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INTRODUCTION 

Aldosterone is the main mineralocorticoid hormone 

secreted by the zona glomerulosa of the adrenal cortex, 

whose production is controlled by the Renin-Angiotensin 

System (RAS) and extracellular potassium, and to a 

lesser extent by Adrenocorticotropic Hormone 

(ACTH).
[1]

 Aldosterone exerts its effects through two 

main mechanisms: I) genomic mechanism (slow, long-

term effects), and non-genomic mechanism (fast, short-

term effects). The first mechanism mediates its effects 

through the activation of mineralocorticoid receptors, 

while the second mechanism does so through the 

activation of a membrane protein binding aldosterone 

with high affinity for aldosterone, GPR30 (G-protein–

coupled receptor 30). These two mechanisms work 

together to regulate blood pressure, electrolyte balance, 

and cardiovascular function, but excess aldosterone 

contributes to conditions like hypertension, heart failure, 

and fibrosis. Overproduction of aldosterone may result 

from increased activity of the renin-angiotensin system 

because of hypovolemia (as occurs in heart failure or 

ascites), or independent production of aldosterone by 

renin (as occurs in the broad spectrum of primary 

aldosteronism, varying from mild forms to overt primary 

aldosteronism).
[2]

 Beyond its well-known effects on renal 

tubular epithelium, aldosterone also plays a role in 

regulating various physiological and pathological 

processes in extrarenal organs. Over the past two 

decades, its role in vascular function and disease 

progression-particularly in conditions like hypertension, 

atherosclerosis, and heart failure, has become 

increasingly evident. The excessive activation of 

mineralocorticoid receptors is particularly associated 

with increased cardiovascular damage, contributing to a 

higher risk of cardiovascular events and mortality.
[3]

 

Several studies have consistently shown that aldosterone 

exerts an independent effect on blood pressure 

regulation, leading to various forms of cardiovascular 

damage. This includes left ventricular hypertrophy, 

fibrosis, vascular remodeling, and arterial stiffening, 

which have been observed in both animal models and 

human subjects.
[4]

 In a notable 2005 study by Milliez et 

al., the prevalence of stroke was found to be higher in 

124 patients with primary aldosteronism (PA) compared 

to 456 matched patients with essential hypertension 

(EH).
[5]

 Similarly, a study by Catena et al. in 2010 

compared 54 PA patients to 323 EH patients over a 7-

year follow-up period, revealing that PA patients had a 

greater incidence of stroke than their EH counterparts.  
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ABSTRACT 

Aldosterone, beyond its fundamental role in maintaining water, sodium, and potassium balance, significantly 

impacts cardiovascular physiology and pathology. Excess aldosterone contributes to endothelial dysfunction, 

promotes inflammatory cell infiltration, and accelerates the progression of atherosclerosis by increasing plaque 

instability, arterial stiffness, and calcification. At the cardiac level, it exacerbates inflammation, fibrosis, and 

myocardial hypertrophy. Clinically, elevated aldosterone levels correlate with a higher risk of cardiovascular 

events and mortality, particularly in conditions like primary aldosteronism, where its secretion is dysregulated 

relative to renin levels and sodium intake. Clinical studies indicate that mineralocorticoid receptor antagonists 

(MRAs) effectively lower cardiovascular mortality in individuals with heart failure with preserved ejection 

fraction, but the effects on myocardial infarction and atrial fibrillation remain less clear. In cases of primary 

aldosteronism, treatments like adrenalectomy or MRAs significantly reduce cardiovascular risks, including 

mortality and atrial fibrillation. This review compiles key preclinical and clinical research on the detrimental 

cardiovascular effects of aldosterone and the protective role of MRAs in managing cardiovascular disease and 

primary aldosteronism. 
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This review provides an overview of the underlying 

mechanisms by which aldosterone contributes to 

cardiovascular damage, from both preclinical and clinical 

perspectives. Additionally, we summarize key findings 

from major studies that have examined the role of 

mineralocorticoid receptor antagonists (MRAs) in the 

treatment and prevention of cardiovascular diseases. 

 

Adverse Effects of Aldosterone on Vascular System 

Aldosterone has been found to influence vascular 

function by regulating factors such as contractility, cell 

growth, and apoptosis. In animal studies, aldosterone's 

effects on endothelial cell (EC) growth and 

vasoregulatory activity were observed through the 

activation of G protein-coupled estrogen receptor 

(GPER) in rats.
[7]

 Additionally, aldosterone interacts with 

angiotensin II (Ang-II), promoting apoptosis in rat 

microvascular endothelial cells by increasing protein 

tyrosine phosphatase 1B (PTP1B) expression and 

inhibiting the PI3K/Akt pathway. In vitro research has 

also shown that aldosterone contributes to the synthesis 

of collagen and fibrosis in vascular smooth muscle cells 

(VSMCs) in mice.
[8]

 

 

Excessive aldosterone is widely recognized for causing 

increased arterial stiffness due to morphological and 

functional abnormalities of the vessel walls. Arterial 

stiffness refers to the decreased ability of arteries to 

expand, resulting from a combination of active stiffness, 

which is driven by the contraction of smooth muscle 

cells, and passive stiffness, which occurs due to changes 

in the structural components of the vascular wall.
[9]

 This 

includes changes such as increased carotid intima-media 

thickness (CIMT) and impaired endothelial function. 

Animal studies have shown that aldosterone enhances 

arterial stiffness by influencing both the active 

component, which is driven by smooth muscle 

contraction, and the passive component, resulting from 

changes in the structural properties of the vascular 

wall.
[10]

 Aldosterone directly increases active stiffness by 

enhancing vascular myogenic tone and promoting 

agonist-induced contraction. It also contributes to passive 

stiffness through significant changes in gene expression 

within the vascular tissue, as demonstrated in ex vivo 

studies of mouse aortas.
[9,10]

 

 

Aldosterone promotes oxidative stress, which leads to 

endothelial dysfunction, collagen remodeling, and 

reduced nitric oxide (NO) availability, all of which 

contribute to vascular stiffness and fibrosis. Endothelial 

dysfunction is one of the initial stages of vascular 

atherosclerosis, resulting from the impairment of nitric 

oxide (NO)-mediated vasodilation.
[11]

 Endothelial 

progenitor cells in circulation contribute to endothelial 

function by promoting repair and adjusting the balance 

of endothelial NO synthase (eNOS) activity.
[12]

 In 

individuals with primary aldosteronism (PA), the number 

of these progenitor cells is reduced compared to those 

with essential hypertension (EH), and their levels are 

inversely correlated with plasma aldosterone 

concentrations.
[13]

 Studies have shown that patients with 

primary aldosteronism (PA) exhibit higher CIMT and 

arterial stiffness compared to those with essential 

hypertension (EH), even when blood pressure levels are 

similar.
[14]

 

 

Moreover, aldosterone excess has been linked to 

impaired endothelial progenitor cell (EPC) function, 

including decreased vascular elasticity, proliferation, 

differentiation, and migration in PA patients. The loss of 

EPCs may contribute to increased aortic stiffness and 

vascular damage. Additionally, endothelial inflammation 

plays a role in the negative remodeling of cerebral blood 

vessels, making them less flexible and impairing their 

ability to dilate during a stroke.
[15]

 Notably, pronounced 

fibrosis in small resistance arteries has been observed in 

PA patients when compared to blood pressure matched 

EH patients.
[16] 

 

Adverse Effects of Aldosterone on the Heart 

Hypertensive conditions often lead to both structural and 

functional heart abnormalities.
[17]

 Around 14 to 35% of 

patients with Primary Aldosteronism (PA) face 

cardiovascular complications, including myocardial 

hypertrophy, myocardial fibrosis, coronary artery disease 

(CAD), heart failure (HF), and atrial fibrillation 

(AF).
[18,19,20]

 Furthermore, extensive research across 

different regions has shown that, among patients with 

hypertension of similar severity and duration, those with 

PA tend to experience more cardiovascular 

complications than those with essential hypertension.
[21]

 

Experimental and clinical studies have also demonstrated 

that cardiomyocytes and cardiac fibroblasts express 

mineralocorticoid receptors (MR), which have a strong 

affinity for aldosterone and can be activated by elevated 

levels of the hormone. The following discussion will 

focus on how aldosterone contributes to left ventricular 

hypertrophy (LVH), CAD, HF, and arrhythmias.
[6,22]

 

 

 Left Ventricular Hypertrophy 

In various clinical studies, it has been observed that 

cardiac remodeling processes, including left ventricular 

hypertrophy (LVH) and myocardial fibrosis, are more 

pronounced in patients with primary aldosteronism (PA) 

than in those with essential hypertension (EH). Left 

ventricular hypertrophy is the most prominent finding in 

patients with primary aldosteronism (PA), independent 

of blood pressure levels. It occurs up to twice as 

frequently in this patient group, as assessed by 

electrocardiogram (ECG) or echocardiography.
[5,23]

 

Under the influence of different stimuli, including 

aldosterone, changes occur in cardiomyocytes and non-

myocyte resident cells, which can lead to alterations in 

heart size, mass, geometry, and cardiac function, 

culminating in LV remodeling. The consequences of LV 

remodeling may include systolic or diastolic dysfunction 

of the left ventricle, progressing to heart failure, atrial 

fibrillation, and various life-threatening arrhythmias.
[24]

 

Animal studies have demonstrated that chronic 

elevations in aldosterone, coupled with high salt intake, 
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lead to a greater extent of left ventricular hypertrophy 

(LVH) and cardiac fibrosis.
[25]

 One key finding by 

Catena et al. was that urinary sodium excretion is linked 

to the degree of LV reverse remodeling following both 

medical and surgical treatments in PA patients.
[26]

 These 

studies underscore the significant role of dietary salt 

intake in LV remodeling processes, even after successful 

treatment of PA.  

 

The findings that confirm the hypertrophic effects of 

aldosterone on the myocardium are numerous, including 

those of Brilla et al.,
[27]

 who showed that aldosterone, 

through the increase of mRNA levels for α- and β-

myosin heavy chains, can directly stimulate hypertrophy 

of cardiomyocytes in rats. This occurs either through the 

activation of mineralocorticoid receptors (MR), 

extracellular signal-regulated kinase (ERK), c-Jun N-

terminal kinase, and protein kinase C-α.
[27]

 In the study 

conducted by Gros et al.,
[28]

 it was shown that 

aldosterone mediates the phosphorylation of the myosin 

light chain in a dose-dependent manner, which was 

inhibited by an MR antagonist and phosphatidylinositol 

3-kinase (PI3K) inhibition. Another finding is the 

increased level of the cytokine cardiotrophin-1 (CT-1) in 

the cardiomyocytes of rats with aldosterone infusion and 

high salt intake, which influences the increase in the 

expression of myosin light chain and skeletal α-actin, 

thereby improving the phosphorylation of the myosin 

light chain.
[29]

 Aldosterone has been found to induce left 

ventricular hypertrophy (LVH) in wild-type mice, 

whereas mice lacking cardiotrophin-1 (CT-1) exhibit 

resistance to LVH and fibrosis induced by 

aldosterone.
[29]

 In several clinical studies, it has been 

reported that in patients with PA, both the wall thickness 

and dimensions of the LV are increased, with greater 

average thickness of the interventricular septum and 

posterior wall compared to patients with EH.
[30,31]

 Other 

studies have shown that patients with PA had reduced 

diastolic function and increased LV wall thickness, 

independent of blood pressure values.
[32]

 In the study 

conducted by Chen et al., it was demonstrated that 

patients with PA not only have LV abnormalities but also 

right ventricular dysfunction.
[33]

  

 

 Coronary Artery Disease 

Coronary artery disease (CAD) in patients with 

hyperaldosteronism is not only result of aldosterone's 

damaging effect on blood vessels but also the role it 

plays in cardiovascular risk factors through various 

biochemical mechanisms. Elevated production of cardiac 

aldosterone has been linked to a higher risk of 

myocardial infarction (MI), and in turn, MI can increase 

aldosterone synthase mRNA (the final enzyme in 

aldosterone synthesis) and aldosterone levels in rats. 

Aldosterone has also been shown to induce a vascular 

inflammatory phenotype in the rat heart, significantly 

raising cyclooxygenase 2 (COX-2) levels in ventricular 

cardiomyocytes following MI. Furthermore, increased 

aldosterone levels have been shown to activate 

mineralocorticoid receptors (MR) in the brain, promoting 

apoptosis in both myocytes and nonmyocytes in the peri-

infarct and infarct regions post-MI, thus contributing to 

the inflammatory response.
[34]

 A large meta-analysis 

found that patients with PA have a 1.77-fold higher risk 

of coronary artery disease compared to those with EH.
[3]

 

The prevalence of coronary artery disease in patients 

with PA, including MI and angina, varies according to 

study characteristics and diagnostic criteria. Different 

epidemiological studies have concluded that patients 

with PA have a higher prevalence of CAD compared to 

patients with EH.
[6,20]

 Milliez et al., found that non-fatal 

myocardial infarction was diagnosed in 4.0% of 124 

patients with PA and 0.6% of 456 patients with EH.
[5]

 

Furthermore, a multicenter study conducted in Japan, 

which included 2,582 patients with PA, reported that the 

prevalence of coronary artery disease (which included 

MI and angina) was 9.4%.
[35]

 It has been observed that 

patients with PA and hypokalemia have a higher 

prevalence of ischemic heart disease compared to PA 

variants without hypokalemia.
[18]

 Individuals with PA, 

particularly those with unilateral subtype or a plasma 

aldosterone concentration of ≥125 pg/ml, face an 

increased risk of cardiovascular disease.
[35]

 

 

 Heart Failure 

Aldosterone plays a key role in the remodeling processes 

of the left ventricle, both in the presence and absence of 

ischemic events, increasing the risk of systolic and 

diastolic dysfunction, heart failure, and higher 

cardiovascular mortality. In myocardial infarction, the 

loss of cardiomyocytes exceeds the heart's regenerative 

capacity, leading to the replacement of normally 

functioning myocardial cells with fibrotic tissue, which 

causes post-infarction ventricular remodeling. 

Meanwhile, in the absence of ischemic heart disease, 

ventricular remodeling occurs due to hemodynamic 

overload and neurohormonal mechanisms, resulting in 

left ventricular hypertrophy and cardiac fibrosis.
[24]

 

 

In vitro studies have shown that aldosterone, in addition 

to stimulating collagen synthesis by fibroblasts,
[25]

 helps 

in cardiomyocyte hypertrophy,
[27]

 cardiac myofibroblast 

proliferation,
[36]

 and increased release of matrix 

metalloproteinases by cardiomyocytes through the 

MAPK (mitogen-activated protein kinases) cascade.
[36,37]

 

 

In studies with mice, it was found that aldosterone 

infusion is associated with perivascular and interstitial 

fibrosis. Aldosterone induces cardiac fibrosis through 

perivascular and interstitial fibrosis and by directly 

altering the deposition of the extracellular matrix.
[24]

  

 

A study published in The American Journal of 

Hypertension in 2009 reported that a French cohort of 

460 patients with PA had a greater frequency of heart 

failure (7.4% vs. 3.6%) compared to controls.
[38]

 

Additionally, a study published in the Journal of the 

American Heart Association in August 2023 investigated 

the cardiovascular impacts in patients with PA. The 

findings revealed that these patients face a higher risk of 
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developing coronary artery disease and heart failure 

compared to individuals with essential hypertension.
[39]

 

A recent study published in Hypertension in 2023 

explored the mortality rates of patients with PA in 

comparison to the general population. The study revealed 

that PA was associated with a higher risk of all-cause 

mortality, cardiovascular disease, and stroke. 

Specifically, 14.3% of patients with PA died during a 

median follow-up of 8.1 years, compared to 11.3% of the 

control group. These findings suggest that PA is 

connected to an increased risk of cardiovascular events, 

including heart failure.
[40]

 

 

 Arrhythmias 

Atrial fibrillation (AF) is a common arrhythmia that can 

occur in patients with primary aldosteronism (PA). 

Aldosterone creates a favorable environment for atrial 

fibrillation through its direct effects on cardiomyocytes 

by increasing cytosolic calcium load,
[41] 

via the activation 

of L-type and T-type calcium channels. The L-type 

channel, through the activation of the ryanodine receptor, 

increases Ca2+ in the cytosolic space, with its activity 

being further enhanced by MR receptor activation.
[42]

 

Rapid depolarizations increase intracellular calcium, MR 

expression, and aldosterone sensitivity in atrial 

cardiomyocytes, creating a positive feedback loop that 

fuels a vicious cycle, ultimately contributing to the 

development of AF.
[43]

 

 

The indirect mechanisms through which aldosterone 

favors the development of atrial fibrillation include a 

variety of cardiovascular changes, such as left atrial 

enlargement, increased blood pressure, and electrolyte 

imbalances (like hypokalemia). These factors create an 

environment that promotes atrial remodeling and 

increased susceptibility to arrhythmias like AF.
[44]

 

Several studies have found that patients with PA are at a 

higher risk for developing AF compared to those with 

essential hypertension. One of the mechanisms behind 

this is aldosterone’s effect on the heart's electrical 

system, which can lead to changes in atrial tissue and 

promote the development of AF.
[45]

 

 

Patients with PA were reported to have a 12-fold 

increased risk of AF compared to patients with essential 

hypertension.
[5]

 In a prospective study of hypertensive 

patients with AF, it was found that 42% had PA
[46]

, 

indicating that AF is a common clinical manifestation of 

PA.  

 

In patients with unilateral PA, adrenalectomy lowers the 

risk of developing AF to levels comparable to those 

observed in EH.
[47]

 However, individuals with PA who 

are treated with MRA continue to exhibit a higher risk of 

AF. When MRA therapy is adjusted to elevate renin 

levels, the risk of AF aligns more closely with that of 

patients with EH, emphasizing the need for careful 

management of MRA therapy.
[48]

 

 

 

CONCLUSIONS 

Excess aldosterone, particularly in conditions like 

primary aldosteronism (PA), plays a central role in the 

development and progression of various cardiovascular 

diseases, such as hypertension, coronary artery disease, 

heart failure, and atrial fibrillation. In clinical practice, 

elevated aldosterone levels are strongly associated with 

an increased risk of cardiovascular events, especially in 

PA patients. Interventions like adrenalectomy and 

mineralocorticoid receptor antagonists (MRAs) have 

demonstrated efficacy in reducing cardiovascular risks, 

including mortality and the development of atrial 

fibrillation. Given the increasing recognition of 

aldosterone's significant impact on cardiovascular health, 

early detection and targeted treatment of primary 

aldosteronism are crucial to mitigating the burden of 

cardiovascular diseases, particularly in high-risk 

populations. 

 

Future research should focus on the long-term effects of 

MRA therapy on cardiovascular morbidity and mortality 

in PA patients, as well as elucidating the mechanisms by 

which aldosterone contributes to arrhythmogenesis in 

atrial fibrillation. A more profound understanding of 

aldosterone’s cardiovascular effects will pave the way 

for the development of more effective prevention and 

management strategies, ultimately improving the quality 

of life for patients affected by these conditions. 
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