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Abstract: Mineralocorticoid receptor (MR) antagonism has proven to effectively attenuate the
pathophysiological effects of aldosterone in clinical and experimental settings of hypertension and heart
failure. MR activates transcription of target genes upon aldosterone binding, and eplerenone selectively binds
to MR and blocks aldosterone- mediated activation. In this review, we summarize the preclinical and clinical
evidence supporting the beneficial effects of eplerenone (INSPRATM), a selective aldosterone blocker, in the
treatment of hypertension and heart failure. We also review the current status in understanding the molecular
mechanisms of action of the MR and its ligand. In addition, we compare the effects of eplerenone and
spironolactone, a nonselective aldosterone blocker, on the transcriptional activity of MR and provide a
molecular explanation for the improved side-effect profile of eplerenone compared with spironolactone.

THE ROLE OF MR AND ALDOSTERONE IN
HYPERTENSION AND HEART FAILURE

patients with hypertension and heart failure—a phenomenon
called “aldosterone escape” [2]. This effect occurs even when
patients receive maximal doses of both ACEi and ARBs [3].
Thus, patients treated with this standard of care remain
unprotected from the effects of inappropriate levels of
circulating aldosterone. How then can these patients be
treated effectively? The solution may lie downstream of the
RAAS – in blocking the deleterious effects of excess
aldosterone.

Hypertension is a major risk factor for many common
causes of morbidity and mortality including heart failure,
myocardial infarction, stroke, and end-stage renal disease.
Blood pressure is tightly linked to salt and water
homeostasis, and molecular genetic studies indicate that
almost all identified human mutations affecting blood
pressure alter renal salt reabsorption [1]. Normal regulation
of salt and water homeostasis in mammals requires an
integrated network of control systems including the renin-
angiotensin-aldosterone system (RAAS). Renin, which is
secreted into the lumen of renal afferent arterioles by
juxtaglomerular cells, cleaves angiotensinogen to form
angiotensin I. Angiotensin-converting enzyme (ACE)
subsequently cleaves angiotensin I to form angiotensin II
(AII). Angiotensin II serves as a pivotal modulator of blood
pressure in part by stimulating the synthesis and secretion of
aldosterone by adrenal zona glomerulosa cells. Once released
into the circulation, aldosterone promotes renal sodium
reabsorption and potassium secretion in the distal nephron,
distal colon, and salivary and sweat glands. Reabsorption of
sodium and water then elevates blood pressure indirectly by
expanding intravascular volume.

Aldosterone exerts its effects through binding to the
mineralocorticoid receptor (MR; NR3C2) and regulating
gene expression. The MR has been identified in the kidney,
heart, brain, and vasculature. In the kidney, the MR is
primarily expressed in epithelial cells of the distal nephron.
Here, aldosterone plays a pivotal role in regulating salt and
water balance by regulating sodium, potassium, and
hydrogen transport across epithelia. Consistent with the
expression pattern of MR [4], abundant evidence now
suggests that inappropriate levels of aldosterone, in the
presence of moderate to high salt, can mediate significant
damage in nonepithelial tissues including the heart, brain,
and vasculature [5]. Furthermore, the enzymes responsible
for aldosterone biosynthesis have also been identified in the
same tissues [6-8]. Thus, the dogma around aldosterone has
shifted from a steroid hormone mainly responsible for
maintaining salt and water balance to a more ubiquitous
effector hormone with demonstrated effects in multiple target
organs and systems.

Because of the importance of the RAAS in hypertension,
this system has been targeted heavily for therapeutic
intervention. For example, common agents to treat
hypertension included ACE inhibitors (ACEi), which block
the conversion of the inactive angiotensin I to the active
vasoconstrictor AII, and angiotensin receptor blockers
(ARBs), which block the AII type I receptors, the isoform of
the AII receptor known to mediate the primary
pathophysiological effects of AII. Although ACEi and
ARBs suppress aldosterone production, plasma aldosterone
levels usually rise over time during chronic treatment in

The first evidence that aldosterone plays an important
role in nonepithelial tissues was reported by Brilla and
Weber [9], who reported that elevated levels of aldosterone,
in combination with a high-salt diet, induced cardiac
hypertrophy and fibrosis in uninephrectomized rats. These
effects were blocked by administration of MR antagonists.
Subsequently, similar studies have confirmed these
results.[10]. More recent studies in rats administered AII and
the nitric oxide inhibitor N_-nitro-L-arginine methyl ester (L-
NAME) demonstrated that marked cardiac and renal tissue
and vascular damage resulting from elevated RAAS can be
effectively attenuated by adrenalectomy [11]. These findings
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suggest that aldosterone is a primary mediator of AII-driven
organ damage. Further studies showed that aldosterone
induces coronary inflammatory lesions, which were preceded
by, and associated with, the induction of cyclooxygenase-2
(COX-2), macrophage chemoattractant protein-1 (MCP-1),
and osteopontin [12]. However, compelling evidence that
aldosterone plays a deleterious role in the cardiovascular
system is also provided by the Randomized Aldactone
Evaluation Study (RALES) trial in late-stage heart failure
patients. In this trial, spironolactone decreased mortality by
30% in patients with severe heart failure [13].

was observed in the brain in saline-drinking, spontaneously
hypertensive stroke-prone rats. These results suggest that, as
in the heart, vascular inflammation induced by aldosterone
and dietary salt plays an important role in the development
of vascular disease. Overall, numerous studies have shown
that aldosterone exposure in the presence of moderate-to-high
salt intake has deleterious outcomes that contribute to the
pathogenesis of cardiovascular disease, which include
myocardial fibrosis, thrombogenesis, vascular inflammation,
and endothelial dysfunction. A detailed discussion of these
topics is beyond the scope of this review and can be found
in other reviews [19-21].In the brain, high levels of MR are found in the

hippocampus and intracerebroventricular (ICV) infusion of
aldosterone significantly elevates blood pressure [14].
Moreover, ICV infusion of a selective mineralocorticoid
antagonist, at doses that are ineffective when administered
systemically, inhibits the development of the hypertension
produced by the subcutaneous infusion of aldosterone or
deoxycorticosterone in normotensive rats [15-17]. These data
suggest that hypertensive effects of aldosterone are likely
mediated, in part, by actions of this mineralocorticoid in the
brain.

THE ANTIDOTE: EPLERENONE

The non-selective aldosterone antagonist. spironolactone,
was developed by Dr. John Cella of Searle in the 1950’s by
combining the structure of progesterone to antagonize
aldosterone and digitoxin to improve cardiac function (Fig.
1), [22,23].

Subsequent studies in experimental models of cardiac
damage established the cardioprotective benefit of
spironolactone, which was confirmed in initial clinical
studies in patients with heart failure [24]. Since the launch
of spironolactone (Aldactone ) in 1960, this agent has been
used to treat hypertension and heart failure. Although it is
very effective in treating these diseases, spironolactone
causes unwanted progestational and antiandrogenic side
effects that limit its use. Eplerenone, a more selective MR
antagonist, was developed to expand the utility of
aldosterone blockade as a result of a superior side-effect
profile. Numerous preclinical and clinical studies have
demonstrated the efficacy of eplerenone for the treatment of
hypertension and heart failure, and these findings are
summarized below.

Aldosterone has been shown to play a major role in the
development of renal vascular as well as cerebral vascular
injuries in genetically hypertensive rats [11]. In recent
studies, saline-drinking, uninephrectomized rats receiving
exogenous aldosterone developed severe albuminuria and
renal vascular injury. In addition, severe vascular and
glomerular sclerosis characterized by fibrinoid necrosis and
inflammation of the small and medium-sized renal arteries
also was evident in these animals. Moreover, the expression
of proinflammatory markers such as osteopontin, MCP-1,
interleukin (IL)-1β, and IL-6 was increased by aldosterone
[18]. Similar vascular damage induced by aldosterone also
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Fig. (1). A. Structures of the MR agonist aldosterone and the antagonists spironolactone and eplerenone. B. Schematic representation
of the MR subdomain structure. The letters (A-F) on the top represent the original domain names. The functional domains are labeled
within the boxes. The numbers on the bottom represent the residue numbers in MR protein.
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Antihypertensive Efficacy of Eplerenone The recently completed Eplerenone Post-Acute
Myocardial Infarction Heart Failure Efficacy and Survival
Study (EPHESUS) trial was designed to investigate the
efficacy of eplerenone in patients with acute myocardial
infarction with evidence of left ventricular dysfunction and
heart failure. Patients received either placebo or eplerenone
(43-mg/d average dose) in addition to standard therapy. The
study continued until 1012 deaths occurred. The results of
this study were published recently [36]. The overall
mortality decreased 15% (P<0.008) with eplerenone
treatment. Death from cardiovascular causes or
hospitalization for cardiovascular events were reduced 13%
(P<0.002) by eplerenone. Several other secondary endpoints
including sudden death from cardiac causes and episodes of
hospitalization for cardiovascular events also were
significantly reduced. Thus, the addition of eplerenone to
optimal medical therapy results in improved survival and
reduced hospitalization among patients with acute
myocardial infarction complicated by left ventricular
dysfunction and heart failure.

In the Kagawa assay in which inhibition of aldosterone-
mediated decreases in urinary Na+/K+ ratios are measured,
eplerenone effectively blocks the reabsorption of Na+ and
decreases the excretion of K+, thereby increasing urinary
Na+/K+ ratios. In this assay, eplerenone is nearly equipotent
compared with spironolactone despite a 20-fold lower
affinity for MR compared with spironolactone. This
discrepancy is thought to arise from lower plasma protein
binding of eplerenone [25,26]. In addition, eplerenone
produces significant blood pressure lowering in several
animal models of hypertension. For example, oral
administration of eplerenone significantly attenuated the
progressive increase in systolic blood pressure in
aldosterone/salt-treated rats [12,18]. Moreover,
overstimulation of MR by glucocorticoids via inhibiting the
glucocorticoid-converting enzyme 11β-hydroxysteroid
dehydrogenase type 2 (11β-HSD2) leads to severe
hypertension in Wistar rats, and treatment with eplerenone
for 2 weeks normalized blood pressure [27].

Protection of the Kidney by Eplerenone
In clinical trials, eplerenone also has been demonstrated

to effectively lower blood pressure in hypertensive patients.
One study comparing different doses of eplerenone with
spironolactone demonstrated a dose-dependent reduction of
blood pressure. For example, at 100 mg, eplerenone reduced
blood pressure by 75% compared with spironolactone (100
mg), and eplerenone efficacy was associated with an
improved side-effect profile compared with spironolactone
[28]. Several double-bind, titration-to-effect clinical studies
also have been conducted to compare the antihypertensive
effects of eplerenone to standard therapies including an ACEi
(enalapril), an ARB (losartan), and a calcium-channel blocker
(amlodipine) [29-32]. In general, eplerenone was at least as
effective as these antihypertension therapies in controlling
blood pressure, with fewer side effects, such as cough and
edema. Moreover, in hypertensive patients whose blood
pressure was not controlled by an ACEi or an ARB,
eplerenone demonstrated a further reduction in blood
pressure compared with monotherapy, suggesting that
eplerenone is useful as add-on therapy when blood pressure
cannot be controlled by these agents [33].

In animal models, aldosterone/salt-induced albuminuria
and renal vascular injury were significantly reduced by
eplerenone [18]. Similarly, in clinical trials, eplerenone
reduced microalbuminuria as effectively as an ACEi
(enalapril) and an ARB (losartan), and much better than a
calcium-channel blocker (amlodipine) [30-32]. Eplerenone
also reduced the urinary albumin:creatinine ratio in diabetic
hypertensive patients to a greater extent compared with
enalapril [37]. In this case, renal protection was independent
of significant blood pressure reduction, suggesting that
eplerenone may provide renal protection in hypertensive
patients with type 2 diabetes.

MOLECULAR MECHANISM OF ACTION

MR is a member of the nuclear receptor superfamily [38],
which consists of about 48 proteins in humans. MR belongs
to the steroid receptor subfamily, which also includes the
androgen receptor (AR), estrogen receptor (ER),
glucocorticoid receptor (GR), and progesterone receptor
(PR). Similar to other nuclear receptors, MR can be divided
into several discrete domains (Fig. 1B). MR has a long N-
terminal A/B region (1-602) that harbors activation functions
(AF1). This is followed by a highly conserved DNA binding
domain (DBD) and a less conserved ligand binding domain
(LBD). A variable hinge region (D region) connects the
DBD (C region) and the LBD (E region). At the C-terminal
end, a small F region follows the LBD. Among all the
known nuclear receptors, MR is most similar to GR, PR
and AR. For example, in the DBD, MR is 91%, 90% and
77% identical to GR, PR and AR, respectively. In the LBD,
the sequence identity is 56%, 55% and 51%, respectively.

Protective Effects of Eplerenone on the Heart

Numerous animal and clinical studies have demonstrated
that eplerenone is a beneficial agent in the treatment of heart
failure. In Sprague-Dawley rats, eplerenone treatment
protects against maladaptive remodeling after myocardial
infarction without significantly impacting infarct healing
[34]. In dogs with heart failure, chronic treatment with
eplerenone attenuated progressive cardiac dysfunction and
left ventricular remodeling without affecting systemic blood
pressure, heart rate, or systemic vascular resistance [35]. As
discussed earlier, rats receiving salt, AII, and L-NAME
develop hypertension, which is accompanied by extensive
cardiovascular damage. Eplerenone treatment or removal of
the primary source of endogenous aldosterone through
adrenalectomy did not significantly reduce blood pressure in
these rats. However, histological studies of the hearts
revealed that cardiac and renal injury was markedly reduced
in adrenalectomized animals and those receiving chronic
administration of eplerenone [12].

The N-terminal A/B regions of nuclear receptors differ
substantially in length. In general, this region of the nuclear
receptor contains ligand-a independent activation function—
the so-called AF1 domain. In MR, 2 independent AF1
domains have been identified [39]. They are termed AF1a
and AF1b. Recently, a CBP-containing histone
acetyltransferase (HAT) complex has been shown to interact
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with AF1a [40]. The HAT complex is recruited to AF1a of
MR via a direct binding of RNA helicase A (RHA) to MR
AF1a. Histone acetylation has been linked to transcriptional
activation on the chromatin template. It is interesting to note
that the LBD of nuclear receptors also recruit HAT
complexes (see below). However, the exact role of RNA
helicase and the HAT complex on the overall transcriptional
activity of MR remains to be elucidated. It is also
interesting to point out that the N-terminal of MR interacts
with the LBD in an agonist-dependent manner and that this
interaction is blocked by antagonists of MR [41].

corresponding to helix 9 and helix 10 of the LBD structure.
Recently, it has also been shown that MR and GR can form
heterodimers on DNA [54-56]. However, the biological
significance of this interaction remains to be discovered.

When in the nucleus, agonist-occupied nuclear receptors
recruit coactivator proteins to increase transcription and a
number of coactivator proteins have been identified [57].
These coactivator proteins interact with nuclear receptors via
small peptide motifs called the NR box [58], which contains
LXXLL motifs in an α-helical structure and binds the
coactivator binding groove formed by helix 3-5 and helix 12
of the LBD [59]. Among these coactivators, 3 so-called
p160 family coactivators (SRC1, GRIP1, and AIB1) have
been studied extensively [60]. They share significant
homology and contain HAT activities. Two of these
coactivators, SRC1 and GRIP1, have been shown to interact
with MR in an agonist-dependent manner [61,62].
Interestingly, SRC1 and GRIP1 also interact with CBP
[63], which also contains HAT activity. As discussed earlier,
the N-terminal A/B region of MR recruits a complex
containing CBP [40]. Together with the finding that the
A/B region also interacts with the LBD in an agonist-
dependent manner [41], these results raise an interesting
question of how these protein complexes coordinate to
generate productive transcriptional activation. Answers to
this question may also shed light on the role of the N-
terminal AF1 in the overall transcriptional activity of MR.
Moreover, the p160 family of coactivators are generally
ubiquitously expressed and are recuited by most nuclear
receptors. The roles of other, more tissue-specific
coactivators such as PGC1 in MR activation remain to be
defined [64,65].

The DBD of the nuclear receptors contains two zinc
fingers. Crystal structures of several receptor DBD
complexed with DNA have been reported [42-44]. In general,
the DBD binds to DNA as a dimer, and a dimer interface
lies within the second zinc finger. A recognition helix, also
called P-box, follows the first zinc finger making specific
contacts with the major groove of the DNA double helix.
The P-box sequences of MR are identical to those of GR,
PR, and AR. It is therefore not surprising that these
receptors recognize identical DNA sequences, with a
consensus palindromic element spaced by 3 nucleotides:
AGAACAnnnTGTTCT [45]. To date, all the known MR
response elements (MRE) also are responsive to GR, PR,
and AR, and no MR-specific DNA binding element has been
identified.

It is the LBD that binds ligand and relays signals to
transcription machinery. The crystal structures of many
nuclear receptor LBD have been solved. These include the
LBDs of wild-type ER, PR, and AR, and mutant GRs [46-
51]. The canonical structure of the nuclear receptor LBD
consists of 11 to 12 helices, with helix 2 present only in
some receptors. The last helix (H12), often referred to as
AF2, plays a critical role in a ligand-induced transcription
switch. Upon agonist binding, this helix packs toward the
core structure to seal the ligand-binding pocket and provide
part of the binding surface for coactivator proteins
(coactivators and their interactions with the LBD are
discussed below).

In the absence of ligand, some nuclear receptors repress
transcription by binding corepressors. Steroid receptors in
general are not in the nucleus in the absence of ligand, and
they do not interact with corepressors even if they are
transported into nucleus by fusion of nuclear localization
signals. However, under some conditions, antagonist-bound
steroid receptors recruit corepressors. For example,
tamoxifen-bound ER recruits corepressors on a chromatin
template [66]. Two common corepressors, N-CoR and
SMRT, have been identified for nuclear receptors [67]. These
corepressors recruit histone deacetylases (HDACs) and
interact with nuclear receptor via peptide motifs called
CoRNR boxes [68]. In contrast to histone acetylation,
histone deacetylation has been associated with transcription
silencing. It would be very interesting to find out whether
spironolactone or eplerenone bound MR could interact with
corepressors under certain conditions. A detailed
understanding of MR and its interactions with coactivators
and corepressors in the presence of agonists and antagonists
should help define the molecular mechanism by which MR
antagonists decrease aldosterone activated transcription. This
could occur by blocking coactviator interactions (passive
antagonism) or by actively recruiting corepressors to inhibit
transcription (active antagonism). Examples of both types of
antagonists have been reported for other nuclear receptors
[69].

The importance of H12 also is higlighted by the
antagonist-bound LBD structures. Upon antagonist binding,
H12 is twisted to occupy the binding surface for
coactivators, thus preventing coactivators from binding to
the receptor [46]. The crystal structure of MR has not been
solved. However, homology models based on other nuclear
receptor structures suggest that the MR LBD adopts similar
structures [52,53]. Several naturally occurring mutations
have been identified in the LBD. One of these mutations,
S810L, which causes early-onset hypertension, is located in
helix 5 in the homology model. Why MR antagonists such
as progesterone or spironolactone activate this mutant
receptor is not clear, although it is proposed that this
mutation creates an additional interaction with helix 3 to
stabilize the activated structure [53]. X-ray crystallography
and detailed mutagenesis studies are needed to answer this
important question.

MR, like other steroid receptors, functions as a
homodimer on DNA. The DBD contains a weak
dimerization interface, as discussed earlier while the LBD
harbors a second dimerization function. For other receptors,
the dimerization function has been mapped to a region

Many nuclear receptors, especially those that
heterodimerize with the retinoid X receptor (RXR), appear to
be in the nucleus even before binding ligand. On the other
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hand, MR, similar to other steroid receptors, is localized to
the cytoplasm when unliganded [70]. In the cytoplasm, MR
is bound to heat-shock proteins, such as hsp70, hsp90, or
the immunophilin FKBP-52 [71-73]. Aldosterone binding
dissociates MR from these proteins, and liganded MR is
then translocated into the nucleus. In the nucleus, agonist-
bound MR forms nuclear clusters [70]. Spironolactone also
has been shown to translocate MR into nucleus, albeit at a
slower rate. However, spironolactone does not induce nuclear
cluster formation; instead, it dissociates the nuclear clusters
induced by aldosterone. The function of these nuclear
clusters is not clear, but it is speculated that they are
probably present in transcriptionally active euchromatin,
suggesting a link to transcription activation. Thus, MR
antagonist inhibits transcription activation and breaks up
clusters.

tubule, where ENaC mainly reside, is only responsible for
2% of the salt reabsorption [1].

Na+/K+ ATPase also has been identified as an
aldosterone target and is an integral membrane protein
responsible for the active transport of sodium and potassium
across the basolateral membrane in an ATP-dependent
manner. Na+/K+- ATPase consists of 2 subunits—α and
β—and MREs have been identified from the promoters of
both subunits [76,77]. Net sodium reabsorption is the major
function of renal Na+/K+-ATPase, and a close relationship
exists between the abundance of Na+/K+- ATPase and the
sodium reabsorption capacity of the different segments of the
nephron [90].

Current literature also suggests a number of other genes
as potential targets for aldosterone, including the recently
identified inflammatory marker genes, osteopontin and
MCP-1 [12]. However, whether or not they are direct MR
target genes is not known. These inflammation genes are
probably indirect target genes as their elevation in response
to aldosterone only occurs after a prolonged treatment.

Once in the nucleus, MR functions as a transcription
factor by binding to DNA elements (MRE) near target genes.
MRE from several genes that are regulated by MR have been
identified. The most extensively studied genes are serum and
glucocorticoid-regulated kinase (SGK), epithelial sodium
channel (ENaC), and Na+/K+ ATPase [74-77]. SGK is a
serine/threonine kinase that is induced rapidly by both
glucocorticoids and mineralocorticoids [78,79]. It has been
shown that SGK plays an important role in regulating
epithelial transporters [80,81]. For example, NEDD4 directly
interacts with ENaC subunits and targets this channel for
degradation [82,83], whereas SGK directly interacts with
this ubiquitin ligase to block its functional binding to ENaC
[84]. Thus, SGK increases the level of ENaC proteins in the
membrane.

MR AND GR: FRIEND OR FOE?

MR and GR have a lot in common. In vitro, the
mineralocorticoid aldosterone can bind to and activate both
MR and GR, although a higher concentration of aldosterone
is required to activate GR. Moreover, glucocorticoids, such
as cortisol, also can bind to both receptors with MR having
a higher affinity for cortisol than GR. Both receptors also
share the same DNA response element sequences, and the
target genes of one receptor can also be regulated by the
other. To date, no MR-specific target genes have been
identified. MR and GR also are colocalized in many tissues,
including the cortical collecting duct, brain hippocampus,
and arterial smooth muscle cells [91-93], and, in most cases,
GR is more abundant than MR.

ENaC is composed of 3 subunits—α, β, and γ —and
regulates reabsorbtion of Na+ ions in the apical membrane of
the cortical collecting tubule (CCT) in the distal nephron.
Among all the MR target genes identified so far, ENaC is
probably a key gene with relevance to aldosterone
physiology and pathophysiology. Gain-of-function
mutations in ENaC, which delete or mutate the cytoplasmic
carboxyl termini of either the β or the γ  subunit, cause early-
onset hypertension, hypokalemic alkalosis, and low
aldosterone levels—a disease called Liddle Syndrome
[85,86]. Studies of patients with Liddle Syndrome indicate
that these mutations increase the number of channels in the
membrane by prolonging the half-life of ENaC [87]. Thus,
Liddle Syndrome probably results from the inability to clear
ENaC from the membrane.

Given the similarity of MR and GR, one would imagine
that they play similar physiological roles. However, this
apparently is not the case. GR is involved in
gluconeogenesis, anti-inflammation, and osteoporosis,
whereas MR is involved in salt balance and is a potential
driver of inflammation as well as tissue and vascular
damage. In vivo, the circulating concentration of cortisol is
up to 1000-fold higher than that of aldosterone, yet almost
all MR activation is mediated by aldosterone [94]. Then,
how does MR distinguish aldosterone from cortisol? Part of
the answer lies in the enzyme 11β-HSD2.In contrast, loss-of-function mutations in ENaC cause

salt wasting, hypotension, and hyperkalemia in patients,
despite high levels of aldosterone—a disease called recessive
pseudohypoaldosteronism type I (PHAI). Patients with
PHAI have impaired ENaC function [88,89], resulting in
severe salt wasting. An MRE has been identified from the
promoter of the α subunit of ENaC [75]. This MRE is
responsive to both MR and GR. The existence of dual
control mechanisms by which ENaC gene expression is
regulated by MR, and the ENaC protein level in the
membrane is regulated by SGK, which highlights the
importance of ENaC as an effector of MR function in salt
balance. However, despite the importance of ENaC in
hypertension pathophysiology, it is intriguing that the distal

11β-HSD2 converts cortisol (but not aldosterone) to its
11-keto metabolite cortisone, which does not activate MR
[95]. In epithelial cells, including cells in the cortical
collecting duct, 11β-HSD2 is expressed at high levels. The
high levels of 11β-HSD2 protect MR from cortisol
activation, thereby allowing aldosterone to bind to and
activate MR [96,97]. When 11β-HSD2 is blocked by its
inhibitor carbenoxolone corticosterone (rodent
glucocorticoid) acts as a potent mineralocorticoid to increase
sodium reabsorption [98]. The importance of 11β-HSD2 in
protecting MR from abnormal activation by glucocorticoids
also is exemplified by the syndrome of apparent
mineralocorticoid excess (AME), which results from loss-of-
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function mutations in the 11β-HSD2 gene [95]. Patients
with AME have early-onset hypertension, hypokalemia, and
suppressed plasma renin and aldosterone levels. In AME, the
absence of 11β-HSD2 allows cortisol to activate MR,
resulting in hypertension.

mapped the sequences that determine the binding selectivity
of aldosterone and cortisol [103]. A region on MR
corresponding to helix 5–8 of the LBD is involved in high-
affinity aldosterone binding, but not in high-affinity cortisol
binding. In contrast, distinct sequences are involved in high-
affinity cortisol binding. It will be very interesting to find
out how these sequences communicate with other sequences
involved in receptor activation and how these differences in
binding could translate into tissue specificity.

In most nonepithelial tissues, including the heart and the
AV3V region of the brain, 11β-HSD2 is not coexpressed
with MR. Thus, MR is unprotected. Unprotected MR is
presumably occupied by the much higher level of circulating
glucocorticoids. However, unlike in epithelial cells, in
which cortisol activates MR, glucocorticoids antagonize MR
in these nonepithelial cells. For example, central infusion of
corticosterone into the brain blocks the hypertensive effects
of aldosterone [15], and in the heart, coadministration of
corticosterone inhibits cardiac hypertrophy and cardiac
fibrosis induced by aldosterone [99].

Another interesting difference between MR and GR is
their roles in inflammation and cardioprotection.
Glucocorticoids have been used extensively as anti-
inflammatory drugs. Agonist-bound GR inhibits the
production of inflammatory cytokines, such as tumor
necrosis factor α and IL-1, at least in part by repressing the
action of transcription factor NF-κB and AP-1. GR also
enhances the expression of annexin 1 to exert
cardioprotective effects [104]. On the other hand, activated
MR is proinflammatory and contributes to significant tissue
and vascular injury. Specifically, aldosterone-bound MR has
been shown to induce inflammatory markers such as
osteopontin, MCP-1, and COX-2 in the media of coronary
arteries, and eplerenone effectively attenuates the expression
of these proinflammatory molecules [12]. Consistent with
the notion that MR antagonists are anti-inflammatory,
blocking MR activity by spironolactone has been shown to
downregulate AP-1 and NF-κB [105].

Another piece of evidence demonstrating that MR
appears to be protected in the heart from glucocorticoid
occupation is the study on heart-specific 11β-HSD2–
overexpressing transgenic mice [100]. Ectopic expression of
11β-HSD2 in the heart under the myosin heavy-chain
promoter generates mice with cardiac hypertrophy, fibrosis,
and heart failure. This phenotype can be suppressed by
eplerenone administration, suggesting that inactivation of
glucocorticoids in the heart leads to activation of MR.
However, not all MR-expressing nonepithelial tissues are
equal. In vascular smooth muscle cells (VSMC) and the
amygdala region of the brain, MR appears to be protected
against glucocorticoid occupation, because 11β-HSD2 is
expressed at substantial levels [101]. In VSMC, inhibiting
11β-HSD2 by carbenoxolone has been shown to allow
cortisol to activate MR, resulting in an inflammatory
response in the vasculature [102].

SIDE EFFECTS OF MR ANTAGONISTS

As mentioned earlier, spironolactone has documented
progestational and antiandrogenic side effects, which limit
its use. In the RALES trial, for example, 10% of male
patients given spironolactone with an average dose of 26 mg
daily experienced gynecomastia or breast pain compared with
1.5% in the standard therapy group [13]. In addition, in
hypertension trials, a dose-dependent increase of
gynecomastia was observed. At doses of 50 mg or less, only
6.9% of male patients developed gynecomastia; the
incidence was 13% at 100 mg and 52.2% for doses of 150
mg or higher [106]. In female patients, spironolactone
treatment also has been shown to result in breast pain and
irregular menstrual cycles.

The mechanism of the tissue-specific differences in the
activity of glucocorticoids on MR is not clear. However,
several recent studies have provided insight into this puzzle.
As discussed earlier, the N-terminal region of MR recruits a
HAT complex via RHA [40]. In the same study, it was
shown using chromatin immunoprecipitation assays that
RHA is recruited to MR target gene promoters in the
presence of aldosterone, but not cortisol. Another clue also
involves the N-terminal region of MR. As mentioned earlier,
the N-terminal A/B domain interacts with the wild type and
a mutant MR LBD in an aldosterone-dependent manner.
Cortisol, on the other hand, promotes very weak interactions
between the A/B domain and the mutant receptor LBD and
blocks aldosterone-induced interaction, suggesting that
aldosterone and cortisol are different in activating
transcriptional activity of MR. However, there is one caveat
with this result: This finding was demonstrated using a
mutant form of the receptor. Thus, one alternative
explanation is that this mutant has preference for different
ligands in its interaction with the N-terminal region, a
possibility that must be eliminated by studying wild-type
receptors. Nonetheless, these differences may have important
consequences for the activation function of the receptor in
certain tissues. Together, these clues suggest that the N-
terminal AF1 may be the mediator of tissue-specific effects
of cortisol.

The sex hormone–related side effects are most likely due
to the ability of spironolactone to modulate AR and PR
activities. This postulate has been confirmed both in vitro
and in vivo. Binding assays using extracts from animals and
radiolabeled ligand (rat kidney extracts and 3H-aldosterone
for MR, rat ventral prostate extracts and 3H-methyltrienolone
for AR, rabbit uteri extracts and 3H-progesterone for PR, and
rat kidney extracts and 3H-dexamethasone for GR) showed
that spironolactone binds MR with high affinity [25].
However, significant binding also was demonstrated at AR,
PR, and to a lesser extent, GR. The potential for
antiandrogenic and progestational effects of spironolactone
also has been tested in intact male rats, castrated male rats
receiving testosterone, estrogen-sensitized female rabbits,
and cycling adult female rats [107,108]. These in vivo results
confirm that spironolactone was antiandrogenic and
antiovulatory. In contrast, in the same study, eplerenone

Moreover, MR and GR share extensive homology in the
DBD and LBD, and recent studies using chimeras have
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Fig. (2). Comparison of the effects of eplerenone and spironolactone on transcriptional activities of steroid receptors. A-E. Antagonist
activity on MR, AR, ER, GR, and PR, respectively. F. PR agonist activity. Agonists used in the antagonist mode were: 0.5 nM
aldosterone (MR), 10 nM dihydrotestosterone (AR), 5 nM dexamethasone (GR), 50 nM progesterone (PR) or 10 nM estradiol (ER) (all
chemicals from Sigma, St. Louis, MO). Agonist concentrations represent 70%–80% of full activation of each receptor (2–3 times the
EC50 ). Cells were transfected with a luciferase reporter gene under the control of a GAL4 response element, along with a plasmid
containing the Gal4 DNA-binding domain (DBD) fusion of a steroid receptor (MR, AR, GR, PR, and ER) LBD and a β-galactosidase
control plasmid. Agonist of each receptor can bind to and activate the receptor LBD, which activate the expression of the Gal4
response element containing the luciferase reporter gene. Antagonists can compete for binding to the receptor LBD and decrease the
transcription activity of the reporter gene. Measurement of luciferase activity allows quantitative determinations of the reporter
transcription in the presence of either agonists or agonists and antagonists in combination. β-Galactosidase activity, which is
unaffected by ligand, is used to normalize the transfection efficiency in the cell population. The data then were normalized as the
percentage of full agonist activity remaining following addition of antagonist. The data reported are the mean of percent agonist
activity remaining for the 6 replicate wells. For agonistic activity on PR, the raw data were normalized according to the maximal
agonist activity and reported as a percentage of maximal activation. The smooth lines represent the fitted curves. The error bars
represent standard errors.



716    Mini-Reviews in Medicinal Chemistry, 2005, Vol. 5, No. 8 Hu et al.

displayed a lower potency compared with spironolactone in
affecting testosterone target organs. Eplerenone was also
devoid of any progestational effects and did not disturb
ovulatory cycles. In vitro binding studies also indicated that
eplerenone binds AR and PR with much lower affinity
compared with spironolactone. Moreover, in the EPHESUS
trial, eplerenone did not significantly increase the incidence
of endocrine side effects. These adverse events were not
significantly different between eplerenone and placebo
groups in hypertension trials [33].

spironolactone. In addition, spironolactone demonstrates
limited antagonist activity at PR (IC50 >25 µM). However,
in the absence of the PR agonist, spironolactone effectively
activated PR with an EC50 of 2.6 µM. In sharp contrast,
eplerenone neither activated nor antagonized PR activity at
concentrations up to 100 µM. Taken together, these results
indicate that eplerenone is less potent than spironolactone at
MR, but more selective against other steroid receptors.
Additionally, these findings provide insight into the
molecular mechanisms of eplerenone selectivity [33,36].

Table 1. Comparison of the Half Effective Concentrations
(µM) of Eplerenone and Spironolactone SUMMARY

Eplerenone Spironolactone
The extensive body of work presented represents decades

of studies in both experimental and clinical settings. Taken
together, these findings provide a molecular rationale for the
superiority of eplerenone over spironolactone and establish
eplerenone as an effective and selective aldosterone blocker
for the treatment of hypertension and heart failure.

MR (IC50 ) 0.0809 0.0024*

AR (IC50 ) 4.8265 0.0130*

GR (IC50 ) >100 2.8994*

PR (IC50 ) >100 >25
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