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Abstract
Key components of the metabolic syndrome (MetS), ie, obesity and insulin resistance, are associated
with increased aldosterone production and mineralocorticoid receptor (MR) activation. Both MetS
and hyperaldosteronism are proinflammatory and pro-oxidative states associated with cardiovascular
disease. This review discusses emerging data that MR activation may contribute to abnormalities
seen in MetS. In view of these data, MR antagonists may be beneficial in MetS, not only by controlling
hypertension but also by reversing inflammation, oxidative stress, and defective insulin signaling at
the cellular-molecular level. Clinical trials have demonstrated benefits of MR antagonists in heart
failure, hypertension, and diabetic nephropathy, but additional trials are needed to demonstrate the
clinical significance of MR blockade in MetS.

Keywords
Aldosterone; Mineralocorticoid receptor; Obesity; Insulin resistance; Spironolactone; Eplerenone

Introduction
Metabolic syndrome (MetS) is a cluster of several abnormalities, including obesity, insulin
resistance, hyperglycemia, hypertriglyceridemia, low high-density lipoprotein (HDL), and
hypertension, that occur together and increase the risk of vascular disease and diabetes mellitus.
Although experts disagree about the exact definition of MetS, the term is extensively used to
describe a typical profile of individuals at very high risk of cardiovascular disease (CVD) and
diabetes. The presence of MetS confers a 1.5 to 2 times higher risk of a major cardiovascular
event [1], 2 to 3 times higher risk of chronic renal insufficiency [2], and more than 4 times
higher risk of type 2 diabetes mellitus [3]. The incidence of congestive heart failure [4] and
cardiovascular mortality is also increased in the presence of MetS [5]. Controversy remains as
to whether the diagnosis of MetS improves CVD prediction, compared with the cumulative
predictive value of factors included in the Framingham risk score [6], but it is clear that MetS
is associated with increased risk of CVD.

This article reviews the recent literature to address the possibility that elevated aldosterone,
increased activity of its receptor, the mineralocorticoid receptor (MR), or both may be involved
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in the pathogenesis of MetS and may contribute to the increased risk of CVD in individuals
with MetS.

Mineralocorticoid Receptor Signaling
Recent studies demonstrate that the biology of MR signaling is more complex than initially
thought [7,8], and this complexity may allow for the myriad of clinical effects now being
attributed to MR activation [9,10]. Aldosterone and cortisol activate the human MR with equal
efficiency. However, in many tissues, such as the kidney, colon, endothelium, and vascular
smooth muscle, the MR is protected from cortisol activation by the enzyme 11β hydroxysteroid
dehydrogenase 2, which converts cortisol to inactive cortisone. Further, the ability of cortisol
to activate MR may be influenced by the intracellular redox state, with increased oxidative
stress resulting in increased MR activation by cortisol [11]. This effect may be particularly
relevant in cells that do not express 11β hydroxysteroid dehydrogenase 2, such as
cardiomyocytes, monocytes/macrophages, adipocytes, and neuronal cells, in which cortisol is
likely to be the primary ligand for MR because of the higher circulating levels of free cortisol
versus aldosterone. Nonselective MR antagonists (spironolactone) and selective MR
antagonists (eplerenone) block MR activation by cortisol and aldosterone.

MR is a well-characterized nuclear steroid receptor whose activation regulates transcription of
target genes such as the epithelial sodium channel and the serum-and-glucocorticoid–induced
protein kinase 1 (sgk1) [7]. In addition, recent studies demonstrate rapid, nongenomic effects
of MR activation by aldosterone, including activation of extracellular-regulated kinase/
mitogen-activated protein (ERK/MAP) kinase pathways and phosphorylation of c-SRC, JNK,
and NF-κB [8]. Aldosterone also increases oxidative stress through decreases in glucose-6-
phosphate dehydrogenase activity and activation of NAD(P)H oxidase [8,12]. MR signaling
is further complicated by the ability of Rac1, a member of the Rho family of GTPases, to
activate MR [13] and by the cross-talk between MR and the receptors for epidermal growth
factor and angiotensin II [7]. The genomic and nongenomic actions of aldosterone are
differentially influenced by the activity of the angiotensin II type 1a and 1b receptors [14]. This
interaction between MR and angiotensin II receptors suggests a role for blockade of both
receptors in treating disorders associated with an activated renin-angiotensin-aldosterone
system (RAAS).

Aldosterone in Hypertension and in Cardiovascular and Renovascular Injury
It is well recognized that elevated aldosterone levels and excess activation of MR in renal
collecting ducts lead to salt and water retention, volume expansion, and hypertension. Primary
hyperaldosteronism (excess unilateral or bilateral adrenal production of aldosterone) is present
in 5% to 10% of patients with essential hypertension and up to 20% of individuals with resistant
hypertension [9]. Treatment with drugs that antagonize the activation of the MR reduces blood
pressure in individuals with essential hypertension and is particularly effective at reducing
blood pressure in resistant hypertension [9]. Further, preclinical and clinical studies have
demonstrated an important role for MR in the pathophysiology of stroke, cardiac disease, and
renal disease, through mechanisms that are in large part independent of effects on blood
pressure. MR blockade improved cardiac morbidity and mortality in two clinical trials of heart
failure, the Randomized Aldactone Evaluation Study (RALES) [15] and the Eplerenone Post–
Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS) [16]. As
a result of these trials, MR antagonists received an American Heart Association/American
College of Cardiology class I recommendation for use in heart failure. Further, MR blockade
has beneficial effects on the vasculature, heart, and albuminuria in patients with early-stage
chronic kidney disease [17] and reduces left ventricular hypertrophy in patients with
hypertension [18]. In patients with diabetic nephropathy during treatment with maximal doses
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of angiotensin-converting enzyme (ACE) inhibitors, the addition of spironolactone provided
greater reduction in albuminuria than the addition of placebo, and this renoprotection was not
attributable to decreases in blood pressure [19].

The mechanisms involved in aldosterone-induced cardiovascular injury involve MR-mediated
endothelial dysfunction, vascular reactivity impairment, vascular inflammation, vascular
injury, increases in plasminogen activator protein-1, and alterations in autonomic control of
cardiovascular functions, as well as cardiomyocyte apoptosis and cardiac fibrosis. MR
activation is implicated in the pathophysiology of atherosclerosis, impaired coronary flow
reserve, and diastolic dysfunction. Given our understanding of the role of MR in the
pathophysiology of cardiovascular and renovascular injury and the prominence of cardiac and
renal disease in patients with MetS, the question arises as to whether aldosterone and activation
of MR could have a role in the pathophysiology of MetS.

Aldosterone and Obesity in Metabolic Syndrome
Aldosterone levels in obesity have been studied mainly in the context of an association between
obesity and hypertension. One of the mechanisms of obesity-induced hypertension may involve
increased MR activity. We recently demonstrated high urinary aldosterone excretion and high
angiotensin II–stimulated serum aldosterone levels in overweight individuals on a high-sodium
diet [20]. The association between elevated aldosterone and obesity may be related to adipocyte
biology. Adipocytes express MR, and activation of MR is essential for the differentiation of
preadipocytes into adipocytes [21]. Further, some studies have demonstrated increased activity
of the renin-angiotensin system in adipocytes of obese individuals [22]. Other studies have
shown evidence of increased adrenal production of aldosterone in response to
mineralocorticoid-releasing factors from the adipocytes [23]. Still another hypothesis suggests
that hepatic intermediaries have a role in stimulating adrenals in obese people [24]. High levels
of aldosterone in obesity decrease with weight loss. In one study, a 5% reduction in body weight
led to reduced RAAS activity in plasma and adipose tissue, explaining the reduction in blood
pressure after weight loss [25]. High aldosterone levels in obesity may not only contribute to
hypertension, but also may contribute to insulin resistance and other components of MetS, as
detailed below and in Fig. 1.

Aldosterone and Insulin Resistance in Metabolic Syndrome
Hyperaldosteronism is associated with impaired carbohydrate metabolism, attributed for many
years mainly to altered insulin release from the pancreatic beta cells owing to hypokalemia,
fibrosis, or a direct inhibitory effect of corticosteroid on the beta cells [26,27]. However, a
growing body of evidence from observational studies and clinical trials, as well as from animal
and cellular models, supports an important and direct role of aldosterone and the MR in the
development and progression of insulin resistance. Although the association between
hyperaldosteronism and fasting plasma glucose was recently questioned [28], epidemiologic
data are available from patients with primary hyperaldosteronism in whom the prevalence of
insulin resistance (which may not necessarily manifest as fasting hyperglycemia) has been
reported to be as high as 50% [29-31,32•]. Additional support for such an association is the
observation that treatment of hyperaldosteronism either surgically or medically with MR
antagonists restores normal insulin sensitivity [31,33]. We have demonstrated an association
between aldosterone production and insulin resistance, as assessed by the homeostasis model
assessment (HOMA) and oral glucose tolerance test, in healthy and overweight individuals
[20,34••]. In addition, recent data from the Aliskiren Observation of Heart Failure Treatment
study (ALOFT) demonstrated a strong and positive correlation between fasting insulin and
both plasma and urinary aldosterone [35]. Moreover, patients who had aldosterone “escape”
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from the inhibitory effect of RAAS blockade were found to have elevated HOMA values,
consistent with the concept that aldosterone contributes to insulin resistance.

Observations from epidemiologic studies and clinical trials have only implied an association
between aldosterone action and insulin resistance, but causality has been suggested from
studies in animal models. Aldosterone administration to rats resulted in decreased skeletal
muscle expression and translocation to the plasma membrane of the insulin responsive glucose
transporter, GLUT4 [36]. Decreased expression of liver GLUT2 was also observed after
aldosterone treatment, and when taken together, these may account for both skeletal muscle
and hepatic insulin resistance observed in these animals [36]. Further, treatment of Zucker
diabetic rats with a hemeoxygenase inducer not only alleviates insulin resistance and oxidative
stress but also lowers aldosterone levels, raising the possibility of a role for aldosterone in
insulin resistance and oxidative stress [37]. When studied in animal models of obesity-induced
insulin resistance (ob/ob and db/db mice), eplerenone treatment resulted in improvement in
glucose tolerance, reduced HOMA levels, and decreased fasting levels of triglycerides [38••,
39••].

Several cellular mechanisms have been suggested to account for the induction of insulin
resistance by aldosterone. Aldosterone has been demonstrated to exert direct effects on insulin
signal transduction, both at the level of gene expression of key proteins in the insulin signal
apparatus as well as in alterations in function and cellular trafficking following insulin
stimulation. Direct interaction of the MR with the glucocorticoid response elements (GRE)
located in the promoter of the insulin receptor gene has been shown, which may lead to
downregulation of the insulin receptor [40]. More recently, aldosterone treatment promoted
the degradation of insulin receptor substrate (IRS) 1 and IRS2 via glucocorticoid receptor–
mediated production of reactive oxygen species, and activation of IκB kinase β and mTOR
complex 1 leading to impaired Akt phosphorylation and glucose uptake in cultured adipocytes
[41•]. MR blockade reduced aldosterone-induced oxidative damage and reversed aldosterone-
mediated gene repression of adiponectin and peroxisome proliferator-activated receptor-γ
(PPARγ) [38••,39••].

Mineralocorticoids and Lipids in Metabolic Syndrome
In a recent small clinical trial, eplerenone treatment was found to decrease triglyceride levels
among hypertensive individuals by approximately 35 mg/dL within 24 weeks of treatment. Of
note, hypertensive subjects in that study who also met the International Diabetes Federation
diagnostic criteria for MetS had a mean decrease in their triglyceride level of nearly 80 mg/dL
[42]. These data are supported by observations in several mouse models of obesity-induced
insulin resistance (ob/ob, db/db, and a high-fat, high-fructose fed C57BL/6 mouse), in which
treatment with an MR antagonist reduced triglyceride levels [38••,39••,43•]. Further, MR
blockade reduced hepatic steatosis in the mice fed a high-fat, high-fructose diet [43•].

Aldosterone and Inflammation in Metabolic Syndrome
MetS is a known proinflammatory state. The higher the number of MetS components, the
higher the levels of inflammatory markers [44]. High aldosterone levels in MetS may contribute
to its proinflammatory state. Aldosterone has been shown to exert proinflammatory effects on
the vasculature [10], including increasing expression of the intercellular adhesion molecule
(ICAM)1 gene [45], increasing 12-lipooxygenase and 15-lipooxygenase expression in human
vascular smooth muscle cells, increasing the generation of 12 hydroxyeicosatetraenoic acid
(12-HETE) and 15-HETE, and enhancing LDL oxidation [46••], which may lead to vascular
dysfunction, atherosclerosis, or both. MR blockade reduces inflammation, reactive oxygen
species production, and expression of proinflammatory cytokines in adipose tissue of db/db
and ob/ob mice [38••,39••]. In vitro studies of preadipocytes demonstrated stimulatory effects
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of aldosterone on expression of inflammatory cytokines and inhibitory effects on expression
of adiponectin and PPARγ [38••].

Conclusions
In view of the above discussion, it is conceivable that MR antagonists have an effect at multiple
levels in MetS. Besides reducing blood pressure, they may also improve insulin sensitivity,
decrease the proinflammatory state of MetS, and reduce CVD. The beneficial cardiac effects
of combining MR antagonists with ACE inhibitors or angiotensin receptor blockers (ARBs)
have been demonstrated in patients with heart failure [15,16]. Smaller studies have shown
beneficial effects of combined MR blockade and ACE inhibitor therapy on renal function
[19] and coronary circulatory function [47]. Further, a few small clinical studies have
demonstrated a reduction in left ventricular mass and improvement in diastolic cardiac function
with the use of MR antagonists [48,49]. However, there are currently no clinical trials
supporting the use of MR antagonists in obese insulinresistant patients, with the aim of
preventing further metabolic deterioration to overt diabetes. Of interest is the recent
observation from the large prospective trial of Nateglinide and Valsartan in Impaired Glucose
Tolerance Outcomes Research (NAVIGATOR), which demonstrated that among patients with
impaired glucose tolerance (most of them meeting the MetS diagnostic criteria), the use of
valsartan (an ARB) led to a relative reduction of 14% in the incidence of diabetes [50•].

Thus, available clinical data suggest that using MR antagonists in addition to standard therapy
may be beneficial in heart failure, left ventricular hypertrophy, and diastolic dysfunction. Some
data also suggest a beneficial effect of MR antagonists when used in combination with ACE
inhibitors or ARBs in preventing diabetic nephropathy. Currently, MR antagonists are not
recommended for patients with diabetes and microalbuminuria because of the risk of
hyperkalemia. Further clinical trials are needed to determine the safety and long-term
cardiovascular and renovascular effects of MR antagonists in individuals with MetS, but
increasing evidence suggests that MR antagonists may prove to be important therapeutic agents
in reducing clinical complications of MetS.
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Fig. 1.
Aldosterone, obesity, and the metabolic syndrome share common features that underlie the
pathophysiology of cardiovascular disease

Tirosh et al. Page 9

Curr Hypertens Rep. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


