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ABSTRACT: Heart failure with preserved ejection fraction (HFpEF) is a complex clinical syndrome affecting =32 million
individuals worldwide. It accounts for at least half of all heart failure cases and is associated. h substantial morbidity
and mortality. Although the prevalence of HFpEF increases with age, a substantial propor’ut}d fiithe. +HFpEF subjects
present with cardiometabolic alterations, marking a specific phenogroup of HFpEF. Obesity, diabetes, and hypertensmn are
considered central features in the pathophysiology of HFpEF, driving its development and disease progression by a complex
interplay of metabolic-, hemodynamic-, and neurohormonal impairments, resulting in systemic inflammation and immune
system dysregulation. Cellular and systemic immunometabolic stress induces vascular endothelial microvascular dysfunction,
infiltration of immune cells in the myocardium, and activation of innate and adaptive immune cells in cardiac tissue. The
resulting bidirectional crosstalk between systemic and cardiac metabolism influences immune cell reprogramming, sustaining
a vicious cycle of cardiac chronic inflammatory response, ultimately leading to-adverse structural and functional cardiac
remodeling. In this review, we discuss the role of cellular interactions and immunometabolic mechanisms of immune system
dysregulation resulting-in-cardiometabolic HFpEF and elaborate on therapeutic strategies targeting cardiometabolic risk.
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(HFpEF) is a multifaceted clinical syndrome impact-

ing roughly 32 million people worldwide. It represents
at least half of all HF cases and is linked to significant
morbidity and mortality.” The prevalence of HFpEF
rises with age, and HFpEF is slightly more common in
women.? A significant subset of patients with HFpEF
exhibits cardiometabolic alterations, including obesity,
diabetes, and hypertension, driving HFpEF pathophysiol-
ogy and disease progression by a complex interplay of
metabolic-, hemodynamic-, and neurohormonal impair-
ments." These systemic perturbations lead to a chronic

Heart failure (HF) with preserved ejection fraction

low-grade systemic inflammatory state accompanied by
subsequent systemic immune response and dysregula-
tion.® Myocardial immunometabolic stress leads to coro-
nary microvascular endothelial dysfunction, infiltration of
immune cells in the myocardium, and activation of innate
and adaptive immune cells in cardiac tissue, resulting
in adverse structural and functional cardiac remodel-
ing featuring HFpEF? Here, we discuss the role of cel-
lular interactions and immunometabolic mechanisms of
immune system dysregulation in cardiometabolic HFpEF
and elaborate on contemporary and future therapeutic
options targeting cardiometabolic risk.
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Nonstandard Abbreviations and Acronyms

AMPK
Angpti4
ATM
CCL
CCR2
CRP
DNase
EC
ECM
eNOoS
FAP
FoxO1
GIP

GLP-1
HF
HFPEF

HIF1a
HRQL
ICAM-1
IFN

IL
iNOS
IRE1a
LDL
LDLR
LIFR
LpL
MCP-1
MMP-9
mTOR
MYD88

NET
NF-xB
NLRP

NT-proBNP
PGC1-a

SAA
SGLT2
SIRT
Treg
T2DM
TGF
Th1

AMP-activated protein kinase
angiopoietin-like 4

adipose tissue macrophage
CC-chemokine-ligand

CC chemokine receptor 2
C-reactive protein
deoxyribonuclease
endothelial cell

extracellular matrix
endothelial NO synthase
fibroblast activation protein
forkhead box O1
glucose-dependent insulinotropic
polypeptide

glucagon-like peptide-1

heart failure

heart failure with preserved ejection
fraction

hypoxia-inducible factor 1a
health-related quality of life
intercellular adhesion molecule-1
interferon

interleukin

inducible nitric oxide synthase
inositol-requiring enzyme 1 a
low-density lipoprotein
low-density lipoprotein receptor
leukemia inhibitory factor receptor
lipoprotein lipase

monocyte chemoattractant protein-1
matrix metalloproteinase-9
mammalian target of rapamycin

myeloid differentiation primary
response 88

neutrophil extracellular trap
nuclear factor-xB

3NOD-, LRR- and pyrin domain-
containing protein 3

N-terminal pro-B-type natriuretic
peptide

peroxisome proliferator—activated
receptor vy coactivator 1-a
serum amyloid A
sodium-glucose cotransporter 2
sirtuin

T regulatory

type 2 diabetes

transforming growth factor

T helper

TLR toll-like receptor

TNF tumor necrosis factor

VCAM- 1vascular cell adhesion molecule-1
VEGF vascular endothelial growth factor
VLDL very low-density lipoprotein

VLDLR very low-density lipoprotein receptor
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INFLAMMATION AND IMMUNE
DYSREGULATION IN COMORBIDITIES
RELATED TO HFPEF

Inflammation and immune dysregulation are prominent
in comorbidities of HFpEF. In obesity, expanded visceral
adipose tissue due to adipocyte hyperplasia and hyper-
trophy acts as an immune-active site, predisposing to
meta-inflammation. Hypertrophic adipocytes upregulate
chemokines like CCL (CC-chemokine-ligand) 2, CCL5,
and CCLS8, leading to proinflammatory macrophage
recruitment* Moreover, expanded adipocytes undergo
hypoxia, promoting oxidative (§ifess, .membrane and
endoplasmic reticulum stress pathways, and ultimately,
adipocyte death.* Recruited adipose tissue macrophages
(ATMs); which express a proinflammatory M1-like asset
and cluster around dead adipocytes forming crown-like
structures, secrete TNF (tumor necrosis factor)-a, IL
(interleukin)~1B,-and IL-6, further promoting proinflam-
matory' signaling-and the polarization of other macro-
phages into an M1-like state.° Indeed, individuals with
obesity show an up to 40% increased number of ATMs,
characterized by a proinflammatory M1-like polarization
state,® whereas humans and mice without obesity show
reduced ATMs ranging from 10% to 15% of all adi-
pose tissue cells, with a predominant anti-inflammatory
M2-like asset”

Adipose tissue in obesity is further characterized
by an increased number of CD3+CD4+T helper (Th1)
cells producing IFN (interferon)-y® and abundant
CD3+CD8+T cells promoting monocyte chemotaxis
and monocyte differentiation into ATMs.® In addition, the
number of CD3*CD4*FOXP3* T regulatory (T reg) cells
decreases in obese fat, enhancing proinflammatory activ-
ity.'° Indeed, T reg cells regulate the functions of other T
cells, suppress monocyte migration, and promote their
shift toward the M1-like anti-inflammatory polarization
state."" Other immune cells, including neutrophils, natural
killer cells, and B-lymphocytes, participate in the chronic
inflammatory tone of adipose tissue, modifying functions
and polarization of ATMs, which may represent a central
mediator of obesity-related downstream effects.'

Obesity is strongly associated with type 2 diabe-
tes (T2DM). Fat accumulation in the liver often occurs
before the onset of T2DM and contributes to the reduc-
tion of hepatic insulin sensitivity, leading to fasting
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hyperglycemia, whereas pancreatic fat accumulation fur-
ther determines beta-cell dysfunction. In adipose tissue,
TNF-a and [L-6 released by M1-like ATMs surrounding
dead adipocytes promote systemic insulin resistance.
TNF-a downregulates the expression of glucose trans-
porters, such as GLUT4, inhibiting glucose uptake by
adipocytes and skeletal muscle,”® and reduces insulin
signaling by stimulating inhibitory serine phosphoryla-
tion of insulin receptor tyrosine kinase proteins.' Con-
versely, IL-6 inhibits insulin signaling by inducing serine
phosphorylation of insulin receptor substrate proteins.’
Subsequent chronic hyperglycemia triggers inflammatory
response through increased oxidative stress, that further
compromises insulin signaling.'”> Moreover, adipose tis-
sue inflammation promotes hepatic insulin resistance,
impairs skeletal muscle glucose uptake, affects pancre-
atic insulin secretion, and disrupts endothelial function
due to the systemic release of cytokines and free fatty
acids. These effects disrupt metabolic homeostasis, sus-
taining systemic insulin resistance, hyperglycemia, and
the progression of T2DM.

Obesity acts as a vicious twin with hypertension.
Increases in blood pressure and weight gain synergize
by promoting inflammation and immune system dys-
regulation. Hypertensive patients show elevated levels
of inflammatory cells and mediators. Thus, CD3*CD8*T
cells, CD4* Th17 cells, T reg cells, monocytes, macro-
phages, and B cells, as well as cytokines and chemo-
kines, such as IL-17,1L-18, IFN-y, and TNF-a.seem to be
critical in immune dysregulation associated with hyper-
tension.’® Chronic activation of the sympathetic nervous
system and the renin—angiotensin—aldosterone system,
as well as redox signaling imbalance, act as prohyperten-
sive factors, leading to the release of upstream inflam-
matory mediators. Local inflammation, mechanical and
oxidative damage to cells and tissues, lead to the forma-
tion of damage-associated molecular patterns and neo-
antigens.'® Antigen-presenting cells, including dendritic
cells, macrophages, and B cells, present hypertension-
specific neoantigens to T cells in lymphoid organs, pro-
moting the activation and infiltration of T and B cells into
target organs, such as the heart, vessels, and kidneys.'®
Chronic activation and infiltration of T cells into target
organs lead to activated effector and memory cell recruit-
ment, promoting the development of cytotoxic senescent
immune cells and organ dysfunction. Downstream effec-
tor cytokines as IL-1f, IL-6, TNF-a, IL-17A, and TGF
(transforming growth factor) 3 mediate blood pressure
increases, inhibit NO production, and promote oxidative
stress, inflammation, fibrosis, and end-organ damage in
the heart (ventricular remodeling, hypertrophy), vascula-
ture (endothelial dysfunction, vasoconstriction, vascular
remodeling), and kidneys (affected sodium transport).'®

Obesity, diabetes, and hypertension are frequently
accompanied by chronic kidney disease in HFpEF, pro-
moted by vascular injury, metabolic dysregulation, and
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increased intraglomerular pressure, which all accelerate
kidney damage. In addition, the systemic proinflamma-
tory state driven by comorbidities leads to inflammation-
mediated renal dysfunction. Inflammatory cytokines,
such as IL-6 and TNFa, cause endothelial dysfunction
and oxidative stress, impairing renal microcirculation and
lowering glomerular filtration rate. Moreover, uremic tox-
ins further fuel inflammation, creating a vicious cycle that
worsens both heart and kidney function.'”

CELLULAR INTERACTIONS IN HFPEF

Systemic Immune Dysregulation and
Interactions With the Myocardium in HFpEF

HFpEF develops from systemic comorbidities that may
ultimately affect the heart, representing an outside-in
mechanism of the disease, which likely triggers adaptive
and innate immunity. Indeed, HFpEF is a multisystemic
syndrome involving complex interorgan immune and met-
abolic crosstalk (Figure 1). In this context, the liver has
emerged as a key player. A studysemploying hepatocyte-
specific secretome profiling stfaiggsiiti’a murine HFpEF
model identified soluble LIFR (leukemia inhibitory factor
receptor) as a liver-derived circulating mediator upregu-
lated in HFpEF. LIFR, part of the IL-6 cytokine receptor
family, was shown to promote fibroblast activation and
profibrotic signaling in the heart via Smad3 phosphoryla-
tion, particularly. when combined with TGF-f31."® Another
study employing cross-tissue transcriptomic correlation
analysis from HFpEF preclinical models uncovered SAA
(serum amyloid A) proteins (SAA1/4) as liver-derived,
obesity-independent mediators of. inflammation and
fibrosis in the heart, potentially driving the metainflam-
matory component of HFpEF.'® Thus, beyond resident
cardiac immune cells, circulating inflammatory mediators
originating from metabolically active organs such as the
liver may play a crucial role in HFpEF pathogenesis. The
development of myocardial damage from without starts
from systemic inflammation and metabolic stress, which
systemically trigger vascular endothelium, as well as
macrophages, neutrophils, Th1 and Th17 cells infiltration
into the myocardium.®

Similar to many nonlymphoid organs, the myocardium
is composed of various cell types, including cardiomyo-
cytes, fibroblasts, vascular cells, and local immune cells,
the majority of which are macrophages. Macrophages
reside within the interstitial spaces, where they interact
directly with cardiomyocytes, endothelial cells (EC), and
fibroblasts. Resident macrophages are a heterogeneous
group of phagocytic immune cells that ensure immu-
nosurveillance, tissue homeostasis, and repair. Recent
findings in mice and humans suggest their crucial role in
the protection against pathological stimuli and common
comorbidities of HFpEF, including obesity, diabetes, and
hypertension® Cardiac tissue—resident macrophages
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Figure 1. Cellular interactions and immunometabolic mechanisms in cardiometabolic Heart failure with preserved ejection

fraction (HFpEF).

EAT indicates epicardial adipose tissue; ER indicates endoplasmic reticulum; FFA, free fatty acid; LDL, low-density lipoprotein; VAT, visceral

adipose tissue; and VLDL, very low-density lipoprotein.

present 2 different origins, detectable based on their
negativity or positivity to CCR2 (CC-chemokine recep-
tor 2). The CCR2" population is embryonic-derived and
shows self-renewal activity in the adult heart without
significant contribution from circulating monocytes.?
Conversely, the CCR2* macrophage population is adult
hematopoietic-derived and expresses Ccr2 at least for a
window of time after tissue specification from circulat-
ing monocytes. After cardiac injury, CCR2* macrophages
are identified as responsible for the initial recruitment
of monocytes through a MYD88 (myeloid differentia-
tion primary response 88)-dependent pathway, modu-
lating the expression of chemoattractant chemokines
and monocyte specification. Moreover, these macro-
phages are critical in tissue inflammation and adverse
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left ventricular (LV) remodeling. Additionally, aging, a key
risk factor for HFpEF is associated with the replace-
ment of CCR2™ embryonic-derived tissue-resident mac-
rophages with CCR2* monocyte-derived populations.?!
HFpEF hearts display increased populations of infiltrat-
ing CCR2* macrophages, showing analogies with these
findings in aging. Some evidence suggests the poten-
tial of inhibiting CCR2* macrophage activation by sup-
pressing inflammation and adverse remodeling in HF?
Conversely, tissue-resident CCR2™ macrophages inhibit
monocyte recruitment, exerting anti-inflammatory and
tissue-repairing effects.

Data from endomyocardial biopsies in patients with
HFpEF also show a significant increase in cardiac
CD3* T cells compared with healthy controls, indicating
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the activation of an adaptive T-cell-mediated immune
response.?® Increased circulating levels of Th17 cells
are reported, as well as expanded T reg cells expressing
CCRG, a known suppressor of regulatory T-cell activity.®*
These findings suggest an imbalance between proinflam-
matory Th17 cells and anti-inflammatory/suppressive T
reg cells. A dysregulated Th17/T reg ratio favoring Th17
cells is regarded as crucial in cardiometabolic disorders.
Moreover, endomyocardial biopsy samples from patients
with HFpEF revealed increased expression of VCAM-1
(vascular cell adhesion molecule-1), ICAM-1 (intercel-
lular adhesion molecule-1), and E-selectin, all of which
are critical for extravasation of T cells and infiltration
into the myocardium.? In addition, a study on the 2-hit
HFpEF mouse model (Nw-nitro-L-arginine methyl ester
in conjunction with high-fat diet) revealed an association
between diastolic dysfunction, cardiac hypertrophy, and
infiltrating T cells with a novel molecular signature. In fact,
these cells display impaired IRE1a (inositol-requiring
enzyme 1 a)-Xbp1s signaling promoting T-cell cardiot-
ropism independent of cardiac antigen recognition.?®
Impaired IRE1a activation and reduced Xbp1s expres-
sion shift infiltrating T cells toward a more inflammatory
phenotype with elevated expression of IFN-y and IL-4,
contributing to adverse cardiac remodeling.?®

A model of immune dysregulation comprising genetic
and acquired risk factors was proposed in the patho-
genesis of HFpEF? Genetic inactivating mutations in
hematopoietic stem cells of genes, such as DNMI3A,
TET2, ASXL1, and JAKZ, linked to clonal hematopoiesis
of indeterminate potential, are associated with devel-
opment of HFpEF in animal models, and with immune
dysregulation and risk of HF hospitalization in patients.?
These inactivating mutations stimulate the clonal expan-
sion of proinflammatory myeloid cells (e. g, monocytes,
macrophages), and T cells with a higher Th17/T reg ratio,
contributing to the rise of a proinflammatory hematopoi-
etic phenotype.®* Thus, cardiometabolic HFpEF comor-
bidities, including hypertension, obesity, and diabetes,
lead to recruitment of these already stimulated immune
cells, including CCR2* monocytes, Th1,and Th17 cells.?®
Genetically mediated immune predisposition (clonal
hematopoiesis of indeterminate potential mutations) may
skew immune cells toward a proinflammatory phenotype
and modulate the individual inflammatory response to
cardiovascular stressors toward HFpEF. Further inves-
tigations are needed to elucidate the role of clonal
hematopoiesis of indeterminate potential mutations as a
genomic biomarker for HFpEF.

Patients with HFpEF often exhibit a pronounced
neutrophil-driven inflammatory phenotype, characterized
by elevated circulating neutrophils and increased neutro-
phil extracellular trap (NET) markers, such as cell-free
double-stranded DNA, elastase-2, and citrullinated his-
tone H3.#" Clinically, peak NET marker levels are par-
ticularly pronounced during episodes of decompensated
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HFpEFR? In the SAUNA HFpEF mouse model, gener-
ated with a combination of salted drinking water, uni-
lateral nephrectomy, and chronic aldosterone infusion,
cardiac tissue showed marked neutrophil infiltration and
NET deposition, which correlated with diastolic dysfunc-
tion, inflammation, macrophage recruitment, and fibro-
sis.?” Pharmacological disruption of NET formation, via
DNase (deoxyribonuclease) 1 or empagliflozin, attenu-
ated NETosis, reduced myocardial inflammation and
fibrosis, and ameliorated diastolic performance.?”

VASCULAR CELL DYSFUNCTION IN HFPEF

The endothelium lines all vessels and hence constantly
interacts with hemodynamic forces, the coagulation sys-
tem, and the immune-metabolic milieu. All risk factors
for HFpEF impair vascular function (ie, dysfunction is
intended as any detrimental modification of the endo-
thelial phenotype) and contribute to the pathophysiology
of HFpEF Meta-inflammation causes a systemic dys-
functional vasodilation as well as coronary microvascular
dysfunction, which is characterized by impaired coronary
flow reserve and structural abnp,rrﬁi”éﬁ“fles of the coro-
nary tree. Coronary microvascular dysfunction causes
an inadequate myocardial perfusion reserve, leading
to areas of chronic latent myocardial ischemia, which,
in_turn, activates proimmunoinflammatory and pro-
oxidative mechanisms and sustains a detrimental vicious
cycle'in HEpEF2?

After the endothelial-mediated recruitment of immune
cells due to the increased expression of adhesion mol-
ecules, high oxidative stress and iNOS (inducible NO
synthase)-induced nitrosative stress lead to reduced
NO bioavailability due to lower arginine substrate, eNOS
(endothelial NO synthase) activity, and endothelial
p-b3-induced senescence.® Vasoconstriction becomes
predominant due to increased resting endothelin-
1-mediated vasoconstriction and smooth muscle cell
contractile activation.®' Endothelial proinflammatory and
dysfunctional maladaptation (including high NADPH
oxidase 2 expression and eNOS uncoupling) are docu-
mented in animal models (eg, ZSF1-HFpEF rats) and
human HFpEF specimens, influencing via paracrine
signals adjacent cardiomyocytes (ie, leading to reduced
myocardial nitrite/nitrate concentration, cyclic guanosine
monophosphate content, and protein kinase G activity)
and the extracellular matrix, predisposing fibroblasts
to activation patterns promoting hypertrophy, fibrosis
and high diastolic stiffness.® For instance, cardiomyo-
cytes became more susceptible to pressure overload-
induced HF in a transverse aortic constriction model as
a consequence of endothelial alterations of energetic
metabolism (ie, disrupted glucose transport from ECs to
cardiomyocytes), due to impaired endothelial SIRT (sir-
tuin) 3/apelin signaling.® In patients with diabetes with
HFpEFR SIRT6 activation, via PPARY reduction, inhibited
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endothelial FA uptake, resulting in lower FA translocation
across ECs. Furthermore, a blunted endothelial SIRT6
expression was associated with decreased cardiac lipid
accumulation, which is a hallmark of HFpEF progression
in T2DM.3*

In turn, ECs are profoundly influenced by signaling
molecules characterizing the HFpEF milieu. Angiopoietin-
like 4 secreted by cardiac fibroblasts exerts antiangio-
genic functions leading to microvascular and capillary
rarefaction, as recently described at single-cell resolution
in the 2-hit HFpEF mouse model*® Angiopoietin-like 4,
which is barely expressed in control fibroblasts, becomes
highly induced in HFpEF, possibly constituting an impor-
tant stress indicator in fibroblasts in HFpEF.

Single-cell transcriptomics is enabling a deeper char-
acterization of fibroblast activation patterns in HFpEF,
Specific fibroblast signatures include markers of meta-
bolic stress, basement membrane genes, and activation
of proinflammatory pathways, which are distinct from
those seen in a murine model of HFrEF (eg, induced by
Ang Il administration) or adverse remodeling seen after
myocardial infarction. Interestingly, the latest evidence in
HFpEF points to the differentiation of cardiac fibroblasts
toward matrifibrocytes, which are a specialized type of
cardiac fibroblast, characterized by the expression of Car-
tilage Intermediate Layer Protein, an ECM (extracellular
matrix) protein. Matrifibrocytes emerge during chronic
stress conditions and contribute to cardiac fibrosis with
characteristic collagen | deposition. Matrifibrocytes have
been recently observed as a predominant feature in
HFpEF, whereas little expression of FAP (fibroblast acti-
vation protein), which is a marker for myofibroblast acti-
vation in cardiac fibrosis, has been reported. Conversely,
high expression of FAR, suggesting a predominant myo-
fibroblast activation, has been described in the HFrEF
model achieved with angiotensin Il administration or after
myocardial infarction.3® The localization of these differ-
ent fibroblast clusters within the heart and the extent
to which these fibroblast phenotypes are conserved in
human hearts with HFpEF need further elucidation.

Stress-induced release of cardiomyocytes-derived
extracellular vesicles sampled at the coronary level has
been associated with markers of HFpEF functional
severity (eg, NT-proBNP [N-terminal pro-B-type natri-
uretic peptide] levels and echocardiographic parameters
reflecting elevated filling pressure),87 however, whether
and how these extracellular vesicles may modify EC
homeostasis and secretome remain to be defined.

Pericytes, which are the mural cells of the capillar-
ies, communicate with ECs by either direct contact or
by paracrine signaling and play a prominent role in con-
trolling the cardiac vascular-myocyte microenvironment.
Pericyte dysfunction precedes the onset of microvas-
cular and diastolic dysfunction and contributes to the
derangement of EC biology in HFpEF=2® In volume over-
load—dependent on high salt-induced renal dysfunction
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in db/db mice, dysfunctional pericytes induced remodel-
ing of coronary blood vessels, both in the microvascular
and macrovascular niche. The detrimental remodeling
was mediated by TNFa-STAT1-dependent paracrine
signaling and was characterized by thickening and ves-
sel enlargement, increase in capillary dilatation, reduced
pericyte proliferation with capillary detachment, and
density loss.®® Recently, alterations of lymphatic ECs (ie,
lower density and impaired lymphangiogenic capacity)
and structural abnormalities of cardiac lymphatic vessels,
such as a reduction in lymphatic volume, discontinuous
and fragmented vessels, and impaired lymphatic drain-
age of interstitial fluid and inflammatory cells, have been
described in the 2-hit mouse model of HFpER*° Similar
defects of the cardiac lymphatic were confirmed in myo-
cardial biopsies from patient with HFpEF. Mechanistically,
the pathological inhibition of lymphangiogenic responses
in lymphatic ECs was linked to the defective catabolism
of branched-chain amino acids (valine, leucine, and iso-
leucine degradation) and altered glucose metabolism.
These lymphatic abnormalities were detected in mice
before the onset of diastolic dysfunction and decreased
exercise capacity, suggesting apé‘;h@@éﬁc role deserving
further investigation. Interestingly, the specific reactiva-
tion of lymphangiogenesis achieved via VEGF (vascular
endothelial growth factor)-mediated VEGF receptor 3
selective activation restored the cardiac lymphatic func-
tion and structure in HFpEF, significantly ameliorating
cardiac hypertrophy, fibrosis, edema, and inflammation.®

IMMUNOMETABOLIC MECHANISMS IN
HFPEF

From Metabolism to Inflammation:
Immunometabolism and Immunometabolic
Crosstalk

Although immune cell-mediated direct damage to the
myocardium is well-studied, metabolic crosstalk between
inflammatory cells and cardiac muscle remains poorly
understood. Cellular and systemic metabolic derange-
ments influence immune responses, creating a bidirec-
tional crosstalk that is emerging as a critical component
of the pathogenesis of several cardiometabolic diseases,
including HFpEF. Immunometabolism refers to this con-
dition and highlights the interplay between changes in
systemic and tissue metabolism with the modulation of
immune cell reprogramming under physiological and
pathological conditions.*!

Within the heart, activated immune cells from meta-
bolic stress infiltrate inflamed tissue and adapt to the
local microenvironment (oxygen tension, acidification,
and the presence of metabolites) by undergoing fur-
ther metabolic reprogramming.® For instance, immune
cells stabilize the transcription factor HIF1a (hypoxia-
inducible factor 1a) in response to a decrease in oxygen
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availability. HIFTa induces the transcription of anabolic
genes for glycolysis and mitochondrial metabolism in T
cells and macrophages.® The resulting highly glycolytic
activated immune cells produce lactate, which impairs
the motility of CD4* and CD8* T cells, thereby trapping
them at inflammatory sites and preventing inflammation
resolution.® Among proinflammatory metabolites, succi-
nate might also be a potential candidate in sustaining
immunometabolic crosstalk and inflammation in HFpEF.
Dendritic cells exposed to succinate increase TNF-a and
IL-1p expression.*?2 The latter further enhances succinate
receptor 1 expression in macrophages, fueling a potential
proinflammatory cycle in the induction and maintenance
of inflammation and adverse remodeling in HFpEF2

Metabolic disruption leads to the systemic accu-
mulation of endogenous metabolites or danger sig-
nals, which subsequently activate the NLRP3 (NOD-,
LRR- and pyrin domain-containing protein 3) receptor
and drive inflammation.*’ NLRP3 is a cytosolic pattern
recognition receptor recognizing damage-associated
molecular patterns and pathogen-associated molecu-
lar patterns to initiate the NLRP3 inflammasome. The
NLRP3 inflammasome acts as a critical sensor of
metabolic stress and is activated by excess nutrients,
lipids, and oxidative stress, linking metabolic distur-
bances to the activation of inflammatory responses.
Moreover, it promotes a transient IL-1f.release, which
facilitates postprandial insulin secretion and glucose
regulation metabolism.*® However, the persistent acti-
vation of the NLRP3 inflammasome-IL-1f ‘pathway
during chronic inflammation related to metabolic dis-
turbances contributes to the exhaustion of the insulin
secretion mechanisms. Serum NLRP3 and [L-1 levels
are significantly higher in patients with HFpEF thanin
patients with HFrEF and are closely related to diastolic
dysfunction.* In the 2-hit HFpEF model, the inhibi-
tion of NLRP3 inflammasome with a specific small-
molecule inhibitor (MCC950) reduced myocardial
hypertrophy and fibrosis, improved LV diastolic function,
exercise intolerance, and glucose intolerance.** More-
over, inhibition of NLRP3 inflammasome in mice ame-
liorates cardiac function and blood pressure, improves
lipid metabolism abnormalities, and inhibits pyroptosis
in cardiomyocytes.*®

The heterogeneity of immunometabolic response in
HFpEF may explain the variable presence of myocar-
dial fibrosis and hypertrophy. Individuals with advanced
metabolic dysfunction and visceral adiposity may have
stronger, systemic, and sustained inflammatory burden,
and in turn, stronger immunometabolic activation. In
these patients, highly glycolytic activated immune cells
release TGF-f and IL-6 that activate fibroblasts and
hypertrophic pathways. Conversely, in patients with mod-
erate metabolic dysfunction, immune activation may be
localized in the microvasculature, impairing endothelial
NO signaling with microvascular dysfunction and, in turn,
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diastolic dysfunction, but without engaging fibroblast or
cardiomyocyte remodeling pathways. This may explain
why some patients do not display cardiac hypertrophy
or fibrosis. Thus, the differences in immune-metabolic
activation profiles, influenced by comorbidities and adi-
pose—immune—cardiac interactions, may underlie the
phenotypic diversity in HFpEFR

DISRUPTED LIPID METABOLISM IN
HFPEF

The heart primarily uses FAs derived from circulat-
ing lipoproteins (chylomicrons, VLDL [very-low-density
lipoprotein], and albumin-bound FAs for energy.*® LpL
(lipoprotein lipase) catalyzes hydrolysis of triglyceride-
rich lipoproteins at the EC surface, while the scavenger
receptor CD36 mediates the transport across the EC
barrier. Genetic deletion of CD36 or LpL or overexpres-
sion of the LpL inhibitor Angptl4 (angiopoietin-like 4)
leads to defective lipid uptake and cardiac dysfunction.”
In HFpEF, adiposity is linked to worsening cardiac func-
tion, with excessive influx of FAs leading to the accu-
mulation of lipotoxic species mt’Fp fygcardium, such as
diacylglycerols, triacylglycerols, and ceramides.*® Lipid
intermediates upregulate NADPH oxidase via activation
of protein kinase C, resulting in an increase in reactive
oxygen species content.*®

Lipotoxicity directly affects cardiac metabolism,
resulting. in loss-of metabolic flexibility followed by car-
diac ATP depletion, functional impairment, and diastolic
dysfunction.*® Moreover, it impairs cellular homeostasis
and disrupts tissue function through multiple mechanistic
models, including alterations of immune responses such
as macrophage polarization to a proinflammatory pheno-
type or immune cell epigenetic repogramming.“®

Cardiac lipotoxicity is more relevant when specific
lipid classes accumulate in the heart. Although oleic acid
is not deleterious,* palmitic acid is more cytotoxic via
(1) impairing mitochondrial function, disrupting energy
production, and increasing reactive oxygen species gen-
eration, and (2) promoting myocardial inflammation via
direct binding to the TLR4 accessory protein MDZ2, (3)
inducing a direct cellular damage leading to impaired
contractility.20-52

The disruption of the Xbp1s-FoxO1 (forkhead box
01) signaling axis is recognized as a crucial regulator of
lipid metabolism and cardiac function in HFpEF. Indeed,
nitrosative stress from systemic inflammation suppresses
the Xbp1s (spliced form of the X-box-binding protein-1)
arm of the unfolded protein response, contributing to the
development of myocardial steatosis in HFpEF.*® Down-
stream effect of inhibition of the Xbp1s branch results in
STUB1 suppression, and FoxO1 stabilization and hyper-
activation in cardiomyocytes, which promotes cardiomyo-
cyte steatosis and related adverse outcomes.®® FoxO1
hyperactivation further promotes the transcriptional
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expression of proinflammatory molecules, including
TLR1 (toll-like receptor 1), TLR4, IL-1, and TNF-q,
which in turn trigger an immune system response.®*

Likewise, the accumulation of free cholesterol pro-
motes cell lipotoxicity. Although the LDLR (low-density
lipoprotein receptor) is expressed at very low levels in the
heart, and therefore it is unlikely that HF could develop
as a consequence of increased LDL (low-density lipo-
protein) cholesterol accumulation, other receptors, such
as CD36 or the VLDLR (VLDL receptor), can mediate
remnant lipoproteins internalization in the heart®® VLDLR
was shown to be upregulated under ischemic conditions
and to contribute to heart lipoprotein uptake and car-
diac lipotoxicity.®® Similarly, increased cardiac expression
of CD36, as a consequence of PCSK9 deficiency, was
associated with increased heart cholesterol content.5®
Interestingly, PCSK9-deficient mice on chow diet and
subjects with a loss-of-function mutation of PCSK9
develop HFpEF, whereas lower plasma LDL choles-
terol levels may increase adiposity and epicardial fat
deposition.5657

Cholesterol not only acts as a structural molecule but
also affects cardiometabolic inflammation, by modulating
lysosomal function, NLRP3 sensing, and mitochondrial
dynamics, among others.®®% Moreover, apoE deficiency,
promotes increased CD4+T effector memory cell activa-
tion that might contribute to increased inflammation and
the HFpEF-like phenotype 0!

These findings highlight the crosstalk between
immunity, metabolism, and the heart. Indeed, lipid accu-
mulation in visceral adipose tissue and particularly in
epicardial adipose tissue is strongly associated with
the risk of HFpEF.®? Expanded visceral adipose tissue
acts systemically, while the epicardial adipose tissue
secretome, composed of leptin, TNF-a, [L-13 and IL-6,
and resistin, is readily transmitted to the underlying
myocardium, perpetuating and sustaining a chronic
inflammatory response with immune activation.®® Accu-
mulation of epicardial adipose tissue is associated with
the hallmark features of HFpEF, such as myocardial
fibrosis, ventricular hypertrophy, and increased cardiac
filling pressures.®

Interestingly, in T2DM, impaired insulin signaling
increases circulating free FA as a result of increased
lipolysis. This contributes to increased myocardial FA
utilization, while cardiac glucose uptake and oxidation
are reduced in T2DM despite hyperglycemia; however,
it remains debated whether these changes are adaptive
or maladaptive.® In hyperglycemic mice with inducible
cardiomyocyte-specific expression of GLUT4, enhanced
myocardial glucose in nondiabetic mice decreased
mitochondrial ATP generation and was associated with
echocardiographic evidence of diastolic dysfunction.
These findings suggest that reduced glucose utiliza-
tion in diabetic cardiomyopathy might protect against
glucotoxicity.%®
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THERAPEUTIC STRATEGIES TARGETING
CARDIOMETABOLIC RISK IN HFPEF

Throughout the last decade, randomized clinical trials
expanded guideline-directed medical therapies for the
management of HFpEFR providing new evidence with
important prognostic implications. In addition to the
various beneficial immunomodulatory effects of life-
style interventions in HFpEF management,® emerging
evidence indicates that contemporary evidence-based
HFpEF therapeutics also influence immunometabolic
pathways and exert anti-inflammatory effects, beyond
their established benefits on hemodynamics and cardiac
energy metabolism (Figure 2).

SODIUM-GLUCOSE COTRANSPORTER 2
INHIBITORS

Although initially developed as antihyperglycemic
agents, SGLT2 (sodium-glucose cotransporter 2) inhib-
itors have become a cornerstone of guideline-directed
management of HFpEF. Be5|de§ their beneﬂts on met-
tially reduced cardlovascular mortallty and HF events,
and improved health-related quality of life (HRQL) in
patients with symptomatic HF and LV ejection fraction
>40%.°" Although exact underlying mechanisms beyond
their effects on diuresis and natriuresis remain to be fur-
ther elucidated, treatment benefits with SGLT2 inhibi-
tors are thought to exertimprovements in LV remodeling
and function by attenuating cardiac energy metabolism,
mitigating meta-inflammation, and limiting cardiac fibro-
sis:In the validation cohort of the EMPEROR-Preserved
trial, large-scale proteomic. analyses affirmed SGLT2
inhibitors to promote autophagy, restore mitochondrial
health and ATP production, promote iron mobilization
and erythropoiesis, influence renal tubular ion reab-
sorption, and normalize cardiac and renal structure.®
Key mediators of these benefits with SGLT2 inhibitors
may include the upregulation of nutrient deprivation
signaling, downregulation of nutrient surplus signaling,
an increased expression and activity of AMPK (AMP-
activated protein kinase), SIRT1, SIRT3, SIRT6, and
PGC1-a (peroxisome proliferator—activated receptor
v coactivator 1-a) and decreased activation of mTOR
(mammalian target of rapamycin) in diverse tissues,
with direct molecular effects on ECs, adipose tissue,
and immune cells, limiting downstream proinflamma-
tory and profibrotic pathways.®® As such, meta-analyses
of randomized clinical trials indicate SGLT2 inhibitors
reduce epicardial adipose tissue and beneficially modu-
late adipokine signaling, with increased adiponectin
release and reduced secretion of leptin, resulting in
attenuated neurohormonal activation, sodium reten-
tion, microvascular rarefaction, cardiac fibrosis, and
inflammation.”"" In preclinical models, SGLT2 inhibitors
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Figure 2. Pharmacological and nonpharmacological strategies targeting cardiometabolic risk in heart failure with preserved

ejection fraction (HFpEF).

EC indicates endothelial cell; HF, heart failure; HRQL, health-related quality of life; LV, left ventricular; and SGLT2, sodium-glucose

cotransporter 2.

decreased plasma levels of systemic inflammation, such
as CRP (C-reactive protein), TNF-a, and IL-6, with key
anti-inflammatory properties involving the modulation of
macrophage-mediated inflammation.™ Likewise, SGLT2
inhibitors were shown to attenuate NLRP3 inflamma-
some activation in macrophages, which may be in part
mediated by the increase of ketone metabolites and
decreased uric acid levels, leading to decreased mac-
rophage infiltration and cytokine release.”™ Moreover,
SGLT2 inhibitors may inhibit macrophage-mediated dif-
ferentiation of monocytes to macrophages, promoting
the polarization of macrophages from a proinflammatory
M1 phenotype to an anti-inflammatory M2 phenotype.®!
In vitro models of CD80+ macrophages suggest that
the SGLT2 inhibitors empagliflozin and gemigliptin may
further reduce inflammation through downregulation of
the IKK/NF-xB (nuclear factor-kB), MKK7/JNK, and
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JAK2/STAT1 pathway.™ Consistent with the evidence
from contemporary HFpEF trials, data from the EMPA-
REG OUTCOME trial suggest direct effects on human
cardiac myofibroblasts through reductions in myofibro-
blast activity and modulation of collagen remodeling.”
Ex vivo single-cell sequencing data of human cardiac
tissue from patients with HF further demonstrated that
SGLT2 inhibitor treatment is associated with specific
antifibrotic gene expression patterns in fibroblasts.”™
Mouse models of HFpEF similarly indicate that SGLT2
inhibitors may also attenuate hypertrophy, fibrosis,
and autophagy by favorably modulating the crosstalk
between macrophages and cardiomyocytes through
anti-inflammatory effects resulting from limited inflam-
matory gene expression in resident cardiac macro-
phages.®" Similarly, SGLT2 inhibitors have been shown
to directly affect vascular cells by favorably regulating
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the proliferation, migration, differentiation, survival,
and senescence of ECs, increasing the bioavailability
of endothelium-derived NO, together with antioxidant
and anti-inflammatory effects mediated by decreasing
the endothelial expression of adhesion molecules, pro-
inflammatory cytokines, and chemokines, and elevated
adiponectin expression.”

INCRETIN-BASED OBESITY
MANAGEMENT THERAPEUTICS

Over the past decade, incretin-based obesity manage-
ment therapeutics have emerged as a key therapeutic
strategy for managing T2DM, and obesity. Alongside the
considerable weight loss observed with GLP-1 (glucagon-
like peptide-1) and combined GLP-1/GIP (glucose-
dependent insulinotropic polypeptide) receptor agonists,
recent randomized trials further demonstrated substantial
improvements in clinical outcomes and HRQL in patients
with obesity-related HFpEFE™™ Notably, reductions in
markers of systemic inflammation observed with both
GLP-1 and combined GLP-1/GIP receptor agonism in
the SELECT, STEP-HFpEF program, and SUMMIT tri-
als, supported by experimental and clinical evidence of
an attenuated immune response with .incretin-based
obesity management drugs, suggest additional metabolic
benefits beyond weight reduction. As such, key anti-
inflammatory effects of incretin-based obesity manage-
ment drugs are reflected by reductions-in CRP, TNF-a,
IL-6, MCP-1 (monocyte chemoattractant protein-1),
and MMP-9 (matrix metalloproteinase-9) levels; with
underlying immunomodulatory-mechanisms.2°..Underly-
ing immunomodulatory mechanisms of incretin-based
drugs include suppressed macrophage secretion of
inflammatory cytokines, inhibitory effects on local and
systemic T-cell-driven inflammation, attenuation of TLR
(toll-like receptor) agonist-induced inflammatory activity,
and reduction of proinflammatory signaling in adipose
tissue and subsets of central nervous system neurons.®°
Preclinical data further suggest improvements in car-
diac fibrosis, EC function, and microvascular function as
potential mechanisms explaining the therapeutic benefits
of incretin-based obesity management drugs.®'#? Tran-
scriptomic and proteomic analyses of HFpEF mouse
models further indicate that GLP-1 receptor agonism
may improve LV cytoskeleton function, oxidative stress,
and restore protective immune responses in visceral adi-
pose tissue.® Although reductions in adverse cardiovas-
cular events are thought to be predominantly driven by
direct tissue effects, weight loss may largely account for
improvements in osteoarthritis, obstructive sleep apnea,
and metabolic dysfunction-associated steatohepatitis.®*
Consistent with the proposed prognostically relevant role
of direct tissue effects, observational data of patients with
HFpEF with T2DM from the TriNetX research network
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recently suggested that the benefits of incretin-based
obesity management drugs on clinical outcomes and sur-
rogates of metabolic dysregulation may extend even to
patients without obesity.® Despite the meaningful clinical
benefits, ongoing and future studies need to elaborate on
a more comprehensive mechanistic understanding of the
benefits of incretin-based therapeutics in HFpEF

BARIATRIC SURGERY

The long-term follow-up after bariatric surgery, spanning
over 30 years, has documented multiple cardiometabolic
benefits such as T2DM remission, maintenance of gly-
cemic control, decrease of microvascular and macro-
vascular diabetic complications, as well as overall and
cardiovascular mortality.2® Bariatric surgery in HFpEF is
associated with improved symptoms and lower hospital-
ization costs compared with patients with obesity with
HFpEF without bariatric surgery®” At the cardiac level,
decreases in LV mass and relative wall thickness, along
with improvements in myocardial stiffness, diastolic
function, and left atrial filling pressure as determined by
echocardiography have been & bitEd;.however, these
studies are scarce, often included few patients with both
HFpEF and HFrEF, who were followed up for short time
periods:#8 Mechanistic insights are lacking to elucidate
whether body weight loss or the systemic increase in
circulating GLP-1 concentrations after bariatric surgery
play a primaryrole, or whether the observed benefits may
be-mediated by-additional mechanisms involving other
gut hormones or mediators of the entero-cardiac axis.

IMPACT OF LIPID;LOWERING THERAPIES
ON HFPEF

The use of lipid-lowering therapies in patients with HF
is controversial. While in patients without HF, statins as
well as their combination with other lipid-lowering thera-
pies reduce atherosclerotic cardiovascular disease risk,
including HF-related events, no additional benefit was
seen in statin-treated patients with HF (CORONA and
GISSI-HF).89%0 Yet, systemic reviews and meta-analyses
suggest a reduction in all-cause mortality in patients with
HFpEF on statin therapy.®' Data on the impact of other
lipid-lowering therapies on HFpEF are lacking, suggest-
ing the need to further investigate whether lipid-lowering
therapies could have a benefit or are neutral in the con-
text of HFpEFR.

TARGETED ANTI-INFLAMMATORY
THERAPEUTICS

Although inflammation may play a central role in the
pathophysiology of HFpEF, contemporary evidence from
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randomized clinical trials on the effect of anti-inflammatory
interventions in HFpEF remains sparse. In the DHART
trial of 12 patients with HFpEF with CRP >2 mg/L, IL-1
blockade with the recombinant human receptor antago-
nist anakinra for 14 days reduced systemic inflamma-
tory response and improved aerobic exercise capacity,
whereas in the DHART2 trial of 31 patients with HFpEF
with CRP >2 mg/L, treatment with anakinra for 12
weeks did nOt improve cardiorespiratory fitness despite
greater reductions in CRP levels and NT-proBNP2%
However, given the small sample sizes and the differ-
ences in the enrolled populations, the role of anakinra for
the treatment of HFpEF remains unclear. A prespecified
exploratory analysis of the CANTOS trial suggested that
interleukin-1p inhibition with canakinumab is related to a
dose-dependent reduction in HF hospitalizations and the
composite of HF hospitalizations or HF-related mortality
in patients with prior myocardial infarction and elevated
high-sensitivity CRP* Given the exploratory, hypothesis-
generating nature and the inability to differentiate the
effects of canakinumab on HF with reduced compared
with preserved LV function due to unavailable data on
LV ejection fraction at randomization or at the time of
HF hospitalization in the CANTOS trial, the role for IL-
1B inhibition in HFpEF needs to be further evaluated. In
the phase 2a SATELLITE trial of 41 patients with symp-
tomatic HF with LV ejection fraction >40%, the myelo-
peroxidase inhibitor AZD4831 (mitiperstat) showed a
favorable safety profile and target inhibition, witha trend
toward improved HRQL.*® Further trials need to con-
firm whether AZD4831 may decrease symptoms and
improve functional capacity and HRQL in patients with
HFpEF. Although the efficacy of methotrexate in HFpEFR
remains to be evaluated by a randomized clinical trial; a
retrospective cohort study of patients with rheumatoid
arthritis performed at the Vanderbilt University Medical
Center reported a lower risk of incident HFpEF with
methotrexate, compared with matched controls.?®

FUTURE DIRECTIONS

Despite recent therapeutic progress with SGLT2 inhibi-
tors and incretin-based drugs, patients with HFpEF
remain at increased risk. Whereas current evidence-
based therapeutics together with optimal comorbid-
ity management may reduce disease progression, key
features of cardiac remodeling and immunometabolic
dysregulation as part of the HFpEF syndrome may
not be entirely reversible. Considerable sex dispari-
ties persist due to potential sex-specific differential
responses to HF therapeutics, gaps in sex representa-
tion between HF-, cardiovascular-, and obesity outcome
trials, and insufficient knowledge about sex-specific
immunometabolism mechanisms from preclinical stud-
ies, collectively underscoring the need to better address
sex differences in future studies.®” Given the elevated

Circ Heart Fail. 2026;19:e012674. DOI: 10.1161/CIRCHEARTFAILURE.125.012674

Immunometabolic Mechanisms in HFpEF

burden and prognostic impact of cardiometabolic impair-
ments and their systemic implications, the development
of targeted approaches addressing hallmarks of cardio-
metabolic impairments, including inflammation, immune
dysregulation, adverse cardiac remodeling, and cardiac
fibrosis may hold promise. Studies evaluating systemic
anti-inflammatory agents in HFpEF comprise the COL-
pEF trial (URL: https://www.clinicaltrials.gov; Unique
identifier: NCT04857931) of colchicine and the ongo-
ing HERMES trial (URL: https://www.clinicaltrials.gov;
Unique identifier: NCTO5636176) currently investigat-
ing a novel monoclonal antibody targeting IL-6. Mitigating
inflammation, oxidative stress, and microvascular dys-
function through myeloperoxidase inhibition is currently
evaluated in a phase 2a trial of patients with HFpEF
(URL: https://www.clinicaltrials.gov; Unique identifier:
NCT0375628b). Moreover, adrecizumab, a monoclonal,
non-neutralizing antibody stabilizing adrenomedullin to
improve endothelial dysfunction is currently assessed
in a phase 2a trial of patients hospitalized for HF
(URL: https://www.clinicaltrials.gov; Unique identifier:
NCT04252937). The ongoinggphase 2a REGRESS-
HFpEF trial (URL: https://wwwidlingéttrials.gov; Unique
identifier: NCT02941705) evaluates the effect of intra-
coronary administration of cardiosphere-derived cells
on.proinflammatory and profibrotic signaling, functional
status, exercise haemodynamics, and myocardial fibro-
sis in patients with HFpEF. Additional experimental
strategies to. mitigate cardiometabolic inflammation
may include genetic or antibody-based CCR2 modu-
lation approaches.’® Last, targeting cardiac fibrosis by
altering TGF- signaling may reverse cardiac remodel-
ing sustained by maladaptive fibroblast activation, with
promising early phase clinical trial data from emerging
epigenetic regulators such as small molecule agents
(URL: https://www.clinicaltrials.gov; Unique identifier:
NCT02932566) and microRNA-based therapeutics
(URL: https://www.clinicaltrials.gov; Unique identifier:
NCT04045405).9910

CONCLUSIONS

Cardiometabolic comorbidities are central features
in the pathophysiology of HFpEF, driving its devel-
opment and disease progression, characterized by
persistent chronic immuno-inflammatory state and
immune system dysregulation. The chronic systemic
proinflammatory state impairs vasodilation and causes
endothelial coronary microvascular dysfunction. Cel-
lular and systemic metabolic derangements create a
bidirectional crosstalk between systemic and cardiac
tissue metabolism, sustaining a vicious cycle of car-
diac chronic inflammatory response, with the NLRP3
inflammasome playing a pivotal role as a critical sensor
of metabolic stress. The activation of both the innate
and adaptive immune cells in cardiac tissue promotes
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inflammation and fibrosis, impairing cardiac relaxation
and compliance. Contemporary HFpEF trials demon-
strated that targeting cardiometabolic risk with SGLT2
inhibitors and incretin-based obesity management
drugs improves clinical outcomes, HRQL, and markers
of meta-inflammation. Further efforts aiming to dis-
tinguish the different subtypes of infiltrating immune
cells, as well as their functions and implied pathways,
must be done to consider new potential immunomodu-
latory therapeutic strategies.
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