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IHepidnyn
Tithog: Preypovn ko Kapdiokn Avendprelo

Ewoyoyn: H kapdiokn ovemdpkelo amotedel pio omd TIG ONUOVTIKOTEPES OuTieg
voonpOTNTOG Ko OVIGIULOTNTAG GE TOYKOGULO EMITEDO, ACKMVTOS CTIUOVTIKY EMPApLVON
ot cvothpata vyeiag. Ta tedevtaio xpovia, 1 GAEYLOVN EXEL AVOYVOPIOTEL OC £VaG amd
TOVG PaciKovg Tapdyovieg mov ennpedlovy v eEEMEN TG VOGOV, GuUBAALOVTAG GTNV
emdeivoon g Aertovpyiog ToL  pvokopdiov. H  aAdnAemidpaon petald g
GUOTNUOTIKNAG GAEYLOVIG, TOV KVTTOPOKIVOV KOl TOV UETAPOAIKOV dtoTopoymdv 0dnyel
G€ TPOOSEVTIKEG OOUIKES Kol AEITOVPYIKEG AAAAYEG TNG KOPOLAG.

Ykomog: O okomdg G epyaciog eivor va avadeiEel T onuacio TS EAEYUOVIG GTNV
KopOlKY avendpkelo, vo aEl0A0YNOEL TIC VITAPYOVGES dOYVMOTIKES Kot OepamenTIiKég
OTPUTNYIKEG KOl VO TPOGOI0PIGEL TIG EPEVVNTIKES KATELOVVOELG TOV ATALTOVVTOL Y10, TN
BeAtioon g mpdyveons Tov aclevav.

MeBodoroyia: o v ekmdvnon NG TopovoaS OVAGKOTNGONG, TPOYLOTOTOMmONKE
avalnmon g Biproypapiog oe €ykprreg Paocelg dedopévmv, 6mmg to PubMed kot to
Google Scholar. AvarbOnkav pedéteg mov e£eTalovV TIG PAEYHOVAOIEIS dL0dIKAGIES GTNV
KapOLOKT) OVETAPKELD, TN HTOYOVIPLOKT) OVGAEITOVPYIN, TNV OVATTLEN VEWV PLOSEIKTOV
KoL TIG GVYYPOVES OEpATEVLTIKES EMAOYEC.

Amnoteréopata: H preypovn eaivetan va mailetl katadlvtikd poro otny taboyéveon g
KOpPOLOKNG OVETAPKELNG, EMMpealovtag SLVoUEVAOS T Asttovpyion Tov pvokoapdiov. Ot
Brodeikteg, Kot Wlaitepa o1 KLTTAPOKIVEG, £XO0VV TN SVVATOTNTA VO GUVEIGPEPOLV GTY|
dldyvawon, otV otadlonoinon oty mpdyvmaen Tng vocov, wotdco 1 aflomoincn Tovg
oV KAk Tpdén mapapéver meploptopévr. Ot avIIPAEYHOVMOELS TOPBEYOVTIES, Ol
avTo&edmTIkég Oepameieg Kot o1 puOUGTES TNG LTOYOVIPLOKNG AetTovpYiag Exouv deilet
EATIO0POPO. AMOTEAEGLOTO GE KAWVIKEG OOKUUES, MGTOGO OMOUTOVVIOL TEPLGGOTEPES
UEAETEG YO TNV AN PY| TEKUNPI®OT TNG OMOTEAECUOTIKOTNTAG TOVC.

Yopnépacpa: H katavonomn g eAeyrovig og BepeMddovg mopdyovta TG Kopolakng
avendpkelog anotedel factkd frpa yio v avantuén ctoyevpévev Bepoansidv. apd v
PO0S0 GTOV TOUEN TV PLOSEIKTMV KOl TV BEPATEVTIKMOV GTPATNYIKAOV, VILAPYEL AVAYKN
YO TEPOLTEP® EPEVLVA LUE GTOYO TNV EEATOMKEVUEVT] AVTILETMOMICT TOV 0GHEVOV KO TN
BeAtioon g morotntag {ong Toug.

AgEaic-krewond: Dreypovn, Kopowaxkn Avendpkewn, I[TabBoeucioroyia, Biodsikteg,
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Abstract:

Title: Inflammation and Heart Failure

Background: Heart failure (HF) is a major global health challenge and remains one of
the leading causes of morbidity and mortality. Over recent years, inflammation has been
recognized as a critical factor in HF pathophysiology, contributing to myocardial
dysfunction and disease progression. The interplay between systemic inflammation,
cytokine signalling, and metabolic dysregulation leads to structural and functional
myocardial changes. These multifaceted mechanisms highlight the complexity of HF and
emphasize the need for more effective diagnostic and therapeutic strategies.

Objective: This thesis aims to comprehensively analyse the role of inflammation in HF,
emphasizing its impact on disease progression, biomarker discovery, and emerging
therapeutic approaches. By reviewing recent advancements, the study seeks to identify
gaps in knowledge and explore potential future directions in HF management.

Methods: A thorough literature review was conducted using reputable scientific
databases such as PubMed and Google Scholar. Studies focusing on the inflammatory
mechanisms of HF, mitochondrial dysfunction, biomarker development, and novel
therapeutic interventions were examined.

Results: Inflammatory processes play a pivotal role in HF progression, influencing
myocardial remodelling and metabolic regulation. Despite the identification of promising
biomarkers for diagnosis and risk stratification, their routine clinical implementation
remains limited. Therapies targeting inflammation and mitochondrial function, including
cytokine inhibitors, calcium modulators, and antioxidant agents, have shown encouraging
results in preclinical and clinical studies. However, the heterogeneous nature of HF
underscores the need for personalized therapeutic approaches, as trial outcomes have
often been inconsistent.

Conclusion: Inflammation is a fundamental component of HF pathophysiology, and its
modulation presents a promising avenue for improving patient care. Advances in
biomarker identification and targeted therapies offer new opportunities to enhance
diagnosis and treatment. Nevertheless, further research is needed to translate these
findings into personalized treatment strategies, ultimately improving quality of life and
clinical outcomes for HF patients.

Key words: Inflammation, Heart Failure, Pathophysiology, Biomarkers, Treatment
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Introduction

HF is a complex clinical syndrome characterized by symptoms and signs resulting from
any structural or functional impairment of ventricular filling or blood ejection (1). HF is
currently classified based on left ventricular ejection fraction (LVEF) into three primary
categories: heart failure with preserved ejection fraction (HFpEF), heart failure with
mildly reduced ejection fraction (HFmrEF), and heart failure with reduced ejection
fraction (HFrEF). This classification facilitates tailored treatment approaches, as each
category is associated with distinct pathophysiological mechanisms, clinical outcomes,
and variations in patient prognosis and response to therapy. Data indicate that HF is a
major and growing public health issue worldwide. It is a leading cause of morbidity,
frequent hospitalization, and high mortality, particularly among older adults. In
developed countries, HF remains the primary cause of hospitalization for patients over
65, imposing substantial healthcare costs and resource demands. Despite treatment
advances, prognosis remains poor, with a five-year mortality rate comparable to that of
some groups of cancer. Although HF incidence is stable, prevalence is expected to rise
due to the ageing population and the improvement in medical therapies, which will likely
further increase hospitalization rates and health care costs (2). As a result, HF represents
a critical focus for healthcare systems, underscoring the need for improved preventive

strategies, early detection, and innovative therapeutic approaches to mitigate its impact.

The involvement of inflammation in the onset and progression of HF has been proposed
for many years. Numerous researches have indicated that various cytokines and
chemokines may play a role in both acute and chronic HF, although early therapeutic
trials targeting these pathways have yielded inconsistent outcomes. These findings
emphasize the complexity and intricate nature of how pro-inflammatory pathways
influence HF pathogenesis. Latest research has revealed that inflammation may have
apparent roles depending on HF syndrome phenotypes, insights that could inform the

development of new therapeutic approaches (3).

This thesis aims to provide an in-depth analysis of the relationship between heart failure
(HF) and inflammation, addressing the significant role inflammation plays in both the
onset and progression of HF. Inflammatory mediators have been implicated in the

development of HF, influencing processes that lead to cardiac dysfunction, remodeling,

1
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and fibrosis. This interconnected relationship suggests that HF and inflammation do not
merely coexist; rather, they are interdependent, with inflammatory mechanisms actively
participating in HF progression and exacerbation. Consequently, inflammation may not
only serve as a biomarker of disease severity but could also represent a potential target

for therapeutic intervention.

Pathophysiology of Heart Failure

As mentioned above HF is classified into three subtypes: HFrEF, HFmrEF and HFpEF.
HFrEF occurs when the heart muscle weakens, typically due to ischemic heart disease or
dilated cardiomyopathy, leading to an important reduction in ejection fraction during
systole. Conversely, HFpEF involves a preserved ejection fraction but impaired
ventricular filling, often associated with conditions like hypertension, diabetes, and
obesity, causing diastolic dysfunction. Understanding these subtypes is crucial, as their
distinct pathophysiological mechanisms lead to differences in clinical presentation,
treatment responses, and prognosis. This introduction lays the groundwork for a detailed

exploration of the pathophysiology of HF.

HFrEF is more prevalent in men than in women and is associated with considerable
morbidity and mortality. Recent years have seen notable scientific advancements in the
treatment of HFrEF. Despite these developments, morbidity and mortality remain
elevated, with a five-year survival rate of only 25% following hospitalization (4). On the
other side, there is HFpEF, which is a critical aspect of HF, carrying substantial morbidity
and mortality too. Unlike HFrEF, however, there are currently no validated, efficient
therapies for HFpEF. Key contributors to HFpEF include aging, diabetes mellitus (DM),
obesity, systemic hypertension, coronary artery disease, metabolic syndrome, and kidney
disease. In diagnosing HFpEF, it is essential to rule out similar conditions, including non-
HF disorders and other causes of HF with an LVEF >50%, such as valvular heart disease,
pericardial disease and types of cardiomyopathies (5). Healthcare systems worldwide are
facing an urgent need to understand the underlying mechanisms of heart failure. In
response to declining function, the failing heart activates various compensatory

mechanisms. These include the Frank-Starling mechanism, which enhances cardiac
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output; ventricular remodeling, leading to thickening of the ventricular walls; and
activation of neurohormonal systems, which work to maintain tissue perfusion despite
increased mean arterial pressure. While compensatory mechanisms offer initial benefits
in the early stages of HF, they frequently lead to a detrimental cycle that accelerates
disease progression. The establishment of the neurohormonal model of HF, which
includes activation of both the sympathetic nervous system (SNS) and the renin-
angiotensin system (RAAS), has played a pivotal role in advancing scientific
understanding and clinical research into the physiology and treatment of heart failure (6).
As far as SNS is concerned, it initially supports the failing heart by enhancing contractility
to boost stroke volume and causing peripheral vasoconstriction to preserve mean arterial
pressure. However, this response eventually contributes to worsening disease and
decreases survival rates. SNS activation is believed to stem from diminished inhibitory
controls and increased excitatory signals, involving changes in baroreceptor and
chemoreceptor reflexes in the periphery, chemical mediators that influence sympathetic
activity, and central integration sites (7). A crucial role in the development of HF
maintains RAAS. Excessive activation of RAAS, particularly the overactivation of
Angiotensin II and Aldosterone, can promote the development of heart failure through
various mechanisms (6). For example, it leads to an imbalance in fluid and electrolyte
regulation, increased vascular resistance, and fibrosis, all of which exacerbate the strain
on the heart and impair its function. Persistent activation of this system has a detrimental
impact on not only the cardiovascular system but also the kidneys, promoting renal

dysfunction and further complicating heart failure.

Inflammatory Pathways in Heart Failure

In both HFrEF, regardless of ischemic or nonischemic origins, and HFpEF, elevated
serum levels of proinflammatory cytokines are associated with poorer clinical outcomes.
Although cytokine elevations in chronic heart failure (CHF) are generally lower than
those observed in acute infections or autoimmune diseases, this persistent low-grade
inflammatory state may play an important role in the progressive worsening of HF
symptoms. Chronic inflammation is believed to contribute to deleterious processes such

as cardiac remodeling, endothelial dysfunction, and impaired myocardial function, each

3
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of which exacerbates the severity of heart failure. Thus, advancing our understanding of
the impact of sustained, low-grade inflammation in heart failure could identify novel
therapeutic targets aimed at reducing inflammation to improve clinical outcomes for

patients (8).

As mentioned above, chronic, low-grade, systemic inflammation might have harmful
effects on myocardial structure and function (9). The predominant hypothesis detailing
the pathway by which inflammation promotes the onset and progression of HF is
presented in the image below (this pathway has yet to be fully validated in animal models

of chronic HF).

Fibroblasts

Recruited Myofibroblasts

Macrophages TGF'E > : x
-

Splenocytes

Cardiac Fnbro is

/ \ Chronic [)I\MPs
MCP-1 Inflammation

Impaired mitophagy Stressed / Necrotic cardiomyocyte

(8) Fig. 1 The pathway of Chronic Inflammation

CHF may be driven by various mechanisms that stimulate the release of inflammatory
cytokines. Cardiomyocytes can become activated in response to damage-associated
molecular patterns (DAMPs), such as extracellular HSP60 (heat shock protein 60) and
HMGBI1 (high-mobility group box 1), which are released from immune -cells
(macrophages/monocytes), splenocytes, or damaged/stressed cardiomyocytes. These
DAMPs signal through Toll-like receptor 4 (TLR4), activating the NLRP3 inflammasome
and leading to the secretion of proinflammatory cytokines. Oxidative stress and reactive
oxygen species (ROS), particularly in the context of DM, can also activate the NLRP3
inflammasome. Furthermore, impaired mitophagy allows damaged mitochondria to
release mitochondrial DNA (mtDNA), which in turn stimulates cytokine production via

TLRY signaling. This inflammatory environment facilitates the recruitment of

4
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macrophages, mediated by monocyte chemoattractant protein 1 (MCP-1), which further
supports cytokine release. Cardiac macrophages additionally contribute to the recruitment
and differentiation of myofibroblasts, which promote cardiac fibrosis in chronic HF. This
fibrosis process is thought to involve transforming growth factor (TGF)-B. IL stands for

interleukin, and TNF for tumor necrosis factor.
Mitochondria-Inflammation axis

The heart is an organ with an exceptionally high energy demand, relying primarily on
adenosine triphosphate (ATP) production through oxidative phosphorylation within the
mitochondria. These organelles, often referred to as the "power plants" of the cell and
occupying nearly one-third of cellular volume, play a pivotal role in maintaining cardiac
function (10). Regardless of the underlying cause, mitochondrial dysfunction has been

extensively recognized as a key factor in the progression of HF.

In HF, disruptions in mitochondrial function hinder oxidative phosphorylation, a vital
mechanism for efficient ATP synthesis. Pathological remodeling of the heart prompts a
metabolic transition from fatty acid oxidation to glycolysis, a less efficient pathway for
meeting the heart’s substantial energy needs. This shift results in energy shortages that
worsen cardiac impairment (11). Moreover, enzyme hyperacetylation within
mitochondria interferes with substrate oxidation, further reducing energy output and

aggravating the deterioration of cardiac performance.

Mitochondria are essential for maintaining calcium homeostasis, a process critical for
cardiomyocyte excitation-contraction coupling and relaxation. They regulate calcium ion
movement between the sarcoplasmic reticulum, cytosol, and mitochondria, ensuring
efficient cardiac function. In heart failure, disruptions in calcium handling, including
impaired reuptake by the sarcoplasmic reticulum and increased leakage, lead to cytosolic
and mitochondrial calcium overload. This imbalance triggers mitochondrial dysfunction,
oxidative stress, reduced contractile efficiency, and heightened susceptibility to

arrhythmias, ultimately contributing to cardiomyocyte death and disease progression
(12).

Furthermore, in the context of HF, the overproduction of mitochondrial-derived reactive
oxygen species (mtROS) exacerbates oxidative stress and triggers inflammation. MtROS

are capable of initiating proinflammatory signaling cascades and stimulating the release
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of mitochondrial DNA (mtDNA) and other DAMPs, further escalating the inflammatory
response (13). The oxidative harm caused by mtROS disrupts mitochondrial activity,
creating a harmful cycle of mitochondrial impairment and heightened ROS production,

leading to HF worsening.

Biomarkers in Heart Failure

Biomarker profiles vary significantly across the range of EF (3). A network meta-analysis
examining biomarkers in heart failure indicated that individuals with HFrEF primarily
demonstrated a "cardiac stretch" profile, marked by biomarkers linked to cellular
proliferation and metabolic activity (14). In contrast, biomarkers in HFpEF were largely
associated with cardiac inflammation, with patients presenting a broader spectrum of

biomarkers that mirror their heterogeneous clinical manifestations.

C-reactive protein

C-reactive protein (CRP) is a well-established plasma marker that rises substantially
during acute inflammation, infection, or tissue damage. It is predominantly synthesized
by hepatocytes, with its production being regulated at the post-transcriptional level by
cytokines, especially interleukin-6 (IL-6) (15). CRP has been identified as a possible
indicator of adverse outcomes in patients with heart failure. Comparable findings are
observed when examining the relationship between high-sensitivity CRP (hs-CRP) levels
and adverse heart failure events. Elevated baseline hs-CRP levels independently predicted
increased all-cause and cardiovascular mortality (16). It has yet to be determined whether
targeting the inflammatory pathways influencing CRP levels could enhance clinical

outcomes in heart failure patients.
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Uric Acid

Uric acid (UA) is the final product of purine metabolism in humans, mainly controlled by
the enzyme xanthine oxidoreductase, which facilitates the conversion of hypoxanthine to
xanthine and xanthine to UA (17). In CHF, hyperuricemia serves as a marker of disrupted
oxidative metabolism, hyperinsulinemia, inflammatory cytokine activation (especially
TNF-0), and impaired vascular function (18). This, consequently, plays a role in the

development of cardiac hypertrophy and fibrosis.
Leukocytes

Leukocyte indices, including the neutrophil-lymphocyte ratio (NLR), monocyte-
lymphocyte ratio (MLR), and pan-immune inflammation value (PIV), are promising
biomarkers of systemic inflammation. Neutrophils are a significant part in the
pathogenesis of HF and have a well-established association with the severity of HF and
overall mortality in patients with various heart failure etiologies. In particular, NLR is
significantly linked to clinical outcomes in patients with new-onset or worsening HFrEF
and HFpEF. Additionally, NLR showed a significant correlation with several established
biomarkers related to inflammatory pathways in HF and is notably correlated with NT-
proBNP levels. Furthermore, a reduction in NLR after six months was associated with a
decreased incidence of mortality and heart failure-related hospitalizations (19). Although
MLR has not been extensively studied, several associations with heart failure are
described in the literature. Elevated MLR provides significant predictive value when
incorporated into a detailed clinical risk prediction model for forecasting heart failure
hospitalizations after CABG. It is also strongly associated with the risk of future heart
failure admissions in patients with CAD (20). Finally, PIV is a promising biomarker in
relation to inflammation and heart failure. The Pan-Immune-Inflammation Value (PIV)
is calculated using the formula: PIV = [Neutrophil count (x10°/L) x Platelet count
(x10%/L) x Monocyte count (x10°/L)] = Lymphocyte count (x10°/L) (21). In both patients
with acute decompensated HFrEF and those undergoing percutaneous coronary
intervention for ST-segment elevation myocardial infarction, the PIV may serve as a
prognostic marker, providing valuable information (22). These three biomarkers are
independently linked with a composite endpoint, including all-cause mortality and heart

failure-related hospitalizations, as well as with all-cause mortality specifically in those
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diagnosed with HFpEF, providing valuable prognostic insight. However, their full

prognostic significance is yet to be completely understood.
Systemic inflammatory response index

The Systemic Inflammatory Response Index (SIRI) is calculated by multiplying the
neutrophil and monocyte counts, then dividing the product by the lymphocyte count
(23). Elevated SIRI levels are strongly associated with increased all-cause mortality in
patients with HFpEF, with the risk escalating alongside rising SIRI levels. Its prognostic
value becomes even more pronounced when combined with traditional risk factor

models, enhancing the precision of mortality and outcome predictions (24).

Angiotensin-converting enzyme 2 (ACE-2) and renin—angiotensin

aldosterone system biomarkers

Endothelial activation and the infiltration of inflammatory cells are key factors in the
development of cardiac fibrosis induced by the renin—angiotensin system (25). ACE-2
catalyzes the conversion of angiotensin II (Ang II) into angiotensin 1-7 (Ang 1-7), which
counteracts the molecular and cellular effects of Ang II. The reduction of ACE-2 activity
increases the risk of HF, whereas elevated levels of ACE-2 can prevent and reverse the
heart failure phenotype. ACE-2 and Ang 1-7 have been identified as critical components
of a protective pathway in both HFrEF and HFpEF since they maintain strong anti-
inflammatory, antioxidant, anti-fibrotic, and vasodilatory effects (26). Levels of Ang 1—-
7 or Ang II alone do not show prognostic value. However, the plasma ratio of Ang 1-7
to Ang II has been identified as a significant predictor of all-cause mortality and the length

of hospitalization in patients with HF (27).
Natriuretic Peptides

Natriuretic peptides (NP), synthesized by the heart, play a vital protective role by
facilitating processes such as sodium excretion, increased urine production, and blood
vessel relaxation. Additionally, they contribute to improved heart muscle relaxation, fat
metabolism, weight management, and better insulin sensitivity, highlighting their
multifaceted benefits in maintaining cardiovascular and metabolic health (28). B-type
natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP) are commonly

recognized as neurohormonal biomarkers. Inflammation appears to enhance NP release,
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but the interpretation of NP levels should account for other factors contributing to

inflammation (29).
Inflammatory Cytokines

Numerous cytokines play a pivotal role in the pathogenesis of HF. Patients with HF often
exhibit elevated levels of pro-inflammatory and anti-inflammatory cytokines, as well as
their corresponding receptors. These increases emphasize the critical role of inflammation
in the progression and pathophysiology of HF (30). Particular emphasis should be given
to interleukin-1 (IL-1PB), a pro-inflammatory cytokine, involved in adverse cardiac
remodeling (31). Elevated IL-1p levels have been linked to the severity of HF, as
indicated by the New York Heart Association (NYHA) functional classification system.
Furthermore, interleukin-6 (IL-6) is a cytokine whose plasma concentrations are
independently linked to higher mortality rates and/or heart failure hospitalizations. These
findings underscore IL-6’s crucial role in risk assessment for heart failure, providing
initial evidence that supports further investigation into the potential therapeutic benefits

of modulating IL-6 signaling (32).
Soluble toll-like receptor 2

Soluble suppression of tumorigenesis-2 (sST2) has been recognized as a significant
biomarker that reflects the underlying pathophysiology of HF and provides valuable
insight into the disease's progression, clinical status and prognosis (33). sST2 belongs to
the family of IL-1 receptors and is released in response to vascular congestion and both
inflammatory and pro-inflammatory stimuli (34). In CHF, elevated levels of sST2 have
been linked to left ventricular (LV) diastolic dysfunction, increased right ventricular
systolic pressure (RVSP), and reduced myocardial contractility. Furthermore, sST2 levels
have been observed to be higher in patients experiencing ventricular arrhythmias
compared to those without such events. In cases of acute HF, it is advisable to measure
sST2 levels at least at the time of admission and again prior to planned discharge.
Persistent elevation of sST2 levels may indicate a higher risk profile for the patient,
potentially warranting an extended hospital stay, expedited titration of HF medication and
more frequent follow-ups or the use of monitoring systems to detect early pulmonary

congestion (35).
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Galectin-3

Galectin-3 (Gal-3) is a PB-galactoside-binding lectin that has garnered considerable
attention as a biomarker in HF. Beyond its diagnostic and prognostic applications, Gal-3
plays a critical role in the pathophysiology of HF by mediating pro-inflammatory
responses and driving fibrotic processes. It is implicated in critical mechanisms such as
macrophage activation, extracellular matrix remodeling, and tissue repair, all of which
contribute to the progression and severity of HF (36). Importantly, Gal-3 retains
significant prognostic value, even when adjusted for other established risk factors, and

serves as an independent predictor of mortality in HF patients (37).
Growth/differentiation factor 15

Growth differentiation factor-15 (GDF-15) is a stress-responsive cytokine classified
within the transforming growth factor-p (TGF-f) group, recognized for its significance in
cellular stress signaling and inflammatory regulation (38). It is a versatile biomarker that
holds potential as a prognostic indicator across various clinical conditions and outcomes
(39). There is considerable evidence supporting the role of GDF-15 as a standalone
predictor of overall mortality in HF. Furthermore, it may enhance risk prediction for both
HF and mortality in individuals recovering from a myocardial infarction (40). The
predictive power of GDF-15 is strengthened when used alongside other biomarkers. A
model that incorporates both NT-pro BNP and GDF-15 could enhance treatment
strategies focused only on BNP, offering improved forecasts for all-cause mortality and

heart failure rehospitalizations over a one-year period (41).
Clonal hematopoiesis of indeterminate significance

Clonal Hematopoiesis of Indeterminate Potential (CHIP) refers to the age-associated
acquisition of somatic mutations in hematopoietic stem cells that lead to the expansion of
distinct blood cell clones (42). The occurrence of CHIP becomes more common with
advancing age. Its frequency remains low from birth to around 50 years old, but it
escalates sharply thereafter. Moreover, CHIP is associated with a heightened risk of
developing atherosclerotic cardiovascular disease (CVD) (43) and is potentially
associated with the progression and adverse outcomes of CHF, particularly in cases with
an ischemic background (44). Research indicates that CHIP could represent a significant

new age-related risk factor for HF.
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Established and novel biomarkers of inflammation in heart failure
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Current Therapeutic Approaches and Inflammatory Targets

Despite growing evidence emphasizing the role of inflammatory pathways in the
pathophysiology of HF, effective therapeutic strategies targeting inflammation remain
largely unavailable. Current HF treatments primarily focus on neurohormonal modulation
and hemodynamic support, leaving the inflammatory component insufficiently
addressed. However, recent advancements have been made in the development of such

therapies, and several promising pharmaceutical approaches are now emerging.
Established HF Therapies:

Renin-angiotensin-aldosterone system Blockers

Renin-angiotensin-aldosterone system (RAAS) blockade is a cornerstone in HF
management (45). In HFrEF, these therapies improve survival, reduce hospitalizations,
and alleviate symptoms by mitigating maladaptive neurohormonal activation (46).
However, their utility in HFpEF is limited, as current evidence does not support their
routine use to improve outcomes in this population (47). Angiotensin-converting enzyme

(ACE) inhibitors and angiotensin receptor blockers (ARBs) possess notable anti-
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inflammatory properties, including the ability to decrease the production of reactive
oxygen species, pro-inflammatory cytokines, and cellular adhesion molecules. Turning
theory into data, the use of ACE inhibitors in patients with HFrEF results in a statistically
significant reduction in hs-CRP and NT-proBNP levels. Furthermore, in a prospective
observational study involving 507 patients who experienced their first ischemic stroke,
ACE inhibitor therapy was associated with a 2.6-fold decrease in median CRP levels and
a reduced 2-year CV risk (48). Another important pillar in the treatment of HF, included
in RAAS, is Mineralocorticoid Receptor Antagonists (MRAs). MRAs prevent
aldosterone from attaching to mineralocorticoid receptors (49). The actions of aldosterone
are detrimental and involve the stimulation of fibrosis, the initiation of inflammation, and
the production of oxidative stress (50). The role of MRAs in reducing inflammatory
biomarkers remains contentious. Findings from the TOPCAT biorepository indicate that
spironolactone therapy effectively lowers BNP and NT-proBNP levels. However, it does
not appear to significantly affect cardiac troponin I (cTnl), hs-CRP, or uric acid

concentrations (51).
Beta Blockers

Beta blockers (BBs) function by inhibiting B-adrenergic receptors (52). Like RAAS
blockade, BBs play a crucial role in the treatment of HFrEF. However, their effectiveness
and utility in treating HFmrEF and HFpEF remain uncertain (53). Regarding
inflammation, BBs exhibit neutral effects. Research indicates that BBs can lower
circulating TNF-alpha levels in patients with dilated cardiomyopathy (DCM), a reduction
closely linked to changes in circulating IL-10 levels (54). A comparable decrease in TNF-
alpha and IL-6 levels has also been observed in individuals with ischemic
cardiomyopathy (55). This data is derived from studies with small sample sizes, and for
this reason, definitive conclusions cannot be reliably drawn. Although BBs positively
influence clinical outcomes, myocardial performance, and reverse remodeling, their

impact on pro-inflammatory markers has been minimal or negligible.
Sodium-Glucose Co-Transporter 2 Inhibitors

Sodium-Glucose Co-Transporter 2 (SGLT2) inhibitors have recently emerged as a
promising therapeutic option for HF. Initially approved for managing type-2 diabetes
mellitus (T2DM), these agents have now become a cornerstone in HF treatment,

irrespective of EF. Their primary mechanism involves reducing glucose reabsorption in
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the kidneys, thereby promoting increased glucose excretion (56). SGLT2 inhibitors seem
to mitigate inflammation through multiple mechanisms. A study involving 30 diabetic
mice demonstrated that the SGLT2 inhibitor empagliflozin effectively reduces
myocardial fibrosis by primarily inhibiting collagen production and deposition via the
classical TGF-B/Smad signaling pathway, while also alleviating oxidative stress (57). At
the same time, multiple studies have revealed that SGLT2 inhibitors positively influence
pro-inflammatory cytokines, including IL-6, TNF-a and IFN-y (58). Although there are
considerable gaps in our understanding of SGLT?2 inhibitors and their anti-inflammatory

effects, their impact on patients with HF is undeniable and substantial.
Diuretics

Diuretics are fundamental in HF management, serving as the cornerstone treatment for
relieving fluid overload in HF patients (59). While not part of the guideline-recommended
treatment (GDMT) for HF (1), they are deemed essential for enhancing the quality of life
in patients with HF, both during acute episodes and in the chronic phase. Research
indicates that diuretics may have a protective role in mitigating or halting the progression
of inflammation. While the precise mechanism of their action is not fully understood,

they seem to reduce the levels of inflammatory mediators such as TNF-a, IL-6, IL-2 (60).

Heart Failure and Anti-Inflammatory Agents:

Statins

Statins rank among the most potent therapies for managing and preventing
atherothrombotic vascular disorders. Beyond their lipid-lowering properties, their ability
to suppress inflammation has been extensively validated through both clinical trials and
experimental investigations (61). Statin treatment demonstrated a notable correlation with
enhanced adjusted survival rates in individuals with HFpEF and ischemic HF.
Nevertheless, this association was not recorded in patients with HFrEF suffering from
non-ischemic HF (62). Furthermore, statins have been shown to reduce CRP levels, a
reduction often independent of cholesterol lowering, and appear to exert beneficial effects
on endothelial function, monocyte-macrophage activity, and platelet aggregation, all of

which further contribute to their cardiovascular benefits (63).
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Colchicine

Colchicine is a mitotic inhibitor that disrupts tubulin polymerization and prevents
microtubule formation. Consequently, its anti-inflammatory properties may partly stem
from its capacity to block NLRP3 inflammasome assembly, thereby indirectly
suppressing interleukin-1f activation. This, in turn, leads to subsequent reductions in
interleukin-6 levels and CRP concentrations (64). The COLCOT and LoDoCo trials have
highlighted the potential benefits of colchicine in cardiovascular disease management.
The COLCOT trial investigated the effects of colchicine at a daily dose of 0.5 mg
compared to placebo over two years in 4,745 post-myocardial infarction (MI) patients.
The study demonstrated a significant reduction in the composite primary endpoint, which
included MI, stroke, resuscitated cardiac arrest, urgent hospitalization for angina
requiring revascularization, and cardiovascular mortality (65). Similarly, the LoDoCo
trial demonstrated that low-dose colchicine reduced major adverse CV events in patients
with chronic coronary disease (66). A total of 5,522 participants were randomized, with
2,762 allocated to the colchicine group and 2,760 to the placebo group. The median
follow-up period spanned 28.6 months. The primary endpoint encompassed a composite
of CV death, spontaneous (non-procedural) MI, ischemic stroke, or coronary
revascularization driven by ischemia. The key secondary endpoint included a composite
of CV death, spontaneous MI, and ischemic stroke (67). Both studies underscore
colchicine’s anti-inflammatory properties, offering promising evidence for its role in
secondary CV prevention. While research suggests that colchicine’s anti-inflammatory
effects may reduce markers like CRP and IL-6, definitive evidence supporting its long-
term benefit in enhancing the functional status of HF patients remains lacking (68). The
COLpEEF trial (NCT04857931), a current randomized study, is investigating the potential
of colchicine to alleviate inflammation, enhance left ventricular diastolic function, and
improve both functional capacity and symptoms in individuals with HFpEF. The trial is
expected to offer additional insights into the therapeutic role of colchicine in HFpEF
management. Careful consideration is required for individuals with severe renal
impairment, as the prolonged use of colchicine, which relies on renal clearance, may not

be appropriate for this population.
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Methotrexate

Methotrexate is a potent FDA-approved folate antagonist primarily prescribed for
rheumatoid arthritis (69). Due to its systemic anti-inflammatory capacity and its ability
to slow the progression of atherosclerosis, methotrexate is associated with a reduced
cardiovascular risk in patients with immune-mediated inflammatory conditions (70),
while incorporating methotrexate into standard treatment for CHF yields notable anti-
inflammatory benefits and enhances NYHA functional class, 6-minute walk test
performance, and quality of life (71). Further research is needed to explore methotrexate’s

potential in reducing inflammation and improving outcomes in HF.
Anti TNF-alpha Factors

TNF-alpha is a pro-inflammatory cytokine involved in many inflammatory pathways and
linked to adverse effects on cardiac contractility. It is generated under various
pathological conditions, including septic shock, acute myocarditis and congestive HF
(72). Serum concentrations of TNF-alpha are elevated in HF patients and the degree of
this increase is strongly associated with the severity of the condition (73). To counteract
its harmful effects, anti-TNF-alpha agents have been developed and widely used. Agents,
including infliximab, adalimumab, etanercept, and certolizumab are used to manage
inflammatory conditions by targeting and neutralizing TNF-alpha activity. Etanercept and
infliximab are the two agents studied in HF, primarily in HFrEF, with the goal of
mitigating inflammation, improving clinical outcomes, and potentially enhancing
patients’ overall functional capacity. According to the RENEWAL trial, etanercept failed
to show any significant advantage in managing patients (74). Similarly, in the ATTACH
trial, infliximab administration failed to improve clinical outcomes in heart failure
patients across a range of evaluations. Specifically, in those with at least moderate chronic
heart failure, treatment with infliximab resulted to a decline in clinical condition, greater
hospitalization risk, and frequent exacerbations of HF, with no substantial clinical
benefits observed over a 6-week treatment period (75). Although anti-TNF alpha agents
failed to demonstrate efficacy in these studies, they have not been tested in patients with
HFpEF, in whom they may potentially show greater effectiveness. Therefore, studies

involving such patients could provide valuable insights into their application in HF.
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Interleukin-1 inhibitors

IL-1, as mentioned before, is significantly upregulated in HF and is correlated with an
unfavorable prognosis (76). IL-1 inhibitors, such as Anakinra and Canakinumab, have
been investigated in clinical trials involving patients with HF to evaluate their potential
in reducing inflammation and improving cardiac outcomes. The D-HART trial
administered Anakinra to 12 patients with HFpEF and elevated CRP levels over a 14-day
period. Peak VO2, widely recognized as the gold standard for assessing functional
capacity and a strong prognostic indicator in HF, was selected as the primary endpoint. A
reduction in CRP levels, indicative of decreased IL-1 activity, was closely associated with
improvements in peak VO2. The impact of Anakinra on HFrEF patients was minimal.
The findings demonstrated that Anakinra effectively reduced systemic inflammation and
improved aerobic exercise capacity in these patients (77). Conversely, the DHART-2 trial
investigated the use of Anakinra in 31 individuals with HF and obesity, reporting no
significant enhancement in peak VO: or VE/VCO.. These findings occurred despite
observed decreases in hsCRP and NT-proBNP levels, as well as improved exercise
tolerance (78). Moreover, the CANTOS trial was developed to investigate the
inflammatory theory of atherothrombosis and was performed on a distinct population of
individuals with HF - patients with a history of myocardial infarction and signs of
systemic inflammation, indicated by increased hs-CRP levels. The administration of
Canakinumab (150 mg every three months) led to a notable reduction in baseline hs-CRP
levels and was linked to a substantial decrease in the recurrence of CV events (Myocardial
Infarction, Stroke and CV death) compared to “placebo-patients” (79). Most of the
patients included in this trial exhibited characteristics such as obesity, diabetes, and
hypertension, which align them with the HFpEF group. While Canakinumab was not
ultimately approved for secondary CV prevention, the CANTOS trial provided
compelling evidence that targeting the inflammatory pathway involving the NLRP3
inflammasome and IL-1 can effectively reduce CV events and offer potential benefits
for patients with HFpEF (80). Nevertheless, additional research is necessary to reach

more conclusive and reliable findings regarding both Anakinra and Canakinumab.
Interleukin-6 Inhibitors

IL-6 is a multifunctional cytokine involved in immune defense and the acute-phase

response. While essential for fighting infections and facilitating tissue repair, excessive
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IL-6 production contributes to inflammatory conditions, including cytokine storms, and
is implicated in various chronic diseases. IL-6 inhibitors, such as tocilizumab and
ziltivekimab, mitigate these effects by blocking IL-6 signaling, reducing inflammation
and immune dysregulation (81). The RESCUE trial demonstrated that Ziltivekimab
significantly reduced inflammatory biomarkers, such as hsCRP and NLR, as well as
thrombotic biomarkers associated with atherosclerosis, without the adverse effects
typically observed with other agents in its class, supporting further cardiovascular
outcomes research (82). The ongoing ZEUS trial aims to assess whether these anti-
inflammatory effects translate into reduced cardiovascular events and slowed kidney
dysfunction in 6,000 patients with atherosclerosis, chronic kidney disease (CKD), and
elevated hsCRP levels (83). Besides ZEUS trial, the administration of Ziltivekimab will
be assessed in HERMES trial. This trial investigates the impact of a monthly 15mg dose
of Ziltivekimab, administered additionally to standard care, compared to a placebo. The
primary focus is on the composite outcome of time to the first CV death, HF
hospitalization, or urgent HF visit in patients with HFpEF or HFmrEF. The study plans
to enroll 5,600 participants with a LVEF greater than 40%, moderately elevated NT-
proBNP levels, at least one echocardiographic abnormality and hsCRP >2 mg/1.

Myeloperoxidase Inhibitors

Myeloperoxidase (MPO) is an enzyme primarily localized in neutrophils and monocytes,
essential components of the immune system. Byproducts of MPO activity, such as
hypochlorous acid, contribute to oxidative tissue damage, which is closely associated
with inflammatory and cardiovascular disorders and the progression of HF (84). Elevated
MPO levels are frequently related with worse clinical outcomes in HF patients. (85).
Given MPO's significant involvement in inflammation and oxidative damage, it is being
actively studied as a potential therapeutic target. AZD4831 is a cutting-edge covalent
inhibitor specifically designed with high precision to target MPO, showcasing
exceptional selectivity and promising potential as a therapeutic option for conditions
involving oxidative stress and inflammation. Its function is irreversible (86). According
to the SATELLITE trial, MPO inhibitors hold promise for patients with HFpEF or
HFmrEF. This study utilized three distinct HFpEF cohorts to investigate the relationships
between proteomic biomarkers and clinical outcomes, such as hospitalizations, mortality,
functional capacity (measured by 6-minute walk distance (6MWD)), and quality of life
(87). Although MPO inhibition represents an innovative approach for HFpEF, further
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research is essential to fully assess its effectiveness and broaden our understanding of its
therapeutic potential in this context. The ongoing ENDEAVOR trial shows promise in
evaluating the potential of MPO inhibition to enhance symptoms and exercise capacity in

individuals with HFpEF and HFmrEF (88).
Mitochondria-Inflammation Axis Therapies

Calcium homeostasis is essential for maintaining mitochondrial function, making it a
critical target in HF therapies. Strategies focusing on calcium regulation have shown
promise in preclinical and clinical settings. Inhibitors of mitochondrial sodium-calcium
exchangers and inhibitors of the sarcolemma sodium-calcium exchangers might
demonstrate potential in improving cardiac function in preclinical HF models.
Omecamtiv mecarbil, a myosin activator that enhances calcium sensitivity in
myofilaments (89), has been extensively studied. In the ATOMIC-HF trial, intravenous
administration showed safety in acute HF patients, with some positive effects at higher
doses (90). Additionally, the COSMIC-HF trial revealed that oral omecamtiv mecarbil
improved cardiac function over 20 weeks, with benefits persisting even after

discontinuation, indicating sustained therapeutic effects (91).

Gaining deeper insights into mtROS signaling is crucial for developing therapies
targeting mito-inflammatory diseases. Mitochondrial antioxidants have emerged as
potential therapeutic agents in HF, aiming to reduce oxidative stress and protect
mitochondrial function, thereby improving cardiomyocyte survival and overall cardiac
performance. MitoTEMPO and MitoQ have shown protective effects against HF and

reperfusion injury.

Complementary Lifestyle Interventions:

Exercise

The available research includes only a small number of randomized controlled trials
investigating the effects of exercise on inflammation, particularly in individuals with HF.
Moreover, the outcomes of these studies often lack clear conclusions. Impaired exercise
capacity is a major concern for individuals with HFpEF, contributing to diminished

quality of life and poorer clinical outcomes (92). Data from small observational studies
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reveal a connection between self-reported physical activity levels and inflammatory
biomarkers, indicating that physical activity might help reduce chronic inflammation.
Additionally, some randomized controlled trials suggest the potential of aerobic exercise
to lower inflammation, particularly in individuals with chronic conditions and elevated
inflammatory markers (93). TNF-alpha and IL-6 are two inflammatory biomarkers that
have demonstrated significant reductions in individuals with HF (94). Further research is
required to clarify the impact of exercise on patients with HF. Exercise should be
personalized for each patient. Therefore, questions regarding exercise in HF, such as the
optimal type, duration, and intensity of exercise, required to achieve meaningful clinical

outcomes need to be addressed.
Diet and Microbiome-Based Therapies

Proper nutrition plays a crucial role in reducing systemic inflammation in HF patients.
Dietary modifications can enhance metabolic health, strengthen antioxidant defenses, and
regulate inflammatory pathways, potentially improving clinical outcomes. For example,
Trimethylamine N-oxide (TMAO), a microbial metabolite produced in the gut, is elevated
after consuming L-carnitine and phosphatidylcholine-rich foods. TMAO has been related
with increased inflammation, and a dose-dependent relationship exists between plasma
TMAO levels, cardiovascular events, and mortality (95). Another important aspect of
nutrition that plays a significant role in HF is iron deficiency. Iron deficiency is commonly
associated with a lot of diseases characterized by inflammatory activation. Research,
including clinical trials and meta-analyses, has demonstrated that treating iron deficiency
in HF patients can enhance quality of life, lower hospitalization rates, and reduce
mortality (96). However, further investigation is necessary to draw definitive conclusions.
The FAIR-HF?2 trial (NCT03036462) is an active study aimed at investigating the impact

of intravenous iron therapy on hospitalizations due to HF and CV mortality.

Challenges and Future Directions

HF remains a significant global health challenge, and inflammation plays a critical role
in its pathophysiology. Despite advances in understanding this relationship, significant

gaps persist. The complex interplay between inflammatory pathways and the progression
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of HF 1is not fully elucidated. For instance, the precise mechanisms by which
proinflammatory cytokines such as TNF-alpha, IL-1 and IL-6 contribute to myocardial
remodeling, contractile dysfunction, and systemic complications are still under
investigation. Additionally, while systemic inflammation is widely recognized as a
contributor to HF progression, the specific triggers for chronic inflammation in HF
patients—including the roles of comorbid conditions like obesity, diabetes, and

hypertension — remain poorly defined.

Current pharmacological strategies targeting inflammation in HF have yielded mixed
results, highlighting notable gaps in treatment efficacy. Anti-TNF-a therapies such as
etanercept and infliximab, while initially promising, failed to demonstrate clinical benefit
in large trials and, in some cases, were associated with worsening outcomes. Similarly,
IL-1 inhibitors like anakinra and canakinumab have shown potential in reducing
inflammation and improving exercise capacity in selected patients, but these findings are
not consistent across studies, and their long-term benefits in HF remain uncertain.
Colchicine, a long-standing anti-inflammatory medication, has also been evaluated for its
potential role in HF treatment. Although it has demonstrated some anti-inflammatory
effects in cardiovascular diseases, its application in HF requires further investigation to
clarify efficacy and safety. These mixed outcomes underscore the necessity for a more
nuanced understanding of patient subgroups that might benefit from such therapies, as
well as the timing and dosing of these interventions. Iron deficiency, a common
comorbidity in HF and a contributor to inflammatory activation, represents another area
of uncertainty. Intravenous iron therapies have shown promise in improving symptoms,
quality of life, and even hospitalizations in HF patients. However, questions remain
regarding the long-term impact of iron repletion on mortality and its role in modulating

inflammatory pathways.

From a future perspective, several promising avenues warrant exploration. Advances in
precision medicine could enable the identification of HF subtypes driven primarily by
inflammatory mechanisms, allowing for more targeted therapeutic approaches.
Biomarkers such as hs-CRP and MPO might help stratify patients who are most likely to
respond to anti-inflammatory treatments. Novel therapies, including small-molecule
inhibitors and biologics targeting specific inflammatory pathways, are also in
development. For instance, MPO inhibitors like AZD4831 and newer IL-1f blockers are

being evaluated in clinical trials and could expand the therapeutic arsenal for HF
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management. Furthermore, lifestyle interventions such as structured exercise programs
and dietary modifications, which have shown anti-inflammatory benefits, hold promise
as adjunctive therapies. The integration of these strategies with pharmacological
treatments may offer synergistic benefits. However, rigorous trials are needed to establish
optimal protocols, including the type, intensity, and duration of exercise, as well as dietary

patterns that most effectively reduce inflammation in HF patients.

Conclusion

HF remains one of the most pressing global health challenges, significantly affecting
patients, healthcare professionals, and health systems. With its high prevalence,
morbidity, and mortality rates, HF imposes a profound burden on both individuals and
society. This multifaceted condition demands ongoing research and innovative
therapeutic strategies to improve outcomes and quality of life for those affected. Among
the various pathophysiological mechanisms implicated in HF, inflammation has emerged
as a critical component, highlighting its role not only in HF but in numerous other chronic

diseases.

Inflammation is an essential and vital biological response. However, when dysregulated,
it can contribute to the development and progression of chronic conditions, including HF.
Evidence shows that inflammatory pathways are intricately involved in cardiac
remodelling, mitochondrial dysfunction, oxidative stress, and the disruption of calcium
homeostasis, all of which are central to HF pathophysiology. Despite the significant
progress in understanding these processes, inflammation in HF remains an area of
uncertainty. The precise mechanisms by which inflammatory responses contribute to HF
and the identification of effective therapeutic targets are topics of intense scientific

interest but are not yet fully understood or addressed.

In recent years, the focus on inflammation in HF has intensified, leading to the
development of innovative approaches and numerous clinical trials. These studies aim to
unravel the complex interplay between inflammation and HF, exploring novel biomarkers
for diagnosis, prognosis, and risk stratification, as well as therapeutic interventions

targeting inflammatory pathways. While some promising results have been observed,
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many challenges remain. The heterogeneity of HF—manifesting differently across
patients with HFrEF and HFpEF—complicates the development of standardized

treatment strategies, emphasizing the need for personalized approaches.

An essential aspect of managing HF is recognizing that each patient is unique, with
specific clinical presentations, comorbidities, and responses to therapy. This individuality
underscores the importance of a tailored approach in treatment planning. Therapies
targeting inflammation or other mechanisms should be individualized, ensuring that
interventions are not only effective but also safe and aligned with the patient’s needs and
preferences. Healthcare professionals must maintain a holistic perspective, addressing not
only the physiological aspects of HF but also the emotional and social dimensions of the

disease.

As we continue to deepen our understanding of HF and inflammation, it is imperative to
translate emerging knowledge into clinical practice. The ongoing trials and research
efforts hold the promise of unveiling new therapeutic possibilities, improving patient
outcomes, and ultimately reducing the global burden of HF. However, achieving these
goals requires a collaborative, multidisciplinary approach, combining the expertise of
clinicians, researchers, and healthcare providers. By embracing innovation and placing
the patient at the center of care, we can strive toward a future where HF management is

more effective, comprehensive, and compassionate.
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