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Heart failure with preserved ejection fraction (HFpEF) remains a poorly characterized syndrome with many
unknown aspects related to different patient profiles, various associated risk factors and a wide range of
aetiologies. It comprises several pathophysiological pathways, such as endothelial dysfunction, myocardial fibrosis,

extracellular matrix deposition and intense inflammatory system activation.

biomarkers metabolomic microRNA HFpEF

| 1. Introduction

Heart failure with preserved ejection fraction (HFpEF) is a heterogenous syndrome with specific molecular, genetic
and metabolomic features, all of which reflect on vascular and myocardial cell adaptations . HFpEF
encompasses different pathophysiological pathways and cardiac structural profiles compared to heart failure with
reduced ejection fraction (HFrEF) 2. About half of individuals with heart failure (HF) are considered to be affected
by HFpEF showing a peculiar clinical profile and cardiac structural and functional alterations. Therefore, the
selection criteria are often elusive and mainly based upon ejection fraction cut-offs rather than distinct clinical and
laboratory phenotypes [Bl. Most inclusion criteria comprise the concomitant presence of left ventricular hypertrophy
(LVH), altered diastolic dysfunction and elevation of serum natriuretic peptide (NP) levels associated with exertional
dyspnea or reduced exercise tolerance. Indeed, recent clinical trials have adopted wide inclusion criteria and
patient features creating inhomogeneous patterns with various morphologies and comorbidities 4B, In this
framework, advanced analytic research, investigating specific biomarkers in a well-phenotyped population, could
lead to better understanding about molecular pathways and biological mechanisms responsible for HFpEF
syndrome. The interaction between clinical variables, imaging features and biomarkers could become the model for
future research and a combined network analysis may change the current approach based on traditional
knockdown/knockout study 8. In HFrEF syndrome, myocyte loss, cellular death and consequent cardiac chamber
enlargement are the main features causing the disease progression; conversely, HFpEF is characterized by
collagen overexpression, myocardial fibrosis, extracellular matrix deposition and high inflammatory response . All
of these mechanisms occur differently according to specific risk factors, comorbidities and vascular and cardiac
remodeling (&,

| 2. Different HFpEF Phenogroups

Despite recent improvements in treatment and diagnosis, HFpEF remains a poorly characterized syndrome with

many unknown aspects related to different patient profiles, associated risk factors and pathophysiological
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pathways (. Vast trials have shown a wide prevalence of LVH left atrial dilatation, diastolic dysfunction and post-
capillary pulmonary hypertension. Pulmonary hypertension (PH) is common in both patients with HFpEF and
HFrEF and is associated with higher hospitalizations and mortality. Observational studies suggest an estimated
prevalence of PH of 40-72% in patients with HFrEF and 36-83% in those with HFpEF 9. Moreover, HFpEF
patients have presented various extracardiac comorbidities such as diabetes, chronic kidney disease (CKD),
anemia, chronic lung diseases, obesity and metabolic dysfunction 2112l Because the interventional trials did not
distinguish between different risk factors and underlying diseases, the one-size-fits-all approach might explain the
lack of efficacy and benefit of current treatments. Based on the different pathophysiological drivers, some authors
have suggested that different HFpEF subtypes are linked to cardiometabolic alterations, body structural
conformation and peripheral maladaptation. These assessments may be related to the presence of systemic
disorders leading to skeletal muscle metabolism alterations and vascular rarefaction (13, Since all of these features
are widely expressed in HFpEF, the diagnosis based only on cardiac morphology and dysfunction remains difficult
to interpret and is often misleading. Current pictures may configure a wide range of HFpEF phenotypes which differ
in cardiac structure and cardiovascular remodeling, both related to the underlying biological process and

pathophysiological contributor, despite having a similar EF.

Notably, recent machine learning analysis has attempted to cluster specific phenotypes by latent class study. In a
post hoc analysis of TOPCAT, patients were classified into three categories according to vascular and cardiac
remodeling: patients with mild LV hypertrophy and chronic pulmonary disease with normal vascular stiffness
characterized by increased expression of metalloproteinase; older patients with multiple comorbidities, LV
hypertrophy and reduced vascular compliance, characterized by an elevated tissue calcification biomarker; and
obese subgroup with several metabolic alterations, increased renin—angiotensin system activity, lipidic profile
derangement and increased inflammatory pattern 4. Similarly, another study identified a group including young
individuals with increased body mass index (BMI), typical abnormalities in cardiac structure and function and low
serum levels of natriuretic peptides (NP); a cluster with high prevalence of diabetes and obesity characterized by
severe diastolic dysfunction and elevated NP circulating levels; and a cluster characterized by RV dysfunction and

combined pre- and post-capillary pulmonary hypertension and renal dysfunction, experiencing the worst outcomes
[15)

Finally, an analysis of SwedeHF and CHECK HF registries differentiated between five distinct phenotypes
according to a combined approach including risk factors and associated comorbidities. The study confirmed that
the cluster with CKD, coronary artery disease (CAD) and high diuretic amount revealed the worst outcomes 18!
(Figure 1).
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Figure 1. Distinct HFpEF clinical phenotypes based on clinical-presentation-associated metabolic disorders and

comorbidities.

| 3. Current Biomarkers in HFpEF

Several HF risk prediction scores include biomarkers, mainly natriuretic peptides (NP), but important gaps exist
regarding the knowledge of the underlying pathophysiological mechanisms, biological process and disease
progression. Circulating biomarkers should reflect cardiac and extra cardiac disorders responsible for the HFpEF

development and the related pathological pathways L7118l

Myocardial Injury—High sensitivity troponin (HsTn) is universally considered a marker of myocardial damage in
acute coronary syndrome (ACS). However, it has prognostic significance in HF and it implies myocardial damage
apoptosis and progressive fiber loss independent of coronary vessel diseases. It could be the final outcome of
microvascular dysfunction and subendocardial layer damage due to systemic oxygen reduction and therefore an
altered supply—demand mismatch. Other features, such as increased wall tension, high left ventricle (LV) filling
pressure and right ventricular dysfunction, are related with increased HsTn levels 19, In patients with HFpEF,
increased HsTn serum levels correlate with a more severe diastolic degree and a higher pulmonary pressure.
Moreover, high HsTn serum levels are also associated with an increase in wall stress, a higher degree of LV
hypertrophy and an increase in cardiac workload 2. Many reports have shown that HsTn predicts poor outcomes
in HFpEF, especially in men rather than women. In hospitalized patients with acute HfpEF, the persistence of high
HsTn serum levels at both admission and discharge is related with increased rates of rehospitalization and death
[21122]  Similarly, in the TOPCAT trial, elevation of HsTn was independently associated with a higher risk of
hospitalization and cardiovascular events 23, These findings were confirmed in the PARAGON study in which even
a mild HsTn elevation was associated with a worse outcome during a follow-up of about three years; moreover,

patients taking sacubitril/valsartan treatment showed a significant reduction compared to the placebo [24],

Natriuretic peptides (NPs) are the hallmark biomarkers in HF and their measurement is accounted for in HF

guidelines across the spectrum of the whole EF [23]. The biologically active NP form and its amino-terminal portion
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precursor (pro B type natriuretic peptide) are cleaved into NT-proBNP and BNP and released in response to
enhanced cardiac wall tension and increased filling pressure; moreover, their levels increase proportionally to the
degree of systolic dysfunction. The two peptides are released in response to sympathetic activity, in particular to
systemic vasoconstriction and fluid retention, as an opposite response to the increased neurohormonal overdrive
(28] NP activity counteracts sympathetic activity promoting cardiac afterload reduction and myocardial relaxation by
directly eliciting vasodilatation and myocardial relaxation effects. The main mechanism of action is related to
diuresis and natriuresis that lead to congestion reduction and euvolemia 24, Serum levels of NPs are directly
related to intracardiac pressure, including LV end diastolic pressure (LVEDP), wedge pressure and pulmonary
systolic pressure. Both peptides are largely analyzed in patients with reduced systolic function as valuable
diagnostic and prognostic features. In HFpEF serum, NP levels are generally less increased but they keep their
diagnostic relevance [28. Some authors believe that this feature is due to the reduced wall stress in this setting
together with extracardiac conditions such as metabolic syndrome, chronic lung disease and, in particular, obesity
in which adipocyte cells favor a reduced NP receptor expression 22, These comorbidities are often associated with
one another in HFpEF causing a wide range of NP levels. Although some studies have revealed that some HFpEF
clusters experience low NPs below 100 pg/mL, a recent meta-analysis has shown an optimal diagnostic accuracy
in this setting (AUC 0.80 CI 0.73-0.87) 9. Moreover, a combined analysis of NPs and HsTn has shown that
patients with higher serum levels have an increased risk of death and hospitalization BY. Finally, in acute settings,
NP assays reveal similar prognostic information in HFpEF as in HFrEF and the related changes during

hospitalization confer equal risk assessment adjusted for potential confounding factors (221,

Adrenomedullin (ADM) is a regulatory peptide produced by endothelial and smooth muscle cells with
antiproliferative, vasodilatatory and antiapoptotic effects. It is synthesized mainly by adrenal medulla but its
receptors are expressed in many tissues such as lungs, heart and kidneys 28l It is considered an important
biomarker of pulmonary and systemic congestion and it is produced in relation to increased sympathetic activity
[34] |t counteracts systemic vasoconstriction induced by renin angiotensin system activation facilitating vascular
permeability and elastance. Due to its serum instability, mainly caused by interactions with plasma proteins, and
short half-life, a reliable quantification of ADM is difficult to achieve and its precursor ‘mid regional pro-hormone’
(MRpro-ADM) is usually measured (3. A large study confirmed the close relationship between ADM and
congestion in patients with worsening heart failure; therefore, a high plasma level appears to be related to
increased risk and recurrent hospitalization for HF 28, MRpro-ADM measured at admission is also related to all
causes of cardiovascular mortality, sudden death and cardiac arrest 7. In patients with acute coronary syndrome
(ACS), elevated MRpro-ADM levels predict the risk of HF occurrence. Finally, in the PROTECT trial, the MRpro-
ADM was related to longer hospitalization, increased congestion signs and elevated NP levels; moreover, its
assessment before discharge conferred relevant prognostic information related to incomplete decongestion status

and therefore early rehospitalization risk [28],

Extracellular Fibrosis—Collagen deposition and increased myocardial fibrosis are two relevant features in
HFpEF. The more extensively analyzed biomarkers of this process are galectin-3 and soluble ST2. Galectin-3 is a
glycoprotein involved in many inflammatory and profibrotic processes as a galactosidase family member, and it is

synthetized by macrophage 2. It directly increases fibroblast proliferation and fibrogenesis in animal models,
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inducing myocardial and vascular stiffness. It is also associated with renal dysfunction and LV remodeling 2.
Galectin-3 inhibition mitigates myocardial fibrosis and elicits a reverse remodeling through a reduction in systemic
overload 1142l High galectin-3 serum levels are associated with poor outcome in both patients with HFrEF and
HFpEF. In patients with elevated levels, galectin-3 is associated with other comorbidities, such as hypertension and
CKD, and it is a useful marker for target therapy and risk stratification 3. Moreover, changes in galectin-3 levels

over a period of follow-up provide prognostic insights in patients with HFpEF 24!,

Soluble ST2 is another marker reflecting myocardial fibrosis and it is overexpressed in HFrEF and HFpEF patients.
It is primarily produced by myocardial cells, but also smooth muscle and endothelium cells, in relation to congestion
or profibrotic stimuli “%. In HFpEF patients, the addition of ST2 to NPs provides more complete prognostic
information; therefore, a higher ST2 phenotype could indicate a more compromised diastolic dysfunction “&l47],

Notably, a meta-analysis demonstrated that ST2 could predict outcomes independently of EF values [48],

Matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinases (TIMP) are two endopeptidases which
induce extracellular collagen deposition; therefore, they are reasonably considered as two biomarkers of fibrosis in
HFpEF “2. Collagenase is an enzyme family with different characteristics and may be considered in the context
between collagen synthesis and collagen degradation. Elevated levels of MMP2 and MMP9 are related to an
increased risk in HFpEF but also high levels are found in HFrEF after myocardial infarction 29, In the PARAGON

trial, a high level of TIMP, a marker of impaired collagen degradation, is associated with increased event rate B4,

Inflammation—Systemic inflammation is a typical feature of HFpEF. It reflects the immune response to cardiac
remodeling, systemic vascular injury and underlying triggers often associated with diseases, such as metabolic
syndrome, diabetes, chronic lung disease and anemia 2. Inflammation can occur differently in every HFpEF
phenotype and it can be analyzed using several biomarkers. C-reactive protein (CRP) is the wider analyzed marker
and it is associated with an increased risk in ACS and HF. A comparison study differentiating CRP from HFrEF and
HFpEF has demonstrated that in the latter it has a better prognostic meaning, adding new information rather than
just that of NPs alone 23, CRP and pentraxin are significantly higher in acute HFpEF patients compared to non-
acute patients and they correlate with diastolic dysfunction degree 4. CRP has a direct role in inducing
complement cascade activation and cytokine stimulation causing myocyte loss and endothelial dysfunction by
decreasing nitric oxide (NO) production. A CRP increase is also related to immune response mediated by
lymphocyte T and monocyte cells. Inflammatory status may also trigger microvascular dysfunction by inducing

endothelial permeability and adhesion molecule production and increasing reactive oxygen species bioavailability
/55]

Grow differentiation factor 15 (GDF-15) is a member of the cytokines family and it belongs to the transforming
growth factor beta (TGFB) family. It is highly expressed in inflammatory chronic diseases, and pulmonary, kidney,
and cardiovascular diseases 28l Since it integrates information from cardiac and systemic diseases, it could reflect
the interplay among different apparatuses, but it is not specific to CV diseases or HF 7. A recent meta-analysis
demonstrated that in patients with a high risk burden it is related to an increased incidence of HF providing

additional information on LV remodeling and function B8l In HFpEF, it is similarly elevated as in HFrEF but it has a
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more prognostic value compared to NTproBNP. Indeed, in subjects with low NT-proBNP and high GDF-15, the risk
of cardiovascular death is comparable to those with high NPs B4, This finding confirms the role of GDF-15 as an

intermediate marker of inflammatory and multi-organ injury.

Endothelial dysfunction—Microcirculation and endothelial cells are two important features for HFpEF occurrence
and microvascular dysfunction is one of the most common therapeutic targets. Dysfunctional endothelium
increases the expression of adhesion molecules such as vascular cell adhesion molecules (VCAM), induced cell
adhesion molecules (ICAM) and E-selectin that activates von Willebrand and other prothrombotic factors.
Therefore, tissue growth factors (TGFs) and insulin growth factors (IGFs) are two other items of vascular alteration
and increased proliferation B9, The prothrombotic cascade is also emphasized by several coagulation alterations
involving factor V and VI, tissue plasminogen activator (TPA), inducing endothelial damage and loss of vascular
integrity. Vascular, coagulative and thrombotic alterations may lead to a progressive microvascular obstruction,
capillary obliteration and loss of capillary integrity 89, These processes induce increased vascular resistance and
enhanced cardiac workload at both systemic and pulmonary districts. Therefore, vascular damage is characterized
by intima and media hyperplasia, disarray of smooth muscle cells and intimal fibrosis, ultimately leading to
progressive capillary reduction and narrowing. All of these features reduce nitric oxide (NO) production and its
mediator ‘guanosine monophosphate cyclase’ (GMPc), causing vasoconstriction, reduction in viscoelastic
properties and altered oxygen consumption and utilization with increased oxidative stress 8162l Unfortunately, no
reliable blood biomarker exists to measure these processes and only in vitro studies can document these
endothelial alterations. Nevertheless, a direct GMPc activator ‘Vericiguat’ is capable of improving vascular tone and

of reducing cardiac stiffness.

Plasminogen activator inhibitor (PAI-1) is the main inhibitor of tissue plasminogen activator and the intrinsic
fibrinolytic system. It is increased in patients with HFpEF in association with D-dimer levels, suggesting an
association with prothrombotic and procoagulant states in this setting 83l In the LURIC study, it is a prognostic
index of mortality and CV events, although a longitudinal study confirmed only an association with markers of renal
damage and NPs [64],

Insulin growth factor binding protein (IGFBP) is associated with inflammation, cell adhesion and senescence. It is
increased according to left atrial dysfunction and dilatation reflecting diastolic dysfunction in HFpEF 3. In a
machine learning study, in subjects with a high inflammatory phenotype, elevated comorbidity burden and renal
dysfunction, it is elevated and associated with increased hospitalization risk €. In the I-PRESERVE trial, IGFBP
was associated with an increased risk of CV events and HF severity 87, Finally, in asymptomatic patients with LV
hypertrophy, IGFBP identifies subjects with altered diastolic function suggesting a role in early identification and

screening of HFpEF 881 (Figure 2, graphical abstract).
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Figure 2. Potential pathophysiological mechanisms occurring in HFpEF: each disorder can be recognized by
specific biomarker increase and overexpression. The partnership between clinical and laboratory information may

better target the HFpEF profile.
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