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ABSTRACT OF THE THESIS

The impact of Estrogen Receptor Alpha expression on Cardiomyocellular architecture and

metabolism

by
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University of California, Los Angeles, 2022
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Professor Andrea L Hevener, Co-Chair

Sex differences in the onset and manifestation of cardiovascular disease are well described, yet
the mechanism(s) underlying these clinical observations remain inadequately understood.
Estradiol (Ez) exerting its effects through receptors in responsive tissues has been shown to
protect the heart from cytotoxic, ischemic, and hypertrophic stressors; however, the actions of this
hormone are complex and remain inadequately understood. Although the modulatory effects of
E> on vascular endothelium and the heart are well-defined, receptor mediated action on
cardiomyocytes, specifically estrogen receptor alpha (ERa), lacks a mechanistic understanding
and requires further resolution. Here we show that that Esr1, the gene that encodes ERq, is
crucial in the maintenance of cardiac functional capacity and is essential for mitochondrial from
and function including membrane architecture, energy homeostasis, metabolic flexibility, and

substrate metabolism.
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INTRODUCTION

Each year cardiovascular diseases (CVDs) affect more than 22 million people annually,
making them the number one source of morbidity and mortality worldwide'3. More
commonly allied with the accumulation of “fatty” deposits within arteries leading to
atherosclerosis and an increased risk of blood clots, CVDs also involve chronic
pathologies or acute injury to structures like the brain, lungs, kidney, and heart. The most
well-known CVDs are coronary artery disease, myocardial infraction, arrhythmias, and

heart failure (HF).

There are more than 6 million Americans living with heart failure (HF) and according to
the American Heart Association over 900,000 new diagnoses each year 45, Patients with
HF take on average six HF-related medications, and 78 percent have at least two hospital
admissions per year, amounting to billions of dollars in annual cost. By the age of 40, one
in five Americans will have a chance of developing HF, and by 65, 10 in every 1000 people
will be diagnosed with chronic progressive heart failure®. Epidemiological studies suggest
that African Americans have the highest occurrence of HF, followed by Hispanic,
Caucasian, and Asian Americans with an incidence rate of 4.6, 3.4, 2.4, and 1.0 percent
per 1000 people, respectively®. Furthermore, HF has been identified as more common in
males than females until the age of 65 when the prevalence becomes equal among both

sexes®12,

Sex as an independent risk factor is gaining support among the scientific community as
a profound prognostic factor in the outcome of patients diagnosed with heart failure.
Clinical studies indicate that premenopausal women have reduced incidence of CVD,

including heart failure, compared to age-matched men'%'". This observation has led to
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the notion that Estradiol (E2), working via its receptors, may be cardioprotective, a
conclusion supported by numerous controlled preclinical studies. However, trials testing
the role of E2 hormone replacement therapy (HRT) as a preventive measure have yielded
mixed results, with the Women’s Health Initiative (WHI) and Heart and Estrogen/progestin
Replacement Study (HERS), showing no overall benefit'®'4, The discrepancy between
the initial findings of these trials and the cardioprotection by estrogen seen in
experimental models is an intricate issue that requires a thorough and rigorous

interrogation.

Early menopause is associated with increased risk of incidence of HF [OR 1.66 (1.01-
2.73)]. Whereas increased age at menopause is associated with decreased risk of
incident HF [OR 0.96 (0.94-0.99)]'®'°. More recently, ESR1 (gene encoding for estrogen
receptor alpha) was shown to be a top gene hub predictive of HF in the GSE dataset of
over 350 patient samples'”. These observations have led to the view that E2 action
mediated by receptor-specific binding, may be cardioprotective against cytotoxic,
ischemic, and hypertrophic stressors?%-?4. E2 is the most common form of circulating
estrogen as well as the major female sex hormone, exerting its effects through both
genomic and non-genomic actions, modulating cardiovascular physiology predominantly
by binding to the estrogen receptors estrogen receptor-alpha ERa, estrogen receptor-
beta and (ERB) and G-protein-coupled ER (GPR30)?. ERa has an elevated tissue
expression, strong binding efficacy and a robust gene signature shown to protect against
dilated cardiomyopathy and ischemia-reperfusion injury (IRI). ERa binds to chromatin as
dimers at specific DNA sequences known as estrogen response elements (EREs); or may

activate other transcription factors to regulate downstream gene expression?627. Although



the protective effects of E2 against HF by regulating functional capacity, cardiac fibrosis,
oxidative stress, mitochondrial function, and hypertrophy have been studied, the selective

effects of ERa in the regulation of E2 mediated outcomes are less understood.

From a functional standpoint, HF describes a complex pathology in which the heart loses
the ability to maintain a cardiac output (CO) sufficient to sustain metabolic demand and
accommodate venous return. CO is defined as the amount of blood pumped out of the
heart over a given period. Although, there are many etiologies of HF, some tend to more
adversely affect either systolic (70% of patients) or diastolic function (30% of patients)?®-
30 Whether or not a patient with HF has systolic or diastolic dysfunction depends on the
ejection fraction (EF), which is defined as the amount of blood pumped from the ventricle
in one heartbeat. If the EF is less than 45%, it is considered systolic dysfunction. In
systolic failure, the reduced ejection fraction is the result of an inadequate contractile force
to expel requisite amount of blood into circulation®'. This is also known as heart failure
with reduced ejection fraction (HFrEF). Diastolic failure, or heart failure with preserved
ejection fraction (HFpEF) occurs when the left ventricle loses its ability to relax due to
increased muscle rigidity®?. That rigidity impedes the heart's ability to fill with
deoxygenated blood during the resting period between each heart contraction.
Epidemiological data demonstrates that women are about twice as likely to develop
HFpEF as compared to men and that they tend to present with significant comorbidities,

including increased diastolic dysfunction and enhanced left ventricle stiffness32.

Cardiometabolic dysfunction leading to a deleterious reduction in functional myocardial
cells is gaining traction in the literature as a possible cause or comorbidity of heart failure.
Some studies suggest heart failure is accompanied by derangements in mitochondrial
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function including ATP production, ROS production, calcium, and iron handling, as well
as mitochondrial architecture and quality control®3. On average the human heart
consumes 8-13 mL+100 g—1+min—1 of oxygen to oxidize substrates fueling the contracting
heart**. To maintain the constant work performed by heart, cardiomyocytes must
continuously consume large amounts of energy/ATP supplied by mitochondrial oxidative
phosphorylation (95% of cellular energy demand). Although the mitochondrion is known
as the powerhouse of the cell, it is critically involved in regulating other processes
including calcium and iron homeostasis, cholesterol and steroidogenesis, and stress
signaling™. Under normal conditions, the cardiomyocyte relies predominantly of fatty
acids as a substrate (60-90%) with glucose providing much of the remaining fuel
contribution. When necessary, the heart can also rely on ketone bodies as a primary
substrate. Interestingly cardiomyocytes switch to this fuel source under failing
conditions33:36-3%. The mechanisms underlying the drive for ketone oxidation during heart

failure require further resolution.

As a high energy demand organ, the heart consumes ATP derived from mitochondria,
organelles that occupy approximately one-third of adult cardiomyocytes by volume.
Moreover, mitochondria are highly dynamic organelles whose morphology is rapidly
regulated by fission and fusion events in response to environmental and metabolic stress.
We find in other metabolic tissues that Esr1 exerts strong regulatory control over
mitochondrial dynamics. Our studies on mitochondrial fission in skeletal muscle show that
the fission regulatory protein dynamin related protein (Drp) 1 is critical for cristae

formation and the assembly of the TCA/electron transport chain. Drp1 expression is also



essential for fatty acid oxidation, and thus a striking feature of muscle cells harboring

dysfunctional or reduced Drp1 is disruption of lipid metabolism?#%-43.

Given that menopause is associated with diminished estrogen action in metabolic tissues,
the extensive evidence for the role of mitochondria in heart failure and because HF is of
increasing concern in women’s health, the purpose of my thesis was to leverage novel
mouse models and research tools to interrogate molecular actions of ERa on
mitochondrial function in cardiomyocytes. We hypothesize that the cardioprotective
effects of E2 mediated by ERa is vital for the homeostatic maintenance of cardiac function,
and is essential for membrane architecture, energy homeostasis, metabolic flexibility and

substrate metabolism of mitochondria within cardiomyocytes.

METHODS AND MATERIALS

Ethical Approval

This study was approved by the University of California, Los Angeles Institutional Animal
Care and Use Committee. All animal care, maintenance, surgeries, and euthanasia were
conducted in accordance with this Institutional Animal Care and Use Committee and the

National Institute of Health.

Immunoblot analysis

Whole heart muscle was pulverized into a powder while frozen in liquid nitrogen and a

homogenous sample of pulverized tissue was used for immunoblotting. Proteins from



each individual whole cell homogenate were normalized (expressed relative to the pixel
densitometry) to glyceraldehyde 3-phosphate dehydrogenase, (GAPDH, AM4300,
Ambion) or heat shock protein family-40 (Hsp40, ab223607). Primary antibodies included:
Mitochondrial Fission Protein 1 (Fis1, GTX111010, GeneTex), Mitochondrial fission factor
(MFF, ab81127, Abcam), Mitofusin 1 (MFN1, 75-162, NeuroMab), Mitofusin2 (MFN2,
ab56889, Abcam), Dynamin-related protein 1 (Drp1, 8570, Cell Signaling), OxPhos
Complex | to V (ab110413, Abcam), Optic atrophy 1 (Opa1, 612606, BD Biosciences),
Parkin (2132, Cell Signaling), Microtubule-associated proteins 1A/1B light chain 3B

(LC3B, 2775, Cell Signaling), Sequestosome 1 (p62, 5114, Cell Signaling).

DNA & RNA extraction, cDNA synthesis, quantitative RT-PCR

DNA and RNA were extracted from a homogenous portion of frozen heart tissue using
DNeasy/RNeasy Isolation kits (Qiagen) as described by the manufacturer. Isolated DNA
and RNA was tested for concentration and purity using a NanoDrop Spectrophotometer
(Thermo Scientific). Isolated RNA was converted into cDNA, checked for purity, and
gPCR of the resulting cDNA levels was performed as previously described. All genes

were normalized to the housekeeping gene Ppia or 18S.

Trans-thoracic echocardiography

The mice were anesthetized and maintained with 1-2% isoflurane in 95% oxygen. Trans-
thoracic echocardiography was conducted with Vevo 2100 high-frequency, high-

resolution digital imaging system (VisualSonics) equipped with a MS400 MicroScan



Transducer. A parasternal short axis view was used to obtain M-mode images for analysis
of fractional shortening, ejection fraction, and other cardiac functional parameters. The
apical four-chamber view was used to obtain tissue Doppler imaging (TDI) mode and
Pulse-wave Doppler (PWD) mode for analysis of myocardial velocity and blood flow

velocity, respectively.

Tissue histology

Heart tissue from both control and hERaKP female mice were sectioned and stained for
hematoxylin and eosin or cytochrome ¢ oxidase (COX) as previously described. Muscle
fiber area, nuclei number, and fiber number were counted or measured using ImageJ

software.

RNA Isolation, Library Preparation, and Sequencing

Whole hearts were pulverized at the temperature of liquid nitrogen. Tissue was
homogenized in Trizol (Invitrogen, Carlsbad, CA, USA), RNA was isolated using the
RNeasy Isolation Kit (Qiagen, Hilden, Germany), and then tested for concentration and
quality with samples where RIN > 7.0 used in downstream applications. Libraries were
prepared using KAPA mRNA HyperPrep Kits and KAPA Dual Index Adapters (Roche,
Basel, Switzerland) per manufacturer’s instructions. A total of 800-1000 ng of RNA was
used for library preparation with settings 200-300 bp and 12 PCR cycles. The resultant
libraries were tested for quality. Individual libraries were pooled and sequenced using a
HiSeq 3000 or NovaSeq 6000 S4 UCLA Technology Center for Genomics and
Bioinformatics (TCGB) following in house established protocols.
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Transmission Electron Microscopy (TEM)

Heart tissue was quickly and carefully excised from the thoracic cavity. The tissue was
examined for any remaining non-cardiac tissue and removed if present, then immersed
in freshly prepared fixative containing 2.5% glutaraldehyde and 2% paraformaldehyde in
0.15 M cacodylate buffer and stored at 4°C until use. This fixative has been shown to
preserve tissue architecture. After fixation, muscles were processed for TEM analysis as
described previously (Zhou et al., 2018). Ultrathin (~60 nm) sections were viewed using
a JEOL 1200EX Il (JEOL, Peabody, MA, United States) electron microscope and
photographed using a Gatan digital camera (Gatan, Pleasanton, CA, United States) as
previously described. Mitochondrial area, perimeter, Feret's diameter, and cristae
numbers were analyzed and quantified in all images by three separate and blinded

individuals using Imaged (NIH).

Mitochondrial respiration

Mitochondrial respiration was measured in frozen biological samples as described
previously (Acin-Perez et al., 2020). Frozen tissues were thawed on ice and homogenized
in MAS (70 mM sucrose, 220 mM mannitol, 5 mM KH2PO4, 5 mM MgCI2, 1 mM EGTA,
2 mM HEPES, pH 7.4). The samples were mechanically homogenized for 60 strokes in
a Teflon-glass dounce homogenizer. All homogenates were centrifuged at 1000xg for 10
min at 4°C and then the supernatant was collected. Protein concentration was determined
by BCA (Thermo Scientific). Homogenates were loaded into Seahorse XF96 microplate
in 20 pl of MAS at 6 pg/well. The loaded plate was centrifuged at 2400xg for 10 min at

4°C (no brake) and an additional 130 pl of MAS supplemented with 100 ug/ml cytochrome


https://www.frontiersin.org/articles/10.3389/fphys.2020.00690/full#B97

c was added to each well. Substrate injection was as follows: Port A: NADH (1 mM) or
succinate + rotenone (5 mM + 2 uyM); Port B: rotenone + antimycin A (2 uM + 2 pM); Port
C: N,N,N",N'-tetramethyl-p-phenylenediamine (TMPD) + ascorbic acid (0.5 mM + 1 mM);
and Port D: azide (50 mM). These conditions allow for the determination of the maximal

respiratory capacity of mitochondria through Complex |, Complex I, and Complex IV.

Mitochondrial isolation & Metabolomic analysis

Mitochondria were isolated from heart tissue muscle using a Dounce homogenizer and
Mitochondria Isolation Kit for Tissue (Thermo Scientific) with a Percoll density method for
added purification. Briefly, heart tissues were washed in ice-cold PBS, Dounce
homogenized, and centrifuged at 800g for 10 min at 4°C. The supernatant was
centrifuged at 12,000g for 15 min at 4°C. The pellet was washed and purified using
isolation buffer and Percoll solution. Isolated mitochondria were mixed with lysis buffer
(200 uL, 12 mM sodium lauroyl sarcosine, 0.5% sodium deoxycholate, 50 mmol/L
triethylammonium bicarbonate (TEAB)), then subjected to bath sonication for 10 min
(Bioruptor Pico, Diagenode Inc., Denville, NJ, USA) and heated (95°C for 5 min). An
aliquot of the resulting solution was assayed for total protein concentration (bicinchoninic
acid assay; Micro BCA Protein Assay Kit, Thermo Fisher Scientific, Waltham, MA). The
remaining samples were diluted to 0.5 mg protein/mL with lysis buffer, and an aliquot of
each was mixed with tris(2-carboxyethyl) phosphine, followed by addition of
chloroacetamide, diluted 5-fold with aqueous 50 mmol/L TEAB, and incubated overnight
with Sequencing Grade Modified Trypsin (Promega, Madison, WI) following which an

equal volume of ethyl acetate/trifluoroacetic acid. Supernatants were discarded after



centrifugation and resulting phase was vacuum dried. The samples were then desalted
and loaded onto a small portion of a C18-silica disk (3M, Maplewood, MN). Prior to sample
loading the C18 disk was prepared by sequential flushing with methanol,
acetonitrile/water/TFA, and solvent A. The disc and sample were washed with solvent A
and eluted with solvent B. The collected eluent was dried in a centrifugal vacuum
concentrator and the samples were then chemically modified using a TMT10plex Isobaric
Label Reagent Set (Thermo Fisher Scientific) as per the manufacturer's protocol. The
TMT-labeled peptides were dried and reconstituted in solvent A, and an aliquot was taken
for measurement of total peptide concentration (Pierce Quantitative Colorimetric Peptide,
Thermo Fisher Scientific). The samples were then pooled according to protein content
and desalted. The dried multiplexed pooled sample was reconstituted in water/acetonitrile
with 10mM ammonium bicarbonate prior to fractionation via high pH reversed-phase
chromatography using a 1260 Infinity LC System (Agilent Technologies, Santa Clara, CA)
and a ZORBAX 300 Extend-C18 column (Agilent Technologies, 0.3 x 150 mm, 3.5 pym)
equilibrated in solvent C and eluted with an increasing concentration of solvent D. The
fractions were eluted into a 96-well plate with 5% formic acid (FA) in each well over the
course of 68 min. The 96 fractions were then condensed into 12 fractions prior to another
desalting. The eluants were dried and reconstituted in water/acetonitrile/FA, and aliquots
were injected onto a reverse phase nanobore HPLC column (AcuTech Scientific) using
an Eksigent NanoLC-2D system (Sciex, Framingham, MA). The effluent from the column
was directed to a nanospray ionization source connected to a hybrid quadrupole-Orbitrap
mass spectrometer (Q Exactive Plus, Thermo Fisher Scientific) acquiring mass spectra

in a data-dependent mode alternating between a full scan (m/z 350-1700, automated gain
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control (AGC) target 3 x 108, 50 ms maximum injection time, FWHM resolution 70,000 at
m/z 200) and up to 10 MS/MS scans (quadrupole isolation of charge states = 2, isolation
width 1.2 Th) with previously optimized fragmentation conditions (normalized collision
energy of 32, dynamic exclusion of 30 s, AGC target 1 x 10°, 100 ms maximum injection
time, FWHM resolution 35,000 at m/z 200). The raw data was analyzed in Proteome
Discoverer 2.2, providing measurements of relative abundance of the identified peptides.
Uniprot was used to convert MS IDs to protein Accession IDs. Proteins significantly
altered by training were analyzed using DAVID Bioinformatics Resources 6.8 for

Functional Annotation Clustering and Pathview for pathway analysis.

Statistical analysis

Values are presented as means £ SEM and expressed relative to the respective control
group. Group differences were assessed by one-way ANOVA followed by Tukey Honest
Significant Difference post hoc test, Student’'s T-Test, or two-way ANOVA where
appropriate. Statistical significance was established a priori at P < 0.05 (Graph Pad Prism

7.0).

RESULTS

ERa specific deletion of cardiomyocyte

To interrogate molecular actions of ERa on cardiac function and mitochondrial function
we created a cardiomyocyte specific Esr1 (ERa) knock-down (KD) in 3-month-old female
mice. ERa floxed mice were crossed with the alpha-MHC-MerCreMer (aMHC-

MerCreMer) transgenic mouse (Sohal DS, et al*4, JAX#005657) to produce a tamoxifen
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inducible-heart specific knock-down of ERa (hERaXP). Western blot and qPCR analysis

conferred the efficacy of our animal model
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Figure 1. Protein (A) and mRNA expression (B) levels
of female hERa"® vs. control” M Survival curve from
premilinary data of total Esr1 knock-out (hRERa"©)

intraperitoneal injections of 0.2 ml tamoxifen female mice (C).

and control” mice received identical

for five consecutive days. Preliminary studies suggest that total knock-out (hERaX®) of

the Esr1 gene in cardiomyocytes confers lethality (Figure 1C).

ERa is essential for normal cardiac function and protection against fibrosis

To assess the cardioprotective impact of ERa on cardiac function we performed
echocardiography on 3-month-old female hERaXP and control”" mice. All mice were

subjected to three identical echo evaluations: baseline prior to gene deletion, and 2 and
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4-weeks after gene deletion. hERaXP mice presented with a reduced left ventricular
ejection fraction (LVEF) reaching significance by four weeks when compared controls
(Figure 2A). A similar finding was observed for left ventricular fractional shortening
(LVFS) and heart rate (Figure 2, B and C). Each of these functional changes are
indicative of cardiomyopathy further solidifying the significance of ERa in overall heart
functional capacity. Previous studies have shown that E2 supplementation in
ovariectomized (OVX) rodents reduces cardiac fibrosis after transverse aortic contrition
(TAC) and age associated fibrosis has been identified as a contributing factor to diastolic
HF. Hearts from hERaXP and controls were harvested from 4-month-old mice, four weeks
after conditional Esr1 gene deletion with tamoxifen. Masson’s trichrome staining showed
a marked increase in fibrotic area in hERaKP compared to control” (Figure 2, | and J).
gPCR analysis of known inflammatory genes was preformed on whole-heart tissue from
the same cohort, showing a marked increase in known inflammatory markers interluken-

6 (16) and tumor necrosis factor-alpha (TNFa) (Figure 2H).

ERa modulates mitochondrial form and energy production

We find in all Esr1 models we have studied to date, marked alterations in mitochondrial
form and function are seen. To assess mitochondrial membrane architecture, we
preformed transmission electron microscopy on female hERaXP and control mice (Figure
3A). Analysis with Imaged indicates a significant reduction in total percent area fraction
(Figure 3C) of cristae per mitochondria, as well as the number of cristae per mitochondria
(Figure 3D) in hERaXP when compared to controls. Interestingly, we show no differences

in total area of mitochondria between groups (Figure 3B). Western blot analysis indicates
14
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significant increases in protein level expression of p62, Drp1 and Fis1 (Figure 4A-C).
Where p62 is a known regulatory of autophagy, Drp1 and Fis1 are involved in

mitochondrial dynamics and turnover, primarily fission and lipid metabolism. No
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significant changes were seen in any other proteins commonly assessed by our lab (LC3,
mfn1, mfn2 or Dj1) (Figure 4D-G). To further explore the effects of ERa deletion on
mitochondrial function, specifically ATP synthesis and the respiratory chain complexes,
Seahorse-assays were performed on frozen heart tissue*S. Analysis showed that complex
| activity in hERaXP female mice was significantly reduced when compared to that of
controls (Figure 3E-G). Interestingly, western blot analysis shows no change in protein

expression levels of any of the complexes in respiratory chain (Figure 3H).

ERa influences cardiomyocellular metabolism

Under normal conditions, the
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P Y Figure 5A Volcano plot from RNAseq data of differentially
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switch to this fuel source under failing conditions although the mechanisms underlying
the drive for ketone oxidation during heart failure require further resolution. To identify

whether ERa is also implicated in changes of mitochondrial metabolism, Metabolomics
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was performed on
whole heart tissue of
hERaXP and control
females. Preliminary
analysis indicates
alterations in
methionine, pyruvate,

and medium and long

chain fatty acyl carnitine

metabolism (Figure 6).
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Figure 6. Metabolomic studies performed on hearts from
female normal chow-fed hERaXP vs. control (n=6/genotype)
4 weeks after Esr1 deletion. Alterations in methionine,
pyruvate, and medium and long chain fatty acyl carnitine
metabolism. Colored cells are significant P<0.05, red T
metabolites, green {. *, P<0.05.

showed beta-hydroxybutyrate dehydrogenase (Bdh1) as the top upregulated gene in

hERoXP female mice. The encoded protein catalyzes the conversion of acetoacetate and

3-hydroxybutyrate, the two major ketone bodies produced during fatty acid metabolism.

Pathway analysis of top enrichment terms for genes were associated with: ATP synthesis,

NADH dehydrogenase complex assembly, mitochondrial complex 1 activity, respiratory

chain complex assembly, and purine ribonucleotide (Figure 7).
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Discussion

Systolic heart failure, or heart failure with a reduced ejection fraction (HFrEF) is
characterized by a left ventricular ejection fraction of 45% or less. Interestingly, the

incidence of HFrEF

GO Binlogical Process G0 TERM GO Reference Actual Expecied Fold Envichment P-Value  FOR

ATF synihesis coupled proton transport GO0:0015388 13 [ 0.26 2347 B.23EDT G4BED4
iS more common

anergy coupled proton transport, down electrochemical gradient GO=001 5985 13 [ 0.26 2347 B23EDT EATEDS
HADH dehydrofenase complen assembdly GOD010257 43 12 067 17.89 ZA5SEA1 1.42E0T
among men across mitechondrial respiratony ¢hain complex| assembly GO003298 43 12 067 17.89 2B5E11 8.99E08
protiin insertion inte mitochondrial miombme GO0051204 1T 4 023 1749 163604 3.61ED2
a" ageS and miitad hand rial respinaton chan compix dasembly GO0033108 B4 18 145 1565 249E45 345E11
ATP boaynthatis protess GOO006T54 kk ] T 0.45 15.50 9.T2E0T 6IGED4
mitoc hondrial ATP synthists coupled dectron transport GOD0427TS 51 3 0.7 12.89 10TEDT 1.53E04
accounts for more oridative phaspharylatian GOD006143 bk | 12 100 1204 162609 4.24E06
ATP syithists couphd eloo tron transport GO00427T3 55 9 075 1195 1.90E0T ZA4ED04

than half of all heart Figure 7 Bioinformatic analyses of RNA sequencing performed

on hearts harvested from female, normal chow fed hERoP vs.
control (n=6/genotype) 4 weeks after Esr1 deletion. GO analysis
reflecting pathways of differentially expressed genes include
many mitochondrial-related terms (mitochondrial respiratory chain
complex assembly, ATP synthesis, and complex 1 assembly,
NADH dehydrogenase complex assembly).

failure patients.
17beta-esterdiol (E2)

is the most abundant

estrogen in
circulation and in post-menopausal women Ez levels are inversely associated with CVD
events?8. The presence of this sexual dimorphism suggests one potential cardioprotective
role for E2 and ERa.. Our functional analysis by echocardiography in hERaXP female mice
provide further evidence to support this theory. By reducing the expression level of ERa
we were able to show a progressive reduction in both left ventricular fractional shortening
and left ventricular ejection fraction, with reductions occurring two weeks after gene
deletion, reaching significance by week four. These findings confirm previous studies, in
which OVX female mice with transverse aortic constriction (TAC) induced HF treated with
an ERa agonist, showed smaller reductions in ejection fraction and improved systolic

function over a 9-week period?® 4748, Furthermore, histological studies of cardiac tissue
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from that same study showed groups treated with the ERa agonist to have a significantly
lower fibrosis score*®. Our work supports those findings as our hERoXP model showed
significant increases in fibrotic area as compared to controls. Cardiac fibrosis is a well-
recognized cause of morbidity and mortality, as it disrupts the coordination of
cardiomyocyte excitation and contraction coupling in all phases of contraction leading to
a diminished systolic and diastolic function 4°%0. Fibrotic infiltration of cardiac tissue is a
process of pathological extra-cellular matrix remodeling, leading to abnormalities in matrix
composition and quality. In the case of IRl remodeling can be a preventative wound
healing mechanism, but when in excess leads to tissue stiffening and impaired cardiac
function. Furthermore, mRNA expression levels of IL-6 and TNF-a in whole hear tissue
of the female hERaXP were elevated compared to controls. Molecular signals induced by
acute injury or chronic stress induce the sequential enlistment of monocytes and
macrophages, which can produce pro-inflammatory arbitrators like IL-6 and TNF-a. and
work to infiltrate and repair damaged tissue. Future work will be done to identify whether
this cell types are elevated in cardiomyocytes of the hERaXP mouse model 4%-51.

In healthy hearts colocalization of ERa with beta-catenin confer structural stability at the
intercalated discs of cardiomyocytes. A loss in colocalization could be the trigger for an
inflammatory response at the intercalated discs leading collagen infiltration and the
progression of HF or other dilated cardiomyopathies. Mahmoodzadeh et al. showed that
in human subjects with HF expression levels of ERoa are altered in both males and
females and end stage heart failure patients have been shown to have a 1.8-fold increase
in mMRNA expression of ERa. This would further implicate ERa. as a cardioprotective
agent®?.
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Exhaustive studies of cardiac mitochondria have convincingly established their
dysregulation as a molecular symptom of cardiovascular diseases like arrhythmias,
myocardial ischemia, and heart failure. Mitochondria are highly dynamic organelles with
two opposing highly regulated processes, fusion (joining) and fission (division)*'. Fission-
fusion dynamics allow living cells to modulate cell architecture and metabolism as they
respond to environmental stimuli and perturbations53-%6. It has been suggested that while
the upregulation of fusion machinery is cardioprotective, increases in fission factors
triggers mitochondrial fragmentation leading to cell death which can be detrimental to the
heart®-% In the context of reduced ERa in cardiomyocytes, our hERaXP mice show a
significant and deleterious shift in mitochondrial architecture. Electron micrograph images
showed significant reductions in percent area fraction and number of cristae within the
mitochondria. Moreover, western blot analysis showed marked changes in fission and
apoptosis machinery (Drp1, Fis1, p62). These data confirm previous findings by our lab
that Esr1 exerts a strong regulatory control over mitochondrial form. Dynamin related
protein-1 (Drp1) is a large GTPase protein that assists in fission events by spiraling
around the outer mitochondrial membrane to facilitate the scission of the plasma
membrane®’-59, Mitochondrial fission protein-1 (Fis1) is a small transmembrane protein
anchored to the outer mitochondrial membrane (OMM) that is thought to be involved in
the recruitment of cytosolic Drp1 to the OMM?®®. Previous studies have shown that mice
with a cardiac specific deletion of Drp1 exhibited a dysregulated mitochondrial network
and subsequently developed a left ventricular dysfunction and died within 13 weeks®°.

These data suggest that ERa may be a significant player in the coordination fission
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machinery, mitochondrial health and indirectly correlated to the onset and progression of
HF.

To maintain the constant work of the heart, mitochondria within cardiomyocytes must
produce amounts ATP large enough to meet demand®'. As discussed, heart failure is
accompanied by deleterious alterations in mitochondrial function specifically ATP
production. Because EM images of hERaXP mice showed marked reductions in cristae
numbers and area, and previous studies by our lab have shown that Drp1 is critical for
cristae formation and the assembly of the electron transport chain (ETC) we suspected
some sort of ETC dysfunction. Surprisingly, we did not see a significant reduction in
oxidative phosphorylation, but we did see a reduction in complex | activity. These findings
were reaffirmed by RNAseq data which indicated top enrichment score genes to be
associated with ATP synthesis, NADH dehydrogenase complex assembly, mitochondrial
complex 1, respiratory chain complex assembly, and purine ribonucleotide. Future work
interrogating why complex | activity is decreased but not oxygen consumption rate is
required.

The coordination of fatty acid metabolism from circulation vs. endogenous stores
(triacylglycerol, TAG) and the regulation of their fate has reemerged as an active area of
investigation due to the relevance of metabolism in the etiology of HF*6. Interestingly,
women have higher myocardial TAG and TAG turnover rates compared with men, and
TAG content and turnover are important predictors of pathology in the failing heart, as
impairment of turnover is associated with increased lipotoxic acyl intermediates,
hypertrophy, and inflammation. The sex-specific mechanisms regulating these

differences in fatty acid metabolism in cardiomyocytes remain inadequately defined. To

22



address this gap in research we performed metabolomics studies on hERaXP and control
mice. hERoXP showed a remarkable metabolic remodeling. As seen by significant
changes in methionine, pyruvate, and medium and long chain fatty acyl carnitine
metabolism. This may indicate a switch in fuel substrate utilization which has been shown
to be a characteristic of cardiomyocytes under failing conditions.

Conclusion

Gender is increasingly recognized as a major factor in the outcomes of patients with
cardiovascular diseases (CVD). Here we have shown that the estrogen receptor alpha
does in fact direct a number of cardioprotective functions. Our work implicates ERa as a
modulator both cardiac form and function. Functionally, our Esr1 knock-down model
showed a progressive reduction of left ventricular ejection fraction (LVEF), left ventricular
fractional shortening (LVFS), and an increase in left ventricular internal diameter during
systole (LVIDs) reaching significance at 4 weeks after gene deletion. Each of these
functional readouts is indicative of cardiomyopathy, specifically heart failure.
Furthermore, we showed hERoXP female mice incurred a marked increase in fibrotic area,
as well as increases in inflammatory markers within the heart. This increase in fibrotic
area may be the cause of the reduced ejection fraction, because of reduced cardiac
contractility and increased myocyte rigidity. Previous work has implicated mitochondrial
disequilibrium as a molecular signature of heart failure in both men and women.
Interestingly, we have shown that the loss of Esr? in cardiomyocytes leads to dramatic
changes in inner and outer mitochondrial architecture. With a pathologic loss of cristae
density, increases in apoptotic, fission, and autophagic factors, we also see a reduction

in electron transport chain activity, specifically at complex I. Finally, we have begun to
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uncover what shifts in cardiomyocyte substrate metabolism occur in HF models because
of E2 mediated action through ERa. To our knowledge, most published studies have been
conducted on whole body Esr1 knock out mice, where non-cardiac cells can contribute to
deleterious heart phenotypes, as this mouse model is confounded by obesity, insulin
resistance, hyperglycemia, elevated PAI-1, immune cell inflammation, and endothelial
dysfunction. Our conditional and cardiac specific model of Esr1 deletion allow us to study
the early defects that arise in the cardiomyocyte as a consequence of ERa inactivation.
We hope that future studies with continue our work, furthering our understanding about
how E2 selectively works through ERa which will one day be vital for the development of
effective therapeutic strategies to prevent HF and other cardiomyopathies in both men

and women.
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