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Deletion of the Cardiomyocyte Glucocorticoid Receptor Leads to
Sexually Dimorphic Changes in Cardiac Gene Expression and

Progression to Heart Failure

Diana Cruz-Topete, PhD; Robert H. Oakley, PhD; Natalie G. Carroll, MSc; Bo He, PhD; Page H. Myers, BS; Xiaojiang Xu, PhD;
Megan N. Watts, BS; Krystle Trosclair, MSc; Edward Glasscock, PhD; Paari Dominic, MD; John A. Cidlowski, PhD

Background—The contribution of glucocorticoids to sexual dimorphism in the heart is essentially unknown. Therefore, we sought
to determine the sexually dimorphic actions of glucocorticoid signaling in cardiac function and gene expression. To accomplish this
goal, we conducted studies on mice lacking glucocorticoid receptors (GR) in cardiomyocytes (cardioGRKO mouse model).

Methods and Results—Deletion of cardiomyocyte GR leads to an increase in mortality because of the development of
spontaneous cardiac pathology in both male and female mice; however, females are more resistant to GR signaling inactivation in
the heart. Male cardioGRKO mice had a median survival age of 6 months. In contrast, females had a median survival age of
10 months. Transthoracic echocardiography data showed phenotypic differences between male and female cardioGRKO hearts. By
3 months of age, male cardioGRKO mice exhibited left ventricular systolic dysfunction. Conversely, no significant functional
deficits were observed in female cardioGRKO mice at the same time point. Functional sensitivity of male hearts to the loss of
cardiomyocyte GR was reversed following gonadectomy. RNA-Seq analysis showed that deleting GR in the male hearts leads to a
more profound dysregulation in the expression of genes implicated in heart rate regulation (calcium handling). In agreement with
these gene expression data, cardiomyocytes isolated from male cardioGRKO hearts displayed altered intracellular calcium
responses. In contrast, female GR-deficient cardiomyocytes presented a response comparable with controls.

Conclusions—These data suggest that GR regulates calcium responses in a sex-biased manner, leading to sexually distinct
responses to stress in male and female mice hearts, which may contribute to sex differences in heart disease, including the
development of ventricular arrhythmias that contribute to heart failure and sudden death. (/ Am Heart Assoc. 2019;8:e011012.
DOI: 10.1161/JAHA.118.011012.)
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D ifferences in gene expression profiles in the cardiovas-
cular system are well documented in males and
females.' Although these distinct patterns of gene expression
between sexes have been associated with sex chromosomes
and sex hormones,?® recent studies using genome-wide
expression profiling show that interactions between sex
hormones and non-sex hormone pathways, such as glucocor-

contributors to the biological differences between males
and females in health and disease.*

Cardiovascular disease is a leading cause of mortality
worldwide. Several risk factors contribute to cardiovascular
disease and its complications. Exposure to chronic stress is
increasingly recognized as an important risk factor for heart
disease. Women appear to be more susceptible to the

ticoid receptor (GR, NR3C7) signaling, are significant deleterious effects of stress as it relates to cardiac health.®
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Clinical Perspective

What Is New?

 Stress is an emerging risk factor for heart disease, yet the
sex-specific effects of stress on the heart are unknown.
Using mice lacking the glucocorticoid receptor (GR) in
cardiomyocytes, we investigate the contribution of GR
signaling to maintain cardiac homeostasis in a sex-specific
manner.

* Our findings showed that ablation of GR signaling in the

heart leads to sex-specific changes in cardiac gene

expression and function.

We found that GR plays sex-specific effects in preserving

intracellular calcium handling in ventricular cardiomyocytes,

and the mechanisms underlying these effects may result

from cardiac GR signaling crosstalk with sex hormones

signaling.

What Are the Clinical Implications?

» Stress exerts direct effects on the heart, and these effects
are sex-specific.

» Sex-specific manipulation of the GR signaling in the heart
may provide a therapeutic approach to improve cardiomy-
ocyte intracellular calcium handling, which may improve
myocardial contractility after a heart attack.

However, the molecular pathways underlying the direct and
sex-specific effects of stress on the heart are unknown.
Glucocorticoids are primary stress-induced hormones that
function as potent anti-inflammatory and immune regula-
tors.>” In addition to the actions of these hormones on the
immune system, glucocorticoids also have significant effects
on the regulation of embryonic development, intermediate
metabolism, central nervous system, growth, reproduction,
and the cardiovascular system.®? Glucocorticoids exert their
physiological effects by binding the GR, a member of the
nuclear receptor superfamily of ligand-activated transcription
factors.'®'? Studies have demonstrated that glucocorticoid
signaling via GR leads to the regulation of intricate gene
networks in a tissue-specific manner.'? While sex differences
in stress reactivity and gene expression have been found in
the immune system and metabolism,“’5 sex-specific effects
of glucocorticoids on cardiovascular function have been
largely unexplored. Recent studies have demonstrated for
the first time that glucocorticoids have direct effects on the
heart and that intact glucocorticoid signaling in cardiomy-
ocytes is critical in normal physiology.'® Using a mouse model
lacking GR in cardiomyocytes (cardiomyocyte-specific GR
knockout, cardioGRKO), Oakley et al showed that male
cardioGRKO mice exhibit significantly compromised heart
function characterized by left ventricular systolic dysfunction
and dysregulation of genes involved in cardiovascular

disease.”® To further expand on the role of GR signaling in
cardiac health and to investigate the influence of sex on GR
regulation of cardiac gene expression and function, we
performed comparative studies on male and female car-
dioGRKO mice. Our studies revealed that female cardioGRKO
mice are partially protected from the deleterious effects of GR
ablation in cardiomyocytes. Female cardioGRKO mice present
with a longer lifespan and more preserved cardiac function
than their male counterparts. Consistent with the differences
in phenotype, hearts from cardioGRKO males displayed a
more pronounced dysregulation in the expression of genes
implicated in heart rate regulation, calcium handling, and
cardiomyocyte structure and viability, whereas female car-
dioGRKO hearts displayed no significant differences in the
expression of these target genes at the same time point. The
ryanodine receptor 2 (Ryr2) was among the dysregulated
genes in male knockout hearts implicated in calcium handling.
Normal RyrZ expression and function are critical for car-
diomyocyte calcium-induced calcium release.'* Decreased
Ryr2 in the male hearts resulted in a compromised intracel-
lular calcium response in male GR-deficient cardiomyocytes.
The differential sensitivity of the male cardioGRKO hearts to
pathology was reversed following gonadectomy. These data
suggest that cardiac GR signaling crosstalk with hormones
produced by the gonads might contribute to the differences in
heart phenotype and gene expression, and may explain in part
the mechanisms whereby stress hormones affect cardiac
health in a sex-specific manner.

Methods

Data Availability Disclosure Statement

The authors declare that all supporting data and method
descriptions are available within the article or from the
corresponding author upon reasonable request.

Animals

The cardioGRKO mice were generated by standard gene-
targeting procedures as previously described.'®'® Briefly, the
GR (Nr3cT) locus was modified by inserting loxP sites upstream
of exon 3 and downstream of exon 4. Mice carrying the modified
GR allele were then derived by blastocyst (albino B6) injection.
Homozygous GR floxed (GRIoxP,loxP) mice were then mated
with mice expressing Cre recombinase under the direction of
cardiomyocyte-specific aMHC®™®/*. The resulting offspring
were GRIoxP /loxPaMHCCre /+ mice (designated cardioGRKO)
and Cre-negative GRIoxP/loxPaMHC+/+ (designated GR fl /fl
or GR flox/flox) littermate mice that served as controls.
Genotype was determined by polymerase chain reaction using
DNA from tails as previously described."® All mice were on a
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C57BL/6N/] background. Male and female cardioGRKO were
born at the predicted Mendelian ratio. Castration and ovariec-
tomy were performed in both GR floxed and cardioGRKO mice at
6 weeks of age. All experiments were approved and performed
according to the guidelines of the Animal Care and Use
Committee at the National Institute of Environmental Health
Sciences, National Institutes of Health.

Echocardiographic Analysis

Transthoracic echocardiography was performed on conscious
mice with a VisualSonics Vevo 770 ultrasound biomicroscopy
system (VisualSonics, Inc) with a 30-MHx 707B scan head as
previously described.'®'® Two-dimensional guided M-mode
analysis of the left ventricle was performed on 3-month old
GR loxP/loxP (controls) and GRIoxP/loxPo-MHCCre/+ (car-
dioGRKO) male and female mice. Anterior wall thickness,
posterior wall thickness, and left ventricular (LV) internal
diameters (LV internal diameter at diastole [LVID;d] and LV
internal diameter at systole [LVID;s]) were measured as
previously described by Oakley et al.’® LV systolic function
was assessed by fractional shortening (FS) and ejection
fraction (EF), calculated from the equation FS%=(LVID;
d—LVID;s)/LVID;dx 100 and EF%=(LV vol;d—LV Vol;s)/LV
Vol;dx 100. M-mode measurements represent 3 average
consecutive cardiac cycles from each mouse.

Histological Analysis and Immunofluorescence

Hearts from control and cardioGRKO mice were perfused with
PBS and fixed with 4% paraformaldehyde. Samples were
processed, embedded in paraffin, cut in 5 um sections, and
stained with hematoxylin and eosin. Pictures were acquired
using a Nikon Eclipse TE300 inverted microscope. For the
immunofluorescence, Citrate buffer (Biocare Medical, CA) was
used for antigen retrieval and blocked with 5% normal goat
serum in 0.2% triton/PBS. After blocking, samples were
incubated overnight with rabbit anti-GR antibody (Cell Signaling,
MA) and mouse anti-troponin | antibody (Millipore, MA) followed
by 2-hour incubation with a goat anti-rabbit IgG antibody, Alexa
Fluor 594 (red) and a goat anti-mouse IgG, Alexa Fluor 488
(green) from ThermoFisher Scientific. Nuclei was stained with
DAPI. Images were obtained on a Leica TCS SP5 Spectral
Confocal Microscope equipped with a x40 (oil) objective.

Quantitative Real-Time Polymerase Chain
Reaction QTR-PCR

Total RNA was isolated from the whole hearts of control and
cardioGRKO mice with the RNeasy Mini kit and RNase-Free
DNase kit (Qiagen) according to the manufacturer’s instruc-
tions. mMRNA levels were measured with a CFX96 Real-Time

System C1000 Touch Thermal Cycler (Bio-Rad). Predesigned
primer/probe sets for Nr3c1, Actal (skeletal muscle o-actin
[Ska]), Myh7 (B-myosin heavy chain [BMhc]), Nppb (brain
natriuretic peptide [Bnp]), AtpZaZ (sarco(endo)plasmic retic-
ulum calcium transport ATPase 2 [Serca2]), Ryr2 (ryanodine
receptor 2), Slc25a4 (solute carrier family 25 member 4 [Ant-
1, Adenine Nucleotide Translocator]), Kcng! (potassium
voltage-gated channel subfamily Q member 1), and ppib
(cyclophilin B, peptidylprolyl isomerase B) were obtained from
ThermoFisher Scientific. Values measured for each primer/
probe set were normalized to Ppib.

Immunoblots

Heart tissue and cells were homogenized and lysed in Tris-
Glycine SDS sample buffer (Invitrogen, CA) supplemented with
2.5% B-mercaptoethanol as previously described."” Polyviny-
lidene difluoride (PVDF) membranes blotted with equal
amounts of protein were incubated with primary antibodies
the rabbit anti-GR antibody (Cell Signaling, MA) and the rabbit
anti-Ryr2 anntibody (Abcam, MA) and developed using the
ChemiDoc Imaging System (BioRad, CA). GR and Ryr2 protein
levels were quantified by densitometry using National Insti-
tutes of Health Image) analysis software.

RNA-Seq Analysis

Gene expression analyses were performed on RNA from the
hearts of male and female control and cardioGRKO mice at 3
months of age. All RNA-Seq libraries (non-strand-specific,
paired end) were prepared with the TruSeq RNA Sample Prep
kit (Illumina, San Diego, CA). The total RNA samples were
subject to poly(A) enrichment as part of the TruSeq protocol.
mRNA samples were sequenced using the paired-end 75 bp
protocol and the NextSeq 500 platform (lllumina) per the
manufacturer’s protocol. The RNA-seq data will be available in
the Gene Expression Omnibus repository at the National
Center for Biotechnology Information (enter token slsjamwgz-
zathib into the box GSE120573: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE120573). Raw reads
(69—105 million reads per sample) were multiplexed to each
sample according to their barcode information.

Trim_galore  (https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/) was used to remove or trim
adaptor-containing reads and low-quality reads, and the
minimum length of trimmed reads was set at 20 bases.
Remaining reads were aligned to the UCSC mm10 reference
genome using TopHat2. The quantification results from htseg-
count were then analyzed with the Bioconductor package
DESeq2, which fits a negative binomial distribution to
estimate technical and biological variability. We made com-
parisons for knockout versus wild type across male and
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female samples. A gene was considered differentially
expressed if the P-value for differential expression was
<0.01. The heatmaps were made using Partek Genomic Suite
(Version 6.6).

Functional Analysis

The Pathway and Network analysis of the significant genes
was conducted in the Ingenuity Pathway Analysis (IPA) tool
(version 27821452, Ingenuity Systems, Redwood City, CA).
To identify GR and mineralocorticoid receptor (MR) target
genes, Nr3c! and Nr3c2 (gene names for GR and MR,
respectively) were entered in the search option of IPA, and
gene networks were created using our lists of significant
genes. Direct and indirect connections between genes and
GR or MR were visualized using the pathway function of IPA.
GR and MR target genes were further analyzed based on
their reported role in cardiovascular disease by overlaying
the GR and MR connected genes to the Diseases and
Functions option. Venn Diagrams for all our analyses were
generated using the Compare function of IPA.

Cardiomyocyte Isolation

Adult cardiomyocytes from control and cardioGRKO mice
were isolated using a commercially available kit (Perfusion
Adumyts Cardiomyocyte Isolation Kit, Cellutron, Baltimore,
MD).

Calcium Measurements on Isolated
Cardiomyocytes

Intracellular calcium measurements were performed as pre-
viously described by Oakley et al.'® Briefly, fresh isolated
cardiomyocytes were incubated with a calcium sensitive
indicator, fluo-4 (Invitrogen). Following isolation, cardiomy-
ocytes were allowed to attach to Laminin-coated glass bottom
wells in complete AW medium (Cellutron, Baltimore, MD) for
at least 1 hour. Cells were incubated in serum-free AW
medium containing 1 pmol/L fluo-4 for 15 minutes at room
temperature in the dark. Cells were washed 3 times then
incubated for 15 minutes at room temperature in a HEPES-
buffered Tyrode salt solution (135 mmol/L NaCl; 4 mmol/L
KCl; 1.0 mmol/L MgCl,; 20 mmol/L HEPES; 1.0 mmol/L
CaCl, and 10 mmol/L glucose, with pH 7.4 adjusted by
NaOH). Calcium measurements were performed on a Nikon
Eclipse Ti-E inverted confocal microscope equipped with 20x
0.75 NA objective. Fluo-4 fluorescence was monitored by
exciting the indicator at 488 nm, and collecting the emission
wavelength at 500 to 630 nm. Data were collected in a
Galvano frame mode at 2 frames per second. The change in
fluo-4 fluorescence emission intensity represents the change

in intracellular calcium. Regions of interest were selected with
cardiomyocytes displaying spontaneous intracellular calcium
changes in the form of local calcium transients. Intracellular
calcium changes were monitored at the single cell level. For
each experiment 4 regions of interest were monitored with a
total of at least 20 cells. A caffeine solution was diluted over
the samples for stimulation of intracellular calcium signals.
Cells were monitored at baseline and final concentrations of
caffeine bathing the cells at 0.25 and 10 mmol/L.

Statistical Analysis

Statistics were performed with the GraphPad Prism software
v6 (GraphPad Software, Inc). A Kaplan—Meier analysis was
performed after birth to evaluate differences in survival for
male and female control and cardioGRKO mice. Data are from
control mice (27 males, 28 females) and cardioGRKO mice
(24 males, 23 females). A Kruskal-Wallis test with Dunn’s
multiple comparisons analysis (males versus females and GR
flox/flox versus CardioGRKO) was used to evaluate whether
differences in echocardiogram measurements and gene
expression data between groups were statistically significant.
Differences were considered to be statistically significant
when P<0.05. For all studies we used 3 to 8 mice per group.

Results

Inactivation of Cardiomyocyte GR Leads to an
Increased Mortality Rate in Male Mice as
Compared With Their Female Counterparts

Kaplan—Meier survival curve analysis shows that both male
and female cardioGRKO mice have a reduced lifespan as
compared with their littermate controls'®; however, the
effects of cardiomyocyte GR inactivation are more profound
in males than in females (Figure 1). Male cardioGRKO had a
median survival age of 6 months (Figure 1). In contrast,
females had a median survival age of 10 months (Figure 1).
These results suggest that inactivation of cardiomyocyte GR
in vivo exhibits sexual dimorphism (Figure 1) and that deletion
of cardiomyocyte GR leads to more profound effects on males
than in females.

Male and Female cardioGRKO Mice Develop Left
Ventricular Systolic Dysfunction That Progresses
to Dilated Cardiomyopathy

Conscious transthoracic echocardiography was performed on
male and female cardioGRKO at 3 and 6 months of age.
Transthoracic echocardiography data showed a distinct
cardiac phenotype between male and female cardioGRKO
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Figure 1. Ablation of the glucocorticoid receptor in cardiomy-
ocytesleads toanincreased mortality rate in male cardioGRKO mice
as compared with their female counterparts. Kaplan—Meier analysis
of survival after birth was performed for male and female control and
cardioGRKO mice. Shown are survival male and female controls and
cardioGRKO. Data are from control mice (27 males, 28 females) and
cardioGRKO mice (24 males, 23 females). Male controls vs male
cardioGRKO. cardioGRKO indicates cardiomyocyte-specific gluco-
corticoid receptor knockout. ***P<0.001; female controls vs

ey

cardioGRKO ***P<0.001.

mice (Table 1). By 3 months of age, male knockout mice
exhibited LV systolic dysfunction, as evidenced by significant
decreases in ejection fraction (EF, 70.74+8.51%) and
fractional shortening (FS, 37.444+5.90%) (Table 1). Although
female cardioGRKO also presented decreases in EF
(74.9846.60%) and FS (42.9348.84%), these changes were
not statistically significant as compared with their littermate
controls. Despite presenting a more preserved cardiac
function at the 3-month time point, cardioGRKO female
mice present a similar degree of LV systolic dysfunction as
their male counterparts at 6 months of age. Both male and
female cardioGRKO mice have a significant decrease in EF
(62.23+14.41 males versus 60.93+10.05 females) and FS
(33.73+9.68 males versus 32.3446.78 females). These
functional data are in agreement with the pathology findings
that show that cardioGRKO female mice, much like their
male counterparts, have significantly enlarged hearts at
6 months of age (Figure 2A), which is consistent with the
phenotypical characterization previously reported by Oakley
et al."”® Histological evaluation of hematoxylin and eosin
stained sections from 6 months old male and female
cardioGRKO hearts showed a significant dilation of the left
ventricle (consistent with dilated cardiomyopathy) and atrial
thrombosis in some of the hearts which may be associated
with atrial blood stasis (a risk factor for atrial fibrillation)'®
(Figure 2B). Therefore, despite the preserved systolic func-
tion exhibited by female GR deficient hearts at 3 months of
age, by 6 months of age female cardioGRKO mice exhibited
a similar cardiac pathology as compared with their male
counterparts (Table 2).

Male But Not Female CardioGRKO Exhibit
Increased Expression of Fetal Genes Associated
With Pathological Cardiac Hypertrophy

Male and female cardioGRKO mice displayed a similar
reduction (=70%) in GR mRNA levels as compared with their
male knockout counterparts (Figure 3A). In agreement with
decreased GR mRNA levels, GR levels in the male and female
knockouts are not significantly different (Figure 3B). The
remaining GR is attributed to endothelial cells, cardiac
fibroblasts, and smooth muscle cells. As shown in Figure 3C,
GR was not detected in cardiomyocytes of 6 months old male
and female cardioGRKO hearts. The figure also shows a
decrease in the intensity of the staining for cardiac troponin |
in the hearts of both male and female cardioGRKO. These
changes in troponin | levels may be associated with the
structural changes in the myocardium related to the progres-
sion of pathological cardiac hypertrophy in cardioGRKO mice.
Decreased troponin | levels were found in all the cardioGRKO
hearts (n=3 per sex, genotype).

Male cardioGRKO hearts displayed increased expression of
B-myosin heavy chain (f-Mhc) and skeletal muscle a-actin
(Ska) at 3 months of age that reached 2.5- and 5-fold,
respectively, over control mice (Figure 4A and 4B). The
expression of brain natriuretic peptide (Nppb), another marker
of hypertrophy, was also dysregulated in male GR-deficient
hearts (Figure 4C). In contrast, no significant changes in the
expression of these hypertrophic markers were found in
female cardioGRKO hearts at this time point (Figure 4A
through 4C). Therefore, these data suggest that deletion of
cardiomyocyte GR leads to reactivation of the fetal cardiac
gene program and pathological cardiac hypertrophy in a sex-
specific manner.

GR Deletion in Cardiomyocytes Leads to
Dysregulation of Different Signaling Pathways in
the Male and Female Heart

Using a non-biased genome-wide profiling approach we
sought to define the molecular signaling events underlying
the cardiac pathology in male and female cardioGRKO mice.
We performed RNA-Seq on hearts from 3-month-old male and
female control and cardioGRKO mice. Three biological repli-
cates were evaluated for each treatment group. A heat map of
sample replicates and hierarchical clustering analysis shows a
distinct pattern of gene expression between male and female
control hearts (Figure 5A). The expression of 6279 genes is
significantly different in male and female control hearts
(Figure 4B). In contrast, the expression of only 3879 genes is
sexually dimorphic in male and female cardioGRKO hearts
(Figure 5B). A comparison of the sexually dimorphic genes
between control and GR knockout hearts revealed that 2299
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Table 1. Echocardiogram Data on 3-Month-Old Male and Female GRflox and CardioGRKO

Males Females

Controls (n=5) CardioGRKO (n=5) Controls (n=5) CardioGRKO (n=6)
IVS;d, mm 1.1340.23 0.94+0.11 1.2140.17 0.96+0.18
LVID;d, mm 2.7340.32 2.89+0.51 2.56+0.57 2.88+0.29
LVPW:d, mm 1.1340.22 1.1840.28 1.124+0.45 0.95+0.19
IVS;s, mm 1.4840.22 1.32+0.20 1.4240.04 1.3540.17
LVID;s, mm 1.4240.18 2.1440.42* 1.4040.43 1.7340.40
LVPW;s, mm 1.4740.28 1.2740.12 1.4740.41 1.2440.19
EF, % 83.25+3.24 70.73+8.51* 78.91+7.62 74.98+6.60
FS, % 48.66-3.10 37.44+5.90* 46.33+6.37 42.93+8.84
LV mass, mg 89.63+25.75 99.96+19.50 82.73+8.86 82.26+11.17
HW 131.66+0.95 173.8+3.48"l 137.44+1.80 144.66+9.097
BW, g 31.84+0.74 32.70+0.72 31.05+1.11 28.38+1.33
HW/BW 4.13+0.10 5.2940.817% 4.43+0.15 5.10+0.33"
LV mass/BW 2.82-+0.85 3.0540.65 2.6640.29 2.89-+0.34
HR, bpm 716.20£19.20 681.40+30.22 707.80+2.4 700.8+25.78

Echocardiographic measurements from transthoracic M-mode tracings on conscious male and female. Data are mean=SD. Two-way ANOVA with post hoc Tukey test multiple comparisons
analysis (male controls vs female controls, male controls vs male cardioGRKO, male controls vs female cardioGRKO, female controls vs male cardioGRKO, female controls vs female
cardioGRKO, and male cardioGRKO vs female cardioGRKO) were used to evaluate whether differences between groups were statistically significant. Values without asterisks were not
significantly different. bpm indicates beats per min; HW, heart weight; BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, heart rate; IVS;d, interventricular septal
thickness in diastole; IVS;s, interventricular septal thickness in systole; LV, left ventricular; LVID;d, LV end-diastolic dimension; LVID;s, LV end-systolic dimension; LVPW;d, posterior wall

thickness in diastole; LVPW;s, posterior wall thickness in systole.
*P<0.05 and "P<0.01 vs control males.

$p<0.05, |P<0.01 vs control females.

'P<0.001 vs cardioGRKO males.

genes are in common between controls and cardioGRKO
hearts (Figure 5B). Although ablation of GR in cardiomyocytes
resulted in the loss of 64% of the sexually dimorphic
expressed genes in the heart (Figure 5B), GR deletion also
led to sexual dimorphism in the heart, with 1580 genes
becoming differentially expressed between male and female
(Figure 5B). To further understand the effects of GR in sexual
dimorphism in the heart we search for genes known to be GR
targets. We found that of the 4262 genes differentially
expressed in male cardioGRKO hearts 306 genes have been
associated with GR signaling. In the female cardioGRKO
hearts we identified 392 genes of the total of 4559 that have
been associated with GR signaling (Figure 5C). Comparison of
these GR-associated genes by Venn diagrams shows that
~45% of these genes are unique to the cardioGRKO male
hearts, while 56% are unique to the female knockout hearts.
These findings suggest that GR signaling in the heart has a
prominent effect in sex-specific gene expression.

In contrast to GR, only a few of the total number of genes
dysregulated in the knockout hearts have been associated
with the closely related mineralocorticoid receptor (MR)
(Figure 5C), and the majority (100% for males and ~68% for
females) of these MR-related genes are shared between male

and female cardioGRKO hearts. We also found that about 50%
of the MR-related genes are commonly associated with GR
(Figure 5C). Analysis of the GR and MR regulated genes
revealed that 51 (males) and 68 (females) of the GR
associated genes are related with “abnormalities of the heart
ventricle” (according to the literature-based Ingenuity Path-
way Analysis [IPA] software) (Figure 6A). In contrast, only 17
and 19 of the MR-associated genes dysregulated in car-
dioGRKO hearts are identified within this category (Fig-
ure 6A). Among the common GR and MR associated genes,
we found atrial natriuretic peptide (Nppa), brain type
natriuretic peptide (Nppb), and cyclooxygenase (Ptgs2). The
vascular endothelial growth factor A (Vegfa) was found among
the unique MR dependent genes in both male and female
cardioGRKO hearts, and changes in its expression are
associated with hypertrophy and angiogenesis. Angiotensino-
gen (Agt) was found among the unique GR-regulated genes,
and its expression appears to be compromised only in male
cardioGRKO hearts. Genetic polymorphisms of the Agt and
angiotensin-converting enzyme genes are associated with
increased risk of hypertension and left ventricular hypertrophy
in humans.'? Therefore, alterations in the expression of this
gene may explain in part the different sensitivity to alterations
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A Male (6 months)
Control CardioGRKO

Male (6 months)
Control CardioGRKO

Female (6 months)
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Figure 2. CardioGRKO male and female mice develop spontaneous left ventricular remodeling.
A, Representative images of intact hearts from 6-month-old male and female control and cardioGRKO
mice. B, Longitudinal hematoxylin & eosin-stained heart sections from 6-month-old male and female control
and cardioGRKO mice. Arrows (—) point out to increased left ventricle size and the presence of a thrombus
in the left atria of the female cardioGRKO heart. The images are representative of 5 mice per group.
CardioGRKO indicates cardiomyocyte-specific glucocorticoid receptor knockout.

in GR signaling between male and female mice. Visualization
of the genes connected to Agt showed more significant
alterations in gene expression in the male cardioGRKO hearts
as compared with their female counterparts (Figure 6B).
Similarly, analysis of the Vegfa network showed more
pronounced changes in the male knockout heart than in their
female counterparts.

To further evaluate the whole genome sexually dimorphic
role of GR signaling in cardiac gene expression, analysis of the
1580 differentially expressed genes between cardioGRKO
males versus females was performed by IPA software
(Figure 7). This analysis identified “heart failure” and “hyper-
trophy” as the 2 more significantly activated (based on the z-
score) categories in male cardioGRKO hearts compared with
the female cardioGRKO hearts (Figure 7A). One hundred and
twenty-six genes associated with “heart failure” were signif-
icantly altered in male hearts; in contrast, only 77 of these
genes were dysregulated in the female hearts. Visualization of
the genes involved in the heart failure category (Figure 7B)
revealed that male cardioGRKO hearts presented more
pronounced alterations in the expression of genes involved
in calcium (Ca®") handling (cardiomyocyte contraction),
including ATPase sarcoplasmic/endoplasmic reticulum Ca**
(Atp2a2, Serca), ryanodine receptor 2 (Ryr2), and genes

implicated in maintaining the structure of cardiac sarcomeres
and cardiomyocyte viability, such as desmin (Des), troponin
C1 (Thnc'), and the solute carrier family 25 member 4
(Slc25a4). Slc25a4 encodes the mitochondrial protein Ant-1
(adenine nucleotide translocase type 1). Ant-1 is involved in
mitochondrial ADP/ATP transport. Alterations in the expres-
sion of Ant-1 are associated with cardiomyopathy character-
ized by impaired mitochondrial ADP-ATP exchange, decreased
ADP-stimulated tissue respiration, and increased mitochon-
drial reactive oxygen species production.?®

To validate the changes in these genes, we performed
QRT-PCR on hearts from additional cardioGRKO mice that
were 3-months-old. In agreement with the RNA-Seq data, the
expression of all 5 of these genes was significantly
dysregulated in the male cardioGRKO hearts (Figure 8). In
contrast, only the levels of Thnci were altered in the female
cardioGRKO hearts (Figure 8B). In summary, our genome
data indicate that deletion of cardiomyocyte GR leads to
sexually dimorphic gene expression that predisposes males
to an earlier and more profound deleterious cardiac pheno-
type compared with females. The functional impairments
observed in the cardioGRKO hearts might be explained in
part by the alterations in the expression of the validated
target genes.
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Table 2. Echocardiogram Data on 6-Month-Old Male and Female GRflox/flox and CardioGRKO Mice

Cruz-Topete et al

Males Females

Controls (n=5) CardioGRKO (n=5) Controls (n=3) CardioGRKO (n=4)
IVS;d, mm 1.0140.07 1.0240.15 0.96--0.04 0.88+0.21*
LVID;d, mm 3.06+0.27 3.87+0.74 3.0340.05 3.7740.79
LVPW;d, mm 1.1140.06 0.9840.06 1.0440.07 0.87+0.17
IVS;s, mm 1.65+0.08 1.58+0.37 1.4240.02 1.1140.43*
LVID;s, mm 1.44+0.10 2.6140.86* 1.2840.09 2.5940.78"
LVPW;s, mm 1.62-£0.16 1.29+0.15 1.41-£0.01 1.24-£0.44
EF, % 84.914+2.29 62.23+14.41* 88.33+1.54 60.93+10.05"!
FS, % 52.71+2.90 33.73+9.681/ 57.58+2.26 32.34+6.78'1
LV mass, mg 94.474+14.36 122.38+23.69 85.30+4.46 94.6949.62°
BW, g 34.4+1.28 37.44+2.66 33.23+0.74 36.32+2.32
LV mass/BW 2.75-£0.48 3.29-0.75 2.56+0.13 2.61-+0.33
HR, bpm 722.66+19.97 670.69+35.69 650.504-28.00 642.25+52.69

Echocardiographic measurements from transthoracic M-mode tracings on conscious male and female. Data are mean+SD. Two-way ANOVA with multiple comparisons analysis (male
controls vs female controls, male controls vs male cardioGRKO, male controls vs female cardioGRKO, female controls vs male cardioGRKO, female controls vs female cardioGRKO, and
male cardioGRKO vs female cardioGRKO) were used to evaluate whether differences between groups were statistically significant. Values without asterisks were not significantly different.
bpm indicates beats per min; BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, heart rate; IVS;d, interventricular septal thickness in diastole; IVS;s, interventricular
septal thickness in systole; LV, left ventricular; LVID;d, LV end-diastolic dimension; LVID;s, LV end-systolic dimension; LVPW;d, posterior wall thickness in diastole; LVPW;s, posterior wall

thickness in systole.

*P<0.05 vs male control mice.

P<0.05 vs male cardioGRKO.

$p<0.05, 'P<0.01, and 1P<0.001 vs control females.

Decreases in Ryr2 Gene Expression and Protein
Levels Lead to Abnormal Calcium Handling in
Cardiomyocytes Isolated From Male CardioGRKO

Consistent with a reduction in Ryr2 gene expression, Ryr2
protein levels were significantly reduced in 3 months old
cardioGRKO male hearts. Female cardioGRKO hearts displayed
normal Ryr2 protein levels as compared with control hearts
(Figure 9A). To test if decreased Ryr2 levels translated to
abnormal calcium handling, we isolated cardiomyocytes from
male and female adult control and cardioGRKO hearts and
evaluated intracellular calcium release following treatment with
the classic Ryr2 activator caffeine (Figure 9B). The data show
that cardiomyocyte stimulation with low concentration caffeine
(0.25 mmol/L) led to a pronounced increase in calcium release
in cardiomyocytes isolated from controls and female car-
dioGRKO hearts (19/20 cells, 95%) (Figure 9B). In contrast,
cardiomyocytes isolated from male cardioGRKO hearts showed
a significantly decreased response (10/20, 50%) in response to
caffeine stimulation (Figure 9B). The isolated cardiomyocytes
were responsive to high caffeine concentrations (10 mmol/L)
regardless of genotype or sex. The results obtained using male
GR-deficient cardiomyocytes are consistent with our previously
published data.'® These findings indicate that reduced mRNA
and protein levels of Ryr2 in male cardioGRKO hearts translated

into functional abnormalities in caffeine-triggered intracellular
calcium release in cardiomyocytes, which may be associated
with the earlier cardiac hypertrophy and systolic dysfunction
found in male cardioGRKO mice as compared with their female
counterparts.

Castration Protects Male CardioGRKO Mice From
Developing LV Systolic Dysfunction

Conscious transthoracic echocardiography was performed on
3-month-old gonadectomized male and female cardioGRKO
mice and their littermate controls. Castration protected male
cardioGRKO mice from developing cardiac dysfunction. Cas-
trated knockout mice presented with a preserved EF
(81.544+10.36%) and FS (50.76+7.13%) as compared with
their littermate controls (EF, 83.574+7.89% and FS,
52.08£9.99) (Table 3), and no significant abnormalities were
found in LV end-systolic dimension (LVID;s, 1.29+£0.22 knock-
outs versus 1.4440.37 controls), LV Vol; s (4.39+2.02
knockouts versus 6.04+2.02 controls), or heart weight
(132.224+2.99 knockouts versus 128.30£2.99 controls).
Ovariectomized female cardioGRKO did not show any signifi-
cant functional changes as compared with their littermate
controls (Table 3). Despite a slight reductions in EF
(72.9416.42% knockouts versus 81.69£3.52% controls) and
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Figure 3. GR mRNA and protein are significantly reduced in the hearts of cardiomyocyte-specific glucocorticoid receptor knockout
(cardioGRKO) mice and no glucocorticoid receptor (GR) is detected in the cardiomyocytes of the knockout mice. A, RT-polymerase chain
reaction of GR mRNA from hearts of control and cardioGRKO mice. B, Representative immunoblot show GR levels in control (GR flox) and
knockout hearts. Hearts from male cardioGRKO have reduction of ~70% in GR total protein levels, whereas female hearts present a reduction of
~80% in GR protein levels. Immunoblots were quantified by densitometry using National Institutes of Health Image) analysis software. Data are
mean+SEM (n=5 mice per group). *P<0.05; ***P<0.0001. C, Representative immunofluorescence staining of heart sections from control and
cardioGRKO mice with anti-troponin | (green) and anti-GR (red) antibodies. DAPI is shown in blue. Data represent n=3 mice per sex and
genotype. All pictures were acquired on a Leica TCS SP5 Spectral Confocal Microscope equipped with a x40 (oil) objective. CardioGRKO
indicates cardiomyocyte-specific glucocorticoid receptor knockout; CGRKO, cardioGRKO; GR, glucocorticoid receptor.

FS (41.06+5.47% knockouts versus 49.24+3.86% controls)
(Table 3), and an increase in LVID;s (1.65+0.26% knockouts
versus 1.4240.16% controls), ovariectomy did not exacerbate
the susceptibility to the deleterious effects of GR inactivation in
the female heart.

Discussion

Heart disease is a significant and growing public health
problem in the United States and worldwide. There are

significant disparities in heart disease prevention, clinical
presentation, and treatment based on sex. The risk of heart
disease in females has been underestimated because of the
misperception that women are protected by estrogen and
do not develop cardiovascular disease until several years
post-menopause.?’ Because of this misconception, women
have been underrepresented in clinical trials, and therefore
most of the available treatments are tailored to males but
not to females. Moreover, there is a gap in knowledge on
the sex-specific effects of cardiovascular risk factors,

DOI: 10.1161/JAHA.118.011012

Journal of the American Heart Association 9

HDYVHASHY TVNIDIYO



Sexually Dimorphic Effects of Cardiomyocyte GR

A
3 —_—
*k%k
—
3 25 T
o
4 2+
<
4 41 ns
% 1.5
o 17
£
= 05+
(-3
0 - t t t |
GRflox CGRKO GRflox CGRKO
Males Females
B
k%
6 —_
0g | 1
3 5
2
34+
<
Z3
14 ns
Eo 1
©
~
0 - + + t {
GRflox CGRKO GRflox CGRKO
Males Females
C
5 _ *
K]
94 | 1
[
=3
. ns
E2 ¢
-
ol +
=z
0 - t . .
GRflox CGRKO GRflox CGRKO
Males Females

Figure 4. mRNA levels of genes associated with
cardiac pathology and the glucocorticoid receptor
(GR) levels in the heart. Total RNA was isolated
from whole hearts of 3-month-old male and
female control (GRflox) and cardiomyocyte-
specific glucocorticoid receptor knockout mice.
Expression levels of B-myosin heavy chain (A),
skeletal muscle a-actin (B), brain natriuretic
peptide (C), were measured by QRT-PCR. Data
represent n=5 mice per sex and genotype. fi-Mhc
indicates  B-myosin heavy chain; c¢CGRkO,
cardiomyocyte-specific glucocorticoid receptor
knockout; GR, glucocorticoid receptor; Nppb,
brain natriuretic peptide; Ska, skeletal muscle
o-actin. *P<0.05, and ***P<0.001.

Cruz-Topete et al

including obesity, diabetes mellitus, hypertension, and
stress.”?

Regarding the effects of stress, studies show that women
have a unique vulnerability compared with men. For example,
women aged <50 years have a significantly increased rate (3-
fold higher) of mental stress-induced myocardial infarction
than do similarly aged men.®** Although sex hormones
(estrogen and testosterone) are considered critical regulators
of the physiological differences between men and women, the
effects of sex in heart disease are more complex and are
unlikely because of sex hormones alone.

Glucocorticoids are steroid hormones secreted by the
adrenal gland in response to stress. As previously reported by
our group24 and others?®?2° supraphysiological increases in
glucocorticoid levels induce hypertrophy in cardiomyocytes,
which may contribute to cardiac dysfunction and progression
to heart failure.?” However, under normal physiology, sharp
increases in glucocorticoid levels in response to stressors (eg,
physical and emotional stress, disturbances in daily rhythms
of waking and sleep, etc) benefit the heart by promoting the
expression of genes involved in preserving cardiomyocyte
contractility and survival.'® Therefore, glucocorticoids can
exert both positive and negative effects on cardiomyocytes
depending on the physiological context. As previously
reported GR expression in cardiomyocytes is essential for
cardiac homeostasis.”® The present study shows that gluco-
corticoids signaling via GR plays a sex-specific role in
preserving intracellular calcium in cardiomyocytes. These
findings are important because they suggest that activation of
GR signaling in the heart may provide a sex-specific thera-
peutic approach to improve the contractile performance of the
heart in disease, for example after a heart attack.

Both male and female mice lacking GR in cardiomyocytes
present with increased mortality rates as compared with their
littermate counterparts. However, female cardioGRKO mice
have a better survival rate than males. While the median
survival rate for male cardioGRKO mice is =6 months of age,
female mice have a median survival rate of ~10 months. Of
the 24 male cardioGRKO that were used for our survival study,
20 males were found dead in their cage, and 4 were
euthanized because of signs of severe pain/distress, includ-
ing labored breathing, slow to move or non-responsive when
coaxed, severe dehydration, and hunched. Of the 23
cardioGRKO female used for this study, 18 were found dead
in their cage and 5 were euthanized after showing signs of
distress similar to those presented by their male counter-
parts. Regardless of sex, about 90% of the necropsied
cardoGRKO mice presented enlarged hearts and have excess
fluid in the thoracic cavity.'®> As shown in Figure 2, heart
sections from 6-month-old male and female cardioGRKO mice
euthanized because of severe respiratory distress showed
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Figure 5. Pattern of gene expression between male and female hearts from control (glucocorticoid receptor [GR] fl/fl) and cardiomyocyte-
specific glucocorticoid receptor knockout mice. A, Heat map of RNA-seq data with hierarchical clustering of genes that are differentially
expressed between control and cardioGRKO male and female mice. Red indicates high-expressing genes whereas blue indicates low-expressing
genes. B, Upper panel: Analysis of RNA-seq results showing significantly altered genes in each comparison, male GRfl/fl to male cardioGRKO
(4262 genes), female GRfl/fl to female cardioGRKO mice (4559 genes), male GRfl/fl to female GRfl/fl (6279 genes), and male cardioGRKO to
female cardioGRKO (3879 genes). Lower panel: Venn diagram of the results overlaying male GRfl/fl vs female GRfl/fl (left circle) to male
cardioGRKO vs female cardioGRKO mice (right circle). 2299 genes are in common between controls and cardioGRKO hearts (intersection).
Cardiomyocyte GR regulates the expression 3980 sexually dimorphic genes in control hearts (64% of a total of 6279 genes are GR dependent).
In the absence of GR, 1580 genes are differentially expressed between cardioGRKO male and female hearts. C, Upper right panel: Of the 4262
genes differentially expressed in male cardioGRKO hearts as compared with controls (GR fl/fl), 306 of these genes are directly or indirectly
associated with GR. A similar number of GR associated genes, 392, were found among the 4559 genes with altered expression in the female
cardioGRKO hearts. Comparison of these GR-associated genes shows that ~44% of these genes are unique to the cardioGRKO male hearts,
while 56% are unique to the female knockout hearts. Upper left panel: Only 60 genes of the 4262 differentially expressed genes in the male
cardioGRKO hearts have been related to mineralocorticoid receptor signaling, and only 89 genes of the total of 4559 female knockout
dysregulated genes are associated to MR. Venn diagram of these genes overlaying male and female GRfl/fl vs cardioGRKO hearts shows that
the majority (100% for males and ~68% for females) of the reported MR-associated genes are common between males and females. Lower
panel: About 50% of the MR genes are commonly associated with GR. CardioGRKO indicates cardiomyocyte-specific glucocorticoid receptor
knockout; CGRkO, cardiomyocyte-specific glucocorticoid receptor knockout; GR, glucocorticoid receptor.

enlarged atrium and significant dilation of the left ventricle.
These findings are consistent with atrial fibrillation and dilated
cardiomyopathy, common causes of heart failure and sudden
death. Therefore, based on our previous'® and present
findings, we concluded that the cardioGRKO mice are dying
from heart failure.

In agreement with delayed mortality observed in car-
dioGRKO female mice, echocardiogram data show that female
cardioGRKO mice present with less profound changes in LV
function as compared with their male counterparts. These
findings indicate that females are more resilient to cardiomy-
ocyte GR inactivation than males, perhaps because of
protective actions of ovarian hormones on the heart.?®

However, ovariectomy only had a minor effect on LV function
in cardioGRKO mice. Castration had a significant effect on LV
function in male cardioGRKO mice. Castrated cardioGRKO
mice presented with a preserved cardiac function, suggesting
that male hormones, perhaps testosterone, exacerbate the
detrimental effects of GR-inactivation in the heart. Studies
have demonstrated that male hearts are more susceptible to
hypertrophy relative to female hearts.?’ Clinical data also
show that men are a higher risk for pathological cardiac
hypertrophy than aged-matched women.?° However, little is
known about the underlying molecular mechanism that leads
to males’ increased susceptibility to cardiac hypertrophy.
Exposure to androgens has been associated with differences
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Figure 6. Analysis of the glucocorticoid receptor (GR) and the mineralocorticoid receptor (MR) dependent genes. A, Fifty-one (male) and 68
(female) of the GR-associated genes are related with abnormalities of the heart ventricle. Only 17 and 19 of the MR-associated genes
dysregulated in cardiomyocyte-specific glucocorticoid receptor knockout (cardioGRKO hearts were identified within this category (lower panel).
Atrial natriuretic peptide (Nppa), brain type natriuretic peptide (Nppb), and cyclooxygenase (Ptgs2) were identified among the common genes.
Among the unique MR dependent genes was the vascular endothelial growth factor A (VegfA). Angiotensinogen (Agt) expression seems to be
compromised only in male cardioGRKO hearts and its dysregulation is related to alterations in GR signaling. Dysregulation in Agt gene
expression is associated with genes involved in cardiac hypertrophy. B, Visualization of the genes connected to Agt in male and female
cardioGRKO (upper panel), and network of genes associated with VegfA. Alterations in VegA is associated with genes involved in hypertrophy
and angiogenesis. Red depicts induced genes and green represents repressed genes. Orange lines (—) predict activation and blue lines predict
inactivation. Yellow lines symbolize gene expression opposite to predicted effect, and gray lines represent that not prediction can be inferred
based on the gene expression data. Nppa, Nppb, and Ptgs2 are marked with red asterisk (*). Agt is marked with a purple *, and VegA is marked

with an orange *. CardioGRKO indicates cardiomyocyte-specific glucocorticoid receptor knockout; CGRKO, cardiomyocyte-specific
glucocorticoid receptor knockout; GR, glucocorticoid receptor; MR, mineralocorticoid receptor.

in hypertrophic response between males and females.*°
Androgens increase the proliferation of vascular smooth
muscle cells.®' Several studies have shown that castration
and pharmacological suppression of androgen production
protect the heart from hypertrophy and heart failure in animal
models of hypertension-induced hypertrophy.??*?** Most of
the hypertrophic effects of androgens have been attributed to
testosterone signaling via the androgen receptors, which are
expressed at high levels in the myocardium.®®** However,
because of conflicting data showing that androgen-deprivation
increased the risk of heart failure in prostate cancer patients,
the role and physiological actions of androgens are still
controversial.’® In the context of the present study, the
reduced survival rate observed in male cardioGRKO mice
might result from the detrimental effects of androgens on
cardiomyocytes. Data from prostate cancer studies have
shown that GR can bind androgen receptor responsive
elements on target genes regulated by androgens.®® There-
fore, a possible explanation for the increased susceptibility to

the deleterious effects of deleting GR in cardiomyocytes in
males is that lack of GR increases the availability of androgen
receptor responsive elements for the androgen receptors in
the heart, resulting in an increased androgen signaling in
cardiomyocytes. Studies by Pugach et al*® have shown that
long-term Cre recombinase expression in cardiomyocytes can
lead to cardiac dysfunction and cardiotoxicity characterized
by mild inflammation and fibrosis.>® Also, sexual dimorphic
phenotypes have been observed in response to Cre expres-
sion, and female mice appear to be more resistant to the
effects of early Cre expression in the heart.*® However, our
previously published echocardiography data'® echocardiogra-
phy data showed that expression of Cre alone had little to no
effect on heart function in mice up to 6 months of age,
indicating that the cardiac phenotype in 1- to 6-month-old
cardioGRKO mice is because of the GR inactivation, and
perhaps to GR interactions with sex hormones signaling.
Future studies on the effects of estrogen and testosterone
replacement or treatment with an androgen receptor
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Figure 7. Effects of deleting cardiomyocyte glucocorticoid receptors on male and female heart gene
expression. A, Differentially expressed genes between cardiomyocyte-specific glucocorticoid receptor
knockout (cardioGRKO) males vs females were analyzed by literature-based Ingenuity Pathway Analysis
(IPA) software. The top 13 diseases and biological functions were ranked and assigned an activation z-score
(orange indicates induced; blue indicates repressed). Heart failure was ranked as the most significant
activated biological function. One hundred and twenty-six genes in the heart failure function were
significantly altered in male hearts; in contrast, only 77 of these genes were dysregulated in the female
hearts. B, Visualization of the genes involved in the heart failure category in male and female cardioGRKO
hearts. Genes involved in cardiomyocyte contraction, structure of cardiac sarcomeres, and cardiomyocyte
viability are marked with an asterisk (*). ATPase sarcoplasmic/endoplasmic reticulum Ca®* (Atp2a2, Serca),
ryanodine receptor 2 (Ryr2), desmin (Des), troponin C1 (Tnnc1), and the solute carrier family 25 member 4
(Slc25a4). Red depicts induced genes and green represents repressed genes. CardioGRKO indicates

cardiomyocyte-specific glucocorticoid receptor knockout.

antagonist need to be performed to test this hypothesis.
Future studies on the effects of estrogen and testosterone
replacement or treatment with an androgen receptor antag-
onist need to be performed to test this hypothesis.
Consistent with the exacerbated phenotype in male
cardioGRKO mice, differences between males and females
were found at the gene expression level. While the gene
expression of traditional cardiac hypertrophy markers (B-
myosin heavy chain [$-Mhc] and skeletal muscle o-actin
[Ska]) is altered in male cardioGRKO hearts, no significant
changes in the levels of these genes were observed in
female hearts at the same time point. These data suggest
that molecular changes underlying the phenotype of car-
dioGRKO males and females might correlate with distinct
patterns of gene expression. Our results correlate with
recent studies by Richardson et al®’ that showed that male

mice lacking GR in cardiomyocytes and vascular smooth
muscle cells developed pathological cardiomyocyte hyper-
trophy, associated with increased myosin heavy chain-p
expression. Interestingly, in the Richardson et al study, it
was found that MR mRNA levels were elevated in the hearts
of their knockout mouse model. As previously reported by
our group, no differences in the expression of MR were
found in the cardioGRKO hearts.'® Analysis of RNA-Seq data
showed that while some of genes associated with LV
dysfunction and hypertrophy are regulated by both GR and
MR in both male and female hearts, GR seems to play a
more significant role in cardiac sexual dimorphism, and its
deletion in cardiomyocytes leads to MR-independent changes
in cardiac gene expression.

A global analysis comparison between male versus female
cardioGRKO hearts revealed that gene networks involved in
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Figure 8. Genes associated with cardiomyocyte contraction, structure of cardiac sarcomeres, and
cardiomyocyte viability are dysregulated in male cardiomyocyte-specific glucocorticoid receptor knockout
(cardioGRKO) hearts but not in their female counterparts. Total RNA was isolated from whole hearts of 3-
month-old male and female control (glucocorticoid receptor flox/flox) and cardioGRKO mice. A, Expression
levels of genes involved in calcium handling ryanodine receptor (Ryr2) and ATPase sarcoplasmic/
endoplasmic reticulum Ca®" (4tp2a2). B, Expression levels of genes involved in preserving the structure of
cardiac sarcomeres desmin (Des) and troponin C1 (TnncT). C, Expression level of Slc25a4 (solute carrier
family 25 member 4), a mitochondria carrier protein involved in cardiomyocyte viability. Data are
mean+SEM (n=4-5 mice per group). *P<0.05, and **P<0.01. CardioGRKO indicates cardiomyocyte-
specific glucocorticoid receptor knockout.
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Figure 9. Expression and quantification of RyR2 (ryanodine receptor 2) protein with altered calcium responses in male cardiomyocyte-
specific glucocorticoid receptor knockout (cardioGRKO) mice. A, Representative immunoblot show Ryr2 protein levels in control
(glucocorticoid receptor flox) and knockout hearts. Hearts from male cardioGRKO have reduction of ~50% in Ryr2 total protein levels,
whereas female hearts do not present a significant reduction in Ryr2 protein levels. Imnmunoblots were quantified by densitometry using
National Institutes of Health Image) analysis software. Data are mean4+SEM (n=3 mice per group). *P<0.05. B, Intracellular calcium changes
were monitored using a calcium sensitive indicator, fluo-4 in adult cardiomyocytes isolated from control and cardioGRKO male and female
mice. Changes in intracellular calcium were monitored before and after application of a low concentration of caffeine (0.2 mmol/L, red
arrow) and high concentration of caffeine (10 mmol/L, blue arrow) and are represented as the change in fluo-4 fluorescence emission
intensity. Upper panel graphs are representative data from different cardiomyocytes isolated from control mice. Lower panel graphs are
representative data from different cardiomyocytes isolated from cardioGRKO mice. Cardiomyocytes displaying spontaneous intracellular
calcium changes in the form of local calcium transients were selected for study. Intracellular calcium changes were monitored at the single
cell level with data collected from a region of interest representing an individual cell. Typically, 4 regions of interest were monitored per
experiment. CGRKO indicates cardiomyocyte-specific glucocorticoid receptor knockout; GR, glucocorticoid receptor; Ryr2, ryanodine

receptor 2.

heart failure, hypertrophy, and dilated cardiomyopathy were
activated in male cardioGRKO hearts; in contrast, these gene
networks were not significantly altered in the hearts of
female cardioGRKO mice at the same time point. Visualiza-
tion of the genes involved in heart failure revealed dysreg-
ulation in the expression of genes involved in cardiomyocyte
contractility, mitochondrial ADP/ATP transport, and sarcom-
ere structure. Among the genes involved in cardiac contrac-
tility, we found Ryr2 and Atp2a2 (SercaZ2). The expression of
these 2 genes was significantly dysregulated in male
cardioGRKO hearts; in contrast, their levels were normal in
female hearts. Cardiac Ryr2 is an intracellular receptor that
modulates the release of Ca®" from the sarcoplasmic
reticulum leading to cardiomyocyte contraction.’® Atp2a2
encodes the Serca2 pump which is involved in the transport
of calcium ions from the cytoplasm into the sarcoplasmic
reticulum. Reductions in Ryr2 and SercaZ levels lead to

perturbations in intracellular Ca®* cycling.>* Elegant studies
by Rog-Zielinska et al*® showed that GR regulates the
expression of Ryr2 and SercaZ2 in cardiomyocytes. Therefore,
defects in the expression of these 2 genes may explain in
part the early deterioration of cardiac function observed in
cardioGRKO males as compared with their female counter-
parts. Functional data showed that reductions in Ryr2
expression in male cardioGRKO hearts correlate with
abnormal calcium handling. Male cardiomyocytes isolated
from cardioGRKO hearts exhibited a decreased sensitivity to
caffeine-induced intracellular calcium responses as com-
pared with their female counterparts. Studies have shown
that estrogen can protect the female heart from pathological
cardiac hypertrophy by inducing rapid intracellular Ca?*
mobilization through the regulation of L-type voltage-
operated Ca?" channels and Atp2a2 and via indirect
interactions with the Ryr2s.*"*? Our data show that
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Table 3. Echocardiogram Data on 3-Month-Old Castrated Males and Ovariectomized Female GRflox/flox and CardioGRKO

Males Females

Controls (n=3) CardioGRKO (n=8) Controls (n=3) CardioGRKO (n=6)
IVS;d, mm 0.9+0.05 0.877+0.11 0.90-£0.08 0.88+0.21
LVID;d, mm 3.01+0.14 2.75+0.31 2.84+0.10 2.80+0.33
LVPW;d, mm 1.04+0.23 0.99+0.20 0.91+£0.13 0.92+0.26
IVS;s, mm 1.37+0.07 1.33+0.15 1.444+-0.08 1.324+0.19
LVID;s, mm 1.444+0.37 1.29+0.22 1.424+0.16 1.654+0.26
LVPW;s, mm 1.561-0.40 1.33+0.24 1.31+0.08 1.144+0.25
EF, % 83.57+7.89 81.54+10.36 81.69+3.52 72.94+6.42
FS, % 52.08+9.99 50.76+7.13 49.24+3.86 41.06+£5.47
LV mass, mg 81.33+6.95 84.94+10.72 83.16+£12.44 84.66+10.12
HW 128.30+2.53 132.22+2.99 134.00+1.52 140.02+6.14*"
BW, g 33.56+0.51 32.47+2.60 34.06+0.75 35.98+0.88"
HW/BW 3.82+0.12 4.09+0.28 3.93+0.12 3.89+0.23
LV mass/BW 2.42+0.24 2.01+0.39 2.44+0.41 2.35+0.28
HR, bpm 718+10.81 704.87+21.72 707+7.09 696.83+17.31

Echocardiographic measurements from transthoracic M-mode tracings on conscious male and female. Data are mean+SD. Two-way ANOVA with multiple comparisons analysis (male
controls vs female controls, male controls vs male cardioGRKO, male controls vs female cardioGRKO, female controls vs male cardioGRKO, female controls vs female cardioGRKO, and
male cardioGRKO vs female cardioGRKO) were used to evaluate whether differences between groups were statistically significant. Values without asterisks were not significantly different.
bpm indicates beats per min; HW, heart weight; BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, heart rate; IVS;d, interventricular septal thickness in diastole; IVS;s,
interventricular septal thickness in systole; LV, left ventricular; LVID;d, LV end-diastolic dimension; LVID;s, LV end-systolic dimension; LVPW;d, posterior wall thickness in diastole; LVPW;s,

posterior wall thickness in systole.
*P<0.05 vs male control mice.
P<0.05 vs male cardioGRKO.

cardioGRKO female hearts express normal levels of Ryr2 and
Serca2, perhaps resulting from ovarian hormones (in partic-
ular, estrogen) signaling compensating for the lack of GR in
cardiomyocytes. Also, female cardioGRKO hearts present
with a preserved expression of Slc25a4, which is a
mitochondria carrier protein integral to mitochondrial ADP/
ATP transport. Alterations in S/lc25a4 expression are asso-
ciated with abnormal myocardial repolarization and contrac-
tile mechanics, impaired left ventricular functions, and
concentric cardiac hypertrophy, characterized by cardiomy-
ocyte degeneration and structurally abnormal mitochon-
dria.?® Therefore, the decrease in Slc25a4 expression in the
heart might contribute to the development of pathological
cardiac hypertrophy. The fact that female cardioGRKO mice
do not display changes in the functionality of Ryr2 also
could be related to the lack of androgens, as increased
signaling through androgen receptors because of the lack of
GR in cardiomyocytes may influence RyrZ gene expression
and function. Further studies are needed to investigate if the
underlying mechanisms behind the differences in the onset
of the phenotype between male and female cardioGRKO
mice result from the detrimental effects of androgens, and
whether these differences play a role in male and female

differential sensitivity to the effects of stress as it relates to
heart disease, in particular in myocardial infarction.
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