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Abstract

In recent years, significant advancements in the understanding of the processes underlying heart failure
(HF) have been made, particularly regarding the role of chronic low-intensity inflammation or smoldering
inflammation (SI). This review consolidates findings from the available literature and illustrates the
relationships between inflammation, neurohormonal activation, metabolic derangements, and
comorbidities in HF, with a focus on heart failure with preserved ejection fraction (HFpEF).

A comprehensive literature search was conducted using PubMed®, Wiley Online Library, Scopus, and Web

an

of Science (limited to 2025). The search terms included “heart failure”, “HFpEF", “inflammation’, “smoldering
inflammation”, “biomarkers’, “cytokines”, “fibrosis’, and “comorbidities”. Peer-reviewed articles, reviews, as
well as clinical and observational studies describing the mechanistic, prognostic and therapeutic aspects

of Stin HF were included. Studies limited to acute coronary syndrome (ACS) were excluded.

Structural changes leading to hemodynamic perturbations in HFpEF are correlated with processes mediated
by SI. Several biomarkers measure inflammation and provide diagnostic and prognostic value, including
(-reactive protein (CRP), interleukin-6 (IL-6), soluble suppression of tumorigenicity 2 (sST2), galectin-3
(Gal-3), and iron homeostasis. Clinical trials demonstrate the efficacy of sodium—glucose cotransporter-2
(SGLT-2) inhibitors, glucagon-like peptide 1 (GLP-1) receptor agonists, and other targeted interventions
in the modulation of SI.

Smoldering inflammation is a key mechanism in the pathogenesis of HFpEF and the progression
of comorbidities. Understanding SI may improve risk stratification and management strategies. Both
established and emerging anti-inflammatory therapies, when administered alone or in combination, may
target Sl in order to enhance HF management.
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Highlights
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* Smoldering inflammation (SI) is a key factor in the pathophysiology of heart failure (HF).
* Understanding SI may enhance risk stratification and guide personalized management strategies in HF.
* Both established and emerging anti-inflammatory therapies, used alone or in combination, may effectively target

SI to improve HF outcomes.

Introduction

Heart failure (HF) is a cardiac condition that has
emerged as a global health concern, affecting approx.
64 million individuals worldwide.! Recent advancements
in pharmacotherapy for one of the HF phenotypes, HF
with reduced ejection fraction (HFrEF), have shifted the
structure of patients presenting with a specific HF pheno-
type toward HFpEF. Nowadays, HFpEF accounts for more
than half of the patients presenting with HE? Due to its
heterogeneous etiology and complexity of development,
managing this condition is still a significant challenge.
One of the potential factors contributing to the patho-
physiology of HF, and especially to HFpEEF, is smoldering
inflammation (SI), which can be described as chronic low-
grade inflammation, promoting maladaptive responses
and triggering maladaptive mechanisms.?

Inflammation is associated with neurohormonal
activation, fibroblast activation, and subsequent fibrosis,
oxidative stress, vascular endothelial dysfunction, and
ischemia.? These processes are the fundamental core
of SI. The chronic nature of this condition complicates
its observation and analysis. However, in recent decades,
the complex relationship between metabolic pathways
and the onset and development of HF has been revealed.*
Consequently, we have identified specific inflammation-
related biomarkers that might assist in predicting the
future onset of HF that remains clinically silent.> Addition-
ally, inflammatory indicators may prove useful in risk
stratification and outcome assessment.2*>-12

Comorbidities that are prevalent in patients with HF
should be perceived not only as additional conditions, but
rather as a common result of a shared pathophysiological,
inflammation-dependent process or even a direct cause
of HF development.!3-22 It is important to distinguish the
connection between HF and comorbidities because
effective treatment of concomitant diseases is a promising
way of preventing HF onset or progression. In the sub-
set of HFpEF patients, SI appears to play a pivotal role
in the pathogenesis process, simultaneously promoting
the development of multimorbidity and exacerbating
its severity.>?32* Therefore, the role of SI in the etiology
of the disease requires further evaluation.

Lastly, pioneering discoveries related to the role of
inflammation in the exacerbation of HF provided a ratio-
nale for the evaluation of novel drugs for SI alleviation,

as well as for the identification of effective responses to the
growing number of patients presenting with HFpEF who
require advanced treatment.!'®?-2” Numerous therapeu-
tic avenues related to SI research offer optimism for the
identification of efficacious, life-extending therapeutic
modalities, but the results of these studies require careful
analysis.

Even though numerous studies and reviews have
explored the role of inflammation in cardiovascular disease
(CVD) and HF, the majority of these studies have
focused on either HFpEF or responses to acute inflamma-
tion. Smoldering inflammation has not been explored as
a mechanism that connects comorbidities, metabolic dys-
function and structural cardiac remodeling in the context
of HFpEF. Importantly, none of the reviews has system-
atically linked biomarkers, comorbidities or therapies into
a single construct. Current studies describe biomarkers,
comorbidities or therapies separately, and do not provide
a comprehensive framework of how chronic, low-grade
inflammation contributes to the presentation, progres-
sion and therapeutic response of HFpEF. By using avail-
able evidence regarding molecular pathways, biomarkers,
comorbidities, and novel anti-inflammatory interven-
tions, our objective is to identify and address this knowl-
edge gap by offering a comprehensive view of SI in the
context of HFpEE. We hope that our unique approach will
compel others to emulate this model in clinical research
and alternative therapeutic approaches.

Therefore, the aim of this review was to consolidate
the current evidence regarding the role of SI in HF, with
a particular focus on HFpEF. Particular attention has been
placed on biomarkers, outcomes, comorbidities, and novel
therapies to elucidate the associations between SI and the
development, exacerbation and treatment of HFpEF.

Material and methods

In this review, a structured literature search was per-
formed for studies assessing the role of SI in the field
of HE, with a focus on HFpEF. The core databases used for
the search were PubMed® and Scopus, with supplemen-
tary searches conducted in Web of Science and Wiley
Online Library, if appropriate. The following Medical
Subject Headings (MeSH) terms were used: “heart failure’,
“HFpEF’, “inflammation’, “smoldering inflammation’,
“biomarkers’, “cytokines’, “fibrosis’, and “comorbidities”.
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These keywords were utilized to assess studies evaluat-
ing a range of pathophysiological mechanisms, as well as
diagnostic and prognostic aspects of molecular pathways
for SI and therapeutic measures implemented in HF.

The search encompassed articles published until 2025,
with no other limitations regarding study design. To
assess the multifactorial source of inflammation in HF,
the study analyzed clinical trials, systematic reviews and
observational cohort studies.

The inclusion criteria for the study encompassed peer-
reviewed original articles, reviews, meta-analyses, and
clinical trials that discussed inflammation, inflammatory
biomarkers and inflammation-targeted therapies within
the context of HF, with a particular focus on HFpEF. The
exclusion criteria were studies that focused solely on
acute coronary syndrome (ACS) or non-inflammatory
origin of HF. The selection of articles was based on rel-
evance, scientific quality and novelty.

Pathophysiology

The pathophysiology of HF is complex, with inflamma-
tion playing a pivotal role in this process. Nevertheless,
the contribution of inflammation varies depending on the
HF phenotype, with myocardial injury being the leading
cause of HFrEF and inflammation in HFpEE? Notably,
these phenotypes are not distinct entities, with heart fail-
ure with mildly reduced ejection fraction (HFmrEF) serv-
ing as a buffer between them that can progress to either
HFpEF or HFrEF.%?® The phenotypes of HF share some
common pathways, some of which are more pronounced
in HFpEF compared to HFrEF and vice versa.?

Heart failure with preserved ejection fraction is mainly
preceded by metabolic diseases, including obesity and
type 2 diabetes mellitus (T2DM). These conditions
induce chronic low-grade inflammation, also referred
to as metainflammation.?® Metainflammation leads to
coronary microvascular endothelial inflammation, which
contributes to cardiac remodeling through fibrosis and
hypertrophy.3®3! The aforementioned mechanisms result
in left ventricular (LV) stiffness and increased filling pres-
sure at rest and during exercise.32-3

A prominent contributor to this comorbidity-driven
inflammation is the nucleotide oligomerization domain-
like receptor family pyrin domain containing 3 (NLRP3)
inflammasome.?*3” This cascade is triggered by interleu-
kin (IL)-1 and tumor necrosis factor alpha (TNF-a), or by
reactive oxygen species (ROS) with mitochondrial dam-
age, both leading to the increased activation of NLRP3.
Consequently, NLRP3, via adaptor protein, binds to the
caspase-1, which cleaves pro-IL-1p and pro-IL-18 to their
active forms.3® An effect of IL-1p is seen as a further
enhancement of nuclear factor kappa B (NF-kB) production
and an increase in IL-6 level, directly stimulating the
liver to synthesize highly sensitive C-reactive protein
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(hs-CRP), which is a widely available biomarker of
inflammation.*® On the other hand, higher oxidative stress
observed in HFpEF contributes to the enhancement in
ROS production with concomitant endothelial dysfunc-
tion, causing a drop in nitric oxide (NO) synthesis, which
is a direct inhibitor of NLRP3. Nevertheless, NO is not
only involved in the cross-talk between these pathways;
its impaired production results in the suppression of the
NO-soluble guanylate cyclase (cGMP)—protein kinase G
(PKG) cascade, leading to vasoconstriction and fibrosis.*
Moreover, NO-cGMP-PKG knockdown results in the
hypophosphorylation of titin, which is a key sarcomeric
protein involved in diastolic cardiomyocyte relaxation,
consequently inducing cardiomyocyte stiffness.*! In addi-
tion, PKG downregulation results in the hypophosphory-
lation of the protein RhoA, which reduces its protective
role and leads to the hypertrophic and fibrotic activation
of vascular smooth muscle cells (VSMCs).*!

Another factor that exerts an antifibrotic and anti-
hypertrophic effect on the heart is IL-33, which is released
in response to cardiac mechanical stress and injury.*?4
Importantly, the cardioprotective signaling pathway acti-
vated by IL-33 involves suppression of tumorigenicity 2
(ST2) with its 2 variants — transmembrane (suppression
of tumorgenicity 2 ligand (ST2L)) located at myocytes,
fibroblasts and inflammatory cells, which is activated by
IL-33, inducing antihypertrophic and antifibrotic mecha-
nisms that promote adaptive remodeling, and a soluble
form (soluble suppression of tumorigenicity 2 (sST2)),
which plays the role of the decoy receptor, sequestering
IL-33.%3 On the other hand, in conditions of cardiac stress
or damage, an increased level of sST2 is released, prevent-
ing the formation of the ST2-IL-33 complex and sup-
pressing its cardioprotective effect.*> Of note, IL-33 acti-
vates NF-kB, which has a dual role in acute hypoxia and
cardiac injury and exerts a protective role by inhibiting
NF-«B activation induced by angiotensin II, a hypertro-
phic stimulus.** However, its chronic activation promotes
HF by enhancing the effects of IL-1, TNF-a and IL-6.%

Galectin-3 (Gal-3) is another molecule with a dual role.
It is secreted by activated macrophages and plays apoptotic
and antinecrotic roles. However, its long-term over-
expression observed in HF enhances pro-inflammatory and
pro-fibrotic processes.*> Galectin-3, via fibroblast activa-
tion, stimulates extracellular matrix (ECM) components
like collagen I and collagen III and the synthesis of cyto-
skeletal proteins, simultaneously inhibiting matrix metallo-
proteinase (MMP)-induced degradation.®® It is worth
mentioning that the disturbance between MMPs and
their endogenous inhibitor may lead to excessive accumu-
lation of collagen in the myocardium, which, in turn, fur-
ther promotes fibrosis and secondary stiffness, ultimately
impairing the diastolic function of the ventricles, espe-
cially in HFpEE.% Other factors contributing to collagen
degradation are angiotensin II, aldosterone, TNF-«, and
transforming growth factor beta (TGF-f).*” Moreover,



966

Gal-3 induces aortic valve calcifications through NF-kB
and, by the TGF-B1/Smad pathway, promotes atrial fibril-
lation (AF), subsequently leading to impaired diastolic
filling .18

The cumulative effect of these molecular alterations
— inflammation, fibrosis and endothelial dysfunction —
leads to structural and functional impairment, character-
ized by myocardial stiffening and impaired ventricular
relaxation, accompanied by increased filling pressures and
atrial remodeling. As a result, the clinical manifestation
of HF presents as dyspnea, exercise intolerance and sys-
temic congestion. A complex metabolic interplay is dem-
onstrated in Fig. 1, and key findings regarding biomarkers
and pathways related to SI are summarized in Table 1.

Clinical role of inflammatory
biomarkers in HFpEF

Heart failure is a progressive disease that develops
through stages, as defined by the American College
of Cardiology (ACC) and the American Heart Association
(AHA).*

The presence of risk factors contributing to HF devel-
opment, e.g., T2DM, corresponds to stage A, followed by
asymptomatic structural heart diseases (stage B), the pres-
ence of clinical symptoms of HF (stage C), and end-stage
or refractory HF described as stage D.>® Even though the
risk factors of HFpEF are well-defined, the determinants
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contributing to the progression of HFpEF from stage A to
B, as well as more advanced stages, are under investiga-
tion.>! Several biomarkers involved in the inflammatory
processes underlying HFpEF development are considered
to be predictors of disease progression and patients’ out-
comes, as well as therapeutic targets.>

A recent meta-analysis emphasized that high levels
of CRP were associated with a 9% increase in the risk
of HFpEF development.® In addition, a cohort study
revealed the significant role of other NLRP3 inflamma-
some molecules, particularly IL-6 in HFpEF and TNF-«
in the entire HF group.> Importantly, a prospective study
within a PREVEND cohort demonstrated strong evidence
of IL-6’s predictive role in new-onset HFpEF, underscor-
ing its significance in HFpEF, but not in HFrEF incidence
prognosis.>

However, among patients diagnosed with HFpEF, sig-
nificantly higher CRP levels were noted in those with
a greater comorbidity burden, whereas CRP was within
a normal range in 40% of individuals. These findings
underscore the need to broaden the spectrum of biomarkers
involved in the assessment of patients with HFpEE®®
Even though current HF phenotyping relies primarily
on the echocardiographic examination, a meta-analysis
involving proteomic studies that compared HFpEF and
HFrEF biomarker profiles suggested that they can be dis-
tinguished based on higher levels of IL-6 and lower levels
of syndecan-1 (SDC-1) and NO in HFpEF patients, high-
lighting the difference in prevailing pathomechanisms
underlying HF presentation.*

Table 1. Key findings on biomarkers and pathways of smoldering inflammation (SI) in heart failure (HF)

Biomarker/pathway Role in HFpEF Clinical relevance

NLRP3 inflammasome 2 )
chronic inflammation

sST2/IL-33 pathway

Gal-3

GDF-15

Iron deficiency

(TR, hepcidin) and outcomes

Congestion—inflammation
crosstalk

lymphatic dysfunction

CRP/hs-CRP downstream of IL-6; marker of systemic inflammation HFPEF patients at a higher risk of HF events/mortality

-6 central cytokine driving inflammation, fibrosis and endothelial strong predictor of new-onset HFpEF (PREVEND cohort);
dysfunction prognostic for mortality in HFpEF (LUCRIC)

TNF-a pro-fibrotic, hypertrophic and pro-inflammatory mediator associated with HF progression; significant i global HF

activates caspase-1, leading to IL-1 and IL-18 release; amplifies

IL-18 enhances NF-kB, upregulates IL-6, propagates inflammation

cardioprotective; sST2 acts as a decoy, blocking this effect

secreted by macrophages; induces fibroblast activation,
collagen synthesis and ECM remodeling

marker of inflammation and oxidative stress

causes impaired oxygen delivery, worsens exercise tolerance

congestion activates inflammation and contributes to

predicts HF onset and progression; hsCRP > 2 mg/L identifies

cohorts, less specific in HFpEF

experimental/early clinical target linked to endothelial
dysfunction and fibrosis

anakinra reduces CRP in HFpEF; canakinumab is effective in
CVDs

sST2 predicts rehospitalization and mortality; strong prognostic
role in HFpEF

predicts new-onset HFpEF, adverse outcomes and the severity
of LVDD

independent predictor of adverse outcomes, particularly
strong in the HFpEF subgroup

predicts mortality; IV iron supplementation improves prognosis

inflammation and congestion are partly independent
pathways; therapeutic implications

CRP - C-reactive protein; CVD - cardiovascular disease; ECM — extracellular matrix; Gal-3 — galectin-3; GDF-15 — growth differentiation factor 15; HF — heart failure;
HFpEF - heart failure with preserved ejection fraction; hs-CRP - highly sensitive C-reactive protein; IL — interleukin; IV — intravenous; LVDD - left ventricular
diastolic dysfunction; NF-kB — nuclear factor kappa B; sST2 — soluble suppression of tumorgenicity 2; ST2L — suppression of tumorgenicity 2 ligand;

STfR — serum soluble transferrin receptor; TNF-a — tumor necrosis factor alpha.
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Fig. 1. Pathophysiological mechanisms of smoldering inflammation (S) in the development and progression of heart failure (HF)

cGMP - soluble guanylate cyclase; CRP — C-reactive protein; ECM — extracellular matrix; Gal-3 - galectin-3; IFN-y — interferon gamma; IL — interleukin;

NF-kB — nuclear factor kappa B; NLRP3 — nucleotide oligomerization domain-like receptor family pyrin domain containing 3; NO - nitric oxide; PKG - protein
kinase G; ROS - reactive oxygen species; sST2 - soluble suppression of tumorgenicity 2; ST2 — suppression of tumorgenicity 2; ST2L - suppression of
tumorgenicity 2 ligand; TGF-f — transforming growth factor beta; TNF-a — tumor necrosis factor alpha.

Moreover, a meta-analysis on the role of CRP in HF
progression confirmed its predictive value regarding
cardiovascular and all-cause mortality. Of note, the sig-
nificance of CRP regarding long-term adverse cardio-
vascular outcomes was inconclusive, depending on its
presentation in the included studies. A significant asso-
ciation was found for categorical variables, while no such
effect was observed for continuous variables.® Neverthe-
less, the LUCRIC study has analyzed the difference in
the inflammatory biomarkers comparing patients with
HFpEF and HFrEF, and exhibited the role of IL-6 in the
mortality prognosis in a mean 9.9-year follow-up period
among HFpEF patients.”> Similar results were observed
for hs-CRP, whereas they failed to be significant after full
adjustment.> Of note, neither IL-6 nor hs-CRP predicted
cardiovascular mortality in HFrEF patients, hence high-
lighting the role of subclinical inflammation in the HFpEF
population.® However, recent results from the TOPCAT
trial revealed that hs-CRP = 2 mg/L is an appropriate tool
to identify HFpEF patients at a higher risk of HF events
and cardiovascular mortality.”

Other relevant biomarkers, whose role in the progres-
sion to clinically overt HF among patients with risk factors
was evaluated in the retrospective analysis of the STOP-HF
longitudinal study, are sST2 and Gal-3.58 This study
confirmed the role of Gal-3 in the predictive profile, along
with B-type natriuretic peptide (BNP) and high-sensitivity
troponin I, whereas it rejected sST2 and IL-6. The results
in terms of IL-6 were contrary to those of larger, prospec-
tive studies.”® The role of Gal-3 was further confirmed by
a meta-analysis, which considered it an appropriate bio-
marker to indicate new-onset HFpEF, as well as a valuable
predictor of adverse outcomes and severity of left ventric-
ular diastolic dysfunction (LVDD) in HFpEE>® Further-
more, Gal-3 is involved in the activation of MMP.* Among
patients with hypertension, MMP-9 and tissue inhibitor
of metalloproteinase 1 (TIMP-1) indicated significantly
greater degrees of asymptomatic LVDD.%* Galectin-3
also induces the upregulation of TGF-f3, whereas its role
as a biomarker is modest.% In contrast to another TGF-f3
family molecule, substantially increased inflammation and
oxidative stress, known as growth differentiation factor 15
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(GDF-15), was shown to be an independent risk factor
of adverse outcomes across the entire HF spectrum, with
its incremental prognostic role in the HFpEF subgroup.®
In another study, the GDF-15 level measured within 48 h
of hospital admission in patients with HFpEF was a better
predictor of 1-year rehospitalization than N-terminal
pro-B-type natriuretic peptide (NT-proBNP).5!

Nevertheless, while focusing on sST2 among individu-
als hospitalized due to HF, its baseline levels are associ-
ated with further rehospitalizations and all-cause mortal-
ity, independently of ejection fraction. Furthermore, sST2
combined with NT-proBNP, especially in HFpEF patients,
is suggested to improve the predictive value of the test.®?
Another clinical trial analyzing the role of sST2 noted its
role as a significant biomarker in both HF phenotypes,
whereas in HFpEF, sST2 revealed a stronger association
with patients’ outcomes.®® Other molecules involved in
the pathogenesis of HFpEF are mechanistically crucial
and play key roles as therapeutic targets, whereas their
clinical predictive role is limited and currently of lower
importance than the aforementioned parameters.

It is also important to note that SI and the activation
of various inflammatory biomarkers or processes can
contribute to congestion development, and vice versa.5+-%7
Moreover, several mechanisms of both congestion and
inflammation contribute to fibrosis and impaired sodium
handling, which are part of the disease’s pathophysiology.
However, clinical trial data indicates that these pathways
are independent. For example, interventions targeting
the natriuretic peptide axis do not reduce inflammatory
processes.®® Importantly, the role of the lymphatic system
has recently been demonstrated in both HF and decon-
gestion, further linking the immune system to congestion
development.®®-74

Iron deficiency in patients with HF is also an important
biomarker for predicting outcomes.”>~7” Patients with HF
are more likely to develop an iron shortage, which can
lead to poorer therapeutic results than in patients without
such conditions. Jankowska et al. defined iron deficiency
as a high (21.59 mg/L) level of serum soluble transferrin
receptor (sTfR), indicating unmet cellular iron needs, and
a low (<14.5 ng/mL) hepcidin level, reflecting low iron
storage.”> Patients with acute HF (AHF) who met both
criteria had the highest mortality rate of 41%. In compari-
son, a mortality rate of 15% was noted in individuals with
an isolated high sTfR level, and a rate of 7% was observed
in those with an isolated low hepcidin level.”> Another
trial has connected lactate levels with sTfR. Biegus et al.
assessed the relationship between elevated markers
(>2 mmol/L and >1.59 mg/L, respectively) in patients with
AHF and the occurrence of adverse outcomes.” It showed
that with both markers present, the prognoses were poorer
than in patients with one or none of the criteria met.”
The solution to this issue may be iron supplementation.
Ahmed et al. conducted a meta-analysis on intravenous
(IV) iron supplementation in patients with HE”” The
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results indicated that such therapy can reduce CV mortal-
ity, 1-year all-cause mortality, first HF hospitalization,
and even improve left ventricle ejection fraction (LVEF).”
These studies underscore the importance of assessing iron
status in patients with HF, especially those with AHF, as
it may be considered a valuable predictive factor of future
outcomes. Another reason for its importance is the possi-
bility of reversing it by IV iron supplementation. Although
the relationship between iron metabolism and inflamma-
tion is well-documented, with evidence pointing to the
modulatory role of hepcidin in regulating iron availabil-
ity, current state of knowledge does not allow us to
understand the impact of inflammation on the effectiveness
of IV iron therapy. Therefore, additional long-term studies
are needed in this area.”

Comorbidities associated with
HFpEF and inflammation

During the past decades, medical attention has con-
centrated on the management of HFrEF, which resulted
in clinical success and a decline in mortality rates within
this particular phenotype. The described progress can be
attributed to the implementation of a well-established
quadruple therapy, consisting of sodium-glucose
cotransporter-2 (SGLT-2) inhibitors, mineralocorticoid
receptor antagonists (MRAs), beta-blockers, and angio-
tensin converting enzyme (ACE) inhibitors.2”*-8! Despite
the improvement in HFrEF survivability, another issue
has emerged. Currently, the predominant form of HF
is HFpEF. This HF subtype is a surging threat, account-
ing for more than half of all HF hospitalizations.>®? It is
a complex condition that creates various diagnostic and
therapeutic difficulties due to its multifactorial and hetero-
geneous etiology, which is still not well understood.>!*
Thereupon, specific attention should be given to estab-
lished risk factors that contribute to the development
of HFpEF, with a strong focus on the widespread comor-
bidities associated with this condition.>>13-16.20-22.24.79.82-85
Distinguishing each coexisting disorder and a thorough
evaluation are essential to assess whether the condition
is a complication of HF or an independent disease that
can be addressed through an individualized therapeutic
strategy.!® Accordingly, it is imperative to investigate the
correlation between the onset of HFpEF and the preva-
lence of comorbidities. We hereby propose a focused
examination of low-grade chronic inflammation, which not
only contributes to HFpEF evolution but also worsens its
course by the promotion of comorbidities (Fig. 2).513248286

Atrial fibrillation

Atrial fibrillation is a common form of arrhythmia, widely
diagnosed in patients with HFpEF due to the presence
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Fig. 2. Multifactorial pathogenesis of heart failure with preserved ejection fraction (HFpEF)

LA — left atrial; LV — left ventricular; NP — natriuretic peptide; RAAS - renin—angiotensin-aldosterone system; RV — right ventricular; SNS — sympathetic nervous

system; VSCM - vascular smooth muscle cell.

of shared pathophysiological mechanisms. It has been
associated with left atrial (LA) wall remodeling and initiated
by increased LA pressure, as a consequence of impaired
diastolic function of the left ventricle.!8687 The etiologi-
cal co-occurrence between these 2 conditions is associ-
ated with the activation of maladaptive processes, such
as chronic inflammation, oxidative stress and endothe-
lial dysfunction. These risk factors are induced by highly
prevalent diseases, mostly hypertension, obesity, T2DM,
and chronic kidney disease (CKD). The conditions are
manageable in many cases, therefore, they represent
an important aspect of curtailing HFpEF progression as well
as implementing suitable treatment.®”% On a molecular
level, inflammation plays a pivotal role in disease evolution
since pro-inflammatory cytokines are responsible
for activating fibroblasts that promote remodeling
via collagen deposition within an ECM inside the LA
myocardium. In patients suffering from HFpEF, AF might
occur after HF diagnosis, concurrently, or even prior to
HF identification, especially if HFpEF is subclinical or
has been stable.3¢ Regardless of the coincidence of these 2
conditions, AF has been identified as a significant risk fac-
tor for mortality when compared to HFpEF patients with
sinus rhythm.® Therefore, it is important to perceive AF

not only as a coexisting disease, but also as a substantial
stratification factor that may influence therapeutic inter-
ventions, including the mitigation of risk factors, proper
pharmacotherapy, and the performance of electrophysio-
logical procedures.>%

Obesity

Obesity is a condition characterized by excessive fat
accumulation.'® The global prevalence of this disease has
increased drastically over the past few decades, reaching
pandemic levels.!> In 2024, it was estimated that 13%
of the adult world population suffered from obesity, while
39% were overweight.!> Accordingly, HF and obesity are
two conditions that increasingly coexist each year, and
impact each other via various pathophysiological inter-
actions, including structural, functional, metabolic, and
neurohormonal abnormalities.13-1679829091 Evidence sug-
gests a strong interconnection between all phenotypes
of HF and obesity; however, the association is remarkable
and most significant in terms of HFpEF, where increased
body mass is believed to be not only a comorbidity but,

most importantly, a direct cause of HFpEF pathogen-
esis 21690
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It has been established that adipose tissue is an abun-
dant source of biologically active molecules. Fat accu-
mulation is associated with the dysregulation of various
compounds, including leptin, resistin, adiponectin, and
apelin.”?> These molecules have multidirectional effects,
such as appetite regulation, vasodilatation, insulin sensiti-
zation, the suppression of inflammation, and the produc-
tion of ROS.?? The impaired function of these adipokines
can contribute to the development of metabolic disor-
ders, such as poor glucose tolerance, increased synthesis
of fatty acids with pro-inflammatory potential, elevated
production of reactive oxygen and nitrogen species,
heightened sympathetic nervous system (SNS) activity,
and, above all, the promotion of inflammation mediated
by macrophages through the secretion of cytokines.!>9293
This particular situation is a starting point at which meta-
bolic and neurohormonal abnormalities contribute to
the development of functional and structural alterations
that manifest in the course of HFpEF. It is important to
acknowledge the chronic nature of this process, which may
remain in the subclinical phase for many years. However,
the presence of additional contributing factors, such as
AF, can precipitate the development of full-blown HFpEF
and result in a condition that may be difficult or even
impossible to reverse.13-1679909 The impact of inflamma-
tion on cardiac remodeling in the HFpEF—obesity subset
is extremely complex, but some common structural
observations include perivascular and interstitial fibrosis,
VSMC proliferation, LV and RV remodeling, LA dilation,
and epicardial fat accumulation.!’® Lastly, these findings
contribute to functional impairment that is characterized
by volume overload, coronary microvascular dysfunction,
AF, a decline in systolic and diastolic reserve, and an
increase in LV filling pressure.!® On this account, obesity
plays a crucial role in the pathogenesis of HFpEF, as well
as in its management and therapy. Given its reversible
nature and the potential for early intervention, especially
in patients with an extreme risk of adverse cardiovascu-
lar events, it should receive proper attention. Pharmaco-
therapy plays an essential role in the treatment of obesity,
primarily due to the ineffectiveness of lifestyle modifica-
tion in many cases.

Type 2 diabetes mellitus

Type 2 diabetes mellitus is another example of comor-
bidity associated with inflammation-driven promotion
of HFpEFE. During periods of uncontrolled hyperglyce-
mia, the spontaneous formation of advanced glycation
end products (AGEs) has been observed.””®*°* These
compounds can promote an inflammatory response by
activating the receptors for advanced glycation end prod-
ucts (RAGEs), commonly expressed on the surface of
endothelial cells, smooth muscle cells and macrophages.®
The binding of AGEs to their receptor triggers a signaling
cascade that activates the NF-«kB pathway.”® This, in turn,
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leads to the production and release of pro-inflammatory
cytokines, such as TNF-a, IL-1B and IL-6,°> which
promote inflammation, cause vascular dysfunction and
contribute to HF pathogenesis. A vicious cycle ensues:
chronic hyperglycemia leads to increased accumulation
of AGEs, resulting in a heightened inflammatory response
and cardiovascular damage, which causes deterioration
of glucose tolerance.”> Chronic subclinical inflammation
results in oxidative stress, endothelial injury, NO
signaling deficiency, and altered calcium handling.**%
Subsequently, a compensatory response occurs in the form
of neurohormonal activation, myocyte hypertrophy and
fibrosis. These processes lead to ventricular remodeling,
thereby contributing to the onset of HFpEF.7?87949% QOn
account of sympathetic hyperactivity, symptoms such
as tachycardia and/or arrhythmias may manifest.*
Therefore, it is important to evaluate the role of T2DM-
driven inflammatory changes in the progression of HF,
given its reversible character and the potential to coun-
teract the development of HFpEF.2*48797 The significance
of SGLT-2 cotransporter inhibitors must be emphasized.
The STRIDE trial substantiated the efficacy of sema-
glutide, demonstrating a 50% reduction in all-cause
mortality.?’

Treatment

Guideline-directed medical therapy (GDMT) has
revolutionized the management of HFrEF, with high-
level evidence supporting the use of ACE inhibitors and
angiotensin receptor/neprilysin inhibitors (ARNIs), beta-
blockers, MRAs, and, more recently, SGLT-2 inhibitors to
reduce mortality.”® Emerging studies suggest a potential
therapeutic benefit of medication usage in the HFmrEF
population.®® In contrast, the treatment options for
HFpEF remain limited, with SGLT-2 inhibitors being the
only drugs that have demonstrated a clinical effect. Thus,
there is a great unmet need for novel therapies that target
the pathophysiological mechanisms of HFpEF. The new
data concerning systemic inflammation and its potential
origins in other systemic diseases may facilitate the
identification of the phenotype of HF in patients and the
provision of the most effective treatment.

Sodium-—glucose cotransporter-2 inhibitors have
emerged as promising therapeutic agents for the treat-
ment of HFE.3® Their unique anti-inflammatory properties
are crucial in the inflammation-based pathophysiology
of HFpEF. Moreover, they lower the mortality rate in
patients with T2DM.” In a trial on endothelial cells, it was
demonstrated that SGLT-2 inhibitors reduce the expres-
sion of NF-kB and MMP-9, thereby lowering the inflam-
matory pathways.!® Simultaneously, they increase the
expression of SIRT6, which plays a role in DNA repair.
The utilization of these pharmaceutical agents has been
associated with a reduced likelihood of major adverse
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cardiac events.!® Other clinical trials have noted that
SGLT-2 inhibitors lower the hs-CRP levels by over 54%
after 1 year of usage in patients with T2DM.1! In light
of the EMPEROR-Preserved study findings, special
attention should be placed on the implementation of
empagliflozin in all HFpEF patients, regardless of the pres-
ence or absence of T2DM, given its established efficacy in
mitigating HFpEF symptoms and improving prognoses.?

Several studies have demonstrated the efficacy of
glucagon-like peptide 1 (GLP-1) receptor agonists, particu-
larly semaglutide, in obese HFpEF patients. The adminis-
tration of these agents resulted in weight loss, enhanced
quality of life, and, most importantly, reduced mortal-
ity.216:27.79.102103 Thjg establishes an important direction in
the comprehensive treatment of patients with HF, empha-
sizing an approach in which obesity is treated as an inde-
pendent co-occurring disease requiring treatment rather
than placing the entire responsibility for alleviating obe-
sity on the patient, which frequently proves unfeasible.

Another area of investigation aimed at finding a more
effective method to phenotype patients is myeloper-
oxidase (MPO) inhibition. During the SATELLITE trial,
AZD4831, the MPO inhibitor, has been administered to
patients.!®* Afterward, the biomarker pathways most
related to clinical outcomes in individuals with HFpEF were
found to be downregulated. Nevertheless, the cohorts
included in this trial were small; therefore, the results must
be investigated in a larger group.!%*

The NLRP3 inflammasome is the next target of anti-
inflammatory therapy. Many molecules, including col-
chicine, GDC-2394 and dapansutrile, are in the stage
of clinical development.?6104-106 Degpite this, colchicine
exhibits a strong anti-inflammatory action by targeting
the NLRP3 inflammasome and inhibiting the produc-
tion of pro-inflammatory cytokines, such as IL-1 and
IL-6.8%1% In HFpEF, this property has the potential to
reduce SI and possibly regulate maladaptive myocardial
remodeling, along with enhancing cardiac function.®
Nevertheless, pro-inflammatory cytokines (IL-1p or IL-6),
which are associated with the NLRP3 pathway, have
undergone more advanced trials concerning their inhibi-
tors. Anakinra and canakinumab, the inhibitors of IL-1j,
have been found to reduce inflammation in patients with
CVD. Anakinra has significantly decreased CRP levels in
patients with HFpEF.!%” The IL-6 inhibitors, namely tocili-
zumab (ASSAIL-MI) and ziltivekimab (RESCUE) have
reduced systemic inflammation, as evidenced by decreased
CRP levels in patients with myocardial infarction and
CKD, respectively.1%1% Lastly, the recent CORTAHEF trial
has shown that the use of burst steroid therapy resulted
in lower inflammation, more effective decongestion,
and improvements in quality of life in the AHF popula-
tion.8110-113 Specifically, this study has demonstrated that
7-day therapy with prednisone at a dose of 40 mg in
patients with AHF and elevated hs-CRP led to a reduction in
hs-CRP levels on day 7 of therapy, and additionally, on
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day 90, patients who received burst therapy showed a sig-
nificantly lower risk of rehospitalization or HF decom-
pensation.®8110-113 The graphical summary of therapeutic
modalities is demonstrated in Fig. 3 and summarized in
Table 2.

Smoldering inflammation and
oral connections in cardiovascular
disease

Recent findings support a correlation between SI and
oral diseases.!!*22 Numerous studies have demonstrated
that chronic, low-grade inflammation accompanies
periodontal disease and is associated with oral micro-
biome imbalances. These imbalances can contribute
to a systemic inflammatory burden, directly increasing
cardiovascular risk.''*-122 Smoldering inflammation may
be a potential mechanistic link between oral health and
CVDs, including HEM9120 Periodontal diseases, especially
periodontitis, contribute to endothelial dysfunction,
oxidative stress and vascular remodeling by mediating
inflammation, thereby promoting CVD progression.!1¢
Additionally, oral microbiome dysbiosis, characterized
by the entry of pathogenic bacteria and their metabolic
products into the circulation, can trigger systemic
immune pathway responses and induce SI of distant tissues,
which amplifies the negative health outcomes associated
with SL.122 The translocation of pathological bacteria may
occur during processes such as toothbrushing, flossing
and chewing, resulting in minor mechanical injuries in the
oral cavity, which are the gateway for bacterial dissemina-
tion throughout the vascular system.!'> Specific oral bac-
terial pathogens, such as Porphyromonas gingivalis, have

2 2.
3/
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SGLT-2 IL-1 AND IL-6
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Y
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HFpEF - individualized
pharmacotherapy

Smolderlng
inflammation

Management
of risk factors
and comorbidities

Fig. 3. Therapeutic modalities in heart failure (HF) with the potential to
attenuate inflammatory responses

GLP-1 - glucagon-like peptide 1; HFrEF — heart failure with reduced ejection
fraction; SGLT-2 - sodium-glucose cotransporter-2.
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Table 2. Anti-inflammatory and related therapeutic strategies in heart failure (HF)
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Therapy/drug class Mechanism of action Clinical relevance in HF

SGLT-2 inhibitors

GLP-1 receptor agonists
(e.g., semaglutide)

IL-1@3 inhibitors

(anakinra, canakinumab) and CRP

IL-6 pathway inhibitors
(eg, tocilizumab, ziltivekimab)

MPO inhibitors
(e.g., AZD5904)

blockade of IL-6 signaling

inflammation
Corticosteroids

Iron supplementation

(IV ferric carboxymaltose) stress and inflammation

Other emerging targets
(e.g., NLRP3 inhibitors,

) athwa
inflammasome modulators) P Y

indirect anti-inflammatory effects: Loxidative stress,
(e.g., empagliflozin, dapagliflozin) icytokine activation, improved endothelial function

weight reduction, metabolic improvement,
»Lsystemic inflammation (IL-6, CRP)

blockade of IL-1B signaling — Ydownstream IL-6

reduction of oxidative stress and downstream

broad suppression of inflammation

reversion of iron deficiency, reduction in oxidative

blockade of IL-1B/IL-18 via the inflammasome

reduction in HF hospitalization and CV mortality in HFpEF
(EMPEROR-Preserved, DELIVER); anti-inflammatory effect

improvement in exercise capacity and symptoms in patients with
obesity and HFpEF; ongoing evaluation for CV outcomes

anakinra: improved CRP, NT-proBNP and symptoms in HFpEF pilot
trials; canakinumab: reduced CV events (CANTOS), no HF-specific
data

phase 2 data (RESCUE trial) showed CRP reduction; ongoing
outcome trials

preclinical and early clinical development; potential for HFpEF
therapy

limited use; potential benefits in selected HFpEF patients with high
SI; long-term safety concerns

improvement in exercise capacity and a reduction in HF
hospitalizations; benefits extend to HFpEF

promising preclinical data

GLP-1 - glucagon-like peptide 1; SGLT-2 — sodium-glucose cotransporter-2; MPO — myeloperoxidase; CV - cardiovascular; NLRP3 — nucleotide
oligomerization domain-like receptor family pyrin domain containing 3; NT-proBNP — N-terminal pro-B-type natriuretic peptide.

been directly implicated in the initiation and progression
of atherosclerotic lesions, further substantiating
a definitive microbial contribution to cardiovascular risk.!!®
What is more, overlapping risk factors, such as smoking,
obesity and unhealthy diets, sustain persistent inflamma-
tory pathways by establishing optimal conditions for the
development of pathological microbiota that promote
shared risk between the oral cavity and cardiovascular
systems.!* Clinical studies demonstrate that the treat-
ment of oral health conditions (e.g., periodontal disease)
may lead to a decreased systemic inflammatory burden
and a reduced incidence or progression of CVD.!17:120.121
Therefore, the maintenance of proper oral health should
be prioritized, especially among patients at risk of devel-
oping CVD.

Limitations

This review is subject to several limitations. The narra-
tive style of the review, rather than a systematic or meta-
analysis approach, raises the possibility of selection bias
for the evaluated studies. The second limitation is the
heterogeneity of HFpEF phenotypes and variations in
study design, study population and biomarker assessment
methodology that limit interpretations and generalizabil-
ity of the findings. The third limitation pertains to the fact
that, despite our efforts to provide a comprehensive over-
view of novel anti-inflammatory therapies, many of the
interventions encompassed by this review are based on
early-phase trials or relatively small cohorts. Therefore,
the long-term efficacy and safety profiles of several inter-
ventions remain unknown. The final limitation regards
the evolving nature of the field, which may have resulted

in the omission of studies that were published at the time
of the literature search. In summary, despite these limita-
tions, this review provides context for SI in HFpEF and
has identified important considerations for subsequent
research.

Clinical implications and future research

Smoldering inflammation plays a crucial role in the
pathogenesis of HFpEF, and it should not be overlooked
during the diagnosis. The findings summarized in this
article can convince clinicians to adopt a more holistic
approach to patient care, rather than a narrow focus on
one particular disease. Treating the underlying causes of
inflammation can positively influence the course of HFpEE.
The assessment of the levels of inflammatory markers
is a crucial step in the diagnostic process for patients
with various medical conditions. Subsequent research
on inflammation in HFpEF may result in an update of the
guidelines concerning its treatment.

Conclusions

Despite the presence of many known risk factors, recent
research has examined the correlation between low-grade
chronic inflammation, known as SI, and HF, from its
onset to the end stage. A correlation between proinflamma-
tory cytokines, such as IL-1p, IL-6, TNF-a, the NF-kB
inflammatory pathway, and serum level of hs-CRP, and its
impact on the remodeling of heart tissue has been proven.
These factors, along with ROS and other proinflammatory
molecules and pathways, lead to hypertrophy and fibrosis,
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therefore impairing heart muscle function and resulting
in HF. Other comorbidities related to inflammation, such
as AF, T2DM and obesity, have also been associated with
the onset of HF, mainly HFpEF. Therefore, treating these
conditions with anti-inflammatory medications may
result in the improvement during the course of HF. More-
over, trials on the efficacy of other inflammatory pathway
inhibitors have provided promising outcomes in small
clinical groups, suggesting the potential of these agents in
HF treatment. The described pathophysiological mecha-
nisms of SI demonstrate the complexity of the subject but
also emphasize the importance of a thorough understand-
ing of the topic in order to implement proper treatment.
Smoldering inflammation begins as subclinical myocar-
ditis and can remain unnoticed for a long time, finally
progressing to post-inflammatory dilated cardiomyo-
pathy. Therefore, anti-inflammatory interventions, when
administered in conjunction with standard HF treatment,
may contribute to the modulation of this progression.
Further studies are necessary to optimize timing, dosage
and patient selection for maximal benefit.
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