid gland 
occurred in scorbutic guinea pigs. The only 
work in which thyroid function was di­
rectly determined is the demonstration by 
Beaton et al. (1 0 )  that ascorbic acid-de­
prived guinea pigs exhibited a significant 
increase of thyroid 131I uptake. Virtually 
nothing is known about the role of vita­
min C in the degradation of thyroid hor­
mones. Therefore, this study was under­
taken to evaluate the effect of vitamin C 
on the rate of deiodination of injected ra­
dioactive thyroxine (T 4) and triiodothyro­
nine (T 3). In addition, the effect of scurvy 
on circulating thyroxine level was assessed.

MATERIALS a n d  m e t h o d s

Preparation of animals and diet. Three- 
to-five-week-old male guinea pigs obtained 
from commercial sources were used. They 
were housed in individual screen-bottom 
cages. Rabbit ration,* 1 which contained a 
minute amount of vitamin C, was used as 
our basal diet for the production of exper­
imental scurvy. Control animals received 
the same diet but were given intraperito­
neal injections of 1 ml aqueous solution 
containing 15 mg of freshly prepared so­
dium ascorbate three times a week. Corti­
sone or nonradioactive thyroxine was also 
administered parenterally to ascorbic acid- 
depleted animals and controls for compar­
ative studies.

Materials. The following radiochemi­
cals 2 were used : sodium iodide-131I ( 25 
m Ci/ug); L-thyroxine-3-13T (36.7 m C i/m g); 
and L-triiodothyronine-3-131I (23 .0  m C i/ 
m g ).

R eceived  fo r  p u b lica tion  O ctober 25, 1968.
1 R ock lan d  rabbit ch ow , A. E. Staley M a n u factu rin g  

Co., D ecatur, 111. E ach  100 g diet con ta ins 1.23 m g 
iod in e  and  an inherent trace am ount o f  v itam in  C 
w h ich  w as n ot detectable by  the m eth od  o f  R oe and 
K uether (1 4 ) .

2 O btained fro m  A bbott Laboratories, O ak R idge, 
Tenn .

J. Nutrition, 97 : 505-511. 505
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Assessment of T* and Ts deiodination. 
After 21 to 24 days of feeding and over­
night fasting, each guinea pig received a 
subcutaneous injection of 2.0 ml of 1%  
potassium perchlorate to prevent the up­
take of 131I by the thyroid gland. Fifteen 
minutes later a single dose of mI-labeled 
T4 (0.11 ag and 3 to 5 uCi in 0.25 m l) or 
Ts (0 .16  ag and 2 to 4 uCi in 0.25 m l) was 
injected intramuscularly. The animals 
were placed immediately into individual 
metabolism cages which permitted the full 
collection of urine. Iodide solution (25  ug 
KI in 100 ml of distilled water) contain­
ing 1% KClOi was offered in place of 
drinking water. The experiments were ter­
minated at various time intervals; the ani­
mals were killed by cardiac puncture. 
Urinary excretion of 131I administered as 
labeled thyroid hormones was measured 
by methods previously described (1 1 ). The 
results were expressed as a percentage of 
injected 131I.

Thyroid uptake of 1311. A  dose of 10 pCi 
of sodium 131I was injected intraperitone- 
ally to each test animal. Twenty-four hours 
later blood was drawn from the heart 
through a heparinized syringe for estima­
tion of PB131I. The thyroid glands were 
removed; they were cleaned and weighed 
and then transferred into Pyrex counting 
tubes with 1 ml of 5 N NaOH. Upon com­
pletion of digestion, usually within 2 hours 
at room temperature, the radioactivity in 
the thyroid gland preparations was deter­
mined.

Measurement of labeled PBI in tissues. 
One gram of liver or kidney was homog­
enized with ice-cold water in a Potter- 
Elvehjem glass homogenizer. An aliquot of 
tissue homogenate or plasma was mixed 
with an equal amount of 30%  trichloro­
acetic acid (TCA). The precipitate obtained 
by centrifugation was successively washed 
with 5%  TCA three times. Both the total 
and protein-bound TCA 131I in the plasma 
and tissue homogenate were measured and 
results were expressed as a percentage of 
injection radioactive T 4 or T3.

In vitro erythrocyte uptake of 131I-labeled 
l-triiodothyronine. The method was es­
sentially that originally described by Ham- 
olosky et al. (1 2 ) . A measured aliquot of 
heparinized blood was incubated with gen­
tle shaking for 2 hours at 37°, with a

known amount of 131I-labeled T3 (0.001 to 
0.012 ug/0.1 ml with 15000 to 18000 
cpm /0.1 m l). The radioactivity of 1-ml 
aliquots of the above was measured at the 
end of this time. The remaining blood was 
then centrifuged; the plasma was removed 
and the erythrocytes were washed three 
times with isotonic saline solution at room 
temperature. The radioactivity of the 
washed erythrocytes was then measured. 
Results were calculated as follows:

Net counts of washed erythrocyte 
(from  1 ml blood)

----- --------------------------------------------------- X 100
Net counts of 1 ml whole blood

The percentage of erythrocyte uptake of 
T3 was then corrected for an hematocrit 
reading of 100 and expressed as percent­
age uptake.

A well-type scintillation spectrometer3 
was used for the measurement of all 13lI 
activity.

Other chemical determinations. Ascor­
bic acid assay: Total ascorbic acid con­
centrations in blood and adrenal glands 
were assayed according to the Schaffert 
and Kingsley method (1 3 ) , a modification 
of the dinitrophenylhydrazine method of 
Roe and Kuether (1 4 ) . Blood was pre­
pared for assay as described by the authors
(1 4 ) ; adrenals were prepared by homogen­
izing with 6%  TCA.

Plasma PBI and thyroxine determina­
tion. Protein-bound iodine was determined 
using the alkaline-ash method of Baker et 
al. (1 5 ) . Free thyroxine (nonconjugated) 
was estimated by the column chromato­
graphic technique according to the method 
of Pileggi et al. (1 6 ) .

The results of all experiments were anal­
yzed for statistical significance by Student’s 
t test (1 7 ) .

RESULTS
The effects of ascorbic acid deficiency 

on growth rate and certain organ weights 
are summarized in table 1. The animals 
receiving inadequate amounts of vitamin 
C showed a slight loss of weight, whereas 
vitamin C-supplemented guinea pigs grew 
normally. No significant effects were ob­
served in the relative weights of the liver, 
kidney, heart and pituitary between the

3 P ackard  Instrum ent C om pany, In c., D ow ners 
G rove, 111.
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two groups. The relative weights of the 
spleen, thyroids, and adrenals, however, 
were greater in scorbutic guinea pigs than 
in vitamin C-supplemented controls.

In animals kept on the scorbutigenic 
diet for 3 weeks, the depletion of body 
stores of vitamin C was evident by the 
findings of decreased vitamin contents in 
blood and in the adrenals. The mean val­
ues of six animals in each group were 
0.09 ±  0.01 and 0.43 ±  0.05 ( ±  s e m )  ug/ 
100 ml of blood, and 11 ±  1 and 125 ±  
18 ( ±  s e m ) ng/100 mg of wet weight of 
adrenal for vitamin C-deficient and vita­
min C-supplemented guinea pigs, respec­
tively.

On day 25 of deprivation, guinea pigs 
showed a decrease of approximately 50%  
in both the PBI and thyroxine contents of 
the circulating plasma.

Figure 1 indicates the effect of scurvy 
on urinary excretion of radioiodine by 
guinea pigs at various times after the in­
jection of 131I-T4. The 8-hour urinary ex­
cretion of 131I obtained from the scorbutic 
guinea pigs was about the same as that ob­
tained from nonscorbutic guinea pigs. By 
12, 24 and 48 hours, scorbutic guinea pigs 
excreted significantly more than their re­
spective controls. Because paper chromato­
graphic analysis indicated that all the 131I 
excreted in the urine was inorganic iodide, 
an increased urinary excretion of 131I by

Fig. 1 Effect of ascorbic acid deficiency on 
urinary excretion of 131I in guinea pigs following 
injection of 1SII-T4. Each open bar is the average 
of five guinea pigs fed vitamin C. Each shaded 
bar is the average of five vitamin C-deficient 
guinea pigs. The vertical lines are the standard 
errors of the means.
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vitamin C-depleted animals would suggest 
that scurvy increased T* deiodinating ac­
tivity. The enhanced T3 deiodination by 
scorbutic guinea pigs is illustrated in figure
2. The value at 24 hours was statistically 
significant.

The effects of vitamin C deficiency on 
tissue distribution of injected 131I-T4 and T3 
are shown in table 2. A marked reduction 
of PB131I in the plasma, liver and kidneys 
was noted in scorbutic guinea pigs when 
these animals were killed at the end of 12, 
24 and 48 hours of I31I-T4 injection. The 
administration of mI-T3 for 4 hours pro­
duced a significant increase in the uptake 
of radioactivity in the plasma, liver and 
kidneys of scorbutic guinea pigs as com­
pared with the control animals. By 24 
hours these findings were reversed, the 
PB131I values in various tissues of deficient 
animals were approximately one-third or 
less of normal values.

The effects of a single injection of ascor­
bic acid, thyroxine or cortisone to scorbutic 
animals on urinary excretion and tissue 
distribution of injected 13T-T4 are shown in 
table 3. No significant effects were ob­
served by any of the above treatments.

In the experiment shown in table 4, 
guinea pigs were depleted of vitamin C for 
a period of 3 weeks and then received vita­
min C injections for 7 days. In contrast 
to the scorbutic animals, urinary excretion 
of 13T and tissue uptake of PB131I in ani­
mals replenished with ascorbic acid did

Fig. 2 Effect of ascorbic acid deficiency on 
urinapr excretion of 131I in guinea pigs following 
injection of 131I-T3. Each open bar is the average 
of five guinea pigs fed vitamin C. Each shaded 
bar is the average of five vitamin C-deficient 
guinea pigs. The vertical lines are the standard 
errors of the means.
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not differ significantly from that found in 
the corresponding control animals.

The effect of ascorbic acid deficiency on 
131I uptake by the thyroid is shown in table
5. The radioactivities found in the thy­
roids, plasma and urinary excretion of 
scorbutic guinea pigs were not signifi­

cantly different from the values obtained 
in their corresponding controls.

During the 2-hour incubation period, the 
amount of mI-T3 bound to the erythrocytes 
in vitro was significantly increased in scor­
butic guinea pigs, as compared with non­
scorbutic animals (table 6 ). These radioac-

TABLE 3
Effect of cortisone, thyroxine or ascorbic acid on distribution of 131I in scorbutic guinea pigs 24 hours

following 131I-T4 injection

Group]! Ascorbic 
acid

Other
treatment Plasma Liver Kidney Urinary

excretion

1 + None 1.083 ±0.083 2 0.338 ±0.002 0.433 ±0.047 27.7 ±  1.1
2 None 0.272 ±  0.161 3 0.151 ±  0.059 3 — 54.5 ± 5 .5  3
3 — Ascorbic injection 0.371 ±0.064 3 0.135±0.019 3 0.214 ±0.026 3 43.7 ±  2.6 3
4 — Thyroxine 0.556±0.119 3 0.186 ±0.034 3 0.158 ±0.020 3 55.5 ±  3.7 3
5 — Cortisone 0.270 ±0.039 3 0.172 ±  0.008 3 — 45.4 ±6 .1  3

1 F ive gu inea pigs w ere used in  ea ch  group. G roups 3 and 4 received  intraperiton eally  a single dose o f  30 m g 
ascorb ic a cid  and 40 /¿g E -thyroxine, respectively , 45 m in utes b efore  131I-T4 in jection . Group 5 received  4 
m g cortisone da ily  fo r  4  days before  *31I in jection .

2 M ean +  se m . U rinary excretion  is expressed  as p ercen tage o f  131I  adm inistered  as T 4. T he other results 
are expressed as fo llo w s :

N et counts o f  précip itab le  fra ct ion  o f  1 g o f  liver or k id n ey or 1 m l o f  p lasm a ^
N et counts o f  in je cted  dose

s P <  0.01. V alues obta ined  fro m  group 1 are s ign ifican tly  d ifferent from  values obtained  fro m  the rem ain ­
in g  groups. V alues obta ined  fro m  groups 2, 3, 4  and 5 are not sign ificantly  d ifferent fro m  each  other.

TABLE 4
Effect of ascorbic acid repletion on urinary excretion and tissue distribution of 131I in scorbutic 

guinea pigs 24 hours follozving the injection of 131I-T4

A scorb ic
acid Plasm a Liver K idney U rinary

excretion

+ 0 .5 8 7 ± 0 .1 1 6  > (5 )  * 2 0 .2 1 3  ± 0 .0 5 3 0 .3 5 1  ±  0 .0 1 8 2 8 . 8 ± 2 .9

- 0 .2 3 1  ± 0 .0 3 4  3( 4 ) 0 .1 1 2  ± 0 .0 0 3  3 0 .1 8 2  ± 0 .0 3 4  3 5 0 . 6 ± 3 .1  3

■O'
1 +

0 .5 7 9 ± 0 .1 5 3  ( 6 ) 0 .2 3 7  ± 0 .0 4 1 0 .3 9 2  ± 0 .0 2 3 3 1 . 7 ± 2 .3

1 M ean  ±  s e m . U rinary excretion  is expressed as percen tage o f  131I adm inistered  as T 4. T he other results are 
expressed as fo llo w s :

N et cou nts o f  T C A -precipitable fra ct io n  o f  1 g o f  liver or k id n ey  or 1 m l o f  p lasm a 
N et counts o f  in je cted  dose

2 Figures in  parentheses in d ica te  the n u m ber o f  an im als used.
x 100.

3 P <  0.01.
4 G uinea p igs  w ere 

in jection s  o f  15 m g
m ain ta ined  on  the v itam in  C -deficient d iet fo r  3 w eeks and  then received  daily 
N a-ascorbate fo r  an add itiona l 7 days.

TABLE 5
Effect of ascorbic acid deficiency on thyroid 131I uptake

A scorb ic
acid

N o. o f  
anim als

F inal 
b ody w t in  
3.5 w eeks

T hyroid T otal PBI U rinary
excretion

+ 5

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

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

1 M ean ±  s e m . T he results are expressed as fo llo w s :
N et counts o f  both  thyroids, 1 m l p lasm a or 24 h ou r urinary excretion

N et cou nts o f  in jected  dose
T he anim als w ere k illed  24 hou rs after N a 131I in jection .

2 P <  0.01.
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T A BLE  6
Effect of ascorbic acid deficiency on erythrocyte 

uptake of 131I labeled T3 in vitro

T ria l i A scorb ic
acid

N o. o f  
gu inea 

pigs
E rythrocyte

uptake

+ 8
%

6 1 ± 2 . 7  2
— 6 7 6  ± 2 . 9  3

+ 5 5 9  ± 4 . 8
— 5 7 6 ±  1 .8  3

1 i3 ii-iabeled  L -triiodothyronine w as d ilu ted  w ith  
isoton ic saline so lu tion  to con ta in  0.001 to 0.012 
fiS/0.1 m l w ith  15000 to 18000 cp m /0 .1  m l in  trial 1. 
L i  tria l 2 , a  phosphate b u ffer w as used to rep lace 
isoton ic  saline so lu tion  fo r  d ilu tion , w ash ings and 
counting.

2 M ean ±  se m .
3 P <  0.01.

tive T3 values are considerably higher than 
those reported for human (1 8 ) and chick­
en red cells (1 9 ) .

DISCUSSION
The data presented in this paper sug­

gest that vitamin C is directly or indirectly 
involved in the degradation of thyroid hor­
mones. This is indicated by increased uri­
nary excretion and decreased tissue reten­
tion of radioactivity in scorbutic guinea 
pigs following the injection of mI-labeled 
thyroxine or triiodothyronine. These find­
ings however, do not necessarily imply 
similar behavior of naturally occurring 
nonradioactive thyroid hormones.

This study also demonstrates that ery­
throcyte uptake of labeled L-triiodothyro- 
nine in vitro was much greater in scorbutic 
guinea pigs than in nonscorbutic animals. 
Because the amount of triiodothyronine 
taken up by the red cells is inversely re­
lated to the binding capacity of the serum 
protein carriers for thyroid hormones (20, 
2 1 ), these observations may indicate a re­
duced binding capacity in sera of scorbutic 
animals which in turn resulted in an en­
hancement of deiodination.

It has been suggested that physiological 
deiodination of T4 is mediated by a hydro­
gen peroxide-peroxidase system (2 2 ). 
When vitamin E is deficient, lipid peroxi­
dation in several tissues is greatly in­
creased (2 3 ). Thus, it is possible that this 
vitamin is required in the regulation of the 
rate of T4 deiodination by its antioxidant 
properties. Although the sparing effect of 
ascorbic acid to auto-oxidation of tocoph-

erols has been demonstrated in vitro (2 4 )  
and in vivo (2 5 ) , it is not clear that in­
creased deiodination in scurvy is associ­
ated with the alterations of vitamin E con­
tents in tissues.

The data obtained with radioiodine in­
dicate that scurvy is not associated with an 
impaired uptake of mI by the thyroid. The 
low values of circulating PBI and thyrox­
ine in scorbutic animals suggest that 
scurvy induces either hypothyroidism or 
enhanced deiodination, or both. These ob­
servations do not agree with the earlier 
report of Beaton et al. (1 0 )  that scorbutic 
guinea pigs showed an increased uptake 
of I3T and therefore had an increased thy­
roid activity. Measurements of radioac­
tivity in the thyroid region by these work­
ers and in the thyroid tissues in the 
present study might account for the differ­
ences. The differing severities of scurvy 
in the animals used might also produce 
different effects on T4 deiodinating activ­
ity.
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Distribution and Metabolism of Menadiol 
Diphosphate in the R at* 1
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ABSTRACT Physiological doses of radioactive menadiol diphosphate, an active 
water-soluble form of vitamin K, were administered by intraperitoneal injection to 
vitamin K-deficient male rats. The compound was not concentrated by any tissue but 
was distributed throughout all body organs in a manner which was not influenced by 
the vitamin K status of the animal. Seventeen hours after an intraperitoneal injection 
of the radioactive vitamin about 50% of the activity had been excreted, mainly in the 
urine. There was a general association of the injected compound or its metabolites with 
the membranous fractions of the cell. The data also indicate that there was a rapid 
conversion of this water-soluble compound to more lipophilic forms of the vitamin.

The only observable effect of a deficiency 
of vitamin K in higher animals is a de­
crease of the blood level of prothrombin 
and the related clotting factors, VII, IX 
and X. It has been demonstrated that the 
production of prothrombin and its release 
to the plasma occurs in the hepatic paren­
chymal cells (1 ). Although details of the 
mechanism are not known, the current 
consensus is that the vitamin exerts its ac­
tion at some point subsequent to the forma­
tion of a specific messenger RNA molecule, 
but prior to the release of the specific pro­
teins (2 -4 ) . A better knowledge of the 
metabolism of vitamin K in the animal 
would be useful in future studies directed 
toward establishing the mechanism of ac­
tion of the vitamin.

Previous studies utilizing radioactive- 
labeled compounds have indicated that 
phylloquinone 3 or menaquinone-4 are con­
centrated to some extent in the liver where­
as menadione is more rapidly excreted and 
is distributed more evenly in various tissues 
(5 -7 ) . Available evidence would also indi­
cate that the vitamin is found in highest 
concentration in the mitochondria (8 -1 0 ). 
The data currently available on the metab­
olism and distribution of the radioactive 
vitamins have been obtained by using rel­
atively massive doses, and may not be in­
dicative of the metabolism of physiological 
levels of the compounds involved. This re­
port deals with the distribution of physio­
logical doses of radioactive menadiol di­
phosphate, a highly active water-soluble 
form of the vitamin (1 1 ), in the deficient

rat and the subcellular distribution of the 
vitamin in rat fiver.

METHODS
Animals. Male rats of the Holtzman 

strain (140 g) were housed in coprophagy- 
preventing cages (12 ) and fed a soy pro­
tein-low vitamin K diet (13 ) which in our 
laboratory results in a severe deficiency in 
7 to 10 days. Clotting-factor activity was 
measured on blood obtained by heart punc­
ture by the one-stage method of Quick 
using commercial thromboplastin,4 or by 
the two-stage method of Ware and Seegers 
as modified by Shapiro and Waugh (14 ). 
Vitamin K was administered intraperiton- 
eally as menadiol diphosphate.5Tissue preparation. Deficient rats were 
removed from the coprophagy-preventing 
cages, injected intraperitoneally with radio­
active menadiol diphosphate 6 and placed 
in metabolism cages. At the indicated 
times, animals were anesthetized with 
ether and killed by withdrawing blood from 
the abdominal aorta; various organs were 
removed for determination of radioactivity. 
Subcellular fractionation of the fiver, ex-
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no. AM09305.
2 Public Health Service Predoctoral fellow F-l GM- 

35 372.
3 See 1966 J. Biol. Chem., 241: 2989 for nomencla­

ture of the vitamin K active quinones.
4 Simplastin, Warner-Chilcott Laboratories, Morris 

Plains, N. J.
s Synkayvite, Hoffmann-LaRoche Inc., Nutley, N. J.
6 2-Methyl-l,4-naphthaquinol-6,7-T diphosphate (tetra 

sodium salt) was obtained from Nuclear-Chicago, Des 
Plaines, 111., stored at — 68° and used without further 
purification.

512 J. N u t r i t i o n , 97: 512-516.
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cept for nuclei and mitochondria, was car­
ried out as described by Sarcione (15 ). Nu­
clei were isolated by the method of Blobel 
and Potter (1 6 ), and mitochondria from a 
10% homogenate in 0.25 m  sucrose by cen­
trifuging at 7,000 X g for 10 minutes after 
an initial sedimentation for 10 minutes at 
700 X g to remove nuclei and debris. Pro­
tein was analyzed by a modification of the 
colorimetric method of Lowry (17 ). Lipid 
extracts of the subcellular fractions were 
obtained by Bligh and Dyer (18 ).Radioactivity determination. All meas­
urements were performed in a liquid scin­
tillation spectrometer.7 The femoral bone, 
feces and red blood cells were digested and 
radioactivity determined by the method of 
Mahin and Lofberg (1 9 ). All other organs 
and the subcellular fractions of the liver 
were minced or homogenized and solubil­
ized with an organic base 8 before addition 
of a toluene-PPO-POPOP solution. Radio­
activity of the chloroform and ILO extracts 
was measured using toluene-PPO-POPOP 
and Bray’s (2 0 ) counting solutions, respec­
tively. Absolute counting rates were ob­
tained by using tritiated toluene as an in­
ternal standard.

RESULTS
The response of vitamin K-deficient rats 

to increasing levels of menadiol diphos­
phate is shown in table 1. One-stage clot­
ting times were restored to normal at the 
10-ng level but prothrombin content, as de­
termined by the two-stage assay, did not 
approach normal until 25 ng of the vitamin 
had been administered. Based on these 
data all of the radioactive tracer experi­
ments reported here utilized less than 3 ng

menadiol diphosphate/rat, an amount suffi­
cient to initiate clotting-factor synthesis 
but well within the physiological range.

The results of experiments designed to 
study gross distribution of injected mena­
diol diphosphate are presented in table 2. 
The compound or its metabolites were de­
posited in all tissues studied and there was 
no evidence that any one organ concen­
trated the vitamin with increasing time. 
With the exception of high values in the 
kidney, presumably because of residual 
urine, radioactivity per gram of the vari­
ous soft tissues did not differ extensively. 
The amount of the compound in most tis­
sues decreased with time and there was a 
concomitant increased excretion in the fe­
ces and urine. The major route of excretion 
was the urine, where 43% of the activity 
was found 17 hours after injection, as com­
pared with 4% found in the feces. The 
data in table 3 illustrate the lack of an ef­
fect of the vitamin K depletion state of the 
body on distribution of menadiol diphos­
phate. Deficient and normal rats killed 6 
hours after injection of the radioactive vi­
tamin showed a marked similarity in the 
distribution of the compound.

The subcellular distribution of the radio­
activity in the liver 3 hours after the injec­
tion of menadiol diphosphate, and that per­
centage of the radioactivity which was lipid 
extractable in each of these subcellular 
fractions, are shown in table 4. The rela­
tive vitamin K contents calculated in the 
table are values obtained by using the spe­
cific activity of the original injection

7 Tri-Carb, m odel 3002, P ackard  Instrum ent C om ­
pany, Inc., D ow ners G rove, 111.

8 N CS, N uclear-C hicago, Des P laines, 111.

TABLE 1
Response of vitamin K-deficient rats to menadiol diphosphate

A m ou nt o f  
m en ad iol 

d iphosph ate
N o. o f  
rats 1

P rothrom bin  
tim e 2 P rothrom bin  3

V-9 seconds units/m l
N o n e 8 8 1 .1 ( 3 3 .9 - 1 9 0 .4 )  4 6 .7  ±  1 .9  5

2 .5 5 2 0 . 1 ( 1 3 .4 -  2 5 .5 ) 4 1 .1  ±  7 .5
10 8 1 3 .8 ( 1 1 .9 -  1 5 .4 ) 1 1 2 .7  ±  15.1
2 5 7 1 3 .0 ( 1 2 .4 -  1 3 .4 ) 1 8 6 .0 ±  17.2
N o r m a l c o n tr o ls 7 1 3 .2 ( 1 2 .4 -  1 4 .5 ) 1 93 .3  ± 1 5 . 0

1 D eficient m ale  rats (1 40  g )  w ere given the sodiu m  salt o f  the v itam in  by in traperitoneal in jection , 
and b lood  draw n fo r  p rothrom bin  assay 20 hours later.

2 P roth rom bin  tim es w ere determ ined by the one-stage m ethod.
3 U nits o f  p rothrom bin  w ere determ ined by the tw o-stage m ethod.
4 M ean  and range, 
s M ean ±  s e .
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TABLE 2
Gross distribution and excretion of radioactivity from menadiol diphosphate 1

Organ or 
excretion 

route
Injected radioactivity

3 hour(7)2 10 hour (10) 17 hour (6)
% % %

Urine 13.0 ±5 .3  3 36.3 ± 2 .7  3 42.9 ± 6 .5  3
Feces <  0.1 2.2 ±0 .4 4.0 ± 1 .2
GI tract contents 27.6 ±3 .6 12.4 ±0 .6 13.0 ± 1 .9
Skeletal muscle 11.8 ±1 .5 15.6 ±0 .3 6.4 ± 0 .6
Skin and subcutaneous tissue 12.4 ±1 .6 9.2 ±0 .5 8.6 ± 0 .4
Bone 8.1 ±0 .8 7.6 ±0 .8 3.8 ± 0 .5
Liver 2.0 ±0 .3 1.3 ±0 .1 0.79 ±0.05
Kidney 4.8 ±1 .3 0.99 ±0 .08 0.54 ±0.04
Lung 0.51 ±0 .04 0.39 ±0 .08 0.25 ±0 .02
Heart 0.20 ±0.01 0.20 ±0.01 0.13±0.01
Spleen 0.25 ±0 .02 0.21 ±0.02 0.08 ±0.01
GI tract 6.2 ±0 .5 2.7 ±0 .2 2.4 ± 0 .2
Plasma 2.9 ±0 .8 1.8 ±0 .1 0.67 ±0 .07
Erythrocytes 0.81 ±0.13 0.91±0.13 0.21 ±0 .02

1 Deficient male rats (140 g) were given an intraperitoneal dose of 160 to 210 /¿Ci of 2-methy 1-1,4- 
naphthaquinol-6,7-T diphosphate. Total dose was from 1.6 to 2 /ig/rat in all cases. In calculating 
percentage of dose in tissues, skeletal muscle, skin and subcutaneous tissue, blood and bone were 
assumed to represent 43, 26, 7 and 17.5% of body weight. Other organs were weighed directly. 
Activity in adipose tissue was not determined; activity in testes was determined at the 10-hour period 
only, where they were found to have 0.5% of the injected dose.

2 Number of rats per group indicated in parentheses.
3 Mean ±  s e .

TABLE 3
Effect of vitamin K status on excretion and distribution of menadiol diphosphate

Organ or Injected radioactivity
excretion Deficient Control

rats 1 (4) rats 1 (5)
% %

Urine 32.2 ± 1 .7  2 31.5 ±2 .3  2
Feces 1.4 ± 0 .8 3.2 ±2 .2
GI tract contents 13.4 ± 2 .2 14.8 ±1 .5
Skeletal muscle 5.3 ± 0 .6 5.5 ±0 .5
Bone 7.7 ± 2 .7 11.1 ±1 .1
Liver 1.7 ±0 .1 1.2 ±0 .1
Kidney 0.97 ±0 .02 0.56±0.06
Lung 0.45 ±0.03 0.40 ±0 .04
Heart 0.14 ±0.02 0.11 ±0 .02
Spleen 0.20 ±0.03 0.13±0.01
GI tract 4.9 ± 0 .6 4.6 ±0 .4
Plasma 1.5 ± 0 .4 1.4 ±0 .2
Erythrocytes 0.32 ±0 .07 0.60 ±0 .06

1 Deficient or control rats (140 g) were given 2.0 or 2.76 /ig, respectively, of 2-methy 1-1,4-naphtha- 
quinol-6,7-T diphosphate (105 /¿Ci//ig) by intraperitoneal injection and killed 6 hours later. Tissue 
treatment as in table 2, footnote 1. Number of rats per group indicated in parentheses.

2  Mean ±  s e .

material as a conversion factor. Radio­
activity not in the chloroform extract was 
found to be distributed between the insolu­
ble protein residue and the H20  extract. 
These data show no evidence of an ex­
tremely high concentration of the vitamin 
in any one fraction; however, the data do 
suggest a general association of the vita­
min with those fractions possessing the 
greatest amount of membrane material.

This is illustrated in the high specific ac­
tivities of the mitochondrial, deoxycholate- 
soluble and microsomal fractions. Analyses 
revealed that the high specific activity in 
the soluble enzyme fraction was due pri­
marily to water-extractable material. The 
high percentage of lipid-extractable radio­
activity in all other subcellular fractions 
suggests that the water-soluble form of the 
vitamin administered is readily converted
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TABLE 4
Distribution of radioactive vitamin K and vitamin K metabolites in liver1

Cellular
fraction

Vitamin K and 
K metabolites

Percentage 
of activity 
chloroform 

soluble

Total homogenate
picomoles/g protein 

58 ± 4 46.0 ±2 .0
Nuclei 35 ± 4 51.7±3.8
Triton X-100 treated nuclei 24 ±  3 —

Mitochondria 90 ± 8 51.6±3.1
Soluble protein 121 ± 8 7.3 ±0 .4
Microsomes 75 ± 5 50.3 ±2 .7

Ribosomes 31 ± 4 64.2±4.4
Deoxycholate-soluble microsome fractions 90 ±  3 42.8 ±2 .4

1 Deficient male rats (140 g) were given 2 ¿¿g of 2-methyl-l,4-naphthaquinol-6,7-T diphosphate 
(160 to 210 fid ) by intraperitoneal injection, and killed at 3 hours. Molar equivalents of the vitamin 
in the fractions were calculated from the specific activity of the compound injected. Total recovery 
of the radioactivity in the chloroform and aqueous phase was about 75% with the remainder in the 
interphase residue. Values are mean ±  s e  for 15 rats in the determination of the amount of vitamin 
in subcellular fractions, and for 5 rats in chloroform extraction.

to some lipid-soluble form. Similar results 
were found 3 hours after injection when 
livers from normal rats were used, or 10 
hours after injection when livers from de­
ficient rats were used.

DISCUSSION
Previous studies have indicated that ad­

ministered doses of phylloquinone are con­
centrated in the liver whereas menadione 
is not. The studies reported here indicate 
that a single dose of menadiol diphosphate, 
in the amount needed for a physiological 
response, is metabolized in much the same 
way as has been reported for more massive 
doses of menadione.

Menadiol diphosphate does not have a 
long retention time in the body and by 
17 hours about one-half the administered 
radioactivity has been lost. No attempt 
has been made to determine the chemical 
nature of the excretion products; however, 
a number of metabolites of menadione 
have recently been discovered (2 1 ) and 
presumably account for much of the activ­
ity. The data clearly indicate that at the 
level of administration employed there was 
no major shift in the tissue distribution of 
the vitamin in deficient and normal ani­
mals.

When the dosage differences are con­
sidered, the amount of lipid-soluble radio­
activity found in the liver in these studies 
is in the same range as the amount of men- 
aquinone-4 found in the liver by Taggart9 
following menadione administration. Pre­
liminary studies indicate that much of the

activity in the l:pid-soluble extract is pres­
ent as menaquinone-4, although some men­
adione and a third more polar compound 
appear to be present.

Chemical analyses have previously in­
dicated a concentration of vitamin K in 
liver mitochondria (9 ) and this study also 
indicated that the highest concentration of 
lipid-soluble activity was in the mitochon­
drial fraction. The microsome fraction was 
also high in activity and the results of the 
deoxycholate treatment indicated that the 
activity was associated mainly with the 
membrane, rather than the ribosomal por­
tion of the microsomes. The loss of activity 
from nuclei by Triton X-100 treatment 
would again indicate that much of the cel­
lular vitamin K is bound to various mem­
brane systems. A preliminary report by Bell 
et al.10 also indicates that when microgram 
amounts of radioactive phylloquinone were 
administered to rats, the majority of the 
activity was associated with cellular mem­
brane fractions.
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Interrelationships Among Energy Input, Body Size, 
Age and Body Composition of Sheep * 1

J. H. BURTON2 a n d  J. T. REID
Department of Animal Science, Cornell University, Ithaca, New York

ABSTRACT Interactions of age, body weight and energy intake on the proximate 
chemical composition and energy value of the body were examined in 26 Shropshire, 
male-castrate sheep. Body weight at a given age was manipulated by imposing on a 
given animal one of two levels of energy input (averaging 278 and 421 kcal of gross 
energy/1 kg empty-body weight °-73 per day). The amounts of body components at a 
given age were greater in sheep receiving the high intake of energy than in those sup­
plied the low level. The relationships between the body components and body weight, 
however, were not different for the two energy input levels. Thus, energy input, within 
the range studied, did not influence body composition in a manner independent of its 
effect on body mass. In animals containing less than 31% of fat, the amounts of body 
components increased linearly with increasing body weight; above this concentration 
of fat, the weights of water and protein increased at decreasing rates and the amounts 
of fat and energy increased at increasing rates, as body weight increased. The overall 
best fit of the relationships between the body components and body weight was pro­
vided by the model, Y =  a Xb. For these relationships, the R2 values for the predictands 
other than ash ranged from 0.939 to 0.982. The use of age in addition to body weight 
as the predictors increased the R2 values by only 0.002 to 0.019 over those computed 
between body weight alone and the various predictands. Thus, body composition in 
sheep was not related to prior energy intake, only slightly associated with age, but was
chiefly associated with body weight.

Attention was drawn early by the studies 
of Waters (1, 2 ) to the possibility that the 
tissues and parts of the animal body grow 
differentially relative to age. In 1908 he 
reported that cattle fed maintenance or 
slightly submaintenance rations after they 
had been reared on a high plane of nutri­
tion to an age of 9 to 17 months continued 
to grow in height and length of skeleton 
for at least 1 year during which time body 
fat was gradually depleted. This observa­
tion indicated that certain tissues have a 
higher priority claim for nutrients than 
others at certain stages of growth.

In his theory of “differential growth,” 
Hammond (3) set forth the viewpoints that 
the body proportions and conformation re­
sult from differential growth gradients be­
tween the body tissues and parts, and that 
these occur in a definite order. The studies 
of other members of his school (McMeekan,
4-6, and Pâlsson and Vergés, 7, 8) ampli­
fied and extended these ideas, particularly 
with respect to the influence of plane of 
nutrition when imposed at certain stages 
of growth in pigs and sheep, respectively. 
They (4 -8 )  concluded that the plane of 
nutrition imposed at certain times influ­

ences the development of the anatomical 
parts and of the physically separated tis­
sues of the body differently depending 
upon their nutrient priorities and needs 
relative to the level of nutrients provided. 
However, significant to their conclusions is 
the basis on which they were derived. Both 
groups of workers completely dissected the 
total body into its component parts, organs 
and tissues, and they expressed the weights 
of these for the various treatment groups 
as percentages of those for a “standard” 
group, which was the least advanced in de­
velopment.

Earlier, Child (9 ) had proposed that 
the partition of ingested nutrients among 
the various body tissues is determined by 
the metabolic rate of the tissues. Accord­
ingly, the body tissues, organs or parts hav­
ing the highest metabolic rate have the 
highest priority for nutrients. This view­
point coupled with the findings of the Cam­
bridge school (3 -8 )  led Hammond (10 ) to
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the generalization that the descending or­
der of priority for nutrients by the vari­
ous body tissues is: nervous tissue, bone, 
muscle and fat. It is clear, however, that 
physiological states and the degree of ma­
turity of the animal, and the amounts and 
kinds of substrates supplied can greatly in­
fluence the metabolic activity of a given 
tissue. In recent studies (1 1 ) with young 
calves and fattening older cattle, it was 
demonstrated that the activity of a number 
of adipose tissue enzymes concerned with 
fat synthesis is markedly greater in the 
mature, fat steers.

On the other hand, Wallace (1 2 ), an­
other Cambridge worker, suggested that 
the apparent differential influence of nu­
tritional plane on the relationships within 
tissues as reported by McMeekan (4 -6 )  re­
sulted chiefly from the terms in which they 
were expressed. He (12 ) proposed that the 
proportion of each tissue in the various 
carcass cuts relative to the total weight of 
each tissue in McMeekan’s pigs was quite 
normal and, therefore, was not affected 
differentially by the plane of nutrition im­
posed. Elsley et al. (1 3 ), upon reanalyzing 
the data for pigs (McMeekan, 4 -6 ) and 
for sheep (Pâlsson and Vergés, 7, 8) by 
eliminating the effects of variation in fat 
content, concluded that a large part of the 
apparent differences in body proportions 
reported by those workers (4 -8 )  is attrib­
utable to the effects of level of nutrition 
on fat deposition. Elsley et al. (1 3 ) noted 
especially that the planes of nutrition did 
not exert a differential effect on the weight 
of bone or of muscle relative to the sum of 
the total weights of muscle and bone to­
gether. However, as the result of applying 
the model, Y =  a Xb, to the same data plus 
those of Hammond (3 ) , Wallace (12, 14) 
and Pomeroy (1 5 ), Tulloh (16 ) found that
88.3 to 98.7% of the variation in the log­
arithms (base 10) of the weights of phys­
ically separated fat, bone and muscle is 
associated with the variation in the log­
arithm of the ingesta-free body weight.

In studies in which sheep had received 
a variety of diets, each imposed at two or 
three levels of energy input, we (17 -19 ) 
observed a high degree of association be­
tween the chemical composition of the 
body and the body weight of animals when 
they had been maintained in a continu­

ously positive energy balance. Fitting the 
data by means of the curvilinear model, 
Y =  a Xb, in which Y =  weight of chemical 
component or megacalories of energy and 
X =  ingesta-free body weight, resulted in 
the following R2 values for the various com­
ponents: water, 0.95; protein, 0.95; fat, 
0.88; and energy, 0.94. These data (1 9 ) 
represent a composite of 221 male cas­
trates of six breed populations. Although 
most of these animals had not reached 
maturity, others were as old as 895 days 
and weighed as much as 78 kg.

In a study of 32 men ranging in age 
from 34 to 76 years and weighing from
50.8 to 151.8 kg, Remenchik and Bersohn
(2 0 ) observed an unexpectedly high R2 
value (0.94) between estimated body fat 
and linear body weight. They determined 
body fat as the difference between total 
body weight and lean-body mass. Lean- 
body mass was assumed to contain 73% 
water, and body water was determined in­
directly by means of tritium dilution. Also, 
the data of Wood and Groves (2 1 ) ob­
tained with young pigs weighing 1 to 30 
kg, represent a highly predictive relation­
ship between body composition and linear 
body weight. From their data, we computed 
a coefficient of variation of only 2.55% be­
tween the weight of body water determined 
by desiccation and that predicted from 
linear body weight.

Although present evidence indicates that 
body composition and body weight are 
highly related and that, prior to maturity, 
body weight and age generally are corre­
lated, no attempt appears to have been 
made to partition the relative degrees of 
the variance in body composition that are 
ascribable to the variation in age and body 
weight.

Accordingly, the objectives of the pres­
ent study were: a) to examine the inter­
actions among body weight, age and en­
ergy intake of sheep on the chemical com­
position of the body, and b) especially, to 
partition the variance in body composition 
between body weight and age.

MATERIALS AND METHODS
In this experiment body weight was 

varied somewhat independently of age 
by regulating the dietary energy input. 
Twenty-six purebred Shropshire wethers
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were used. After slaughter and the mea­
surement of the appropriate weights, the 
shorn, whole body minus ingesta (i.e., 
empty body) was minced; water, ether ex­
tract, protein and ash contents, and the 
heat of combustion were determined ac­
cording to procedures outlined previously 
(17, 22).

The general plan of the experiment with 
respect to body size and age at slaughter, 
and to the energy levels imposed, is dia­
gramed in figure 1. The basic experimental 
unit consisted of a trio of sheep, all of the 
same age (about 140 days) and the same 
full-body weight (ranging from 16.5 to
26.1 kg) at the beginning of the feeding 
period. One member (H ) of each trio re­
ceived a high allowance of energy and was 
killed at a body weight decided upon prior 
to the beginning of the experiment; this 
weight represented that set for high level 
animals at uniform intervals ranging from 
26.7 to 65.0 kg. His two corresponding 
mates were provided a low level of energy. 
One (L ,) of the low level animals was 
killed on the same day (X t) as the high 
level sheep (H ); the other (L2) was killed 
(X 2) when he reached the same body 
weight as that at which the high level 
sheep (H ) was slaughtered. Thus, in each 
trio, sheep Li was of the same age (X i), 
but of a lower body weight than sheep H, 
and sheep L2 was the same body weight, 
but of greater age (X 2) than sheep H (the 
difference ranging from 61 to 240 days for 
a given trio).

Six such trios and one odd animal (fed 
the high level of energy and killed at a me­
dian full-body weight (44.2 k g )) consti­
tuted the animals on which the two dietary 
treatments were imposed. Seven additional

AGE ( days )

Fig. 1 Basic plan of the experiment with re­
spect to dietary energy input and slaughter 
weights and ages.

sheep ranging in full-body weight from
15.3 to 29.1 kg were analyzed to determine 
the “base-line” body composition at the be­
ginning of the feeding period. The be­
ginning body composition of the animals 
exposed to the dietary treatments was com­
puted by means of the equations resulting 
from the regression of the chemical com­
ponents of the body on the body weights 
of the seven “base-line” animals, as de­
scribed previously (18, 23).

The plan of animal allotment consisted 
of forming six groups, each of four animals 
having the same body weight and age. 
From each group, one animal taken at ran­
dom was killed as a member of the “initial” 
or “base-line” composition group. These, 
plus one additional animal, a little heavier 
than the heaviest of the six grouped ani­
mals, constituted the “initial” slaughter 
group. Each of the remaining three ani­
mals in each of the six groups was allotted 
at random to one of the treatments (H, Li 
or Lz) described above. In general, the trios 
were assigned to slaughter-weight groups 
in the order of their initial body weight, 
that is, the smallest trio was killed at the 
lightest final weight and heaviest trio was 
slaughtered at the largest final weight.

A pelleted diet consisting of the follow­
ing percentages of various ingredients was 
fed: alfalfa hay, 55; corn meal, 18.5;
wheat middlings, 17.5; linseed meal, 2.0; 
molasses, 5.0; NaCl, 0.5; Ca2P04, 0.5; and 
CaCO:, 0.5. The average composition of the 
dry matter based on the analysis of 20 
samples representing those taken contin­
uously during the feeding period was 
as follows: protein, 16.13%; ether ex­
tract, 2.18% ; carbohydrates, 73.81% ; ash, 
7.88%; and energy, 4.367 kcal/g. The 
daily allowance of feed was provided in 
three meals. Water and a trace-mineralized 
salt were available to the animals at all 
times.

As a rationing guide, full-body weight 
was measured at weekly intervals through­
out. Accordingly, the feed allowance was 
readjusted on the same day each week. 
The following amounts of dry matter were 
offered daily per 1 kg of full-body weight 
raised to the power, 0.73: low level, 58 g; 
high level, 95 g. These allowances resulted 
in the following means and ranges of gross 
energy intake per day per 1 kg of empty- 
body weight (ie ., wool- and ingesta-free
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body weight) raised to the 0.73 power (ab­
breviated MBS hereafter): low level, 278 
kcal (range 268 to 293); high level, 421 
kcal (range 384 to 442). (As a conse­
quence of these inputs, the mean energy 
gains (the body-plus-wool energy) were
32.3 and 61.7 kcal/1 kg MBS per day, re­
spectively, by the low and high level sheep.)

RESULTS AND DISCUSSION
The energy intake, body weight and age 

of the sheep studied, and their corre­
sponding body composition are summa­
rized in table 1. These data were fitted to 
various linear and curvilinear models and 
examined by correlation and regression 
analyses.Relationship between level of energy in­put and body composition. A preliminary 
plotting of the data revealed that the 
amounts of the body components at a given 
age were markedly different between the

low and high energy-input treatments. For 
example, at 380 days of age, the energy 
value of the body of the high level animals 
was of the order of 2.4 times as great as 
that of the low level animals. Thus, on the 
age basis, two distinct populations of body 
composition existed which are associated 
with the two dietary energy levels imposed.

A similar examination of the amounts 
of body components at the various body 
weights suggested that the data comprised 
only one population of body composition 
irrespective of the energy-intake level. This 
was then examined in a regression anal­
ysis involving all high and low energy- 
intake animals separately. As shown in 
table 2, the regression of the amounts of 
body water, fat, protein, ash and energy 
on the wool-free, ingesta-free body weight 
resulted in regression coefficients that are 
similar for both dietary treatments. None 
of these, within a given body component,

TABLE i
Body composition of sheep at various body weights and ages

Animal
no.

Treatment 
identity 1

Energy 
intake 2 EBW 3 Age

Body components 4

Water Fat Protein Ash Energy

kcal kg days kg kg kg kg Meal
456 Initial 12.30 140 8.96 0.63 2.11 0.55 17.6
468 Initial 12.52 140 8.98 0.72 2.21 0.60 19.1
480 Initial 14.27 140 9.39 1.75 2.40 0.53 30.0
467 Initial 17.20 140 10.93 2.62 2.86 0.72 41.1
458 Initial 18.97 140 12.56 2.42 3.20 0.79 40.4
457 Initial 20.82 140 12.48 3.82 3.55 0.92 56.4
478 Initial 21.93 140 13.89 3.06 3.95 1.06 50.7
477 H 429 21.47 211 13.12 4.03 3.36 0.76 58.1
479 Li 290 14.90 211 9.24 2.59 2.40 0.59 38.5
460 La 270 23.13 271 13.56 5.15 3.67 0.76 68.8
470 H 384 28.19 270 16.19 6.87 4.21 0.83 87.4
469 275 19.89 270 12.24 3.68 3.10 0.78 52.0
463 l 2 273 28.73 349 16.23 6.88 4.54 1.16 89.1
474 H 415 35.44 270 19.54 9.72 4.86 1.08 119.1
475 L, 268 19.67 270 12.41 3.16 3.16 0.81 48.1
466 l 2 281 32.05 421 17.02 9.35 4.60 0.86 114.2
473 H 441 43.14 277 23.35 12.31 5.86 1.38 150.1
459 U 278 26.90 277 15.16 6.63 4.01 0.93 83.7
464 u 276 41.21 484 20.30 14.62 5.14 0.83 165.4
461 H 422 49.56 381 22.88 18.90 6.50 1.28 213.3
455 Li 293 27.69 381 15.04 7.66 3.96 0.77 93.6
476 U 273 47.50 583 21.90 18.28 5.97 1.28 205.2
465 H 425 58.31 375 26.93 22.39 7.47 1.40 255.4
471 L! 283 31.78 375 17.86 7.67 5.04 1.04 99.4
462 U 276 56.00 613 25.73 21.56 7.10 1.55 247.5
472 H 428 36.84 290 22.06 7.40 5.76 1.32 103.3

# 1 Initial refers to animals killed just prior to beginning of feeding period; H represents animals provided 
high intake of energy; Li represents animals provided low intake of energy and killed on same day as cor­
responding animal H; L2 represents animals provided low intake of energy and killed at same body weight 
as corresponding animal H.

2 Energy intake is expressed as kilocalories of gross energy intake/1 kg EBW0-73/day.
s EBW means empty-body weight.
4 Body components in ingesta-free, wool-free body.
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TABLE 2
Regression coefficients between body components (kg) and empty-body weight (kg) of sheep 

receiving two different energy levels

E nergy B ody com ponents
level W ater Fat P rotein A sh E nergy

H ig h 0 .3 5 7 0 .5 1 7  0 .1 0 9 0 .0 1 8 5 .5 1 7

L o w 0 .3 7 6 0 .4 9 8  0 .1 0 6 0 .0 1 9 5 .3 4 4

was different at a level of probability less 
than P =  0.1. Also, the intercept values 
were similar for the two dietary treatments.

A more stringent test of whether the 
dietary energy levels exerted a differential 
effect on the relationships between body 
composition and body weight was con­
ducted by comparing the regression data 
for the high level animals with those of 
only the low level animals killed at the 
same body weights. This study consisted of 
a test of homogeneity of the regression 
equations representing the two groups of 
data. It was revealed that dietary energy 
level had no differential effect on the re­
lationship between any body component 
and body weight at a level of probability 
as low as P =  0.1. As a consequence, all 
data, irrespective of the dietary energy 
level imposed, were pooled to study the re­
lationships between the body components 
and body size or age.Relationship to body composition of body weight and age. The extent to which body 
composition is associated with body weight 
and age was examined by correlation and 
regression analyses in which body weight 
and age were employed singly and together 
as independent variables. The data were 
divided into 1) a population representing 
all sheep irrespective of their body-fat con­
centration and including the base-line ani­
mals, and 2 ) a population which included 
only the data for sheep containing less 
than 31% of fat.

Table 3 summarizes some statistics asso­
ciated with the regression of the body com­
ponents of all animals (irrespective of the 
concentration of body fat) on body weight 
alone and on body weight and age as in­
dependent variables. As compared with the 
corresponding indices obtained by the use 
of body weight as the sole predictor, the R2 
values were only slightly increased (e.g., 
by only 0.002 to 0.019), and the coefficients

of variation were inappreciably reduced by 
the use of age in addition to body weight 
as the independent variables. The addition 
of age as a predictor did not improve sig­
nificantly (P <  0.05) the accuracy of pre­
diction of any of the body components de­
rived from body weight alone.

In previous s:udies, we (1 9 ) observed 
that the increases in the weights of the in­
dividual chemical components of the body 
are linear functions of body weight in 
sheep having a fat concentration less than 
approximately 31% , provided that such 
animals are maintained in a continuously 
positive energy balance. Above this concen­
tration of fat, the amounts of water and 
protein increase at a decreasing rate, and 
fat and energy increase at an increasing 
rate, as body weight increases. Although 
only 5 of the 26 animals used in the pres­
ent study contained more than 31% fat, 
evidence was obtained to support the pre­
vious observations. Deletion of the data for 
the five very fat animals resulted in an 
appreciable reduction in the coefficient of 
variation between the amounts of the com­
ponents determined directly and those de­
rived by means of the linear relationships, 
as shown by a comparison of the data in 
table 4 with those in table 3. Also, in this 
population (that is, animals containing 
less than 31% fat), the use of age in addi­
tion to body weight as the predictors failed 
to improve (P <  0.05) upon the predictive 
efficiency of body weight alone (table 4).

Finally, the total data were fitted to the 
curvilinear model, Y =  a Xb. As observed in 
previous studies (1 9 ), this model provided 
an excellent fit of the data regardless of 
the range in body-fat concentration (table 
5). The statistical parameters shown in 
table 5 demonstrate that, except for ash, 
the variation in the logarithmi» of the 
amounts of the gross chemical components
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TABLE 3
Relationships of body composition to empty-body weight alone and to empty-body weight 

plus age, irrespective of degree of fatness

Body
components

Prediction 
equations 1 R2

Sy. x 
or

Sy.L.n
C.V.2

Water
Empty-body weight (X i)  as predictor 

Y =  0.394 Xi +  4.55 0.968 0.978 6.08
Protein Y =  0.111 X i+  1.02 0.970 0.279 6.54
Fat Y =  0.474 Xi — 6.02 0.961 1.288 16.43
Ash Y =  0.019 X i+  0.39 0.778 0.134 14.23
Energy Y =  5.124 Xi —51.89 0.975 11.05 11.28

Water
Empty-body weight (X i) and age (X ,)  as predictors 

Y =  0.433 Xi — 0.0048 X2+  4.79 0.972 0.919 5.72
Protein Y =  0.121 X i— 0.0012 X2+  1.07 0.974 0.257 6.02
Fat Y =  0.422 X i+  0 .0064X 2- 6.34 0.966 1.220 15.56
Ash Y =  0.023 X i— 0.0005 X2+  0.42 0.797 0.134 14.23
Energy Y =  4 .714X i+  0.0506Xa-54.42 0.978 10.54 10.76
1 Y =  chemical component (kg) or energy (Meal), 

Xi =  empty-body weight (kg), and
X2 =  age (days).

Sy.x2 C.V. =  coefficient of variation ( % ) =  ——— x 100.

TABLE 4
Relationship of body composition to empty-body weight alone and to empty-body weight 

plus age in sheep containing less than 31% of fat

Body
components

Prediction 
equations 1 R2

Sy. x 
or

Sy.L.n
C.V.2

Water
Empty-body weight (X i) as predictor 

Y =  0.478 Xi +  2.73 0.978 0.605 4.23
Protein Y =  0.127 X i+  0.69 0.972 0.225 5.82
Fat Y =  0.364 X i— 3.64 0.935 0.825 16.02
Ash Y =  0.024 Xi +  0.28 0.764 0.118 13.58
Energy Y =  4.145 Xi — 30.68 0.966 6.693 9.62

Water
Empty-body weight (X i) and age (X 2) as predictors 

Y =  0.510 X !— 0.0047X2+ 3.08 0.984 0.547 3.82
Protein Y =  0.130 X i— 0.0004X2+ 0.72 0.960 0.229 5.93
Fat Y =  0.324 Xi +  0.0058X 2- 4.07 0.947 0.766 14.87
Ash Y =  0.030 X i— 0.0008 X2+  0.33 0.801 0.111 12.82
Energy Y =  3.833 Xi +  0.0458X2-34.09 0.972 6.245 8.98
1 Y =  chemical component (kg) or energy (Meal), 
Xi =  empty-body weight (kg), and
X2 =  age (days).

Sy.x2 C.V. =  coefficient of variation (% ) =  z: x 100.

and the energy of the body is highly ascrib- 
able to the variability in the logarithmio of 
body weight, with the R2 values for the 
various components ranging from 0.939 to 
0.982.Partition of variance in body composi­tion between body weight and age. The R2 
values shown in table 6 were computed 
from the data representing all animals 
for the purpose of estimating the addi­
tional variation in the predictands (i.e., the

amounts of body components and energy) 
which might be accounted for by including 
age, as an additional predictor, with empty- 
body weight. As indicated by the degree of 
reduction in the sums of squares of the 
predictands, the combined use of age and 
body weight accounted for only 0.1 to 0.6% 
more of the variation in body components 
than did empty-body weight alone. In no 
instance was this increase of statistical sig­
nificance.
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TABLE 5
Curvilinear relationships between body components and empty-body weight of sheep 

disregarding body-fat concentration

Body
components

Prediction 
equations 1 R 2 Sy. x

Water Y =  0.7291 Xi +  0.1454 0.982 0.01998
Protein Y =  0.7822 Xi —0.4984 0.982 0.02069
Fat Y =  2.0298 Xi — 2.1539 0.939 0.10348
Ash Y =  0.5960 Xi —0.8918 0.796 0.06061
Energy Y =  1.6020 Xi — 0.3949 0.976 0.04971

1 Y =  logio components (kg or Meal) and 
Xi =  logio empty-body weight (kg).

TABLE 6
Standard partial regression coefficients and R2 values between body components

and empty-body weight or age, or• both

Body Ratio R2 values
bT 1 bT 2component bT : bT A g e EBW 3 EBW 3

+  age

Water 1.080 -0 .1 1 8 9.2 0.581 0.968 0.973
Protein 1.060 -0 .1 0 3 10.3 0.590 0.970 0.973
Fat 0.873 0.131 6.7 0 711 0.961 0.967
Ash 1.080 -0 .2 4 1 4.5 0.407 0.778 0.797
Energy 0.909 0.097 9.4 0 702 0.975 0.978
1 bT =  standard partial regression coefficients for empty-body weight.
2 b'2 =  standard partial regression coefficients for age.
3 EBW =  empty-body weight.

As shown in table 6, when age was em­
ployed as the sole predictor, the magnitude 
of the R2 values is considerable and, for 
most components, they are statistically sig­
nificant. However, the magnitude of these 
values to a great degree is the reflection of 
the correlation between body weight and 
age. The correlation coefficient between 
these two variables was 0.82. This corre­
lation is great enough to account for all 
or almost all of the R2 values for age.

As further evidence of the importance of 
body weight in accounting for the variance 
in body composition, the standard partial 
regression coefficients were computed for 
the various body components regressed on 
empty-body weight (bh) and on age (b'a). 
The coefficients and the ratios of bh : b '2 are 
summarized in table 6. The coefficients for 
empty-body weight are 6.7 to 10.3 times as 
large as those for age, except in the case 
of ash for which the bh value is 4.5 times 
as large as the b '2 value. These ratios in­
dicate the relative importance of each 
predictor. Because of the relatively high 
correlation between the two predictors, 
empty-body weight and age, the emphasis 
put on the absolute values of the ratios

must be qualified since this correlation may 
exaggerate the importance of the predictor 
which accounts for the majority of the vari­
ation. These ratios, however, substantiate 
the conclusions drawn from an examina­
tion of the R2 values. Thus, the observa­
tions represented in table 6 indicate that 
the variation in body composition of sheep 
is overwhelmingly accounted for by the 
variability in body weight, with only a 
small part of it being ascribable to age.
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ABSTRACT The hypothesis that chromium( III) acts as a cofactor for insulin, pre­
viously derived from studies of glucose metabolism, was tested by measuring the inter­
action between these two agents on two parameters of amino acid metabolism. In rats 
fed a low protein ration (10% soy protein) and given 2 ppm chromium in the drinking 
water, insulin in vivo stimulated the incorporation of three amino acids into heart pro­
tein and cell transport of an amino acid analogue in heart to a greater degree than it 
did in chromium-deficient controls. The former dietary group also responded to insulin 
with a more marked hypoglycemia and glycogen formation from glucose. The results 
demonstrate that the insulin-chromium interaction is not restricted to glucose metab­
olism.

The use of a 10% soy protein, low chro­
mium ration makes possible the production 
of a moderate degree of chromium defi­
ciency, without the necessity of raising the 
experimental animals in a specially con­
trolled environment (2 ). The slight im­
pairment of growth observed in rats main­
tained on this diet offers a possibility to 
investigate a possible role of chromium 
in certain synthetic processes related to 
growth. Furthermore, these processes pre­
sent themselves as systems to test the 
hypothesis that chromium acts as a co­
factor for insulin. Data consistent with this 
hypothesis have been obtained in systems 
measuring various aspects of glucose me­
tabolism in epididymal fat tissue ( 3 ), liver 
mitochondria (4 ) and crystalline lens (5 ). 
In these experiments chromium deficiency 
was invariably correlated with a dimin­
ished response of isolated tissue to insulin, 
and the response to the hormone could be 
significantly increased by supplements of 
chromium in vitro or in vivo.

It is now an accepted fact that the action 
of insulin is not restricted to carbohydrate 
metabolism. Glucose-independent effects 
on amino acid transport and utilization 
for protein synthesis have been shown by 
different investigators (6 ). The studies pre­
sented here were undertaken to test the 
cofactor hypothesis for chromium, by mea­
suring the response of moderately chro­

mium-deficient rats to insulin in vivo, and 
by comparing the effects of chromium sup­
plementation on amino acid utilization 
with that on glucose metabolism.

EXPERIMENTAL
Male rats of the Sprague-Dawley strain 

were raised from weaning in stainless steel 
cages and were fed a 10% soy protein- 
sucrose ration as described in a previous 
publication (2 ). Through careful selection 
and monitoring of the ingredients, the 
chromium content of the diet was kept be­
low 100 ppb, as measured by atomic ab­
sorption spectroscopy. The animals had 
free access to food and triple-distilled, de­
ionized water which contained 0.1 ppm 
vanadium and molybdenum (as vanadyl 
sulfate and sodium molybdate) and, for 
the chromium-supplemented rats, 2 ppm 
chromium (as CrCl3'6H20 ) .  The animals 
were fasted overnight, prior to performance 
of the experiments, as indicated in the 
tables.

Glycogen was determined by the method 
of Good et al. (7 ) , and an enzymatic pro­
cedure was used to measure glucose (8 ). 
The latter also was used for determination

Received for publication October 7, 1968.
1 Preliminary reports of some of the data have 

been made (1 ) ; and Roginski, E.̂  E., and W. Mertz 
1967 Dietary chromium and amino acid incorpora­
tion in rats on a low-protein ration. Federation Proc., 
26: 301 (abstract).

J. N u t r it io n , 9 7 : 525-530. 5 2 5
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of blood glucose. The incorporation of glu­
cose 1-14C into tissue glycogen, following 
the intravenous injection of insulin, was 
studied according to the procedure of 
Rafaelsen et al. (9 ). For the determina­
tion of tissue accumulation of a-aminoiso- 
butyric acid, fasted, functionally nephrec- 
tomized rats received per 100 g of body 
weight 500 ng of a-aminoisobutyric acid 2 
and a sufficient amount of a-aminoisobu­
tyric acid-l-14C 3 by subcutaneous injection, 
with or without 50 mU of insulin. After 2 
hours the animals were killed by stunning 
and decapitation; aliquots of blood, heart, 
liver and diaphragm were removed. The 
organs were weighed, cut into small strips 
and boiled in a known volume of water for 
15 minutes. An aliquot of the water extract 
was assayed for radioactivity in a liquid 
scintillation detector. After correction for 
background and counting efficiency, the 
tissue concentration was expressed as dis­
integrations per minute (dpm ) in 100 mg 
tissue/dpm in 0.1 ml plasma.

In the studies measuring the incorpora­
tion of amino acids into protein, 1 uCi of 
one of the following amino acids 4 or of the 
amino acid mixture was injected subcu­
taneously per 100 g of body weight, with­
out added carrier substance into rats fasted 
overnight. Glycine-1-14C, L-serine-14C (uni­
formly labeled), L-methionine-14C (uni­
formly labeled), L-phenylalanine-l-14C, l- 
lysine-14C (uniformly labeled), L-threonine- 
14C (uniformly labeled) and a mixture of 
14 L-amino acids-14C (uniformly labeled), 
imitating the composition of an algal pro­
tein hydrolysate. The specific activity of the 
amino acids ranged from 10 to more than 
200 mCi/mmole; correspondingly, the dose 
of amino acid injected per 100 g body 
weight varied from 5 to 100 nmoles. The

rats receiving insulin were given 100 mU 
of the hormone per 100 g weight, by subcu­
taneous injection, together with the amino 
acid. The rats were killed after 2 hours and 
the tissue protein was isolated by precip­
itation with trichloroacetic acid (10 ). 
The isolated protein was washed several 
times with trichloroacetic acid, ethanol and 
ether; it was digested in 2 ml 30% KOH 
and a 0.1-ml aliquot of the digest was dis­
solved in 5 ml methanol and 10 ml scintil­
lation fluid.5 The samples were counted to 
at least 1000 counts in a liquid scintillation 
detector. Counting efficiency was derived 
from channel ratios and was used to cal­
culate disintegrations per minute. The re­
sults are expressed as disintegrations per 
minute in 1 mg protein corrected for an 
injected dose of 2.3 million dpm/100 g 
body weight. Significance of differences 
was determined by use of Student’s t test.6

RESULTS
In agreement with previous results from 

this laboratory (1 1 ), the moderate low 
chromium state did not result in fasting 
hyperglycemia (table 1). The reaction of 
blood glucose to a hypoglycemic dose of 
insulin, however, was significantly differ­
ent between the two groups. The decline of 
blood glucose levels in the low chromium 
animals was approximately half, and not 
as long lasting as in the supplemented 
rats. Because an increased hypoglycemic 
response could conceivably be caused by

2 Sigma Chemical Company, St. Louis, Mo.
3 New England Nuclear Corporation, Boston, Mass.
4 See footnote 3.
s Liquifluor, New England Nuclear Corporation, 

Boston, Mass.
6 The principles of animal care as promulgated by 

the National Society for Medical Research were ob­
served.

TABLE 1
Effect of insulin in vivo on blood glucose levels

Low chromium 
rats (10) i

Chromium- 
supplemented 

rats (10) 1
Fasting blood glucose, m g/100 ml 58 59
Change at 1 hour after insulin,2 m g/100 ml — 14.9 ±2 .1  3 — 26.5±4.1 3
Change at 2 hours, m g/100 ml —11.8±3.4 4 -2 7 .4  ± 5 .4  4

1 Number in parentheses indicates number of animals in group.
2 Subcutaneous injection of 100 mU insulin/100 g body wt.
3 Difference between groups significant (P <  0.01).
4 P <  0.05.
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diminished glycogen reserves, the tissue 
glycogen levels were determined after 18 
hours of fasting in 12 rats each raised with­
out and with chromium supplement. The 
results (table 2) show higher glycogen re­
serves in the chromium-supplemented ani­
mals, indicating increased tissue response 
to insulin as the cause for the greater hypo­
glycemic response of these rats. The same 
pattern evolved when the effect of non- 
hypoglycemic doses of insulin on glycogen 
formation from labeled glucose was mea­
sured (table 2). The effect of the hormone 
in the chromium-deficient rats was only 
half that in the supplemented animals, for 
both organs studied.Action on amino acid metabolism. The 
first insulin-responsive step of amino acid 
metabolism, cell transport, was investi­
gated using the nonmetabolizable ana­
logue, a-aminoisobutyric acid (AIB) (table
3). As had been demonstrated by others
(1 2 ), the injection of insulin increased the

concentration gradient between intracellu­
lar and extracellular water, as evidenced 
by the greater ratio AIB (tissue)/AIB (plas­
ma) in the insulin-injected rats. The effect 
of the hormone was similar in the dia­
phragm of both dietary groups, but the 
hearts of chromium-supplemented animals 
responded to insulin with a significantly 
greater increase of the tissue concentra­
tion. The accumulation of AIB in liver was 
higher in chromium-supplemented rats in 
the absence of exogenous insulin, and was 
not further increased by additional hor­
mone.

The second site of action of insulin in 
amino acid metabolism is the ribosome to 
which the hormone imparts a greater abil­
ity for protein synthesis (13 ). Protein syn­
thesis, in response to insulin, was studied 
in both dietary groups, measuring the spe­
cific activity of isolated tissue protein, after 
injection of 6 individual and a mixture of 
14 amino acids. Three of these, glycine,

TABLE 2
Effect of chromium supplementation on glycogen metabolism 1

Low chromium 
rats (12) 2

Chromium- 
supplemented 

rats (12) 2
mg/g wet wt mg/g wet wt

Muscle
Heart
Liver

Tissue glycogen concentrations 
2.43 ±  0.45 3 
1.88± 0.36 
2.22 ±  0.54 4

3.63 ±  0.33 
2 .96± 0.4 
4.91 ±  1.05 4

Heart
Liver

Incorporation of glucose carbon into glycogen 5 
(dpm in glycogen isolated from 100 mg tissue)

206 ± 4 8 6 52S ±  76 s 
333 ± 6 1  4 628 ± 1 2 2 4

1 The animals were fasted for 18 hours.
2 Number in parentheses indicates number of animals in each group.
3 Mean and se .
4 Difference between groups significant (P <  0.05).
3 One hour after intravenous injection of 2 /¿Ci glucose-l-14C and 1 mU insulin/100 g body weight. 
6 Difference between groups significant (P <  0.005).

TABLE 3
Concentration of a-aminoisobutyric acid in tissues 1

Low chromium rats Chromium-supplemented rats
Diaphragm Liver Heart Diaphragm Liver Heart

No insulin (12 ) 2 0.8 3 .9 3 0.9 1.0 6.8 3 0.8

50 mU insulin /100 g 
subcutaneously (17 ) 1.6 5.4 1.94 1.9 6.2 3.0 4
1 Two hours after injection of compound into functionally nephrectomized rats. The figures given 

are ratios; dpm in 100 mg tissue/dpm in 0.1 ml plasma. _
2 Number in parentheses indicates number of animals in each group.
3 Difference between groups significant (P <  0.01).
4 Difference between groups significant (P <  0.05).
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TABLE 4

Incorporation of amino acids into tissue protein 
2 hours after subcutaneous injection of 1 pCi/100 g wt

Amino acid Insulin
Low chromium rats Chromium-supplemented rats

Liver Heart Liver Heart

Glycine-l-14C (12 ) 1
dpm/mg protein 

116 ±  4 2 24.2 ± 0 .7
dpm/mg protein 

124 ±  6 25.2 ±  1.1 3
+ 112 ±  4 .7 4 26.2 ±  1.3 135 ±  5 .44 32.7 ±  2.0 3

r,-Methionine-14C, 
UL (10) 197 ±13.5 72.4 ±4 .4 203 ±  8 .9 5 75.0±4.3

+ 218 ±  6 .4 6 74.4 ±1 .9  7 263 ±  17 5>6 89 .5±6 .7  7

L-Serine-14C, UL (12 ) _ 95.3 ±  5.3 25 .2± 2.5 106.3 ±  8.3 25.6 ±  1.1 8
+ 91.8 ±  6.1 27.2 ±  1.5 9 102.8 ±  5.8 33.3 ±2 .3  8-9

1 Number in parentheses indicates number of animals in each group.
2 Mean +  s e  o f  t h e  mean.
3 Values showing the same superscript are significantly different from each other. 
3,4,7 and 9 P <  0.05.
s and s P <  0.01. 
e P <  0.025.

TABLE 5

Incorporation of amino acids into tissue protein 
2 hours after subcutaneous injection of 1 pCi/100 g w t1

Amino acid Insulin
Low chromium rats Chromium-supplemented rats

Liver Heart Liver Heart

L-Phenylalanine-l14C (3 )  2
+

368 ± 4 7  3 
322 ± 1 6

127 ± 3 2  
98 ±  0.1

342 ±  39 
312±  23

104 ± 7
95 ±  7

L-Lysine-14C, UL (3 )
+

256 ±  24 
295 ±  59

79 ± 1 4  
70 ± 2 5

289 ±  38 
300 ± 1 5

78 ± 5  
81 ±  9

L-Threonine-14C, UL (4 )
+

86 ± 1 2  
99 ± 1 6

19 ±  1 
21 ± 2

99 ± 1 4  
105 ± 1 7

21 ± 2  
21 ±  2

L-Amino acid-14C mixture (5 )
+

285 ± 2 3  
270 ± 1 0

89 ± 5  
98 ± 2

262± 15 
246 ±  11

9 6 ±  13 
99 ± 8

1 None of the observed differences between groups are statistically significant.
2 Number in parentheses indicates number of animals in each group.
3 Mean and s e .

l -methionine and L-serine, showed a simi­
lar pattern in their incorporation into heart 
protein (table 4). The specific activity in 
the latter was significantly increased by in­
sulin only in the chromium-supplemented 
rats, whereas the insulin effects were small 
and not significant in the low chromium 
groups. The liver responded to insulin with 
increased protein synthesis only when me­
thionine was injected, but not with the 
other two amino acids. In this organ, as in 
heart, the response was significant only in 
the chromium-supplemented rats.

In contrast to these results, the incor­
poration of phenylalanine, lysine, threo­
nine and a mixture of amino acids was not 
significantly stimulated by insulin or chro­
mium (table 5).

DISCUSSION

The results of the studies reported in 
this publication demonstrate that the mod­
erate stimulation of growth by chromium 
is accompanied by a greater sensitivity of 
the chromium-supplemented rats to insu­
lin. The fact that the response of two syn­
thetic processes, glycogen and protein syn­
thesis, to insulin is enhanced by chromium 
does not necessarily imply that the greater 
effectiveness of insulin in the chromium- 
sufficient rats is the cause of increased 
growth. Growth is regulated by an inter­
play of many hormones and other factors, 
the relation of which to chromium is un­
known.

The significance of the data presented 
here is that they support the hypothesis of
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chromium acting as a cofactor for insulin. 
This hypothesis had heretofore been tested 
only in systems measuring several aspects 
of carbohydrate metabolism and in mito­
chondria. It could now be applied to two 
insulin-responsive steps in amino acid me­
tabolism which are independent of the ac­
tion of insulin on glucose utilization.

The pattern of response of the chromi­
um-deficient and chromium-sufficient ani­
mals in the experiments measuring AIB 
transport and incorporation of glycine, me­
thionine and serine into protein in the 
heart was similar to the patterns observed 
in carbohydrate metabolism: Chromium- 
supplemented animals were not different 
from their deficient controls in the absence 
of exogenous insulin, but responded to the 
latter with greater and more significant in­
creases of the function under study. The 
relatively small increases effected by insu­
lin even in the chromium-sufficient rats are 
consistent with observations by others of 
the small effects of insulin in protein- 
synthesizing systems (13 ). The depen­
dence of the effect of chromium on the 
presence of exogenous insulin rules out 
one mechanism which could possibly lead 
to increased specific activity of the isolated 
protein. A reduction by chromium of the 
size of the amino acid pools could result 
in similar findings. Since no significant dif­
ferences in the specific activity of the pro­
tein were found between the two dietary 
treatments in the absence of insulin, it is 
unlikely that the pool size was different.

The question as to the nature of the 
rather selective effects of insulin and chro­
mium on amino acid incorporation in this 
system remains unanswered at the present 
time, particularly in view of the general 
stimulation of amino acid incorporation by 
insulin in vitro. The in vivo system used 
in the present studies is much more com­
plex, and apparent effects with any one 
amino acid depend on the availability of 
others which may be limiting in protein 
synthesis. This dependence can be elimi­
nated in isolated systems by adding a full 
complement of amino acids. Therefore, the 
results presented here do not speak against 
a general regulation of protein synthesis by 
insulin. One must also consider, however, 
the possibility that the three amino acids 
responsive in our system have some chem­
ical similarities which render them more

susceptible to the action of chromium ( and 
insulin) than others. It has been shown 
in an independent study (1 4 ) that of six 
amino acids used, glycine, methionine and 
serine were most effective in preventing 
olation of trivalent chromium at neutral 
pH, a process leading to the formation and 
precipitation of large, polynucleate com­
plexes through bridge formation between 
the chromium ions. It remains to be shown 
whether these observations are directly re­
lated to the mcde of action of chromium 
in vivo.

The results of the experiments measur­
ing the cell transport of a-aminoisobutyric 
acid show an increased response to insulin 
only in heart tissue of the chromium-sup­
plemented animals. The high accumulation 
of the analogue in the liver of chromium- 
supplemented rats, even in the absence of 
exogenous insulin, may suggest a great 
sensitivity of the liver of these animals to 
their own, endogenous insulin, leading to 
maximal stimulation of cell transport. This 
would be consistent with the failure of ad­
ditional exogenous hormone to further in­
crease the high concentration gradient. 
The similar insulin response of diaphragm 
in both dietary groups is unexplained. How­
ever, the consistently small response of this 
tissue to chromium has been noted before 
in systems measuring glucose uptake and 
transport of D-galactose.7
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Effects of Chromium ( I I I )  Supplementation on 
Growth and Survival Under Stress in 
Rats Fed Low Protein Diets * 1
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Department of Biological Chemistry, Walter Reed Army Institute of 
Research, Walter Reed Army Medical Center, Washington, D. C.

ABSTRACT A degree of chromium deficiency resulting in impaired growth has 
hitherto been obtained only in rats raised in a specially controlled environment. The 
present study was undertaken to define methods by which growth retardation due to 
lack of chromium can be consistently induced under ordinary conditions. It was 
found that raising rats in plastic cages with a diet low in protein (10% ) and chromium 
(< 1 0 0  ppb) resulted in a moderate depression of growth which was alleviated by 
chromium supplementation. Subjecting the animals to controlled exercise or blood loss 
further aggravated the low chromium state.

For some time the impairment of various 
parameters of glucose utilization has been 
the only known symptom of low chromium 
states (1 ). Only by raising rats and mice 
in a strictly controlled environment has it 
been possible to demonstrate retarded 
growth and diminished longevity as a con­
sequence of a more severe chromium defi­
ciency (2). The difficulty with which the lat­
ter can be produced under ordinary condi­
tions has greatly impeded studies of the 
action of the element in areas other than 
carbohydrate metabolism. This study was 
therefore designed to delineate conditions 
which would aggravate a low chromium 
state of experimental animals kept in a 
conventional laboratory. Because it is diffi­
cult at the present time to lower the chrom­
ium content of diets consistently much be­
low 100 ppb, an attempt was made to in­
crease the severity of symptoms of the low 
chromium state by applying some forms of 
stress. To this end the experimental ani­
mals were fed a diet of low protein con­
tent, imposing a nutritional stress. The re­
sults of these experiments and of others, 
with additional nutritional or physical 
stress, suggest that this treatment produces 
a more severe syndrome of the low chrom­
ium state. This makes possible the investi­
gation of a number of biochemical symp­
toms of the deficiency without the precau­
tion of using a controlled environment.

EXPERIMENTAL
It is essential to avoid as much as possi­

ble external chromium contamination. Be­
cause dust contains very high concentra­
tions of chromium,2 precautions are neces­
sary to ensure a clean atmosphere. The use 
of plastic animal cages with plastic tops 
and glass grids is required where an effect 
of chromium on growth rates is to be dem­
onstrated. Stainless steel housing appears 
acceptable for less critical experiments.

Male rats of the Sprague-Dawley strain 
were maintained from weaning in individ­
ual cages with free access to diet and water 
which were changed at least once a week. 
Rations containing 8, 10 and 12% soy pro­
tein were prepared once a week, stored in 
plastic bags under refrigeration and fed in 
glass cups. The composition was as follows: 
(in grams per kilogram) soy protein,3 100; 
distilled lard,4 80; Fox-Briggs salt mix (3 ) , 
40; vitamin mix (4 ) ,5 6 * 10; sucrose, 770; 
oleovitamin,8 5 ml, supplying 6 mg vitamin

Received for publication October 7, 1968.
1 A preliminary report of some of these data has 

been given: Roginski, E. E., and W. Mertz 1967 
Chromium (III) in rats on low-protein diets. Proc. 
7th Int. Congr. Nutr., 5: 710.

2 Dust collected in an animal room contained 700 
ppm chromium. Feldman, F. J., unpublished results.

3 ADM Assay Protein C-l, Skidmore Enterprises, 
Cincinnati, Ohio.

4 Distillation Products Industries, Rochester, N. Y.̂
s Supplying in milligrams per kilogram diet: thia­

mine HC1, 10; riboflavin, 10; pyridoxine, 5; vitamin 
B12, 1; nicotinic acid, 40; folic acid, 2; biotin,_ 0.3; 
p-aminobenzoic acid, 100; Ca pantothenate, 50; inosi­
tol, 300; choline chloride, 2,500; and menadione, 2.

6 Oleovitamin A and D, NF, The Vitarine Company,
Inc., New York, N. Y.

J. N u t r it io n , 97: 531-536. 531
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A and 0.1 mg vitamin D2/k g  of diet; and dl- 
a-tocopheryl acetate, 0.5. The amount of 
sucrose in the diet was adjusted for lower 
or higher levels of protein. For some exper­
iments the vitamin E supplement was omit­
ted, as indicated in the tables. The diets 
contained less than 100 ppb chromium, as 
measured by atomic absorption spectros­
copy, when carefully selected ingredients 
of low chromium content were used. The 
drinking water was supplied in glass bot­
tles with glass drinking tubes. It contained 
0.1 ppm each of vanadium (as VOSCh) and 
of molybdenum (as Na2 MoCh) in distilled, 
deionized water of a resistance of approxi­
mately 18 megaohms/cm2. The chromium- 
supplemented animals received, in addi­
tion, 2 ppm of chromium (as CrCl3-6H20  
or as Cr(CH3C 0O )3 H2O) in the drinking 
water. The solutions were prepared twice 
weekly. For measurement of food con­
sumption, 20 rats received weighed 
amounts of diet. Every 3 or 4 days the un­
eaten portion of the food was carefully col­
lected from the cups and bottoms of the 
cages under the grid and weighed.Procedures. Five chromium - supple­
mented rats and five low chromium con­
trols were placed in exercise cages 7 8 which 
allowed ad libitum running in an attached 
wheel. A counting mechanism recorded the 
revolutions of the wheel. By allowing or 
denying access to the wheel, the exercise 
was kept at a near-equal level for both 
groups. For the studies measuring the re­
sistance of rats to acute blood loss, the ani­
mals were fasted overnight. The jugular 
vein was exposed under light ether anes­
thesia and an amount of blood equal to 
3% of the body weight was withdrawn. 
Other groups were fasted overnight and 
received by intravenous injection 1.4 mg 
endotoxin/100 g weight (lipopolysacchar- 
ide B ( Shigella flexneri')').*Determinations. Measurements of res­
piration of liver slices were performed in 
the Warburg apparatus, as described pre­
viously (5 ). Serum protein was determined 
by a polarographic technique,9 and serum 
protein pattern by electrophoresis and sub­
sequent densitometry.10 The protein of 
liver and heart homogenates was precipi­
tated by trichloroacetic acid, washed sever­
al times with the acid and with ethanol and 
chloroform; it was then dried and weighed.

Tissue water was measured by subtracting 
the weight of the dried tissue from its wet 
weight.11

RESULTS
Growth rates. No consistent stimula­

tion of growth by chromium could be ob­
served in animals kept in stainless steel 
cages during the course of 3 years. In gen­
eral, the chromium-supplemented rats 
grew better than their controls during 
spring and fall, but this difference was off­
set by the frequent observations to the con­
trary during winter. This may be related 
to the operation of air-circulating equip­
ment exposing the animals to excessive 
amounts of dust-borne chromium. In con­
trast, chromium-fed rats kept in plastic 
cages in the laboratory consistently grew 
better than their controls, regardless of 
season. In five consecutive experiments, 
the average weight of 46.0 and 46.0 g at 
the beginning of supplementation in­
creased to 117.7 ±  2.1 g in the low chro­
mium animals and to 126.5 ±  2.4 g in the 
chromium-supplemented rats (N  =  90, P 
< 0 .01).12Food intake. Two groups of ten rats 
each were raised in plastic cages and fed 
the 10% soy protein ration (50 ppb chrom­
ium) with and without the chromium sup­
plement in the drinking water. The low 
chromium group grew from 54.5 to 152.0 g 
at the end of week 12, and the supplement­
ed animals from 54.4 to 169.5 g. The aver­
age food consumption during this period 
was 835 g for 97.5 ±  7.9 g weight gain in 
the low chromium group, and 888 g for a 
weight gain of 115.1 ±  5.9 g in the supple­
mented group. This corresponds to 11.7 
and 13.0 g gain of body weight per 100 g 
food consumed.

7 Wahmann Mfg. Company, Baltimore, Md.
8 Difco Laboratories, Detroit, Mich.
9 The authors thank Dr. G. D. Christian for per­

forming the determinations.
10 A microzone electrophoresis cell, cellulose acetate 

membranes (Beckman Instrument Co.) and a Chro­
moscan with Microzone scanning attachment were 
used (Joyce, Loebl and Co., Ltd., Gateshead, England). 
The procedures are described in Beckman Manual 
RM-IM-2 (1963) and Spinco Technical Bulletin RB- 
TB-004 (1963).

The  ̂principles of animal care as promulgated by 
the National Society for Medical Research were ob­
served.

12 Since growth rates of the control animals were 
different in different experiments, the values were 
obtained by averaging the weights of the control 
groups closest to 117 g and those of the corresponding 
chromium-supplemented groups kept at the same time 
and at the same location. This weight was reached 
between 5 and 9 weeks.
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Superimposed stress of vitamin E-factor 3 deficiency. In each of three groups of 
rats fed vitamin E-deficient diets with 8, 
10 or 12% soy protein, chromium supple­
mentation increased growth rates only dur­
ing the first few weeks, before the effects 
of vitamin E and factor 3 deficiency be­
came apparent. In rats receiving the 8% 
protein level the average weight at 6 weeks 
for the low chromium and the chromium- 
supplemented groups was 62.4 ±  2.7 and
81.8 ±  4.1 g, respectively. At 9 weeks, rats 
from both groups began dying and at 12 
weeks, the end of the experiment, 5 of 10 
low chromium rats and 3 of 10 supple­
mented animals survived. In the experi­
ment using the 10% protein ration, aver­
age weights at 8 weeks were 104.5 and
118.3 g for controls and supplemented 
rats, respectively. At this time, the differ­
ence between the groups began to dimin­
ish, symptoms of vitamin E deficiency ap­
peared, and at 14 weeks, the low chromium 
rats weighed more than the supplemented 
group. After 2 of the 10 low chromium con­
trols and 4 of 9 supplemented animals had 
died, the survivors were given approximate­
ly 100 mg dl-a-tocopheryl acetate by stom­
ach tube, and growth resumed. The groups 
gained an average of 12.9 g (low chrom­
ium) and 16.6 g (chromium supplement­
ed) in the 2 weeks following the vitamin 
supplement, before the experiment was 
terminated. In the group fed the 12% soy­
bean protein diet, chromium did not stim­
ulate growth (127.2 versus 123 g). Rats 
fed low chromium diets began dying at 13

weeks and all were dead at 17 weeks 
(N  =  10) despite administration of ap­
proximately 100 mg dZ-a-tocopheryl acetate 
by stomach tube at the end of week 15. Of 
the 10 chromium-supplemented rats, only 
5 died, and the survivors began growing 
again after the vitamin was given.

To further study a possible relation be­
tween chromium and dietary necrotic liver 
degeneration, respiratory metabolism of 
liver slices was studied in rats raised on 
two levels of protein. Chromium supple­
mentation did not influence oxygen con­
sumption and was without effect on res­
piratory decline, one of the symptoms pre­
ceding the terminal phase of dietary nec­
rotic liver degeneration. There appeared to 
be a diminished severity of the liver lesion 
in the chromium-supplemented rats, how­
ever, as judged by two observers indepen­
dently (table 1). This observation which is 
in agreement with previously published re­
sults (6 ) suggests that chromium can de­
lay the appearance of dietary necrotic liver 
degeneration, but only when the dietary 
protein (or factor 3 active selenite) is not 
too severely limiting. Chromium does not 
substitute for tocopherol, as is borne out by 
its ineffectiveness on respiratory decline of 
liver slices which vitamin E completely 
prevents (5 ).Effect of added physical stress on growth rates and survival. When rats were al­
lowed to exercise in a wheel attached to 
their cages, the difference in growth rates 
between the groups became greater (fig. 1). 
The rats ran an average of 11.5 km/week.

TABLE 1
Liver necrosis, oxygen consumption and respiratory decline of liver slices from vitamin E-deficient rats

8% protein ration 10% protein ration

Low Chromium Low Chromium
chromium supplemented chromium supplemented

No. of rats 15 14 29 26

Severity of liver necrosis 1 1.27±0.34 2 0.29 ±0 .16 1.27 ±0 .24 0.46 ±  0.15

No. of livers assayed 13 13 21 19

Oxygen uptake of liver slices 3 9.2 ±0 .8 9.3 ± 0 .6 9.7 ±0 .3 10.8 ± 0 .4

Respiratory decline 4 67 ± 4 67 ± 5 67 ± 3 74 ± 1

1 Lesions were graded by two observers from zero to 4.
2 Mean and s e  of the mean. . . .
3 Oxygen (microatoms per 100 mg tissue) consumed during first 30 mmutes of mcubation. Necrotic tissue

was not used for these studies. When not enough normal-appearing slices could be prepared, liver was dis­
carded. . , ,

4 Respiratory decline =  (A —B )/A  x 100, where A is the oxygen consumption from zero to 30 minutes and 
B that from 90 to 120 minutes.
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DA YS O F  E X E R C I S E

Fig. 1 Cumulative weight gain of rats during 
exercise.

Access to the wheel was regulated so that 
the performance was similar in both 
groups. The chromium-supplemented rats 
gained weight from the beginning of the 
exercise period, whereas the low chromium 
animals lost weight for a period of 12 days. 
Weight differences were still apparent at 
the end of the experiment, even though the 
metal cages must have contributed a cer­
tain degree of chromium contamination.

The protective action of chromium 
against death from acute hemorrhage is 
demonstrated in table 2, A. In these experi­
ments, carried out in May 1964, dietary 
chromium supplementation increased the 
survival of rats after hemorrhage from 67 
to 92% . It did not affect the initial weight 
loss, but increased the subsequent weight

gain by more than threefold. Repetition of 
these experiments in September 1966 
yielded similar results. Mortality was gen­
erally higher: only 27 % of the low chrom­
ium animals survived, as compared with 
60% of the chromium-supplemented rats. 
Correspondingly, the weight loss was more 
severe in these experiments, and the 
chromium-supplemented group recovered 
its weight at a faster rate (table 2, B ). 
Chromium supplementation did not affect 
weight changes and survival of rats sub­
jected to sublethal irradiation (600 r ) or 
to the injection of 1.4 mg endotoxin.Nature of weight gain. The increased 
body weight of the chromium-supplement­
ed rats is not due to an increased water 
content of their organs. No differences 
were found in average water content, plas­
ma protein concentration, hematocrit or al- 
bumin/globulin ratio (table 3). Gravime­
tric analyses of the protein concentration 
of heart and liver revealed a slightly higher 
protein content in the organs of the chrom­
ium-supplemented animals. Thus, the ob­
served difference in body weight of both 
dietary groups is real and is accompanied 
by at least a proportional increase of organ 
protein.

DISCUSSION

The slight, but significant depression of 
growth resulting from a low chromium 
state is not impressive when compared with 
the cessation of growth which can be eas­
ily observed in deficiencies of other trace 
elements. The nutritional significance of 
the data presented here lies in the fact that 
a mild chromium deficiency state, in which

TABLE 2
Survival and recovery after experimental blood loss

A (1964) B (1966)

Dietary chromium _ + ._, +
No. of rats 27 25 30 30
No. of deaths 9 1 2 1 22 2 12 2
Survival, % 67 92 27 60
Initial wt change,3 g 
Wt change during 5-day

— 6.7 ±  1.4 - 6 .2  ±1 .3 — 9 .5 ±  1.4 — 8 .8±0 .7

recovery,4 g +  2 .3 ±  1.5 1 +  7 .3±  1.3 1 +  10.0±2.7 +17.3 ± 2 .5  5
1 Difference between groups significant (P <  0.05).
2 Difference significant (P <  0.01).
3 Hats of experiment A lost weight until day 4; those of experiment B only until day 1.
4 In group A, recovery evaluated from days 5 to 10; in group B, from days 2 to 6.
5 If one rat which developed pneumonia and kept losing weight is eliminated, the weight gain of 

this group is 19.4 ±  1.5 g; P <  0.01.
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TABLE 3
Tissue composition

No. in 
each 
group

Low
chromium

rats
Chromium

supplemented
rats

%
Water, fat tissue 4 17.2 16.5
Water, muscle 4 70.8 69.6
Water, liver 4 72.5 72.8
Water, kidney 4 74.5 75.7
Protein, liver 108 21.2 21.5
Protein, heart 117 18.7 *±0.1 19.1 *±0.1
Protein, plasma 5 5.79 5.72

Ratio: albumin/globulin in plasma 14 1.08 1.09
i Difference between groups significant (P <  0.05).

only biochemical lesions are observable
can be aggravated by applying some forms 
of stress to such a degree that growth be­
comes affected. Application of this princi­
ple, which has been used to great advan­
tage in vitamin deficiencies, may provide 
a useful tool until diets can be developed 
which contain only a few parts per billion 
chromium.

With increasing severity of the applied 
stress, for example, after hemorrhage, the 
differences between chromium-deficient 
and chromium-supplemented groups wid­
en, not only with regard to growth, but par­
ticularly with regard to survival. It can be 
stated then, that under the extreme condi­
tions of experimental blood loss, chromium 
becomes an element essential for life. The 
mechanism by which the element protects 
against this type of injury, but not against 
endotoxin shock or radiation, is unknown.

Chromium supplementation does not 
protect against death from vitamin E-fac­
tor 3 deficiency. These results are in agree­
ment with previous findings of the ineffec­
tiveness of the chromium-containing glu­
cose tolerance factor in dietary necrotic 
liver degeneration (7 ). They are at vari­
ance with more recent observations of a 
very substantial protection resulting from 
chromium supplementation in rats fed a 
vitamin E and factor 3-deficient Torula 
yeast ration (6 ). These latter experiments, 
however, had been performed under condi­
tions which resulted in a more severe low 
chromium state and with a diet of higher 
protein content than the ration used in the 
present studies. The observations that the 
severity of liver lesions was less in the 
chromium-supplemented rats, confirm pre­

vious results (6 ). The action of chromium, 
however, is not related to that of vitamin 
E, because the former does not affect at all 
the respiratory failure of liver slices, a 
symptom preceding liver necrosis (5 ). It is 
more likely that the greater glycogen re­
serves of chromium-supplemented animals
(8 ) afford a certain protection, particu­
larly since it has been shown that glucose 
by itself delays death from dietary necrotic 
liver degeneration (9 ).

The fact that growth stimulation by 
chromium was consistently observed only 
in rats fed the 10% soy protein ration, 
but not the Torula yeast diet, raises the 
question which properties of the diets are 
responsible for the observed differences. 
Torula and soybean rations are not much 
different in total chromium content, with 
both well below 100 ppb. It is possible that 
Drackett protein contains chromium in a 
less available form, but this would not ex­
plain the fact that growth stimulation by 
chromium was observed only when the 
diets with the 8 and 10% protein levels 
were fed. The additional amounts of chro­
mium introduced by a 2% increment of 
protein are minimal. The different compo­
sition of soy protein may be a factor; for 
example, by supplying a critical amount 
of one or more amino acids whose metab­
olism is affected by chromium. It appears 
more likely, however, that the nutritional 
stress of a suboptimal protein supply in­
creased the chromium requirement of the 
animals, resulting in a slight growth re­
tardation, the appearance of corneal opac­
ity ( 4) and the various biochemical lesions 
to be described separately (8 ).
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If the results of the present study with 
rats can be applied to problems of human 
nutrition, it appears that protein malnutri­
tion may be a promising field for further 
study of the role of chromium. Animal pro­
tein is among the best sources of dietary 
chromium (1 0 ); thus, a low intake of ani­
mal protein might often result in a low 
intake of chromium as well. If protein 
deficiency aggravates the low chromium 
state, as our data suggest, it is possible 
that certain population groups might suffer 
from a substantial chromium deficiency 
and might profit from supplementation 
with the element in diet or water. This 
possibility is borne out by the studies of 
Hopkins et al. in malnourished children 
( 11).
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ABSTRACT One-day-old chicks and 25-day-old pigs were used to study the effect 
of replacing normal hybrid corn with opaque-2 corn in diets containing varying levels 
of supplemental soybean meal. At suboptimal protein levels, both chicks and pigs 
gained significantly (P  <  0.01) more with lower feed/gain ratios when opaque-2 corn 
replaced an equal amount of normal corn in the diet. There was a significant (P <  0.01) 
quadratic increase in body weight gain and decrease in feed required per unit of gain 
by chicks and pigs fed increasing levels of soybean meal. Because of the higher protein 
and lysine content of opaque-2 corn as compared with normal hybrid corn approxi­
mately 5% less soybean meal was required in diets containing opaque-2 corn to result 
in maximum performance of chicks or pigs.

Mertz et al. (1 )  reported that endosperm 
of corn with the mutant opaque-2 gene 
contained 69% more lysine than endo­
sperm of normal corn. Mertz and co­
workers (2 ) also reported that this mutant 
gene affected the nutritional value of com  
as evidenced by weanling rats fed diets 
containing 90% opaque-2 corn growing 
at a rate 3.6 times as fast as rats fed a 
similar diet containing normal hybrid 
corn.

Cromwell et al. (3 )  observed that, with 
the addition of methionine to the diet, 
chicks fed opaque-2 corn gained weight sig­
nificantly faster on less feed than chicks 
fed similar diets containing normal corn. 
These authors presented data which sug­
gest that the improved nutritional value of 
opaque-2 corn is largely due to its higher 
lysine content.

Pigs fed opaque-2 com  have been shown 
to grow significantly faster and more effi­
ciently than pigs fed normal hybrid corn. 
Pigs fed opaque-2 corn performed as well 
as pigs fed an isonitrogenous corn-soybean 
meal diet (4 ).

This study was designed to further eval­
uate the nutritional value of opaque-2 
corn for young chicks and pigs, and to 
determine the optimum level of supple­
mental soybean meal in diets containing 
opaque-2 and regular corn.

EXPERIMENTAL

Four hundred, one-day-old, male broiler 
chicks averaging 40 g body weight were

allotted at random to four replications of 
a 2 X  5 factorial arangement of 10 diet 
treatments. The chicks were housed in 
wire-floor batteries with ad libitum access 
to feed and water during a 4-week experi­
mental period. Battery hover temperature 
was maintained initially at 35° and re­
duced 4° each week, and room tempera­
ture was maintained at 20°. Weight gain 
and feed consumption data were collected 
weekly.

In trial 1, 80 pigs averaging 25 days of 
age and 5.13 kg body weight were allotted 
at random from outcome groups of initial 
weight to two replications of a 2 X  5 fac­
torial arrangement of 10 diet treatments. 
The pigs were housed in concrete-floored 
pens with ad libitum access to feed and 
water during the 4-week experimental 
period. Pig gain and feed consumption data 
were collected biweekly.

In trial 2, 120 pigs averaging 25 days 
of age and 5.18 kg body weight were al­
lotted as in trial 1 to three replications of a 
2 X 5  factorial arrangement of diet treat­
ments. Pig gain and feed consumption 
data were collected after 14, 28 and 35 
days on test.

The data were analyzed statistically by 
analysis of variance according to methods 
described by Steel and Torrie (5 ).

Received for publication September 11, 1968.
1 Journal Paper no. J-6042 of the Iowa Agriculture 

and Home Economics Experiment Station, Ames, 
Iowa. Project no. 1513.

2 Present address: Department of Animal Sciences, 
University of Kentucky, Lexington, Kentucky.
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TABLE 1
Composition of experimental diets

Ingredient Chick Pig
% %

Ground com 63.6 59.5
Soybean m eal1 28.8 28.7
Lard 3.0 2.0
Sucrose — 5.0
Calcium carbonate 2 1.4 0.7
Dicalcium phosphate 3 * 1.7 1.4
Iodized salt 0.5 0.5
Vitamin-additive premix 1.0 4 2.0 5
Trace mineral premix 6 — 0.2

1 Levels of soybean meal substituted for corn as 
shown in tables 3, 4 and 5.

2 Varied to provide 1.0% Ca in chick diets and 
0.7% Ca in pig diets.

3 Varied to provide 0.65% P in chick diets and 
0.6% P in pig diets.

4 Contributed per kilogram diet: (in milligrams)
vitamin K, 1.0; riboflavin, 5.0; pantothenic acid, 10; 
niacin, 25; penicillin, 6.6; streptomycin, 33; me­
thionine, 750; ethoxyquin, 125; Mn, 79; Zn, 44; and 
(in IU) vitamin A, 7000; vitamin D3, 1000; vitamin 
E, 10; and (in /¿g) vitamin B12, 10; choline added to 
provide 2.68 g.

s Contributed per kilogram diet: (in milligrams) 
riboflavin, 8.8; pantothenic acid, 17.6; niacin, 39.6; 
choline, 44.0; Chlortetracycline, 220; sulfamethazine, 
220; penicillin, 110; and (in IU) vitamin A, 4400; 
vitamin D2, 1100; and (in /¿g) vitamin B12, 44.

6 Contributed per kilogram diet: (in milligrams)
Mn, 100; Zn, 100; Fe, 100; Cu, 10; Co, 1.0; and I, 6.0.

Composition of experimental diets is 
shown in table 1. The 10 dietary treat­
ments consisted of five levels of soybean 
meal replacing an equal amount of either 
opaque-2 or normal com  (hybrid corn not 
containing the opaque-2 gene). Levels of 
soybean meal fed are presented in head­
ings of tables 3, 4 and 5. Diet samples were 
analyzed for protein content (N  X  6.25) 
by the method of Ferrari (6 ). Hydrolysates 
of soybean meal and normal and opaque-2 
corn were prepared by refluxing 1-g 
samples in 50 ml of 6 n  HC1 for 72 hours. 
The hydrolysates were filtered, diluted to 
known volume and aliquots were analyzed 
for amino acid content by ion-exchange 
chromatography on an amino analyzer.3 
Tryptophan was measured by the method 
of Spies and Chambers (7 ).

RESULTS AND DISCUSSION

Crude protein and amino acid levels in 
soybean meal and normal and opaque-2 
corn are shown in table 2. All essential 
amino acids except leucine, methionine 
and tryptophan were higher in opaque-2 
than in normal corn. Lysine content was 
34% higher in opaque-2 corn than in the 
regular hybrid corn. When expressed as

TABLE 2
Protein and amino acid composition of soybean 

meal, normal and opaque-2 corn

Nutrient Soybean
meal Normal Opaque-2

% of air-dry feed
Protein 1 ( N X 6.25 ) 49.0 8.9 10.4
Arginine 2 4.41 0.52 0.73
Histidine 1.80 0.34 0.46
Isoleucine 2.40 0.34 0.36
Leucine 4.14 1.02 0.94
Lysine 4.29 0.38 0.51
Methionine 0.62 0.14 0.13
Phenylalanine 2.64 0.41 0.42
Threonine 1.68 0.29 0.33
Tryptophan 0.57 0.10 0.10
V aline 2.88 0.47 0.56
Glycine 2.25 0.37 0.50
Glutamic acid 11.04 1.74 1.79
Cystine 0.12 0.14 0.20
Tyrosine 1.40 0.27 0.29
Alanine 2.28 0.62 0.61
Aspartic acid 5.90 0.60 0.91
Proline 2.46 0.74 0.74
Serine 1.98 0.30 0.31

1 Average of six samples.
2 Amino acid values are the averages of duplicate 

samples.

percentage of the protein, opaque-2 corn 
was higher in arginine, histidine, lysine, 
valine, glycine and aspartic acid, and nor­
mal corn was higher in isoleucine, leucine, 
methionine, phenylalanine, threonine, tryp­
tophan, glutamic acid, tyrosine, alanine, 
proline and serine. The tryptophan level of 
opaque-2 corn was not higher, as has been 
reported by Mertz et al. (1 )  and Crom­
well et al. (3 ,4 ). Zucker et al. (8 ) , how­
ever, analyzed samples of the same corns 
used in these studies and found higher 
levels of tryptophan in opaque-2 than in 
normal corn.

Total gain and feed efficiency were sig­
nificantly (P <  0.01) improved when 
chicks were fed opaque-2 corn as compared 
with normal corn (table 3). With increas­
ing levels of soybean meal, significant 
( P < 0 . 0 1 )  quadratic responses in both 
gain and feed efficiency were observed.

Cromwell et al. (3 )  observed no nutri­
tional advantage of opaque-2 corn over 
normal com  unless methionine was added 
to chick diets to provide a total of 0.8% 
sulfur amino acids. In this study, 0.075% 
methionine was added to all diets. As soy­
bean meal was increased in the diets, the

3 Technicon Amino Acid Analyzer, Technicon Instru­
ments Corporation, Chauncy, N. Y.



N U TRITIO N A L V ALU E OF O PAQU E-2 CORN 5 3 9

TABLE 3
Performance of chicks fed normal or opaque-2 corn

Soybean meal level, % 8.8 13.8 18.8 23.8 28.8

Calculated crude protein, %
Normal 11.7 13.7 15.7 17.7 19.7
Opaque-2 13.0 14.9 16.8 18.8 20.7

Analyzed crude protein, % 1
Normal 12.5 14.8 16.4 18.4 20.3
Opaque-2 14.4 16.7 18.3 20.3 21.6

Total 4-week gain, g 2-3
Normal 183.0 312.5 438.3 514.8 514.8
Opaque-2 294.0 439.5 496.3 534.0 529.5

Feed/gain 3*4
Normal 3.39 2.42 2.09 2.00 1.85
Opaque-2 2.48 2.04 1.84 1.90 1.80

1 Average of duplicate samples.
2 Average of four pens of 10 chicks each per treatment.
3 Difference between kinds of corn and quadratic response to soybean 

(P <  0.01).
4 Coefficients of variability equal 8.25 and 8.83% for gain and feed/gain,

meal levels 
respectively.

significant

TABLE 4
Performance of pigs fed normal or opaque-2 corn (trial 1)

Soybean meal level, % 18.7 23.7 28.7 33.7 38.7

Calculated crude protein, %
Normal 15.5 17.5 19.5 21.5 23.5
Opaque-2 16.5 18.5 20.5 22.5 24.5

Total 4-week gain, kg 1>2
Normal 9.07 9.74 10.88 10.18 11.24
Opaque-2 10.76 9.67 11.28 8.99 7.06

Feed/gain 3*4 
Normal 2.03 1.90 1.77 1.74 1.66
Opaque-2 1.87 1.66 1.68 1.62 1.80

1 Average of two pens of four pigs each per treatment.
2 Interaction of kind of corn and level of soybean meal significant (P <  0.05).
3 Linear effect of level of soybean meal significant (P <  0.05).
4 Coefficients of variability equal 9.15 and 6.29% for gain and feed/gain, respectively.

total sulfur amino acid content ranged 
from a low of 0.3 to a high of 0.6% of the 
diet. Chicks fed opaque-2 corn gained 
more and were more efficient than chicks 
fed normal corn at all levels of soybean 
meal.

These data demonstrate that the protein 
in opaque-2 corn is superior in nutritive 
value to the protein found in normal corn 
for supporting weight gain and feed effi­
ciency of young chicks fed equal amounts 
of corn in the diet.

Averaged over all protein levels, pigs in 
trial 1 (table 4 ) fed normal com  gained 
more than pigs fed opaque-2 corn, although

the difference was not statistically signifi­
cant. On diets with up to 28.7% soybean 
meal, pigs fed opaque-2 corn averaged 
greater gain and required less feed per 
unit of gain than pigs fed normal corn; 
at levels of soybean meal above 28.7%, 
however, the reverse was true.

The interaction of kind of corn and 
level of soybean meal on gain was signifi­
cant (P <  0.05). At the two higher levels 
of soybean meal pigs fed opaque-2 com  
gained less than pigs fed the lower levels of 
soybean meal and less than pigs fed nor­
mal corn at the same levels of soybean 
meal. The apparent depression of gain in
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TABLE 5
Performance of pigs fed normal or opaque-2 corn (trial 2)

Soybean meal level, % 8.7 13.7 18.7 23.7 28.7

Calculated crude protein, %
Normal 11.5 13.5 15.5 17.5 19.5
Opaque-2 12.5 14.5 16.5 18.5 20.5

Analyzed crude protein, % 1
Normal 12.3 14.8 17.8 18.9 19.6
Opaque-2 15.2 17.3 18.7 20.7 21.0

Total 5-week gain, kg 2>3
Normal 4.89 8.71 12.20 12.72 13.59
Opaque-2 6.72 10.53 13.45 13.44 14.73

Feed/gain 4'5
Normal 3.10 2.44 1.94 1.83 1.72
Opaque-2 2.29 2.04 1.85 1.70 1.61

1 Average of duplicate samples.
2 Average of three pens of four pigs each per treatment.
3 Difference between kind of corn and quadratic response to soybean meal levels significant 

(P <  0.01).
4 Interaction of source of corn and level of soybean mean significant (P <  0.01).
s Coefficients of variability equal 8.89 and 6.78% for gain and feed/gain, respectively.

pigs fed opaque-2 does not appear to be a 
result of excessive protein or an imbalance 
of amino acids, but additional data will 
be needed to verify such a conclusion. 
Feed/gain ratios averaged over both 
sources of corn decreased linearly (P <  
0.05) with increasing levels of soybean 
meal.

In trial 2, two lower protein levels were 
used in the diets in an attempt to assure 
less than optimal levels or balance of 
amino acids in the diet. If opaque-2 corn 
does contain an improved balance of 
amino acids for the pig, the performance 
of the pigs fed opaque-2 corn should be 
improved over the performance of pigs fed 
normal corn. As shown in table 5, when 
pigs were fed opaque-2 both gain and feed 
efficiency, averaged over all levels of soy­
bean meal, were significantly ( P < 0 . 0 1 )  
improved over pigs fed normal hybrid 
corn. There was a significant ( P < 0 . 0 1 )  
quadratic response of both total gain and 
feed/gain ratio to levels of soybean meal. 
The response of pigs fed increasing levels 
of soybean meal tended to plateau at levels 
above 18.7%. That the performance of 
pigs fed corn-base diets is improved as the 
protein content of the diet is increased is 
well documented ( 9 -11).

Cromwell et al. (4 )  observed that the 
addition of lysine alone would not improve

the growth rate of pigs fed normal com  
to that of pigs fed opaque-2 com  diets. The 
addition of both lysine and tryptophan to 
normal corn diets did improve the per­
formance of pigs to levels comparable with 
those of pigs fed opaque-2 corn diets.

In these experiments the substitution of 
opaque-2 corn for normal corn resulted in 
a plateau of gains and feed conversion in 
pigs and chicks, with approximately 5% 
less soybean meal in the opaque-2 corn 
diet than in the diets containing normal 
corn.
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Influence of Microorganisms on Oxygen Con­
sumption, Carbon Dioxide Production and 
Colonic Temperature of Rats ',2

STANLEY M. LEVENSON,3 FLOYD DOFT,3-4 MEIR LEV 3-5 
a n d  DORINNE KAN 3
Albert Einstein College of Medicine, Yeshiva University, Bronx, New York

ABSTRACT The O2 consumption and C02 production by germfree rats and their 
colonic temperature are significantly lower than those of conventionalized rats; 
the respiratory quotient (RQ ) is not different. When germfree rats are monocon- 
taminated with Clostridium welchii or Bacteroides sp. there were no changes in O2 
consumption or CO2 production. When Escherichia coli (a  facultative anaerobe) was 
the monocontaminant, colonic temperature did not change but there were prompt and 
parallel rises in O2 consumption and CO2 production to levels close to those of con­
ventionalized rats. The changes in metabolic rate lagged behind the increase in viable 
bacteria in the feces. The feeding of large quantities of heat-killed E. coli to germfree 
rats did not change their 0 2 consumption, C 02 production or colonic temperature. 
Serum protein-bound iodine and serum thyroxine iodine levels were similar in the 
germfree, conventionalized, E. coli and Bacteroides sp. rats. When neomycin was 
given to rats harboring Bacteroides sp., E. coli and Proteus sp., the numbers of these 
bacteria were reduced and oxygen consumption and carbon dioxide production fell; 
colonic temperature did not change. It appears that the bacteria and mechanisms in­
volved for the metabolic and colonic temperature changes noted may be different.

Our studies of the influence of micro­
organisms on oxygen consumption, car­
bon dioxide production and colonic tem­
perature of rats began several years ago as 
an outgrowth of our observations of strik­
ing differences in behavior of “germfree,” 6 
conventionalized,7 and open-animal-room 
rats subjected to various metabolic and 
nutritional stresses, e.g., acute and chronic 
choline deficiency (1, 2 ) and starvation 
( 3 ). We have found that certain intestinal 
bacteria (e.g., Escherichia coli) have a 
profound influence on oxygen consumption 
and carbon dioxide production by rats in­
dependent of any effect on colonic tem­
perature, whereas other intestinal bacteria 
(e.g., Bacteroides sp.) have no effect. We 
also found that the colonic temperature of 
germfree rats is significantly lower than 
that of conventionalized rats.

METHODS
Fischer rats8 were used. They were 

housed in plastic cages in flexible film 
plastic isolators of the type described by 
Trexler (4) .  “Conventionalization” of rats 
was carried out as follows: germfree rats 
were divided by litter and sex into two com­

parable groups. One group was kept germ­
free; the other group was moved into an­
other sterile isolator. Fresh cecal contents 
of an open-animal-room rat of the same 
strain were mixed with 25 ml tap water 
and entered into the second isolator. Some 
of this suspension was swabbed on the fur 
and mouth of each rat, and the rest added 
to their drinking water. When rats were 
purposefully contaminated with one or 
more specific species of bacteria, actively

Received for publication October 10, 1968.
1 Supported by National Institutes of Health Grants 

A-5664 (Germfree Research Program) and (Research 
Career Award, Dr. Levenson) K6-GM-14,208 to the 
Albert Einstein College of Medicine, Yeshiva Univer­
sity.

2 Preliminary report of these data was presented 
at the 50th Annual Meeting of the Federation of 
American Societies for Experimental Biology, 1966. 
Federation Proc., 25: 482 (abstract).

3 Department of Surgery, Albert Einstein College of 
Medicine, Yeshiva University, New York.

4 Department of Biochemistry, Albert Einstein Col­
lege of Medicine, Yeshiva University, New York.

5 Department of Microbiology and Immunology, Al­
bert Einstein College of Medicine, Yeshiva University, 
New York.

6 “Germfree” rats are rats free of viable bacteria, 
parasites and fungi as judged by methods published 
elsewhere (8).

7 “Conventionalized” rats were littermates of the 
germfree rats contaminated with cecal contents of 
open-animal-room rats on the day after weaning.

8 Purchased from  the Charles River Breeding Labo­
ratories, W ilmington, Mass.
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growing cultures of the bacteria sealed in 
glass ampoules were entered into the isola­
tor, spread on the bodies and mouths of the 
rats, and added to their drinking water. The 
conventionalized or monocontaminated, di- 
contaminated, etc., rats were maintained in 
isolators under the same general condi­
tions (except microbial) as the germfree,
i.e., their food, supplies, air, and the like, 
were sterilized, and the caging, bedding, 
temperature, humidity and light were the 
same in the germfree and conventionalized 
isolators. Materials were entered and re­
moved through locks sterilized by peracetic 
acid. Food (Diet 50IOC) 9 and water were 
offered ad libitum to the rats until 16 hours 
before the metabolic and temperature 
measurements were made, when the solid 
food was withdrawn. This was generally 
5 to 6  P M ; the metabolic measurements 
were made at 9 to 10 a m  the next day.

The rats were moved from their respec­
tive holding plastic isolators into small 
sterile plastic isolators containing glass 
metabolic chambers for measuring oxygen 
consumption and carbon dioxide produc­
tion. The size of each metabolic chamber 
was approximately 850 ml; it had a place 
for insertion of a thermometer for measur­
ing the chamber temperature and openings 
for incoming and outgoing air. Using a 
small vacuum pump, approximately 50 
ml air/minute per 100 g rat body weight 
were drawn through the metabolic cham­
ber. The COa in the incoming air was ab­
sorbed in 2.5 n  NaOH before passing into 
the metabolic chamber. The outgoing air 
from the chamber was drawn into a gas 
washing bottle containing 250 ml of 2.5 n  
NaOH (which was freshly made from a 
50% NaOH solution with boiled distilled 
H20 )  to trap the C 02 from the expired air. 
The air in the gas washing bottle had been 
evacuated before connecting it to the 
metabolic chamber. The C02-free expired 
air was then drawn into a 4-liter bottle 
filled with oxygen-saturated mineral oil 
(specific gravity, 0.880; viscosity, 340 to 
355). The oil displaced by the gas was col­
lected in an empty 4-liter bottle of known 
weight.

The colonic temperature of the rat was 
measured by a glass thermometer or a therm­
istor probe at the start and at the end of 
the metabolic run. The body weight of

the rat was measured just before placing 
the rat into the metabolic chamber. The 
rat was allowed to come to a restful state 
after being placed in the metabolic cham­
ber; this usually took about 30 minutes. 
An additional 3 0  minutes was taken to al­
low the rat to grow accustomed to its new 
environment. Two one-half-hour collections 
were then made. The weight of the mineral 
oil displaced by the trapped outgoing air 
was measured and the volume of outgoing 
air calculated. Correction of gas volumes 
to standard conditions (273.18° K and 760 
mm Hg pressure) was made. Oxygen in 
the C02-free expired air was measured with 
an oxygen analyzer.10 For C02 analysis, 3 
ml of the NaOH, Na2C03 solution was 
heated to boiling in a 50-ml Erlenmeyer 
flask, topped with a C02 absorbing tube. 
One milliliter of 0 . 2  m  BaCh was added 
rapidly to precipitate BaC03. The flasks 
were immersed in a boiling water bath for 
2 0  minutes. Af:er cooling, the precipitates 
were filtered through Whatman no. 4 2 ,
2.4-cm circle filter paper. The precipitate 
was washed twice with boiled distilled 
water and once with absolute ethyl alcohol 
and then dried under an infrared lamp. 
The dried precipitate was cooled in a desic­
cator before weighing. In later experi­
ments, the outgoing air was led directly 
into the mineral oil collecting bottle and 
the COa concentration measured with an 
infrared spectrophotometer.11

RESULTS
Experiment 1 (table 1). A group of 

germfree rats was divided at weaning into 
two groups of littermates. One group was 
kept germfree and the other conventional­
ized. Three and a half months later the 
first metabolic measurements were made. 
We found that the oxygen consumption 
and carbon dioxide production were higher 
(each about 20% ) in the conventionalized 
rats. When the values for oxygen con­
sumption and carbon dioxide production 
were expressed per kilogram body weight 
minus gut content weight, these values 
were still significantly higher for the con­
ventionalized rats. These calculations were 
made because of the significantly larger

9 Ralston Purina Company, St. Louis, Mo.
10 Model E-2, Beckman Instruments, Inc., Fullerton,

Calif. , ^
11 Perkin-Elmer Corporation, Norwalk, Conn.
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w e ig h t o f the  g u t con ten ts  o f the  germ - 
free  ra ts . T he  re sp ira to ry  quo tien ts  were  
s im ila r  in  b o th  groups o f ra ts . The  co lon ic  
tem pera tu res o f the ge rm free  ra ts  were  
s ig n if ic a n t ly  low e r (a b o u t 1 ° )  th a n  those  
o f the conven tiona lized  ra ts .

E xp erim en t 2  (table 1). A  g roup o f  
ge rm free  F ische r w ea n lin g  ra ts  was sp lit  
in to  s ix  groups, tw o  o f w h ic h  were pu rpose­
fu l ly  m onocon tam ina ted  w ith  e ith e r Cl. 
w elchii o r E . coli; g roup 3 was conven ­
tio na lized . Each o f these groups had  its  
ow n co n tro l g roup o f lit te rm a te s  w h ic h  
were kep t ge rm free . These ra ts  w ere s tud ­
ied  6 weeks la te r. Those ra ts  h a rb o r in g  
o n ly  the Cl. w elch ii d id  n o t d if fe r  fro m  
th e ir  ge rm free  lit te rm a te s  in  respect to  o xy­
gen con sum p tion  and  ca rbon  d iox ide  p ro ­
du c tio n , whereas these pa ram ete rs were  
s ig n if ic a n t ly  h ig h e r in  those ra ts  h a rb o r in g  
E . coli and  in  the conven tiona lized  ra ts  
th a n  in  th e ir  respective  ge rm free  con tro ls . 
These d iffe rences were ev iden t w he th e r  
va lues were expressed pe r k ilo g ra m  body  
w e ig h t o r pe r k ilo g ra m  body w e ig h t m in u s

gu t con ten ts . (T h e  size o f the  gas tro in tes ­
t in a l tra c t and its  con ten ts  is  o n ly  s lig h t ly  
sm a lle r in  the  E . coli and  the Cl. w elchii 
th a n  in  the  ge rm free  ra ts .)  T he  E . coli 
m onocon tam inan ts  showed leve ls o f o xy­
gen con sum p tion  and ca rbon  d iox ide  p ro ­
d u c tio n  s im ila r  to  those o f the  conven ­
tio na lized  ra ts . T he  re sp ira to ry  quo tien ts  
were s im ila r  in  a ll g roups. The  co lon ic  
tem pera tu res o f the  ge rm free  and  Cl. 
w elch ii and E. coli ra ts  w ere s im ila r , 
whereas conven tiona lized  ra ts  had  tem pe r­
a tu res h ig h e r th a n  th e ir  ge rm free  con­
tro ls . A l l  these fin d in g s  were independen t 
o f sex.

E xp erim en ts 3 , 4  and 5 (fig. 1 , tables 2  
and 3). W e ca rr ie d  o u t these expe ri­
m en ts  to de te rm ine  how  soon the  e ffects o f  
E . coli w o u ld  be ev iden t on  the  m e tabo lic  
ra te  o f the ra ts . The increase in  oxygen  
consum p tion  and ca rbon  d iox ide  p roduc ­
t io n  were ve ry  p rom p t indeed (as ea rly  as 
12 hou rs ), b u t lagged som ew ha t b eh in d  the  
n um be r o f v iab le  E . coli fo u n d  in  the  feces 
(exps. 3 and  4, tab le 2 and fig . 1). T he  m od-

Fig. 1 0 2 consumption and C 0 2 production by germfree rats and following their monocontami­
nation with E. co li (exp. 4). Fecal counts expressed as number of viable bacteria per gram feces.
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TA BL E 3
O2 consumption and CO2 production by germfree, E. coli and conventionalized rats 1

Group Days Colonic
temperature

O 2 con­
sumption

C O 2 pro­
duction R Q Fecal

counts

degrees
liters/kg 
body zut 
per day

liters /kg 
body zut 
per day

per g

G F 1 36.8 ±0.03 2 2 2 .0  ±  0.7 17.6±0.6 0.79 ±  0 0
5 36.9 ±  0.19 22.7±0.7 18.4 ±0.4 0.81 ±0.01 0
7 36.7 ±  0.23 21.2 ±  0.5 17.2± 0.4 0.81 ±0.01 0

E. co li mono-
contaminants 9 3 36.5 ±0.03 23.9 ±0.4 19.2 ±0.4 0.81 ±  0 1 0 1»

12 36.6 ±0.33 27.7 ±0.8 22.7 ±0.2 0.82± 0.02 IO9
14 36.7±0.12 27.1 ±  0.4 22.1 ±0.4 0.82 ± 0 IO9
16 36.6 ±0.25 27.4 ±0.5 21.8 ±0.1 0.80 ±0.02 —

C O N V 21 4 37.1±0.15 29.2± 0.2 24.4 ±0.3 0.83 ±0.01 _
23 37.0 ±  0.09 28.9 ±0.4 23.5 ±0.7 0.81 ±  0.01 —

28 37.0±0.09 29.2± 0.7 24.5 ±0.4 0.84 ±0.01 —

1 The same three male rats of the Fischer strain were used for all measurements; 12 weeks old at start 
of exp. 5.

2 Mean ±  s e .
8 The rats were purposefully contaminated with E. coli on day 7 immediately after the last measurements 

while the rats were germfree.
4 The rats were purposefully contaminated with cecal contents of an open-animal-room rat on day 17.

est flu c tu a tio n s  in  oxygen con sum p tion  and  
ca rbon  d iox ide  p ro d u c tio n  seen in  the  
ge rm free  ra ts  in  e xpe r im en t 3 ( ta b le  2 )  
were due, we be lieve, to  the  e ffects o f fa s t­
in g  and fe ed in g  and tim e  o f day th a t these 
several m easurem ents were made. The  
peak e ffe c t on oxygen con sum p tion  and  
ca rbon  d iox ide  p ro d u c tio n  occu rred  in  3 
to  5 days (e xp . 5, tab le  3 ) .  The  re sp ira to ry  
quo tie n t d id  n o t change n o r d id  co lon ic  
tem pe ra tu re . T he  lit te rm a te s  o f the E . coli 
ra ts  in  e xpe r im en t 4 ( f ig . 1 ) w h ic h  were  
kep t ge rm free  d id  n o t show  changes in  
oxygen con sum p tion  and ca rbon d iox ide  
p roduc tio n , b u t ve ry  soon a fte r  they were  
con tam ina te d  w ith  E. coli, the same rises in  
these pa ram e te rs  occu rred . The re  was a 
m odest fu r th e r  rise  in  oxygen consum p tion  
and ca rbon  d iox ide  p ro d u c tio n  w hen  the  
E. coli ra ts  were conven tiona lized  (e xp . 5, 
tab le 3 ) .

E xp erim en t 6 (fig. 2 , table 4). G erm ­
free  ra ts  fed  enorm ous num be rs  o f heat- 
k ille d  E . coli in  th e ir  d r in k in g  w a te r  
showed no increase in  oxygen consum p­
t io n  o r ca rbon  d iox ide  p rod u c tio n . S im i­
la r ly , w hen  these an im a ls  were con tam ­
ina ted  w ith  tw o  s tra ins o f Bactero ides sp. 
the re were no changes in  these face ts o f 
the ra ts ’ m e tabo lism . W hen  these same  
ra ts  were fed  v iab le  E. coli, however, there  
was a p rom p t increase in  the  num be r o f v i­
able E. coli in  the  gu t (1 0 9/ g  feces 24

hou rs  a fte r  in o c u la t io n )  and  oxygen con­
sum p tio n  and ca rbon  d iox ide  p roduc tio n . 
The re sp ira to ry  q u o tie n t d id  n o t change. 
A  cu ltu re  o f P ro teus sp. was then  fed  to  
the  E . coli ra ts  in  an a ttem p t to increase  
the n um be r o f fa c u lta tiv e  anaerobes in  the  
gu t to see h ow  th is  w o u ld  m o d ify  oxygen  
consum p tion  and  ca rbon d iox ide  p roduc ­
tio n . The  ra ts  were tested 5 and  7 days 
la te r. W e d id  n o t achieve ou r ob jec tive  
since the re  were no dem onstrab le  changes  
in  the  to ta l n um be r o f v iab le  b ac te ria  in  
the feces; the  E. coli and  P ro teus sp. were  
each p resen t in  108 v ia b le  b a c te r ia /g  feces. 
Oxygen con sum p tion  and ca rbon  d iox ide  
p ro d u c tio n  d id  n o t change. N eom yc in  was  
th en  g iven to these ra ts  in  am oun ts  o f 0.7  
m g /m l d r in k in g  w a te r d a ily . F ive and 7 
days la te r, the  n um be r o f v iab le  o rgan ism s  
pe r g ram  o f feces had  dropped, E. coli, 104-  
105, P ro teus sp., 106. The re  was a concom i­
ta n t d rop  in  oxygen con sum p tion  and  ca r­
bon d iox id e  p roduc tio n . N e ith e r dead E. 
coli, v iab le  Bactero ides sp., E. coli, P ro teus  
sp., n o r ne om yc in  changed the  co lon ic  tem ­
pe ra tu re  o f the ra ts .

Influ ence o f  intestinal bacteria on  the  
Eh o f  cecal con ten ts (table 5). The  E h o f 
the cecal con ten ts  was m easured in  several 
experim en ts . I t  averaged abou t +  30 m v  
in  the  ge rm free , abou t — 70 m v  in  the  Bac- 
te rio ides sp. ra ts , abou t — 110 m v  in  the  E.
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DAYS
Fig. 2 Oxygen consumption of germfree rats and following the sequential feeding of heat-killed 

E. co li, viable Bacteroides sp., E. co li, Proteus sp. and neomycin (exp. 6). Bacterial counts expressed 
as number of viable bacteria per gram feces.

TA BL E 4
E ffec t  o f  E. co li (h ea t k illed  and  v ia b le ), B acteroides, P roteu s and n eom ycin  on 0» con su m p tion  and

C 0 2 p rod u ction  b y  rats 1

Microbial
status Days Colonic

temperature
O 2 con­
sumption

C O 2 pro­
duction R Q Fecal

counts

degrees
liters/kg 
body wt 
per day

liters/kg 
body wt 
per day

per g

GF i 36.3 2 ±0.08 23.2 ±  0.30 19.0 ±  0.20 0.82 ±0.01 0
4 36.4 ±0.09 23.1 ±  0.10 18.6±0.29 0.80 ±0.01 0
8 36.5 ±0.09 23.0 ±0.20 18.6 ±0.38 0.81 ±0.01 0

12 36.3 ±0.09 21.1 ±0.26 17.4 ±0.44 0.82±0.01 0
Fed heat-killed E. co li 15 36.2 ±0.07 22.3 ±0.34 18.2 ±0.28 0.81 ±  0 0

18 36.1 ±0.03 22.8±0.17 18.8±0.17 0.83 ±0.01 0
Bacteroides 22 35.8 ±0.03 23.0±0.18 18.8±0.09 0.82±0.01 108

25 35.9 ±0.09 22.6 ±0.63 18.6 ±0.74 0.82 ±0.01 10s
27 36.0 ±0.07 23.3 ±0.35 19.4 ±0.62 0.83 ±0.01 10s

E. co li, Bacteroides 29 36.1 ±0.07 24.8 ±0.51 20.1 ±0.60 0.81 ±0.01 10s
32 36.0 ±0.12 26.7 ±0.69 21.5 ±0.62 0.81 ±0.01 109
34 36.0 ±0.12 26.7 ±0.23 21.2 ±  0.23 0.79 ± 0 109

Proteus, E. co li, Bacteroides 39 35.9 ±0.06 27.2 ±0.70 21.5 ±  0.47 0.79 ± 0 10s
41 35.8 ±0.09 27.2 ±0.55 21.3 ±0.49 0.78 ± 0 10s

Neomycin, Proteus, E. coli,
Bacteroides 46 35.9 ±0.12 24.9 ±0.38 20.0 ±  0.23 0.81 ±0.01 io4

48 35.9 ±0.06 25.0 ±0.52 20.4 ±0.45 0.81 ±0.02 105
1 Three male rats of the Fischer strain were used; 13 weeks old at start of exp. 6.
2 Mean +  s e .
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coli ra ts  and  — 200 m v  in  the  conven­
tio na lized .

Influence o f  intestinal bacteria on  seru m  
PBI and seru m  th yroxin e iodine con cen ­
trations (table 5). S erum  P B I and se rum  
th y ro x in e  iod ine  con cen tra tion s  were s im i­
la r  in  ge rm free , E . coli m onocon tam inan ts , 
Bactero ides sp. m onocon tam inan ts  and  
conven tiona lized  ra ts . These observa tions  
were m ade 2 weeks a fte r  the p u rpo se fu l 
con tam ina tio n s .

Colonic tem peratures in  g erm free  and  
con ven tion alized  rats. T ab le  6 lis ts  the re ­
su lts  o f a series o f observa tions o f co lon ic  
tem pera tu res o f ge rm free  ra ts  and th e ir  
conven tiona lized  lit te rm a te s  in  a num be r  
o f stud ies ca rrie d  ou t d u r in g  several years. 
In  a ll b u t one e xpe r im en t (e xp . 5, tab le  3 )  
the co lon ic  tem pe ra tu re  o f the  ge rm free  
ra ts  was s ig n if ic a n t ly  low e r th a n  th a t o f 
the conven tiona lized . In  the  one excep­
tio n , the m easurem ents were m ade a fte r  
the ra ts  had  been conven tiona lized  fo r  11

days; in  the  o the rs , the  ra ts  h ad  been  
conven tiona lized  fo r  a m in im u m  o f 6 
weeks.

DISCUSSION
A  n um be r o f in ve s tig a tion s  have been  

ca rrie d  ou t fo r  m any  years to de linea te  the  
specific  n a tu re  and s ign ificance  o f the  
com p lex  in fluences  o f m ic roo rgan ism s on  
m a m m a lia n  m e tabo lic  and n u tr it io n a l p roc ­
esses. A n  idea  o f the  v a r ia b il i ty  o f these  
in flu ences  is e v iden t w hen  one considers  
the  effects o f the o rd in a ry  m ic ro f lo ra  p res­
en t in  h e a lth y  la bo ra to ry  a n im a ls  on th e ir  
responses to va rious  n u tr it io n a l d e fic ien ­
cies. The  repo rted  e ffects range  fro m  ac­
ce n tu a tio n  o f the  de fic iency  (e .g ., v ita m in  
C ( 5 ) ,  acute cho lin e  de fic iency  ( 1 ) )  to  
a m e lio ra tio n  o f the  de fic iency (e .g ., v ita ­
m in  K  ( 6 ) ,  and, in  some cases, the re  are 
no m a jo r  e ffects (e .g ., v ita m in  A  ( 7 ) ) .  
As m en tioned  in  the in tro d u c t io n  to th is  
pape r, we began in ve s tig a t in g  the e ffects o f

TABLE 5
Influence of intestinal bacteria on cecal Eh, serum PBI, and thyroxine iodine of rats 1

Microbial
status

No. of 
rats Cecal wt Cecal Eh PBI Thyroxine 

iodine 2

% body wt mv ptg/ 1 0 0  ml 
serum

fig/ 1 0 0  ml 
serum

Germfree 14 15.3 ±0.4 3 +  35±5.7 2.7 ±0.49 0.5
Conventionalized 4 15 2.1 ±0.1 —  201 ±  6.6 3.2±0.59 0.5
E. coli 4 15 12.9 ±0.5 -  85±4.7 3.0 ±0.32 0.7
Bacteroides 4 15 12.3 ±0.7 -  72 ±4.0 3.1 ±0.54 —

1 Male rats of the Fischer strain, 3 months old; five in each group.
2 Pooled samples.
3 Mean ±  s e .
4 Rats monocontaminated or conventionalized for 2 weeks.

TABLE 6
Colonic temperatures in germfree and conventionalized rats 1

Exp.
no. Sex Age

Colonic temperature 2
P values

Germfree Conventionalized

months degrees degrees
i Male 3 36.4±0.1 3(4) 4 37.0 ±  0.1(4) 0.02
2 Male 4.5 36.5±0.5 (6) 37.6 ±0.1(4) 0.02
3 Male 6 36.6± 0.2 (9) 37.0 ±  0.1(5) 0.05
4 Both 5 36.3 ±0.1 (8) 37.1 ±  0.1(8) 0.001
5 Both 4 36.0 ±0.1 (6) 36.4 ±  0.1 (5) 0.05
6 Both 6.5 36.1 ±0.1 (24) 36.6 ±  0 (7) 0.001
7 Both 4.5 37.3 ±0.1 (25) 37.7 ±  0 (20) 0.001
8 Male 8 37.3±0.2 (16) 38.0±0.2(16) 0.001
9 Both 1.5 35.0 ±  1.0 (12) 37.9±0.2( 12) 0.001

1 Rats of the Fischer strain were used; littermates in each pair of groups. The rats in experiments 
1 through 8 ate a rat ration (diet 5010C, Ralston Purina Company, St. Louis, Mo.); rats in experi­
ment 9 ate a chemically defined liquid diet (#116, Winitz and Greenstein).

3 Temperatures taken at about 9 a m , after 16 hours without food except water.
3 Mean ±  s e .
4 Numbers in parentheses indicate number of rats.
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in te s t in a l bac te ria  on the  oxygen consum p­
tio n , ca rbon d iox id e  p ro d u c tio n  and body  
tem pe ra tu re  o f the  ra t fo r  these reasons, 
and because o f the  s tr ik in g  d iffe rences in  
body com pos ition  ( 8 ) ,  fe ca l n itro g e n  ex­
c re tio n  ( 8 )  and response to  food dep riva ­
tio n  ( 3 )  we had  no ted  in  ge rm free , con ­
ven tio na lize d  and open -an im a l-room  ra ts .

The  in flu en ce  o f age, sex, n u tr it io n a l  
sta tus , c e rta in  ho rm ones , a c tiv ity , fe ve r, 
in ju r y  and disease on basal m e tabo lism  is  
w e ll recogn ized , b u t the  d ram a tic  e ffe c t o f  
the  in fe c tio u s  state (b u t n o t disease) w h ich  
cha racte rizes n o rm a l m a m m a lia n  l i fe  on  
basal m e tabo lism  has n o t been rea lized  
u n t i l  re cen tly . W e have re fe rence  in  p a r­
t ic u la r  to  ce rta in  o f the  o rd in a ry  bac te ria  
p resen t in  the g a s tro in te s tin a l tra c ts  o f 
h e a lth y  an im a ls  and hum ans . T h is  is dem ­
ons tra ted  by the  observa tions on oxygen  
consum p tion  by open -an im a l-room  and  
ge rm free  ra ts  o f Desplaces e t a l. ( 9 ) ,  the  
observa tions o f W in d m u e lle r  e t a l. ( 1 0 )  
o f ca rbon  d iox ide  p ro d u c tio n  by open -an i­
m a l-room  and ge rm free  ra ts  and o u r ob­
se rva tions o f oxygen con sum p tion  and  
ca rbon  d iox ide  p ro d u c tio n  by co n ven tiona l­
ized lit te rm a te s  o f ge rm free  ra ts . W ost- 
m ann  and co-workers ( 1 1 )  have also ju s t  
repo rted  th a t ge rm free  ra ts  have low e r  
oxygen consum p tion  ra tes th a n  open-an i­
m a l-room  o r conven tiona lized  ra ts . O u r  
expe rim en ts  in d ica te  th a t i t  is  the  fa c u lta ­
tive  anaerobes, such as E . coli, and n o t the  
s tr ic t anaerobes w h ic h  increase the  0 2 
consum p tion  and C 0 2 p ro du c tio n  by ra ts , 
d ire c t ly  o r in d ire c t ly . W e fo u n d  th a t these 
changes were independen t o f sex and any  
change o f co lon ic  tem pe ra tu re  in  the  E. 
coli experim en ts . N o  m e n tio n  o f body tem ­
pe ra tu re  was made by Sacquet and he r  
colleagues ( 9 )  o r by W in d m u e lle r  and h is  
associates ( 1 0 ) .  W os tm ann  e t al. ( 1 1 )  
fo u n d  h ig h e r tem pera tu res in  the ge rm free  
th a n  in  the open -an im a l-room  ra ts  ( in c lu d ­
in g  those housed fo r  a pe riod  o f t im e  in  
is o la to rs ). T h is  is  d iam e tr ic a lly  opposed to 
ou r fin d ing s . T h is  w i l l  be discussed la te r.

The  fa c t th a t we fo u n d  the changes in  
0 2 consum p tion  and C 0 2 p ro d u c tio n  are 
p rom p t, b e g in n in g  w ith in  hou rs  a fte r  p u r ­
pose fu l c o n tam in a tio n  w ith  E. coli and th a t  
th ey  do n o t fo llo w  co n tam in a tio n  w ith  
Bactero ides sp. m akes us th in k  th a t a t 
leas t p a r t o f the e ffe c t is d ire c t u t il iz a t io n

o f 0 2 and p ro du c tio n  o f C 0 2 by  fa c u lta tiv e  
anaerob ic bac te ria . T h a t a d ire c t e ffe c t o f 
bac te ria  m ay  be in vo lved  has also been sug­
gested by W in d m u e lle r  and h is  associates
( 1 0 ) .  The re  is some in fo rm a tio n  ava ilab le  
abou t the ra te  o f 0 2 con sum p tion  by E. 
coli g row ing  in  cu ltu re  w ith  an  excess o f 
0 2 presen t, b u t n o t unde r co nd it io n s  s im i­
la r  to  those p resen t in  the gu t. U nde r the  
fo rm e r co n d it io n , the  ra te  o f 0 2 consum p­
tio n  is ve ry  h igh .

A no th e r e ffe c t m ay  be the  fo rm a tio n  
o f ce rta in  am ines, e.g., try p ta m in e , by gu t 
bac te ria , w h ic h  are then  absorbed. T h is  
th o u gh t occu rred  to us because o f the  dem ­
ons tra tio n  th a t such am ines m ay  increase  
0 2 consum p tion  o f ch icks (1 2 ) .  In  th is  
same ve in , b u t converse ly , W os tm ann  et 
al. ( 1 1 )  have re cen tly  pos tu la ted  th a t the  
low e r 0 2 con sum p tion  and  C 0 2 o u tp u t o f 
ge rm free  ra ts  m ay  re su lt f ro m  the  absorp­
t io n  o f one o r m ore  b ioac tive  substances  
fro m  th e ir  en la rged  ceca w h ic h  m ig h t, by  
some u n kn o w n  m echan ism , e xe rt a de­
p ressan t a c tio n  on 0 2 con sum p tion  and  
ca rd iac  ou tp u t. In  th is  rega rd , th e y  c ite  
th a t Gordon (1 3 )  has described to x ic  and  
m uscu loac tive  p r in c ip le s  p resen t in  g rea te r  
am oun ts  in  the ceca l con ten ts o f ge rm free  
an im a ls . W os tm ann  e t al. base th e ir  v iew  
on th e ir  obse rva tion  th a t ge rm free  ra ts  3 
to  4 m on th s  o ld  whose ceca had  been ex­
cised a t the  age o f 6 weeks had  ca rd iac  
ou tpu ts  and 0 2 consum p tion  ra tes s ig n if i­
c a n tly  h ig h e r th a n  ge rm free  ra ts  whose  
ceca were in ta c t. S im ila r  opera tions d id  
n o t in flu en ce  these pa ram e te rs in  th e ir  
conven tiona l ra ts . T he  increase in  ca rd iac  
o u tp u t o f the cecectom ized ge rm free  ra ts  
was to the same leve l as seen in  th e ir  con ­
ve n tio na l ra ts  (w ith  and w ith o u t p rev ious  
cecec tom y). T hough  the increase in  0 2 
consum p tion  by the  cecectom ized ge rm free  
ra ts  was s im ila r  to  th a t o f th e ir  conven ­
tio na lize d  ra ts , i t  was s ig n if ic a n t ly  low e r  
th a n  th a t o f the con ven tio na l ra ts . D a ta  as 
to  the  ga s tro in te s tin a l con ten ts  o f these 
va rious  groups o f ra ts  used in  these ex­
pe rim en ts  are no t g iven , so the  possib le  
effects o f th is  fa c to r  on the ca lcu la tio n s  
canno t be made.

M e tabo lic  ra te  has been considered to be 
m ore close ly re la ted  to lean  body mass 
th a n  to body w e igh t. W e po in te d  ou t in  the  
expe rim en ts  repo rted  in  th is  pape r th a t
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a lth ough  the  d iffe rences in  0 2 con sum p tion  
and C 0 2 p ro d u c tio n  by ge rm free  and con­
ven tio na lized  ra ts  was som ew ha t less w hen  
expressed in  te rm s o f body w e ig h t m inu s  
gu t con te n t w e ig h t ra th e r th a n  body w e ig h t 
a lone, these d iffe rences were s t i l l  h ig h ly  
s ig n if ic a n t. T h is  type o f c a lc u la t io n  d id  n o t 
a ffe c t the  re la tiv e  va lues fo r  the E . coli, Cl. 
w elchii, Bactero ides sp. and P ro teus sp. 
ra ts  since these b a c te ria  had  li t t le ,  i f  any, 
in flu en ce  on the  am oun t o f  g u t con ten ts .

In  o the r e xpe rim en ts ,14 we have fo u n d  
th a t the body com pos ition  o f ge rm free  and  
conven tiona lized  ra ts  d if fe r  n o t o n ly  in  re ­
ga rd  to g u t con ten ts , b u t also in  several 
o the r im p o r ta n t respects. F o r exam ple , the  
concen tra tion s  and con ten ts  o f carcass and  
body fa t  and ca lo ries are g rea te r in  con ­
ven tio na lize d  ra ts . The re  were no s ig n if i­
ca n t d iffe rences , however, in  to ta l body, 
carcass o r l iv e r  p ro te in . The re fo re , the d i f ­
fe rences in  0 2 con sum p tion  and C 0 2 p ro ­
d u c tio n  by ge rm free  and conven tiona lized  
ra ts  canno t be exp la ined  by  d iffe rences in  
le an  body mass.

W e lean  tow a rd  the p o in t o f v iew  th a t a 
m a jo r  reason fo r  the  h ig h e r 0 2 consum p­
t io n  and C 0 2 p ro d u c tio n  ra tes o f E . coli, 
conven tiona lized  and open -an im a l-room  
ra ts  is the m e tabo lic  a c t iv ity  o f the fa c u l­
ta tive  anaerobes in  th e ir  g a s tro in te s tin a l 
tra c ts . The  fa c t th a t we have fo u n d  a lag , 
a t tim es o f a fe w  days, be tween the peak  
rise  in  0 2 con sum p tion  and C 0 2 p ro du c tio n  
and the  n um be r o f v iab le  b ac te ria  in  the  
feces o f ra ts  p u rp o se fu lly  con tam ina te d  
w ith  E. coli suggests to us th a t in d ire c t e f­
fects on the  host are in vo lved  also. These  
w ou ld  in c lu d e  possib le a lte ra t io n  o f th y ­
ro id  fu n c t io n  as suggested by Desplaces e t 
al. ( 1 0 ) .  T h e ir  da ta  are n o t co n v in c in g  to  
us, however. T he  appa ren t d iffe rences in  
rad ioac tive  io d in e  up take  by  the th y ro id s  
o f open -an im a l-room  and ge rm free  ra ts  
fo u n d  by  th em  do n o t seem la rge  enough  
to  accoun t fo r  the  m a rked  d iffe rences in  
0 2 con sum p tion  observed. O u r ow n  data  
show no d iffe rences in  se rum  P B I and se­
ru m  th y ro x in e  io d in e  concen tra tions  o f 
ge rm free  and conven tiona lized  ra ts.

A lte ra tio n s  in  the  fu n c t io n  o f o the r en­
docrine  g lands are am ong some o f the pos­
s ib le changes in du ced  by  ce rta in  o f the  
in te s t in a l b ac te ria  w h ic h  m ay  in flu en ce  0 2 
consum p tion  and C 0 2 p rodu c tio n . F o r ex­

am ple , an increase in  the  secre tion  o f n o r­
ep in eph rin e  m ay be associated w ith  an  
increase in  0 2 consum p tion . The  in fo rm a ­
t io n  re ga rd in g  the effects o f specific  m i­
crobes on m a m m a lia n  ca techo lam ine  m e­
tabo lism  and the  m e tabo lism  o f o the r 
ho rm ona l agents is meager indeed.

Possible d iffe rences in  the ra tes o f tu rn ­
over o f in te s t in a l m ucosa l ce lls  o f ge rm ­
free , E. coli, Bactero ides sp. and conven ­
tio na lize d  ra ts  m ay  also u n de rlie  the  d i f ­
fe rences in  m e tabo lic  ra tes o f these groups  
o f ra ts . In  rega rd  to th is  p o ss ib ility , A b ram s  
and  associates ( 1 4 )  fo u n d  th a t the renew a l 
ra te  o f ile a l m ucosa l e p ith e lia l ce lls was  
abou t tw ice  as fa s t in  co n ven tio na l m ice  as 
in  ge rm free  m ice . In  s tud ies to be repo rted  
elsewhere , however, we fo u n d  re la tiv e ly  
l i t t le  d iffe rence  am ong the  re new a l ra tes  
o f ile a l m ucosa l e p ith e lia l ce lls o f ge rm ­
free , conven tiona lized , E . coli m onocon ­
tam in an ts , and Bactero ides sp. m onocon ­
ta m in a n ts .12 13

The  low e r m e tabo lic  ra te  o f ge rm free  
an im a ls  m ay  e xp la in  in  p a r t th e ir  g rea te r 
res is tance to im m unosupp ressan t drugs  
such as a za th iop rin e  ( 1 5 ) ,  and to w ho le - 
body X - ir ra d ia tio n  ( 1 6 ) ,  p a r t ic u la r ly  in  the  
sup ra le th a l ranges w he re  fa c to rs  o the r  
th a n  (o r  in  a d d itio n  to )  secondary bac­
te r ia l in fe c t io n  and to xem ia  seem to p la y  
a ro le .

The  low e r m e tabo lic  ra te  o f the  ge rm ­
fre e  ra ts  m ay  m o d ify  in  im p o r ta n t ways  
th e ir  responses to va rious  n u tr it io n a l de­
fic ienc ies . W e have po in te d  ou t e lsewhere
( 2 )  th a t th is  fa c to r  m ay  e xp la in  in  p a r t 
the  g rea te r res is tance o f w e a n lin g  ge rm ­
free  ra ts  to acute cho lin e  de fic iency  as 
com pared w ith  conven tiona lized  o r open- 
an im a l-room  ra ts .

A lth o u g h  the rise  in  basa l m e tabo lism  
o f the  E. coli ra ts  is in dependen t o f any  
rise  in  co lon ic  tem pe ra tu re , i t  shou ld  be 
no ted  th a t we fo u n d  a h ig h e r co lon ic  tem ­
pe ra tu re  (a b o u t 1 ° )  in  conven tiona lized  
ra ts  com pared w ith  th e ir  ge rm free  l it te r -  
m ates p rov ided  the  co n ven tio n a liza tio n  had  
gone on fo r  a t leas t 6 weeks. In  con tra s t 
to  o u r fin d in g s , W os tm ann  e t a l. ( 1 1 )  
fo u n d  l i t t le  d iffe rence  in  the re c ta l tem ­
pe ra tu res o f 10 ge rm free  and 9 conven­

12 Levenson, S. M., B. Tennant, L. Crowley, A. 
Nagler and D. Kan, unpublished data. _

13 Levenson, S. M., H. Ragins, D. Kan, F. Wincze 
and C. A. Gruber, unpublished data.
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t io n a l ra ts , the  la tte r  housed in  an iso la to r  
fo r  3 days p r io r  to  the  m easurem ents. In  
fa c t , the  m ean  re c ta l tem pe ra tu re  fo r  the  
ge rm free  ra ts  was som ew ha t h ig h e r, 
th ough  n o t s ig n if ic a n t ly  so s ta tis tic a lly . I t  
shou ld  be no ted  th a t in  o u r experim en ts , 
the conven tiona lized  ra ts  were litte rm a te s  
o f the  ge rm free  and were housed in  iso ­
la to rs  th ro u g h o u t th e ir  lives , ju s t as were  
the  ge rm free . W he th e r these fa c to rs  ac­
co un t fo r  the d iffe rences in  o u r f in d in g s  
and those o f  W os tm ann  e t a l., we do n o t  
know . As m en tioned  p rev ious ly , we fo u n d  
h ig h e r co lon ic  tem pera tu res in  con ven tion ­
a lized  ra ts  in  a n um be r o f experim en ts  
ca rrie d  o u t a t va rious  tim es d u r in g  sev­
e ra l years.

T he  reason fo r  the  h ig h e r co lon ic  tem ­
pe ra tu re  o f conven tiona lized  ra ts  as com ­
pared w ith  ge rm free , and the possib le  
effects o f th is  co lon ic  tem pe ra tu re  d if fe r ­
e n t ia l on  the  responses o f the  ra ts  to a 
va r ie ty  o f cha llenges are u n de r s tudy  in  
o u r la bo ra to ry . I t  w o u ld  seem, though , 
th a t the  fa c to rs  u n d e r ly in g  the d iffe rences  
in  the  co lon ic  tem pera tu res o f ge rm free  
and conven tiona lized  ra ts  are n o t the  same 
as those u n d e r ly in g  the  d iffe rences in  o xy ­
gen con sum p tion  and ca rbon  d iox ide  p ro ­
d u c tio n , a lth ough  the  fo rm e r m ay in c lude  
the  la tte r .
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Influence of Sulfur on Incidence of White 
Muscle Disease in Lambs 1,2
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ABSTRACT T w o  trials were conducted with sheep to investigate the effect of 
sulfur on the incidence of white muscle disease ( W M D ) .  Neither methionine nor 
sulfate increased the incidence of W M D  in either trial, but sulfate significantly in­
creased the number of lambs with degenerative lesions of the heart. There was a 
fivefold increase of plasma glutamic-oxaloacetic transaminase (GOT), lactic dehy­
drogenase ( L D H )  and malic dehydrogenase ( M D H )  of the lambs at 2 weeks of age 
with the nonsupplemented ewes as compared with those from ewes receiving selenium. 
The GOT, L D H  and M D H  levels of the lambs from ewes fed sulfate or methionine 
were twofold greater than comparable values of the control lot. At 6 weeks of age, 
however, the levels of these enzymes of the sulfate and methionine lots had ap­
proached the levels of the nonsupplemented group. White muscle disease had no 
effect on blood glucose, lactate or cholesterol. Based on the enzyme levels, the sulfur 
sources appeared to delay the onset of W M D .  A  significant “carryover” of selenium 
was noted.

Due to the chem ica l s im ila r ity  o f se len i­
um  and s u lfu r , i t  w o u ld  be expected th a t 
a b io lo g ica l in te ra c t io n  be tween these tw o  
e lem en ts exists . T h is  is supported  by w o rk  
w ith  several species o f an im a ls  w h ic h  in ­
dicates th a t s u lfu r  does a lte r the  m etabo­
lis m  o f se len ium  ( 1 - 5 ) .  M u th  et a l. ( 5 )  
and H in tz  and Hogue ( 3 )  repo rted  the ad­
d it io n  o f s u lfu r  as N a 2S04 to the d ie t de­
creased the  e ffectiveness o f d ie ta ry  sele­
n iu m  as N a 2Se03 in  p re ven tin g  w h ite  m us­
cle disease (W M D ) . F u rth e rm o re , Schu­
be rt e t a l. ( 6 )  observed an increase in  the  
in c idence  o f W M D  in  sheep grazed on a l­
fa lfa  a fte r  the fie ld  was trea ted  w ith  gyp ­
sum . A na lys is  showed an increase in  the  
to ta l s u lfu r  o f the  p lan ts , la rg e ly  as su lfa te . 
S u lfa te , however, had  a s lig h t e ffec t on the  
m e tabo lic  fa te  o f 75Se-selenate in  the  ges- 
t a t in g 3 o r la c ta t in g  ewe ( 7 ) .

S erum  enzyme leve ls have been used to 
fo llo w  the  in c idence  o f W M D . Serum  g lu ­
tam ic -oxa loace tic  transam inase  (G O T ) (8 —
1 5 )  , la c t ic  dehydrogenase ( L D H )  (1 0 , 11,
1 6 ) and a lan in e  transam inase  and g lu ta ­
m a te  dehydrogenase ( 1 0 )  have been re ­
po rted  to be e levated in  lam bs w ith  w h ite  
m usc le  disease (W M D ) . In  a d d itio n , ele­
va ted  se rum  m a lic  dehydrogenase (M D H )  
has been repo rted  in  h um ans  w ith  m uscu ­
la r  d ys trophy  ( 1 7 ) .  T he re fo re , to  get a

b e tte r u nde rs ta n d ing  o f the  su lfu r-se le n ium  
in te rre la tio n s h ip , some o f these enzymes  
were assayed in  lam bs n u rs in g  ewes fed  
va rious fo rm s  o f s u lfu r  w ith  h ig h  and low  
se len ium  ra tio n s . In  a d d itio n  to the  enzyme  
assays, b lood g lucose, la c ta te  and cho les­
te ro l were m easured to de te rm ine  w he the r  
these com ponen ts were in flu en ced  by the  
s u lfu r  sources c r  b y  W M D . A  p re lim in a ry  
re po rt o f some o f th is  w o rk  has been p re ­
sented.4

M E T H O D S

The  sheep used in  these stud ies were  
s im ila r  to  and m a in ta in e d  lik e  those in  
p rev io u s ly  repo rted  expe rim en ts  (6 , 1 8 ).  
The ewes o f t r ia l 1 were d iv ided  in to  fo u r  
lo ts  w ith  12 e w e s /lo t in  lo ts  1 and 2, and  
24 e w e s /lo t in  lo ts  3 and 4. Those in  lo ts  
1 and 2 were fed  1816 g h ig h  se len ium  
(0 .2 3  p p m ) a lfa lfa  hay p lus  100 g g round  
oats (0 .01  p pm  se le n ium ) d a ily  pe r ewe. * 1
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Those in  lo ts  3 and 4 were fe d  1816 g low  
se len ium  (0 .01  p p m ) a lfa lfa  hay  p lus  
100 g g round  oats (0 .01  p pm  se le n ium )  
d a ily  pe r ewe. Po tass ium  su lfa te  was m ixed  
w ith  the  g round  oats g iven  to those ewes 
o f lo ts  2 and 4 a t a le ve l ca lcu la ted  to be 
1.0%  o f the to ta l ra tio n .

T he  ewes o f t r ia l 2 were d iv ided  in to  five  
lo ts  (1 5  e w e s / lo t) , and  a ll o f th em  were  
fe d  1816 g low  se len ium  a lfa lfa  hay  (0 .01  
p p m ) and  100 g oats d a ily  pe r ewe. L o t 1 
was in je c te d  w ith  5 m g  se len ium  as sele­
n ite  1 m on th  be fo re  ca lcu la ted  p a rtu r it io n .  
L o t 2 d id  n o t receive any supp lem en t, b u t 
lo ts  3 and 4 were fed  g round  oats co n ta in ­
in g  1.0% K 2S 04 o r 0 .5%  D L-m eth ion ine  
ca lcu la ted  on the basis o f the  to ta l ra tio n . 
Some ewes fro m  lo ts  1 and 2 o f t r ia l 1 
were selected fo r  lo t 5, and  were fed  the  
same ra t io n  as those o f lo t 2. These ewes, 
w h ic h  had  been fe d  the h ig h  se len ium  hay  
the p rev ious year, w ere used to de te rm ine  
w he th e r the p rev ious se len ium  s ta tus o f  
an a n im a l w o u ld  in flu en ce  the  inc idence  
o f W M D  in  the o ffs p r in g , and th is  was re­
fe rre d  to as the  “ ca rryove r”  lo t. The  sup­
p lem en ta tio n  was sta rted  100 days be fo re  
es tim a ted  p a r tu r it io n  and  con tin ued  fo r  
about 80 days a fte r.

B lood was taken  f ro m  the ewes be fo re  
the  m o rn in g  feed ing  abou t 4 weeks be fo re  
and a fte r  p a r tu r it io n  fo r  enzyme assays 
and se len ium -75  up ta ke  by  red b lood cells. 
B lood was taken fro m  the  lam bs fo r  chem ­
ic a l ana lys is  and enzym e assays a t 2 weeks  
and w hen  th e y  were k il le d  fo r  necropsy a t 
6 weeks o f age. A ll lam bs were we ighed a t

b ir th , a t 2 weeks, and te rm in a lly  a t 6 
weeks o f age. B locks o f tissue were ro u ­
tin e ly  selected, processed, and exam ined  
h is to lo g ica lly  as p re v io u s ly  described by  
M u th  e t a l. ( 1 8 ) .

B.ed b lood ce ll se len ium -75  up take  as de­
scribed by W esw ig  e t al. ( 1 9 )  and  p lasm a  
GOT 5 were de te rm ined  on b lood ta ken  in  
bo th  tr ia ls . In  a dd itio n , in  t r ia l 2, p lasm a  
LD H  and M D H , and b lood g lucose, la c ­
ta te and cho les te ro l were de te rm ined  on  
the b lood fro m  bo th  ewes and lam bs. L D H  
and M D H  6 were de te rm ined  by the m e th ­
ods o f W rob lew sk i and  LaD ue (2 0 )  and  
Siegel and B in g  ( 2 1 ) ,  respective ly . B lood  
glucose (2 2 )  and la c ta te  ( 2 3 )  were de te r­
m ine d  on a p ro te in -free  filt ra te . P lasm a  
cho les te ro l was de te rm ined  by the  m e thod  
o f Pearson e t a l. ( 2 4 ) .  S e len ium  concen­
tra t io n  was de te rm ined  on a ll feeds and  
s u lfu r  sources ( 2 5 ) .  The  s u lfu r  sources  
con ta ined  neg lig ib le  am oun ts o f se len ium . 
The a lfa lfa  hays used in  b o th  tr ia ls  were  
shown by  ana lys is  to co n ta in  a pp rox im a te ­
ly  0 .39%  to ta l s u lfu r  ( 6 ) .

D a ta  were sub jec ted to  ana lys is  o f v a r i­
ance and co rre la tio n  coe ffic ien t ca lcu la ­
tions  ( 2 6 ) .

R E S U L T S

Su lfa te  d id  n o t re su lt in  e levated leve ls  
o f p lasm a GOT (ta b le  1 ) . The re  were no  
d iffe rences between the  leve ls o f  p lasm a

5 C olorim etric determ ination  o f  g lu tam ic-oxa lacetic 
and  g lu tam ic-pyru vic transam inases at 505 m/i. S igm a 
C hem ical C om pany, St. L ou is, T ech . Bull. no. 505, 
1964.

6 A lthou gh  this assay is  not com p lete ly  specific fo r  
M DH , it w ill be designated as such  fo r  con ven ien ce .

TABLE 1
Plasm a GOT leve ls  o f 2- and 6 -w eek-old  lam bs n u rsin g  ew es  fe d  h igh  or low  selen iu m  

a lfa lfa  h a y, w ith  and  w ith ou t added  su lfa te  (trial 1)

D iet A verage R ange 200 U /m l p lasm a

2 weeks 6 weeks 2 weeks 6 weeks 2 weeks 6 weeks

units 1 per ml units :1 per ml % %
High selenium alfalfa 104 71 79-152 18-124 0 0

High selenium alfalfa
plus sulfate 99 94 67-138 20-193 0 0

L o w  selenium alfalfa 121 385 2 69-345 36-2060 4.0 35.0

L o w  selenium alfalfa
plus sulfate 127 406 2 69-375 66-1970 6.0 25.0

1 Sigm a un it as defined (2 0 ) .
2 S ign ificantly  h igher (P  <  0 .0 5 ) than h igh  selen ium  a lfa lfa  lots.
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GOT between the  lo ts  a t 2 weeks o f age; 
a t 6 weeks o f age, however, the re  was a 
s ig n if ic a n t d iffe rence  (P  <  0 .0 5 ) between  
the  lo ts  fe d  h ig h  se len ium  a lfa lfa  and those  
fe d  lo w  se len ium  a lfa lfa . W ith  the  da ta  
f ro m  a ll the  lo ts  com b ined , ana lys is  o f  
va riance  revea led th a t those lam bs w ith  
W M D  had  s ig n if ic a n t ly  h ig h e r (P  <  0 .0 5 )  
p lasm a GOT leve ls th a n  those w ith o u t  
W M D . A lth o u g h  n o t show n in  th is  tab le , 
the re  were no  d iffe rences be tween p lasm a  
GOT o f ewes fe d  the  va rious  d iets. E le ­
va ted  GOT leve ls o f W M D  lam bs are in  
agreem ent w ith  o the r repo rts  (8 -1 0 , 1 2 -
15 ).

T he  up ta ke  o f  se len ium -75  by  red  b lood  
ce lls fro m  lo w  se len ium  ewes was s ig n if i­
c a n tly  g rea te r ( P < 0 . 0 1 )  th a n  th a t o f  
ewes fe d  h ig h  se len ium  hays ( ta b le  2 ) .  
W ith  bo th  h ig h  and  lo w  se len ium  hays, 
su lfa te  appeared to  s lig h t ly  suppress sele­
n iu m  up ta ke  by m a te rn a l red  b lood cells. 
The re  was a s ig n if ic a n t d iffe rence  ( P <  
0 .0 5 ) in  the up ta ke  o f se len ium  by red  
b lood ce lls fro m  2-week-o ld lam bs fe d  h ig h  
and lo w  se len ium . T h is  d iffe rence  d isap­

peared a t 6 weeks o f age. T he  up take  o f  
se len ium -75  by red  b lood ce lls fro m  2- 
week-o ld  lam bs  w ith  W M D  was s ig n if i­
c a n tly  g rea te r (P  <  0 .0 5 ) th a n  fro m  2- 
week-o ld lam bs w ith o u t W M D . T h is  d if fe r ­
ence o n ly  approached s ign ificance , h ow ­
ever, w hen  the  lam bs were 6 weeks o ld. 
Thus , i t  appears se len ium  up take  by red  
b lood ce lls m ay  be m o re  in d ic a t iv e  o f a 
p o te n tia l W M D  lam b  a t 2 weeks o f age 
th a n  w hen  the  lam b  becomes 6 weeks o f  
age. These resu lts  are in  ag reem en t w ith  
o th e r repo rts , in d ic a t in g  the re  is  a re la ­
tio n sh ip  be tween the  se len ium  sta tus o f  
the  a n im a l and up take  o f  se len ium  by  red  
b lood ce lls  (1 9 , 27, 2 8 ) .

S u lfa te  d id  n o t increase the  in c idence  
o f W M D  (ta b le  3 ) ,  and the re  appeared to 
be l i t t le  d iffe rence  in  the  n um be r o f lam bs  
w h ic h  d ied  be fo re  6 weeks o f age be tween  
the  tre a tm en t groups. S u lfa te  in  the  low  
se len ium  ra t io n  appeared to reduce the  in ­
c idence o f W M D  s lig h t ly . These da ta  are 
in co n s is te n t w ith  p rev ious repo rts  (3 , 5,
6 )  and p rom p ted  the  second t r ia l d is­
cussed nex t.

TA BL E 2
Percentage 75Se-selenite uptake by red blood cells (RBC) from 2- and 6 -week-old lambs, 

and from ewes about 1  month before parturition (trial 1 )

RB C  uptake

Diet Lamb
Ewe

2 weeks 6 weeks

High selenium alfalfa 1.7 ± 0 . 4 “ 3.0 ±0.4 1.5±0.5 c

High selenium alfalfa plus sulfate 2.5 ±0.3 “ 2.3 ±0.3 1.3 ±0.45 c

L o w  selenium alfalfa 4.2 ±  0.2 b 4.0±0.7 8.1 ±  1.3 d

L o w  selenium alfalfa plus sulfate 3.9 ±0.8» 4.5± 0.7 6.6±3.0d

a and b are significantly different at 5 %  
« and d are significantly different at 1%

level.
level.

TA BL E 3
Incidence of white muscle disease of lambs nursing ewes fed high and low 

alfalfa, with and without sulfate (trial 1 )
selenium

Lambs dying
Incidence 
of W M D  iDiet At

birth
Before Before 
2 weeks 6 weeks

High selenium alfalfa (16) 2
High selenium alfalfa plus sulfate (17)
L o w  selenium alfalfa (33)
L o w  selenium alfalfa plus sulfate (26)

%
0
0
0
11

% % 
18 25 
23 23 
7 21 

27 38

%
0
0

45
31

1 Histological examination of semitendinosus muscle.
2 Number in parentheses indicates number of lambs used.
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In  t r ia l 2, the re  were no s ig n if ic a n t d i f ­
fe rences between lo ts  in  p lasm a LD H , 
M D H  o r GOT, o r b lood glucose o r la c ta te  
leve ls  o f ewe b lood taken  e ith e r 1 m o n th  
be fo re  o r a fte r  p a r tu r it io n . G lucose and  
la c ta te  have p re v io u s ly  been shown to be 
e levated in  s u lfu r-d e fic ie n t sheep ( 2 9 ) .  Se­
le n ium -de fic ie n t sheep appear to  d if fe r  
f ro m  su lfu r-d e fic ie n t sheep in  these re ­
spects. The re  were no s ig n if ic a n t d if fe r ­
ences be tween the  lo ts  in  up take  o f sele- 
n ium -75  by red  b lood ce lls fro m  e ith e r the  
ewes o r lam bs. F u rth e rm o re , the re  was no  
s ig n if ic a n t co rre la tio n  o f se len ium -75  up ­
take by red b lood ce lls and W M D  o f lam bs  
in  th is  tr ia l.  A t f irs t, th is  appeared to be 
in  c o n tra d ic t io n  w ith  t r ia l 1. The  ewes o f  
t r ia l 1, however, were fe d  0 .23 and 0.01  
ppm  se len ium  hays, whereas those o f  
t r ia l 2 were fed  0.01 ppm  se len ium  hays  
w ith  the  c o n tro l g roup  g e ttin g  an in je c ­
t io n  o f 5 m g  se len ite  1 m o n th  be fo re  la m b ­
in g . The  a llo tte d  d a ily  am oun t o f 1816 g 
h a y /d a y  fo r  the ewes o f t r ia l 1 p rov ided  a 
se len ium  in ta ke  o f abou t 0 .4  m g . O ver a 
pe riod  o f  abou t 180 days, the app rox im a te  
le n g th  o f o u r tr ia ls , th is  w o u ld  be about 
15 tim es as m u ch  se len ium  as the  co n tro l 
ewes rece ived in  t r ia l 2. T he re fo re , a d i f ­
fe rence in  red  b lood ce ll up take  o f sele­
n iu m  is  appa ren t o n ly  w hen  ewes d if fe r  
w id e ly  in  th e ir  se len ium  status. Conse­
quen tly , enzyme leve ls and  se len ium -75  
up take  by red  b lood ce lls in d ic a te  the re  is  
s t i l l  no  re lia b le  m e thod  to  de te rm ine  
w he th e r a ewe w i l l  p roduce a W M D  lam b . 
T he  up take  o f se len ium -75  by red  b lood  
ce lls , how ever, m a y  be used to de te rm ine

the se len ium  sta tus o f  an  a n im a l; th is  
sta tus cou ld  in d ica te  the p ro b a b ility  o f  
ewes p rodu c in g  W M D  lam bs.

The re  were no d iffe rences in  se rum  cho­
le s te ro l o f  2- o r 6-week-old lam bs fro m  the  
va rious  tre a tm en t g roups; a ll g roups ave r­
aged abou t 140 m g /100 m l b lood. P oukka  
( 3 0 )  repo rted  an increase o f fre e  cho les­
te ro l in  degenera ted areas o f ske le ta l m u s ­
cle fro m  calves w ith  w h ite  m usc le  disease. 
A ssum ing  the  same is  tru e  fo r  lam bs w ith  
W M D , i t  is  a ppa ren tly  n o t re flec ted  by an  
increase o f se rum  cho les te ro l.

The re  was a s ig n if ic a n t increase (P  <  
0 .0 5 ) in  p lasm a GOT o f the  nonsupp le - 
m en ted  2-week-lambs over those o f the  
o the r groups ( ta b le  4 ) .  A t 6 weeks o f age, 
however, the  GOT leve ls d id  n o t d if fe r  s ig ­
n if ic a n t ly  f ro m  those o f the  lam bs fro m  
the  su lfa te  and m e th io n in e  lo ts , b u t was  
s ig n if ic a n t ly  h ig h e r (P  <  0 .0 5 ) th a n  th a t  
o f lam bs fro m  the  in je c te d  lo t. T he  p lasm a  
GOT leve ls o f the  ca rryove r lo t w ere abou t 
h a lf  those o f the  nonsupp lem en ted , su l­
fa te  o r m e th io n in e  lo ts . In  t r ia l 1, there  
was no d iffe rence  between the  GOT leve ls  
o f lam bs fro m  h ig h  and lo w  se len ium  
trea tm en ts  a t 2 weeks, w h ic h  is in co n s is t­
e n t w ith  the  resu lts  o f t r ia l 2. T h is  in c o n ­
s is tency m ay be due to the  ewes be ing  
m ore com p le te ly  deple ted o f th e ir  sele­
n iu m  reserves in  th is  la t te r  tr ia l.

T he  M D H  and L D H  leve ls fo llow ed  the  
same tre n d  as the  GOT leve ls ( ta b le  5 ) .  
O n ly  in  the  nonsupp lem en ted  lo t was the re  
a s ig n if ic a n t increase o f M D H  and L D H  
leve ls ove r those o f the  in je c te d  lo t a t 2 
weeks o f age. H owever, a t 6 weeks o f age

TABLE 4
Plasm a g lu ta m ic-oxa la ce tic  tra nsa m ina se levels o f  2- and 6 -w eek-old  lam bs nursing ew es  

fed  low  selen iu m  a lfa lfa  h ay p lu s selen iu m  in je c t io n , su lfa te  
or m eth ion in e  ad m in istration  (trial 2 )

__________________ fiasma___________________ Lambs with over
Ewe treatment Average Range 200 U/ml plasma

2 weeks 6 weeks 2 weeks 6 weeks 2 weeks 6 weeks

units 1 per ml units 1 per ml % %
Injected selenium 88 0 104 d 73-116 86-139 0 0
N o  supplement 616» 903 • 66-4400 82-4000 30 60
Sulfate supplement 193 • 1287 e 88-5760 f 169-2820 33 80
Methionine supplement 141 « 1303 e 71-1010 97-6520 25 78
N o  supplement (carryover) 141 • 595 90-410 95-1560 7 53

1 Sigma unit as defined (20).
and c are significantly different (P <  0.05). 

d and e are significantly different (P <  0.05). 
f One lamb had a value of 5760 and the next highest was 1640.
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TABLE 5

Plasma lactic and malic dehydrogenases of 2 -  and 6 -week-old lamhs nursing ewes fed low selenium 
alfalfa plus selenium injection, sulfate or methionine administration (trial 2 )

Plasma T_______________________________________________________ Lambs with over
Ewe treatment Enzyme Average

2 weeks 6 weeks

Range

2 weeks 6 weeks

2000 U/ml plasma 

2 weeks 6 weeks

units 1 per ml units 1 per ml % %
Injected selenium L D H 889 b t—» o CD CO 690-1190 750-1500 0 0

M D H 333 » 503 h 250-380 310-630 0 0

N o  supplement L D H 4450 c 9274 ‘ 690-16850 250-34500 27 74
M D H 2204 ■> 1683 1 250-11250 400-5950 20 27

Sulfate
supplement L D H 1841 b 4904 e 1000-6120 1130-10000 18 83

M D H 810 » 2477 1 250-3150 810-5650 6 41
Methionine

supplement L D H 1441 b 5673 * 810-5650 940-20000 8 79
M D H 698 c 3474 1 250-3880 440-8150 4 37

N o  supplement
(carryover) L D H 1313 b 3875 750-2310 750-12100 7 64

M D H 511 e 1465 310-1130 630-3150 0 29

1 One unit is defined as that amount of enzyme which results in an OD change of 0.001/minute (21, 22). 
b and c are significantly different (P <  0.05). 
d and 6 are significantly different (P <  0.05). 
e and s are significantly different (P <  0.05). 
h and 1 are significantly different (P <  0.05).

the leve ls o f these enzymes in  a ll lo ts  were  
s ig n if ic a n t ly  g rea te r (P  <  0 .0 5 ) th a n  the  
in je c te d  lo t. The  leve ls o f these p lasm a  
enzymes were cons ide rab ly  low e r in  the  
ca rryove r lo t th a n  the nonsupp lem en ted , 
su lfa te  o r m e th io n in e  lo ts.

The re  was no  d iffe rence  in  the  b lood  
glucose o r la c ta te  leve ls o f the va rious  
tre a tm en t lo ts  ( ta b le  6 ) .  As expected, the
6-week glucose leve ls w ere s ig n if ic a n t ly  
low e r th an  the  2-week levels. The  la c ta te  
leve ls d id  n o t fo llo w  the  same tre n d ; the  
leve ls o f these tw o  com ponen ts are gener­
a lly  co rre la ted  in  ru m in a n ts .

The re  was a 70 to 81%  inc idence  o f 
W M D  in  the  nonsupp lem en ted , su lfa te  o r 
m e th ion in e  lo ts  ( ta b le  7 ) ,  and  app ro x i­
m a te ly  h a lf  th is  in  the  ca rryove r lo t. The  
in c idence  o f W M D  in  th is  ca rryove r lo t 
was ve ry  s im ila r  to  the  le ve l observed in  
t r ia l 1, w h ic h  m ig h t suggest th a t the  ewes 
o f t r ia l 1 w ere n o t as com p le te ly  depleted  
o f th e ir  se len ium  storage as those o f t r ia l
2. N one o f the lam bs fro m  the  ca rryove r 
lo t had  gross les ions in  the  h ea rt, whereas  
12 and 1 6% , respec tive ly , o f the  lam bs in  
the  nonsupp lem en ted  o r m e th ion in e -sup ­
p lem en ted  lo ts  had  lesions. O ver h a lf  the  
lam bs fro m  the  su lfa te  g roup  had  lesions

in  the  hea rt. The  reason fo r  th is  h ig h  in c i­
dence is  u n kn o w n  and is be ing  fu r th e r  in ­
vestiga ted . M ore  re cen t stud ies, however, 
in d ica te  th a t se len ium  w i l l  p reven t th is  
con d it io n , b u t the  m echan ism  o f th is  in ­
te ra c tio n  is likew ise  un know n .

P lasm a GOT leve ls fro m  2-week-o ld  
lam bs were s ig n if ic a n t ly  co rre la ted  w ith  
the 2-week leve ls o f L D H  and M D H  in  a ll 
lo ts . A t 6 weeks o f age p lasm a GOT leve ls  
were co rre la ted  w ith  p lasm a L D H  in  a ll 
except the nonsupp lem en ted  lo t, and w ith  
M D H  in  a ll excep t the  m e th ion ine -supp le ­
m en ted  lo t. W hen  da ta  fro m  a ll lo ts  were  
ana lyzed toge the r, the 6-week va lues fo r  
p lasm a GOT were s ig n if ic a n t ly  co rre la ted  
(r  =  0 .5 7 ) w ith  M D H , b u t n o t w ith  LD H . 
O n ly  in  the su lfa te -supp lem en ted  group  
was the re  a co rre la tio n  (r  =  0 .5 4 ) between  
m usc le  damage de te rm ined  h is to lo g ica lly  
and p lasm a GOT. The re  was a co rre la tio n , 
however, be tween p lasm a GOT leve ls and  
hea rt les ions in  d ie  su lfa te  ( r  =  0 .7 7 ) and  
m e th io n in e  ( r  =  0 .5 5 ) lo ts .

O n ly  in  the  su lfa te  groups was the re  a 
co rre la tio n  between p lasm a L D H  leve ls  
and the  degree o f h e a rt damage ( r  =  0 .54). 
The leve ls o f L D H  were co rre la ted  ( r  =  
0 .7 2 ) w ith  m usc le  damage on ly  in  the me-
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TA BL E 6
B lood  g lu cose  and lacta te from  2- and  6-w eek -old  lam bs n u rsin g  ew es  fed  low  selen iu m  a lfa lfa  

h ay p lu s selen iu m  in jec tio n , su lfa te  or m e th ion in e  ad m in istration  (trial 2)

Ewe treatment
Glucose 1 Lactate 1

2 weeks 6 weeks 2 weeks 6 weeks

Injected selenium 1 1 7± 7 2 78 ±  6 3 18.5±3.5 22.4 ±1.8
N o  supplement 109 ± 9 68 ± 3 25.0 ±  1.7 24.8±3.1
Sulfate supplement 1 0 0 ± 4 82 ±  3 23.3 ±  1.7 21.4 ±2.9
Methionine supplement 101 ± 8 73 ± 3 24.2 ±2.5 27.2± 3.5
N o  supplement (carryover) 107 ±  6 74 ± 3 23.9 ±2.5 30.6 ±2.8

1 Milligrams per 100 ml blood.
2 SE.
3 Six-week glucose values are significantly lower than 2-week values (P <  0.05).

TABLE 7
In cid en ce  o f  w h ite  m u scle  d isease o f  lam bs n u rsin g  ew es  fed  low  selen iu m  a lfa lfa  hay  

plus selen iu m  in je c tio n , su lfa te  o r  m e th ion in e  ad m in istra tion  (trial 2)

Lambs dying Histological lesions

Ewe treatment At
birth

Before 
2 weeks

Before 
6 weeks Heart

Muscle 
( semi- 

tendinosus)

% % % % %
Injected selenium (20) 1 0 10 10 0 0
N o  supplement (22) 0 9 9 12 81
Sulfate (22) 0 21 30 65 70
Methionine (27) 0 11 11 16 74
N o  supplement (carryover) (20) 15 25 25 0 35

1 Number in parentheses indicates number of lambs.

th ion ine -supp lem en ted  lo t. P lasm a M D H  
was co rre la ted  w ith  m usc le  damage in  the  
m e th io n in e  ( r  =  0 .5 3 ) , ca rryove r ( r  =  
0 .7 5 ) and nonsupp lem en ted  ( r  =  0 .5 0 )  
lo ts , b u t was n o t co rre la ted  w ith  th is  m y ­
opa thy  in  lam bs fe d  the  su lfa te  supp le ­
m en t. W hen  the  da ta  fro m  a ll lo ts  were  
com b ined , the re  was a co rre la tio n  o f M D H  
and m usc le  damage. T hus , i t  is  e v iden t 
th a t d ie ta ry  trea tm en ts  have an e ffe c t on  
these p lasm a enzymes, and fu r th e r  th a t 
p recau tio n a ry  measures m ig h t u se fu lly  be 
taken  to eva lua te  p o te n tia l W M D  on the  
basis o f p lasm a GOT, L D H  and M D H  
levels.

A na lys is  o f va riance  was ca lcu la ted  w ith  
the data com b ined  fro m  a ll lo ts  com pa ring  
GOT, M D H  and L D H  leve ls in  lam bs w ith  
hea rt and m usc le  les ions aga ins t those  
w ith o u t these lesions. The  GOT and  
M D H  leve ls o f lam bs w ith  h e a rt les ions  
were s ig n if ic a n t ly  (P <  0 .01 ) g rea te r th a n  
those w ith o u t h e a rt lesions. T h is  d if fe r ­
ence w ith  L D H  was s ig n if ic a n t o n ly  a t the  
5 %  leve l. Lam bs w ith  m usc le  damage had  
a s ig n if ic a n t ly  h ig h e r p lasm a  M D H  (P  <  
0 .0 1 ) and GOT (P  <  0 .0 5 ) th an  n o rm a l

lam bs, b u t L D H  was n o t s ig n if ic a n t ly  d i f ­
fe re n t be tween lam bs w ith  m usc le  damage  
and those w ith o u t th is  m yopa thy . T h is  
m ay suggest th a t o the r tissues are dam ­
aged in  W M D  in  a d d itio n  to the  sem iten- 
d inosus m usc le . F o r exam p le , the  k id ney  
has re cen tly  been im p lic a te d  in  connec tion  
w ith  W M D  (1 5 ) .  P lasm a M D H  leve ls ap­
pear to be the  m ost sens itive  in d ica to rs  o f 
m usc le  damage, fo llow ed  by  GOT leve ls , 
w ith  L D H  leve ls be ing  the  least in d ic a t iv e  
o f m u scu la r degenera tion  am ong the c r i­
te r ia  s tud ied.

The re  were no s ig n if ic a n t d iffe rences be­
tween the  ra te  o f ga in  in  lam bs fro m  any  
o f the tre a tm en t groups o r fro m  those w ith  
degenera tive  les ions as com pared w ith  
those w ith o u t lesions. B ir th  w e ig h t and  
subsequent w e ig h t ga ins fo r  s ing le  lam bs  
were s ig n if ic a n t ly  g rea te r (P  <  0 .0 1 ) th a n  
fo r  tw in  lam bs, and the p lasm a GOT leve ls  
in  2-week-o ld and the  M D H  leve ls in  6- 
week-o ld tw in s  were s ig n if ic a n t ly  h ig h e r  
(P  <  0 .0 5 ) th a n  in  the  s ing le  lam bs. The  
type o f b ir th  (s in g le  o r tw in )  d id  n o t a f­
fe c t the  inc idence  o f W M D , b u t i f  one tw in  
became a ffec ted  w ith  W M D , the  o the r
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tw in  had  a g rea te r chance (P  <  0 .0 5 ) o f  
also be ing  a ffec ted  th a n  an un re la te d  lam b  
w ith in  the  same tre a tm en t g roup . The  la s t 
observa tion  has been repo rted  p rev ious ly
( 3 ) .

DI SC US SI ON

The a d d it io n  o f va rious  s u lfu r  com ­
pounds d id  n o t a lte r the in c idence  o f W M D  
in  these tr ia ls . T h is  is in  ag reem ent w ith  
Boyazog lu  e t a l. ( 3 1 )  w ho  fo u n d  no e v i­
dence th a t d ie ta ry  su lfa te  in  ra tio n s  fe d  to  
ewes d u r in g  la te  p regnancy co n tr ib u te d  to  
W M D  in  lam bs. Based on the  enzyme da ta  
(G O T , L D H  and  M D H ; tab les 4 and  5 ) ,  
the s u lfu r  sources appeared on ly  to delay  
the  onset o f W M D . P a radox ica lly , s u lfu r  
d id  n o t p reven t the bene fic ia l e ffects o f 
se len ium  in  fo rages n o r d id  i t  increase the  
in c idence  o f W M D . M oreover, A lla w a y  and  
Hodgson ( 3 2 )  were unab le  to dem onstra te  
a cons is ten t e ffe c t o f increased s u lfu r  con ­
te n t o f fo rages in  c o n tr ib u t in g  to se len ium  
de fic iency in  live s to ck , and  suggested ad­
d it io n a l s tud ies were necessary to dem on­
s tra te  the  e ffe c t o f ind igenous s u lfu r  on  
the b io lo g ica l e ffic iency  o f se len ium  in  fo r ­
ages. O the r w o rk  b y  M a th ia s  e t al. ( 3 3 )  
in d ic a te d  th a t se len ium  fro m  se lenite , low  
s u lfu r  a lfa lfa , and h ig h  s u lfu r  a lfa lfa  
tended to be o f s im ila r  va lue  fo r  p reven ­
t io n  o f l iv e r  necros is in  ra ts  and in  p ro ­
m o tin g  g row th  o f ra ts  and ch icks . The  se­
le n iu m  in  the  h ig h  s u lfu r  a lfa lfa , however, 
was about 25%  less e ffe c tive  th a n  se len i­
um  fro m  the o the r sources fo r  p re ven tio n  
o f exuda tive  d ia thes is  in  ch icks .

M u th  e t a l. ( 5 )  and H in tz  and Hogue
( 3 )  in d ic a te d  th a t N a 2S 04 g iven w ith  
N a 2Se03 decreased the  e ffectiveness o f se­
le n ium . Sod ium  su lfa te  appeared to in ­
crease the  c lin ic a l in c idence  o f W M D , b u t 
cys tine  and m e th io n in e  a d m in is tra tio n  had  
no s ig n if ic a n t e ffec ts ( 3 ) .  T hu s , i t  appears  
th a t in o rg a n ic  s u lfu r  m ay a lte r the  m e tab ­
o lism  o f in o rg a n ic  se len ium  m ore  th a n  
o rgan ic  s u lfu r . T h is  concept is supported  
by w o rk  fro m  ou r la bo ra to ry  7 w h ic h  in d i­
cated th a t the s u lfu r  analogues are m ore  
in h ib ito ry  to  se len ium  up take  by  rum en  
m ic roo rgan ism s th a n  o the r fo rm s  o f su l­
fu r .  The  a dd itio n  o f N a 2SO, to d iets has  
been shown to reduce the  to x ic ity  o f h ig h  
leve ls o f selenate fo r  ra ts  m ore  th a n  i f  the  
e lem en t was supp lied  as se len ite  o r as

w hea t-con ta in in g  se len ium  ( 2 ) .  The  w o rk  
o f G an the r and B aum ann  ( 1 )  w ith  ra ts  in ­
d ica ted  th a t su lfa te  was m u ch  less e ffec­
tive  in  a lte r in g  the d is tr ib u t io n  o r excre ­
t io n  o f se len ite  th a n  selenate. T h e ir  da ta  
appear to subs tan tia te  the idea o f a g rea t­
e r a lte ra t io n  o f se len ium  m e tabo lism  by  
s u lfu r  analogues th a n  o the r fo rm s  o f su l­
fu r .  T h is  suggests th a t w hen  one considers  
in te rfe re n ce  o f s u lfu r  w ith  se len ium  m e ­
tabo lism , he m us t designate the fo rm s  o f 
se len ium  and s u lfu r  used to co rre c tly  in ­
te rp re t the  resu lts .

The  se len ium  in  a lfa lfa  hay  in  th is  
s tudy was p robab ly  o rg a n ica lly  bound . 
Reason ing a long these line s , su lfa te  added  
to the  ra t io n  w ou ld  n o t be expected to in ­
crease the  in c idence  o f W M D  because i t  
was no t p resen t as the se len ium  analogue. 
S im ila r ly , m e th io n in e  was poss ib ly  n o t an ­
tagon is tic  because the  se len ium  in  a lfa lfa  
was bound  in  some o the r fo rm  th a n  sele­
nom e th io n ine . A lte rn a tiv e ly , m e th io n in e  
m ay be in e ffe c tiv e  in  a lte r in g  the  m e tabo ­
lism  o f se lenom e th ion ine  bound  in  p ro ­
te in . T h is  appears to be the m ost lo g ica l 
in te rp re ta t io n  o f these resu lts .

The  in c idence  o f W M D  was repo rted  
f ro m  o u r S ta tio n  to be m ore  p re va le n t in  
lam bs whose dams were fed  hay  g row n  on  
fie lds fe r t i l iz e d  w ith  gypsum  th a n  those  
lam bs whose dams were fe d  hay  fro m  
fie lds w ith o u t gypsum  a pp lica tio n  ( 6 ) .  
The conc lus ion  was th a t s u lfu r  in te rfe re d  
w ith  the ac tion  o f se len ium  and increased  
the in c idence  o f W M D . F rom  such an ex­
p e rim en t, i t  w ou ld  be d if f ic u lt  to  de te rm ine  
w he th e r the an tagon ism  o f s u lfu r  and se­
le n iu m  was in  the  forages o r the  an im a ls .

T he  resu lts  fro m  lo t 5 ( t r ia l  2 )  in d i­
cated th a t the re  can be a s ig n if ic a n t ca rry ­
over e ffe c t o f se len ium . A lth o u g h  the in c i­
dence o f W M D  and the p lasm a  enzyme  
leve ls were h ig h e r th a n  in  the  in je c te d  
group , these va riab les were app ro x im a te ly  
50%  low e r th a n  in  the de fic ie n t lo ts . The  
se len ium  status o f an a n im a l has been  
shown to s ig n if ic a n tly  in flu en ce  the m e ­
tabo lism  o f adm in is te red  se len ium -75  (34). 
The lo w  inc idence  o f W M D  in  t r ia l 1 cou ld  
be due to  a n im a ls  w h ic h  were n o t depleted  
o f th e ir  se len ium  reserves. T he  la c k  o f  
response in  a n im a ls  to se len ium  a dm in is ­

7 Whanger, P. D., O. H. Muth, J. E. Oldfield and 
P. H. Weswig, unpublished observations.
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t ra t io n  repo rted  in  the  lite ra tu re  is m ost 
p robab ly  due to e xpe rim en ts  w ith  an im a ls  
n o t depleted o f th is  e lem en t. O u r w o rk  
w ith  ra ts  suggests th a t trace  am oun ts  o f  
se len ium  are re ta in ed  tenac ious ly , and  
th a t i t  takes tw o  genera tions to deplete  
the a n im a l’s se len ium  storage.8 The re fo re , 
i t  is  o f p a ram oun t im po rta n ce  to know  
the  se len ium  sta tus o f a n im a ls  be fo re  ex­
pe rim en ts  are pe rfo rm ed  and conc lus ions  
d raw n .

I t  is  debatable w he th e r se len ium  is an  
essentia l e lem en t. C e rta in ly  u n de r the con­
d itio n s  o f o u r expe rim en ts , one w o u ld  con ­
s ide r th is  e lem en t to be essen tia l. I t  m u s t 
be adm itte d , however, th a t a de fic iency o f  
se len ium  pe r se m ay  n o t be the sole fa c ­
to r responsib le  fo r  W M D  (1 5 ) .  A lth o u g h  
we have n o t observed i t  cons is ten tly , H a r t ­
ley and G ran t ( 3 5 )  repo rted  th a t se len ium  
a d m in is tra tio n  resu lts  in  fa s te r w e ig h t 
ga ins o f lam bs. O the r w o rk  suggesting se­
le n iu m  to be essen tia l is th a t by T h om p ­
son and Scott ( 3 6 )  w ith  ch icks  9 and qua il, 
and by Scott e t a l. ( 3 7 )  w ith  young  pou lts . 
Recen tly  fo u n d  se len ium  responses n o t re ­
la ted  to v ita m in  E  in  second genera tion- 
deple ted ra ts  fro m  o u r la bo ra to ry  fu r th e r  
suggest an essen tia l ro le  fo r  se len ium .10

W ith  a ll th is  evidence fo r  se len ium  be­
in g  essen tia l, the m o le cu la r ro le  fo r  th is  
e lem en t is s t i l l  obscure. S e len ium  com ­
pounds have been advocated by Tappe l and  
C a ldw e ll ( 3 8 )  to fu n c t io n  as b io lo g ica l an ­
tio x id a n ts . S chwarz ( 3 9 )  and B u ll and  
O ld fie ld  (40), on the o the r h and , fo u n d  ev i­
dence fo r  a d ire c t in vo lv em en t o f se len ium  
in  the  o x id a tive  processes o f the  tr ic a r ­
b o xy lic  ac id  cycle . O the r w o rk  b y  Pende ll 
et a l.11 and by  M cCoy and W esw ig  12 sug­
gests the  in vo lv em en t o f se len ium  in  long -  
cha in  fa t ty  ac id  m e tabo lism . O n ly  fu r th e r  
expe rim en ta tio n  w i l l  e luc ida te  the  exact 
m e tabo lic  ro le (s )  fo r  se len ium .
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Aging, Nutrition and Hepatic Enzyme 
Activity Patterns in the R a t '

M O R R I S  H. R O S S
The Institute for Cancer Research, Fox Chase, Philadelphia, Pennsylvania

ABSTRACT A  correlation between life expectancy of the rat and the levels of 
hepatic enzyme activity has been established. W h e n  the age-associated enzyme activity 
patterns were modified by dietary means, there were corresponding modifications in 
life span. This study of lifetime duration entailed approximately 1000 male rats 
divided into five dietary groups; the dietary variables were limited to the intake of 
protein, carbohydrate and calories. The hepatic enzymes investigated were ATPase, 
alkaline phosphatase, histidase and catalase, and the activities were determined at 
seven age periods ranging from 21 to 1000 days of age. The activities were expressed 
on the following bases; per unit weight (fresh, dry and fat-free), per unit nitrogen, 
per organ and per cell. F r om the cellular and enzymological data it was found pos­
sible to determine h o w  m u c h  of the change in total enzyme activity, from one age to 
another, was directly attributable to change in number of hepatocytes and in volume 
of the hepatocytes. For each of the enzymes studied, the activity levels were found 
to vary with the age of the rat and with the diet fed. Similarly, the volume of the 
individual hepatocyte and the total number of hepatocytes also varied throughout the 
life of the rat and both were significantly influenced by the dietary regimen imposed.
W h e n  parameters other than age were used as a basis of comparison, these discrete 
multiple patterns disappeared. The levels of activity of each of the enzymes, irrespec­
tive of age or diet, formed a single, continuous slope w h e n  related to nitrogen content, 
number of hepatocytes, hepatocytic volume, body weight and caloric intake. The 
progressive changes with age in the activity level of the organ or of the cell, represent 
an adaptation to the change in requirements of a larger animal or a larger cell.
Rapid growth rates, structural or biochemical, are not commensurate with prolonged 
life span. The dietary regimen which evoked the greatest rate of change with age was 
most detrimental and such rats had the shortest life expectancy. With long-term 
caloric restriction, the levels of any of the biochemical constituents as well as of cell 
and animal size, were more like that of the young rat, and the longest life spans were 
obtained.

D u r in g  ag ing , the a c t iv ity  leve ls o f a 
num be r o f hepa tic  enzymes in  the  ra t had  
been fo u n d  to change ; some increased , 
others decreased ( 1 ) .  These enzymes  
were n o t o n ly  sensitive  to m o d if ic a t io n  in  
the  p ro p o rtio n  and in ta ke  o f the  va rious  in ­
g red ien ts in  the  d ie t a t any age pe riod , b u t  
the  degree o f response to a specific d ie t was  
p red ic tab le  ( 2 - 5 ) .  T hu s , i t  was possib le, 
w ith in  l im its ,  to  evoke a rb it ra r i ly  in  the  
young  o r m a tu re  ra t the  un ique  p a tte rn  o f  
enzym e a c tiv it ie s  cha ra c te ris tic  o f any  
o the r ch ro no lo g ica lly  aged ra t, younge r o r 
o lde r, o r to  reduce the ra te  o f change in  
a c tiv ity  w ith  age. These re la tio n sh ip s  sug­
gested the hypo thes is th a t b io lo g ica l ag ing  
was a m a n ife s ta tio n  o f n a tu ra lly  o ccu rr in g  
changes in  the enzym e a c tiv it ie s , and th a t 
d ie ta ry  reg im ens w h ic h  reduced these ra tes  
o f change w ou ld  reduce the ra te  o f ag ing .

The  increase in  l i fe  span and  the  re du c ­
t io n  in  degenera tive  disease in c idence  re ­
s u lt in g  fro m  lo ng -te rm  ca lo ric  re s tr ic t io n  
( 6 - 8 )  w o u ld  appear to suppo rt the n u t r i ­
t io n a l aspects o f th is  concept.

A  fu r th e r  s tudy o f l i fe t im e  d u ra tio n  was  
unde rta ken  to de te rm ine  w ith in  the  same 
p o pu la tio n  o f a n im a ls  the  re la tio n sh ip  be­
tw een the  n u tr it io n a lly  m od ifia b le  enzyme  
a c tiv ity  ra te  p a tte rn  and the  ag ing  p roc ­
esses. M o r ta lity  and age-associated o rgan ic  
disease r is k  pa tte rn s  were considered to  
a ffo rd  su itab le  c r ite r ia  fo r  assessing the  
ra te  o f ag ing  o f a p opu la tio n . T hey  were  
bo th  fo u n d  to be g rea tly  in flu en ced  by the  
ca lo ric  in ta ke  o f the  ra t and by  the  ra t io  * 1

Received for publication July 10, 1968.
1 Supported by Public Health Service Grants nos. 

HD-00086 and HD-00490 from the National Institute of 
Child Health and H u m a n  Development, and CA-06927 
and FR-05539 from the National Cancer Institute.

J. N u t r it io n , 97; 563-602. 5 6 5



5 6 6 M O RRIS H. ROSS

and in ta ke  o f the p ro te in  and ca rbohyd ra te  
com ponen ts o f the d ie t ( 9 - 1 2 ) .  In  sup­
p o rt o f the  hypo thes is , the  leve ls and ra tes  
o f change in  the  a c tiv it ie s  o f the  several 
hepa tic  enzymes w h ic h  have been s tud ied  
and repo rted  upon on ly  in  p a r t (8 , 1 1 ) co r­
re la ted  w ith  the l i fe  expec tancy o f the  
d iffe re n t d ie ta ry  groups o f ra ts . S im ila r ly , 
Fanes til and B arrow s ( 1 3 ) ,  em p lo y in g  the  
r o t i fe r  as a test o rgan ism , repo rted  th a t a 
change in  l i fe  span th ro u g h  d ie ta ry  re s tr ic ­
t io n  was associated w ith  a tem po ra l d is ­
p lacem en t o f the p a tte rn  o f dehydrogenase  
a c tiv ity  o f the to ta l a n im a l.

In  a d d itio n , the co n com ita n t c e llu la r  
stud ies m ade on the  liv e rs  o f the same ra ts  
used fo r  the  b iochem ica l s tud ies, revealed  
th a t the  n um be r o f p a ren ch ym a l ce lls in  
a stated vo lum e  o f tissue also va ried  w ith  
the age o f the ra t and was in flu en ced  by  
the am oun t and type o f d ie t consumed. 
Th is , th en , ra ised  the  ques tion : were the  
progressive changes w ith  age in  the  en ­
zyme a c tiv ity  leve ls , in  re a lity , a ttr ib u ta b le  
to the changes in  the  n um be r, size o r type  
o f ce lls com p ris in g  the mass o f tissue?

In  th is  paper, the  da ta  fo r  fo u r  enzymes, 
adenosine tr iphospha tase , a lka lin e  phos­
phatase, h is tidase and cata lase, are ex­
pressed on a num be r o f bases in c lu d in g  
th a t o f the  ce ll. Such in fo rm a tio n  a llow s  
a m ore  com prehens ive  e va lu a tio n  o f the  
age-re la ted changes in  enzyme ac tiv it ie s , 
th e ir  m od if ic a t io n  by d ie ta ry  m eans and  
the pe rtin ence  o f th e ir  re la tio n sh ip s  to the  
age-specific diseases and m o r ta lity  pa tte rns  
fo r  the same p o pu la tio n  o f ra ts . The  b io ­
chem ica l e n tit ie s  have been co rre la ted  also 
w ith  body and o rgan  w e ig h t and w ith  size 
and num be r o f cells d u r in g  g row th , m a tu ­
ra t io n  and  senescent phases o f life .

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

T h e rat. The  e n v iro n m en ta l cond itions  
and care o f the ra ts , a pp ro x im a te ly  1000  
o f the Charles R ive r SD s tra in , have been  
described e a rlie r ( 9 ) .  O n ly  m a le  ra ts  were  
used and they  were 21 days o ld  w hen  the  
in ves tiga tion s  were begun. A t th is  tim e  
they were we ighed and d iv ided  a t random  
in to  five  d ie ta ry  groups. Each ra t was  
housed in d iv id u a lly  and a ll were kep t in  
one la rge  room  th ro u g h o u t th e ir  life t im e .  
The n um be r o f ra ts  b e g in n in g  the  s tudy  
in  each o f the  groups, te rm ed con tro l, A ,

TABLE 1
C om position  o f  pu rified  diets

Diet A Diet B Diet C Diet D

% % % %
Casein 1 30.0 50.85 8.0 21.62

Sucrose 61.0 33.90 83.0 54.05

Corn oil2 5.0 8.47 5.0 13.52

Salt mixture
(USP 12) 4.0 6.78 4.0 10.81

Vitamins and trace elements 3

1 Vitamin-free Test Casein, 89% protein nitrogen.
2 Mazóla Oil, Corn Products Company, N e w  York.
3 Vitamin and trace element content of diets ad­

justed to afford identical allotments each day to each 
rat (see ref. 9). Note: Choline allotments were in­
creased at 640 days of age from 10 mg/rat per day to 
25 mg.

B, C and D , were 210, 210, 120, 210 and  
195, respective ly . D u r in g  the  m ore  th a n  
1600 days th a t they rem a ined  unde r ob­
se rva tion  no o the r ra ts  were p e rm itte d  in to  
these quarte rs .

D ietary regim en . Rats o f fo u r  o f the  
five  groups were m a in ta in e d  on re s tr ic te d  
in ta kes  o f the  p u r if ie d  diets. T he  ra ts  o f  
the re m a in in g  g roup were m a in ta in e d  on  
a com m erc ia l ra t io n  2 ad lib itu m , and th e ir  
consum p tion  o f food  was de te rm ined  d a ily  
th ro u g h o u t life .

The  d a ily  am oun ts o f the p u r if ie d  d iets 3 
a llo tte d  d iffe re d  acco rd ing  to the d ie t fed  
and to the age o f the ra t. The  com pos ition  
o f the d ie t ( tab le  1 ) and re g im en  o f a llo t­
m e n t were designed to a ffo rd  d iffe rences  
o n ly  in  in ta ke  o f the ca rbohyd ra te  com ­
ponen t (su c ro se ), the  p ro te in  com ponen t 
(c a se in ) and o f to ta l ca lo ries. The  fo u r  
reg im ens w ith  rega rd  to in ta ke  o f p ro te in  
and o f ca rbohyd ra te  can be cha rac te rized  
as fo llo w s : g roup  A , in ta kes  h ig h  in  p ro ­
te in  and h ig h  in  ca rbohyd ra te ; g roup B, 
in ta kes  h ig h  in  p ro te in  and lo w  in  ca rbo ­
h yd ra te ; g roup C, in ta kes  low  in  p ro te in  
and h ig h  in  ca rbohyd ra te ; and group D , 
in ta ke s  lo w  in  p ro te in  and lo w  in  ca rbohy­
dra te .

2 Purina Laboratory Chow, Ralston Purina Company, 
St. Louis, Mo.
3 The author acknowledges with gratitude the gen­

erosity of the following organizations for their dona­
tions of ingredients used in the diets: sugar from the 
Sugar Research Foundation, N e w  York, N. Y.; Mazola 
Oil from the Corn Products Company, N e w  York, 
N. Y.; vitamins from Hoffmann-LaRoche Inc., Nutley, 
N. J.; Lederle Laboratories (Division, American Cy- 
anamid Company), Princeton, N. J.; Merck Institute 
for Therapeutic Research, West Point, Pa.; and 
Mead Johnson and Company, Evansville, Ind.
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The p ro te in  in ta ke s  by the  ra ts  in  groups  
A  and B were s im ila r  b u t the  in ta kes  o f 
ca rbohyd ra te  d iffe red . The  in takes  o f p ro ­
te in  by ra ts  in  groups C and D  were also 
id e n tic a l to each o the r though  sm a lle r in  
am oun t th a n  by ra ts  in  the  fo rm e r tw o  
groups; the  ca rbohyd ra te  in ta ke  o f these  
tw o  groups also d iffe red . T he  ca rbohyd ra te  
in takes o f groups B and  D were s im ila r ;  
the  ca lo ric  in ta ke s  o f groups A  and C were  
id e n tic a l. Rats o f g roup  D had  the lowest 
ca lo ric  in ta ke .

The  am oun t o f the  p u r if ie d  d ie t o ffe red  
to  each ra t was increased in  in c rem en ts  
o f 0.1 g fro m  4 .9 , 2 .9 , 4 .9 and 1.8 g on  
day 21 in  d ie ta ry  groups A , B, C and D , 
respective ly , to  a m a x im u m  a t 685 days o f 
age o f 14.3, 8 .5 , 14.3 and 5.3 g ( 8 ) .  The  
m a x im u m  leve ls o f a llo tm e n t were then  
m a in ta in e d  u n t i l  death . E xcep t w hen  a 
ra t became m o rib u n d , the d a ily  a llo tm en t 
o f the  p u r if ie d  d ie t was com p le te ly  con ­
sumed. The  case in and ca lo ric  in ta kes  a t 
the d if fe re n t age pe riods, w hen  m em bers  
o f each d ie ta ry  g roup  were k ille d , are p re ­
sented in  tab le  2.

A ssa ys . T he  a c tiv it ie s  o f hepa tic  
ATPase, a lk a lin e  phosphatase , h is tidase  
and cata lase, and  the co n cen tra tio n  o f 
hepa tic  n itro g e n  and  to ta l lip id s  as w e ll as 
m o is tu re  con ten t, w ere de te rm ined  a t 
seven age pe riods : 21, 121, 221, 385, 621, 
795 and  995 days. Assay va lues fo r  the  
21-day-o ld ra ts  fe d  the  com m erc ia l d ie t 
p rov ided  com m on base va lues fo r  each o f  
the d ie ta ry  groups. Enzym e a c tiv ity  leve ls  
are expressed on the  basis o f fre sh  w e igh t, 
d ry  w e igh t, fa t- fre e , pe r u n it  n itro g e n , per 
organ and pe r hepatocyte .

A t each pe riod  a m in im u m  o f 10 ra ts  
was chosen a t ra ndom  fro m  each o f the  
groups and k il le d  fo r  assays o f the above 
and fo r  cy to lo g ica l and h is to lo g ica l stud ies. 
E xcep t fo r  the  21-day-o ld  ra ts , n o t a ll as­
says fo r  a ll ra ts  cou ld  be pe rfo rm ed  in  1 
day. The  assays, the re fo re , w h ic h  were  
m ade in  dup lica te , w ere ca rr ie d  ou t each 
day fo r  10 days (s ta r t in g  5 days p r io r  to 
the age chosen) on a t least one ra t fro m  
each o f the  d ie ta ry  groups. The  sequence  
in  w h ic h  ra ts  o f d if fe re n t groups were  
k ille d  was ro ta ted  each day to assure equ iv ­
a len t cond ition s . Due to the  sm a ll am oun t 
o f l iv e r  ava ilab le  fro m  the 21 -day-o ld  ra ts  
and fro m  121-day-old ra ts  fed  d ie t D , tw ice  
the n um be r had' to  be k il le d  a t each o f 
these tim es to supp ly  su ff ic ie n t m a te r ia l 
fo r  the  va rious  procedures. Because there  
were too few  su rv ivo rs  in  th a t g roup  o f ra ts  
fe d  the com m erc ia l d ie t, as they  ap­
p roached 1000 days o f age, to  w a rra n t  
th e ir  k i l l in g ,  the ra ts  o f th is  g roup  were  
kep t to p rov ide  nonb io chem ica l da ta ; i.e ., 
age-specific disease and  m o r ta lity  ra tes.

The  ra ts  w ere w e ighed and k il le d  by  
decap ita tion . The  e n tire  liv e r  was q u ic k ly  
rem oved, b lo tte d  and we ighed . A  specimen  
at least 7 to 8 m m  in  one d im ens io n  fro m  
the  le f t  la te ra l lobe was fixe d  in  B o u in ’s 
so lu tio n  fo r  subsequent h is to lo g ica l p roc ­
essing. A no the r, o f k n ow n  w e igh t, a p p ro x i­
m a te ly  1 g, a d ja cen t to the  fo rm e r, was 
hom ogenized w ith o u t de lay in  co ld , d is ­
t i l le d  w a te r fo r  30 seconds in  a b lende r.4 
O n e -m ill i l i te r  a liq u o t samples, a fte r  d i lu ­
t io n  w ith  phosphate b u ffe r  1 :2 0 , w ere im ­
m ed ia te ly  em ployed fo r  catalase a c t iv ity

4 Waring Blendor, Waring Products, Inc., Winsted, 
Conn.

TA BL E 2
C asein  and  ca loric  a llo tm en ts  o f  pu rified  d iets a t tim e o f  killing

Dietary group

Age A B C D

Casein Calories Casein Calories Casein Calories Casein Calories

days
21

9
1.47 20.0

9
1.47 12.0

9
0.39 20.0

9
0.39 7.6

121 3.06 41.7 3.06 24.9 0.82 41.7 0.82 16.1
221 3.30 45.0 3.30 27.0 0.88 45.0 0.88 17.4
385 4.05 55.2 4.05 33.2 1.08 55.2 1.08 21.2
621 4.20 57.3 4.20 34.4 1.12 5Y3 1.12 22.0
795 4.29 58.5 4.29 34.9 1.14 58.5 1.14 22.5
995 4.29 58.5 4.29 34.9 1.14 58.5 1.14 22.5
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de te rm ina tio n s  by an  io d im e tr ic  m e thod
( 1 4 ) ;  K , o r a c t iv ity  cons tan t va lues were  
com pu ted  fro m  the changes in  the  ra te  o f  
a c tiv ity  w ith  t im e  (ze ro , 3, 6, 9 and 12 
m in u te s ) o f in c u b a tio n  a t 0°

P ortions o f the  u n d ilu te d  homogenates  
were also used in  the  d e te rm in a tio n  o f 
ATPase a c tiv ity  a t p H  8.4 (15), fo r  a lka lin e  
phosphatase a c tiv ity  w ith  /3-glycerolphos- 
pha te  as the  substra te  a t pH  9.1 (16, 17) 
and  fo r  n itro g e n  con te n t (1 8 ) . T he  ATPase  
and a lka lin e  phosphatase a c tiv ity  de te r­
m in a tio n s  were made 1.5 and 2 hours , 
respec tive ly , a fte r  the an im a ls  were k il le d ;  
in  the  in te r im  the  homogenates were stored  
a t 4 °.

A no th e r specim en o f liv e r  o f kn ow n  
w e igh t, a p p ro x im a te ly  2 g, w h ic h  had  been  
hom ogenized in  100 m l 1 /4 5  M  phosphate  
b u ffe r , p H  8 .0 , supp lied  the  m a te r ia l fo r  
the  d e te rm in a tio n  o f h is tidase  a c tiv ity  (1 9 )  
and o f l ip id  con ten t. The  lip id s  were ex­
tra c te d  fro m  30 -m l samples o f the  hom og­
enates w h ic h  had  been p re c ip ita te d  w ith  
ho t, absolu te , e th y l a lcoho l. A fte r  c e n tr ifu ­
g a tion  and th ree  a d d it io n a l e x tra c tio n s  w ith  
h o t a lcoho l, the superna tes were taken  to  
dryness. T he  re m a in in g  p re c ip ita te  was  
th en  e x trac ted  fo u r  tim es w ith  h o t e the r; 
these supernates were added to the  res idue  
fro m  the a lcoho l e x tra c tio n s  and also taken  
to  dryness. The  res idue was then  reex­
tra c ted  w ith  h o t p e tro leum  e ther. The  ex­
tra c ts  w ere filte re d  th ro ug h  co tton  in to  
ta red  con ta ine rs  and d ried . The  am oun t o f  
ex tra c ted  lip id s  was de te rm ined  by g ra v i­
m e tr ic  m ethods.

M o is tu re  con ten t was de te rm ined  on an ­
o the r p o rt io n  o f liv e r ; the  samples o f  
know n  w e igh t, a p p ro x im a te ly  1 g, were  
d ried  a t 60° to cons tan t w e igh t.

H istom etric determ ination  o f  n u m b er  o f  
h ep a tocytes and its rationale. I t  was  
lea rned  th a t the  n um be r and d im ens iona l 
cha rac te ris tic s  o f m ononuc lea ted  and b inu -  
c leated hepatocytes and th e ir  n u c le i were  
in flu en ced  by the  d ie t fed  and the age 
o f the ra t. M oreover, w hen  segments o f  
l iv e r  lobu les were exam ined  in  dep th  by  
pho to -re cons truc tio n  techn iques o f se ria l 
sections, b inuc lea ted  ce lls w ere fo u n d  to  
accoun t fo r  a cons iderab le  p ro p o rtio n  (u p  
to  42%  ) o f the  l iv e r  pa renchym a . These  
va riab les p rec luded  q u a n tita t iv e  de te rm ina ­
tio n  o f the num be rs and types o f hepa to ­

cytes in  a u n it  vo lum e  o f liv e r , e ith e r fro m  
counts o f iso la ted  n u c le i in  suspension or 
f ro m  the  assay va lues fo r  any b iochem ica l 
cons titu e n t. F o r the  same reason, d ire c t 
coun ts  o f the n u c le i in  sectioned tissues 
alone w o u ld  be m is lead in g  un less exces­
s ive ly  th ic k  sections are em ployed . D a ta  
ob ta inab le  fro m  th in  sections o f liv e r , h ow ­
ever, can be used to derive accu ra te  and  
ve rifia b le  in fo rm a tio n  as to the  num be r  
and type o f hepatocytes in  a g iven  vo lum e  
o r w e ig h t o f tissue.

The  essen tia l fe a tu re  o f the m e thod  to  
be described is  the d e te rm in a tio n  o f the  
p ro b a b ility  va lues th a t a ce ll in  th in  sec­
t io n  w i l l  o r w i l l  n o t con ta in  n u c le a r m a te ­
r ia l. These va lues can be com pu ted  since  
the d ispos ition  o f the  hepatocytes to a sec­
tio ned  su rface  in  a liv e r  lobu le  is random  
and, thus , any section w i l l  co n ta in  a ra n ­
dom  aggrega tion  o f ce ll faces. In a sm uch  
as an in f in ite  n um be r o f slices o f a ce ll are 
possib le , a cu t made ta ngen t to a ce ll has 
the  same p ro b a b ility  as th a t m ade th ro ugh  
any o th e r p lane  o f the  ce ll. T h a t a m ono ­
nuc lea ted  hepa tocy te  in  section  does o r  
does n o t c o n ta in  n u c lea r m a te r ia l depends 
upon  the  size and shape o f the  ce ll, the  
size and shape o f its  nuc leus and the  
th ickness o f  the  section . F o r the  b in u ­
c lea ted hepa tocyte , the  p ro b a b ility  va lue  
th a t the  ce ll in  section con ta ins  p o rtio n s  
o f one o r tw o  n u c le i o r none a t a ll w i l l ,  in  
add itio n , be in flu en ced  b y  the  d is tr ib u t io n  
o f the  tw o  n u c le i in  space, one to  the o the r. 
The m ethods fo r  com pu tin g  the five  p rob ­
a b il i ty  va lues have been developed fo r  us  
by W . F. G. Sw ann and L . de B ranges.

S im ila r  approaches to the  so lu tio n  o f  
th is  p rob lem  have been made ( 2 0 -2 5 ) .  
W hen  app lied  to l iv e r  these e a rlie r m e th ­
ods, however, had  to be m od ifie d  because  
the w id e  v a r ia t io n  had  been overlooked in
1 ) bo th  the size o f the hepa tic  n u c le i and  
the hepatocytes, and 2 )  the chang in g  p ro ­
p o rt io n  o f the m ononuc lea ted  to the b in u ­
c lea ted ce lls th a t are fo u n d  to o ccu r d u r­
in g  ag ing. F u rth e rm o re , co rrec tions were  
n o t in tro d u ced  fo r  tissue sh rinkage  d u r in g  
h is to lo g ica l process ing o r fo r  the  am oun t 
o f n o npa ren ch ym a l mass presen t.

Probability exp ression s: (A ) The  “ m ono ­
nuc lea ted ”  hepa tocyte . The  hepa tocy te  has  
been considered to be a h ig h ly  ir re g u la r  
14-sided so lid  w ith  va r ia tio n s  be tween 10
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to  18 sides ( 2 6 - 2 8 ) ,  b u t fo r  purposes o f  
p ro b a b ility  d e te rm in a tio n s , the  shape o f 
the  m ononuc lea ted  ce ll m a y  be as­
sumed to have a sphe rica l, topo log ica l 
co n fig u ra tio n  in  space. F u rth e rm o re , since  
the nuc leus approaches the  shape o f a 
sphere it ,  too , is assumed fo r  these ca lcu la ­
tions to have a sphe rica l shape. Because  
the re la tio n sh ip  be tween the  m ononu ­
cleated ce ll and its  nuc leus  is  the same in  
tw o  d im ens ions as i t  is  in  th ree , w h e th e r  
the nuc leus  and ce ll are con cen tr ic  o r no t, 
the p ro b a b ility  o f observ ing  the  nuc leus in  
th in  section (P im )  is :

P m i  ==

W here

2r +  T
2R +  T

r =  M e a n  radius of mononucleated nucleus 
R  =  m e a n  radius of mononucleated cell 
T  =  thickness of tissue

( B )  The  b inuc lea ted  hepatocyte . The  
b inuc lea ted  ce ll appeared, on the  basis o f  
the observa tions m ade o f the  “ pho to -recon­
s tru c t io n ”  o f se ria l sections, to  be a lm ost 
in v a r ia b ly  e longa ted a lth ough  hepatocytes  
app roach ing  the  shape o f “ spheres”  and  
ob la te “ sphero ids”  w ere encoun te red . The  
idea lized  fo rm  was assumed to be best 
cha rac te rized  as a p ro la te  sphero id  w ith  
the  lo ng  ax is  pass ing  th ro ug h  the  centers  
o f bo th  n u c le i; ce lls were also observed in  
w h ic h  the  sho rt ax is passed th ro ugh  the  
cen te r o f the  nu c le i. B y ass ign ing  va rious  
geom e tric  fo rm s  in  w h ic h  the  le n g th  was  
lo nge r th a n  the  tw o  o th e r d im ens ions , f u r ­
th e r re fin em en t o f the assumed shape o f  
the ce ll beyond an e llip so id  co n tr ib u te d  
on ly  n e g lig ib ly  to the  exp ress ion fo r  the  
p ro b a b ility  o f in te rs e c tin g  the  nu c le i. To  
com pute  the  vo lum e  o f the  b inuc lea ted  
ce ll, how ever, i t  was p ra c t ic a l to  de fine the  
shape o f the in d iv id u a l ce ll a cco rd ing  to  
the  d ispos ition  o f its  n u c le i, as a p ro la te  
sphero id , an ob la te  sphero id  o r a sphere.

T he  express ion o f the p ro b ab ilit ie s  re ­
la t in g  to a th ree -d im ens iona l system  was  
ob ta ined  b y  cons ide ring  equa l areas on the  
su rface  o f a sphere in  w h ic h  the  system  
is  located. I f  tw o  o f the th ree  d im ens ions  
are id e n tic a l as in  a so lid  o f re vo lu tio n , 
the  sphere m ay  be reduced  to a c irc le  and  
necessary w e ig h t in g  to in c lu d e  a ll th ree  
d im ens ions accom p lished  by  approp ria te  
segm en ta tion  o f the  c irc le . F o r each seg­
m en t, the  le n g th  o f the ce ll th ro ug h  w h ich

a nuc leus o r n u c le i are in c lu d ed  in  a sec­
tio n , is re la ted  to the  to ta l le n g th  th ro ug h  
w h ic h  the ce ll is in te rsec ted  to g ive ra tio s  
rep resen ting  the  p ro b a b ility  o f in c lu d in g  
in  a s lice one nuc leus o r tw o . In te g ra t in g  
the express ion fo r  the le n g th  o f these seg­
m en ts  y ie lded  the  fo llo w in g  genera l p rob ­
a b il i ty  s ta tem en ts :

T he  p ro b a b ility  o f  obse rv ing  one n u ­
c leus o n ly  in  a sectioned b inuc lea ted  hepa­
tocyte (P b i) :

W here
D  =  1/2 m e a n  distance between centers of n u ­

clei in microns
y>/ 3V =  m e a n  computed radius, in microns, 

of a sphere having a volume equal 
to the empirically determined vol­
u m e  (V) of the cell

V  =  ~  ttC 3L W 2 6

47r

V  =  —  ttC 3L 3 (when W  =  L) 
6

W here

w

=  axis of rotation; length in microns of 
the individual binucleated cell measured 
through the centers of the two nuclei 

=  length in microns of individual binucle­
ated cell perpendicular to L 

=  magnification factor

The  p ro b a b ility  o f observ ing  tw o  n u c le i 
o f a b inuc lea ted  hepatocyte  (P b 2) :

2r2 —  D  +  T
Pb2 =  ■

4 7T
+  T

W here
i 2 is the m e a n  nuclear radius of the binucle­
ated cell.

V e r if ic a tio n  o f the expressions g iven here  
fo r  the p ro b a b ility  th a t a nuc leus  o f a 
m ononuc lea ted  ce ll is  seen and  fo r  the  
p ro b a b ility  th a t in  the  b inuc lea ted  ce ll, 
tw o  n u c le i, one, o r none a t a ll are seen, 
was ob ta ined  by e m p ir ic a lly  id e n t ify in g  in  
depth  th ro ug h  se ria l re con s tru c tio n s  the  
num be r and type o f hepatocytes in  4-p 
th ic k  sections. A t least 30 sections were  
em ployed fo r  each o f the re cons truc tion s . 
The com pu ted  p ro b a b ility  va lues were in  
close agreem ent w ith  those ob ta ined  em ­
p ir ic a lly ;  the  de v ia tion  was in  the o rde r 
o f 1% .
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I n  a d d itio n  to the p ro b a b ility  va lues, the  
da ta  re qu ired  to es tim a te  the n um be r o f 
hepatocytes and th e ir  type cons is t o f the  
fo l lo w in g : d ire c t m ic roscop ic  coun ts , in  
s itu , o f hepa to cy tic  n u c le i; the  p ro p o rtio n  
o f hepa tocytes a c tu a lly  observed as b inu -  
c lea ted  ce lls ; the  m easurab le  cha rac te r­
is tic s  o f the b inuc lea ted  hepatocytes and  
o f the p resum ed m ononuc lea ted  hepa to ­
cytes and th e ir  respective  n u c le i; the  
w e ig h t and vo lum e  o f the l iv e r ; the  p ro ­
p o rt io n  o f the  liv e r  n o t occup ied by hepa to ­
cytes and the  changes in  the liv e r  due to  
h is to lo g ica l processing.

The  n um be r and type o f hepatocytes  
were  com puted as fo llo w s :

(S) (H) (K)
“  (B) (V) +  (1-B) (Y)

W here
N  =  total number of hepatocytes in liver 
S =  1.00 —  (fraction of liver volume not oc 

cupied by hepatocytes)
H  =  liver weight in grams

(sp gr in g//i3) (shrinkage factor)

W here
sp gr in g/fi3 =  1.10 X  10~12 
Shrinkage factor (fresh to fixed) =  1.22

B  = (PbO
X  100

( P m i )

1—

( 2 Ìvpm‘/
(Pbi)

(Pb2)(Pm:a]
W here

B  =  actual percent binucleated hepatocytes 
G  =  m e a n  binucleated cell count (observed) 
A  =  m e a n  nuclear count (observed)

V  =  m e an volume of binucleated cell
Y  (mean volume of mononucleated cell)

W here
fci =  cross sectional area (^2)

A nd , the re fo re ,
n um be r o f h epa to cy te s /g  liv e r  = -2 L

H istological techn iqu e. T he  specimens  
o f  liv e r  co llec ted each day were hand led  
th ro u g h o u t the f ix a t io n  and dehyd ra tio n  
process as a u n it .  A  com pos ite  p a ra ff in  
b lo ck  was p repa red  c o n ta in in g  a p o rt io n  
o f  liv e r  fro m  a ra t in  each o f the  d ie ta ry

groups; a piece fro m  a 21-day-o ld ra t was  
in c lud ed  to be used as a s tanda rd  o f “ age”  
re fe rence .

A ll sections were cu t a t 4 a; a sing le  
stroke o f the m ic ro tom e  k n ife  assured th a t 
a ll o f the specimens in  a section were o f 
equa l th ickness and, thus , o f u n ifo rm  vo l­
um e pe r u n it  area exam ined . T he  sec­
tions to be used fo r  n u c le a r and ce ll coun ts  
were sta ined w ith  h em a to x y lin -a n ilin e  ye l­
low  and a n ilin e  b lue ; o the r sections w h ic h  
were to be used fo r  the  d e te rm in a tio n  o f 
the  d im ens iona l cha rac te ris tics  o f the  hep ­
atocytes were s ta ined  w ith  a te tra ch rom e  
s ta in  ( 2 9 )  w h ic h  adequate ly de linea ted  
“ ce ll m em branes .”

Cell and nuclear counts. E ve ry  hépa to ­
cyte w h ic h  con ta ined  a recogn izab le  n u ­
cleus was coun ted  and c lass ified  accord­
in g  to type ; i.e ., p resum ed m ononuc lea ted  
hepatocytes and  b inuc lea ted  hepatocytes. 
The coun ts  were m ade unde r h ig h -d ry  
m a gn if ic a t io n ; fie ld  size, 150 by 150 a, 
was de fined by an o cu la r re tic le . N on -  
hepa tocy tic  ce lls exc lus ive  o f b lood cells  
were also counted. O f the nonhepa tocy tic  
ce lls , the fib rob las ts  o n ly  were no ted  as to  
type.

The  f ir s t fie ld  o f each section  was chosen  
at ra ndom  regard less o f its  o r ie n ta tio n  
w ith in  the  lo bu le ; successive ly ad jacen t 
fie lds were th en  coun ted  p rov ided  they in ­
c luded  less th a n  a pp ro x im a te ly  15%  o f  
nonhepa to cy tic  m a te r ia l. The coun ts  m ade  
on any one section thus  represen ted a sam ­
p lin g  o f ce lls w ith in  a n um be r o f lobu les  
and o f ra ndom  p lanes w ith in  the  lobu les. 
In i t ia l ly ,  the  coun ts were made on 50 
f ie ld s /spe c im en . A f te r  s ta t is tic a l tre a t­
m en t o f these da ta  in d ica ted  th a t s ig n if i­
ca n t va lues cou ld  be ob ta ined  fro m  as few  
as 15 fie lds , a ll re m a in in g  coun ts  were  
made on 25 fie lds (re p re sen tin g  in  excess 
o f 1000 hepa to cy tic  n u c le i) .

Cell and nuclear dim en sion s. ( A )  The  
“m ononuc lea ted ” hepa tocyte . A l l  m easure­
m ents were made in d ire c t ly  f ro m  p ro je c ­
tions  o f p ho tog raph ic  negatives. A t least 
30 ra n d o m ly  chosen fie lds o f each te tra -  
ch rom e-s ta ined  section were pho tog raphed  
on 35 m m  h igh -con tra s t f i lm  th ro u g h  a 
W ra tte n  G f ilte r . A  h ig h -d ry  p iano  (40 X)  
ob jec tive  was used. The  f ilm s  were devel­
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oped in  D e k to l5 u nde r cond itio n s  w h ic h  
w ou ld  fu r th e r  increase the  co n tra s t o f the  
ce llu la r  and nu c lea r ou tlines .

A n  enclosed, f ir s t su rface , s ilve red  m ir ro r  
p ro je c tio n  system  p e rm itte d  d is to rtio n le ss  
en la rgem en t o f the e n tire  nega tive  on to  
the back o f a th in , frosted-g lass p la te . The  
ove ra ll m a g n if ic a t io n  was 3000 X . A  m in i­
m u m  o f 250 ce lls w h ic h  appeared to have  
been cu t th ro u g h  the cen te r o f th e ir  n u c le i 
was used. T he  cross-sectiona l o u tlin e s  o f  
the im ages o f each o f these ce lls and o f 
th e ir  n u c le i were traced  on paper, c u t ou t 
and w e ighed in d iv id u a lly . Changes in  
paper w e ig h t o f a w e ig h t area s tanda rd  
re su lt in g  fro m  changes in  re la tive  h u m id ity  
were also de te rm ined  a t the  tim e  o f the  
w e ig h in g  o f the  “ cu t-ou ts .”

( B )  T he  b inuc lea ted  hepatocyte . A ll  
m easurem ents o f the  b inuc lea ted  ce ll were  
ob ta ined  d ire c t ly  fro m  the same te tra -  
ch rom e-s ta ined  sections used above. The  
h ig h -d ry  p iano  ob jec tive  was used in  con ­
ju n c t io n  w ith  a F ila r  m ic rom e te r eye piece. 
O n ly  those ce lls were m easured w h ic h  
appeared to have been cu t th ro ug h  the  
po la r axis. The  le n g th  o f the lo ng  and  
sho rt axes, d iam e te rs  o f b o th  n u c le i and  
the  in tra n u c le a r d is tances were measured  
fo r  each o f 50 cells.

V olu m e chan ges o f  tissu es during histo­
logical processin g . The  vo lum e  o f sm a ll 
samples o f fre sh  l iv e r  o f k n ow n  w e igh t, 
a p p ro x im a te ly  0.2 g, was de te rm ined  by  
em p lo y in g  a custom -m ade , w id e -m ou th  
pycnom ete r w ith  a capac ity  o f 1.3 m l. F rom  
these da ta  the  specific g ra v ity  o f the  tissues  
was also de te rm ined . T o  avo id  loss o f fra g ­
m ents o f liv e r , each specim en was then  
encased in  a ho llow , th in -w a lle d , p las tic -  
fo am  cham be r fo r  f ix a t io n  in  B ou in ’s f lu id  
and fo r  h is to lo g ica l process ing. A f te r  p a r­
a ffin  im p re g n a tio n , d e pa ra ffin a tio n  and h y ­
d ra t io n , the sam ple was rem oved fro m  the  
fo am  cham be r and its  vo lum e  and w e ig h t 
de te rm ined  aga in . The  percentage changes  
in  vo lum e  and specific g ra v ity  were then  
com puted .

C o n firm a tio n  o f these va lues was ob­
ta ined  by a p la n im e tr ic  m e th od : pho to ­
graphs were m ade o f the cu t face  o f the  
tissue p r io r  to  f ix a t io n  and o f the same 
face a fte r  the  tissues had  been processed, 
sectioned and  sta ined. P la n im e tr ic  de te r­
m in a tio n s  o f the  areas fro m  en la rgem en ts

o f the  pho tog raphs were th e n  made and  
the change in  area com puted .

N on p a ren ch ym a l vo lu m e. The  p r in c i­
p le  o f ra ndom  h its  was app lied  in  e s tim a t­
in g  fo r  each specim en the  vo lum e  o f tissue  
n o t occup ied  by hepatocytes. The  pho to ­
g raph ic  negatives p repared fo r  m easu rin g  
the d im ens io na l cha rac te ris tics  o f the m on-  
onuc lea ted  hepatocytes were also used in  
these de te rm ina tio ns . F if t y  p o in ts  were  
p laced a t ra ndom  on the g round  glass p la te  
o f the p ro je c tio n  appa ra tus , and  on ly  those  
po in ts  fa l l in g  ou ts ide  the hepa tocy te  were  
counted. T he  average percentage h its  fro m  
a t least 30 f ra m e s /ra t was taken  as a meas­
u re  o f n o npa ren ch ym a l vo lum e . These v a l­
ues were id e n tic a l to  those ob ta ined  w hen  
the  to ta l p ro je c ted  areas occup ied  by every  
hepa tocy te  in  a fram e  were de te rm ined  
and re la ted  to the to ta l area o f the  fie ld  o f  
p ro je c tio n .

T h ick n ess o f  section . T h ickness o f the  
sections cu t a t a m ic ro tom e  se ttin g  o f 4 a 
was de te rm ined  by the  m e thod  o f M arengo  
( 3 0 ) .  C a lib ra tio n  o f the m ic ro tom e  was  
also m ade a t d iffe re n t pos itions o f the  m i­
cro tom e wedge; the v a r ia t io n  was fo u n d  to  
be w ith in  2 % .

D isease and m ortality rates. M em bers  
o f the  va rious  d ie ta ry  groups p e rm itte d  to  
liv e  o u t th e ir  lives p rov ided  in fo rm a tio n  o f 
disease and m o r ta lity  p a tte rn s , and  the  
lik e . A t t im e  o f k i l l in g  o r n a tu ra l death , 
a th o rough  necropsy was pe rfo rm ed  on  
every ra t and tissues ro u t in e ly  secured fo r  
h is to pa tho lo g ica l e xam in a tio n . In  d e riv in g  
age-specific disease in c idence  and  l i fe  ex­
pec tancy pa tte rn s , ad ju s tm en ts  were made  
fo r  the  changes in  size o f the  p opu la tio n  
at r is k  (9 , 10, 1 2 ). These da ta  w h ic h  had  
been presen ted in  100-day pe riods were re ­
com pu ted  so th a t the age pe riods fo r  these  
a c tu a r ia l va lues co inc ided  w ith  the  tim e  
w hen  the  ra ts  were k il le d  fo r  the  b iochem ­
ic a l assays.

C om putations. T he  la rge  n um be r o f 
m a th em a tic a l convers ions o f ra w  m ensu ra ­
t io n  da ta  o f the in d iv id u a l ce ll and o f th e ir  
use in  subsequent com pu ta tions , the  co lla ­
t io n  and de riva tio ns  fo r  each pa ram e te r fo r  
the in d iv id u a l ra t, regressions ana lys is , 
coe ffic ien ts o f c o rre la tio n  and o the r s ta tis ­
t ic a l tre a tm en ts  (3 1 )  o f the  da ta  classed

5 Eastman Kodak Company, (Distillation Products 
Industries), Rochester, N. Y.
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acco rd ing  to groups o f ra ts , were exped ited  
by the use o f a com pu te r. In  e s tim a tin g  
the le ve l o f enzyme a c tiv ity  on a ce llu la r  
basis, i t  was necessary to cons ider th a t a ll 
the a c t iv ity  was in  the  hepatocytes.

R E S U L T S

1. Influence o f  age and diet on  body  
w eigh t, liver w eig h t and n u m b er  

o f  h epatocytes

The average body and  l iv e r  w e igh ts  at 
t im e  o f k i l l in g  fo r  each o f the five  d ie ta ry  
groups are shown in  tab le  3. T he  rates o f  
increase in  body w e ig h t in  each o f the  
groups were s ig n if ic a n t ly  d iffe re n t. The

body w e ig h t a tta ined , however, was p ro ­
p o rt io n a l to  the ca lo ric  in ta ke  ( f ig . 1 ) . The  
ra te  o f increase w ith  increase in  ca lo ric  
in ta ke  fo r  fo u r  o f the five  groups was  
ne a rly  id e n tic a l b u t th a t o f g roup  C, w h ile  
also lin e a r , was h ighe r.

The  average liv e r  w e ig h t a t any age, 
and regard less o f d ie ta ry  g roup , re la ted  
d ire c t ly  and lin e a r ly  to body w e ig h t; sev­
e ra l va lues fo r  g roup C ra ts , how ever, were  
d isp laced fro m  the  s ing le  p a tte rn  in d ic a ­
tive  o f re la tiv e ly  la rge  liv e rs  fo r  the  w e ig h t 
o f the ra t.

The  in flu en ce  o f age and d ie t on n u m ­
ber o f hepatocytes in  the liv e r  and th e ir  
average vo lum e  are p resen ted in  tab le  4.

TABLE 3
In flu en ce  o f  age and d iet on  liver and bod y  w eig h t

Dietary
group Age No. of 

rats Body wt Liver wt

days 9 9 %
Commercial 21 20 51 ±  1.4 1 1.99 ±  0.07 3.9 ±0.08

121 10 4 1 3 ±  9.9 14.13 ±  0.51 3.4± 0.07
221 10 527 ±15.9 15.31 ±0.59 2.9 ±0.06
385 10 549 ±18.4 15.87 ±  0.75 2.9 ±0.07
621 10 606 ±15.2 19.50 ±1.13 3.2± 0.16
795 10 610±39.4 17.61 ±1.28 2.9 ±  0.12

A 21 2 2 2 2
121 10 226 ±  4.7 6.99±0.21 3.1 ±0.09
221 10 314 ±  4.3 8.87 ±0.20 2.8 ±0.06
385 10 377 ±  6.6 11.17± 0.36 3.0 ±0.08
621 10 420 ±  7.3 11.77 ±  0.38 2.8 ±0.08
795 10 399 ±20.7 10.42 ±0.53 2.6 ±0.08
995 10 383 ±15.6 10.19 ±  0.26 2.7 ±  0.10

B 21 2 2 2 2
121 10 138 ±  1.8 4.02± 0.11 2.9 ±0.07
221 10 17 2± 6.5 4.62± 0.19 2.7 ±  0.12
385 10 228 ±  3.6 5.81 ±  0.18 2.6 ±0.09
621 10 287 ±  4.3 7.09 ±  0.21 2.5 ±0.09
795 10 254 ±12.9 6.22± 0.21 2.5 ±0.11
995 10 258 ±11.2 6.51 ±0.23 2.6 ±0.09

C 21 2 2 2 2
121 10 132 ±  7.5 5.21 ±0.40 4.0 ±  0.21
221 10 203 ±12.3 7.32 ±  0.51 3.6 ±0.20
385 10 300 ±  11.9 7.79 ±0.45 2.6 ±  0.14
621 10 3 2 6 ±  17.7 10.88 ±0.74 3.4 ±0.21
795 10 3 9 0 ±  17.1 10.48 ±0.42 2.7 ±  0.09
995 10 358 ±  15.7 9.72± 0.44 2.7± 0.09

D 21 2 2 2 2
121 20 77 ±  1.3 2.50 ±0.06 3.3 ±  0.07
221 10 114 ±  1.6 3.16 ±0.06 2.8 ±  0.05
385 10 148 ±  2.5 3.90 ±  0.07 2.6 ±  0.05
621 10 162 ±  2.3 4.03 ±0.09 2.5 ±0.05
795 10 151 ±  3.2 4.07 ±0.11 2.7 ±  0.06
995 10 15 0± 3.9 4.24 ±  0.12 2.8 ±  0.10

1 Mean +  s e  of the mean.
2 Values for 21-day-old rats fed the commercial diet provide common base values for each of 

the dietary groups.
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Fig. 1 Correlations between average body weight at time of sacrifice and average daily 
caloric intake. Key to dietary groups: •, commercial laboratory ration; O, high casein-high 
sucrose intake; A> high casein-low sucrose intake; □, low casein-high sucrose intake; A, 
low casein-low sucrose intake.

The  to ta l n um be r o f hepa tocytes increased  
e xp onen tia lly  w ith  in c rea s in g  age; the  ra tes  
o f increase va rie d  acco rd ing  to the  d ie t 
fe d  and were, in  decreasing o rde r, com ­
m e rc ia l, A , C, B and D . Each cu rve , in  
genera l, appeared to p a ra lle l the  age-body 
w e igh t p a tte rn  o f th a t d ie ta ry  g roup u n t i l  
such tim e  w hen  “ senescent body w e ig h t 
loss”  occu rred . W hen  the  to ta l n um be r o f  
hepatocytes in  the  liv e r  was p lo tte d  aga ins t 
body w e igh t, a s ing le , d ire c t and re m a rk ­
ab ly  u n ifo rm  re la tio n sh ip  was ob ta ined  re ­
gardless o f d ie t o r age. A  s ing le  p a tte rn  
was also fo u n d  between ce ll vo lum e  and  
body w e igh t.

A  series o f U -shaped curves was fo u n d  
w hen  the n um be r o f hepatocytes pe r g ram  
o f liv e r  in  each d ie ta ry  g roup was re la ted  
to  age (ta b le  4 ) .  The  n um be r o f ce lls at 
any one tim e  and the tim e  o f reve rsa l in  
trend  d iffe red  acco rd ing  to the  d ie t fed . 
Here, too, the d is t in c t d iffe rences between  
d ie ta ry  groups were lo s t in  th a t a s ing le  
c u rv ilin e a r, inve rse  p a tte rn  was ob ta ined

w hen  the  num be r o f hepa tocytes pe r g ram  
o f liv e r  was re la ted  to body w e igh t.

N o  s ig n if ic a n t d iffe rences w ith  age o r 
between d ie ta ry  groups in  re la tive  n u m ­
ber o f fib rob las ts  were observed.
2. Influ en ce o f age and diet u p on  hepatic  

ivater, fat and n itrogen  con ten t

W a ter. The  w a te r con te n t o f the liv e r  
and the  es tim a ted  w a te r co n te n t o f the  
hepa tocy te  d iffe re d  w ith  the  age o f the  
ra t and w ith  the  d ie t fe d  ( ta b le  5 ) .  A t  
any age o r d ie ta ry  reg im en  the w a te r con ­
te n t o f the  hepa tocy te  was fo u n d  to be a 
d ire c t fu n c t io n  o f the  vo lum e  o f the  hepa­
tocyte. In  a d d itio n , the  leve l o f hepato- 
cy tic  w a te r co rre la ted  d ire c t ly  w ith  the  
to ta l w a te r con te n t o f the  l iv e r  and  w ith  
the body w e ig h t o f the  ra t.

Fat. The  p ro p o rtio n  o f fa t  in  the  liv e r,  
on a fre sh  w e ig h t basis in  fo u r  o f five  d ie­
ta ry  groups (com m e rc ia l, A , B and D )  re ­
m a ined  re la tiv e ly  cons tan t w ith in  each  
d ie ta ry  series (ta b le  6 ) ;  on a d ry  w e ig h t
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TABLE 4
In flu en ce  o f  age and d iet on  n u m b er  and vo lu m e o f  h ep a tocy tes

Dietary
group Age Hepatocytes 

per liver
Hepatocytes 

per gram liver
Avg

hepatocytic
volume

d a y s n o .  X 1 0  ~ 6 n o .  X 1 0 ~ 6 A3
Commercial 21 585 ± 4 9  1 295 ±  24 2915 ± 2 3 5

121 1772± 81 127 ± 7 5819 ± 2 9 0
221 2252 ± 6 7 150 ± 8 5263 ±  234
385 1988 ± 1 20 125 ± 4 5831 ± 1 9 5
621 2563 ± 1 49 132 ± 3 5664 ± 1 4 0
795 2891 ± 1 75 167 ± 7 4558 ± 2 1 7

A 21 2 2 2
121 1377 ±  87 197 ±  10 4196 ± 188
221 1736 ± 7 0 196 ± 9 4222 ± 1 7 3
385 1939 ± 6 6 175 ±  6 4754 ± 2 0 6
621 2130 ± 5 2 182 ± 6 4468 ± 154
795 2097 ± 1 3 5 201 ± 7 4075 ± 142
995 2134 ± 1 3 2 209 ±  11 3925 ± 2 1 4

B 21 2 2 2
121 907 ± 3 5 226 ± 8 3529 ± 1 2 3
221 977 ±  35 214 ±  9 3889 ± 158
385 1028 ± 6 4 176 ± 9 4768 ± 2 6 0
621 1237 ±  51 175 ± 6 4703 ± 1 6 3
795 1206 ± 5 1 194 ± 6 4124 ± 1 3 0
995 1407 ± 6 8 2 1 8 ±  11 3802 ± 1 6 7

C 21 2 2 2
121 998 ±  70 196 ±  12 41 98±298
221 1192 ± 7 2 168 ± 1 1 5083 ± 2 81
385 1384 ± 6 1 183 ±  12 4701 ± 3 6 6
621 1632± 114 151 ±  5 5558 ± 2 00
795 1874 ± 7 3 182 ± 1 2 4677 ± 2 5 7
995 1901 ± 1 11 196 ±  9 4233 ±  223

D 21 2 2 2
121 623 ± 3 6 249 ± 1 1 3230 ± 1 6 7
221 746 ± 2 3 237 ± 7 3486 ± 1 1 2
385 8 3 5 ±  19 214 ±  5 3816 ± 1 0 2
621 979 ± 2 8 245 ± 1 0 3399 ±1 41
795 940 ±  35 232 ± 1 0 3578 ± 1 4 4
995 1111 ± 3 9 263 ± 1 0 3161 ± 1 4 6

1 Average of at least 10 rats ±  se of the mean.
2 Values for 21-day-old rats fed the commercial diet provide common base values for each of 

the dietary groups.

basis the re  was, how ever, an increase a fte r  
1 yea r o f age. A lth o u g h  the d iffe rences be­
tw een d ie ta ry  groups were sm a ll, the re  was  
a d ire c t and lin e a r re la tio n sh ip  between  
the p ro p o rtio n  o f fa t  in  the liv e r  and liv e r  
w e igh t o r body w e igh t. The  h ig h  va lues  
a t several age periods fo r  ra ts  consum ing  
d ie t C, were in  ag reem ent w ith  the  h is to ­
lo g ica l appearance o f the  tissues.

The  to ta l fa t  con te n t o f the  liv e r  gen­
e ra lly  increased w ith  age; the va lues fo r  
each d ie ta ry  g roup , however, fo rm ed  a 
separate p a tte rn . E xcep t fo r  several va lues  
o f g roup C ra ts , the  to ta l am oun t o f fa t  in  
the l iv e r  re la ted  d ire c t ly  to  body w e igh t.

The  hepa to cy tic  fa t  con te n t was con­
s is te n tly  the  low es t in  the ce lls o f ra ts  fed  
d ie t D  and, w ith  the  excep tion  o f several 
va lues fro m  ra ts  fed  d ie t C, the h ighe s t con ­
te n t was fo u n d  in  the ce lls o f ra ts  fed  the  
com m erc ia l d ie t. E xcep t fo r  the several 
e rra tic  va lues fo r  g roup C ra ts  a s ing le , 
d ire c t and lin e a r c o rre la tio n  was fo u n d  be­
tween the  fa t  con te n t o f the hepatocyte  
and liv e r  o r body w e ig h t ( f ig . 2 ) .  F u r th e r ­
m ore , the average fa t  con te n t o f the  ce ll 
and its  co n cen tra tio n  re la ted  d ire c t ly  and  
as a c o n tin u u m  to the average vo lum e  o f  
the hepa tocy te ; the hepatocytes o f the  ra ts  
fe d  d ie t C, however, con ta ined  m o re  fa t
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TABLE 5
In flu en ce  o f  age and  d iet on  h ep a tic  w a ter  co n ten t

Dietary
group Age

Water content

Per unit 
weight 
of liver

Of total 
liver

Per
hepatocyte 1

days % 9 g x 1011
Commercial 21 71.322:0.08 2 1.42 ±0.05 229 ±  9.2

121 68.47 ±0.11 9.67 ±0.35 439 ±21.6
221 68.37 ±0.14 10.47 ±  0.41 3 9 6 ±  17.6
385 68.37 ±  0.21 10.84±0.51 4 3 9 ±  15.7
621 68.75±0.17 13.42 ±0.79 428 ±10.5
795 69.04 ±0.32 12.17± 0.90 346 ±16.3

A 21 3 3 3
121 68.71 ±0.27 4.80 ±0.14 317 ±  13.8
221 68.54 ±0.21 6.08 ±0.13 318 ±12.3
385 67.92 ±0.35 7.58 ±0.23 355 ±14.0
621 68.41 ±0.23 8.05 ±0.25 336 ±  11.2
795 68.80 ±0.33 7.16±0.35 3 0 8 ±  10.7
995 68.60± 0.11 6.97 ±  0.13 297 ±  17.8

B 21 3 3 3
121 68.84 ±0.21 2.77±0.08 267 ±  9.8
221 68.90±0.16 3.18 ±  0.14 2 9 5 ±  12.1
385 68.95 ±0.20 4.01 ±  0.13 361 ±19.2
621 68.77±0.18 4.87 ±  0.15 356 ±12.5
795 69.61 ±0.29 4.33 ±0.14 3 1 6 ±  10.7
995 69.92 ±  0.19 4.55 ±0.15 292 ±12.8

C 21 3 3 3
121 68.89 ±0.62 3.57 ±0.25 317 ±21.9
221 66.56 ±0.82 4.84 ±0.29 371 ±18.9
385 69.52 ±0.34 5.41 ±0.30 359 ±26.9
621 64.13 ±1.76 6.85 ±0.30 391 ±14.0
795 68.06 ±0.59 7.12 ±0.26 3 5 0 ±  19.6
995 69.45 ±0.75 6.72 ±0.23 323 ±16.5

D 21 3 3 3
121 68.70±0.15 1.72± 0.04 244 ±12.7
221 68.90 ±0.09 2.18 ±0.04 265 ±  8.6
385 69.19 ±  0.15 2.70 ±0.05 290±  7.7
621 69.20 ±0.23 2.79±0.06 2 5 9 ±  10.8
795 69.24 ±0.27 2.82 ±0.08 2 7 3 ±  11.3
995 69.76± 0.16 2.96 ±0.08 242 ±10.8

i Estimate of gram of H 2O  per average hepatocyte =
Fresh liver wt —  wt of dry liver x ( 1 —  fraction of liver volume not occupied by hepatocytes )

Total number of hepatocytes
2.3 See footnotes 1 and 2 of table 4.

th a n  was fo u n d  in  ce lls w ith  s im ila r  vo l­
um e in  ra ts  fed  the  o the r d iets. The  devia ­
t io n  fo r  va lues o f g roup  C ra ts  was s t i l l  ev i­
den t even a fte r the  vo lum e  o f the  ce ll was  
ad jus ted  fo r  th a t vo lum e  occup ied by fa t.

The  am oun t o f fa t  in  the liv e r  was d i­
re c tly  re la ted  to the  ca lo r ic  in ta ke  o f the  
ra t. S im ila r ly , the  am oun t o f fa t  in  the  
hepatocyte  also re la ted  d ire c t ly  to  the  ca­
lo r ic  in ta ke  o f the ra t and except fo r  th ree  
va lues fro m  group C ra ts  th is  re la tio n sh ip  
persisted a fte r  a d ju s tm en t fo r  d iffe rences  
in  ce ll vo lum e .

As the  fa t  con ten t in  the  hepatocytes or 
in  the  l iv e r  increased , the re  was a co r­
re spond ing  increase in  the  am oun t o f w a te r  
in  the  ce ll and  in  the liv e r. F o r g roup  C 
ra ts  on ly , an increase in  the p ro p o rtio n  o f  
fa t  in  the  liv e r  was accom pan ied by a de­
crease in  the p ro p o rtio n  o f w a te r.

N itrogen . The  n itro g en  con ten t o f the  
l iv e r  on a fre sh  w e igh t, d ry  w e ig h t o r fa t-  
free  basis, was fo u n d  to va ry  w ith  age and  
w ith  the d ie t fe d  ( ta b le  7 ) . On a pe rcen t­
age basis, a t any one age, the liv e rs  o f ra ts  
fed  d ie t B had  the  h ighes t leve ls , fo llow ed
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Fig. 2 Relationship between the amount of fat in the hepatocyte and the weight of the 
liver. Assays performed at seven age periods (21 to 995 days). Values for group C  rats not 
included in computations for least square line. See legend of figure 1 for key to dietary 
groups.

in  descend ing o rde r, by D , A , com m erc ia l 
and C. A lth o u g h , in  each o f the fo rm e r  
fo u r  groups, the ra tes o f change w ith  age 
a fte r  121 days were sm a ll, they  were in  
genera l lin e a r  and n e a r ly  id e n tic a l. F o r 
group  C ra ts , there was in i t ia l ly  a decrease 
in  con cen tra tio n  and  the  subsequent p a t­
te rn  showed considerab le  v a r ia t io n . U n ­
lik e  th a t fo u n d  fo r  p ro p o rtio n  o f w a te r o r 
o f fa t  in  the  liv e r , no  co rre la tio n  was ob­
ta ined  between the  percentage o f hepa tic  
n itro g e n  and liv e r  w e ig h t o r body w e igh t. 
Ins tead , the  percen tage hepa tic  n itro g e n  
on a fre sh  w e igh t, d ry  w e ig h t, fa t- fre e , o r 
d ry  w e ig h t- fa t- f re e  basis co rre la ted  d i­
re c tly  a t each age w ith  the p ro p o rtio n  o f  
p ro te in  in  the  d ie t consumed.

T o ta l n itro g en  con te n t o f the liv e r  d i f ­
fe red  also in  accordance w ith  the d ie t fed  
( ta b le  7 ) .  F o r each d ie ta ry  g roup , the in ­
crease up to 621 days o f age p roved to be 
a fu n c t io n  o f the lo g a r ith m  o f the age; in  
la te r l i fe ,  however, a decrease in  n itro g en  
con te n t occu rred  in  a ll groups except th a t  
o f g roup  D . W hen  the  to ta l n itro g e n  con­
te n t o f the  liv e r  fo r  a ll d ie ta ry  groups was  
p lo tted  aga ins t body w e igh t, a s ing le , d i­
re c t and lin e a r  co rre la tio n  was ob ta ined , 
in d ic a t in g  th a t the  p a tte rn  o f change in

to ta l n itro g e n  w ith  age was s im ila r  to  the  
p a tte rn  o f change in  body w e ig h t w ith  age. 
U n lik e  th a t fo u n d  fo r  percentage n itro g en , 
the to ta l n itro g e n  con ten t re la ted  d ire c t ly  
to the ca lo r ic  in ta ke  o f the ra ts  ra th e r th a n  
to  the p ro p o rtio n  o f p ro te in  in  the d ie t.

The n itro g en  con ten t o f the hepatocyte  
also va ried  w ith  the age o f the  ra t and w ith  
the  d ie t consum ed (ta b le  7 ) .  In  each d ie­
ta ry  g roup the hepa to cy tic  n itro g en  in ­
creased in i t ia l ly  and then  a t la te r  ages de­
creased to fo rm  a series o f in ve rte d  
U-shaped curves. The  n itro g e n  con ten t o f  
the hepatocytes, irre spec tive  o f d ie ta ry  
group , gave rise  to s ing le , d ire c t and lin e a r  
re la tio n sh ip s  w hen  p lo tte d  aga ins t the to ta l 
n itro g e n  con te n t o f the liv e r , l iv e r  w e ig h t o r 
body w e igh t.

The  d iffe rences in  hepa to cy tic  vo lum e  
am ong the  d iffe re n t groups o f ra ts  re su lted  
in  the expected inve rse  re la tio n sh ip  be­
tween n itro g e n  con ten t o f the hepa tocy te  
and the num be r o f ce lls in  a u n it  vo lum e  
o r w e ig h t o f liv e r  ( f ig . 3 ) .  In  co n tra s t to  
th a t fo u n d  fo r  e ith e r percentage n itro g en  
o r fo r  to ta l n itro g en , n itro g e n  con te n t o f  
the hepa tocyte  was fo u n d  to re la te  d ire c t ly  
to the leve l o f in ta ke  o f the p ro te in  com ­
ponen t in  the  d iet.
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TABLE 6
In ftu e r ice  o f  a g e  a n d  d ie t  o n  h e p a t ic  fa t  c o n t e n t

Dietary
group Age

Fat content
Per unit 
weight 
of liver

Of total 
liver

Per
hepatocyte 1

days % g x 102 g x io n
Commercial 21 4.53 ±  0.05 2 9.0 ± 0.15 16.48 ± 0.69

121 4.95 ±  0.06 70.0 ± 2.88 40.28 ± 2.30
221 5.45 ±  0.18 83.7 ± 4.75 37.38 ± 2.20
385 5.01 ±0.21 80.2 ± 5.75 40.12 ± 1.24
621 5.14 ±0.20 98.8 ± 4.60 39.06 ± 1.57
795 5.74 ±  0.17 101.2 ± 8.00 34.98 ± 1.78

A 21 3 3 3

121 5.09 ±0.27 35.6 ± 2.10 26.29 ± 1.56
221 4.74 ±0.14 42.1 ± 1.51 24.60 ± 1.25
385 4.75 ±0.09 52.9 ± 1.26 27.51 ± 0.94
621 5.36± 0.32 63.0 ± 4.33 29.93 ± 2.37
795 5.42 ±0.46 57.9 ± 7.02 27.32 ± 2.41
995 6.65± 1.13 69.8 ± 14.31 32.14 ± 4.93

B 21 3 3 3

121 4.72 ±0.08 19.0 ± 0.67 21.13 ± 0.81
221 4.22 ±  0.13 19.6 ± 1.08 20.01 ± 0.86
385 4.74 ±0.16 27.6 ± 1.57 27.37 ± 1.43
621 4.96 ±  0,15 35.2 ± 1.60 28.71 ± 1.31
795 4.90± 0.15 30.5 ± 1.43 25.35 ± 0.73
995 5.15±0.32 33.5 ± 2.22 24.19 ± 1.74

C 21 3 3 3

121 7.49 ±0.82 41.4 ± 7.85 40.14 ± 5.43
221 8.13± 1.16 64.3 ± 12.57 52.05 ± 8.96
385 5.41 ±0.35 42.6 ± 4.32 31.49 ± 3.67
621 11.05± 1.42 128.7 ± 23.51 75.04 ± : 11.30
795 6.80 ±0.74 72.4 ± 8.87 38.49 ± 4.03
995 6.16 ±  1.06 63.4 ± 15.06 32.42 ± 5.67

D 21 3 3 3

121 4.50± 0.17 11.2± 0.25 18.47 ± 0.86
221 4.34 ±0.17 13.7 ± 0.28 18.54 ± 0.62
385 4.32 ±  0.13 16.8 ± 0.44 20.17 ± 0.48
621 4.42 ±0.24 17.7± 0.95 18.19 ± 0.95
795 4.81 ±  0.12 19.6 ± 0.72 21,01 ± 0.80
995 4.64 ±  0.18 19.7 ± 1.01 17.91 ± 1.06

i Estim ate o f  gram s o f  fa t  per average hepatocyte =
G ram s o f  fa t per liver 

T otal n u m ber o f  hepatocytes
2>3 See footnotes 1 and 2 o f  table 4.

Although the amount of nitrogen in the 
hepatocyte was found to be a direct func­
tion of the volume of the hepatocyte (fig.
3) a single, linear relationship was ob­
tained for the values of four of the five 
groups (commercial, A, B and D). A 
separate but still linear pattern was formed 
by the values for group C rats. The dis­
placement of this pattern from that of the 
other dietary groups indicated that the cells 
of the rats in group C contained less nitro­
gen than was present in the other hepato­
cytes with similar volume. Similar devia­

tions were also found for the values of 
group C rats from the direct and linear 
relationships between the content of hep- 
atocytic nitrogen and hepatocytic water, 
and between hepatocytic nitrogen and hep­
atocytic fat. Since the relatively high fat 
content of the group C hepatocytes might 
be responsible for these displacements, 
the average cell volume was adjusted for 
the volume occupied by fat; the extent of 
the deviations in each of these correlations 
was only slightly reduced.
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TABLE 7
Influence of age and diet on hepatic nitrogen content

N itrogen  content
Dietary
group Age Per unit wt, 

fresh
Per unit wt, 
fat free

Per unit wt, 
dry Total liver Per

hepatocyte

days m g/ 100 m g/100 m g/100 m g m g  X 108

Commercial 21 29.6 ±0.09 1 31.0 ±  0.16 103.2 ±  0.4 58.8 ±  0.9 10.8 ±0.54
121 32.2±0.15 33.8 ±0.15 102.0 ±  0.5 454.5 ±  16.6 26.1 ±1.26
221 34.4 ±  0.41 36.3 ±0.45 108.6 ±  1.3 525.0 ±  18.6 23.5 ±  1.11
385 33.5 ±0.34 35.3 ±0.34 105.9 ±1.3 531.8±26.6 27.1 ±  1.01
621 32.9 ±0.55 34.7 ±  0.60 105.3± 1.9 638.1 ±32.9 25.0 ±0.40
795 33.7 ±  0.40 35.7 ±  0.44 108.9 ±1.7 591.0 ±  40.6 20.6 ±1.04

A 21 2 2 2 2 2

121 34.9 ±0.57 36.7 ±0.64 111.4 ±  1.6 243.1 ±  6.4 18.1 ±0.82
221 34.6 ±  0.61 36.3 ±0.63 110.1 ±  2.3 307.2 ±  9.4 17.9 ±  0.75
385 35.5 ±0.60 37.3 ±0.65 110.9 ±  2.6 396.2 ±  12.6 20.6 ±0.70
621 35.3 ±0.69 37.3 ±0.67 112.0 ±  2.6 414.4 ±10.7 19.5 ±  0.42
795 35.0±0.59 37.1 ±0.64 112.4±2.3 365.1 ±  18.4 17.6 ±  0.49
995 36.8 ±0.57 39.4 ±0.52 118.5 ±  4.3 374.3 ±  10.1 18.1 ±  0.95

B 21 2 2 2 2 2

121 37.0±0.33 38.9 ±0.33 118.9 ±  1.1 148.7 ±  3.2 16.6 ±  0.57
2 21 37.4 ±0.58 39.1 ±0.60 120.4 ±1.6 172.4 ±  6.5 17.8 ±0.74
385 38.3 ±0.23 40.2± 0.24 123.4 ±1.0 222.1 ±  5.7 22.2± 1.12
621 38.1 ±0.35 40.0 ±0.35 121.9 ±  1.2 269.4 ±  7.3 22.0 ±0.67
795 38.4 ±0.53 40.3 ±0.56 126.2 ±  1.4 238.6 ±  8.5 19.9 ±0.62
995 38.5 ±  0.48 40.6 ±  0.41 128.1 ±1.2 250.5 ±  8.6 18.1 ±0.84

C 21 2 2 2 2 2

121 28.5 ±0.86 30.8±0.87 92.2 ±4.0 146.3 ±  9.5 14.8 ±0.63
221 28.6 ±  1.33 31.1 ±  1.39 86.1 ±5.0 207.0 ±  15.6 17.5 ±  1.12
385 32.2 ±0.96 34.1 ±0.97 106.1 ±4.1 247.8 ±  9.5 18.2± 0.97
621 28.8 ±0.64 32.4 ±0.67 82.5±4.6 311.6 ±  19.2 19.3 ±  0.77
795 31.3 ±  0.84 33.6 ±0.77 98.7 ±  4.0 326.6 ±10.9 17.8 ±  0.98
995 29.2 ±0.86 31.2 ±  0.98 96.2 ±  3.5 283.1 ±12.5 15.1 ±0.60

D 21 2 2 2 2 2

121 35.1 ±0.50 36.8 ±0.52 112.3 ±1.7 87.5 ±  1.4 14.4 ±0.73
221 34.1 ±1.23 35.7± 1.29 109.7 ±  3.9 107.8 ±  4.5 14.6 ±0.74
385 36.6 ±0.47 38.2±0.51 118.7 ±1.3 142.4 ±  2.8 17.1 ±0.34
621 36.2 ±  0.74 37.8 ±0.82 117.4±2.0 145.4±  3.3 15.0 ±  0.60
795 36.7 ±  0.69 38.6 ±  0.73 119.5±2.2 149.5 ±  4.6 16.1 ±0.70
995 37.7 ±  0.55 39.5 ±0.55 124.7 ±2.4 159.4 ±  3.6 14.5 ±0.46

i>2 See footn otes o f  table 4.

3. In fluence o f  age and. diet upon hepatic 
enzym e activity levels 

For each of the enzymes studied, adeno­
sine triphosphatase, histidase, catalase and 
alkaline phosphatase, the activity levels 
were found to vary consistently and sig­
nificantly with the age of the rat and with 
the diet fed.

A denosine triphosphatase. The activity 
of ATPase in each of the dietary groups 
increased exponentially during the early 
phases of life and decreased in later life. 
This obtained regardless of method of ex­
pression: per unit weight of fresh, dry or 
fat-free liver, or per unit nitrogen, per total 
organ or per cell (table 8). The rate of

change and the time of change in direction 
differed with the diet fed and, to some de­
gree, according to the method of express­
ing the enzyme activity levels. For dietary 
groups B and D, the transition time oc­
curred at approximately 800 days; for 
groups fed the commercial diet and diet A, 
the change in direction occurred at ap­
proximately 200 and 600 days, respectively. 
At any one age, both the level of activity 
of the total organ and the rate of change 
in activity were the lowest in rats fed diet 
D (fig. 4). Progressively higher levels and 
rates of change were found for rats fed 
diets B, C, A and the commercial diet. In 
later life the rate of decrease in total ac-
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Fig. 3 Relationships between number of hepatocytes per gram liver (upper graph), the 
volume of fat-free hepatocytes (lower graph) and the amount of nitrogen in the hepatocyte. 
(Least square lines for group C values computed separately.) Assays performed at seven 
age periods (21 to 995 days). See legend of figure 1 for key to dietary groups.

tivity for the latter four groups simulated 
the pattern of increasing activity observed 
in the earlier stages of life.

When the total activity level was related 
to body weight the differences in activity- 
age patterns between dietary groups dis­
appeared and a single pattern was ob­
tained. The linear and direct relationship 
is shown in figure 5.

The computed hepatocytic ATPase ac­
tivity level was found to be a function of 
the volume of the hepatocyte; the larger 
the cell, the greater the activity level, par­
ticularly when the volume of the hepato­
cyte was expressed on a fat-free, dry vol­
ume basis (fig. 6). Since the average

volume of the hepatocyte is body weight 
associated, it was to be expected that the 
activity per cell related also to body weight; 
in this relationship, however, the activity 
increased asymptotically with increase in 
body weight.

At higher body weights and correspond­
ingly larger liver masses, there was a 
greater number of hepatocytes as well as 
a greater level of activity for the organ; 
regardless of age or the diet fed, the in­
crease in level of activity of the organ was 
linearly related to the increasing number 
of hepatocytes. The reduction in number 
of hepatocytes per unit weight of liver 
with increase in volume of the hepatocytes
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TABLE 8

Influence of age and diet on hepatic adenosine triphosphatase activity

Dietary
group Age

Level of activity

Per
milligram 

liver, 
fresh wt

Per
milligram 

liver, 
dry wt

Per
milligram N Per liver Per

hepatocyte

days un its units units un its  x 10 ~ 2 u n its  x 106
Commercial 21 5.36 ±0.43 1 18.7 ±  0.94 181.1 ±  6.9 106.4 ± 4.1 19.5 ±  1.26

121 9.27 ±  0.36 29.4± 1.16 288.0 ±11.0 1310.8 ± 71.1 75.0 ±  4.35
221 13.32 ±0.27 42.1 ±0.86 387.6 ±  6.8 2032.7 ± 73.9 90.7 ±3.44
385 12.94 ±0.22 40.9±0.86 386.8 ±  8.2 2045.4 ± 89.0 105.1 ±4.93
621 11.51 ±  0.40 36.8± 1.18 350.2 ±  11.4 2205.9 ± 73.4 87.7±3.50
795 11.77 ±  0.37 38.0 ±  0.99 349.5 ±10.6 2049.9 ±:129.3 71.8 ±  3.80

A 21 2 2 2 2 2
121 9.16± 0.34 29.3 ±1.04 262.4 ±  7.5 639.9 ± 29.6 47.3 ±  2.12
221 11.28± 0.24 35.9±0.73 326.4 ±  6.3 1003.4 ± 38.6 58.5 ±2.97
385 12.55 ±0.37 39.2 ±  1.35 353.6 ±10.4 1399.2 ± 55.9 73.0±3.71
621 12.85 ±0.34 40.7 ±1.28 363.5 ±  6.3 1506.4 ± 47.8 71.0±2.33
795 12.27 ±0.42 39.4 ±1.41 350.2 ±10.7 1268.9 ± 58.6 62.0 ±3.17
995 11.58±0.37 37.3 ±1.63 314.6 ±  6.8 1179.8 ± 48.9 57.2 ±3.79

B 21 2 2 2 2 2
121 8.65 ±  0.37 27.8 ±1.23 233.7 ±  10.1 347.2 ± 15.8 38.9±2.37
221 12.68 ±0.47 40.7 ±  1.34 339.1 ±12.2 587.2 ± 35.3 60.5 ±  3.59
385 12.06 ±  0.39 38.8 ±1.21 314.8 ±  9.8 698.6 ± 26.6 69.9 ±4.03
621 13.09 ±0.24 41.9±0.80 344.2±  7.2 929.6 ± 38.5 75.8 ±2.96
795 13.77 ±  0.27 45.3 ±0.86 359.5 ±  7.5 858.1 ± 36.4 71.4 ±  2.19
995 12.00 ±  0.17 39.9 ±0.48 311.5 ±  4.2 781.3 ± 31.3 56.3 ±2.53

C 21 2 2 2 2 2
121 5.09 ±0.65 16.5±2.17 174.7 ±  20.0 262.1 ± 39.2 25.3 ±2.62
221 9.57 ±  0.73 29.1±2.71 331.4 ±  13.6 678.7 ± 49.0 57.4±3.60
385 11.68 ±0.48 38.5 ±  1.80 362.3 ±10.2 897.0 ± 44.0 65.8±4.22
621 12.64 ±0.40 36.3 ±2.34 439.3 ±12.4 1362.2 ± 80.2 84.6 ±3.86
795 12.75 ±  0.51 40.2±2.12 407.0 ±  12.4 1326.9 ± 54.1 72.2 ±4.49
995 10.42± 0.77 34.3±2.56 353.5 ±20.0 1009.0 ± 80.5 53.7±3.97

D 21 2 2 2 2 2
121 7.53 ±0.37 24.1 ±1.21 213.9 ±  9.0 187.6 ± 8.9 31.1 ±  2.29
221 11.79 ±  0.72 37.9 ±  2.31 347.6 ±  23.1 371.9 ± 23.5 50.5 ±  3.71
385 12.37 ±  0.36 40.1 ±1.09 338.6 ±  9.6 481.4 ± 14.8 58.0 ±2.23
621 12.97 ±0.31 42.1 ±0.95 359.3 ±  7.7 522.5 ± 16.3 54.2 ±  3.12
795 14.03 ±0.43 45.7 ±  1.59 382.5 ±  11.2 572.9 ± 28.5 61.9±3.98
995 12.81 ±0.29 42.4 ±1.05 340.3 ±  7.1 541.8 ± 14.7 49.2 ±  1.79

1>2 See footnotes of table 4.

affords the explanation for the single but 
inverse relationship found between the ac­
tivity level per cell and the number of cells 
per unit weight of liver.

Although the concentration of nitrogen 
in the liver (milligrams N per gram liver) 
does not appear to correlate with the ac­
tivity level of ATPase expressed on a unit 
weight basis (activity per milligram liver) 
the activity of ATPase per hepatocyte in­
creased exponentially with a logarithmic 
increase in the nitrogen content of the 
cell, and the activity of the organ increased 
directly and linearly with increase in the 
total nitrogen content of the organ.

Because of the relationships that exist 
between body weight or hepatocytic volume 
and caloric intake, correlations should also 
be found between caloric intake and ac­
tivity content of the organ and of the 
hepatic cell. For rats consuming the com­
mercial diet and diet A, the activity per cell 
or per organ increased with increase in 
caloric intake to a maximum at 385 days 
of age and then decreased; but for those 
rats consuming diets B, C and D the maxi­
mum activity level was reached at 600 
days of age. A single, linear and direct 
relationship was found between activity 
level of the organ and caloric intake when
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CHRONOLOGICAL AGE (days)
Fig. 4 Influence of age and diet on hepatic ATPase activity. See legend of figure 1 for 

key to dietary groups.

UNITS X I0"3

Fig. 5 Relationship between level of ATPase activity of the liver and body weight of the 
rat. Assays performed at seven age periods (21 to 995 days). See legend of figure 1 for key 
to dietary groups.
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Fig. 6 Relationship between level of ATPase activity of the hepatocyte and volume of the 
dry, fat-free hepatocyte. Assays performed at seven age periods (21 to 995 days). See 
legend of figure 1 for key to dietary groups.

the activity values of the five dietary groups 
were limited to only those periods of life 
when the levels of activity were increasing.

Histidase. Initially, histidase activity 
per unit weight of liver, fresh, dry or fat- 
free, or per unit N increased exponentially 
with age in each dietary group (table 9). 
In later life it decreased; the downward 
trends, however, for several of the dietary 
groups were erratic. The highest levels and 
the greatest rate of change with age were 
found among rats fed the diet containing 
the greatest proportion of casein, 51% ; the 
lowest levels and the smallest rate of 
change were found among rats fed the 
diet containing the lowest proportion of 
casein, 8%. The relationships between 
proportion of casein in the diet and the 
level of activity computed as an average 
for all ages are shown in figure 7.

The level of activity of the entire liver 
in each dietary group also increased ex­
ponentially with age. The activity values 
of rats in group D appeared to level off at 
approximately 1 year of age, whereas in 
the other four dietary groups, trends of 
decreasing amounts of activity were ob­
served in the late phases of life. At any

age, rats fed the commercial diet had the 
highest levels; the activities in decreasing 
order were groups A, B, C and D, respec­
tively (table 9). Exclusive of group C val­
ues, a high coefficient of correlation was 
obtained in the exponential relationship 
between the level of activity and caloric in­
take (fig. 8).

The differences between dietary groups 
and those due to age, disappeared when 
the total activity of the liver was related 
to body weight or to the number of hépato­
cytes in the liver; with increase in weight 
of the rat or the number of cells, the total 
activity increased proportionately. When 
total activity was adjusted for differences 
in body weight and plotted as a function 
of age, the resulting activity patterns for 
each dietary group and the relationship 
between groups were similar to those ob­
served on a unit weight basis of liver.

On a cellular basis, the activity in each 
dietary group also increased during the first 
portion of fife, but in later life the trends 
were reversed and the level of activity de­
creased (table 9). The values, however, 
appeared to be clustered according to the 
amount of protein consumed rather than
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TA BL E 9

Influence of age and diet on hepatic histidase activity

Level of activity
Dietary
group Age Per gram 

liver, 
fresh wt

Per gram 
liver, 
dry wt

Per
milligram N Per liver Per

hepatocyte

days units units units x 10s units units x 109
Commercial 21 1.14±0.06 1 4.0 ±0 .20 3.9±0.16 2.3 ±  0.05 4.1 ±0 .25

121 2.85 ±0 .20 9.1 ±0 .65 8.9 ±  0.62 40.4 ±3 .22 22.7 ±1.25
221 3.20 ±  0.17 10.1 ±0 .57 9.3 ±0.46 48.8 ±  2.73 21.8 ±  1.34
385 3.27 ±  0.13 10.3 ±0 .38 9.7 ±0.35 52.0 ±3.38 26 .4± 1.09
621 2.67 ±  0.14 8.5 ±0 .43 8.2 ±0.46 51.7 ±3.73 20.4 ±1.28
795 2.83 ±0.26 9.1 ±0 .82 8.4 ±0.79 50.7 ±6.24 17.5 ±  1.97

A 21 2 2 2 2 2
121 2.74 ±0 .12 8.8 ±0 .40 7.9 ±0.33 19.2 ±  1.04 14.1 ±0.68
221 3.35±0.19 10.7 ±  0.62 9.7 ±0.66 29.6 ±  1.63 17.3± 1.12
385 3.30 ±0.16 10.3 ±0 .50 9.3 ±0.50 37.0 ±2.44 19.3 ±  1.48
621 3.37 ±  0.23 10.7 ±0.74 9 .5 ±  0.53 39.4 ±2 .57 18.4 ±0 .98
795 3.34 ±  0.14 10.7 ±  0.48 9.5 ±0.41 34.7 ±2 .22 16.8 ±0 .72
995 4.04±0.18 13.0 ±  0.62 11.0 ±  0.49 41.2 ±  2.15 19.9 ±1.29

B 21 2 2 2 2 2
121 3.46 ±0.27 11.2±0.91 9.4 ±0.73 13.9 ±  1.02 15.6 ±  1.42
221 3.69±0.18 11.9 ±  0.56 9.8 ±0.42 16.9 ±  0.95 17.4 ±  0.91
385 4.14±  0.26 13.3 ±0 .80 10.8 ±0.65 23.8 ±1 .32 24.0 ±  1.85
621 4.51 ±  0.17 14.4 ±0 .57 11.9±0.46 31.8 ±  1.12 26.2 ±  1.45
795 4.02 ±0 .25 13.2 ±0 .73 10.4 ±0.58 24.9 ±1 .72 20.7 ±  1.09
995 4.58±0.15 15.2± 0.47 11.9 ±0 .30 29.7 ±1 .16 21.3 ±0 .78

C 21 2 2 2 2 2
121 1.78 ±0 .25 5.7 ±0 .80 6 .4 ±  1.05 9.0 ±  1.28 9 .6 ±  1.78
221 1.88±0.19 5.7 ±0 .66 6.5 ±0 .50 13.1 ±  0.95 11.1 ±  0.69
385 2.60±0.12 8.5 ±0 .39 8.2 ±0 .55 20.6 ±2.03 15.2± 1.70
621 2.08 ±  0.18 5 .9 ±  0.58 7.2 ±0.55 23.2±2.65 14.0 ±  0.41
795 2.62±0.10 8 .2 ±  0.39 8.4 ±0 .32 27.4 ±1.25 14.7 ±  0.73
995 1.89 ±  0.12 6.2 ±0.41 6.4 ±0 .32 18.3 ±  1.34 9.8 ±0 .69

D 21 2 2 2 2 2
121 2.22 ±0 .14 7.1 ±0 .36 6.3 ±0 .28 5.5 ±  0.12 9.1 ±0 .64
221 2.86 ±0 .23 9.2 ±  0.46 8.5 ±  0.36 9.0 ±0.19 12.2 ±0 .73
385 3.27±0.15 10.6 ±0 .46 8.9±0.39 12.6 ±  0.43 15.3± 1.07
621 2.83 ±0.15 9 .2 ±  0.51 7.8 ±0.43 11.3±0.44 11.7 ±  0.70
795 3.02±0.14 9.8 ±0 .45 8 .2 ±  0.35 12.2 ±0 .54 13.3 ±0.93
995 2.70±0.11 8.9 ±0 .38 7 .2±  0.31 11.4 ±0.48 10.3 ±  0.61

L2 See footnotes of table 4.

to  the p ro p o rtio n  o f p ro te in  in  the d ie t, 
w ith  the  low es t leve ls o ccu rr in g  in  groups  
C and D . W ith in  each d ie ta ry  g roup , hep- 
a tocy tic  h is tidase  a c tiv ity  leve ls increased  
w ith  increase in  the average vo lum e  o f the  
hepa tic  ce ll, b u t a c o n tin u u m  was fo rm ed  
fo r  o n ly  those ra ts  fed  the com m erc ia l d ie t, 
d ie t A  and d ie t D. Separate a c tiv ity -c e ll 
size pa tte rn s  were fo u n d  fo r  ra ts  fe d  d iets  
B and C, w ith  m ore  a c t iv ity  be ing  p resen t 
in  the ce lls o f ra ts  fed  d ie t B fo r  the size 
o f th e ir  ce lls th a n  fo u n d  in  ra ts  fed  the  
com m erc ia l d ie t, d ie t A  o r d ie t D , b u t less 
a c tiv ity , fo r  the size o f the ce ll, was fo u n d  
in  the ce lls o f ra ts  fed  d ie t C.

A  sing le  and  d ire c t p ro p o r t io n a lity  ex­
is ted  be tween h is tidase  a c tiv ity  and the  
n itro g e n  con cen tra tio n  o r con te n t rega rd ­
less o f the  m e thod  o f exp ress ing  enzyme  
a c tiv ity  leve ls ; i.e ., u n it  w e ig h t o f liv e r ,  
pe r liv e r  o r per hepa tocyte  ( f ig . 9 ) .

He-patic catalase. The  a c tiv ity  o f hep­
a tic  cata lase pe r m il l ig ra m  o f liv e r , pe r 
u n it  N , pe r o rgan  and  pe r hepa tocy te  in ­
creased w ith  age in it ia l ly ,  b u t a t la te r  ages 
the u pw a rd  tre n d  reversed and the  a c t iv ity  
leve ls p rog ress ive ly  decreased (ta b le  1 0 ). 
The tim e  w hen  the reve rsa l in  the  a c tiv ity  
pa tte rn s  took p lace was dependen t upon  
the d ie t fed  and the  m e thod  o f express ing
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Fig. 7 Relationship between histidase activity concentration as expressed on several 

bases and percentage protein component in diet. Assays performed at seven age periods and 
activities are presented as an average for all ages.

CALORIC INTAKE
Fig. 8 Relationship between level of histidase activity of the liver and average daily caloric in­

take. (Least square line computed without the values for group C.) See legend of figure 1 for key 
to dietary groups.
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Fig. 9 Relationship between level of histidase activity of the hepatocyte and nitrogen 

content of the hepatocyte. Assays performed at seven age periods (21 to 995 days). See 
legend of figure 1 for key to dietary groups.

the activity levels. Consistently, rats fed 
the commercial diet reached the highest 
level, had the earliest reversal and the 
greatest rate of increase during early life, 
as well as the greatest rate of decrease in 
later life. In contrast, the lowest activity 
values, on the basis of a unit weight of 
liver, were found among the two dietary 
groups of rats (C and D) whose intakes of 
protein were low.

On the total liver basis, the activity val­
ues for rats fed diet D were throughout 
life more like those of young rats than 
was found for any of the other four dietary 
groups. For groups A and B the change in 
trend took place at approximately 600 
days, but was delayed until approximately 
800 days for the rats in group C. The pat­
terns of change with age in catalase ac­
tivity of the liver for each dietary group 
appeared to simulate the patterns of 
change with age in both body weight and 
in total number of hepatocytes. When ac­
tivity values at different ages were plotted 
against body weight or number of cells of 
the respective groups, single and direct

relationships were obtained. Since the 
body weight of the rats proved to be a 
direct function of caloric intake, a high 
correlation was also found between caloric 
intake and total hepatic catalase activity; 
there was, however, a displacement for 
group C values from the single pattern. 
When the total liver activity levels were 
adjusted for body weight (total activity 
per 100 g body weight) and plotted against 
age, the differences due to age and diet 
persisted in that a series of inverse and 
nearly parallel lines were obtained.

The activity level of the hepatocyte in­
creased as the average volume of the 
hepatocyte increased. The exponential de­
crease that was noted between activity per 
hepatocyte and the number of hepatocytes 
per gram of liver was, therefore, expected 
(fig. 10). On the other hand, except for 
erratic values of group C, with increase in 
the volume of the hepatocyte, there was a 
linear increase in the level of activity per 
unit weight or volume of tissue. The dis­
crepancy for group C values persisted even 
after the cell volume was adjusted for lipid
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TABLE 10
Influence of age and diet on hepatic catalase activity

Dietary
group Age

Level of activity

Per
milligram 

liver, 
fresh wt

Per
milligram 

liver, 
dry wt

Per
milligram N Per liver Per

hepatocyte

d a y s u n i t s  x 1 0 2 u n i t s  x 1 0 2 u n i t s  x 1 0 1 u n i t s u n i t s  x  1 0 8

Commercial 21 4.8 ±0.26 1 16.8 ±0.80 16.3±0.65 96 ±  4.6 17.6 ±  1.1
121 7.6 ±0.20 24.2 ±0.61 23.7 ±0.62 1083±61.1 62.3 ±4.2
221 8.5 ±  0.18 26.9 ±0.50 24.8 ±0.52 1298 ±49.7 58.2 ±2.9
385 7.9 ±0.25 25.1 ±0.75 23.7 ±  0.73 1267 ±79.9 64.0 ±2.2
621 7.3 ±0.46 23.5 ±  1.44 22.3 ±1.25 1400 ±82.1 55.6 ±  3.0
795 6.9 ±0.70 22.4 ±2.24 20.5± 1.89 1175±85.3 42.6 ±4.9

A 21 2 2 2 2 2

121 6.0±0.17 19.3 ±0.47 17.4 ±  0.51 425 ±22.2 31.3 ±  1.5
221 6.4 ±0.33 20.2 ±  0.98 18.4 ±  0.99 570±41.1 33.4 ±2.8
385 6.3 ±0.26 19.8 ±  0.82 17.9 ±  0.75 704 ±25.4 36.5 ±  1.1
621 6.4 ±0.20 20.4 ±0.53 18.3 ±0.79 762±41.4 35.8 ±  1.9
795 5.0 ±  0.36 16.0 ±  1.14 14.3 ±  1.01 521 ±43.8 25.5 ±2.5
995 4.4 ±0.37 14.1 ±1.29 11.7 ±  0.90 446±41.8 21.4 ±  2.3

B 21 2 2 2 2 2

121 5.9±0.17 18.9 ±0.49 16.0±0.53 238 ±12.1 26.4 ±1.1
221 5.8 ±0.20 18.8 ±  0.70 15.6 ±  0.60 270 ±  15.8 27.7± 1.4
385 6.2 ±0.20 19.9 ±0.59 16.2 ±  0.55 359 ±  14.9 36.4 ±2.9
621 6.7 ±0.25 21.4 ±  0.78 17.6 ±0.65 474 ±22.1 38.9 ±2.4
795 6.1 ±0.35 20.0± 1.05 15.9 ±  0.91 380±26.6 31.7 ±2.2
995 5.1 ±0.29 16.8 ±0.92 13.2±0.77 335 ±29.3 24.1 ±2.2

C 21 2 2 2 2 2

121 4.3 ±  0.19 13.8 ±  0.76 14.9 ±0.36 219 ±  15.6 22.0 ±0.8
221 4.8 ±0.38 14.6 ±  1.36 16.7 ±  0.78 340 ±24.2 28.7 ±  1.6
385 5.3 ±0.29 17.5 ±  0.96 16.7 ±  0.99 418 ±34.4 30.8 ±  3.0
621 4.6 ±0.28 13.2 ±0.96 16.1 ±0.82 507 ±  45.1 31.3 ±2.5
795 5.2± 0.38 16.5± 1.38 16.5±0.95 544±41.6 30.1 ±3.1
995 3.7 ±  0.36 12.2± 1.18 12.7 ±  1.28 356 ±36.2 19.6±2.5

D 21 2 2 2 2 2

121 5.7 ±0.30 18.4 ±0.98 16.3 ±  0.69 143 ±  6.9 23.8 ±2.0
221 5.4 ±0.12 17.4 ±0.38 16.1 ±0.55 171 ±  4.0 23.1 ±0.8
385 5.8 ±0.25 18.7±  0.77 15.7 ±  0.61 225 ±10.5 26.9 ±  1.2
621 6.0±0.31 19.6 ±  0.95 16.7±0.81 243 ±12.7 25.0 ±1.5
795 6.1 ±0.27 19.9 ±  0.96 16.7 ±  0.67 250 ±15.3 27.0 ±2.0
995 5.2 ±0.25 17.2 ±  0.81 13.8 ±0.72 220 ±  11.1 20.1 ±  1.4

L2 See footnotes of table 4.

material. Because of the reciprocal rela­
tionship between number of cells in a unit 
volume of tissue to the volume of the cell 
there was, except for group C, an inverse 
and exponential relationship between ac­
tivity per unit weight of liver and the num­
ber of hepatocytes in an equivalent mass 
of liver.

Although catalase activity per unit 
weight of liver did not correlate with the 
concentration of nitrogen in the liver, a di­
rect proportionality was found between 
catalase activity and nitrogen content on 
both an organ and a cellular basis (fig. 11).

Alkaline phosphatase. The pattern of 
change in hepatic alkaline phosphatase ac­
tivity with age differed from those of the 
former enzymes in that the activity values 
per milligram of liver initially decreased 
with age and then later in life increased 
(table 11). The rate of change, increase 
or decrease, was significantly affected by 
the diet consumed; among rats fed the 
purified diets the values for group D rats 
on fresh weight, dry weight or fat-free 
basis, were more like that of the young rat 
than those of any of the other groups. Rats 
fed diet A, on the other hand, had the
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per gm liver (xIO '7)
Fig. 10 Relationship between level of catalase 

activity of the hepatocyte and number of hepato- 
cytes per gram fresh weight liver. Assays per­
formed at seven age periods (21 to 995 days). 
(Least square line for group C values computed 
separately.) See legend of figure 1 for key to 
dietary groups.

greatest rate of decrease, but after 221 
days of age there was little change in the 
activity level.

Unlike that of the other enzymes, the 
level of alkaline phosphatase activity per 
milligram of liver appeared to be related 
as an inverse function of the body weight 
or liver weight among those groups of rats 
fed the purified diet. Although still in­
verse and linear, completely separate ac­
tivity-body weight or activity-liver weight 
patterns were noted for the rats fed the 
commercial diet (fig. 12).

Despite the fact that the activity per 
unit weight of liver decreased in the first 
stages of life, on a total liver basis the ac­
tivity values for the rats fed the purified

UNITS X I08

(mg X 10®)
Fig. 11 Relationship between level of catalase 

activity of the hepatocyte and nitrogen content 
of the hepatocyte. Assays performed at seven age 
periods (21 to 995 days). See legend of figure 1 
for key to dietary groups.

diets generally increased with age through­
out life. The differences in rate of change 
in activity level between dietary groups re­
mained. Rats fed diet D had the lowest 
values. Conversely, rats fed the commer­
cial diet had activity levels that were nearly 
five times greater at any age than found 
for the 21-day-old rat, and nearly two times 
greater than any of the values for rats fed 
the purified diets. That the dietary regi­
mens influenced the activity level of the 
liver became particularly evident in the 
single and exponential pattern obtained 
when the total hepatic activity was related 
to caloric intake (fig. 13). On the other 
hand, the activity per milligram of liver 
relative to body weight correlated as an
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TABL E 11

Influence of age and diet on hepatic alkaline phosphatase activity

Dietary
group Age

Level of activity

Per
milligram 

liver, 
fresh wt

Per
milligram 

liver, 
dry wt

Per
milligram N Per liver Per

hepatocyte

days units x  102 units x 102 units units x 10~2 units x 107
Commercial 21 119.0 ±  14.60 1 415 ±24.9 40.2±2.21 23.6 ± 1.40 43.3 ±2.64

121 90.7 ± 7.58 287 ±24.0 28.1 ±2.27 127.6 ±:10.19 71.8 ±  4.59
221 74.7 ± 5.14 237 ±  17.0 21.8 ±  1.48 115.1 ± 9.75 51.1 ±  3.90
385 71.7 ± 4.29 227 ±  14.1 21.4 ±  1.25 113.2 ± 7.58 58.2±5.10
621 76.7 ± 5.39 246 ±17.6 23.3 ±1.64 149.8 ±:13.82 58.2 ±3.92
795 65.1 ± 6.94 211 ±23.3 19.3± 1.95 112.4± 11.90 40.1 ±4.88

A 21 2 2 2 2 2
121 57.8 ± 4.07 185 ±  12.9 16.5±0.98 39.9 ± 2.17 29.8 ±2.20
221 38.1 ± 1.83 121 ±  6.0 11.0 ±0.43 33.8 ± 1.93 19.6 ±  1.18
385 40.5 ± 2.36 126 ±  7.3 11.5 ±  0.72 44.8 ± 2.21 23.6 ±  1.78
621 39.4 ± 2.07 125 ±  7.0 11.1 ±0.45 46.3 ± 2.61 21.8 ±  1.20
795 37.2 ± 3.24 120 ±10.9 10.7 ±  0.97 37.5± 2.23 18.8 ±1.82
995 45.1 ± 4.67 148 ±  17.7 12.3 ±  1.31 45.2 ± 3.98 22.7 ±  3.06

B 21 2 2 2 2 2
121 74.0 ± 4.29 2 3 7 ±  13.4 20.0 ±  1.17 29.7 ± 1.90 32.9 ±1.72
221 59.9 ± 3.62 193± 12.1 16.1 ±  1.08 27.9 ± 2.41 28.7 ±2.48
385 56.8 ± 3.81 183± 12.1 14.8 ±  1.02 33.1 ± 2.68 33.0±2.72
621 60.6 ± 2.57 194 ±  8.2 16.0 ±  0.74 43.1 ± 2.53 35.4 ±2.29
795 58.0 ± 3.73 191 ±  12.7 15.2± 1.04 36.2± 2.82 30.3 ±2.43
995 78.6 ± 4.64 261 ±  15.4 20.4 ±1.24 50.7 ± 2.78 37.7 ±3.74

C 21 2 2 2 2 2
121 101.5 ± 7.98 329 ±28.6 35.7±2.56 53.1 ± 6.01 53.0±4.39
221 86.5 ± 8.14 257 ±22.3 31.9±4.16 65.1 ± 8.87 55.3 ±7.86
385 64.3 ± 4.38 211 ±  14.9 20.0 ±1.28 49.9 ± 3.87 36.8 ±3.48
621 64.4 ± 2.76 184 ±12.2 22.5 ±  1.19 69.7 ± 4.82 43.1 ±  2.28
795 44.4 ± 4.73 141 ±  16.2 14.0 ±  1.30 46.3 ± 4.64 25.9 ±3.29
995 58.0 ± 4.53 192 ±  16.9 20.3 ±1.92 56.8 ± 5.32 30.3 ±2.62

D 21 2 2 2 2 2
121 91.1 ± 5.09 292 ±  17.3 26.1 ±1.61 22.9 ± 1.51 37.6±2.97
221 62.5 ± 3.23 201 ±  10.5 18.5 ±  1.11 19.9 ± 1.26 26.7 ±  1.61
385 73.9 ± 4.12 240 ±  13.3 20.3 ±  1.19 28.7 ± 1.54 34.7 ±2.02
621 81.6 ± 5.00 264 ±  15.6 22.7 ±1.56 33.1 ± 2.44 34.5 ±  3.15
795 91.1 ± 4.25 296 ±14.3 25.0 ±1.54 37.2± 2.18 40.1 ±2.70
995 97.3 ± 8.05 323 ±27.1 25.9 ±2.24 41.5 ± 3.93 37.3 ±3.22

1’2 See footnotes o f  table 4.

inverse and exponential function of the 
logarithm of the caloric intake.

A single, linear and positive correlation 
was obtained when the level of alkaline 
phosphatase activity for the liver was 
plotted against body weight; there was, 
however, a greater variance in this correla­
tion than was observed when the activity 
levels of the former three enzymes were 
related to body weight.

On a cellular basis, whereas the patterns 
of change in activity with age were erratic, 
the computed hepatocytic activity levels of 
rats fed diet A consistently had the lowest

level of activity. The activity per milligram 
of liver did not relate to the number or 
average volume of hepatocytes in a com­
parable weight of liver; the level of activ­
ity relative to body weight, however, in­
creased exponentially as the number of 
hepatocytes in a unit weight of liver in­
creased, and decreased exponentially as 
the average volume of the hepatocyte in­
creased logarithmically.

A direct proportionality was found be­
tween the total activity level of the liver 
and the nitrogen content of the liver, but no 
correlation was evident between the level
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Fig. 12 Relationship between level of alkaline phosphatase activity per milligram liver, 
dry weight and body weight. Assays performed at seven age periods (21 to 995 days). (Least 
square line for values of rats fed the commercial diet computed separately.) See legend of 
figure 1 for key to dietary groups.

UNITS X I 0 '3

Fig. 13 Relationship between level of alkaline phosphatase activity of the liver and 
average daily caloric intake. See legend of figure 1 for key to dietary groups.
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of activity per milligram of liver or per 
hepatocyte and the corresponding nitrogen 
concentration or content.

E nzyvie-enzym e activity correlations. 
The activity values of each of the enzymes 
were plotted one against the other as a 
means of determining whether an incre­
mental change in level of activity of one 
enzyme was accompanied by a proportional 
change in the activity level of another en­
zyme. On a total liver basis, linear and 
direct relationships were found between 
the levels of activity for each of the follow­
ing: histidase and ATPase (fig. 14), alka­
line phosphatase and catalase, and between 
alkaline phosphatase and histidase (table 
12). Thus, as the level of activity of one 
enzyme in each pair increased, there was 
a corresponding increase of uniform pro­
portion in the activity level of the other

UNITS

UNITS X IO'1

ATP -ose  ACT IV ITY
( UNITS/ LI V E R  X IO'3)

Fig. 14 Representative enzyme-enzyme activ­
ity relationships. Assays performed at seven age 
periods (21 to 995 days). See legend of figure 1 
for key to dietary groups.
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enzyme. On the other hand, this unique 
balance was not observed in the patterns 
formed between the values for ATPase and 
catalase (fig. 14), ATPase and alkaline 
phosphatase, and for catalase and histi- 
dase; in these comparisons exponential re­
lationships were obtained (table 12).

On the basis of the hepatocyte, an in­
crease in the level of histidase was associ­
ated with a proportional increase in the 
level of ATPase activity. Except for values 
for rats fed the commercial diet, a similar 
relationship was found between catalase 
and histidase. Between ATPase and catal­
ase, however, an exponential pattern was 
obtained (fig. 15) indicating that for each 
unit change in the level of activity in one 
of the enzymes there were progressively 
greater changes in the other (table 12).

4. A ctivity changes attributable to 
change in num ber and volum e  

o f  hepatocytes

From the cellular and enzymological 
data, it was found possible to estimate how 
much of the change in total enzyme activ­
ity, from one age to another, could be di­
rectly attributed to the amount of activity 
associated with change in 1) number of 
hepatocytes and volume of the hepatocytes, 
and 2) how much could be attributed to 
change in “activity concentration.”

To determine the effect of changes in 
the number and volume of the hepatocytes, 
the level of activity per unit volume of the 
hepatocyte was considered to remain con­
stant from time period 1 to time period 2. 
The expected incremental change in activ-

UNITS X I08

HEPATOCYTIC A TP -ose ACTIVITY 
(UNITS  X IO 6 )

Fig. 15 Representative hepatocytic enzyme-enzyme activity relationships. Assays per­
formed at seven age periods (21 to 995 days). See legend of figure 1 for key to dietary 
groups.
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TABLE 13
Enzyme activity of liver attributable to change in number and volume of hepatocytes 1

Diet Age ATPase Catalase Histidase Alkaline
phosphatase

days units x 10~2 units units units x 10 ~2
Commercial 121 573 517 12.2 127

221 681 614 14.5 151
385 665 600 14.2 148
621 863 778 18.4 192
795 773 697 16.5 172

A 121 271 245 5.8 60
221 378 341 8.0 84
385 506 456 10.8 112
621 529 477 11.2 117
795 458 413 9.7 102
995 438 395 9.3 97

B 121 106 96 2.3 24
221 146 132 3.1 33
385 213 192 4.5 47
621 279 252 5.9 62
795 225 203 4.8 50
995 246 222 5.2 55

C 121 171 154 3.6 38
221 297 268 6.3 66
385 323 291 6.9 72
621 500 451 10.6 111
795 471 425 10.0 105
995 422 381 9.0 94

D 121 25 22 0.5 6
221 66 60 1.4 15
385 106 96 2.3 24
621 114 103 2.4 25
795 116 105 2.5 26
995 126 114 2.7 28

lE jcpeeted  activ ity  due to ch an ge in  parench ym al vo lu m e (in clu d es  both num ber and volum e 
or the h ep atocytes) =  L(VX — V i)  B]

T o determ ine expected  activ ity  due to ch an ge  in  volu m e o f  the hepatocytes on lv 
™ , . . .. .. , [(Vx — Vi)B] — f(Nx — Ni)A]
l o  determ ine activ ity  due to ch an ge  m  “ activ ity  con cen tra tion ”  on ly 

, . (Tx — Ti) — [(Vx — V1)B]
W here: V i =  p aren ch ym al volu m e in  ¿¿3, 21 days

Vx 1, 2,3 . . . =  parench ym al volu m e in  /¿3, con secu tive  ages 
B =  activ ity //*3 Gf  hepatocyte, 21 days 
A =  a ct iv ity /ce ll, 21 days
N i =  total n u m ber hepatocytes in  liver, 21 days
N x 1,2,3 . . . =  total n u m ber hepatocytes in  liver, con secu tive  ages
T i =  total enzym e activ ity  level o f  liver, 21 days
Tx 1 , 2,3 . . .  — t o t a l  e n z y m e  a c t i v i t y  o f  l i v e r ,  c o n s e c u t i v e  a g e s .

ity was obtained from the product of the 
hepatocytic activity per u3, for the 21-day- 
old rat, and of the incremental change in 
total volume of the hepatocytes of a later 
age (see footnote to table 13). To calculate 
the change in amount of activity due to 
change in number of hepatocytes only, the 
activity per hepatocyte of the 21-day-old 
rat was assumed to remain constant; the 
expected change in activity was then de­
termined as the product of the activity per 
cell of the prior period and the incremen­

tal change in number of cells. Any devia­
tion in values between the expected activ­
ity level due to numbers and volume, and 
that of the observed activity level, denotes 
the amount of activity that can only be 
ascribed directly to change in the activity 
concentration.

The level of activity attributable to 
changes in number and volume of the 
hepatocyte varied with the age of the rat 
and with the diet fed (table 13). For each 
of the enzymes the disposition of these
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newly derived age-activity patterns among 
the five dietary groups was, in general, 
similar to those presented earlier for total 
activity of the liver. Also similar to that 
found for total activity, single and linear 
correlations were obtained for each of the 
enzymes when the expected activity due 
to change in number and in volume of the 
hepatocyte was related to body weight (fig.
16). For ATPase, histidase and catalase, 
the amount of activity due to change in ac­
tivity concentration was also a direct func­
tion of body weight. In the case of ATPase 
and histidase, as the total level of activity 
increased with increase in body weight, a 
greater proportion was consistently con­
tributed by that amount ascribable to ac­
tivity concentration than by that due to

increase in number and volume of the 
hepatocyte (fig. 16). Furthermore, with 
increase in body weight, the patterns di­
verged one from another so that the 
amount afforded by the activity concentra­
tion became progessively greater. For 
catalase, however, the greater contribution 
to the whole was the result of the increase 
in total mass of hepatocytic material rather 
than of the changes in activity concentra­
tion (fig. 16).

For phosphatase, the computed amount 
of activity attributable to change in num­
ber and volume of hepatocytes exceeded 
the level of activity actually observed. This 
indicated, therefore, that there was a com­
pensatory reduction in the activity con­
centration; this conclusion was supported
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Fig. 16 Comparison of enzyme activity levels of the liver, actual (O ) ,  with computed 
amounts of activity attributable to change in both number and volume of hepatocytes (par­
enchymal volume) ( A ) ,  and with change in activity concentration ( X ) .  Values for each 
of the enzymes represent five dietary groups; assays performed at seven age periods.
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by the fact that the observed activity per 
unit weight of liver or per unit volume of 
cell, decreased with increase in body 
weight. With increase in body weight, the 
pattern of change for activity concentra­
tion and that for change in number and 
volume of cells progressively diverged (fig. 
16). The change in enzyme activity at­
tributable to change in number and volume 
of the hepatocyte was directly related to 
body weight but the change due to activity 
concentration was inversely related; the 
rate of dilution in concentration was 
smaller than the rate of increase in ex­
pected activity due to the increase in num­
ber and volume of hepatocytes.

A similar type of analysis was also ap­
plied to the changes in level of activity 
when the activity was expressed on a unit 
weight basis of liver. With change in vol­
ume of the hepatocyte there was, for a 
given volume of liver, a compensatory ad­
justment in the number of cells. Thus, 
when the changes in both number and 
volume of the hepatocytes were considered 
together as a unit the differences in level 
of activity per unit weight of tissue could 
only be attributed to changes in activity 
concentration. When, however, the ef­

fects of change in the number of hepato­
cytes were considered separately from the 
change in volume of the hepatocytes, dif­
ferences in “activity content” of the hepa­
tocyte were found. This was due in part, 
to the dependence of the activity level of 
the hepatocyte on cell volume, and in part, 
to the differences in activity concentration 
of the hepatocyte.
5. Relationships betiveen  en zym e activity  

and life expectan cy
Of the several ways of expressing mor­

tality risk of a population, life expectancy 
values at different age periods proved to 
be most valuable in that they were found 
to correlate inversely not only with caloric 
intake (fig. 17) and body weight but also 
with enzyme activity levels. At each age 
period and for each of the enzymes, the 
activity level of the liver was found to re­
late inversely to the life expectancy of the 
nonsacrificed members of the various di­
etary groups (fig. 18). Uniformly, activity 
values which were more like those of the 
young rat had the longest life expectancy 
(rats fed diet D) and conversely, those 
with the highest activity values (rats fed 
the commercial diet) had the shortest ex-

Fig. 17 Relationship between life expectancy of nonsacrificed members of the five dietary 
populations of rats and daily caloric intake at six age periods. Life expectation values com­
puted to coincide with the age when members of the same population were killed for bio­
chemical assays. See legend of figure 1 for key to dietary groups.
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LIFE EXPECTANCY (days)
Fig. 18 Life expectancy-hepatic enzyme activity patterns. For each of the four enzymes, 

the series of curves represents the correlation between the activity level of the liver and 
the corresponding life expectancy of the nonsacrificed members of the same dietary popula­
tions of rats at different age periods. Reading from right to left, these ages are: 121, 221, 
385, 621, 795 and 995 days, respectively. The ATPase, catalase and histidase activity values 
for group C rats are not included in the best fit line for the earlier age periods. See legend 
of figure 1 for key to dietary groups.

pectancy. In the early stages of life there 
were for ATPase, catalase and histidase 
some deviations in the values for group C 
rats; these deviations became negligible 
at later ages.

When the activity values adjusted for 
differences in body weight were related to 
life expectancy, the patterns obtained were 
similar to those formed when the activity 
per unit weight of liver was related to life 
expectancy. Relationships, however, were 
limited to catalase and phosphatase only. 
Catalase activity per milligram of liver 
(fresh, dry or fat-free) or per unit nitro­
gen, related inversely and linearly to life 
expectancy through the 621-day period; 
subsequent to this time there was a rever­
sal in trend and the values for the four 
dietary groups fed the purified diets re­

lated directly to life expectancy. The direct 
and linear correlation between alkaline 
phosphatase activity per milligram of liver 
(fresh, dry or fat-free) or per unit nitrogen, 
and life expectancy was limited to those 
groups fed diets A, B and D until 621 
days of age; after this time the deviations 
in group C values became minimal.

On a cellular basis the level of activity 
with certain limitations also correlated 
with life expectancy. For both ATPase and 
catalase (fig. 19), the patterns for each 
age period, excluding the terminal values, 
were roughly curvilinear and inverse. The 
deviation in the values for group C rats was 
present at all ages for catalase, but for 
ATPase it became negligible after the rats 
were 1 year old. The relationship between 
hepatocytic histidase and expectancy,



5 9 6 M O RRIS H. ROSS

UNITS X IO5

O
<

o
H
>-O
oH
á

UNITS X IO8

0 ioo 200 300 400 500 600 700 800 900
LIFE EXPECTANCY (days)

Fig. 19 Representative life expectancy-hepatocytic enzyme activity patterns. Each series 
of curves represents the correlation between the activity level of the hepatocyte and the 
corresponding life expectancy of the nonsacrificed members of the same dietary populations 
of rats at different age periods. For age sequence, see legend of figure 18. See legend of 
figure 1 for key to dietary groups.

again exclusive of group C, was also cur­
vilinear and inverse, but correlations were 
evident for only year 1 of life. Hepatocytic 
alkaline phosphatase differed from the 
other enzymes in that a direct relationship

was found but, like that noted when the 
activity level was expressed on a unit 
weight basis of liver, the correlation was 
limited to the values from dietary groups 
A, B and D.
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Fig. 20 Representative correlation between life expectancy at various age periods and 
the expected enzyme activity level of the liver attributable to changes only in number and 
volume of the hepatocytes (parenchymal volume). These enzyme values do not include that 
amount of activity contributed by the changes in activity concentration. For age sequence, 
see legend of figure 18. See legend of figure 1 for key to dietary groups.
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Fig. 21 Correlation between life expectancy at various age periods and the expected enzyme ac­

tivity level of the liver attributable to change in activity concentration apart from that amount of 
activity due to change in parenchymal volume. For age sequence, see legend of figure 18. See legend 
of figure 1 for key to dietary groups.
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Adjustment for differences in cell vol­
ume resulted in patterns which were nearly 
identical to those found when the activity 
per organ was adjusted for differences in 
body weight.

Because it was possible to estimate the 
change in amount of activity of the liver 
attributable to change in number and vol­
ume of hepatocytes and to change in ac­
tivity concentration, the correlations be­
tween these factors and life expectancy 
were also assessed. Consistently for each 
of the enzymes, the expected change in 
activity due to change in number and vol­
ume of hepatocytes, separately or together, 
was inversely related to life expectancy 
(fig. 20). Since the change in number 
and volume of the hepatocytes is a com­
mon feature, the patterns are identical for 
all enzymes. During year 1 of life the 
patterns were curvilinear, with group C 
values deviating; at later ages the curves 
included group C values and there was, 
in addition, an increasing tendency toward 
a linear pattern.

The expected change in activity attribu­
table to change in activity concentration 
for each of the enzymes also correlated to 
life expectancy; for three of the enzymes 
the relationship was inverse, for alkaline 
phosphatase, it was direct (fig. 21). In 
all cases, regardless of the direction of 
change, the smaller the change the greater 
the life expectancy.

DISCUSSION AND CONCLUSIONS
An association between life expectancy 

of the rat and the levels of hepatic enzyme 
activity has been established for each of 
the four enzymes investigated. When the 
age-associated enzyme activity patterns 
were modified by dietary means there were, 
within certain limitations, corresponding 
modifications in life span. The manner, 
however, in which each enzyme related to 
life expectancy was dependent upon the 
basis of expressing its level of activity.

Uniformly, correlations were obtained 
for all four enzymes, particularly at later 
age periods, when the levels of total liver 
activity in the different dietary groups were 
related to life expectancy. Apart from the 
effects of change in cell type or in distribu­
tion of an enzyme, the differences in en­
zyme activity level among dietary groups

or at different ages may be considered as 
the result of concomitant changes in vol­
ume of the parenchymal cells, in number 
of cells or in “activity concentration.” In a 
unit mass of liver a change in the volume 
of the hepatocyte was found to be com­
pensated by a change in the number of 
hepatocytes; the parenchymal volume for 
that given mass must, therefore, be taken 
as remaining relatively constant. Despite 
the fact that there may be differences in 
activity on a cellular basis, a change in the 
level of activity per unit weight of liver 
(fresh weight, dry weight or fat-free) rep­
resents, in actuality, a change in activity 
concentration. The pattern of change with 
age in catalase activity concentration is 
diametrically opposite to that obtained for 
alkaline phosphatase; yet, with minor de­
viations, the activity levels of both en­
zymes, through the greater part of the rat’s 
life span, related to life expectancy. In the 
course of an earlier study (11) in which 
rats were fed semipurified diets on an ad 
libitum basis, a similar correlation was 
found between life span and alkaline phos­
phatase activity per milligram of liver.

On a cellular basis, also, the activity 
level of each of the enzymes consistently 
correlated with life expectancy. Thus, an 
interrelationship can be said to exist among 
life span, diet and hepatic enzyme “activity 
content” at two levels of structural organ­
ization, the liver and the cell. The validity 
of this conclusion is further strengthened 
by the finding that the expected change in 
enzyme activity attributable directly to in­
crease in number of hepatocytes per se, or 
to increase in hepatocytic volume, is also 
related to life expectancy.

The apparent absence of a correlation 
between activity concentration and life 
expectancy for two enzymes may be, in 
part, a masking effect of the changes in 
activity due to change in cell volume and 
in cell number. When the activity concen­
tration was considered separately from 
that amount of activity attributable to 
change in parenchymal volume, the activ­
ity concentration of all four enzymes re­
lated to life expectancy.

The association among caloric restric­
tion, life span and enzyme activity levels 
has been questioned by Barrows et al. (32- 
34). The lack of agreement with our con-
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elusions may be due to the limited basis of 
expressing activity levels as well as the 
absence of mortality data for the popula­
tion of rats in their study for such enzyme 
correlations. Positive correlations, how­
ever, were reported by Barrows’ group (13) 
when the life span of the rotifer was re­
lated to enzyme activity levels for the total 
organism.

It is only when calender age was used as 
the basis of comparison that each dietary 
group gave rise to separate enzyme activity 
patterns. When parameters other than 
age were used as a basis of comparison, 
these discrete, multiple patterns disap­
peared. The level of activity of each of the 
enzymes formed a single and continuous 
slope when related to nitrogen content, 
number of hepatocytes, hepatocytic volume 
and body weight. Each of the latter, in 
turn, interrelated. These orderly progres­
sions suggest that among the different die­
tary groups there may also be, for each of 
the enzymes, a singular pattern in the rate 
of synthesis and loss of enzymes. The dif­
ferences between dietary groups at any age 
and the reversal in direction in change dur­
ing the senescent phases of life appear to 
be an expression of differences in rate and 
level of biochemical and structural devel­
opment attained.

Discrete, temporal displacements in the 
time of onset and in the incidence rate of 
certain age-associated diseases have also 
been found among these dietary groups 
(10, 12). Here, too, a single relationship 
becomes manifest between increase in risk 
to disease, particularly to spontaneous 
tumors, and increase in body weight, ir­
respective of age or of the diet imposed. 
These data reaffirm our earlier conclusion
(12) proposed for the disease relationship 
that among populations of varying life ex­
pectancy, there is a remarkable uniformity 
in the sequence and in the proportion of 
time required for biochemical, structural 
and pathological events to occur.

The higher fat content of the liver and of 
the hepatocyte of rats whose intake was 
low in protein but high in calories does not 
completely explain the deviation in some 
of the enzyme values for this dietary group. 
An increase in the level of choline in the 
diet did have a beneficial effect and it is 
possible that higher levels of choline should

have been provided earlier. At these later 
ages when the deviation in fat content was 
less evident, there were also fewer devia­
tions in the values for this group in the 
enzyme activity-life expectancy arrays. 
Among the other four dietary groups whose 
protein-to-calorie ratio was not so severely 
imbalanced, the concentration of fat in the 
hepatocyte also changed but in a progres­
sive and uniform manner; the increase in 
volume of the hepatocyte associated with 
increase in calcric intake was accompan­
ied by significantly higher levels of concen­
tration of fat. This increase in concentra­
tion, per se, may adversely affect the func­
tional capacity of the hepatocyte, or it may 
be one of the consequences of altered 
functional activity resulting from the rela­
tive decrease in surface area of the cell as 
the cell volume increases.

The lability of hepatic enzymes, par­
ticularly to modification by dietary means, 
and its hormonal regulation has been im­
pressively documented (35-43). The simi­
larity in response to diet in the activity 
patterns of certain liver enzymes and in 
the growth rate of the rat has led to the 
suggestion that the levels of activity per 
unit weight of liver may be used as an 
index of the nutritive value of a diet or 
of specific dietary components (37, 38, 40, 
41, 44). Fabry and Braun (44) have in­
dicated that the changes in enzymatic level 
to changes in diet are not limited to the 
liver and are indicative of the preferential 
metabolism of the predominant metabolite. 
In the present study, however, it would ap­
pear that the progressive change with age 
in the activity level of the organ or the cell, 
for any of the dietary regimens, represents 
an adaptation to the change in require­
ments of a larger animal or a larger cell. 
This same phenomenon of enzyme adap­
tation is evident even in the late phases of 
life when there is loss in both body weight 
and cell volume. Rapid growth rates, struc­
tural or biochemical, are not commensu­
rate with prolonged life span and reduced 
risk to age-associated diseases. Indeed, the 
dietary regimen which evoked the greatest 
rate of change with age was most detri­
mental and such animals had the shortest 
life expectancy and the greatest incidence 
and severity of disease. Conversely, 
through long-term caloric restriction, the
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levels of any of the biochemical constitu­
ents as well as of cell and animal size, 
were more like that of the young rat, and 
the longest life span and the lowest in­
cidence of disease were obtained.

Though only four, arbitrarily chosen, 
enzymes were studied in depth, they have 
similar patterns of change with age and 
show similar response to diet as that ob­
served for a considerably larger number of 
systems investigated earlier (1-5). For 
relatively short periods of time, the small 
order of change in activity in any one en­
zyme may have little immediate, func­
tional significance. Ultimately, over a 
longer time period, however, the accretion 
of such changes and those resulting from 
the progressive disproportion in the relative 
activities among the enzymes may have 
an additive effect with other intrinsic con­
ditions that eventuate in the gross aberra­
tions attendant with aging.
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