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ABSTRACT: Aging is the dominant risk factor for heart failure with preserved ejection fraction (HFpEF), a
condition increasingly recognized as a manifestation of maladaptive cardiovascular aging. This review
summarizes current evidence linking inflammaging, a chronic, low-grade inflammatory state driven by
immunosenescence, mitochondrial dysfunction, and cellular senescence, to progressive myocardial fibrosis,
diastolic stiffness, and HFpEF development. We discuss mechanistic pathways connecting fibroblast activation,
extracellular matrix remodeling, adipose tissue—driven inflammation, and phenotype-specific inflammatory
signatures, as well as the role of multimodality imaging in detecting early fibrotic and inflammatory changes.
Finally, we critically evaluate emerging immunometabolic therapies, highlighting the limitations of single-
cytokine blockade and the disease-modifying potential of SGLT?2 inhibitors and GLP-1 receptor agonists in

targeting HFpEF.
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1. Introduction

Cardiac aging is a multifaceted and progressive process.
It involves a wide spectrum of structural, functional, and
molecular alterations within the heart. The increasing
prevalence of age-related cardiac disease both in the
United States and globally underscores the urgent need for
innovative therapeutic approaches [1, 2]. With age,
changes occur at both the macroscopic level (e.g.,
myocardial hypertrophy) and the microscopic and cellular

levels, including myocardial fibrosis and associated
remodeling of the extracellular matrix (ECM) [3]. These
include cardiomyocytes, cardiac fibroblasts, endothelial
cells, and immune cells residing in myocardial tissue.
Functional impairments often accompany these structural
changes, notably reduced diastolic compliance,
diminished myocardial flow reserve, and eventual
diastolic dysfunction, which commonly precede the
development of heart failure with preserved ejection
fraction (HFpEF) [4-8]. At the molecular level, cardiac
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aging is driven by cumulative oxidative stress,
mitochondrial dysfunction, epigenetic drift, cellular
senescence, and dysregulated intercellular signaling [9,
10].

Older people are also particularly vulnerable to age-
related conditions such as obesity, diabetes, and renal
disease, which are all associated with chronic
inflammation. These often coexist with geriatric frailty
syndrome, an important risk factor for cardiovascular
events [11-15]. These factors contribute to a chronic, low-
grade inflammatory state, often referred to as
inflammaging, that significantly influences the cardiac
microenvironment [16].

One of the key pathological processes exacerbated by
cardiac aging is cardiac fibrosis, a maladaptive form of
tissue remodeling traditionally viewed as a reparative
response to sustained injury or stress [3]. Fibrosis
contributes significantly to myocardial stiffness, electrical
conduction abnormalities, and ultimately, compromised
cardiac output. The interplay between fibrogenic and pro-
inflammatory mechanisms points to a potential link
between senile cardiac fibrosis and inflammaging,
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suggesting that cardiac fibrosis in the elderly is not merely
a structural adaptation but also an immunologically active
process [17]. This evolving understanding reinforces the
rationale for therapeutically modulating inflammatory
and immunometabolic pathways. Consequently, there is
growing interest in cardioprotective agents with anti-
inflammatory and immune-modulating effects that may
attenuate fibrotic progression and improve broader
cardiovascular outcomes in aging populations.

We propose inflammation as a central axis along
which both physiological cardiac aging and its accelerated
form, manifesting as HFpEF, progress, shaped by age and
the cumulative burden of comorbidities. We outline the
biological basis of inflammaging and its effects on cardiac
remodeling, focusing on fibroblast activation,
extracellular matrix dysregulation, diastolic stiffness, and
imaging approaches. We then discuss key inflammatory
and immunometabolic pathways in HFpEF, including
cytokine signaling, inflammasome activation, and excess
adiposity. Finally, we review existing and emerging anti-
inflammatory therapies, highlighting their mechanisms,
clinical efficacy, limitations, and future directions.

Figure 1. Diastolic dysfunction assessment in transthoracic echocardiography. Images showing the assessment
of diastolic dysfunction in transthoracic echocardiography. In clockwise order, starting on the upper left:
measurement of left atrial end-diastolic volume index (LAVI) in an apical two-chamber view. Upper right: Mitral
inflow spectrum of a pulsed wave Doppler. Lower right: measurement of lateral e’. Lower left: measurement of
septal ¢’. Note that, according to the latest guidelines for the assessment of diastolic dysfunction, the latter two
parameters have gained importance (40617625).
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2. Imaging in aging-related cardiac fibrosis and
HFpEF

Cardiac fibrosis and cardiac dysfunction

Imaging plays a central role in assessing heart structure
and function in aging populations, particularly in the
context of HFpEF and myocardial fibrosis [Fig. 1, Fig. 2].
A multimodal approach combining echocardiography,
cardiac magnetic resonance imaging (CMR), and new
techniques such as molecular imaging provides valuable
insights into the fibrotic and inflammatory changes
associated with cardiac aging [18, 19] [Fig. 3 (F-K)].
Echocardiography is the first-line tool for assessing
diastolic function [20]. However, according to current
diagnostic algorithms, the diagnosis of HFpEF requires
not only the structural and functional echocardiographic

findings described above, but also clinical symptoms
and/or signs of heart failure with increased natriuretic
peptides in cases presenting with an LVEF => 50% (2021
ESC Guidelines for the diagnosis and treatment of acute
and chronic heart failure). It is important to note that
normal ranges are not necessarily equivalent to ‘optimal’
values, as the aging process itself can influence diastolic
function. However, the use of age-specific normal ranges
can improve the clinical interpretation of diastolic indices
and has now become standard practice in
echocardiographic measurements of cardiac structure and
function [21], with growing evidence suggesting that
circulating inflammatory markers should be considered
complementary age-related parameters in the clinical
evaluation of HFpEF, reflecting the contribution of
inflammaging to myocardial remodeling and disease
progression [22].
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Figure 2. Effect of guideline-directed heart failure therapy on transthoracic echocardiography markers of diastolic
dysfunction. Images on the left side represent a patient with heart failure with reduced ejection fraction. Shown are septal e’
(upper panel) and mitral inflow (lower panel). On the left side are images after initiation of heart failure therapy, especially
sacubitril/valsartan (Entresto). Note the improved septal e’ (upper right panel).

Key findings in LV diastolic dysfunction include
reduced early diastolic mitral annular velocity (E') and
elevated E/E’ ratio, reflecting impaired relaxation and

increased filling pressures [23, 24] [Fig. 3 (A-E)].
Importantly, these echocardiographic alterations align
with the pathophysiological framework of inflammaging,
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in  which chronic, low-grade inflammation drives
progressive myocardial remodeling. In population-based
analyses, circulating interleukin-6 (IL-6) levels correlate
inversely with E’ and directly with E/E’ ratio, as well as
with other indices of diastolic filling, supporting a link
between systemic inflammation and impaired ventricular
relaxation [25]. Mechanistically, inflammatory signaling
promotes endothelial dysfunction and activates pro-
fibrotic pathways, leading to extracellular matrix
deposition and increased myocardial stiffness. In line with
this, studies in hypertrophic cardiomyopathy demonstrate

that inflammatory mediators, including IL-6 and TNF-a,
are associated not only with diastolic dysfunction
parameters but also with both regional and diffuse
myocardial fibrosis [26]. This inflammation—fibrosis axis
provides a direct mechanistic link to HFpEF, in which
increased ventricular stiffness and elevated filling
pressures are central features of the clinical phenotype.
Thus, alterations in E’ and E/E’ can be interpreted not
merely as functional markers, but as integrative readouts
of inflammation-driven fibrotic remodeling characteristic
of HFpEF in the context of inflammaging.

Transthoracic echacardiography

Cardiac magnetic resonance

Positron emission tomography
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Figure 3. Multimodality assessment and visualization of direct and indirect signs of cardiac fibrosis. The upper row (A-E)
shows transthoracic assessment of indices for a diastolic dysfunction, commonly encountered in association with cardiac fibrosis.
A: Mitral inflow spectrum of a pulsed wave Doppler. B: septal e’ C: lateral e’ D: measurement of left atrial end-diastolic volume
index (LAVI) in apical four- and two-chamber views. E: continuous Doppler assessment of tricuspid regurgitation in a four-chamber
view. Middle Panels (F-K) show examples of cardiovascular magnetic resonance in a patient with hypertensive heart (F-H) and a
patient with cardiac amyloidosis (I-K). Shown are cine imaging in a four-chamber view (F, I), native T1 mapping in a four-chamber
view (G, J), and late gadolinium enhancement (LGE) in a midventricular short-axis slice (H, K). Note the concentric hypertrophy,
elevated T1 times (markedly higher in the patient with cardiac amyloidosis. While the LGE imaging shows no focal fibrosis in the
patient with hypertensive heart disease, the patient with cardiac amyloidosis shows an abnormal enhancement, pronounced in the
septum. This reflects deposition of amyloid fibrils in the myocardium. Lower row panels (L-Q): PET-CT imaging in a patient with
cardiac sarcoidosis. Panel A: Maximum intensity projection, coronal (M), axial fused (N), and sagittal (Q) PET/CT with 18FDG
positive cardiac and lymphonodal manifestation of sarcoidosis. Panel (P): Diastolic stiffness maps of the left ventricle (left: healthy
volunteer; right: patient with cardiac amyloidosis), covering both the septum and posterior wall.

Tricuspid regurgitation (TR) velocity offers an easily  involvement [27]. This

inflammatory-hemodynamic

accessible estimate of pulmonary artery systolic pressure,
which, in the context of preserved ejection fraction and
elevated filling pressure, suggests post-capillary
pulmonary  hypertension secondary to diastolic
dysfunction. Importantly, emerging evidence indicates
that this hemodynamic phenotype in HFpEF is closely
linked to a systemic inflammatory milieu. Elevated
markers of low-grade inflammation, such as high-
sensitivity C-reactive protein (hs-CRP), have been shown
to independently correlate with indices of pulmonary
pressure response (e.g., mPAP/CO slope), supporting
their role as integrative predictors of pulmonary vascular

coupling is further reinforced by observations that HFpEF
is characterized by an “inflammatory-metabolic”
phenotype, in which low-grade systemic inflammation
contributes to right ventricle-pulmonary  artery
uncoupling and the development of exercise-induced
pulmonary hypertension [27].

Isovolumic relaxation time (IVRT) extends the
assessment of early relaxation: a prolonged IVRT in the
context of preserved LVEF and increased filling pressures
may indicate transition from ‘aging-related slowed
relaxation’ to true pathological diastolic dysfunction.
Increased left ventricular mass and left atrial size are
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common and are often associated with increased afterload
(e.g., arterial hypertension) and myocardial stiffening,
suggesting underlying fibrosis [28].

CMR provides superior tissue characterization. T1
mapping and extracellular volume (ECV) quantification
can identify diffuse interstitial fibrosis, which is often
subtle and qualitatively not evident on late gadolinium
enhancement (LGE) imaging (27899132) [29]. T2-based
techniques (such as T2-weighted imaging or T2 mapping)
allow for the detection of an acute myocardial
inflammation (30545455) [30]. Multiple studies have
shown that age-related myocardial remodeling is
characterized by increased interstitial fibrosis, which can
be detected and quantified using CMR tissue
mapping. Specifically, native T1 mapping and ECV
fraction measurements are sensitive to age-dependent
fibrotic changes in the myocardium, with higher values
correlating with increased collagen deposition and altered
tissue composition in older individuals [31-33]. Higher
ECYV values are associated with diastolic dysfunction and
adverse outcomes in HFpEF [29]. Importantly, increased
ECV reflects expansion of the extracellular matrix and
interstitial fibrosis and has been consistently associated
with adverse clinical outcomes in HFpEF, including heart
failure hospitalization and mortality, supporting its role as
a robust prognostic biomarker [34]. In contrast, T2-based
parameters capture myocardial inflammatory activity,
although their sensitivity may be limited in the setting of
chronic low-grade inflammation characteristic of HFpEF,
underscoring the challenges in imaging inflammaging-
related processes [35].

Emerging  techniques such as myocardial
elastography further enhance fibrosis assessment by
directly evaluating myocardial stiffness. This ultrasound-
based modality enables real-time visualization and
quantification of regional myocardial strain and stiffness,
offering potential as a non-invasive surrogate for
assessing fibrotic burden. Increased myocardial stiffness,
as measured by elastography, has been shown to correlate
with diastolic dysfunction and adverse remodeling in
aging hearts [36].

Molecular imaging techniques such as positron
emission tomography (PET), using tracers for
inflammation and fibrosis (e.g., 18F-FDG), offer a
promising approach for visualizing active myocardial
remodeling [37, 38] [Fig. 3 (L-Q)]. In addition to 18F-
FDG, newer PET tracers may play a role in detecting
inflammatory cardiomyopathies, particularly cardiac
sarcoidosis [39]. Though currently limited to research,
these modalities may support personalized anti-
inflammatory therapies in the future.

Distinguishing between an aging heart and HFpEF

Each organ undergoes aging, leading to functional
impairments. Depending on the varying rates of aging,
these impairments may lead to the development of a
clinical condition. HFpEF can be interpreted as a
manifestation of accelerated cardiac aging, reflected by
distinct echocardiographic abnormalities beyond those
observed in physiological aging. Patients with HFpEF
demonstrate increased left ventricular mass index (LVMI)
and relative wall thickness (RWT), consistent with
concentric remodeling. Shono et al. showed that although
these parameters increase with age in healthy individuals,
they reach significantly higher values in HFpEF,
accompanied by reduced left ventricular end-diastolic
volume, indicating maladaptive remodeling rather than
physiological aging [40]. Notably, higher phenotypic age
has been associated with increased LVMI and structural
remodeling in HFpEF populations, supporting the link

between biological aging and adverse cardiac
geometry[41].
Diastolic dysfunction represents the dominant

functional alteration. Shono et al. demonstrated a
progressive decline in e’ velocity with age and a
corresponding increase in E/e’ ratio, with significantly
higher filling pressures observed in HFpEF compared to
age-matched controls [42]. Importantly, stress testing
revealed a marked increase in E/e’ and a blunted stroke
volume response in HFpEF, indicating impaired preload
reserve, a feature not present in physiological aging [42].
These abnormalities are more pronounced in individuals
with higher phenotypic age [41].

Left atrial enlargement is another key feature,
reflecting chronic elevation of filling pressures. Left atrial
strain adds incremental value: reduced reservoir strain
(and increased atrial stiffness) may signal elevated left
atrial pressure and reflect chronic diastolic burden. In
aging, this may be mildly reduced, whereas in HFpEF, the
reduction is more marked and predictive of outcomes
[43]. Shono et al. reported that left atrial volume index
(LAVI) increases with age but is significantly higher in
HFpEF patients, consistent with sustained hemodynamic
burden [42].

Epicardial adipose tissue (EAT) is a metabolically
active fat depot that secretes pro-inflammatory and
profibrotic mediators, such as IL-6, TNF, and MCP1,
which influence diastolic stiffness [44]. Increased EAT
thickness correlates with systemic inflammation and
fibrosis biomarkers and may assist in risk-stratifying
HFpEF phenotypes [45].

Thus, the combination of increased LV mass,
concentric remodeling, elevated E/e’, reduced e’
velocities, impaired preload reserve, EAT, and left atrial
enlargement constitutes an echocardiographic signature
of accelerated cardiac aging, distinguishing HFpEF from
physiological aging processes, with phenotypic age
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providing an additional integrative marker linking
systemic aging burden to cardiac dysfunction[41].

3. Inflammaging and HFpEF

From Immune Dysregulation to Cardiac Fibrosis: The
Inflammaging Axis in Cardiac Aging

Inflammaging  assumes that molecular  debris
physiologically generated by metabolism, cell death,
microbiota activity, and mitochondrial dysfunction
continuously stimulates innate immunity, but in young
individuals, it 1is effectively neutralized by anti-
inflammatory and adaptive mechanisms [46, 47]. With
aging, the balance between the generation and clearance
of this debris becomes disrupted, and inflammatory
signals (including those propagated via exosomes) spread,
leading, through context- and genetics-dependent
mechanisms, to chronic, low-grade inflammation that
promotes aging [46, 47]. Simultaneously, thymic
involution, leading to immune aging and -cellular
senescence, transforms healthy cells into active cells with
an arrested cell cycle that adopt a senescence-associated
secretory phenotype (SASP) [48-50]. SASP describes a
set of molecules, including cytokines, growth factors, and
ECM-modifying enzymes, whose excessive
concentration dysregulates the functions of individual
cells and tissues, including in the heart [51]. The
commonality among older people is that persistent low-
grade inflammation is a risk factor for the development of
age-related diseases, including cardiovascular disease, as
a pillar of the aging process. One of the signs of the
gradual deterioration in the quality and efficiency of
immune cells is a conversion of the type I cytokine
response to a type Il cytokine response, with a
simultaneous decrease in the production of anti-
inflammatory cytokines [52, 53] [Fig. 4]. In individuals
aged 100 years, a predominance of type 2 cytokine
expression was observed in CD8+ T lymphocytes [53],
with a simultaneous decrease in their absolute number and
a greater proportion of cells with high SA-BGal activity
during aging [54]. Ultimately, weakening immune control
does not effectively remove defective cells, thus
contributing to the development of certain diseases.
Inflammatory and anti-inflammatory cytokines are
associated with myocardial tissue remodeling and
myocyte hypertrophy [55, 56]; therefore, similar changes
in the heart can be expected under the influence of age-
related accumulation of inflammatory mediators [57].
Therefore, elevated levels of inflammatory cytokines
place excessive strain on cardiac tissue and activate
fibroblasts [58]. In the context of an aging heart,
prolonged myofibroblast activation leads to myocardial
fibrosis.

Myofibroblast activation in the aged heart

There are three main types of cardiac fibrosis:
replacement  fibrosis, which  typically  follows
cardiomyocyte death; perivascular fibrosis, localized
around blood vessels; and interstitial fibrosis, which
occurs in the absence of acute injury and is gradually
progressive. It is this latter form, also referred to as
reactive interstitial fibrosis, that is most strongly
associated with aging [59]. This process is characterized
by prolonged fibroblast activation and their phenotypic
transition into myofibroblasts [3, 59-61]. These changes
occur even in the absence of substantial cardiomyocyte
loss, reinforcing the non-acute and insidious nature of
age-related fibrosis [3, 59]. Myofibroblasts derived from
the activation of cardiac fibroblasts, or those resulting
from epithelial-mesenchymal (EMT) and endothelial-
mesenchymal transitions (EndoMT), are associated with
increased collagen production and expression of -
smooth muscle actin (a-SMA) [62]. The acquisition of -
SMA enables myofibroblasts to contract and form scar
tissue, as seen in a post-infarction site [63]. In addition to
increased collagen deposition, scar tissue is also
characterized by increased stiffness, which results from
the ability of a-SMA+ cells to contract [64]. The slow
expansion of excessive ECM and the increased proportion
of myofibroblasts in the heart are the cause of senile
cardiac fibrosis and the gradual loss of myocardial
elasticity [65]. An unquestionable factor that stimulates
fibroblasts to transdifferentiate is the aging and damage of
cardiomyocytes. These two cell types maintain
communication via gap junctions, membrane nanotubes,
and paracrine signaling [66—68]. As indicated, with age,
changes in the expression of key connexins in the heart
occur, impairing intercellular communication and leading
to disturbances in the conduction of electrical impulses
[69]. In three-dimensional tissue co-cultured with
cardiomyocytes, aging intensifies ECM remodeling and
increases cardiac  fibroblast activity, disrupting
interactions with cardiomyocytes and exacerbating tissue
dysfunction [70]. In cardiomyocytes, aging induces DNA
damage in telomeric regions regardless of telomere length
or cell division, activating the p21 and p16 pathways and
the pro-hypertrophic and pro-fibrotic SASP [71]. Aging
cardiomyocytes, due to mitochondrial damage, are a
source of large amounts of ROS, which cause oxidative
stress in surrounding cells, including fibroblasts [72]. The
speed of cardiac aging can be influenced by cardiotoxicity
caused by drugs such as doxorubicin, leading to the
accumulation of inflammatory mediators, oxidative
stress, and cardiac fibrosis, which ultimately accelerates
cardiac aging [73]. Pharmacological or genetic removal of
aging cells reduces myocardial hypertrophy and fibrosis,
alleviating age-related cardiac dysfunction [71]. At the
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same time, systemic inflammation affects local
mechanisms in the heart. Blood vessels, from which
endothelial cells can undergo EndoMT, serve as a conduit
of systemic inflammation to heart tissue and are a source
of myofibroblasts [74]. Coronary vessels play a key role
not only as sites of fibrosis and aging cells (shortened
telomeres and high SA-BGal activity in vascular wall
cells), but also because they are themselves susceptible to
the development of inflammatory diseases [75, 76].
Insulin resistance and metabolic status, present in aging
individuals, contribute to vascular endothelial damage
and the development of inflammatory foci and ROS
overproduction, which affects cardiac tissue. The negative
effects of elevated blood glucose and local changes in
lipid metabolism in coronary vessels also contribute to the
development of atherosclerotic plaques [77, 78].
Damaged endothelium is also a source of nitrosative
stress, present in HFpEF, due to altered nitric oxide
metabolism [79].

The sequence of changes observed in aging models is
analogous to the stages of cardiac remodeling in HFpEF,
as hypertrophy and cardiomyocyte damage precede overt
fibrosis, which results from extracellular matrix
remodeling driven by fibroblast activation (mediated by a
combination of paracrine and systemic effects) [80].
Therefore, the ability to diagnose HFpEF at an early stage
would be highly valuable, as timely, phenotype-tailored
interventions targeting cardiomyocyte injury could
prevent progression to extensive myocardial fibrosis.

Phenotype-specific inflammatory signatures in HFpEF

Acute conditions such as myocardial infarction are
characterized by fibrosis, but this is different in nature
from the slow expansion and growth of ECM in heart
tissue during aging and is associated with the replacement
of cardiomyocytes lost in the short term [3, 59].
Additionally, in patients with a history of MI and its
consequences, such as heart failure with reduced ejection
fraction (HFrEF), systemic inflammation is not a
predictive factor [81], and IL-6 levels are not associated
with new-onset HFrEF [82]. In HFpEF, increased type I
collagen deposition and increased collagen cross-linking
correlate with abnormal diastolic function parameters in
tissue Doppler (including reduced E' and increased E/E")
and greater cardiomyocyte stiffness [83, 84], which is also
associated with specific clusters of biomarkers in
peripheral blood, including biomarkers of fibrosis, tissue
remodelling, inflammation[85], and damage [86]. Several
studies have examined the strong relationship between
inflammaging and HFpEF [87]. HFpEF is characterized
by chronic inflammation involving macrophages, with
specific pro-inflammatory subtypes that increase with
age, as detected in the human heart and linked to disease

progression [88]. These phagocytes regulate both the
initiation and resolution of the inflammatory response,
and their imbalance may contribute to the perpetuation of
diastolic dysfunction and myocardial fibrosis in HFpEF
[89].

NLRP3 inflammasomes, protein complexes that
trigger the production and secretion of pro-inflammatory
cytokines by cells, are a point of contact between HFpEF
and aging [90]. Inflammasome activity increases in the
heart with age [91], suggesting its important role in the
pathophysiology associated with degenerative processes.
Furthermore, studies have shown that inhibiting its
activity leads to a noticeable reduction in myocardial
fibrosis and improvement in cardiac function in aging
mice [92], suggesting a potential role for the
inflammasome as a therapeutic target in the context of
age-related cardiac changes and the development of
HFpEF. Aging cells secrete SASP, creating a long-lasting
profibrotic environment. Cytokines produced in the heart
muscle and circulating in peripheral blood may also
sensitize fibroblasts to key activating factors, such as
angiotensin [93]. For example, IL-6, produced by
macrophage-stimulated cardiac fibroblasts, plays a key
role in activating the TGF-/Smad3 pathway and in the
development of angiotensin II-induced cardiac fibrosis
[94]. Higher levels of IL-6 were associated with a higher
risk of HFpEF [81]. Another study also showed increased
concentrations of soluble interleukin-1 receptor-like 1
(sST2) and high-sensitivity C-reactive protein (hsCRP),
which are markers of chronic inflammation and
myocardial damage [95]. In a prospective analysis of a
group of participants without previous heart failure,
elevated IL-6 and CRP levels were significantly
associated with the subsequent development of HFpEF,
emphasizing that activation of the IL-6/CRP pathway may
be characteristic and specific to the pathogenesis of this
form of heart failure [96]. In individuals without previous
cardiovascular disease, higher cumulative hsCRP levels,
indicating chronic inflammation, were associated with a
higher left ventricular mass index, impaired diastolic
function (reduced e’, elevated E/e’). In analyses
accounting for demographics, elevated hsCRP was
associated with a higher risk of HFpEF [97]. These
observations were confirmed in patients with HFpEF who
had elevated blood CRP levels [98]. However, the lack of
association between CRP levels and fibrosis markers,
such as pro-collagen III N-terminal peptide and C-
telopeptide of type I collagen [98], is surprising and
indicates the complexity of the pathophysiological
mechanisms. Moreover, in another study of patients with
HFpEF, increased levels of inflammatory mediators were
associated with elevated myocardial fibrosis markers and
N-terminal pro-B-type natriuretic peptide (NT-proBNP),
suggesting a close relationship between chronic
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inflammation, fibrosis, and cardiac remodeling in this
group [99]. Furthermore, a study involving over 2,000
patients with heart failure showed that elevated blood
concentrations of IL-17D correlate with higher NT-
proBNP levels and a higher incidence of atrial fibrillation
[100, 101] and renal failure, while high IL-17D levels are

independently associated with a worse prognosis in
patients with HFpEF. Interestingly, IL-17D was not
associated with classic markers of inflammation, such as
IL-6 or CRP, indicating a distinct role for this cytokine in
the pathogenesis of HFpEF [102].

AGE-RELATED CARDIAC FIBROSIS

HFpEF presentation
Healthy tissue Ventricular stiffness
Diastolic dysfunction
Fibroblast activation
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Figure 4. Mechanisms of age-related cardiac fibrosis. This process is driven by the activation of multiple cellular pathways
that converge on fibroblast expansion and extracellular matrix remodeling. Resident cardiac fibroblasts become activated under
the influence of pro-inflammatory and profibrotic signals, while additional myofibroblasts arise from EndoMT and EMT. These
cells acquire a secretory and contractile phenotype and often exhibit features of cellular senescence, contributing to the release
of SASP factors, including cytokines, growth factors, and matrix-remodeling enzymes, which further amplify local inflammation
and fibrosis. Concurrently, infiltration of immune cells such as macrophages and lymphocytes into the myocardium sustains a
chronic low-grade inflammatory milieu. Expansion and dysfunction of EAT provide an additional source of pro-inflammatory
mediators and adipokines that act in a paracrine manner on the myocardium. Alterations in the cardiac microvasculature,
including endothelial dysfunction and reduced capillary density, further exacerbate tissue hypoxia and inflammatory signaling,
promoting continued fibroblast activation. The cumulative effect of these processes is excessive deposition and cross-linking of
extracellular matrix components, leading to increased myocardial stiffness, impaired ventricular compliance, and progressive
diastolic dysfunction-hallmark features of HFpEF.

4. HFpEF in the context of systemic aging
HFpEF and comorbidities

From a geroscience perspective, HFpEF may be viewed
as a clinical manifestation of accelerated or maladaptive
cardiovascular aging [103]. In this context, HFpEF lies
along a continuum in which aging and age-related
comorbidities converge through shared molecular and
cellular pathways, including immune dysregulation,

cellular senescence, and persistent activation of innate
immunity [104]. Most HFpEF patients have several other
age-related comorbidities in which inflammation and
cellular aging are major risk factors and are key to disease
progression (e.g., coronary artery disease, diabetes,
arterial hypertension, atrial fibrillation/flutter, renal
failure) [105—108]. The number of patients with HFpEF is
increasing along with the prevalence of obesity and
metabolic syndrome [109, 110]. Obesity is the
predominant condition associated with HFpEF (72-
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80%)[111, 112], and may lead to the disease
independently of metabolic syndrome [113], which in turn
increases the burden of comorbidities [109, 114]. Adipose
tissue, especially when excessively accumulated,
functions as an active endocrine organ that secretes
numerous pro-inflammatory cytokines such as IL-6, TNF-
a, and MCP-1, thereby maintaining a chronic
inflammatory state within the microenvironment [115].
Therefore, obesity in patients with HFpEF may be
associated with greater diastolic dysfunction and more
severe exercise intolerance [111, 116]. Importantly,
obesity-related inflammation may be interpreted as a
potent amplifier of systemic inflammaging. Excess
adipose tissue contributes to the accumulation of
endogenous inflammatory signals that promote immune
cell activation, fibroblast senescence, and the
development of a senescence-associated secretory
phenotype [117]. Sustained exposure to such a pro-
inflammatory milieu may shift cardiac stromal cells

Age, years <65
Body condition
LV hypertrophy Mild

Inflammation source Aging, life style

toward a profibrotic state, facilitating extracellular matrix
deposition and myocardial stiffening [118]. Thus, adipose
tissue-derived inflammation integrates local cardiac
remodeling into a broader, age-related inflammatory
network that characterizes HFpEF. Prolonged exposure of
fibroblasts to inflammatory mediators derived from
adipose tissue may promote their transdifferentiation into
myofibroblasts, leading to excessive extracellular matrix
production and the development of tissue fibrosis [119—
121]. Therefore, increased pericardial and peritoneal fat
thickness is observed in HFpEF [122], associated with
elevated inflammatory markers (CRP, IL-6) and collagen
proteins (COL6A6, TNXB), which promote fibrosis and
diastolic dysfunction [123, 124]. In HFrEF and in heart
failure with mildly reduced ejection fraction (HFmrEF),
EAT is thinner [123, 124]. A thorough INABLE study
showed that HFpEF patients with the highest I1L-6 levels
had the highest body fat content [125].

67-75 >75

Intensive Mild

Aging, obesity, other
comorbities

Aging, comorbities

Figure 5. Conceptual schematic illustrating age-related HFpEF phenotypes. Three distinct clinical phenotypes are
depicted based on age, comorbidity burden, and metabolic profile. The first phenotype represents younger patients (<65 years),
typically with a history of smoking and selected comorbidities such as hypertension, but without obesity, suggesting a risk
profile driven primarily by vascular and lifestyle-related factors. The second phenotype includes individuals aged 65-75 years
with significant obesity and multiple comorbidities, reflecting a metabolically driven form of HFpEF characterized by
systemic inflammation and immunometabolic dysregulation. The third phenotype comprises older patients (>75 years), also
with coexisting comorbidities but without obesity, in whom HFpEF reflects the combined effects of advanced age, cumulative
disease burden, and age-related cardiac remodeling. Together, these phenotypes illustrate the heterogeneity of HFpEF and
highlight the varying contributions of accelerated versus physiological aging across patient groups.
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Additionally, epicardial adipose tissue thickness and
the neutrophil-to-lymphocyte ratio combined better
predict hospitalization risk in patients with HFpEF [126,
127]. Obesity-related inflammation promotes fibrotic
remodeling of both the atria and ventricles, leading to
adverse structural changes in left atrial (LA) tissue [128,
129]. LA fibrosis predisposes to atrial fibrillation by
disrupting electrical conduction and atrial architecture
[129]. Atrial fibrillation is strongly associated with the
subsequent development of HFpEF, often within 10 years
[130]. At the same time, not all patients with HFpEF have
AF, and studies across different populations report a
prevalence ranging from 35% to 45% [131, 132].

A significant knowledge gap is the population of
patients with HFpEF not associated with obesity [133]. It
has not yet been determined whether the observed
phenomenon is solely the result of aging processes or a
complex interaction among multiple pathophysiological
factors. Furthermore, the absence of obesity does not rule
out the possibility of inflammation originating from
sources other than adipose tissue, e.g., in association with
rheumatoid arthritis, renal failure, or diabetes [134].
Interestingly, patients with HFpEF and obesity are more
likely to have multiple comorbidities (hypertension, knee
osteoarthritis, angina pectoris)[111]. Paradoxically,
obesity has been shown to have a protective effect in
patients with HFpEF and other comorbidities, this may be
related to cardiac cachexia [134], but it may also be an
error in the assessment of obesity, body composition, i.e.,
the actual content of adipose tissue in the body, including
visceral fat, which is the main amplifier of obesity-related
inflammation[135]. In their study, Cohen et al. classified
the general HFpEF population into three phenotypes (F1,
F2, F3-only obese) [131]. F1 and F2 patients were not
obese, but the F1 population had the highest smoking rate
(a well-known factor that accelerates aging). In contrast,
F2 was characterized by the highest mean age and the
highest prevalence of CKD and AF. Logically, the highest
inflammation was observed in patients in groups F2 and
F3 [131]. One HFpEF phenotype is associated with long-
term inflammatory aging, while two phenotypes are
linked to accelerated aging.

The difficulty in clearly defining the mechanisms
underlying this phenotype stems not only from the
multifactorial etiology and considerable heterogeneity of
HFpEF, and from the multidimensional nature of the
aging process, but also from the key role of chronic low-
grade inflammation as a unifying pathophysiological axis,
which damages cardiomyocytes and activates fibroblasts.
This inflammatory environment may have various
sources, including adipose tissue, comorbidities, and age-
related immune dysregulation, among  others.
Nevertheless, significant advances have been made in
recent years in the treatment of patients with HFpEF, both

with and without obesity, which will be discussed in detail
later in this article.

HFpEF and accelerated aging

The degree of biological age acceleration driven by
comorbidities may vary; however, there are currently no
data clearly identifying which condition exerts the
strongest aging effect on the heart. It is well established,
however, that key alterations occur at the level of cellular
regulators of biological age, enabling the identification of
epigenetic age acceleration (EAA). Population-based
studies have demonstrated that higher phenotypic and
epigenetic age indices are significantly associated with an
increased risk of cardiovascular events and mortality,
supporting their role as clinical markers of accelerated
aging in HFpEF[41, 136]. In the studied population of
older patients with obesity and HFpEF, a greater
advancement of biological aging processes was observed,
reflected by an elevated composite biomarker index.
Higher index values were consistently associated with
poorer physical function and exercise tolerance, including
shorter distance in the 6-minute walk test, and shorter time
to exhaustion [137]. Epigenetic mechanisms play a crucial
role in sustaining inflammaging in HFpEF by regulating
gene expression without altering the DNA sequence. Age-
related changes in DNA methylation, histone
modifications, and chromatin remodeling promote a shift
toward a pro-inflammatory transcriptional profile,
maintaining cytokine production while impairing
resolution pathways [138]. Moreover, acceleration of
epigenetic clocks has been shown to correlate with greater
organ dysfunction and worsening cardiovascular
performance, suggesting a direct contribution to HFpEF
pathogenesis[136]. This process is further amplified by
comorbidities such as obesity, diabetes, and hypertension,
which accelerate epigenetic drift and reinforce
inflammatory signaling, leading to a cumulative effect of
“accelerated aging” within the cardiovascular system[41].
Consequently, epigenetic reprogramming acts as a
mechanistic link between systemic aging, chronic
inflammation, and myocardial remodeling in HFpEF,
integrating the impact of multiple coexisting risk factors
into a unified disease phenotype.

5. Anti-inflammatory therapy

Aging is not a uniform process but rather the result of a
complex interplay between protective and detrimental
factors, where the cumulative burden of comorbidities can
shift the trajectory toward accelerated biological aging
[139]. Increasing evidence suggests that the broadly
defined “exposome,” encompassing environmental,
social, and biological influences, modulates this process
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and contributes to progressive functional decline. In the
context of HFpEF, this supports the concept that
accelerated cardiac aging, ultimately manifesting as
HFpEF, is not driven by a single pathway but emerges
from the coexistence of multiple comorbid conditions that
collectively promote systemic inflammation, structural
remodeling, and impaired cardiac reserve. Thus, age-
related chronic inflammation should be viewed not as an
isolated mechanism but as part of a broader, multisystem
process [140].

Consequently, an important question arises: whether
anti-inflammatory interventions can effectively modify
the course of HFpEF, or whether their potential is
inherently constrained by the multifactorial nature of
accelerated aging. This perspective also highlights the
need to move beyond single-pathway approaches toward
therapeutic ~ strategies that simultaneously target
underlying drivers of accelerated aging, such as metabolic
dysfunction or comorbidity burden, while modulating
inflammatory signaling. By integrating causal and anti-
inflammatory interventions, it may be possible to more
effectively influence disease progression.

State-of-the-art

From the outset of research into anti-inflammatory
therapies for HFpEF, various molecular targets have been
pursued [141]. At the very beginning of intensive research
into new anti-inflammatory therapies for heart failure,
high hopes were pinned on drugs that block tumor
necrosis factor alpha (TNF-a), which had shown very
good results in other inflammatory diseases such as
rheumatoid arthritis [142—144]. TNF-a is one of the key
pro-inflammatory cytokines strongly involved in the
pathomechanisms of heart failure, as it promotes
cardiomyocyte apoptosis, increases oxidative stress, and
exacerbates myocardial remodeling [145]. TNF-a
inhibitors, such as infliximab and etanercept, were
quickly introduced into clinical trials in patients with heart
failure, with the hope of improving their clinical
condition. Initially, positive results were obtained in
animal models and in vitro studies, indicating potential
benefits of TNF-a blockade in preventing adverse
changes in the heart muscle. Unfortunately, the results of
early clinical trials were disappointing. Not only was no
improvement observed in patients, but heart function
actually deteriorated, especially when high doses of
infliximab were administered [142]. This paradoxical
effect suggested that TNF-a also has certain protective or
adaptive functions and that its complete blockade may be
harmful in the context of complex pathological processes
in heart failure [142, 143].

In the following years, researchers turned their
attention to p38 mitogen-activated protein kinase

(MAPK), a key enzyme in signaling pathways that
regulate the inflammatory and stress responses of cells
[146]. It has been shown that p38 MAPK is activated in
response to various stressors, including cardiac pressure
overload and excessive RAA activation [147]. Inhibitors
of p38 MAPK kinase, such as BIRB796, were first tested
in animal models, particularly in transgenic rats with
overexpression of RAA receptors, where BIRB796 was
shown to significantly improve animal survival, reduce
myocardial fibrosis, reduce inflammatory infiltrates, and
limit organ damage [148]. These effects indicated the
therapeutic potential of selective suppression of
inflammatory signaling pathways and highlighted the
complex role of p38 MAPK in cardiac pathophysiology,
especially in the context of inflammation and oxidative
stress [148]. At the same time, it was confirmed that
angiotensin II, one of the main mediators of the RAA
system, activates p38 MAPK, leading to increased ROS
production, hypertension, myocardial hypertrophy, and
vascular endothelial dysfunction, which are key elements
in the progression of heart failure [149]. Pharmacological
blockade of p38 MAPK with the inhibitor SB239063AN
effectively reduced levels of phosphorylated p38 kinase,
reduced ROS production, and prevented hypertension and
cardiac hypertrophy, confirming that p38 MAPK is an
attractive and promising therapeutic target in
cardiovascular diseases [149].

Breakthrough clinical reports from 2013 and 2014
shed new light on the role of inflammation in HFpEF. The
RELAX study tested a phosphodiesterase type 5 (PDE-5)
inhibitor, which had improved heart muscle function and
exercise capacity in other contexts. However, despite
promising preclinical data, PDE-5 inhibitor therapy did
not improve exercise tolerance or clinical status after 24
weeks of treatment [150]. In a contrasting study, anakinra,
a recombinant inhibitor of interleukin-1 (IL-1), a key
mediator of inflammatory processes, was used. In patients
with HFpEF and elevated C-reactive protein (CRP) levels,
short-term anakinra therapy resulted in a significant
improvement in exercise capacity, as measured by peak
oxygen consumption, and a significant reduction in
inflammatory markers [151]. These results highlighted
the important role of inflammatory processes in HFpEF
and suggested that targeted anti-inflammatory treatment
may be more effective than previous strategies of NO-
cGMP signaling modulation and PDE-5 blockade [151,
152]. However, in a randomized trial of 31 patients with
HFpEF and elevated CRP, 12 weeks of anakinra treatment
did not improve exercise capacity, despite clear
reductions in hsCRP and NT-proBNP levels, suggesting
an anti-inflammatory effect without clear clinical benefit
[153, 154]. Notably, anakinra also did not reduce the
primary endpoint in the ARAMIS trial (37640625), which
included patients with myocarditis. This highlights the
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interspaced pathways of inflammation even in the most
severe presentations, such as myocarditis.

Another key aspect in understanding inflammation in
heart failure was the role of interleukin-10 (IL-10), a
cytokine with potent anti-inflammatory properties [155].
The absence of IL-10 in animals with pressure overload
exacerbated adverse cardiac remodeling and myocardial
hypertrophy, indicating its protective role. IL-10-based
therapy not only inhibited the development of these
pathological changes but was also able to reverse existing
left ventricular dysfunction. Mechanistically, the action of
IL-10 is based on modulation of the STAT3 pathway and
inhibition of the activation of the nuclear factor NF-kB, a
major regulator of pro-inflammatory gene transcription
[155]. These results reinforce the notion that the balance
between pro- and anti-inflammatory cytokines is crucial
for maintaining cardiac homeostasis and limiting
pathological remodeling. The multicenter HERMES trial
is currently underway to evaluate the efficacy of the
human antibody ziltivekimab in patients with HFpEF
[156]. Ziltivekimab is an IL-6 inhibitor; it effectively
reduces hsCRP levels, thereby limiting systemic
inflammation [157]. Therefore, it may be effective in
patients with HFpEF.

In recent years, much attention has been paid to the
inflammasome, a multiprotein complex that activates
caspase-1, initiating pyroptosis, an inflammatory form of
cell death, and the maturation of proinflammatory
cytokines such as IL-1p and IL-18 [158, 159]. Inhibition
of the inflammasome by the caspase-1 inhibitor VX-765
is a novel approach that differs from previous strategies
based on blocking individual cytokines. In models of
cardiac ischemia-reperfusion, administration of VX-765
in combination with a P2Y12 receptor inhibitor provided
sustained protection of the heart muscle, limiting the
extent of damage and improving heart function,
highlighting the inflammasome as a key therapeutic target
in acute myocardial infarction [160]. The NLRP3
inhibitor MCC950 also reduced IL-1PB and IL-18 levels
and limited systemic inflammation and myocardial
fibrosis in mice after a heart attack, resulting in improved
systolic and diastolic heart function [161]. In an HFpEF
model, blockade of the NLRP3 inflammasome with
MCC950 improved left ventricular diastolic function and
reduced myocardial hypertrophy, fibrosis, and pulmonary
artery remodeling. The mechanism of action involves
inhibition of the NLRP3-IL-1f pathway and
proinflammatory cytokine cascade, which limits the
inflammatory process and reduces tissue damage [162]. In
addition, MCC950 reduced the infiltration of pro-
inflammatory macrophages (M1) in the heart and
pericardial adipose tissue, further highlighting its
immunomodulatory properties [163]. In aging mice,
cardiac diastolic function deteriorates due to increased

pro-inflammatory macrophages and fibrosis. The DC-
SIGN ligand (DCSL1) inhibits macrophage maturation,
shifts their polarisation towards an anti-inflammatory
phenotype, increases IL-10, and reduces fibrosis,
improving cardiac function without the need for gene
exclusion [164]. Resveratrol was found to induce M1 to
M2 conversion and inhibit neutrophil infiltration into
heart tissue. Resveratrol modulated pathways by
increasing SIRT1 activity, thereby reducing the activity of
the Smad2/Smad3 fibrosis pathways [165]. Similar
immunomodulatory  effects were observed with
propionate, a short-chain fatty acid, which reduced the
number of pro-inflammatory T lymphocytes, including
Th17 cells, and inhibited immune infiltration into the
heart, with potential therapeutic significance in the fight
against chronic inflammation and its consequences [166].

Another promising drug is colchicine, which has long
been used in inflammatory diseases such as gout and
coronary artery disease [167, 168]. Colchicine at a dose of
0.5 mg daily in patients after a recent myocardial
infarction reduced the risk of ischaemic cardiovascular
events [169]. In animal models of diet-induced HFpEF,
colchicine improved heart function and reduced fibrosis
and inflammation by downregulating TNFa and CCL2
expression and inhibiting NLRP3 and NF-xB pathway
activity. Furthermore, it improved animal survival and
physical endurance, confirming its therapeutic potential in
this model [170]. However, there remains a lack of widely
available clinical data confirming colchicine's efficacy in
patients with HFpEF. In patients with chronic, stable
HFrEF, colchicine therapy for 6 months led to a
significant reduction in inflammatory markers, including
CRP and IL-6 [171]. However, no improvement in
physical function or reduction in the risk of death or
hospitalization was observed, indicating limitations to the
use of colchicine in this indication [171, 172]. Knowledge
about the effect of colchicine on inflammation in HFpEF
is constantly expanding. Ongoing work in the COLpEF
trial (~500 patients) is evaluating whether chronic low-
dose colchicine reduces systemic inflammation, as
reflected by CRP levels after six months of therapy, and
whether this translates into improved clinical outcomes in
HFpEF-thereby clarifying its potential as a targeted
immunomodulatory treatment [173].

Finally, it is worth noting the role of the enzyme
myeloperoxidase (MPO), produced by neutrophils and
macrophages, which generates ROS and contributes to
oxidative stress [174, 175]. MPO levels correlate with the
severity of inflammation, diastolic dysfunction of the
heart muscle, and the endothelium. The rationale for using
the MPO inhibitor mitiperstat in the ENDEAVOR study
is its potential to reduce inflammation in HFpEF [176].
Specific inhibition of MPO in patients with HFpEF
reduced enzyme activity by approximately 50% [177—
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179]. A single 30 mg dose of mitiperstat (MPO inhibitor)
did not demonstrate acute efficacy in 30 patients with
HFpEF, failing to reduce exercise pulmonary wedge
pressure or to beneficially affect hemodynamics, casting
doubt on the immediate effect of MPO inhibition in this
population [180]. Although no clear improvement in
microcirculation or physical performance was observed, a
positive trend in quality of life was noted, indicating the
potential of this strategy in therapy [177, 178].

A new approach to inflammation and HFpEF

SGLT2 inhibitors (empagliflozin, dapagliflozin) have
emerged as cornerstone therapy in HFpEF following
EMPEROR-Preserved[181] and DELIVER[182] trials,
which demonstrated significant reductions in heart-failure
hospitalization and improved quality of life [183]. SGLT2
inhibitors exert their effects in several ways: anti-
inflammatory effects, improved metabolic efficiency, and
endothelial function. Preclinical and translational studies
show reductions in epicardial adipose tissue, modulation
of adipokine signaling, and attenuation of oxidative stress.
It is noteworthy that SGLT?2 inhibitors have been shown
to modulate NLRP3 inflammasome signaling, thereby
reducing inflammation and improving cardiac energetics
[184]. Empagliflozin reduces inflammation in HFpEF by
lowering proinflammatory cytokines and improving
mitochondrial oxidative stress in cardiomyocytes,
indicating a direct immunometabolic effect in the heart
[185]. Across 23 studies including 1,008 patients with HF,
SGLT2 inhibitor therapy significantly reduced Ileft
ventricular volumes, mass, and epicardial adipose tissue
[186]. The results of this multicenter, randomized trial
demonstrate that dapagliflozin significantly reduces
myocardial fibrosis, as assessed by ECV, in patients with
HFpEF and type 2 diabetes, supporting the concept that
SGLT2 inhibition may exert true disease-modifying
effects through direct modulation of adverse myocardial
remodeling [187], it is also effective in patients without
coexisting diabetes, suggesting mechanisms of action that
extend beyond metabolic control alone [188]. The
ongoing STADIA-HFpEF trial is designed to test the
hypothesis that SGLT2 inhibition improves left
ventricular stiffness in early-stage HFpEF by targeting
cardiomyocyte stiffness and microvascular endothelial
dysfunction, thereby providing a phenotype-guided
therapeutic approach [189].

Glucagon-like peptide-1 (GLP-1) receptor agonists
are incretin-based drugs recommended for patients with
diabetes that also promote weight loss, making them
beneficial in the treatment of HFpEF [190]. Both GLP-1
agonists (e.g., semaglutide) and drugs that combine GLP-
1 and GIP activity (e.g., tirzepatide) show promising
effects in patients with HFpEF, especially in cases of

coexisting obesity and/or type 2 diabetes [191, 192]. In
the STEP-HFpEF trial, semaglutide improved cardiac
symptoms and exercise capacity while reducing C-
reactive protein levels and pericardial adipose tissue
burden, linking weight loss—associated attenuation of
systemic inflammation to meaningful improvements in
cardiac function in obese patients with HFpEF [193]. The
main mechanism behind these benefits is thought to be
their effect on reducing excess weight [194]. For example,
tirzepatide has been shown to significantly reduce
pericardial fat in patients with obesity and HFpEF [195].
However, it is worth noting that the populations in clinical
trials involving patients with HFpEF to date have
predominantly had a high BMI. There is still insufficient
data to distinguish the effects of GLP-1 agonist treatment
in patients with HFpEF according to obesity status [133].
One of the latest studies has shown a beneficial effect of
GLP-1 agonist therapy, including semaglutide, in patients
with HFpEF and diabetes but without obesity [196].
Similarly, a study evaluating the effect of tirzepatide in
patients with and without obesity found no significant
differences between the groups [197], suggesting that part
of the therapeutic effect may also result from the anti-
inflammatory properties of GLP-1 agonists [198].
Preclinical studies have shown that tirzepatide reduces the
concentration of pro-inflammatory cytokines and
decreases the infiltration of pro-inflammatory M1
macrophages by inducing their apoptosis in the adipose
tissue of mice [199]. Therefore, a key direction for future
research will be to determine whether a similar effect also
occurs in human perivascular adipose tissue (EAT) under
the influence of GLP-1 agonists [200], especially in the
context of promising results indicating a reduction in
inflammatory markers in peripheral blood after the use of
semaglutide [201-203].

6. Deciphering the effects of anti-inflammatory
treatment in HFpEF and its future

Despite the growing body of evidence implicating chronic
inflammation as a key contributor to cardiac fibrosis and
the pathogenesis of HFpEF, it remains unclear to what
extent the observed alterations represent a direct
consequence of biological cardiovascular aging versus the
cumulative impact of age-related comorbidities such as
obesity, diabetes, hypertension, and chronic kidney
disease [204]. This unresolved interplay between “pure”
aging and comorbidity burden substantially complicates
the identification of patient populations most likely to
benefit from anti-inflammatory therapies. A central
challenge is that inflammation in HFpEF does not
resemble a classical, cytokine-dominated response but
rather manifests as a chronic, low-grade, multifactorial
process characteristic of aging [205]. In this context, the
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failure of strategies targeting single cytokines, such as
TNF-a or IL-1P, appears biologically plausible, as
inhibition of an individual mediator does not extinguish
the interconnected network underlying inflammaging,
which includes parallel pathways activated by
endogenous danger signals (DAMPs), Toll-like receptors,
inflammasomes, mitochondrial DNA, and SASP factors
released by senescent cells [206]. Moreover, TNF-q,
while unequivocally pro-inflammatory, also exerts
adaptive and cytoprotective effects, and its global
inhibition may disrupt the delicate balance between host
defense and tissue homeostasis [207]. Similarly, although
IL-1 Dblockade effectively reduces inflammatory
biomarkers, it does not consistently translate into clinical
improvement, suggesting that IL-1-dependent pathways
represent only one component of a redundant and
compensatory signaling network driving fibrosis and
diastolic dysfunction.

In the context of inflammaging, cytokines should
therefore be viewed primarily as markers of an ongoing
pathological process, rather than as its primary causative
factors, whose secretion in degenerative diseases is
induced by oxidative stress and DAMPs [208]. The
principal mechanisms sustaining inflammation in HFpEF
include the accumulation of molecular debris, progressive
mitochondrial dysfunction, immunosenescence, oxidative
stress, and the buildup of senescent cells, which together
lead to persistent activation of innate immunity,
cardiomyocyte injury, and myocardial fibrosis [206].
From this perspective, inflammation remains an important
component of HFpEF pathophysiology, yet functions
predominantly as a disease modulator rather than a factor
whose isolated inhibition could reverse established
structural and functional myocardial changes [80].
HFpEF is inherently a structural and biomechanical
disorder: myocardial fibrosis, extracellular matrix
remodeling, and left ventricular stiffening develop
gradually and are maintained by fibroblast and
myofibroblast senescence, rendering these alterations
largely irreversible. At this stage, even biochemically
effective anti-inflammatory interventions may be too late
to meaningfully improve diastolic compliance, thereby
explaining the observed dissociation between
improvements in inflammatory biomarkers and the
absence of clinical benefit [80].

Against this backdrop, immunometabolic therapies
such as SGLT?2 inhibitors and GLP-1 receptor agonists are
particularly compelling, as they confer clinical benefits
independent of classical single-cytokine suppression
[209]. Preclinical and clinical data indicate that these
agents modulate innate immune activity, attenuate
macrophage and inflammasome activation, improve
mitochondrial  function, and reduce  systemic
inflammation, = while  simultaneously = addressing

coexisting obesity, a key driver of inflammaging [210].
An increasing body of evidence suggests that their
combined anti-inflammatory and metabolic effects may
influence cardiac fibrotic processes, in part by inhibiting
the NLRP3-IL-1p axis and reducing oxidative stress,
including via adipose tissue reduction. Nevertheless,
direct evidence for fibrosis regression or slowed
progression in humans remains limited and warrants
further investigation [211].

From a clinical perspective, this review is positioned
at the intersection of geriatric cardiology, metabolic
medicine, and the immunobiology of aging, focusing on
HFpEF as the dominant heart failure phenotype in older,
multimorbid patients, with particular emphasis on obesity.
This context is critical for clinical readers, as it
underscores that the lack of efficacy of classical anti-
inflammatory therapies in HFpEF reflects not merely
shortcomings of individual interventions but the
fundamental biological complexity of the disease itself. In
clinical practice, this necessitates abandoning reductionist
approaches in favor of multidimensional strategies
encompassing  metabolic  optimization, lifestyle
modification, early identification of patients with active
inflammation, and the wuse of broad-spectrum
immunometabolic agents such as SGLT2 inhibitors and
GLP-1 receptor agonists, which have demonstrated
tangible clinical benefits in HFpEF [211].

Future research should therefore focus on integrating
clinical, imaging, and molecular data, developing tools to
assess in vivo inflammatory activity and senescence, and
designing clinical trials targeting well-defined patient
phenotypes and early stages of HFpEF. Such an approach
is essential to enable the effective use of anti-
inflammatory and immunometabolic therapies to slow
cardiac fibrosis and meaningfully alter the natural history
of HFpEF in an aging population [107].

7. Conclusion

Aging-related cardiac fibrosis represents a central yet still
insufficiently  delineated component of HFpEF
pathogenesis. Available evidence indicates that chronic,
low-grade inflammation characteristic of biological aging
(inflammaging) plays a critical role in fibroblast
activation, ECM, and the progressive stiffening of the left
ventricle. Importantly, this inflammatory state arises from
mitochondrial dysfunction, immunosenescence, and
senescent cell accumulation, limiting the efficacy of
therapies targeting single inflammatory mediators. In this
context, therapies with broad immunometabolic actions,
such as SGLT2 inhibitors and GLP-1 receptor agonists,
appear especially promising, as they simultaneously
modulate metabolic pathways, immune responses, and the
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myocardial microenvironment, offering tangible clinical
benefits in HFpEF.

At the same time, this analysis highlights important
unresolved questions, including the lack of validated
biomarkers to  distinguish  aging-related  from
comorbidity-driven inflammation, and the limited
reversibility of fibrosis in advanced disease stages.

Future therapeutic strategies should therefore move
away from nonspecific blockade of individual cytokines
toward more precise, phenotype-guided approaches that
integrate immunomodulation with metabolic control
(targeting  obesity, diabetes, and hypertension),
assessment of active inflammation, and refined biological
subtyping of HFpEF. Such strategies may enable more
effective deployment of anti-inflammatory therapies to
slow myocardial fibrosis and modify the natural course of
HFpEF in an aging population.
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