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Abstract

Background: Mineralocorticoid receptor (MR) antagonists decrease heart failure (HF) 

hospitalization and mortality but the mechanisms are unknown. Preclinical studies reveal that the 

benefits on cardiac remodeling and dysfunction are not completely explained by inhibition of MR 

in cardiomyocytes, fibroblasts or endothelial cells. The role of MR in smooth muscle cells (SMC) 

in HF has never been explored.

Methods: Male mice with inducible deletion of MR from SMCs (SMC-MR-KO) and their MR-

intact littermates were exposed to HF induced by 27-gauge transverse aortic constriction (TAC) 

versus sham surgery. HF phenotypes and mechanisms were measured four weeks later using 

cardiac ultrasound, intracardiac pressure measurements, exercise testing, histology, cardiac gene 

expression, and leukocyte flow cytometry.

Results: Deletion of MR from SMC attenuated TAC-induced HF with statistically significant 

improvements in ejection fraction, cardiac stiffness, chamber dimensions, intracardiac pressure, 

pulmonary edema and exercise capacity. Mechanistically, SMC-MR-KO protected from adverse 

cardiac remodeling as evidenced by decreased cardiomyocyte hypertrophy and fetal gene 

expression, interstitial and perivascular fibrosis, and inflammatory and fibrotic gene expression. 

Exposure to pressure overload resulted in a statistically significant decline in cardiac capillary 

density and coronary flow reserve in MR-intact mice. These vascular parameters were improved in 

SMC-MR-KO mice compared to MR-intact littermates exposed to TAC.

Conclusion: These results provide a novel paradigm by which MR inhibition may be beneficial 

in HF by blocking MR in SMC thereby improving cardiac blood supply in the setting of pressure 
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overload-induced hypertrophy thereby mitigating the adverse cardiac remodeling that contributes 

to HF progression and symptoms.

Journal Subject Terms:

ACE/Angiotensin Receptors/Renin Angiotensin System; fibrosis; hypertrophy; remodeling; heart 
failure; animal models of human disease; basic science research; coronary circulation

Introduction

Ample clinical data support a role for the mineralocorticoid receptor (MR) in heart failure 

(HF) pathophysiology. Multiple randomized trials demonstrate that MR inhibition decreases 

mortality from HF with reduced ejection fraction (HFrEF) and prevents HF hospitalization 

in patients with HFrEF or HF with preserved ejection fraction (HFpEF).1-5 Much of the 

cardiac benefit of MR antagonism is independent from MR inhibition in the kidney.6 Indeed, 

a meta-analysis of MR antagonist trials showed that patients randomized to MR inhibition 

had improved ejection fraction (EF), decreased LV volume, decreased circulating fibrosis 

markers and improved diastolic function, indicating direct beneficial effects on cardiac 

remodeling.7 The MR is expressed throughout the heart including in cardiomyocytes, 

fibroblasts, endothelial cells (EC) and smooth muscle cells (SMC). However, the cell type-

specific mechanisms for the benefits of MR inhibition on cardiac remodeling remain 

incompletely understood.

Benefits of MR antagonism are also evident in preclinical studies using animal HF models. 

One commonly used mouse model of HF is transverse aortic constriction (TAC), where a 

permanent constriction is placed around the proximal aorta to induce LV pressure overload. 

The cardiac response begins with pathological hypertrophy and progresses to chamber 

dilation and decreased systolic function.8 With severe TAC, this leads to pulmonary edema 

and ultimately death. Thus, TAC-induced pressure overload simulates aspects of 

pathological cardiac hypertrophy and progression to dilated cardiomyopathy as observed in 

patients with HF induced by hypertension, some valvular heart diseases, and even 

myocardial infarction. The pathophysiology involves cardiac hypertrophy, inflammation and 

ultimately fibrosis.9, 10 In mice subjected to TAC, MR inhibition attenuates cardiac 

hypertrophy11, 12, LV dilation13, systolic dysfunction12, 13, cardiac fibrosis13, pulmonary 

edema and mortality.13 Interestingly, while MR deletion in cardiomyocytes or ECs 

attenuated the decline in systolic function, there was no effect on cardiac hypertrophy, 

fibrosis, or inflammation.14, 15 Furthermore, fibroblast MR deletion did not change the 

progression of HF.14 Thus, it is likely that MR inhibition in cells other than cardiomyocytes, 

fibroblasts, or ECs mediates much of the benefit of MR antagonism.16

MR is expressed in vascular SMC and functions as a transcription factor to regulate SMC 

gene expression and function.17-20 However, the role of SMC-MR in HF has never been 

tested. Thus, we exposed mice with inducible deletion of SMC-MR (SMC-MR-KO) to TAC 

versus sham surgery and compared the response to MR-intact littermates. We find that SMC-

MR KO attenuates TAC-induced cardiac hypertrophy, fibrosis, stiffness, systolic 

dysfunction, and pulmonary edema and improves exercise capacity. Mechanistically, SMC-
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MR deletion modulates mRNA expression of cardiac remodeling genes, prevents the decline 

in cardiac capillary density and improves coronary flow reserve (CFR). The results provide a 

novel paradigm for how MR inhibition may be beneficial in HF by blocking SMC MR 

activity and improving blood supply in the setting of pressure overload to attenuate adverse 

cardiac remodeling that contributes to poor HF outcomes.

Methods:

Detailed methods are available in Supplemental Material.

The data supporting this study are available from the corresponding author upon reasonable 

request.

Animals

Male SMC-MR-intact or SMC-MR-KO littermates were used at three months of age and all 

procedures were approved by the Tufts Institutional Animal Care and Use Committee. SMC-

specific and inducible deletion of the MR has been previously confirmed in this model with 

no Cre recombinase activity in cardiomyocytes and no change in renal MR function after 

SMC-MR recombination.20

Transverse Aortic Constriction (TAC) surgery

Pressure overload-induced HF was produced by constricting the proximal aorta just after the 

first great vessel, as described previously.8 Mice were randomized to severe (27G needle) 

TAC or sham operation and recovered for 4 weeks.

Non-invasive imaging and echocardiography

Echocardiography, pulse wave velocity and CFR measurements were conducted using 

Doppler ultrasound (Vevo 2100, VisualSonics). Cardiac functional parameters were assessed 

prior to TAC (Supplemental Table 1) and 4 weeks after TAC as described previously.19, 21

In vivo invasive hemodynamics

Four weeks after TAC, LV function was determined by invasive pressure-volume (PV) loop 

analysis in a subset of mice as described.19

Endurance exercise test

Endurance exercise capacity was determined by measuring run to exhaustion time 

normalized to body mass and vertical distance on the treadmill as described.19

Terminal tissue harvest

Serum was collected and aldosterone levels measured by radioimmunoassay as described.19 

Excised lungs were weighed immediately and after 48 hours ; the weight difference was 

quantified as pulmonary edema.22 Left tibia length was used to normalize LV (+septum) 

weight to animal size.
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LV Histological Analyses

One of two mid-papillary regions of LV tissues was formalin fixed, paraffin embedded, and 

sectioned at 5μm thickness. Sections were stained with Picrosirius Red (for fibrosis) and 

hematoxylin and eosin (for cardiomyocyte size). The other region was embedded in optimal 

cutting temperature compound and frozen. Cryosections were stained with anti-mouse CD31 

(M1/70) to identify EC and LV capillary density was quantified as capillary area normalized 

to cardiomyocyte area. All analyses were completed by a blinded investigator, as described.
19

LV flow cytometry

In a separate cohort of mice, LV tissue was digested and stained with fluorescent antibodies 

to quantify the number of total leukocytes (CD45+), T cells (CD3+/CD11b−) and myeloid 

cells (CD3−/CD11b+) by flow cytometry as in 23 and Supplemental Figure 1.

RT-qPCR

RNA was extracted from apical and basal LV regions and RT-qPCR was performed as 

described19 using gene specific primers (Supplemental Table 2).

Statistical Analysis

Values are presented as mean ± SEM. One-way or two-way analysis of variance (ANOVA) 

was performed as indicated in each figure legend followed by Tukey post-hoc test using 

SigmaPlot 12.5 (Systat Software Inc) and Graph Pad Prism version 8. Grubb’s test was used 

resulting in removal of one statistical outlier from the SMC-MR intact TAC group for gene 

expression. There were no significant violations of normality in the data obtained. Statistical 

significance was set at P < 0.05.

Results

SMC-MR deletion attenuates cardiac dysfunction induced by pressure overload

Prior to TAC, cardiac structure and function were determined by ultrasound and was not 

different between SMC-MR-KO mice and MR-intact littermates (Supplemental Table 1). 

Mice were then randomized to pressure overload via TAC or to sham surgery and the impact 

on cardiac function was quantified 4 weeks later by cardiac ultrasound and invasive 

hemodynamics. TAC induced a statistically significant reduction in LV EF and fractional 

shortening (FS) in MR-intact mice (Figure 1A-C). SMC-MR deletion ameliorated the 

reduction in EF and FS induced by TAC. Regardless of the presence of SMC-MR, there was 

a similar rise in proximal aortic pressure induced by TAC and no statistically significant 

difference in aortic stiffness as measured by pulse wave velocity (Table 1). TAC-induced 

mortality after 4 weeks was not statistically different between groups, supporting that the 

results are not biased by those that survived. The improvement in cardiac function by non-

invasive imaging in SMC-MR-KO TAC mice is consistent with invasive measures of stroke 

volume and cardiac output which were also significantly increased in SMC-MR-KO 

compared to MR-intact mice exposed to TAC. Similarly, quantification of the maximal and 

minimal rate of rise in LV pressure (dP/dt max, dP/dt min) confirm TAC-induced cardiac 
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dysfunction that was statistically significantly attenuated by SMC-MR KO (Figs 1D-E). 

TAC induced an increase in LV systolic and diastolic stiffness as measured by the slope of 

the end systolic or diastolic pulse velocity relationship (ESPVR, EDPVR) and this TAC-

induced cardiac stiffness was attenuated in SMC-MR-KO compared to MR-intact mice 

(Figs. 1F-G). Other parameters are summarized in Supplemental Table 3.

SMC-MR deletion prevents TAC-induced cardiac dilation and HF

Once the impact of TAC exceeds the ability of the heart to compensate for pressure 

overload, the heart begins to dilate, intra-cardiac pressure rises and pulmonary edema and 

exercise intolerance develop as the heart fails. Four weeks after TAC, MR-intact mice 

developed cardiac dilation manifest by an increase in left ventricular end systolic diameter 

(ESD) and end diastolic diameter (EDD, Figure 2A-B). SMC-MR-KO mice developed less 

systolic dilation compared to MR-intact TAC mice and no statistical change in diastolic 

chamber dimension compared to genotype matched sham mice. The TAC-induced rise in LV 

end diastolic pressure (EDP) was also reduced in SMC-MR-KO mice (Figure 2C). 

Importantly, SMC-MR-KO mice did not develop pulmonary edema, as measured by the 

difference between lung wet and dry weight (Fig 2D). The development of 

hemodynamically significant HF activates the renin-angiotensin-aldosterone (RAAS) 

system, as demonstrated by a rise in serum aldosterone in MR-intact mice exposed to TAC, 

which also did not occur in the SMC-MR-KO mice (Fig. 2E). Finally, as a measurement of 

the whole body cardiorespiratory function, endurance exercise capacity was assessed, and 

the decline in exercise capacity induced by TAC was attenuated in SMC-MR-KO mice (Fig. 

2F).

SMC-MR contributes to pathological cardiac hypertrophy induced by TAC

We next quantified the effects of SMC-MR KO on cardiac hypertrophy (Figure 3). Total 

heart weight (Table 1) and LV weight normalized to tibia length were statistically 

significantly increased in response to TAC and this degree of hypertrophy was attenuated in 

SMC-MR-KO mice (Fig. 3A). A similar result was obtained for posterior wall thickness 

detected by echocardiography (Fig. 3B). Similarly, cardiomyocyte area was increased by 

TAC versus and this was attenuated in SMC-MR-KO mice (Fig. 3C). Cardiac expression of 

pathological hypertrophy genes was quantified by RT-qPCR in LV apical tissue. Atrial 

natriuretic peptide (ANP) and brain natriuretic peptide (BNP) expression were up-regulated 

in response to TAC and this was prevented in SMC-MR-KO TAC mice (Figs. 3D-E). 

Myosin heavy chain 6 (Myh6) gene expression was unchanged by TAC, but the fetal 

isoform, myosin heavy chain 7 (Myh7), was increased resulting in a significant increase in 

the Myh7/Myh6 ratio in TAC versus Sham MR-intact mice. This isoform switch did not 

occur in SMC-MR-KO TAC mice (Fig. 3F).

SMC-MR deletion reduces TAC-induced cardiac fibrosis

Next, cardiac fibrosis was assessed by quantifying LV collagen deposition (Figure 4). 

Cardiac fibrosis was significantly increased by TAC. Both perivascular and interstitial 

fibrosis were attenuated in SMC-MR-KO compared to MR-intact TAC mice (Figs. 4A-B). 

Fibrotic gene expression was quantified by RT-qPCR in LV apical tissue (Figure 4C-H). In 

MR-intact mice, TAC induced a statistically significant increase in mRNA expression of 
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connective tissue growth factor (CTGF), collagen type 1 alpha (Col1α), collagen type 3 

alpha (Col3α) mRNA, alpha smooth muscle actin (αlpha-SMA) and transforming growth 

factor beta 1 (TGFβ1). The increase in fibrosis gene expression was prevented in SMC-MR-

KO mice with SMC-MR-KO TAC mice having statistically less CTGF, Col1α, Col3α, 
alpha-SMA, and TGFβ1 mRNA expression compared to MR-intact TAC mice. Matrix 

metalloproteinase-2 (MMP2) mRNA expression was not statistically different in response to 

TAC or MR deletion.

SMC-MR contributes to TAC-induced cardiac inflammation

The impact of SMC-MR deletion on cardiac inflammation was next examined (Figure 5). 

Cardiac leukocyte infiltration was quantified by flow cytometry and immunohistochemistry 

in a subset of mice. As there was no genotype difference in cardiac inflammation in sham 

operated mice thus, these groups were combined for analysis (Fig 5A-C). While there tended 

to be more CD45+ inflammatory cells in TAC compared to sham hearts, this was not 

statistically significant at 4 weeks post TAC (Fig. 5A, P=0.08). Among CD45+ leukocytes, 

there was a statistically significant increase in CD3−/CD11b+ myeloid cells (but not CD3+/

CD11b− T cells) in the hearts of MR-intact TAC mice compared to sham but not in SMC-

MR-KO mice exposed to pressure overload (Figs. 5B-C, Supplemental Figure 1). 

Immunohistochemistry similarly showed a non-statistically significant trend towards 

increased T cells in MR-intact mice exposed to TAC (Supplemental Figure 2). Expression of 

inflammatory cytokine genes including RANTES (regulated on activation normal T cell 

expressed and secreted), interleukin 1 beta (IL1β), and interleukin 6 (IL6) were up-regulated 

in LV tissue 4 weeks after TAC in MR-intact mice but not in SMC-MR-KO mice (Figs 5D-

H). There was no statistically significant change in tumor necrosis factor alpha (TNFα) or 

monocyte chemoattractant protein-1 (MCP-1) expression 4 weeks after TAC. We recently 

implicated endothelial cell (EC)-MR in regulating cell adhesion molecules and selectins in 

the systemic vasculature. Thus, we examined gene expression of intercellular adhesion 

molecule 1 (ICAM1), vascular cell adhesion protein 1 (VCAM1) and the endothelial 

adhesion molecule, E-selectin. ICAM1 and VCAM1 mRNA were increased in MR-intact 

TAC mice compared to genotype-matched sham mice, but not in SMC-MR-KO TAC mice, 

with significantly lower expression in SMC-MR-KO compared to MR-intact mice exposed 

to TAC (Figs 5I-J). E-selectin expression was not significantly altered by TAC or SMC-MR 

deletion (Figure 5K).

SMC-MR deletion attenuates the pressure overload-induced decline in capillary density 
and coronary flow reserve

To further explore mechanisms by which SMC-MR might contribute to adverse cardiac 

remodeling and the resulting LV dysfunction, the impact of SMC-MR-KO on cardiac blood 

supply was examined. Cardiac blood supply can be augmented chronically by angiogenesis 

to increase capillary density or acutely by vasodilation of coronary resistance vessels. TAC 

induced a statistically significant increase in expression of two angiogenic genes, fibroblast 

growth factor (FGF2) and placental growth factor (PGF) with no change in the VEGF 

receptor, Flt1 (Figs 6A-C). This induction of angiogenic gene expression was not present in 

SMC-MR-KO mice. Capillary density, as measured by CD31 positive endothelial cell area 

normalized to cardiomyocyte area, was significantly decreased by TAC in both MR-intact 
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and SMC-MR-KO mice. This decrease in capillary density induced by pressure overload 

was attenuated in SMC-MR-KO mice (Figure 6D-E). Finally, we quantified CFR which 

measures the capacity to acutely dilate coronary vessels to meet demand. CFR was assessed 

by ultrasound four weeks after TAC by measuring coronary flow velocity before and after 

exposure to a hyperemic stimulus (2.5% isoflurane). As with capillary density, CFR was 

significantly decreased by TAC in both MR-intact and SMC-MR-KO mice however there 

was a statistically significant increase in CFR in SMC-MR-KO compared to MR-intact TAC 

mice (Figure 6F). Overall, SMC-MR deletion statistically improved cardiac capillary density 

and the capacity to augment coronary vessel blood flow in the setting of pressure overload-

induced HF.

Discussion

In summary, these data demonstrate for the first time that SMC-MR contributes substantially 

to HF pathophysiology induced by pressure overload. In the severe TAC model, SMC-MR 

deletion protects mice from pathological cardiac hypertrophy, adverse cardiac remodeling 

and HF development. SMC-MR deletion prevented or statistically attenuated cardiomyocyte 

hypertrophy, cardiac inflammation, LV interstitial and perivascular fibrosis, cardiac dilation, 

systolic function decline and pulmonary edema. SMC-MR deletion preserved cardiac 

microvascular density and improved CFR in association with improved exercise capacity. 

Together, these data summarized in Table 2, provide a novel paradigm for how MR 

inhibition may improve outcomes in HF. Inhibiting SMC-MR may improve cardiac blood 

supply during hypertrophy, thereby attenuating pathological remodeling. The resulting 

decrease in lung edema and improved exercise capacity could contribute to the significant 

reduction in hospitalization and death in HF patients treated chronically with MR 

antagonists.1

As in clinical trials, MR antagonists are also protective in animal HF models. In the TAC 

model, treatment with spironolactone or eplerenone, MR antagonists used to treat HF 

patients, attenuated cardiac hypertrophy, LV dilation, systolic dysfunction, cardiac 

inflammation and fibrosis (Table 2).11-13, 27 Cell-specific KO mice have been employed to 

explore potential mechanisms for the benefits of MR inhibition in HF induced by TAC 

(Table 2). As MR inhibition substantially limits adverse cardiac remodeling and fibrosis, the 

prevailing theory had been that the benefits are due to blockade of MR in cardiomyocytes or 

fibroblasts. However, fibroblast MR deletion had no impact on the pathophysiology of TAC-

induced HF. In mice with cardiomyocyte MR deletion, LV systolic function was relatively 

preserved and cardiac dilatation was attenuated. However, there was no significant impact of 

cardiomyocyte MR KO on the degree of cardiac hypertrophy, inflammation, fibrosis, or 

cardiomyocyte apoptosis supporting the concept that MR in other cells might contribute to 

HF pathophysiology.14 Studies exploring EC-MR in TAC-induced HF similarly 

demonstrated modest protection from LV systolic dysfunction with no statistically 

significant impact of EC-MR deletion on cardiac hypertrophy, inflammation, angiogenesis 

or fibrosis (although with a less severe 25 gauge TAC).15 Recent studies have explored the 

role of leukocyte MR in pressure overload-induced HF using the abdominal (rather than 

thoracic) aortic constriction (AAC) model which induces more substantial alterations in 

aortic, in additional to cardiac, pathology.28, 29 Myeloid MR deletion attenuated the decline 
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in cardiac hypertrophy, fibrosis and inflammation although cardiac function and blood 

supply were not measured. T cell MR deletion decreased early cardiac inflammation (1 

week post AAC) and this was associated with decreased cardiac hypertrophy, fibrosis, and 

systolic dysfunction at 6 weeks.28, 29 Thus, leukocyte MR likely also plays an important role 

in HF, but the different model and timing used in those leukocyte MR studies precludes 

direct comparison with other study. To our knowledge, the present study is the first to 

explore the role of SMC-MR in any animal model of pressure overload-induced HF. The 

results reveal that SMC-MR deletion protects from all aspects of TAC-induced pathology 

including cardiac hypertrophy, dilation, inflammation, fibrosis, and systolic dysfunction, 

with improvement in important clinical endpoints including lung edema and exercise 

capacity, all in the setting of increased capillary density and improved coronary flow reserve.

These new data, combined with published studies, support several molecular mechanisms by 

which SMC-MR may contribute to adverse cardiac remodeling. Early in the development of 

pressure overload-induced HF, inflammatory cells infiltrate the heart and contribute to 

cardiac fibrosis.30 MR is a hormone-activated transcription factor that regulates gene 

expression. TAC-induced cardiac leukocyte recruitment requires expression of the adhesion 

molecule ICAM1 but surprisingly, this was found to be independent of EC-MR, a known 

regulator of ICAM1 transcription.15, 31, 32 Once recruited to the heart, leukocytes promote 

expression of pro-inflammatory mediators that contribute to the development of adverse 

cardiac remodeling and fibrosis. Here we show that TAC-induced upregulation of ICAM1 

(and VCAM1) and inflammatory mediators including RANTES, IL1β, and IL6 are either 

prevented or statistically attenuated in SMC-MR-KO mice. As expected, by four weeks after 

TAC, there is only a modest increase in leukocyte infiltration which was not statistically 

significantly attenuated in SMC-MR-KO mice, however, earlier TAC time points would be 

needed to clarify this. Previous studies demonstrated that human SMC-MR transcriptionally 

regulates the release of leukocyte chemotactic factors including placental growth factor 

(PGF).33 Here we show that PGF mRNA expression in cardiac tissue is increased in 

response to TAC in MR-intact mice and this is prevented in mice lacking SMC-MR. Thus, 

one potential mechanism by which SMC-MR contributes to adverse vascular remodeling 

may be by regulating expression of inflammatory and adhesion molecules that contribute to 

cardiac inflammation.

Substantial literature supports a role for SMC-MR in promoting vascular fibrosis in mouse 

models of hypertension, vascular injury, and aging (reviewed in 34, 35). MR activation in 

human SMC and mouse vessels regulates expression of a gene program that includes type 1 

and 3 collagen, CTGF, MMP2 and other pro-fibrotic genes.18, 19, 36 This study demonstrates 

TAC-induced upregulation of fibrosis gene mRNA expression in the heart is significantly 

attenuated in SMC-MR-KO mice, in association with less perivascular and interstitial 

fibrosis and abrogation of cardiac dilation and dysfunction. Thus, SMC-MR may also 

contribute to adverse cardiac remodeling and HF by coordination transcription of a pro-

fibrotic gene program induced by pressure overload.

Finally, our study supports that SMC-MR may contribute to impaired blood supply to the 

heart in response to pressure overload. Blood supply to the heart can be modulated acutely to 

response to demand by vasodilation or constriction of coronary resistance vessels, a process 
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which is mediated by SMCs and can be quantified by assessing coronary flow reserve 

(CFR). Chronically, blood supply may be enhanced by increased capillary density via 

angiogenesis which is driven by hypoxia-inducible angiogenic factors. A mismatch between 

cardiac hypertrophy and microvascular density has been previously implicated in 

pathological cardiac remodeling and the associated tissue hypoxia may lead to cardiac 

dysfunction. This phenomenon may be observed by the increase in angiogenic gene 

expression observed in MR-intact TAC mice.37, 38 Our data reveals that SMC-MR deletion 

is associated with decreased cardiac hypertrophy and protection against the decline in 

capillary density and CFR. The resulting improvement in blood supply relative to demand 

may contribute to the improvement in cardiac function and HF outcomes in SMC-MR-KO 

mice. In addition to the potential impact on angiogenesis, SMC-MR has been shown to 

contribute to vasoconstriction by regulating L-type calcium channels and angiotensin II 

receptor expression and contributing to oxidative stress.17, 20, 39 In a coronary ligation 

model, SMC-MR deletion improved coronary vasodilation.40 Furthermore, in a clinical trial 

of patients with diabetes, MR inhibition improved CFR.41 Here we demonstrate for the first 

time that CFR, the capacity to dilate the coronary vessels to meet demand, is impaired by 

TAC and that this is improved in SMC-MR-KO mice (Table 2). This may be due to 

improvements in coronary vasodilatory function as well as changes in vascular structure 

mediated by SMC-MR.

Several limitations to this study must be acknowledged. First, the data presented were 

generated with male mice. All published murine TAC studies investigating MR deletion or 

inhibition only used males (Table 2), thus our study was designed to directly compare to this 

published work. This limitation precludes application of these results to females. A recent 

systematic review of over 500 TAC manuscripts revealed that only 4% used female mice 

with 67% using only males, 20% not reporting the sex, and 9% mixing males and females.42 

One potential reason is that due to the smaller size of female mice, TAC with the same gauge 

needle does not induce the same degree of pressure overload making direct comparison 

between the sexes extremely challenging. Thus, future detailed studies are needed to 

generate comparable TAC gradients in both sexes before examining the role of SMC-MR in 

HF in females. Second, although no murine model recapitulates all aspects of the human HF, 

we focused on the severe 27 gauge TAC model because it reproduces many of the 

pathophysiological endpoints observed in human HF and it has been used most extensively 

to study MR tissue-specific effects during HF (Table 2). Future studies are needed to 

determine if SMC-MR plays a similar role in other models of HF. As an example, while MR 

deletion from cardiomyocytes did not significantly impact LV remodeling in the TAC 

model14, in a chronic coronary ligation model, cardiomyocyte MR deletion improved 

capillary density and decreased cardiac hypertrophy and fibrosis.43

Despite these limitations, this study has clinical implications as it provides a novel 

mechanism that may contribute to the benefits of MR antagonism in HF patients. In patients 

with HFrEF, MR inhibition improves cardiac remodeling, prevents hospitalization and 

decreases mortality.1 This study supports that some of those benefits might be mediated by 

SMC-MR inhibition resulting in decreased cardiac inflammation and fibrosis while 

improving blood flow and decreasing hypertrophy; together this may prevent the adverse 

cardiac remodeling that leads to progressive HF and death. Other studies exploring cell-
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specific roles of MR did not measure pulmonary edema or exercise capacity, thus it is 

unclear if MR in other cell types, some of which have benefits on cardiac structure or 

function, might also improve HF symptom outcomes. These are important parameters that 

are relevant to HF hospitalization and mortality in humans. Another important controversy is 

whether MR inhibition is beneficial in HFpEF. In the TOPCAT trial of spironolactone in 

HFpEF patients, MR inhibition did not significantly decrease mortality.44 However, HF 

hospitalization was decreased and subgroups of HFpEF patients may have benefited from 

MR inhibition.45, 46 In the current study, SMC-MR deletion attenuated cardiac hypertrophy, 

stiffness and fibrosis after TAC. These may be potential mechanisms for benefits of MR 

antagonists on diastolic function. If this is unique to the pressure overload model, this might 

suggest specific etiologies of HFpEF (i.e. HFpEF induced by hypertension or valve disease) 

may benefit more from MR inhibition, a hypothesis which remains to be tested in clinical 

trials.

Overall, this study demonstrates that SMC-MR contributes substantially to the development 

of HF in the TAC model. SMC-MR deletion attenuates cardiac inflammation, prevents 

profibrotic gene expression limiting cardiac fibrosis and adverse remodeling, and preserves 

capillary density and CFR providing enhanced blood supply in the face of cardiac 

hypertrophy. Together, these mechanisms support a substantial role for SMC-MR in the 

benefits of MR inhibition in attenuating pulmonary edema and improving cardiac function 

and exercise capacity in pressure-overload induced HF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

AAC Abdominal aortic constriction

ANP atrial natriuretic peptide

BNP Brain natriuretic peptide

CFR Coronary flow reserve

EC Endothelial cells

EDD End diastolic diameter
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EDPVR end diastolic pulse velocity relationship

ESD End systolic diameter

ESPVR end systolic pulse velocity relationship

EF Ejection fraction

FS Fractional shortening

HF Heart failure

HFpEF Heart failure with preserved ejection fraction

HFrEF Heart failure with reduced ejection fraction

LV Left ventricle

MR Mineralocorticoid receptor

PV pressure-volume

SMC Smooth muscle cells

SMC-MR-KO Smooth muscle mineralocorticoid receptor knockout mouse

TAC Transverse aortic constriction
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What is new:

This study demonstrates for the first time that the mineralocorticoid receptor in smooth 

muscle cells contributes to heart failure induced by pressure overload.

Deletion of the mineralocorticoid receptor specifically from smooth muscle prevented 

cardiac hypertrophy, inflammation and fibrosis and improved systolic function with 

decreased lung edema and improved exercise capacity in a male mouse model of pressure 

overload-induced heart failure.

This may be due to preservation of cardiac capillary density and coronary blood flow 

during hypertrophy to prevent pathological cardiac remodeling.

What are the clinical implications:

Mineralocorticoid receptor antagonists improve outcomes in heart failure patients and 

this study supports that the benefits may be due in large part to effects of inhibiting the 

receptor in smooth muscle.

In patients with hypertension and valve disorders which induce pressure overload, MR 

inhibition in smooth muscle may prevent heart failure progression by improving cardiac 

blood flow and preventing adverse cardiac remodeling.

More broadly, the data support that the vasculature of the heart, and specifically the 

smooth muscle, may be a novel cellular target for heart failure therapies.
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Figure 1: Deletion of mineralocorticoid receptor in smooth muscle cell (SMC-MR-KO) 
attenuates cardiac dysfunction induced by pressure overload
(A) LV ejection fraction (EF) and (B) fractional shortening (FS) measured by 

echocardiography. (C) Representative images of M-mode echocardiography. LV function 

indices assessed by invasive LV pressure-volume loop analysis to quantify (D) maximal rate 

of rise in LV pressure (dP/dt max), (E) minimal rate of rise in LV pressure (dP/dt min), (F) 
end-systolic pressure-volume relationship (ESPVR), a measure of systolic cardiac stiffness 

and (G) end-diastolic pressure-volume relationship (EDPVR), a measure of diastolic cardiac 

stiffness. A, B: MR-intact Sham n=9, MR-intact TAC n=27, SMC-MR-KO Sham n=10, 

SMC-MR-KO TAC n=17. D-G: MR-intact Sham n=7, MR-intact TAC n=23, SMC-MR-KO 

Sham n=9, SMC-MR-KO TAC n=14. Two-way ANOVA with Tukey post-hoc test.

Kim et al. Page 16

Circ Heart Fail. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Deletion of mineralocorticoid receptor in smooth muscle cell (SMC-MR-KO) 
ameliorates pressure overload-induced cardiac dilation and heart failure.
(A) End-systolic diameter (ESD) and (B) end-diastolic diameter (EDD) of the left ventricle 

(LV) were measured by echocardiography; (C) LV end-diastolic pressure (EDP) as assessed 

by invasive left ventricular pressure-volume loop analysis; (D) Pulmonary edema as 

measured by lung wet mass minus dried mass; (E) Circulating aldosterone levels measured 

in serum; (F) Whole body endurance exercise capacity determined by measuring run to 

exhaustion time normalized to body mass and vertical distance on the rodent treadmill. A-D: 

MR-intact Sham n=9, MR-intact TAC n=27, SMC-MR-KO Sham n=10, SMC-MR-KO TAC 

n=17. E: MR-intact Sham n=5, MR-intact TAC n=10, SMC-MR-KO Sham n=7, SMC-MR-

KO TAC n=6. F: MR-intact Sham n=5, MR-intact TAC n=11, SMC-MR-KO Sham n=6, 

SMC-MR-KO TAC n=8. Two-way ANOVA with Tukey post-hoc test.
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Figure 3: Mineralocorticoid receptor in smooth muscle cell (SMC-MR) contributes to 
pathological cardiac hypertrophy induced by pressure overload.
(A) LV hypertrophy measured by LV weight to tibia length ratio; (B) Left: Representative 

echocardiographic images used to quantify posterior wall thickness (PWT, right). (C) Left: 

Representative LV sections stained with H&E for assessment of cardiomyocyte area (red 

outline shows an example of a representative cardiomyocyte that was quantified) and 

quantification of cardiomyocyte area (right). Scale bar=100 μm. Results of quantitative RT-

PCR for (D) atrial natriuretic peptide (Nppa), (E) brain natriuretic peptide (Nppb) and (F) 
the ratio of myosin heavy chain-β (Myh7) to myosin heavy chain-α (Myh6) in LV tissue. A, 

B: MR-intact Sham n=9, MR-intact TAC n=27, SMC-MR-KO Sham n=10, SMC-MR-KO 

TAC n=17. C: MR-intact Sham n=3, MR-intact TAC n=12, SMC-MR-KO Sham n=3, SMC-

MR-KO TAC n=6. D-F: MR-intact Sham n=3, MR-intact TAC n=5, SMC-MR-KO Sham 

n=3, SMC-MR-KO TAC n=6. Two-way ANOVA with Tukey post-hoc test.
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Figure 4: Deletion of mineralocorticoid receptor in smooth muscle cell (SMC-MR-KO) reduces 
pressure overload-induced cardiac fibrosis.
Representative LV sections stained with picrosirius red for assessment of perivascular (A) or 

interstitial (B) collagen deposition. Scale bar=50 μm. Results of quantitative RT-PCR with 

primers specific for: (C) connective tissue growth factor (CTGF); (D) collagen type 1 alpha 

(Col1α); (E) collagen type 3 alpha (Col3α); (F) alpha smooth muscle actin (alpha-SMA); 

(G) matrix metalloproteinase-2 (MMP2); and (H) transforming growth factor beta 1 

(TGFβ1). A, B: MR-intact Sham n=3, MR-intact TAC n=12, SMC-MR-KO Sham n=3, 

SMC-MR-KO TAC n=6. C-H: MR-intact Sham n=3, MR-intact TAC n=6, SMC-MR-KO 

Sham n=3, SMC-MR-KO TAC n=6. Two-way ANOVA with Tukey post-hoc test.
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Figure 5: Deletion of mineralocorticoid receptor in smooth muscle cells (SMC-MR-KO) reduces 
pressure overload-induced cardiac inflammation.
Leukocytes were quantified from LV tissue 4 weeks after TAC by flow cytometry. (A) Total 

leukocytes (CD45+), (B) T cells (CD45+/CD11b−/CD3+) and (C) myeloid cells (CD45+/

CD3−/CD11b+) were compared between Shams, MR-intact TAC or SMC-MR-KO TAC 

mice. Results of quantitative RT-PCR for inflammatory gene expression in the LV: (D) 
monocyte chemoattractant protein-1 (MCP-1), (E) regulated on activation, normal T cell 

expressed and secreted (RANTES), (F) interleukin 1 beta (IL1-B), (G) interleukin 6 (IL-6), 

and (H) tumor necrosis factor alpha (TNFα). Results of quantitative RT-PCR for adhesion 

molecules (I) intercellular adhesion molecule 1 (ICAM1), (J) vascular cell adhesion protein 

1 (VCAM1), and (K) endothelial-leukocyte adhesion molecule (E-selectin). A-C: Sham n=9: 

(MR-intact Sham n=5, SMC-MR-KO Sham n=4), MR-intact TAC n=8, SMC-MR-KO TAC 

n=6. D-K: MR-intact Sham n=3, MR-intact TAC n=6, SMC-MR-KO Sham n=3, SMC-MR-

KO TAC n=6. A-C: One-way ANOVA with Tukey post-hoc test. D-K: Two-way ANOVA 

with Tukey post-hoc test.
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Figure 6: Deletion of mineralocorticoid receptor in smooth muscle cell (SMC-MR-KO) improves 
capillary density and coronary flow reserve in pressure overload-induced heart failure.
Results of quantitative RT-PCR for angiogenesis markers: (A) basic fibroblast growth factor 

(FGF2), (B) placental growth factor (PGF), and (C) vascular endothelial growth factor 

receptor 1 (FLT1). (D) Representative LV sections stained with CD31 to mark endothelial 

cells. Scale bar=50 μm. (E) Quantification of capillary density using CD31 stained area 

normalized to cardiomyocyte area. (F) Coronary flow reserve assessed by echocardiography 

before and after a hyperemic stimulus. A-C: MR-intact Sham n=3, MR-intact TAC n=6, 

SMC-MR-KO Sham n=3, SMC-MR-KO TAC n=6. E: MR-intact Sham n=3, MR-intact TAC 

n=11, SMC-MR-KO Sham n=3, SMC-MR-KO TAC n=5. F: MR-intact Sham n=6, MR-

intact TAC n=16, SMC-MR-KO Sham n=7, SMC-MR-KO TAC n=13. Two-way ANOVA 

with Tukey post-hoc test.
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Table 1.
Survival rate, physical characteristics, echocardiography, and pressure-volume loop 
analysis-derived indices:

Survival (%): the number of mice that survived out of the total number of mice that received the surgery

MR-intact
SHAM (n=9)

MR-intact
TAC (n=27)

SMC-MR-KO
SHAM (n=10)

SMC-MR-KO
TAC (n=17)

Survival 9 / 9 (100%) 27 / 32 (84%) 10 / 10 (100%) 17 / 22 (77%)

BW (g) 26.8 ± 2.10 25.2 ± 2.08 26.1 ± 1.41 25.6 ± 1.65

KW (mg) 158.8 ± 21.30 143.1 ± 24.42 158.5 ± 11.59 155.5 ± 21.85

KW(mg):BW(g) 5.9 ± 0.60 5.7 ± 0.52 6.1 ± 0.56 6.1 ± 0.42

HW (mg) 119.0 ± 16.50 194.7 ± 33.25* 117.0 ± 9.62 174.3 ± 21.44*†

aPWV (mm/ms) 2.1 ± 0.30 2.4 ± 0.5196 2.2 ± 0.57 2.2 ± 0.4123

Aortic SBP (mmHg) 87.3 ± 9.30 137.9 ± 29.10* 81.6 ± 11.88 128.7 ± 23.50*

SV (uL) 21.7 ± 4.20 11.7 ± 3.64* 22.7 ± 3.68 16.4 ± 4.54*‡

CO (uL/min) 10968 ± 207.0 6178 ± 1927.7* 10459 ± 1558.2 8682 ± 1863.6
§‡

BW: body weight; KW: kidney weight; KW:BW: kidney weight to body weight ratio; HW, whole heart weight; aPWV, aortic pulse wave velocity 
assessed by ultrasound; SBP: carotid systolic blood pressure obtained during PV loop analysis proximal to the aortic constriction in anesthetized 
mice; SV: stroke volume obtained during PV loop analysis; CO: cardiac output obtained during PV loop analysis. The values are presented as mean 
+/− standard deviation. Two-way ANOVA:

*
p<0.01 versus genotype-matched SHAM mice.

†
p<0.05 versus MR-intact TAC mice.

‡
p<0.01 versus MR-intact TAC mice.

§
p<0.05 versus genotype-matched SHAM mice.
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