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Abstract

Stress is increasingly associated with heart dysfunction and is linked to higher mortality rates in 

patients with cardiometabolic disease. Glucocorticoids are primary stress hormones that regulate 

homeostasis through two nuclear receptors, the glucocorticoid receptor (GR) and 

mineralocorticoid receptor (MR), both of which are present in cardiomyocytes. To examine the 

specific and coordinated roles that these receptors play in mediating the direct effects of stress on 

the heart, we generated mice with cardiomyocyte-specific deletion of GR (cardioGRKO), MR 

(cardioMRKO), or both GR and MR (cardioGRMRdKO). The cardioGRKO mice spontaneously 

developed cardiac hypertrophy and left ventricular systolic dysfunction and died prematurely from 

heart failure. In contrast, the cardioMRKO mice exhibited normal heart morphology and function. 

*Corresponding Author: National Institute of Environmental Health Sciences, P.O. Box 12233, 111 TW Alexander Drive, RTP, NC 
27709, cidlows1@niehs.nih.gov.
Author contributions: RHO and JAC designed experiments. RHO, DCT, BH, JFF, PHM, XX, and MSW performed experiments. 
RHO, DCT, BH, MSW, and JAC analyzed data and interpreted results. CEGS provided antibodies and PC provided MRfl/fl mice 
critical to these studies. RHO and JAC wrote the manuscript.

Competing interests: The authors have declared that no conflict of interest exists.

Data and materials availability: The microarray data have been deposited in the NCBI Gene Expression Omnibus (GSE95737). All 
other data needed to evaluate the conclusions in the paper are present in the paper or the Supplementary Materials. The MRflox mice 
require a material transfer agreement from Institut de Génétique et de Biologie Moléculaire et Cellulaire (IGBMC), Illkirch, CU. de 
Strasbourg, France. The GRflox, dflox, cardioGRKO, cardioMRKO, and cardioGRMRdKO mice require a material transfer agreement 
from NIEHS/NIH, U.S.A.

HHS Public Access
Author manuscript
Sci Signal. Author manuscript; available in PMC 2020 March 20.

Published in final edited form as:
Sci Signal. ; 12(577): . doi:10.1126/scisignal.aau9685.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Surprisingly, despite the presence of myocardial stress, the cardioGRMRdKO mice were resistant 

to the cardiac remodeling, left ventricular dysfunction, and early death observed in the 

cardioGRKO mice. Gene expression analysis revealed the loss of gene changes associated with 

impaired Ca2+ handling, increased oxidative stress, and enhanced cell death and the presence of 

gene changes that limited the hypertrophic response and promoted cardiomyocyte survival in the 

double knockout hearts. Re-expression of MR in cardioGRMRdKO hearts reversed many of the 

cardioprotective gene changes and resulted in cardiac failure. These findings reveal a critical role 

for balanced cardiomyocyte GR and MR stress signaling in cardiovascular health. Therapies that 

shift stress signaling in the heart to favor more GR and less MR activity may provide an improved 

approach for treating heart disease.

Introduction

Stress contributes to numerous human pathologies including heart disease (1, 2). Both 

persistent psychological stress and work stress have been associated with increased mortality 

in patients with cardiometabolic disease (3, 4). In response to stress, the hypothalamic-

pituitary-adrenal axis is activated resulting in the release of glucocorticoids (cortisol) from 

the adrenal gland. As the primary stress hormone in humans, glucocorticoids act on nearly 

every tissue and organ of the body to maintain homeostasis. Despite their prevalent clinical 

use to suppress inflammation, surprisingly little is known about the role that glucocorticoids 

play in cardiac physiology and pathology and whether the actions of these hormones on the 

heart are direct or indirect (5).

The actions of glucocorticoids are mediated classically by the glucocorticoid receptor (GR; 

encoded by Nr3c1), a member of the nuclear receptor superfamily of ligand-dependent 

transcription factors. When bound by glucocorticoids, GR regulates the expression of 

numerous genes by direct binding to DNA and/or by interactions with other chromatin-

bound transcription factors. GR is expressed in cardiomyocytes and has an important and 

direct role for glucocorticoid signaling in the heart (5–8). Adult mice on a mixed genetic 

background that lack GR specifically in cardiomyocytes spontaneously develop cardiac 

disease and die prematurely from heart failure, suggesting that glucocorticoid signaling 

through cardiomyocyte GR is critical for maintaining normal heart morphology and function 

(6). However, glucocorticoids can also bind the closely related mineralocorticoid receptor 

(MR; encoded by Nr3c2). Much attention has focused on elucidating the role of cardiac MR 

because clinical treatment with the MR antagonists eplerenone and spironolactone leads to 

reduced morbidity and mortality in heart failure patients (9). At a mechanistic level, studies 

utilizing MR antagonists are limited because they do not discriminate between direct and 

systemic effects on the heart. Mice with conditional knockout of MR in cardiomyocytes 

have been generated but exhibit only minimal alterations in heart function at baseline (10–

12).

Findings from genetically engineered mice lacking GR or MR are confounded by the 

presence of an intact signaling pathway for the remaining receptor. Mouse models with 

concurrent deletion of both GR and MR to eliminate all forms of glucocorticoid signaling 

are necessary to help elucidate the specific and cooperative or antagonistic activities of these 
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receptors. In the following study, we generated mice lacking both GR and MR specifically in 

cardiomyocytes and compared the gene expression and functional profiles of the double 

knockout hearts with their single knockout counterparts. Using this genetic approach, we 

report that mice lacking both GR and MR in cardiomyocytes were resistant to the cardiac 

disease that develops in mice lacking cardiomyocyte GR alone. These findings reveal that 

insufficient GR signaling and unopposed MR signaling are pathogenic in cardiomyocytes 

and suggest that a balanced stress response through these two receptor signaling pathways is 

crucial for maintaining a healthy heart.

Results

CardioGRMRdKO mice exhibit improved lifespan compared to cardioGRKO mice

Our laboratory previously generated mice on a mixed FVB/C57BL/6 background with 

conditional knockout of GR in cardiomyocytes (6). These mice spontaneously develop 

cardiac hypertrophy, LV systolic dysfunction, and die prematurely from heart failure. 

Although these studies revealed a critical role for stress signaling in normal heart 

homeostasis, they did not discriminate between the loss of GR signaling or unabated MR 

signaling as the molecular culprit for the gene changes and signaling pathways driving the 

cardiac pathology. To define in vivo the individual and coordinated contributions for these 

two receptors in mediating the direct actions of glucocorticoids on the heart, we 

independently generated mice on a C57BL/6 background with conditional knockout of GR 

in cardiomyocytes (cardioGRKO), MR in cardiomyocytes (cardioMRKO), or both GR and 

MR in cardiomyocytes (cardioGRMRdKO) (Fig. 1A). The cardioGRKO mice showed 

reduced expression of GR specific to the heart and no alteration in MR, the cardioMRKO 

mice showed decreased expression of MR specific to the heart and no change in GR, and the 

cardioGRMRdKO mice showed reduced expression of both GR and MR specific to the heart 

(Fig. 1B–C and fig. S1A–C).

The cardioGRKO, cardioMRKO, and cardioGRMRdKO mice were born at the expected 

Mendelian ratio and appeared normal early in life. By approximately 6 months of age, 

however, the cardioGRKO mice began to exhibit increased morbidity. Survival curve 

analysis revealed a reduced lifespan (mean survival time of 8.97 months) for the 

cardioGRKO mice that is consistent with the early death from heart failure reported for mice 

on a mixed genetic background that lack cardiomyocyte GR (Fig. 1D) (6). Over the 9-month 

survival study, the cardioMRKO mice exhibited a normal lifespan, as did the mice lacking 

both GR and MR in cardiomyocytes. The improved survival of the cardioGRMRdKO mice 

compared to the cardioGRKO mice suggests a pathogenic role for MR signaling in the 

cardioGRKO hearts.

CardioGRMRdKO mice are protected from cardiac remodeling

To understand how the loss of cardiomyocyte GR, MR, or both receptors affects cardiac 

homeostasis and survival in our knockout mice, we initially evaluated heart morphology. 

Hearts from 2-month old cardioGRKO mice exhibited an increase in heart weight (HW) and 

heart weight to body weight (HW/BW) ratio (Fig. 2A). In contrast, no change in HW or 

HW/BW ratio was measured for the cardioMRKO hearts or those depleted of both receptors. 
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The cross-sectional area of cardiomyocytes in the LV of 2-month old cardioGRKO hearts 

was significantly increased which is indicative of cardiac hypertrophy (Fig. 2B). 

Cardiomyocytes from the LV of cardioMRKO mice were not altered in size. A small 

increase in cardiomyocyte cross-sectional area was observed in 2-month old 

cardioGRMRdKO hearts that was significantly less than the increase measured in the 

cardioGRKO hearts (Fig. 2B). Gross examination of hearts from 3-month old mice revealed 

that the cardioGRKO hearts were enlarged compared to controls and H&E-stained sections 

revealed thickened ventricular walls consistent with a hypertrophic response (Fig. 2C). The 

cardioMRKO and cardioGRMRdKO retained a normal size and structure (Fig. 2C). These 

genotype-specific differences in heart morphology could not be attributed to blood pressure 

alterations because systolic blood pressure did not differ between adult cardioGRKO, 

cardioMRKO, and cardioGRMRdKO mice (fig. S2).

At 6 months of age, cardioGRKO hearts exhibited an even greater increase in size, and a few 

of the hearts were severely enlarged (Fig. 2D). H&E-stained sections showed pronounced 

dilation of the LV at this later time point (Fig. 2D). In the greatly enlarged hearts, both the 

LV and right ventricle (RV) were dilated and a thrombus characterized by a laminar 

arrangement of fibrin was frequently observed in the left atrium (fig. S3A). In contrast, 

hearts from 6-month old cardioMRKO and cardioGRMRdKO mice continued to display a 

normal size (Fig. 2D). The structure of the older cardioMRKO hearts appeared grossly 

normal. Thickened ventricular walls were occasionally observed in hearts lacking both 

receptors (Fig. 2D), and analysis of the cross-sectional area of cardiomyocytes in the RV of 

the cardioGRMRdKO heart revealed hypertrophy (fig. S4A). The RV hypertrophy was not 

accompanied by evident lung edema in the 6-month old cardioGRMRdKO mice as neither 

lung weight (LW) nor lung weight to body weight (LW/BW) ratio differed from control 

dflox littermates (fig. S4B). At a microscopic level, a small number of degenerate 

cardiomyocytes and a small amount of inflammation were observed in both the 6-month old 

cardioGRKO and cardioGRMRdKO hearts but not in the cardioMRKO hearts (fig. S3B). 

The more severely affected cardioGRKO hearts exhibited a greater level of inflammation as 

well as fibrosis (fig. S3C). These data show that the cardioGRKO hearts exhibit LV 

remodeling consistent with heart failure whereas the cardioMRKO hearts have a normal 

morphology and structure. Hearts devoid of both receptors were resistant to the early and 

extensive LV remodeling observed in the cardioGRKO hearts.

CardioGRMRdKO mice are protected from cardiac dysfunction

To evaluate the functional consequences of the loss of GR, MR, or both GR and MR from 

cardiomyocytes, we performed electrocardiography on 3-month old mice to assess the 

conduction properties of the heart. All parameters were normal in the cardioGRKO, 

cardioMRKO, and cardioGRMRdKO hearts except for the duration of the QRS complex 

which showed a modest prolongation in the cardioGRKO mice that is consistent with the 

observed cardiac hypertrophy (table S1). We also evaluated cardiac function by conscious 

transthoracic echocardiography on 3-month old mice (table S2). Representative motion 

mode (M-mode) images depicted an enlargement of the LV internal dimension in systole for 

the cardioGRKO hearts (Fig. 3A). These changes were indicative of LV systolic dysfunction 

and were accompanied by significant decreases in ejection fraction and fractional shortening 
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(Fig. 3B). Younger 1-month old cardioGRKO mice did not show systolic dysfunction (table 

S3); however, LV mass and LV mass/BW ratio were significantly increased suggesting the 

presence of cardiac hypertrophy. Cardiac toxicity due to Cre expression has been described 

(13); therefore, we also evaluated hearts from 3-month old mice expressing αMHC-Cre 

alone. Cardiac function was normal in these mice (Fig. 3B), indicating the pathology 

observed in the cardioGRKO heart is specific to the loss of GR. In contrast to the 

cardioGRKO heart, deletion of MR alone or concurrent deletion of both GR and MR from 

cardiomyocytes did not lead to systolic dysfunction at the 3-month time point (Fig. 3A–B).

By 6 months of age, heart function in the cardioGRKO mice was severely impaired. LV 

walls were thin in systole and chamber dimensions were enlarged both in diastole and in 

systole indicative of dilatation (table S4). Large reductions in both ejection fraction and 

fractional shortening were measured for the cardioGRKO hearts (Fig. 3C). Mice expressing 

Cre alone exhibited a normal ejection fraction and a small reduction in fractional shortening 

at the 6-month time point (Fig. 3C). In contrast to cardioGRKO hearts, hearts in 6-month old 

cardioMRKO and cardioGRMRdKO mice did not show deficits in ejection fraction or 

fractional shortening (Fig. 3C). These data show that loss of cardiomyocyte GR alone results 

in LV systolic dysfunction whereas loss of cardiomyocyte MR alone has minimal effects on 

heart performance. Consistent with their prolonged survival, mice lacking both GR and MR 

in cardiomyocytes are resistant to the impaired function observed in the cardioGRKO hearts.

CardioGRMRdKO hearts exhibit gene changes associated with cardiac pathology

Reactivation of the fetal cardiac gene program is a hallmark of pathological cardiac 

hypertrophy and heart failure. Although elements of this program may be adaptive initially, 

these gene changes contribute to pathological remodeling and cardiac dysfunction (14–16). 

To explore whether differences in the regulation of the fetal cardiac gene program account 

for the phenotypic differences in the cardioGRKO, cardioMRKO, and cardioGRMRdKO 

hearts, we measured the expression of 4 classic pathological hypertrophic markers: beta-

myosin heavy chain (encoded by Myh7), skeletal muscle alpha-actin (encoded by Acta1), 

brain natriuretic peptide (encoded by Nppb), and smooth muscle alpha-actin (encoded by 

Acta2). At 2-months of age, the cardioGRKO hearts exhibited significant increases in Acta1 
and Nppb expression (Fig. 4A). The cardioMRKO hearts displayed no significant 

upregulation for any of these genes which is consistent with their normal morphology and 

function (Fig. 4A). Although the double knockout hearts exhibited only a small increase in 

cardiomyocyte cross-sectional area and functioned normally through 6 months of age, all 4 

fetal cardiac genes were significantly increased in 2-month old hearts (Fig. 4A). In fact, the 

induction of Myh7, Acta1, and Acta2 expression was significantly greater in magnitude than 

the induction observed for these genes in the cardioGRKO hearts. Similar results were 

observed at the 3-month time point for each knockout heart demonstrating that the fetal gene 

expression profiles were sustained over time (fig. S5A). These data suggest that the 

hypertrophic response occurring in both the cardioGRKO and cardioGRMRdKO hearts is 

associated with pathology despite the maintenance of LV function in the double knockout 

mice.

Oakley et al. Page 5

Sci Signal. Author manuscript; available in PMC 2020 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The pathology that develops in hearts deficient in GR signaling alone has been linked to 

reductions in the abundance of dystrophin (encoded by Dmd), ryanodine receptor 2 

(encoded by Ryr2), Kruppel-like factor 15 (encoded by Klf15), and lipocalin-type 

prostaglandin D synthase (encoded by Ptgds), which act in concert to impair contraction, 

promote hypertrophy, and inhibit survival of cardiomyocytes (6). We examined the 

expression of these genes in our cardioGRKO mice and found that each one was 

significantly decreased in 2-month old hearts (Fig. 4B). The reduced expression profile was 

sustained over time as all 4 genes were also decreased in hearts from 3-month old 

cardioGRKO mice (fig. S5B). We next evaluated the expression of these genes in the 

cardioMRKO and cardioGRMRdKO hearts. Although Dmd was found to be decreased in 

the cardioMRKO hearts, no changes were observed for Ryr2, Klf15, and Ptgds that persisted 

across both time points (Fig. 4B and fig. S5B). In contrast, all 4 genes were diminished in 

expression at each time point in the cardioGRMRdKO hearts even though these hearts 

maintain normal function through 6 months of age (Fig. 4B and fig. S5B). The reduction in 

Ryr2, Klf15, and Ptgds expression in both the cardioGRKO and cardioGRMRdKO hearts, 

but not the cardioMRKO hearts, indicates that the loss of GR signaling is responsible for 

their dysregulation.

CardioGRMRdKO hearts are protected from alterations in Ca2+ handling, oxidative stress, 
and cell death

The cardioGRMRdKO hearts showed reactivation of the fetal cardiac gene program and the 

dysregulation of key genes reported to underlie the pathology in the cardioGRKO hearts. 

However, unlike the cardioGRKO hearts, the double knockout hearts were resistant to the 

development of cardiac dysfunction. To identify the genes and signaling pathways that 

contribute to this cardioprotection, we performed genome-wide microarrays on hearts from 

1-month and 2-month old cardioGRKO, cardioMRKO, and cardioGRMRdKO mice and 

their age-matched littermate controls. Evaluation of the gene expression profiles revealed 

several features at the early 1-month time point that is prior to cardiac dysfunction. First, a 

greater number of genes had altered expression in the cardioGRMRdKO hearts compared to 

the single knockout hearts (Fig. 5A). Furthermore, the majority of dysregulated genes 

showed increased expression in the double knockout hearts but decreased expression in the 

cardioGRKO and cardioMRKO hearts (Fig. 5A). Finally, comparison of the 3 sets of 

dysregulated genes revealed that most of the gene changes were unique to each genotype 

(Fig. 5B). At the 2-month time point, a greater number of genes were dysregulated in each 

knockout with the cardioMRKO heart exhibiting the largest number of differentially 

expressed genes and the greatest increase from the 1-month time point (fig. S6A). Moreover, 

as observed in the 1-month old hearts, the majority of dysregulated genes at the later time 

point showed increased expression in the double knockout hearts but decreased expression in 

the cardioGRKO and cardioMRKO hearts and most of the gene changes were unique to each 

knockout heart (fig. S6A–B). The complete list of differentially expressed genes is provided 

for each knockout heart at both the 1- and 2-month time points (Data File S1 and S2), and 

hierarchical clustering was performed to visualize the differentially expressed genes across 

all three genotypes (fig. S7A–B).
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We performed literature-based Ingenuity pathway analysis (IPA) to identify the diseases and 

disorders most significantly associated with the dysregulated genes from 1-month old 

knockout hearts (Fig. 5C). “Cardiovascular Disease” was strongly associated with the 

dysregulated genes in the cardioGRKO heart (1st out of 25 significant annotations) but not 

the cardioMRKO and cardioGRMRdKO hearts. Gene enrichment comparison analysis of 

these Cardiovascular Disease-associated genes identified “Failure of Heart” to be 

significantly associated only with the genes dysregulated in the cardioGRKO heart (Fig. 

5D). Moreover, “Failure of Heart” was the only disease annotation with a significant 

activation z-score for increased activity in the cardioGRKO hearts (Fig. 5D). Similar gene 

enrichment results were found for the dysregulated genes in 2-month old knockout hearts 

(fig. S6C–D). These findings demonstrate that the gene expression profiles in hearts at the 

early 1-month time point predict both the pathology observed later in life in the 

cardioGRKO hearts and the preserved function observed later in life in the cardioMRKO 

and cardioGRMRdKO hearts.

To gain insight into the molecular and cellular mechanisms that contribute to the different 

heart phenotypes of the knockout mice, we examined the canonical signaling pathways 

associated with the dysregulated genes. “Cardiac β-Adrenergic Signaling” was strongly 

associated with the dysregulated genes in the cardioGRKO heart at both the 1-month (3rd of 

57 significant annotations) and 2-month (4th out of 67 significant annotations) time points 

and was not significantly associated with the dysregulated genes in the cardioMRKO and 

cardioGRMRdKO hearts at either time point (Fig. 6A and fig. S6E). β-Adrenergic receptors 

modulate cardiac contractility in response to stress. In the 1-month cardioGRKO heart, 

multiple genes in the β-adrenergic signaling pathway exhibited decreased expression, 

suggesting Ca2+ handling may be altered in these hearts (Fig. 6B). Consistent with our 

RTPCR findings in 2- and 3-month old hearts (Fig. 4B and fig. S5B), Ryr2 mRNA showed 

decreased expression in the cardioGRKO and double knockout heart but not the 

cardioMRKO heart (Fig. 6B). To determine whether other Ca2+ handling proteins in the β-

adrenergic signaling pathway exhibited genotype-specific differences in expression, we 

evaluated mRNA levels of the voltage-gated L-type calcium channel (LTCC, encoded by 

Cacna1c), the sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2, encoded 

by Atp2a2), and the sodium/calcium exchanger 1 (NCX1, encoded by Slc8a1) in 3-month 

knockout hearts (Fig. 6C). All three genes were significantly decreased in the cardioGRKO 

heart whereas only Atp2a2 showed a significant reduction in the cardioMRKO heart and 

only Slc8a1 was repressed in the cardioGRMRdKO heart. “Mitochondrial Dysfunction” was 

also among the top signaling pathways (5th out of 67 significant annotations) altered in 2-

month old cardioGRKO hearts suggesting the presence of oxidative stress (fig. S6E). 

Alterations in the redox status of the heart not only contribute to the development and 

progression of heart failure but also modulate the MR signaling profile (17–20). Therefore, 

we examined the expression of several markers of oxidative stress, specifically the NADPH 

oxidase subunit p47phox (encoded by Ncf1) and the activator Rac2 (encoded by Rac2), in 

the hearts of the knockout mice. Additionally, we evaluated the expression of osteopontin 

(encoded by Spp1), a proinflammatory cytokine that is induced in response to oxidative 

stress. All three genes were significantly upregulated in the cardioGRKO hearts but not in 

the cardioMRKO and cardioGRMRdKO hearts (Fig. 6D). These data suggest that the 
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cardioMRKO and cardioGRMRdKO hearts are protected from gene changes occurring in 

the cardioGRKO hearts that perturb Ca2+ handling and promote oxidative stress.

We also evaluated the molecular and cellular functions associated with the differentially 

expressed genes in the knockout hearts. The annotation “Cell Death and Survival” was 

strongly associated with the dysregulated genes in the cardioGRKO heart (3rd out of 25 

significant annotations) but not the cardioMRKO or cardioGRMRdKO hearts (Fig. 7A). 179 

genes were associated with “Cell Death and Survival” in the cardioGRKO heart whereas 

only 19 and 65 genes were associated with this annotation in the cardioMRKO and 

cardioGRMRdKO hearts, respectively (fig. S8). Most of these gene changes were unique to 

each genotype (Fig. 7B). Gene enrichment comparison analysis of the genes in the “Cell 

Death and Survival” annotation revealed that “Cell Death,” “Necrosis,” and “Cell Survival” 

were significantly associated only with the genes dysregulated in the cardioGRKO heart 

(Fig. 7C). “Cell Death” and “Necrosis” were also the only annotations with a significant 

activation z-score for increased activity in the cardioGRKO hearts and, conversely, “Cell 

Survival” was the only annotation with a significant activation z-score for decreased activity 

in the cardioGRKO heart (Fig. 7C). Analysis of the dysregulated genes from the 2-month 

old knockout hearts yielded similar gene enrichment predictions (fig. S9, A–C). The gene 

enrichment data suggest that differences in cardiomyocyte cell death may contribute to the 

differences in morphology and function observed among the cardioGRKO, cardioMRKO, 

and cardioGRMRdKO hearts. To directly test this possibility, we performed TUNEL assays. 

We measured a 4.8-fold increase in the number of TUNEL-positive nuclei in the 

cardioGRKO hearts compared to their littermate controls (Fig. 7D). In contrast, no 

significant differences were detected in the number of TUNEL-positive nuclei in the 

cardioMRKO and cardioGRMRdKO hearts. Collectively, these data implicate impaired Ca2+ 

handling, increased oxidative stress, and enhanced cell death in the pathology that develops 

in the cardioGRKO hearts. The cardioMRKO and cardioGRMRdKO hearts are protected 

from many of the gene changes that underlie these adverse signaling events.

CardioGRMRdKO hearts exhibit unique gene changes associated with cardioprotection

The preserved function of the cardioGRMRdKO hearts suggested a detrimental role for MR 

signaling in the cardioGRKO hearts. Although the absence of MR signaling in the 

cardioGRMRdKO heart appeared to prevent the regulation of genes that impair Ca2+ 

handling, induce oxidative stress, and promote cell death, it may also lead to new gene 

changes that are cardioprotective. Some of the genes identified by microarray analysis as 

having altered expression only in 1-month cardioGRMRdKO hearts were Ccnd2 (which 

encodes cyclin D2; 1.8-fold increase), Hdac4 (which encodes histone deacetylase 4; 1.4-fold 

increase), and Ankrd23 (which encodes ankyrin repeat domain 23; 1.7-fold increase). Agt 
(which encodes angiotensinogen) expression was decreased in both the 1-month 

cardioMRKO and cardioGRMRdKO hearts but the reduction was much greater in the double 

knockout heart (5.1-fold decrease) compared to the cardioMRKO heart (2.0-fold decrease). 

Angiotensinogen is an essential component of the cardiac renin-angiotensin system (21), and 

reduced expression of Agt in the heart inhibits the development of cardiac hypertrophy (22). 

Cyclin D2 plays a vital role in differentiation and cell-cycle regulation. Increased expression 

of Ccnd2 in the heart improves cardiac morphology and function by inhibiting cardiac 

Oakley et al. Page 8

Sci Signal. Author manuscript; available in PMC 2020 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypertrophy and enhancing cardiomyocyte survival (23–26). Histone deacetylase 4 is a 

member of the class II histone deacetylases that suppress cardiac hypertrophy by inhibiting 

pro-hypertrophic transcription factors (27, 28). Ankyrin repeat domain 23 is a member of the 

muscle ankyrin-repeat protein family involved in muscle gene regulation and myofilament 

organization, and reduced expression of this gene has been associated with the development 

of cardiac hypertrophy (29). By limiting cardiac hypertrophy and promoting cardiomyocyte 

survival, the observed changes in these genes would protect the cardioGRMRdKO heart 

from disease.

To confirm the changes in expression for these 4 genes, we performed RT-PCR on an 

independent set of knockout hearts that were 1- and 2-months old. The RT-PCR results were 

consistent with the microarray data. The expression of Agt was partially reduced in the 

cardioGRKO hearts as well as in the cardioMRKO hearts (Fig. 8A–B). However, the 

reduction in Agt expression was much greater in the double knockout hearts at both the 1- 

and 2-month time points. For Ccnd2, a small upregulation in expression was observed in the 

cardioGRKO hearts but not in the cardioMRKO hearts (Fig. 8A–B). However, a 

significantly greater increase in Ccnd2 expression was measured at both time points in the 

cardioGRMRdKO hearts. Hdac4 and Ankrd23 expression was not altered in either the 

cardioGRKO or cardioMRKO hearts but was significantly increased in hearts from 1- and 2-

month old cardioGRMRdKO mice (Fig. 8A–B). These data indicate that concurrent removal 

of GR and MR from the heart leads to gene changes distinct from those observed in hearts 

lacking either receptor alone. The gene changes may contribute to the preserved cardiac 

function in the cardioGRMRdKO mice by limiting the cardiac hypertrophy, cell death, and 

maladaptive remodeling that occurs in the cardioGRKO hearts.

Re-expression of MR in cardioGRMRdKO hearts reverses cardioprotective gene changes 
and leads to heart disease

To determine whether MR signaling prevents cardioprotective changes in Agt, Ccnd2, 

Hdac4, and Ankrd23 expression in the cardioGRKO hearts, we re-expressed MR specifically 

into cardiomyocytes in the double knockout heart using the adeno-associated virus (AAV) 

gene delivery system and the cardiac troponin T (Tnnt2) promoter (fig. S10A–B). 

Intravenous injection of AAV-Tnnt2-MR into 6-month old cardioGRMRdKO mice 

confirmed successful re-expression of MR in the heart (Fig. 9A). The cardioprotective gene 

changes discovered in 1-month old double knockout hearts were retained in the older 6-

month hearts because the expression of Agt was reduced and the expression of Ccnd2, 

Hdac4, and Ankrd23 was increased in control double knockout hearts injected with PBS or 

AAV-Tnnt2-GFP (Fig. 9B). Re-expression of MR in the double knockout hearts completely 

reversed the cardioprotective changes in Agt, Ccnd2, and Hdac4 but did not significantly 

impact Ankrd23 expression (Fig. 9B). In contrast to the reversal for many of the 

cardioprotective gene changes, re-expression of MR in the cardioGRMRdKO hearts did not 

affect the regulation of Myh7 and Nppb, fetal cardiac genes that have been associated with 

pathology (Fig. 9C) (14–16).

Echocardiography was performed on 6-month old mice to evaluate whether re-expression of 

MR in the double knockout heart resulted in cardiac dysfunction (table S5). Hearts from 
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cardioGRMRdKO mice injected with PBS or AAV-Tnnt2-GFP did not differ from control 

hearts. In contrast, double knockout hearts from mice injected with AAV-Tnnt2-MR 

exhibited evidence of LV systolic dysfunction because re-expression of MR resulted in 

significant reductions in both ejection fraction and fractional shortening (table S5). These 

findings suggest that MR signaling plays a critical role in the cardiac pathology that 

develops in the cardioGRKO hearts by preventing compensatory gene changes from 

occurring that would protect the heart from disease.

Discussion

We used a genetic approach to evaluate stress hormone signaling in the heart by generating 

mice with conditional knockout of GR, MR, or both GR and MR in cardiomyocytes. Mice 

lacking cardiomyocyte GR alone spontaneously developed cardiac hypertrophy and LV 

systolic dysfunction and died prematurely from heart failure. In contrast, mice lacking 

cardiomyocyte MR alone did not exhibit any overt cardiac phenotype at baseline. Mice 

lacking both GR and MR in the heart were protected from the cardiac disease that develops 

in the cardioGRKO hearts. Despite the presence of some gene changes associated with 

myocardial stress, the hearts of cardioGRMRdKO mice functioned normally through 6 

months of age and the mice survived longer than the cardioGRKO mice. Gene expression 

analysis revealed the loss of gene changes associated with impaired Ca2+ handling, 

increased oxidative stress, and enhanced cell death and the presence of gene changes that 

limit the hypertrophic response and promote cardiomyocyte survival in the double knockout 

hearts. Re-expression of MR in cardioGRMRdKO hearts reversed many of these 

cardioprotective gene changes and resulted in cardiac failure. These findings reveal a critical 

role for cardiomyocyte MR in the pathology that develops in cardioGRKO hearts and 

suggest that perturbations in the balance of GR and MR stress signaling in cardiomyocytes 

regulates heart disease.

The phenotype of the cardioGRKO mice generated in this study on a C57Bl/6 background is 

similar to that described previously for mice on a mixed genetic background that lack 

cardiomyocyte GR (6). Mice from both models spontaneously develop cardiac hypertrophy 

and LV systolic dysfunction and die from heart failure. At a molecular level, both mouse 

models show reductions in Dmd, Ryr2, Klf15, and Ptgds that occur prior to evidence of 

dysfunction and may be proximal mediators of the disease. Our current study establishes 

that the decrease in Ryr2, Klf15, and Ptgds expression depended on the loss of GR signaling 

because a similar reduction also occurred in cardioGRMRdKO hearts but not in 

cardioMRKO hearts. Dmd expression, however, was reduced in all three knockout hearts 

suggesting that GR and MR may function in a redundant manner to control its expression or 

perhaps the presence of Cre in the cardiomyocytes contributes to the common decrease. 

Consistent with our findings, both the Klf15 and Ptgds genes are directly regulated by 

glucocorticoids in a GR-dependent manner in isolated mouse and rat cardiomyocytes (30–

32). Ryr2 is also subject to glucocorticoid regulation, because other mouse models with 

cardiomyocyte depletion of GR exhibit reduced Ryr2 mRNA expression (7), and treatment 

of isolated mouse cardiomyocytes with the synthetic GR agonist dexamethasone leads to 

increased Ryr2 mRNA expression (30). Ryr2 is of interest as a proximal mediator of heart 

failure in the cardioGRKO mice because decreased expression of this gene occurs very early 
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(embryonic day 17) and has been linked to altered Ca2+ responses in isolated GR-deficient 

cardiomyocytes (6, 7). The cardioGRKO heart also exhibited reductions in the expression of 

genes encoding the Ca2+ handling proteins LTCC, SERCA2, and NCX1, and each of these 

genes is induced by dexamethasone treatment of isolated cardiomyocytes (30). Reactivation 

of the fetal cardiac gene program also occurred in both cardiomyocyte GR knockout mouse 

models. Moreover, the induction of this program was mediated by the loss of GR because 

the fetal genes were also increased in cardioGRMRdKO hearts but not in cardioMRKO 

hearts. These data suggest that a deficiency in GR signaling underlies the initial changes in 

gene expression that stress the myocardium and promote disease onset in the cardioGRKO 

heart.

The sustained cardiac function and increased survival of the double knockout mice suggests 

that MR signaling contributes to the pathology in the cardioGRKO hearts. Evidence that MR 

signaling is harmful to the failing human heart comes from the benefit conferred by adding 

the MR antagonists eplerenone and spironolactone to standard drug regimens for heart 

failure patients (9). However, the specific tissue and cell-types in which the adverse MR 

signaling occurs remain undefined because MR exhibits a widespread distribution that 

includes not only cardiomyocytes but also cardiac immune cells, fibroblasts, and endothelial 

cells as well as epithelial cells of the kidney. Our genetic studies in mice showing that 

inactivation of the MR gene in cardiomyocytes protected against the pathology that develops 

in cardioGRKO hearts suggests that the deleterious MR signaling resides within 

cardiomyocytes. In support of this conclusion, knockout of cardiomyocyte MR also protects 

the mouse heart in various models of cardiac dysfunction (10–12). The gene regulatory 

activity of cardiac MR has been reported to change under conditions of oxidative stress and 

become harmful to the heart (17, 18). For example, glucocorticoids acting through MR 

increase myocardial infarct size and alter the rate of spontaneous contractions of isolated 

ventricular myocytes but only in the presence of oxidant stress (19, 20). We found evidence 

of oxidative stress in the cardioGRKO heart but not in the cardioMRKO and 

cardioGRMRdKO hearts, suggesting that MR signaling may become pathogenic in the 

cardioGRKO hearts due to alterations in the redox status of the myocardium. Adverse MR 

signaling in the GR-deficient cardiomyocytes may also result from MR gaining access to 

DNA response elements normally occupied by GR and/or potentially by the loss of proposed 

GR/MR heterodimers.

Little is known about the specific genes and signaling pathways regulated by glucocorticoid-

activated MR in healthy or diseased hearts. In our cardioMRKO mice, loss of MR resulted in 

the dysregulation of 449 genes in 1-month old hearts and 1691 genes in 2-month old hearts. 

Most of these gene changes were specific to the loss of MR because they were not 

commonly altered in the cardioGRKO hearts. That MR and GR may regulate many unique 

genes in the heart is consistent with results from gene expression profiling experiments 

performed in mice with cardiomyocyte specific overexpression of human MR or human GR 

that identified few commonly regulated genes (33). Global gene changes have also been 

examined in hearts from mice with conditional inactivation of cardiomyocyte MR that were 

generated by the Hein laboratory (11). Compared to our studies, fewer cardiac genes (115) 

were altered but this reduction likely reflects the application of a fold-change cutoff by their 

laboratory for identifying differentially expressed genes. Consistent with our findings in the 
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cardioMRKO heart, many gene changes (865) were observed in hearts from mice with 

cardiomyocyte specific overexpression of human MR (34). Collectively, these studies 

indicate that alterations in the expression of MR can have a major impact on the gene 

expression profile in cardiomyocytes.

Results from our microarrays revealed aberrant regulation of Ca2+ handling genes, oxidative 

stress genes, and cell death genes that occurred primarily in the cardioGRKO hearts. The 

dysregulation of a large cohort of cell death genes in the cardioGRKO hearts is particularly 

intriguing as a causative agent of the pathology because glucocorticoids can protect 

cardiomyocytes from apoptosis (35, 36). The absence of many of these gene changes in the 

double knockout hearts suggests MR signaling may contribute to their regulation in the 

cardioGRKO hearts. The microarray analysis also identified genes that were uniquely 

regulated in the double knockout hearts, such as Agt, Ccnd2, Hdac4, and Ankrd23. 

Compared to the single knockout hearts, Agt expression was reduced and Ccnd2, Hdac4, 

and Ankrd23 expression was increased in hearts lacking both receptors. Each of these gene 

changes has been reported to inhibit the hypertrophic response of cardiomyocytes (22, 23, 

28, 29). The cardioGRMRdKO hearts developed pathological cardiac hypertrophy as 

evidenced by the reactivation of the fetal cardiac gene program; however, LV hypertrophy 

was smaller in magnitude and slower to develop than observed in the cardioGRKO hearts. 

These data suggest that the alterations in Agt, Ccnd2, Hdac4, and Ankrd23 limit the extent 

and progression of the hypertrophic response in the cardioGRMRdKO hearts. By restraining 

cardiac hypertrophy, these gene changes may prolong the transition from adaptive cardiac 

hypertrophy to maladaptive remodeling and thereby sustain heart function and improve 

survival of the double knockout mice. Re-expression of MR into cardiomyocytes of the 

double knockout mice reversed the gene changes in Agt, Ccnd2, and Hdac4 and resulted in 

LV systolic dysfunction. This finding not only establishes a critical role for these genes and 

their signaling pathways in protecting the double knockout heart from disease but also 

suggests that Agt, Ccnd2, and Hdac4 are targeted by MR under conditions of pathological 

stress (as occurs in the cardioGRKO hearts) to limit changes in their expression that would 

otherwise be cardioprotective. Re-expression of MR did not significantly reverse the change 

in Ankrd23 expression, suggesting additional factors may be involved in its regulation by 

MR. Clearly, more work is needed to define the genes that are primary targets for MR 

regulation and to elucidate whether glucocorticoids and/or aldosterone control their 

regulation through this receptor. Additionally, it will be important to determine the cardiac 

MR transcriptome both in the absence and presence of myocardial stress to identify the full 

set of genes regulated by MR that contribute to the pathogenesis of heart failure.

Data from our knockout mice support a model in which a deficiency in cardiomyocyte GR 

signaling initially stresses the myocardium (Fig. 10). Gene changes that impair Ca2+ 

handling and limit cell survival likely contribute to this cardiac insult. In the presence of this 

myocardial stress and consequent alteration in redox status, cardiomyocyte MR signaling 

becomes deleterious in the cardioGRKO heart and exacerbates the disease both by 

regulating additional genes in these pathways that promote further pathology and by limiting 

compensatory gene changes that are cardioprotective. Consequently, the cardioGRKO heart 

fails by 6 months of age. For the cardioGRMRdKO heart, the loss of MR signaling limits the 

extent of the myocardial stress and confers protection through gene changes that are 
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cardioprotective. Although the cardioGRMRdKO hearts exhibit normal LV systolic function 

through 6-months of age, the hearts do show some evidence of pathology such as the 

reactivation of the fetal gene program, cardiac hypertrophy, and inflammation. This finding 

suggests that the double knockout hearts may eventually develop LV systolic dysfunction 

that is similar to that observed in the cardioGRKO hearts but at a later time point. 

Alternatively, hearts lacking both cardiomyocyte GR and MR may exhibit heart failure with 

preserved ejection fraction (HFpEF). HFpEF accounts for approximately 50% of all 

diagnoses of heart failure, is growing in prevalence, and has a poor prognosis (37, 38). The 

molecular mechanisms responsible for HFpEF are poorly understood which has limited the 

development of effective therapies to combat this disease. HFpEF is associated with diastolic 

dysfunction; therefore, it will be important for future studies to evaluate whether the unique 

gene expression profile in the double knockout heart leads to abnormal diastolic function. It 

should be noted that lung congestion is a characteristic of HFpEF and we detected no 

alteration in lung weight or lung weight/body weight ratio at baseline in cardioGRMRdKO 

mice that were 6-months old. Testing for exercise intolerance, however, may reveal impaired 

lung function if present in these mice. MR blockade is beneficial in heart failure with 

reduced ejection fraction but not HFpEF (38).

Multiple studies have revealed an important role for circulating glucocorticoids in the 

regulation of heart function though they have not discriminated between direct and systemic 

actions of these hormones (39, 40). Results from our cardioGRKO, cardioMRKO, and 

cardioGRMRdKO mouse models suggest that an appropriate amount of cardiomyocyte 

glucocorticoid signaling through both GR and MR is critical for normal heart homeostasis. 

Disrupting the balance of these signaling pathways to favor less GR signaling and more MR 

signaling leads to cardiac hypertrophy, LV systolic dysfunction, and heart failure. A 

limitation to our studies is that they were performed in male mice. Because sex differences 

in cardiac physiology and pathology are well recognized (41), an important goal of future 

studies will be to evaluate hearts from female mice that lack GR, MR, or both GR and MR 

in cardiomyocytes. In addition, our functional studies focused on the LV whereas gene 

changes were evaluated in the whole heart. Assessing gene changes and function in a 

chamber-specific manner will facilitate stronger mechanistic links between deficient 

glucocorticoid signaling and pathology. Finally, although our current studies were confined 

to mice, several lines of evidence suggest that alterations in the balance of glucocorticoid 

signaling contributes to human heart disease. For example, epidemiological studies on a 

polymorphism of the GR gene (A3669G) that results in increased expression of a dominant 

negative receptor variant that antagonizes GR signaling and is associated with glucocorticoid 

resistance have established a link between reduced GR signaling and pathologies of the heart 

(42–44). Persons with the A3669G polymorphism have an increased risk of coronary artery 

disease, enlarged hearts, systolic dysfunction, and heart failure. In addition, patients with 

congestive heart failure have increased levels of cardiac MR but no change in GR expression 

(45, 46). The expected outcome in both these pathological scenarios would be enhanced MR 

signaling at the expense of GR signaling.

In summary, we have developed mice lacking both GR and MR in the heart and discovered 

that these mice are protected from the cardiac hypertrophy, LV systolic dysfunction, and 

heart failure that spontaneously develop in mice lacking GR alone in the heart. Gene 
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changes resulting from the loss of GR signaling and rise of deleterious MR signaling appear 

to act in concert to promote the development and progression of cardiac disease in the 

cardioGRKO hearts. The design of novel compounds that alter the balance of glucocorticoid 

signaling in cardiomyocytes by selectively activating GR and antagonizing MR may provide 

an improved therapeutic approach for treating heart failure.

Materials and Methods

Generation of cardioGRKO, cardioMRKO, and cardioGRMRdKO mice

Mice with floxed GR locus (GRfl/fl) have been described previously and were generated by 

blastocyst (albino B6) injection of recombined C57Bl/6 embryonic stem cells followed by 

chimera breeding with C57Bl/6 mice (6). The resulting GRfl/+ offspring were backcrossed 

for 7 generations into C57Bl/6 mice to generate the GRfl/fl mice used in this study. Mice 

with floxed MR locus (MRfl/fl) on a C57Bl/6 background have been described previously 

and are available upon request from Pierre Chambon (47). GRfl/fl mice were crossed with 

MRfl/fl mice to generate double floxed mice (GRfl/flMRfl/fl). GRfl/fl, MRfl/fl, and 

GRfl/flMRfl/fl mice were each mated with cardiomyocyte-specific αMHCCre/+ mice on a 

C57Bl/6 background (The Jackson Laboratory, 011038) to generate GRfl/flαMHCCre/+ 

(cardioGRKO), MRfl/flαMHCCre/+ (cardioMRKO), and GRfl/flMRfl/flαMHCCre/+ 

(cardioGRMRdKO) mice. Cre negative GRfl/flαMHC+/+ (GRflox), MRfl/flαMHC+/+ 

(MRflox), and GRfl/flMRfl/flαMHC+/+ (dflox) littermate mice served as controls. All mice 

were on a C57BL/6NJ background. Data presented are from male mice. Genotypes were 

determined by PCR using DNA from tail or ear biopsies by standard procedures. Primers for 

the floxed GR allele were forward primer 5’-GGATTATAGGCATGCACAATTACGGC-3’ 

and reverse primer 5’-CTTCTCATTCCATGTCAGCATGTTCAC-3’. Primers for the floxed 

MR allele were forward primer 5’-GGAGATCGTACAAACATACGAACAGC-3’ and 

reverse primer 5’-CTGTGATGCGCTCGGAAACGG-3’. Primers for Cre were forward 

primer 5’-ATGACAGACAGATCCCTCCTATCTCC-3’ and reverse primer 5’-

CTCATCACTCGTTGCATCGAC-3’. Genotypes were also determined using real time PCR 

with specific probes designed for each gene (Transnetyx). All experiments on mice were 

approved and performed according to the guidelines of the Animal Care and Use Committee 

at the National Institute of Environmental Health Sciences (NIEHS).

Measurement of heart weight/body weight ratio.—Mice were weighed and then 

sacrificed. Hearts were rapidly removed, trimmed to remove major blood vessels, sectioned, 

blotted, and then weighed.

Real-time PCR

Total RNA was isolated from whole hearts of mice and individual mRNA abundance was 

quantified on a 7900HT (Applied Biosystems) or CFX96 (BioRad) sequence detection 

system. All primer/probe sets were purchased from Applied Biosystems. Relative expression 

values for each gene were calculated using the double delta Ct analysis method and the 

housekeeping gene peptidylprolyl isomerase B (Ppib).
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Systolic blood pressure

Systolic blood pressure was measured in conscious mice that were approximately 10 weeks 

old using the non-invasive tail cuff method (4-channel CODA, Kent Scientific). Blood 

pressure recordings were made for each individual mouse on at least 2 different days. For 

each session, 5 acclimatization cycles were followed by 20 blood pressure measurement 

cycles. Reported values for each mouse represent the average of at least 20 measurement 

cycles.

Immunoblotting

Mouse heart samples were lysed in sodium dodecyl sulfate (SDS) sample buffer. 

Nitrocellulose membranes with equivalent amounts of protein were analyzed using the 

Odyssey Infrared Imaging System (LI-COR Biosciences). Primary antibodies were to GR 

(Cell Signaling, #3660), MR (generously provided by Dr. Celso E. Gomez-Sanchez) (48), 

green fluorescent protein (GFP) (Cell Signaling, #2956), actin (Millipore, #MAB1501), and 

Gapdh (Abcam, #ab9485). Goat anti-rabbit Alexa Fluor 680-conjugated (Life Technologies, 

#A21109) and goat anti-mouse IRDye800-conjugated (LI-COR Biosciences, #926–32210) 

secondary antibodies were utilized.

Survival Analysis

Control and knockout mice were monitored on a daily basis for morbidity or death until 9 

months of age.

Echocardiographic analysis

Transthoracic echocardiography was performed on conscious mice using a Vevo 770 

ultrasound biomicroscopy system (VisualSonics) with a 30MHz 707B scan head (6). Two-

dimensional guided M-mode analysis of the LV was performed in the parasternal long-axis 

at the level of the papillary muscle. M-mode measurements from each mouse represent the 

average of three cardiac cycles.

Electrocardiographic analysis

Electrocardiographs were recorded in conscious mice non-invasively using the ECGenie 

system (Mouse Specifics) (49–51). Prior to recordings, mice were placed on instrument 

platform and acclimated for 10 minutes. Data were analyzed using Mouse Specifics 

software.

Histological analysis

Hearts were removed from mice as a heart-lung pluck and fixed in freshly prepared 4% 

paraformaldehyde for 48 hours. Following fixation, the hearts were incubated in 70% 

ethanol for 24 hours, transferred to PBS, trimmed, and processed for paraffin embedding. 

Serial 5-micron sections were stained with hematoxylin-eosin (H&E) or Masson’s 

Trichrome using standard protocols. For measurement of LV cardiomyocyte cross-sectional 

area, heart sections from 2-month old mice were deparaffinized, rehydrated, and processed 

for antigen retrieval using a citrate-based antigen unmasking solution (Vector Laboratories). 

Sections were incubated overnight with FITC-labeled lectin (Sigma, #L-4895) and Alexa 
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Fluor 647 mouse anti-cardiac troponin T antibody (BD Biosciences, #565744). Slides were 

mounted using VECTASHIELD antifade mounting medium with DAPI (Vector 

Laboratories). Multiple images (10–12 per heart) were captured using a laser confocal 

microscope (Zeiss LSM 880 with AiryScan) along the LV free wall, apex, and 

interventricular septum. Cardiomyocytes with clear cardiac troponin T and membrane 

staining, a central nucleus, and adjacent round capillaries were included in the analysis. The 

area of selected cardiomyocytes was determined using NIH Image J (FIJI) software. The 

cross-sectional area of cardiomyocytes in the RV of 6-month old cardioGRMRdKO mice 

was measured exactly as described above except that multiple images were captured along 

the RV free wall. The TUNEL assay was performed on heart sections using the ApopTag 

Fluorescein In Situ Apoptosis Detection Kit (Millipore) according to the manufacturer’s 

instructions. After the incubation with anti-digoxigenin conjugate, sections were stained 

wheat germ agglutinin (WGA) Alexa Fluor 594 conjugate (Invitrogen, #W11262) and Alexa 

Fluor 647 mouse anti-cardiac troponin T antibody (BD Biosciences, #565744). Slides were 

mounted using VECTASHIELD antifade mounting medium with DAPI. TUNEL-positive 

nuclei were counted throughout the left ventricular free wall, apex, and interventricular 

septum using a fluorescent microscope, and the number of TUNEL-positive nuclei is 

presented per millimeter square of LV tissue area. The area of the left ventricular wall which 

was determined using NIH Image J (FIJI) software. To evaluate specificity of the AAV-

Tnnt2-GFP construct for cardiomyocytes, frozen heart sections from mice injected with PBS 

or AAV-Tnnt2-GFP were stained with Alexa Fluor 647 mouse anti-cardiac troponin T 

antibody (BD Biosciences, #565744). Slides were mounted using VECTASHIELD antifade 

mounting medium with DAPI. Images were captured using a laser confocal microscope 

(Zeiss LSM 880 with AiryScan).

Microarray analysis

Global gene expression analysis was performed on RNA isolated from whole hearts (from 

3–4 mice per group) from 1-month old GRflox, cardioGRKO, MRflox, cardioMRKO, dflox, 

and cardioGRMRdKO mice and from 2-month old GRflox, cardioGRKO, MRflox, 

cardioMRKO, dflox, and cardioGRMRdKO mice. The Agilent Whole Mouse Genome oligo 

arrays (014868) (Agilent Technologies) was used following the Agilent 1-color microarray-

based gene expression analysis protocol as described previously (52, 53). Data was obtained 

using the Agilent Feature Extraction software (v9.5), using the 1-color defaults for all 

parameters. The Agilent Feature Extraction Software performed error modeling, adjusting 

for additive and multiplicative noise. To determine differentially expressed probes, an 

ANOVA with multiple test correction (FDR q-value) was performed using Partek Genomics 

Suite software, version 6.6 (Partek). Since only a small number of genes passed the FDR q-

value < 0.05 cutoff at the 1-month time point, we expanded the set of differentially 

expressed genes to include those from the ANOVA analysis with an unadjusted p-value < 

0.01. The stringent p < 0.01 cutoff was chosen to minimize the inclusion of potential false 

positives. Heat maps of differentially expressed genes were generated using hierarchical 

clustering in Partek Genomics Suit software, version 7.18 (Partek). Significantly regulated 

genes were analyzed by Ingenuity Pathway Analysis software (Ingenuity Systems). Gene 

enrichment P values (p-value < 0.05) were determined by IPA using Fisher’s exact test. 
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Validation of differentially expressed genes by RTPCR was performed on RNA isolated 

from whole hearts from an independent set of mice.

Adeno-associated virus gene delivery

Adeno-associated virus constructs containing GFP (AAV-Tnnt2-GFP) or mouse MR tagged 

at the amino terminus with FLAG epitope (AAV-Tnnt2-MR) were generated by standard 

cloning procedures and utilize the cardiac troponin T (Tnnt2) promoter to drive expression 

of GFP or MR specifically in cardiomyocytes (54, 55). Vector DNA was packaged into 

AAV9 particles and purified as described previously (56). At approximately 4–6 weeks of 

age, dflox and cardioGRMRdKO mice were injected intravenously via the retro-orbital 

venous sinus with 0.1 ml of solution containing PBS, AAV-Tnnt2-GFP (dosage = 5 × 1011 

vg), or AAV-Tnnt2-MR (dosage = 5 × 1011 vg). Specificity of the AAV-Tnnt2-GFP for 

cardiomyocytes was confirmed by immunoblot and histology. Echocardiographic 

measurements were made on mice at 6 months of age. Following the 6-month 

echocardiography, mice were sacrificed and hearts removed for isolation of RNA and 

protein.

Statistical analysis

A student’s t-test (two-tailed) or one-way ANOVA with Tukey’s post hoc analysis was used 

to evaluate whether differences between groups were statistically significant (defined as p-

value < 0.05). The Mantel-Cox log-rank test was used with a Bonferroni corrected threshold 

for survival curves. The statistical analyses were performed using GraphPad Prism software 

(version 7.02).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation and survival of mice with conditional knockout of GR, MR, or both GR 
and MR in cardiomyocytes.
(A) Mice deficient in cardiomyocyte GR (cardioGRKO), MR (cardioMRKO), or both GR 

and MR (cardioGRMRdKO) were generated by crossing mice with floxed GR and/or MR 

alleles with mice expressing Cre recombinase only in cardiomyocytes (αMHC-Cre). (B) RT-

PCR of GR and MR mRNA from hearts of 2-month old knockout mice and their littermate 

controls. Data are mean ± SEM (n = 4–6 mice per group). Student’s t test was performed to 

determine significance. **P < 0.01 and ***P < 0.001 for GRKO compared to GRflox, for 

MRKO compared to MRflox, and for dKO compared to dflox. (C) Representative 

immunoblots of GR and MR protein from hearts of 3-month old knockout mice and their 

littermate controls (n = 3 independent experiments). (D) Survival curves for GRflox (n = 

36), cardioGRKO (n = 92), MRflox (n = 26), cardioMRKO (n = 54), dflox (n = 41), and 

cardioGRMRdKO (n = 85) mice. Mantel-Cox log-rank test was performed with a 

Bonferroni corrected threshold to determine significance. ***P < 0.001 for GRKO 
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compared to GRflox. ###P < 0.001 for MRKO compared to GRKO and for dKO compared to 

GRKO.

Oakley et al. Page 23

Sci Signal. Author manuscript; available in PMC 2020 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. CardioGRMRdKO mice are protected from LV remodeling.
(A) Body weight (BW), heart weight (HW), and HW/BW ratios were determined for 2-

month old control and knockout mice. Data are mean ± SEM (n = 5–9 mice per group). (B) 

Cross-sectional area of LV cardiomyocytes in 2-month old control and knockout hearts. Left 

panel shows representative confocal images of heart sections stained with FITC-lectin. Scale 

bar is 20 μm. Right panel shows quantitation of cardiomyocyte cross-sectional area. Data are 

mean ± SEM (greater than 400 cardiomyocytes from n = 4–5 mice per group). (C, D) 

Representative images of intact hearts (left panel) and longitudinal H&E-stained heart 
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sections (right panel) from 3-month (C) and 6-month (D) old control and knockout mice. 

Scale bar is 2mm. Images are representative of 3–6 mice per genotype. A one-way ANOVA 

was performed to determine significance. *P < 0.05, **P < 0.01, and ***P < 0.001 for 

GRKO compared to GRflox and for dKO compared to dflox. ###P < 0.001 for dKO 

compared to GRKO.
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Figure 3. CardioGRMRdKO mice are protected from LV systolic dysfunction.
(A) Representative M-mode images from 3-month old control and knockout mice. (B, C) 

Echocardiographic measurements of percent ejection fraction (EF) and percent fractional 

shortening (FS) were determined from transthoracic M-mode tracings made on control and 

knockout mice that were 3 months (B) or 6 months (C) old. Data are mean ± SEM (n = 5–11 

mice per group). A one-way ANOVA was performed to determine significance. **P < 0.01 

and ***P < 0.001 for GRKO compared to GRflox and for Cre compared to WT. ###P < 
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0.001 for Cre compared to GRKO, for MRKO compared to GRKO, and for dKO compared 

to GRKO.
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Figure 4. Genes associated with cardiac pathology are dysregulated in cardioGRMRdKO hearts.
Total RNA was isolated from whole hearts from 2-month old control and knockout mice. 

(A) Myh7, Acta1, Nppb, and Acta2 mRNA levels were measured by RTPCR. Data are mean 

± SEM (n = 8–11 mice per group). (B) Dmd, Ryr2, Klf15, and Ptgds mRNA levels were 

measured by RTPCR. Data are mean ± SEM (n = 8–12 mice per group). A one-way ANOVA 

was performed to determine significance. *P < 0.05, **P < 0.01, and ***P < 0.001 for 

GRKO compared to GRflox, for MRKO compared to MRflox, and for dKO compared to 

dflox. ##P < 0.01 and ###P < 0.001 for dKO compared to GRKO.
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Figure 5. Global gene expression profile in 1-month old cardioGRKO, cardioMRKO, and 
cardioGRMRdKO hearts.
Microarrays were performed on RNA isolated from the hearts of 1-month old control and 

knockout mice. (A) Total number of genes differentially expressed in the hearts of knockout 

mice compared to their control littermates. (B) Differentially expressed genes in the 

knockout hearts were compared using a Venn diagram. (C) Diseases and disorders most 

significantly associated with the dysregulated genes in the knockout hearts as determined by 

IPA. (D) Gene enrichment comparison analysis of the dysregulated genes associated with 

“Cardiovascular Disease” in the 3 knockout hearts was performed using IPA. Shown are the 

disease annotations with a significant activation z-score (absolute value ≥ 2). The retrieved 

annotation “Failure of Heart” was only significantly associated with the dysregulated genes 

in the cardioGRKO heart. ns = not significant.
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Figure 6. CardioGRMRdKO hearts are protected from alterations in Ca2+ handling and 
oxidative stress observed in cardioGRKO hearts.
(A) Signaling pathways most significantly associated with the dysregulated genes in 1-

month old knockout hearts as determined by IPA. (B) The “Cardiac β-Adrenergic Signaling” 

pathway overlaid with dysregulated genes in 1-month old knockout hearts. Red and green 

colors correspond to up-regulation and down-regulation, respectively. (C, D) mRNA levels 

for the Ca2+ handling genes Cacna1c, Atp2a2, and Slc8a1 (C) and the oxidative stress genes 

Ncf1, Rac2, and Spp1 (D) were measured by RTPCR in 3-month old control and knockout 
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hearts. Data are mean ± SEM (n = 7–10 mice per group). *P < 0.05 and ***P < 0.001 for 

GRKO compared to GRflox, for MRKO compared to MRflox, and for dKO compared to 

dflox.
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Figure 7. CardioGRMRdKO hearts are protected from cell death observed in cardioGRKO 
hearts.
(A) Molecular and cellular functions most significantly associated with the dysregulated 

genes in 1-month old knockout hearts as determined by IPA. (B) Dysregulated genes 

associated with “Cell Death and Survival” in the knockout hearts were compared using a 

Venn diagram. (C) Gene enrichment comparison analysis of the dysregulated genes 

associated with “Cell Death and Survival” in the 3 knockout hearts was performed using 

IPA. Shown are the functional annotations with a significant activation z-score (absolute 

value ≥ 2). The retrieved annotations were only significantly associated with the 

dysregulated genes in the cardioGRKO heart. ns = not significant. (D) Analysis of cell death 

in knockout hearts. Left panel shows representative image of TUNEL-positive nuclei (arrow) 

in LV myocardium of 6-month cardioGRKO heart. Quadruple staining was performed: 

TUNEL (green), WGA (red), cardiac troponin T (Tnnt2) (cyan), and DAPI (blue). Scale bar 

is 10 μm. Right panel shows quantitation of TUNEL-positive nuclei in 6-month knockout 
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hearts. Data are mean ± SEM (n = 4–6 mice per group). A one-way ANOVA was performed 

to determine significance. *P < 0.05 for GRKO compared to GRflox.
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Figure 8. Gene changes associated with cardioprotection are uniquely observed in 
cardioGRMRdKO hearts.
Total RNA was isolated from whole hearts of 1-month (A) and 2-month (B) old control and 

knockout hearts. Agt, Ccnd2, Hdac4, and Ankrd23 mRNA levels were measured by RTPCR. 

Data are mean ± SEM (n = 4–9 mice per group). A one-way ANOVA was performed to 

determine significance. *P < 0.05, **P < 0.01, and ***P < 0.001 for GRKO compared to 

GRflox, for MRKO compared to MRflox, and for dKO compared to dflox. #P < 0.05, ##P < 
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0.01, and ###P < 0.001 for dKO compared to GRKO. &P < 0.05, &&P < 0.01, and &&&P < 

0.001 for dKO compared to MRKO.
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Figure 9. Re-expression of MR in the cardioGRMRdKO heart reverses cardioprotective gene 
changes.
CardioGRMRdKO mice and their littermate controls (dflox) were injected intravenously 

with PBS, AAV-Tnnt2-GFP, or AAV-Tnnt2-MR at 4–6 weeks of age. (A) Representative 

immunoblot shows MR and GFP expression in hearts isolated from injected mice that were 

6 months old (n = 3 independent experiments). Positive (pos) and negative (neg) controls are 

hippocampal lysates from a wild-type mouse and a littermate mouse with conditional 

knockout of MR in the hippocampus, respectively. (B) RTPCR analysis of Agt, Ccnd2, 
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Hdac4, and Ankrd23 mRNA levels in hearts from injected dflox and cardioGRMRdKO mice 

that were 6 months old. Data are mean ± SEM (n = 7–10 mice per group). (C) RTPCR 

analysis of Myh7 and Nppb mRNA levels in hearts from injected dflox and 

cardioGRMRdKO mice that were 6 months old. Data are mean ± SEM (n = 7–10 mice per 

group). A one-way ANOVA was performed to determine significance. aP < 0.05 compared 

to dflox+PBS. bP < 0.05 compared to dflox+GFP. cP < 0.05 compared to dflox+MR. dP < 

0.05 compared to dKO+PBS. eP < 0.05 compared to dKO+GFP.
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Figure 10. Cardiomyocyte GR and MR signaling and heart disease.
Findings from our genetic mouse models suggest that both insufficient cardiomyocyte GR 

signaling and deleterious cardiomyocyte MR signaling contribute to heart disease. A 

deficiency in cardiomyocyte GR signaling alone (-GR) leads to myocardial stress (lightning 

bolt) and mild hypertrophy in both the cardioGRKO and cardioGRMRdKO hearts. In 

contrast, a deficiency in cardiomyocyte MR signaling alone (-MR) does not have an overt 

effect. In the cardioGRKO hearts, cardiomyocyte MR signaling becomes deleterious and 

exacerbates the hypertrophic response leading to maladaptive remodeling and heart failure. 

In the cardioGRMRdKO hearts, the mild cardiac hypertrophy triggered by the loss of 

cardiomyocyte GR signaling is not exacerbated in the absence of cardiomyocyte MR 

signaling and heart function is preserved for a longer period of time.
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