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Drug Insight: eplerenone, a mineralocorticoid-

receptor antagonist

Frances McManus, Gordon T McInnes and John MC Connell*

SUMMARY

Increasing recognition of the role of aldosterone in cardiovascular disease
has been supported by a significant body of evidence from animal models.
This evidence has been translated into clinical practice, and large-scale,
randomized, placebo-controlled trials have confirmed the beneficial
effects of mineralocorticoid blockade in patients with heart failure. As a
consequence, there has been a resurgence in the use of mineralocorticoid-
receptor antagonists in clinical practice that has prompted the search

for a potent and specific antagonist without the sexual side effects of
spironolactone. Eplerenone, a mineralocorticoid-receptor antagonist
with minimal binding to the progesterone and androgen receptors, is

now licensed for treatment of heart failure in Europe and heart failure
and hypertension in the US; it has also been proposed as a treatment for
avariety of cardiovascular conditions. This article reviews the current
concepts of the actions of aldosterone at a cellular level. Recent findings
regarding its role as a cardiovascular hormone, both in animal models
and human studies, are discussed. We also describe the development of
mineralocorticoid-receptor blockers following the isolation of aldosterone
and discuss the subsequent search for a specific mineralocorticoid
antagonist. In addition we detail the effects of eplerenone in a number of
clinical situations and outline its potential future applications.
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INTRODUCTION

The traditional perception of aldosterone as a
hormone of the adrenal zona glomerulosa with
actions limited to sodium and water homeostasis
is now recognized as incomplete. Nonclassical
actions of aldosterone in a variety of nonepithelial
target tissues have been demonstrated;! rapid,
nongenomic effects? have been identified, and the
possibility of local renin—angiotensin—aldosterone
systems (RAAS) has been suggested.® Increasing
recognition of aldosterone as a key cardiovascular
hormone has provoked interest in the therapeutic
use of mineralocorticoid-receptor antagonism in
a variety of clinical presentations. The adverse-
effect profile of spironolactone has limited this
approach; however, the highly selective mineralo-
corticoid-receptor blocker eplerenone has proven
to be an effective intervention in randomized,
controlled trials of heart failure and has been
proposed as a promising treatment for other
cardiovascular conditions.

This article provides an overview of the cellular
actions of aldosterone and details recent find-
ings about its role as a cardiovascular hormone.
We then describe the development of mineralo-
corticoid-receptor blockers and detail the effects
of eplerenone in a number of clinical situations.
Finally, we outline potential future applications
for mineralocorticoid-receptor blockade.

CELLULAR ACTIONS OF ALDOSTERONE
Aldosterone was originally identified as an
important regulator of sodium and potassium
homeostasis. It acts on classic mineralocorticoid
receptors (Box 1) in the cortical collecting duct
of the kidney to increase activity of the epithelial
sodium channel, resulting in net reabsorption
of sodium; electrical neutrality is maintained
by loss of potassium from the renal cell to the
tubular fluid. Secretion of aldosterone from
the adrenal zona glomerulosa is regulated
principally by angiotensin II and potassium.*
Potassium is known to stimulate aldosterone
synthesis, and sensitize its secretion in response
to angiotensin II.

44 NATURE CLINICAL PRACTICE ENDOCRINOLOGY & METABOLISM

©2008 Nature Publishing Group

JANUARY 2008 VOL 4 NO 1



www.nature.com/clinicalpractice/endmet

The concept of aldosterone as a hormone
mainly involved in electrolyte homeostasis has
now been widened to take account of the fact

Box 1 The mineralocorticoid receptor.

= Present in epithelial cells in renal collecting duct, colon and salivary glands

that mineralocorticoid receptors are found in a = Recently also shown to be present in nonepithelial tissue, for example
wide range of tissues, including adipose tissue,” cardiac myocytes and the brain
vascular endothelial cells, cardiac myocytes = Activation of mineralocorticoid receptors increases activity of epithelial

and the brain.® The actions of aldosterone in
regulating normal physiology are uncertain,
but the pathophysiological consequences in
circumstances of aldosterone excess are better
understood, and include the generation of
reactive oxygen species, proinflammatory
effects and increased expression of cell
adhesion molecules.”>

The tissue specificity of aldosterone is deter-
mined in part by the presence of the enzyme
11B-hydroxysteroid dehydrogenase type 2

sodium channels, causing increased sodium reabsorption. Potassium is lost
to the luminal fluid, thereby maintaining electrical neutrality

= Both mineralocorticoids and glucocorticoids are potential ligands for the
mineralocorticoid receptor

= 11p-Hydroxysteroid dehydrogenase type 2 (11p-HSD2) catalyses the
reaction of cortisol to inactive cortisone. It is proposed that this protects
the mineralocorticoid receptor from glucocorticoid activation in epithelial
tissues where 11BHSD2 and the mineralocorticoid receptor are co-localized

= A mechanism that might offer further protection from illicit activation by
cortisol is that glucocorticoids can simply occupy the mineralocorticoid
receptor rather than activate it. It is proposed that this is dependent on the

(11B-HSD2), which acts to convert cortisol to
cortisone. In the absence of 11B-HSD2, cortisol,
which binds with high affinity to the mineralo-
corticoid receptor, can bind to the receptor and
prevent regulation by aldosterone. This mecha-
nism might be of particular relevance to cardiac
myocytes, where 113-HSD2 is not co-localized
with the receptor.” It has been suggested that
whether cortisol will activate the receptor
or simply bind to it might be determined by
other factors, including the ‘redox’ state within
the cell;'® however, this hypothesis remains a
matter of debate. Agents such as spironolactone
or eplerenone will, nevertheless, act as antago-
nists to the receptor even when the circulating
concentrations of aldosterone, its dominant
ligand, are not substantially elevated.

ALDOSTERONE —A KEY
CARDIOVASCULAR HORMONE
The role of aldosterone in hypertension
Following the identification of aldosterone, it was
recognized that primary excess of the hormone,
due to secretion from adrenal adenomas, could
result in hypertension characterized by hypo-
kalemia—Conn’s syndrome. This excess was felt
to be a relatively rare occurrence, being identified
in around 1-2% of patients with hypertension.
More recently, however, there has been recog-
nition that inappropriate aldosterone production
is a significant cause of hypertension. Between
10% and 15% of unselected hypertensive patients
demonstrate dysregulation of aldosterone, iden-
tified by an abnormally high aldosterone: renin
ratio.!! In selected populations, such as those
with resistant hypertension, the percentage of
patients with evidence of primary aldosteronism

intracellular redox state

is considerably higher (around 20%).'? In these
patients, aldosterone does not suppress normally
in response to sodium-loading or volume expan-
sion, but in only a minority is there a distinct
solitary adrenal adenoma (possibly 4% of hyper-
tensive patients).!?> The detrimental effects of
aldosterone in these circumstances are under-
scored by findings that patients with primary
aldosteronism have higher rates of left ventricular
hypertrophy!* and other adverse cardiovascular
events!> than patients with high blood pressure
in whom aldosterone is not increased.

Finally, it is now clear that aldosterone is
important in the determination of blood pressure
not only in the context of primary aldosteronism
but also in the normal population—variation
within the normal range of aldosterone, !¢ as
well as the aldosterone: renin ratio,!” correlates
with future rises in blood pressure and rates
of hypertension.

The role of aldosterone in heart failure

Aldosterone excess has also been implicated in the
risk of poor outcomes in heart failure as well as of
adverse events following myocardial infarction, 821
It is known that the degree of neurohumoral acti-
vation, and specifically of increased aldosterone
concentrations in plasma, is associated with
increased mortality; both SAVE!? (the Survival
and Ventricular Enlargement trial of treatment
after myocardial infarction) and CONSENSUS2?
(Cooperative North Scandinavian Enalapril
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Survival Study of treatment for heart failure)
demonstrated that high aldosterone levels predict
poor cardiovascular outcome. In addition, data
published in 2007 have confirmed that this asso-
ciation of increased mortality is present in patients
across all New York Heart Association (NYHA)
classifications of heart failure.?!

In the rat heart, excess aldosterone provokes
myocardial fibrosis and remodeling, indepen-
dently of blood pressure and angiotensin II
levels.? Rocha et al.>3 provided elegant demon-
strations of the detrimental effect of aldosterone
on a range of cardiovascular tissues, including
the heart and the kidney, in rat models; in many
tissues there was markedly abnormal vascular
damage, with perivascular inflammatory infil-
tration. It is of interest that the presence of aldo-
sterone proved necessary, but not sufficient, for
the development of vascular pathology; in these
studies, the detrimental effects are observed in
animals in the presence of both high-salt diet
and excess aldosterone.?3-2>

Finally, the importance of mineralocorticoid-
receptor activation on the development of
advanced cardiovascular dysfunction is illus-
trated by clinical studies in patients with
cardiac failure or myocardial infarction. A large
number of studies have investigated the utility of
inhibition of the renin—angiotensin system, but
until recently the focus was primarily on angio-
tensin-converting enzyme (ACE) or blockade
of the angiotensin II receptor. It is clear that
these therapeutic targets are not always suffi-
cient to permanently maintain suppression
of the RAAS; pilot data from the RESOLVD
(Randomized Evaluation of Strategies for Left
Ventricular Dysfunction) trial?® demonstrated
that even the combination of an ACE inhibitor
and an angiotensin-receptor blocker does not
chronically suppress aldosterone secretion—a
phenomenon described as ‘aldosterone escape’ or
‘aldosterone breakthrough’

The mechanisms behind aldosterone break-
through are not well understood; it is recog-
nized that angiotensin II levels rise over time in
patients taking ACE inhibitors, and it might be
that this provokes the rise in aldosterone. The rise
in angiotensin II and aldosterone is not always
seen simultaneously,?” however, and increased
levels of potassium, the dominant trophin of
aldosterone, might be responsible for aldosterone
breakthrough. Regardless of the mechanism,
the breakthrough of aldosterone described in the
observational data from the RESOLVD trial?®
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prompted the evaluation of mineralocorticoid
blockade as an alternative approach in cardio-
vascular therapy. The Randomised Aldactone
Evaluation Study (RALES)?® provided crucial
evidence that spironolactone improved mortality
in patients with left ventricular systolic dysfunc-
tion, leading to a re-evaluation of the perception
of mineralocorticoid-receptor antagonists and
their clinical applications.

DEVELOPMENT OF MINERALOCORTICOID-
RECEPTOR ANTAGONISTS

The development of the first mineralocorticoid-
receptor antagonists followed swiftly from the
isolation of aldosterone by Sylvia and James
Tait in 1953 (see Tait et al.2%). Spironolactone
was derived from a series of steroidal
compounds (spirolactones) that exhibit anti-
mineralocorticoid effects in animal models,
and the patent was issued in 1961, only 8 years
after the identification of aldosterone. Many
molecules were evaluated (the manufacturers
of spironolactone alone screened over 1,000
spirolactones in animals and several in humans)
but it proved difficult to identify a well-tolerated
candidate with potency greater than that of
spironolactone.

Drawbacks of spironolactone

Initially licensed for the treatment of hyper-
tension, primary hyperaldosteronism, peripheral
edema and hypokalemia, spironolactone is rela-
tively poorly tolerated. Problems with its admin-
istration relate mainly to its lack of specificity for
the mineralocorticoid receptor; it also binds to
progesterone receptors and androgen receptors.
Menstrual irregularity in women and painful,
sometimes unilateral, gynecomastia in men are
commonly reported. In one large series, 13% of
male patients reported gynecomastia.>® In the
same series, there was a mild elevation of mean
plasma potassium levels (0.7 mmol/l in men and
0.5mmol/l in women), but no occurrences of
severe hyperkalemia were seen.

Despite these problems, spironolactone
continued to be used in the treatment of resis-
tant hypertension, nephrotic syndrome and
in the management of ascites secondary to
cirrhosis. In some countries, it remains widely
used as an antihypertensive therapy; indeed, in
a recent analysis of patients in ASCOT (Anglo-
Scandinavian Cardiac Outcomes Trial), the addi-
tion of spironolactone proved of major benefit in
lowering blood pressure in patients with resistant
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hypertension.3! This benefit has been confirmed
in a number of further studies.3%33 The adverse-
event profile has, however, prompted the search
for better-tolerated alternatives.

Eplerenone —a more specific antagonist
Initial investigations for more-specific, potent
aldosterone antagonists produced a number of
mineralocorticoid antagonists over the next 10-
year period, including prorenone, a compound
that demonstrated greater affinity for the mineralo-
corticoid receptor than did spironolactone.?* It
was not until 1987, however, that the addition
of an epoxy group (Figure 1) to the compounds
gave them a reduced affinity for the progesterone
receptors and androgen receptors.>® Clinical
studies were undertaken with these compounds,
but it was a further 15 years before eplerenone
(epoxymexrenone) gained its license.

Eplerenone has an approximately 20-fold
lower binding affinity for the mineralocorticoid
receptor than spironolactone has in vitro,
although this contrasts with in vivo studies
where eplerenone has been demonstrated to
have around 50% of the binding capacity of
spironolactone.?® Eplerenone differs signifi-
cantly from spironolactone in its reduced affinity
for the progesterone receptor and estrogen
receptor (see Table 1), leading to a negligible
sexual adverse-effect profile.>® In common
with spironolactone, the most significant poten-
tial adverse effects are electrolyte disturbances,
specifically hyperkalemia. Careful monitoring of
electrolytes is required during treatment with
either agent, particularly when used in combi-
nation with other agents that have activity on
the RAAS.

IN VIVO ACTIONS OF EPLERENONE
Preclinical studies in experimental animals
There are sufficient preclinical data to raise expec-
tations that treatment with eplerenone will have
beneficial effects on cardiovascular function.
Rocha et al.” highlighted this effect in a model
of hypertension using uni-nephrectomized,
salt-loaded rats treated with aldosterone for
2 weeks. This model features vascular inflam-
matory lesions resulting in myocardial isch-
emia and necrosis, with increased expression
of proinflammatory molecules. These changes
were substantially attenuated by treatment with
eplerenone. In this study, blood pressure was
lower in the eplerenone-treated animals; thus,
the beneficial effects of eplerenone might have

www.nature.com/clinicalpractice/endmet
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Figure 1 Structures of mineralocorticoid-receptor antagonists. (A) Eplerenone.

(B) Spironolactone.

been mediated by a reduction in blood pres-
sure. Further investigations by the same group,
however, demonstrated a beneficial effect of
mineralocorticoid blockade without signifi-
cant differences in blood pressure reduction.*
In this study, myocardial injury was induced in
rats treated with angiotensin II and L-NAME
(NG-nitro-L-arginine methyl ester, an inhibitor
of nitric oxide synthesis): reversal of myocardial
necrosis was observed in animals where expo-
sure to aldosterone was removed either by
adrenalectomy or treatment with eplerenone,
independently of blood pressure.

Eplerenone also ameliorates vascular stiffness
and fibronectin accumulation in a rat model
of hypertension (uni-nephrectomized, salt-
loaded Sprague Dawley® [Harlan Holdings, Inc.,
Wilmington, DE] rats treated with aldosterone),?”
as well as inhibiting the development of experi-
mental atherosclerosis in a number of models of
heart failure.?340 Left ventricular fibrosis and
endothelial dysfunction are reduced in eplere-
none-treated, salt-loaded SHRSPs (stroke-prone,
spontaneously hypertensive rats) but not in
animals treated with hydralazine (a vasodilating
antihypertensive).#! The rise in blood pressure
was attenuated by eplerenone in the salt-loaded
rats, with little effect on control SHRSPs and
SHRSPs with low salt levels, again highlighting
the central role of sodium in the pathogenesis of
cardiovascular damage.

Finally, aldosterone has been implicated in
the pathogenesis of renovascular end-organ
damage independent of blood pressure and
angiotensin II levels. Rocha et al.*?> demon-
strated that infusion of aldosterone reversed the
protective effect of the ACE inhibitor captopril in
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Table 1 Relative binding affinities for spironolactone and eplerenone.

Drug Affinity for the mineralocorticoid Affinity for the androgen receptor Affinity for the progesterone
receptor (aldosterone =1) (methyltrienolone =1) receptor (progesterone =1)

Spironolactone 1.1x1071 9.1x1073 7.0x1073

Eplerenone 5.1x1073 7.6x1076 <5.0x107°

Table 2 Proposed effects of mineralocorticoid blockade.

Organ or system affected Proposed effects

Heart Prevents interstitial fibrosis and remodeling
Reduces left ventricular hypertrophy
Reduces sudden cardiac death
Improves myocardial perfusion

Blood vessels Improves endothelial function
Attenuates inflammatory lesions and ischemia
Blood pressure Reduces systolic and diastolic pressure
Kidney Reduces proteinuria and reduces histological
damage

saline-drinking SHRSPs and, although blood
pressure was similar in all animals, typical lesions
of malignant nephrosclerosis were observed only
in aldosterone-treated animals. Specific mineralo-
corticoid blockade by eplerenone effectively
reduces histological damage as well as protein
loss in a variety of animal models.>>#344 The
putative benefits of mineralocorticoid blockade
are summarized in Table 2.

Clinical studies

Actions of eplerenone in hypertension

Eplerenone is a well-tolerated antihypertensive
with an incidence of adverse events similar to
placebo and no reports of gynecomastia or
menstrual irregularity.*>4¢ The doses used
in clinical trials have generally been between
25 and 200 mg, although one study has used
doses up to 400 mg with few adverse effects.*®
The incidence of hyperkalemia in the setting of
clinical trials is similar to that seen with spirono-
lactone, and only modest rises in potassium
levels are usually noted.

This situation should, however, be compared
with ‘real life’ clinical practice. The use of
mineralocorticoid-receptor blockers increased
substantially following the publication of trial
data; along with this, an increase in the rate
of complications of therapy, including hyper-
kalemia, was observed.#” It is worth noting
that trial patients constitute a carefully selected

cohort, and patients with risk factors for adverse
events such as hyperkalemia (e.g. patients with
chronic renal failure or advancing age) can be
excluded. In clinical practice, the increased risk
of therapy to these types of patients should be
carefully considered, and regular laboratory
monitoring is required.

A comparison of the effect on blood pres-
sure reduction has shown that eplerenone is a
slightly less potent agent than spironolactone;
100mg of eplerenone produces 75% of the
blood pressure reduction seen with the equiva-
lent dose of spironolactone.*® Eplerenone is as
effective as other antihypertensive agents when
compared with monotherapy using a calcium
channel blocker (amlodipine),*® an ACE inhib-
itor (enalapril)* or an angiotensin-II-receptor
blocker (losartan).’®>! In black, hypertensive
patients®! and hypertensive patients with low
renin levels®*—subgroups that tend to respond
relatively poorly to inhibition of ACE or angio-
tensin II—it has been suggested that eplerenone
has greater efficacy than the comparator agent
losartan, although this has not been a consistent
finding.>> Addition of eplerenone to an ACE
inhibitor or an angiotensin II antagonist has,
nevertheless, been shown to provide added anti-
hypertensive benefit in patients whose condition
was not controlled by monotherapy.>?

Given the evidence that aldosterone has dele-
terious effects on heart and kidney, the conse-
quence of antagonism of the mineralocorticoid
receptor on end-organ function is of particular
interest. The 4E (eplerenone, enalapril, and
eplerenone plus enalapril) trial>* has provided
clinical data to support the hypothesis that
blockade of the mineralocorticoid receptor with
eplerenone is an effective method of reducing
end-organ damage. This study was a 9-month,
randomized, double-blind trial in patients with
hypertension and left ventricular hypertrophy.
Monotherapy with either eplerenone or enala-
pril, or the combination of both, demonstrated
equal efficacy in relation to reduction of diastolic
blood pressure; for systolic blood pressure,
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enalapril and eplerenone in combination were
more effective than either agent alone. Left
ventricular mass was decreased in the group
receiving combination therapy to a greater
extent than with eplerenone alone. The smallest
difference in left ventricular mass was seen in
the enalapril-only group, although comparison
between this and eplerenone alone did not
reach statistical significance. The reduction in
left ventricular mass did not, however, correlate
with blood pressure reduction.

A significant confounding effect in this
study was seen as a result of the use of add-on
therapy to achieve equivalent blood pressure
reductions, with more patients in the enalapril
group requiring add-on antihypertensive drugs
(hydrochlorothiazide and amlodipine). Analysis
of the data when those requiring add-on therapy
were removed did not, however, suggest any
difference between enalapril and eplerenone
in reducing left ventricular mass when blood
pressure reduction was equivalent. This study
confirms that eplerenone is as effective as
enalapril in reducing the target-organ damage
associated with hypertension and suggests that
more-complete blockade of the RAAS with two
agents provides more-effective protection. It
does not, however, suggest that eplerenone has
a uniquely beneficial effect on cardiac func-
tion. It must be noted that this was a relatively
short-term study, and it is possible that longer-
term therapy might be required to demonstrate
specific benefit in relation to cardiac mass from
blockade of the mineralocorticoid receptor.

Actions of eplerenone in nephropathy

As discussed above, animal models have identi-
fied aldosterone as a potential causative agent
in the pathogenesis of end-organ renal damage.
Additionally, mineralocorticoid blockade with
eplerenone attenuates the histological damage
ascribed to aldosterone in a number of animal
models. Observational data show that there is a
correlation between aldosterone levels and the
extent of proteinurea in patients with diabetic
nephropathy, and limited, uncontrolled studies
by Sato et al.>> have suggested that treatment with
spironolactone of patients in this circumstance
reduces protein loss.

Although not the primary outcome measure-
ment, early clinical trials of eplerenone in hyper-
tension demonstrated that eplerenone treatment
was associated with a consistent improvement in
proteinuria. In particular, patients with baseline
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microalbuminuria demonstrated a greater
reduction in protein excretion than was seen in
patients on comparator drugs. For example, when
compared with amlodipine, eplerenone reduced
albumin excretion (in patients who had detect-
able albumin at baseline) by 52%, compared with
10% for amlodipine (P=0.04).48

A similar beneficial effect of eplerenone was seen
in a comparison of eplerenone and enalapril in a
smaller cohort of patients.*” The superiority of
combined ACE inhibition and mineralocorticoid
blockade was demonstrated in the 4E study, with
a reduction of albumin excretion in the enalapril
plus eplerenone group (52.6%) compared with
enalapril (37.4%; P=0.038) or eplerenone (24.9%;
P=0.001) alone.”* Finally, data from Epstein
et al.>® corroborated these results, demonstrating
the superior antialbuminuric effects of dual
therapy with eplerenone and ACE inhibition as
compared with ACE inhibition alone in patients
with diabetic nephropathy.

Actions of eplerenone in heart failure and ischemic
heart disease

The role of mineralocorticoid blockade in heart
failure is now generally accepted after the RALES
study, which demonstrated a 30% reduction in
mortality in patients with severe heart failure
(NYHA class IIT or IV) given spironolactone in
addition to usual therapy.?® The requirement
for a more selective mineralocorticoid-receptor
antagonist was, however, confirmed in this
trial, in which around 10% of male participants
complained of gynecomastia or breast pain even
at the relatively low mean daily dose of 26 mg. It
is noteworthy that there were few instances of
other adverse effects such as severe hyperkalemia
in this study. The results demonstrated that
antagonism of the mineralocorticoid receptor
was a safe and effective therapy and stimulated
the development of additional approaches to
mineralocorticoid-receptor antagonism in
advanced cardiac disease.

The Eplerenone Post Acute Myocardial
Infarction Heart Failure Efficacy and Survival
Study (EPHESUS)>’ enrolled patients with
acute myocardial infarction complicated by
left ventricular dysfunction, treated with stan-
dard medical therapy, and compared the addi-
tion of either placebo or eplerenone. This study
again showed beneficial effects of blocking the
mineralocorticoid receptor, with a 23% reduction
in the risk of readmission with heart failure
and a fall in total mortality and cardiovascular
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mortality (relative risk reduction of 15% and
13% respectively). In comparison with the
RALES study, the incidence of gynecomastia and
impotence was similar in the active and placebo
groups. The dose of eplerenone used started at
25mg and was titrated to 50 mg, doses that had
only a minor effect on blood pressure.

It is indeed of interest, and somewhat
surprising, that there is an apparent discrepancy
between the dose of the drug required to lower
blood pressure and the dose that causes signifi-
cant cardiovascular benefit in advanced disease;
this might raise the possibility that different
mechanisms mediate the cardiac benefit and
the antihypertensive effect.

It is possible that the beneficial effects of
mineralocorticoid blockade in these studies
reflect changes to cardiac structure. Animal
models of heart failure have demonstrated altered
remodeling in groups treated with eplerenone.
In dogs with heart failure, adverse morpho-
logical changes were prevented by eplerenone
treatment, with beneficial effects also observed
at a cellular level: namely, reduced interstitial
fibrosis, reduced myocyte hypertrophy and
increased capillary density.>® Further analysis of
the RALES study examined markers of collagen
synthesis and, indeed, demonstrated not only
that mineralocorticoid blockade was associated
with reduced serum markers of cardiac fibrosis,
but also that patients who received benefit from
spironolactone therapy were those with higher
levels of these markers at baseline.>

In both EPHESUS and RALES, a reduc-
tion in sudden cardiac death in the treatment
arm contributed significantly to the reduced
mortality. Although the mechanisms behind
this reduction are unclear, eplerenone has
been reported to reduce cardiac arrhythmia in
preclinical experiments.®®®! It might be that a
small increase in potassium levels in patients
treated with eplerenone helps to avoid life-
threatening, hypokalemia-associated arrhythmia.
It is noteworthy that treatment with the potas-
sium-sparing agent amiloride leads to a reduc-
tion in both Q-T interval and extra systoles, but
does not produce the other beneficial effects of
mineralocorticoid blockade on heart rate vari-
ability, endothelial dysfunction or myocardial
fibrosis,®? and it seems likely, therefore, that a
simple change in serum potassium is not the only
explanation for the observed fall in mortality.

Finally, it has also been suggested that
myocardial perfusion might be improved with
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eplerenone. A study published in 2007 measured
myocardial perfusion reserve, using cardiac MRI
following adenosine stimulation, in 16 patients
with diabetes. Patients were established on ACE-
inhibitor therapy and randomized to receive either
eplerenone or hydrochlorothiazide. Mineralo-
corticoid-receptor blockade was associated with
significantly higher myocardial perfusion reserve
(median 1.57 versus 1.30; P=0.03).%%

FUTURE DIRECTIONS

It is clear that mineralocorticoid-receptor
blockade is an important additional therapeutic
option in patients with hypertension, particu-
larly those with aldosterone excess, those who are
resistant to conventional therapy, or those with
end-organ damage. Experiments using animal
models have raised the possibility of additional
cardiovascular benefit (e.g. improved endothelial
function, reduced inflammation and improved
vascular compliance); however, at present, there
is limited evidence to confirm these findings
in humans. Current data suggest the favorable
adverse-effect profile will allow eplerenone to be
used safely in a wide group of patients, although
at present the drug does not have a license for
treatment of hypertension in Europe; this would
be an important step before its widespread use.

By contrast, there is unequivocal evidence of
benefit in heart failure syndromes. It is clear
that eplerenone offers a safe and effective addi-
tional therapy in a large cohort of patients and
it seems reasonable to assume that the benefits
in advanced heart failure will be equivalent to
those from spironolactone, although no formal
comparison has been made.

Current guidelines suggest that mineralo-
corticoid blockade should be considered
in patients with NYHA class III or IV heart
failure and left ventricular systolic dysfunc-
tion. Additionally, patients who have suffered a
myocardial infarction and have left ventricular
systolic dysfunction and signs of heart failure,
or who have diabetes, should also be considered
for treatment.®* Preliminary data from the
REMODEL (Reversal of Cardiac Remodeling
with Eplerenone) trial suggest that eplerenone
does not improve left ventricular remodeling in
mild-to-moderate chronic heart failure,®® but
ongoing clinical trials might extend the use of
mineralocorticoid blockade to patients with
mild-to-moderate heart failure (EMPHASIS-HF
[Eplerenone in Mild Patients Hospitalization
and Survival Study in Heart Failure]), as well
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as to patients with heart failure and preserved
systolic function (TOPCAT [Treatment of
Preserved Cardiac Function Heart Failure with
an Aldosterone Antagonist]).

Finally, there are currently no data regarding
the role of eplerenone in the treatment of
cirrhosis and nephrotic syndrome, although it is
likely that the drug would provide benefit. Such
studies, to identify a better-tolerated option than
spironolactone, are clearly needed.

CONCLUSIONS

Mineralocorticoid-receptor blockade has
significant beneficial effects both in animal
studies and in clinical practice. The evolution
of highly selective mineralocorticoid-receptor
blockers has coincided with the increased
understanding of the widespread deleterious
actions of mineralocorticoid activation in the
cardiovascular system.

Blockade of this component of the RAAS
holds significant promise as an effective inter-
vention and could provide a more targeted
approach, intercepting the cascade of events
that contribute to the end-organ damage seen
in many conditions. With the exception of the
EPHESUS study, however, there are no outcome
data with eplerenone, and these are now required
before its use can be more widely extended.

KEY POINTS
= There is increasing evidence that aldosterone
has a key role in cardiovascular pathology

= Experimental data suggest that
mineralocorticoid blockade is beneficial in
models of hypertension, nephropathy and
heart failure

= Mineralocorticoid blockade has proved a
valuable therapeutic option in clinical studies
of heart failure and after myocardial infarction

= Few data exist regarding outcomes in large
cohorts of patients in other cardiovascular
conditions (e.g. nephropathy, hypertension)
and these are required, as well as confirmatory
studies in heart failure, to establish the role of
eplerenone in clinical practice

References

1 Funder JW (1995) Mineralocorticoid receptors and
hypertension. J Steroid Biochem Mol Biol 53: 53-55

2 Losel Retal. (2004) A quick glance at rapid
aldosterone action. Mol Cell Endocrinol 217: 137-141

3 MacKenzie SM et al. (2002) Local renin—angiotensin
systems and their interactions with extra-adrenal
corticosteroid production. J Renin Angiotensin
Aldosterone Syst 3: 214-221

www.nature.com/clinicalpractice/endmet

4 Connell JM and Davies E (2002) The new biology of
aldosterone. J Endocrinol 186: 1-20

5 Penfornis P et al. (2000) The mineralocorticoid
receptor mediates aldosterone-induced differentiation
of T37i cells into brown adipocytes. Am J Physiol
Endocrinol Metab 279: E386-E394

6 Gomez-Sanchez EP (2004) Brain mineralocorticoid
receptors: orchestrators of hypertension and end-organ
disease. Curr Opin Nephrol Hypertens 13: 191-196

7 Rocha R (2002) Aldosterone induces a vascular
inflammatory phenotype in the rat heart. Am J Physiol
Heart Circ Physiol 283: H1802-H1810

8 Pitt B et al. (2003) Mineralocorticoid receptor
blockade: new insights into the mechanism of action
in patients with cardiovascular disease. J Renin
Angiotensin Aldosterone Syst 4: 164-168

9 Young MJ et al. (2003) Early inflammatory responses in
experimental cardiac hypertrophy and fibrosis: effects
of 11 B-hydroxysteroid dehydrogenase inactivation.
Endocrinology 144: 1121-1125

10 Funder JW (2005) RALES, EPHESUS and redox.
J Steroid Biochem Mol Biol 93: 121-125

11 Lim PO et al. (1999) Potentially high prevalence of
primary aldosteronism in a primary-care population.
Lancet 353: 40

12 Calhoun DA et al. (2002) Hyperaldosteronism among
black and white subjects with resistant hypertension.
Hypertension 40: 892-896

13 Rossi GP et al. (2006) A prospective study of the
prevalence of primary aldosteronismin 1,125
hypertensive patients. J Am Coll Cardiol
48: 2293-2300

14 Rossi GP et al. (1996) Changes in left ventricular
anatomy and function in hypertension and primary
aldosteronism. Hypertension 27: 1039-1045

15 Milliez P et al. (2005) Evidence for an increased rate
of cardiovascular events in patients with primary
aldosteronism. J Am Coll Cardiol 45: 1243-1248

16 Vasan RS et al. (2004) Serum aldosterone and the
incidence of hypertension in nonhypertensive persons.
N Engl J Med 351: 33-41

17 Newton-Cheh C et al. (2007) Clinical and genetic
correlates of aldosterone-to-renin ratio and relations to
blood pressure in a community sample. Hypertension
49: 846-856

18 Beygui F et al. (2006) High plasma aldosterone levels
on admission are associated with death in patients
presenting with acute ST-elevation myocardial
infarction. Circulation 114: 2604-2610

19 Vantrimpont P et al. (1998) Two-year time course and
significance of neurohumoral activation in the Survival
and Ventricular Enlargement (SAVE) Study. Eur Heart J
19: 1552-1563

20 Swedberg K et al. (1990) Hormones regulating
cardiovascular function in patients with severe congestive
heart failure and their relation to mortality. CONSENSUS
Trial Study Group. Circulation 82: 1730-1736

21 Guder G et al. (2007) Complementary and
incremental mortality risk prediction by cortisol and
aldosterone in chronic heart failure. Circulation 115:
1754-1761

22 Brilla CG et al. (1990) Remodeling of the rat right and
left ventricles in experimental hypertension. Circ Res
67: 1355-1364

23 Rocha R et al. (1998) Mineralocorticoid blockade
reduces vascular injury in stroke-prone hypertensive
rats. Hypertension 31: 451-458

24 RochaR et al. (2000) Aldosterone: a mediator
of myocardial necrosis and renal arteriopathy.
Endocrinology 141: 3871-3878

25 Blasi ER et al. (2003) Aldosterone/salt induces renal
inflammation and fibrosis in hypertensive rats. Kidney
Int 63: 1791-1800

JANUARY 2008 VOL 4 NO1 MCMANUS ETAL.

NATURE CLINICAL PRACTICE ENDOCRINOLOGY & METABOLISM 51

©2008 Nature Publishing Group



www.hature.com/clinicalpractice/endmet

Competing interests
The authors declared no
competing interests.

26 McKelvie RS et al. (1999) Comparison of candesartan,
enalapril, and their combination in congestive heart
failure: Randomized Evaluation of Strategies for Left
Ventricular Dysfunction (RESOLVD) pilot study. The
RESOLVD Pilot Study Investigators. Circulation 100:
1056-1064

27 Lee AF et al. (1999) Neurohormonal reactivation in
heart failure patients on chronic ACE inhibitor therapy:
a longitudinal study. Eur J Heart Fail 1: 401-406

28 Pitt B et al. (1999) The effect of spironolactone on
morbidity and mortality in patients with severe heart
failure. Randomized Aldactone Evaluation Study
Investigators. N Engl J Med 341: 709-717

29 Tait SAS et al. (2004) The discovery, isolation and
identification of aldosterone: reflections on emerging
regulation and function. Mol Cell Endocrinol 217: 1-21

30 Jeunemaitre X et al. (1987) Efficacy and tolerance of
spironolactone in essential hypertension. Am J Cardiol
60: 820-825

31 Chapman N et al. (2007) Effect of spironolactone on
blood pressure in subjects with resistant hypertension.
Hypertension 49: 839-845

32 Nishizaka MK et al. (2003) Efficacy of low-dose
spironolactone in subjects with resistant hypertension.
Am J Hypertens 16: 925-930

33 Lane DA et al. (2007) Low-dose spironolactone in the
management of resistant hypertension: a surveillance
study. J Hypertens 25: 891-894

34 Mclnnes GT et al. (1982) Relative potency and
structure activity relationships of aldosterone
antagonists in healthy man: correlation with animal
experience. Br J Clin Pharmacol 13: 331-339

35 De Gasparo M et al. (1987) Three new epoxy-spirolactone
derivatives: characterization in vivo and in vitro.

J Pharmacol Exp Ther 240: 650-656

36 De Gasparo M et al. (1989) Antialdosterones: incidence
and prevention of sexual side effects. J Steroid
Biochem 32: 223-227

37 Lacolley P et al. (2002) Increased carotid wall elastic
modulus and fibronectin in aldosterone-salt-treated
rats: effects of eplerenone. Circulation 106: 2848-2853

38 Rajagopalan S et al. (2002) Mineralocorticoid receptor
antagonism in experimental atherosclerosis. Circulation
105: 2212-2216

39 SuzukiJ et al. (2006) Eplerenone with valsartan
effectively reduces atherosclerotic lesion by attenuation
of oxidative stress and inflammation. Arterioscler
Thromb Vasc Biol 26: 917-921

40 Takai S et al. (2005) Eplerenone inhibits atherosclerosis in
nonhuman primates. Hypertension 46: 1135-1139

41 Endemann DH et al. (2004) Eplerenone prevents salt-
induced vascular remodeling and cardiac fibrosis
in stroke-prone spontaneously hypertensive rats.
Hypertension 43: 1252-1257

42 Rocha R et al. (1999) Role of aldosterone in renal
vascular injury in stroke-prone hypertensive rats.
Hypertension 33: 232-237

43 Zhou X et al. (2004) Aldosterone antagonism
ameliorates proteinuria and nephrosclerosis
independent of glomerular dynamics in L-NAME/SHR
model. Am J Nephrol 24: 242-249

44 Guo C et al. (2006) Mineralocorticoid receptor antagonist
reduces renal injury in rodent models of types 1 and 2
diabetes mellitus. Endocrinology 147: 5363-5373

45 Burgess ED et al. (2003) Long-term safety and efficacy of
the selective aldosterone blocker eplerenone in patients
with essential hypertension. Clin Ther 25: 2388-2404

46 Weinberger MH et al. (2002) Eplerenone, a selective
aldosterone blocker, in mild-to-moderate hypertension.
Am J Hypertens 15: 709-716

47 Juurlink DN et al. (2004) Rates of hyperkalemia after
publication of the Randomized Aldactone Evaluation
Study. N Engl J Med 351: 543-551

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

White WB et al. (2003) Effects of the selective
aldosterone blocker eplerenone versus the calcium
antagonist amlodipine in systolic hypertension.
Hypertension 41: 1021-1026

Williams GH et al. (2004) Efficacy of eplerenone versus
enalapril as monotherapy in systemic hypertension.
Am J Cardiol 93: 990-996

Weinberger MH et al. (2005) Effects of eplerenone
versus losartan in patients with low-renin
hypertension. Am Heart J 150: 426-433

Flack JM et al. (2003) Efficacy and tolerability of
eplerenone and losartan in hypertensive black and
white patients. J Am Coll Cardiol 41: 1148-1155
Prisant LM et al. (2003) Can renin status predict

the antihypertensive efficacy of eplerenone add-on
therapy? J Clin Pharmacol 43: 1203-1210

Krum H et al. (2002) Efficacy of eplerenone added to
renin-angiotensin blockade in hypertensive patients.
Hypertension 40: 117-123

Pitt B et al. (2003) Effects of eplerenone, enalapril,

and eplerenone/enalapril in patients with essential
hypertension and left ventricular hypertrophy: the
4E-left ventricular hypertrophy study. Circulation 108:
1831-1838

Sato A et al. (2003) Effectiveness of aldosterone
blockade in patients with diabetic nephropathy.
Hypertension 41: 64-68

Epstein M et al. (2006) Selective aldosterone
blockade with eplerenone reduces albuminuria in
patients with type 2 diabetes. Clin J Am Soc Nephrol
1: 940-951

Pitt B et al. (2003) Eplerenone, a selective aldosterone
blocker, in patients with left ventricular dysfunction
after myocardial infarction. N Engl J Med 348:
1309-1321

Suzuki G et al. (2002) Effects of long-term
monotherapy with eplerenone, a novel aldosterone
blocker, on progression of left ventricular dysfunction
and remodeling in dogs with heart failure. Circulation
106: 2967-2972

Zannad F et al. (2000) Limitation of excessive
extracellular matrix turnover may contribute to survival
benefit of spironolactone therapy in patients with
congestive heart failure: insights from the Randomized
Aldactone Evaluation Study (RALES). RALES
Investigators. Circulation 102: 2700-2706

Shroff SC et al. (2006) Selective aldosterone blockade
suppresses atrial tachyarrhythmias in heart failure.

J Cardiovasc Electrophysiol 17: 534-541

De Mello WC (2006) Beneficial effect of eplerenone

on cardiac remodelling and electrical properties of the
failing heart. J Renin Angiotensin Aldosterone Syst 7:
40-46

Farquharson CA and Struthers AD (2002) Increasing
plasma potassium with amiloride shortens the QT
interval and reduces ventricular extrasystoles but does
not change endothelial function or heart rate variability
in chronic heart failure. Heart 88: 475-480

Joffe HV et al. (2007) Beneficial effects of eplerenone
versus hydrochlorothiazide on coronary circulatory
function in patients with diabetes mellitus. J Clin
Endocrinol Metab 92: 2552-2558

Swedberg K et al. (2005) Guidelines for the diagnosis and
treatment of chronic heart failure: executive summary
(update 2005): The Task Force for the Diagnosis and
Treatment of Chronic Heart Failure of the European
Society of Cardiology. Eur Heart J 26: 1115-1140
Cleland JG et al. (2007) Clinical trials update from

the American College of Cardiology 2007: ALPHA,
EVEREST, FUSION II, VALIDD, PARR-2, REMODEL,
SPICE, COURAGE, COACH, REMADHE, pro-BNP for
the evaluation of dyspnoea and THIS-diet. Eur J Heart
Fail 9: 740-745

52 NATURE CLINICAL PRACTICE ENDOCRINOLOGY & METABOLISM

©2008 Nature Publishing Group

MCMANUS ETAL. JANUARY 2008 VOL 4 NO 1




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG WEB PDF Job Options. 150dpi. 22nd September 2004. PDF 1.4 Compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


