Journal of Steroid Biochemistry, 1974, Vol. 5, pp. 795-800. Pergamon Press. Printed in Great Britain.
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SUMMARY

Several known stimulators, including angiotensin 1, potassium ions, serotonin and ACTH, act directly
on the zona glomerulosa of the rat adrenal cortex during short-term incubation experiments. They rapidly
enhance an early biosynthetic step involved in the conversion of cholesterol to pregnenolone. The
steroidogenic response elicited by these agents depends on the activity of the enzymes necessary for the
final stages of aldosterone biosynthesis, in particular the 18-hydroxylation of corticosterone. The activity
of these enzymes is in turn regulated by unknown mediators, which act in response to alterations in sodium
and potassium balance. According to indirect evidence, the serum potassium appears to be an important
but not the only regulator. Angiotensin II and serotonin may also have a long-term stimulating effect
on the final steps of aldosterone biosynthesis. By contrast, treatment of rats with ACTH for a few days
causes a marked decrease in the conversion of tritiated corticosterone to 18-hydroxycorticosterone and

aldosterone.

The biosynthesis and secretion of aldosterone by the
mammalian adrenal cortex are regulated by a control
system which—from a physiological as well as from a
biochemical point of view—appears to be more
complex than the different hypothalamic-pituitary-
peripheral gland axes which control the production of
other steroid hormones (Fig. 1).

STIMULATORS OF AN EARLY BIOSYNTHETIC STEP

A number of different agents promote the production
of aldosterone by a rapid, direct action on the zona
glomerulosa of the adrenal cortex during short-term
incubation or perfusion experiments (for a review see
[1]). They primarily facilitate an early biosynthetic
step, i.e. one of the reactions involved in the conversion
of cholesterol to pregnenolone. Angiotensin II, potas-
sium ions and serotonin act exclusively on the zona
glomerulosa of the rat adrenal cortex, whereas ACTH
also stimulates steroidogenesis in the inner zones([2, 3].
There is some evidence that these agents act through
adenyl cyclase. They stimulate the formation of cyclic
AMP[4]; their steroidogenic effect is imitated by
cyclic AMP[3] and is blocked by procaine. The
activity of these stimulators depends on the presence
of calcium and is inhibited by ouabain and cyclo-
heximide[1].

* Supported by Grant No. 3.325.70 of the Swiss National
Foundation for Scientific Research.
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Fig. 1. Regulation of aldosterone biosynthesis in the rat.
From [23].

VARIABLE STEROIDOGENIC RESPONSE TO
STIMULATORS

The increase in corticosteroid output by incubated
rat adrenal tissue in response to these stimulators is
quantitatively and qualitatively variable and depends
on the sodium and potassium balance of the animals
from which the tissue is taken[3,5]. An example is
given in Fig. 2. In capsular adrenals (“zona glo-
merulosa”) of normal rats, serotonin, potassium ions
and ACTH mainly stimulated the production of
aldosterone and had a smaller effect on corticosterone
and deoxycorticosterone outputs. In capsular adrenals
of rats which had been kept on a potassium-deficient
diet for two weeks, these agents had no significant effect
on aldosterone production, but elicited a strikingly
increased response in deoxycorticosterone output.
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Fig. 2. Production of aldosterone, corticosterone and deoxycorticosterone {DOC) by capsular adrenals of

rats kept on a normal or on a potassium-deficient diet for two weeks. White bars represent base-line

corticosteroid production, shaded bars increments due to added stimulators. Mean values of two experi-
ments (N = 4) + standard error of the mean. Data from [3).

Assuming that there is just one type of zona glo-
merulosa cell and just one biosynthetic pathway, the
varying response in aldosterone and deoxycortico-
sterone outputs could be due to alterations in the
activity of the enzymes involved in the conversion of
deoxycorticosterone to aldosterone, ie. zona glo-
merulosa 11f-hydroxylase, 18-hydroxylase and 18-
hydroxydehydrogenase.

ALTERATIONS IN THE ACTIVITY OF ENZYMES

INVOLVED IN THE FINAL STEPS OF
ALDOSTERONE BIOSYNTHESIS

Dietary sodium restriction or sodium depletion
leads to an increase in the activity of one or both of

Dot meg/l Serum Congersion
Ng” 1362 e
Complete K 4 4504 :
Kﬁbehctenr No* 135£5
K* 2:8£03
Na -and K7 Not 12825 s S
Deficient K* 32105 g
H 1 L
02 o4 06
[] 3@ —wi8-0H~B
3H “ B —-ALOD nmal/ mg
Megn + SEM (N-g)

Fig. 3. Effects of two weeks of different diets on serum

electrolytes and on the conversion of tritiated cortico-

sterone ("H-B, 300 nmol- per flask) to 18-hydroxycortico-

sterone {(18-OH-B) and aldosterone {ALDO) by incubated

rat capsular adrenals. Mean values of 4 experiments.
From {17} and [23].

the enzymes necessary for the conversion of cortico-
sterone to aldosterone, ie. zona glomerulosa 18-
hydroxylase and perhaps 18-hydroxydehydrogenase of
the rat, dog and sheep adrenal{2, 5-91. Increased con-
version of corticosierone to aldosterone can also be
induced in rats by potassium loading[10]. Two weeks of
potassium restriction caused a striking decrease in the
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Fig. 4. Influence of time of resumed potassium intake on the

conversion of tritiated corticosterone (*H-B, 320 nmol per

flask) to 18-hydroxycorticosterone {18-OH-B) and aldo-

sterone {ALDO) by capsular adrenals, Rats were kept on a

potassium-deficient diet for two weeks and then received a

KCl-sucrose solution as drinking fluid for increasing periods
of time. Data from {11}
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capsular adrenal conversion of added corticosterone to
18-hydroxycorticosterone and aldosterone (Fig. 3),[11]
as well as a much smaller decrease in capsular adrenal
11B-hydroxylase activity[12]. The observed alterations
in zona glomerulosa 18-hydroxylase activity seem to
be due to changes in enzyme content rather than to
activation or inactivation of the enzyme or to the
availability of coenzyme(7, 11]. They occur rather
slowly in the course of days or at least several hours.
When potassium chloride was added to the drinking
fluid of potassium-deficient rats, it took 24h until
their capsular adrenals converted labelled cortico-
sterone to 18-hydroxycorticosterone and aldosterone
at a normal rate (Fig. 4, [11]). Similar alterations in
zona glomerulosa 18-hydroxylase activity have as yet
never been induced in vitro. Thus, at present no direct
information is available about a possible physiological
mechanism of mediation.

RENIN-ANGIOTENSIN

Experimental renovascular hypertension induced in
rats by unilateral renal artery constriction resulted in
an elevated plasma renin activity and a small increase
in the conversion of tritiated corticosterone to aldo-
sterone by incubated adrenal tissue[3]. Treatment of
dogs with renin for four days led to a significant
increase in the adrenal mitochondrial conversion of
corticosterone to aldosterone[14]. However, at least in
the rat, the renin-angiotensin system cannot be the only
or even the predominant regulator of the final steps
of aldosterone biosynthesis. Uraemia following bi-
lateral nephrectomy caused a marked increase in the
conversion of corticosterone to aldosterone[s, 15]. A
high plasma renin activity which is found in potassium-
restricted rats[16] does not prevent a marked fall in
the zona glomerulosa 18-hydroxylase activity.

POTASSIUM

In addition to the effects of variations in potassium
intake on the final steps of aldosterone biosynthesis, a
high plasma potassium may mediate the increased
zona glomerulosa 18-hydroxylase activity due to
uraemia following bilateral nephrectomy([5, 15] or to
sodium deficiency[5, 10). However, capsular adrenals of
rats which had been kept on a sodium- and potassium-
deficient diet for two weeks and which were hypo-
kalaemic converted tritiated corticosterone to 18-
hydroxy corticosterone and aldosterone at a normal
rate (Fig. 3)[17]. Moreover, the decrease in apparent
capsular adrenal 18-hydroxylase activity induced by
potassium restriction was partially reversed by a
subsequent combined sodium and potassium restric-
tion[17]. Thus neither the plasma potassium concentra-
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tion nor the total body potassium can be the only
regulator of the final steps of aldosterone biosynthesis.

SEROTONIN

In potassium-restricted rats, treatment with 5-
hydroxytryptophan (i.e. a prescursor of serotonin) or
with reserpine (i.e. a drug which releases stored
serotonin from the blood platelets) for two days
resulted in significant increases in the capsular adrenal
conversion of tritiated corticosterone to aldosterone
and 18-hydroxycorticosterone (Fig. 5). However, re-
serpine-treated rats hardly consumed any food or
water. Control experiments showed that water restric-
tion but not fasting also results in a stimulation of the
final steps of aldosterone biosynthesis in potassium-
deficient rats (Fig. 6). Thus the effect of reserpine may
have been partly due to dehydration, which is also a
potent stimulus of the renin-angiotensin system{18].

PITUITARY GLAND AND ACTH

Six days after hypophysectomy without any replace-
ment therapy, capsular adrenals of rats kept on a
sodium-deficient diet converted tritiated cortico-
sterone to aldosterone and 18-hydroxycorticosterone
at the same rates as capsular adrenals of intact sodium-
restricted rats[19]). On the other hand, treatment of
intact as well as hypophysectomized rats with a
maintenance dose of ACTH resulted in significant
decreases in the apparent zona glomerulosa 18-
hydroxylase activity. Hypophysectomy with or without
ACTH treatment did not impair the restoration to
normal of the conversion of tritiated corticosterone to
18-hydroxycorticosterone and aldosterone in response
to resumed potassium intake by potassium-deficient
rats[19]. Thus, neither the maintenance nor the induc-
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Fig. 5. Effects of treating potassium-deficient rats with
DL-5-hydroxytryptophan (5-HTP) or reserpine on the
capsular adrenal conversion of tritiated corticosterone
(*H-B, 300 nmol per flask) to 18-hydroxycorticosterone
(18-OH-B) and aldosterone (ALDO). Mean values of two
experiments, For methodology see [11].
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(ALDO) and 18-hydroxycorticosterone (18-OH-B) in
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tion of an increased activity of the enzymes involved in
the final steps of aldosterone biosynthesis depends on a
functioning pituitary gland. In rats kept on a potassium-
deficient diet, hypophysectomy caused an eight-fold
increase in the apparent capsular adrenal 18-hydroxyl-
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Fig. 7. Effects of hypophysectomy, ACTH treatment or
both on the conversion of tritiated corticosterone (*H-B,
300 nmol per flask) to aldosterone (ALDO) and 18-hydroxy-
corticosterone (18-OH-B) by capsular adrenals of potassium-
deficient rats. Rats were hypophysectomized on day 9 of
dietary potassium restriction. Synthetic ACTH-Zn was
subcutaneously injected on days 9 (0-2 mg/kg), 11 and
13 (0'1 mg/kg). Incubation was on day 15. Asterisks denote
the statistical significance of the difference from the re-
spective control value (untreated rats) as calculated by t tests:
*P < 0-005; ***P < 0-001. From [19].
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Fig. 8. Effects of treating rats with pharmacological doses

of ACTH on serum electrolytes and on the capsular

adrenal conversion of tritiated corticosterone (*H-B, 300

nmol per flask) to aldosterone (ALDO) and 18-hydroxy-

corticosterone (18-OH-B). Mean values of two experiments.
For methodology see [11].

ase activity (Fig. 7[19]). This may have been due to
the absence of ACTH, since it was partly prevented by
ACTH maintenance therapy.

ACTH, which is a potent stimulator of aldosterone
production in short-term experiments, acting at an
early biosynthetic stage, has a long-term inhibitory
effect on the final steps. After two days of treatment
of rats with a pharmacological dose of ACTH, the
capsular adrenal conversion of tritiated corticosterone
to aldosterone and 18-hydroxycorticosterone fell to

% of normal, after 4 days to 159, (Fig. 8). However,
the alterations in capsular adrenal endogenous cortico-
steroid output due to ACTH treatment were different
from those induced by potassium deficiency. Thus,
the base-line and serotonin-stimulated deoxycortico-
sterone outputs were diminished in capsular adrenals
of ACTH-treated rats but markedly increased in
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Fig. 9. Effects of treatment with a pharmacological dose of
ACTH or of potassium restriction on the output of endo-
genous corticosteroids by rat capsular adrenals incubated
under base-line conditions or with added serotonin. Mean
values of two experiments. For methodology see [3].
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capsular adrenals of potassium-restricted animals
(Fig. 9). In additional experiments, capsular adrenals
of ACTH-treated rats were incubated with substrate
amounts of tritiated deoxycorticosterone (Fig. 10}. The
conversions to aldosterone and 18-hydroxycortico-
sterone were decreased, whereas the conversions to
corticosterone and particularly to 18-hydroxydeoxy-
corticosterone (18-OH-DOC) were strikingly increased.
18-OH-DOC is a typical product of the zona fasciculata.
Thus, the long-term effects of ACTH on the zona
glomerulosa cell may include a transformation to a
zona fasciculata-type of cell.

CONCLUSIONS

Available experimental evidence indicates that the
final steps of aldosterone biosynthesis, in particular
the 18-hydroxylation of corticosterone by the zona
glomerulosa of the rat adrenal cortex, are regulated by a
complex and multifactorial control system. Some of
the mediators involved may be identical with known
stimulators acting on an early biosynthetic step.
Among them, the plasma potassium concentration
appears to be a very important but not the only
regulator. Additional stimulators may include angio-
tensin II and serotonin. By contrast, ACTH decreases
the conversion of corticosterone to aldosterone and
18-hydroxycorticosterone. This could explain why
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Fig. 10. Effects of treatment with a pharmacological dose

of ACTH on the capsular adrenal conversion of tritiated

deoxycorticosterone  (*H-DOC, 300 nmol per flask) to

aldosterone, 18-hydroxycorticosterone (18-OH-B), 18-

hydroxydeoxycorticosterone (18-OH-DOC) and cortico-

sterone. Mean values of two experiments. For methodology
see[11).

exogenous ACTH loses its aldosterone-stimulating
effect in man after one to two days of continued
administration[20-22].

Acknowledgement—We thank Miss Margrit Wellauer, Mrs.
Elsbeth Lauffer, Miss Lotti Berchtold, Miss Lilian Frei and
Mrs Athena Reichardt for their skilfull technical assistance.

REFERENCES

1. Miller J.: Regulation of Aldosterone Biosynthesis.
Springer, Berlin (1971).
2. Haning R, Tait S, A. 8. and Tait J. F.: Endocrinology
87 (1970) 1147-1167.
. Miiller J.: Europ. J. clin. Invest. 1 (1970) 180-187.
4. Albano J. D. M., Brown B. L., Ekins R. P., Price I,
Tait 8. A. S. and Tait J. F.: J. Endocr. 58 (1973) xi.
. Miiller J. and Huber R.: Endocrinology 85 (1969) 43-49.
. Vecsei P., Lommer D., Steinacker H. G. and Wolff
H. P.: Europ. J. Steroids 1 (1966) 91 ~101.
7. Marusic E. T. and Mulrow P. 1.: J. clin. Invest. 46
(1967) 2101-2108. .
8. Davis W. W, Burwell L. R, Casper A. G. T. and
Bartter F. C.: J. clin. Invest. 47 (1968) 1425-1434.
9. Blair-West J. R., Brodie A., Coghlan J. P., Denton
D. A, Flood C., Goding J. R., Scoggins B. A,, Tait
J. F., Tait S. A. S., Wintour E. M. and Wright R. D.:
J. Endocr. 46 (1970) 453-476.
10. Boyd J. E., Palmore W. P. and Mulrow P. J.: Endo-
crinology 88 (1971) 556-565.
11. Baumann K. and Miiller J.; Acta endocr. (Kbh.) 69
(1972) 701-717.
12. Baumann K. and Miiller J.: Acta endocr. (Kbh.) 69
(1972) 718 -730.
13. Miiller J. and Gross F.: Acta endocr. (Kbh.) 60 (1969)
669 -680.
14. Aguilera G. and Marusic E. T.: Endocrinology 89
(1971) 1524 1529,
15, Steinacker H. G., Vecsei P., Lommer D, and Wolff
H. P.: Acta endocr. (Kbh.) 58 (1968) 630-636.
16. Sealey J. E., Clark L., Bull M. B. and Laragh J. H.:
J. clin. Invest. 49 (1970) 2119 -2127.
17. Miiller J. and Baumann K.: Acta endocr. 73 (1973) 80~
90.
18. Ménard J. and Catt K. 1. Endocrinology 90 (1972) 422~
430.
19. Baumann K. and Miiller J.: Acta endocr. 76 (1974) 102
i16.
20. Tucci J. R., Espiner E. A,, Jagger P. I, Pauk G. L.
and Lauler D. P.: J. clin. Endocr. 27 (1967) 568-575.
21. Newton M. A. and Laragh J. H.: J. clin. Endocr. 28
{1968) 1006 -1013.
22. Biglieri E. G., Schambelan M. and Slaton P. E. Jr.:
J. clin. Endocr. 29 (1969) 1090 ~110t.
23. Miiller J. and Baumann K.: In Proc. 4th int. Congr.
Endocr. (Edited by R. O. Scow) Excerpta medica,
Amsterdam (1973) pp. 780-784,

o

[=. 9%}



800

JURG MULLER and KLAUS BAUMANN

DISCUSSION

Tait, J. F.:

First, in line with Dr. Miiller’s conclusion that intracellular
potassium may not be the only factor in controlling aldo-
sterone secretion, Dr. Mendelsohn working in our laboratory
with purified glomerulosa cells has found two situations
where there is complete dissociation of intracellular potas-
sium and aldosterone secretion; one with serotonin stimula-
tion where the intracellular potassium does not change even
with maximum steroid outputs and the other with ouabain
inhibition. He can apply a dose of ouabain which lowers
intracellular potassium significantly but does not lower the
steroid output. Secondly, I think in one of your slides you
showed the time course of the increase in the conversion of
B to 18-hydroxy-B and B to aldosterone which I think is very
vital. information. I wondered if at the same time you
measured the B production from the glomerulosa? This is
perhaps the critical point.

Miiller:
No, we haven’t.

Adlercreutz:

I would like to ask you if you need the whole ACTH molecule
to exert this effect, or if only a part of it could have the same
effect.

Miiller:

All these experiments have been carried out with the
synthetic ACTH with 24 amino acids.

Kolpakov:

I should like to ask you about the mechanism of action of
ACTH inhibition on the transformation of corticosterone to
aldosterone. Your slide showed that ACTH stimulated
transformation of deoxycorticosterone to corticosterone and
inhibition of transformation of corticosterone to aldo-
sterone. Is that right? What is the mechanism of action?

Miiller:

I don’t know exactly what the mechanism is, but it seems
that the zona glomerulosa cell is in some way converted to
a functional zona fasciculata type of cell. A similar pheno-
menon is found in adrenal regeneration hypertension where
a zona fasciculata type of adrenal cortex develops from the

capsule and the remaining zona glomerulosa cells. I think
Dr. Birmingham has some comment on that point.

Birmingham:

Actually, histologically, the regenerated glands have tissue
that fooks like zona glomerulosa, but under the influence of
ACTH or what have you, certainly the corticosterone,
18-hydroxy-DOC and also DOC in the beginning goes up
and aldosterone is relatively suppressed.

Miiller:

1 don’t know whether this is the only mechanism of the
inhibitory effect of ACTH. In some experiments, it looks as
if alterations in serum potassium or in overall potassium
balance could also be partially responsible for the decrease
in aldosterone output.

Tuit, §S.:

Have you examined the adrenal glands of such animals by
electron microscopy to see whether any changeshave occurred
in the zona glomerulosa cells, such as alterations in the
mitochondial cristae from the typical tubular to the vesicular
type characteristic of zona fasciculata cells.

Miiller:

This part of the work is being done now by a pathologist but
I don’t know the results yet.

Vinson:

I was interested in the effect of potassium depletion giving
apparently increased secretion of deoxycorticosterone,
suggesting that potassium may have a stimulatory effect on
118-hydroxylation or 18-hydroxylation possibly of DOC.
Do you have any more specific information about that?
Have you done any experiments in cases of potassium
depletion using tritiated DOC as a precursor for example?

Miiller:

Yes, we have, but with the impure zona glomerulosa tissue
preparation, there was no apparent decrease in the con-
version of tritiated DOC to corticosterone and 18 OH-DOC.

Only the conversion of tritiated DOC to aldosterone and
18-hydroxy-B was significantly decreased.



