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Abstract
The prevalence of obesity, diabetes, hypertension, and cardiovascular and chronic kidney disease is
increasing in developed countries. Obesity, insulin resistance, and hypertension commonly cluster
with other risk factors for cardiovascular and chronic kidney disease to form the metabolic syndrome.
Emerging evidence supports a paradigm shift in our understanding of the renin–angiotensin–
aldosterone system and in aldosterone's ability to promote insulin resistance and participate in the
pathogenesis of the metabolic syndrome and resistant hypertension. Recent data suggest that excess
circulating aldosterone promotes the development of both disorders by impairing insulin metabolic
signaling and endothelial function, which in turn leads to insulin resistance and cardiovascular and
renal structural and functional abnormalities. Indeed, hyperaldosteronism is associated with impaired
pancreatic β-cell function, skeletal muscle insulin sensitivity, and elevated production of
proinflammatory adipokines from adipose tissue, which results in systemic inflammation and
impaired glucose tolerance.

Accumulating evidence indicates that the cardiovascular and renal abnormalities associated with
insulin resistance are mediated in part by aldosterone acting on the mineralocorticoid receptor.
Although we have known that mineralocorticoid receptor blockade attenuates cardiovascular and
renal injury, only recently have we learned that mineralocorticoid receptor blockade improves
pancreatic insulin release, insulin-mediated glucose utilization, and endothelium-dependent
vasorelaxation. In summary, aldosterone excess has detrimental metabolic effects that contribute to
the metabolic syndrome and endothelial dysfunction, which in turn contribute to the development of
resistant hypertension as well as cardiovascular disease and chronic kidney disease.

The prevalences of obesity, diabetes, hypertension, and cardiovascular and chronic kidney
disease are increasing in the United States. Data from NHANES (National Health and Nutrition
Examination Survey) III suggest that the prevalence of hypertension increases progressively
with increasing body mass index from about 15% among people with a body mass index less
than 25 kg/m2 to approximately 40% among those with a body mass index of 30 kg/m2 or
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greater (1). Obesity, insulin resistance, and hypertension commonly cluster with other risk
factors for cardiovascular or chronic kidney disease to form the metabolic syndrome, which is
associated with increased cardiovascular disease morbidity and mortality (1-5).

Our understanding of the role of the renin–angiotensin–aldosterone system in insulin resistance
through the action of aldosterone has undergone a paradigm shift in recent years. We know
now that aldosterone participates in the pathogenesis of the metabolic syndrome (4-6). Recent
evidence shows that elevated plasma aldosterone levels directly contribute to the pathogenesis
of insulin resistance and endothelial dysfunction, processes that in turn contribute to
maladaptive renal and cardiovascular remodeling (4-6). These actions of aldosterone promote
the development of resistant hypertension—defined as the need for 3 or more antihypertensive
medications to control blood pressure—in association with obesity and the metabolic
syndrome.

The Emergence of a New Paradigm for Aldosterone
Aldosterone was isolated and characterized by Simpson and Tait (7) more than 50 years ago
and was initially termed electrocortin. During the subsequent 4 decades, clinicians and medical
investigators thought of aldosterone as acting primarily to regulate extracellular fluid volume
and potassium handling. Classic agonist–antagonist experiments in the toad bladder model in
the 1960s (7,8) revealed that alterations in sodium–potassium ion flux did not occur
immediately after aldosterone administration. This delay was due to aldosterone's binding to
cytosolic steroid receptors; translocation to the nucleus; interaction with DNA; and, finally,
genomic transcription and translation of effector proteins. Investigators applied molecular
biology techniques over the next several decades to understand aldosterone-mediated gene
transcription and subsequent protein synthesis (8,9).

In 1992, investigators reported rapid, nongenomic effects of aldosterone that did not require
signaling through the classic pathways of gene activation, transcription, and protein synthesis.
These nongenomic actions included regulation of intracellular cations, cell volume, redox
status, metabolic signaling, and endothelial-mediated relaxation (5,8,10). It is increasingly
evident that these nongenomic effects, which occur independent of hemodynamic factors, are
a substantial part of the mechanisms by which aldosterone contributes to the pathogenesis of
the metabolic syndrome and resistant hypertension, as well as enhanced risk for cardiovascular
and chronic kidney disease (9-15).

Regulation of Aldosterone Secretion and Mineralocorticoid Receptor
Activation

For decades, we believed that activation of the renin–angiotensin system, largely in response
to intravascular volume contraction, regulated the biosynthesis of aldosterone (5-9).
Hyperaldosteronism may occur when the relationship between salt ingestion or volume status
and aldosterone secretion is perturbed (Figure 1). In fact, inappropriate aldosterone secretion
occurs in diverse disease states, including the metabolic syndrome, heart failure, and chronic
kidney disease, despite high salt and volume retention.

Mounting evidence in recent years suggests that mineralocorticoid receptors on the surface of
nonepithelial cells send extracellular signals that do not require gene transcription for their
action. These so-called “nongenomic” actions of aldosterone are involved in the
pathophysiology of insulin resistance and endothelial dysfunction (Figure 1). The
mineralocorticoid receptor has a high affinity for both aldosterone and 11β-
hydroxyglucocorticoids (4). Cells at the distal end of the nephron have relatively high levels
of the enzyme 11β-hydroxysteroid dehydrogenase, which prevents glucocorticoids from acting
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in the distal tubule and collecting duct. However, cardiovascular and metabolic tissue, such as
skeletal muscle, liver, and fat, have much lower levels of this enzyme, which allows
glucocorticoids to signal through the mineralocorticoid receptors (2-5). This signaling is
particularly important in persons with the metabolic syndrome, because they have circulating
glucocorticoid concentrations that are several orders of magnitude greater than their
aldosterone concentrations. Mineralocorticoid receptor activation by glucocorticoids promotes
inflammation, oxidative stress, fibrosis, insulin resistance, and endothelial dysfunction (5,9,
10).

Pathophysiology

A new paradigm indicates that elevated levels of plasma aldosterone mediate several
maladaptive changes that contribute to the pathogenesis of the metabolic syndrome,
resistant hypertension, and associated cardiovascular and renal structural and functional
abnormalities.

Accumulating evidence indicates that adipose tissue produces aldosterone secretory factors
that promote excessive adrenal aldosterone production. Elevated plasma aldosterone levels
in turn promote insulin resistance, inflammation, oxidative stress, and sodium retention.
These maladaptive processes contribute to the development of a hypertensive state that is
relatively resistant to pharmacologic therapy.

Clinical Implications

Evidence is emerging that mineralocorticoid receptor blockade is useful in treating
hypertensive patients who have both the metabolic syndrome and resistant hypertension.

Mineralocorticoid antagonism therapy seems to have considerable clinical utility for
reducing cardiovascular and renal disease associated with the metabolic syndrome, diabetes,
and resistant hypertension.

Aldosterone Antagonists
17-Spirolactone steroids, or spirolactones, were developed 50 years ago to antagonize the
action of aldosterone and other sodium-retaining hormones on the renal distal tubule (12).
Initially, the mineralocorticoid receptor antagonist spironolactone was used widely as a
potassium-sparing diuretic in volume-overload states, such as congestive heart failure,
cirrhosis, and primary hyperaldosteronism (8,12). Later, RALES (Randomized Aldactone
Evaluation Study) (14) showed that mineralocorticoid receptor antagonists reduced
cardiovascular events. This study demonstrated that a low dose of spironolactone improved
morbidity and mortality in patients with severe heart failure. Subsequently, EPHESUS
(Eplerenone Post-AMI Heart Failure Efficacy and Survival Study) (15) demonstrated that
treatment with eplerenone, a selective mineralocorticoid receptor antagonist, reduced mortality
after myocardial infarction. These studies refocused attention on aldosterone's effects on the
mineralocorticoid receptors of nonrenal cells and have allowed investigators to use both
spironolactone and eplerenone as pharmacologic probes to delineate the role of aldosterone
and mineralocorticoid receptor signaling in various clinical disorders. Eplerenone is a newer,
selective mineralocorticoid receptor antagonist that offers the same benefits as generic
spironolactone, but it is no longer actively promoted.

The protective effects of mineralocorticoid receptor blockade complement the effects of renin–
angiotensin system blockade (6). Angiotensin-converting enzyme (ACE) inhibitors and
angiotensin II receptor antagonists act on the angiotensin peptides and receptors, respectively,
and also suppress aldosterone secretion by the adrenal glands. Although the clinical effects are
not fully elucidated, the complementary actions of these 2 classes of drugs provide a potential
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framework for treating various disorders, including resistant hypertension, cardiovascular
disease, and chronic kidney disease.

The Role of Aldosterone in Resistant Hypertension
“Resistant hypertension” is defined as hypertension that requires more than 3 drugs in full
doses to adequately control pressure. It is an increasingly common condition in industrialized
nations (16-23) that parallels the exponential growth in global obesity and the diabetes and
chronic kidney disease epidemics (4,5). Mounting evidence suggests that an elevated
aldosterone level, in association with obesity and insulin resistance, contributes not only to salt
retention and volume expansion but also to the inflammation and oxidative stress that promote
the development of the metabolic syndrome and resistant hypertension (Figure 1) (4-6).

The 17% to 22% prevalence of primary aldosteronism in individuals with resistant
hypertension, which is much higher than that in the general population with hypertension,
suggests a relationship between elevated aldosterone levels and resistant hypertension
(19-23). Moreover, individuals with resistant hypertension but without primary
hyperaldosteronism have higher aldosterone levels and greater intravascular volume expansion
than do control participants (17). The elevated 24-hour urinary levels of both aldosterone and
cortisol suggest that a common stimulus, such as corticotropin, may promote aldosterone
excess in patients with resistant hypertension (21,24). A recent study (21,24) shows that
African-American patients with hypertension have higher plasma aldosterone, lower renin, and
higher salivary cortisol levels than their normotensive counterparts. Although the mechanism
by which higher cortisol and aldosterone levels coexist in resistant hypertension is not fully
understood, several possible factors have been postulated. For example, enhanced sympathetic
nervous system activation may stimulate both cortisol and aldosterone secretion (25).
Adipocyte-derived secretory products are also known to stimulate adrenal production of
aldosterone in addition to genetic polymorphisms that affect aldosterone synthase activity.
Both are potentially important mediators of the excess aldosterone and cortisol secretion
associated with obesity and insulin resistance (Figure 1) (26-29).

In addition to its classic effects on renal handling of sodium and potassium and expansion of
intravascular volume, aldosterone promotes resistant hypertension—both alone and in
conjunction with angiotensin II—by mediating maladaptive changes in the central nervous,
renal, and cardiovascular systems (Figure 1). For example, aldosterone induces rapid
(nongenomic) adverse responses in both vascular smooth muscle cell and skeletal muscle tissue
by stimulating the enzyme nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(Figure 2, step 1), which generates excess reactive oxygen species (ROS), redox imbalance,
and “oxidant stress” (Figure 2, step 2). The increased ROS thereby activates redox-sensitive
serine kinase signaling molecules in these tissues, including protein kinase C, mitogen-
activated protein kinases, c-Jun NH2-terminal kinase, extracellular signal-regulated kinases 1
and 2, and ρ-kinase (Figure 2, step 3) (5,30-34). Reactive oxygen species–induced activation
of these serine kinases promotes phosphorylation of serine moities of the insulin receptor
substrate-1 docking protein (Figure 2, step 4) at the access point of altered insulin metabolic
signaling. Serine phosphorylation of insulin receptor substrate-1 lessens its engagement with
phosphatidylinositol 3-kinase (Figure 2, step 5), which leads to decreased activation of protein
kinase B (Figure 2, step 6) and such downstream metabolic effects as impaired glucose
transport and, ultimately, glucose utilization (Figure 2, step 7).

Collectively, increases in aldosterone promote miner-alocorticoid receptor–mediated
dysregulation of downstream insulin metabolic signaling, which ultimately impairs glucose
utilization—as observed in insulin resistance and resistant hypertension (5). In the vasculature,
these effects occur through a redox-sensitive serine kinase associated with NADPH oxidase
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and mitochondrial generation of ROS, which decrease bioavailability of nitric oxide and
consequently impair endothelium-dependent relaxation (Figure 1) (5). Conversely, in animal
models with an activated renin–angiotensin–aldosterone system, drugs that block the
mineralocorticoid receptor reduce oxidative stress and improve insulin metabolic signaling and
endothelial-dependent vascular relaxation (5,6,29-33).

Aldosterone and Insulin Resistance
The adverse effect of excess aldosterone on insulin metabolic signaling (Figure 1) has
generated increasing interest in the role of hyperaldosteronism in the pathogenesis of insulin
resistance and resistant hypertension. This association was initially described more than 4
decades ago in individuals with primary hyperaldosteronism and impaired glucose tolerance
(34). Increased plasma aldosterone levels are associated with insulin resistance independent
of other components of the metabolic syndrome (35-37). In patients with primary
hyperaldosteronism, resection of aldosterone-producing tumors and pharmacologic treatment
both decrease blood insulin and glucose levels, which indicates an improvement in insulin
sensitivity (37,38).

Aldosterone Interactions With Adipose Tissue
Aldosterone impairs insulin metabolic signaling by several putative mechanisms in
cardiovascular and renal tissue, as well as in fat, skeletal muscle, and the liver (Figure 2).
Visceral adipose tissue is thought to be a source of inflammatory cytokines (adipokines) that
mediate systemic inflammation, oxidative stress, and insulin resistance (5,39). In rodent fat
tissue, aldosterone increases proinflammatory adipokine expression, which causes reduced
insulin receptor expression and impaired insulin-induced glucose uptake (39).
Mineralocorticoid receptors on adipocytes promote inflammatory adipokine expression, as
suggested by several studies (39-43). Similar to the nongenomic actions of the
mineralocorticoid receptor in other nonepithelial tissues, the adipocyte mineralocorticoid
receptors may mediate a proadipogenic effect of both aldosterone (39) and glucocorticoids
(41). More recently, studies in obese diabetic mice have demonstrated that mineralocorticoid
receptor blockade reduced expression of proinflammatory and prothrombotic factors in adipose
tissue and increased the expression of adiponectin in heart and adipose tissue, which is a
potential mechanism to protect against adipokines (42).

Human adipocytes produce an as-yet unidentified mineralocorticoid-releasing factor that
stimulates adrenal aldosterone production by means of paracrine or endocrine mechanisms
(43,44) (Figure 1). An epoxy-keto derivative of linoleic acid—a potent stimulator of
aldosterone production—is present in obese persons with increased levels of free fatty acids
(44), which suggests that oxidative stress drives the production of this aldosterone-stimulating
free fatty acid. Similarly, patients with primary hyperaldosteronism have low levels of
adiponectin, which is associated with reduced insulin sensitivity (45). Weight reduction
decreases plasma aldosterone levels and improves insulin sensitivity in both normotensive and
hypertensive patients (46,47), which is further evidence of the interrelationship between excess
aldosterone and fat tissue. Collectively, these effects suggest that obesity is associated with
increased aldosterone production and that elevated levels of aldosterone in turn promote
development of the metabolic syndrome.

Aldosterone Effects on Systemic Insulin Metabolic Signaling
Given the strong relationship between resistant hypertension and the metabolic syndrome, it
is interesting that nonepithelial cardiovascular tissues, including vascular smooth muscle cells,
cardiomyocytes, and fibroblasts, express mineralocorticoid receptors (5). Moreover,
aldosterone suppresses insulin metabolic signaling and glucose uptake in vascular smooth
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muscle cells (48). In recent studies, mineralocorticoid receptor blockade improved systemic
insulin sensitivity, insulin signaling, and skeletal muscle glucose uptake in a rodent model of
renin–angiotensin–aldosterone system activation and insulin resistance (30). This
improvement in insulin sensitivity was closely associated with decreases in skeletal muscle
NADPH oxidase activity, decreased levels of ROS, and improved mitochondrial structural
integrity.

Several other mechanisms of aldosterone-induced glucose intolerance have been suggested,
including effects of hypokalemia on pancreatic β-cell function, direct effects on insulin
receptors and signaling, stimulation of hepatic gluconeogenesis, effects on sodium-glucose
transport, and fibrosis-induced dysfunction in insulin-producing or insulin-sensitive tissues
(5,49,50). In studies demonstrating an association between aldosterone and lower pancreatic
β-cell mass, serum aldosterone level was inversely related to c-peptide levels and homeostasis
model assessment sensitivity (49). These abnormalities of β-cell function were largely
independent of serum potassium, which suggests that aldosterone was the cause of the negative
effects on β-cell function. Evidence now suggests that aldosterone exerts these detrimental
effects on β-cell structural and functional integrity by promoting islet cell inflammation and
oxidative stress (Figure 1) (50).

In summary, the role of aldosterone in promoting these multiple metabolic effects suggests
that mineralocorticoid receptor blockade, alone or in conjunction with ACE inhibitors or
angiotensin II receptor antagonists, can play a central role in the management of the resistant
hypertension that often accompanies the metabolic syndrome. Mineralocorticoid receptor
blockade improves insulin sensitivity, enhances endothelial-mediated relaxation, and
facilitates the management of chronic kidney disease and cardiovascular disease.

Aldosterone and The Cardiovascular System
In addition to its classic effects on renal handling of sodium and potassium and blood and
volume expansion, aldosterone mediates several maladaptive changes in the central nervous
and cardiovascular systems that promote resistant hypertension and cardiovascular disease
(Figure 1). Aldosterone, acting both directly and indirectly through potentiation of an
angiotensin II effect, impairs endothelium-dependent relaxation (5). This effect is associated
with increased NADPH oxidase activation and oxidative stress in the vessel wall, which
reduces bioavailability of nitric oxide. Mineralocorticoid receptor blockade improves nitric
oxide bioavailability and consequently enhances endothelium-dependent vasorelaxation (5,
10,51).

Aldosterone promotes vascular injury and its sequelae, collagen synthesis and fibrosis, which
increase arterial stiffness (5,10,51). Cross-talk between aldosterone and angiotensin II
augments these maladaptive changes. Both angiotensin II and aldosterone stimulate vascular
growth and remodeling, perhaps mediated through effects on serine kinase and ROS signaling.
Aldosterone upregulates angiotensin receptor 1, ACE activity, and growth signaling in vascular
cells (5,10,32,33,51). In addition, the blockade of both mineralocorticoid receptor and
angiotensin receptor 1 protects against generation of excess ROS and resultant vascular
remodeling (5,10,51).

Similarly to angiotensin II, aldosterone mediates endothelial dysfunction in animal models and
humans by means of rapid nongenomic effects (5,9,11). Aldosterone can also contribute to
abnormal cardiac remodeling, including fibrosis and perivascular inflammation (5,52). In
rodent models of excessive tissue angiotensin and aldosterone, mineralocorticoid receptor
blockade reduces cardiac inflammation, oxidative stress, fibrosis, remodeling, and hypertrophy
and improves diastolic function (51–53). Although the pathways have distinct stimuli
(angiotensin II or aldosterone), these beneficial effects of mineralocorticoid receptor blockade
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highlight the importance of NADPH oxidase and mitochondrial-mediated oxidative stress in
aldosterone-induced cardiovascular injury (51-53).

In summary, aldosterone has an important role in vascular pathobiology, as deduced from the
effects of mineralocorticoid receptor blockade, which reduces fibrosis and left venticular
hypertrophy and improves endothelial-mediated vasorelaxation and cardiac diastolic
relaxation (5,9,17).

Aldosterone and The Kidney
Aldosterone plays an important role in the development of renal disease of diverse causes,
including chronic kidney disease associated with obesity, diabetes, and hypertension (4,6,13,
54-55). Although the current standard of practice is to block the renin–angiotensin system with
an ACE inhibitor or an angiotensin II receptor antagonist to slow the progression of renal
disease, this strategy attenuates but does not prevent progression. At least 14 clinical
investigations (6) have now confirmed an incremental renal benefit when mineralocorticoid
receptor blockade is added to a regimen of ACE inhibitors or angiotensin II receptor
antagonists. Most (12 of 14) of these studies used spironolactone to promote mineralocorticoid
receptor blockade. Addition of either a selective or nonselective mineralocorticoid receptor
blocker to recommended therapies reduced albuminuria in patients with diabetes, chronic
kidney disease, nephropathy, or persistent microalbuminuria. For example, when eplerenone
was added to baseline ACE inhibitor therapy in diabetic patients, the combination markedly
reduced the urinary albumin–creatinine ratio (13). Recent studies (4,6) have extended these
observations, demonstrating that mineralocorticoid receptor blockade also attenuated the
decline of glomerular filtration rate in kidney disease in persons with the metabolic syndrome
and diabetes.

Several mechanisms may account for aldosterone's ability to promote fibrosis and target-organ
dysfunction in hypertensive or diabetic patients. As detailed in recent reviews (4-6), these
include stimulation of plasminogen activator inhibitor, transforming growth factor β1, and
ROS. Several lines of evidence (56) have focused on aldosterone's effects on the glomerular
podocyte. Aldosterone promotes loss of glomerular podocytes and a consequent decrease in
slit–pore membrane integrity, with consequent proteinuria (4,54-56). In addition, aldosterone
increases renal tubular and interstitial oxidative stress and inflammation, processes that
promote salt-induced tubuloglomerular injury, by means of rapid nongenomic effects (4).

Conclusion
The important role of aldosterone in the pathogenesis of the metabolic syndrome, resistant
hypertension, and associated cardiovascular and chronic kidney disease is increasingly
recognized. Overweight and obesity are conditions that stimulate adrenal production of
aldosterone, which in turn is associated with insulin resistance, the metabolic syndrome, and
an increased propensity for type 2 diabetes. Many of these adverse effects of aldosterone are
mediated through rapid-membrane actions of this hormone. Accumulating evidence shows that
therapy with mineralocorticoid receptor antagonists has considerable clinical utility in treating
resistant hypertension and preventing cardiovascular and chronic kidney disease in patients
with the metabolic syndrome and diabetes. Future investigative efforts should focus on further
delineation of the role of mineralocorticoid receptor blockade in the management of the
metabolic syndrome and resistant hypertension.
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Figure 1. Systemic effects of aldosterone on insulin sensitivity and hypertension
High salt intake, obesity, inactivity, and other environmental factors interact to activate the
renin–angiotensin–aldosterone system, with subsequent inflammation and oxidative stress that
drive maladaptive tissue responses. ACE = angiotensin-converting enzyme; ACTH =
adrenocorticotropic hormone; Aldo = aldosterone; Ang I = angiotensin I; Ang II = angiotensin
II; ASCVD = atherosclerotic cardiovascular disease; AT1 = angiotensin type 1 receptor; AT2
= angiotensin type 2 receptor; CAD = coronary artery disease; CHF = congestive heart failure;
CRH = corticotropin-releasing hormone; LVH = left ventricular hypertrophy; MR =
mineralocorticoid receptor; SNS = sympathetic nervous system.
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Figure 2. Inhibitory actions of aldosterone and angiotensin II on insulin metabolic signaling in
skeletal muscle
Aldosterone and angiotensin II mediate increases in inflammation and ROS that activate redox-
sensitive serine kinases and contribute to impaired insulin metabolic signaling. Aldosterone
and angiotensin II induce rapid maladaptive responses by stimulation of NADPH oxidase (step
1), thus generating ROS (step 2). An increase in ROS activates redox-sensitive serine kinase–
signaling molecules (step 3) (5,20-23). Reactive oxygen species–induced activation of these
serine kinases induces phosphorylation of the serine moities of the IRS-1 docking protein (step
4). This serine phosphorylation of IRS-1 lessens its engagement with phosphatidylinositol 3-
kinase (step 5), which leads to decreased activation of protein kinase B (step 6) and downstream
metabolic effects, such as impaired glucose transport (step 7). AKT = protein kinase B; Aldo
= aldosterone; AT = angiotensin; AT1R = angiotensin type 1 receptor; GLUT4 = glucose
transport 4; IR = insulin receptor; MR = mineralocorticoid receptor; Mit = mitochondria;
NADPH = nicotinamide ademine dinucleotide phosphate; P = phosphorus; PI3-K =
phosphatidylinositol 3-kinase; R = renin; ROS = reactive oxygen species; Ser K = serine kinase;
Tyr = tyrosine.
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