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Abstract: Heart failure with preserved ejection fraction (HFpEF) is a complex clinical syndrome
responsible for high mortality and morbidity rates. It has an ever growing social and economic
impact and a deeper knowledge of molecular and pathophysiological basis is essential for the ideal
management of HFpEF patients. The association between HFpEF and traditional cardiovascular
risk factors is known. However, myocardial alterations, as well as pathophysiological mechanisms
involved are not completely defined. Under the definition of HFpEF there is a wide spectrum
of different myocardial structural alterations. Myocardial hypertrophy and fibrosis, coronary mi-
crovascular dysfunction, oxidative stress and inflammation are only some of the main pathological
detectable processes. Furthermore, there is a lack of effective pharmacological targets to improve
HFpEF patients” outcomes and risk factors control is the primary and unique approach to treat those
patients. Myocardial tissue characterization, through invasive and non-invasive techniques, such
as endomyocardial biopsy and cardiac magnetic resonance respectively, may represent the starting
point to understand the genetic, molecular and pathophysiological mechanisms underlying this
complex syndrome. The correlation between histopathological findings and imaging aspects may be
the future challenge for the earlier and large-scale HFpEF diagnosis, in order to plan a specific and
effective treatment able to modify the disease’s natural course.

Keywords: heart failure; heart failure with preserved ejection fraction; myocardial tissue characteri-
zation; cardiac magnetic resonance; endomyocardial biopsy; therapy

1. Introduction

Heart failure with preserved ejection fraction (HFpEF) is a complex and multifaceted
clinical syndrome. HFpEF percentage is between 22% and 73% of all heart failure (HF)
cases [1-4] and it is increasing, in contrast to heart failure with reduced ejection (HFrEF) [5].
HFpEF patients are often female, aged, obese, hypertensive and with atrial fibrillation
history [6]. It is a syndrome containing an heterogenous disease population, character-
ized by patients with valvular disease, hypertensive cardiopathy, amyloidosis, genetic
cardiomyopathies. This heterogeneity accounts for the several structural myocardial and
coronary alterations seen in HFpEF, which are partially unknown yet [7-9]. After one year
from diagnosis, mortality in HFpEF is about 20-29% [10] and, after five years, about 50%
of HFpEF patients die [10,11]. Compared to HFpEF, all-cause mortality is higher in HFrEF,
although its incidence is decreasing [10,12]. Furthermore, in-hospital mortality, although
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initially slightly more frequent in the HFrEF group, after 2-3 months become equivalent in
the two HF groups [10,13].

In HFpEF, the underlying myocardial alterations are incompletely defined. Myocar-
dial histopathological alterations have been characterized through invasive methods, such
as endomyocardial biopsy, but also cardiac magnetic resonance (CMR) or other imaging
technique are able to identify them in a simpler and non-invasive way. However, the
correlation between histopathological findings and imaging aspects is still a challenge
for medicine. Myocardial fibrosis, cardiomyocytes hypertrophy, coronary microvascular
dysfunction (CMD) and inflammation have been identified as major pathological processes
that affect HFpEF myocardium. Although these mechanisms have been also identified in
HFrEF, several observations highlight that their spatial and temporal onset and progres-
sion may differ between the two conditions. HFpEF hearts appear remodeled towards a
hypertrophic shape, and not dilated as HFrEF, left atrial dilation is very frequent and most
of HFpEF patients have evidence of diastolic dysfunction. In this regard, the advanced
imaging techniques, and in particular the refined tissue characterization allowed by CMR
is a very valid tool [14]. For an initial evaluation of suspected HFpEF patient, echocardiog-
raphy is still the imaging of choice [15], but most of the parameters are load-dependent
and do not always allow to detect diastolic dysfunction and, above all, to distinguish
the various underlying causes [16]. With regard to increase in filling pressures, which is
an HFpEF characteristic element, the gold standard remains the invasive catheterization,
which allows the calculation of the constant tau and beta, to describe the first and last part
of diastole respectively [17]. CMR overcomes the limits of echocardiography, allowing
not only to evaluate dimension, wall thickness and function, but especially to describe
the specific tissue composition, such as the presence of focal fibrosis, edema, fat, iron
overload [18]. Over the last decade the introduction of Mapping techniques improved
the ability to characterize the tissue and quantify the diffuse processes [19]. Both native
myocardial T1 and extracellular volume fraction (ECV) have a proven correlation with
histopathological data [20-23]. ECV shows a significant association with increased my-
ocardial type 1 collagen deposition [24]. Native myocardial T1 is a composite signal from
intracellular and extracellular component, while ECV quantify the extracellular space. ECV
expresses the extracellular space percentage, and it is obtained from the difference between
T1 times, before and after gadolinium administration corrected by the hematocrit.

Myocardial tissue characterization is a crucial aspect for the comprehension of HFpEF
molecular basis, as well as pathophysiological aspects. Currently, there is no specific
therapy for HFpEF and risk factors control is the primary and unique approach for HFpEF
management and prevention [25]. T1 Mapping technique has been demonstrated to
increase the ability to characterize the several possible etiologies of HFpEF [26-28].

The aim of this review is to provide an overview about the most recent findings about
myocardial tissue characterization in HFpEF, through invasive and non-invasive methods,
in order to allow a wide comprehension of HFpEF pathophysiological mechanisms and
provide new therapeutic targets for its treatment.

2. The Pathophysiology of Heart Failure with Preserved Ejection Fraction

HF is a complex syndrome characterized by the inability of heart to guarantee an
adequate blood output to peripheral organs or to provide it through cardiac filling pressure
increase. The definition of HFpEF is clinical and coupled with the evidence of a left
ventricular ejection fraction >50% [9].

Pathophysiology of HFpEF is less deciphered than HFrEF, since there are different
underlying etiologies, pathways, phenotypes and comorbidities. From the pathophysiolog-
ical point of view, in HFpEEF, left ventricular concentric remodeling and/or hypertrophy
have been observed [4,7,8]. HFpEF patients left ventricle shows high filling pressure and
diastolic dysfunction. LV diastolic dysfunction is defined by the active phase of relaxation
impairment, an increase in viscoelastic chamber stiffness (passive phase), or a combination
of the two. Many histopathological mechanisms are the substrates of left ventricle stiffness,
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such as myocardial fibrosis, titin and other sarcomeric proteins alterations, sarcoplasmic
calcium reuptake imbalance and cytoskeleton alterations during protodiastole (Figure 1).
Three interconnected heart compartments are involved in HFpEF pathophysiology: coro-
nary microcirculation, myocardium and extracellular space. Depending on the prevalence
of microvascular dysfunction or excessive and abnormal collagen deposition, two main
different HFpEF patterns could be outlined: (1) an HFpEF pattern with impaired passive
phase of diastolic function, caused by altered quantity and quality of interstitial collagen,
but with normal microcirculation and (2) an HFpEF pattern with impaired active phase
of diastolic function, induced by structural and functional microvascular alteration, with
secondary interstitium involvement (Figure 1). In HFpEF hearts, only an elevated left
atrium- left ventricle gradient allows ventricular filling, and it associates with increased
atrium pressure [4,7,8]. Increased left ventricular filling pressure, as well as, left atrium
hypertension are associated with pulmonary hypertension and right ventricle dysfunction,
which has a significant impact on prognosis and outcomes [10]. Consequently, left ventricle
filling become more dependent on left atrium contraction, but progressive left atrium
dysfunction and atrial fibrillation further worsen left ventricle filling and pulmonary hy-
pertension. Right ventricle pressure overload and dysfunction determine systemic venous
congestion and, therefore, renal impairment, oedema, hepatic and intestinal congestion. On
the other hand, according to the interdependence ventricular principle, the right ventricle
pressure overload and dysfunction worsen left ventricle filling, triggering a vicious circle
which determines HFpEF progression [4,7,8]. In addition, systolic function is compro-
mised in HFpEF, despite ejection fraction is normal and, in fact, ejection fraction is not
always related with symptoms and clinical findings, in patients with HF [29-34]. HFpEF
related systolic dysfunction is characterized by a prevalent left ventricular longitudinal
shortening involvement, as confirmed by CMR feature tracking [35,36]. Systolic function is
actually closely related to the diastolic, because during the systolic phase, the myocardium
accumulates energy that allows a satisfying relaxation, during the diastolic phase [35].
Then, if the longitudinal systolic function is reduced, also diastolic dysfunction will be
affected. Ito et al. confirmed the close relationship between the relaxation constant tau
and the value of global longitudinal strain (GLS), allowing a reliable and realistic diastolic
function estimation, through a systolic parameter [36]. Moreover, reduced stroke volume
and cardiac output, as well as chronotropic incompetence have been also observed [4,7,8].
These findings mainly occur under stress condition. For this reason, HFpEF related systolic
dysfunction is emphasized during physical exercise, remaining often normal at rest. Finally,
cardiac output reduction is also due to ventricle-arterial coupling imbalance, determined
by increased vascular stiffness and endothelial dysfunction [7,8].

2.1. Heart Failure with Preserved Ejection Fraction and Myocardial Morphological Alterations:
Cellular and Interstitial Involvement

Myocardial fibrosis is characterized by extracellular matrix components storage. My-
ocardial fibrosis is a specific histopathological process related to myocardial remodeling
and it is closely associated with HE. This histopathological mechanism underpins many
genetic, epigenetic and molecular abnormalities, such as excessive extracellular matrix
production, post-translational collagen cross linking abnormalities, as well as matrix met-
alloproteinases dysregulation [7,8,37]. Myocardial fibrosis extent is also influenced by
gender and race differences and cardiovascular risk factors prevalence. In this regard, it
is mainly seen in African American more than Caucasian and in female more than male
gender, due to high prevalence of hypertension, kidney disease and diabetes in these
population [38-40].

From the clinical point of view, the myocardial fibrosis spatial distribution and tempo-
ral onset may play a prognostic role, being involved in systolic and diastolic dysfunction,
as well as arrythmias [37-42]. In HF patients, the myocardial fibrosis may vary in term of
spread and entity, defining a personalized and specific fibrosis distribution pattern. For
example, reparative fibrosis occurs after myocardial infarction and it constitutes the scar,
which is localized in a myocardial region according with the occluded coronary artery. It
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has mechanic and conservative properties because fibrotic tissue stabilizes a locus minoris
resistentiage developed in the infarct area. On the other hand, reactive fibrosis is more associ-
ated with non-ischemic myocardial involvement, in condition of pressure overload [37].
Specifically, in HFrEF myocardial fibrosis is characterized by reparative and localized
fibrosis in scar area, while HFpEF is characterized by reactive, diffuse and perivascular
fibrosis [43—45]. Reparative fibrosis is characterized by cardiomyocytes replacement, as it
happens in myocardial infarction, while the reactive fibrosis is characterized by increased
interstitium collagen deposition [46]. Both focal and diffuse fibrosis are present in HFpEF,
but the latter is prevalent. Focal fibrosis, both ischemic and non-ischemic, is well visualized
by the late gadolinium enhancement (LGE) technique [19] Specifically, in HFpEF patients,
Kanagala et al. identified that half population had LGE with the non-ischemic being the
prevalent form [47]. Not only the diffuse fibrosis degree, calculated by ECV, but also the
collagen and the crosslinking type affect the diastolic dysfunction [24,48]. Su et al. found
higher ECV in HFrEF than in HFpEF group [46]. However, in HFrEF, ECV was not related
to ventricular dysfunction because the main HF cause was a scarring fibrosis.

ARTERIAL SYSTEM
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Secondary altered collagen Primary altered collagen
DIASTOLIC FUNCTION O
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Figure 1. Possible pathophysiological pathways and molecular mechanisms involved in heart failure with preserved ejection
fraction (HFpEF). Depending on the prevalence of microvascular dysfunction or excessive and abnormal collagen deposition,
two main different pathophysiological HFpEF patterns could be outlined: (1) an HFpEF pattern with impaired passive
phase of diastolic function, caused by altered quantity and quality of interstitial collagen, but with normal microcirculation
(expressed by the blue arrow) and (2) an HFpEF pattern with impaired active phase of diastolic function, induced by
structural and functional microvascular alteration, with secondary interstitium involvement (expressed by the orange
arrow). In the lower part of the figure, the main molecular mechanisms observed in HFpEF have been illustrated.

Considering the hemodynamic and clinical impact of myocardial fibrosis, several
aspects should be related with the increasing left ventricular filling pressure, worse di-
astolic function and hospitalization, in HFpEF patients. In this regard, type 1 collagen
production instead of type III collagen, a raise in collagen storage and cross linking have
been observed [43,49-51]. In particular, collagen cross linking may be induced by ad-
vanced glycation products (AGEs) and lysyl oxidases overexpression, in patients with
type 2 diabetes mellitus (T2DM) and diastolic dysfunction. In those patients, collagen
quantity and cross linking related with diastolic dysfunction parameters identified through
Tissue Doppler, at transthoracic echocardiography [43,49,52]. In case of pressure over-
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load, extracellular matrix and collagen myocardial deposition have been observed. In this
mechanism, the transforming growth factor beta (TGF-f3) plays a crucial role. Myocardial
strain, cellular stress, as well as endothelin-1 and angiotensin II are TGF-f activation pro-
moters. TGF-f pathway is associated with p38, Ras homologous/Rho-associated protein
kinase (Rho/ROCK), Smad 2/3, Galectin-3 and extracellular matrix grow factors activation.
Moreover, several fibroblasts activation markers have been identified, such as fibroblasts
activating protein (FAP) and Periostin [53]. ECV has a strong correlation with the collagen
percentage found in endomyocardial biopsies [24,54] The extracellular component rise and
fibrosis are the main cause of myocardial stiffness, detected by beta constant increase, as
demonstrated by Rommel et al. [55].

Cardiac amyloidosis is one of the causes for HFpEF and its prevalence, in this pop-
ulation, is constantly increasing [56]. Transthyretin cardiac amyloidosis is characterized
by extracellular insoluble transthyretin amyloid deposition [56]. Two types of insoluble
transthyretin, variant or wild type, may constitute amyloid fibrils. Through non-invasive
approaches, the prevalence of transthyretin amyloidosis in HFpEF patients is 13% [57].
Hahn et al. reported a prevalence of cardiac amyloidosis around 14% in a cohort of HFpEF
patients and 50% of them could not be identified by screening criteria, suggesting that
cardiac amyloidosis diagnosis can be underdiagnosed in patients with HFpEF [38]. Several
clinical features were identified in patients with HFpEF and cardiac amyloidosis, such as
lower body mass index (BMI), lower arterial blood pressure values, advanced age, high
Troponin-I and N-terminal pro b-type natriuretic peptide (NT-proBNP) values, as well as
raised left ventricular wall thickness [38]. However, the real prevalence of transthyretin
amyloidosis should be higher, considering that about 25% of patients aged more than
80 years show myocardial wild-type transthyretin fibrils in autopsy studies [57,58]. The
high prevalence of occult cardiac amyloid in general population was evaluated by Treibel
et al. who demonstrated the presence of cardiac amyloid, in 6% of patients with more than
65 years who underwent surgery because of aortic stenosis. Moreover, cardiac amyloid
presence in these patients was associated with worse prognosis [59]. CMR gave a great con-
tribution allowing the identification of cardiac amyloid deposition through typical images
with abnormal gadolinium kinetics, global subendocardial LGE characteristic distribution,
increased ECV and high native T1 values [57,60]. The CMR pathological findings match
with heart walls amyloid deposition found on biopsy [60]. Moreover, the transmural LGE
pattern has also a determining role in distinguishing the transthyretin amyloid type, with a
better prognosis, from the immunoglobulin light-chain amyloid type [61].

Reduced left ventricular compliance and relaxation are mainly due to myocardial
fibrosis and increased myocardial stiffness induced titin post-translational modifications.
Titin is a big size sarcomeric protein involved in myocardial stiffness. Titin is produced
in two main isoforms: the longer N2BA and the shorter N2B. In HFpEF patients, the
N2BA/N2B ratio is altered. Oxidative stress and reduced nitric oxide (NO) production,
are associated with impaired nitric oxide/cyclic guanosine monophosphate/protein ki-
nase G (NO/cGMP/PKG) pathway and N2B titin post-translational modification [51,62].
Moreover, an increased N2B isoform expression has been observed and it associates with
increased myocardial stiffness [51,62,63].

Microtubules have a main role in the cardiomyocytes and myocardial compliance. In
failing heart, microtubules are detyrosinated and mechanically uncoupled, determining
increased viscoelastic resistance to diastolic stretch [64]. The role of microtubules in the
myocardial compliance regulation is reduced at increased cardiomyocytes stretching [64].
In this regard, the role of extracellular matrix and proteins became predominant. For this
reason, microtubules may represent a therapeutic target, in order to preserve myocar-
dial compliance through the diastolic associated viscous forces reduction [64]. Moreover,
many cardiomyocytes intracellular alterations, such as actin filaments fragmentation and
nuclear morphological alterations, have been identified in diabetes mellitus and other
comorbidities often seen in patients with HFpEEF. In this regard, cytoskeletal disorgani-
zation represents a main mechanism involved in myocardial stiffness, during diastolic
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dysfunction occurring in diabetic cardiomyopathy [53,64-66]. The cardiomyocytes sar-
coplasmic reticulum calcium-ATPase 2 (SERCA2) expression is markedly reduced, due
to reactive oxygen species (ROS) and AGEs storage. Consequently, intracellular calcium
values remain high. This alteration leads to two main conditions: first, it determines a re-
duced cardiomyocytes relaxation and increased stiffness, secondly a sarcoplasmic calcium
reserves reduction, which causes impaired cardiomyocytes contraction and reduced global
myocardial contractility [50,65,66] Other cardiomyocytes alterations have been described
in HFpEF. Increased cardiomyocytes dimensions are associated with lower cGMP and PKG
activity participating to the concentric hypertrophy progression seen HFpEFE. On the other
hand, in HFrEF cardiomyocytes are more stretched and thinner and they are characterized
by less passive stiffness and myofibrillar density [56,65,66]. The left ventricle geometric
remodeling contributes to the filling pressures increase [67]. Different studies have shown
an association between ventricular hypertrophy and constant tau of relaxation [68]. An
explanation for this process could be that the cardiomyocyte size increase is not coun-
terbalanced by an adequate increase in perfusion [69]. Moreover, the cardiomyocytes
mitochondrial dysfunction causes inadequate myocardial relaxation [70].

There is a relationship between CMR parameters, such as native myocardial T1 and
ECV, and invasive parameters [55]. Omori et al. performed a study including CMR with
native Myocardial T1 and ECV, invasive evaluation of filling pressures and endomyocardial
biopsy, in HFpEF patients [71]. They found that native T1 and especially ECV were
higher in HFpEF than in the control group and that they are both reliable in determining
the percentage of collagen volume fraction and the passive stiffness of the left ventricle,
calculated invasively through the beta relaxation constant [71]. ECV has a proven validation
with the histopathology found through intraoperative biopsy studies performed at the
time of aortic stenosis or heart transplant surgery [62,72,73].

The CMR importance in HFpEF also lies in its ability to predict patients’” prognosis
and outcome. Poyhonen et al. found that HFpEF patients with CMR positive for LGE
showed an increased risk of adverse events, including death [74]. Kato et al. demonstrated
a sensitivity of 80% and a specificity of 77% for LGE in predicting poor prognosis in
HFpEF patients [75]. Mascherbauer et al. found that T1 mapping abnormal value was
associated with death and/or re-hospitalization, in HFpEF patients [76]. T1 mapping
value is associated with extracellular matrix increase and worse prognosis in HFpEF [77].
Recently, Schelbert et al. demonstrated the ECV ability to predict mortality [78]. In this
regard, ECV may have an important prognostic role as increased mortality and morbidity
indicator [79]. In fact, HFpEF patients with ECV above normal values showed increased
cardiovascular event risk. This prognostic correlation was higher in the first six months of
follow-up [80].

2.2. Heart Failure with Preserved Ejection Fraction and Coronary Microvascular Dysfunction:
Morphological and Functional Aspects

CMD is a condition characterized by coronary flow reserve (CFR) impairment in ab-
sence of coronary epicardial obstruction or unaltered flow fractional reserve (FFR) [81-85].
Endothelium-independent involvement after intracoronary adenosine administration is
defined by a CFR value lower than 2.5-2.0, increased microvascular resistance index
(IMR) upper 25, FFR > 0.8 and hyperemic myocardial velocity resistance >1.9 [81,82].
Endothelium-dependent involvement is defined by vasoreactivity test with sequential
acetylcholine administration [81,82]. CMD represents a pivotal chronic coronary syndrome
pathophysiological substrate, determining ischemia with non-obstructive coronary artery
disease (INOCA) [81-85]. However, it has been also associated with acute coronary syn-
dromes, being the cause of myocardial infarction with non-obstructive coronary artery
disease (MINOCA) [81-85]. Many other myocardial conditions associate with CMD, such
as inflammation, as occurs in myocarditis, hypertrophy and myocardial storage disorders,
as occurs in hypertrophic and infiltrative cardiomyopathy. In the setting of CMD and
myocardial ischemia, several microvascular functional and morphological alterations have
been involved, beyond the classical mechanisms [81-88]. Endothelial dysfunction is a
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key mechanism in CMD. Endothelial dysfunction is sustained by oxidative stress, NO
synthesis imbalance, increased response to endothelin, mitochondrial dysfunction, im-
paired endothelial cells repair [84]. Endothelial dysfunction is associated with reduced
estrogens production and estradiol administration may improve diastolic function in
post-menopausal women [84,89]. Renin-angiotensin aldosterone system (RAAS) hyper-
activation promotes the microvascular resistances increase, as well as sympathetic hyper-
activity and alfa-adrenergic tone prevalence, in patients with CMD [81-88]. In addition,
endothelium independent vasodilation imbalance, characterized by excessive smooth mus-
cle vasoconstrictor tone, has been described in HFpEF patients as CMD mechanism [81-88].
Among morphological alterations, microvascular rarefaction and hyperpermeability and
inward hypertrophic remodeling have been described as main CMD histopathological
alterations [81-88]. CMD has been described in association with HEF, in particular HFpEF
related risk factors, such as diabetes mellitus, dyslipidemia, ageing, arterial hypertension,
female gender and obesity [81-93]. Arterial hypertension and RAAS hyperactivation pro-
mote microvascular inward hypertrophic remodeling, inducing myocardial ischemia, HF
and chronic kidney disease, which is associated with HFpEF. Dyslipidemia determines mi-
crovascular endothelial dependent vasodilation impairment. This is mediated by oxidative
stress and inflammation response activation through oxidized LDL (Ox-LDL). Obesity is
characterized by epicardial and coronary perivascular adipose tissue storage and inflam-
mation. In diabetes mellitus the relationship with CMD is bidirectional and a main role of
oxidative stress and hyperglycemia has been described [81-92].

As previously discussed, HFpEF related CMD is sustained by microcirculation
histopathological alterations [43]. Microvascular rarefaction is a frequent finding in patients
with HFpEF and it promotes reduced myocardial perfusion and increased cardiomyocytes
oxygen extraction, leading to myocardial metabolic impairment [43,94]. Moreover, mi-
crovascular rarefaction is perpetuated by cardiovascular comorbidities often seen in HFpEF
patients, such as hypertension, diabetes mellitus and aging. Coronary microvascular rar-
efaction is associated with increased left ventricular filling pressure, subepicardial adipose
tissue storage, as well as myocardial oedema and fibrosis [43,95]. Moreover, reduced mi-
crovascular density worsens cardiovascular comorbidities such as diabetes, due to impaired
insulin tissue delivery, and hypertension [43,96]. In diabetes, microvascular rarefaction is
determined by several pathophysiological mechanisms, such as angiostatic proteins accu-
mulation, endothelial cells apoptosis and pericytes rarefaction [97,98]. Moreover, microvas-
cular rarefaction is diffuse and proportionate along the different myocardial region. In those
patients, myocardial fibrosis and microvascular rarefaction were inversely related. This
observation supports a pathophysiological role of microvascular endothelial inflammation
and dysfunction in the microvascular rarefaction, myocardial fibrosis and hemodynamic
alterations seen in HFpEF [50]. Microvascular rarefaction determines CFR impairment,
which is associated with reduced myocardial perfusion and cardiomyocytes death, due to
ischemia. In diabetes mellitus, coronary microvascular vasodilatory response is reduced,
due to endothelial dysfunction and NO reduced bioavailability. In this regard, endothelial
dysfunction is due to hyperglycemia, which promotes vessels local inflammation, leuco-
cytes migration and ROS production. Hyperglycemia is also associated with sympathetic
and smooth muscle cells dysfunction, as well as increased alfa-adrenergic tone.

Another important morphological alteration is microvascular hyperpermeability that
has been observed in HFpEF related comorbidities, as well as in HFrEF and ischemia-
reperfusion injury. Several molecular components are involved in the microvascular wall
dysfunction. In this regard, the glycocalyx alteration promotes the adhesion molecules
formation and neutrophils migration [43,99]. Pro-inflammatory molecules induce microvas-
cular hyperpermeability through intercellular junctions’ loss. It is characterized by vascular
endothelial cadherin hyperphosphorylation and trans-endothelial channels formation from
vesciculo-vacuolar organelles [43,100]. Pericytes alterations and distribution are associated
with microvascular tone and blood flow dysregulation, in HFpEF [43,101]. Zeng et al. found
that impaired HIF-2«/Notch3 and angiopoietins/ Tie-2 pathways may bring to pericytes
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loss and reduced endothelial cells coverage, as well as pericytes-myofibroblasts transition.
The latter is associated with increased myocardial fibrosis and stiffness [102,103]. In a study
based on autopsies, Mohammed et al. found that microvascular density was lower, and fi-
brosis was more severe in patients with HFpEF [50]. CMD seen during myocardial ischemia
and HF may be also determined by coronary ion channels impairment [90-92,104-107].
With this regard, endothelial and smooth muscle cells coronary ion channels mediate, form
the molecular point of view, the coronary blood flow regulation mechanisms physiological
effects [90-92,104-107]. For this reason, their impairment determined by ROS, AGEs, in-
flammation, increased shear stress and genetic predisposition affects the coronary vascular
tone regulation [90-92,104-107]. These aspects promote microvascular rarefaction, as well
as myocardial ischemia, fibrosis and, therefore, HE.

The lymphatic vascular system may be involved in the pathophysiology of HFpEF,
contributing to the different myocardial histopathological findings observed in this condi-
tion [43]. In particular, lymphatic alterations may contribute to diastolic dysfunction, in
HFpEF. Lymphatic dysregulation and obstruction are a cause of impaired left ventricular
compliance and contractility. Moreover, it associates with widespread and lung interstitial
oedema according to HFpEF progression [43,108,109]. Several cardiovascular risk factors
associated with HFpEF are characterized by lymphatic network remodeling [43,110,111].
Hypercholesterolemia and high BMI values are associated with lymphatic network rar-
efaction. Hypertension is associated with pro-lymphangiogenesis molecules production
and lymphatic transportation imbalance [43,112-114]. In this regard, several molecules
inducing lymphangiogenesis, such as vascular endothelial growth factor (VEGF) -C and
-D may represent new treatment strategies against HFpEF [43,115]. Although coronary
involvement in HFpEF is poorly described in literature, coronary artery disease (CAD)
more diffuse and extensive, involving more vessels, in HFpEF has been described. CAD
extension and severity may be inversely related with ejection fraction [50].

Kato et al. study was the first to demonstrate the CFR impairment in HFpEF. They
used phase contrast cine-magnetic resonance imaging for a non-invasively calculation of
CFR, obtained from the ratio of coronary sinus blood flow with and without adenosine
triphosphate (ATP) infusion [116]. Results that confirmed a CFR reduction in 76% of
patients with HFpEF were statistically significant, compared to the hypertensive patients’
group, in which it was present in 31%. Furthermore, the CFR impairment was associated
with serum brain natriuretic peptide (BNP) values and HFpEF prognosis [116]. Loffler
et al. used CMR stress perfusion to evaluate the microvascular perfusion reserve (MPR) in
HFpEE. They found out that CMD was highly present and that MPR was inversely related
to ECV [117]. These studies support the hypothesis that HFpEF is a multisystem disease
with high endothelial involvement [116-118].

2.3. Heart Failure with Preserved Ejection Fraction and the Inflammation-Metabolic Pathway

Systemic inflammation is an important pathophysiological mechanism involved in the
HFpEF onset and progression. The HFpEF presence and associated conditions have been
demonstrated in many systemic inflammation disorders, such as rheumatoid arthritis, sys-
temic lupus erythematosus, psoriasis, inflammatory bowel diseases [119]. Moreover, many
cardiovascular comorbidities may induce a systemic inflammatory state and, therefore,
HFpEF [119,120]. In this regard, when acting together cardiovascular risk factors amplify
myocardial negative effects [119].

Epicardial adipose tissue is enhanced in hyperaldosteronism, hypercortisolism and
hypothyroidism conditions. The inflammatory-metabolic HFpEF paradigm recognizes the
epicardial adipose tissue as a target of systemic inflammation. Epicardial adipose tissue
is subjected to several changes, through which it induces many alterations to contiguous
tissues, through a paracrine and/or vasocrine effect. The vasocrine route refers to a
newly proposed way of intercellular signaling, whereby adipocytes accumulate around
arteries and larger arterioles of striated or cardiac muscle and secrete proinflammatory
cytokines into the periadventitial space around these vessels. Under inflammation stimuli,
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cardiac mesenchymal cells are prone to differentiate in adipocytes, promoting the epicardial
adipose tissue expansion. In this regard, the epicardial adipose tissue produces and
releases several pro-inflammatory molecules through which it may cause CMD, myocardial
fibrosis, myocardial electromechanical dysfunction and atherosclerosis progression, in
epicardial vessels. The ventricular myocardium involvement is associated with hampered
left ventricle filling and diastolic stiffness [119,121], mainly determined by inflammation
related titin phosphorylation [122]. The atrial myocardium involvement is associated with
fibrosis and atrial fibrillation [119,123-126]. Inflammatory-metabolic HFpEF is typical
phenotype of aged women with many cardiovascular comorbidities. Women have a more
developed epicardial adipose tissue and enhanced intramyocardial fat storage [119,127].
In this regard, women have a more impaired ventricle-arterial coupling, worsen arterial
stiffness and more accentuate ventricular concentric remodeling than man.

Obesity prevalence in HFpEF patients is about 70% [121] and the epicardial or in-
tramyocardial fat amount may be an indicator of disease severity [128]. CMR is the gold
standard for the non-invasive study of myocardial fat [129]. It allows to demonstrate the
association between fat and fibrosis, as showed by Wu et al. [130]. Moreover, Wu et al.
compared patients with HFpEF and HFrEF, in terms of intramyocardial and epicardial fat
values. They found out that the intramyocardial fat was significantly increased in the HF-
PEF group, while the epicardial type prevailed in the HFrEF group. Diastolic dysfunction
imaging parameters showed correlation with intramyocardial fat storage, in female gender,
while in the male gender the strongest correlation was with the amount of epicardial
fat [127]. According to Mahmod et al. myocardial triglycerides storage and lipotoxicity
were significantly more present in the HFpEF patients group than in the control group.
Moreover, their presence was independently associated with impaired diastolic strain rate,
at CMR feature tracking [131].

Epicardial adipose tissue expression and inflammation are associated with circulat-
ing hormones levels. In this regard, natriuretic peptides reduce epicardial adipose tissue
expansion and inflammation, as well as adipogenesis. Moreover, they counteract my-
ocardial fibrosis and CMD [119,132,133]. On the other hand, leptin promotes aldosterone
synthesis, as well as monocytes and T cells activation [119,134,135]. Aldosterone stimulates
myocardial fibrosis, CMD and promotes diabetes and myocardial metabolic alterations. In
women the leptin and aldosterone effects are more pronounced than man, while obese and
post-menopausal women show reduced natriuretic peptides circulating levels.

From the hemodynamic point of view, inflammatory-metabolic HFpEF is characterized
by sodium retention and glomerular resorption, systemic venous capacitance reduction and
arterial blood pressure increase. The latter allows the distinction between inflammatory
HFpEF from infiltrative and hypertrophic cardiomyopathies [119].

Considering the relationship among other HFpEF risk factors and inflammation, RAAS
activation induces monocytes migration and M2 macrophages myocardium infiltration,
TGF-p production and myocardial fibrosis [44]. Metabolic and energetic state, as well
as, ROS production and mitochondrial activity are regulated by several proteins, such
as Sirtuins. In this regard, sirtuin is a mitochondrial deacetylase involved in several
mitochondprial function, such as ROS and ATP production. Endothelial cells SIRT3 levels are
inversely related with aging, diabetes, coronary microvascular rarefaction and endothelial
cells reprogramming. Endothelial cells SIRT3 deficiency is associated with ROS production,
NO-cGMP pathway, CFR impairment and diastolic dysfunction. Also, hypoxia-related
angiogenesis is compromised in case of SIRT3 deficiency. The latter is due to vascular
VEGEF, Angiopoietin 1 (Ang-1), Hypoxia-inducible factor 1-alpha (HIF-1«) and Hypoxia-
inducible factor 2-alpha (HIF-2cx) impairment. This condition amplifies the microvascular
rarefaction. Moreover, SIRT3 deficiency is also associated with increased Notch 2 and TGEF-
1 production that promotes myocardial fibrosis [103]. The lack of SIRT3 is also associated
with p53 acetylation. Increased p53 activity induces cell’s senescence and angiogenesis
inhibition, which are involved in diastolic dysfunction. Aging is directly related with
diastolic dysfunction. Several morphological features which occur with aging may play a
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role in the diastolic dysfunction determinism, such as myofibril disarray, cardiomyocytes
nuclear size increase, cardiomyocytes death and fibroblasts substitution. These changes
may be induced by Akt inhibition and p53 activation, which have been observed in human
myocardial biopsy sample with diastolic dysfunction. P53 activation is determined by
oxidative deoxyribonucleic acid (DNA) damage induced by overload during hypertrophy.
Moreover, P53 activation is associated with pathological genes programs, and it is closely
related with senescence [103]. Topoisomerase 2 beta has an important role in some gene
transcriptional activation process. The topoisomerase 2b knockdown is associated with p53
activation and Akt inhibition, as well as morphological and signaling pathways changes,
observed in diastolic dysfunction [136].

Van den Hoogen et al. [137] found high plasma Immunoglobulin G1 (IgG1), Im-
munoglobulin G3 (IgG3) levels and IgG myocardial storage in HFrEF, as well as HFpEF
patients. IgG1 and IgG3 stimulate the immune response against cardiac antigens, mainly
through complement pathways activation. The inflammatory response induced by the
immunoglobulines plays a main role in myocardial remodeling, during HF. In particular,
increased IgG1 and IgG3 levels have been observed in end stage HFrEF, as well as in
the early phases of HFpEF. Moreover, their circulating values have been related with left
ventricular diastolic dysfunction severity, in man. For this reason, IgG1 and IgG3 levels
may represent an early marker of HFpEF, that allow to identify this pathological condition,
before symptoms onset [137].

Prenner et al. [138] studied the association between serum albumin and HFpEF related
adverse outcomes. In HFpEF patients, serum albumin shows an independent and robust
prognostic role, in term of death and hospitalization [138]. From the histopathological
point of view, reduced serum albumin was associated with myocardial interstitium over-
expression, defined by increased myocardial fibrosis detected at autopsies, or by ECV at
CMR. Probably, this association may be due to inflammation response, altered nutritional
substances intake and liver dysfunction. Moreover, there is a relation between low serum
albumin and increased aortic pulsatile wave power, a condition that may contribute to
increased aortic and vascular stiffness, as well as CMD [138].

Regarding the metabolic aspect, CMR may provide further information in HFpEF.
Through the hyperpolarized carbon-13 CMR spectroscopy, an increase in alanine and
bicarbonate and no increase in lactate have been demonstrated [139]. Alanine and bicar-
bonate are pyruvate metabolites, produced by alanine aminotransferase pathway (ALT)
and pyruvate dehydrogenase (PDH) pathway, while lactate was produced by lactate de-
hydrogenase (LDH). In HFpEF heart, a metabolic switch occurs, and energy is no longer
produced starting from fatty acids, but through glycolysis [139,140], with a greater PDH
activation, compared to healthy controls [139,141]. The increased ALT activity reflects the
hypertrophy that involves a greater nucleic acids and amino acids consumption [139,142].
The energetic sources change is an early modification that precedes the structural and
functional alterations [143]. The water metabolism is also altered in HFpEF and a study
with dynamic contrast-enhanced magnetic resonance under cardiac stress conditions pro-
vided further information about metabolic status in HFpEF [144]. This imaging technique
allowed to quantify the mean intracellular water lifetime (ti), which is inversely related
to the sodium-potassium adenosine triphosphatase (Na*/K*"-ATPase) transporter activ-
ity [144,145]. Although under cardiac stress, there was a global decrease in Ti and, therefore,
an upregulation of Na* /K*-ATPase activity, the regional analysis showed that this aspect
was more evident at the apical level, and subsequently, at the anterior and anterior-lateral
wall level. The inferior sectors showed no significant ti decrease. This model traces the
metabolic changes in HFpEF and explains why there is much expectation in the use of
drugs that act on an energy/metabolic level, such as sodium glucose co-transporter-2
(SGLT-2) inhibitors, in patients with HF and metabolic dysregulation [144-146].
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3. Precision Medicine and Personalized Approach to Heart Failure with Preserved
Ejection Fraction: The Genetic and Epigenetic Paradigm

The pathophysiology complexity and the lack of specific therapy against HFpEF made
this syndrome particularly prone to a personalized and precision medicine approach. The
target is to define the HFpEF genetic and molecular basis, in order to predict the patho-
physiological and clinical evolution, the patient’s outcome, as well as to find possible
innovative therapeutic targets [147]. Hahn et al. [148] identified a specific transcriptome
in patients with HFpEF, which differs from healthy controls, as well as HFrEF patients.
Patients underwent endomyocardial biopsy from which RNA sequences were obtained
to evaluate gene expression and demonstrate the presence of genetic susceptibility inde-
pendent by HFpEF traditional risk factors. In HFpEF patients, an upregulation of energy
production related genes has been observed [148]. It can be associated with the higher
prevalence of high BMI, among HFpEF patients, but also with the necessity to perfuse
more tissue quantity. Several genes involved in autophagy, angiogenesis and endoplasmic
reticulum activity are downregulated in HFpEF. Moreover, different HFpEF trascriptomic
subgroups, associated with specific clinical patterns have been identified. In this regard,
two HFpEF subgroups have been identified: the former consisted in female patients with
upregulated inflammatory pathways and myocardial concentric hypertrophy, while the
second subgroup showed molecular, clinical features and mortality, similar to HFrEF [148].

The importance of epigenetic has been recognized recently and several studies focus
on microRNA profiles that characterize HF subtype or stage. MicroRNA have a main role
in the epigenetic modulation of gene expression acting at post-transcriptional moment. The
presence of circulating microRNA demonstrate that they are released by cells after death
probably acting as paracrine molecules. MicroRNA are involved in the different pathophys-
iological and histopathological aspects, which characterize HFpEF. Moreover, differences
about microRNA targets, between HFrEF and HFpEF, have been observed regarding two
pathways involving fatty acids biosynthesis and extracellular matrix receptors expression.
The rationale of these observation is sustained by several histopathological findings that
characterize HFpEF, as the minor expression of extracellular matrix destruction enzymes,
such as metalloproteinase-2, and the enhanced expression of pro-fibrotic markers, such as
galectin- 3 and the soluble type of IL-1 receptor like 1 (ST2) [149,150]. Several microRNA
are highly expressed in patients with HFpEF such as miR-3908 and miR-3135b or hsa-miR-
30a-5p, hsa-miR-181a-2-3p, hsa-miR-199b-5p, hsa-miR-486-5p, hsa-miR-191-5p, hsa-miR-
106a-5p, hsa-miR-660-5p, and hsa-miR-193a-5p [149,151]. miR-101a may play a role in the
regulation of TGF-3 pathway, reducing fibrogenesis [149,152]. In diabetic cardiomyopathy,
miR-146a is involved in inflammation and subsequent myocardial fibrosis, mediating
cytokines production, through NFkB pathway. miR-155 is associated with diabetes and
obesity and it is involved in cardiomyocytes adverse remodeling seen in HF [153].

Macrophages are involved in tissue remodeling taking part in inflammatory response.
Early phase of HFpEEF is characterized by systemic inflammation outspread and the subse-
quent cardiac inflammation. In this context, macrophages, according with their polarization
state, mediate the interaction between inflammatory cells and cardiac cells contributing
to the cardiac remodeling [153-155]. Macrophages M1 polarization is associated with
pro-inflammatory activity and cell death, while macrophages M2 polarization is associated
with fibrogenesis, tissue repair and immunosuppression [154]. Many microRNA such
as miR-125b, miR-127, miR-9 and miR-155 are involved in myocardial macrophage M1
polarization, while miR-223, miR-124, miR-132, miR-125a-5p, miR-34a and miR-146a are
involved in myocardial macrophage M2 polarization [153-155].

Other microRNAs are involved in proteins post-translational modification such as
the ubiquitin induced proteolysis regulation [149]. miR-126 is the most represented en-
dothelial microRNA and its expression is markedly reduced in case of endothelial dys-
function. The lack of miR-126 is associated with several microvascular abnormalities seen
in HFpEEF, such as the loss of vascular layer integrity, microvascular inflammation and
hemorrhage [153,156]. Transcoronary gradient represents the difference of microRNA
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concentration across the coronary circulation, between coronary sinus and coronary arterial
district and it is a marker of mircoRNA release within coronary circulation. Elevated miR-
92a and -133 transcoronary gradient is associated with CMD [153,157] while miR-138 may
represent a target to restore endothelial function and NO production, in HFpEF. In HFpEF,
microRNAs are involved also in cardiomyocytes structural alterations and extracellular
matrix composition regulation. In this regard, miR-17-92 cluster is crucial in extracellular
matrix genes expression associated with aging [153,158]. miR-22 is the most represented
heart microRNA. Cardiomyocytes miR-22 expression is increased under angiotensin II
stimulation. It regulates the sarcoplasmic reticulum reuptake modulating SERCA2 ac-
tivity [153,159]. miR-22 is markedly associated with cardiomyocytes hypertrophy and
cardiac fibrosis [153,160]. MiR-21, a pro-fibrotic microRNA, regulates Extracellular Signal-
Regulated Kinase Mitogen-Activated Protein (ERK-MAP) kinase pathway, involved in
fibroblasts vitality, as well as TGF-3 pathway. MiR-208b is associated with titin structural
modification and dysfunction. miR-1 regulates calmodulin activity, in smooth muscle cells
during HF [153,161]. MiR-181b regulates PKG-1 expression and it represents a marker of
cardiomyocytes hypertrophy [152].

Gender differences in HFpEF patients have been observed in term of microRNA
expression. Florijn et al. demonstrated that plasma miR-224 and miR-452 are predominantly
expressed by HFpEF diabetic women, instead of diabetic HFpEF man. Moreover, miR-34a
is associated with kidney disease, diabetes mellitus and gender in patients with diastolic
dysfunction, while decreased miR-34a, -224 and -452 plasma levels have been observed in
diabetic patients with diastolic dysfunction and diabetic women with glomerular filtration
rate under 60 mL/min [162]. The definition of genetic and epigenetic alterations, in
particular microRNA role, is a key point in the setting of a personalized approach for the
diagnosis and management of HFpEF and HF in general.

4. Role of Myocardial Tissue Characterization and Pathophysiological Mechanisms for
the Identification of New Therapeutic Targets

4.1. The Renin-Angiotensin-Aldosterone System and Neprilysin Pathway

Angiotensin II receptor type 1 (AT1) stimulation induces myocardial hypertrophy
and fibrosis participating to HF worsening [163]. RAAS inhibitors reduce HFrEF re-
lated morbidity and mortality, while their role in HFpEF is controversial [164-166]. Over
the past years multiple clinical studies failed to demonstrate a direct outcome improve-
ment in HFpEF treated with RAAS inhibitors [167-171], while the positive role of 3-
blockers [172], angiotensin receptor blockers (ARBs), and mineralocorticoid receptor an-
tagonists (MRAs) [173], on mortality and morbidity reduction, in HFrEF patients has been
demonstrated. Taking into account the positive role of RAAS blockade in hypertensive pa-
tients, as well as the hypertension prevalence in HFpEF subjects, RAAS inhibitors would be
expected to improve clinical outcomes in those patients. However, many trials evaluating
RAAS blockade in HFpEF patients were often ambivalent. The Irbesartan in Heart Failure
With Preserved Ejection Fraction (I-PRESERVE) study investigated the ARB irbesartan
effect versus placebo, in patients with HFpEF [174]. This study did not show a significant
reduction in all-cause death and in hospitalization due to cardiovascular disease, in patients
with HFpEF taking Irbesartan. However, this study had several limitations. First, HFpEF
diagnosis was often challenging. Secondly, the adopted dose of Irbesartan (300 mg/die)
for the study may not have been the optimal one to treat HFpEF and furthermore, the 34%
of study population did not take therapy continuously [174]. However, Lund et al. [175]
reported a significant treatment benefit in HF with mid-range ejection fraction (HFmrEF),
in a post hoc analysis. The Valsartan In Diastolic Dysfunction (VALIDD) study compared
valsartan to other antihypertensive drugs in patients with diastolic dysfunction and hyper-
tension [176]. In both groups, diastolic function improved after reduction of blood pressure,
notwithstanding the antihypertensive treatment.

A revolution of HFrEF treatment was carried out by the angiotensin receptor neprilysin
inhibitor LCZ696, that combine the two acting molecules, valsartan and sacubitril. By inhi-
bition of neprilysin, sacubitril increases atrial natriuretic peptide (ANP), BNP and C-type
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natriuretic peptide (CNP) plasma levels [177], through the guanylyl cyclase activation and
c¢GMP synthesis. Moreover, natriuretic peptides prevent myocardial fibrosis and help to
low blood pressure, due to vasodilation and increased diuresis. The Prospective Compar-
ison of angiotensin receptor neprilysin inhibitor (ARNI) with ARB Global Outcomes in
HF With Preserved Ejection Fraction (PARAGON-HF) trial about the ARNI use in patients
with HFpEF did not show a statistically significant lower rate of hospitalization for HF
and death from cardiovascular causes. However, it suggested possible benefit among
woman and patients with a left ventricular ejection fraction between 45-57% [178]. In a
recent network meta-analysis, Kuno et al. [179] compared outcomes of different RAAS
antagonists with each other and with placebo, in HFpEF patients. The combination of
sacubitril-valsartan is associated with lower HF hospitalizations, but not lower mortality
rate, in those patients. No statistical difference in all-cause mortality and cardiovascular
mortality, among ACE-I, ARBs, MRA, ARNI, and placebo has been demonstrated. Min-
eralocorticoid receptor antagonists (MRAs) prevent aldosterone’s effect on myocardial
fibrosis [180]. In the Effect of Spironolactone on Diastolic Function and Exercise Capacity in
Patients With Heart Failure With Preserved Ejection Fraction (ALDO-DHEF) trial, spirono-
lactone showed a positive effect on diastolic function through the E/¢’ ratio reduction [181].
It decreased left ventricular hypertrophy and N-terminal pro-B-type natriuretic peptide
(NT-proBNP) levels. Despite its role on quantitative markers, HF symptoms, exercise
tolerance, and life quality have not been significantly affected by spironolactone. In the
Treatment of Preserved Cardiac Function Heart Failure With an Aldosterone Antagonist
(TOPCAT) trial the MRA spironolactone was added to medical therapy with 3-blockers and
angiotensin converting enzyme (ACE) inhibitors, in HFpEF patients [182]. In the TOPCAT
trial, Spironolactone addition did not determine a significant reduction in the primary
composite of cardiovascular death, hospitalization for HF and aborted cardiac arrest [182].

4.2. The Oxidative Stress and the Nitric Oxide Pathway

HF is associated with oxidative stress, which affects myocardium and vasculature.
Recent evidence suggests that oxidative stress may be the link between obesity, diabetes
mellitus, and related complications. In obese patients, there is an increasing level of reactive
oxygen and nitrogen species that directly correlate with central adiposity.

The cGMP pathway plays a fundamental role in regulating normal cardiovascular
function and its lack in HFpEF subjects leads to endothelial dysfunction. Endothelial
dysfunction is related to cGMP deficiency that is caused by insufficient stimulation of
soluble guanylate cyclase (sGC) and impaired NO bioavailability. This promotes CMD,
myocardial and vascular stiffness [183].

Correction of myocardial PKG activity and cGMP pathway has been proposed as a
target for specific HFpEF treatment, but Sildenafil related phosphodiesterase type 5 (PDE5)
inhibition did not show difference compared to placebo, in HFpEF patients [184].

The sGC stimulator Vericiguat was studied in the SOluble guanylate Cyclase stim-
ulatoR in heArT failurE Studies (SOCRATES) programme [185]. In the HFpEF group, it
did not show the achievement of primary end points of NT-proBNP or left atrial volume,
over a 12-week treatment period. However, an exploratory post hoc analysis showed clini-
cally significant improvements in health status defined by Kansas City Cardiomyopathy
Questionnaire [186].

Considering the hypothesis of decreased NO availability in HFpEF, nitrates have
been proposed to restore NO balance, in order to improve endothelial-myocyte paracrine
signaling. The Nitrate’s Effect on Activity Tolerance (NEAT-HFpEF) trial was conducted to
investigate the role of isosorbide mononitrates in HFpEF management [187]. Isosorbide
mononitrate did not improve the daily activity level, exercise capacity, quality of life or
NT-proBNP levels in patients with HFpEF. This is in contrast with nitrates” positive effect
in HFrEF subjects and may be related to the pathophysiologic differences between the two
HF types. Common HFpEF features, such as increased ventricular and vascular stiffness,
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chronotropic incompetence and altered baroreflex sensitivity may limit the hemodynamic
benefits of nitrates, in HFpEF patients.

The inorganic nitrate pathway represents a different way to restore NO signal [188].
Unlike the organic nitrates, inorganic nitrite is converted to NO, in presence of hypoxia and
acidosis, which develop in tissues and venous circulation during exercise. Moreover, there
is no tolerance to nitrite. For this reason, inorganic nitrate/nitrite has been proposed as a
target therapy because NO is crucial at the time of greatest need, such as during exercise.
Notwithstanding this promising assumption, results of different trials such as the Inorganic
Nitrite Delivery to Improve Exercise Capacity in Heart Failure With Preserved Ejection
Fraction (INDIE-HFpEF) [188] and the Effect of KNO3 Compared to KCl on Oxygen
UpTake in Heart Failure With Preserved Ejection Fraction (KNO3CKOUT) (NCT02840799)
are ambivalent.

A new class of antioxidant peptides named “Szeto-Schiller peptides (SS peptides)
is under investigation in HF. SS peptides belong to a class of antioxidant that bind to
cardiolipin, an important phospholipid of the inner mitochondrial membrane. These
peptides protect cardiolipin from oxidation and reduce mitochondrial oxidative damage.
One of the most prominent of these peptides is elamipretide (MTP-131, SS31). In patients
with HFpEF, elamipretide reduced left-ventricular end-diastolic volumes, compared to
placebo [189].

”

4.3. Role of Inflammation, Fibrosis and Calcium Handling as Therapeutic Targets

Proinflammatory cytokines, such as IL-1 are upregulated in HFpEF. They have an
important role in the myocardial function impairment. In HFpEF, IL-1 inhibits L-type
calcium channels, downregulates phospholamban activity and causes post-transcriptional
changes in SERCA2a [190]. Calcium handling dysregulation leads to impaired cardiac
relaxation and diastolic dysfunction. The Diastolic Heart Failure-Anakinra Response
Trial (D-HART) investigates Anakinra role in patients with diastolic dysfunction [191].
Anakinra is a recombinant IL-1 receptor antagonist, and it decreases inflammatory markers
levels, improving the HFpEF patients aerobic exercise capacity. It is still unclear the
role of canakinumab, a monoclonal antibody specifically targeting the IL-1§ isoform, in
HF subjects; in a sub-analysis of the large Canakinumab Antiinflammatory Thrombosis
Outcome Study (CANTOS), that include patients with previous myocardial infarction and
increased high sensitivity C-reactive proteins levels, canakinumab showed clinical benefit.
It remains unclear its role upon diastolic function [192].

Myocardial inflammation and fibrosis are target of cell therapy. In animal models
Pirfenidone, antifibrogenic drug which target TGF-3 signaling, inhibits left ventricular
fibrosis and diastolic impairment [193]. Its role in HFpEF subjects is under investigation by
the Pirfenidone in Heart Failure with Preserved Ejection Fraction-Rationale and Design
(PIROUETTE) trial (NCT02932566).

CD34 is a receptor expressed by bone marrow multipotent progenitor cells, which
are reduced in patients with both HFrEF and HFpEF. CD34* cells may be suitable for
cell therapy to improve diastolic function in HFpEF. A pilot study with HFpEF subjects
showed that treatment with CD34* cells determined diastolic function improvement and
NT- proBNP levels decrease [194]. The role of CD34" cell therapy in patients with HFpEF
is currently under definition. Dysfunctional calcium handling in HFpEF causes impaired
myocardial relaxation. Late inward sodium current (Inj,) is increased in HEF, causing
cardiomyocytes calcium overload. Ranolazine inhibits persistent or late Iy, in heart mus-
cle [195]. In the Ranolazine for the Treatment of Diastolic Heart Failure (RALI-DHF) study,
Ranolazine decreased left ventricular end diastolic pressure, without changing exercise
tolerance [196]. As reported by European Society of Cardiology guidelines, Levosimen-
dan, a calcium sensitizer and phosphodiesterase-3 (PDE3) inhibitor with vasodilative
properties, can be considered in patients with acute HF and severe reduction of cardiac
output [197,198]. It improved diastolic function and right-ventricular systolic function, in
patients with advanced HF. Moreover, Levosimendan a role in the inflammatory status
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regulation, through the IL-6/IL-10 ratio alteration [199]. In this regard, the Hemodynamic
Evaluation of Levosimendan in Patients With PH-HFpEF (HELP) trial (NCT03541603) is
investigating the effects of Levosimendan in HFpEF patients with left heart disease related
pulmonary hypertension.

4.4. The Heart Rate and Volemic Status Regulation as Therapeutic Targets

In HFpEF patients, high heart rate predicts poor outcome at sinus rhythm, instead
there are no clear correlations between worse prognosis and atrial fibrillation. This find-
ing was confirmed in The Irbesartan in Heart Failure With Preserved Systolic Function
(I-PRESERVE) trial [200] and the Meta-analysis Global Group in Chronic Heart Failure
(MAGICC) registry [201]. A slowdown in resting heart rate causes a raise in filling pres-
sures [202]. Ivabradine, an inhibitor of the funny current, reduces heart rate and improves
vascular stiffness, as well as systolic and diastolic function [203]. In The prEserveD left
ventricular ejectlon fraction chronic heart Failure with ivabradine studY (EDIFY) study,
ivabradine reduced heart rate, but worsened E /¢’ ratio, exercise tolerance, and NT-proBNP
levels, in HFpEF patients [204]. Ivabradine heart rate lowering does not provide any con-
sistent benefit, because diastole prolongation does not seem to improve diastolic function
and prognosis in patients with HFpEF.

Sodium-Glucose Cotransporter 2 Inhibitors (SGLT2i) showed a striking reduction of
cardiovascular events, in patients with T2DM. SGLT2i reduces renal glucose reabsorption,
rise urinary glucose excretion and increases diuresis [205-207]. In the The Empagliflozin
Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients Removing Excess
Glucose (EMPA-REG OUTCOME) study, empagliflozin leads to a striking reduction of
cardiovascular events in high cardiovascular risk T2DM patients. Several aspects, such
as the pre-load reduction and the cardiac energetics improvement, through an increase
in ketones’ supply, should be involved in the SGLT2i positive effects on cardiovascular
and renal outcomes [197,208]. Empagliflozin showed a direct effect on diastolic function
improvement in HF [209]. The ongoing EMPagliflozin outcomE tRial in Patients With
chrOnic heaRt Failure With Preserved Ejection Fraction (EMPEROR-PRESERVED) and
the Dapagliflozin Evaluation to Improve the LIVEs of Patients With PReserved Ejection
Fraction Heart Failure (DELIVER) (NCT03619213) trials are respectively studying the
empagliflozin and dapaglifozin’s effects on HF hospitalization and cardiovascular mortality
reduction, in HFpEF subjects with and without diabetes.

Table 1 contains a summary of the main trials regarding HFpEF therapy according to
the targeted pathophysiological pathway:.

Table 1. Main clinical trials of pharmacological therapy in heart failure with preserved ejection fraction.

Sample ClinicalTrials.gov Follow up

Trial Name (Years) Drug (Posology) Size Identifier Duration Results
RAAS and
Neprylisin Pathway
Irbesartan did not improve
Irbesartan (Oral, from 75
I-PRESERVE t0 300 mg daily vs. 4128 NCT00095238  495months  Outcomes (death from any

(2002-2008)

cause or hospitalization for

placebo) CV cause)

CHARM-
PRESERVED
(1999-2003)

Candesartan(32 mg once
daily vs. placebo)

Candesartan did not
improve outcomes
3023 NCT00634712 36.6 months (cardiovascular mortality or
hospitalization due to
congestive HF)




Int. J. Mol. Sci. 2021, 22, 7650

16 of 28

Table 1. Cont.

. Sample ClinicalTrials.gov Follow up
Trial Name (Years) Drug (Posology) Size Identifier Duration Results
RAAS and
Neprylisin Pathway
Spironolactone did not
significantly reduce the
Spironolactone(Oral, incide'nce of the primary
TOPCAT(2006-2013)  15mgtod5mgdailyvs. 3445  NCTO0094302 39 months  COMPOsite outcome of death
Jacebo) from CV causes, aborted
p cardiac arrest, or
hospitalization for the HF
management
Long-term aldosterone
receptor blockade improved
ALDO-DHF Spironolactone(Oral, left ventricular diastolic
(2007-2012) 25 mg daily vs. placebo) 422 ISRCTN94726526 12 months function but did not affect
maximal exercise capacity,
symptoms or quality of life
Sacubitril / Valsartan(Oral.
Two periods:(1) a
single-blind treatment
from 3 to 8 weeks with
valsartan 80 mg bid, Sacubitril-valsartan did not
followed by result in a significantly
PIEB?S_ 2(1)\1[-91){1: sacubitril /valsartan 4822 NCTO01920711 35 months lower rate of total
100 mg bid(2) a hospitalizations for HF and
double-blind randomized death from CV causes
treatment with
sacubitril /valsartan
200 mg bid or valsartan
160 mg bid
Oxidative stress
and Nitric oxide
pathway
Potassium Nitrate
KNO3CK (KNO3)(Oral, 6 millimoles Outcome: VO
OUT-HFpEF of inorganic nitrate per 76 NCT02840799 N/A (ongoin s tud 2)
(2016-2022) capsule, three times daily £OMg y
for 6 weeks vs. placebo)
S . Administration of inhaled
Inorganic nitrite or nitrate . ic nitrite f K
preparations(Nebulized Inorganic mt}rlte or 4 wee .s,
INDIE-HFpEF sodium nitrite at 46 mg 105 NCT02742129 17months  cOmpared with placebo, did
(2016-2018) then 80 me three Hmes per not result in significant
da vgs Jacebo) P improvement in exercise
yvs-p capacity and VO,
Vericiguat(Oral, 2.5 mg Vericiguat, did not change
once daily for 2 weeks, NT-proBNP levels at
SOCRATES- up-titration to 5 mg orally 12 weeks compared with
PRESERVED once daily for 2 weeks, 477 NCT01951638 16 weeks placebo but it was

(2013-2015) up-titration to 10 mg
orally once daily for 8

weeks vs. placebo)

associated with
improvements in quality of
life
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Table 1. Cont.

. Sample ClinicalTrials.gov Follow up
Trial Name (Years) Drug (Posology) Size Identifier Duration Results
RAAS and
Neprylisin Pathway
Isosorbide Patients who received
mononitrate(6-week isosorbide mononitrate
NEAT-HFpEF df)se—escsfllatlon regimen of were less active fmd chFl not
isosorbide mononitrate, 110 NCT02053493 6 weeks have better quality of life or
(2014-2016) . .
from 30 mg to 60 mg to submaximal exercise
120 mg once daily vs. capacity than patients who
placebo) received placebo
Inflammation
pathway and
calcium handling
Anakinra significantly
Anakinra(Subcutaneous, reduced the systemic
Interleukin-1 blockade, inflammatory response and
D-HART (2014-2017) 100 mg subcutaneously 60 NCT02173548 12 weeks improved the aerobic
once daily for 12 weeks vs. exercise capacity of patients
placebo) with HFpEF and elevated
plasma CRP levels.
Levosimendan infusion did
. . not affect exercise-PCWP
Levommsglclll zﬁlfrlln]ectable but did reduce PCWP
HELP (2018-2020) 0.075-0.1 g/ kg,/min for 38 NCT03541603 6 weeks mcorporatm‘g d;'ita from rest
24 h weekly vs. placebo) and exercise, in tandem
’ with increased
6 min-walking-test
Fibrosis pathway
Pirfenidone(Oral, 801 mg . .
PIROUETTE . : Change in myocardial ECV
(2017-2020) three times daily vs. 129 NCT02932566 12 months from baseline to 52 weeks
placebo
SGLT-2 inhibition
EMPEROR- Empagliflozin(Oral, 10 m Time to first event of
Preserved p d§i1 vs lacel;o) & 5988 NCTO03057951 20 months adjudicated CV death or
(2017-2021) yvs-p HHF (ongoing)
o Composite of CV death,
DELIVER Dapagliflozin (Oral, 10mg 563 NcTo3619213 27 months HHEF and urgent HF visit
(2018-2022) daily vs. placebo) (ongoing)

RAAS: renin angiotensin aldosterone system; CV: cardiovascular; HF: heart failure; VO,: maximal oxygen consumption; NT-proBNP:
N-terminal-pro hormone brain natriuretic peptide; PCWP: pulmonary capillary wedge pressure; HHF: heart failure hospitalization; CRP:
C-reactive protein; ECV: extracellular volume fraction.

5. Conclusions

HFpEF is a multifaceted and complex syndrome associated with global high mortality
and morbidity rates and its prevalence is constantly increasing. Although it is well known
the association among HFpEF and traditional cardiovascular risk factors, myocardial
alterations and pathophysiological basis are not well defined yet. In fact, the definition of
HFpEEF includes a wide spectrum of different myocardial structural alterations. Myocardial
hypertrophy and fibrosis, CMD, oxidative stress and inflammation are only some of
the main pathological detectable processes at myocardium levels and their consecutio in
HFpEF onset and progression is not well established. A comprehensive overview of
mechanisms involved in myocardial alterations observed in HFpEF are summarized in
Figure 2. Only the accurate and detailed characterization of myocardial tissue allows the
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full comprehension of its pathophysiological mechanisms together with the possibility to
identify new therapeutic targets, in order to specifically treat HFpEF, beyond traditional
cardiovascular risk factors control. Myocardial tissue characterization is certainly possible
through endomyocardial biopsy and histological analysis. However, its invasiveness
hampers the possibility to use it on large scale population. Actually, the improvement of
imaging techniques, such as CMR and their greater diffusion in clinical practice allows
myocardial tissue characterization in a non-invasive way. Moreover, CMR allows a dynamic
study of myocardial metabolism, both during stress and at rest, in HFpEF patients. The
reliable use of imaging techniques to characterize myocardial tissue in HFpEF may promote
an earlier, non-invasive and large-scale diagnosis, and this could allow to identify this
syndrome during its earlier phase of development, when it is more likely to be successfully
treated. However, the correlation between myocardial histopathological findings and
imaging aspects is still a challenge for medicine and further evidence is needed.

\ GENETIC AND
EPIGENETIC

ARRGICH Heart Failure
with Preserved

- LN Ejection Fraction:
xcessive extracellular
matrix production

INFLAMMATION-
METHABOLIC
PATHWAY

 Type 1 collagen and Myoca rdial \L ) \

o pp, e
eptin peptides

perivascular fibrosis a e ra I o n S TGF-B *  Endothelial

Metalloproteinases
dysregulation

1gG1and IgG3 cells SIRT3
PDHand ALT *  Serum

activity albumine
Sarcomeric proteins /
Iterati - o
Vs yoibeis CELLULAR AND CORONARY
i [ MICROVASCULAR
. IN-AERA DM K NO synthesis imbalance \

Titin post-traslational INVOLVMENT DYSFUNCTION

modifications Mythocondrial dysfunction

Impaired endothelial cells repair
Increased response to endothelin

\ *  Microvascular rarefaction and
detyrosination and hypermermeability

5 o *  Coronary ion channels
mechanical uncoupling 3 %
\ impairment

Figure 2. Schematic representation of the main myocardial and coronary histopathological and pathophysiological alter-
ations observed in heart failure with preserved ejection fraction (HFpEF). Cellular and interstitial involvement, coronary
microvascular dysfunction, genetic and epigenetic imbalance and the inflammation-metabolic pathway are the main
substrates leading to HFpEF. Each of the listed mechanism implies many molecular and ultrastructural alterations. RAAS:
renin angiotensin aldosterone system; TGF-B: transforming growth factor beta; IgG1: immunoglobulin G1; IgG3: immunoglobulin G3;
PDH: pyruvate dehydrogenase; ALT: alanine aminotransferase; SIRT3: sirtuin-3; NO: nitric oxide.
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Microtubule

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. VanRiet, EE.S.; Hoes, A.W,; Limburg, A.; Landman, M.A.].; Van der Hoeven, H.; Rutten, FH. Prevalence of unrecognized heart
failure in older persons with shortness of breath on exertion. Eur. |. Heart Fail. 2014, 16, 772-777. [CrossRef]

2. Van Riet, E.E.S.; Hoes, A.W.; Wagenaar, K.P,; Limburg, A.; Landman, M.A ]J.; Rutten, EH. Epidemiology of heart failure: The
prevalence of heart failure and ventricular dysfunction in older adults over time. A systematic review. Eur. ]. Heart Fail. 2016, 18,
242-252. [CrossRef] [PubMed]

3. Mureddu, G.F; Agabiti, N.; Rizzello, V.; Forastiere, F; Latini, R.; Cesaroni, G.; Masson, S.; Cacciatore, G.; Colivicchi, F.; Uguccioni,
M.; et al. Prevalence of preclinical and clinical heart failure in the elderly. A population-based study in Central Italy. Eur. ]. Heart
Fail. 2012, 14, 718-729. [CrossRef]

4. Ponikowski, P; Voors, A.A.; Anker, S.; Bueno, H.; Cleland, G.E].; Coats, A.].S.; Falk, V.; Gonzalez-Juanatey, ].R.; Harjola, V.P;

Jankowska, E.A ; et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for


http://doi.org/10.1002/ejhf.110
http://doi.org/10.1002/ejhf.483
http://www.ncbi.nlm.nih.gov/pubmed/26727047
http://doi.org/10.1093/eurjhf/hfs052

Int. J. Mol. Sci. 2021, 22, 7650 19 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) Developed with the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129-2200. [CrossRef] [PubMed]
Gerber, Y.; Weston, S.A.; Redfield, M.M.; Chamberlain, A.M.; Manemann, S.M.; Jiang, R.; Killian, ].M.; Roger, V.L. A contemporary
appraisal of the heart failure epidemic in Olmsted County, Minnesota, 2000 to 2010. JAMA Intern Med. 2015, 175, 996-1004.
[CrossRef] [PubMed]

Meta-analysis Global Group in Chronic Heart Failure (MAGGIC). The survival of patients with heart failure with preserved or
reduced left ventricular ejection fraction: An individual patient data meta-analysis. Eur. Heart ]. 2012, 33, 1750-1757. [CrossRef]
[PubMed]

Borlaug, B.A. The pathophysiology of heart failure with preserved ejection fraction. Nat. Rev. Cardiol. 2014, 507-515. [CrossRef]
[PubMed]

Pieske, B.; Tschope, C.; De Boer, R.A,; Fraser, A.G.; Anker, S.D.; Donal, E.; Edelmann, F; Fu, M.; Guazzi, M.; Lam, C.5.P; et al. How
to diagnose heart failure with preserved ejection fraction: The HFA-PEFF diagnostic algorithm: A consensus recommendation
from the Heart Failure Association (HFA) of the European Society of Cardiology (ESC). Eur. Heart ]. 2019, 40, 3297-3317.
[CrossRef]

Pfeffer, M.A.; Shah, A.M.; Borlaug, B.A. Heart Failure with Preserved Ejection Fraction In Perspective. Circ. Res. 2019, 124,
1598-1617. [CrossRef]

Dunlay, S.M.; Roger, V.L.; Redfield, M.M. Epidemiology of heart failure with preserved ejection fraction. Nat. Rev. Cardiol. 2017,
14, 591-602. [CrossRef]

Vaduganathan, M.; Patel, R.B.; Michel, A.; Shah, S.J.; Senni, M.; Gheorghiade, M.; Butler, ]. Mode of Death in Heart Failure With
Preserved Ejection Fraction. J. Am. Coll. Cardiol. 2017, 69, 556-569. [CrossRef] [PubMed]

Maggioni, A.P; Dahlstrom, U.; Filippatos, G.; Chioncel, O.; Leiro, M.C.; Drozdz, J.; Fruhwald, E; Gullestad, L.; Logeart, D.; Fabbri,
G.; et al. EURObservational Research Programme: Regional differences and 1-year follow-up results of the Heart Failure Pilot
Survey (ESC-HF Pilot). Eur. J. Heart Fail. 2013, 15, 808-817. [CrossRef]

Fonarow, G.C.; Gattis Stough, W.; Abraham, W.T.; Albert, N.M.; Gheorghiade, M.; Greenberg, B.H.; O’Connor, C.M,; Sun, J.-L.;
Clyde, W.; Yancy, C.W.,; et al. Characteristics, treatments, and outcomes of patients with preserved systolic function hospitalized
for heart failure: A report from the OPTIMIZE-HF registry. J. Am. Coll. Cardiol. 2007, 50, 768-777. [CrossRef]

Obokata, M.; Reddy, Y.N.V.; Borlaug, B.A. Diastolic dysfunction and heart failure with preserved ejection fraction: Understanding
mechanisms by using noninvasive methods. |. Am. Coll. Cardiol. Imaging 2020, 13, 245-257. [CrossRef] [PubMed]

Paulus, W.].; Tschope, C. 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. 2013, 62, 263-271.
[CrossRef] [PubMed]

Tschope, C.; Paulus, W.]. Is echocardiographic evaluation of diastolic function useful in determining clinical care? Doppler
echocardiography yields dubious estimates of left ventricular diastolic pressures. Circulation 2009, 120, 810-820. [CrossRef]
Westermann, D.; Kasner, M.; Steendijk, P,; Spillmann, F,; Riad, A.; Weitmann, K.; Hoffmann, W.; Poller, W.; Pauschinger, M.;
Schultheiss, H.-P.; et al. Role of left ventricular stiffness in heart failure with normal ejection fraction. Circulation 2008, 117,
2051-2060. [CrossRef] [PubMed]

Treibel, T.A.; White, S.K.; Moon, ].C. Myocardial Tissue Characterization: Histological and Pathophysiological Correlation. Curr.
Cardiovasc. Imaging Rep. 2014, 7, 9254. [CrossRef]

Moon, J.C.; Messroghli, D.R.; Kellman, P; Piechnik, S.K.; Robson, M.D.; Ugander, M.; Gatehouse, P.D.; Arai, A.E.; Friedrich, M.G;
Neubauer, S.; et al. Myocardial T1 mapping and extracellular volume quantification: A Society for Cardiovascular Magnetic
Resonance (SCMR) and CMR Working Group of the European Society of Cardiology consensus statement. J. Cardiovasc. Magn.
Reson. 2013, 15, 92. [CrossRef]

Flett, A.S.; Hayward, M.P.,; Ashworth, M.T.; Hansen, M.S.; Taylor, A.M.; Elliott, PM.; McGregor, C.; Moon, J.C. Equilibrium
contrast cardiovascular magnetic resonance for the measurement of diffuse myocardial fibrosis: Preliminary validation in humans.
Circulation 2010, 122, 138-144. [CrossRef]

Pan, J.A.; Kerwin, M.].; Salerno, M. Native T1 Mapping, Extracellular Volume Mapping, and Late Gadolinium Enhancement in
Cardiac Amyloidosis: A Meta-Analysis. JACC Cardiovasc. Imaging 2020, 13, 1299-1310. [CrossRef]

Diao, K.Y,; Yang, Z.G.; Xu, H.Y;; Liu, X.; Zhang, Q.; Shi, K; Jiang, L.; Xie, L.J.; Wen, L.Y.; Guo, Y.K. Histologic validation of
myocardial fibrosis measured by T1 mapping: A systematic review and meta-analysis. |. Cardiovasc. Magn. Reson. 2016, 18, 92.
[CrossRef]

Bull, S.; White, S.K.; Piechnik, S.K.; Flett, A.S.; Ferreira, V.M.; Loudon, M.; Francis, ].M.; Karamitsos, T.D.; Prendergast, B.D.;
Robson, M.D.; et al. Human non-contrast T1 values and correlation with histology in diffuse fibrosis. Heart 2013, 99, 932-937.
[CrossRef]

Quarta, G.; Gori, M.; Iorio, A.; D’Elia, E.; Moon, J.C.; lacovoni, A.; Burocchi, S.; Schelbert, E.B.; Brambilla, P.; Sironi, S.; et al.
Cardiac magnetic resonance in heart failure with preserved ejection fraction: Myocyte, interstitium, microvascular, and metabolic
abnormalities. Eur. . Heart Fail. 2020, 22, 1065-1075. [CrossRef]

Lam, C.S.; Roger, V.L.; Rodeheffer, R.].; Bursi, F; Borlaug, B.A.; Ommen, S.R.; Kass, D.A.; Redfield, M.M. Cardiac structure and
ventricular-vascular function in persons with heart failure and preserved ejection fraction from Olmsted County, Minnesota.
Circulation 2007, 115, 1982-1990. [CrossRef] [PubMed]


http://doi.org/10.1093/eurheartj/ehw128
http://www.ncbi.nlm.nih.gov/pubmed/27206819
http://doi.org/10.1001/jamainternmed.2015.0924
http://www.ncbi.nlm.nih.gov/pubmed/25895156
http://doi.org/10.1093/eurheartj/ehr254
http://www.ncbi.nlm.nih.gov/pubmed/21821849
http://doi.org/10.1038/nrcardio.2014.83
http://www.ncbi.nlm.nih.gov/pubmed/24958077
http://doi.org/10.1093/eurheartj/ehz641
http://doi.org/10.1161/CIRCRESAHA.119.313572
http://doi.org/10.1038/nrcardio.2017.65
http://doi.org/10.1016/j.jacc.2016.10.078
http://www.ncbi.nlm.nih.gov/pubmed/28153111
http://doi.org/10.1093/eurjhf/hft050
http://doi.org/10.1016/j.jacc.2007.04.064
http://doi.org/10.1016/j.jcmg.2018.12.034
http://www.ncbi.nlm.nih.gov/pubmed/31202759
http://doi.org/10.1016/j.jacc.2013.02.092
http://www.ncbi.nlm.nih.gov/pubmed/23684677
http://doi.org/10.1161/CIRCULATIONAHA.109.869628
http://doi.org/10.1161/CIRCULATIONAHA.107.716886
http://www.ncbi.nlm.nih.gov/pubmed/18413502
http://doi.org/10.1007/s12410-013-9254-9
http://doi.org/10.1186/1532-429X-15-92
http://doi.org/10.1161/CIRCULATIONAHA.109.930636
http://doi.org/10.1016/j.jcmg.2020.03.010
http://doi.org/10.1186/s12968-016-0313-7
http://doi.org/10.1136/heartjnl-2012-303052
http://doi.org/10.1002/ejhf.1961
http://doi.org/10.1161/CIRCULATIONAHA.106.659763
http://www.ncbi.nlm.nih.gov/pubmed/17404159

Int. J. Mol. Sci. 2021, 22, 7650 20 of 28

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Maestrini, V.; Treibel, T.A.; White, S.K.; Fontana, M.; Moon, ].C. T1 Mapping for Characterization of Intracellular and Extracellular
Myocardial Diseases in Heart Failure. Curr. Cardiovasc. Imaging Rep. 2014, 7, 9287. [CrossRef] [PubMed]

Sado, D.M.; Maestrini, V.; Piechnik, S.K.; Banypersad, S.M.; White, S.K,; Flett, A.S.; Robson, M.D.; Neubauer, S.; Ariti, C.; Arai,
A.; et al. Noncontrast myocardial T1 mapping using cardiovascular magnetic resonance for iron overload. J. Magn. Reson. Imaging
2015, 41, 1505-1511. [CrossRef] [PubMed]

Karamitsos, T.D.; Piechnik, S.K.; Banypersad, S.M.; Fontana, M.; Ntusi, N.B.; Ferreira, V.M.; Whelan, C.J.; Myerson, S.G.; Robson,
M.D.; Hawkins, P.N.; et al. Noncontrast T1 mapping for the diagnosis of cardiac amyloidosis. JACC Cardiovasc. Imaging 2013, 6,
488-497. [CrossRef]

Severino, P.; Maestrini, V.; Mariani, M.V.; Birtolo, L.I; Scarpati, R.; Mancone, M.; Fedele, F. Structural and myocardial dysfunction
in heart failure beyond ejection fraction. Heart Fail. Rev. 2020, 25, 9-17. [CrossRef] [PubMed]

Fedele, F.; Mancone, M.; Adamo, F,; Severino, P. Heart Failure With Preserved, Mid-Range, and Reduced Ejection Fraction: The
Misleading Definition of the New Guidelines. Cardiol. Rev. 2017, 25, 4-5. [CrossRef]

Severino, P.; Mariani, M.V.; Fedele, F. Futility in cardiology: The need for a change in perspectives. Eur. . Heart Fail. 2019, 21,
1483-1484. [CrossRef] [PubMed]

Fedele, E; Severino, P.; Calcagno, S.; Mancone, M. Heart failure: TNM-like classification. J. Am. Coll. Cardiol. 2014, 63, 1959-1960.
[CrossRef] [PubMed]

Severino, P.; Mather, PJ.; Pucci, M.; D’Amato, A.; Mariani, M.V.; Infusino, F.; Birtolo, L.I.; Maestrini, V.; Mancone, M.; Fedele, F.
Advanced Heart Failure and End-Stage Heart Failure: Does a Difference Exist. Diagnostics (Basel) 2019, 9, 170. [CrossRef]
Severino, P.; D’Amato, A.; Saglietto, A.; D’Ascenzo, F; Marini, C.; Schiavone, M.; Ghionzoli, N.; Pirrotta, F; Troiano, F.; Cannillo,
M.; et al. Reduction in heart failure hospitalization rate during coronavirus disease 19 pandemic outbreak. ESC Heart Fail. 2020, 7,
4182-4188. [CrossRef]

Hayashi, T.; Yamada, S.; Iwano, H.; Nakabachi, M.; Sakakibara, M.; Okada, K.; Murai, D.; Nishino, H.; Kusunose, K.; Watanabe,
K.; et al. Left ventricular global strain for estimating relaxation and filling pressure—A multicenter study. Circ. J. 2016, 80,
1163-1170. [CrossRef] [PubMed]

Ito, H.; Ishida, M.; Makino, W.; Goto, Y.; Ichikawa, Y.; Kitagawa, K.; Omori, T.; Dohi, K.; Ito, M.; Sakuma, H. Cardiovascular
magnetic resonance feature tracking for characterization of patients with heart failure with preserved ejection fraction: Correlation
of global longitudinal strain with invasive diastolic functional indices. J. Cardiovasc. Magn. Reson. 2020, 22, 42. [CrossRef]
[PubMed]

De Boer, R.A.; De Keulenaer, G.; Bauersachs, J.; Brutsaert, D.; Cleland, J.G.; Diez, J.; Du, X.J.; Ford, P.; Heinzel, ER.; Lipson,
K.E.; et al. Towards better definition, quantification and treatment of fibrosis in heart failure. A scientific roadmap by the
Committee of Translational Research of the Heart Failure Association (HFA) of the European Society of Cardiology. Eur. |. Heart
Fail. 2019, 21, 272-285. [CrossRef] [PubMed]

Hahn, V.S.; Yanek, L.R.; Vaishnav, J.; Ying, W.; Vaidya, D.; Lee, Y.ZJ.; Riley, S.J.; Subramanya, V.; Brown, E.E.; Hopkins,
C.D,; et al. Endomyocardial Biopsy Characterization of Heart Failure with Preserved Ejection Fraction and Prevalence of Cardiac
Amyloidosis. JACC Heart Fail. 2020, 8, 712-724. [CrossRef]

Russell, S.B.; Smith, ].C.; Huang, M.; Trupin, J.S.; Williams, S.M. Pleiotropic Effects of Immune Responses Explain Variation in the
Prevalence of Fibroproliferative Diseases. PLoS Genet 2015, 11, €1005568. [CrossRef]

Hellwege, ].N.; Torstenson, E.S.; Russell, S.B.; Edwards, T.L.; Velez Edwards, D.R. Evidence of selection as a cause for racial
disparities in fibroproliferative disease. PLoS ONE 2017, 12, e0182791. [CrossRef]

Lavalle, C.; Mariani, M.V,; Piro, A.; Straito, M.; Severino, I.; Della Rocca, D.G.; Forleo, G.B.; Romero, J.; Di Biase, L.; Fedele,
F. Electrocardiographic features, mapping and ablation of idiopathic outflow tract ventricular arrhythmias. J. Interv. Card.
Electrophysiol. 2020, 57, 207-218. [CrossRef] [PubMed]

Piro, A.; Magnocavallo, M.; Della Rocca, D.G.; Neccia, M.; Manzi, G.; Mariani, M.V,; Straito, M.; Bernardini, A.; Severino, P.;
Iannucci, G.; et al. Management of cardiac implantable electronic device follow-up in COVID-19 pandemic: Lessons learned
during Italian lockdown. J. Cardiovasc. Electrophysiol. 2020, 31, 2814-2823. [CrossRef] [PubMed]

Cuijpers, I.; Simmonds, S.J.; Van Bilsen, M.; Czarnowska, E.; Gonzalez Miqueo, A.; Heymans, S.; Kuhn, A.R.; Mulder, P.; Ratajska,
A.; Jones, E.A.V,; et al. Microvascular and lymphatic dysfunction in HFpEF and its associated comorbidities. Basic Res. Cardiol.
2020, 115, 39. [CrossRef] [PubMed]

Michels da Silva, D.; Langer, H.; Graf, T. Inflammatory and molecular pathways in heart failure-ischemia, HFpEF and transthyretin
cardiac amyloidosis. Int. J. Mol. Sci. 2019, 20, 2322. [CrossRef] [PubMed]

Gonzalez, A.; Schelbert, E.B.; Diez, J.; Butler, ]. Myocardial Interstitial Fibrosis in Heart Failure: Biological and Translational
Perspectives. J. Am. Coll. Cardiol. 2018, 71, 1696-1706. [CrossRef]

Su, M.Y; Lin, L.Y,; Tseng, Y.H.; Chang, C.C.; Wu, C.K,; Lin, ].L.; Tseng, W.Y. CMR-verified diffuse myocardial fibrosis is associated
with diastolic dysfunction in HFpEF. JACC Cardiovasc. Imaging 2014, 7, 991-997. [CrossRef]

Kanagala, P; Cheng, A.S.H.; Singh, A.; Khan, J.N.; Gulsin, G.S.; Patel, P.; Gupta, P; Arnold, J.R; Squire, L.B.; Ng, L.L.; et al.
Relationship between focal and diffuse fibrosis assessed by CMR and clinical outcomes in heart failure with preserved ejection
fraction. J. Am. Coll. Cardiol. Imaging 2019, 11 Pt 2, 2291-2301. [CrossRef]

Franssen, C.; Gonzalez Miqueo, A. The role of titin and extracellular matrixremodeling in heart failure with preserved ejection
fraction. Neth Heart J. 2016, 24, 259-267. [CrossRef] [PubMed]


http://doi.org/10.1007/s12410-014-9287-8
http://www.ncbi.nlm.nih.gov/pubmed/25152807
http://doi.org/10.1002/jmri.24727
http://www.ncbi.nlm.nih.gov/pubmed/25104503
http://doi.org/10.1016/j.jcmg.2012.11.013
http://doi.org/10.1007/s10741-019-09828-8
http://www.ncbi.nlm.nih.gov/pubmed/31317296
http://doi.org/10.1097/CRD.0000000000000131
http://doi.org/10.1002/ejhf.1576
http://www.ncbi.nlm.nih.gov/pubmed/31359487
http://doi.org/10.1016/j.jacc.2014.02.552
http://www.ncbi.nlm.nih.gov/pubmed/24657683
http://doi.org/10.3390/diagnostics9040170
http://doi.org/10.1002/ehf2.13043
http://doi.org/10.1253/circj.CJ-16-0106
http://www.ncbi.nlm.nih.gov/pubmed/27021934
http://doi.org/10.1186/s12968-020-00636-w
http://www.ncbi.nlm.nih.gov/pubmed/32498688
http://doi.org/10.1002/ejhf.1406
http://www.ncbi.nlm.nih.gov/pubmed/30714667
http://doi.org/10.1016/j.jchf.2020.04.007
http://doi.org/10.1371/journal.pgen.1005568
http://doi.org/10.1371/journal.pone.0182791
http://doi.org/10.1007/s10840-019-00617-9
http://www.ncbi.nlm.nih.gov/pubmed/31650457
http://doi.org/10.1111/jce.14755
http://www.ncbi.nlm.nih.gov/pubmed/32954600
http://doi.org/10.1007/s00395-020-0798-y
http://www.ncbi.nlm.nih.gov/pubmed/32451732
http://doi.org/10.3390/ijms20092322
http://www.ncbi.nlm.nih.gov/pubmed/31083399
http://doi.org/10.1016/j.jacc.2018.02.021
http://doi.org/10.1016/j.jcmg.2014.04.022
http://doi.org/10.1016/j.jcmg.2018.11.031
http://doi.org/10.1007/s12471-016-0812-z
http://www.ncbi.nlm.nih.gov/pubmed/26886920

Int. J. Mol. Sci. 2021, 22, 7650 21 of 28

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Kasner, M.; Westermann, D.; Lopez, B.; Gaub, R.; Escher, F; Kuhl, U.; Schultheiss, H.P.; Tschope, C. Diastolic tissue Doppler
indexes correlate with the degree of collagen expression and cross-linking in heart failure and normal ejection fraction. J. Am.
Coll. Cardiol. 2011, 57, 977-985. [CrossRef]

Mohammed, S.F; Hussain, S.; Mirzoyev, S.A.; Edwards, W.D.; Maleszewski, ]J.J.; Redfield, M.M. Coronary microvascular
rarefaction and myocardial fibrosis in heart failure with preserved ejection fraction. Circulation 2015, 131, 550-559. [CrossRef]
Zile, M.R,; Baicu, C.F,; Ikonomidis, J.S.; Stroud, R.E.; Nietert, P.J.; Bradshaw, A.D.; Slater, R.; Palmer, B.M.; Van Buren, P.; Meyer,
M.; et al. Myocardial stiffness in patients with heart failure and a preserved ejection fraction: Contributions of collagen and titin.
Circulation 2015, 131, 1247-1259. [CrossRef]

Rodriguez, C.; Martinez-Gonzalez, J. The role of Lysyl oxidase enzymes in cardiac function and remodeling. Cells 2019, 8, 1483.
[CrossRef] [PubMed]

Nikolajevi¢ Starcevic, J.; Jani¢, M.; Sabovi¢, M. Molecular Mechanisms Responsible for Diastolic Dysfunction in Diabetes Mellitus
Patients. Int. J. Mol. Sci. 2019, 20, 1197. [CrossRef]

Nakamori, S.; Dohi, K.; Ishida, M.; Goto, Y.; Imanaka-Yoshida, K.; Omori, T.; Goto, I.; Kumagai, N.; Fujimoto, N.; Ichikawa,
Y.; et al. Native T1 Mapping and Extracellular Volume Mapping for the Assessment of Diffuse Myocardial Fibrosis in Dilated
Cardiomyopathy. JACC Cardiovasc. Imaging 2018, 11, 48-59. [CrossRef] [PubMed]

Rommel, K.P,; von Roeder, M.; Latuscynski, K.; Oberueck, C.; Blazek, S.; Fengler, K.; Besler, C.; Sandri, M.; Liicke, L.; Gutberlet,
M.; et al. Extracellular volume fraction for characterization of patients with heart failure and preserved ejection fraction. J. Am.
Coll. Cardiol. 2016, 67, 1815-1825. [CrossRef]

Ruberg, FL.; Berk, J.L. Transthyretin (TTR) cardiac amyloidosis. Circulation 2012, 126, 1286-1300. [CrossRef]

Garcia-Pavia, P; Rapezzi, C.; Adler, Y.; Arad, M.; Basso, C.; Brucato, A.; Burazor, I; Caforio, A.L.P; Damy, T.; Eriksson, U.; et al.
Diagnosis and treatment of cardiac amyloidosis: A position statement of the ESC Working Group on Myocardial and Pericardial
Diseases. Eur. Heart J. 2021, 42, 1554-1568. [CrossRef]

Hawkins, PN.; Ando, Y.; Dispenzeri, A.; Gonzalez-Duarte, A.; Adams, D.; Suhr, O.B. Evolving landscape in the management of
transthyretin amyloidosis. Ann. Med. 2015, 47, 625-638. [CrossRef] [PubMed]

Treibel, T.A.; Fontana, M.; Gilbertson, J.A.; Castelletti, S.; White, S.K.; Scully, PR.; Roberts, N.; Hutt, D.F.; Rowczenio, D.M.;
Whelan, C.J; et al. Occult Transthyretin Cardiac Amyloid in Severe Calcific Aortic Stenosis: Prevalence and Prognosis in Patients
Undergoing Surgical Aortic Valve Replacement. Circ. Cardiovasc. Imaging 2016, 9, €005066. [CrossRef]

Maceira, A.M.; Joshi, J.; Prasad, S.K.; Moon, J.C.; Perugini, E.; Harding, I.; Sheppard, M.N.; Poole-Wilson, P.A.; Hawkins, PN.;
Pennell, D.J. Cardiovascular magnetic resonance in cardiac amyloidosis. Circulation 2005, 111, 186-193. [CrossRef]

Dungu, ].N.; Valencia, O.; Pinney, ].H.; Gibbs, S.D.; Rowczenio, D.; Gilbertson, J.A.; Lachmann, H.J.; Wechalekar, A.; Gillmore,
J.D.; Whelan, C.J.; et al. CMR-based differentiation of AL and ATTR cardiac amyloidosis. JACC Cardiovasc. Imaging 2014, 7,
133-142. [CrossRef]

Mishra, S.; Kass, D.A. Cellular and molecular pathobiology of heart failure with preserved ejection fraction. Nat. Rev. Cardiol.
2021, 18, 400-423. [CrossRef]

Van Heerebeek, L.; Franssen, C.P.; Hamdani, N.; Verheugt, EW.; Somsen, G.A.; Paulus, W.J. Molecular and cellular basis for
diastolic dysfunction. Curr. Heart Fail. Rep. 2012, 9, 293-302. [CrossRef]

Caporizzo, M.A.; Chen, C.Y,; Bedi, K,; Margulies, K.B.; Prosser, B.L. Microtubules Increase Diastolic Stiffness in Failing Human
Cardiomyocytes and Myocardium. Circulation 2020, 141, 902-915. [CrossRef] [PubMed]

Benech, J.C.; Benech, N.; Zambrana, A.L; Rauschert, L; Bervejillo, V.; Oddone, N.; Damian, J.P. Diabetes increases stiffness of
live cardiomyocytes measured by atomic force microscopy nanoindentation. Am. J. Physiol. Cell Physiol. 2014, 307, C910-C919.
[CrossRef] [PubMed]

Simmonds, S.J.; Cuijpers, I.; Heymans, S.; Jones, E.A.V. Cellular and Molecular Differences between HFpEF and HFrEF: A Step
Ahead in an Improved Pathological Understanding. Cells 2020, 9, 242. [CrossRef] [PubMed]

Fouad, EM.; Slominski, ].M.; Tarazi, R.C. Left ventricular diastolic function in hypertension: Relation to left ventricular mass and
systolic function. J. Am. Coll. Cardiol. 1984, 3, 1500-1506. [CrossRef]

Zile, M.R.; Baicu, C.F; Gaasch, W.H. Diastolic heart failure—abnormalities in active relaxation and passive stiffness of the left
ventricle. N. Engl. ]. Med. 2004, 350, 1953-1959. [CrossRef] [PubMed]

Alyodo, D.; Anderson, R.W,; Parrish, D.G.; Dai, X.Z.; Bache, R.J. Alteration of myocardial blood flow associated with experimental
canine left ventricular hypertrophy secondary to valvular aortic stenosis. Circ. Res. 1986, 58, 47-57. [CrossRef]

Anversa, P; Rocci, R.; Olivetti, G. Quantitative structural analysis of the myocardium during physiologic growth and induced
cardiac hypertrophy: A review. J. Am. Coll. Cardiol. 1986, 7, 1140-1149. [CrossRef]

Omori, T.; Nakamori, S.; Fujimoto, N.; Ishida, M.; Kitagawa, K.; Ichikawa, Y.; Kumagai, N.; Kurita, T.; Imanaka-Yoshida, K.; Hiroe,
M.; et al. Myocardial Native T1 Predicts Load-Independent Left Ventricular Chamber Stiffness in Patients With HFpEF. JACC
Cardiovasc. Imaging 2020, 13, 2117-2128. [CrossRef] [PubMed]

White, S.K.; Sado, D.M.; Fontana, M.; Banypersad, S.M.; Maestrini, V.; Flett, A.S.; Piechnik, S.K.; Robson, M.D.; Hausenloy, D.J.;
Sheikh, A.M.; et al. T1 mapping for myocardial extracellular volume measurement by CMR: Bolus only versus primed infusion
technique. JACC Cardiovasc. Imaging 2013, 6, 955e62. [CrossRef] [PubMed]

Everett, RJ; Stirrat, C.G.; Semple, S.I; Newby, D.E.; Dweck, M.R.; Mirsadraee, S. Assessment of myocardial fibrosis with T1
mapping MRI. Clin. Radiol. 2016, 768-778. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jacc.2010.10.024
http://doi.org/10.1161/CIRCULATIONAHA.114.009625
http://doi.org/10.1161/CIRCULATIONAHA.114.013215
http://doi.org/10.3390/cells8121483
http://www.ncbi.nlm.nih.gov/pubmed/31766500
http://doi.org/10.3390/ijms20051197
http://doi.org/10.1016/j.jcmg.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28624408
http://doi.org/10.1016/j.jacc.2016.02.018
http://doi.org/10.1161/CIRCULATIONAHA.111.078915
http://doi.org/10.1093/eurheartj/ehab072
http://doi.org/10.3109/07853890.2015.1068949
http://www.ncbi.nlm.nih.gov/pubmed/26611723
http://doi.org/10.1161/CIRCIMAGING.116.005066
http://doi.org/10.1161/01.CIR.0000152819.97857.9D
http://doi.org/10.1016/j.jcmg.2013.08.015
http://doi.org/10.1038/s41569-020-00480-6
http://doi.org/10.1007/s11897-012-0109-5
http://doi.org/10.1161/CIRCULATIONAHA.119.043930
http://www.ncbi.nlm.nih.gov/pubmed/31941365
http://doi.org/10.1152/ajpcell.00192.2013
http://www.ncbi.nlm.nih.gov/pubmed/25163520
http://doi.org/10.3390/cells9010242
http://www.ncbi.nlm.nih.gov/pubmed/31963679
http://doi.org/10.1016/S0735-1097(84)80289-2
http://doi.org/10.1056/NEJMoa032566
http://www.ncbi.nlm.nih.gov/pubmed/15128895
http://doi.org/10.1161/01.res.58.1.47
http://doi.org/10.1016/S0735-1097(86)80236-4
http://doi.org/10.1016/j.jcmg.2020.05.030
http://www.ncbi.nlm.nih.gov/pubmed/32771571
http://doi.org/10.1016/j.jcmg.2013.01.011
http://www.ncbi.nlm.nih.gov/pubmed/23582361
http://doi.org/10.1016/j.crad.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/27005015

Int. J. Mol. Sci. 2021, 22, 7650 22 of 28

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Poyhonen, P; Kivisto, S.; Holmstrom, M.; Hanninen, H. Quantifying late gadolinium enhancement on CMR provides additional
prognostic information in early risk stratification of nonischemic cardiomyopathy: A cohort study. BMC Cardiovasc. Disord.
2014, 110. [CrossRef] [PubMed]

Kato, S.; Saito, N.; Kirigaya, H.; Gyotoku, D.; Iinuma, N.; Kusakawa, Y.; Iguchi, K.; Nakachi, T.; Fukui, K.; Futaki, M.; et al.
Prognostic significance of quantitative assessment of focal myocardial fibrosis in patients with heart failure with preserved
ejection fraction. Int. J. Cardiol. 2015, 191, 314-319. [CrossRef]

Mascherbauer, J.; Marzluf, B.A.; Tufaro, C.; Pfaffenberger, S.; Graf, A.; Wexberg, P.; Panzenbock, A.; Jakowitsch, J.; Bangert, C.;
Laimer, D.; et al. Cardiac magnetic resonance postcontrast T1 time is associated with outcome in patients with heart failure and
preserved ejection fraction. Circ. Cardiovasc. Imaging 2013, 6, 1056-1065. [CrossRef]

Assadi, H.; Jones, R.; Swift, A.].; Al-Mohammad, A.; Garg, P. Cardiac MRI for the prognostication of heart failure with preserved
ejection fraction: A systematic review and meta-analysis. Magn. Reson. Imaging 2021, 76, 116-122. [CrossRef]

Schelbert, E.B.; Fridman, Y.; Wong, T.C.; Abu Daya, H.; Piehler, K.M.; Kadakkal, A.; Miller, C.A.; Ugander, M.; Maanja, M.;
Kellman, P; et al. Temporal relation between myocardial fibrosis and heart failure with preserved ejection fraction: Association
with baseline disease severity and subsequent outcome. JAMA Cardiol. 2017, 2, 995-1006. [CrossRef]

Roy, C.; Slimani, A.; de Meester, C.; Amzulescu, M.; Pasquet, A.; Vancraeynest, D.; Beauloye, C.; Vanoverschelde, J.-L.; Gerber,
B.L.; Pouleur, A.C. Associations and prognostic significance of diffuse myocardial fibrosis by cardiovascular magnetic resonance
in heart failure with preserved ejection fraction. J. Cardiovasc. Magn. Reson. 2018, 20, 55. [CrossRef] [PubMed]

Duca, F; Kammerlander, A.A.; Zotter-Tufaro, C.; Aschauer, S.; Schwaiger, M.L.; Marzluf, B.A.; Bonderman, D.; Mascherbauer,
J. Interstitial Fibrosis, Functional Status, and Outcomes in Heart Failure with Preserved Ejection Fraction Insights From a
Prospective Cardiac Magnetic Resonance Imaging Study. Circ. Cardiovasc. Imaging 2016, 9, €005277. [CrossRef]

Kunadian, V.; Chieffo, A.; Camici, PG.; Berry, C.; Escaned, J.; Maas, A.H.E.M; Prescott, E.; Karam, N.; Appelman, Y.; Fraccaro,
C.; et al. An EAPCI Expert Consensus Document on Ischaemia with Non-Obstructive Coronary Arteries in Collaboration
with European Society of Cardiology Working Group on Coronary Pathophysiology & Microcirculation Endorsed by Coronary
Vasomotor Disorders International Study Group. Eurolntervention 2021, 16, 1049-1069. [CrossRef]

Padro, T.; Manfrini, O.; Bugiardini, R.; Canty, J.; Cenko, E.; De Luca, G.; Duncker, D.J.; Eringa, E.C.; Koller, A.; Tousoulis, D.; et al.
ESC Working Group on Coronary Pathophysiology and Microcirculation position paper on ‘coronary microvascular dysfunction
in cardiovascular disease’. Cardiovasc. Res. 2020, 116, 741-755. [CrossRef] [PubMed]

Knuuti, J.; Wijns, W.; Saraste, A.; Capodanno, D.; Barbato, E.; Funck-Brentano, C.; Eva Prescott, E.; Storey, R.F.; Deaton, C.; Cuisset,
T.; et al. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes: The Task Force for the diagnosis
and management of chronic coronary syndromes of the European Society of Cardiology (ESC). Eur. Heart ]. 2020, 41, 407-477.
[CrossRef] [PubMed]

Alexander, Y.; Osto, E.; Schmidt-Truckséss, A.; Shechter, M.; Trifunovic, D.; Duncker, D.J.; Aboyans, V.; Back, M.; Badimon, L.;
Cosentino, F; et al. Endothelial function in cardiovascular medicine: A consensus paper of the European Society of Cardiology
Working Groups on Atherosclerosis and Vascular Biology, Aorta and Peripheral Vascular Diseases, Coronary Pathophysiology
and Microcirculation, and Thrombosis. Cardiovasc. Res. 2021, 117, 29-42. [CrossRef]

Severino, P.; D’Amato, A.; Pucci, M.; Infusino, F.; Adamo, E,; Birtolo, L.I.; Netti, L.; Montefusco, G.; Chimenti, C.; Lavalle, C.; et al.
Ischemic Heart Disease Pathophysiology Paradigms Overview: From Plaque Activation to Microvascular Dysfunction. Int. J.
Mol. Sci. 2020, 21, 8118. [CrossRef]

Camici, P.G.; Tschope, C.; Di Carli, M.E; Rimoldi, O.; Van Linthout, S. Coronary microvascular dysfunction in hypertrophy and
heart failure. Cardiovasc. Res. 2020, 116, 806-816. [CrossRef] [PubMed]

Chimenti, C.; Russo, A.; Pieroni, M.; Calabrese, F; Verardo, R.; Thiene, G.; Russo, M.A.; Maseri, A.; Frustaci, A. Intramyocyte de-
tection of Epstein-Barr virus genome by laser capture microdissection in patients with inflammatory cardiomyopathy. Circulation
2004, 110, 3534-3539. [CrossRef]

Basoli, A.; Cametti, C.; Satriani, F.G.; Mariani, P.; Severino, P. Hemocompeatibility of stent materials: Alterations in electrical
parameters of erythrocyte membranes. Vasc Health Risk Manag. 2012, 8, 197-204. [CrossRef] [PubMed]

Alecrin, LN.; Aldrighi, ].M.; Caldas, M.A.; Gebara, O.C.; Lopes, N.H.; Ramires, J.A.F. Acute and chronic effects of oestradiol on
left ventricular diastolic function in hypertensive postmenopausal women with left ventricular diastolic dysfunction. Heart 2004,
90, 777-781. [CrossRef]

Severino, P.; D’Amato, A.; Netti, L.; Pucci, M.; Infusino, F.; Maestrini, V.; Mancone, M.; Fedele, F. Myocardial Ischemia and
Diabetes Mellitus: Role of Oxidative Stress in the Connection between Cardiac Metabolism and Coronary Blood Flow. J. Diabetes
Res. 2019, 2019, 9489826. [CrossRef]

Severino, P.; D’Amato, A.; Netti, L.; Pucci, M.; De Marchis, M.; Palmirotta, R.; Volterrani, M.; Mancone, M.; Fedele, F. Diabetes
Mellitus and Ischemic Heart Disease: The Role of Ion Channels. Int. . Mol. Sci. 2018, 19, 802. [CrossRef] [PubMed]

Severino, P.; D’Amato, A.; Pucci, M.; Infusino, E,; Birtolo, L.I.; Mariani, M.V.; Lavalle, C.; Maestrini, V.; Mancone, M.; Fedele, F.
Ischemic Heart Disease and Heart Failure: Role of Coronary Ion Channels. Int. J. Mol. Sci. 2020, 21, 3167. [CrossRef]
Mitacchione, G.; Schiavone, M.; Curnis, A.; Arca, M.; Antinori, S.; Gasperetti, A.; Mascioli, G.; Severino, P,; Sabato, E,; Caracciolo,
M.M.; et al. Impact of prior statin use on clinical outcomes in COVID-19 patients: Data from tertiary referral hospitals during
COVID-19 pandemic in Italy. J. Clin. Lipidol. 2021, 15, 68-78. [CrossRef] [PubMed]


http://doi.org/10.1186/1471-2261-14-110
http://www.ncbi.nlm.nih.gov/pubmed/25160650
http://doi.org/10.1016/j.ijcard.2015.05.048
http://doi.org/10.1161/CIRCIMAGING.113.000633
http://doi.org/10.1016/j.mri.2020.11.011
http://doi.org/10.1001/jamacardio.2017.2511
http://doi.org/10.1186/s12968-018-0477-4
http://www.ncbi.nlm.nih.gov/pubmed/30086783
http://doi.org/10.1161/CIRCIMAGING.116.005277
http://doi.org/10.4244/EIJY20M07_01
http://doi.org/10.1093/cvr/cvaa003
http://www.ncbi.nlm.nih.gov/pubmed/32034397
http://doi.org/10.1093/eurheartj/ehz425
http://www.ncbi.nlm.nih.gov/pubmed/31504439
http://doi.org/10.1093/cvr/cvaa085
http://doi.org/10.3390/ijms21218118
http://doi.org/10.1093/cvr/cvaa023
http://www.ncbi.nlm.nih.gov/pubmed/31999329
http://doi.org/10.1161/01.CIR.0000148823.08092.0E
http://doi.org/10.2147/VHRM.S28979
http://www.ncbi.nlm.nih.gov/pubmed/22536074
http://doi.org/10.1136/hrt.2003.016493
http://doi.org/10.1155/2019/9489826
http://doi.org/10.3390/ijms19030802
http://www.ncbi.nlm.nih.gov/pubmed/29534462
http://doi.org/10.3390/ijms21093167
http://doi.org/10.1016/j.jacl.2020.12.008
http://www.ncbi.nlm.nih.gov/pubmed/33390341

Int. J. Mol. Sci. 2021, 22, 7650 23 of 28

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Van de Wouw, J.; Sorop, O.; Van Drie, RW.A.; Van Duin, RW.B.; Nguyen, I.T.N.; Joles, ].A.; Verhaar, M.C.; Merkus, D.; Duncker,
D.J. Perturbations in myocardial perfusion and oxygen balance in swine with multiple risk factors: A novel model of ischemia
and no obstructive coronary artery disease. Basic Res. Cardiol. 2020, 115, 21. [CrossRef] [PubMed]

Campbell, D.J.; Somaratne, J.B.; Prior, D.L.; Yii, M.; Kenny, ].E; Newcomb, A.E.; Kelly, D.J.; Black, M.J. Obesity is associated with
lower coronary microvascular density. PLoS ONE 2013, 8, e81798. [CrossRef] [PubMed]

Baron, A.D.; Tarshoby, M.; Hook, G.; Lazaridis, E.N.; Cronin, J.; Johnson, A.; Steinberg, H.O. Interaction between insulin sensitivity
and muscle perfusion on glucose uptake in human skeletal muscle: Evidence for capillary recruitment. Diabetes 2000, 49, 768-774.
[CrossRef]

Gonzalez-Quesada, C.; Cavalera, M.; Biernacka, A.; Kong, P.; Lee, D.W.; Saxena, A.; Frunza, O.; Dobaczewski, M.; Shinde,
A.; Frangogiannis, N.G. Thrombospondin-1 induction in the diabetic myocardium stabilizes the cardiac matrix in addition to
promoting vascular rarefaction through angiopoietin-2 upregulation. Circ. Res. 2013, 113, 1331-1344. [CrossRef]

Alex, L.; Russo, I.; Holoborodko, V.; Frangogiannis, N.G. Characterization of a mouse model of obesity-related fibrotic cardiomy-
opathy that recapitulates features of human heart failure with preserved ejection fraction. Am. J. Physiol. Heart Circ. Physiol. 2018,
315, H934-H949. [CrossRef]

Jacob, M.; Paul, O.; Mehringer, L.; Chappell, D.; Rehm, M.; Welsch, U.; Kaczmarek, I.; Conzen, P.; Becker, B.F. Albumin
augmentation improves condition of guinea pig hearts after 4 h of cold ischemia. Transplantation 2009, 87, 956-965. [CrossRef]
Welsh, L. Vascular permeability—The essentials. Upsala ]. Med. Sci. 2015, 120, 135-143. [CrossRef]

Van Dijk, C.G.M,; Oosterhuis, N.R.; Xu, Y.J.; Brandt, M.; Paulus, W.J.; van Heerebeek, L.; Duncker, D.J.; Verhaar, M.C.; Fontoura, D.;
Lourenco, A.P; et al. Distinct Endothelial Cell Responses in the Heart and Kidney Microvasculature Characterize the Progression
of Heart Failure With Preserved Ejection Fraction in the Obese ZSF1 Rat with Cardiorenal Metabolic Syndrome. Circ. Heart Fail.
2016, 9, €002760. [CrossRef]

Zeng, H.; He, X.; Tuo, Q.H.; Liao, D.F.; Zhang, G.Q.; Chen, ]J.X. LPS causes pericyte loss and microvascular dysfunction via
disruption of Sirt3/angiopoietins/Tie-2 and HIF-2a/Notch3 pathways. Sci. Rep. 2016, 6, 20931. [CrossRef]

Zeng, H.; Chen, J.X. Sirtuin 3, Endothelial Metabolic Reprogramming, and Heart Failure With Preserved Ejection Fraction. J.
Cardiovasc. Pharmacol. 2019, 74, 315-323. [CrossRef]

Fedele, E; Severino, P; Bruno, N.; Stio, R.; Caira, C.; D’Ambrosi, A.; Brasolin, B.; Ohanyan, V.; Mancone, M. Role of ion channels
in coronary microcirculation: A review of the literature. Future Cardiol. 2013, 9, 897-905. [CrossRef]

Fedele, F.; Mancone, M.; Chilian, W.M.; Severino, P.; Canali, E.; Logan, S.; De Marchis, M.L.; Volterrani, M.; Palmirotta, R.;
Guadagni, F. Role of genetic polymorphisms of ion channels in the pathophysiology of coronary microvascular dysfunction and
ischemic heart disease. Basic Res. Cardiol. 2013, 108, 387. [CrossRef]

Severino, P.; D’Amato, A.; Netti, L.; Pucci, M.; Mariani, M.V.; Cimino, S.; Birtolo, L.I.; Infusino, E.; De Orchi, P.; Palmirotta, R.; et al.
Susceptibility to ischaemic heart disease: Focusing on genetic variants for ATP-sensitive potassium channel beyond traditional
risk factors. Eur. J. Prev. Cardiol. 2020, 2047487320926780. [CrossRef] [PubMed]

Goodwill, A.G.; Dick, G.M.; Kiel, A.M.; Tune, ].D. Regulation of Coronary Blood Flow. Compr. Physiol. 2017, 7, 321-382. [CrossRef]
Ludwig, L.L.; Schertel, E.R.; Pratt, ] W.; McClure, D.E.; Ying, A.]J.; Heck, C.E; Myerowitz, P.D. Impairment of left ventricular
function by acute cardiac lymphatic obstruction. Cardiovasc. Res. 1997, 33, 164-171. [CrossRef]

Reddy, Y.N.V.; Obokata, M.; Wiley, B.; Koepp, K.E.; Jorgenson, C.C.; Egbe, A.; Melenovsky, V.; Carter, R.E.; Borlaug, B.A. The
haemodynamic basis of lung congestion during exercise in heart failure with preserved ejection fraction. Eur. Heart J. 2019, 40,
3721-3730. [CrossRef] [PubMed]

Zawieja, S.D.; Gasheva, O.; Zawieja, D.C.; Muthuchamy, M. Blunted flow-mediated responses and diminished nitric oxide
synthase expression in lymphatic thoracic ducts of a rat model of metabolic syndrome. Am. J. Physiol. Heart Circ. Physiol. 2016,
310, H385-H393. [CrossRef] [PubMed]

Zawieja, S.D.; Wang, W.; Chakraborty, S.; Zawieja, D.C.; Muthuchamy, M. Macrophage alterations within the mesenteric lymphatic
tissue are associated with impairment of lymphatic pump in metabolic syndrome. Microcirculation 2016, 23, 558-570. [CrossRef]
Nitti, M.D.; Hespe, G.E.; Kataru, R.P,; GarciaNores, G.D.; Savetsky, I.L.; Torrisi, ].S.; Gardenier, ].C.; Dannenberg, A.].; Mehrara,
B.J. Obesity-induced lymphatic dysfunction is reversible with weight loss. J. Physiol. 2016, 594, 7073-7087. [CrossRef] [PubMed]
Scallan, J.P; Hill, M.A.; Davis, M.]. Lymphatic vascular integrity is disrupted in type 2 diabetes due to impaired nitric oxide
signalling. Cardiovasc. Res. 2015, 107, 89-97. [CrossRef]

Yang, G.H.; Zhou, X,; Ji, WJ.; Zeng, S.; Dong, Y.; Tian, L.; Bi, Y.; Guo, Z.Z.; Gao, F.; Chen, H.; et al. Overexpression of VEGF-C
attenuates chronic high salt intake-induced left ventricular maladaptive remodeling in spontaneously hypertensive rats. Am. J.
Physiol. Heart Circ. Physiol. 2014, 306, H598-H609. [CrossRef] [PubMed]

Lopez Gelston, C.A.; Balasubbramanian, D.; Abouelkheir, G.R.; Lopez, A.H.; Hudson, K.R.; Johnson, E.R.; Muthuchamy, M.;
Mitchell, B.M.; Rutkowski, ].M. Enhancing Renal Lymphatic Expansion Prevents Hypertension in Mice. Circ. Res. 2018, 122,
1094-1101. [CrossRef] [PubMed]

Kato, S.; Saito, N.; Kirigaya, H.; Gyotoku, D.; linuma, N.; Kusakawa, Y.; Iguchi, K.; Nakachi, T.; Fukui, K.; Futaki, M.; et al.
Impairment of coronary flow reserve evaluated by phase contrast cine-magnetic resonance imaging in patients with heart failure
with preserved ejection fraction. J. Am. Heart Assoc. 2016, 5, €002649. [CrossRef] [PubMed]

Loffler, A.L; Pan, J.A.; Balfour, PC,, Jr.; Shaw, PW.,; Yang, Y.; Nasir, M.; Auger, D.A.; Epstein, EH.; Kramer, C.M.; Gan, L.M.; et al.
Frequency of Coronary Microvascular Dysfunction and Diffuse Myocardial Fibrosis (Measured by Cardiovascular Magnetic


http://doi.org/10.1007/s00395-020-0778-2
http://www.ncbi.nlm.nih.gov/pubmed/32100119
http://doi.org/10.1371/journal.pone.0081798
http://www.ncbi.nlm.nih.gov/pubmed/24312359
http://doi.org/10.2337/diabetes.49.5.768
http://doi.org/10.1161/CIRCRESAHA.113.302593
http://doi.org/10.1152/ajpheart.00238.2018
http://doi.org/10.1097/TP.0b013e31819c83b5
http://doi.org/10.3109/03009734.2015.1064501
http://doi.org/10.1161/CIRCHEARTFAILURE.115.002760
http://doi.org/10.1038/srep20931
http://doi.org/10.1097/FJC.0000000000000719
http://doi.org/10.2217/fca.13.65
http://doi.org/10.1007/s00395-013-0387-4
http://doi.org/10.1177/2047487320926780
http://www.ncbi.nlm.nih.gov/pubmed/33611546
http://doi.org/10.1002/cphy.c160016
http://doi.org/10.1016/S0008-6363(96)00177-0
http://doi.org/10.1093/eurheartj/ehz713
http://www.ncbi.nlm.nih.gov/pubmed/31609443
http://doi.org/10.1152/ajpheart.00664.2015
http://www.ncbi.nlm.nih.gov/pubmed/26637560
http://doi.org/10.1111/micc.12307
http://doi.org/10.1113/JP273061
http://www.ncbi.nlm.nih.gov/pubmed/27619475
http://doi.org/10.1093/cvr/cvv117
http://doi.org/10.1152/ajpheart.00585.2013
http://www.ncbi.nlm.nih.gov/pubmed/24337460
http://doi.org/10.1161/CIRCRESAHA.118.312765
http://www.ncbi.nlm.nih.gov/pubmed/29475981
http://doi.org/10.1161/JAHA.115.002649
http://www.ncbi.nlm.nih.gov/pubmed/26908404

Int. J. Mol. Sci. 2021, 22, 7650 24 of 28

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Resonance) in Patients With Heart Failure and Preserved Left Ventricular Ejection Fraction. Am. J. Cardiol. 2019, 124, 1584-1589.
[CrossRef] [PubMed]

Shah, S.J.; Lam, C.S.P; Svedlund, S.; Saraste, A.; Hage, C.; Tan, R.S.; Beussink-Nelson, L.; Fermer, M.L.; Broberg, M.A.; Gan,
L.M,; et al. Prevalence and correlates of coronary microvascular dysfunction in heart failure with preserved ejection fraction:
PROMIS-HFpEF. Eur. Heart J. 2018, 39, 3439-3450. [CrossRef]

Packer, M.; Lam, C.S.P; Lund, L.H.; Maurer, M.S.; Borlaug, B.A. Characterization of the inflammatory-metabolic phenotype of
heart failure with a preserved ejection fraction: A hypothesis to explain influence of sex on the evolution and potential treatment
of the disease. Eur. . Heart Fail. 2020, 22, 1551-1567. [CrossRef]

Severino, P; Netti, L.; Mariani, M.V.; Maraone, A.; D’Amato, A.; Scarpati, R.; Infusino, F; Pucci, M.; Lavalle, C.; Maestrini, V.; et al.
Prevention of Cardiovascular Disease: Screening for Magnesium Deficiency. Cardiol. Res. Pr. 2019, 2019, 4874921. [CrossRef]
Obokata, M.; Reddy, Y.N.V,; Pislaru, S.V.; Melenovsky, V.; Borlaug, B.A. Evidence supporting the existence of a distinct obese
phenotype of heart failure with preserved ejection fraction. Circulation 2017, 136, 6-19. [CrossRef]

Foussier, C.; Barral, P.A.; Jerosh-Herold, M.; Gariboldi, V.; Rapacchi, S.; Gallon, A.; Bartoli, A.; Bentatou, Z.; Guye, M.; Bernard,
M.; et al. Quantification of diffuse myocardial fibrosis using CMR extracellular volume fraction and serum biomarkers of collagen
turnover with histologic quantification as standard of reference. Diagn. Interv. Imaging. 2021, 102, 163-169. [CrossRef] [PubMed]
Venteclef, N.; Guglielmi, V.; Balse, E.; Gaborit, B.; Cotillard, A.; Atassi, F.; Amour, J.; Leprince, P.; Dutour, A.; Clément, K.; et al.
Human epicardial adipose tissue induces fibrosis of the atrial myocardium through the secretion of adipo-fibrokines. Eur. Heart ].
2015, 36, 795-805. [CrossRef]

Severino, P.; Mariani, M.V.; Maraone, A.; Piro, A.; Ceccacci, A.; Tarsitani, L.; Maestrini, V.; Mancone, M.; Lavalle, C.; Pasquini,
M.; et al. Triggers for Atrial Fibrillation: The Role of Anxiety. Cardiol. Res. Pr. 2019, 2019, 1208505. [CrossRef]

Magnocavallo, M.; Bellasi, A.; Mariani, M.V.; Fusaro, M.; Ravera, M.; Paoletti, E.; Di Iorio, B.; Barbera, V.; Della Rocca, D.G.;
Palumbo, R.; et al. Thromboembolic and Bleeding Risk in Atrial Fibrillation Patients with Chronic Kidney Disease: Role of
Anticoagulation Therapy. J. Clin. Med. 2020, 10, 83. [CrossRef] [PubMed]

Mariani, M.V.; Magnocavallo, M.; Straito, M.; Piro, A.; Severino, P.; lannucci, G.; Chimenti, C.; Mancone, M.; Rocca, D.G.D.; Forleo,
G.B.; et al. Direct oral anticoagulants versus vitamin K antagonists in patients with atrial fibrillation and cancer a meta-analysis. J.
Thromb. Thrombolysis 2021, 51, 419-429. [CrossRef] [PubMed]

Wu, CK;; Lee, ] K,; Hsu, J.C.; Su, MM.; Wu, Y.E; Lin, T.T,; Lan, C.W.; Hwang, ].].; Lin, L.Y. Myocardial adipose deposition and the
development of heart failure with preserved ejection fraction. Eur. J. Heart Fail. 2020, 22, 445-454. [CrossRef] [PubMed]

Koepp, K.E.; Obokata, M.; Reddy, Y.N.V.; Olson, T.P; Borlaug, B.A. Hemodynamic and functional impact of epicardial adipose
tissue in heart failure with preserved ejection fraction. JACC Heart Fail. 2020, 8, 657-666. [CrossRef] [PubMed]

Gronemeyer, S.A.; Steen, R.G.; Kauffman, W.M.; Reddick, W.E.; Glass, J.O. Fast adipose tissue (FAT) assessment by MRI. Magn.
Reson. Imaging 2000, 18, 815-818. [CrossRef]

Wu, C.K; Tsai, H.Y,; Su, M.M.; Wu, Y.E; Hwang, ].J.; Lin, J.L.; Lin, L.Y.; Chen, ].J. Evolutional change in epicardial fat and its
correlation with myocardial diffuse fibrosis in heart failure patients. J. Clin. Lipidol. 2017, 11, 1421-1431. [CrossRef] [PubMed]
Mahmod, M.; Pal, N.; Rayner, J.; Holloway, C.; Raman, B.; Dass, S.; Levelt, E.; Ariga, R.; Ferreira, V.; Banerjee, R.; et al. The
interplay between metabolic alterations, diastolic strain rate and exercise capacity in mild heart failure with preserved ejection
fraction: A cardiovascular magnetic resonance study. J. Cardiovasc. Magn. Reson. 2018, 20, 88. [CrossRef]

Pu, Q.; Larouche, I; Schiffrin, E.L. Effect of dual angiotensin converting enzyme/neutral endopeptidase inhibition, angiotensin
converting enzyme inhibition, or AT1 antagonism on coronary microvasculature in spontaneously hypertensive rats. Am. J.
Hypertens. 2003, 11 Pt 1, 931-937. [CrossRef]

Tamura, N.; Ogawa, Y.; Chusho, H.; Nakamura, K.; Nakao, K.; Suda, M.; Kasahara, M.; Hashimoto, R.; Katsuura, G.; Mukoyama,
M.; et al. Cardiac fibrosis in mice lacking brain natriuretic peptide. Proc. Natl. Acad. Sci. USA 2000, 97, 4239-4244. [CrossRef]
Santos-Alvarez, J.; Goberna, R.; Sanchez-Margalet, V. Human leptin stimulates proliferation and activation of human circulating
monocytes. Cell Immunol. 1999, 194, 6-11. [CrossRef] [PubMed]

Saucillo, D.C.; Gerriets, V.A.; Sheng, J.; Rathmell, ].C.; Maciver, N.J. Leptin metabobolically licenses T cells for activation to link
nutrition and immunity. J. Immunol. 2014, 192, 136-144. [CrossRef]

Moudgil, R.; Samra, G.; Ko, K.A.; Vu, H.T.; Thomas, T.N.; Luo, W.; Chang, J.; Reddy, A K.; Fujiwara, K.; Abe, ].I. Topoisomerase 2B
Decrease Results in Diastolic Dysfunction via p53 and Akt: A Novel Pathway. Front. Cardiovasc. Med. 2020, 7, 594123. [CrossRef]
[PubMed]

Van den Hoogen, P.; De Jager, S.C.A.; Huibers, M.M.H.; Schoneveld, A.H.; Puspitasari, Y.M.; Valstar, G.B.; Oerlemans, M.L.E].;
De Weger, R.A.; Doevendans, P.A.; Den Ruijter, HM.; et al. Increased circulating IgG levels, myocardial immune cells and
IgG deposits support a role for an immune response in pre- and end-stage heart failure. J. Cell. Mol. Med. 2019, 23, 7505-7516.
[CrossRef] [PubMed]

Prenner, S.B,; Pillutla, R.; Yenigalla, S.; Gaddam, S.; Lee, ].; Obeid, M.].; Ans, A.H.; Jehangir, Q.; Kim, J.; Zamani, P; et al. Serum
Albumin Is a Marker of Myocardial Fibrosis, Adverse Pulsatile Aortic Hemodynamics, and Prognosis in Heart Failure With
Preserved Ejection Fraction. . Am. Heart Assoc. 2020, 9, e014716. [CrossRef]

Charles, C.J.; Lee, P; Li, R.R,; Yeung, T.; Iboraham Mazlan, S.M.; Tay, Z.W.; Abdurrachim, D.; Teo, X.Q.; Wang, W.H.; De Kleijn,
D.P.V,; et al. A porcine model of heart failure with preserved ejection fraction: Magnetic resonance imaging and metabolic
energetics. ESC Heart Fail. 2020, 7, 92-102. [CrossRef] [PubMed]


http://doi.org/10.1016/j.amjcard.2019.08.011
http://www.ncbi.nlm.nih.gov/pubmed/31575425
http://doi.org/10.1093/eurheartj/ehy531
http://doi.org/10.1002/ejhf.1902
http://doi.org/10.1155/2019/4874921
http://doi.org/10.1161/CIRCULATIONAHA.116.026807
http://doi.org/10.1016/j.diii.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32830084
http://doi.org/10.1093/eurheartj/eht099
http://doi.org/10.1155/2019/1208505
http://doi.org/10.3390/jcm10010083
http://www.ncbi.nlm.nih.gov/pubmed/33379379
http://doi.org/10.1007/s11239-020-02304-3
http://www.ncbi.nlm.nih.gov/pubmed/33044735
http://doi.org/10.1002/ejhf.1617
http://www.ncbi.nlm.nih.gov/pubmed/31696627
http://doi.org/10.1016/j.jchf.2020.04.016
http://www.ncbi.nlm.nih.gov/pubmed/32653449
http://doi.org/10.1016/S0730-725X(00)00168-5
http://doi.org/10.1016/j.jacl.2017.08.018
http://www.ncbi.nlm.nih.gov/pubmed/29050981
http://doi.org/10.1186/s12968-018-0511-6
http://doi.org/10.1016/S0895-7061(03)01029-X
http://doi.org/10.1073/pnas.070371497
http://doi.org/10.1006/cimm.1999.1490
http://www.ncbi.nlm.nih.gov/pubmed/10357875
http://doi.org/10.4049/jimmunol.1301158
http://doi.org/10.3389/fcvm.2020.594123
http://www.ncbi.nlm.nih.gov/pubmed/33330654
http://doi.org/10.1111/jcmm.14619
http://www.ncbi.nlm.nih.gov/pubmed/31557411
http://doi.org/10.1161/JAHA.119.014716
http://doi.org/10.1002/ehf2.12536
http://www.ncbi.nlm.nih.gov/pubmed/31851785

Int. J. Mol. Sci. 2021, 22, 7650 25 of 28

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Sankaralingam, S.; Lopaschuk, G.D. Cardiac energy metabolic alterations in pressure overload—induced left and right heart
failure (2013 Grover Conference Series). Pulm. Circ. 2015, 5, 15-28. [CrossRef]

Lydell, C.P,; Chan, C.P.; Wambolt, R.B.; Sambandam, N.; Parsons, H.; Bondy, G.P.; Rodrigues, B.; Popov, K.M.; Harris, R.A;
Brownsey, R.W.; et al. Pyruvate dehydrogenase and the regulation of glucose oxidation in hypertrophied rat hearts. Cardiovasc.
Res. 2002, 53, 841-851. [CrossRef]

Doenst, T.; Pytel, G.; Schrepper, A.; Amorim, P,; Farber, G.; Shingu, Y.; Mohr, EW.; Schwarzer, M. Decreased rates of substrate
oxidation ex vivo predict the onset of heart failure and contractile dysfunction in rats with pressure overload. Cardiovasc. Res.
2010, 86, 461-470. [CrossRef] [PubMed]

Kundu, B.K.; Zhong, M.; Sen, S.; Davogustto, G.; Keller, S.R.; Taegtmeyer, H. Remodeling of glucose metabolism precedes
pressure overload-induced left ventricular hypertrophy: Review of a hypothesis. Cardiology 2015, 130, 211-220. [CrossRef]
Sampath, S.; Parimal, A.S.; Huang, W.; Manigbas, E.; Gsell, W.; Chang, M.M.L.; Qiu, A.; Jacobsen, K.; Evelhoch, J.L.; Chin, C.L.
Quantification of regional myocardial mean intracellular water lifetime: A nonhuman primate study in myocardial stress. NMR
Biomed. 2020, 33, e4248. [CrossRef] [PubMed]

Zhang, Y.; Poirier-Quinot, M.; Springer, C.S., Jr.; Balschi, J.A. Active trans-plasma membrane water cycling in yeast is revealed by
NMR. Biophys. J. 2011, 101, 2833-2842. [CrossRef] [PubMed]

Zinman, B.; Lachin, ].M.; Inzucchi, S.E. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. |.
Med. 2015, 374, 1094. [CrossRef] [PubMed]

Shah, S.J. Precision Medicine for Heart Failure with Preserved Ejection Fraction: An Overview. |. Cardiovasc. Transl. Res. 2017, 10,
233-244. [CrossRef] [PubMed]

Hahn, V.S.; Knutsdottir, H.; Luo, X.; Bedi, K.; Margulies, K.B.; Haldar, S.M.; Stolina, M.; Yin, J.; Khakoo, A.Y.; Vaishnav, J.; et al.
Myocardial Gene Expression Signatures in Human Heart Failure with Preserved Ejection Fraction. Circulation 2021, 143, 120-134.
[CrossRef] [PubMed]

Chen, Y.T.; Wong, L.L.; Liew, O.W,; Richards, A.M. Heart Failure with Reduced Ejection Fraction (HFrEF) and Preserved Ejection
Fraction (HFpEF): The Diagnostic Value of Circulating MicroRNAs. Cells 2019, 8, 1651. [CrossRef]

Zile, M.R; Jhund, PS.; Baicu, C.F,; Claggett, B.L.; Pieske, B.; Voors, A.A.; Prescott, M.F; Shi, V.; Lefkowitz, M.; McMurray, ].].; et al.
Prospective Comparison of ARNI with ARB on Management of Heart Failure with Preserved Ejection Fraction (PARAMOUNT)
Investigators. Plasma Biomarkers Reflecting Profibrotic Processes in Heart Failure with a Preserved Ejection Fraction: Data from
the Prospective Comparison of ARNI with ARB on Management of Heart Failure with Preserved Ejection Fraction Study. Circ.
Heart Fail. 2016, 9, e002551. [CrossRef]

Vlachos, 1.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.; Hatzigeorgiou,
A.G. DIANA-miRPath v3.0: Deciphering microRNA function with experimental support. Nucleic Acids Res. 2015, 43, W460-W466.
[CrossRef]

Zhou, Y.; Shiok, T.C.; Richards, A.M.; Wang, P. MicroRNA-101a suppresses fibrotic programming in isolated cardiac fibroblasts
and in vivo fibrosis following trans-aortic constriction. J. Mol. Cell. Cardiol. 2018, 121, 266-276. [CrossRef]

Rech, M,; Barandiaran Aizpurua, A.; Van Empel, V.; Van Bilsen, M.; Schroen, B. Pathophysiological understanding of HFpEF:
MicroRNAs as part of the puzzle. Cardiovasc. Res. 2018, 114, 782-793. [CrossRef]

Essandoh, K.; Li, Y.; Huo, ].; Fan, G.C. MiRNA-Mediated Macrophage Polarization and its Potential Role in the Regulation of
Inflammatory Response. Shock 2016, 46, 122-131. [CrossRef] [PubMed]

Feng, B.; Chen, S.; Gordon, A.D.; Chakrabarti, S. miR-146a mediates inflammatory changes and fibrosis in the heart in diabetes. J.
Mol. Cell. Cardiol. 2017, 105, 70-76. [CrossRef]

Zampetaki, A.; Kiechl, S.; Drozdov, I.; Willeit, P.; Mayr, U.; Prokopi, M.; Mayr, A.; Weger, S.; Oberhollenzer, F.; Bonora, E.; et al.
Plasma microRNA profiling reveals loss of endothelial miR-126 and other microRNAs in type 2 diabetes. Circ. Res. 2010, 107,
810-817. [CrossRef]

Widmer, R.J.; Chung, W.Y.; Herrmann, J.; Jordan, K.L.; Lerman, L.O.; Lerman, A. The association between circulating microRNA
levels and coronary endothelial function. PLoS ONE 2014, 9, €109650. [CrossRef] [PubMed]

Dellago, H.; Bobbili, M.R.; Grillari, . MicroRNA-17-5p: At the Crossroads of Cancer and Aging—A Mini-Review. Gerontology
2017, 63, 20-28. [CrossRef] [PubMed]

Gurha, P; Abreu-Goodger, C.; Wang, T.; Ramirez, O.M.; Drumond, A.L.; Van Dongen, S.; Chen, Y.; Bartonicek, N.; Enright, A.J.;
Lee, B.; et al. Targeted deletion of microRNA-22 promotes stress-induced cardiac dilation and contractile dysfunction. Circulation
2012, 125, 2751-2761. [CrossRef] [PubMed]

Jazbutyte, V.; Fiedler, ].; Kneitz, S.; Galuppo, P; Just, A.; Holzmann, A.; Bauersachs, J.; Thum, T. MicroRNA22 increases senescence
and activates cardiac fibroblasts in the aging heart. Age (Dordr) 2013, 35, 747-762. [CrossRef]

Ikeda, S.; He, A.; Kong, SSW.; Lu, ].; Bejar, R.; Bodyak, N.; Lee, K.H.; Ma, Q.; Kang, PM.; Golub, T.R; et al. MicroRNA-1 negatively
regulates expression of the hypertrophy-associated calmodulin and Mef2a genes. Mol. Cell. Biol. 2009, 29, 2193-2204. [CrossRef]
[PubMed]

Florijn, B.W.; Valstar, G.B.; Duijs, ] M.G.].; Menken, R.; Cramer, M.]; Teske, A.J.; Ghossein-Doha, C.; Rutten, FH.; Spaanderman,
M.E.A_; den Ruijter, HM.; et al. Sex-specific microRNAs in women with diabetes and left ventricular diastolic dysfunction or
HFpEF associate with microvascular injury. Sci. Rep. 2020, 10, 13945. [CrossRef] [PubMed]


http://doi.org/10.1086/679608
http://doi.org/10.1016/S0008-6363(01)00560-0
http://doi.org/10.1093/cvr/cvp414
http://www.ncbi.nlm.nih.gov/pubmed/20035032
http://doi.org/10.1159/000369782
http://doi.org/10.1002/nbm.4248
http://www.ncbi.nlm.nih.gov/pubmed/31977123
http://doi.org/10.1016/j.bpj.2011.10.035
http://www.ncbi.nlm.nih.gov/pubmed/22261073
http://doi.org/10.1056/NEJMoa1504720
http://www.ncbi.nlm.nih.gov/pubmed/26378978
http://doi.org/10.1007/s12265-017-9756-y
http://www.ncbi.nlm.nih.gov/pubmed/28585183
http://doi.org/10.1161/CIRCULATIONAHA.120.050498
http://www.ncbi.nlm.nih.gov/pubmed/33118835
http://doi.org/10.3390/cells8121651
http://doi.org/10.1161/CIRCHEARTFAILURE.115.002551
http://doi.org/10.1093/nar/gkv403
http://doi.org/10.1016/j.yjmcc.2018.07.251
http://doi.org/10.1093/cvr/cvy049
http://doi.org/10.1097/SHK.0000000000000604
http://www.ncbi.nlm.nih.gov/pubmed/26954942
http://doi.org/10.1016/j.yjmcc.2017.03.002
http://doi.org/10.1161/CIRCRESAHA.110.226357
http://doi.org/10.1371/journal.pone.0109650
http://www.ncbi.nlm.nih.gov/pubmed/25310838
http://doi.org/10.1159/000447773
http://www.ncbi.nlm.nih.gov/pubmed/27577994
http://doi.org/10.1161/CIRCULATIONAHA.111.044354
http://www.ncbi.nlm.nih.gov/pubmed/22570371
http://doi.org/10.1007/s11357-012-9407-9
http://doi.org/10.1128/MCB.01222-08
http://www.ncbi.nlm.nih.gov/pubmed/19188439
http://doi.org/10.1038/s41598-020-70848-8
http://www.ncbi.nlm.nih.gov/pubmed/32811874

Int. J. Mol. Sci. 2021, 22, 7650 26 of 28

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.
181.

182.

183.

184.

185.

Kaschina, E.; Unger, T. Angiotensin AT1/AT2 receptors: Regulation, signalling and function. Blood Press 2003, 12, 70-88.
[CrossRef]

McMurray, J.J.V.; Ostergren, ].; Swedberg, K.; Granger, C.B.; Held, P.; Michelson, E.L.; Olofsson, B.; Yusuf, S.; Pfeffer, M.A. Effects
of candesartan in patients with chronic heart failure and reduced left-ventricular systolic function taking angiotensin-converting-
enzyme inhibitors: The CHARM-Added trial. Lancet 2003, 362, 767-771. [CrossRef]

CONSENSUS Trial Study Group. Effects of enalapril on mortality in severe congestive heart failure. Results of the Cooperative
North Scandinavian Enalapril Survival Study (CONSENSUS). N. Engl. ]. Med. 1987, 316, 1429-1435. [CrossRef] [PubMed]
Yusuf, S.; Pitt, B.; Davis, C.E.; Hood, W.B.; Cohn, ].N. Effect of enalapril on survival in patients with reduced left ventricular
ejection fractions and congestive heart failure. N. Engl. J. Med. 1991, 325, 293-302. [CrossRef]

Cleland, J.G.; Tendera, M.; Adamus, ].; Freemantle, N.; Polonski, L.; Taylor, ]. The perindopril in elderly people with chronic heart
failure (PEP-CHF) study. Eur. Heart J. 2006, 27, 2338-2345. [CrossRef]

Yusuf, S.; Pfeffer, M.A.; Swedberg, K.; Granger, C.B.; Held, P.; McMurray, ].J.; Michelson, E.L.; Olofsson, B.; Ostergren, J. Effects of
candesartan in patients with chronic heart failure and preserved left-ventricular ejection fraction: The CHARM-preserved trial.
Lancet 2003, 362, 777-781. [CrossRef]

Beldhuis, L.E.; Streng, K.W.; Ter Maaten, ].M.; Voors, A.A.; Van der Meer, P.; Rossignol, P.; McMurray, J.J.; Damman, K. Renin-
Angiotensin System Inhibition, Worsening Renal Function, and Outcome in Heart Failure Patients With Reduced and Preserved
Ejection Fraction: A Meta-Analysis of Published Study Data. Circ. Heart Fail. 2017, 10, e003588. [CrossRef]

Yip, G.W.; Wang, M.; Wang, T.; Chan, S.; Fung, ] W,; Yeung, L.; Yip, T.; Lau, S.T.; Lau, C.P; Tang, M.O.; et al. The Hong Kong
diastolic heart failure study: A randomised controlled trial of diuretics, irbesartan and ramipril on quality of life, exercise capacity,
left ventricular global and regional function in heart failure with a normal ejection fraction. Heart 2008, 94, 573-580. [CrossRef]
Zi, M.; Carmichael, N.; Lye, M. The effect of quinapril on functional status of elderly patients with diastolic heart failure.
Cardiovasc. Drugs 2003, 17, 133-139. [CrossRef]

CIBIS Investigators and Committees. A randomized trial of beta-blockade in heart failure. Card. Insufficiency Bisoprolol Study
(CIBIS) Circ. 1994, 90, 1765-1773. [CrossRef]

Zannad, F.; McMurray, J.J.; Krum, H.; Van Veldhuisen, D.].; Swedberg, K.; Shi, H.; Vincent, J.; Pocock, S.J.; Pitt, B. EMPHASIS-HF
Study Group. Eplerenone in patients with systolic heart failure and mild symptoms. N. Engl. ]. Med. 2011, 364, 11-21. [CrossRef]
[PubMed]

Massie, B.M.; Carson, P.E.; McMurray, ].J.; Komajda, M.; McKelvie, R.; Zile, M.R.; Anderson, S.; Donovan, M.; Iverson, E.; Staiger,
C.; et al. I-.PRESERVE Investigators. Irbesartan in patients with heart failure and preserved ejection fraction. N. Engl. ]. Med. 2008,
359, 2456-2467. [CrossRef] [PubMed]

Lund, L.H,; Claggett, B.; Liu, J.; Lam, C.S.; Jhund, P.S.; Rosano, G.M.; Swedberg, K.; Yusuf, S.; Granger, C.B.; Pfeffer, M.A; et al.
Heart failure with mid-range ejection fraction in CHARM: Characteristics, outcomes and effect of candesartan across the entire
ejection fraction spectrum. Eur. |. Heart Fail. 2018, 20, 1230-1239. [CrossRef] [PubMed]

Solomon, S.D.; Janardhanan, R.; Verma, A.; Bourgoun, M.; Daley, W.L.; Purkayastha, D.; Lacourciere, Y.; Hippler, S.E.; Fields,
H.; Naqvi, T.Z.; et al. Effect of angiotensin receptor blockade and antihypertensive drugs on diastolic function in patients with
hypertension and diastolic dysfunction: A randomised trial. Lancet 2007, 369, 2079-2087. [CrossRef]

Tschope, C.; Birner, C.; Bchm, M.; Bruder, O.; Frantz, S.; Luchner, A.; Maier, L.; Stork, S.; Kherad, B.; Laufs, U. Heart failure with
preserved ejection fraction: Current management and future strategies: Expert opinion on the behalf of the Nucleus of the “Heart
Failure Working Group” of the German Society of Cardiology (DKG). Clin. Res. Cardiol. 2018, 107, 1-19. [CrossRef] [PubMed]
Solomon, S.D.; McMurray, J.J.V.; Anand, LS.; Ge, J.; Lam, C.S.P; Maggioni, A.P.; Martinez, E; Packer, M.; Pfeffer, M.A_; Pieske,
B.; et al. Angiotensin-neprilysin inhibition in heart failure with preserved ejection fraction. N. Engl. |. Med. 2019, 381, 1609-1620.
[CrossRef] [PubMed]

Kuno, T.; Ueyama, H.; Fujisaki, T.; Briasouli, A.; Takagi, H.; Briasoulis, A. Meta-Analysis Evaluating the Effects of Renin-
Angiotensin-Aldosterone System Blockade on Outcomes of Heart Failure with Preserved Ejection Fraction. Am. J. Cardiol. 2020,
125,1187-1193. [CrossRef]

Brown, N.J. Aldosterone and end-organ damage. Curr. Opin. Nephrol Hypertens. 2005, 14, 235-241. [CrossRef]

Edelmann, F; Wachter, R.; Schmidt, A.G.; Kraigher-Krainer, E.; Colantonio, C.; Kamke, W.; Duvinage, A.; Stahrenberg, R.;
Durstewitz, K.; Loffler, M.; et al. Effect of spironolactone on diastolic function and exercise capacity in patients with heart failure
with preserved ejection fraction: The Aldo-DHF randomized controlled trial. JAMA 2013, 309, 781-791. [CrossRef]

Pitt, B.; Pfeffer, M.A.; Assmann, S.F; Boineau, R.; Anand, 1.S.; Claggett, B.; Clausell, N.; Desai, A.S.; Diaz, R.; Fleg, ].L.; et al.
Spironolactone for heart failure with preserved ejection fraction. N. Engl. ]. Med. 2014, 370, 1383-1392. [CrossRef] [PubMed]
Zuchi, C.; Tritto, I; Carluccio, E.; Mattei, C.; Cattadori, G.; Ambrosio, G. Role of endothelial dysfunction in heart failure. Heart
Fail. Rev. 2020, 25, 21-30. [CrossRef] [PubMed]

Redfield, M.M.; Chen, H.H.; Borlaug, B.A.; Semigran, M.].; Lee, K.L.; Lewis, G.; LeWinter, M.M.; Rouleau, J.L.; Bull, D.A; Mann,
D.L,; et al. RELAX Trial. Effect of phosphodiesterase-5 inhibition on exercise capacity and clinical status in heart failure with
preserved ejection fraction: A randomized clinical trial. JAMA 2013, 309, 1268-1277. [CrossRef] [PubMed]

Pieske, B.; Butler, |.; Filippatos, G.; Lam, C.; Maggioni, A.P,; Ponikowski, P.; Shah, S.; Solomon, S.; Kraigher-Krainer, E.; Samano,
E.T,; et al. Rationale and design of the SOluble guanylate Cyclase stimulatoR in heArT failurE Studies (SOCRATES) Investigators
and Coordinators. Eur. J. Heart Fail. 2014, 16, 1026-1038. [CrossRef]


http://doi.org/10.1080/08037050310001057
http://doi.org/10.1016/S0140-6736(03)14283-3
http://doi.org/10.1056/NEJM198706043162301
http://www.ncbi.nlm.nih.gov/pubmed/2883575
http://doi.org/10.1056/NEJM199108013250501
http://doi.org/10.1093/eurheartj/ehl250
http://doi.org/10.1016/S0140-6736(03)14285-7
http://doi.org/10.1161/CIRCHEARTFAILURE.116.003588
http://doi.org/10.1136/hrt.2007.117978
http://doi.org/10.1023/A:1025387702212
http://doi.org/10.1161/01.cir.90.4.1765
http://doi.org/10.1056/NEJMoa1009492
http://www.ncbi.nlm.nih.gov/pubmed/21073363
http://doi.org/10.1056/NEJMoa0805450
http://www.ncbi.nlm.nih.gov/pubmed/19001508
http://doi.org/10.1002/ejhf.1149
http://www.ncbi.nlm.nih.gov/pubmed/29431256
http://doi.org/10.1016/S0140-6736(07)60980-5
http://doi.org/10.1007/s00392-017-1170-6
http://www.ncbi.nlm.nih.gov/pubmed/29018938
http://doi.org/10.1056/NEJMoa1908655
http://www.ncbi.nlm.nih.gov/pubmed/31475794
http://doi.org/10.1016/j.amjcard.2020.01.009
http://doi.org/10.1097/01.mnh.0000165889.60254.98
http://doi.org/10.1001/jama.2013.905
http://doi.org/10.1056/NEJMoa1313731
http://www.ncbi.nlm.nih.gov/pubmed/24716680
http://doi.org/10.1007/s10741-019-09881-3
http://www.ncbi.nlm.nih.gov/pubmed/31686283
http://doi.org/10.1001/jama.2013.2024
http://www.ncbi.nlm.nih.gov/pubmed/23478662
http://doi.org/10.1002/ejhf.135

Int. J. Mol. Sci. 2021, 22, 7650 27 of 28

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Green, C.P,; Porter, C.B.; Bresnahan, D.R.; Spertus, ]J.A. Development and evaluation of the Kansas city cardiomyopathy
questionnaire: A new health status measure for heart failure. J. Am. Coll. Cardiol. 2000, 35, 1245-1255. [CrossRef]

Wagdy, K.; Hassan, M. NEAT HFpEF: Organic nitrates fail to deliver. Glob. Cardiol. Sci. Pr. 2016, 2016, €201601. [CrossRef]
Reddy, YN.V,; Lewis, G.D.; Shah, S.J.; LeWinter, M.; Semigran, M.; Davila-Roman, V.G.; Anstrom, K.; Hernandez, A.; Braunwald,
E.; Redfield, M.M.; et al. INDIE-HFpEF (Inorganic Nitrite Delivery to Improve Exercise Capacity in Heart Failure with Preserved
Ejection Fraction): Rationale and Design. Circ. Heart Fail. 2017, 10, e003862. [CrossRef]

Daubert, M.A.; Yow, E.; Dunn, G.; Marchev, S.; Barnhart, H.; Douglas, P.S.; O’Connor, C.; Goldstein, S.; Udelson, ].E.; Sabbah, H.N.
Novel mitochondria-targeting peptide in heart failure treatment: A randomized, placebo-controlled trial of elamipretide. Circ.
Heart Fail. 2017, 10, e004389. [CrossRef]

Van Tassell, B.W.; Raleigh, ]. M.; Abbate, A. Targeting interleukin-1 in heart failure and inflammatory heart disease. Curr. Heart
Fail. Rep. 2015, 12, 33-41. [CrossRef]

Van Tassell, B.W.; Arena, R.; Biondi-Zoccai, G.; Canada, ].M.; Oddi, C.; Abouzaki, N.A.; Jahangiri, A.; Appa Falcao, R.; Kontos,
M.C.; Bharat Shah, K ; et al. Effects of interleukin-1 blockade with anakinra on aerobic exercise capacity in patients with heart
failure and preserved ejection fraction (from the D-HART pilot study). Am. J. Cardiol. 2014, 113, 321-327. [CrossRef]

Ridker, PM.; Everett, B.M.; Thuren, T.; MacFadyen, ].G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.; Anker,
S.D.; et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N. Engl. J. Med. 2017, 377, 1119-1131.
[CrossRef]

Yamagami, K.; Oka, T.; Wang, Q.; Ishizu, T.; Lee, ] K.; Miwa, K.; Akazawa, H.; Naito, A.T.; Sakata, Y.; Komuro, I. Pirfenidone
exhibits cardioprotective effects by regulating myocardial fibrosis and vascular permeability in pressure-overloaded hearts. Am.
J. Physiol. Heart Circ. Physiol. 2015, 309, H512-H522. [CrossRef] [PubMed]

Vrtovec, B.; Frljak, S.; Jaklic, M.; Poglajen, G.; Zemljic, G.; Cerar, A.; Haddad, F.; Wu, J.C. A pilot trial of CD34+ cell therapy in
heart failure with preserved ejection fraction. Circulation 2017, 136, A15952.

Calcagno, S.; Infusino, F.; Salvi, N.; Taccheri, T.; Colantonio, R.; Bruno, E.; Birtolo, L.L; Severino, P.; Lavalle, C.; Pucci, M.; et al.
The Role of Ranolazine for the Treatment of Residual Angina beyond the Percutaneous Coronary Revascularization. J. Clin. Med.
2020, 9, 2110. [CrossRef] [PubMed]

Maier, L.S.; Layug, B.; Karwatowska-Prokopczuk, E.; Belardinelli, L.; Lee, S.; Sander, J.; Lang, C.; Wachter, R.; Edelmann, F;
Hasenfuss, G.; et al. RAnoLazIne for the Treatment of Diastolic Heart Failure in Patients with Preserved Ejection Fraction: The
RALI-DHF Proof-of-Concept Study. JACC Heart Fail. 2013, 1, 115-122. [CrossRef] [PubMed]

Maack, C.; Lehrke, M.; Backs, ].; Heinzel, FR.; Hulot, ].S.; Marx, N.; Paulus, W.J.; Rossignol, P.; Taegtmeyer, H.; Bauersachs, J.; et al.
Heart failure and diabetes: Metabolic alterations and therapeutic interventions: A state-of-the-art review from the Translational
Research Committee of the Heart Failure Association-European Society of Cardiology. Eur. Heart ]. 2018, 39, 4243-4254. [CrossRef]
Nieminen, M.S.; Buerke, M.; Parissis, J.; Ben-Gal, T.; Pollesello, P.; Kivikko, M.; Karavidas, A.; Severino, P.; Comin-Colet, J.;
Wikstrom, G.; et al. Pharmaco-economics of levosimendan in cardiology: A European perspective. Int. J. Cardiol. 2015, 199,
337-341. [CrossRef] [PubMed]

Parissis, J.T.; Paraskevaidis, I.; Bistola, V.; Farmakis, D.; Panou, E; Kourea, K.; Nikolaou, M.; Filippatos, G.; Kremastinos, D.
Effects of levosimendan on right ventricular function in patients with advanced heart failure. Am. J. Cardiol. 2006, 98, 1489-1492.
[CrossRef]

Bohm, M.; Perez, A.C.; Jhund, P.S.; Reil, ].C.; Komajda, M.; Zile, M.R.; McKelvie, R.S.; Anand, L.S.; Massie, B.M.; Carson, PE,; et al.
Relationship between heart rate and mortality and morbidity in the irbesartan patients with heart failure and preserved systolic
function trial (I-Preserve). Eur. J. Heart Fail. 2014, 16, 778-787. [CrossRef]

Simpson, J.; Castagno, D.; Doughty, R.N.; Poppe, K.K,; Earle, N.; Squire, I; Richards, M.; Andersson, B.; Ezekowitz, ].A.; Komajda,
M.; et al. Is heart rate a risk marker in patients with chronic heart failure and concomitant atrial fibrillation? Results from the
MAGGIC meta-analysis. Eur. J. Heart Fail. 2015, 17, 1182-1191. [CrossRef]

Wachter, R.; Schmidt-Schweda, S.; Westermann, D.; Post, H.; Edelmann, F.; Kasner, M.; Liiers, C.; Steendijk, P.; Hasenfuss, G.;
Tschope, C.; et al. Blunted frequency-dependent upregulation of cardiac output is related to impaired relaxation in diastolic heart
failure. Eur. Heart J. 2009, 30, 3027-3036. [CrossRef] [PubMed]

Reil, J.-C.; Hohl, M.; Reil, G.-H.; Granzier, H.L.; Kratz, M.T.; Kazakov, A.; Fries, P; Muller, A.; Lenski, M.; Custodis, F.; et al. Heart
rate reduction by If-inhibition improves vascular stiffness and left ventricular systolic and diastolic function in a mouse model of
heart failure with preserved ejection fraction. Eur. Heart J. 2013, 34, 2839-2849. [CrossRef] [PubMed]

Komajda, M.; Isnard, R.; Cohen-Solal, A.; Metra, M.; Pieske, B.; Ponikowski, P.; Voors, A.A.; Dominjon, F.; Henon-Goburdhun, C.;
Pannaux, M.; et al. Effect of ivabradine in patients with heart failure with preserved ejection fraction: The EDIFY randomized
placebo-controlled trial. Eur. |. Heart Fail. 2017, 19, 1495-1503. [CrossRef]

Zinman, B.; Wanner, C.; Lachin, ].M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.; Woerle,
H.J.; et al. EMPA-REG OUTCOME Investigators. Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. N.
Engl. ]. Med. 2015, 373, 2117-2128. [CrossRef]

Gallo, L.A.; Wright, E.M.; Vallon, V. Probing SGLT2 as a therapeutic target for diabetes: Basic physiology and consequences. Diab
Vasc. Dis. Res. 2015, 12, 78-89. [CrossRef] [PubMed]


http://doi.org/10.1016/S0735-1097(00)00531-3
http://doi.org/10.21542/gcsp.2016.1
http://doi.org/10.1161/CIRCHEARTFAILURE.117.003862
http://doi.org/10.1161/CIRCHEARTFAILURE.117.004389
http://doi.org/10.1007/s11897-014-0231-7
http://doi.org/10.1016/j.amjcard.2013.08.047
http://doi.org/10.1056/NEJMoa1707914
http://doi.org/10.1152/ajpheart.00137.2015
http://www.ncbi.nlm.nih.gov/pubmed/26055790
http://doi.org/10.3390/jcm9072110
http://www.ncbi.nlm.nih.gov/pubmed/32635532
http://doi.org/10.1016/j.jchf.2012.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24621836
http://doi.org/10.1093/eurheartj/ehy596
http://doi.org/10.1016/j.ijcard.2015.07.049
http://www.ncbi.nlm.nih.gov/pubmed/26241640
http://doi.org/10.1016/j.amjcard.2006.06.052
http://doi.org/10.1002/ejhf.85
http://doi.org/10.1002/ejhf.346
http://doi.org/10.1093/eurheartj/ehp341
http://www.ncbi.nlm.nih.gov/pubmed/19720638
http://doi.org/10.1093/eurheartj/ehs218
http://www.ncbi.nlm.nih.gov/pubmed/22833515
http://doi.org/10.1002/ejhf.876
http://doi.org/10.1056/NEJMoa1504720
http://doi.org/10.1177/1479164114561992
http://www.ncbi.nlm.nih.gov/pubmed/25616707

Int. J. Mol. Sci. 2021, 22, 7650 28 of 28

207. Butler, J.; Hamo, C.E.; Filippatos, G.; Pocock, S.J.; Bernstein, R.A.; Brueckmann, M.; Cheung, A.K.; George, J.T.; Green, ].B.;
Januzzi, J.L.; et al. EMPEROR Trials Program. The potential role and rationale for treatment of heart failure with sodium-glucose
co-transporter 2 inhibitors. Eur. J. Heart Fail. 2017, 19, 1390-1400. [CrossRef]

208. Verma, S.; McMurray, ].J.V.,; Cherney, D.Z.I1. The metabolo-diuretic promise of sodium-dependent glucose cotransporter 2
inhibition: The search for the sweet spot in heart failure. JAMA Cardiol. 2017, 2, 939-994. [CrossRef]

209. Pabel, S.; Wagner, S.; Bollenberg, H.; Bengel, P.; Kovacs, A.; Schach, C.; Tirilomis, P.; Mustroph, J.; Renner, A.; Gummert, J.; et al.
Empagliflozin directly improves diastolic function in human heart failure. Eur. J. Heart Fail. 2018, 20, 1690-1700. [CrossRef]


http://doi.org/10.1002/ejhf.933
http://doi.org/10.1001/jamacardio.2017.1891
http://doi.org/10.1002/ejhf.1328

	Introduction 
	The Pathophysiology of Heart Failure with Preserved Ejection Fraction 
	Heart Failure with Preserved Ejection Fraction and Myocardial Morphological Alterations: Cellular and Interstitial Involvement 
	Heart Failure with Preserved Ejection Fraction and Coronary Microvascular Dysfunction: Morphological and Functional Aspects 
	Heart Failure with Preserved Ejection Fraction and the Inflammation-Metabolic Pathway 

	Precision Medicine and Personalized Approach to Heart Failure with Preserved Ejection Fraction: The Genetic and Epigenetic Paradigm 
	Role of Myocardial Tissue Characterization and Pathophysiological Mechanisms for the Identification of New Therapeutic Targets 
	The Renin-Angiotensin-Aldosterone System and Neprilysin Pathway 
	The Oxidative Stress and the Nitric Oxide Pathway 
	Role of Inflammation, Fibrosis and Calcium Handling as Therapeutic Targets 
	The Heart Rate and Volemic Status Regulation as Therapeutic Targets 

	Conclusions 
	References

