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Mineralocorticoid Receptors and
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Mineralocorticoid receptors (MR) have equal affinity for the mineralocorticoid aldosterone, and the
physiological glucocorticoids cortisol and corticosterone. In epithelial tissues in vivo, MR are
protected against glucocorticoid occupancy by the enzyme 11f-hydroxysteroid dehydrogenase,
allowing access by the lower circulating levels of the physiological mineralocorticoid aldosterone.
In non-epithelial tissues, including the heart and most areas of the central nervous system, MR are
not so protected, and their physiological ligand is cortisol/corticosterone. Intracerebroventricular
infusion studies have shown that aldosterone occupancy of such unprotected circumventricular MR
is necessary for mineralocorticoid hypertension, and the hypertensinogenic effects of peripherally
infused aldosterone can be blocked by intracerebroventricular infusion of the MR antagonist
RU28318. Prolonged (8 weeks) administration of mineralocorticoids to salt-loaded rats has been
shown to be followed by hypertension, cardiac hypertrophy and cardiac fibrosis. Whether the
hypertrophy and fibrosis reflect primary effects of aldosterone via cardiac MR, or effects secondary
to occupancy of protected, epithelial MR, remains to be determined, as does the mechanism of action
of salt loading in this model of mineralocorticoid hypertension.
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MR IN EPITHELIAL AND coid agonist RU28362—which has negligible affinity for
NON-EPITHELIAL TISSUES MR—produces effects on Na* flux indistinguishable
from those of aldosterone via MR, providing that the
RU28362 can access the tubular glucocorticoid recep-
tors (GR). From these data it would appear that tran-
scriptional regulation by MR in kidney and other

Although mineralocorticoid receptors (MR) have simi-
lar high affinity for aldosterone, cortisol/corticosterone
and progesterone in all tissues studied, they appear to

operate very differently in epithelial and non-epithelial epithelial tissues is probably regulated via canonical

tissues. In epithelia, they appear to be protected from  ohtadecamer hormone response elements, which are
occupancy by the higher circulating levels of glucocorti- known to be activated by both GR or MR, and by

. - - « . 3
coids under physiological conditions by the enzyme

11§ -hydroxysteroid dehydrogenase type 2 (11HSD2),
which has recently been cloned and expressed in the
human [1] and sheep [2]. The first difference between
epithelial and non-epithelial tissues would thus appear
to be in terms of physiological ligand—aldosterone in
Na™* transporting epithelia (and in the hypothalamic

MR whether activated by aldosterone or physiological
glucocorticoids [3].

In non-epithelial tissues, however, there is clear evi-
dence that MR and GR produce quite different effects;
in addition, in a variety of systems, there is clear
evidence that effects of aldosterone via non-epithelial
. ) h ¢ MR can be blocked by corticosterone, and vice versa
area subserving salt appetite) and cortisol/corticos- [6-8]. The difference between MR- and GR-mediated

teron(? glsewhere. ] . effects in the hippocampus [5, 6] or in the A3V 3 region
This is clearly, however, not the only difference. MR of the brain [8] may thus reflect transcriptional regu-

can be activated by physiological glucocorticoids as well lation via composite response elements, at which bind-

as aldosterone noF only n v;zro, in coltransfecthlo{l Sys- ing of activated GR but not MR has been shown to
tems [3], but also in the rat kidney in vivo [4]. Similarly, block AP-1 induced transcription [9]. The mechanism
both in vive [4] and in vitro [5), the selective glucocorti- underlying the agonist/antagonist difference between
MR in epithelial and non-epithelial tissues remains to
Proceedings of the I1X International Congress on Hormonal Steroids, be determined; of possible relevance is the recent report
Dallas, Texas, U.S.A., 24-29 September 1994, that the oestrogen agonist effects of tamoxifen are
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uniquely mediated via composite response el-
ements, whereas at classical oestrogen response el-
ements it always acts as an antagonist [10].

MR AND HYPERTENSION

There is now abundant evidence that occupancy of
circumventricular MR by aldosterone is necessary for
mineralocorticoid hypertension. A modest salt intake is
also required, and the elevation of blood pressure can
be accelerated and exacerbated by increased salt and
reduction of renal mass by uninephrectomy. Intra-
cerebroventricular (i.c.v.) infusion of very low doses of
aldosterone raises blood pressure in uninephrectomized
rats drinking 1°, NaCl solution with a time course of
14-20 days; central infusion of the same dose of
corticosterone or the selective GR agonist RU26988, or
peripheral infusion of the same dose of aldosterone, did
not elevate blood pressure [8]. When higher doses of
aldosterone are infused peripherally blood pressure
rises; concomitant i.c.v. infusion of the selective MR
antagonist RU28318 completely blocks the hyperten-
sive response, at doses which do not affect the systemic
salt-and-water effects of aldosterone, and which do not
block the blood pressure rise if peripherally infused
with aldosterone [11]. Finally, the rise in blood press-
ure in response to i.c.v. aldosterone can be substantially
decreased by the concomitant i.c.v. infusion of cortico-
sterone, at doses similar to those of aldosterone [8],
suggesting that the effects of steroids on blood pressure
are via MR which are unprotected by 11-HSD or other
glucocorticoid-excluding mechanisms.

If this is the case, then, such receptors would pre-
sumably be physiologically occupied by glucocorticoids
rather than by aldosterone, except perhaps at the nadir
of circadian glucocorticoid levels in states of severe
sodium deficiency. Although it may be tempting to
speculate that in such a system corticosterone is the
physiological agonist, maintaining normotension
reflecting its occupying the bulk of the MR involved,
there are a number of indications that this may not be
the case. For example, adrenalectomized rats main-
tained on 1°, NaCl do not become hypertensive even
when infused i.c.v. with aldosterone, which is evidence
against a tonic inhibitory role for corticosterone in the
central control of blood pressure. Secondly, given the
equivalent effects of i.c.v. corticosterone and RU28318
in blocking the hypertensive effect of aldosterone, an
agonist role for corticosterone would entail a similar
agonist role for RU28318—a formal possibility, but one
for which there is no supporting data.

It would also seem that despite their being appar-
ently “‘unprotected”, occupancy of a relatively small
percentage of circumventricular MR by aldosterone
can lead to elevated blood pressure. Evidence for such
an interpretation is the ability of i.c.v. RU28318 to
block the hypertensive effect of endogenous aldoster-
one in jr/SS rats in response to 6°, NaCl solution to

drink [12]. Similarly, the demonstration that i.c.v.
carbenoxolone raises blood pressure [13] is very
difficult to reconcile with its peripheral effect, of block-
ing 11-HSD and thus allowing glucocorticoids to ac-
cess otherwise protected MR; it may thus be that in this
instance carbenoxolone at the locally infused dose is
acting as an aldosterone mimetic, as it has been shown
to do at high doses in the periphery [14].

ALDOSTERONE, SALT AND CARDIAC
FIBROSIS

In addition to developing hypertension, uninephrec-
tomized rats on 1%, NaCl drinking solution infused s.c.
with 0.75 ug/h aldosterone for 8 weeks show a con-
siderable degree of cardiomegaly and both interstitial
and perivascular cardiac fibrosis [15, 16]. Infusion of
aldosterone at the same dose to animals on a low salt
intake neither elevates blood pressure nor causes car-
diac fibrosis, underlining the crucial role of a mineralo-
corticoid:salt imbalance in this model [15]. In both
in vivo studies published to date, deoxycorticosterone
(20 mg/week s.c.) appeared to cause an increased level
of perivascular fibrosis, but lesser interstitial fibrosis,
compared with aldosterone [15,16]. This has been
interpreted as reflecting the mineralocorticoid ago-
nist/glucocorticoid antagonist activity of deoxycorti-
costerone, as administration of the antiprogestin,
antiglucocorticoid RU486 (2 mg/day s.c.), produced
very marked perivascular fibrosis and only marginally
elevated levels of interstitial fibrosis [16].

The pathogenesis of cardiac fibrosis in response to an
excess mineralocorticoid-for-salt status remains to be
determined. Although MR can be detected by ligand
binding assay in rat heart, cardiac 11-HSD activity
largely has the characteristics of the reductase 11-
HSD1 [17], and no mRNA for 11-HSD2 can be
detected by Northern blots [1]. In addition, high dose
corticosterone (2 mg/day s.c.) to uninephrectomized
rats on 12, NaCl does not produce cardiac fibrosis,
supporting evidence for the cardiac MR being not only
unprotected, but—to the extent that they are involved
in the genesis of cardiac fibrosis—clearly differentiating
between aldosterone and corticosterone in terms of
agonist/antagonist effects.

There are, however, conflicting reports on the ability
of aldosterone to increase collagen synthesis by cardiac
fibroblasts n witro, which would constitute strong
evidence for a direct effect. In an initial study,
[PH]hydroxyproline incorporation into collagen was
reported to be lowered by dexamethasone, but elevated
by angiotensin Il and aldosterone when added to
cultures of rat cardiac fibroblasts [18]. This study
posed certain problems in interpretation, as the
doubling over control seen with 10~° M aldosterone
was completely abolished by an equal concentration
of spironolactone, but not by a 3000-fold excess.
In subsequent studies from our laboratory, glucocorti-
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coids were shown to lower collagen synthesis by cardiac
fibroblasts i wvitro, and angiotensin II to elevate it;
under a variety of experimental conditions (neonatal vs
adult fibroblasts; Sprague-Dawley, SHR or WKY rats;
cultured alone or cocultured with cardiomyocytes) we
have been unable to demonstrate any effect of aldoster-
one on collagen synthesis in vitro [19]. These studies
clearly do not exclude a direct effect of aldosterone on
cardiac collagen synthesis in vitro; they do, however,
leave open the possibility that the effect may be sec-
ondary to aldosterone-induced changes elsewhere in
the body.

In a series of recent studies (Young, Head and
Funder, submitted for publication) a clear distinction
between the mechanisms of hypertension, cardio-
megaly and cardiac fibrosis in response to salt/
mineralocorticoid excess has emerged. Rats infused
peripherally with aldosterone and i.c.v. with RU28318
do not develop hypertension, but are indistinguishable
in terms of cardiomegaly and cardiac fibrosis from
peripheral aldosterone:i.c.v. vehicle infused hyperten-
stive rats. Secondly, rats infused with 9« -fluorocortisol
do not develop cardiac hypertrophy, but show blood
pressure elevation and a degree of cardiac fibrosis
similar to aldosterone infused animals. It would thus
seem that the hypertensinogenic, hypertrophic and
fibrinogenic activity of mineralocorticoids in the pres-
ence of excess salt can be separated; whether the two
latter effects are direct cardiac effects, or secondary to
aldosterone-induced effects on epithelia, remains to be
explored. Similarly, remaining to be explored, at the
conceptual as well as the experimental level, is how the
crucial role of salt loading for all three processes is
mediated, and the physiological roles, if any, of aldos-
terone in terms of the central control of blood pressure,
and in terms of cardiac hypertrophy and collagen
deposition.
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