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for several days requires further study. 
-4cquisition of the ability of male rats to ac- 
cumulate citrate in the liver after adrenal- 
ectomy suggests that adrenal cortical hor- 
mones also exert .a regulatory influence on 
citrate synthesis in liver and the similar re- 
sponse obtained after feeding male rats des- 
iccated thyroid ( 2  ) suggests. that several hor- 
mones may be involved in the regulation of 
citrate synthesis in the liver. 

The exact manner in which androgens in- 
fluence the response of the liver to fluormce- 
tate requires further investigation. )However, 
the present studies have provided a basis for 
subsequent experimentation on the influence 
of androgens on intermediary carbohydrate 
metabolism. The available data indicate 
that testosterone inhibits the formation of 
citrate from pyruvate or acetate in the liver 
and this effect may be of significance in con- 
nection with the basic ,mechanism underlying 
the metabolic action of the sex hormones. The 
alteration in the metabolic pattern of the 
liver which we previously observed(1) in 

X-irradiated male rats may ;be due to a re- 
lease of the liver from the regulatory action 
of androgens through suppression of steroid 
synthesis. 

Summary. A study of factors influencing 
citrate synthesis was conducted using the 
fluomacetate technique of Potter( 2 )  to de- 
termine the cause of the marked sex differ- 
ence( 1) in citrate accumulation in the liver 
following administration of fluoroacetate to 
rats. Castration of female rats did not 
decrease citrate synthesis in the liver but 
castrated and adrenalectumized male rats ac- 
quired the ability to accumulate citric acid 
in the liver after fluoroacetate treatment. 
Adcministration of testosterone to female rats 
for several days decreased citrate synthesis 
in the liver and testosterone inhibited ciitrate 
synthesis by rat liver homogenates in v i h .  
The results of these experiments indimted 
that androgens suppress citrate formation in 
the liver. 
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The value of radiocalcium in nutritional 
studies has been obscured by the lack of 
agreement between investigators and difficul- 
ties of interpretation due to the exchange of 
Ca45 between extracellular fluid and bone 
( 1-5). Observations during the course of 
nutrition studies with Ca45 indicated a sur- 
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prisingly rapid response of the rat to changes 
in the calcium content of the diet. I t  seemed 
important, ,therefore, ,to establish the extent 
to which conventional experimental procedures 
were producing a bias in the results obtained 
by this sensitive method of studying calcium 
metabolism. 

This study shows the effects of the follow- 
ing factors upon the behavior of labeled 
calcium administered orally to the rat: (a) 
the actual calcium status of the animal a t  the 
ltime of dosage, (b) the calcium content of the 
intestinal contents at the time of dosage, and 
(c) age of the animal. Physiological implica- 
tions of calcium depletion and the interpreta- 
tion of Ca45 studies are discussed. 
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TABLE I. Composition of Experimental Hat Ra- 

Diet Oa-1 Diet (221-3 
Ingredients (Low) (Xormal) 

tions (g per 1000 g of Ration). 

Corn starch 
Casein (vitamin-free) 
Irr. yeast" 
VT-AEC niin mist  
Cod lirer oil: 
Wesson oil 
Cellulosc 
VitabQ 

C a m ,  
% calcium (by analysis) 
% phosphorus ' ' 

KH?PO, 

656 
180 
10 
20 
2 

40 
40 
40 
13.2 

0 
.013 
.4 

643 
180 

10 
"0 

2 
40 
40 
40 
13.2 
12.2 

.5 

.4 

++ Irr. peast contained 360 I.U. \<tamin D/g. 
t UT-AEC basic. mineral mixture No. 1 i s  a 

modification of the ealciuni-pliospliorus frcc mix- 
ture used by H. (4. Day et c t l .  ( J .  Sa tr . ,  1938, r l6 ,  
525) and includes the following minerals : S:3(,'1 
39.84, KC1 18.2, KHCO, 26.2, MgS04 (anhyd) 12, 
CuS04-511~0 .4, M n S 0 4 ~ 4 H ~ 0  2, ZnS04*TH20 .6, 
FeC'1,=GI120 2.5, K2SO4*3H20 .02, K I  .03 and NaE' 
.01 %. 

Cod liver oil contained 90 1.1.'. vit D and 900 
1.V. rit  A/g. 

3 Vitab, awilnble f roni  Sopco C7ieniic.al Co., 
Harrison, S. J.; fortified with .4 mg riboflarill 1)er 
g innnediatelg preceding mixing. 

Methods. These experiments were carried 
out with highly inbred IVistar rats of both 
sexes. The young were weaned at  28 days 
from mothers maintained on commercial rat 
pellets and, as determined by the experiment, 
were placed on the normal (Ca-3) and,/or 
low calcium (Ca-1 ) experimental diets. These 
diets were identical except for the variation 
in calcium content (Table I ) .  All rats were 
fed and watered ad libitum. Followinq the 
definite pre-experimental periods of prepara- 
tion on known rations. feed was removed from 
all cages 4 ohours before dosing to insure uni- 
formity of conditions; the animals received a 
single oral dose of labeled calcium by stomach 
tube and were placed immediately into me- 
tabolism cages equipped for the separation 
of the urine from the feces for complete bsl- 
ance studies. Cnless otherwise indicated: the 
dosage consisted of 0.5 ml calcium 45 chloride 
solution containing about 10 microcuries in 
less than 1 mg calcium with the pH adjusted 
to 6.0. At sacrifice after 96 hours, fresh tissue 
samples, feces and urine were taken for routine 
total calcium and phosphorus determinations 
and for the measurement of calcium 45 by 

methods previously reported( 6). All values 
involving labeled calcium have been calcu- 
lated on an equivalent basis so as to be com- 
parable between animals and experiments. 

Effects of changing calcium level of ration. 
The first study of this series was designed to 
show the effects of changing the calcium 
level of the ration at  varying times before 
administration of the labeled calcium. Fol- 
lowing the definite pre-experimental period, 
animals were selected from the low and normal 
calcium groups and placed on the current in- 
take ration for 48, 96 and 408 hours previous 
to dosage with Ca45 as indicated in Table 11. 
The results 3how the actual calcium intake 
and excretion per rat per day during the 96- 
hour experimental period following oral ad- 
ministration, the percent of labeled calcium 
excreted, the percent of excreted calcium 
which was derived from the body stores, and 
the calcium content and calcium 45 accumu- 
lation in the femur shaft. The percent of 
excreted calcium which was derived from the 
body stores was calculated without taking 
into consideration the labeled calcium which 
reached the body stores and was subsequently 
excreted during the experimental period. It 
is considered that this method of expression 
does not change the overall picture. The 
important basic effects can be noted from 
consideration of Lots 1 to 4. As might be 
expected, Lot 1 rats were in a positive calcium 
balance, excreting about 50% of the total 
calcium intake, whereas Lot 4 rats on the low 
calcium diet throughout, were in negative 
balance. Lot 2 rats which had been on the 
low calcium diet for only 48 hours had gone 
from a positive to a negative balance, where- 
as Lot 3 rats which had been on a normal 
diet for only 48 hours, were already in positive 
balance. In the case of Lot 1, about 30% 
of the labeled calcium was excreted, whereas 
in the other three lots, significantly lower 
amounts were excreted. In  line with this it 
is noted that in Lot 1 rats about 40% of the 
excreted calcium was derived from the body 
stores, while with the other groups this value 
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1951, v8, 19. 



CA*~ METABOLISM IN THE RAT 457 

3 
.5! 

3 
c .  

was from 95 It0 100%. In considering the 
values for the femur shaft it is noted that 48 
hours on a low diet had caused an apparently 
slight decrease in the calcium content (Lot 1 
vs. Lot 2) ,  whereas 48 hours on a normal diet 
had caused an increase (Lot 3 vs. Lot 4). 
The accumulation of Ca45 in the bone was 
lowest in Lot 1 and significantly higher in the 
other lots. Greater differences in turnover 
or specific activity between lots was due to the 
fact that both the Ca45 accumulation and 
calcium content of the bone entered into the 
calculation. Lots 5-8 show the same trends 
accentuated by the longer period on the 
changed ration. I t  is of interest in comparing 
Lots 7 and 8 to note that the calcium balance 
and bone values were about the same. .Never- 
theless, the Lot 8 rats, on a current normal 
intake, were beginning to show an increased 
excretion rate of Ca45 even though the bone 
calcium content had not yet reached a normal 
level. The implications of [these results are 
clear: a biased picture of calcium behavior 
may well be obtained if the dietary calcium 
is changed radically before administration of 
the labeled element, or during the balance 
period . 

The physiological aspects are of consider- 
able interest. As will be discussed in more 
detail later, it can be noted that the mass of 
calcium in the intestinal contents at the time 
of absorption of Calcium 45 had little effect 
on the results obtained. In the case of simple 
mass effects, one would normally expect a 
lower excretion value when the mass was 
lower. Thus Lot 2 rats certainly had a lower 
intestinal content of calcium than did those 
of Lot 3, but Lot 2 nevertheless showed a 
higher excretion: this comparison also holds 
for Lots 5 and 6 .  It seems apparent that rats 
changed from a normal to a low calcium 
diet rapidly develop an increased capacity for 
absorption of this element from the tract. In 
the case of animals maintained on low calcium 
for longer periods of time (>96 hr) it seemed 
likely that the calcium status of the bone was 
reflected in the increased capacity for absorp- 
tion of this element from the tract. It may 
be noted from the last column of Table I1 
that the bones of animals on low calcium for 
longer than 96 hours showed a higher Ca45 
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TBRLE 111. Effects of Chlcium Depletion on Excretion and Bone Accumulation of Orally 
Administered C:W (8 rats in each group; 32 days of age at s t a r t  of experimcnt). 

J Femur @haft---- 7 Ca4S 
D a p  on low % ('a45 close Spccific t 
Ca (Ca-1) cscretcd Ca$S* nig C'iI/g acstivity % ash Fraction Ca.15 absorbed 

. i 8  
1.4 
1.6 
1.7 
1.6 
I .6 

uptake in the femur shaft per unit of dose 
absorbed. This would indicate that in animals 
on a depletion regime. increases in the ability 
to absorb calcium from the tract may precede 
changes in the bone. 

In  part, the results thus far discussed have 
been concerned with short-term depletion 
effects. The following study is concerned with 
the course of depletion continued over a 
longer time period. Six lots of 8 weanling 
rats each were placed on a low calcium ration 
(Ca-1) and at  intervals designated in Table 
111 they were given an oral dose of Ca4*; and 
sacrificed after 96 hours for the usual tissue 
analyses. Table I11 shows the values ob- 
tained for the excretion and femur shaft. As 
expected, the 12 days' depletion caused a 
marked effect: at 24 clays the main change was 
in the mineral content of the bone. After 
24 days depletion there was no further demon- 
strable effect. These values considered in 
combination with 'those of Table I1 emphasize 
the finding that when a normal rat is placed 
on a low calciun~ diet, sometime between 4 
and 1 2  days the bones increase in tsheir 
capacity to accumulate absorbed Calcium 45 
and this increased capacity remains fairly 
constant even though the bones lose consider- 
able mineral through further depletion. I t  
should be noted in consideration of these data 
that effects due to age in addition to depletion 
may have been a contributing factor. 

Efec ts  of specific activity at absorption site. 
The specific activity of the calcium available 
for a given study will determine the mass of 
calcium which must be administered to an 
animal to provide sufficient radioactivity for 
the measurements. It seemed desirable there- 

fore to determine the mass level below which 
significant effects due to carrier calcium would 
not be encountered on both the normal and 
low dietary intake. This information is also 
necessary for interpretation of data on the 
factors governing absorption from the tract. 
In this study 2 groups of litter mate rats, 
reared as previously described on low and 
normal calcium rations were dosed orally with 
the same amount of Ca4" activity to which 
varying amounts of carrier were added as 
indicated in Table IV. 

The results in Table IV  indicated that the 
mass of calcium in the dose had little effect 
on the absorption of 'this element. With the 
exception of an increase in fecal excretion 
when 20 and 51 mg of calcium were given 
to the low calcium animals, there was no 
demonstrable effect. Analysis of tissue sam- 
ples from these animals also showed no differ- 
ences due to the mass of carrier calcium used. 
This is in agreement with the findings previ- 
ously discussed. A preliminary report to this 

TABLE 1V. Effects of Xass of C'aleium on Ex- 
c.retioii of Ci44; Orally Administered to  Rats 011 
I,OIV and S01.11titl Dietmy Calcium Levels (Rats 

'\Vcrc 84 1)ays of Age). 

Fecal excre- 
No. of DOSC, tion of Oaa, 

Ration rats mg of Ca % of dose 

2 8  
1.3 

10 
20 
5.1 

2.8 
1.3 

10 
20 
51 

.50 

.60 

.85 
4.4 
3 

31 
33 
40 
33 
2.6 
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effect was published by Hansard et aZ.(7) in the bone, from which it has displaced an 
and essentially confirmed by Carlson (8 ) .  

Effects of age. The following study was 
designed to show quantitatively the effects 
of age of the animal on Calcium 45 absorp- 
Ition and accumulation in the bone. Four lats 
of weanling litter mate rats were placed on 
a normal (Ca-3) ration and at  the intervals 
designated in Table V were given a single 
oral dose of Calcium 45 and sacrificed after 
96 hours for the usual studies. As may be 
noted from Table V the younger rats excreted 
less of the Ca45 although there was no sig- 
nificant difference between the 6% and 16- 
month-old animals in this respect. The cal- 
cium and ash content of the femur showed a 
progressive increase with age, whereas the 
Ca4> accumulation and specific activity showed 
a progressive decrease with age. From the 
Ca4*j accumulation per unit of Ca45 absorbed 
it can be noted that similar values were ob- 
tained for the first 3 groups, whereas the 16- 
month-old animals showed a significant de- 
crease. This may be interpreted to mean that 
between 1 and 6% months the capacity for the 
Ca4" to accumulate in the bone from the extra- 
cellular fluid was relatively constant, while 
at 16 months of age this capacity had de- 
creased. 

I t  is generally accepted that 
introduced in to the extracellular fluid 

undergoes a very rapid exchange with the 
calcium in the bone(9-11). Without entering 
into the controversial issues of the relation- 
ships of exchange and growth or the mechan- 
isms of retention of Ca4ei in bone, it is 
an expected and an established fact that 
practically all of the Cads which was originally 
present in the serum will eventually be found 
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approximately equivalent amount -of stable 
calcium. As equilibrium is approached, at 
about 72 hours after oral administration, the 
specific activity of the skeleton will approach 
that of the serum, and due to the difference 
in the calcium content of the two tissues there 
will be of the order of hundreds of atimes as 
much Ca45 in the skeleton as in the serum. 
In any comparative experiment, then, a higher 
uptake of orally administered Ca45 in the 
skeleton cannot be interpreted as indicating 
an increased capacity of the bone for uptake 
of calcium, but may well reflect simply the 
fact that more Calcium 45 was ,absorbed from 
the ltract and was thus available for exchange. 
I t  is suggested that the bone concentration 
of Ca4" per unit of Cads absorbed may be an 
indication of the exchange potential of the 
bone. 

This exchange reaction must also be taken 
into consideration in the interpretation of 
excretion data. Where there has been absorp- 
tion of from the tract and the subsequent 
exchange with stable calcium of the bone, the 
excreta will contain .a higher ratio of stable 
to radioactive calcium in propontion to the 
degree of exchange which has occurred. This 
should not be interpreted as an indication of 
demineralization. 

An illustration of how the results obdtained 
may depend upon the strict standardization 
of experimental conditions is furnished by 
consideration of the Ca45 fecal excretions of 
the 1-month rats in Tables I11 and V which 
were 8.8 and 23% respectively. The only 
difference between these two groups was that 
the Table I11 rats were placed on a low 
calcium diet after dosage, whereas the others 
were continued on the normal diet. 

Summary. ( 1 )  The fecal excretion of orally 
administered Ca45 is a sensitive indication of 
the calcium status of the rat; ( 2 )  placing 
normal rats on a low calcium diet for as little 
as 2 days greatly increased their ability to 
absorb Ca4" from the tract; ( 3 )  the specific ac- 
tivity of labeled calcium at the site of absorp- 
tion had little effect upon its absorption; (4) 
in general, younger rats absorbed more Ca45 
than did older ones although there was no 
significant difference between 6% and 16- 
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TABLE V. Effects of Age of Rat on Zkerction and Bone Accumulation of Orally A4dministered Ca45. 

Fecal excre- ,--------Femur shaft- ? Ca45 
N o .  of Avg hody tion of a245, Spw4fic.t 

Age, mo ra t s  wt. (g )  7% of dose Ca45” mg &/g actiri ty % ash Fraction Ca45 absorbed 

1 9 3B 23 3 7  90 6.3 25 .74 
3 12 1; 1 33 .45 168 2 . i  43 .67 
s?.!, 4 31 2 56 .30 19 3 1.5 50 .68 

1 6 cj 310 51 .18 2 10 .86 56 .3 7 

pg of ltibelerl Ca per g fresh tissue based on dosage of 10 fig pcr 100 g body wt. 
t pg of labeled C:i X 103 per g of total (‘a based OIL ahore  ricwage. 

month-old animals; ( 5 )  for meaningful studies 
of this type, interpretations must include con- 
sideration of exchange reactions, and care 
must be given to initial selection of diets and 

ment, and dietary management during the 
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Benzoic acid ( 1 ?2 ) and carinamide (4’-car- 
bosyphenylmethanesulfonanilide) ( 3 - 6 )  a r e 
known to block the renal tubular secretion of 
penicillin and thus to enhance plasma peni- 
cillin concentrations. A new compound. 
Benemid,t p- (di-n-propylsulfamyl) -benzoic 
acid has also been found to increase the 

* This study was made possible by grants-in-aid 
from the American Cancer Society, thc U. S. Public 
Health Service and the M. & R. Dietetic Labora- 
tories. 
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plasma concentrations of penicillin and para- 
aminosalicylic acid (PAS) ( 7- 1 1 ). Only 2 g 
of Benemid per day are necessary to produce 
consistent elevation of plasma penicillin and 
PAS levels( 7-1 1 ) , whereas 6 to 24 g per day 
of carinamide were necessary to produce sim- 
ilar results ( 3 - 6 ) .  
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