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Abstract

Aldosterone, the key hormone in the mineralocorticoid pathway, plays a fundamental role in salt
and water homeostasis, blood pressure regulation, and cardiovascular remodeling. Both genomic
and non-genomic mechanisms influence aldosterone-induced renal sodium reabsorption.
Furthermore, the mineralocorticoid receptor in non-epithelial tissues, including the heart and
vascular smooth muscle cells, have recently been discovered. Thus, aldosterone likely has
pleiotropic effects that contribute to the modulation of blood pressure. Among patients with
hypertension in general, and among those with more severe or resistant hypertension in particular,
a higher than expected prevalence of primary hyperaldosteronism is noted. Among individuals
with resistant hypertension, aldosterone antagonists have also been shown to be effective in
lowering blood pressure. Most significantly, recent community-based studies among non-
hypertensive individuals in the general population have demonstrated that both a higher serum
aldosterone concentrations and a higher aldosterone to renin ratio portend a greater risk of
developing hypertension. The combination of the aforementioned observations underscores the
importance of the mineralocorticoid pathway in the pathogenesis of hypertension.
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Introduction

Several million years ago as life forms moved from salt water to fresh water (fish) and
sequentially from an amphibious existence to predominantly terrestrial forms, there was
evolutionary pressure to evolve a mechanism for salt and water conservation. The
mineralocorticoid pathway and its prototype hormone, aldosterone, emerged as vital axes for
survival of several land forms, including Homo Sapiens [1s]. Our prehistoric ancestors were
hunter gatherers who ate a sodium-restricted potassium-enriched diet consisting of fruits and
vegetables [2]. Additionally, early humans faced obligatory sodium loss through sweating in
an arid environment and also a likelihood of devastating volume losses due to diarrheal
disorders or exsanguinating hemorrhage (due to child birth or injury). Thus, the evolution of
pathways for conserving sodium and water and excreting potassium was vital and the renin-
angiotensin-aldosterone system emerged as the much needed mechanism for survival. In
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more recent times, in acculturated societies that are salt replete, the same mineralocorticoid
pathway serves as double-edged sword with a propensity for elevating blood pressure and
contributing to the burden of hypertension [2,3]. In this review, we summarize the molecular
mechanisms that underlie aldosterone action and describe the multiple renal and
cardiovascular effects of the mineralocorticoid pathway. We review the epidemiology of
aldosterone and the aldosterone to renin ratio (ARR) in the community and their likely
contribution to the population burden of high blood pressure. We critique recent studies that
demonstrate a higher than previously believed prevalence of primary hyperaldosteronism
among hypertensive patients, note current recommendations for the diagnosis of the
condition, and underscore the use of aldosterone antagonists for treating resistant
hypertension.

Aldosterone, Mineralocorticoid Receptor, and Blood Pressure: Physiology
and Regulation

Aldosterone is produced by the adrenal zona glomerulosa cells in response to predominantly
three sets of stimuli: local and systemic angiotensin I, circulating adrenocorticotrophic
hormone, and serum potassium levels [4m]. All these three stimuli can have both acute and
chronic effects on aldosterone synthesis and release. Aldosterone synthesis itself involves an
acute phase regulated by a protein called StAR (steroidogenic acute regulatory protein) that
is needed for delivery of cholesterol within the zona glomerulosa cells to the inner
mitochondrial membrane; the stimuli noted above increase expression and phosphorylation
of StAR [4]. There is also a chronic phase of aldosterone secretion in the mitochondria that
involves several steroidogenic enzymes of which aldosterone synthase (CYP11B2) is the
rate limiting step [4].

Once secreted, aldosterone binds to the mineralocorticoid receptors (MR) in the epithelial
cells in the distal convoluted tubule and collecting duct of the nephrons [4, 5=, 6us]. By up-
regulating the basolateral sodium-potassium exchange pump, the epithelial sodium channels
(ENaC), and the outer medullary renal potassium channels, aldosterone promotes sodium
and water reabsorption and secretion of potassium into the tubular lumen [4,6ms].
Aldosterone mediates these effects both by genomic and nongenomic effects. The genomic
mechanisms increase the transcription of genes regulating these channels and the exchange
pump. The nongenomic effects are mediated either by intracellular receptors (G protein
coupled receptor 30) or via non-receptor second messenger pathways that can alter
intracellular ionic concentrations (including the sodium-hydrogen exchanger) [5um].

Recent studies have demonstrated that the physiological effects of aldosterone are not
limited to the MR on the renal epithelial cells [5=m,6ma]. Rather, MR are observed on several
non-epithelial cells including cardiomyocytes, cardiac fibroblasts and vascular smooth
muscle cells. Aldosterone elicits a fibrotic response in the myocardium, and a profibrotic,
hypertrophic and inflammatory response in the vasculature, where it also reduces nitric
oxide bioactivity thereby promoting endothelial dysfunction [S==]. Aldosterone influences
endothelial cell function adversely by causing the cells to swell and become stiff due to its
effect on the antioxidant enzyme glucose-6-phosphate dehydrogenase and epidermal growth
factor, by activating phospholipase C, and also by inhibiting the homing of endothelial
progenitor cells (see reference 5 for comprehensive review of mechanisms by which
aldosterone affects vascular structure and function) [5=a]. Thus, aldosterone not only
controls salt and water homeaostasis but it also influences vascular and cardiac remodeling
because of its powerful vasoconstrictor effect on blood vessels, by promoting a profibrotic
milieu in the myocardium and blood vessels, and by increasing oxidative stress and
inflammation in several of these tissues. Therefore, aldosterone contributes to target organ
damage involving the heart, kidneys and the brain, independent of its sodium retaining and
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blood pressure elevating effects. Aldosterone also has adverse metabolic sequelae; the
prevalence of the metabolic syndrome is reported to be higher in patients with primary
hyperaldosteronism compared to patients with primary hypertension with a similar
magnitude of blood pressure elevation [7]. Excess obesity has also been associated with
release of select adipokines that are potent stimulators of aldosterone secretion [8]. When
evaluating the systemic and cardiovascular effects of aldosterone, it is critical to take
circulating renin levels into account because aldosterone and renin can synergistically
contribute to the development of cardiovascular disease, including hypertension (see below).

Classically, MR-associated hypertension occurs in the context of higher than normal
aldosterone levels [6=a]. In this instance, plasma renin levels are typically low, resulting in
an elevated ARR. Classic examples include primary hyperaldosteronism (see below),
individuals with higher ARR without primary hyperaldosteronism, patients with
‘aldosterone escape’ in response to treatment with angiotensin-converting enzyme inhibitor
(ACE-I) or angiotensin Il receptor blocker (ARB), and people with obstructive sleep apnea
[6==]. Although not the focus of the current review (see reference 6 for a state-of-the-art
review of the mechanisms underlying MR-associated hypertension), it is important to note
that MR activation may occur without higher aldosterone levels (presumably due to binding
of other factors to MR, such as Rac-1) in the setting of obesity, diabetes, chronic kidney
disease or polycystic ovary syndrome resulting in salt-sensitive hypertension [6=a]. Thus,
increased MR gene transcription may occur in stroke, diabetes and chronic kidney disease
[6==]. An increase in sensitivity of the MR to aldosterone (within the normal range) may be
seen in conditions associated with oxidative stress. A greater stabilization of the MR
transcripts, as seen in .hyperglycemia, may also contribute to greater risk of hypertension
[6=a]. Last but not the least, excess salt intake in experimental models results in increased
expression of the small GTPase protein Rac-1, which in turn increases MR activity and
causes hypertension [Gun].

Epidemiology of Serum Aldosterone, ARR and Risk of HTN and
Cardiovascular Disease

Clinical correlates

Information regarding the genetic and clinical correlates of aldosterone and the aldosterone/
renin ratio (ARR) in the community is limited, especially among people without
hypertension. Kathiresan et al [9] reported a complex association between aldosterone and
standard cardiovascular risk factors. In this cross-sectional study, increasing plasma
aldosterone concentration was associated with female sex, increased total/HDL cholesterol,
and diuretic treatment. On the other hand, a lower aldosterone concentration was directly
associated with postmenopausal status (without hormone replacement therapy), a higher
urinary sodium, a higher pulse pressure, and prevalent CVD.

Other studies have focused on correlates of ARR in referral samples of individuals with
hypertension; in these reports (cited in reference 10) [10], ARR has been directly associated
with age, female sex, body mass index, total/high-density lipoprotein cholesterol, obesity,
postmenopausal status, blood pressure, hormone replacement therapy, white race, urinary
sodium excretion (a marker of dietary salt intake), posture, and time of day. Additionally,
increased ARR can be found in patients with hypertension with low renin and normal or
even low aldosterone levels. Newton-Cheh et al. reported on the correlates of ARR among
non-hypertensive individuals in the community [10]. The correlates of a higher ARR
included female sex, age, hypertension status, total/HDL cholesterol ratio, hormone
replacement therapy, and beta-blocker use. Additionally, Newton-Cheh et al [10] reported
an inverse association between ARR and ACE inhibitor and diuretic use. Both serum
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aldosterone and ARR are heritable phenotypes [9,10], underscoring the importance of
additive genetic effects to inter-individual variation in these traits in addition to
environmental factors noted above.

Serum Aldosterone and Hypertension Risk

Vasan et al [3] reported that among 1688 non-hypertensive individuals in the Framingham
Heart Study, variation in serum aldosterone levels influenced blood pressure tracking over a
4-year period. The investigators observed that rates of blood pressure progression (by more
than 1 JNC VI category) and hypertension incidence rose with increasing serum aldosterone
concentrations (Figure 1). In multivariable analyses, each quartile increment in serum
aldosterone within the normal range was associated with a 15% increased risk of blood
pressure progression and a 17% increased risk of hypertension. The top quartile of serum
aldosterone was associated with a 1.6-fold risk of blood pressure progression and risk of
hypertension relative to the lowest quartile. In a follow-up report [10] that focused on the
ARR, the Framingham investigators reported that higher ARR was associated with an
increased risk of BP progression and hypertension. The top ARR quartile was associated
with a 1.89-fold risk of BP progression and a 1.53-fold risk of hypertension compared to the
lowest ARR quartile [10].

Aldosterone and CVD Risk

The important role of renin-angiotensin-aldosterone system (RAAS) in the development of
cardiovascular disease among patients with hypertension has also been underscored by
several reports. Patients diagnosed with primary hyperaldosteronism have been reported to
experience higher rates of cardiovascular events and end organ damage than those with
primary hypertension (with comparable levels of blood pressure elevation) in several reports
[11].

More recently, Kisaka et al [12%] compared prognosis of hypertensive patients with a low
versus high ARR (defined as below versus above the 50t percentile of the sex-pooled ARR
value of 5.5, respectively). The investigators reported that patients in the high ARR group
had higher cardiovascular morbidity and overall mortality rates. Specifically, the incidence
of CVD events and stroke was higher in individuals in the high ARR group (compared to
those in the low ARR group) [12s]. Notably, those with a higher ARR had a 2.7-fold larger
incidence of stroke compared to those in the low ARR group [12s]. The addition of ARR in
a predictive model for CVD that included the Framingham Risk Score resulted in an
increase in model discrimination as quantified by the C statistic [12w]. Thus, this report
[12=] emphasizes that ARR is a key cardiovascular risk factor.

Primary hyperaldosteronism in hypertensive patients

It has been recognized for several decades (since the initial report by Conn in 1955) that
primary hyperaldosteronism is an important cause of secondary hypertension, being
typically characterized by high (or occasionally normal) aldosterone levels, suppressed renin
levels, and an elevated ARR. The underlying causes of primary hyperaldosteronism include
bilateral adrenal hyperplasia (in about 60% of cases), an aldosterone secreting adrenal
adenoma (a cause amenable to surgical treatment), and rarer forms such as glucocorticoid
remediable aldosteronism (GRA) and familial hyperaldosteronism Type I. A discussion of
the latter forms is beyond the scope of the present review; these entities are reviewed in
detail in references 13-15 [5, 13-15]. It is critical to consider the possibility of
hyperaldosteronism in a patient with a high pre-test probability of secondary hypertension
because [16=s]: hypertensive patients with hyperaldosteronism have worse cardiovascular
morbidity relative to those with essential hypertension, with rates of stroke and non-fatal
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myocardial infarction being 4-6 fold higher in the former compared to the latter [11]; the
former may be curable on occasion surgically (when due to an adenoma), thereby avoiding
lifelong antihypertensive treatment; and it may influence the choice of antihypertensive
treatment because patients with hyperaldosteronism respond better to MR blockers such as
spironolactone.

Whereas there is little dispute that hyperaldosteronism is an important etiologic factor to be
considered in patients with a high likelihood of secondary hypertension, the prevalence
estimates among hypertensive patients has varied considerably in the literature. Formerly it
was widely believed that primary hyperaldosteronism was quite infrequent among patients
with hypertension, constituting less than 2% of all cases (with a range of 0.5-2%). Recent
estimates have been considerably higher, in part because of the recognition that hypokalemia
is not always a concomitant of hyperaldosteronism, and also greater awareness and use of
the ARR for the diagnosis of the condition. More recent estimates suggest that the
prevalence of primary hyperaldosteronism may vary based on the sampling frame of
hypertensive patients and their severity of hypertension [17], and also the criteria used for
the diagnosis of the condition. Thus, a recent meta-analysis [17] estimated that the
prevalence of hyperaldosteronism is 4.3% among primary care patients with hypertension (8
studies), but higher among referred patients with hypertension in clinical centers (estimated
at 9%, based on 12 studies), and even higher among patients with refractory hypertension (in
whom prevalence may be as high as 15-20%) [18u=].

As noted above, the prevalence of primary hyperaldosteronism also varies based on the
specific biochemical criteria used to diagnose the condition. A high ARR has been widely
used to detect identifiable secondary causes of hypertension, due to the fact that primary
hyperaldosteronism has been known to be one of its most common causes. Yet, sole reliance
on the ARR typically overestimates the prevalence of hyperaldosteronism because of
various factors that can influence the ratio and impact its sensitivity and specificity for the
diagnosis of the condition [16,19]. Using data from the Study of Health in Pomerania
(SHIP) and the Cooperative Health Research in the Region of Augsburg (KORA) studies,
Hannemann et al [20m=] reported the prevalence of primary hyperaldosteronism among
patients with hypertension, according to the following three definitions: 1) increased ARR;
2) increased ARR and decreased plasma renin concentrations (PRC); and 3) increased ARR
with increased serum aldosterone and decreased PRC. The prevalence of primary
hyperaldosteronism using the aforementioned definitions are 5.9, 2.6, and 0.2% among
patients with hypertension who are not on antihypertensive medications, and 8.5, 4.9, and
0.5% among patients with hypertension who are on antihypertensive medications, for
definitions 1), 2), and 3), respectively [20ma]. Thus, if one uses very stringent criteria for the
diagnosis of primary hyperaldosteronism (all 3 conditions, i.e., increased ARR, elevated
aldosterone, and decreased PRC), the prevalence is much lower than that using less strict
criteria.

Recent guidelines from the Endocrine society [21] emphasize that in addition to estimation
of the ARR under standardized conditions, one of 4 confirmatory tests (oral sodium loading,
saline infusion, fludrocortisone suppression, and the captopril challenge test) be used to
establish a diagnosis of primary hyperaldosteronism, the choice of the confirmatory test in
part being determined by local expertise, costs, and laboratory practices [21]. Reference 21
reviews the approach to the diagnosis of primary hyperaldosteronism in detail [21].

Aldosterone, natriuretic peptides, and salt sensitivity

Increased dietary salt intake in the context of greater “salt sensitivity” has been associated
with higher incidence of cardiovascular disease and also cardiovascular target organ
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damage. More specifically, increased dietary salt intake imposed on a background of higher
circulating aldosterone levels, and lower blood N-terminal proatrial natriuretic peptide (NT-
ANP) is associated with “salt sensitivity” [22w]. Lieb et al [22m] investigated this premise
and reported a higher increase in blood pressure (both systolic and diastolic) among non-
hypertensive individuals who were “salt sensitive” (i.e., having a serum aldosterone > sex-
specific median and plasma NT-ANP< sex-specific median) when placed on a higher
sodium diet (i.e., > sex-specific median) as compared to others, which suggests that the
relative balance of aldosterone and NT-ANP may serve as a marker of salt sensitivity in the
community [22s].

Aldosterone and Resistant HTN

Several recent investigations have elegantly demonstrated the efficacy of spironolactone
treatment in individuals with high blood pressure refractory to conventional treatment
regimen [18=m 23mm], Of note, spironolactone is effective in lowering blood pressure in these
patients regardless of serum aldosterone levels. This topic has been extensively reviewed
elsewhere (see reference 18) [18=m], Potential explanations include the possibility that
aldosterone levels in the tissues may be pathogenic even though circulating levels are in a
‘normal’ range, and also the possibility that factors besides aldosterone may activate the MR
and raise BP (and spironolactone antagonizes the MR) [18mn].

Conclusions

Aldosterone is a fundamental regulator of blood volume and blood pressure. Aldosterone
also influences cardiac and vascular remodeling due to its profibrotic, hypertrophic and
prooxidant effects. Recent investigations have demonstrated that within the normal range
both a higher aldosterone level and a higher ARR serve as markers of future hypertension
risk. Some recent investigations have underscored a higher than previously thought
prevalence of primary hyperaldosteronism among hypertensive patients, especially in those
with more severe or resistant hypertension and in patients seen in hypertension clinics.
Recent guidelines from the Endocrine society [21] have proposed a systematic approach
towards the diagnosis of the condition using screening ARR and follow-up confirmatory
tests. It is likely that the mineralocorticoid pathway exhibits “cross-talk” with other
biochemical pathways and the balance of natriuretic and sodium retaining pathways may
determine salt sensitivity and propensity for developing high blood pressure.
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Figure 1.

Age- and sex-adjusted 4-year rates of blood pressure progression (increase of blood pressure
by =1 stage) and incidence of hypertension according to serum aldosterone quartiles. From
N Engl J Med, VVasan RS, Evans JC, Larson MG, Wilson PW, Meigs JB, Rifai N, Benjamin
EJ, Levy D, “Serum aldosterone and the incidence of hypertension in nonhypertensive
persons,” 351:33-41. Copyright © (2004) Massachusetts Medical Society. Reprinted with
permission from reference 3.
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