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Summary

Spironolactone and eplerenone are widely used as mineralocorticoid antagonists. Spironolactone
has several nonspecific actions including inhibition of androgen receptor and steroid hormone
biosynthesis. While studies have shown that eplerenone does not exhibit nonspecific actions on
androgen receptor, its effects on steroid hormone production have not been reported. Herein, the
effects of eplerenone (0.1 to 30 uM) and spironolactone (0.1 to 30 uM) on steroid production were
examined in human adrenocortical H295R cells. Spironolactone inhibited basal production of
cortisol (91%) and aldosterone (53%). Treatment of H295R cells with angiotensin Il (Ang I1) for
24 h increased aldosterone production by 11-fold. Spironolactone inhibited Ang Il stimulation of
aldosterone production by 80%. Addition of pregnenolone increased aldosterone (9-fold) and
cortisol (3-fold) production. Spironolactone inhibited pregnenolone metabolism to aldosterone
(67%) and cortisol (74%). The inhibitory effects of spironolactone occurred at concentrations far
higher than those needed to block mineralocorticoid receptor, suggesting an action directly on the
enzymes involved in steroid production. In contrast, eplerenone did not inhibit basal, Ang I1,
forskolin, pregnenolone-stimulated cortisol or aldosterone production. Together, these data
demonstrate that opposed to spironolactone, pharmacologic concentrations of eplerenone do not
inhibit adrenal cell aldosterone or cortisol production.
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Introduction

There is increasing evidence that aldosterone can have an effect on vascular remodeling,
collagen formation, and endothelial function in addition to its effect on blood pressure [1-5].
A role for myocardial mineralocorticoid receptor (MR) in cardiac function is also
highlighted by the improvement of heart failure and cardiac fibrosis when the expression of
MR is down-regulated [6] and the susceptibility to arrhythmias is over-expression [7].
Similarly, heterologous expression of 113-hydroxysteroid dehydrogenase-2 which allows
aldosterone to occupy cardiac MR in the myocardium of transgenic mice, also leads to
dilated cardiomyopathy [8]. These actions of the MR contribute substantively to the
pathophysiology of congestive heart failure, and progressive renal dysfunction [9]. This
insight has spurred interest in new treatment strategies to block the MR and the deleterious
effects of aldosterone, not just because of its diuretic effect, but primarily because of its
potential cardiovascular and renal protective effects [10-12].

Several important clinical trials support the cardio-protective effects of aldosterone blockade
in patients with heart failure, such as the Randomized Aldactone Evaluation Study (RALES)
[13] and the Eplerenone Post-AMI Heart Failure Efficacy and Survival Study (EPHESUS)
[14]. Although spironolactone (Aldactone) is an effective anti-aldosterone agent, its
widespread use in humans is limited by its tendency to produce undesirable side-effects.
Doses of spironolactone above 100 mg per day are a significant cause of impotence and
gynecomastia in men [15, 16]. These adverse effects are primarily due to the binding of
spironolactone to androgen receptors and are a substantial cause of drug discontinuation
[17]. In prolonged spironolactone-treated patients, spironolactone bodies were detected in
the zona glomerulosa of human and the adrenal cortex of rat, although its functional
significance remains to be elucidated [18, 19]. There is, however considerable evidence that
spironolactone inhibits adrenal cell aldosterone production [20-23]. It is also well
documented that spironolactone binds and blocks cytochrome P450 enzymes involved in
steroidogenesis [24—26].

Eplerenone is the only clinically available agent in a new class of selective MR blockers. Its
chemical structure differs from spironolactone by replacement of the 17a-thioacetyl group
with a carbomethoxy group. Eplerenone is a competitive antagonist of the MR that
effectively blocks aldosterone action [27]. Like spironolactone, eplerenone has been shown
to be effective in antihypertensive therapy in controlling blood pressure similar to inhibitors
of angiotensin converting enzyme (ACE) [14, 28], angiotensin type | receptor (AT1R) [29],
and calcium-channels [30]. While previous studies suggest that eplerenone has less non-
target interaction with progesterone or androgen receptor, the effects of eplerenone on
adrenal steroid production have not been reported. In the current study, we compared the
effects of spironolactone and eplerenone on steroidogenesis in the cultured human adrenal
cell model, H295R cells [31]. Consistent with previous studies, spironolactone inhibited
adrenal cell steroid production. In contrast, eplerenone had no effect on adrenal cell
production of aldosterone or cortisol.
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Material & Methods

Cell Culture

H295R human adrenocortical tumor cells were cultured in Dulbecco's modified Eagles/
Ham's F12 medium (Invitrogen, Carlsbad, CA) supplemented with 10% cosmic calf serum
(Hyclone, Logan, UT) and antibiotics. Quantification of cell number was accomplished
using a Z1 series Coulter counter (Beckman, CA). Spironolactone, Ang I, aldosterone and
forskolin were obtained from Sigma. Eplerenone was generously provided by Pfizer (New
York, NY).

Steroid Assays

Media concentrations of cortisol and aldosterone, were determined by enzyme immunoassay
kits (Diagnostic Systems Laboratories Inc, TX). The well washing was accomplished using
an ELX50 automatic microplate washer (Bio-Tek Instruments Inc, VT). The absorbance of
the solution was read using an ELX800 microplate reader (Bio-Tek Instruments Inc, VT).

MR transactivation assay

MR transactivation activity was examined using human embryonic kidney 293 cells,
293T/17 (American Type Culture Collection CRL no. 1573), which were maintained in
Dulbecco's Modified Eagle's Medium supplemented with 10% (v/v) fetal bovine serum with
antibiotics. The MR/MMTV-luciferase receptor reporter system was composed of pXM4-
MR plasmid which specifies the full-length human MR with a C-terminal nanopeptide
hemagglutinin epitope tag (provided by Stefan Andersson) [32, 33], and a MR responsive
mouse mammary tumor virus luciferase reporter vector (0(MMTV-luc), and a control p-
galactosidase plasmid (pSV-p-galactosidase) (Promega, WI). On day 0, 100,000 HEK-293
cells/well were plated onto 24-well dishes. On day 1, cells were transfected with a mixture
of plasmid DNA (1 ug/well) consisting of pXM4-MR (180 ng), pMMTV-luc (720 ng), and
pSV-p-galactosidase (50 ng), for 6 h using the transfection reagent Transfast (Promega,
Madison, WI) according to the manufacturer’s directions. Forty-eight hours after
transfection, spironolactone or eplerenone were added at concentrations ranging from 0.03
to 30 uM. After an additional 6 h incubation, the cells were lysed and assayed for luciferase
activity (Promega, Madison, WI) and p-galactosidase activity (Tropix, Bedford, MA)
according to the manufacturer’s instructions using a Fluostar Optima Microplate
Luminometer (BMG Labtech, Inc, NC). Relative level of transactivation was calculated by
dividing luciferase units by p-galactosidase units.

Statistical Analysis

Each experiment was repeated a minimum of three times with three replicates within each
experiment. Mean values from each experiment were analyzed and compared to basal
control values using the ANOVA test with the SigmaStat 3.1 software package (SPSS,
Chicago, IL). Results were considered significantly different when p value was 0.05. The
concentration of ligand that resulted in 50% of maximal activation of MR (ECsp) was
calculated using GraphPad Prism 4 software package (GraphPad Software, Inc, CA).
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The anti-MR efficiency of spironolactone and eplerenone was tested using a cell culture
model expressing MR and a MR-luciferase reporter. Both antagonists successfully
suppressed aldosterone-stimulated MR reporter activity; however, spironolactone was a
more potent MR blocker than eplerenone (Fig 1). The ECsq values of spironolactone and
eplerenone were 0.04 UM and 2 uM, respectively.

To examine the effects of sprironolactone and eplerenone on adrenal cell steroid production,
H295R cells were incubated for 24 h with and without the MR antagonists. Spironolactone
(0.1-30 pM) caused a concentration-dependent inhibition of the basal production of both
cortisol (91% at 30 uM) and aldosterone (53% at 30 uM) (Fig 2). On the other hand,
eplerenone (0.1-30 uM) did not significantly affect basal cortisol (200 nmol/24 h) or basal
aldosterone (0.6 nmol/24 h) production (Fig 2).

To test the effects of spironolactone and eplerenone on agonist-stimulated adrenal cell
steroidogenesis, H295R cells were treated with Ang Il or forskolin for 24 h. Ang 11 (100
nM) treatment stimulated aldosterone production by 11-fold and cortisol production by 3-
fold (Fig 3). Spironolactone (30 uM) inhibited Ang Il-stimulated aldosterone production by
80% and Ang Il-stimulated cortisol production by 74% (Fig 3). Treatment with forskolin (10
uM) for 24 h stimulated cortisol production by 3-fold and aldosterone production by 6-fold
(Fig 3). Spironolactone blocked the forskolin-stimulated cortisol production by 70% (Fig 3).
On the other hand, eplerenone (30 uM) had no influence on basal, Ang Il or forskolin
stimulated aldosterone or cortisol production (Fig 3).

The rate-limiting step in adrenal steroid hormone production is the conversion of cholesterol
to pregnenolone. Bypassing the rate-limiting step of steroidogenesis by supplying adrenal
cells with exogenous substrate (10 uM pregnenolone) increased the production of
aldosterone (8.7-fold) (Fig 4) and cortisol (2.6-fold) (Fig 4). Spironolactone (30 pM)
inhibited pregnenolone metabolism to both aldosterone (67%) and cortisol (74%) (Fig 4).
Eplerenone (30 uM) did not inhibit pregnenolone-stimulated cortisol or aldosterone
production (Fig 4).

Discussion & Conclusions

The renin-angiotensin-aldosterone system (RAAS) plays an integral role in cardiovascular
homeostasis through its effects on vascular tone and plasma volume. Activation of the
RAAS is associated with an increased risk of ischemic cardiovascular events, independent of
effects on blood pressure [34], whereas interruption of the RAAS by ACE and AT1R
blockade reduces cardiovascular mortality [35, 36], and slows the progression of renal
disease [37, 38]. Although ACE inhibitors and Ang Il receptor antagonists suppress
aldosterone production, plasma aldosterone levels often rise after chronic therapy in a
phenomenon called “aldosterone breakthrough” [39]. Thus, many patients with hypertension
and congestive heart failure treated with these agents remain unprotected from the effects of
inappropriate levels of circulating aldosterone.
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The RALES and EPHESUS studies have shown that this “aldosterone breakthrough” is an
important factor because it is a determinant of outcome in heart failure patients. Therefore, it
may be beneficial if the therapies employed were downstream of this system and acted
specifically at the MR. Moreover, in some forms of resistant hypertension, especially in
cases of low-renin hypertension, such as in aldosterone-producing adenoma (Conn’s
syndrome) patients, the antihypertensive action of the MR antagonists is unequalled. To
normalize blood pressure in these patients, high doses of spironolactone (up to 400 mg
daily) are sometimes required [40]. Unfortunately, spironolactone lacks specificity for the
MR and possesses an affinity for androgen and progesterone receptors [41]. The RALES
trial reported a 10% incidence of gynecomastia and breast pain in its male subjects (patients
in this trial received 25-50 mg/day spironolactone) [42]. This incidence was significantly
higher than placebo (10% vs. 1%) and caused significantly more patients to discontinue
treatment. Eplerenone on the other hand, is more selective for the MR. The critical feature of
the eplerenone molecule conferring selectivity for the mineralocorticoid receptor is the
presence of the 9, 11-epoxy ring [43]. In vitro studies have shown that this structural
difference produces an approximate 10 to 20-fold lower affinity for the MR compared with
spironolactone [44, 45]. Also, the epoxy ring significantly decreases eplerenone’s binding
affinity [44]. As a result, the incidences of progesterone- and androgen-related adverse
events are reported to be less frequent with eplerenone.

As early as the 1970s, the inhibitory effects of spironolactone on the steroidogenic
cytochrome P-450 enzymes were reported in several models, including steroidogenic tissues
from bovine, guinea pig, and human [46—49]. This effect mainly resulted from the covalent
binding of 7a-thiospironolactone, a metabolite of spironolactone, to microsomal proteins,
including cytochrome P-450 enzymes, with subsequent inhibition and/or degradation [50—
52]. Using concentrations of spironolactone similar to those studied previously, we showed
that spironolactone (10 uM) suppressed steroid production in the human adrenal cortical
H295R cell line. In addition, our experiments indicate that spironolactone decreases the
ability of Ang Il and forskolin to stimulate cortisol and aldosterone production. The
inhibitory effects of spironolactone on aldosterone production have been observed in a
variety of invitro cell culture and in vivo animal model systems [21-23, 53]. These
observations can be explained by previous studies that described the ability of
spironolactone to bind and inhibit steroidogenic cytochrome P-450 enzymes (including 18,
17- and 21-hydroxylase activities) [24, 50, 54]. There are no studies that suggest that
spironolactone inhibition of steroidogenesis is due its effects on MR. As noted above, the
concentrations needed to effectively inhibit steroid production (10 and 30 uM
spironolactone) were far greater than the amounts needed to inhibit MR activation. This
indicates that the inhibition of steroid production by sprironolactone is likely due to a non-
genomic action, which is related to direct inhibitory actions on the enzymes involved in
steroid hormone biosynthesis. Currently, it is less clear if treatment with high doses of
spironolactone inhibit production of human adrenal steroid in vivo. However, treatment of
men with 400 mg doses of spironolactone has been shown to cause a significant rise in
plasma progesterone and 17-hydroxyprogesterone levels, suggesting an effect on adrenal 21-
hydroxylase activity leading to the release of precursor steroids [55].
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Interestingly, similar concentrations of eplerenone did not inhibit steroidogenesis in the
adrenal cells. Pharmacokinetic studies suggest that when eplerenone is administrated at a
dose of 100 mg per person, it is well absorbed, with a mean Cyax 0f 1.72 pg/ml; this is
achieved in 1.2 h post-dosing [56]. Thus, the concentrations used in the current study (30
uUM) are well above the levels seen in vivo, suggesting that this compound is unlikely to
inhibit adrenal steroid production invivo. It is interesting that the spironolactone off target
inhibition of steroid production (particularly that of aldosterone) has been suggested to be
part of the beneficial effect in mineralocorticoid blockade. Further studies will be needed to
determine if the lack of eplerenone inhibition of adrenal steroid production affects its overall
efficacy as an anti-mineralocorticoid.

Primary aldosteronism is currently considered to represent 8% of the hypertensive
population. Treatment of this group of patients with MR blockade is increasing, and there
are currently two main MR blockers: spironolactone and eplerenone. Previous studies have
shown that spironolactone and its metabolites are more potent inhibitors of MR than
eplerenone. However, higher doses of spironolactone have several non-specific actions,
including its effects on androgen receptors, progesterone receptors, and steroid hormone
production. Herein, we demonstrate that eplerenone, unlike spironolactone, does not inhibit
adrenal steroid production.
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Figure 1.
The effects of eplerenone (open circles) and spironolactone (solid circles) on MR

transactivation by aldosterone (1 nM) in HEK-293T/17 cells. Expression plasmids for
human MR and -galactosidase were transfected into HEK-293T/17 cells together with a
mineralocorticoid responsive MMTV-luciferase reporter plasmid. Luciferase and -
galactosidase enzyme activities were measured in cell lysates after incubation with
aldosterone (1 nM) for 6 h. Basal luciferase activity was 19 % of that seen with aldosterone
treatment. Mean values are based on data from three independent experiments.
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Figure 2.

The effects of eplerenone and spironolactone on basal aldosterone and cortisol production.
H295R adrenal cells were incubated with eplerenone or spironolactone at the indicated
concentrations for 24 h. Media concentrations of cortisol and aldosterone were measured by
EIA. Values represent data from three independent experiments each ran in triplicate. *:
p<0.05 **: p<0.01 vs. basal.
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Figure 3.
The effects of spironolactone and eplerenone on Ang Il and forskolin stimulated aldosterone

and cortisol production. H295R adrenal cells were stimulated with Ang Il (100 nM) or
forskolin (10 uM) with or without eplerenone (30 uM) or spironolactone (30 uM) for 24 h.
Media concentrations of cortisol and aldosterone were measured by EIA. Values represent
data from three independent experiments each ran in triplicate. SP: spironolactone, EP:
eplerenone, *: p<0.05 **: p<0.01 vs. basal, T1: p<0.01 vs. Ang Il, t1: p<0.01 vs. forskolin.
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Figure4.
The effects of spironolactone and eplerenone on pregnenolone metabolism to aldosterone

and cortisol. H295R adrenal cells were incubated with pregnenolone (10 pM) with or
without eplerenone (30 pM) or spironolactone (30 pM) for 24 h. Media concentrations of
cortisol and aldosterone were measured by EIA. Values represent data from three
independent experiments each ran in triplicate. Preg: pregnenolone, SP: spironolactone, EP:
eplerenone. **: p<0.01 vs. basal, T1: p<0.01 vs. pregnenolone.
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