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Current evidence reveals that cardiac mineralocorticoid receptor (MR) activation following

myocardial stretch plays an important physiological role in adapting developed force

to sudden changes in hemodynamic conditions. Its underlying mechanism involves a

previously unknown nongenomic effect of the MR that triggers redox-mediated Na+/H+

exchanger (NHE1) activation, intracellular Na+ accumulation, and a consequent increase

in Ca2+ transient amplitude through reverse Na+/Ca2+ exchange. However, clinical

evidence assigns a detrimental role to MR activation in the pathogenesis of severe

cardiac diseases such as congestive heart failure. This mini review is meant to present

and briefly discuss some recent discoveries about locally triggered cardiac MR signals

with the objective of shedding some light on its physiological but potentially pathological

consequences in the heart.
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INTRODUCTION

Mineralocorticoids are steroid hormones mainly involved in electrolyte/water balance regulation.
Aldosterone (ALD) is the main hormone in this group. It is synthesized in the zona glomerulosa
of the adrenal gland cortex by the action of P-450 ALD-synthase from 11-deoxycorticosterone
through a process mainly controlled by angiotensin II (AngII) and potassium. The effects of ALD
on extracellular fluid volume regulation and sodium/potassium homeostasis result from activation
of cytosolic mineralocorticoid receptor (MR) on polarized epithelia of kidney distal nephron,
salivary and sweat glands, and colon. Once activated, MR translocates to the nucleus and operates
as a ligand-dependent transcription factor, mediating classic genomic effects. Interestingly, rapid
nongenomic actions of ALD, probably linked to the plasmamembraneMR subpopulation (1), have
been demonstrated (2–5). As with other steroid hormone receptors, nongenomic MR signaling
relies on crosstalk with other signaling cascades among which epidermal growth factor receptor
(EGFR) transactivation plays a prominent role (4–6). Remarkably, constitutive colocalization
of MR and EGFR at the plasma membrane was proved in a heterologous expression system
(7). Figures 1A–C schematically summarizes hypothetical signaling pathways for MR activation–
dependent effects.
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It seems reasonable to imagine that the impact of ALD
on cardiovascular systems may arise from its effects on
electrolyte/water balance. However, the striking salutary effects
of MR antagonism in heart failure (HF) patients (11–18) invite
to consider that local MR actions may play a role in the
progression of this pathology. Although the myocardium has no-
or extremely low levels of ALD synthase and 11β-OHase, making
mineralocorticoid synthesis very unlikely, hormone content in
the heart tissue suggests that it could be synthesized and/or up-
taken by cardiac cells (19, 20). Interestingly, significant amounts
of ALDwere detected in 30% of adrenalectomized rat hearts (20).
This review was conceived to present/discuss evidence suggesting
locally triggered cardiac MR signals with the aim of shedding
light on its role in physiology and pathophysiology.

THE MINERALOCORTICOID RECEPTOR

The MR is a member of the steroid/thyroid hormone receptor
superfamily of ligand-inducible transcription factors, which also
includes the glucocorticoid receptor (GR). Although increased
ALD concentration constitutes the best-recognized stimulus for
MR activation, it can also be stimulated under normal or even
low ALD. Furthermore, it has high affinity for ALD and also
for cortisol and 11-deoxycorticosterone (21). The latter is a
relevant issue because the circulating glucocorticoid level is at
least two orders of magnitude greater than ALD, determining
that MRs are usually occupied although not activated by
glucocorticoids (Figure 1D). In epithelial ALD-target cells, high
expression of 11β-hydroxysteroid dehydrogenase (11βHSD2)
facilitates ALD occupancy/activation of the MR by converting
active glucocorticoids (cortisol) into receptor-inactive 11-keto
analogs (cortisone, Figure 1E). In nonepithelial tissues, such
as the myocardium, expression of 11βHSD2 is extremely low
to prevent MR occupancy by cortisol, being the mechanism
of MR activation by ALD certainly unknown. Interestingly,
under pathologic conditions of increased oxidative stress,
glucocorticoids can activate the MR (Figure 1F) (22). In this
context, ALD-independent MR activation mechanisms might
be considered: (1) glucocorticoid-mediated MR activation,
especially under conditions of enhanced reactive oxygen species
(ROS) (22), (2) ligand-independent (Rac1-dependent) MR
activation (23), (3) direct MR phosphorylation independent of
its own ligand as proposed for estrogen receptors (24), and (4)
specific strain-induced conformational changes as proposed for
AT1 receptor activation by mechanical stretch (25).

THE NHE1

The NHE1 is the predominant NHE isoform in cardiac tissue.
This acid-extruding integral membrane protein mediates the
electroneutral transport exchange of one intracellular H+ for one
extracellular Na+, being the main responsibility of intracellular
pH (pHi) regulation in the myocardium. It possesses high
sensitivity to changes in pHi by allosterically sensing H+ and
also to phosphorylation or interaction with associated proteins
that modulate its activity (26). Its membrane domain (∼500
amino acids) is related to ion transport, and a cytosolic

tail (∼315 amino acids) contains phosphorylation sites for
different protein kinases (26). The NHE1 is constitutively
phosphorylated in resting cells, a property that, in combination
with its precise H+ sensing capability, guarantees its important
housekeeping basal function. However, further phosphorylation
may be induced by several stimuli, including factors involved
in the development of severe cardiac diseases (26–28). For
the objective of this review, it is important to highlight that
ALD is able to stimulate the NHE1 through a nongenomic
pathway as reported many years ago by Alzamora et al.
(2) and Michea et al. (3) in different arteries. Interestingly,
Alzamora et al. also show that inhibition of 11βHSD by
carbenoxolone allowed cortisol to stimulate the NHE1. This
important finding reveals that 11βHSD activity is also important
in the context of rapid ALD actions, adding more interest to
the regulation of NHE1 by mineralocorticoids/glucocorticoids,
an issue that certainly deserves further investigation. In cardiac
tissue, our own laboratory demonstrated that ALD triggers NHE1
stimulation also through a nongenomic pathway, an effect that
requires EGFR transactivation (4, 5). Previous studies show that
ALD upregulates NHE1 expression and function (27, 29, 30),
an effect that promotes cell growth in neonatal ventricular
cardiomyocytes (27). On the other hand, experiments by
Fujisawa et al. (31) demonstrate a link between NHE1 activation
and mineralocorticoid/salt-induced cardiac hypertrophy and
fibrosis because both pathologic manifestations are prevented
by specific exchanger inhibition. Contemporarily, experiments
by Young and Funder (32) in the same model suggest that
cardiac fibrosis may involve coronary vascular smooth muscle
cell NHE1 activation.

In summary, two different scenarios involve NHE1 activity:
Although basal NHE1 activity is crucial to maintaining cell
homeostatic equilibrium, an enhanced exchanger activity would
certainly lead to cardiac disease.

CARDIAC MR ACTIVATION BY STRETCH,
NHE1 ACTIVATION, AND SLOW FORCE
RESPONSE

Increased left ventricular end-diastolic volume caused either
by increasing aortic resistance or venous return stretches the
ventricular wall and immediately leads to a more powerful
contraction. This adaptive response occurs in two consecutive
phases: the immediate Frank-Starling mechanism attributed
to enhanced myofilament Ca2+ responsiveness, followed by
a gradual increase in force called “slow force response” to
stretch (SFR), due to an increase in Ca2+ transient amplitude,
and accounting for ∼20% of total increase in force. Ex vivo
studies in isolated papillary muscles isometrically contracting
serve to describe a complex signaling cascade underlying the
SFR, in which stretch-triggered NHE1 activation is crucial. The
NHE1 could potentially increase force by two mechanisms:
an increase in pHi that would increase myofilament Ca2+

sensitivity and/or an increase in intracellular Na+ leading to
Ca2+ increase. We have described a mechanism that comprises
a sequential activation of receptors (AT1, ETA, MR, and EGFR)
leading to redox-mediated NHE1 stimulation, which increases
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FIGURE 1 | Hypothetical alternative pathways for MR activation-dependent effects: (A) classical cytosolic MR linked to genomic response; (B) membrane bound MR

transactivating EGFR for nongenomic response coexisting with cytosolic MR; (C) cytosolic MR triggering both genomic and nongenomic responses. Experimental

evidence suggests that rapid nongenomic effects would involve a subpopulation of MR located in the plasma membrane (1, 8, 9) as shown in (B). Furthermore, as

with other steroid hormone receptors, nongenomic MR signaling relies on crosstalk with other signaling cascades, among which EGFR transactivation seems to be of

importance (4–6, 10). (D–F) Possible MR occupation by ALD or cortisol under different conditions. In the absence of 11βHSD2 (D), cortisol occupies but does not

activate the MR. The presence of 11βHSD2 converts cortisol into cortisone allowing ALD occupancy/activation of the MR (E). Interestingly, pathologic oxidative stress

facilitates occupancy/activation of the MR by cortisol (F).

intracellular Na+, and thus Ca2+ transient amplitude through
reverse Na+/Ca2+ exchange. The scheme of Figure 2 summarizes
this sequence. Interestingly, although activation of the NHE1
is critical, pHi does not play a role because of simultaneous
activation of the acidifying Cl−/HCO−

3 anion exchanger by
endothelin (33–35), which compensates the rise in pHi but not
in Na+, leading to Ca2+ increase.

The demonstration that MR activation is crucial to increase
mitochondrial ROS, leading to SFR development (4, 36, 37)
appears to be particularly relevant given its potential clinical
implications. Previous evidence guided us to explore the
possible MR activation following stretch: (1) the recognized
link between AT1 receptor activation and ALD (1, 38) and
(2) the fact that EGFR transactivation [crucial for the SFR
(39, 40)] can be triggered by MR activation (1, 7, 41). We
have demonstrated cancellation of the SFR by MR blockade
either pharmacologically (4) or by specific silencing of its
expression (37) but not by glucocorticoid antagonism or
protein synthesis inhibition (4). These results prove that
activated MR is essential to modulate cardiac force response
to stretch through a previously undescribed nongenomic effect
that involves ROS-mediated NHE1 activation. Unfortunately,
whether locally produced ALD participates in this mechanism
remains unknown.

MINERALOCORTICOID RECEPTOR
ACTIVATION AND HEART FAILURE

HF is a chronic progressive condition in which the heart is unable
to pump enough blood to meet organ/tissue requirements. It
constitutes one of the most important global health problems.
Current treatment is primarily based on inhibition of hormones,
mainly AngII, ALD, and catecholamines. The pathophysiological
role of ALD in cardiovascular disease has been classically
attributed to sodium/water retention and hypertension due
to MR activation in renal tubular cells. However, growing
evidence suggests that local MR activation in the cardiovascular
system may play a role. Although positive correlation between
plasma ALD and cardiovascular damage has been described
(42), complete inhibition of vascular angiotensin-converting
enzyme in HF patients did not normalize plasma ALD (43).
Furthermore, combining this treatment with AT1 antagonism
only transiently reduced plasma ALD, suggesting the existence of
AngII-independent production of ALD (44). This phenomenon
called “ALD escape” provides a rationale to suggest direct
MR inactivation instead of AngII blockade to improve HF
treatment. In fact, several studies demonstrate striking beneficial
effects of MR antagonism in HF patients (11–18). However, the
mechanism underlying this action is still rather unknown.
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FIGURE 2 | Schematized sequence of events triggered by myocardial stretch (from “1” to “9”) leading to the SFR and eventually to cardiac hypertrophy and failure.

The mechanism begins with the activation of AngII (AT1) receptors by the mechanical stimulus and is followed by a sequential activation of endothelin,

mineralocorticoid, and epidermal growth factor receptors (ETA, MR, and EGFR, respectively). Downstream of EGFR, a small amount of ROS triggers a greater

production/release of ROS from the mitochondria, which, in turn, leads to NHE1 stimulation through redox-sensitive kinases. NHE1 activation increases intracellular

Na+ and, thus, Ca2+ transient amplitude through reverse Na+/Ca2+ exchange (NCXrev), leading to the SFR (represented by a typical original force record from an

isolated papillary muscle suddenly stretched). Interestingly, NHE1 activation does not modify intracellular pH because of the simultaneous activation of the acidifying

Cl−/HCO−

3 anion exchanger (AE) by endothelin. The idea is that this sequence of events serves in vivo to adapt cardiac force to sudden changes in hemodynamic

conditions but also may conceivably lead to cardiac hypertrophy and failure if the mechanical stimulus persist on time (e.g., under conditions of arterial hypertension).

The first MR antagonist accepted for clinical use ∼60 years
ago was spironolactone. Beyond some tolerability problems, it
was approved for the Randomized Aldactone Evaluation Study
(RALES) clinical trial in patients with severe HF (Class III-
IV NYHA). This study was terminated prematurely due to
an interim analysis revealing ∼30% reduction in relative risk
of death in spironolactone-treated patients together with an
impressive reduction in hospitalization for cardiac reasons (11).
Afterward, the more specific MR antagonist “eplerenone” was
developed and clinically tested in the Eplerenone Post-Acute
Myocardial Infarction Heart Failure Efficacy and Survival Study
(EPHESUS), which recruited patients with acute myocardial
infarction and left ventricular systolic dysfunction. The results
showed ∼15% reduction in all-cause mortality and ∼21 %
decrease in sudden cardiac death (12). The more recent
Eplerenone in Mild Patients Hospitalization and Survival Study
in Heart Failure (EMPHASIS-HF) was carried out on patients

with less severe HF (class II-III NYHA) (13). Once again, the
study was stopped early after a median follow-up of 21 months
due to the remarkable reduction in the risk of cardiovascular
death or hospitalization in the eplerenone arm, which was then
extended to all patients.

A new generation of nonsteroid MR blockers with more
selectively target benefits, reduced risks of altered receptor
affinity and tissue tropism, and minimized side-effects such
as hyperkalemia has been recently developed: finerenone,
apararenone, and esaxerenone (18). Finerenone appears to be the
most clinically advanced as evidenced by the minerAlocorticoid
Receptor antagonist Tolerability Study-Heart Failure (ARTS-HF)
study (15, 16). This phase IIb dose-finding study compared
different dose groups of finerenone and eplerenone in HF
patients with reduced ejection fraction and coexisting moderate
chronic kidney disease and/or type-2 diabetes mellitus. The
beneficial effects of this novel compound were certainly

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 January 2021 | Volume 7 | Article 614279

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ennis and Pérez Cardiac Mineralocorticoid Receptor and NHE1

promising (16), but further studies are necessary to reach
definitive conclusions. A large multicenter phase III trial
recently approved (FINESSE-HF; EUCTR2015-002168-17-SE)
will provide answers.

In contrast to the beneficial effects observed in all these
studies, two clinical trials failed to show benefits after MR
antagonism. In the Treatment of Preserved Cardiac Function
Heart Failure with an Aldosterone Antagonist (TOPCAT) study,
spironolactone did not improve clinical outcomes in patients
with symptomatic HF with relatively preserved ejection fraction
(≥45%) (45). In the Aldosterone Lethal effects Blockade in
Acutemyocardial infarction Treated with or without Reperfusion
to improve Outcome and Survival at Six months follow-up
(ALBATROSS) trial, a single intravenous bolus of potassium
canrenoate followed by 6-months oral spironolactone failed to
benefit patients admitted for myocardial infarction irrespective
of the presence of HF or left ventricular dysfunction (46). These
results clearly hamper any general conclusions about efficacy of
MR antagonism in HF patients.

DISCUSSION

Cardiac Mineralocorticoid Receptor
Activation: From Physiology to
Pathophysiology
As stated, the heart possesses a powerful intrinsic capacity
to adjust cardiac output to abrupt changes in hemodynamic
conditions. The stretch of ventricular wall is the mechanical
stimulus that triggers such adaptation. The Frank-Starling law
is perhaps the best-known mechanism to explain how force
increases after stretch. However, the lesser known SFR constitutes
an important additional adaptive mechanism that deserves
special attention. Interestingly, critical events leading to the
increase in Ca2+ transient amplitude that underlies the SFR
(hormone release, oxidative stress, NHE1 hyperactivity) are
also involved in the progression of severe cardiac pathologies
such as hypertrophy and HF (26, 47, 48), whose trigger is
wall stretch. Briefly, NHE1 hyperactivity caused by stretch-
triggeredmediators leads to intracellular Na+ andCa2+ overload,
calcineurin activation, and pathological cardiac hypertrophy. It
is tempting to hypothesize that ventricular wall stretch may
not only activate instant intrinsic heart mechanisms to adapt
cardiac force to varying hemodynamic conditions, but also
would represent an early step toward cardiac pathology if the
mechanical stimulus persists over time. In this scenario, MR-
triggered NHE1 activation after stretch would imply a double-
edged sword with potentially important clinical implications.

Certainties, Uncertainties, and
Controversies
The important benefits of MR antagonists in different HF patient
populations appear to be a certainty (11–18). However, their
clinical use remains lower than expected. The reasons are not yet
apparent but probably involve uncertainties arising from some
clinical trials, together with poor knowledge about the exact
mechanism of protection of these compounds. As described,

three different clinical trials show irrefutable evidence about the
outstanding beneficial effects of MR inactivation in HF patients
under different clinical conditions: severe stage (RALES), post
myocardial infarction with left ventricular systolic dysfunction
(EPHESUS), or withmild symptoms (EMPHASIS-HF). However,
the TOPCAT and ALBATROSS studies fail to support these
findings, certainly challenging or at least limiting the possibility
of reaching general conclusions about effectiveness of MR
antagonism in HF. There is no conclusive explanation for these
discrepancies. The heterogeneous population of ALBATROSS
in terms of cardiac function/dysfunction appears to limit any
profound analysis/comparison to other studies. However, it is
worth noting that a possible reduction of mortality in the ST-
segment elevation subgroup was reported (46), which may be
due to prevention of adverse remodeling and/or potentially
lethal arrhythmias. In TOPCAT, methodological uncertainties
seem to weaken the analysis. Because the study enrolled patients
from different countries, it is argued that heterogeneity of
practice patterns and/or accuracy of diagnostic procedures to
identify patients with relatively preserved ejection fraction would
preclude reaching reliable results (49). Actually, beneficial effects
in patients from American countries not observed in those from
Russia and Georgia were reported (45). This encourages thinking
that, if properly evaluated, MR antagonism would also improve
outcomes even in these subpopulations (50).

Although described discrepancies invite caution, it seems
possible to split conclusions. Although clinical evidence
demonstrates benefits of MR inactivation in patients with severe
and mild systolic HF, it is not clear whether it plays a role in
patients with relatively preserved ejection fraction. Furthermore,
MR antagonism seems to lack benefits when applied after
myocardial infarction irrespective of ventricular function.
Beyond these controversies, the mechanism by which MR
antagonists provide protection in the first subgroup of patients
are not completely understood. However, the demonstration
from basic science studies that MR-NHE1 activation occurs
early after acute myocardial stretch may shed some light.
Further basic/clinical investigation is still necessary to reach
definitive conclusions.

Concluding Remarks
The striking benefits of MR antagonism to treat severe cardiac
dysfunction support the notion that, under certain clinical
conditions, MR activation is harmful. However, an important
aspect to elucidate is the exact responsibility for this deleterious
activation: ALD, physical deformation of MR, other ligands?
No evidence assigns responsibility to ALD for MR activation
despite demonstrated direct actions of ALD on the myocardium
(5, 36, 51–53). Furthermore,MR holds equivalent high affinity for
ALD and cortisol (21), but circulating levels of cortisol are greater
(54). It is hard to conceive that ALD would have the chance
of stimulating MR in the myocardium where low expression
of 11βHSD2 could not prevent receptor occupancy by cortisol.
Future research may unveil alternative explanations to support
MR activation by ALD or even ALD-independent mechanisms
such as those suggested in a previous section.
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Another crucial issue to clarify is the exact mechanism
of cardioprotection of MR antagonism. Although diuretic
action of MR antagonists was initially considered,
experimental evidence challenges this possibility.
Interestingly, basic research findings allow the hypothesis
that prevention of oxidative stress and, consequently, NHE1
hyperactivation may be crucial for their salutary effects
in humans.

Finally, a critical challenge for the near future would be
to design novel therapies to specifically antagonize myocardial
MR activation. This procedure would avoid serious undesired
side effects among which hyperkalemia should be remarked.
Therefore, organ-specific MR antagonism appears to be the
immediate next challenge for clinical practice in this field.
In this regard, nonsteroidal MR antagonists and protein

expression silencing strategy (as used experimentally) emerge as
suitable alternatives.

AUTHOR CONTRIBUTIONS

ILE and NGP contributed equally to planning, writing, and
critical reading of this manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported in part by grants PICT2016-2289
from Agencia Nacional de Promoción Científica y Tecnológica
of Argentina and PIP2015-0750 from CONICET to NGP; and
PICT2016-1964 to ILE.

REFERENCES

1. Grossmann C, Gekle M. New aspects of rapid aldosterone signaling.Mol Cell

Endocrinol. (2009) 308:53–62. doi: 10.1016/j.mce.2009.02.005

2. Alzamora R, Michea L, Marusic ET. Role of 11beta-hydroxysteroid

dehydrogenase in nongenomic aldosterone effects in human arteries.

Hypertension. (2000) 35:1099–104. doi: 10.1161/01.HYP.35.5.1099

3. Michea L, Delpiano AM, Hitschfeld C, Lobos L, Lavandero S, Marusic

ET. Eplerenone blocks nongenomic effects of aldosterone on the

Na+/H+ exchanger, intracellular Ca2+ levels, and vasoconstriction

in mesenteric resistance vessels. Endocrinology. (2005) 146:973–80.

doi: 10.1210/en.2004-1130

4. Caldiz CI, Diaz RG, Nolly MB, Chiappe De Cingolani GE, Ennis IL,

Cingolani HE, et al. Mineralocorticoid receptor activation is crucial in the

signalling pathway leading to the Anrep effect. J Physiol. (2011) 589:6051–61.

doi: 10.1113/jphysiol.2011.218750

5. De Giusti VC, Nolly MB, Yeves AM, Caldiz CI, Villa-Abrille

MC, Chiappe De Cingolani GE, et al. Aldosterone stimulates

the cardiac Na(+)/H(+) exchanger via transactivation of the

epidermal growth factor receptor. Hypertension. (2011) 58:912–9.

doi: 10.1161/HYPERTENSIONAHA.111.176024

6. Callera GE, Touyz RM, Tostes RC, Yogi A, He Y, Malkinson S, et al.

Aldosterone activates vascular p38MAP kinase and NADPH oxidase via c-Src.

Hypertension. (2005) 45:773–9. doi: 10.1161/01.HYP.0000154365.30593.d3

7. Grossmann C, Husse B, Mildenberger S, Schreier B, Schuman K,

Gekle M. Colocalization of mineralocorticoid and EGF receptor at

the plasma membrane. Biochim Biophys Acta. (2010) 1803:584–90.

doi: 10.1016/j.bbamcr.2010.02.008

8. Grossmann C, Freudinger R, Mildenberger S, Husse B, Gekle M. EF domains

are sufficient for nongenomic mineralocorticoid receptor actions. J Biol Chem.

(2008) 283:7109–16. doi: 10.1074/jbc.M708751200

9. Krug AW, Pojoga LH, Williams GH, Adler GK. Cell membrane-associated

mineralocorticoid receptors? New evidence.Hypertension. (2011) 57:1019–25.

doi: 10.1161/HYPERTENSIONAHA.110.159459

10. Montezano AC, Callera GE, Yogi A, He Y, Tostes RC, He G, et al.

Aldosterone and angiotensin II synergistically stimulate migration in

vascular smooth muscle cells through c-Src-regulated redox-sensitive

RhoA pathways. Arterioscler Thromb Vasc Biol. (2008) 28:1511–8.

doi: 10.1161/ATVBAHA.108.168021

11. Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, et al. The effect

of spironolactone on morbidity and mortality in patients with severe heart

failure. Randomized Aldactone Evaluation Study Investigators. N Engl J Med.

(1999) 341:709–17. doi: 10.1056/NEJM199909023411001

12. Pitt B, Remme W, Zannad F, Neaton J, Martinez F, Roniker B, et al.

Eplerenone, a selective aldosterone blocker, in patients with left ventricular

dysfunction after myocardial infarction. N Engl J Med. (2003) 348:1309–21.

doi: 10.1056/NEJMoa030207

13. Zannad F,Mcmurray JJ, KrumH, Van Veldhuisen DJ, Swedberg K, Shi H, et al.

Eplerenone in patients with systolic heart failure and mild symptoms. N Engl

J Med. (2011) 364:11–21. doi: 10.1056/NEJMoa1009492

14. Messaoudi S, Azibani F, Delcayre C, Jaisser F. Aldosterone, mineralocorticoid

receptor, and heart failure. Mol Cell Endocrinol. (2012) 350:266–72.

doi: 10.1016/j.mce.2011.06.038

15. Pitt B, Anker SD, Bohm M, Gheorghiade M, Kober L, Krum H, et al.

Rationale and design of MinerAlocorticoid Receptor antagonist Tolerability

Study-Heart Failure (ARTS-HF): a randomized study of finerenone vs.

eplerenone in patients who have worsening chronic heart failure with

diabetes and/or chronic kidney disease. Eur J Heart Fail. (2015) 17:224–32.

doi: 10.1002/ejhf.218

16. Filippatos G, Anker SD, Bohm M, Gheorghiade M, Kober L, Krum H, et al.

A randomized controlled study of finerenone vs. eplerenone in patients with

worsening chronic heart failure and diabetes mellitus and/or chronic kidney

disease. Eur Heart J. (2016) 37:2105–14. doi: 10.1093/eurheartj/ehw132

17. Rossignol P, Hernandez AF, Solomon SD, Zannad F. Heart failure drug

treatment. Lancet. (2019) 393:1034–44. doi: 10.1016/S0140-6736(18)31808-7

18. Capelli I, Gasperoni L, Ruggeri M, Donati G, Baraldi O, Sorrenti G,

et al. New mineralocorticoid receptor antagonists: update on their use

in chronic kidney disease and heart failure. J Nephrol. (2020) 33:37–48.

doi: 10.1007/s40620-019-00600-7

19. Silvestre JS, Robert V, Heymes C, Aupetit-Faisant B, Mouas C, Moalic

JM, et al. Myocardial production of aldosterone and corticosterone

in the rat. Physiological regulation. J Biol Chem. (1998) 273:4883–91.

doi: 10.1074/jbc.273.9.4883

20. Gomez-Sanchez EP, Ahmad N, Romero DG, Gomez-Sanchez CE. Origin

of aldosterone in the rat heart. Endocrinology. (2004) 145:4796–802.

doi: 10.1210/en.2004-0295

21. Funder JW. Aldosterone action: fact, failure and the

future. Clin Exp Pharmacol Physiol Suppl. (1998) 25:S47–50.

doi: 10.1111/j.1440-1681.1998.tb02300.x

22. Mihailidou AS, Loan Le TY, Mardini M, Funder JW. Glucocorticoids

activate cardiac mineralocorticoid receptors during experimental

myocardial infarction. Hypertension. (2009) 54:1306–12.

doi: 10.1161/HYPERTENSIONAHA.109.136242

23. Nagase M, Ayuzawa N, Kawarazaki W, Ishizawa K, Ueda K, Yoshida S,

et al. Oxidative stress causes mineralocorticoid receptor activation in rat

cardiomyocytes: role of small GTPase Rac1. Hypertension. (2012) 59:500–6.

doi: 10.1161/HYPERTENSIONAHA.111.185520

24. Kato S, Endoh H, Masuhiro Y, Kitamoto T, Uchiyama S, Sasaki H,

et al. Activation of the estrogen receptor through phosphorylation

by mitogen-activated protein kinase. Science. (1995) 270:1491–4.

doi: 10.1126/science.270.5241.1491

25. Zou Y, Akazawa H, Qin Y, Sano M, Takano H, Minamino T, et al. Mechanical

stress activates angiotensin II type 1 receptor without the involvement of

angiotensin II. Nat Cell Biol. (2004) 6:499–506. doi: 10.1038/ncb1137

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 January 2021 | Volume 7 | Article 614279

https://doi.org/10.1016/j.mce.2009.02.005
https://doi.org/10.1161/01.HYP.35.5.1099
https://doi.org/10.1210/en.2004-1130
https://doi.org/10.1113/jphysiol.2011.218750
https://doi.org/10.1161/HYPERTENSIONAHA.111.176024
https://doi.org/10.1161/01.HYP.0000154365.30593.d3
https://doi.org/10.1016/j.bbamcr.2010.02.008
https://doi.org/10.1074/jbc.M708751200
https://doi.org/10.1161/HYPERTENSIONAHA.110.159459
https://doi.org/10.1161/ATVBAHA.108.168021
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1056/NEJMoa030207
https://doi.org/10.1056/NEJMoa1009492
https://doi.org/10.1016/j.mce.2011.06.038
https://doi.org/10.1002/ejhf.218
https://doi.org/10.1093/eurheartj/ehw132
https://doi.org/10.1016/S0140-6736(18)31808-7
https://doi.org/10.1007/s40620-019-00600-7
https://doi.org/10.1074/jbc.273.9.4883
https://doi.org/10.1210/en.2004-0295
https://doi.org/10.1111/j.1440-1681.1998.tb02300.x
https://doi.org/10.1161/HYPERTENSIONAHA.109.136242
https://doi.org/10.1161/HYPERTENSIONAHA.111.185520
https://doi.org/10.1126/science.270.5241.1491
https://doi.org/10.1038/ncb1137
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Ennis and Pérez Cardiac Mineralocorticoid Receptor and NHE1

26. Wakabayashi S, Hisamitsu T, Nakamura TY. Regulation of the cardiac

Na(+)/H(+) exchanger in health and disease. J Mol Cell Cardiol. (2013)

61:68–76. doi: 10.1016/j.yjmcc.2013.02.007

27. Karmazyn M, Liu Q, Gan XT, Brix BJ, Fliegel L. Aldosterone increases

NHE-1 expression and induces NHE-1-dependent hypertrophy in

neonatal rat ventricular myocytes. Hypertension. (2003) 42:1171–6.

doi: 10.1161/01.HYP.0000102863.23854.0B

28. Fliegel L, Karmazyn M. The cardiac Na-H exchanger: a key downstream

mediator for the cellular hypertrophic effects of paracrine, autocrine and

hormonal factors. Biochem Cell Biol. (2004) 82:626–35. doi: 10.1139/o04-129

29. Barbato JC, Rashid S, Mulrow PJ, Shapiro JI, Franco-Saenz R.

Mechanisms for aldosterone and spironolactone-induced positive

inotropic actions in the rat heart. Hypertension. (2004) 44:751–7.

doi: 10.1161/01.HYP.0000144466.11568.7e

30. Matsui S, Satoh H, Kawashima H, Nagasaka S, Niu CF, Urushida T, et al. Non-

genomic effects of aldosterone on intracellular ion regulation and cell volume

in rat ventricular myocytes. Can J Physiol Pharmacol. (2007) 85:264–73.

doi: 10.1139/Y07-017

31. Fujisawa G, Okada K, Muto S, Fujita N, Itabashi N, Kusano E,

et al. Na/H exchange isoform 1 is involved in mineralocorticoid/salt-

induced cardiac injury. Hypertension. (2003) 41:493–8.

doi: 10.1161/01.HYP.0000056769.73726.E5

32. Young M, Funder J. Mineralocorticoid action and sodium-hydrogen

exchange: studies in experimental cardiac fibrosis. Endocrinology. (2003)

144:3848–51. doi: 10.1210/en.2003-0039

33. Alvarez BV, Perez NG, Ennis IL, Camilion De Hurtado MC, Cingolani HE.

Mechanisms underlying the increase in force and Ca(2+) transient that follow

stretch of cardiac muscle: a possible explanation of the Anrep effect. Circ Res.

(1999) 85:716–22. doi: 10.1161/01.RES.85.8.716

34. De Hurtado MC, Alvarez BV, Ennis IL, Cingolani HE. Stimulation of

myocardial Na(+)-independent Cl(-)-HCO(3)(-) exchanger by angiotensin

II is mediated by endogenous endothelin. Circ Res. (2000) 86:622–7.

doi: 10.1161/01.RES.86.6.622

35. Cingolani HE, Chiappe GE, Ennis IL, Morgan PG, Alvarez BV, Casey

JR, et al. Influence of Na+-independent Cl–HCO3- exchange on the

slow force response to myocardial stretch. Circ Res. (2003) 93:1082–8.

doi: 10.1161/01.RES.0000102408.25664.01

36. Caldiz CI, Garciarena CD, Dulce RA, Novaretto LP, Yeves AM, Ennis

IL, et al. Mitochondrial reactive oxygen species activate the slow force

response to stretch in feline myocardium. J Physiol. (2007) 584:895–905.

doi: 10.1113/jphysiol.2007.141689

37. Diaz RG, Perez NG, Morgan PE, Villa-Abrille MC, Caldiz CI, Nolly MB,

et al. Myocardial mineralocorticoid receptor activation by stretching

and its functional consequences. Hypertension. (2014) 63:112–8.

doi: 10.1161/HYPERTENSIONAHA.113.01726

38. Lemarie CA, Paradis P, Schiffrin EL. New insights on signaling cascades

induced by cross-talk between angiotensin II and aldosterone. J Mol Med.

(2008) 86:673–8. doi: 10.1007/s00109-008-0323-5

39. Villa-Abrille MC, Caldiz CI, Ennis IL, Nolly MB, Casarini MJ, Chiappe

De Cingolani GE, et al. The Anrep effect requires transactivation of

the epidermal growth factor receptor. J Physiol. (2010) 588:1579–90.

doi: 10.1113/jphysiol.2009.186619

40. Brea MS, Diaz RG, Escudero DS, Caldiz CI, Portiansky EL, Morgan PE,

et al. Epidermal growth factor receptor silencing blunts the slow force

response to myocardial stretch. J Am Heart Assoc. (2016) 5:e004017.

doi: 10.1161/JAHA.116.004017

41. Krug AW, Grossmann C, Schuster C, Freudinger R, Mildenberger S,

Govindan MV, et al. Aldosterone stimulates epidermal growth factor receptor

expression. J Biol Chem. (2003) 278:43060–6. doi: 10.1074/jbc.M308134200

42. Edelmann F, Tomaschitz A, Wachter R, Gelbrich G, Knoke M, Dungen HD,

et al. Serum aldosterone and its relationship to left ventricular structure and

geometry in patients with preserved left ventricular ejection fraction. Eur

Heart J. (2012) 33:203–12. doi: 10.1093/eurheartj/ehr292

43. Jorde UP, Vittorio T, Katz SD, Colombo PC, Latif F, Le Jemtel TH.

Elevated plasma aldosterone levels despite complete inhibition of the vascular

angiotensin-converting enzyme in chronic heart failure. Circulation. (2002)

106:1055–7. doi: 10.1161/01.CIR.0000030935.89559.04

44. Mckelvie RS, Yusuf S, Pericak D, Avezum A, Burns RJ, Probstfield J, et al.

Comparison of candesartan, enalapril, and their combination in congestive

heart failure: randomized evaluation of strategies for left ventricular

dysfunction (RESOLVD) pilot study. The RESOLVDPilot Study Investigators.

Circulation. (1999) 100:1056–64. doi: 10.1161/01.CIR.100.10.1056

45. Pitt B, Pfeffer MA, Assmann SF, Boineau R, Anand IS, Claggett B, et al.

Spironolactone for heart failure with preserved ejection fraction.NEngl JMed.

(2014) 370:1383–92. doi: 10.1056/NEJMoa1313731

46. Beygui F, Cayla G, Roule V, Roubille F, Delarche N, Silvain J, et al. Early

aldosterone blockade in acute myocardial infarction: the ALBATROSS

randomized clinical trial. J Am Coll Cardiol. (2016) 67:1917–27.

doi: 10.1016/j.jacc.2016.02.033

47. Viola HM, Hool LC. Targeting calcium and the mitochondria in

prevention of pathology in the heart. Curr Drug Targets. (2011) 12:748–60.

doi: 10.2174/138945011795378603

48. Ennis IL, Aiello EA, Cingolani HE, Perez NG. The autocrine/paracrine

loop after myocardial stretch: mineralocorticoid receptor activation.

Curr Cardiol Rev. (2013) 9:230–40. doi: 10.2174/1573403X1130999

90034

49. Bristow MR, Enciso JS, Gersh BJ, Grady C, Rice MM, Singh S, et al. Detection

and management of geographic disparities in the TOPCAT trial: lessons

learned and derivative recommendations. JACC Basic Transl Sci. (2016)

1:180–9. doi: 10.1016/j.jacbts.2016.03.001

50. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DEJr, Colvin MM, et al.

2017 ACC/AHA/HFSA Focused Update of the 2013 ACCF/AHA guideline

for the management of heart failure: a report of the American College

of Cardiology/American Heart Association Task Force on Clinical Practice

Guidelines and the Heart Failure Society of America. J Card Fail. (2017)

23:628–51. doi: 10.1016/j.cardfail.2017.04.014

51. Ouvrard-Pascaud A, Sainte-Marie Y, Benitah JP, Perrier R, Soukaseum

C, Nguyen Dinh Cat A, et al. Conditional mineralocorticoid receptor

expression in the heart leads to life-threatening arrhythmias. Circulation.

(2005) 111:3025–33. doi: 10.1161/CIRCULATIONAHA.104.503706

52. Gomez AM, Rueda A, Sainte-Marie Y, Pereira L, Zissimopoulos S, Zhu X,

et al. Mineralocorticoid modulation of cardiac ryanodine receptor activity

is associated with downregulation of FK506-binding proteins. Circulation.

(2009) 119:2179–87. doi: 10.1161/CIRCULATIONAHA.108.805804

53. Nolly MB, Caldiz CI, Yeves AM, Villa-Abrille MC, Morgan PE, Amado

Mondaca N, et al. The signaling pathway for aldosterone-induced

mitochondrial production of superoxide anion in the myocardium.

J Mol Cell Cardiol. (2014) 67:60–8. doi: 10.1016/j.yjmcc.2013.

12.004

54. Booth RE, Johnson JP, Stockand JD. Aldosterone. Adv Physiol Educ. (2002)

26:8–20. doi: 10.1152/advan.00051.2001

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Ennis and Pérez. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 January 2021 | Volume 7 | Article 614279

https://doi.org/10.1016/j.yjmcc.2013.02.007
https://doi.org/10.1161/01.HYP.0000102863.23854.0B
https://doi.org/10.1139/o04-129
https://doi.org/10.1161/01.HYP.0000144466.11568.7e
https://doi.org/10.1139/Y07-017
https://doi.org/10.1161/01.HYP.0000056769.73726.E5
https://doi.org/10.1210/en.2003-0039
https://doi.org/10.1161/01.RES.85.8.716
https://doi.org/10.1161/01.RES.86.6.622
https://doi.org/10.1161/01.RES.0000102408.25664.01
https://doi.org/10.1113/jphysiol.2007.141689
https://doi.org/10.1161/HYPERTENSIONAHA.113.01726
https://doi.org/10.1007/s00109-008-0323-5
https://doi.org/10.1113/jphysiol.2009.186619
https://doi.org/10.1161/JAHA.116.004017
https://doi.org/10.1074/jbc.M308134200
https://doi.org/10.1093/eurheartj/ehr292
https://doi.org/10.1161/01.CIR.0000030935.89559.04
https://doi.org/10.1161/01.CIR.100.10.1056
https://doi.org/10.1056/NEJMoa1313731
https://doi.org/10.1016/j.jacc.2016.02.033
https://doi.org/10.2174/138945011795378603
https://doi.org/10.2174/1573403X113099990034
https://doi.org/10.1016/j.jacbts.2016.03.001
https://doi.org/10.1016/j.cardfail.2017.04.014
https://doi.org/10.1161/CIRCULATIONAHA.104.503706
https://doi.org/10.1161/CIRCULATIONAHA.108.805804
https://doi.org/10.1016/j.yjmcc.2013.12.004
https://doi.org/10.1152/advan.00051.2001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Cardiac Mineralocorticoid Receptor and the Na+/H+ Exchanger: Spilling the Beans
	Introduction
	The Mineralocorticoid Receptor
	The NHE1
	Cardiac MR Activation by Stretch, NHE1 Activation, and Slow Force Response
	Mineralocorticoid Receptor Activation and Heart Failure
	Discussion
	Cardiac Mineralocorticoid Receptor Activation: From Physiology to Pathophysiology
	Certainties, Uncertainties, and Controversies
	Concluding Remarks

	Author Contributions
	Funding
	References


