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Abstract
Accumulating evidence has indicated the potential contributions of aldosterone and mineralocorticoid receptor (MR) to the
pathophysiology of cardiovascular disease (CVD) and chronic kidney disease (CKD). Patients with primary aldosteronism
have a higher risk of CVD and CKD than those with essential hypertension. MR is strongly expressed in endothelial cells,
vascular smooth muscle cells, cardiomyocytes, fibroblasts, macrophages, glomerular mesangial cells, podocytes, and
proximal tubular cells. In these cardiovascular and renal cells, aldosterone-induced cell injury is prevented by MR blockade.
Interestingly, MR antagonists elicit beneficial effects on CVD and CKD in subjects with low or normal plasma aldosterone
levels. Recent studies have shown that during development of CVD and CKD, cardiovascular and renal MR is activated by
glucocorticoid and ligand-independent mechanisms, such as Rac1 signaling pathways. These data indicate that inappropriate
activation of local MR contributes to cardiovascular and renal tissue injury through aldosterone-dependent and -independent
mechanisms. In this review, recent findings on the specific role of cardiovascular and renal MR in the pathogenesis of CVD
and CKD are summarized.
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Introduction

Aldosterone regulates body fluid by activation of miner-
alocorticoid receptor (MR) in distal tubules and collecting
ducts [1, 2]. In addition to the effects of aldosterone on body
fluid homeostasis, accumulating evidence suggests that
aldosterone and MR contribute to the pathogenesis of car-
diovascular disease (CVD) and chronic kidney disease
(CKD). Patients with primary aldosteronism (PA) have a
higher incidence of cardiovascular complications and
albuminuria than do patients with essential hypertension [3–
5]. The Randomized Aldactone Evaluation Study showed
that adding spironolactone, a non-selective MR antagonist,
to standard therapy significantly reduced morbidity and
mortality in patients with moderate to severe heart failure

[6]. Similarly, adding the selective MR antagonist epler-
enone reduced morbidity and mortality in patients with
acute myocardial infarction complicated by left ventricular
dysfunction and heart failure [7]. Cardiovascular protective
effects of MR antagonists have also been reported in
patients with chronic dialysis [8]. This finding suggests that
these effects of MR antagonists are not mediated by their
effects on tubular function. Based on this evidence, many
national guideline groups have recommended MR antago-
nists in preference to other antihypertensive agents in
hypertensive patients with CVD [9–11]. Addition of MR
antagonists to inhibitors of the renin–angiotensin system
(RAS), such as angiotensin-converting enzyme inhibitors
and angiotensin II receptor blockers, reduces albuminuria in
patients with non-diabetic CKD [12] or type 2 diabetic
kidney disease [13]. However, the frequency and severity of
hyperkalemia are significantly increased by administration
of currently available steroidal MR antagonists (i.e., spir-
onolactone and eplerenone) [14]. Therefore, spironolactone
and eplerenone are widely recommended to be carefully
prescribed with closer monitoring, especially in patients
with CKD [15]. However, clinical trials are currently being
conducted to examine renoprotective effects of several non-
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steroidal MR blockers in patients with type 2 diabetic kid-
ney disease [16].

To achieve a reduction in risk of CVD and CKD, blood
pressure control is essential [17, 18]. In this regard, MR
antagonists are frequently effective in patients with PA and
in those without PA with resistant hypertension [19–21].
Additionally, a potential contribution of MR to insulin
resistance [22, 23] and sympathetic nerve activation [24] has
been indicated. These MR-induced systemic changes play a
critical role in the pathogenesis of CVD and CKD. However,
this review focuses on the specific role of locally expressed
MR in cardiovascular and renal tissues with particular
emphasis on their possible contributions to the pathophy-
siology of CVD and CKD. Detailed intracellular molecular
mechanisms of MR activation have been reviewed by other
authors [20, 21, 25, 26] and are not discussed here.

Possible mechanism of MR activation in CVD
and CKD

MR activation by inappropriately increased
aldosterone levels

Clinical studies have shown that plasma aldosterone levels
are significantly associated with the risks of CVD and CKD,
even when they do not meet the diagnostic criteria of PA
[20]. Interestingly, plasma aldosterone levels are also cor-
related with body mass index [27], suggesting a possible
relationship between aldosterone levels and obesity. Recent
studies have shown that several adipocyte-derived aldos-
terone release factors stimulate aldosterone secretion from
the adrenal gland [28, 29]. Therefore, patients with obesity
and CVD and CKD might show relatively high aldosterone
levels, which may further increase the risks of CVD and
CKD via MR activation.

High-risk patients with CVD and CKD are often treated
with an RAS inhibitor. Because angiotensin II induces
aldosterone release from the adrenal gland, treatment with
an RAS inhibitor should reduce plasma aldosterone levels
[1]. However, after long-term treatment with RAS inhibi-
tors, originally reduced plasma aldosterone levels return to
pretreatment levels again in certain patients [30]. This
phenomenon is called aldosterone breakthrough, which
attenuates myocardial- and renal-protective effects of RAS
inhibitors. In patients with CVD and CKD who show
aldosterone breakthrough, addition of an MR antagonist
significantly restores the organ-protective effects of RAS
inhibitors without changing blood pressure [31, 32]. These
data suggest that inappropriately elevated plasma aldoster-
one levels play a critical role in the pathogenesis of CVD
and CKD in high-risk patients who are treated with an RAS
inhibitor in the long term.

Aldosterone-independent MR activation

Beneficial effects of MR antagonists on CVD and CVD are
found in subjects with low or normal plasma aldosterone
levels [20, 33, 34]. Therefore, in some pathophysiological
conditions, MR might be activated by an aldosterone-
independent mechanism. These mechanisms could involve
increases in MR gene transcription, MR sensitivity, MR sta-
bilization, and/or MR stimulation by other factors, including
glucocorticoid and MR active mutation [20] (Fig. 1).

The affinity of MR is similar between aldosterone and
glucocorticoids, but plasma glucocorticoid levels are 1000
times greater than those of aldosterone [2, 20]. Although
11-hydroxysteroid dehydrogenase type 2 transforms glu-
cocorticoids into inactive metabolites [20], several studies
have indicated that physiological levels of glucocorticoids
activate MR under pathophysiological conditions [35].
Furthermore, glucocorticoids are increased in subjects with
obesity, diabetes, and inflammation [36]. This evidence
suggests that inappropriate activation of MR might be
induced by glucocorticoids during development of stressful
lifestyle-related diseases, such as contemporary CVD and
CKD (Fig. 1). Consistent with this hypothesis, we pre-
viously demonstrated that glucocorticoid-induced MR
activation mediates renal injury in high salt-treated adre-
nalectomized rats [37].

A recent study showed that Rac1 activates MR in a
ligand-dependent and -independent manner [21, 38]
(Fig. 1). Rac1 is activated by several factors, including
cytokines [39], mechanical stress [40], dietary high-salt
intake [41] and oxidative stress [42], all of which are risk
factors of CVD and CKD. Therefore, during the develop-
ment of CVD and CKD, MR is activated by Rac1-
dependent pathways, which further increases the risk of
CVD and CKD.

Specific role of MR in the pathogenesis of
CVD

MR is expressed in several cardiovascular cell types, such
as cardiomyocytes, endothelial cells, fibroblasts, and vas-
cular smooth muscle cells (VSMCs). Selective deletion or
overexpression of MR in different cells has been performed
to clarify the specific roles of MR in each cell, as described
below.

Specific role of MR in cardiomyocytes and
fibroblasts

To determine the specific role of MR in cardiomyocytes, a
transgenic mouse model with conditional cardiomyocyte-
specific overexpression of human MR was generated.
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Interestingly, overexpression of human MR in cardiomyo-
cyte induced severe arrhythmias and a high rate of death by
ion channel remodeling, whereas myocardial fibrosis and
inflammation were not observed [43]. Furthermore,
cardiomyocyte-specific overexpression of human MR
impairs the nitric oxide-dependent relaxing response in the
coronary artery by an increase in myocardial oxidative
stress [44]. These findings suggest the specific contribution
of cardiomyocyte MR to arrhythmia and coronary dys-
function. This raises the possibility that effects of MR

antagonists on sudden death are mediated by their
protective effect on arrhythmia and coronary dysfunction
(Fig. 2).

Further studies using cardiomyocyte-specific MR
knockout (KO) mice showed that specific deletion of car-
diomyocyte MR improved left ventricular (LV) dysfunction
after transverse aortic constriction [45]. Similarly, cardiac
remodeling after myocardial infarction was attenuated in
cardiomyocyte-specific MR-KO mice [46]. Interestingly,
these mice showed no changes in cardiac hypertrophy.

Fig. 2 Specific role of MR in the
pathogenesis of CVD. Locally
expressed MR in
cardiomyocytes, endothelial
cells, fibroblasts, and vascular
smooth muscle cells (VSMCs) is
individually involved in the
pathogenesis of CVD

Fig. 1 Possible mechanism of
mineralocorticoid receptor (MR)
activation in cardiovascular
disease (CVD) and chronic
kidney disease (CKD). MR is
activated by an aldosterone-
independent mechanism.
Recently, the role of Rac1 in
ligand-dependent and
-independent MR activation has
been highlighted. RAS
renin–angiotensin system,
ACTH adrenocorticotropic
hormone
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These data are inconsistent with previous in vitro studies,
which showed that aldosterone-induced myocyte hyper-
trophy was blocked by spironolactone [47]. Moreover,
inducible knock-down of MR attenuated cardiac hyper-
trophy [48]. Further studies are required to clarify the role
of MR in myocardial hypertrophy during progression of
CVD (Fig. 2).

Specific deletion of MR in cardiomyocytes does not alter
cardiac fibrosis after transverse aortic constriction [45].
However, cardiomyocyte-specific MR-KO mice showed
less inflammatory cell infiltration and fibrosis when induced
by deoxycorticosterone (DOCA) and salt [49]. Specific
deletion of MR in macrophages improves vascular remo-
deling [50] and myocardial fibrosis [51, 52]. Importantly,
MR deletion in macrophages reduces cardiac inflammation
and fibrosis without changing infiltrating macrophage cell
numbers in the heart [51, 52]. These data indicate that MR
in macrophages plays a central role in cardiac fibrosis.
Detailed mechanisms responsible for activation of MR in
macrophages are well summarized in other review articles
[53, 54] and not discussed here. Notably, specific deletion
of MR in fibroblasts did not change cardiac fibrosis after
transverse aortic constriction [45], suggesting no contribu-
tion of MR in myocardial fibroblasts to cardiac fibrosis
(Fig. 2).

Nagase et al. [42] have shown that oxidative stress
activates MR in cardiomyocytes by the ligand-independent
Rac1-dependent pathway. Recently, Ayuzawa et al. [55]
showed that heterozygous deletion of Rac1 in cardiomyo-
cytes reduces myocardial MR signaling. This was asso-
ciated with attenuation of transverse aortic constriction-
induced oxidative stress and cardiac dysfunction. Because
treatment with an MR antagonist also improved transverse
aortic constriction-induced cardiac dysfunction, the authors
concluded that oxidative stress-stimulated Rac1 plays a role
in myocardial dysfunction through MR activation. How-
ever, these studies also showed that cardiac hypertrophy
was attenuated by heterozygous deletion of Rac1 in cardi-
omyocytes. As described above, transverse aortic
constriction-induced cardiac hypertrophy was not changed
by specific deletion of MR in cardiomyocytes [45, 46]. This
finding suggests that effects of cardiomyocyte-specific Rac1
deletion on cardiac hypertrophy may be mediated by an
MR-independent mechanism.

Specific role of MR in endothelial cells and VSMCs

The finding that MR is expressed in the vasculature (i.e.,
endothelial cells and VSMCs) raises the question of its role
in vascular function and injury. Nguyen Dinh Cat et al. [56]
generated a transgenic mouse model with conditional
endothelial cell-specific overexpression of human MR.
They found increased contractile response of resistance

arteries in the absence of vascular morphological changes.
These mice also showed mild hypertension and acute blood
pressure elevation in response to angiotensin II and
endothelin-1 infusion. These findings suggest that MR
activation in endothelium increases blood pressure inde-
pendent of tubular effects of MR.

Specific deletion of MR in endothelial cells attenuates
Western diet (high fat and high sucrose)-induced endo-
thelial dysfunction, as well as vascular remodeling [57].
Similarly, coronary arterioles of endothelial cell-specific
MR-KO mice show decreased constriction to endothelin-1
and thromboxane [58]. Therefore, improvement of cor-
onary function by MR blockade might contribute to the
beneficial effect on myocardial function during develop-
ment of CVD.

However, a direct role of MR in endothelial cells in
myocardial function and remodeling is still controversial.
Lother et al. [59] reported that specific deletion of endo-
thelial MR significantly improved DOCA/salt-induced car-
diac hypertrophy and fibrotic changes without a change in
blood pressure. This was associated with preventing upre-
gulation of vascular cell adhesion molecular 1 gene
expression. In contrast, Salvador et al. [60] showed that
specific deletion of MR in endothelial cells preserved sys-
tolic function, but did not improve cardiac hypertrophy and
inflammation induced by pressure overload with transverse
aortic constriction. Jia et al. [61] also showed that cardiac
stiffness and diastolic function induced by a Western diet
was prevented by specific deletion of MR in endothelial
cells. Importantly, those three studies used mice that had a
Cre recombinase transgene driven by the endothelial cell-
specific cadherin 5 promotor. Therefore, possible deletion
of MR in leukocytes, as used with the Tie2 promotor, is not
likely. Although the specific role of endothelial MR in CVD
is unclear, available experimental findings support the
hypothesis that during development of CVD, blockade of
MR in endothelial cells elicits cardioprotective effects
through multiple mechanisms.

Conditional inactivation of MR in VSMCs attenuates
age-dependent development of hypertension with improved
vascular dysfunction in mice [62]. Similarly, in vascular
injury models, attenuation of vascular dysfunction, stiff-
ness, and remodeling were observed in VSMC-specific MR-
KO mice [63]. Recently, Gueret et al. [64] showed that
specific deletion of MR in VSMCs significantly improved
LV function and remodeling after myocardial infarction in
association with preserved coronary reserve. The authors
also suggested that these effects of VSMC MR inhibition
are mediated by improvement of coronary endothelial
function via reduction in oxidative stress. Therefore,
blocking not only endothelial MR, but also VSMC MR to
protect coronary arteries during development of CVD, is
important.
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Specific role of MR in the pathogenesis of
CKD

The kidney consists of many different cells, such as endo-
thelial cells, VSMCs, glomerular mesangial cells, podo-
cytes, proximal tubular cells, distal tubular cells, collecting
duct cells, and interstitial fibroblasts. Unfortunately,
experimental data with selective deletion or overexpression
of MR in these renal cells have been limited. Therefore, the
specific role of MR in each renal cell can be speculated
based on available data with cell culture and pharmacolo-
gical experiments.

Specific role of MR in renal vascular and glomerular
cells

Acute infusion of neither aldosterone nor an MR antago-
nist changed renal blood flow in anesthetized rats [2].
However, in vitro studies have shown that aldosterone
selectively constricts efferent arterioles through non-
genomic pathways [65]. In line with these data, specific
deletion of VSMC MR attenuates ciclosporin A-induced
renal vasoconstriction and associated acute renal injury
[66]. Similarly, specific deletion of MR and Rac1 in
VSMCs attenuates acute renal injury after
ischemia–reperfusion [67]. These data indicate that spe-
cific blockade of renal VSMC MR is a potential ther-
apeutic target for preventing acute renal injury (Fig. 3).
However, a previous study showed that specific deletion of
MR in endothelial cells did not change ciclosporin A-
induced nephrotoxicity [66] and DOCA/salt-induced glo-
merular injury [59]. Therefore, there is no evidence that

indicates a specific role of renal endothelial MR in renal
injury.

Although MR is abundantly expressed in glomerular
mesangial cells [68], specific deletion of mesangial MR has
not been successful. This is because of unavailability of the
Cre recombinase transgene driven by mesangial-specific
genes. However, in vitro studies have shown that aldoster-
one induces mesangial cell proliferation [68], myofibro-
blastic transdifferentiation [69], apoptosis [70], and
oxidative stress [71], all of which are mediated by locally
expressed MR. These data suggest that MR blockade serves
as a potential therapeutic approach to mesangial pro-
liferative disease (Fig. 3). Detailed molecular mechanisms
responsible for MR-induced mesangial cell injury have been
reviewed previously [72].

Fujita and colleagues [73, 74] have proposed that MR is
expressed in glomerular podocytes and plays a critical role in
the pathogenesis of proteinuria during the development of
salt-dependent hypertension and metabolic syndrome. These
authors have also demonstrated that MR in podocytes is
activated through the Rac1-dependent signaling pathway in a
ligand-independent manner [21, 41, 74]. However, Huang
et al. [75] showed that specific deletion of MR in podocytes
did not affect proteinuria and renal injury in mice with anti-
glomerular basement membrane glomerulonephritis. Because
eplerenone also did not improve proteinuria and renal injury
in this model, MR in podocytes may not play a role in the
pathogenesis of glomerulonephritis. Collectively, these stu-
dies suggest that selective blockade of MR in podocytes
causes a reduction in proteinuria and has a renoprotective
effect in subjects with lifestyle-related disease, such as salt-
dependent hypertension, diabetes and metabolic syndrome

Fig. 3 Specific role of MR in the
pathogenesis of CKD. Locally
expressed MR in endothelial
cells, VSMCs, glomerular
mesangial cells, podocytes,
proximal tubular cells, distal
tubular cells, collecting duct
cells, and interstitial fibroblasts
is individually involved in the
pathogenesis of CKD. AKI
acute kidney injury, I/R
ischemic-reperfusion injury,
LPS lipopolysaccharide
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[21] (Fig. 3). However, this blockade does not affect glo-
merulonephritis, which is an autoimmune disease [75].

Specific role of MR in other renal cells

Huang et al. [75] showed that specific deletion of MR in
macrophages leads to protective effects against inflamma-
tion and glomerular injury similar to eplerenone in mice
with anti-glomerular basement membrane glomerulone-
phritis. Furthermore, macrophage-specific RacGTPase-KO
attenuates renal inflammation induced by lipopolysacchar-
ide [76]. These data suggest that MR in macrophages plays
a critical role in the pathophysiology of renal inflammation.
Beneficial effects of MR antagonists on renal inflammatory
changes may be mediated through its blockade of MR in
macrophages, at least in part (Fig. 3).

In cultured proximal tubular cells, aldosterone induces
epithelial mesenchymal transition [77] and senescence [78,
79] by activation of MR. Furthermore, aldosterone induces
collagen synthesis by activation of MR in cultured renal
fibroblasts [80]. These data suggest possible contributions
of MR in proximal tubular cells and fibroblasts to pro-
gression of tubulointerstitial injury. However, further
experiments with selective deletion or overexpression of
MR in these renal cells are required to determine the precise
mechanism (Fig. 3).

Conclusions

Locally expressed MR in cardiovascular and renal cells is
activated by aldosterone-dependent and -independent
mechanisms, and individually contributes to the pathogen-
esis of CVD and CKD. However, beneficial physiological
role of MR in cardiovascular and renal non-epithelial cells
are not clear. Therefore, understanding the pathophysiolo-
gical role of MR in all cardiovascular and renal cells is
important. Specific MR blockade can be considered by
using available steroidal MR antagonists (spironolactone
and eplerenone), emerging non-steroidal MR blockers, and/
or combination therapies with other therapeutics.
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