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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 with substantial morbidity 
and mortality. Although the prevalence of HFpEF increases with age, a substantial proportion of the HFpEF subjects 
present with cardiometabolic alterations, marking a specific phenogroup of HFpEF. Obesity, diabetes, and hypertension 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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Heart failure (HF) with preserved ejection fraction 
(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.1 The prevalence of HFpEF 
rises with age, and HFpEF is slightly more common in 
women.2 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.1 These systemic perturbations lead to a chronic 

low-grade systemic inflammatory state accompanied by 
subsequent systemic immune response and dysregula-
tion.3 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.3 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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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 CCL8, leading to proinflammatory macrophage 
recruitment.4 Moreover, expanded adipocytes undergo 
hypoxia, promoting oxidative stress, membrane and 
endoplasmic reticulum stress pathways, and ultimately, 
adipocyte death.4 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)-α, IL 
(interleukin)-1β, and IL-6, further promoting proinflam-
matory signaling and the polarization of other macro-
phages into an M1-like state.5 Indeed, individuals with 
obesity show an up to 40% increased number of ATMs, 
characterized by a proinflammatory M1-like polarization 
state,6 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.7

Adipose tissue in obesity is further character-
ized by an increased number of (CD-cluster of dif-
ferentiation) 3+CD4+T helper (Th1) cells producing 
IFN (interferon)-γ,8 and abundant CD3+CD8+T cells 
promoting monocyte chemotaxis and monocyte dif-
ferentiation into ATMs.9 In addition, the number of 
CD3+CD4+FOXP3+ T regulatory (T reg) cells decreases 
in obese fat, enhancing proinflammatory activity.10 
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.11 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.12

Obesity is strongly associated with type 2 diabetes 
(T2DM). Fat accumulation in the liver often occurs before 

Nonstandard Abbreviations and Acronyms

AMPK	 AMP-activated protein kinase
Angptl4	 angiopoietin-like 4
ATM	 adipose tissue macrophage
CCL	 CC-chemokine-ligand
CCR2	 CC chemokine receptor 2
CRP	 C-reactive protein
DNase	 deoxyribonuclease
EC	 endothelial cell
ECM	 extracellular matrix
eNOS	 endothelial NO synthase
FAP	 fibroblast activation protein
FoxO1	 forkhead box O1
FOXP	 forkhead box P
GIP	� glucose-dependent insulinotropic 

polypeptide
GLP-1	 glucagon-like peptide-1
HF	 heart failure
HFPEF	� heart failure with preserved ejection 

fraction
HIF1α	 hypoxia-inducible factor 1α
HRQL	 health-related quality of life
ICAM-1	 intercellular adhesion molecule-1
IFN	 interferon
IL	 interleukin
iNOS	 inducible nitric oxide synthase
IRE1α	 inositol-requiring enzyme 1 a
LDL	 low-density lipoprotein
LDLR	 low-density lipoprotein receptor
LIFR	 leukemia inhibitory factor receptor
LpL	 lipoprotein lipase
MCP-1	 monocyte chemoattractant protein-1
MMP-9	 matrix metalloproteinase-9
mTOR	 mammalian target of rapamycin
MYD88	� myeloid differentiation primary 

response 88
NET	 neutrophil extracellular trap
NF-κB	 nuclear factor-κB
NLRP	� 3NOD-, LRR- and pyrin domain-

containing protein 3
NT-proBNP	� N-terminal pro-B-type natriuretic 

peptide
PGC1-α	� peroxisome proliferator–activated 

receptor γ coactivator 1-α
SAA	 serum amyloid A
SGLT2	 sodium-glucose cotransporter 2
SIRT	 sirtuin
T reg	 T regulatory
T2DM	 type 2 diabetes
TGF	 transforming growth factor

Th1	 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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the onset of T2DM and contributes to the reduction of 
hepatic insulin sensitivity, leading to fasting hyperglyce-
mia, whereas pancreatic fat accumulation further deter-
mines beta-cell dysfunction. In adipose tissue, TNF-α 
and IL-6 released by M1-like ATMs surrounding dead 
adipocytes promote systemic insulin resistance. TNF-α 
downregulates the expression of glucose transporters, 
such as GLUT4, inhibiting glucose uptake by adipo-
cytes and skeletal muscle,13 and reduces insulin signal-
ing by stimulating inhibitory serine phosphorylation of 
insulin receptor tyrosine kinase proteins.14 Conversely, 
IL-6 inhibits insulin signaling by inducing serine phos-
phorylation of insulin receptor substrate proteins.15 Sub-
sequent chronic hyperglycemia triggers inflammatory 
response through increased oxidative stress, that further 
compromises insulin signaling.12 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, IL-18, IFN-γ, and TNF-α seem 
to be critical in immune dysregulation associated with 
hypertension.16 Chronic activation of the sympathetic 
nervous system and the renin–angiotensin–aldosterone 
system, as well as redox signaling imbalance, act as pro-
hypertensive factors, leading to the release of upstream 
inflammatory mediators. Local inflammation, mechani-
cal and oxidative damage to cells and tissues, lead to 
the formation of damage-associated molecular patterns 
and neoantigens.16 Antigen-presenting cells, includ-
ing dendritic cells, macrophages, and B cells, present 
hypertension-specific neoantigens to T cells in lymphoid 
organs, promoting the activation and infiltration of T and 
B cells into target organs, such as the heart, vessels, and 
kidneys.16 Chronic activation and infiltration of T cells 
into target organs lead to activated effector and memory 
cell recruitment, promoting the development of cytotoxic 
senescent immune cells and organ dysfunction. Down-
stream effector cytokines as IL-1β, IL-6, TNF-α, IL-17A, 
and TGF (transforming growth factor) β mediate blood 
pressure increases, inhibit NO production, and promote 
oxidative stress, inflammation, fibrosis, and end-organ 
damage in the heart (ventricular remodeling, hypertro-
phy), vasculature (endothelial dysfunction, vasoconstric-
tion, vascular remodeling), and kidneys (affected sodium 
transport).16

Obesity, diabetes, and hypertension are frequently 
accompanied by chronic kidney disease in HFpEF, pro-
moted by vascular injury, metabolic dysregulation, and 
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 TNFα, 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.17

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 study employing hepatocyte-
specific secretome profiling strategy in 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- 1.18 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.19 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.3

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 
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the protection against pathological stimuli and common 
comorbidities of HFpEF, including obesity, diabetes, and 
hypertension.3 Cardiac tissue–resident macrophages 
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.20 
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 differentiation 

primary response 88)-dependent pathway, modulat-
ing the expression of chemoattractant chemokines and 
monocyte specification. Moreover, these macrophages 
are critical in tissue inflammation and adverse left ven-
tricular (LV) remodeling. Additionally, aging, a key risk 
factor for HFpEF, is associated with the replacement 
of CCR2- embryonic-derived tissue-resident macro-
phages with CCR2+ monocyte-derived populations.21 
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.22 
Conversely, tissue-resident CCR2− macrophages inhibit 

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; FA, fatty acid; FFA, free fatty acid; LDL, low-density lipoprotein; 
RAAS, Renin-Angiotensin-Aldosterone System; SNS, sympathetic nervous system; VAT, visceral adipose tissue; and VLDL, very low-density 
lipoprotein.
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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 
the activation of an adaptive T-cell–mediated immune 
response.23 Increased circulating levels of Th17 cells 
are reported, as well as expanded T reg cells expressing 
CCR6, a known suppressor of regulatory T-cell activity.24 
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.23 In addition, a study on the 2-hit 
HFpEF mouse model (Nω-nitro-L-arginine methyl ester 
in conjunction with high-fat diet) revealed an associa-
tion between diastolic dysfunction, cardiac hypertrophy, 
and infiltrating T cells with a novel molecular signature. 
In fact, these cells display impaired IRE1α (inositol-
requiring enzyme 1 a)-Xbp1s signaling promoting T-cell 
cardiotropism independent of cardiac antigen recogni-
tion.25 Impaired IRE1α activation and reduced Xbp1s 
expression shift infiltrating T cells toward a more inflam-
matory phenotype with elevated expression of IFN-γ and 
IL-4, contributing to adverse cardiac remodeling.25

A model of immune dysregulation comprising genetic 
and acquired risk factors was proposed in the patho-
genesis of HFpEF.26 Genetic inactivating mutations in 
hematopoietic stem cells of genes, such as DNMT3A, 
TET2, ASXL1, and JAK2, 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.26 
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.24 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.26 
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 H3.27 Clinically, peak NET marker levels are par-
ticularly pronounced during episodes of decompensated 
HFpEF.28 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.27 Pharmacological disruption of NET formation, via 
DNase (deoxyribonuclease) 1 or empagliflozin, attenu-
ated NETosis, reduced myocardial inflammation and 
fibrosis, and ameliorated diastolic performance.27

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 abnormalities 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 
HFpEF.29

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-53–
induced senescence.30 Vasoconstriction becomes pre-
dominant due to increased resting endothelin-1-mediated 
vasoconstriction and smooth muscle cell contractile acti-
vation.31 Endothelial proinflammatory and dysfunctional 
maladaptation (including high NADPH oxidase 2 expres-
sion and eNOS uncoupling) are documented in animal 
models (eg, ZSF1 [Zucker fatty and spontaneously 
hypertensive]-HFpEF rats) and human HFpEF speci-
mens, influencing via paracrine signals adjacent car-
diomyocytes (ie, leading to reduced myocardial nitrite/
nitrate concentration, cyclic guanosine monophosphate 
content, and protein kinase G activity) and the extra-
cellular matrix, predisposing fibroblasts to activation 
patterns promoting hypertrophy, fibrosis and high dia-
stolic stiffness.32 For instance, cardiomyocytes became 
more susceptible to pressure overload-induced HF in a 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 1, 2026



376Circ Heart Fail. 2026;19:e012674. DOI: 10.1161/CIRCHEARTFAILURE.125.012674� March 2026

Peikert et al Immunometabolic Mechanisms in HFpEF

transverse aortic constriction model as a consequence of 
endothelial alterations of energetic metabolism (ie, dis-
rupted glucose transport from ECs to cardiomyocytes), 
due to impaired endothelial SIRT (sirtuin) 3/apelin sig-
naling.33 In patients with diabetes with HFpEF, SIRT6 
activation, via PPARγ reduction, inhibited endothelial FA 
uptake, resulting in lower fatty acid translocation across 
ECs. Furthermore, a blunted endothelial SIRT6 expres-
sion was associated with decreased cardiac lipid accu-
mulation, which is a hallmark of HFpEF progression in 
T2DM.34

In turn, ECs are profoundly influenced by signaling mol-
ecules characterizing the HFpEF milieu. Angiopoietin-like 
4 secreted by cardiac fibroblasts exerts antiangiogenic 
functions leading to microvascular and capillary rarefac-
tion, as recently described at single-cell resolution in the 
2-hit HFpEF mouse model.35 Angiopoietin-like 4, which 
is barely expressed in control fibroblasts, becomes highly 
induced in HFpEF, possibly constituting an important 
stress indicator in fibroblasts in HFpEF.

Single-cell transcriptomics is enabling a deeper 
characterization of fibroblast activation patterns in 
HFpEF. Specific fibroblast signatures include markers 
of metabolic stress, basement membrane genes, and 
activation of proinflammatory pathways, which are dis-
tinct from those seen in a murine model of HF with 
reduced ejection fraction (HFrEF; eg, induced by Ang 
II administration) or adverse remodeling seen after 
myocardial infarction. Interestingly, the latest evidence 
in HFpEF points to the differentiation of cardiac fibro-
blasts toward matrifibrocytes, which are a specialized 
type of cardiac fibroblast, characterized by the expres-
sion of Cartilage Intermediate Layer Protein, an ECM 
(extracellular matrix) protein. Matrifibrocytes emerge 
during chronic stress conditions and contribute to car-
diac fibrosis with characteristic collagen I deposition. 
Matrifibrocytes have been recently observed as a pre-
dominant feature in HFpEF, whereas little expression 
of FAP (fibroblast activation protein), which is a marker 
for myofibroblast activation in cardiac fibrosis, has been 
reported. Conversely, high expression of FAP, suggest-
ing a predominant myofibroblast activation, has been 
described in the HFrEF model achieved with angioten-
sin II administration or after myocardial infarction.36 The 
localization of these different fibroblast clusters within 
the heart and to which extent these fibroblast pheno-
types 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),37 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.38 In volume over-
load–dependent on high salt-induced renal dysfunction 
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.39 Recently, alterations of lymphatic ECs (ie, 
lower density and impaired lymphangiogenic capacity) 
and structural abnormalities of cardiac lymphatic ves-
sels, such as a reduction in lymphatic volume, discon-
tinuous and fragmented vessels, and impaired lymphatic 
drainage of interstitial fluid and inflammatory cells, have 
been described in the 2-hit mouse model of HFpEF.40 
Similar defects of the cardiac lymphatic were confirmed 
in myocardial biopsies from patient with HFpEF. Mecha-
nistically, the pathological inhibition of lymphangiogenic 
responses in lymphatic ECs was linked to the defec-
tive catabolism of branched-chain amino acids (valine, 
leucine, and isoleucine degradation) and altered glu-
cose metabolism. These lymphatic abnormalities were 
detected in mice before the onset of diastolic dysfunc-
tion and decreased exercise capacity, suggesting a 
pathogenic role deserving further investigation. Inter-
estingly, the specific reactivation of lymphangiogenesis 
achieved via VEGF (vascular endothelial growth factor)-
mediated VEGF receptor 3 selective activation restored 
the cardiac lymphatic function and structure in HFpEF, 
significantly ameliorating cardiac hypertrophy, fibrosis, 
edema, and inflammation.39

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 
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immune cell reprogramming under physiological and 
pathological conditions.41

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.3 For instance, immune 
cells stabilize the transcription factor HIF1α (hypoxia-
inducible factor 1α) in response to a decrease in oxygen 
availability. HIF1α induces the transcription of anabolic 
genes for glycolysis and mitochondrial metabolism in T 
cells and macrophages.3 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.3 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-α and 
IL-1β expression.42 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 HFpEF.3

Metabolic disruption leads to the systemic accumula-
tion of endogenous metabolites or danger signals, which 
subsequently activate the NLRP3 (NOD-, LRR- and 
pyrin domain-containing protein 3) receptor and drive 
inflammation.41 NLRP3 is a cytosolic pattern recogni-
tion receptor recognizing damage-associated molecular 
patterns and pathogen-associated molecular patterns to 
initiate the NLRP3 inflammasome. The NLRP3 inflam-
masome acts as a critical sensor of metabolic stress 
and is activated by excess nutrients, lipids, and oxidative 
stress, linking metabolic disturbances to the activation 
of inflammatory responses. Moreover, it promotes a tran-
sient IL-1β release, which facilitates postprandial insulin 
secretion and glucose regulation metabolism.43 However, 
the persistent activation of the NLRP3 inflammasome-
IL-1β pathway during chronic inflammation related to 
metabolic disturbances contributes to the exhaustion 
of the insulin secretion mechanisms. Serum NLRP3 
and IL-1β levels are significantly higher in patients with 
HFpEF than in patients with HFrEF and are closely 
related to diastolic dysfunction.44 In the 2-hit HFpEF 
model, the inhibition of NLRP3 inflammasome with a 
specific small-molecule inhibitor (MCC950) reduced 
myocardial hypertrophy and fibrosis, improved LV dia-
stolic function, exercise intolerance, and glucose intol-
erance.44 Moreover, inhibition of NLRP3 inflammasome 
in mice ameliorates cardiac function and blood pressure, 
improves lipid metabolism abnormalities, and inhibits 
pyroptosis in cardiomyocytes.45

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-β 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, 
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 HFpEF.

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.46 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.47 
In HFpEF, adiposity is linked to worsening cardiac func-
tion, with excessive influx of FAs leading to the accu-
mulation of lipotoxic species in the myocardium, such as 
diacylglycerols, triacylglycerols, and ceramides.46 Lipid 
intermediates upregulate NADPH oxidase via activation 
of protein kinase C, resulting in an increase in reactive 
oxygen species content.48

Lipotoxicity directly affects cardiac metabolism, 
resulting in loss of metabolic flexibility followed by car-
diac ATP depletion, functional impairment, and diastolic 
dysfunction.46 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 reprogramming.46

Cardiac lipotoxicity is more relevant when specific 
lipid classes accumulate in the heart. Although oleic acid 
is not deleterious,49 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 MD2, (3) 
inducing a direct cellular damage leading to impaired 
contractility.50–52

The disruption of the Xbp1s-FoxO1 (forkhead box 
O1) 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) 
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arm of the unfolded protein response, contributing to 
the development of myocardial steatosis in HFpEF.53 
Downstream effect of inhibition of the Xbp1s branch 
results in STUB1 suppression, and FoxO1 stabilization 
and hyperactivation in cardiomyocytes, which promotes 
cardiomyocyte steatosis and related adverse outcomes.53 
FoxO1 hyperactivation further promotes the transcrip-
tional expression of proinflammatory molecules, includ-
ing TLR1 (toll-like receptor 1), TLR4, IL-1β, and TNF-α, 
which in turn trigger an immune system response.54

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.55 VLDLR 
was shown to be upregulated under ischemic conditions 
and to contribute to heart lipoprotein uptake and car-
diac lipotoxicity.55 Similarly, increased cardiac expression 
of CD36, as a consequence of PCSK9 deficiency, was 
associated with increased heart cholesterol content.56 
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.56,57

Cholesterol not only acts as a structural molecule but 
also affects cardiometabolic inflammation, by modulating 
lysosomal function, NLRP3 sensing, and mitochondrial 
dynamics, among others.58,59 Moreover, apoE deficiency, 
promotes increased CD4+T effector memory cell activa-
tion that might contribute to increased inflammation and 
the HFpEF-like phenotype 60,61

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.62 Expanded visceral adipose tissue acts 
systemically, while the epicardial adipose tissue secre-
tome, composed of leptin, TNF-α, IL-1β and IL-6, and 
resistin, is readily transmitted to the underlying myocar-
dium, perpetuating and sustaining a chronic inflamma-
tory response with immune activation.63 Accumulation 
of epicardial adipose tissue is associated with the hall-
mark features of HFpEF, such as myocardial fibrosis, 
ventricular hypertrophy, and increased cardiac filling 
pressures.63

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.64 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.65

THERAPEUTIC STRATEGIES TARGETING 
CARDIOMETABOLIC RISK IN HFpEF
Throughout the last decade, randomized clinical trials 
expanded guideline-directed medical therapies for the 
management of HFpEF, providing new evidence with 
important prognostic implications. In addition to the 
various beneficial immunomodulatory effects of life-
style interventions in HFpEF management,66 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) inhibitors have 
become a cornerstone of guideline-directed manage-
ment of HFpEF. Besides their benefits on metabolic 
end points, the use of SGLT2 inhibitors substantially 
reduced cardiovascular mortality and HF events, and 
improved health-related quality of life (HRQL) in patients 
with symptomatic HF and LV ejection fraction ≥40%.67 
Although exact underlying mechanisms beyond their 
effects on diuresis and natriuresis remain to be further 
elucidated, treatment benefits with SGLT2 inhibitors are 
thought to exert improvements in LV remodeling and 
function by attenuating cardiac energy metabolism, miti-
gating meta-inflammation, and limiting cardiac fibrosis. In 
the validation cohort of the EMPEROR-Preserved trial, 
large-scale proteomic analyses affirmed SGLT2 inhibi-
tors to promote autophagy, restore mitochondrial health 
and ATP production, promote iron mobilization and eryth-
ropoiesis, influence renal tubular ion reabsorption, and 
normalize cardiac and renal structure.68 Key mediators 
of these benefits with SGLT2 inhibitors may include the 
upregulation of nutrient deprivation signaling, down-
regulation of nutrient surplus signaling, an increased 
expression and activity of AMPK (AMP-activated pro-
tein kinase), SIRT1, SIRT3, SIRT6, and PGC1-α (peroxi-
some proliferator–activated receptor γ coactivator 1-α) 
and decreased activation of mTOR (mammalian target 
of rapamycin) in diverse tissues, with direct molecular 
effects on ECs, adipose tissue, and immune cells, limiting 
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downstream proinflammatory and profibrotic pathways.69 
As such, meta-analyses of randomized clinical trials 
indicate SGLT2 inhibitors reduce epicardial adipose tis-
sue and beneficially modulate adipokine signaling, with 
increased adiponectin release and reduced secretion of 
leptin, resulting in attenuated neurohormonal activation, 
sodium retention, microvascular rarefaction, cardiac fibro-
sis, and inflammation.70,71 In preclinical models, SGLT2 
inhibitors decreased plasma levels of systemic inflamma-
tion, such as CRP (C-reactive protein), TNF-α, and IL-6, 
with key anti-inflammatory properties involving the mod-
ulation of macrophage-mediated inflammation.72 Like-
wise, SGLT2 inhibitors were shown to attenuate NLRP3 
inflammasome activation in macrophages, which may be 
in part mediated by the increase of ketone metabolites 
and decreased uric acid levels, leading to decreased 
macrophage infiltration and cytokine release.73 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.61 
In vitro models of CD80+ macrophages suggest that 
the SGLT2 inhibitors empagliflozin and gemigliptin may 
further reduce inflammation through downregulation of 
the IKK/NF-κB (nuclear factor-κB), MKK7/JNK, and 
JAK2/STAT1 pathway.74 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.75 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.76 Mouse models 

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.
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of HFpEF similarly indicate that SGLT2 inhibitors may 
also attenuate hypertrophy, fibrosis, and autophagy by 
favorably modulating the crosstalk between macro-
phages and cardiomyocytes through anti-inflammatory 
effects resulting from limited inflammatory gene expres-
sion in resident cardiac macrophages.61 Similarly, SGLT2 
inhibitors have been shown to directly affect vascular cells 
by favorably regulating the proliferation, migration, differ-
entiation, 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 mol-
ecules, proinflammatory cytokines, and chemokines, and 
elevated adiponectin expression.77

INCRETIN-BASED OBESITY 
MANAGEMENT THERAPEUTICS
Over the past decade, incretin-based obesity man-
agement therapeutics have emerged as a key thera-
peutic 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) recep-
tor agonists, recent randomized trials further demon-
strated substantial improvements in clinical outcomes 
and HRQL in patients with obesity-related HFpEF.78,79 
Notably, reductions in markers of systemic inflamma-
tion observed with both GLP-1 and combined GLP-1/
GIP receptor agonism in the SELECT, STEP-HFpEF 
program, and SUMMIT trials, 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 management drugs are reflected by reductions 
in CRP, TNF-α, IL-6, MCP-1 (monocyte chemoattractant 
protein-1), and MMP-9 (matrix metalloproteinase-9) lev-
els, with underlying immunomodulatory mechanisms.80 
Underlying 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.80 
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.81,82 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 adipose 
tissue.83 Although reductions in adverse cardiovascular 

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.84 
Consistent with the proposed prognostically relevant role 
of direct tissue effects, observational data of patients with 
HFpEF with T2DM from the TriNetX research network 
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.85 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.86 Bariatric surgery in HFpEF is 
associated with improved symptoms and lower hospital-
ization costs compared with patients with obesity with 
HFpEF without bariatric surgery.87 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 reported; however, these 
studies are scarce, often included few patients with both 
HFpEF and HFrEF, who were followed up for short time 
periods.88 Mechanistic insights are lacking to elucidate 
whether body weight loss and the systemic increase in 
circulating GLP-1 concentrations after bariatric surgery 
play a primary role, 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).89,90 Yet, systemic reviews and meta-analyses 
suggest a reduction in all-cause mortality in patients with 
HFpEF on statin therapy.91 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 HFpEF.
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TARGETED ANTI-INFLAMMATORY 
THERAPEUTICS
Although inflammation may play a central role in the patho-
physiology of HFpEF, contemporary evidence from ran-
domized 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 n0t improve cardiorespiratory fitness despite 
greater reductions in CRP levels and NT-proBNP.92,93 
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 prespeci-
fied exploratory analysis of the CANTOS trial suggested 
that interleukin-1β 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.94 Given the exploratory, 
hypothesis-generating nature and the inability to differ-
entiate 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-1β inhibition in HFpEF needs to be further evalu-
ated. In the phase 2a SATELLITE trial of 41 patients 
with symptomatic HF with LV ejection fraction ≥40%, 
the myeloperoxidase inhibitor AZD4831 (mitiperstat) 
showed a favorable safety profile and target inhibition, 
with a trend toward improved HRQL.95 Further trials need 
to confirm whether AZD4831 may decrease symptoms 
and improve functional capacity and HRQL in patients 
with HFpEF. Although the efficacy of methotrexate in 
HFpEF remains to be evaluated by a randomized clinical 
trial, a retrospective cohort study of patients with rheu-
matoid arthritis performed at the Vanderbilt University 
Medical Center reported a lower risk of incident HFpEF 
with methotrexate, compared with matched controls.96

FUTURE DIRECTIONS
Despite recent therapeutic progress with SGLT2 inhibitors 
and incretin-based drugs, patients with HFpEF remain at 
increased risk. Whereas current evidence-based thera-
peutics together with optimal comorbidity 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 disparities persist due to potential sex-
specific differential responses to HF therapeutics, gaps 
in sex representation between HF-, cardiovascular-, and 

obesity outcome trials, and insufficient knowledge about 
sex-specific immunometabolism mechanisms from pre-
clinical studies, collectively underscoring the need to 
better address sex differences in future studies.97 Given 
the elevated burden and prognostic impact of cardio-
metabolic impairments and their systemic implications, 
the development of targeted approaches addressing 
hallmarks of cardiometabolic impairments, including 
inflammation, immune dysregulation, adverse cardiac 
remodeling, and cardiac fibrosis may hold promise. Stud-
ies evaluating systemic anti-inflammatory agents in 
HFpEF comprise the COLpEF trial (URL: https://www.
clinicaltrials.gov; Unique identifier: NCT04857931) of 
colchicine and the ongoing HERMES trial (URL: https://
www.clinicaltrials.gov; Unique identifier: NCT05636176) 
currently investigating a novel monoclonal antibody tar-
geting IL-6. Mitigating inflammation, oxidative stress, and 
microvascular dysfunction through myeloperoxidase inhi-
bition is currently evaluated in a phase 2a trial of patients 
with HFpEF (URL: https://www.clinicaltrials.gov; Unique 
identifier: NCT03756285). Moreover, adrecizumab, a 
monoclonal, non-neutralizing antibody stabilizing adreno-
medullin to improve endothelial dysfunction is currently 
assessed in a phase 2a trial of patients hospitalized for 
HF (URL: https://www.clinicaltrials.gov; Unique identi-
fier: NCT04252937). The ongoing phase 2a REGRESS-
HFpEF trial (URL: https://www.clinicaltrials.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 fibrosis 
in patients with HFpEF. Additional experimental strat-
egies to mitigate cardiometabolic inflammation may 
include genetic or antibody-based CCR2 modulation 
approaches.98 Last, targeting cardiac fibrosis by altering 
TGF-β signaling may reverse cardiac remodeling sus-
tained 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).99,100

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 
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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 
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.

ARTICLE INFORMATION
Received May 5, 2025; accepted January 13, 2026.

Affiliations
Department of Cardiology, University Heart Center Graz (A.P.) and Division of 
Physiology and Pathophysiology Otto Loewi Research Center for Vascular Biol-
ogy, Immunology and Inflammation (E.O.), Medical University of Graz, Austria. Clin-
ica Medica, Department of Medicine, University of Udine, Italy (A.V.). Translational 
Approaches in Heart Failure and Cardiometabolic Disease, Max Delbrück Center 
for Molecular Medicine in the Helmholtz Association (MDC), Berlin, Germany 
(A.V., G.G.S.). Department of Pharmacological and Biomolecular Sciences (Dis-
FeB), Università Degli Studi di Milano, Italy (G.D.N.). Friede Springer Cardiovas-
cular Prevention Center at Charité–Universitätsmedizin Berlin, Germany (G.G.S.). 
Experimental and Clinical Research Center (ECRC), a Cooperation of Charité-
Universitätsmedizin Berlin and Max Delbruck Center for Molecular Medicine 
(MDC), Germany (G.G.S.). DZHK (German Centre for Cardiovascular Research), 
partner site Berlin, Germany (G.G.S.). Max Rubner Center for Cardiovascular 
Metabolic Renal Research (MRC), Deutsches Herzzentrum der Charité (DHZC), 
Charité-Universitätsmedizin Berlin, Germany (G.G.S.). Division of Cardiology, De-
partment of Advanced Biomedical Sciences, Federico II University, Naples, Italy 
(G.G.S.). Vetsuisse Faculty, University of Zurich, Switzerland (E.O.).

Sources of Funding
This work did not receive any specific funding from public or private entities, com-
mercial, or institutional sources, nor any substantial contributions from individuals.

Disclosures
Dr Peikert has received a research grant from the German Research Foundation. 
Dr Schiattarella was supported by DZHK (German Center for Cardiovascular Re-
search–81X3100210; 81X2100282); the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation–SFB-1470–A02; SFB-1470–Z01), and the 
European Research Council (ERC) StG 101078307. Dr Norata was supported 
by Nanokos (European Commission Ref EUROPEAID/173691/DD/ACT/XK), 
PNRR Missione 4 (Progetto CN3–National Center for Gene Therapy and Drugs 
based on RNA Technology), PNRR Missione 4 (Progetto MUSA [Multilayered Ur-
ban Sustainability Action]), PNRR Missione 6 (PNRR-MAD-2022–12375913), 
CARDINNOV, Ministry of Research and University under the umbrella of the Part-
nership Fostering a European Research Area for Health (ERA4Health; GA No. 
101095426 of the EU Horizon Europe Research and Innovation program), Min-
istry of Research and University (PRIN 2022 7KTSAT). The continued financial 
support by the Swiss National Science Foundation PRIMA: PR00P3_179861/1 
and the Swiss Life Foundation, the Heubergstiftung, the Philhuman Stiftung, the 
Novartis Foundation, and the Swiss Heart Foundation, Switzerland to Dr Osto. The 
other authors report no conflicts.

REFERENCES
	 1.	 Cannata A, McDonagh TA. Heart failure with preserved ejection fraction. N 

Engl J Med. 2025;392:173–184. doi: 10.1056/NEJMcp2305181
	 2.	 Pandey A, Omar W, Ayers C, LaMonte M, Klein L, Allen NB, Kuller LH, 

Greenland P, Eaton CB, Gottdiener JS, et al. Sex and race differences in 
lifetime risk of heart failure with preserved ejection fraction and heart fail-
ure with reduced ejection fraction. Circulation. 2018;137:1814–1823. doi: 
10.1161/CIRCULATIONAHA.117.031622

	 3.	 Schiattarella GG, Alcaide P, Condorelli G, Gillette TG, Heymans S, Jones EAV, 
Kallikourdis M, Lichtman A, Marelli-Berg F, Shah S, et al. Immunometabolic 
mechanisms of heart failure with preserved ejection fraction. Nat Cardiovasc 
Res. 2022;1:211–222. doi: 10.1038/s44161-022-00032-w

	 4.	 Man K, Kallies A, Vasanthakumar A. Resident and migratory adipose 
immune cells control systemic metabolism and thermogenesis. Cell Mol 
Immunol. 2022;19:421–431. doi: 10.1038/s41423-021-00804-7

	 5.	 Zheng C, Yang Q, Cao J, Xie N, Liu K, Shou P, Qian F, Wang Y, Shi Y. Local 
proliferation initiates macrophage accumulation in adipose tissue during 
obesity. Cell Death Dis. 2016;7:e2167. doi: 10.1038/cddis.2016.54

	 6.	 Castoldi A, Naffah de Souza C, Câmara NO, Moraes-Vieira PM. The mac-
rophage switch in obesity development. Front Immunol. 2015;6:637. doi: 
10.3389/fimmu.2015.00637

	 7.	 Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW. 
Obesity is associated with macrophage accumulation in adipose tissue. J 
Clin Invest. 2003;112:1796–1808. doi: 10.1172/JCI19246

	 8.	 Winer S, Chan Y, Paltser G, Truong D, Tsui H, Bahrami J, Dorfman R, Wang Y, 
Zielenski J, Mastronardi F, et al. Normalization of obesity-associated insu-
lin resistance through immunotherapy. Nat Med. 2009;15:921–929. doi: 
10.1038/nm.2001

	 9.	 Nishimura S, Manabe I, Nagasaki M, Eto K, Yamashita H, Ohsugi M, Otsu M, 
Hara K, Ueki K, Sugiura S, et al. CD8+ effector T cells contribute to mac-
rophage recruitment and adipose tissue inflammation in obesity. Nat Med. 
2009;15:914–920. doi: 10.1038/nm.1964

	10.	 Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, Lee J, 
Goldfine AB, Benoist C, Shoelson S, et al. Lean, but not obese, fat is enriched 
for a unique population of regulatory T cells that affect metabolic param-
eters. Nat Med. 2009;15:930–939. doi: 10.1038/nm.2002

	11.	 Romano M, Fanelli G, Tan N, Nova-Lamperti E, McGregor R, Lechler RI, 
Lombardi G, Scottà C. Expanded regulatory T cells induce alternatively acti-
vated monocytes with a reduced capacity to expand T helper-17 cells. Front 
Immunol. 2018;9:1625. doi: 10.3389/fimmu.2018.01625

	12.	 Rohm TV, Meier DT, Olefsky JM, Donath MY. Inflammation in obe-
sity, diabetes, and related disorders. Immunity. 2022;55:31–55. doi: 
10.1016/j.immuni.2021.12.013

	13.	 Lumeng CN, Deyoung SM, Saltiel AR. Macrophages block insulin action 
in adipocytes by altering expression of signaling and glucose transport 
proteins. Am J Physiol Endocrinol Metab. 2007;292:E166–E174. doi: 
10.1152/ajpendo.00284.2006

	14.	 Hotamisligil GS, Budavari A, Murray D, Spiegelman BM. Reduced tyrosine 
kinase activity of the insulin receptor in obesity-diabetes. Central role of 
tumor necrosis factor-alpha. J Clin Invest. 1994;94:1543–1549. doi: 
10.1172/JCI117495

	15.	 Senn JJ, Klover PJ, Nowak IA, Mooney RA. Interleukin-6 induces cellular 
insulin resistance in hepatocytes. Diabetes. 2002;51:3391–3399. doi: 
10.2337/diabetes.51.12.3391

	16.	 Guzik TJ, Nosalski R, Maffia P, Drummond GR. Immune and inflammatory 
mechanisms in hypertension. Nat Rev Cardiol. 2024;21:396–416. doi: 
10.1038/s41569-023-00964-1

	 17.	 Ter Maaten JM, Damman K, Verhaar MC, Paulus WJ, Duncker DJ, Cheng C, 
van Heerebeek L, Hillege HL, Lam CSP, Navis G, et al. Connecting heart 
failure with preserved ejection fraction and renal dysfunction: the role of 
endothelial dysfunction and inflammation. Eur J Heart Fail. 2016;18:588–
598. doi: 10.1002/ejhf.497

	18.	 Schütte JP, Markus N, Grein S, Kamuf-Schenk V, Stroh C, Rettel M, Stein F, 
Fischer J, Löwenthal Z, Leiner J, et al. Cell type-specific secretome analysis 
reveals liver-heart crosstalk in HFpEF. Circ Res. 2025;136:1516–1518. doi: 
10.1161/CIRCRESAHA.125.326264

	19.	 Strocchi S, Liu L, Wang R, Häseli SP, Capone F, Bode D, Nambiar N, 
Eroglu T, Santiago Padilla L, Farrelly C, et al. Systems biology approach 
uncovers candidates for liver-heart interorgan crosstalk in HFpEF. Circ Res. 
2024;135:873–876. doi: 10.1161/CIRCRESAHA.124.324829

	20.	 Dick SA, Macklin JA, Nejat S, Momen A, Clemente-Casares X, 
Althagafi MG, Chen J, Kantores C, Hosseinzadeh S, Aronoff L, et al. 
Self-renewing resident cardiac macrophages limit adverse remodel-
ing following myocardial infarction. Nat Immunol. 2019;20:29–39. doi: 
10.1038/s41590-018-0272-2

	21.	 Molawi K, Wolf Y, Kandalla PK, Favret J, Hagemeyer N, Frenzel K, Pinto AR, 
Klapproth K, Henri S, Malissen B, et al. Progressive replacement of embryo-
derived cardiac macrophages with age. J Exp Med. 2014;211:2151–2158. 
doi: 10.1084/jem.20140639

	22.	 Zheng Y, Qin L, Zacarías NV, de Vries H, Han GW, Gustavsson M, Dabros M, 
Zhao C, Cherney RJ, Carter P, et al. Structure of CC chemokine receptor 2 
with orthosteric and allosteric antagonists. Nature. 2016;540:458–461. doi: 
10.1038/nature20605

D
ow

nloaded from
 http://ahajournals.org by on A

pril 1, 2026



Peikert et al Immunometabolic Mechanisms in HFpEF

383Circ Heart Fail. 2026;19:e012674. DOI: 10.1161/CIRCHEARTFAILURE.125.012674� March 2026

	23.	 Westermann D, Lindner D, Kasner M, Zietsch C, Savvatis K, Escher F, 
von Schlippenbach J, Skurk C, Steendijk P, Riad A, et al. Cardiac inflam-
mation contributes to changes in the extracellular matrix in patients with 
heart failure and normal ejection fraction. Circ Heart Fail. 2011;4:44–52. 
doi: 10.1161/CIRCHEARTFAILURE.109.931451

	24.	 Li N, Bian H, Zhang J, Li X, Ji X, Zhang Y. The Th17/Treg imbalance exists 
in patients with heart failure with normal ejection fraction and heart failure 
with reduced ejection fraction. Clin Chim Acta. 2010;411:1963–1968. doi: 
10.1016/j.cca.2010.08.013

	25.	 Smolgovsky S, Bayer AL, Kaur K, Sanders E, Aronovitz M, Filipp ME, 
Thorp EB, Schiattarella GG, Hill JA, Blanton RM, et al. Impaired T cell 
IRE1α/XBP1 signaling directs inflammation in experimental heart failure 
with preserved ejection fraction. J Clin Invest. 2023;133:e171874. doi: 
10.1172/JCI171874

	26.	 Sava RI, Pepine CJ, March KL. Immune dysregulation in HFpEF: a target 
for mesenchymal stem/stromal cell therapy. J Clin Med. 2020;9:241. doi: 
10.3390/jcm9010241

	 27.	 Zhang XL, Wang Y, Xu B, Xu W, Wang, Chen TY, Wang Z, Yin HW, Wang 
Y, LHMGB1-promoted neutrophil extracellular traps contribute to cardiac 
diastolic dysfunction in mice. J Am Heart Assoc. 2022;11:e023800. doi: 
10.1161/JAHA.121.023800

	28.	 Dumont BL, Neagoe PE, Charles E, Villeneuve L, Ninni S, Tardif JC, Räkel A, 
White M, Sirois MG. Low-density neutrophils and Neutrophil Extracellular 
Traps (NETs) are new inflammatory players in heart failure. Can J Cardiol. 
2024;40:1524–1535. doi: 10.1016/j.cjca.2024.03.018

	29.	 Dryer K, Gajjar M, Narang N, Lee M, Paul J, Shah AP, Nathan S, Butler J, 
Davidson CJ, Fearon WF, et al. Coronary microvascular dysfunction in patients 
with heart failure with preserved ejection fraction. Am J Physiol Heart Circ 
Physiol. 2018;314:H1033–H1042. doi: 10.1152/ajpheart.00680.2017

	30.	 Gevaert AB, Shakeri H, Leloup AJ, Van Hove CE, De Meyer GRY, 
Vrints CJ, Lemmens K, Van Craenenbroeck EM. Endothelial senes-
cence contributes to heart failure with preserved ejection fraction 
in an aging mouse model. Circ Heart Fail. 2017;10:e003806. doi: 
10.1161/CIRCHEARTFAILURE.116.003806

	31.	 Guo Y, Wen J, He A, Qu C, Peng Y, Luo S, Wang X. iNOS contributes to 
heart failure with preserved ejection fraction through mitochondrial dys-
function and Akt S-nitrosylation. J Adv Res. 2023;43:175–186. doi: 
10.1016/j.jare.2022.03.003

	32.	 Franssen C, Chen S, Unger A, Korkmaz HI, De Keulenaer GW, 
Tschöpe C, Leite-Moreira AF, Musters R, Niessen HWM, Linke WA, et al. 
Myocardial microvascular inflammatory endothelial activation in heart failure 
with preserved ejection fraction. JACC Heart Fail. 2016;4:312–324. doi: 
10.1016/j.jchf.2015.10.007

	33.	 Zeng H, He X, Chen JX. Endothelial sirtuin 3 dictates glucose transport to 
cardiomyocyte and sensitizes pressure overload-induced heart failure. J Am 
Heart Assoc. 2020;9:e015895. doi: 10.1161/JAHA.120.015895

	34.	 Wu X, Liu H, Brooks A, Xu S, Luo J, Steiner R, Mickelsen DM, 
Moravec CS, Jeffrey AD, Small EM, et al. SIRT6 mitigates heart failure with 
preserved ejection fraction in diabetes. Circ Res. 2022;131:926–943. doi: 
10.1161/CIRCRESAHA.121.318988

	35.	 Li G, Zhao H, Cheng Z, Liu J, Guo Y. Single-cell transcriptomic profiling 
of heart reveals ANGPTL4 linking fibroblasts and angiogenesis in heart 
failure with preserved ejection fraction. J Adv Res. 2025;68:215–230. doi: 
10.1016/j.jare.2024.02.006

	36.	 Lanzer JD, Wienecke LM, Ramirez Flores RO, Zylla MM, Kley C, Hartmann N, 
Sicklinger F, Schultz JH, Frey N, Saez-Rodriguez J, et al. Single-cell tran-
scriptomics reveal distinctive patterns of fibroblast activation in heart failure 
with preserved ejection fraction. Basic Res Cardiol. 2024;119:1001–1028. 
doi: 10.1007/s00395-024-01074-w

	 37.	 Matan D, Mobarrez F, Löfström U, Corbascio M, Ekström M, Hage C, Lyngå P, 
Persson B, Eriksson M, Linde C, et al. Extracellular vesicles in heart failure 
- A study in patients with heart failure with preserved ejection fraction or 
heart failure with reduced ejection fraction characteristics undergoing elec-
tive coronary artery bypass grafting. Front Cardiovasc Med. 2022;9:952974. 
doi: 10.3389/fcvm.2022.952974

	38.	 Simmonds SJ, Grootaert MOJ, Cuijpers I, Carai P, Geuens N, Herwig M, 
Baatsen P, Hamdani N, Luttun A, Heymans S, et al. Pericyte loss initiates 
microvascular dysfunction in the development of diastolic dysfunction. Eur 
Heart J Open. 2024;4:oead129. doi: 10.1093/ehjopen/oead129

	39.	 Grootaert MOJ, Pasut A, Raman J, Simmonds SJ, 
Callewaert B, Col U, Dewerchin M, Carmeliet P, Heymans S, Jones EAV. 
Mural cell dysfunction contributes to diastolic heart failure by promot-
ing endothelial dysfunction and vessel remodelling. Cardiovasc Diabetol. 
2025;24:62. doi: 10.1186/s12933-025-02623-w

	40.	 Guo X, Huang C, Zhang L, Hu G, Du Y, Chen X, Sun F, Li T, Cui Z, Li C, 
et al. Lymphatic endothelial branched-chain amino acid catabolic defects 
undermine cardiac lymphatic integrity and drive HFpEF. Circulation. 
2025;151:1651–1666. doi: 10.1161/circulationaha.124.071741

	41.	 Chi H. Immunometabolism at the intersection of metabolic signaling, cell 
fate, and systems immunology. Cell Mol Immunol. 2022;19:299–302. doi: 
10.1038/s41423-022-00840-x

	42.	 Rubic T, Lametschwandtner G, Jost S, Hinteregger S, Kund J, 
Carballido-Perrig N, Schwärzler C, Junt T, Voshol H, Meingassner JG, et 
al. Triggering the succinate receptor GPR91 on dendritic cells enhances 
immunity. Nat Immunol. 2008;9:1261–1269. doi: 10.1038/ni.1657

	43.	 de Baat A, Trinh B, Ellingsgaard H, Donath MY. Physiological role of 
cytokines in the regulation of mammalian metabolism. Trends Immunol. 
2023;44:613–627. doi: 10.1016/j.it.2023.06.002

	44.	 Cheng X, Zhao H, Wen X, Li G, Guo S, Zhang D. NLRP3-inflammasome 
inhibition by MCC950 attenuates cardiac and pulmonary artery remodelling 
in heart failure with preserved ejection fraction. Life Sci. 2023;333:122185. 
doi: 10.1016/j.lfs.2023.122185

	45.	 Liu WB, Wang SS, Zhang X, Ke ZZ, Wen XY, Zhao J, Zhuang XD, 
Liao LZ. Enhanced cardiomyocyte NLRP3 inflammasome-mediated pyrop-
tosis promotes D-galactose-induced cardiac aging. J Am Heart Assoc. 
2024;13:e032904. doi: 10.1161/JAHA.123.032904

	46.	 Capone F, Sotomayor-Flores C, Bode D, Wang R, Rodolico D, Strocchi S, 
Schiattarella GG. Cardiac metabolism in HFpEF: from fuel to signalling. Car-
diovasc Res. 2023;118:3556–3575. doi: 10.1093/cvr/cvac166

	 47.	 Da Dalt L, Cabodevilla AG, Goldberg IJ, Norata GD. Cardiac lipid metabolism, 
mitochondrial function, and heart failure. Cardiovasc Res. 2023;119:1905–
1914. doi: 10.1093/cvr/cvad100

	48.	 Joseph LC, Barca E, Subramanyam P, Komrowski M, Pajvani U, 
Colecraft HM, Hirano M, Morrow JP. Inhibition of NADPH oxidase 2 (NOX2) 
prevents oxidative stress and mitochondrial abnormalities caused by 
saturated fat in cardiomyocytes. PLoS One. 2016;11:e0145750. doi: 
10.1371/journal.pone.0145750

	49.	 Listenberger LL, Han X, Lewis SE, Cases S, Farese RV, Ory DS, 
Schaffer JE. Triglyceride accumulation protects against fatty acid-induced 
lipotoxicity. Proc Natl Acad Sci U S A. 2003;100:3077–3082. doi: 
10.1073/pnas.0630588100

	50.	 Dludla PV, Silvestri S, Orlando P, Mazibuko-Mbeje SE, Johnson R, 
Marcheggiani F, Cirilli I, Muller CJF, Louw J, Chellan N, et al. Palmitate-induced 
toxicity is associated with impaired mitochondrial respiration and acceler-
ated oxidative stress in cultured cardiomyocytes: the critical role of coen-
zyme Q. Toxicol In Vitro. 2020;68:104948. doi: 10.1016/j.tiv.2020.104948

	51.	 Wang Y, Qian Y, Fang Q, Zhong P, Li W, Wang L, Fu W, Zhang Y, Xu Z, 
Li X, et al. Saturated palmitic acid induces myocardial inflammatory inju-
ries through direct binding to TLR4 accessory protein MD2. Nat Commun. 
2017;8:13997. doi: 10.1038/ncomms13997

	52.	 Tan H, Song W, Liu S, Song Q, Zhou T, Wang Y, Hou Y. Molecular mechanism 
of palmitic acid on myocardial contractility in hypertensive rats and its rela-
tionship with neural nitric oxide synthase protein in cardiomyocytes. Biomed 
Res Int. 2021;2021:6657476. doi: 10.1155/2021/6657476

	53.	 Schiattarella GG, Altamirano F, Kim SY, Tong D, Ferdous A, Piristine H, 
Dasgupta S, Wang X, French KM, Villalobos E, et al. Xbp1s-FoxO1 axis 
governs lipid accumulation and contractile performance in heart fail-
ure with preserved ejection fraction. Nat Commun. 2021;12:1684. doi: 
10.1038/s41467-021-21931-9

	54.	 Kim ME, Kim DH, Lee JS. FoxO transcription factors: applicability as a novel 
immune cell regulators and therapeutic targets in oxidative stress-related 
diseases. Int J Mol Sci. 2022;23:13882. doi: 10.3390/ijms232213882

	55.	 Perman JC, Boström P, Lindbom M, Lidberg U, StÅhlman M, Hägg D, 
Lindskog H, Scharin Täng M, Omerovic E, Mattsson Hultén L, et al. The 
VLDL receptor promotes lipotoxicity and increases mortality in mice follow-
ing an acute myocardial infarction. J Clin Invest. 2011;121:2625–2640. doi: 
10.1172/JCI43068

	56.	 Da Dalt L, Castiglioni L, Baragetti A, Audano M, Svecla M, Bonacina F, 
Pedretti S, Uboldi P, Benzoni P, Giannetti F, et al. PCSK9 deficiency rewires 
heart metabolism and drives heart failure with preserved ejection fraction. 
Eur Heart J. 2021;42:3078–3090. doi: 10.1093/eurheartj/ehab431

	 57.	 Baragetti A, Balzarotti G, Grigore L, Pellegatta F, Guerrini U, 
Pisano G, Fracanzani AL, Fargion S, Norata GD, Catapano AL. PCSK9 
deficiency results in increased ectopic fat accumulation in experimen-
tal models and in humans. Eur J Prev Cardiol. 2017;24:1870–1877. doi: 
10.1177/2047487317724342

	58.	 Bonacina F, Zhang X, Manel N, Yvan-Charvet L, Razani B, Norata GD. 
Lysosomes in the immunometabolic reprogramming of immune cells 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 1, 2026



384Circ Heart Fail. 2026;19:e012674. DOI: 10.1161/CIRCHEARTFAILURE.125.012674� March 2026

Peikert et al Immunometabolic Mechanisms in HFpEF

in atherosclerosis. Nat Rev Cardiol. 2025;22:149–164. doi: 
10.1038/s41569-024-01072-4

	59.	 Yvan-Charvet L, Bonacina F, Guinamard RR, Norata GD. Immunometabolic 
function of cholesterol in cardiovascular disease and beyond. Cardiovasc 
Res. 2019;115:1393–1407. doi: 10.1093/cvr/cvz127

	60.	 Bonacina F, Coe D, Wang G, Longhi MP, Baragetti A, Moregola A, 
Garlaschelli K, Uboldi P, Pellegatta F, Grigore L, et al. Myeloid apolipoprotein 
E controls dendritic cell antigen presentation and T cell activation. Nat Com-
mun. 2018;9:3083. doi: 10.1038/s41467-018-05322-1

	61.	 Panico C, Felicetta A, Kunderfranco P, Cremonesi M, Salvarani N, Carullo P, 
Colombo F, Idini A, Passaretti M, Doro R, et al. Single-cell RNA sequenc-
ing reveals metabolic stress-dependent activation of cardiac macrophages 
in a model of dyslipidemia-induced diastolic dysfunction. Circulation. 
2024;150:1517–1532. doi: 10.1161/CIRCULATIONAHA.122.062984

	62.	 Kenchaiah S, Ding J, Carr JJ, Allison MA, Budoff MJ, Tracy RP, Burke GL, 
McClelland RL, Arai AE, Bluemke DA. Pericardial fat and the risk of heart failure. 
J Am Coll Cardiol. 2021;77:2638–2652. doi: 10.1016/j.jacc.2021.04.003

	63.	 Packer M. Epicardial adipose tissue may mediate deleterious effects of obe-
sity and inflammation on the myocardium. J Am Coll Cardiol. 2018;71:2360–
2372. doi: 10.1016/j.jacc.2018.03.509

	64.	 Sztalryd C, Kraemer FB. Regulation of hormone-sensitive lipase in 
streptozotocin-induced diabetic rats. Metabolism. 1995;44:1391–1396. 
doi: 10.1016/0026-0495(95)90135-3

	65.	 Wende AR, Schell JC, Ha CM, Pepin ME, Khalimonchuk O, Schwertz H, 
Pereira RO, Brahma MK, Tuinei J, Contreras-Ferrat A, et al. Maintaining myo-
cardial glucose utilization in diabetic cardiomyopathy accelerates mitochon-
drial dysfunction. Diabetes. 2020;69:2094–2111. doi: 10.2337/db19-1057

	66.	 Vacca A, Wang R, Nambiar N, Capone F, Farrelly C, Mostafa A, Sechi LA, 
Schiattarella GG. Lifestyle interventions in cardiometabolic HFpEF: dietary 
and exercise modalities. Heart Fail Rev. 2025;30:637–655. doi: 
10.1007/s10741-024-10439-1

	 67.	 Vaduganathan M, Docherty KF, Claggett BL, Jhund PS, de Boer RA, 
Hernandez AF, Inzucchi SE, Kosiborod MN, Lam CSP, Martinez F, et al. 
SGLT-2 inhibitors in patients with heart failure: a comprehensive meta-
analysis of five randomised controlled trials. Lancet. 2022;400:757–767. 
doi: 10.1016/S0140-6736(22)01429-5

	68.	 Packer M, Ferreira JP, Butler J, Filippatos G, Januzzi JL, González Maldonado S, 
Panova-Noeva M, Pocock SJ, Prochaska JH, Saadati M, et al. Reaffirma-
tion of mechanistic proteomic signatures accompanying SGLT2 inhibition 
in patients with heart failure: a validation cohort of the EMPEROR program. 
J Am Coll Cardiol. 2024;84:1979–1994. doi: 10.1016/j.jacc.2024.07.013

	69.	 Packer M. Critical reanalysis of the mechanisms underlying the cardiorenal 
benefits of SGLT2 inhibitors and reaffirmation of the nutrient deprivation 
signaling/autophagy hypothesis. Circulation. 2022;146:1383–1405. doi: 
10.1161/CIRCULATIONAHA.122.061732

	70.	 Masson W, Lavalle-Cobo A, Nogueira JP. Effect of SGLT2-inhibitors 
on epicardial adipose tissue: a meta-analysis. Cells. 2021;10:2150. doi: 
10.3390/cells10082150

	71.	 Wu P, Wen W, Li J, Xu J, Zhao M, Chen H, Sun J. Systematic review and 
meta-analysis of randomized controlled trials on the effect of SGLT2 inhibi-
tor on blood leptin and adiponectin level in patients with type 2 diabetes. 
Horm Metab Res. 2019;51:487–494. doi: 10.1055/a-0958-2441

	72.	 Theofilis P, Sagris M, Oikonomou E, Antonopoulos AS, Siasos G, Tsioufis K, 
Tousoulis D. The impact of SGLT2 inhibitors on inflammation: a system-
atic review and meta-analysis of studies in rodents. Int Immunopharmacol. 
2022;111:109080. doi: 10.1016/j.intimp.2022.109080

	73.	 Byrne NJ, Matsumura N, Maayah ZH, Ferdaoussi M, Takahara S, 
Darwesh AM, Levasseur JL, Jahng JWS, Vos D, Parajuli N, et al. Empa-
gliflozin blunts worsening cardiac dysfunction associated with reduced 
NLRP3 (nucleotide-binding domain-like receptor protein 3) inflamma-
some activation in heart failure. Circ Heart Fail. 2020;13:e006277. doi: 
10.1161/CIRCHEARTFAILURE.119.006277

	74.	 Lee N, Heo YJ, Choi SE, Jeon JY, Han SJ, Kim DJ, Kang Y, Lee KW, 
Kim HJ. Anti-inflammatory effects of empagliflozin and gemigliptin on 
LPS-stimulated macrophage via the IKK/NF-κB, MKK7/JNK, and JAK2/
STAT1 signalling pathways. J Immunol Res. 2021;2021:9944880. doi: 
10.1155/2021/9944880

	75.	 Kang S, Verma S, Hassanabad AF, Teng G, Belke DD, Dundas JA, 
Guzzardi DG, Svystonyuk DA, Pattar SS, Park DSJ, et al. Direct effects of 
empagliflozin on extracellular matrix remodelling in human cardiac myo-
fibroblasts: novel translational clues to explain EMPA-REG OUTCOME 
results. Can J Cardiol. 2020;36:543–553. doi: 10.1016/j.cjca.2019.08.033

	76.	 Schmidt K, Fuchs M, Weber N, Werlein C, Schmitto JD, Ius F, 
Ruhparwar A, Bär C, Fiedler J, Thum T. Single-nucleus RNA sequencing 

identifies cell-type-specific effects of sodium-glucose co-transporter 2 
inhibitors in human myocardial slices. Eur Heart J. 2024;45:3292–3295. 
doi: 10.1093/eurheartj/ehae472

	 77.	 Durante W, Behnammanesh G, Peyton KJ. Effects of sodium-glucose co-
transporter 2 inhibitors on vascular cell function and arterial remodeling. Int 
J Mol Sci. 2021;22:8786. doi: 10.3390/ijms22168786

	78.	 Butler J, Shah SJ, Petrie MC, Borlaug BA, Abildstrøm SZ, Davies MJ, 
Hovingh GK, Kitzman DW, Møller DV, Verma S, et al; STEP-HFpEF 
Trial Committees and Investigators. Semaglutide versus placebo 
in people with obesity-related heart failure with preserved ejec-
tion fraction: a pooled analysis of the STEP-HFpEF and STEP-
HFpEF DM randomised trials. Lancet. 2024;403:1635–1648. doi: 
10.1016/S0140-6736(24)00469-0

	79.	 Packer M, Zile MR, Kramer CM, Baum SJ, Litwin SE, Menon V, Ge J, 
Weerakkody GJ, Ou Y, Bunck MC, et al. Tirzepatide for heart failure with 
preserved ejection fraction and obesity. N Engl J Med. 2024;392:427–437. 
doi: 10.1056/nejmoa2410027

	80.	 Drucker DJ. The benefits of GLP-1 drugs beyond obesity. Science. 
2024;385:258–260. doi: 10.1126/science.adn4128

	81.	 Taktaz F, Scisciola L, Fontanella RA, Pesapane A, Ghosh P, Franzese M, 
Tortorella G, Puocci A, Sommella E, Signoriello G, et al. Evidence that tirz-
epatide protects against diabetes-related cardiac damages. Cardiovasc Dia-
betol. 2024;23:112. doi: 10.1186/s12933-024-02203-4

	82.	 Hullon D, Subeh GK, Volkova Y, Janiec K, Trach A, Mnevets R. The role 
of glucagon-like peptide-1 receptor (GLP-1R) agonists in enhancing 
endothelial function: a potential avenue for improving heart failure with 
preserved ejection fraction (HFpEF). Cardiovasc Diabetol. 2025;24:70. doi: 
10.1186/s12933-025-02607-w

	83.	 Withaar C, Meems LMG, Nollet EE, Schouten EM, Schroeder MA, 
Knudsen LB, Niss K, Madsen CT, Hoegl A, Mazzoni G, et al. The cardio-
protective effects of semaglutide exceed those of dietary weight loss 
in mice with HFpEF. JACC Basic Transl Sci. 2023;8:1298–1314. doi: 
10.1016/j.jacbts.2023.05.012

	84.	 Sattar N, Lee MMY. Estimating direct tissue effects versus weight 
loss effects of incretin-based drugs for obesity on various chronic 
conditions. Lancet Diabetes Endocrinol. 2025;13:347–354. doi: 
10.1016/S2213-8587(24)00363-2

	85.	 Khadke S, Kumar A, Bhatti A, Dani SS, Al-Kindi S, Nasir K, Virani SS, 
Upadhyay J, Garcia-Banigan DC, Abraham S, et al. GLP-1 receptor ago-
nist in nonobese patients with type 2 diabetes mellitus and heart failure 
with preserved ejection fraction. J Card Fail. 2025;31:989–1001. doi: 
10.1016/j.cardfail.2024.10.448

	86.	 Sjöström L, Peltonen M, Jacobson P, Sjöström CD, Karason K, 
Wedel H, Ahlin S, Anveden A, Bengtsson C, Bergmark G, et al. Bariatric 
surgery and long-term cardiovascular events. JAMA. 2012;307:56–65. doi: 
10.1001/jama.2011.1914

	 87.	 Shimada YJ, Tsugawa Y, Brown DFM, Hasegawa K. Bariatric surgery 
and emergency department visits and hospitalizations for heart failure 
exacerbation: population-based, self-controlled series. J Am Coll Cardiol. 
2016;67:895–903. doi: 10.1016/j.jacc.2015.12.016

	88.	 Mikhalkova D, Holman SR, Jiang H, Saghir M, Novak E, Coggan AR, 
O'Connor R, Bashir A, Jamal A, Ory DS, et al. Bariatric surgery-induced 
cardiac and lipidomic changes in obesity-related heart failure with pre-
served ejection fraction. Obesity (Silver Spring). 2018;26:284–290. doi: 
10.1002/oby.22038

	89.	 Kjekshus J, Apetrei E, Barrios V, Böhm M, Cleland JG, Cornel JH, 
Dunselman P, Fonseca C, Goudev A, Grande P, et al; CORONA Group. 
Rosuvastatin in older patients with systolic heart failure. N Engl J Med. 
2007;357:2248–2261. doi: 10.1056/NEJMoa0706201

	90.	 Tavazzi L, Maggioni AP, Marchioli R, Barlera S, Franzosi MG, Latini R, Lucci D, 
Nicolosi GL, Porcu M, Tognoni G; Gissi-HF Investigators. Effect of rosuvas-
tatin in patients with chronic heart failure (the GISSI-HF trial): a randomised, 
double-blind, placebo-controlled trial. Lancet. 2008;372:1231–1239. doi: 
10.1016/S0140-6736(08)61240-4

	91.	 Kaur G, Jones M, Howes L, Hattingh HL. Systematic review and meta-
analysis of the association between all-cause mortality and statin therapy in 
patients with preserved ejection fraction heart failure (HFpEF). Int J Cardiol. 
2023;372:63–70. doi: 10.1016/j.ijcard.2022.12.006

	92.	 Van Tassell BW, Arena R, Biondi-Zoccai G, Canada JM, Oddi C, 
Abouzaki NA, Jahangiri A, Falcao RA, Kontos MC, Shah KB, et al. Effects 
of interleukin-1 blockade with anakinra on aerobic exercise capac-
ity in patients with heart failure and preserved ejection fraction (from 
the D-HART pilot study). Am J Cardiol. 2014;113:321–327. doi: 
10.1016/j.amjcard.2013.08.047

D
ow

nloaded from
 http://ahajournals.org by on A

pril 1, 2026



Peikert et al Immunometabolic Mechanisms in HFpEF

385Circ Heart Fail. 2026;19:e012674. DOI: 10.1161/CIRCHEARTFAILURE.125.012674� March 2026

	93.	 Van Tassell BW, Trankle CR, Canada JM, Carbone S, Buckley L, Kadariya D, 
Del Buono MG, Billingsley H, Wohlford G, Viscusi M, et al. IL-1 blockade in 
patients with heart failure with preserved ejection fraction. Circ Heart Fail. 
2018;11:e005036. doi: 10.1161/CIRCHEARTFAILURE.118.005036

	94.	 Everett BM, Cornel JH, Lainscak M, Anker SD, Abbate A, Thuren T, Libby P, 
Glynn RJ, Ridker PM. Anti-inflammatory therapy with canakinumab for the 
prevention of hospitalization for heart failure. Circulation. 2019;139:1289–
1299. doi: 10.1161/CIRCULATIONAHA.118.038010

	95.	 Lam CSP, Lund LH, Shah SJ, Voors AA, Erlinge D, Saraste A, Pirazzi C, 
Grove EL, Barasa A, Schou M, et al. Myeloperoxidase inhibition in heart 
failure with preserved or mildly reduced ejection fraction: SATELLITE trial 
results. J Card Fail. 2024;30:104–110. doi: 10.1016/j.cardfail.2023.04.003

	96.	 Ahlers MJ, Lowery BD, Farber-Eger E, Wang TJ, Bradham W, Ormseth MJ, 
Chung CP, Stein CM, Gupta DK. Heart failure risk associated with rheumatoid 
arthritis-related chronic inflammation. J Am Heart Assoc. 2020;9:e014661. 
doi: 10.1161/JAHA.119.014661

	 97.	 Chyou JY, Qin H, Butler J, Voors AA, Lam CSP. Sex-related similarities 
and differences in responses to heart failure therapies. Nat Rev Cardiol. 
2024;21:498–516. doi: 10.1038/s41569-024-00996-1

	 98.	 Pugliese NR, Pellicori P, Filidei F, De Biase N, Maffia P, Guzik TJ, Masi S, 
Taddei S, Cleland JGF. Inflammatory pathways in heart failure with pre-
served left ventricular ejection fraction: implications for future interven-
tions. Cardiovasc Res. 2023;118:3536–3555. doi: 10.1093/cvr/cvac133

	 99.	 Lewis GA, Dodd S, Clayton D, Bedson E, Eccleson H, Schelbert EB, 
Naish JH, Jimenez BD, Williams SG, Cunnington C, et al. Pirfenidone in 
heart failure with preserved ejection fraction: a randomized phase 2 trial. 
Nat Med. 2021;27:1477–1482. doi: 10.1038/s41591-021-01452-0

	100.	 Täubel J, Hauke W, Rump S, Viereck J, Batkai S, Poetzsch J, Rode L, 
Weigt H, Genschel C, Lorch U, et al. Novel antisense therapy targeting 
microRNA-132 in patients with heart failure: results of a first-in-human 
phase 1b randomized, double-blind, placebo-controlled study. Eur Heart J. 
2021;42:178–188. doi: 10.1093/eurheartj/ehaa898

D
ow

nloaded from
 http://ahajournals.org by on A

pril 1, 2026


	Cellular Interactions and Immunometabolic Mechanisms in Heart Failure With Preserved Ejection Fraction: From Molecular Mechanisms to Clinical Evidence
	Inflammation and Immune Dysregulation in Comorbidities Related to HFpEF
	Cellular Interactions in HFpEF
	Systemic Immune Dysregulation and Interactions With the Myocardium in HFpEF

	Vascular Cell Dysfunction in HFpEF
	Immunometabolic Mechanisms in HFpEF
	From Metabolism to Inflammation: Immunometabolism and Immunometabolic Crosstalk

	Disrupted Lipid Metabolism in HFpEF
	Therapeutic Strategies Targeting Cardiometabolic Risk in HFpEF
	Sodium-Glucose Cotransporter 2 Inhibitors
	Incretin-Based Obesity Management Therapeutics
	Bariatric Surgery
	Impact of Lipid-Lowering Therapies on HFpEF
	Targeted Anti-Inflammatory Therapeutics
	Future Directions
	Conclusions
	ARTICLE INFORMATION
	Affiliations
	Sources of Funding
	Disclosures

	References

	Cellular Interactions and Immunometabolic Mechanisms in Heart Failure With Preserved Ejection Fraction: From Molecular Mechanisms to Clinical Evidence
	Inflammation and Immune Dysregulation in Comorbidities Related to HFpEF
	Cellular Interactions in HFpEF
	Systemic Immune Dysregulation and Interactions With the Myocardium in HFpEF

	Vascular Cell Dysfunction in HFpEF
	Immunometabolic Mechanisms in HFpEF
	From Metabolism to Inflammation: Immunometabolism and Immunometabolic Crosstalk

	Disrupted Lipid Metabolism in HFpEF
	Therapeutic Strategies Targeting Cardiometabolic Risk in HFpEF
	Sodium-Glucose Cotransporter 2 Inhibitors
	Incretin-Based Obesity Management Therapeutics
	Bariatric Surgery
	Impact of Lipid-Lowering Therapies on HFpEF
	Targeted Anti-Inflammatory Therapeutics
	Future Directions
	Conclusions
	ARTICLE INFORMATION
	Affiliations
	Sources of Funding
	Disclosures

	References


