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Abstract

The molecular mechanisms of postmenopausal heart diseases in women may involve the loss of 

estrogen-deactivation of its membrane receptor, G-protein coupled estrogen receptor (GPER), and 

subsequent activation of the cardiac NLRP3 inflammasome, a component of the innate immune 

system. To study the potential effects of cardiac GPER on NLRP3-mediated inflammatory 

pathways, we characterized changes in innate immunity gene transcripts in hearts from 6-month-

old cardiomyocyte-specific GPER knockout (KO) mice and their GPER-intact wild type (WT) 

littermates using RT2 ProfilerTM real-time PCR array. GPER deletion in cardiomyocytes decreased 

%fractional shortening (%FS) and myocardial relaxation (e΄), and increased the early mitral inflow 

filling velocity-to-early mitral annular descent velocity ratio (E/e΄), determined by 

echocardiography, and increased the mRNA levels of atrial natriuretic factor (ANF) and brain 

natriuretic peptide (BNP), determined by real-time PCR. Of the 84 inflammasome-related genes 

tested, 9 genes were upregulated, including NLRP3 and IL-18, while 1 gene, IL-12a, was 

downregulated in GPER KO when compared to WT. The importance of NLRP3 upregulation in 
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GPER KO-induced heart failure was further confirmed by an in vivo study showing that, 

compared to vehicle-treated KO mice, 8 weeks of treatment with a NLRP3 inhibitor, MCC950 (10 

mg/kg, i.p., 3 times per week), significantly limited hypertrophic remodeling, defined by 

reductions in heart weight/body weight, and improved systolic and diastolic functional indices, 

including increases in %FS and e΄, and decreases E/e΄ (P<0.05). Both ANF and BNP mRNA 

levels were also significantly reduced by chronic MCC950 treatment. The findings from this study 

point toward a new understanding for the increased occurrence of heart diseases in women 

following loss or absence of estrogenic protection and GPER activation that involves cardiac 

NLRP3 inflammatory pathways.
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1. Introduction

Estrogen is widely accepted as a protector of the female heart against various hemodynamic 

stresses and sterile, low grade inflammatory processes, including hypertension, cardiac 

hypertrophy failure, atherosclerosis, ischemia–reperfusion injury and heart failure, while its 

loss contributes to an acceleration of cardiovascular diseases in women. Numerous 

preclinical studies demonstrate that estrogen protects the heart through both direct effects on 

cardiomyocytes, and indirectly via systemic effects [1]. However, hormone therapy over the 

past few decades has not shown clear cardiac benefits and might be associated with health 

risks including cancer, coronary heart disease, and stroke [2]. Furthering research on the 

mechanisms of estrogen in the attenuation of cardiovascular diseases, with a focus on roles 

of specific estrogen receptors, is critical in the development of more specific strategies for 

the treatment of cardiovascular diseases in women, with fewer or no side effects. A new 

potential target for drug therapy might be the G protein-coupled estrogen receptor (GPER), 

also known as G protein-coupled receptor 30 (GPR30). Activation of GPER by its agonist 

G1 protects the heart against various stresses including pressure-overload [3] , ischemia/

reperfusion [4], high salt diet [5], estrogen loss and aging [6,7], while cardiomyocyte-

specific GPER deletion induces cardiac remodeling and heart failure [8]. These findings 

strongly suggest that GPER mediates the cardioprotective effects of estrogen.

The contribution of inflammatory processes in the development and progression of 

cardiovascular disease is a topic of continuous research. One exciting area in this field is the 

NLRP3 (NOD-, LRR- and pyrin domain-containing 3) inflammasome, in which NLRP3, 

caspase-1, interleukin-1β (IL-1β) and IL-18 are involved [9]. The NLRP3 inflammasome, 

which is formed and activated by various stimuli such as PAMPs (pathogen-associated and 

danger) and DAMPs (damage-associated molecular patterns), participates in the 

pathogenesis of hypertension, diabetes, atherosclerosis, myocardial infarction, heart failure 

and other cardiovascular diseases [9]. Several preclinical models show that inhibition of 

NLRP3 protects the heart [10–12], while findings from recent clinical trials indicate that 

blockade of IL-1 with a modified version of the human interleukin 1 receptor antagonist 

AnakinraTM has cardiac beneficial effects in patients with coronary artery disease, heart 
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failure and pericarditis [13–15]. No studies to-date have linked the NLRP3 inflammasome to 

the loss of estrogenic cardioprotection or inactivation of any one of the estrogen receptors. In 

the present study, using the cardiomyocyte-specific GPER knockout (KO) mouse, RT2 

ProfilerTM real-time PCR array, and in vivo NLRP3 inhibition by its specific inhibitor, 

MCC950, we show, for the first time, that the NLRP3-related inflammatory pathway is 

involved in cardiac dysfunction related to GPER deficiency in cardiomyocytes.

2. Materials and methods

2.1. Animals and treatments

Cardiomyocyte-specific GPER KO mice were generated in our laboratory, as described 

previously [8]. GPERf/f/Cre (GPER KO) and GPERf/f littermates (GPER WT) were studied 

at 6 months of age in 2 separate cohorts. In the first cohort, heart structure and functions 

were assessed with echocardiography, followed by euthanasia in both GPER KO and WT 

mice (n = 6 per group). In the second cohort, an equal number of male and female GPER 

KO mice received chronic treatment with a NLRP3 inhibitor, MCC950 (MedChemExpress 
LLC, Monmouth Junction, NJ; Catalog Number: HY-12815; 10 mg/kg, i.p., 3 times per 

week; n=6 per group), or its vehicle control (1% DMSO in PBS; n=6) for eight weeks, 

followed by echocardiography, and euthanasia. MCC950 is a potent, highly specific small 

molecule inhibitor of the NLRP3 inflammasome [16]. The dose of MCC950 was selected 

based on a mouse model of atherosclerosis [11]. The treatment groups were sex-mixed given 

our previous report of differentially expressed inflammatory-related gene family within 

cardiomyocytes from both male and female KO versus their respective wild type (WT) 

littermates [8].

All mice were housed in a facility approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care, with a 12-hour light-dark cycle and constant 

temperature and humidity. Mice had ad-libitum access to standard chow (Nestle Purina, St. 

Louis, Mo) and tap water. Body weight and water intake were monitored regularly 

throughout the study. At the time of sacrifice, the mice were administered with pentobarbital 

sodium (Akorn Inc, Lake Forest, Ill; 100 mg/kg body weight) by intraperitoneal injection. 

Upon verification of deep anesthesia by the absence of response to tail and toe pinches, the 

chest was opened, and the heart was quickly excised and trimmed. Whole heart and left 

ventricle (LV) weights were measured and normalized to body weight. The LV was 

sectioned and snap frozen in liquid nitrogen and stored at −80°C in cryogenic tubes for 

ribonucleic acid (RNA) extraction. All procedures were carried out in accordance with the 

Guide for the Care and Use of Laboratory Animals, published by National Institutes of 

Health (NIH Publication #8023, revised 1978), and study approval was obtained from the 

Animal Care and Use Committee of Wake Forest University Health Sciences (protocol # 

A15–191).

2.2. Blood pressure (BP) measurement

Systolic blood pressure (SBP) was measured noninvasively using a volume-pressure 

recording tail-cuff method on conscious, restrained mice using the CODA 6 system (Kent 

Scientific Corp, Torrington, CT). Briefly, mice were gently placed in the restrainer and 
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allowed to rest quietly for 10 min at 30°C prior to obtaining 5 acclimation cycles followed 

by 10 measurement cycles. SBP measurements were collected and averaged. All 

measurements were performed between 9:00–11:00 a.m. for all groups, to account for any 

diurnal variations.

2.3. Exercise capacity test

The maximal exercise capacity test (time to exhaustion during a standardized exercise 

protocol) was performed using a motorized treadmill (Scientific Instruments, Stoelting, 

Wood Dale, IL). Mice were familiarized with the motor-driven, one-lane rodent treadmill by 

walking at a speed of 20 cm/s, 10 min/d, for 1 week. Each exercise test was performed after 

at least 1 day of rest. The protocol for exercise capacity evaluation consisted of 3 min at 12 

meters/min, with 1.2-meter/min increases in speed every 3 min until the mouse reached 

exhaustion. Time to exhaustion (in min) was determined when the mouse was unable to 

continue running and sat at the lower end of the treadmill for more than 5 s, despite gentle 

nudging.

2.4. Echocardiography

Heart structure and function were determined using a commercially available 

echocardiograph equipped with both PureWave 12–4 MHz sector and 15–7 MHz linear 

transducers (CX50 Compact Xtreme System; Philips Medical Systems), as described 

previously [8]. In brief, mice were anesthetized with an isoflurane (1.5%) oxygen mixture by 

nose cone and secured in the supine position to a warm (37.5°C) imaging platform. A 15 

MHz linear probe was used to obtain 2D-guided, M-mode images using parasternal long and 

short axis views for measures of end diastolic and end systolic dimensions (LVEDD and 

LVESD) and posterior and anterior wall thicknesses (PWTed and AWTed) at end diastole. A 

12 MHz phased array probe was used to obtain the apical 4-chamber view for transmitral 

inflow Doppler (early transmitral filling or maximum E-wave velocity) and septal tissue 

Doppler measurements (early mitral annular descent or e′) of diastolic function. Heart rate 

was determined from five consecutive RR intervals from pulsed-Doppler inflow tracings. 

The fractional shortening (FS) was expressedas %FS = (LVEDD-LVESD)/LVEDD × 100. 

The relative wall thickness (RWT) was calculated as (PWTed + AWTed)/LVEDD. The early 

mitral inflow filling velocity-to-early mitral annular descent velocity ratio, or E/e′, was used 

to estimate LV filling pressure. E/e′ is a useful measure to assess the severity of LV stiffness 

or diastolic dysfunction.

2.5. Mouse inflammasomes assay using RT2 Profiler PCR Array

Total RNA isolation and cDNA synthesis were performed as described before [8]. Realtime 

PCR array was performed using mouse inflammasomes RT2 ProfilerTM PCR Array kit (Cat. 

no. PAMM-097Z; SuperArray Bioscience, Frederick, MD), which profiles the expression of 

84 key genes involved in the function of inflammasomes, protein complexes involved in 

innate immunity, as well as general NOD-like receptor (NLR) signaling. The array was 

performed according to the manufacturer’s instruction using RT2 SYBR Green/Rox PCR 

master mix (Cat. no. PA-012, SuperArray Bioscience) on a QuantStudio 3 Real-Time PCR 

system (Applied Biosystems). The integrated web-based software package for the PCR array 

system automatically performed all comparative threshold cycle (ΔΔCt)-based fold-change 
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calculations from the uploaded data. Three mice per group were used for this analysis. A 

two-fold or greater change in expression with P ≤ 0.05 was considered significant.

2.6. Regular real-time qPCR analysis

Relative quantification of mRNA levels by real-time qPCR was performed using a SYBR 

Green PCR kit (Qiagen Inc), as previously described [8]. Amplification and detection were 

performed with the ABI7500 Sequence Detection System (Applied Biosystems, Foster City, 

CA). Sequence-specific oligonucleotide primers were designed according to published 

GenBank sequences and confirmed with OligoAnalyzer 3.0. The relative target mRNA 

levels in each sample were normalized to glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Expression levels are reported relative to the geometric mean of the control 

group.

2.7. Statistical analyses

All results are expressed as mean ± standard error of the mean (SEM). Data were analyzed 

using a 2-tailed unpaired Student t test with the software GraphPad Prism Version 6 

(GraphPad Software, Inc, La Jolla, Calif). P <0.05 was considered statistically significant.

3. Results

3.1. Cardiomyocyte-specific GPER deletion impaired heart structure and functions

Consistent with our previous report, findings from echocardiographic examinations revealed 

decreaed fractional shortening (FS) (27.1±2.0 vs. 33.5±1.8, P<0.05. Figure 1A), decreased e΄ 
(2.5±01 vs. 3.5±0.2, P<0.05. Figure 1B), and increased E/e΄ (26.4±2.4 vs. 18.2±0.7, P 
<0.05. Figure 1C) in hearts with cardiomyocyte-specific GPER deletion. The mRNA levels 

of atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP), two important 

biomarkers of heart failure, were significantly increased in GPER KO vs. WT mice by 46- 

and 6-fold, respectively, as determined by real-time PCR (Figure 1D,1E).

3.2. GPER deletion changed NLRP3 inflammasome-related gene expression

Of the 84 inflammasome-related genes tested, 10 were differentially expressed in GPER KO 

mice compared with WT littermates, including 9 upregulated genes and 1 downregulated 

gene (Figure 2). Genes that were significantly upregulated in GPER KO include interferon 

gamma (Ifng), prostaglandin endoperoxide synthase 2 (Ptgs2), pannexin 1 (Pnax1), 

chemokine (C-C motif) ligand 12 (Ccl12), chemokine (C-C motif) 5 (Ccl15), NLR family 

pyrin 3 (NLRP3), proline-serine-threonine phosphatase-interacting protein 1 (Pstpipi1), 

interleukin 33 (IL-33), interleukin 18 (IL-18). Interleukin 12a (IL-12a) was decreased by 

68% in hearts of GPER KO vs. WT mice (P<0.05) (Figure 2).

3.3. MCC950 treatment improved heart function in GPER knockout mice

The 8-week treatment with MCC950, a NLRP3 inhibitor, in GPER KO mice did not change 

body weight or systolic blood pressure (Table 1). However, compared to vehicle-treated KO 

mice, MCC950 decreased heart weight normalized to body weight (HW/BW) by 26% 

(P<0.05; Table 1) and improved LV function as depicted by increases in %FS and e΄, and 
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decreases in Doppler-derived filling pressure, or E/e΄, in GPER KO mice (P<0.05. Figure 3). 

Results from real-time PCR demonstrate that ANF mRNA level decreased by 21% in 

MCC950 vs. vehicle-treated animals (P<0.05), while BNP mRNA was not significantly 

affected (0.85±0.01 vs. 1.0±0.01, P >0.05) (Figure 3).

Consistent with these cardiac changes, MCC950 treatment tended to increase exercise 

capacity, as evidenced by a 49% increase in time to exhaustion (P=0.068, Table 1).

3.4. MCC950 regulated inflammasome-related gene expression in the heart

As shown in Figure 4, MCC950 treatment did not change NLRP3 mRNA, but significantly 

increased the mRNA levels of caspase 1, IL-1β, Ptgs2, and Sirtuin 3 (Sirt 3) (P<0.05). While 

mRNA levels of IL-18, glutathione S-transferase kappa 1 (GSTK1), uncoupling protein 3 

(UCP3), and Sirt 1 also increased, these changes did not reach statistical significance (Figure 

4).

4. Discussion

The main findings of this study are: (1) cardiomyocyte-specific GPER deficiency-induced 

heart dysfunction occurs with increases in NLRP3 inflammasome-related gene expression; 

and (2) chronic NLRP3 inhibition with MCC950 treatment improves heart function in GPER 

KO mice. These results suggest that the NLRP3-mediated inflammatory response pathway 

may contribute to heart failure progression. Further studies should clarify whether this 

inflammatory mechanism plays a role in the development of heart disease in women after 

the loss of ovarian estrogen and subsequent GPER inactivation.

As reviewed elsewhere [9], the NLRP3 inflammasome has been shown to be involved in 

various cardiovascular diseases, such as vascular damage spanning from atherosclerosis, 

aneurysmal disease, and arteritis; ischemic heart disease; and nonischemic heart diseases 

including diabetic cardiomyopathy, chronic heart failure, and pressure overload-induced 

hypertrophy, and virus-induced cardiac dysfunction. Once the cytosolic innate immune 

signaling receptor NLRP3 is activated by cardiac stimuli, it nucleates the assembly of an 

inflammasome, leading to caspase 1-mediated proteolytic activation of the cytokines 

including IL-1β and IL-18, and induces an inflammatory, proptotic cell death. The 

cardioprotective effects of NLRP3 inhibition has been demonstrated in animal models of 

hypertension, atherosclerosis, and myocardial infarction using its selective inhibitor, 

MCC950 [10–12]. MCC950 is a potent highly specific small molecule inhibitor of both 

canonical and noncanonical activation of the NLRP3 inflammasome [16]. However, to our 

knowledge, there are no studies on the roles of NLRP3-mediated inflammatory responses in 

heart diseases that implicate loss of estrogen or deactivation of estrogen receptors. A recent 

study demonstrated that estrogen deficiency increases NLRP3 inflammasome activation and 

pro-inflammatory cytokine production in mouse models of allergic airway inflammation 

[17], hippocampal inflammation [18], and human fibroblast-like synoviocytes [19]. In these 

models of increased NLRP3 activation, 17β-estradiol (E2) treatment inhibited the 

inflammatory response. Consistent with these findings, the present study shows for the first 

time that activation of the NLRP3-inflammatory pathway might be a key mediator in the 
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development of heart diseases associated with estrogen loss and the subsequent deactivation 

of the membrane estrogen receptor, GPER.

The NLRP3 inflammasome exerts an inflammatory effect by activating caspase-1 and 

proinflammatory cytokines [9]. In the current study, GPER deletion significantly increased 

cardiac mRNA levels of NLRP3, IL-18, IL-33, and other inflammatory response-related 

genes including Ifng, Ptgs2, Pnax1, Ccl12, Ccl15, and Pstpipi1. However, while NLRP3 

inhibition by MCC950 improved heart function in GPER KO mice, MCC950 increased 

cardiac mRNA levels of caspase-1, IL-1β, and Ptgs2, and did not change NLRP3, IL-18, and 

IL-33 gene expressions. The increased caspase-1, IL-1β, and Ptgs2 mRNA levels might 

reflect a compensatory mechanism while the activity of the cytokines is inhibited. The 

activities of NLRP3 and other related cytokines will be measured in future studies. 

Interestingly, NLRP3 inhibition significantly increased Sirt3 mRNA by 45% compared with 

vehicle treated PGER KO mice. Sirt3, the primary mitochondrial deacetylase, plays a 

significant role in enhancing the function of mitochondrial proteins. Recent studies have 

suggested an interaction between Sirt3 and NLRP3 inflammasome. Macrophages obtained 

from Sirt3 knockout mice showed significant increases in NLRP3 inflammasome activation, 

while the Sirt3 activator viniferin reduced NLRP3 activation and the production of 

proinflammatory cytokines in WT mice [20]. Similarly, in western diet-fed mice, Sirt3 

deletion increased NLRP3 inflammasome activation and markers of neuroinflammation in 

the brain [21]. In human aortic endothelial cells (HAECs), Sirt3 overexpression attenuated 

NLRP3 inflammasome activation, while Sirt3 deletion accelerated its activation and also 

impaired endothelial dysfunction [22]. How NLRP3 inhibition upregulates Sirt3 gene 

expression, as found in the current study, will require future evaluation.

Our study provides new insight into the mechanism by which estrogen loss and deactivation 

of GPER might contribute to heart disorders and opens opportunities for additional research. 

Even so, we also realize the limitations of this study. First, we used a “loss of function” 

model, where GPER was knocked down in the cardiomyocyte. Indeed, regulation of NLRP3 

by GPER needs to be tested in other models, as well using a “gain of function” paradigm. 

Interestingly, in the female mRen2.Lewis rat, an estrogen-sensitive hypertensive animal 

model, we found that chronic GPER activation by G1 decreased cardiac mRNA levels of 

NLRP3, caspase 1, IL-18, and IL-1β in of ovariectomized rats (unpublished data). Second, 

since NLRP3 mainly affects the activities [9], and not the transcriptional level of caspase-1, 

IL-18, IL-1β, the activities of NLRP3 and related cytokines need to be measured to further 

our understanding of the NLRP3 inflammasome in estrogen loss-associated heart disease. 

Finally, this study demonstrated that estrogen’s effects on NLRP3 inflammasome might be 

mediated by GPER, but how GPER regulates NLRP3 inflammasome at the gene, protein, 

and activity levels needs further study.

In summary, postmenopausal heart disease, mainly characterized of diastolic dysfunction 

and heart failure with preserved ejection fraction (HFpEF) is a major health problem with 

significant morbidity and mortality in old women. There are no proven pharmacologic 

therapies that delay or reverse these age-related heart abnormalities in women. Further 

understanding of the mechanisms may lead to better personalized treatment of 

postmenopausal heart diseases. The findings from this study reveal that deactivation of 
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GPER accelerates NLRP3-mediated inflammatory pathways, which might have important 

roles in the pathogenesis of heart disorders after estrogen loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• GPER deletion in cardiomyocytes induce left ventricular dysfunction.

• GPER deletion increases NLRP3 inflammasome-related gene expression.

• NLRP3 inhibition by MCC950 improves heart function in GPER KO mice.
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Fig. 1. Cardiomyocyte-specific GPER deletion induced heart failure.
Cardiomyocyte-specific GPER deletion decreased %fractional shortening (%FS) (A), 

decreased e΄ (B), increased E/e΄ (C), determined by echocardiography, and increased 

cardiac ANF (D) and BNP (E) mRNA determined by real-time PCR. n=6/group. * P <0.05 

vs wild type.

Wang et al. Page 11

Biochem Biophys Res Commun. Author manuscript; available in PMC 2020 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. PCR microarray analysis of inflammatory genes in cardiomyocytes from GPER knockout 
(KO) vs. wild type (WT) mice.
(A) 3-D plot representing real-time RT PCR microarray analysis of 84 inflammatory genes. 

Columns pointing up (with z-axis values > 1) indicate an upregulation of gene expression, in 

the test sample (GPER KO) vs. control (WT). (B) Data represent those inflammatory genes 

significantly increased by 2-fold or more and P<0.05 in KO vs. WT hearts; n=3/group. Ifng, 

interferon gamma; Ptgs2, prostaglandin endoperoxide synthase 2; Pnax1, Pannexin 1; Ccl12, 

chemokine (C-C motif) ligand 12; Ccl15, Chemokine (CC motif) 5; Nlrp3, NLR family, 

pyrin 3; Pstpipi1, Proline-serine-threonine phosphatase-interacting protein 1; Il33, 

interleukin 33; Il18, interleukin 18.
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Fig. 3. Eight weeks of treatment with NLRP3 inhibitor, MCC950, improved heart function in 
GPER knockout mice.
MCC950 treatment increased %fractional shortening (FS) (A), increased e΄ (B), decreased 

E/e΄ (C), determined by echocardiography, and decreased cardiac ANF (D) and BNP (E) 

mRNA determined by real-time PCR. n=6/group. * P <0.05 vs vehicle treated GPER 

knockout mice.
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Fig. 4. Inflammatory and related gene changes in GPER knockout mice treated with MCC950 
vs. vehicle.
n=6/group. * P <0.05 vs vehicle treated GPER knockout mice.
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Table 1.

Body weight, blood pressure, heart weight, and treadmill time in GPER knockout mice treated with vehicle 

and MCC950

Vehicle (n=6) MCC950 (n=6) P-value

Body weight (g) 30.2±2.1 29.5±1.4 0.782

Heart weight (mg) 176±31 126±8 0.095

HW/BW (mg/g) 5.73±0.72 4.24±0.01 0.038

Systolic BP (mmHg) 105±2.5 106±3 0.894

Treadmill time (min) 20.1±5.0 29.8±1.9 0.068

HW, heart weight; BW, body weight; BP, blood pressure
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