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Abstract

Although the prevalence of heart failure with preserved ejection fraction (HFpEF) is growing worldwide, its complex patho-
physiology has yet to be fully elucidated, and multiple hypotheses have all failed to produce a viable target for therapeutic
action or provide effective treatment. Cardiac remodeling has long been considered an important mechanism of HFpEF.
Strong evidence has been reported over the past years that coronary microvascular dysfunction (CMD), manifesting as
structural and functional abnormalities of coronary microvasculature, also contributes to the evolution of HFpEF. However,
the mechanisms of CMD are still not well understood and need to be studied further. Coronary microvascular endothelial
cells (CMECs) are one of the most abundant cell types in the heart by number and active players in cardiac physiology and
pathology. CMECs are not only important cellular mediators of cardiac vascularization but also play an important role in
disease pathophysiology by participating in the inception and progression of cardiac remodeling. CMECs are also actively
involved in the pathogenesis of CMD. Numerous studies have confirmed that CMD is closely related to cardiac remodeling.
ECs may serve a critical function in mediating the connection between CMD and HFpEF. It follows that CMECs participate
in the mechanism of CMD leading to HFpEF. In this review article, we focus on the role of CMD in the pathogenesis of
HFpEF resulting from cardiac remodeling and highlight the subsequent complexity of the EC-mediated correlation between
CMD and HFpEF.
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and heart failure with preserved ejection
fraction

Despite various significant pharmacological advances, the
burden of HF has been gradually increasing [1]. HF can
be classified as either left ventricular systolic or diastolic
dysfunction and can also be called HF with reduced ejection

Heart failure (HF) is a complex syndrome of structural and
functional disorders associated with reduced oxygen deliv-
ery to tissues. HF significantly reduces the quality of life
of the patient and has a high morbidity and mortality rate.
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fraction (HFrEF), mid-range ejection fraction (HFmrEF),
or preserved EF (HFpEF) [2]. Although most presentations
are still characterized by a reduction in EF, the phenotype
of HFpEF is becoming increasingly common, mainly due to
improvements in diagnostic techniques, enhanced clinical
awareness, and the gradual extension of lifespan. HFpEF
accounts for 50% of HF admissions and shares similar mor-
tality and morbidity to HFrEF [3].

Although the prevalence of HFpEF is growing world-
wide, its complex pathophysiology has yet to be fully elu-
cidated, and multiple hypotheses have all failed to produce
a viable target for therapeutic action or provide effective
treatment. HFpEF is identified as a heterogeneous syndrome
linked to multiple comorbidities, such as diabetes mellitus,
obesity, and hypertension [4]. Diastolic dysfunction has
long been known as HFpEF, which is simply considered a
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mere problem of myocardial stiffness, mostly due either to
changes in contractile proteins of cardiac myocytes or the
effect of fibrosis on relaxation. This paradigm has recently
been shifted with the discovery of several clues about the
role of coronary microcirculation in the development of
HFpEF [5]. Coronary microcirculation has become a sig-
nificant research area of interest given the complex patho-
physiology of HFpEF.

Coronary microcirculation is a complex net of arteri-
oles, venules, and capillaries that enables the exchange of
nutrients and waste metabolites between the vasculature
and myocardium [6]. The blood supply of cardiac tissue is
guided by the metabolic demands of the tissue. The coronary
microcirculatory system could be said to be highly adaptive,
with fast mechanisms such as adjustment of blood flow by
changes in basal vascular tone that maintain oxygen demand
in cardiac tissue [7]. However, microcirculatory remodeling
is seen under various kinds of pathologic conditions, such as
hypertension, hypertrophic cardiomyopathy, and myocardial
infarction [8].

In various cardiovascular diseases, coronary microvascu-
lar dysfunction (CMD) manifests as structural and functional
abnormalities of the coronary microvasculature. The etiol-
ogy of CMD is related to endothelial dysfunction, microvas-
cular spasm/sympathetic dysfunction, primary impairment
of smooth muscle cell relaxation, etc. Microvascular dys-
function typically results in increased heterogeneity of blood
flow and oxygen, which causes local hypoxia in myocardial
tissue, ultimately leading to the detection of contractile and
diastolic abnormalities [9, 10]. CMD has been hypothesized
to cause myocardial oxygen disbalance in the failing heart

[11].

Epidemiology

In a prospective observational study, Dryer et al. [12]
first reported CMD in patients with HFpEF based on the
invasively determined coronary flow reserve (CFR) and
the index of microvascular resistance (IMR). The CFR was
lower and the IMR was higher in HFpEF patients than in
those without HFpEF. A total of 71.4% of patients without
HFpEF had normal coronary function, whereas most
(73.4%) HFpEF patients had either an abnormal CFR or
IMR.

To date, PROMIS-HFpEF (n=202) is the largest pro-
spective multicenter, multinational study to demonstrate a
high prevalence of CMD in HFpEF by evaluation of CFR
in subjects known to have HFpEF. CFR was measured in
the PROMIS-HFpEEF study by adenosine stress transthoracic
Doppler echocardiography. The results showed evidence of
CMD (defined as CFR <2.5) in 75% of the HFpEF patients
[13].
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An interesting study by Taqueti et al. [14] has confirmed
the relationship among CMD, diastolic dysfunction, and
future risk of HFpEF in symptomatic patients without overt
coronary artery disease. Impaired CFR has been indepen-
dently associated not only with diastolic dysfunction but also
with adverse events, especially HFpEF hospitalization.

Possible mechanisms

This novel paradigm, in which CMD is central to HFpEF
evolution, has gained support over several years. HFpEF
patients are generally older and, more often than not,
female, with multiple cardiovascular and noncardiovascu-
lar comorbidities (obesity, diabetes, hypertension, metabolic
syndrome, hypercholesteremia, atrial fibrillation, chronic
obstructive pulmonary disease, and even chronic kidney dis-
ease) [15]. Systemic inflammation and endothelial dysfunc-
tion are important indicators of these comorbidities that are
also significantly involved in HFpEF pathophysiology [16].

The most accepted hypothesis that has been put forward
is that systemic inflammation is the major factor contrib-
uting to myocardial performance by inducing CMD [17].
Circulating levels of inflammatory markers, including high-
sensitivity(hs)-C-reactive protein (CRP), TNF-q, interleu-
kin (IL)-6, and IL-1, are higher in HFpEF than in HFrEF.
Observational studies have confirmed that biomarkers of
inflammation are the best predictors of HFpEF severity and
prognosis [18, 19].

Evidence has been accumulating in support of the links
between inflammation and CMD and between CMD and
HFpEF. Tona et al. [20] found that IL-6 and TNF-o were
the sole determinants of CFR < 2.5, which suggests coro-
nary microvascular impairment. The PROMIS-HFpEF study
further validated that a low CFR is related to the severity of
HFpEF, as marked by increased NT-proBNP and impaired
right ventricular free wall strain [13].

A high burden of comorbidities generally leads to a
systemic inflammatory state that impairs microvascu-
lar endothelial cells and leads to CMD. CMD impairs the
perivascular environment and activates complex molecular
pathways that eventually result in cardiac structural and
functional dysfunction [21, 22].

For example, as approximately 50% of HFpEF patients
are obese, obesity is an identified risk factor for HFpEF
patients [23]. Hass et al. [24] found that HFpEF patients
with an increased body mass index (BMI), i.e., > 35 kg/mz,
are at increased risk of death or cardiovascular hospitaliza-
tion, independent of other key prognostic variables. Obesity
is not merely a prominent comorbidity for HFpEF but also
an important pathogenic factor involved in HFpEF patho-
genesis. In obese human individuals, endothelium-related
changes in myocardial blood flow were positively correlated
with elevated leptin and CRP [25]. This result suggests that
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obesity significantly affects coronary circulatory function,
which may contribute to decreased maximal myocardial
blood flow and diastolic dysfunction [26].

Cardiac remodeling and HFpEF

Cardiac remodeling is a complex process in which patho-
logic stimuli alter cardiac structure, shape, and function.
Cardiac remodeling is a remarkable pathogenic manifesta-
tion of many serious cardiovascular diseases that ultimately
progress to heart failure. Cardiac remodeling is closely
related to the prognosis of clinical heart failure and has
become an important therapeutic target for heart failure [27].

The remodeling process is clinically characterized by an
increase in the ventricular cavity size. This complex pro-
cess involves cardiomyocyte growth and death, vascular
rarefaction, fibrosis, inflammation, and electrophysiologi-
cal remodeling [28]. Both cardiac hypertrophy and cardiac
fibrosis are common pathophysiological accompaniments to
heart failure that are associated with systolic and diastolic
dysfunction, arrhythmogenesis, and adverse outcomes [29,
30]. Both cardiomyocyte hypertrophy and interstitial fibro-
sis cause cardiac diastolic dysfunction, which is the major
cardiac functional deficit in HFpEF [31].

Cardiac remodeling and coronary
microvascular dysfunction

It has been documented in numerous studies that ventricular
remodeling in HFpEF is closely related to CMD. Investiga-
tions performed to date suggest that risk factor conditions
(obesity, diabetes, hypertension, estrogen loss, inactivity,
etc.) induce a proinflammatory, prooxidative state, result-
ing in both CMD and cardiac remodeling [32].

A few studies have assessed the relationship between
coronary microvascular dysfunction and ventricular
remodeling, mostly in myocardial infarction (MI) patients.
Kitabata et al. [33] studied the prognostic significance of the
microvascular resistance index (MVRI) immediately after
PPCI with ventricular remodeling. A pressure guide wire
was used to measure the MVRI of 24 patients as the ratio of
the mean distal pressure to the average peak flow velocity
during maximal hyperemia. Cardiac magnetic resonance
was performed at baseline and at the 8-month follow-up to
determine the degree of ventricular remodeling. Logistic
regression analysis revealed that MVRI was the strongest
univariate predictor of ventricular remodeling, where
ventricular remodeling was more frequent in patients with
an MVRI>2.96 mmHg cm™!'s.

Cheng et al. [34] assessed the CFR in the noninfarcted
myocardium of AMI patients. Decreased CFR in the remote

region compared to a normal group suggested the common
occurrence of microvascular dysfunction in the remote
myocardium. Furthermore, the left ventricular end diastolic
volume was higher in AMI patients with CFR >2.05 than
in the normal group. The results showed a link between the
CFR value and adverse ventricular remodeling following
AMI.

Gulati et al. [35] performed a study in which 65 dilated
cardiomyopathy (DCM) patients and 35 healthy control
patients were enrolled. Myocardial blood flow (MBF) and
myocardial perfusion reserve (MPR) measurements were
performed on all the patients using cardiovascular magnetic
resonance to examine the relationship among myocardial
perfusion, cardiac function, and replacement fibrosis. The
data demonstrated that the DCM patients exhibited a higher
rest MBF, but lower stress MBF and MPR, than the healthy
patients. The results of the study confirmed that DCM
patients exhibit microvascular dysfunction, the severity
of which is associated with the extent of left ventricular
impairment.

Despite strong evidence that CMD contributes to the evo-
lution of HFpEF, the corresponding mechanisms are still not
well understood and need to be studied further. Numerous
studies have confirmed that CMD is closely related to car-
diac remodeling. Cardiac remodeling, in turn, is considered
to be the central player in HFpEF. Cardiac remodeling may
serve a critical function in mediating the connection between
CMD and HFpEF. ECs are not only important cellular medi-
ators of cardiac vascularization but also play an important
role in disease pathophysiology, participating in the incep-
tion and progression of cardiac remodeling. Endothelial cells
are also actively involved in the pathogenesis of CMD. Thus,
endothelial cells can be inferred to participate in the CMD
mechanism leading to HFpEF (Fig. 1).

Endothelial cell-mediated correlation
between coronary microvascular
dysfunction and HFpEF

Endothelial cells and coronary microvascular
dysfunction

Due to the high concealment and numerous etiologies of
CMD, current understanding of the CMD pathophysi-
ological mechanism is very limited. There appears to be a
multiplicity of complex CMD mechanisms that frequently
involve various combinations of several structural and func-
tional changes in coronary microcirculation. Several poten-
tial mechanisms for CMD have been proposed, including
enhanced coronary contractile response at the microvascu-
lar level (such as coronary microvascular spasm), damaged
endothelium-dependent coronary vasodilator capacities, and
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Fig. 1 Possible contributing mechanisms to HFpEF development that converge at the level of CMD and endothelial cell dysfunction and ulti-

mately lead to myocardial dysfunction

increased coronary microcirculatory resistance due to struc-
tural changes (such as luminal narrowing, vascular remode-
ling, vascular rarefaction, and extramural compression) [36].
Structural or functional damage to coronary microvascular
endothelial cells (CMECs) is a key mechanism in the occur-
rence and development of CMD [37]. Abnormalities in CMECs,
which account for approximately 1/3 of the total number of cells
in the heart, lead to impaired cardiac microvascular vessel integ-
rity and subsequent CMD [38, 39]. The stimulation of patho-
logical factors results in damage to several normal functions of
CMEC:s, including proliferation, adhesion, migration, apopto-
sis, and secretion. Finally, this damage leads to abnormity of
coronary microvascular systolic and diastolic function, increased
coronary microcirculatory resistance, and decreased myocardial
perfusion, all of which are early manifestations of CMD [39].
A bioptic study showed that activated endothelial cells
(ECs) were a leading cause of microvascular spasm in
patients with symptoms of angina pectoris or dyspnea and
unobstructed coronary arteries [40]. Emerging evidence sug-
gests ECs play specific roles in the pathogenesis of CMD.
Endothelin-1 (ET-1), nitric oxide (NO), and endothelium-
dependent hyperpolarization (EDH) factors are components
of vasoactive substances secreted by vascular endothelial
cells. These factors are considered to be biomarkers of
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vascular endothelial function. The ET-1 plasma concentra-
tion is the main systolic vascular factor and has been found
to be noticeably increased in patients with coronary slow
flow [41]. The main diastolic vascular factor, NO- and
endothelium-dependent hyperpolarization-mediated digital
vasodilatations, have been found to be markedly impaired in
microvascular angina patients [42].

In addition to impairing systolic and diastolic function,
ECs also cause CMD by deteriorating impaired cardiac
microvascular vessel integrity. Microvascular structural
changes play an important role in diabetic cardiovascular
dysfunction. Endothelial apoptosis in diabetes may contrib-
ute to microvascular barrier dysfunction and rarefaction,
which lead to CMD. GLP-1 can decrease the production of
high glucose-induced reactive oxygen species and the apop-
totic index, which, in turn, improves microvascular function
[43]. The frequent occurrence of CMD is evidenced by a
reduction in coronary flow reserve (CFR). He et al. [44]
found that endothelial-specific SIRT3 KO (ECKO) mice
exhibited myocardial capillary rarefaction together with a
reduced CFR. In agreement with this result, an animal study
by Lin et al. [45] showed that Mst1 inhibited autophagy and
enhanced apoptosis in CMECs, thus participating in the
pathogenesis of diabetic CMD.
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Endothelial cells and cardiac hypertrophy

ECs are not only important cellular mediators of cardiac vas-
cularization but are also actively involved in the pathogenesis
of heart failure. In fact, the interaction of ECs with their local
environment modulates cardiac remodeling processes, and the
balance of positive and negative signals determines the outcome
of the remodeling response [46]. BRG1, a key component of the
chromatin remodeling complex, is positively correlated with the
pathogenesis of pathological cardiac hypertrophy in response to
Ang II. Studies on mice constructed with endothelial-specific
ablation of BRG1 have confirmed that BRG1 mediates Ang II-
induced MRPS production and macrophage homing to promote
cardiac hypertrophy [47].

Cardiomyocytes play a key role in the pathogenesis of
cardiac hypertrophy. Endothelial cells have been confirmed
to communicate with adjacent cardiomyocytes, fibroblasts,
and other cells resident in the heart by the release of growth
factors, such as NO, ET-1, prostaglandins, or neuregulin-1
[48-51] (Table 1). The role of NO and ET-1 in cardiac
hypertrophy has been intensively studied. Endothelial-cell-
derived NO has been shown to have an inhibitory effect on
cardiac hypertrophy. Liu et al. [48] reported that mice with
endothelial-specific deletion of S1prl showed significantly
aggravated cardiac dysfunction and deteriorated cardiac
hypertrophy. The results of in vitro experiments have
provided confirmation that SIP/S1prl activates the AKT/
eNOS signaling pathway in ECs, leading to increased
production of NO, an essential inhibitor of cardiomyocyte
hypertrophy. Unlike NO, ET-1 promotes the formation of
cardiac hypertrophy. Ang II stimulates ET-1 transcription,
which, in turn, leads to cardiac hypertrophy [52]. Weng
et al. [53] discovered that endothelial MRTF-A links ET-1
transactivation in ECs to cardiac hypertrophy via Ang II.
In recent years, there has been considerably interest in
neuregulin-1 (NRG-1), which belongs to the epidermal
growth factor family and is expressed and released by
CMECs. Vascular endothelial growth factor (VEGF)
promotes NRG-1 release from ECs, and Akt, a signaling

Table 1 Summary of roles of EC-derived multifunctional cytokines
in cardiac remodeling

Cytokines  Cardiomyocyte Fibroblast ~EndoMT  Reference
hypertrophy activation

NO - - [68, 69]
ET-1 + + [50, 65]
CTGF - + [70, 71]
TGF-p1 + + + [72-74]
NRG-1 + [54]
Notch - + + [75-77]
HIF-a + + [78,79]

kinase that promotes myocyte growth, can be activated by
NRG-1. VEGF is thought to contribute to cardiomyocyte
hypertrophy by promoting the secretion of NRG-1 in ECs,
because incubation of cardiomyocytes with conditioned
medium from VEGF-treated ECs was found to result in
increased phosphorylation of Akt [54].

Endothelial cells and cardiac fibrosis

Although fibroblasts are generally considered to be the cen-
tral players in fibrosis, ECs are also important participants
in the inception and progression of fibrosis. ECs can act as
a source of myofibroblasts via the endothelial-mesenchymal
transition (EndoMT) and therefore significantly contribute
to the formation of extracellular matrix during fibrogenesis
[55]. ECs also secrete numerous cytokines, which can posi-
tively or negatively affect cardiac remodeling [56] (Table 1).

EndoMT is considered to be the phenotypic transition
of ECs into mesenchymal cells and has been increasingly
receiving attention in recent years. During EndoMT, ECs
lose some of their characteristics and acquire several char-
acteristics of mesenchymal cells, such as loss of cell-cell
adhesion, enhanced motility, and increased extracellular
matrix protein secretion [57]. It has been suggested that a
variety of stimuli, such as inflammation, growth factors, and
hypoxia, regulate EndoMT via various signaling pathways
and intracellular transcription factors.

The signaling cascade induced by the transforming
growth factor-p (TGF-p) has been implicated as a central
pathway in EndoMT [55]. This cascade facilitates the
progression of cardiac fibrosis by regulating numerous
transcriptional regulators, such as the Snail family of zinc
finger transcription factors (Snail, Slug, Twist), as well as
Zeb transcription factors (Zebl and Zeb2) [58, 59]. Among
these transcription factors, Snail, Slug, and Twist have been
proven to promote the occurrence of EndoMT. In a study by
Xu [60], myocardial fibrosis was found to be considerably
reduced in mice with endothelial Ets-1 deletion, which was
accompanied by reduced EndoMT with decreased Snail, Slug,
Twist, and ZEB1 expression. To further confirm the role of
Ets-1 in EndoMT in vitro, cardiac endothelial cells were
treated with TGF-P1, an inducer of EndoMT. In agreement
with the in vivo findings, the expression levels of Snail, Slug,
and Twist were decreased in Ets-1 knockdown cells.

The other key signal in cardiac fibrosis is the Notch path-
way. This pathway mainly mediates the formation of myocar-
dial fibrosis by promoting the expression of the Snail, Slug,
and Zeb] transcription factors during the EndoMT process.
Frias et al. [61] found that active Notch expression promotes
EndMT of aortic ECs, which results in upregulation of mes-
enchymal genes, such as those for fibronectin and Snail.
Moreover, TGF-p1 exacerbates the Notch effect by increas-
ing Snaill and fibronectin activation.
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Cross-talk between hypoxia and other signaling
pathways has been shown to be a powerful inducer of
EndoMT-related cardiac fibrosis. Hypoxia-inducible
factor-1ao (HIF-1a) has been recently recognized as an
important molecule for the regulation of the EndoMT
process under hypoxic conditions. HIF-1a can promote
the EndoMT of human coronary endothelial cells by acti-
vating the transcription factor Snail [62]. Liu et al. [63]
cultured human cardiac microvascular endothelial cells

Cardiomyocyte

(HCMECsS) in a strictly controlled hypoxic environment
(1% O,). The results confirmed that hypoxia induces
EndoMT in HCMECs mainly by activating TGF-p and
Notch signaling.

In this section, we discuss EC-derived cytokines with
known effects on cardiac fibrosis (Table 1). These ECs produce
paracrine factors that can modulate fibroblast activation,
fibroblast proliferation, and ECM deposition. These paracrine
factors include NO, CTGF, TGF-f1, and ET-1 [56]. TGF-p1

hypertrophy Myofibroblast
Cardiomyocyte Fibroblast/ \
EndoMT
il &

EndothelialZell

Endothelial cell

Endothelial cell

— @ )
NO *
ET-1, NRG-1 f
TGF-B1
Notch
HIF-1a
Cardiomyocyte _ )
hypertrpphy Fibroblast activation
cardiac hypertrophy myocardial fibrosis
<

Fig.2 Impact of endothelial cell dysfunction on the pathogenesis of
HFpEF. Comorbidities, such as obesity, hypertension, diabetes, estro-
gen loss, and inactivity, induce a systemic inflammatory state lead-
ing to endothelial cell dysfunction, and the resulting altered secretion
levels of NO, EDH, ET-1, and GLP-1 promote CMD. The resulting
CMD is closely related to cardiac remodeling. However, endothe-
lial cell dysfunction contributes to cardiomyocyte hypertrophy and
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fibroblast activation by regulating the levels of a range of inflamma-
tory cytokines, such as NO, ET-1, NRG-1, CTGF, and TGF-f}, which
eventually leads to cardiac remodeling. Furthermore, activation
of the TGF-f-, Notch-, and HIF-la-related pathways results in the
endothelial-to-mesenchymal transition (EndMT), a process by which
endothelial cells transdifferentiate into myofibroblasts, resulting in
cardiac fibrosis
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is the most prominent cytokine implicated in myofibroblast
transformation and fibrotic remodeling. KIf2 overexpression
has been found to reduce Ang-II-elevated TGF-p1 expression in
ECs. Moreover, conditioned medium from ECs overexpressing
KLF?2 has been found to attenuate cardiac fibroblast migration
and proliferation, with associated reduced expression of
a-SMA, collagen type I, and collagen type III. ET-1, mainly
produced by ECs upon cardiac injury, is sufficient to promote
fibroblast proliferation, activation and collagen synthesis.
Conversely, endothelial-specific ET-1 knockout was found
to remarkably improve myocardial fibrosis and cardiac
function [64]. Zhang et al. [65] confirmed that the deletion
of E26 transformation-specific (ETS)-related gene (ERG)
in ECs promoted the secretion of ET-1, which subsequently
accelerated the proliferation, phenotypic transition, and
collagen production of cardiac fibroblasts in a paracrine
manner. NO has been shown to be an essential cardioprotective
factor. NO can protect the heart from cardiac fibrosis during
the pathological processes of chronic heart failure [66]. The
results of in vitro experiments have demonstrated that SIPR1-
expressing HUVECs produced and secreted a high quantity
of NO into a cell-culture supernatant, thus reducing fibroblast
proliferation, fibroblast-to-myofibroblast differentiation,
and extracellular matrix production in a paracrine manner
[48]. Connective tissue growth factor (CTGF) is currently
recognized as a potent profibrotic factor. Lee et al. [67]
confirmed that snail-overexpressing ECs noticeably stimulated
the transdifferentiation of fibroblasts to myofibroblasts via the
secretion of CTGF.

Conclusion

Structural and functional alterations in coronary microcir-
culation potentially lead to HFpEF. Improvements in the
understanding of the pathophysiology of HFpEF, a dis-
ease affecting half of the total-heart-failure population,
has increased the body of evidence on the involvement
of CMD in HFpEF. CMD is closely related to cardiac
remodeling, which ultimately leads to HFpEF. Cardiac
remodeling is characterized by cardiac hypertrophy and
myocardial fibrosis. Furthermore, ECs contribute to both
CMD and cardiac remodeling.

Structural or functional damage to coronary microvas-
cular endothelial cells is the core process in the occurrence
and development of CMD. ECs can contribute to cardiac
hypertrophy and fibrosis via the endothelial-mesenchy-
mal transition (EndoMT) or by secreting profibrotic and
hypertrophic mediators. In this review, the importance of
CMD in the pathogenesis of HFpEF resulting from cardiac
remodeling is highlighted, and the subsequent complexity
of the EC-mediated correlation between CMD and HFpEF
is emphasized (Fig. 2).

HFpEEF is a complex disorder caused by multifactorial
stresses secondary to comorbidities. Only treatment of
risk factors has been shown to be effective for preventing
HFpEEF thus far. Cardiac remodeling and CMD-modifying
medications should be seriously considered during HFpEF
treatment. EC damage is the key link between CMD and
HFpEF. The next challenge is to find novel multidirec-
tional strategies to abrogate endothelial dysfunction and
subsequent cardiac remodeling and CMD. The numerous
remaining gaps in our knowledge warrant further investi-
gation of the association of ECs and HFpEF.

Funding This work was supported by the Chinese National Natural
Science Foundation (No. 82004280 and No. 82104797).

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Tomasoni D, Adamo M, Lombardi CM, Metra M (2019) High-
lights in heart failure. ESC Heart Fail 6(6):1105-1127. https://
doi.org/10.1002/ehf2.12555

2. Schwinger RHG (2021) Pathophysiology of heart failure. Cardiovasc
Diagn Ther 11(1):263-276. https://doi.org/10.21037/cdt-20-302

3. Oren O, Goldberg S (2017) Heart failure with preserved ejection
fraction diagnosis and management. Am J Med 130(5):510-516

4. Xanthopoulos A, Triposkiadis F, Starling RC (2018) Heart fail-
ure with preserved ejection fraction: classification based upon
phenotype is essential for diagnosis and treatment. Trends
Cardiovasc Med 28(6):392—400. https://doi.org/10.1016/j.tcm.
2018.01.001

5. Mohammed SF, Majure DT, Redfield MM (2016) Zooming in on the
microvasculature in heart failure with preserved ejection fraction. Circ
Heart Fail 9(7). https://doi.org/10.1161/CIRCHEARTFAILURE.116.
003272

6. Milicic D, Jakus N, Fabijanovic D (2018) Microcirculation and
Heart Failure. Curr Pharm Des 24(25):2954-2959. https://doi.
org/10.2174/1381612824666180625143232

7. Kibel A, Selthofer-Relatic K, Drenjancevic I, Bacun T, Bosnjak
I, Kibel D et al (2017) Coronary microvascular dysfunction in
diabetes mellitus. J Int Med Res 45(6):1901-1929. https://doi.
org/10.1177/0300060516675504

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ehf2.12555
https://doi.org/10.1002/ehf2.12555
https://doi.org/10.21037/cdt-20-302
https://doi.org/10.1016/j.tcm.2018.01.001
https://doi.org/10.1016/j.tcm.2018.01.001
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003272
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003272
https://doi.org/10.2174/1381612824666180625143232
https://doi.org/10.2174/1381612824666180625143232
https://doi.org/10.1177/0300060516675504
https://doi.org/10.1177/0300060516675504

176

Heart Failure Reviews (2023) 28:169-178

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Guarini G, Giuseppina Capozza P, Huqi A, Morrone D, M
Chilian W, Marzilli M (2013) Microvascular function/dysfunction
downstream a coronary stenosis. Curr Pharm Des 19(13):2366-74
Vancheri F, Longo G, Vancheri S, Henein M (2020) Coronary
microvascular dysfunction. J Clin Med 9(9). https://doi.org/10.
3390/jcm9092880

Chen C, Wei J, AlBadri A, Zarrini P, Bairey Merz CN (2016)
Coronary microvascular dysfunction- epidemiology, pathogenesis,
prognosis, diagnosis, risk factors and therapy. Circ J 81(1):3-11.
https://doi.org/10.1253/circj.CJ-16-1002

Camici PG, Tschope C, Di Carli MF, Rimoldi O, Van Linthout S
(2020) Coronary microvascular dysfunction in hypertrophy and
heart failure. Cardiovasc Res 116(4):806-816. https://doi.org/10.
1093/cvr/cvaa023

Dryer K, Gajjar M, Narang N, Lee M, Paul J, Shah AP et al (2018)
Coronary microvascular dysfunction in patients with heart failure
with preserved ejection fraction. Am J Physiol Heart Circ Physiol
314(5):H1033-H1042. https://doi.org/10.1152/ajpheart.00680.
2017

Shah SJ, Lam CSP, Svedlund S, Saraste A, Hage C, Tan RS
et al (2018) Prevalence and correlates of coronary microvascu-
lar dysfunction in heart failure with preserved ejection fraction:
PROMIS-HFpEF. Eur Heart J 39(37):3439-3450. https://doi.org/
10.1093/eurheartj/ehy531

Taqueti VR, Solomon SD, Shah AM, Desai AS, Groarke JD,
Osborne MT et al (2018) Coronary microvascular dysfunction
and future risk of heart failure with preserved ejection fraction.
Eur Heart J 39(10):840-849. https://doi.org/10.1093/eurheartj/
ehx721

Xanthopoulos A, Dimos A, Giamouzis G, Bourazana A, Zagouras
A, Papamichalis M et al (2020) Coexisting morbidities in heart
failure: no robust interaction with the left ventricular ejection frac-
tion. Curr Heart Fail Rep 17(4):133—-144. https://doi.org/10.1007/
s11897-020-00461-3

Wei J, Nelson MD, Sharif B, Shufelt C, Bairey Merz CN (2018)
Why do we care about coronary microvascular dysfunction
and heart failure with preserved ejection fraction: address-
ing knowledge gaps for evidence-based guidelines. Eur Heart J
39(37):3451-3453. https://doi.org/10.1093/eurheartj/ehy558
D’Amario D, Migliaro S, Borovac JA, Restivo A, Vergallo R, Galli
M et al (2019) Microvascular dysfunction in heart failure with
preserved ejection fraction. Front Physiol 10:1347. https://doi.
org/10.3389/fphys.2019.01347

Liu BH, Li YG, Liu JX, Zhao XJ, Jia Q, Liu CL et al (2019)
Assessing inflammation in Chinese subjects with subtypes of
heart failure: an observational study of the Chinese PLA Hospital
Heart Failure Registry. J Geriatr Cardiol 16(4):313-319. https://
doi.org/10.11909/j.issn.1671-5411.2019.04.002

Hage C, Michaelsson E, Linde C, Donal E, Daubert JC,
Gan LM et al (2017) Inflammatory biomarkers predict
heart failure severity and prognosis in patients with heart
failure with preserved ejection fraction: a holistic proteomic
approach. Circ Cardiovasc Genet 10(1). https://doi.org/10.
1161/CIRCGENETICS.116.001633

Tona F, Serra R, Di Ascenzo L, Osto E, Scarda A, Fabris R et al
(2014) Systemic inflammation is related to coronary microvas-
cular dysfunction in obese patients without obstructive coronary
disease. Nutr Metab Cardiovasc Dis 24(4):447-453. https://doi.
org/10.1016/j.numecd.2013.09.021

van Heerebeek L, Paulus WJ (2016) Understanding heart failure
with preserved ejection fraction: where are we today?. Neth Heart
J 24(4):227-236. https://doi.org/10.1007/s12471-016-0810-1
Vasiljevic Z, Krljanac G, Zdravkovic M, Lasica R, Trifunovic D,
Asanin M (2018) Coronary microcirculation in heart failure with
preserved systolic function. Curr Pharm Des 24(25):2960-2966.
https://doi.org/10.2174/1381612824666180711124131

@ Springer

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Triposkiadis F, Giamouzis G, Parissis J, Starling RC, Boudoulas H,
Skoularigis J et al (2016) Reframing the association and significance
of co-morbidities in heart failure. Eur J Heart Fail 18(7):744-758.
https://doi.org/10.1002/ejhf.600

Haass M, Kitzman DW, Anand IS, Miller A, Zile MR, Massie
BM et al (2011) Body mass index and adverse cardiovascu-
lar outcomes in heart failure patients with preserved ejection
fraction: results from the I-PRESERVE trial. Circ Heart Fail
4(3):324-331

Quercioli A, Pataky Z, Montecucco F, Carballo S, Thomas A,
Staub C et al (2012) Coronary vasomotor control in obesity
and morbid obesity: contrasting flow responses with endocan-
nabinoids, leptin, and inflammation. JACC Cardiovasc Imaging
5(8):805-815. https://doi.org/10.1016/j.jcmg.2012.01.020
Campbell DJ, Somaratne JB, Prior DL, Yii M, Kenny JF, Newcomb
AE et al (2013) Obesity is associated with lower coronary micro-
vascular density. PLoS One 8(11):e81798. https://doi.org/10.1371/
journal.pone.0081798

Jaiswal A, Nguyen VQ, Carry BJ, le Jemtel TH (2016) Pharma-
cologic and endovascular reversal of left ventricular remodeling. J
Card Fail 22(10):829-839. https://doi.org/10.1016/j.cardfail.2016.
03.017

Zhao W, Zhao J, Rong J (2020) Pharmacological modulation of
cardiac remodeling after myocardial infarction. Oxid Med Cell
Longev 2020:8815349. https://doi.org/10.1155/2020/8815349
Frangogiannis NG (2019) Cardiac fibrosis: cell biological mecha-
nisms, molecular pathways and therapeutic opportunities. Mol
Aspects Med 65:70-99. https://doi.org/10.1016/j.mam.2018.07.
001

LiY, Liang Y, Zhu Y, Zhang Y, Bei Y (2018) Noncoding RNAs
in cardiac hypertrophy. J Cardiovasc Transl Res 11(6):439-449.
https://doi.org/10.1007/s12265-018-9797-x

Paulus WJ, Tschope C (2013) A novel paradigm for heart failure
with preserved ejection fraction: comorbidities drive myocardial
dysfunction and remodeling through coronary microvascular
endothelial inflammation. J Am Coll Cardiol 62(4):263-271.
https://doi.org/10.1016/j.jacc.2013.02.092

Koller A, Szenasi A, Dornyei G, Kovacs N, Lelbach A, Kovacs
1(2018) Coronary microvascular and cardiac dysfunction due to
homocysteine pathometabolism; a complex therapeutic design.
Curr Pharm Des 24(25):2911-2920. https://doi.org/10.2174/
1381612824666180625125450

Kitabata H, Kubo T, Ishibashi K, Komukai K, Tanimoto T, Ino
Y et al (2013) Prognostic value of microvascular resistance index
immediately after primary percutaneous coronary intervention on
left ventricular remodeling in patients with reperfused anterior
acute ST-segment elevation myocardial infarction. JACC Cardio-
vasc Interv 6(10):1046-1054. https://doi.org/10.1016/j.jcin.2013.
05.014

Cheng R, Wei G, YuL, SuZ, Wei L, Bai X et al (2014) Coronary
flow reserve in the remote myocardium predicts left ventricular
remodeling following acute myocardial infarction. Yonsei Med J
55(4):904-911. https://doi.org/10.3349/ym;j.2014.55.4.904
Gulati A, Ismail TF, Ali A, Hsu LY, Goncalves C, Ismail NA et al
(2019) Microvascular dysfunction in dilated cardiomyopathy: a
quantitative stress perfusion cardiovascular magnetic resonance
study. JACC Cardiovasc Imaging 12(8 Pt 2):1699-1708. https://
doi.org/10.1016/j.jcmg.2018.10.032

Godo S, Suda A, Takahashi J, Yasuda S, Shimokawa H (2021)
Coronary microvascular dysfunction. Arterioscler Thromb Vasc
Biol 41(5):1625-1637. https://doi.org/10.1161/ATVBAHA.121.
316025

Deng J (2021) Research progress on the molecular mechanism of
coronary microvascular endothelial cell dysfunction. Int J Car-
diol Heart Vasc 34:100777. https://doi.org/10.1016/j.ijcha.2021.
100777


https://doi.org/10.3390/jcm9092880
https://doi.org/10.3390/jcm9092880
https://doi.org/10.1253/circj.CJ-16-1002
https://doi.org/10.1093/cvr/cvaa023
https://doi.org/10.1093/cvr/cvaa023
https://doi.org/10.1152/ajpheart.00680.2017
https://doi.org/10.1152/ajpheart.00680.2017
https://doi.org/10.1093/eurheartj/ehy531
https://doi.org/10.1093/eurheartj/ehy531
https://doi.org/10.1093/eurheartj/ehx721
https://doi.org/10.1093/eurheartj/ehx721
https://doi.org/10.1007/s11897-020-00461-3
https://doi.org/10.1007/s11897-020-00461-3
https://doi.org/10.1093/eurheartj/ehy558
https://doi.org/10.3389/fphys.2019.01347
https://doi.org/10.3389/fphys.2019.01347
https://doi.org/10.11909/j.issn.1671-5411.2019.04.002
https://doi.org/10.11909/j.issn.1671-5411.2019.04.002
https://doi.org/10.1161/CIRCGENETICS.116.001633
https://doi.org/10.1161/CIRCGENETICS.116.001633
https://doi.org/10.1016/j.numecd.2013.09.021
https://doi.org/10.1016/j.numecd.2013.09.021
https://doi.org/10.1007/s12471-016-0810-1
https://doi.org/10.2174/1381612824666180711124131
https://doi.org/10.1002/ejhf.600
https://doi.org/10.1016/j.jcmg.2012.01.020
https://doi.org/10.1371/journal.pone.0081798
https://doi.org/10.1371/journal.pone.0081798
https://doi.org/10.1016/j.cardfail.2016.03.017
https://doi.org/10.1016/j.cardfail.2016.03.017
https://doi.org/10.1155/2020/8815349
https://doi.org/10.1016/j.mam.2018.07.001
https://doi.org/10.1016/j.mam.2018.07.001
https://doi.org/10.1007/s12265-018-9797-x
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.2174/1381612824666180625125450
https://doi.org/10.2174/1381612824666180625125450
https://doi.org/10.1016/j.jcin.2013.05.014
https://doi.org/10.1016/j.jcin.2013.05.014
https://doi.org/10.3349/ymj.2014.55.4.904
https://doi.org/10.1016/j.jcmg.2018.10.032
https://doi.org/10.1016/j.jcmg.2018.10.032
https://doi.org/10.1161/ATVBAHA.121.316025
https://doi.org/10.1161/ATVBAHA.121.316025
https://doi.org/10.1016/j.ijcha.2021.100777
https://doi.org/10.1016/j.ijcha.2021.100777

Heart Failure Reviews (2023) 28:169-178

177

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Crea F, Camici PG, Bairey Merz CN (2014) Coronary micro-
vascular dysfunction: an update. Eur Heart J 35(17):1101-1111.
https://doi.org/10.1093/eurheartj/eht513

Marinescu MA, Loffler Al, Ouellette M, Smith L, Kramer CM,
Bourque JM (2015) Coronary microvascular dysfunction, micro-
vascular angina, and treatment strategies. JACC Cardiovasc Imag-
ing 8(2):210-220. https://doi.org/10.1016/j.jcmg.2014.12.008
Lindemann H, Petrovic I, Hill S, Athanasiadis A, Mahrholdt
H, Schaufele T et al (2018) Biopsy-confirmed endothelial cell
activation in patients with coronary microvascular dysfunction.
Coron Artery Dis 29(3):216-222. https://doi.org/10.1097/MCA.
0000000000000599

Li Y, Zhang H, Liang Y, Wang W, Xu T, Zhang J et al (2018)
Effects of hyperbaric oxygen on vascular endothelial function in
patients with slow coronary flow. Cardiol J 25(1):106—112. https://
doi.org/10.5603/CJ.a2017.0132

Ohura-Kajitani S, Shiroto T, Godo S, Ikumi Y, Ito A, Tanaka S
et al (2020) Marked impairment of endothelium-dependent digi-
tal vasodilatations in patients with microvascular angina: evidence
for systemic small artery disease. Arterioscler Thromb Vasc Biol
40(5):1400-1412. https://doi.org/10.1161/ATVBAHA.119.313704
Wang D, Luo P, Wang Y, Li W, Wang C, Sun D et al (2013)
Glucagon-like peptide-1 protects against cardiac microvascular
injury in diabetes via a cAMP/PKA/Rho-dependent mechanism.
Diabetes 62(5):1697-1708. https://doi.org/10.2337/db12-1025
He X, Zeng H, Chen ST, Roman RJ, Aschner JL, Didion S et al
(2017) Endothelial specific SIRT3 deletion impairs glycolysis and
angiogenesis and causes diastolic dysfunction. J Mol Cell Cardiol
112:104-113. https://doi.org/10.1016/j.yjmcc.2017.09.007
LinJ, Zhang L, Zhang M, Hu J, Wang T, Duan Y et al (2016) Mstl
inhibits CMECs autophagy and participates in the development
of diabetic coronary microvascular dysfunction. Sci Rep 6:34199.
https://doi.org/10.1038/srep34199

Segers VFM, Brutsaert DL, De Keulenaer GW (2018) Cardiac
remodeling: endothelial cells have more to say than just NO. Front
Physiol 9:382. https://doi.org/10.3389/fphys.2018.00382
LiZ,Zhang Y, Zhang Y, Yu L, Xiao B, Li T et al (2020) BRG1 Stim-
ulates endothelial derived alarmin MRP8 to promote macrophage
infiltration in an animal model of cardiac hypertrophy. Front Cell
Dev Biol 8:569. https://doi.org/10.3389/fcell.2020.00569

Liu X, Wu J, Zhu C, Liu J, Chen X, Zhuang T et al (2020)
Endothelial S1prl regulates pressure overload-induced cardiac
remodelling through AKT-eNOS pathway. J Cell Mol Med
24(2):2013-2026. https://doi.org/10.1111/jcmm.14900

Franssen C, Chen S, Unger A, Korkmaz HI, De Keulenaer GW, Tschope
Cetal (2016) Myocardial microvascular inflammatory endothelial acti-
vation in heart failure with preserved ejection fraction. JACC Heart Fail
4(4):312-324. https://doi.org/10.1016/j.jchf.2015.10.007

Yu L, Yang G, Weng X, Liang P, Li L, Li J et al (2015) Histone
methyltransferase SET1 mediates angiotensin II-induced
endothelin-1 transcription and cardiac hypertrophy in mice.
Arterioscler Thromb Vasc Biol 35(5):1207-1217. https://doi.org/
10.1161/ATVBAHA.115.305230

Liu J, Zhuang T, Pi J, Chen X, Zhang Q, Li Y et al (2019)
Endothelial Forkhead Box transcription factor P1 regulates
pathological cardiac remodeling through transforming growth
factor-betal-endothelin-1 signal pathway. Circulation 140(8):665—
680. https://doi.org/10.1161/CIRCULATIONAHA.119.039767
Adiarto S, Heiden S, Vignon-Zellweger N, Nakayama K, Yagi K,
Yanagisawa M et al (2012) ET-1 from endothelial cells is required for
complete angiotensin II-induced cardiac fibrosis and hypertrophy. Life
Sci 91(13-14):651-657. https://doi.org/10.1016/j.1£5.2012.02.006
Weng X, YuL, Liang P, Chen D, Cheng X, Yang Y et al (2015)
Endothelial MRTF-A mediates angiotensin II induced cardiac
hypertrophy. J Mol Cell Cardiol 80:23-33. https://doi.org/10.
1016/j.yjmcec.2014.11.009

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kivela R, Hemanthakumar KA, Vaparanta K, Robciuc M,
Izumiya Y, Kidoya H et al (2019) Endothelial cells regulate
physiological cardiomyocyte growth via VEGFR2-mediated
paracrine signaling. Circulation 139(22):2570-2584. https://
doi.org/10.1161/CIRCULATIONAHA.118.036099

Cheng W, Li X, Liu D, Cui C, Wang X (2021) Endothelial-to-
mesenchymal transition: role in cardiac fibrosis. J Cardiovasc Pharmacol
Ther 26(1):3-11. https://doi.org/10.1177/1074248420952233

Sun X, Nkennor B, Mastikhina O, Soon K, Nunes SS (2020)
Endothelium-mediated contributions to fibrosis. Semin Cell Dev
Biol 101:78-86. https://doi.org/10.1016/j.semcdb.2019.10.015
Gong H, Lyu X, Wang Q, Hu M, Zhang X (2017) Endothelial to
mesenchymal transition in the cardiovascular system. Life Sci
184:95-102. https://doi.org/10.1016/j.1fs.2017.07.014

Chen PY, Schwartz MA, Simons M (2020) Endothelial-to-
mesenchymal transition, vascular inflammation, and atherosclerosis.
Front Cardiovasc Med 7:53. https://doi.org/10.3389/fcvm.2020.00053
S G, C C-V, F. S (2018) Transforming growth factor-beta family:
advances in vascular function and signaling. Curr Protein Pept
Sci 19(12):1164-71

Xu L, Fu M, Chen D, Han W, Ostrowski MC, Grossfeld P et al
(2019) Endothelial-specific deletion of Ets-1 attenuates angio-
tensin II-induced cardiac fibrosis via suppression of endothelial-
to-mesenchymal transition. BMB Rep 52(10):595-600. https://
doi.org/10.5483/BMBRep.2019.52.10.206

Frias A, Lambies G, Vinas-Castells R, Martinez-Guillamon C,
Dave N, Garcia de Herreros A et al (2015) A Switch in Akt iso-
forms is required for notch-induced snaill expression and pro-
tection from cell death. Mol Cell Biol 36(6):923-940. https://
doi.org/10.1128/MCB.01074-15

Xu X, Tan X, Tampe B, Sanchez E, Zeisberg M, Zeisberg EM
(2015) Snail is a direct target of hypoxia-inducible factor lalpha
(HIFlalpha) in hypoxia-induced endothelial to mesenchymal
transition of human coronary endothelial cells. J Biol Chem
290(27):16653-16664. https://doi.org/10.1074/jbc.M115.
636944

LiuY, ZouJ, Li B, Wang Y, Wang D, Hao Y et al (2017) RUNX3
modulates hypoxia-induced endothelial-to-mesenchymal transi-
tion of human cardiac microvascular endothelial cells. Int J Mol
Med 40(1):65-74. https://doi.org/10.3892/ijmm.2017.2998
Dhaun N, Webb DJ (2019) Endothelins in cardiovascular biology
and therapeutics. Nat Rev Cardiol 16(8):491-502. https://doi.org/
10.1038/s41569-019-0176-3

Zhang X, Hu C, Yuan YP, Song P, Kong CY, Wu HM et al
(2021) Endothelial ERG alleviates cardiac fibrosis via blocking
endothelin-1-dependent paracrine mechanism. Cell Biol Toxicol.
https://doi.org/10.1007/s10565-021-09581-5

Sandner P, Stasch JP (2017) Anti-fibrotic effects of soluble gua-
nylate cyclase stimulators and activators: A review of the preclini-
cal evidence. Respir Med 122(Suppl 1):S1-S9. https://doi.org/10.
1016/j.rmed.2016.08.022

Lee SW, Won JY, Kim WJ, Lee J, Kim KH, Youn SW et al (2013)
Snail as a potential target molecule in cardiac fibrosis: paracrine
action of endothelial cells on fibroblasts through snail and CTGF
axis. Mol Ther 21(9):1767-1777. https://doi.org/10.1038/mt.
2013.146

Yang RH, Tan X, Ge LJ, Sun JC, Peng XD, Wang WZ (2019)
Interleukin enhancement binding factor 3 inhibits cardiac hyper-
trophy by targeting asymmetric dimethylarginine-nitric oxide.
Nitric Oxide 93:44-52. https://doi.org/10.1016/j.ni0x.2019.09.002
Chan P, Liu JC, Lin LJ, Chen PY, Cheng TH, Lin JG et al (2011)
Tanshinone IIA inhibits angiotensin II-induced cell proliferation
in rat cardiac fibroblasts. Am J Chin Med 39(2):381-394. https://
doi.org/10.1142/S0192415X11008890

Gravning J, Ahmed MS, von Lueder TG, Edvardsen T, Attramadal
H (2013) CCN2/CTGF attenuates myocardial hypertrophy and

@ Springer


https://doi.org/10.1093/eurheartj/eht513
https://doi.org/10.1016/j.jcmg.2014.12.008
https://doi.org/10.1097/MCA.0000000000000599
https://doi.org/10.1097/MCA.0000000000000599
https://doi.org/10.5603/CJ.a2017.0132
https://doi.org/10.5603/CJ.a2017.0132
https://doi.org/10.1161/ATVBAHA.119.313704
https://doi.org/10.2337/db12-1025
https://doi.org/10.1016/j.yjmcc.2017.09.007
https://doi.org/10.1038/srep34199
https://doi.org/10.3389/fphys.2018.00382
https://doi.org/10.3389/fcell.2020.00569
https://doi.org/10.1111/jcmm.14900
https://doi.org/10.1016/j.jchf.2015.10.007
https://doi.org/10.1161/ATVBAHA.115.305230
https://doi.org/10.1161/ATVBAHA.115.305230
https://doi.org/10.1161/CIRCULATIONAHA.119.039767
https://doi.org/10.1016/j.lfs.2012.02.006
https://doi.org/10.1016/j.yjmcc.2014.11.009
https://doi.org/10.1016/j.yjmcc.2014.11.009
https://doi.org/10.1161/CIRCULATIONAHA.118.036099
https://doi.org/10.1161/CIRCULATIONAHA.118.036099
https://doi.org/10.1177/1074248420952233
https://doi.org/10.1016/j.semcdb.2019.10.015
https://doi.org/10.1016/j.lfs.2017.07.014
https://doi.org/10.3389/fcvm.2020.00053
https://doi.org/10.5483/BMBRep.2019.52.10.206
https://doi.org/10.5483/BMBRep.2019.52.10.206
https://doi.org/10.1128/MCB.01074-15
https://doi.org/10.1128/MCB.01074-15
https://doi.org/10.1074/jbc.M115.636944
https://doi.org/10.1074/jbc.M115.636944
https://doi.org/10.3892/ijmm.2017.2998
https://doi.org/10.1038/s41569-019-0176-3
https://doi.org/10.1038/s41569-019-0176-3
https://doi.org/10.1007/s10565-021-09581-5
https://doi.org/10.1016/j.rmed.2016.08.022
https://doi.org/10.1016/j.rmed.2016.08.022
https://doi.org/10.1038/mt.2013.146
https://doi.org/10.1038/mt.2013.146
https://doi.org/10.1016/j.niox.2019.09.002
https://doi.org/10.1142/S0192415X11008890
https://doi.org/10.1142/S0192415X11008890

178

Heart Failure Reviews (2023) 28:169-178

71.

72.

73.

74.

75.

cardiac dysfunction upon chronic pressure-overload. Int J Cardiol
168(3):2049-2056. https://doi.org/10.1016/j.ijcard.2013.01.165
Qu H, Wang Y, Wang Y, Yang T, Feng Z, Qu Y et al (2017)
Luhong formula inhibits myocardial fibrosis in a paracrine manner
by activating the gp130/JAK2/STAT3 pathway in cardiomyocytes.
J Ethnopharmacol 202:28-37. https://doi.org/10.1016/j.jep.2017.
01.033

Tarbit E, Singh I, Peart JN, Rose’Meyer RB (2019) Biomark-
ers for the identification of cardiac fibroblast and myofibro-
blast cells. Heart Fail Rev 24(1):1-15. https://doi.org/10.1007/
s10741-018-9720-1

SiL, XulJ, YiC, Xu X, Wang F, Gu W et al (2014) Asiatic acid
attenuates cardiac hypertrophy by blocking transforming growth
factor-betal-mediated hypertrophic signaling in vitro and in vivo.
Int J Mol Med 34(2):499-506. https://doi.org/10.3892/ijmm.2014.
1781

Zhang H, Hu J, Liu L (2017) MiR-200a modulates TGF-betal-
induced endothelial-to-mesenchymal shift via suppression of
GRB2 in HAECs. Biomed Pharmacother 95:215-222. https://
doi.org/10.1016/j.biopha.2017.07.104

Wei X, Yang Y, Jiang YJ, Lei JM, Guo JW, Xiao H (2018) Relaxin
ameliorates high glucose-induced cardiomyocyte hypertrophy and
apoptosis via the Notch1 pathway. Exp Ther Med 15(1):691-698.
https://doi.org/10.3892/etm.2017.5448

@ Springer

76.

7.

78.

79.

Fan YH, Dong H, Pan Q, Cao YJ, Li H, Wang HC (2011) Notch
signaling may negatively regulate neonatal rat cardiac fibroblast-
myofibroblast transformation. Physiol Res 60(5):739-748. https://
doi.org/10.33549/physiolres.932149

Zhou X, Chen X, Cai JJ, Chen LZ, Gong YS, Wang LX et al
(2015) Relaxin inhibits cardiac fibrosis and endothelial-mesen-
chymal transition via the Notch pathway. Drug Des Devel Ther
9:4599-4611. https://doi.org/10.2147/DDDT.S85399
Aquino-Galvez A, Gonzalez-Avila G, Jimenez-Sanchez LL,
Maldonado-Martinez HA, Cisneros J, Toscano-Marquez F et al (2019)
Dysregulated expression of hypoxia-inducible factors augments
myofibroblasts differentiation in idiopathic pulmonary fibrosis. Respir
Res 20(1):130. https://doi.org/10.1186/s12931-019-1100-4

Xu X, Tan X, Hulshoff MS, Wilhelmi T, Zeisberg M, Zeisberg
EM (2016) Hypoxia-induced endothelial-mesenchymal transition
is associated with RASAL1 promoter hypermethylation in human
coronary endothelial cells. FEBS Lett 590(8):1222-1233. https://
doi.org/10.1002/1873-3468.12158

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.ijcard.2013.01.165
https://doi.org/10.1016/j.jep.2017.01.033
https://doi.org/10.1016/j.jep.2017.01.033
https://doi.org/10.1007/s10741-018-9720-1
https://doi.org/10.1007/s10741-018-9720-1
https://doi.org/10.3892/ijmm.2014.1781
https://doi.org/10.3892/ijmm.2014.1781
https://doi.org/10.1016/j.biopha.2017.07.104
https://doi.org/10.1016/j.biopha.2017.07.104
https://doi.org/10.3892/etm.2017.5448
https://doi.org/10.33549/physiolres.932149
https://doi.org/10.33549/physiolres.932149
https://doi.org/10.2147/DDDT.S85399
https://doi.org/10.1186/s12931-019-1100-4
https://doi.org/10.1002/1873-3468.12158
https://doi.org/10.1002/1873-3468.12158

	Endothelial-cell-mediated mechanism of coronary microvascular dysfunction leading to heart failure with preserved ejection fraction
	Abstract
	Coronary microvascular dysfunction and heart failure with preserved ejection fraction
	Epidemiology
	Possible mechanisms

	Cardiac remodeling and HFpEF
	Cardiac remodeling and coronary microvascular dysfunction
	Endothelial cell-mediated correlation between coronary microvascular dysfunction and HFpEF
	Endothelial cells and coronary microvascular dysfunction
	Endothelial cells and cardiac hypertrophy
	Endothelial cells and cardiac fibrosis

	Conclusion
	References


