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Obesity and hypertension, major risk factors for the metabolic syndrome, render individuals susceptible to an increased risk
of cardiovascular complications, such as adverse cardiac remodeling and heart failure. There has been much investigation into
the role that an increase in the renin-angiotensin-aldosterone system (RAAS) plays in the pathogenesis of metabolic syndrome
and in particular, how aldosterone mediates left ventricular hypertrophy and increased cardiac fibrosis via its interaction with
the mineralocorticoid receptor (MR). Here, we review the pertinent findings that link obesity with elevated aldosterone and the
development of cardiac hypertrophy and fibrosis associated with the metabolic syndrome. These studies illustrate a complex cross-
talk between adipose tissue, the heart, and the adrenal cortex. Furthermore, we discuss findings from our laboratory that suggest
that cardiac hypertrophy and fibrosis in the metabolic syndrome may involve cross-talk between aldosterone and adipokines (such
as adiponectin).

1. Introduction

The metabolic syndrome is characterized by a collection of
cardiovascular risk factors that include obesity, dyslipidemia,
hypertension, and glucose intolerance/insulin resistance and
together predispose individuals to an increased risk of heart
disease, stroke and diabetes [1, 2]. The increased prevalence
of obesity and the metabolic syndrome portends a greater
risk of cardiovascular disease such as heart failure and
premature death [3–6]. Nearly 70 million adults in the USA
are obese (defined as a body mass index (BMI) ≥30 kg/m2)
[7, 8]. Although the pathogenesis of the metabolic syndrome
has yet to be fully elucidated, increasing evidence has linked
the renin-angiotensin-aldosterone system (RAAS) with the
associated risk factors, including obesity and hypertension
[9–11]. Elevated plasma aldosterone levels are found in
patients with the metabolic syndrome [12], in resistant
hypertension [13, 14], and are associated with the devel-
opment of left ventricular (LV) hypertrophy (LVH) and
increased cardiac fibrosis [13, 15, 16]. In addition, elevated

RAAS activity is evident in patients with congestive heart
failure [17]. Importantly, patients with obesity, hypertension,
or diabetes mellitus are prone to diastolic heart failure
which may be characterized by LVH. Profibrotic and proin-
flammatory effects observed in heart failure patients have
been attributed to elevated angiotensin II (Ang-II) levels
[18, 19]; however, it is now believed that an elevation in
plasma aldosterone may also be in part responsible for these
events [17]. This paper focuses on the link between obesity,
aldosterone, and cardiac remodeling associated with the
metabolic syndrome.

2. Aldosterone Production

Aldosterone is primarily synthesized in the zona glomerulosa
of the adrenal cortex and requires the coordinated activity
of several enzymes including that of aldosterone synthase
(CYP11B2), which mediates deoxycorticosterone catalysis
into aldosterone [20]. Angiotensin remains a primary stim-
ulus for aldosterone secretion in response to blood volume
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depletion [21], but the production of aldosterone is also
increased in response to adrenocorticotropin, potassium
(K+), and other lipid soluble factors [9]. Normally, aldos-
terone can be extracted from the circulation and concen-
trated in the heart in both normal patients and those with
chronic heart failure [22, 23]. Although controversial, there
is conflicting evidence as to whether aldosterone may be
synthesized in the heart under certain pathologic conditions
and may be related to species, strain, and pathological
conditions.

For example, rats subjected to myocardial infarction
showed an increase in both cardiac aldosterone synthase
(CYP11B2) and aldosterone levels [24], whereas aldosterone
synthase mRNA was not found in Sprague Dawley rat hearts
unless the rats were subjected to chronic Ang-II infusions
[25]. Others have found an all together complete lack of
aldosterone synthase expression in rats [26]. Aldosterone
synthase expression has also been found to be elevated in
humans with heart failure [27], and aldosterone levels in
the coronary sinus were reported to be significantly lower
than in the aortic root, in humans with congestive heart
failure and dilated cardiomyopathy, suggesting that plasma
aldosterone was extracted through the heart in these patients
[28]. However, it should be noted that mRNA levels of
aldosterone synthase are about 100 to 10,000 times lower
in the human heart than in the human adrenal gland [29].
Similarly, others have reported only aldosterone synthase
mRNA expression in the fetal heart [30]. Thus, the healthy
adult human heart does not appear to express aldosterone
synthase mRNA, whereas human fetal and failing adult
hearts do [29].

2.1. Adipose Tissue Can Regulate Aldosterone Secretion. In
addition to its role as a primary energy source, adipose
tissue serves as a highly active endocrine organ, capable
of secreting various factors (i.e., leptin, IL-6, TNF-α, and
adiponectin) into the circulation. These factors can affect
adrenal functions by influencing steroidogenesis [31, 32],
which may ultimately affect the cardiovascular system [33].
There has been a reported association between obesity
and hypertension via stimulation of aldosterone production
and the subsequent renal sodium retention [34]. Likewise,
adipocytes can mediate adrenal secretion of aldosterone
via the release of the so-called “aldosterone-stimulating
factors” [11, 13]. These secreted factors from visceral or
subcutaneous adipose tissues reach the adrenal gland via
the circulation to stimulate aldosterone release and thus
function in an endocrine manner [35, 36]. Adipose tissue
is also located on the adrenal gland and is therefore in the
proximity of adrenocortical cells, indicating that adipocyte-
derived factors may also act in a paracrine manner [37]. Early
work by Goodfriend et al. showed in patients with visceral
obesity that aldosterone levels increased independently of
renin or K+ concentrations, suggesting the possibility that
an adipocyte-derived factor was stimulating aldosterone
secretion [38].

Obesity is associated with an increase in plasma fatty
acid and enhanced oxidative stress [39, 40] and has led
to the hypothesis that oxidized free fatty acids might lead

to aldosterone secretion [41]. 12,13-epoxy-9-keto-10(trans)-
octadecanoic acid (EKODE), a highly potent oxidized
derivative of linoleic acid, was found to stimulate aldos-
teroneogenesis in rat adrenal glomerulosa cells [41, 42],
and EKODE directly correlated with aldosterone levels in
human subjects with an elevated BMI and in African Amer-
icans with hypertension [41]. These findings suggest a link
between oxidative stress, aldosterone, and hypertension in
obesity.

Ehrhart-Bornstein et al. also showed that human adipo-
cytes secrete potent mineralocorticoid-releasing factor which
can act directly on the adrenal gland to increase mineralocor-
ticoid secretion [37]. Here, conditioned media from human
derived adipocytes was added to human derived NCI-H295R
adrenocortical cells, and these cells increased the secretion
of mineralocorticoids including cortisol, dehydroepiandros-
terone (DHEA), and most prominently, that of aldosterone.
Although it was previously shown that Ang-II led to an
increased aldosterone secretion through interaction with the
Ang-II type-1 (AT1) receptor in NCI-H295R cells [43], AT1
antagonism with valsartan had no effect on aldosterone
secretion in the fat cell-conditioned media, eliminating the
effect of Ang-II. In addition to Ang-II, plasma K+ is reported
to induce aldosterone secretion [44], but because K+ concen-
tration in the cell media was not different among treatment
groups [43], K+ was ruled out as a mediator of aldosterone
release in this study [43]. Although the investigators were
unable to identify or further characterize the identity of
these adipose-derived mineralocorticoid-releasing factors,
they were able to determine that these effects were not
mediated by leptin, adiponectin, IL-6, or TNF-α. Inter-
estingly, aldosterone may in turn promote adipogenesis
through its interaction with the mineralocorticoid receptor
(MR) [45], and although adipocytes are thought not to
synthesize aldosterone, they express the MR [46]. However,
recent data from the Touyz lab suggests that adipocytes
may produce aldosterone [47]. Thus, it is plausible that
aldosterone secretion mediated by adipose-derived factors
or “aldosterone-stimulating factors” [11, 13] may promote
further adipogenesis resulting in a vicious cycle linking
hyperaldosteronism and obesity, compounding the adverse
effects of the metabolic syndrome [9] (Figure 1).

2.2. Adiponectin and Aldosterone (Figure 1). In obesity and
hypertension, aldosterone levels are increased [48], whereas
adiponectin levels are decreased [49, 50]. Evidence for
adiponectin and aldosterone crosstalk exists. In diabetic
db/db mice, inhibition of aldosterone binding to the MRs in
adipose tissue modulated obesity-related changes in cardiac
adiponectin expression [51]. Adipocytes express adiponectin
receptors [52], MRs [46], Ang-II type 1 receptors, and an-
giotensinogen [53], suggesting an interaction between the
RAAS and adiponectin in adipose tissue. Interestingly,
whilst the MR is also present on cardiomyocytes [54], the
adiponectin receptors, AdipoR1 and AdipoR2 [55], are also
present. It is unknown whether crosstalk between adiponect-
in and aldosterone occurs at the receptor level in the heart
and has not been explored.
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Figure 1: Proposed schematic representation of the interplay between adipose tissue, adrenal aldosterone production, and cardiac
remodeling in the metabolic syndrome. Aldosterone production is increased in response to molecular factors including angiotensin, K+,
and adrenocorticotropin, as well as a number of adipocyte-derived “aldosterone-stimulating factors.” Aldosterone mediates both genomic
and nongenomic effects on the heart through its interaction with the mineralocorticoid receptor (MR), which may ultimately result in
adverse cardiac remodeling. In addition, aldosterone can target adipocyte-specific MRs which may enhance adipogenesis. Furthermore,
elevated aldosterone binding to adipocyte MRs may modulate adiponectin production. The presence of adiponectin receptors (AdipoR1 and
AdipoR2) on the cardiomyocyte and that both aldosterone and adiponectin are synthesized in the failing human heart suggest a potential
for crosstalk between adiponectin and aldosterone in pathological conditions.

The proinflammatory milieu induced by aldosterone
contributes to the progression of hypertension to diastolic
HF [56, 57]. We have shown that lack of adiponectin exacer-
bates the progression from hypertension to diastolic HF [57].
It is likely that the effect of adiponectin is not purely salutary
but represents an important interaction in the pathophys-
iology of hypertension-related cardiac disease. Although it
has been demonstrated that the heart synthesizes aldosterone
[27], it is unclear whether the heart synthesizes physio-
logical significant amounts of aldosterone [58]; however
the MRs present on cardiomyocytes may be accessed by
both aldosterone and cortisol [59, 60] (Figure 2). Although
recent data (in abstract form) suggests that adipocytes may
produce aldosterone in both 3T3-L1 adipocytes and obese
db/db mice via activation of AT1-R [47], the majority of
findings strongly suggest that adipocytes do not synthesize
aldosterone. Although adipocytes [61] and cardiomyocytes,
in pathological situations, synthesize adiponectin [51, 62],
only cardiomyocytes [27] appear to synthesize aldosterone.
On the other hand, it is also worth noting that adipose tissue
secretes angiotensinogen [63–65] and accounts for increased
plasma angiotensinogen levels found in obese humans [66].

Angiotensinogen has also been suggested as a link between
obesity and the development of the metabolic syndrome
[67].

Further evidence of an interaction between aldosterone
and adiponectin is provided by the following: AdipoR1
and AdipoR2 have been found in the histologically normal
human adrenal cortex and in aldosterone-producing ade-
nomas [68]. In normal subjects, a high-salt diet suppresses
RAAS and increases adiponectin levels. The decreased Ang-II
levels are in proportion the decreased renin and aldosterone
levels [69]. Whilst adiponectin levels are depressed in the
metabolic syndrome where hypertension is prevalent, a
high incidence of metabolic syndrome occurs in primary
aldosteronism where hypertension is prevalent. Chronic
infusion of aldosterone in mice decreased adiponectin
production from fat in wild-type mice and was unde-
tectable in adiponectin-deficient mice [57]. Similarly in vitro
experiments in aldosterone-treated adipocytes decreased
adiponectin transcript [51]. This may be due to direct (aldos-
terone excess) or indirect mechanisms [70] but the interac-
tion with the receptors for aldosterone and adiponectin has
not been elucidated in the metabolic syndrome.
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Figure 2: Cortisol and aldosterone bind the MR with equal affinity,
but cortisol levels are significantly higher relative to aldosterone
and, thus, occupy these receptors. The enzyme 11β-HSD2 acts to
convert cortisol to cortisone, which is unable to bind the MR,
thus allowing aldosterone to bind the available receptors. Once
bound, the MR can translocate to the nucleus and engage DNA
promoter sites to affect transcription and translation (genomic
effects). Aldosterone can also mediate rapid nongenomic effects
via the MR, which does not involve gene expression and protein
synthesis.

3. Aldosterone Mediates Its Effects via
the Mineralocorticoid Receptor (MR)

Aldosterone binds to the MR, which is a ligand-specific tran-
scription factor belonging to the steroid super-family mem-
ber of receptors [71]. Evolutionarily, the MR appeared earlier
than the CYP11B2 enzyme [21, 72], suggesting that other
possible ligands existed for the MR. For example, cortisol
also serves as a potent ligand for the MR that competes
with aldosterone with equal affinity [73]. However, because
cortisol concentrations are at the very least tenfold and
up to 1000-fold higher than that of aldosterone in the
cardiomyocyte [17, 74] and at least 100-fold higher in the
circulating plasma [75], it primarily will occupy the MR site.
Once cortisol is converted to its inactive form, cortisone,
by the actions of 11β hydroxysteroid dehydrogenase 2 (11β-
HSD2), aldosterone is then permitted to occupy the MR
[73] (Figure 2). Many tissues including the kidney, colon,
endothelium, and vascular smooth muscle cells express 11β-
HSD2, but there has been controversy about its expression in
cardiac tissue [73]. While many argue that the heart expresses
little if any of this specific enzyme [21, 59, 73, 76, 77], Lombes
et al. has shown that the human heart does expressed 11β-
HSD2 [54]. Additionally, aldosterone has been shown to be
produced in the failing human heart by increased expression
of CYP11B2 (aldosterone synthase), the enzyme catalyzing
the terminal step in aldosterone synthesis [78].

Aldosterone may lead to the development of the metabol-
ic syndrome via both genomic and nongenomic effects of the
activated MR [79]. Increased expression of proinflammatory
cytokines (TNF-α, MCP-1) and prothrombotic factor PAI-1
is inhibited by the selective antagonist (eplerenone) indicat-
ing a role for MR activation and increased inflammation in
obese diabetic db/db mice [51]. Furthermore, MR activation
can lead to the generation of increased cardiovascular oxida-
tive stress [17, 80], which can contribute to increased cardiac
hypertrophy and fibrosis associated with the metabolic
syndrome [81]. In the clinical setting, there has been a link
between MR activation, LVH and the metabolic syndrome in
humans with primary aldosteronism [15].

Upon ligation, the MR will translocate to the nucleus
where it regulates gene expression by binding to the hor-
mone/steroid response element (HRE/SRE) [82] or negative
response element (nSRE) [83] DNA sequences. In addition
to its expression in kidney, colon, and brain [84, 85], the
MR is found throughout the cells in the vasculature (i.e.,
smooth muscle cells and endothelial cells) [86], on cardiac
myocytes [54, 85], and on cardiac fibroblasts, where aldos-
terone induces fibroblast growth through a Ras-Raf-MEK-
ERK signaling cascade activated by the MR [87]. Because
aldosterone can mediate detrimental effects in the heart by
interactions with the MR, MR inhibition/antagonism is an
attractive therapeutic strategy, a topic discussed in a later
section.

Aldosterone can also mediate rapid (<5 min) nonge-
nomic effects that do not require transcription or protein
synthesis in order to mediate these effects [22, 88]. It was
initially believed that these nongenomic effects occurred
through a MR-independent mechanisms [21]. However, it is
now generally accepted that these nongenomic effects may
also be mediated in part through the MR [89]. Eplerenone,
a selective MR antagonist, has been shown to inhibit
nongenomic effects of aldosterone [90]. Aldosterone medi-
ates nongenomic effects in many cells including vascular
smooth muscle cells and arteriole endothelial cells, as well
as in cardiomyocytes [91–93]. Effects on the cardiomyocyte
include a rapid increase in Na+/K+/2Cl− cotransporter
as well as a concomitant decreased Na+/K+ pump via
a nongenomic protein kinase C-ε- (PKC-ε-) dependent
mechanism [73, 93]. A reduced Na+/K+ pump activity would
subsequently raise intracellular Ca2+ concentration, which is
known to promote prohypertrophic signaling pathways in
the cardiomyocyte [94]. In addition to a nongenomic rise in
intracellular Ca2+, aldosterone rapidly increases intracellular
Na+ concentration and cell volume in adult rat ventricular
myocytes (ARVM) [95]. Our laboratory showed that, in iso-
lated rat ventricular myocytes, aldosterone stimulated rapid
extracellular-regulated kinase (ERK) phosphorylation that
was not inhibited by RNA and protein synthesis inhibitors.
In addition, this rapid increase in ERK1/2 phosphorylation
was inhibited by spironolactone indicating that these nonge-
nomic effects in cardiomyocytes were mediated by the MR
[96]. Others have shown rapid activation by aldosterone of
the prohypertrophic ERK/mitogen-activated protein kinase
(MAPK) pathway, phosphorylation of Src, Jun N-termi-
nal kinases (JNK), and the nuclear factor kappa B (NF-κB)
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signaling molecules [73, 89]. In addition, aldosterone indu-
ces a rapid decrease in PKC activity in neonatal rat ven-
tricular myocytes [97]. Aldosterone also mediates rapid
nongenomic effects on the electrophysiological properties
of the heart (i.e., increased monophasic action potential)
in patients with ventricular arrhythmias [98]. Interestingly,
recent evidence suggests an interaction between nongenomic
and genomic effects of aldosterone, specifically with the
genomic effects being dependent upon the nongenomic
[88, 89]. Non-genomic rapid ERK activation by aldosterone
enhances aldosterone’s genomic responses in vitro, likely due
to the induction of the MR nuclear-cytoplasmic transloca-
tion [99]. Inhibition of early aldosterone-mediated PKCα
activation also subsequently reduced MR transactivation
[100]. Thus, the nongenomic-mediated activation of the
prolonged genomic effects, coupled with the rapid nonge-
nomic effects themselves, suggests a synergistic response to
aldosterone [89].

4. Adverse Effects of Aldosterone on
Cardiac Remodeling

RAAS activation in hypertension is associated with LVH and
cardiac remodeling [101]. Initially LVH serves as an adaptive
or compensatory response to a pathologic stimuli such
as myocardial infarction [102], hypertension [103], and
other causes of cardiovascular oxidative stress, for example,
ischemia-reperfusion injury [104]. However, excessive LVH
can result in cardiac dysfunction [105]. Early investigations
focused on the actions of Ang-II and its receptors (AT-
1 and AT-2) in the development of LVH [106, 107],
whilst the potential for aldosterone to directly affect cardiac
hypertrophy through the action of the MR was unclear.
However experimental and clinical studies began to present
data suggesting that aldosterone induced LVH and cardiac
fibrosis [108–110]. These effects could be attenuated by MR
antagonism with spironolactone or eplerenone indicating
the involvement of the MR [108, 111–113]. However it
was not determined whether these effects were directly due
to aldosterone or to the secondary effects of aldosterone.
Okoshi et al. was able to show that aldosterone directly
induced cardiac hypertrophy and atrial natriuretic peptide
(ANP) mRNA expression (a molecular marker of cardiac
hypertrophy) in cultured neonatal rat ventricular myocytes
(NRVMs) independently of Na+/K+ balance. However, MR
antagonism with spironolactone revealed that this was
dependent on binding to the MR [114]. Additionally, they
found that this involved rapid activation (≈5 min) of the
ERK1/2 and JNK MAPK cascade and the PKC pathway, sug-
gesting nongenomic effects of aldosterone/MR association.
In another study, transgenic mice overexpressing 11β-HSD2
in cardiomyocytes, which allows for enhanced occupation
of the MR by aldosterone (and not cortisol), exhibited
spontaneous LVH, fibrosis, and subsequent heart failure and
premature death [59]. These effects were independent of
blood pressure and were ameliorated by eplerenone, further
confirming the role of the MR in direct aldosterone-mediated
LVH.

More recent studies have further identified aldosterone’s
direct effects on the potential mechanism involved in the
development of cardiac hypertrophy. NRVMs stimulated
with aldosterone led to the interaction of the MR with
p300, a GATA4 transcriptional coactivator involved in car-
diac hypertrophy. The resultant ANP gene expression and
increase in myocyte size were attenuated by spironolac-
tone [115]. Others have shown that aldosterone-mediated
hypertrophy involves a MR-p38 MAPK-dependent pathway,
which leads to increased protein expression of cardiotropin-
1, a prohypertrophic cytokine [116], as well as increased
protein expression of IL-18 and subsequent hypertrophy,
acting through a Rho/Rho-kinase and PPAR/NF-κB pathway
[117]. Finally, aldosterone activation of the MR can increase
cardiovascular reactive oxygen species (ROS) generation via
NAD(P)H oxidase activity [96], which are known to induce
cardiac hypertrophy and remodeling [118, 119].

Cardiac fibroblasts are also affected by aldosterone and
further contribute to adverse hypertrophy and remodeling
by excessive proliferation, matrix deposition, and increased
matrix metalloproteinase (MMP) activity both in vitro and
in vivo [96, 120–122]. Aldosterone-infused rats on a high-salt
diet exhibited increased inflammation and fibrosis, which
were prevented by MR inhibition [123, 124]. Increased
expression of proinflammatory molecules by aldosterone
acting via the MR may help to explain the potential
mechanisms involved. For example, aldosterone increases
expression of TGF-β via MR activation, which promotes
fibrosis, tissue remodeling and production of matrix proteins
[17]. Interestingly, aldosterone enhanced a TGF-β-mediated
downregulation of inducible nitric oxide synthase (iNOS)
and nitric oxide (NO) in a dose-dependent manner via the
MR [125]. This appears contradictory given that iNOS is
proinflammatory; however, long-term inhibition of iNOS
may result in cardiac fibrosis suggesting that NO may play
a role in preventing fibrosis [126]. In additional experi-
ments, it was found that NO acts to quench ROS through
peroxnitrite formation, which may protect against fibrosis
[127]. Similarly, iNOS inhibition decreased the NO/ROS
ratio, favoring the development of fibrosis. Furthermore,
decreased endothelial NOS-derived NO has been shown
previously to be central in the development of cardiovascular
disorders [128] and LVH [129]. Aldosterone also increases
the expression of plasminogen activator inhibitor (PAI)-1, a
serine protease inhibitor which is important in fibrinolysis.
PAI-1 is also involved in angiogenesis and atherogenesis
[130]. PAI-1 is secreted by endothelial cells, vascular smooth
muscle cells, hepatocytes, platelets, and adipocytes [131]. In
obesity, the majority of the circulating PAI-1 is from adipose
tissue [132]. Thus, not surprisingly, in addition to elevated
aldosterone levels, obese subjects have higher levels of PAI-1
[133], as well as increased expression of endothelin-1 [134],
that may contribute to enhanced cardiac fibrosis and collagen
secretion.

In many cases, the MAPK intracellular signaling cascade
plays an essential role in mediating these responses. Stockand
and Meszaros found that aldosterone acting through the
MR stimulates proliferation of adult rat cardiac fibroblasts
in vitro through a Kirsten-(Ki-) RasA-ERK1/2-dependent
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pathway [87]. Additionally, p38 MAPK cascade is central
in aldosterone-MR-mediated expression of connective tissue
growth factor (CTGF) in embryonic rat cardiomyocytes
[135].

The contribution of RAAS activation to cardiac fibrosis
in the metabolic syndrome is evident not only in the con-
ditions that constitute the metabolic syndrome, such as
hypertension or insulin resistance, but also has been demon-
strated in an elegant study by Matsui et al. [136]. They
demonstrate that MR activation leads to cardiac fibrosis in
an experimental model of metabolic syndrome. Metabolic
syndrome was induced by a derivative of the spontaneously
hypertensive rat (SHR) with leptin receptor deficiency. In
this study, MR activation with salt caused LV diastolic
dysfunction and cardiac fibrosis. Increased oxidative stress
and enhanced MR activation accelerated the pathogenesis of
salt-induced diastolic dysfunction in this model of metabolic
syndrome [136].

5. Treatments/MR Antagonists

Several therapeutic strategies are being applied to alleviate
the adverse effects of aldosterone in cardiovascular disorders
associated with cardiac hypertrophy and fibrosis. While
the use of angiotensin converting enzyme (ACE) inhibitors
in heart failure patients reduces plasma aldosterone levels,
this is only a temporary effect (referred to as “aldosterone
escape”), as even maximal doses of ACE inhibitors are
associated with increased Ang-II and aldosterone levels, and
were accompanied by impaired exercise capacity [137, 138].
Two important clinical trials, the Randomized Aldosterone
Evaluation Study (RALES) [139] and the Eplerenone Heart
Failure and Survival Study (EPHESUS) [140], demonstrated
that addition of MR antagonists to ACE inhibitors reduced
mortality in patients with LV systolic dysfunction and
postmyocardial infarction with heart failure, respectively. In
addition to these findings, further experimental investigation
into MR antagonism by such pharmacological agents as
spironolactone and eplerenone that may prevent cardiac
complications in patients has proved promising [15, 16] with
ongoing trials being explored in patients with diastolic HF.
In vitro studies demonstrated that spironolactone inhibited
aldosterone-induced [14C]-phenylalanine incorporation in
NRVMs [114] and aldosterone-induced [3H]-thymidine
incorporation in adult rat cardiac fibroblasts [87]. Likewise,
in vivo experimental studies showed that spironolactone
prevented ventricular fibrosis [141]. Eplerenone also atten-
uated LVH in clinical trials and may be a more attractive
therapy, because of its fewer side effects compared to
spironolactone [137, 142]. Our laboratory has previously
reported that eplerenone treatment in mice subjected to
ascending aortic constriction (a model for chronic pressure
overload) improved LVH, indirectly linking the involvement
of aldosterone with chronic pressure overload [80]. It was
noted that, because aldosterone-mediated LVH and fibrosis
and was in part due to increased oxidative stress and
inflammation, it is possible that the beneficial effects of
eplerenone may be due to a reduction in oxidative stress

[143, 144]. Additionally, aldosterone antagonists can work
to downregulate MMP activity [96]. In the RALES study,
spironolactone-treated patients had reduced matrix turnover
and fibrosis, which has appeared to be the most important
effect of spironolactone in the heart [137, 139].

RAAS blockade with angiotensin receptor blockers
(ARBs) and ACE inhibition have all been shown to mitigate
the adverse hemodynamic and remodeling effects in several
animal models of obesity [145–148]. For example, losartan,
an AT1 receptor antagonist, improved cardiac function via
a PKB/Akt-dependent mechanism in a rat model of diet-
induced obesity [145]. Similarly, candesartan, another ARB,
when used in combination with pioglitazone, a PPAR-
γ agonist, decreased inflammation, oxidative stress, and
fibrosis in obese, type 2 diabetic mice [148]. ACE inhibition
with captopril restored insulin signaling, improved fatty acid
oxidation and glycolysis regulation, and improved energy
status by reducing AMPK activity in hearts from obese ob/ob
mice [146]. Enalapril, another ACE inhibitor, reduced blood
pressure and improved autonomic dysfunction in obese
ob/ob mice [147]. The effects seen with enalapril were similar
to those seen after leptin replacement in these mice [147].

Other therapeutic strategies against the development of
aldosterone-induced cardiac remodeling that target other
potential pathways have been explored. Past work from our
laboratory has looked at fenofibrate, a PPAR-α agonist, which
has been reported to suppress NF-κB activity, macrophage
recruitment, and the development of cardiac dysfunc-
tion [149–151]. Furthermore, fenofibrate inhibits ERK1/2
kinase phosphorylation and MMP activity in aldosterone-
stimulated isolated ARVMs [152]. Further in vivo work has
shown that fenofibrate decreases LVH, matrix turnover, and
fibrosis, as well as improved LV chamber size and function
[153].

Currently, there are several clinical trials underway ex-
ploring aldosterone inhibition in obesity. These include
modulation of RAAS activity and lipid/carbohydrate me-
tabolism in adipose and skeletal muscle tissue in obese
patients with hypertension (http://www.clinicaltrials.gov/,
NCT00498433). Also, investigators are exploring aldosterone
inhibition in obesity specifically addressing endothelial and
fibrinolytic dysfunction and measuring PAI-1 levels to deter-
mine if there is a reduction in the risk of stroke in obesity
(http://www.clinicaltrials.gov/, NCT00608465).

6. Summary

Obesity and its association with other factors of the meta-
bolic syndrome (specifically hypertension and insulin resis-
tance) remain a significant and growing problem among
the population. Adverse cardiac remodeling can further
contribute to these cardiovascular complications, resulting
in a vicious cycle that may ultimately lead to heart failure.
Furthermore, an association between adipose tissue and
aldosterone is evident, as adipocytes release factors (such
as “aldosterone-stimulating factors” and adipokines) that
directly or indirectly stimulate aldosterone secretion. Much
work has explored the role that hypertension and the RAAS
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(in particular of Ang-II) has on adverse cardiac remodeling,
as new insights have emerged about the direct effect of aldos-
terone on the MR (nongenomic and/or genomic). Whilst MR
antagonists have been important therapeutic tools against
cardiac hypertrophy and fibrosis, further understanding
of the intricate relationship between obesity, aldosterone,
and adverse cardiac remodeling may yield more effective
therapeutic treatments.
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