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Abstract
Heart failure with preserved ejection fraction (HFpEF) has similar prevalence and prognosis as HF with reduced EF, but there is
no approved treatment for HFpEF. HFpEF is common in postmenopausal women, which suggests that the absence of estrogen
(E2) plays a role in its pathophysiology. With the country’s growing elderly population, the prevalence of HFpEF is rapidly increasing. This has triggered a renewed urgency in finding novel approaches to preventing and slowing the progression of HFpEF.
In this review, we address the role of E2 in left ventricular diastolic function and how it impacts women with HFpEF as well as
animal models. We also discuss the primary potential mechanisms that represent critical nodes in the mechanistic pathways of
HFpEF and how new treatments could be developed to target those mechanisms.

Introduction
It is estimated that by 2030, more than 50% of Americans will
suffer from heart failure with preserved ejection fraction (HFpEF)
that results from left ventricular diastolic dysfunction (LVDD).1
Cardiac function includes a systolic phase of contraction to pump
blood from the left ventricle (LV) to the body and a diastolic phase
of relaxation to fill blood into the LV. Thus, LVDD is associated
with abnormalities in active LV relaxation and passive filling from
myocardial stiffness accompanied by reduced or compensated
cardiac output (CO).2 Older age, female gender, diabetes, obesity,
hypertension, and cardiomyopathy are associated with a greater
prevalence of HFpEF.
Accumulating evidence has demonstrated that postmenopausal
women are susceptible to cardiovascular disease and have a higher incidence of LVDD than men of the same age, suggesting a close
link between LVDD and estrogen (E2) deficiency.3,4 Estrogen replacement has been shown to improve diastolic function in women with LVDD and animal models of LVDD through mechanisms
that involve an interaction with E2 receptors (ERs). There are
three types of ERs: ERa, ERb, and G protein-coupled ER (GPER or
GPR30). The first two belong to nuclear transcriptional factors and
exist in cardiac myocytes and cardiac fibroblasts. Both ERa and
ERb form homodimers and heterodimers to regulate downstream
target genes through rapid nongenomic and longer-term genomic
pathways,5 and both interact with E2 response element (ERE).
GPR30, a plasma membrane protein, binds E2 with high affinity and is widely distributed in a variety of mammalian tissues
including the heart.6 GPR30 maintains normal cardiac structure
and function through a rapid nongenomic pathway mediated by
activation of enzymes such as adenylyl cyclase, mitogen-activated protein kinases (MAPK), extracellular signal-regulated kinase
(ERK)-1 and ERK-2, and phosphatidylinositol 3-kinase (PI3K).
Recent studies show that ERs modulate cardiac mitochondrial
biogenesis and energy production that is essential for regulating
myocardial function.5-8
Increasing evidence indicates that loss of E2 leads to LVDD
in animal models and postmenopausal women.9,10 In a study by
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Pines et al. comparing pre- and postmenopausal women, the latter
displayed a significant reduction in diastolic function with insignificant alteration of ejection fraction and fraction shortening, but
these changes were progressively aggravated during menopause
without E2 replacement therapy (ERT).11 In contrast, postmenopausal women who received ERT showed significant increases in
aortic flow accompanied by increased stroke volume and cardiac
output, implicating that E2 significantly improves cardiac contractility.11 In addition, Manolio et al. reported that declined mitral
flow velocity is restored to normal levels in postmenopausal women after receiving ERT,12 further indicating that ERT is important to
maintain diastolic function in postmenopausal women. However,
the underlying mechanisms regarding diastolic dysfunction remain unclear.
This review discusses the potential role of E2 in regulating
cardiac diastolic function and the likely underlying mechanisms
of action. It outlines pathological alteration of diastolic function
relating to E2 deficiency in animal models and postmenopausal
women, and it explores the underlying pathophysiological mechanism resulting from mitochondrial dysfunction, intracellular Ca2+
imbalance, and myocardial hypertrophy and remodeling.

Mechanisms by Which E2 Deficiency Accelerates LVDD
Influence of E2-Mediated Mitochondrial Metabolism on
LVDD

Decreased cardiac performance stems from dysregulation of
cardiac energy production in postmenopausal women. Mitochondria are the primary energy source to regulate cardiac function, and E2 has been shown to impact mitochondrial function
(Figure 1). Previous studies show that E2 increases protein components and decreases oxidative stress in the cerebral mitochondria
of ovariectomized rats.13 E2-deprived rats fed a high-fat diet show
a dynamic alteration of mitochondrial function paralleled with
decreased cardiac function.14 One study proposed an underlying
molecular mechanism in breast cancer cells, showing that in serum-depleted medium, E2 stimulation causes relocation of ERa
into mitochondria, where it interacts with mitochondrial ribonu-
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Figure 1. Mechanisms of action of estrogen (E2) in regulating left ventricular
(LV) diastolic function. Loss of E2 leads to aggravation of mitochondrial dysfunction, inflammation and cardiac remodeling, LV hypertrophy, inhibition of
nitric oxide signaling, Ca2+ imbalance, and titin isoform switch, all of which
contribute to reduced diastolic relaxation despite normal ejection fractions.
These critical mechanistic nodes are potential targets for the development
of personalized therapies that treat diastolic dysfunction in postmenopausal
women. NOS: nitric oxide synthase; ROS: reactive oxygen species; GPR30:
G protein-coupled receptor 30

clease P complex to control gene expression and translation.15 E2ER complex regulates mitochondrial function and biogenesis by
binding and activating the ERE on the nuclear respiratory factor-1
(NRF-1), which activates downstream molecules such as mitochondrial transcription factor to turn on gene expression.16,17 It has
also been shown that GPR30 activation by its agonist G-1 inhibited mitochondrial permeability transition pore opening in mouse
hearts subjected to ischemia-reperfusion.6 Further, E2 (5 µg/rat, 3
times/wk) has been shown to reverse ovariectomy (OVX)-induced
mitochondrial structure damage, energy reduction, and increased
reactive oxygen species.18
In a study by Chen et al., loss of ovarian E2 in cTnT-Q92 transgenic mice attenuated myocardial structure, energy production,
and oxidative stress and resulted in downregulation of PPARa,
PGC-1a, and NRF-1.19 Importantly, E2 replacement improved
diastolic dysfunction in this model and showed a decreased E/A
ratio and prolonged isovolumic relaxation time,19 both of which are
significantly correlated with myocardial ATP levels. This further
implicates that LVDD is closely dependent on mitochondrial energy production.19 In addition, fatty acid transporter proteins and
AMP-activated protein kinase (AMPK) activity were increased by
E2, suggesting that E2 regulates fatty acid and glucose metabolism,
both of which may contribute to modified mitochondrial function.
Recently, E2 was shown to restore AMPK activity in the hearts of
OVX rats on high-fat diets.20 Taken together, the current studies
suggest that ovarian E2 plays an important role in maintaining
mitochondrial biogenesis and function through PPARa, PGC1a,
NRF-1, and AMPK-mediated downstream signaling. Loss of ovarian E2 is associated with abnormal mitochondrial structure and
function, oxidative stress, and diastolic dysfunction.

E2 Deficiency Induces Cardiac Remodeling in LVDD

Estrogen deficiency has been proposed to initiate cardiac inflammation and fibrosis followed by cardiac remodeling that subsequently results in LVDD.21 Loss of ovarian E2 by OVX induced
a progressive increase of macrophage filtration and monocyte
chemoattractant protein-1 (MCP-1) mRNA levels in the heart with
aortic constriction (AC) from day 3 to day 7, and they returned
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to control levels by day 28; myocardial fibrosis with upregulated
transforming growth factor (TGF)-b1 was observed at day 28.
Concurrently, diastolic dysfunction occurred with an elevated LV
end-diastolic pressure (LVEDP) and LV filling pressure.21 All of the
results were attenuated by E2. Current studies further support that
the inflammatory process initially contributes to the development
of diastolic dysfunction, and suppression of inflammation reverses
pathological and functional phenotypes; for example, MCP-1 neutralizing antibody or intercellular adhesion molecule-1 antibody
were shown to inhibit macrophage infiltration, fibroblast proliferation, TGF-b upregulation, and myocardial fibrosis in AC rats.22 Importantly, the same antibodies were shown to prevent AC-induced
diastolic dysfunction.22
Another investigation by Kuwahara showed that fibroblast
activation in AC rats increased to maximum levels at day 3, and
myocardial fibrosis and hypertrophy occurred by day 28.23 At that
point, echocardiography indicated normal LV ejection fraction
but reduced transmitral E/A ratio, and hemodynamic studies
showed an increase of LVEDP without systolic dysfunction. The
TGF-b mRNA expression was increased at day 3, peaked at day
7, and remained slightly elevated at day 28. Blocking of TGF-b
by anti-TGF-b neutralizing antibody before AC inhibited fibrosis
activation, collagen mRNA induction, and myocardial fibrosis.22
Interestingly, this antibody reversed diastolic dysfunction without
affecting blood pressure and systolic function, suggesting that
TGF-b plays a major role in the pathogenesis of myocardial fibrosis
and diastolic dysfunction.22 Taken together, these data suggest that
cardiac inflammation occurs at the early stage of E2 deficiency, and
in turn, activation of profibrotic up-mediated signaling pathway
(which contributes to cardiac remodeling) plays an important
role in E2 deficiency-induced diastolic dysfunction. Inhibition of
inflammation and fibrosis that occurs with E2 deficiency may be a
potential therapeutic target to control LVDD with normal systolic
function in the stressed heart.

E2 Deficiency Enhances Left Ventricular Hypertrophy in
LVDD

Left ventricular hypertrophy (LVH) generally develops in
response to pressure overload and progressively leads to loss of
cardiac function.23 Clinical and basic studies have revealed that
loss of E2 enhances LVH, and replacement of E2 prevents development of LVH in postmenopausal women and OVX female animal models.10,24 However, the underlying molecular mechanisms
are incompletely understood. The renin-angiotensin system (RAS)
plays an important role in the development of cardiac hypertrophy, and inhibition of RAS is commonly used in the treatment
of cardiac hypertrophy and heart failure. Previous studies show
that E2 deficiency induced by OVX increases angiotensin II type
1 receptor (AT1R) expression and angiotensin-converting enzyme (ACE) activity, while E2 replacement downregulates AT1R
expression and ACE activity in OVX rats and postmenopausal
women.25,26 Either E2 or losartan, an antagonist of AT1R, inhibits
OVX-induced cardiac hypertrophy and recovers force development in response to Ca2+ and isoproterenol in isolated LV papillary muscles.25 It is thought that inhibition of angiotensin II-induced cardiac hypertrophy by E2 is mediated by ERb and not ERa
since inhibition of only ERb attenuates myocyte hypertrophy and
reduces protein synthesis.27 Furthermore, this effect may be mediated by the calcineurin-NFAT (nuclear factor of activated T-cells)
signaling pathway. Replenishment of E2 also attenuates prohypertrophic TGFb signaling pathway through downregulation of
miRNA levels such as miRNA-455 in OVX-induced transverse
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AC mice.28,29 E2 downregulates prohypertrophic (class I) histone
deacetylases (HDACs) but upregulates antihypertrophic (class II)
HDACs in angiotensin II-stimulated neonatal rat cardiomyocytes
and angiotensin II-administrated mice.30 Either E2 or ERb agonist
inhibits HDAC 2 expression and phosphorylation and decreases
prohypertrophic genes such as b-MHC and GATA4 induced by
angiotensin II.
HFpEF is closely associated with hypertension and vascular
stiffening. Estrogen is also known to influence blood pressure and
vascular stiffening. In fact, mice with a global knockout of ERb are
hypertensive with increased vascular stiffening.31 Thus, HFpEF in
postmenopausal women is likely driven by the combination of hypertension and loss of estrogen. TGF-β is one molecular candidate
thought to mediate vascular stiffening since administration of neutralizing antibodies to TGF-β can attenuate diastolic dysfunction in
a rodent model of pressure overload.32 It is possible that estrogen
loss after menopause removes the inhibition of TGF-β, resulting in
increased vascular stiffening that in turn aggravates diastolic dysfunction in HFpEF.
Mitogen-activated protein kinases—including ERK1/2, p38,
and JNK—also play an important role in the development of cardiac hypertrophy. Hemodynamic studies found that OVX significantly accentuated pressure overload-induced LV hypertrophy and
LVDD, showing an increase in LVEDP and rate of relaxation that
was accompanied by activation of p38 MAPK, Akt, and nitric oxide synthase (NOS).33 Taken together, E2 plays an antihypertrophic
role through modulation of multiple cellular signaling molecules
such as AT1R, NFAT, HDAC, and MAPK, some of which are driven by ERb. Thus, activation of ERb offers a potential therapeutic
intervention for LVH and LVDD.

Impairment of Nitric Oxide Pathway: Role of GPR30 in
LVDD
To better understand the mechanisms underlying E2 deficiency-induced diastolic dysfunction, mRen2.Lewis rats were ovariectomized to establish an animal model that mimics the cardiac
phenotype of postmenopausal woman.34 The study found that G1,
a selective agonist of GPR30, is able to abolish abnormal cardiac
structure, myocardial fibrosis, and diastolic dysfunction induced
by OVX with an insignificant alteration of blood pressure.35
G1 also suppressed angiotensin II-mediated hypertrophy and
increased antihypertrophic ANP gene, whereas G15, an antagonist of GPR30, abolished the effects of E2 and G1 on this animal
model.35 Another study showed that E2-intact mRen2.Lewis rats
with a high-salt diet exhibit early diastolic dysfunction compared
to those on a normal-salt diet.36 In contrast, OVX rats on either a
normal- or high-salt diet show impaired relaxation with evidence
of elevated LV filling pressures or pseudonormalization that was
attenuated by G1. In addition, researchers observed a decrease in
nitric oxide and increased superoxides in OVX mRen2.Lewis rats
that could be reversed with tetrahydrobiopterin (BH4), a major
cofactor of nNOS catalytic subunit. BH4 also abolished diastolic
dysfunction induced by loss of ovarian E2.37 Inhibition of nNOS
by the selective nNOS inhibitor L-VNIO has been shown to reduce myocardial reactive oxygen species and elevate nitrite concentrations, mitigate cardiac remodeling, and improve diastolic
function.38 This further suggests that cardiac-derived NOS may act
as a prominent pathway in diastolic dysfunction induced by OVX
in mRen2.Lewis rats. Estrogen receptor GPR30 activation, supplementation of BH4, and inhibition of NOS may provide insight
into pharmaceutical strategies for treating diastolic dysfunction in
postmenopausal women.

6

Altered Cellular Ca2+ from E2 Deficiency Contributes to
LVDD
Alteration of cellular calcium homeostasis has been shown to
influence cardiac systolic and diastolic performance. The process
of cardiac diastole, including myocardial relaxation, requires
reuptake of Ca2+ from cytosol into sarcoplasmic reticulum (SR)
by the calcium-handling protein SR Ca2+ ATPase (SERCA2a) in
the presence of ATP. Previous studies found that deprivation of
ovarian E2 reduced the expression and activities of both SERCA2a and ATPase, resulting in a decrease of SR Ca2+ reuptake
in cardiomyocytes.39 Additionally, the density and protein level
of cardiac b1-adrenergic receptor, cardiac sympathetic response,
and myofibrillar Ca2+ sensitivity were increased. Thus, the loss of
ovarian E2 leads to a prolonged and impaired relaxation process
in cardiomyocytes. However, E2 replacement prevents intracellular Ca2+ alteration and improves myocardial relaxation.40
Taken together, deprivation of ovarian E2 leads to an imbalance
of intracellular Ca2+ that results in LVDD with preserved ejection
fraction.

Titin Involvement in LVDD Associated with E2 Loss
Sliding sarcomere proteins generate diastolic force in the
stretched cardiac muscle. Titin is a giant elastic sarcomere protein
and a prominent contributor to diastolic force that mediates the
passive and active properties of cardiac muscle.41 Titin isoforms
contain both N2B (stiff type) and N2BA (compliant type), and
research shows that the mechanisms underlying cardiac diastolic dysfunction include the change of isoform expression and
phosphorylation.41 Recent studies found that loss of ovarian E2
increases myocardial stiffness, elevating the ratio of N2BA to N2B
titin isoform40 and matrix metalloproteinase 2 and decreasing maximum active tension.

Conclusion
Estrogen exhibits multiple mechanistic roles that affect various aspects of diastolic function. In this review, we discussed
the impact of E2 on regulation of mitochondrial function, cardiac
remodeling, cardiac hypertrophy, Ca2+ homeostasis, and titin
isoform switches, all of which affect diastolic function. Further
investigation of E2’s underlying mechanisms can produce valuable leads in drug discovery and pharmaceutical strategies to
combat diastolic heart failure in postmenopausal women. Since
many of the specified mechanisms mentioned above are driven
by only a single E2 receptor, it may be prudent to target one
receptor for therapy and avoid the noncardiac effects of general
E2 treatment. This approach will support the development of
personalized medicine, in which the specific defective aspect of
diastolic function can be treated with a specific ER agonist for a
given patient.

Key Points:
• Estrogen has emerged as an important regulator of diastolic
cardiac function in women.
• Mechanisms by which loss of estrogen in menopause
impacts diastolic function include: changes in mitochondrial
metabolic function; induction of cardiac remodeling;
enhancement of left ventricular hypertrophy; impairment
of nitric oxide pathway/role of GPR30; alteration of cellular
Ca2+; and alteration of titin.
• Targeting restoration of estrogen and its signaling provides
novel therapeutic strategies for managing and treating
diastolic heart failure in postmenopausal women.
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