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Abstract-Time course of responses of renal and hepatic carbonic anhydrase activities 
in microsomal and supematant fractions to aldosterone and actinomycin D were 
examined at intervals ranging from 3 to 24 hr after a single administration. 

Aldosterone in doses of 1 pg/kg and 2 pg/kg injected i.p. temporarily increased renal 
and hepatic enzymic activities at 2-6 hr after treatment. A larger dose of aldosterone 
(30 pg/kg) injected S.C. continuously increased renal and hepatic carbonic anhydrase 
activity until 24 hr after injection. 

After i.p. injection of actinomycin D (300 pg/kg), renal carbonic anhydrase activity 
was decreased gradually until 6 hr and thereafter returned to normal values, while 
hepatic carbonic anhydrase activity was increased gradually until 6 hr and thereafter 
returned to normal values. 

The stimulatory effect of aldosterone on renal carbonic anhydrasc activity was blocked 
by concurrent treatment with actinomycin D and the inhibitory effect of actino- 
mycin D on this enzymic activity was blocked conversely by concurrent treatment 
with aldosterone. 

ALDOSTERONE is known as a naturally occurring mineralocorticoid and plays an impor- 
tant role in the regulation of sodium and potassium metabolism in the kidney. 
Although the effect of aldosterone on sodium transport1-3 or synthesis of m-RNA 
and proteinG7 in toad bladder and mammals have been reported by many investigators, 
the final mechanism of its action is not clear. In particular the relation between aldo- 
sterone and kidney enzymes has not been fully investigated. 

Of several enzymes in the kidney, carbonic anhydrase has been shown to play a role 
in the formation of H+ and on H+-Na+ or K+-Na+ exchange mechanism in renal 
tubules.** g Therefore in the previous reports XI and XII, we examined the effect of 
repeated administration of aldosterone on renal carbonic anhydrase activity in normal 
and adrenalectomized mice and observed a significant increase of this enzymic activity 
after aldosterone treatment.‘O* l1 In general however it has been reported by many 
workers that the effect of aldosterone on urinary electrolyte excretion appears in a 
shorter time after administration. ‘* 12* l3 Tf carbonic anhydraseis a mediator of action 
of aldosterone in the kidney, any alterations of renal enzymic activity would be observed 
during the period of a maximal sodium retention by aldosterone. Therefore in this 
paper, the effect of aldosterone and actinomycin D on renal carbonic anhydrase and 
the presence of antagonism between the action of aldosterone and actinomycin D were 
examined. 
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Further this enzymic activity is observed in various organs and liver carbonic 
anhydrase is affected by adrenocorticoids, 14* Is but the physiological function of this 
enzyme in the liver is not known. The alterations of liver carbonic anhydrase activity 
after aldosterone and actinomycin D treatment were also examined in this paper. 

Animals 
MATERIALS AND METHODS 

Adult male ddN strain mice (25-30 g) were used. The animals were fed with com- 
mercial solid diet (Oriental Co.) and tap water ad lib. at room temperature of 20”. They 
were fasted for 24 hr before sacrifice but allowed to drink water. 

Actinomycin D (Merck, Sharp & Dohme) was dissolved in saline. D-aldosterone 
(Mann) was dissolved in 95 % ethanol and diluted with saline to adequate concentra- 
tion. Cortisol acetate (Merck) was suspended in Aqueous Vehicle No. 1 (Merck). 
Various doses of these drugs were administered S.C. or i.p. in O-1 ml of each solvent. 
Control animals were administered the solvent only. 

Separation of subcelhiar fractions 

After sacrifice by decapitation, livers and kidneys were removed and minute in- 
cisions were made and washed well with cold distilled water which was then absorbed 
with blotting paper. After repeating this procedure several times and removing as 
much blood as possible, the livers and kidneys in a group of six to eight animals were 
pooled, weighed with a torsion balance and a 10 % (w/v) homogenate was made in a 
Potter-Elvehjem type glass homogenizer fitted with a teflon pestle with 0.25 M 
sucrose containing 0.1% sodium deoxycholate and 5 mM Na2EDTA adjusted to 
pH 7.4 with 1 M Tris. 

Differential fractionation was carried out according to Schneider.16 The homogenate 
was centrifuged in a refrigerated centrifuge at 2’ for 10 min (9000 g) to sediment the 
nuclei and mitochondria. The supernatant was decanted and the sediment resus- 
pended in the above solution and recentrifuged under the same conditions. The super- 
natant solutions from both centrifugations were then combined and centrifuged at 2” 
for 1 hr (77,000 g) using an uItra~ntrifuge to sediment the submicroscopic particles. 
The sediment was suspended in 0.25 M sucrose and used as the ~crosomal fraction. 
The supernatant obtained from 77,000 g centr~ugation was used as the supernatant 
fraction. 

Carbonic anhydrase assay 

Carbonic anhydrase activity was measured according to Altschule and Levis.” 
The procedure was as follows; 1.0 ml of 0.2 M phosphate buffer (pH 6.8) and 0.5 ml 
of enzyme preparation was placed in one compartment of a boat-shaped glass vessel 
and in the other compartment 1 *O ml of 0.05 M sodium bicarbonate solution was added. 
The reaction vessel containing the reagents and enzyme was attached to its mano- 
meter and placed in a water bath for 8 tin at 37”, then the vessel was shaken 120 
times/min and the CO2 produced was determined manometrically. Assays were made 
several times with the same enzyme preparation and mean values were calculated. 



Protein assay 
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Protein amount of enzyme preparation was determined by Biuret reaction’* with 
crystalline bovine serum albumin (Sigma Chem. Co.) used as protein standard. 

RESULTS 

Effect of aldosterone (time course experiment 1) 

Six mice in each group were injected i.p. with 1 and 2 pg/kg of aldosterone and 
sacrificed at various times indicated in Fig. 1. Jn the 1 pg/kg dose injected group, the 
enzymic activity in kidney microsomes and supematant was increased and its maxi- 
mum was observed at 3 hr with a gradual return to normal values by 12 hr. In the 
2 pg/kg dose injected group, a maximal increase of the enzymic activity in the kidney 
was observed at 4 hr later in microsomes and at 6 hr later in supematant fraction. 

e I * . . . * * * , 
0123456 12 24 

Time after injection of oldoeterone (hr) 

FIG. 1. Time course of response of carbonic anhydrase activity in supernatant fractions from kidney 
and liver to aldosterone. Each point with vertical line represents the mean with standard deviation 
from five observations. *P < 0.05 (when compared with 0 hr values). 0-O kidney supernatant 
(1 r&kg aldosterone); 0 - - - 0 kidney supematant (2 pg/kg aldosterone); 0-O kidney microsomes 
(1 pg/kg aldosterone); l - - - l kidney microsomes (2 pg/kg aldosterone); A-A liver supernatant 

(1 pg/kg aldosterone). 

Between the two groups a slight difference was observed with maximal reaction times 
according to the injected doses. The enzymic activity in liver supematant from the 
1 pg/kg dose injected group was increased temporarily at 3 hr and a return to normal 
values was seen at 6 hr after treatment. 

Efict of aldosterone (time course experiment 2) 

Six mice in each group were injected S.C. with 30 pg/kg of aldosterone and sacrificed 
at various times indicated in the left half of Fig. 2. After the single injection of aldo- 
sterone, carbonic anhydrase activity in kidney microsomes, kidney supematant and 
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FIG. 2. Time course of changes of carbonic anhydrase activities in three fractions after single (left 
half) and repeated (right half) administration of aldosterone (30 pg/kg). Numbers in parentheses 
represent the frequency of aldosterone administration. Each point represents the mean from five 
observations. m-R kidney microsomes; 8-8 liver supernatant; O-0 kidney supernatant. 
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FIG, 3. Time course of response of carbonic anhydrase activity in microsomal and supernatant 
fractions from kidney and liver to actinomycin D (300 pgjkg). Each point with vertical lines represents 
the mean f S.D. from five observations. * P e 0.05 (when compared with 0 hr values). O-0 

supernatant; 0-0 microsomes. 
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liver supematant were all increased gradually until 24 hr. The right half of Fig. 2 
indicates the effect of repeated administration of aldosterone. In each group six 
animals were used. Aldosterone (30 pg/kg) was injected S.C. once daily several times 
and animals were sacrificed 24 hr after the last injection. Carbonic anhydrase activities 
in three fractions were also increased, and its rate of increase was similar to that 
observed at 24 hr after the single injection. Among these three fractions, increased 
rate of enzymic activity ranged in magnitude in the order of kidney microsomes 
greater than liver supematant greater than kidney supernatant. 

Eflect of actinomycin D (time course experiment) 

Figure 3 shows the changes of carbonic anhydrase activities from liver and kidney 
at intervals from 3 to 24 hr after the single i.p. injection of 300 ,ug/kg of actinomycin D. 
In each group, eight animals were used respectively. Carbonic anhydrase activities 
in kidney microsomes and supematant were decreased gradually after the administra- 
tion of actinomycin D and a maximal decrease was observed at 6 hr. Thereafter the 
enzymic activity was recovered gradually and returned to the normal values at 24 hr. 
In the liver supernatant, enzymic activity was increased by actinomycin D and its 
maximal increase was observed 6 hr after the injection. Thereafter enzymic activity 
was decreased gradually and returned to the normal values 24 hr later. Enzymic 
activity in liver microsomes was not affected by actinomycin D in any times. 

E&ct of actinomycin D (dose-response relation) 

Eight mice in each group respectively were injected i.p. with actinomycin D in doses 
ranging from 50 to 1000 pg/kg. They were sacrificed 6 hr after treatment with actino- 
mycin D and carbonic anhydrase activity was examined. The results are presented in 
Fig. 4 and Table 1. In the kidney, actinomycin D decreased the enzymic activities in 
microsomal and supernatant fractions and these data using a semi-log plot (Fig. 4) 
show that a straight-line relationship exists between the depression of enzymic activity 
and the dose of actinomycin D. In the liver, 50 and 150 pgg/kg doses elevated the 
enzymic activity in microsomal and supematant fractions, while 500 pg/kg dose had no 

TABLE 1. EFFECT OF ACTINOMYCIN D ON BLOOD CARBONIC ANWDRASE 
ACTIVITY 

Actinomycin D 
dose Oli&g) 

No. of 
mice 

Carbonic anhydrase 
activity: Mean f S.D. 

Enzyme unit/O*5 ml of 1: 100 

0 
! 

l*lOIk@O8 
50 1.11 Ilco.07 

150 8 1.11 ztO~O9 
500 8 1.12*0*10 

1000 8 0.87 *0.09* 

Animals were sacrificed 6 hr after the i.p. injection with actino- 
mycin D and blood was diluted with distilled water to lOO-fold. 
Enzymic activity was assayed with 0.5 ml of diluted blood. 

* P < 0.05. 
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FIG. 4. Effects of various doses of actinomycin D on renal (left half) and hepatic (right half) carbonic 
anhydrase activity. Each point represents the mean from five observations. O-O supernatant; 

l - 0 microsomes. 

effect and 1000 pg/kg dose decreased the enzymic activities in both fractions. Actino- 
mycin D in doses from 50 to 500 pg/kg had no effect on blood enzymic activity, while 
1000 pg/kg dose decreased it (Table 1). 

Antagonism of actinomycin D to the action of aldosterone (1) 

In this case, six animals in each group were injected with 30 pg/kg of aldosterone S.C. 
or 300 pg/kg of actinomycin D i.p., either alone or concurrently with each other, and 
sacrificed 3 and 6 hr after treatment. As shown in Fig. 5(A), kidney carbonic an- 
hydrase activities in microsomal and supernatant fractions were increased after 
aldosterone treatment. When 300 pg/kg of actinomycin D was injected 3 hr after 
aldosterone treatment, the effect of aldosterone was blocked and enzymic activity was 
decreased to the normal values. Figure 5 (B) shows the concurrent effect of aldosterone 
on the action of actinomycin D. Single injection of 300 pg/kg of actinomycin D 
decreased renal enzymic activities in microsomal and supernatant fractions. This 
decrease was prevented by the concurrent administration of aldosterone and the 
enzymic activity restored to the normal values. 

As shown in Fig. 6(A), liver supernatant carbonic anhydrase activity which was 
increased by the single injection of 30 pg/kg of aldosterone was decreased by the 
concurrent administration of actinomycin D below normal values. Liver supernatant 
enzymic activity which was increased by the treatment with 300 pg/kg of actinomycin 
D was decreased by the concurrent administration of aldosterone [Fig. 6(B)]. In the 
liver, similar results were observed after actinomycin D and aldosterone treatment. 
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FIG. 5.l?&cts of aldosterone (AI and ~orny~ D 03) a~strati~, either alone or ~nc~tly 
with each other, on renal carbonic anhydrase activity. Each point repre-sents the mean from five 
observations. -_o-- control; -@-aldosterone 30 pg/lcg SC.; - - A - - actinomycin D 300 pg/kg i.p. 
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FIG. 6. Effects of aldosterone (A) and actinomycin D (B) administration, either alone or concurrently 
with each other, on hepatic supernatant carbonic anhydrase activity. Each point represents the mean 
from five observations. -O- control; -a- aldosterone treated; - - A - - actinomycin D treated. 
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Antagonism of actinomycin D to the action of aldosterone (2) 

In Table 2 is presented the effect of actinomycin D on aldosterone pretreated mice. 
Aldosterone was administered S.C. for 3 days in a dose of 15 pg/kg/day and on the 
fourth day, animals received i.p. injection of actinomycin D 6 hr before sacrifice. In 
normal mice, hepatic carbonic anhydrase activities in microsomal and supernatant 
fractions were increased by 150 pg/kg of actinomycin D, but unaltered by 500 ,ug/kg 
dose. Renal carbonic anhydrase activities in microsomal and supernatant fractions 
were decreased by 150 and 500 pg/kg of actinomycin D. In aldosteronepretreated mice, 
hepatic carbonic anhydrase activities in microsomal and supernatant fractions were 
decreased and approached the normal values after treatment of actinomycin D. Renal 
carbonic anhydrase activities in both fractions were decreased after actinomycin D 
treatment with no differences between 150 and 500 pg/kg doses. 

TABLE~.EFFECTOPACTINOMYCIN D ONCARBONICANHYDRASEANDITSINTERACTIONWITHALDOSTERONE 

Group 

Carbonic anhydrase activity: Mean f SD. 
No. of Enzyme unit/mg protein 

animals 
Liver Kidney 

Microsomes Supernatant Microsomes Supernatant 
(5) (5) (5) (5) 

Normal 

Actinomycin D 
150 pg/kg 

Actinomycin D 
500 pglkg 

Aldosterone 
15 pg/kg x 3 

Aldosterone + 
actinomycin D 
150 pgg/kg 

Aldosterone + 

8 0.35 f 0.02 0.51 f 0.03 0.81 & 0.07 1.29 f 0.06 

8 044 f 0.03* 0.61 & 0*03* O-64 f 0.06, l-08 f 0.08* 

8 0.35 f 0.03 0.52 f 002 0.55 & 0.05* 0.97 * 0.09* 

8 0.51 f 0.04* 0.65 & O.Ol* 1.11 3 0.05* 1.54 f 0+07* 

8 O-32 & 0.05t 0.55 f 0.04t 0.92 f 0.04t 1.14 f 0.06f 

actinomycin D 
500 pglkg 8 O-30 f 0.03.t 0.54 f O.Olt 0.91 f 0.06t 1.15 i- 0.067 

Numbers in parentheses represent the number of observations. 
* P < 0.05 (when compared with normal group). 
t P < 0.05 (when compared with aldosterone treated group). 

Antagonism of actinomycin D to the action of cortisoI 

Table 3 shows the effect of actinomycin D on cortisol pretreated mice. Cortisol 
was administered S.C. for 4 days in a dose of 3 mg/kg/day and on the 5th day, animals 
received i.p. injection of actinomycin D 6 hr before sacrsce. 

In normal mice, hepatic carbonic anhydrase activities in microsomal and super- 
natant fractions were increased by 150 pg/kg of actinomycin D, but unaltered after 
500 pg/kg dose. Renal supernatant carbonic anhydrase activity was decreased by 150 
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and 500 &kg doses. In cortisol pretreated mice, hepatic carbonic anhydrase activities 
in both fractions which were decreased by cortisol were increased and returned to the 
normal values after a~nomycin D treatment. Renal supe~ata~t carbonic anhydrase 
activity which was unaltered by cortisoi was decreased after actinomycin D treatment 
similar in normal mice. 

Carbonic a&&rase activity: Mean & S.D. 
Enzyme unitimg protein 

Group 
No, of 
animals 

Liver Kidney 
Microsomes supernatant su~~~nt 

(5) (5) (5) 

Normal 

Actinomycin D 
150 /%/kg 

Actinomycin D 
500 cl&kg, 

COi-tkOl 
3Wkx4 

Cortisof + Act~orn~ D 
1Jo MzB(ltg 

Cortisol + Actinomycin D 
50~ /s&s 

6 0.39 rlr: o-03 0.49 f o-05 1.32 * 0.09 

6 0.53 f o-05* 0.61 & OQ4* 1.05 f o-10* 

6 0.38 jt 0.03 0.48 jt ox@ 0.99 4 0*07* 

6 0.23 & o-02* o-37 rfi 0*02* 1.32 f 006 

6 043 & 0*03t 046 J; 0*03t 1.10 f O-08$ 

6 046 f 0*04t 0.52 f: o-031 l*OS f O-OST 

Numbers in parentheses represent the number of observations. 
* P < O-05 (when compared with normal group). 
t P < O-05 (when compared with cortisol treated group). 

DISCUSSION 

The authors assume that some enzyme systems may play a role in the regulation of 
sodium me~bolism in the kidney as a mediator of the action of aldosterone. As 
shown in Fig. 1, maximal stimulator effect of smaller doses of aldosterone (1 and 2 
pg/kg) on renal carbonic anhydrase activity appeared 3 and 6 hr after administration 
and thereafter this enxymic activity returned to normal levels. Fimognari et ai.? 
reported with adren~ecto~ rats that subcutaneous administration of aldosterone 
in a dose of 2 pg/rat caused a maximal sodium retention and potassium excretion 
at 3-4 hr after treatment. Sonnenblick et a&l3 reported that the aldosterone injected 
intravenously into man produced a marked reduction in sodium excretion and the 
peak of this effect occurred in 2-4 hr after treatment. According to our ~pubhshed 
data, maximal replacement effect of physioIogica1 doses of aldosterone (0.5-2 pg/kg) 
on the alterations of renal carbonic anhydrase activity caused by adrenalectomy was 
observed 4 hr after administration in mice and rats. A correlation seems to exist be- 
tween the maximal effect of aldosterone on urinary solute excretion and changes of 
renal carbonic anhydrase activity. 
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On the relation between afdosterone and any other enzymes than carbonic an- 
hydrase in the kidney, Feldman et a1.19 reported an increase in the activities of suc- 
cinic dehydrogenase and cytochrome oxidase in homogenate of rat kidney 3 hr after 
injection of aldosterone (100 pg/rat) iut viva without a correspondent change in z&o. 
However, the dose of 100 &rat of aldosterone seems to be too enormous as a physio- 
logical dose. Domj6n and Fazekas 2o found no rise in rat kidney succinic dehydro- 
genase after 4 days of administration of aldosterone (1 pg/kg) to adrenalectomized 
rats. Further, no significant effect of adrenalectomy or DOCA and cortiso1 adminis- 
tration on kidney glutaminase I activity have been reported.21s 22 Since recently 
Na+-K*-ATPase is considered to be an important enzyme in Na+ transport mech- 
anism in the kidney,23 several investigations as to the effect of aldosterone on this 
enzymic activity have been reported. Katz and Epstein24 reported that there is a 
close correlation between microsomal Na’-K+-ATPase and sodium reabsorption in 
rat kidney and then adrenal~tomy decreased this enzymic activity and reabsorption 
of sodium in renal tubules. However it has been reported that the administration of 
aldosterone to adrenalectomized rats produced no detectable changes in kidney 
Na+-Kf-ATPase levels after 3 hr, even though maximal sodium retention may be 
observed at that time.25v 26 Bonting et aL2’ stated that the stimulatory effect of aldo- 
sterone on sodium transport in toad bIadder is not due to direct stimulation of the 
Naf-K+-ATPase system. Jorgensen 2** 2p have considered with adrenalectomized 
rats that an increase of kidney Na+-K+-ATPase activity after aldosterone treatment 
is not due to a primary action of this hormone but a secondary effect by other events, 
e.g. alterations of Na+ and K+ concentration in plasma. 

In view of these observations it is concluded that carbonic anhydrase is more 
sensitive to and more closely associated with aldosterone action than other enzymes 
in the kidney. As previously reported, lo* i1 the effects of aldosterone on kidney 
carbonic anhydrase activity differ in mice and rats, being conducive in the former and 
inhibitory in the latter. Therefore it is difficult to conclude the mechanism of action 
of aldosterone on renal carbonic anhydrase only with the alterations of the enzymic 
activity. 

Recently it has become established that steroid hormones cause a stimulation of 
RNA synthesis followed by formation of specific protein in target organs.30-33 
Edefman and his co-workers have also reported that the aldosterone acts on toad 
bladder and rat kidney by increasing DNA-dependent RNA synthesis giving an 
increased rate of protein synthesis. 4* 5* ’ Actinomycin D blocks the action of aldo- 
sterone in sodium transport correlating closely with the degree of inhibition of RNA 
and protein synthesis. 34 Similar experimental results have been obtained by other 
investigators with rat kidney69 I2 and toad biadder.35* 36 In the present experiment, a 
single injection of aldosterone increased renal carbonic anhydrase activity, while 
actinomycin D decreased this enzymic activity. Further, an increase of enzymic 
activity induced by aldosterone alone was blocked by the concurrent administration of 
actinomycin D. Therefore, some correlation may exist between aldosterone and 
actinomycin D on the mechanism or site of action. Presumably, aldosterone may 
cause a synthesis of carbonic anhydrase in mouse kidney, however, no definite con- 
clusions can be drawn from the present study. This problem must be investigated in 
future studies. 

Liver also indicated the carbonic anhydrase activity although in less degree com- 
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pared with that in the kidney and this enzymic activity was stimulated by aldosterone 
and inhibited by cortisol. Drews and Bondy3’ reported that the pretreatment of rats 
with cortisol in uivo results in a marked increase in incorporation of [3H]-cytidine 
triphosphate into rat liver nuclei in vitro. However, the incorporation of 32P into 
DNA of regenerating rat liver is depressed under the influence of cortisone without 
similar effects in normal rat livera3s Stevens et a1.3g have reported that cortisol 
inhibited the synthesis of DNA of mouse lymphatic tissue as measured by the in- 

4o corporation of [14C]-thymidine, whereas Weber et al. observed that cortisone induces 
de now synthesis of liver glucose-6-phosphatase, fluctose-1 ,6_diphosphatase, aldolase 
and lactic dehydrogenase and this synthesis is blocked by injection of actinomycin D 
in rats. Further it must be noted that the liver carbonic anhydrase activity is affected 
by not only aldosterone and cortisol but also oestradiol,4l progesterone4’ and testo- 
sterone.42 Effect of glucocorticoids on nucleic acid metabolism or enzyme protein 
synthesis is complicated and its mode of action seems to be different in different 
organs. The inhibitory effect of glucocorticoid on hepatic carbonic anhydrase has not 
been investigated by others and precise mechanism of this action is not clear, however, 
an increase of hepatic enzymic activity by smaller dose of actinomycin D may be 
derived from an antagonism of this drug to the action of cortisol. 

It is well known that blood has a high carbonic anhydrase activity. In the present 
experiment, a smaller dose of actinomycin D had no effect on blood enzymic activity 
(Table 1). Therefore, the elevation of hepatic enzymic activity by actinomycin D may 
be independent of enzymic activity of blood contained in the liver. 

It is interesting that aldosterone affects both renal and hepatic carbonic anhydrase 
activity, whereas cortisol affects hepatic carbonic anhydrase only. Presumably the 
organ specificity may exist between the action of aldosterone and cortisol. 
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