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Effects of eplerenone, a selective mineralocorticoid
receptor antagonist, on clinical and experimental
salt-sensitive hypertension

Yoshiyu Takeda

Mineralocorticoid receptors (MRs) are expressed in non-epithelial tissues, such as blood vessels, the heart and adipose tissue.

The combined effects of aldosterone and insulin link the metabolic syndrome with hypertension and salt sensitivity. Eplerenone

is the newly developed inhibitor of MRs that has significantly fewer adverse effects than similar doses of spironolactone.

Eplerenone has been reported to have anti-hypertensive and protective effects on cardiovascular and renal injury in salt-sensitive

hypertensive animal models, such as the Dahl salt-sensitive (DS) hypertensive rat and leptin receptor-deficient spontaneously

hypertensive rat (SHR/cp). Eplerenone also increases nitric oxide bioavailability and improves impaired endothelial function by

decreasing oxidative stress. Clinical studies support the concept that eplerenone is effective for the treatment of salt-sensitive

hypertension as well as idiopathic hyperaldosteronism and does not have adverse anti-androgenic adverse effects. In Japan,

eplerenone has been used clinically since 2007 for the treatment of hypertension, with its price being marginally lower than

all types of angiotensin II receptor antagonists. This will inevitably result in an increasing number of hypertensive patients and

those with primary aldosteronism being treated with this agent in the near future.
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INTRODUCTION

Aldosterone plays an important role in the pathogenesis of cardio-
vascular, renal and metabolic diseases. Mineralocorticoid receptors
(MRs) exist in both epithelial and non-epithelial cells, such as vascular
endothelial and smooth muscle cells, cardiomyocytes and adipocytes.
Experimental studies have shown that the profibrotic actions of
aldosterone develop only in association with a high-sodium diet.
Excess sodium intake is a major contributing factor in the pathogen-
esis of hypertension, and large population-based studies have shown
that there is a significant correlation between the level of salt intake
and blood pressure and the frequency of hypertension. In this report,
we review the clinical and experimental evidence for the use of the
selective receptor antagonist, eplerenone, in the treatment of salt-
sensitive hypertension. This review also examines how this evidence
has contributed to our understanding of the pathophysiological
mechanisms of salt-sensitive hypertension.

SALT, ALDOSTERONE AND HYPERTENSION

Recent studies including our own have shown that B10% of patients
with essential hypertension have a high ratio of plasma aldosterone
concentration (PAC)/plasma renin activity (PRA), suggesting an

inappropriate increase in aldosterone synthesis. Makhanova et al.1

reported that transgenic mice with increased expression of aldosterone
synthase (AS) developed salt-sensitive hypertension and cardiac
hypertrophy associated with increased oxidative stress. On the basis
of these findings, it was suggested that genetically determined increases
in the AS expression in humans may contribute to hypertension and
cardiovascular complications in societies on high-salt diets.
Aldosterone is involved in vascular smooth muscle hypertrophy and

can cause vascular matrix impairment and endothelial dysfunction.
Tobian and Redleaf2 proposed that aldosterone influences salt and
water balance in vascular smooth muscle cells (VSMCs), thereby
affecting vessel lumen size. Kornel et al.3 presented evidence that
glucocorticoids and mineralocorticoids controlled the contractility of
VSMC, with this control being mediated by glucocorticoid and MRs
on these cells. Farquharson and Struthers4 reported that spironolac-
tone induced marked increases in endothelial nitric oxide bioactivity
and that the magnitude of this increase (94%) was considerably
greater than that in other therapies, such as angiotensin-converting
enzyme (ACE) inhibitors and statins, which usually improved the
endothelial dysfunction by only 25–35%. Improving endothelial
dysfunction is considered to be important, as such improvements
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are likely to be associated with a reduced incidence of future
cardiovascular events. Nishizaka et al.5 reported a strong association
in humans between aldosterone excess and impaired endothelial
function, measured by flow-mediated arterial vasodilatation. They
also showed that high-salt intake induced further deleterious effects on
renal function in hypertensive patients with hyperaldosteronism
compared with those with essential hypertension.
Aldosterone also exerts direct profibrotic effects. Studies of Brilla

et al.6 showed that myocardial fibrosis developed after a prolonged
period of exposure to aldosterone in the presence of a moderate level
of salt intake. Similarly, Rocha et al.7 reported that the aldosterone/salt
treatment induced coronary inflammation, characterized by monocyte
and macrophage infiltration and by increased expression of the
inflammatory markers, cyclooxygenase-2, osteopontin, macrophage
chemoattractant protein-1 and intracellular adhesion molecule-1.
Eplerenone was found to partially decrease blood pressure and
attenuate the inflammatory changes in this experimental model.
These findings suggest that the cardiac fibrosis induced by aldosterone
in a high-salt diet is a secondary event in response to vascular cytokine
activation, inflammatory damage and necrotic changes. Kagiyama
et al.8 reported that aldosterone- and salt-induced cardiac fibrosis is
independent from angiotensin II type 1a receptor (AT1aR) signaling,
using AT1R knockout mice. The cardioprotective effects of eplerenone
are blood pressure-independent in mice that lack the gene encoding
guanylyl cyclase-A.9 Urabe et al.10 also showed that eplerenone
improved the left ventricular remodeling after myocardial infarction
in rats that were fed a high-salt diet but not in those fed a low-salt diet.

INTER-RELATIONSHIPS BETWEEN THE METABOLIC

SYNDROME, SALT AND ALDOSTERONE

The metabolic syndrome, characterized by a clustering of glucose
intolerance, dyslipidemia, central obesity and hypertension, is a strong
predictor of cardiovascular and renal disease. There is increasing
evidence that aldosterone and salt have pathophysiological roles in
the metabolic syndrome. Ehrhart-Bornstein et al.11 showed that
human adipocytes secrete aldosterone-releasing factors and suggested
a direct link between obesity and hypertension. The SHR rat has been
used extensively in studies of hypertension, whereas a leptin receptor-
deficient SHR (SHR/cp) has been developed as a model of the human
metabolic syndrome. Nagase et al.12 reported that eplerenone blocked
renal damage caused by an intake of a high-salt diet in these SHR/cp
rats. Recent studies have suggested that aldosterone and MRs may be
involved in adipocyte biology, given the high binding affinity of these
receptors for both mineralocorticoids and glucocorticoids. There is
also evidence from studies of Caprio et al.13 that aldosterone promotes
the maturation of pre-adipocytes to adipocytes cells in a time-, dose-
and MR-dependent manner. Aldosterone plasma levels are elevated in
obesity and in patients with the metabolic syndrome. Bentley-Lewis
et al.14 showed that aldosterone production was elevated and asso-
ciated with insulin resistance in overweight adults on a high-sodium
diet. The National Nutrition Survey in Japan showed a high-sodium
intake in recent years compared with that in Western countries. Ohta
et al.15 reported that urinary salt excretion was higher in hypertensive
patients with the metabolic syndrome than that in those without the
metabolic syndrome. Further studies are needed to examine the
potential benefit of MR blockade on insulin resistance in patients
with the metabolic syndrome.

MINERALOCORTICOID-STIMULATING FACTORS

Under physiological conditions, the main stimuli for adrenal zona
glomerulosa-derived aldosterone secretion are angiotensin II (Ang II),

potassium and adrenocorticotropin. Kidambi et al.16 showed that PAC
correlated positively with blood pressure, waist circumference and
insulin resistance index in patients with hypertension and the meta-
bolic syndrome, whereas plasma potassium levels and PRA were
similar in patients with the metabolic syndrome and in those without.
Bentley-Lewis et al.14 reported that urinary aldosterone excretion and
Ang II-stimulated aldosterone were increased in overweight patients
compared with that in lean, normotensive patients, although PRA,
urinary cortisol excretion and plasma potassium levels did not differ
between the two groups. These observations suggest that aldosterone
synthesis is controlled by an as-yet-unknown factor(s) in patients with
the metabolic syndrome. Recently, Ehrhart-Bornstein et al.11 suggested
an excellent theory that human adipocytes secrete mineralocorticoid-
stimulating factors, which control the production of aldosterone by
the adrenal gland. Using in vitro studies, Nagase et al.12 showed that
visceral adipocytes from obese animals with the metabolic syndrome
secreted factors that enhanced aldosterone secretion from adrenocor-
tical cells, whereas this effect was not observed in lean control animals.
The original report by Ehrhart-Bornstein et al.11 clearly shows that
these so-called mineralocorticoid-stimulating factors stimulated not
only aldosterone but also cortisol. Glucocorticoid is a key hormone in
Cushing’s syndrome, a disorder that is characterized by obesity,
hypertension and glucose intolerance resembling a severe form of
the metabolic syndrome. The importance of local effects of glucocor-
ticoids has also been emphasized in studies on the action of 11b-
hydroxysteroid dehydrogenase 1 (11b-HSD1), an enzyme that cata-
lyses the formation of the active hormone cortisol (corticosterone in
rodents) from its less active precursor, cortisone (11-dehydrocorticos-
terone in rodents). Transgenic mice that overexpress 11b-HSD1 in
adipocytes develop obesity, insulin resistance, dyslipidemia, salt-sen-
sitive hypertension and activation of the systemic renin–angiotensin–
aldosterone system (RAAS).17 Taken together, these findings suggest
the existence of mineralocorticoid-stimulating factors, although iden-
tifying these factors is urgently required for confirming this interesting
concept.

EFFECTS OF EPLERENONE IN EXPERIMENTAL ANIMAL

MODELS WITH SALT-SENSITIVE HYPERTENSION

Dahl salt-sensitive (DS) rats are widely used to study the pathophy-
siology of salt-sensitive hypertension. In this strain, supplemental
dietary sodium increases blood pressure, whereas in the Dahl salt-
resistant (DR) strain, it has little or no effect on blood pressure. There
are several reports of the abnormalities of the renin–angiotensin
system, adrenal steroids and sympathetic nerve system in the DS
rats. There has been increasing evidence that mineralocorticoids,
acting directly on peripheral vascular tissues, cause hypertension.
MR binding is tightly regulated by the enzyme 11b-hydroxysteroid
dehydrogenase 2 (11b-HSD2), which selectively metabolizes gluco-
corticoids to inactive metabolites, thus allowing for MR activation by
aldosterone. We have reported earlier that vascular 11b-HSD2 activity
was decreased in the DS rats compared with that in DR rats.18 We
found that treatment with eplerenone in the DS rats not only
decreased blood pressure but also improved tissue injuries.19 Nagase
et al.20 reported the same results in the DS rats. Endemann et al.21

showed that eplerenone decreased blood pressure only in stroke-prone
spontaneously hypertensive rats (SHRSP) fed a high-sodium diet, but
not in those fed a low-sodium diet. Why does MR blockade decreases
blood pressure in spite of decreased circulating RAAS in salt-sensitive
hypertensive rats? Kobori et al.22 reported that a high-sodium diet
decreased circulating RAS in both the DS and the DR rats. However,
intrarenal angiotensinogen was enhanced in the DS rats but not in the
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DR rats, suggesting that paradoxical responses of tissue RAAS by a
high-sodium diet may contribute to the development of hypertension.
In our experimental data,23 tissue angiotensinogen and ACE gene
expression were increased in the DS rats. Jaffe and Mendelsohn24

reported that Ang II increased vascular MR gene expression. Taken
together, a high-sodium diet increases tissue Ang II, which activates
local MR in the DS rats and thus, increased local RAAS may be an
important contributing factor to the progression of hypertension,
cardiac hypertrophy and fibrosis in salt-sensitive hypertension
(Figure 1). Recently, Fujita’s25 group has proposed aldosterone-inde-
pendent MR activation in salt-sensitive hypertension. They have
identified a new role for Rac1, a member of the Rho family of
GTPases, as a potent activator of MR signal transduction both
in vitro and in vivo.26 The constitutively active Rac1 enhances nuclear
translocation and the transcriptional activity of MR in vitro. They
showed that a unique Rac-specific inhibitor, NSC23766, effectively
ameliorates proteinuria and glomerular damage in the DS rats.

EFFECTS OF EPLERENONE IN PATIENTS WITH

SALT-SENSITIVE HYPERTENSION

Clinical studies support the concept that eplerenone is effective for the
treatment of hypertension without showing adverse anti-androgenic
adverse effects. Patients with hypertension and low renin activity, a
combination that indicates a suppression of the RAAS, are often salt-
sensitive, and RAS inhibitors, such as ACE inhibitors and angiotensin
receptor blockers (ARBs) may not be particularly effective in this
population that includes a high prevalence of black patients. This
subgroup of patients may respond better to eplerenone, which reduces
sodium and fluid retention by the kidneys.27 However, a comparison
with thiazide diuretics, which can also be effective in these patients, is
currently lacking. There are, however, considerable clinical data that
treatment with thiazide diuretics in patients with hypertension
induces glucose intolerance or diabetes mellitus concomitantly with
hypokalemia.28 When the central role of insulin resistance in the
metabolic syndrome is taken into account, it is possible that the
syndrome is linked to salt-sensitive hypertension. Fujita29 reported an
association between the presence of the metabolic syndrome and salt-
sensitive hypertension. Aldosterone bound to MRs binds to the serum
and glucocorticoid regulated 1 (SGK1) promoter, resulting in
increased SGK1 expression, whereas insulin, through its effects on
phosphatidylinositol-3-kinase, activates SGK1 through phosphoryla-
tion. This activation of SGK1 by insulin, in combination with
increased SGK1 expression by aldosterone, inhibits the protein neu-

ronal precursor cell, expressed developmentally after the downregula-
tion of 4-like (NEDD4L). These changes, in turn, result in the removal
of amiloride-sensitive epithelial sodium channels (ENaC) from renal
tubular cells, the expression of which, causes increased renal sodium
re-absorption and salt sensitivity.30 Taken together, eplerenone may,
therefore, be more effective for the treatment of salt-sensitive hyper-
tension than thiazide diuretics.

EFFECTS OF EPLERENONE IN PATIENTS WITH PRIMARY

ALDOSTERONISM

Primary aldosteronism represents the most common form of second-
ary hypertension. It has been reported that 5–13% of unselected
hypertensive patients have primary aldosteronism. We reported that
these patients have a higher incidence of cardiovascular complications
than age- and sex-matched patients with essential hypertension.31

Idiopathic hyperaldosteronism (IHA) is the most common subtype
of primary aldosteronism and accounts for 40–60% of cases. Kar-
agiannis et al.32 showed that treatment with eplerenone was more
effective than with sprironolactone for lowering blood pressure and
improving hypokalemia in patients with IHA. Treatment with epler-
enone also reduced the frequency of sex-hormone-related adverse
effects compared with that with spironolactone. In that report, two
patients who received spironolactone developed painful bilateral
gynecomastia that was completely resolved when they were switched
to eplerenone. No cases of gynecomastia were observed in patients
treated with eplerenone.

EPLERENONE HAS A FUTURE IN THE MANAGEMENT OF

HYPERTENSION IN JAPAN

As mentioned above, eplerenone may be effective for the treatment of
salt-sensitive hypertension, the metabolic syndrome and IHA. This
agent also has many organ-protective effects independent of its blood
pressure-lowering effect and fewer side effects, with the exception of
diabetic patients with renal insufficiency. In Europe, Australia and the
United States, the price of eplerenone is more than twice that of
ARBs.33 In Japan, eplerenone has been used clinically since 2007 for
the treatment of hypertension with the price of the 50-mg dose being
marginally lower than all types of ARBs. As a consequence, it would be
anticipated there will be an increasing number of patients with
hypertension, including those with primary aldosteronism who will
be treated with eplerenone in the near future.
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