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Background-—Left ventricular (LV) diastolic dysfunction often precedes heart failure with preserved ejection fraction, the
dominant form of heart failure in postmenopausal women. The objective of this study was to determine the effect of oral
estradiol treatment initiated early after ovariectomy on LV function and myocardial gene expression in female cynomolgus
macaques.

Methods and Results-—Monkeys were ovariectomized and randomized to receive placebo (control) or oral estradiol at a human-
equivalent dose of 1 mg/day for 8 months. Monkeys then underwent conventional and tissue Doppler imaging to assess cardiac
function, followed by transcriptomic and histomorphometric analyses of LV myocardium. Age, body weight, blood pressure, and
heart rate were similar between groups. Echocardiographic mitral early and late inflow velocities, mitral annular velocities, and
mitral E deceleration slope were higher in estradiol monkeys (all P<0.05), despite similar estimated LV filling pressure. MCP1
(monocyte chemoattractant protein 1) and LV collagen staining were lower in estradiol animals (P<0.05). Microarray analysis
revealed differential myocardial expression of 40 genes (>1.2-fold change; false discovery rate, P<0.05) in estradiol animals
relative to controls, which implicated pathways associated with better calcium ion homeostasis and muscle contraction and lower
extracellular matrix deposition (P<0.05).

Conclusions-—Estradiol treatment initiated soon after ovariectomy resulted in enhanced LV diastolic function, and altered
myocardial gene expression towards decreased extracellular matrix deposition, improved myocardial contraction, and calcium
homeostasis, suggesting that estradiol directly or indirectly modulates the myocardial transcriptome to preserve cardiovascular
function. ( J Am Heart Assoc. 2018;7:e009769. DOI: 10.1161/JAHA.118.009769)
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C ardiovascular disease is as prevalent in women as men,
and the leading cause of mortality of both men and

women.1 Women develop cardiovascular disease later in life
than men, which in part has been attributed to cardioprotec-
tion by endogenous estrogens. The cardiovascular effects of
estrogen treatment in menopause have been greatly debated

since the controversial findings in the Women’s Health
Initiative, and the timing of introduction of therapy has a
large impact on the potential risks and benefits.2 The ELITE
(Early Versus Late Intervention Trial With Estradiol) study
demonstrated that unopposed estrogen (17b-estradiol) had
beneficial effects on subclinical atherosclerosis progression3
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and stress associated cortisol responses and working
memory4 when administered early after the onset of
menopause. However, there are few data regarding potential
influence on cardiac function and risk of heart failure (HF)
development. HF currently affects an estimated 6.5 million
American adults, half of which are women.1 These numbers
are expected to increase 46% by 2030 and cost an estimated
$70 billion per year in direct and indirect costs.5 Approxi-
mately one half of patients with HF have preserved ejection
fraction (HFpEF), which is twice as common in women as men,
and for which there is no Food and Drug Administration–
approved therapy.6,7 In the Cardiovascular Health Study, over
90% of elderly women who developed HF over a 6-year follow-
up developed HFpEF.8 The sexual dimorphism in HFpEF9–11

appears to be attributable to sex-specific responses to
stressors; women who develop HFpEF in response to aging,
hypertension, and obesity/diabetes mellitus have normal-
sized left ventricles, whereas men tend to have mild left
ventricular (LV) dilation and lower ejection fraction, generally
related to history of myocardial infarction. Aortic banding in
rat models to induce LV overload results in concentric LV
hypertrophy, normal ejection fraction, and diastolic dysfunc-
tion in females, as opposed to dilated LV hypertrophy with
thinner walls and reduced ejection fraction in males.12

Additionally, women develop HFpEF at an older age compared
with men, particularly after the age of 55, corresponding with
the menopausal period. The sharp rise in susceptibility to HF
after menopause has led to suspicion that estradiol has
protective effects on cardiac function. Recent studies in the
Women’s Health Initiative cohort have shown that among
postmenopausal women, a shorter total reproductive dura-
tion, attributable largely to an earlier menopause, was

associated with an increased risk of incident HF, and that
nulliparity, often associated with menstrual dysfunction, was
associated with increased risk of HFpEF (hazard ratio, 2.75;
95% confidence interval, 1.16–6.52).13 Earlier menopause
was also associated with HF in women in the ARIC
(Atherosclerosis Risk in Communities) study.14 Although the
mechanisms underlying these associations are not known,
these reproductive phenotypes are associated with reduced
lifetime exposure to estrogens and progesterone. These
observations are consistent with the hypothesis that the
hormonal/physiologic changes associated with menopause
trigger cardiovascular changes that contribute to diastolic
dysfunction and eventually HFpEF.

Estrogen deficiency in postmenopausal women may be an
important factor in the development of LV diastolic dysfunc-
tion (LVDD) and HFpEF, as estrogen influences a number of
biological processes that have been implicated as having roles
in the pathogenesis of LVDD. Estrogen maintains endothelial
nitric oxide synthase activity, key to normal endothelial
function, through genomic and nongenomic signaling. Classi-
cal estradiol signaling involves estradiol binding to intranu-
clear receptors estrogen receptor a (ERa) and/or estrogen
receptor b (ERb), which dimerize and bind to estrogen
response elements and increase transcriptional activity
related to endothelial nitric oxide synthase production.
Nongenomic estradiol signaling may involve plasma mem-
brane–bound ERa or plasma membrane– or endoplasmic
reticulum–bound G protein–coupled estrogen receptor
(GPER), resulting in activation of endothelial nitric oxide
synthase through phosphorylation of serine 1177 via the
PI3K/Phosphokinase B–mediated signaling pathway.15 Estra-
diol may also impede mechanisms associated with myocyte
growth and the initiation of LV hypertrophy by blocking the
activity of mitogen-activated protein kinase pathways,16 as
well as protrophic components of the cardiac renin-angio-
tensin system.17,18 Estradiol-bound estrogen receptors have
also been shown to modulate NFjB and other transcription
factor activity through transcription factor cross-talk.19 In
addition, there is some evidence to suggest that estradiol may
increase IjBa synthesis and inhibit NFjB transcriptional
binding (and inflammation-related gene expression) in vascu-
lar smooth muscle through ERb.

The role of early estrogen intervention in the preservation
of LV diastolic function in middle-aged women after
menopause has received little attention clinically, although
much has been learned from rodent models. Groban and
colleagues investigated the role of estrogen in the mainte-
nance of cardiac structure and diastolic function in various
rodent models, including the normal aging BNF344 rat,20 the
estrogen-sensitive hypertensive mRen2.Lewis rat,18,21–23 and
the spontaneously hypertensive rat and its normotensive
Wistar Kyoto counterpart. In these studies, ovariectomy led to

Clinical Perspective

What Is New?

• Estradiol treatment initiated shortly after the onset of
surgical menopause in monkeys improved postmenopausal
diastolic function, inhibited myocardial extracellular matrix
deposition, and led to myocardial expression profiles
consistent with improved myocardial contraction and
calcium homeostasis, all independent of measurable blood
pressure effects.

What Are the Clinical Implications?

• The results support the “timing hypothesis” of hormone
therapy, indicating that estrogen treatment initiated early
after menopause may have beneficial effects on the
cardiovascular system, in this case by preventing left
ventricular diastolic dysfunction, a precursor to heart failure
with preserved ejection fraction.
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LVDD and remodeling, which were attenuated by estradiol or
activation of the membrane estrogen receptor, G protein–
coupled estrogen receptor, with G1.20,22,23

In the present study, we assessed the effects of exogenous
oral estradiol replacement on cardiac structure and function
in a translational model, the ovariectomized cynomolgus
monkey (Macaca fascicularis). Cynomolgus monkeys have a
similar reproductive system and menstrual cycle as women
and are a well-established nonhuman primate model of
surgical menopause.24 The study was designed to determine
the effects of oral estradiol replacement on cardiac structure
and function and to explore myocardial gene expression
profiles in order to provide insight into potential molecular
pathways involved in estradiol effects on the heart and risk for
HFpEF in female primates.

Methods
The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedures. This information is
available from the corresponding author on reasonable request.

Animals
Subjects were 23 older female cynomolgus monkeys (18–
25 years of age estimated from dentition) obtained through
the Institut Pertanian Bogor, Indonesia, and represent the
“early” treatment cohort of a larger study to investigate the
effects of estradiol on atherosclerosis and other phenotypes
when administered early versus late in the post-ovariectomy
period.25 The design of this study was a 2-group, parallel
arm design with treatment lasting 8 months. All monkeys
were fed a moderately atherogenic diet beginning 6 months
before bilateral ovariectomy. Monkeys were assigned to
control (n=12) or estradiol (n=11) treatment groups 1 month
after ovariectomy using a stratified randomization scheme
based on social group, body weight, and plasma cholesterol
levels at the end of the baseline period. The diet contained
35% of calories from predominantly saturated fat, 46% of
calories from carbohydrate, 19% of calories from protein
(casein and lactalbumin), and 0.20 mg cholesterol per
calorie. Estradiol animals received a human equivalent dose
of 1 mg/day oral micronized estradiol (1 mg/1800 calories
of diet) for 8 months before necropsy. All procedures were
approved by the Wake Forest University Animal Care and
Use Committee and were conducted in compliance with
state and federal laws, standards of the US Department of
Health and Human Services, and regulations and guidelines
established by the Wake Forest University Animal Care and
Use Committee. Wake Forest University is accredited by the

Association for Assessment and Accreditation of Laboratory
Animal Care.

Serum Estradiol and Cytokine Measurements
Blood samples were obtained before ovariectomy at baseline,
1 month after ovariectomy before the beginning of estradiol
administration, and periodically throughout the study. Serum
estradiol was determined on ether extracted serum samples
from fasted animals using a radioimmunoassay from Diag-
nostic Systems Laboratories as previously described.26 Serum
cytokine levels of MCP1 (monocyte chemoattractant protein 1),
interleukin 6, and vascular endothelial growth factor a were
assessed in samples obtained immediately before necropsy
using Simple Plex� assays on the Ella ELISA platform (Protein
Simple, San Jose) according to manufacturer instructions.

Echocardiography
At the end of the 8-month treatment period, transthoracic
echocardiograms were performed on monkeys in the left
lateral decubitus position under general endotracheal anes-
thesia (ketamine induction [15 mg/kg, intramuscular] fol-
lowed by 2% isoflurane) using a Philips 5500 Sonos
echocardiograph and 12-MHz probe (Philips Medical Systems,
Andover, MA) by a single echosonographer (LG) blinded to
treatment group. Images were obtained and analyzed as
described previously27 in accordance with American Society
of Echocardiography recommendations.28 In some animals,
some echocardiographic measurements were unable to be
obtained due to difficulty in imaging. Oxygen saturation and
systemic blood pressures (arm cuff) were recorded periodi-
cally throughout the procedure.

Necropsy
At necropsy, the animals were deeply sedated with pento-
barbital, euthanized, flushed with lactated Ringer’s solution,
and all major organ systems were assessed and preserved.
The heart was removed, photographed, and evaluated for
gross lesions, and a segment of the apical left ventricle was
dissected and immediately flash frozen in liquid nitrogen. The
remaining heart and the coronary arteries were perfusion
fixed for 1 hour at 100 mm Hg pressure using 4%
paraformaldehyde.

Histopathologic Analysis of Cardiovascular
Tissues
Coronary artery atherosclerosis was determined from 5
blocks (each 3 mm in length) cut perpendicular to the long
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axis of the arteries, 3 serial blocks each from the left
circumflex and the left anterior descending coronary arteries.
Atherosclerosis was evaluated as described previously.29

Briefly, vascular tissues were embedded in paraffin, and 5-lm
sections were made and stained with Verhoeff–van Gieson’s
stain. The extent of atherosclerosis was measured as the
cross-sectional area of intimal lesions in each of the sections
of the artery segments. Atherosclerotic plaque area (mm2)
was determined by computer-assisted histomorphometry
using Image Pro Plus software (Media Cybernetics, Inc, Silver
Spring, MD).

A full-thickness equatorial section of LV free wall was
stained using Masson’s trichrome to estimate fibrosis extent.
Slides were digitally imaged using a BX61VS microscope and
VS120 virtual slide imaging system (Olympus Corporation,
Tokyo, Japan). Collagen fraction was quantified using auto-
mated algorithms developed on the Visiopharm Integrator
System (Visiopharm, Broomfield, CO). Briefly, whole LV
sections were outlined to determine the region of interest
and total pixel area. The trichrome-stained blue area repre-
senting collagen was quantified after defining the appropriate
range of blue pixel values, this area was subsequently divided
by total section area to calculate collagen area fraction and
derive percent collagen area.

Myocardial RNA Isolation and Microarray Analysis
of Gene Expression
RNA was isolated from frozen tissue sections (10–30 mg)
using AllPrep� DNA/RNA/miRNA kits (Qiagen, Valencia, CA)
according to a modified manufacturer protocol using 1% b-
mercaptoethanol. After extraction, the total RNA concentra-
tion was determined via NanoDrop 2000 (Thermo Scientific,
Waltham, MA). RNA quality was assessed using RNA integrity
numbers obtained through using a RNA 6000 Nanokit for the
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). A
cutoff RNA integrity number of ≥7.0 was considered to be
sufficient for evaluation of global gene expression using HT-12
v4 Expression BeadChip microarrays (Illumina, San Diego,
CA). Genes identified within enriched gene groups were
analyzed for correlations with significant echocardiographic
and histologic outcomes. Causal network analysis in Ingenuity
Pathway Analysis (Qiagen, Valencia, CA)30 was used to
identify potential upstream regulators for differentially
expressed genes.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction
Complementary DNA (cDNA) was generated from total RNA
isolated from the frozen tissue sections using a high-capacity
cDNA archive kit (Applied Biosystems, Foster City, CA) as

previously described.25 Cynomolgus monkey–specific TaqMan
FAM-MGB probes for calmodulin 1 (CALM1); ryanodine
receptor 2 (RYR2); and collagen, type I, a1 (COL1A1), the
structural counterpart of collagen, type I, a2 (COL1A2)
(Applied Biosystems, Foster City, CA) were used for quanti-
tative real-time reverse transcription polymerase chain reac-
tion validation of differentially expressed genes identified via
microarray analyses on an ABI Prism 7500 Fast system
(Applied Biosystems, Foster City, CA). All quantitative real-
time reverse transcription polymerase chain reaction data
were normalized to GAPDH.

Statistical Analysis
All data were analyzed for normality, found to be normally
distributed, and are presented as mean�SEM. Body weight,
body mass index, and hemodynamic and echocardiographic
measures were analyzed using the Student t test. Estradiol
levels between groups and time points were analyzed using
repeated measures ANOVA and Bonferroni post hoc tests.
Correlation analyses were performed using Pearson r corre-
lation coefficient testing. The level of significance was set at
P<0.05. All analyses, save gene expression analyses, were
performed using Statistica version 13.0 (Dell Software, Round
Rock, TX). Gene expression output was analyzed using
GenomeStudio (Illumina) and Genesifter software (PerkinEl-
mer, Waltham, MA). Gene expression differences of ≥1.2-fold
change with a Benjamini-Hochberg31 false discovery rate
<0.05 were considered significant. Gene ontology enrichment
analysis using DAVID32 was used to obtain top enriched gene
groups and are presented as an enrichment score based on
an Expression Analysis Systematic Explorer score of
P<0.05.

Results

Baseline and Posttreatment Measurements
At baseline, there were no differences between groups in
traditional risk markers for cardiovascular disease, including
total plasma cholesterol (TPC), high-density lipoprotein choles-
terol (HDLc), non–HDL-C, triglycerides, and the TPC/HDL-C
ratio (all P>0.39).25 Ovariectomy resulted in significantly
decreased serum estradiol concentrations in all animals
measured 1 month after surgery (P<0.00002) (Table 1).
Treatment of ovariectomized monkeys with a human equiva-
lent dose of 1 mg estradiol/day resulted in mean estradiol
concentrations comparable to that of postmenopausal women
taking 1 mg micronized estradiol/day33 and significantly
higher than that of the control monkeys in which estradiol
levels were below the detection limit of the assay throughout
the study. Estradiol treatment produced no significant effects
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on body weight, body mass index, systolic blood pressure,
diastolic blood pressure, or heart rate (Table 2).

Doppler-Echocardiographic Measures
Echocardiography was used to evaluate cardiac structural and
functional differences between estradiol and control animals
after 8 months of estradiol or vehicle treatment (Table 2).
Doppler echocardiography showed that estradiol-treated

monkeys had higher transmitral early filling velocity (E) and
deceleration slope, transmitral late filling velocity (A), early
mitral annular descent velocity (e0), and late mitral annular
descent velocity (a0) compared to control animals (all P<0.05)
(Figure 1). E/e0, E/A, and e0/a0 ratios were not significantly
different between groups (Table 2). No differences in left
atrial diameter, interventricular septal thickness, posterior
wall thickness, LV internal diameters, fractional shortening, or
aortic diameters were observed between groups.

Table 1. Effects of Ovariectomy (OVX) and Estradiol Treatment on Serum Estradiol Concentrations

Group
Pre-OVX
(pg/mL)

Post-OVX Pre-
Estradiol (pg/mL)

Post OVX 1-Month
Estradiol (pg/mL)

Post OVX 4-Month
Estradiol (pg/mL)

Post OVX 8-Month
Estradiol (pg/mL)

Control 25.5�7.34 0.68�0.25 0.67�0.15 0.83�0.13 1.29�0.29

Estradiol 24.4�6.81 1.23�0.55 38.9�6.70 42.0�6.22 47.0�5.56

P Value 1.00 1.00 <0.0001 <0.0001 <0.0001

There were no significant differences between ovariectomized (control) and ovariectomized animals receiving 1 mg/day oral estradiol (estradiol) before ovariectomy or at 1 month after
ovariectomy before estradiol treatment initiation. Estradiol animals receiving 1 mg/day oral estradiol treatment significantly increased serum estradiol levels compared to control animals.
Control (n=12), estradiol (n=11).

Table 2. Effects of Estradiol Treatment on Body Weight, Hemodynamic, and Echocardiographic Parameters

Measure Control n Estradiol n P Value

Body weight, kg 2.97 (0.17) 12 3.08 (0.24) 11 0.72

Body mass index (body weight/trunk length)2 41.9 (1.96) 12 42.5 (2.90) 11 0.86

Heart rate, beats/min 150.0 (5.54) 12 154.4 (6.47) 11 0.61

Systolic blood pressure, mm Hg 90.8 (4.64) 10 87.1 (3.91) 10 0.55

Diastolic blood pressure, mm Hg 63.9 (10.6) 10 53.5 (3.74) 10 0.37

Left atrial diameter, cm 1.01 (0.03) 11 0.98 (0.02) 11 0.49

Interventricular septal thickness, cm 0.40 (0.02) 8 0.39 (0.01) 10 0.88

Posterior wall thickness, cm 0.41 (0.02) 8 0.41 (0.02) 10 0.80

LV internal diameter end diastole, cm 0.99 (0.05) 6 1.12 (0.06) 7 0.21

LV internal diameter end systole, cm 0.72 (0.06) 6 0.80 (0.06) 8 0.42

Fractional shortening, % 30.54 (4.15) 11 31.16 (3.90) 7 0.45

Transmitral E velocity, cm/s 38.56 (3.52) 12 59.89 (3.71) 11 0.0004

E wave deceleration time, s 0.087 (0.004) 12 0.079 (0.004) 11 0.20

E wave deceleration slope, cm/s2 4.61 (0.52) 12 7.99 (0.72) 11 0.0009

Transmitral A velocity, cm/s 36.46 (5.13) 12 54.44 (3.65) 11 0.01

E/A 1.22 (0.15) 12 1.15 (0.09) 11 0.68

Early mitral annular descent (e0) lateral annulus, cm/s 3.41 (0.37) 12 5.24 (0.27) 11 0.0008

Late mitral annular descent (a0) lateral annulus, cm/s 3.22 (0.37) 12 4.81 (0.41) 11 0.008

E/e0 lateral annulus 11.78 (0.67) 12 11.70 (0.69) 11 0.94

e0/a0 lateral annulus 1.18 (0.12) 12 1.18 (0.11) 11 0.98

Aortic diameter end diastole, cm 0.86 (0.04) 11 0.96 (0.03) 10 0.08

Aortic diameter end systole, cm 0.84 (0.05) 11 0.90 (0.02) 10 0.27

Estradiol animals had higher transmitral early filling velocity (E) and deceleration slope, transmitral late filling velocity (A), early mitral annular descent velocity (e0), and late mitral annular
descent velocity (a0) compared to control animals. Mean body weight, body mass index, heart rate, systolic blood pressure, and diastolic blood pressure were similar between groups. No
differences were observed between groups in any echocardiographic structural or systolic functional parameter. LV indicates left ventricle. All data expressed as mean (SEM).
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Figure 1. Effects of short-term estradiol replacement on left ventricular diastolic function.
Estradiol-treated (E2) animals had significantly higher transmitral early (E) and late (A)
transmitral velocities (A and B, respectively), early (e0) mitral annular velocities (C), and
early (E) deceleration slope (D) than ovariectomized control (CTL) animals. Data represent
mean�SEM. **P<0.01, ***P<0.0001 compared with CTL.

A B

C D

Figure 2. Effects of short term estradiol replacement on myocardial
collagen deposition in estradiol and control animals. Estradiol treated
animals had lower interstitial and perivascular collagen (blue) staining (A and
C, respectively) compared to ovariectomized controls (B and D) on Masson’s
trichrome-stained sections of left ventricular free wall.
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Histopathologic Analyses

Coronary artery atherosclerosis and myocardial collagen
content were evaluated to assess the effects on the heart
of estrogen treatment after ovariectomy. Coronary artery
atherosclerosis (mean intimal area of the left anterior
descending and left circumflex arteries) was not different
between groups after the short, 8-month course of estradiol
exposure (P=0.63) (data not shown). Myocardial collagen
content, assessed by histomorphometric analysis of Masson’s
trichrome-stained LV free wall (Figure 2), was higher in
control relative to estradiol-treated monkeys (7.02�0.49%
versus 5.52�0.45%, respectively; P=0.04) (Figure 3).

Serum Cytokine Quantification
Selected serum cytokines were evaluated to assess the
effects of estradiol on systemic inflammation. Estradiol-
treated monkeys had lower circulating levels of MCP1
compared to control animals (P=0.012), while there was no

effect on serum interleukin-6 and vascular endothelial growth
factora levels (P=0.73 and 0.22, respectively) (Figure 3).

Gene Expression
Global gene expression analysis of LV myocardium was
performed to investigate potential pathways and mechanisms
underlying echocardiographic and histomorphometric pheno-
types. Analyses were conducted using a 1.2-fold change
threshold and a Benjamini-Hochberg false discovery rate of
P<0.05. Estradiol treatment resulted in differential expression
of 40 unique genes (Table 3) that clearly delineated estradiol
and control groups in an unsupervised Euclidian hierarchical
cluster analysis (Figure 4). Gene ontology enrichment anal-
ysis of differentially expressed genes using DAVID version 6.7
revealed that the top 5 most significantly estradiol upregu-
lated categories (P<0.05) were Regulation of Release of
Sequestered Calcium Ion into Cytosol by Sarcoplasmic
Reticulum based on calmodulin 1 (CALM1) and ryanodine
receptor 2 (RYR2) gene expression; Muscle Contraction based

Figure 3. Effects of short term estradiol replacement on myocardial collagen content and circulating
biomarkers. Estradiol treated (E2) animals had significantly lower left ventricular (LV) free wall collagen (A) and
serum monocyte chemoattractant protein 1 (MCP1) levels (B) compared to ovariectomized controls (CTL).
Interleukin-6 (IL6) (C) and vascular endothelial growth factor alpha (VEGFa) (D) were not significantly different
(P=0.73 and 0.22 respectively). Data represent mean�SEM. *P<0.05 compared with controls to controls.

DOI: 10.1161/JAHA.118.009769 Journal of the American Heart Association 7

Estradiol Effects on Cardiovascular Function Michalson et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Table 3. Estradiol Regulated Genes in LV Myocardium

Gene Gene ID
Fold
Difference Raw P FDR

Brain expressed, X-linked 1 BEX1 1.45 0.003 0.038

von Willebrand factor VWF 1.37 0.007 0.045

CD74 molecule, major histocompatibility complex, class II invariant chain CD74 1.34 0.000 0.022

Ryanodine receptor 2 RYR2 1.34 0.004 0.041

Nucleobindin 1 NUCB1 1.28 0.012 0.047

Calcium and integrin binding family member 2 CIB2 1.30 0.002 0.036

Nuclear fragile X mental retardation protein interacting protein 2 NUFIP2 1.26 0.011 0.047

Aldolase A, fructose-bisphosphate ALDOA 1.26 0.004 0.044

Chromosome 14 open reading frame 180 C14orf180 1.27 0.002 0.036

Tetraspanin 9 TSPAN9 1.23 0.011 0.047

Acyl-CoA synthetase short-chain family member 2 ACSS2 1.24 0.011 0.047

AF4/FMR2 family, member 3 AFF3 1.24 0.001 0.022

Ankyrin repeat and SOCS box-containing 10 ASB10 1.25 0.005 0.044

Sirtuin 4 SIRT4 1.25 0.007 0.045

Poly(rC) binding protein 2 PCBP2 1.22 0.006 0.045

Enah/Vasp-like EVL 1.22 0.002 0.036

Protein phosphatase 2 regulatory subunit B PPP2R3B 1.21 0.007 0.045

Beta-1,3-N-acetylgalactosaminyltransferase 2 B3GALNT2 1.21 0.001 0.022

Pyruvate kinase, muscle PKM2 1.21 0.004 0.041

Smoothelin SMTN 1.21 0.005 0.044

Calmodulin 1 CALM1 1.21 0.011 0.047

Ribonuclease P/MRP 40 kDa subunit RPP40 1.22 0.009 0.047

TIMP metallopeptidase inhibitor 1 TIMP1 �1.20 0.007 0.045

Ribosomal protein S26 RPS26 �1.22 0.011 0.047

Actin, c2, smooth muscle, enteric ACTG2 �1.22 0.006 0.045

Thrombospondin 1 THBS1 �1.23 0.011 0.047

Leptin receptor overlapping transcript-like 1 LEPROTL1 �1.25 0.004 0.043

Chromosome 11 open reading frame 54 C11orf54 �1.25 0.003 0.038

Carnitine palmitoyltransferase 2 CPT2 �1.26 0.001 0.022

Chemokine (C-X-C motif) ligand 12 CXCL12 �1.28 0.006 0.045

S100 calcium binding protein A4 S100A4 �1.28 0.001 0.027

Thioredoxin interacting protein TXNIP �1.32 0.007 0.045

RAB12, member RAS oncogene family RAB12 �1.35 0.005 0.044

Peptidase inhibitor 16 PI16 �1.39 0.011 0.047

Microfibrillar associated protein 5 MFAP5 �1.40 0.009 0.047

Collagen, type I, a2 COL1A2 �1.51 0.007 0.045

Matrix Gla protein MGP �1.65 0.005 0.044

Pyruvate dehydrogenase kinase, isozyme 4 PDK4 �1.88 0.011 0.047

Ribosomal protein S29 RPS29 �2.78 0.000 0.008

Genes with a Benjamini-Hochberg FDR <0.05 and an estradiol induced fold change greater than 1.2 were considered significant. FDR indicates false discovery rate.
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on Aldolase A, fructose-bisphosphate (ALDOA), Ryanodine
receptor 2 (RYR2) and Smoothelin (SMTN) gene expression,
Muscle System Process based on ALDOA, RYR2, and SMTN
gene expression, and Cytoskeletal Protein Binding based on
Enah/Vasp-like (EVL), ALDOA, CALM1, and SMTN gene
expression. The top 5 most significantly estradiol downreg-
ulated categories (highest enrichment scores, P<0.05) were
Extracellular Matrix based on TIMP metallopeptidase inhibitor
1 (TIMP1), collagen, type I, a2 (COL1A2), matrix Gla protein
(MGP), microfibrillar-associated protein 5 (MFAP5), and
thrombospondin 1 gene expression (THBS1); Structural
Molecule Activity based on COL1A2, MGP, MFAP5, ribosomal
protein S29 (RPS29), and THBS gene expression; Response to
Calcium Ion based on MGP, thioredoxin interacting protein
(TXNIP), and THBS1 gene expression; Extracellular Region Part
based on TIMP1, chemokine (C-X-C motif) ligand 12
(CXCL12), COL1A2, MGP, MFAP5, and THBS1 gene expres-
sion; and Extracellular Matrix Structural Constituent based on
COL1A2, MGP, and MFAP5 gene expression (Figure 4).
Quantitative real-time reverse transcription polymerase chain

reaction analysis of CALM1, RYR2, and COL1A1 revealed
similar magnitude and direction fold changes as those
identified in the microarray analyses (Figure 5).

Relationships Between Differentially Expressed
Myocardial Genes and Key Phenotypes
Pearson correlation coefficient analysis across all animals using
genes identified by gene ontology enrichment revealed signif-
icant correlations of ALDOA, CALM1, COL1A2, MGP, RPS29,
SMTN, THBS1, TIMP1, and TXNIP with echocardiographic (E, E
slope, A, e0, a0), histomorphometric (myocardial collagen %), and
cytokine (serum MCP1) findings (Table 4 and Figure 6).
Additionally, when each group was considered separately,
CALM1 and SMTN were significantly correlated with Doppler
echocardiographic (A, e0) and cytokine (MCP1) findings in
control animals (Table 5) and COL1A2, RPS29, and RYR2 were
significantly correlatedwith A, a0, andMCP1 in estradiol animals
(Table 6). Scatterplots of variables with significant relation-
ships are illustrated in Figures 7 through 13.

Figure 4. Effects of short term estradiol replacement on myocardial gene expression. Euclidian
hierarchical clustering of animals using differentially expressed genes (1.2-fold change with a Benjamini and
Hochberg false discovery rate P<0.05) separated estradiol-treated (estradiol) animals from ovariectomized
control animals (A). Gene ontology enrichment analysis using DAVID indicated that the genes that were
upregulated by estradiol treatment were categorized as being involved in calcium homeostasis and muscle
contraction (B) and that genes downregulated by estradiol treatment were categorized as being involved in
extracellular matrix deposition (C).
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Causal network analysis performed in Ingenuity Pathway
Analysis using all differentially expressed genes identified
NFjB inhibitor a as a significant mediator of estradiol effects
on the LV myocardium based on differential gene expression
of COL1A2, TIMP1, CXCL12, and MGP, between estradiol and
control animals (Figure 14).

Discussion
Estrogen treatment initiated soon after induction of surgical
menopause attenuated early LVDD in ovariectomized female
monkeys. Estrogen improved Doppler indices of early and late
filling and increased tissue Doppler velocities of early and late
mitral annular descent. Interestingly, E/e0 was not signifi-
cantly different, as the magnitude and direction of change was
similar in both groups, suggesting no differences in filling
pressures. Echocardiographic systolic and structural mea-
sures as well as systolic and diastolic blood pressure were not
significantly different between groups, suggesting that mech-
anisms behind the lusitropic effects were independent of
systolic function, blood pressure, and left ventricle size.

Estrogen and Cardiac Fibrosis

In order to investigate potential mechanisms underlying
estrogen’s effect on myocardial function, we assessed LV
myocardial gene expression profiles. This experiment was
originally designed with power to detect the effects of
estradiol on arterial cell composition and inflammatory gene
expression published elsewhere by our laboratory.25 How-
ever, this study’s sample size is also considered sufficiently
powered to detect changes using microarrays.34 Compared
to control monkeys, estradiol-treated monkeys had lower
expression of genes encoding extracellular matrix (ECM)
components (COL1A2, MFAP5, and MGP) and ECM depo-
sition promoters (CXCL12, THBS1, TIMP1, S100A4, and
RPS29). Expression of these genes was significantly

Figure 5. Comparison and validation of microarray (Array)
differentially expressed genes using quantitative real-time
reverse transcription polymerase chain reaction (qPCR). Fold
change differences of calmodulin 1 (CALM1), ryanodine recep-
tor 2 (RYR2) and collagen, type I, a1 and 2 (COL1A1, COL1A2)
between qPCR and microarray were of similar direction and
magnitude.

Table 4. Relationships Between Expression Levels of Differentially Expressed Genes and Key Phenotypes Across Control and
Estradiol Subjects

Variable

Gene

ALDOA CALM1 COL1A2 MGP RPS29 RYR2 SMTN THBS1 TIMP1 TXNIP

Transmitral E velocity 0.44* 0.17 �0.45* �0.42* �0.58† 0.34 0.38‡ �0.47* �0.36‡ �0.42‡

Transmitral A velocity 0.53* 0.49* �0.12 �0.20 �0.49* 0.41‡ 0.52* �0.20 �0.08 �0.08

E wave deceleration slope 0.31 0.26 �0.29 �0.22 �0.50* 0.46* 0.35‡ �0.44* �0.30 �0.30

Early mitral annular descent
(e0) lateral annulus

0.34 0.17 �0.41‡ �0.41‡ �0.58† 0.29 0.48* �0.42 �0.42‡ �0.40‡

Late mitral annular descent
(a0) lateral annulus

0.29 0.25 �0.40‡ �0.36‡ �0.60† 0.46* 0.34 �0.24 �0.34 �0.22

LV collagen percentage, % �0.21 0.02 0.31 0.58† 0.22 �0.13 �0.17 0.33 0.25 0.47*

Serum MCP1 �0.08 0.02 0.35‡ 0.40‡ 0.53* �0.40‡ �0.31 0.10 0.58† 0.35‡

ALDOA indicates aldolase A, fructose-bisphosphate; CALM1, calmodulin 1; CoA, coenzyme A; COL1A2, collagen, type I, a2; LV, left ventricular; MCP1, monocyte chemoattractant protein 1;
MGP, matrix Gla protein; RPS29, ribosomal protein subunit 29; RYR2, ryanodine receptor 2; SMTN, smoothelin; THBS1, thrombospondin 1; TIMP1, TIMP metallopeptidase inhibitor; TXNIP,
thioredoxin interacting protein.
*P<0.05.
†P<0.01.
‡P<0.10.
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correlated with numerous echocardiographic, histomorpho-
metric, and cytokine phenotypes. Circulating biomarkers for
both TIMP1 and COL1A2 expression have been documented
as increased in serum/plasma from HFpEF patients; MGP
expression is increased in cardiac myocytes and fibroblasts
undergoing hypertrophy35; THBS1 is an activator of trans-
forming growth factor b, and S100A4, also known as
fibroblast specific protein 1, suppresses p53 in cardiac
fibroblasts, resulting in cell proliferation and collagen
production.36 These findings suggest that estradiol treat-
ment inhibited cardiac fibrosis–promoting pathways, per-
haps in part mediated by increased NFjB inhibitor a
activity as identified by Ingenuity Pathway Analysis Causal
Network Analysis. Image analysis of Masson’s trichrome-
stained left ventricle sections revealed that control animals

had significantly higher myocardial collagen staining than
estradiol-treated animals, consistent with the observed
expression levels of key ECM components and modulators.
Increased cardiac fibrosis is observed in patients with
HFpEF and LVDD37 and has been demonstrated to
contribute to diastolic dysfunction by increasing myocardial
stiffness.37–39

Cardiac fibrosis develops when cardiac fibroblasts are
activated to myofibroblasts. Putative mechanisms underlying
this include reduced nitric oxide bioavailability40 and the
presence of infiltrating monocytes and macrophages that
secrete proinflammatory and profibrotic mediators including
monocyte chemoattractant protein 1 (MCP1), tumor necrosis
factor a, intercellular adhesion molecule-1, and transforming
growth factor b. Synthetic myofibroblasts increase production

Table 5. Relationships Between Expression Levels of Differentially Expressed Genes and Key Phenotypes in Control Subjects

Control Group Variable

Gene

ALDOA CALM1 COL1A2 MGP RPS29 RYR2 SMTN THBS1 TIMP1 TXNIP

Transmitral E velocity 0.39 �0.06 �0.30 �0.18 �0.03 �0.23 0.51 �0.27 �0.04 �0.20

Transmitral A velocity 0.53* 0.53* 0.25 0.10 0.07 0.11 0.66† 0.01 0.35 0.18

E wave deceleration slope 0.30 0.09 0.08 0.30 �0.09 �0.22 0.40 �0.22 0.20 0.17

Early mitral annular descent 0.31 0.07 �0.15 �0.21 �0.07 �0.27 0.63† �0.10 �0.06 �0.09

Late mitral annular descent 0.06 0.29 0.01 �0.05 �0.13 0.14 0.50 0.08 0.07 0.11

LV collagen percentage, % �0.03 0.15 0.26 0.60 �0.36 0.01 �0.17 0.14 0.17 0.34

Serum MCP1 0.37 0.62† 0.19 0.32 0.48 0.51 0.10 �0.13 0.52* 0.54*

ALDOA indicates aldolase A, fructose-bisphosphate; CALM1, calmodulin 1; COL1A2, collagen, type I, a2; LV, left ventricular; MCP1, monocyte chemoattractant protein 1; MGP, matrix Gla
protein; RPS29, ribosomal protein subunit 29; RYR2, ryanodine receptor 2; SMTN, smoothelin; THBS1, thrombospondin 1; TIMP1, TIMP metallopeptidase inhibitor; TXNIP, thioredoxin
interacting protein.
*P<0.05.
†P<0.10.

Table 6. Relationships Between Expression Levels of DEGs and Key Phenotypes in Estradiol Subjects

estradiol Group Variable

Gene

ALDOA CALM1 COL1A2 MGP RPS29 RYR2 SMTN THBS1 TIMP1 TXNIP

Transmitral E velocity �0.02 �0.13 �0.17 �0.23 �0.32 0.15 �0.32 �0.22 �0.07 �0.06

Transmitral A velocity 0.13 0.05 �0.28 �0.17 �0.60* 0.33 �0.10 0.11 �0.16 0.30

E wave deceleration slope �0.22 0.04 �0.28 �0.21 �0.04 0.40 �0.16 �0.25 �0.25 �0.14

Early mitral annular descent �0.38 �0.44 �0.32 �0.06 �0.41 0.12 �0.31 �0.40 �0.47 �0.20

Late mitral annular descent 0.08 �0.21 �0.76* �0.49 �0.60* 0.34 �0.22 �0.15 �0.54† �0.03

LV collagen percentage, % 0.01 0.29 �0.07 0.20 0.05 0.21 0.29 0.26 �0.30 0.32

Serum MCP1 0.04 �0.51 0.08 �0.07 �0.12 �0.69* �0.40 �0.29 0.28 �0.48

ALDOA indicates aldolase A, fructose-bisphosphate; CALM1, calmodulin 1; COL1A2, collagen, type I, a2; DEG, differentially expressed genes; LV, left ventricular; MCP1, monocyte
chemoattractant protein 1; MGP, matrix Gla protein; RPS29, ribosomal protein subunit 29; RYR2, ryanodine receptor 2; SMTN, smoothelin; THBS1, thrombospondin 1; TIMP1, TIMP
metallopeptidase inhibitor; TXNIP, thioredoxin interacting protein.
*P<0.05.
†P<0.10.
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Figure 6. Scatterplots of expression levels of differentially expressed
genes (DEGs) and echocardiographic and biomolecular phenotypes in
estradiol and control (CTL) animals. Thrombospondin 1 (THBS1) negatively
correlated with transmitral E velocity (A), Calmodulin 1 (CALM1) positively
correlated with transmitral A velocity (B), matrix Gla protein (MGP)
correlated positively with left ventricular collagen percentage (C), and
TIMP metallopeptidase inhibitor 1 (TIMP1) correlated positively with
monocyte chemoattractant protein 1 (MCP1) (D). Red symbols=control;
blue symbols=estradiol treated.
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Figure 7. Scatterplots of expression levels of differently expressed genes (DEGs)
and transmitral E velocity. Aldolase A, fructose-bisphosphate (ALDOA) positively
correlated with transmitral E velocity (A) whereas matrix Gla protein (MGP), collagen,
type I, a2 (COL1A2), and ribosomal protein subunit 29 (RPS29) correlated negatively
(B through D, respectively). Red symbols=control; blue symbols=estradiol treated.
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of fibrillar collagen, extracellular matrix, and tissue inhibitors
of metalloproteinases and decrease production of degradative
matrix metalloproteinases, causing unbalanced ECM turnover
and ultimately leading to fibrosis. Estrogen has been shown to
inhibit cardiac fibroblast proliferation and decrease cardiac
fibroblast collagen production in vitro,41 perhaps through
genomic (ERa, ERb) and/or nongenomic (GPER) means via
cAMP and protein kinase A signaling and downregulation of
the cell cycle genes cyclin-dependent kinase 1 and cyclin B1,
respectively.42,43

Estrogen is associated with protection from coronary
heart disease and atherosclerosis in humans and animals,
partially through beneficially influencing plasma lipoprotein
levels.44,45 We previously reported that there were no
baseline differences in plasma triglycerides, HDL-C, non–

HDL-C, TPC, or TPC/HDL-C ratio, but that plasma TPC and
non–HDL-C concentrations were significantly decreased in
estradiol treated animals compared to control animals after
treatment (P<0.05).25 We found no significant differences in
coronary artery atherosclerotic plaque area, consistent with
the short study duration. Nevertheless, using this cohort of
animals, we previously observed significant effects of
estradiol on expression of key target genes in carotid
arteries, including decreased expression of markers of
macrophages, T cells, and other inflammatory cells in the
arterial wall and lower levels of expression of proinflam-
matory genes such as MCP1, interferon-c, tumor necrosis
factor a, collagen type I and matrix metalloproteinase 9.25

Atheroprotective effects of estrogen may be mediated in
part through a reduction in vascular/endothelial MCP1

Figure 9. Scatterplots of expression levels of differently expressed genes (DEGs) and E wave deceleration slope. Ribosomal protein subunit 29
(RPS29) (A) and Thrombospondin 1 (THBS1) (C) negatively correlated with E wave deceleration slope whereas Ryanodine receptor 2 (RYR2)
correlated positively (B). Red symbols=Control, Blue symbols=estradiol treated.

Figure 8. Scatterplots of expression levels of differently expressed genes (DEGs) and transmitral A velocity. Aldolase A, fructose-bisphosphate
(ALDOA) (A) and smoothelin (SMTN) (B) positively correlated with transmitral A velocity whereas ribosomal protein subunit 29 (RPS29)
correlated negatively (C). Red symbols=control; blue symbols=estradiol treated.
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expression and decreased monocytic infiltration into arterial
walls.46 Elevated serum MCP1 levels have been noted in
patients with HFpEF and are thought to be a driver of
macrophage infiltration and accumulation in the heart
resulting in cardiac fibrosis.47 We demonstrated that

estradiol-treated animals had decreased serum MCP1 levels
compared to controls, supporting the idea that estradiol
treatment potentially reduced systemic and cardiac inflam-
mation, and inhibited ECM deposition indicated by our LV
Masson’s trichrome analysis.

Figure 10. Scatterplots of expression levels of differently expressed genes (DEGs) and early and late
mitral annular descent. Ribosomal protein subunit 29 (RPS29) correlated negatively with early (e0) and late
(a0) mitral annular descent velocities (A and C, respectively). Smoothelin (SMTN) correlated positively with e0

(B) and Rryanodine receptor 2 (RYR2) correlated positively with a0 (D). Red symbols=control; blue
symbols=estradiol treated.

Figure 11. Scatterplots of expression levels of differently expressed genes (DEGs) and biomolecular
phenotypes. Ribosomal protein subunit 29 (RPS29) positively correlated with monocyte chemoattractant
protein 1 (MCP1) (A) and thioredoxin interacting protein (TXNIP) positively correlated with left ventricular
(LV) collagen percentage (B). Red symbols=control; blue symbols=estradiol treated.
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Estrogen and Cardiomyocyte Calcium Handling
The transcriptional profile in estradiol-treated myocardium is
consistent with maintenance of cardiomyocyte calcium
homeostasis and contractility via increased expression of
genes associated with sarcoplasmic reticulum calcium ion

sensing, regulation (CALM1, PPP2R3B, CIB2 and NUCB1),
handling (RYR2), and muscle contraction (ALDOA, EVL, SMTN).
These findings are particularly interesting, as ventricular
modeling studies by Adeniran48 suggested that in HFpEF,
intracellular calcium levels are decreased in systole and
diastole, resulting in reduced systolic contractility and
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Figure 12. Scatterplots of expression levels of differently expressed genes (DEGs) and selected phenotypes in control animals. Calmodulin 1
(CALM1) correlated positively with monocyte chemoattractant protein 1 (MCP1) (A) and Smoothelin (SMTN) correlated positively with transmitral A
velocity (B) and early mitral annular descent velocity (e0) (C).

Figure 13. Scatterplots of expression levels of differently expressed genes (DEGs) and selected
phenotypes in estradiol animals. Collagen, type I, a2 (COL1A2) (A) and ribosomal protein subunit 29
(RPS29) (C) correlated negatively with late mitral annular descent velocity (a0). Ryanodine receptor 2
(RYR2) correlated negatively with monocyte chemoattractant protein 1 (MCP1) (B) and RPS29 correlated
negatively with transmitral A velocity (D).
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impaired diastolic relaxation. RYR2 encodes a Ca2+ release
channel, which opens to release Ca2+ during systole and
closes during diastole to maintain normal contraction-
relaxation cycling. CALM1 encodes a regulatory protein of
RYR2 and is responsible for inhibiting Ca2+ release from RYR2
in the sarcoplasmic reticulum to maintain a normal contrac-
tion-relaxation cycle.49 Oxidative stress impairs binding of
CALM1 to RYR2, causing aberrant Ca2+ release, resulting in
cardiac hypertrophy and HF in murine and canine models.50,51

Our results suggest that estradiol treatment led to tighter
control of cardiac Ca2+ physiology and improved diastolic
relaxation.

Molecular Mechanisms Underlying Estradiol
Mediated Myocardial Gene Expression
Of the 22 genes upregulated by estradiol in myocardium in
this study, we found evidence in the literature for the
presence of estrogen response elements in 3 of them (EVL,52

RYR2,53 and VWF53). A search for the list of 22 genes in the
Signaling Pathways Project knowledgebase54 verified cistromic
regulation of an additional 17 of these genes via estrogen
receptors, the exceptions being PKM2 and PPP2R3B. Down-
regulated genes are likely modulated through transcription
factor cross-talk, such as occurs between estrogen receptors

and NFjB, which was implicated in the causal network
analysis findings noted in Figure 14.

Conclusion
To our knowledge, we show for the first time evidence for
estradiol preservation of LV diastolic function and modulation
of myocardial gene expression in ovariectomized female
macaques, a well-established translational nonhuman primate
model of menopause. The pathway analysis findings relative
to diastolic function are of particular importance in the aging
female population given the strong female preponderance for
development of HFpEF in humans and the lack of effective
clinical therapies. We demonstrate that estradiol replace-
ment, initiated shortly after the onset of menopause,
improved postmenopausal diastolic function through its
lusitropic benefits, which were associated with decreased
ECM deposition, improved myocardial contraction, and
calcium homeostasis, independent of measurable blood
pressure effects. These results provide important insights
into potential pathways underlying estrogen-mediated car-
dioprotection and targets for prevention and/or treatment of
diastolic dysfunction and perhaps HFpEF. The findings merit
special consideration, especially with reemerging evidence
supporting the “timing hypothesis” of hormone therapy,

Figure 14. Causal network analysis of differentially expressed left ventricular (LV) myocardial genes.
Ingenuity Pathway Analysis (IPA) was used to identify causal networks implicated in estradiol action. NFjB
inhibitor awas identified as an activated upstream regulator of differentially expressed genes collagen, type
I, a2 (COL1A2), TIMP metallopeptidase inhibitor 1 (TIMP1), Chemokine (C-X-C motif) ligand 12, (CXCL12),
and matrix Gla protein (MGP). The expected effects exerted by these genes include increased angiogenesis
and movement of endothelial cells in estradiol treated (estradiol) animals compared to ovariectomized
control (CTL) animals.
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indicating that estrogen/hormone treatment initiated early
after menopause may have beneficial effects on the cardio-
vascular system.55
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