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Recent clinical studies continued to show beneficial outcome of mineralocorticoid receptor (MR) 

antagonists for treating heart failure. However, the side effects of these drugs, particularly in the kidney, 

justified more studies to explore the cell type-specific effects of this receptor. Experimental data from cell 

type-specific knockout mouse models revealed that deletion of MR in myeloid cells, cardiomyocytes, or 

vascular smooth muscle cells in general protected mice from cardiovascular disease. Overexpression of 

MR in cardiomyocytes or endothelial cells, on the other hand, exacerbated cardiovascular disease. These 

results indicated direct function of MR in these cells. In all these cell types, oxidative stress and 

inflammation may be unified mechanisms of MR actions. Future clinical trials may broaden the 

indications of MR antagonists and basic research may provide more insightful understanding of MR 

actions in the cardiovascular system. 
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INTRODUCTION 

Mineralocorticoid receptor (MR) has been a great research 

topic in the past decade. It is increasingly appreciated that 

understanding the function of MR is far beyond its traditional 

roles in epithelial cells to control water-electrolyte 

homeostasis. The positive results of clinical studies 

evaluating MR antagonists (spironolactone and eplerenone) 

in heart failure patients encourage more basic research to 

understand the molecular mechanisms. The expression and 

function of MR in different cell types of the cardiovascular 

system have drawn close attentions in the past few years. 

 

CLINICAL STUDIES  
While the Randomized Aldactone Evaluation Study 

(RALES) and Eplerenone Post-Acute Myocardial Infarction 

Heart Failure Efficacy and Survival Study (EPHESUS) 

showing the beneficial effects of spironolactone and 

eplerenone respectively in patients with severe systolic heart 

failure, a recent clinical study, termed as the Eplerenone in 

Mild Patients Hospitalization and Survival Study in Heart 

Failure (EMPHASIS-HF), aimed to evaluate the therapeutic 

effects of eplerenone in heart failure patients with mild 

symptoms.
1
 The results were remarkably positive, with a 

29% reduction in the rate of the primary outcome, a 

composite of death from cardiovascular causes or 

hospitalization for heart failure, in the eplerenone group  
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compared with the placebo group. Similar to the previous 

two studies, this one was stopped prematurely because the 

interim analyses showed overwhelmingly beneficial effects 

of eplerenone. These results clearly demonstrated that the 

aldosterone blocker was effective not only in patients with 

severe symptoms of heart failure but also in those with mild 

symptoms, expanding the indications of this category of 

drugs. 

 

These results from the clinical studies continue to present 

MR as an attractive drug target for cardiovascular disease 

(CVD). Other clinical data implied that these drugs may be 

effective in treating other CVD such as atherosclerosis,
2
 

although more clinical trials were required. 

 

However, the antagonists of MR also have serious side 

effects. Hyperkalemia, a condition with the risk of potentially 

fatal arrhythmia, was observed in RALES, EPHESUS, and 

EMPHASIS-HF as expected because of the action of 

blocking MR in the kidney.
1,3,4

 Furthermore, a recent report 

analyzing EPHESUS showed that although it did not affect 

its clinical benefit on cardiovascular outcomes, eplerenone 

caused more decline in estimated glomerular filtration rate 

(eGFR) compared with placebo, indicating the renal side 

effects of this drug.
5
 Therefore, it is important to dissect out 

the beneficial actions of MR blockade on the cardiovascular 

system and the deleterious effects on the kidney and other 

organs. Basic medical research that combines genetic mouse 

models and disease models has been an effective approach 

and has produced meaningful results in recent years.    

Review 
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RECENT ADVANCE IN STUDYING MR IN MYELOID 

CELLS USING GENETIC MOUSE MODELS 
Since our previous review on the actions of MR in myeloid 

cells,
6
 several other reports have continued to demonstrate 

the important roles of myeloid MR in the cardiovascular 

system. First, in a mouse stroke model induced by middle 

cerebral artery occlusion, both eplerenone and myeloid-

specific knockout of MR (MMRKO) significantly reduced 

the infarct volume and inflammatory response.
7,8

 Second, in a 

model of cardiac fibrosis induced by the combination of 

uninephrectomy and the nitric oxide synthase (NOS) 

inhibitor NG-nitro-l-arginine methyl ester (L-NAME), 

MMRKO significantly inhibited fibrosis, infiltration of 

inflammatory macrophages, and gene expression of tumor 

necrosis factor alpha (TNF).
9
 These results were similar to 

the phenotype seen in previous studies using different disease 

models,
10,11

 except that the overall inflammatory response 

was not altered by MMRKO in this model.
9
 Further, this 

study demonstrated that the protective roles of MMRKO can 

be independent of aldosterone. 

 

RECENT ADVANCE IN STUDYING MR IN 

CARDIOMYOCYTES USING GENETIC MOUSE 

MODELS  
In the past few years, data generated using cell-specific 

knockout mouse models have further demonstrated 

cardiomyocyte MR as an important player in the CVD. In a 

mouse model of myocardial infarction (MI) induced by 

coronary artery ligation, cardiomyocyte-specific knockout of 

MR (CMMRKO) improved infarct healing, cardiac 

remodeling, and contractile function.
12

 Mechanistically, 

CMMRKO may have inhibited oxidative stress and 

inflammation in the myocardium. Interestingly, myocardial 

recruitment of monocytes and neutrophils was increased 1 

day after MI in CMMRKO mice, while that of neutrophils 

was decreased 3 days after MI when compared with control 

mice. This indicates that MR deletion in cardiomyocytes may 

have promoted the recruitment and clearance of myeloid 

cells. This in turn may have prompted the acute inflammatory 

response that is important in stimulating neovascularization, 

improving cardiac remodeling and function. Another 

consequence of this is the suppression of chronic 

inflammation that is deleterious for cardiac repair. 

Consistently, MR antagonist eplerenone showed similar 

effects in a rat model of MI.
13

 In a pressure overload model 

induced by transverse aortic constriction, CMMRKO 

protected mice from left ventricular dilatation and 

dysfunction but not cardiac hypertrophy or fibrosis, while 

fibroblast-specific knockout of MR did not have these 

effects.
14

 Elevated levels of phospho-extracellular signal–

regulated kinase (p-Erk) 1/2 may be part of the mechanisms 

in this model. The mild cardiac hypertrophy observed in 

CMMRKO mice at baseline, a result seemed contra-intuitive, 

may contribute to reduced wall stress and thus protection 

during pressure overload. In a deoxycorticosterone/salt 

model, CMMRKO suppressed cardiac fibrosis and 

inflammation.
15

 All these data pointed to protective roles of 

MR blockade in cardiomyocytes, although the exact effects 

were somewhat different in different mouse models. 

 

Conversely, data generated using cardiomyocyte-specific MR 

overexpression (CMMROE) mouse model have illustrated 

the deleterious effects of super-physiological activation of 

MR. Previous studies demonstrated that CMMROE resulted 

in lethal arrhythmias because of ion channel remodeling and 

that the effects of CMMROE and Ang II were additive. 
16,17

 

More recent data suggested that CMMROE caused coronary 

endothelial dysfunction that was associated with increased 

reactive oxygen species (ROS).
18

 Using the same mouse 

model combined with the stimulation of aldosterone, 

connective tissue growth factor, a molecule critically 

involved in fibrotic disease, was identified as a putative 

target gene of MR in cardiomyocytes,
19

 providing more 

mechanistic explanation why CMMRKO had inhibited 

cardiac fibrosis.  

 

RECENT ADVANCE IN STUDYING MR IN 

VASCULAR SMOOTH MUSCLE CELLS USING 

GENETIC MOUSE MODELS 
Recent data demonstrated that MR in vascular smooth 

muscle cells (VSMCs) also played direct roles in CVD. 

VSMC-specific knockout of MR (SMRKO) effectively 

blocked age-associated hypertension through decreasing 

vascular myogenic tone and vasoconstriction response, 

without alterations in vascular structure or renal function.
20

 

Further analyses found that SMRKO decreased the 

expression and activity of L-type calcium channels in 

isolated VSMC or blood vessels. When challenged with 

Angiotensin II (Ang II), the SMRKO mice also had lower 

vascular contraction and blood pressure. Ang II-induced ROS 

production was significantly lower in the blood vessels of 

SMRKO mice, indicating that vascular oxidative stress may 

be part of the mechanisms. It would be interesting to see 

whether MR in VSMCs plays direct roles in other models of 

CVD. 

 

RECENT ADVANCE IN STUDYING MR IN 

ENDOTHELIAL CELLS USING GENETIC MOUSE 

MODELS 
Studies using endothelial cell-specific MR overexpression 

(ECMROE) showed that endothelial MR was also critical in 

the cardiovascular system. ECMROE mice developed 

hypertension that was reversed by MR antagonist.
21

 When 

treated with Ang II or endothelin 1, the blood pressure of 

ECMROE mice was higher than that of control mice. Ex vivo 

data showed that the resistance arteries from ECMROE mice 

had increased contractile response to vasoconstrictors. 

 

So far, loss-of-function studies using EC-specific MR 

knockouts have not been reported, although they may be 

emerging soon. Such studies may reveal more detailed 

function of endothelial MR in CVD. 

 

OXIDATIVE STRESS AND INFLAMMATION: THE 

RECURRING THEME OF MR ACTIONS IN 

CARDIOVASCULAR SYSTEM 
Oxidative stress and inflammation form a ‘vicious’ 

perpetuating cycle in the process of CVD such as heart 

failure and atherosclerosis.
22,23

 On one hand, ROS stimulates 

the release of inflammatory cytokines by activating 
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downstream pathways involving nuclear factor-kappa B (NF-

B), activator protein 1 (AP-1), and p38 mitogen-activated 

protein kinase. On the other hand, pro-inflammatory 

cytokines such as tumor necrosis factor-alpha (TNF-) 

suppress antioxidants while stimulate pro-oxidants. By 

contrast, anti-inflammatory cytokines such as interleukin 10 

(IL-10) stimulate antioxidants while suppress pro-oxidants.
22

 

 

Numerous studies with convincing data have demonstrated 

that activation of MR causes oxidative stress and 

inflammation in different cell types of the cardiovascular 

system.
24,25

 MR activation upregulates oxidative stress by 

increasing the expression and activity of nicotinamide 

adenine dinucleotide phosphate (NADPH)-oxidase and 

therefore enhances ROS generation, as well as mitochondrial 

electron transport uncoupling. Meanwhile, MR activation 

stimulates infiltration of inflammatory cells and promotes 

expression of inflammatory markers in the cardiovascular 

system. Furthermore, the inflammatory response is at least 

partially dependent on oxidative stress, in agreement with the 

‘vicious’ cycle.
24,25

 Conversely, blockade of MR by 

antagonists or gene knockouts as described above leads to 

reduced oxidative stress and/or inflammation, break the 

“vicious” cycle, and therefore demonstrate beneficial effects 

in the cardiovascular system. Taken together, oxidative stress 

and inflammation are a recurring theme of MR actions, 

presenting a unified hypothesis for exploring the mechanisms 

of MR blockade.  

 

 

Table 1. Summary of recent studies on MR actions in the cardiovascular system using genetic mouse models. 

 

Cell type Genetic model Disease model Major outcome Possible 

mechanism 

Reference 

Myeloid cell MR knockout Middle cerebral artery 

occlusion 

Reduced infarct volume Decreased 

inflammation 

8 

Myeloid cell MR knockout Uninephrectomy/L-

NAME 

Reduced fibrosis Decreased 

inflammation 

9 

Cardiomyocyte MR knockout Coronary artery ligation Improved infarct 

healing, cardiac 

remodeling, and 

contractile function 

Decreased 

inflammation and 

oxidative stress 

12 

  Transverse aortic 

constriction 

Protected from left 

ventricular dilatation 

and dysfunction 

Increased 

phosphorylation of 

Erk1/2 

14 

Fibroblast MR knockout Transverse aortic 

constriction 

No effect NA 14 

Cardiomyocyte MR knockout Deoxycorticosterone/salt Decreased fibrosis Decreased 

inflammation 

15 

Cardiomyocyte MR 

overexpression 

NA Arrhythmia Ion chamel 

remodeling 

17 

Vascular 

smooth muscle 

cell 

MR knockout Aging /Angiotension II Protected from 

hypertension 

Decreased 

expression and 

activity of L-type 

calcium 

chamels/decreased 

oxidative stress 

20 

Endothelial cell MR knockout NA/Angiotension 

II/endothelin 1 

Hypertension NA 21 

 

*NA; not applicable 

 

CONCLUSIONS AND FUTURE DIRECTIONS 
Recent clinical studies continued to show tremendously 

beneficial effects of MR antagonists for heart failure despite 

concerns on the renal side effects. Findings from recent basic 

research further confirmed direct roles of MR in the 

cardiovascular system (Table 1), supporting new MR 

antagonists with cell type-specific effects to circumvent the 

side effects and improve the effectiveness.  

 

MR antagonists will continue to be a strong interest in 

clinical trials. On-going and future studies that aim to 

investigate the effectiveness of MR antagonists in heart 

failure patients with preserved systolic function, or early 

administration right after MI, or in other CVD besides heart 

failure will likely broaden the indications of these drugs. 

Efforts to develop and test new antagonists with cell type 

specificity are a new direction worth pursuing.   

 

With more mechanistic explorations, basic research on MR 

will paint a more complete picture of how this nuclear 

receptor and its blockade work. For example, the roles of MR 

in endothelial cells, a critical cell type in the cardiovascular 

system, needs to be further explored. For another example, 

more molecular and mechanistic studies are needed to 
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understand in details how MR activation or blockade affects 

oxidative stress and inflammation. In addition, it is 

worthwhile to differentiate the genomic and non-genomic 

effects of MR activation in the cardiovascular system. 

Ultimately, these efforts will bring out more insightful 

understanding and clinical usage of MR in CVD. 

 
CONFLICT OF INTEREST 

None. 

 

ACKNOWLEDGMENTS 

This work was supported in parts by grants from the One Hundred Talents 

Program of the Chinese Academy of Sciences (2012OHTP06), the Ministry 
of Science and Technology of China (973 Program 2012CB524900), the 

National Natural Science Foundation of China (31171133), and Xuhui 

Central Hospital, Shanghai, China (CRC2011003) (to S.Z. Duan). 
 

REFERENCES 

1. Zannad F, McMurray JJ, Krum H, van Veldhuisen DJ, Swedberg K, 

Shi H, Vincent J, Pocock SJ, Pitt B, Group E-HS. Eplerenone in 

patients with systolic heart failure and mild symptoms. N Engl J Med. 

2011;364(1):11-21. 
2. Tomaschitz A, Pilz S, Ritz E, Grammer T, Amrein K, Merger S, 

Meinitzer A, Winkelmann BR, Boehm BO, Marz W. Relationship 

between plasma aldosterone concentration and soluble cellular 
adhesion molecules in patients referred to coronary angiography. Exp 

clin endocrinol diabetes. 2011;119(10):649-655. 

3. Pitt B, Remme W, Zannad F, Neaton J, Martinez F, Roniker B, 
Bittman R, Hurley S, Kleiman J, Gatlin M. Eplerenone, a selective 

aldosterone blocker, in patients with left ventricular dysfunction after 

myocardial infarction. N Engl J Med. 2003;348(14):1309-1321. 
4. Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, Palensky 

J, Wittes J. 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(10):709-717. 

5. Rossignol P, Cleland JG, Bhandari S, Tala S, Gustafsson F, Fay R, 

Lamiral Z, Dobre D, Pitt B, Zannad F. Determinants and consequences 
of renal function variations with aldosterone blocker therapy in heart 

failure patients after myocardial infarction: insights from the 

Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy 
and Survival Study. Circulation. 2012;125(2):271-279. 

6. Duan SZ, Mortensen RM. A New Connection: Myeloid 

Mineralocorticoid Receptor and Cardiovascular Disease. N A J Med 
Sci. 2010;3(4):167-170. 

7. Frieler RA, Ray JJ, Meng H, Ramnarayanan SP, Usher MG, Su EJ, 

Berger S, Pinsky DJ, Lawrence DA, Wang MM, Mortensen RM. 
Myeloid mineralocorticoid receptor during experimental ischemic 

stroke: effects of model and sex. J Am Heart Assoc. 

2012;1(5):e002584. 
8. Frieler RA, Meng H, Duan SZ, Berger S, Schutz G, He Y, Xi G, Wang 

MM, Mortensen RM. Myeloid-specific deletion of the 
mineralocorticoid receptor reduces infarct volume and alters 

inflammation during cerebral ischemia. Stroke. 2011;42(1):179-185. 

9. Bienvenu LA, Morgan J, Rickard AJ, Tesch GH, Cranston GA, 
Fletcher EK, Delbridge LM, Young MJ. Macrophage 

mineralocorticoid receptor signaling plays a key role in aldosterone-

independent cardiac fibrosis. Endocrinology. 2012;153(7):3416-3425. 

10. Rickard AJ, Morgan J, Tesch G, Funder JW, Fuller PJ, Young MJ. 

Deletion of mineralocorticoid receptors from macrophages protects 

against deoxycorticosterone/salt-induced cardiac fibrosis and increased 
 blood pressure. Hypertension. 2009;54(3):537-543. 

11. Usher MG, Duan SZ, Ivaschenko CY, Frieler RA, Berger S, Schutz G, 
Lumeng CN, Mortensen RM. Myeloid mineralocorticoid receptor 

controls macrophage polarization and cardiovascular hypertrophy and 

remodeling in mice. J Clin Invest. 2010;120(9):3350-3364. 
12. Fraccarollo D, Berger S, Galuppo P, Kneitz S, Hein L, Schutz G, 

Frantz S, Ertl G, Bauersachs J. Deletion of cardiomyocyte 

mineralocorticoid receptor ameliorates adverse remodeling after 
myocardial infarction. Circulation. 2011;123(4):400-408. 

13. Fraccarollo D, Galuppo P, Schraut S, Kneitz S, van Rooijen N, Ertl G, 

Bauersachs J. Immediate mineralocorticoid receptor blockade improves 
myocardial infarct healing by modulation of the inflammatory 

response. Hypertension. 2008;51(4):905-914. 

14. Lother A, Berger S, Gilsbach R, Rosner S, Ecke A, Barreto F, 
Bauersachs J, Schutz G, Hein L. Ablation of mineralocorticoid 

receptors in myocytes but not in fibroblasts preserves cardiac function. 

Hypertension. 2011;57(4):746-754. 
15. Rickard AJ, Morgan J, Bienvenu LA, Fletcher EK, Cranston GA, Shen 

JZ, Reichelt ME, Delbridge LM, Young MJ. Cardiomyocyte 

mineralocorticoid receptors are essential for deoxycorticosterone/salt-
mediated inflammation and cardiac fibrosis. Hypertension. 

2012;60(6):1443-1450. 

16. Di Zhang A, Nguyen Dinh Cat A, Soukaseum C, Escoubet B, Cherfa 
A, Messaoudi S, Delcayre C, Samuel JL, Jaisser F. Cross-talk between 

mineralocorticoid and angiotensin II signaling for cardiac remodeling. 

Hypertension. 2008;52(6):1060-1067. 
17. Ouvrard-Pascaud A, Sainte-Marie Y, Benitah JP, Perrier R, Soukaseum 

C, Nguyen Dinh Cat A, Royer A, Le Quang K, Charpentier F, 
Demolombe S, Mechta-Grigoriou F, Beggah AT, Maison-Blanche P, 

Oblin ME, Delcayre C, Fishman GI, Farman N, Escoubet B, Jaisser F. 

Conditional mineralocorticoid receptor expression in the heart leads to 
life-threatening arrhythmias. Circulation. 2005;111(23):3025-3033. 

18. Favre J, Gao J, Zhang AD, Remy-Jouet I, Ouvrard-Pascaud A, 

Dautreaux B, Escoubet B, Thuillez C, Jaisser F, Richard V. Coronary 
endothelial dysfunction after cardiomyocyte-specific mineralocorticoid 

receptor overexpression. Am J Physiol Heart Circ Physiol. 

2011;300(6):H2035-2043. 
19. Messaoudi S, Gravez B, Tarjus A, Pelloux V, Ouvrard-Pascaud A, 

Delcayre C, Samuel J, Launay JM, Sierra-Ramos C, Alvarez de la Rosa 

D, Clement K, Farman N, Jaisser F. Aldosterone-specific activation of 
cardiomyocyte mineralocorticoid receptor in vivo. Hypertension. 

2013;61(2):361-367. 

20. McCurley A, Pires PW, Bender SB, Aronovitz M, Zhao MJ, Metzger 
D, Chambon P, Hill MA, Dorrance AM, Mendelsohn ME, Jaffe IZ. 

Direct regulation of blood pressure by smooth muscle cell 

mineralocorticoid receptors. Nat Med. 2012;18(9):1429-1433. 
21. Nguyen Dinh Cat A, Griol-Charhbili V, Loufrani L, Labat C, Benjamin 

L, Farman N, Lacolley P, Henrion D, Jaisser F. The endothelial 

mineralocorticoid receptor regulates vasoconstrictor tone and blood 
pressure. FASEB J. 2010;24(7):2454-2463. 

22. Khaper N, Bryan S, Dhingra S, Singal R, Bajaj A, Pathak CM, Singal 

PK. Targeting the vicious inflammation-oxidative stress cycle for the 
management of heart failure. Antioxid Redox Signal. 2010;13(7):1033-

1049. 

23. Hulsmans M, Holvoet P. The vicious circle between oxidative stress 
and inflammation in atherosclerosis. Journal of cellular and molecular 

medicine. 2010;14(1-2):70-78. 

24. Whaley-Connell A, Johnson MS, Sowers JR. Aldosterone: role in the 
cardiometabolic syndrome and resistant hypertension. Prog Cardiovasc 

Dis. 2010;52(5):401-409. 

25. Briet M, Schiffrin EL. Vascular Actions of Aldosterone. Journal of 
vasc res. 2012;50(2):89-99. 

 

 

 

 

 

 

 


