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Heart failure (HF) is a major global health problem associated with high illness rates, mortality, and healthcare costs. Although advances in diagnosis and therapy have improved outcomes for some patients, effective treatment—especially for HF with preserved ejection fraction (HFpEF)—remains limited. HF develops through complex interactions among neurohormonal activation, metabolic remodeling, mitochondrial dysfunction, inflammation, fibrosis, and microvascular impairment. Recent discoveries in these areas have revealed new molecular and cellular targets that may lead to more precise therapies. Novel pharmacological agents, metabolic modulators, device-based interventions, and regenerative approaches are reshaping the treatment landscape. In addition, personalized strategies such as multi-omics profiling, biomarker-guided management, and artificial intelligence–assisted diagnosis hold promise for better risk prediction and individualized care. However, translating mechanistic discoveries into clinical benefit remains a challenge. Future research integrating molecular insights with clinical phenotyping will be essential to achieve precision treatment and improved outcomes in patients with HF.
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1 Introduction

Heart failure (HF) is a complex clinical syndrome characterized by impaired ventricular filling or ejection due to structural or functional cardiac abnormalities. It leads to symptoms such as dyspnea, fatigue, and edema, and is associated with poor quality of life and prognosis (1). Based on left ventricular ejection fraction (LVEF), HF is classified into HF with reduced ejection fraction (HFrEF, LVEF <40%), mildly reduced ejection fraction (HFmrEF, 40%–49%), and preserved ejection fraction (HFpEF, ≥50%) (2, 3). Notably, HFpEF now accounts for more than half of all HF cases and represents a major therapeutic challenge (4).

Despite significant progress in pharmacological and device-based therapies, the overall prognosis of HF remains poor, with high rates of hospitalization and mortality (5). While neurohormonal inhibition with ACE inhibitors, β-blockers, and mineralocorticoid receptor antagonists has greatly improved outcomes in HFrEF, similar success has not been achieved in HFpEF (6). No current treatment convincingly reduces mortality in HFpEF, largely because of its heterogeneous mechanisms involving metabolic abnormalities, inflammation, microvascular dysfunction (MVD), and systemic comorbidities (7). These limitations highlight an urgent unmet clinical need for new, mechanism-based and precision-oriented therapeutic strategies.

This review therefore summarizes recent advances in understanding the molecular and cellular mechanisms of HF and discusses how these insights can inform novel pharmacological, device-based, and personalized treatment approaches aimed at improving outcomes across diverse HF phenotypes.



2 Methodological framework

This narrative review was conducted to synthesize recent advances in the mechanistic understanding and emerging therapeutic strategies of HF. A structured literature search was performed across the PubMed, Scopus, and Web of Science databases for studies published between January 2010 and September 2025. The search combined the following keywords and Boolean operators: “heart failure” AND (“molecular mechanism” OR “pathophysiology” OR “metabolic remodeling” OR “mitochondrial dysfunction” OR “fibrosis” OR “epigenetic regulation” OR “precision medicine” OR “therapeutic strategies”). Inclusion criteria were: (1) peer-reviewed original articles or reviews; (2) studies involving human subjects, relevant animal models, or translational data; and (3) publications in English. Exclusion criteria included case reports, editorials, conference abstracts, and non-peer-reviewed materials (8).

Reference lists of relevant articles and recent high-impact reviews were also screened to ensure comprehensive coverage. The quality and relevance of studies were assessed based on methodological rigor and contribution to mechanistic or therapeutic understanding. While this review is primarily narrative in scope, it follows key principles of the PRISMA-ScR framework, ensuring transparent reporting of literature identification and selection. All included references were cross-verified for accuracy and represent the most recent and impactful studies available at the time of writing (9).



3 Novel insights into the pathophysiological mechanisms of HF

The pathophysiology of HF is highly complex, involving multiple mechanisms such as neuroendocrine activation, metabolic remodeling, inflammatory responses, mitochondrial dysfunction, and cellular senescence (10). These interacting processes, summarized in Figure 1, highlight the multi-layered nature of HF progression. In recent years, advances in experimental techniques have progressively elucidated more specific molecular mechanisms, providing a theoretical foundation for precision therapy.
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FIGURE 1
Schematic showing mechanisms and therapies in HF/HFpEF: triggers (hypertension, hypoxia, obesity), pathways (inflammation, ROS, RAAS, cytokines), cellular events, and interventions. Arrows: ↑ upregulation, ↓ downregulation, black for causal relationships, ⊥ for inhibition.



3.1 Experimental insights into RAAS-mediated neuroendocrine activation in HF

Overactivation of the renin–angiotensin–aldosterone system (RAAS) and the sympathetic nervous system (SNS) is a major driving factor in the onset and progression of HF (11, 12). Under pathological conditions such as myocardial injury and hypertension, the key RAAS effector molecule angiotensin II (Ang II) mediates signal transduction via the AT1A receptor, upregulating the expression of fetal genes, collagen, and TGF-β1 in non-infarcted regions, thereby promoting left ventricular dilation, fibrosis, and dysfunction, and accelerating ventricular remodeling and HF progression (13). Multiple animal studies have confirmed the cardioprotective effects of RAAS inhibition on cardiac structure and function. For instance, Woźniak et al. (14) demonstrated in a Tgaq*44 dilated cardiomyopathy mouse model that early combined administration of an ACE inhibitor (perindopril) and an aldosterone receptor antagonist (canrenone) preserved systolic function, whereas late intervention mainly attenuated ventricular dilation, indicating a stage-dependent therapeutic effect. Chen et al. (15) reported in spontaneously hypertensive rats that chronic intermittent hypobaric hypoxia downregulated ACE and AT1 receptor expression, upregulated ACE2 and Mas receptor expression, reduced Ang II and pro-inflammatory cytokines, and increased Ang1–7 and the anti-inflammatory cytokine IL-10, thereby improving vascular relaxation and remodeling. Hawlitschek et al. (16) found that captopril alone or in combination with nifedipine significantly reduced blood pressure, alleviated cardiac hypertrophy, and prevented myocardial fibrosis. Yi et al. (17) showed that time-restricted feeding suppressed the ACE–Ang II–AT1 axis, reducing Ang II-mediated cardiac remodeling and dysfunction, thereby lowering blood pressure and exerting cardioprotective effects. Clinically, McMurray et al. (18) demonstrated in the PARADIGM-HF trial that the angiotensin receptor–neprilysin inhibitor (ARNI) LCZ696 not only inhibited RAAS activity but also enhanced natriuretic peptide system function, synergistically improving cardiac load and neurohormonal imbalance, and producing greater reductions in cardiovascular mortality and HF rehospitalization compared with the ACE inhibitor enalapril. Collectively, these findings underscore the central pathological role of RAAS in cardiovascular disease progression, and indicate that RAAS inhibition yields significant improvements in cardiac structure and function in experimental models, with clear prognostic benefits in clinical practice.



3.2 Exercise and metabolic modulation in HF

Metabolic abnormalities are a key component of HF pathophysiology. Overweight and obesity, even in the absence of metabolic syndrome, significantly increase HF risk (by 37%–85%), with cardiovascular event risk rising proportionally with the number of metabolic syndrome components (19). In HFpEF, epicardial adipose tissue volume is markedly increased and correlates with cardiac dysfunction, metabolic abnormalities, and inflammatory markers (20).

Pharmacologically, mineralocorticoid receptor antagonists (MRAs) reduce HF hospitalization and cardiovascular mortality in HFrEF, with more modest benefits in HFmrEF/HFpEF and an increased risk of hyperkalemia (21). Non-steroidal MRA finerenone significantly reduces HF composite outcomes in patients with recent worsening HF (WHF) without increasing adverse events (22), while finerenone also lowers the risk of new-onset diabetes by 24% in HF patients without baseline diabetes (23). Among SGLT2 inhibitors, dapagliflozin achieves similar diuretic efficacy to metolazone but with less electrolyte disturbance and renal function deterioration (24), whereas empagliflozin shows no short-term improvement in myocardial energy metabolism (25). The mitochondrial uncoupler HU6 may enhance metabolic flexibility and potentially improve cardiac function in obesity-related HFpEF (26).

Exercise interventions show heterogeneous effects. In HFpEF, high-intensity interval training (HIIT) does not outperform moderate-intensity continuous training (MICT) in improving peak oxygen uptake (VO2peak) (27). However, in coronary artery disease and some chronic HF populations, HIIT significantly improves VO2peak, heart rate variability, and left ventricular function (28–30). Cardiac rehabilitation (CR) reduces HF and all-cause rehospitalization and improves exercise capacity and quality of life, with no mortality benefit (31), while hybrid comprehensive telerehabilitation (HCTR) yields short-term functional gains without long-term clinical benefit (32). Additionally, exercise oscillatory ventilation independently predicts mortality and heart transplantation in HFrEF (33). Other interventions, such as oral polysaccharide iron in iron-deficient HFrEF, do not improve exercise capacity or cardiac function (34). Collectively, these findings highlight the need for integrated metabolic control, optimized pharmacotherapy, and individualized exercise prescriptions to maximize benefits in HF management.



3.3 Mitochondrial dysfunction and iron metabolism in HF

Accumulating evidence from basic and clinical studies indicates that mitochondrial dysfunction is a central mechanism in the development and progression of HF. Impaired mitochondrial respiration in cardiomyocytes and peripheral blood mononuclear cells (PBMCs) exacerbates systemic inflammation. Zhou et al. (35) demonstrated that MitoDAMPs suppress complex I activity in PBMCs via IL-6 induction, whereas supplementation with the NAD+ precursor nicotinamide riboside (NR) enhances mitochondrial respiration and attenuates pro-inflammatory cytokine expression. Disruption of mitochondrial iron homeostasis also contributes critically to HF pathophysiology. Li et al. (36) reported that cardiac-specific Zip13 knockout mice exhibit severe contractile dysfunction, with decreased mitochondrial iron and elevated cytosolic iron; iron supplementation or overexpression of the mitochondrial iron transporter MFRN1 partially restores mitochondrial function, highlighting the essential role of ZIP13 in maintaining myocardial mitochondrial iron balance. Clinically, approximately 23% of HF patients present with left ventricular myocardial iron deficiency, which correlates with reduced activity of mitochondrial respiratory chain complexes and TCA cycle enzymes, as well as impaired oxidative stress defense (37). In vitro iron deprivation further confirms that impaired Fe–S cluster-dependent complex I–III activity significantly inhibits ATP production and cardiomyocyte contractility, which can be reversed by iron supplementation (38). Furthermore, frataxin deficiency or SLC25A3 loss perturbs NAD+ metabolism, mitochondrial biogenesis, and fusion/fission dynamics, leading to metabolic dysfunction, Ca2+ handling abnormalities, and cardiomyocyte hypertrophy (39, 40), while mitochondrial transplantation partially rescues these phenotypes. In endothelial cells, lipid droplet formation mitigates lipotoxicity, preserves mitochondrial function, and inhibits ferroptosis, thereby protecting cardiac microvascular integrity (41). Clinically, intravenous iron administration or SGLT2 inhibition with empagliflozin improves mitochondrial energy metabolism, enhances iron utilization and erythropoiesis, and subsequently improves cardiac and skeletal muscle function, leading to enhanced exercise capacity and left ventricular performance in HF patients (42–45). Collectively, mitochondrial dysfunction in HF involves deficits in energy metabolism as well as dysregulation of iron homeostasis and NAD+ levels, and targeting mitochondrial pathways represents a promising therapeutic strategy to improve cardiac function.



3.4 Inflammation in HF

A growing body of epidemiological and clinical evidence demonstrates that inflammation plays a central role in the onset, progression, and prognosis of HF, particularly HFpEF. Elevated systemic immune-inflammation index (SII) is positively associated with HF risk in multiple populations, including NHANES cohorts, smokers, and patients with diabetes (46, 47). Chronic immune-inflammatory conditions, such as rheumatoid arthritis, increase the risk of both ischemic and non-ischemic HF, with the highest risk observed in rheumatoid factor–positive individuals (48). HFpEF is frequently accompanied by metabolic abnormalities and activation of systemic inflammatory protein networks, in which specific mediators—TNFR1, UPAR, IGFBP7, and GDF-15—partially mediate structural and functional cardiac impairment (49), while distinct inflammatory patterns are associated with adverse outcomes, reduced exercise capacity, and impaired quality of life (50). These findings support the existence of a “comorbidity–inflammation–HF” pathological axis, in line with mechanistic insights that metabolic derangements and inflammatory burden interact to drive metabolic inflammation (metainflammation) (51), promoting ventricular remodeling through immune cell polarization, pro-inflammatory cytokine release, oxidative stress, and pathological fibrosis. Experimental studies further demonstrate that HF is associated with pro-inflammatory activation of immune cells (e.g., macrophages), mitochondrial dysfunction, and activation of key signaling pathways such as NF-κB; inhibiting macrophage inflammation, promoting M2 polarization, or restoring mitochondrial function can attenuate cardiac dysfunction and remodeling (35, 52). In terms of anti-inflammatory interventions, sodium-glucose cotransporter 2 (SGLT2) inhibitors such as empagliflozin and dapagliflozin exhibit significant cardioprotective effects in HF models and patients (53, 54), partly independent of SGLT2 itself, involving downregulation of CXCL10 (55), suppression of macrophage inflammation, and modulation of fibroblast activation. Additional approaches—including low-level transcutaneous vagus nerve stimulation (56, 57), selenium-enriched diets (58), NAD precursors (35), NF-κB pathway inhibitors, and certain herbal preparations such as processed Aconitum extracts (59)—have also demonstrated potential to improve cardiac function via inflammation attenuation. However, previous trials of anti-inflammatory agents such as TNF-α antagonists have shown limited or even harmful effects in HF (48), suggesting that non-specific or isolated anti-inflammatory strategies may be insufficient. Collectively, these findings underscore that although inflammation is an indispensable mechanistic link in HF, the efficacy of anti-inflammatory therapy depends on pathway selectivity, timing of intervention, and alignment with patient phenotype, rather than broad cytokine inhibition. Future therapies may benefit from biomarker-guided and phenotype-specific strategies that better match the underlying inflammatory pathways in HF.



3.5 Oxidative stress and cardiomyocyte injury in HF

In HF, the high metabolic activity of cardiomyocytes renders them a primary source of reactive oxygen and nitrogen species (ROS/RNS), while neurohormonal activation, adrenergic overstimulation, and excessive mechanical stress induce cellular stress that disrupts redox homeostasis and impairs mitochondrial function (60, 61). Major ROS sources include mitochondrial electron transport chain complexes I/III, NADPH oxidases (Nox2/Nox4), xanthine oxidoreductase (XOR), nitric oxide synthases (NOS), monoamine oxidases (MAO), and p66shc. Enhanced activity of these enzymes establishes a ROS-driven vicious cycle, damaging mitochondrial DNA, proteins, and lipids, perturbing calcium homeostasis, and activating hypertrophic, apoptotic, and fibrotic signaling pathways (62–64). Excess ROS can further induce cardiomyocyte apoptosis, impaired mitophagy, and ferroptosis through IGF2BP2-dynamin2, PDE4D-CREB-SIRT1-PINK1/Parkin, and Piezo1/Yap1 signaling axes, accelerating myocardial remodeling and HF progression (65–67). Activation of the NLRP3 inflammasome also exacerbates cardiomyocyte injury by promoting oxidative stress and pyroptosis (68). Under pathological conditions, excessive ROS generation combined with impaired antioxidant defense systems, including SOD, GSHPx, catalase, Trx/TrxR, and GSH, leads to cumulative oxidative damage, further compromising cardiomyocyte structure and function (62). Therapeutic strategies activating Nrf2/HO-1, Keap1-Nrf2, and HMGB1-TLR4-GPX4 pathways can suppress ROS production, restore mitochondrial function, and mitigate cardiomyocyte apoptosis, inflammation, and fibrosis, thereby improving pathological cardiac remodeling (69–71). Collectively, ROS generation in cardiomyocytes and its dynamic regulation constitute a central driver of myocardial remodeling and HF progression, providing a mechanistic basis for targeted interventions against cardiomyocyte oxidative stress (72).



3.6 Fibrosis and extracellular matrix remodeling in HF

Myocardial fibrosis is a central pathological process in the development and progression of HF, characterized by the activation of cardiac fibroblasts (CFs) and their differentiation into myofibroblasts (myoFbs), which mediate excessive deposition and crosslinking of extracellular matrix (ECM) proteins, ultimately leading to ventricular stiffening, myocardial remodeling, and functional impairment (73–75). Fibrosis can represent either a reparative response or maladaptive remodeling: acute myocardial injury, such as myocardial infarction, induces replacement fibrosis to preserve myocardial structural integrity, whereas chronic pressure overload triggers reactive fibrosis, resulting in diffuse interstitial and perivascular collagen accumulation and persistent disruption of left and right ventricular function (76, 77).

CFs sense mechanical stress and integrate signaling via integrin-FAK pathways, AngII downstream cascades, and TGF-β/Smad and non-canonical MAPK/PI3K/AKT pathways to regulate proliferation, migration, and phenotypic transformation, thereby driving excessive deposition of type I/III collagen and other matrix proteins (73, 74, 78, 79). Additionally, immune cell-mediated inflammation, cytokines (including TNF-α, IL-1, IL-6, IL-10), long noncoding RNAs such as Wisper, fibronectin, and serpins participate in myocardial ECM remodeling by modulating fibroblast activity, collagen crosslinking, and matrix degradation, further influencing fibrotic progression (80–83).

Myocardial fibrosis not only reduces diastolic compliance and impairs systolic function but also disrupts intercellular signaling and increases the risk of arrhythmias (84, 85). Interventions such as left ventricular assist device (LVAD) unloading, HDAC inhibitors, SGLT2 inhibitors, and direct fibroblast reprogramming have been shown to partially reverse fibrosis and structural-functional abnormalities, highlighting its potential as a therapeutic target in HF (75, 86–88). Collectively, myocardial fibrosis, through ECM remodeling, plays a pivotal role in HF pathogenesis, and the complex molecular regulatory networks and cellular heterogeneity underlying this process provide important directions for future precision therapies (89–91).



3.7 Autophagy and proteostasis dysregulation in HF

Autophagic dysregulation and protein homeostasis imbalance play central roles in the pathogenesis and progression of HF. Autophagy maintains cardiomyocyte protein quality control (PQC), clears misfolded and toxic proteins, and preserves mitochondrial function, with moderate activation conferring cardioprotection (92, 93). However, excessive or insufficient autophagy disrupts protein homeostasis, induces mitochondrial damage, and triggers apoptosis or autophagy-dependent cell death (autosis), exacerbating cardiomyopathy, atrial fibrillation, and HF progression (94, 95). PKG signaling and PQC dysfunction accelerate hypertrophy, remodeling, and cardiomyocyte loss, whereas pharmacological PKG activation restores PQC and improves cardiac function (96). BAG3 maintains protein homeostasis via chaperone-assisted selective autophagy (CASA), and its deficiency leads to age-dependent autophagic dysregulation and early-onset cardiomyopathy (97).

In HFpEF, diabetes promotes NF-κB/IL-6/NLRP3-mediated inflammation and oxidative stress, suppresses NO-sGC-cGMP-PKG and AKT/AMPK/mTOR-regulated autophagy, and impairs HSP27/HSP70-dependent PQC, increasing myocardial stiffness and diastolic dysfunction (98). Nrf2 regulates the ubiquitin–proteasome system and autophagy-related genes, and its dysfunction drives protein misfolding, hypertrophy, and HF development (99). Persistent mTORC1/4EBP1 activation under aging or metabolic–hypertensive stress disrupts protein homeostasis, accelerates toxic protein accumulation, and exacerbates HFpEF and cardiac aging (100, 101). Additional regulators, including ROR2, TRIM24, and Txlnb, modulate protein folding, ubiquitination, and calcium handling, further destabilizing protein homeostasis and impairing contractile function (102–105). Models of chronic kidney disease, premature aging, and rapid-growth broiler cardiomyopathy demonstrate that protein oxidation, glycation, and PQC disruption, combined with autophagic and mitochondrial dysfunction, accelerate pathological remodeling (106–108).

Recent studies have further delineated the crosstalk between autophagy, mitochondrial health, and proteostasis. Dysregulated mitophagy contributes to the accumulation of dysfunctional mitochondria and excessive ROS generation, amplifying cardiomyocyte injury and maladaptive remodeling (109). Crosstalk between mTOR, AMPK, and sirtuin signaling fine-tunes autophagic flux, linking nutrient status, metabolic stress, and cellular aging to HF progression (110). Moreover, key autophagy mediators such as Beclin-1, ATG5, and TFEB are increasingly recognized as potential therapeutic targets because restoration of balanced autophagy—neither excessive nor suppressed—attenuates hypertrophy, fibrosis, and contractile dysfunction in preclinical models (111). These findings reinforce the translational potential of modulating the AMPK–mTOR–TFEB axis or enhancing mitophagy to improve proteostasis and delay HF progression.

Therapeutically, interventions such as tanshinone IIA, rapamycin, ginsenosides, and components of Si-Miao-Yong-An decoction modulate AMPK–mTOR–Beclin1-dependent autophagy, inhibit mTORC1 and ER stress, or restore mitophagy, thereby reducing apoptosis, improving function, and attenuating remodeling (112–115). Nutritional status further influences autophagic activity, highlighting the interplay between autophagy and protein homeostasis as a potential therapeutic target in chronic HF (116). Collectively, autophagic dysregulation and protein homeostasis imbalance constitute central mechanisms driving cardiomyocyte injury, remodeling, and HF progression, providing avenues for precision therapy (117).



3.8 MVD and endothelial abnormalities in HF

Multiple studies have demonstrated that MVD and coronary microvascular endothelial dysfunction are highly prevalent and play critical pathogenic roles in HF, particularly in HFpEF. Even in HFpEF patients without obstructive coronary artery disease, approximately 81% exhibit coronary microvascular dysfunction (CMD), suggesting it as a potential therapeutic target (118). CMD can reduce coronary flow reserve and myocardial perfusion, thereby exacerbating myocardial ischemia, diastolic dysfunction, and oxidative stress, ultimately promoting HF progression and increasing cardiovascular risk (119). In HFpEF patients, coronary microvascular endothelial dysfunction involves both endothelium-dependent and endothelium-independent mechanisms, with the latter closely associated with impaired diastolic function and adverse outcomes (120, 121).

MVD impairs endothelial cell function, decreases nitric oxide (NO) bioavailability, and reduces coronary flow reserve, promoting left ventricular diastolic dysfunction and restrictive remodeling while compromising myocardial oxygen supply and preload reserve through multiple interacting pathways (122). Peripheral microvascular reactivity is also correlated with left ventricular structural and diastolic alterations, highlighting its role in early cardiac remodeling in HFpEF (123). Endothelial dysfunction in HF patients manifests as impaired vascular tone regulation, antioxidant capacity, and inflammatory modulation, which may be systemic or localized, and can serve as a prognostic marker while being partially modifiable by ACE inhibitors, statins, and regular exercise (124). Clinical studies further indicate that CMD restricts cardiac filling during exercise, reduces exercise capacity, and is closely linked to left ventricular diastolic dysfunction and myocardial ischemia (120). Additionally, HFpEF patients often present with arterial stiffening, impaired microvascular vasodilation, and abnormal venous capacitance, which collectively contribute to a complex pathophysiological network (125).

In summary, MVD and endothelial impairment constitute key pathogenic mechanisms in HF and HFpEF, promoting disease progression through myocardial ischemia, diastolic dysfunction, and adverse cardiac remodeling, while representing critical targets for early diagnosis, risk stratification, and individualized therapeutic intervention.



3.9 Epigenetic and transcriptomic regulation in HF

HF, particularly as a consequence of dilated cardiomyopathy (DCM), is intricately regulated by epigenetic and transcriptomic mechanisms. CFs, in response to injury, transition from a quiescent state to a highly collagen-secreting phenotype, thereby driving fibrosis and cardiac remodeling through excessive ECM deposition. This activation is precisely controlled by gene transcription, DNA methylation, histone modifications, chromatin remodeling, and intercellular signaling networks (126). Non-coding RNAs, including the lncRNA Wisper, interact with TIA1-related proteins to modulate pro-fibrotic enzyme expression, promoting fibrosis and adverse remodeling post-myocardial infarction, whereas antisense oligonucleotide-mediated silencing significantly alleviates fibrosis and cardiac dysfunction (83). Similarly, NAT10-mediated N4-acetylcytidine (ac4C) modification of mRNAs enhances the stability and translation efficiency of CD47 and ROCK2 transcripts, thereby facilitating cardiomyocyte hypertrophy, fibrosis, and inflammatory responses; inhibition of NAT10 or treatment with Remodelin effectively improves left ventricular structure and function (127). Epitranscriptomic enzymes and non-coding RNAs—including miRNAs, lncRNAs, and circRNAs—coordinate gene transcription and translation in cardiomyocytes and the cardiac immune microenvironment, influencing remodeling, diastolic dysfunction, inflammation, and fibrosis, and thus represent promising targets for diagnosis, prognosis, and therapeutic intervention in HF (128, 129).

Bromodomain and extra terminal domain (BET) family proteins, particularly BRD4, recognize histone acetylation marks and integrate super-enhancer and promoter regions of pro-fibrotic genes under cardiac stress, orchestrating NF-κB- and TGF-β-dependent fibrosis and contractile dysfunction while maintaining mitochondrial respiration and energy homeostasis under baseline conditions (130–132). Other epigenetic regulators, including DNA methyltransferases, protein methyltransferases, MLF1, HAND1, and Bmi1, modulate chromatin accessibility, enhancer-promoter looping, and mRNA splicing, thereby governing cardiomyocyte hypertrophy, fibrosis, calcium handling, and age-associated transcriptional programs (133–138). Environmental factors, such as bisphenol A and its analogs, can induce cardiomyocyte hypertrophy and alter DNA methylation patterns, illustrating the interplay between transcriptional and epigenetic mechanisms in cardiac toxicity (139). Multi-omics analyses reveal disease-specific DNA methylation and non-coding RNA expression patterns across HF patients of distinct etiologies, with epigenetic reprogramming and transcriptional dysregulation jointly dictating myocardial function, fibrosis, and remodeling (140, 141). Furthermore, stem cells and their derived cardiomyocytes, through optimized differentiation and maturation, can repair myocardial infarction-induced injury and improve cardiac function in HF patients (142).

Beyond individual epigenetic modifiers, emerging multi-omics studies have revealed coordinated epigenetic remodeling that regulates transcriptional plasticity in both cardiomyocytes and fibroblasts. Disease-specific DNA methylation signatures correlate with metabolic impairment and hypertrophy, whereas histone acetylation and m6A RNA modifications fine-tune gene networks that govern fibrosis, inflammation, and energy metabolism (143). Notably, pharmacological modulation of epigenetic pathways—such as inhibition of BRD4 or HDACs—has demonstrated the ability to reverse maladaptive gene expression, attenuate fibrosis, and improve ventricular function in preclinical models (144). These findings underscore epigenetic regulation as a mechanistically distinct yet clinically relevant avenue for precision therapy in both HFrEF and HFpEF (Table 1).



TABLE 1 Comparative summary of key mechanisms and therapeutic targets in HFrEF vs. HFpEF.



	Pathophysiological domain
	HFrEF (Reduced EF)
	HFpEF (Preserved EF)
	Representative or emerging therapies
	References





	Dominant Mechanism
	Systolic dysfunction due to loss of contractile function and adverse remodeling
	Diastolic dysfunction with preserved contractility but increased stiffness and impaired relaxation
	——
	(147)



	Neurohormonal Activation (RAAS/SNS)
	Markedly upregulated; drives remodeling and apoptosis
	Mild to moderate activation; interacts with comorbid inflammation
	ACEIs, ARBs, β-blockers, ARNIs
	(148)



	Metabolic Remodeling
	Impaired fatty acid oxidation and ATP depletion
	Metabolic inflexibility, obesity-related inflammation, insulin resistance
	SGLT2 inhibitors, GLP-1 agonists, metabolic modulators
	(149)



	Mitochondrial Dysfunction & Oxidative Stress
	Mitochondrial injury, excess ROS production
	Mitochondrial inefficiency linked to systemic inflammation
	NAD+ boosters, antioxidants, iron supplementation
	(150)



	Inflammation & Fibrosis
	Driven by RAAS and mechanical stress
	Chronic systemic and microvascular inflammation leading to stiffening
	Anti-inflammatory agents, fibroblast reprogramming, SGLT2i
	(151)



	Autophagy & Proteostasis
	Excessive or defective autophagy contributing to cell loss
	Impaired autophagy with protein aggregation and metabolic stress
	AMPK activators, mTOR inhibitors, PKG modulators
	(152, 153)



	Epigenetic Regulation
	Chromatin remodeling and non-coding RNAs driving hypertrophy and fibrosis
	Differential DNA methylation and transcriptomic reprogramming under metabolic stress
	BET inhibitors, HDAC inhibitors, RNA therapeutics
	(154)



	MVD
	Secondary to remodeling and ischemia
	Primary driver causing impaired perfusion and diastolic dysfunction
	Endothelial-targeted therapies, exercise, statins
	(155)



	Therapeutic Focus
	Neurohormonal inhibition and device-based support
	Metabolic and microvascular modulation; precision therapy
	Combined mechanism-based and personalized approaches
	(156)







Collectively, HF pathogenesis is orchestrated by multilayered networks encompassing non-coding RNA regulation, epigenetic enzymes, chromatin remodeling, and epitranscriptomic modifications, providing a comprehensive molecular framework for mechanistic understanding and potential precision therapeutic strategies (145, 146).



3.10 Evidence quality and limitations of current data

The strength of available evidence across HF mechanisms and therapies varies substantially. Mechanistic insights are often derived from preclinical or single-center translational studies, which provide valuable biological understanding but are limited by small sample sizes, short durations, and lack of clinical endpoints (157). Conversely, large RCTs—such as those evaluating RAAS inhibition, β-blockers, and SGLT2 inhibitors—offer high-level evidence but typically target broad HF populations without molecular stratification (158). Conflicting findings among studies frequently reflect differences in experimental design, patient phenotype, and outcome measures. Future research should aim to integrate mechanistic precision with rigorous clinical trial methodology to close this translational gap.




4 Therapeutic advances in HF

HF results from complex interactions among neurohormonal activation, metabolic dysregulation, inflammation, fibrosis, and vascular dysfunction. Understanding these mechanisms has guided the development of targeted therapies. The following sections summarize current and emerging strategies in HF, including pharmacological, device-based, and regenerative approaches.


4.1 Pharmacological and metabolic therapies in HF

HF is a complex cardiovascular syndrome with multifactorial pathophysiology, in which neurohormonal dysregulation plays a pivotal role. In HFrEF, chronic activation of the SNS and the RAAS initially maintains hemodynamic stability but ultimately exacerbates cardiac workload, promotes myocardial remodeling, and accelerates disease progression (159, 160). RAAS and SNS hyperactivity are also implicated in the pathogenesis of cardiorenal syndrome and pulmonary arterial hypertension-related right ventricular failure, highlighting the potential clinical value of neurohormonal inhibition (161, 162).

Evidence-based pharmacotherapy for HFrEF includes ACE inhibitors (ACEIs), angiotensin II receptor blockers (ARBs), β-adrenergic blockers, and MRAs. ACEIs and ARBs improve cardiovascular and renal outcomes by suppressing RAAS activity, whereas β-blockers attenuate β1-adrenergic overstimulation, reducing apoptosis, inflammation, and adverse remodeling; their effects on myocyte enhancer factor 2 (MEF2) signaling and downstream gene networks further contribute to improved left ventricular function and survival (163–165). A comprehensive overview of the mechanisms, clinical evidence, and limitations of these pharmacological strategies is provided in Table 2. Combination therapy strategies, such as ACEI/ARB plus β-blocker and MRA, or the use of ARNIs, which simultaneously block RAAS and enhance natriuretic peptide (NP) signaling, have demonstrated significant reductions in cardiovascular mortality and HF hospitalization, with favorable tolerability in clinical practice (166–170). Nevertheless, real-world utilization of these guideline-directed therapies remains suboptimal, and polypharmacy may increase the risk of renal impairment and hyperkalemia, underscoring the need for individualized dosing and combination strategies (171, 172).



TABLE 2 Pharmacologic therapies in HF: mechanisms, evidence, and limitations.



	Drug class
	Primary mechanism of action
	Key clinical trial evidence
	Major limitations/considerations
	References





	ACE Inhibitors/ARBs
	Inhibit RAAS activation, reduce afterload and remodeling
	SOLVD, VAL-HeFT, CHARM
	Cough, hyperkalemia, renal dysfunction; limited efficacy in HFpEF
	(181)



	ARNIs (sacubitril/valsartan)
	Dual RAAS blockade + neprilysin inhibition enhances natriuretic peptides
	PARADIGM-HF, PARAGON-HF
	Hypotension, renal monitoring required; cost higher than ACEI/ARB
	(182)



	β-Blockers
	Inhibit sympathetic activation, reduce HR and remodeling
	MERIT-HF, COPERNICUS, CIBIS-II
	Contraindicated in bradycardia, acute decompensation
	(183)



	MRAs
	Block aldosterone-induced fibrosis and Na+ retention
	RALES, EMPHASIS-HF, TOPCAT
	Risk of hyperkalemia, renal impairment
	(184)



	SGLT2 Inhibitors
	Promote natriuresis, reduce preload/afterload, improve metabolism
	DAPA-HF, EMPEROR-Reduced, DELIVER
	Mild volume depletion, cost; broad efficacy across EF spectrum
	(185)



	Diuretics
	Symptomatic relief via volume reduction
	–
	No mortality benefit; electrolyte imbalance
	(186)



	Ivabradine
	Selective sinus node inhibitor lowering HR
	SHIFT
	Use only in sinus rhythm, HR >70 bpm
	(187)



	Vericiguat/Soluble Guanylate Cyclase Stimulators
	Enhance NO-sGC-cGMP signaling, improve vascular function
	VICTORIA
	Limited to advanced HF; modest benefit
	(188)



	Omecamtiv Mecarbil
	Direct myosin activator enhancing contractility
	GALACTIC-HF
	Requires LV systolic dysfunction; no mortality reduction
	(189)



	Anti-fibrotic/Anti-inflammatory agents (emerging)
	Target TGF-β, NLRP3, IL-1 pathways
	Ongoing early-phase trials
	Preclinical/Phase II only; safety under evaluation
	(190, 191)







For HFpEF and HFmrEF, conventional RAAS inhibitors and β-blockers show limited efficacy, and no definitive treatment exists (173–175). Recently, metabolic-targeted therapies, including sodium–glucose cotransporter 2 inhibitors (SGLT2i) and GLP-1 receptor agonists, have shown promise. SGLT2i exert cardiovascular benefits not only through renal glucose and sodium transport inhibition but also via modulation of cardiomyocyte ionic homeostasis, attenuation of inflammation and oxidative stress, thereby improving outcomes in both HFrEF and HFpEF patients (25, 176–178). GLP-1 receptor agonists ameliorate cardiac metabolic dysfunction, reduce myocardial hypertrophy and fibrosis, and improve cardiac function (179). Moreover, SGLT2i confer substantial cardiovascular benefits in elderly patients with type 2 diabetes mellitus, and metabolic interventions may also mitigate oxidative stress, neuroinflammation, and mitochondrial dysfunction, potentially improving cognitive decline, though clinical evidence remains limited (180).

Overall, HF pharmacotherapy is transitioning from simple suppression of maladaptive neurohormonal activation toward restoration of neuroendocrine balance and multi-targeted interventions. Future HF management may integrate conventional RAAS and β-blocker therapy with novel agents such as ARNIs, SGLT2i, and GLP-1 receptor agonists, along with metabolic interventions, to achieve cardiac protection, hemodynamic optimization, and metabolic homeostasis, providing a foundation for precision and individualized therapy (159).



4.2 Device-based and advanced interventional therapies in HF

HF patients continue to experience substantial residual risk despite guideline-directed medical therapy, including persistent symptoms, high rates of hospitalization, and mortality (192–194). These limitations have driven the rapid development of device-based interventions, which provide individualized therapies according to HF phenotype and severity. Key device therapies include cardiac resynchronization therapy (CRT), implantable cardioverter-defibrillators (ICD), mechanical circulatory support (MCS), and heart transplantation. An overview of these device-based and interventional approaches, including their indications, underlying mechanisms, and clinical limitations, is summarized in Table 3. CRT improves ventricular mechanical synchrony, enhancing left ventricular systolic function, reducing mitral regurgitation, promoting reverse remodeling, improving NYHA functional class and exercise capacity, and decreasing hospitalization and mortality (195–197). ICDs are primarily indicated for patients with moderate to severe HF or those at high risk, effectively preventing sudden cardiac death and ventricular arrhythmias, with outcomes influenced by NYHA class and cardiac function (198). For end-stage HF, MCS and heart transplantation provide definitive interventions, improving survival and quality of life, although device-related complications and limited availability remain challenges.



TABLE 3 Device-based and interventional therapies in HF.



	Therapy type
	Mechanistic principle
	Key trials/evidence
	Patient selection criteria
	Limitations/cost considerations
	References





	CRT
	Improves ventricular synchrony via biventricular pacing
	COMPANION, CARE-HF
	LVEF ≤35%, QRS ≥130 ms, sinus rhythm
	Non-responders (∼30%); device cost
	(207)



	ICD
	Prevents sudden cardiac death by terminating arrhythmias
	MADIT-II, SCD-HeFT
	Ischemic/non-ischemic cardiomyopathy, LVEF ≤35%
	Shocks, infection, cost
	(208)



	LVAD
	Provides mechanical circulatory support in advanced HF
	REMATCH, MOMENTUM-3
	End-stage HF awaiting or ineligible for transplant
	Bleeding, infection, high cost
	(209)



	Baroreflex Activation Therapy
	Modulates autonomic balance via carotid stimulation
	BeAT-HF
	Symptomatic HFrEF despite optimal therapy
	Limited long-term data
	(210)



	CCM
	Enhances myocardial calcium handling
	FIX-HF-5C
	LVEF 25%–45%, narrow QRS
	Small population, cost
	(211)



	Interatrial Shunt Devices
	Reduces left atrial pressure in HFpEF
	REDUCE LAP-HF II
	HFpEF with elevated LV filling pressure
	Mixed results, long-term benefit uncertain
	(212)



	Transcatheter Mitral Valve Repair (TEER/MitraClip)
	Corrects functional MR, reduces volume overload
	COAPT, MITRA-FR
	HF with secondary MR, suitable anatomy
	Procedural risk, operator experience dependent
	(213)







Clinical studies indicate that approximately one-third of CRT recipients are non-responders, with key contributing factors including suboptimal atrioventricular (AV) and interventricular (VV) timing, non-left bundle branch block (non-LBBB), and electromechanical dyssynchrony (199, 200). To address this, emerging device-based sensor technologies and automated optimization algorithms have shown promise in improving long-term clinical outcomes and reducing HF-related rehospitalization, with some evidence suggesting superiority over conventional echocardiography-guided optimization (201, 202). Moreover, concomitant atrial fibrillation (AF) may attenuate CRT-mediated improvements in left ventricular function, and AF burden should be considered in therapeutic strategy and device selection (203). Cardiac contractility modulation (CCM) improves left ventricular systolic function and promotes reverse remodeling in patients with mild QRS prolongation, achieving effects comparable to CRT in this subgroup, though CRT remains more effective in patients with severe QRS prolongation (204).

In elderly HF patients (≥75 years), CRT-D therapy has been shown to reduce HF progression, mortality, and the risk of ventricular arrhythmias, with device reintervention rates comparable to younger populations. However, older patients are at higher risk of device-related complications, and current clinical trials provide limited evidence regarding quality of life and end-of-life care considerations in this population (205, 206). Real-world data also indicate that HF functional class significantly impacts device outcomes: in patients receiving ICD alone, NYHA class III/IV patients exhibit higher risk of HF-related events or death compared with class I/II, whereas CRT-D attenuates this disparity; additionally, patients with milder HF are more prone to ventricular arrhythmias (198).

In summary, device-based therapies play a pivotal role in HF management by improving ventricular synchrony, preventing sudden cardiac death, and providing advanced circulatory support. Integration of individualized indications, outcome evaluation, and emerging device technologies—including automated optimization algorithms, minimally invasive lead placement, and sensor-based monitoring—offers precise and personalized interventions, highlighting the potential of these strategies to reduce residual risk and optimize clinical outcomes across diverse HF populations.



4.3 Emerging biological and personalized therapies in HF

HF is a complex syndrome involving interactions among cardiomyocytes, fibroblasts, immune cells, and vascular endothelial cells. Myocardial fibrosis plays a central role in HF progression, and its extent and pattern are closely associated with disease development and prognosis, which can be assessed via imaging and circulating biomarkers (214). Traditional biomarkers such as BNP and NT-proBNP remain essential indicators of myocardial stress and volume overload, whereas multi-marker strategies integrating ST2, Galectin-3, and Copeptin provide deeper insight into HF pathophysiology and potential therapeutic targets (215–219).

Intervention strategies have expanded beyond conventional therapy. SGLT2 inhibitors have demonstrated reductions in HF hospitalization and mortality, potentially through modulation of myocardial inflammation and the STAT1-STING-mediated cellular senescence pathway (220, 221). Lifestyle interventions, including adherence to a Mediterranean diet, can improve metabolic profiles and reduce systemic inflammation (222). Cutting-edge biological approaches, such as targeting activated CFs, gene- and cell-based therapies, and recombinant human ACE2 administration, aim to repair or mitigate pathological cardiac remodeling (223, 224). Integrating multi-omics, circulating biomarkers, and clinical variables facilitates precision management, particularly in patients with HFpEF, renal comorbidities, or metabolic disturbances (225–228).

Clinical studies indicate that rapid initiation and titration of guideline-directed therapies in acute HF reduces short-term mortality and rehospitalization, whereas strict sodium restriction in chronic HF has not shown significant outcome improvement (229, 230). Mechanism-targeted interventions, including IL-1/IL-6 blockade, corticosteroids, and colchicine, show potential in acute HF, while triacylglycerol supplementation demonstrates efficacy in triglyceride deposit cardiomyopathy (231, 232). Combining genetic markers, advanced imaging, and artificial intelligence-assisted diagnostics can optimize patient stratification and individualized therapeutic strategies (233). Collectively, emerging biological and personalized therapies provide multidimensional approaches to improve outcomes and slow disease progression in HF patients.




5 Future perspectives and conclusions

Although significant advances have been made in delineating the pathophysiological mechanisms and therapeutic strategies for HF, several challenges persist. Current treatments predominantly target neurohormonal pathways (e.g., RAAS and SNS), yet they only partially mitigate maladaptive cardiac remodeling and fail to adequately address the phenotypic heterogeneity observed in HFpEF patients (160, 234). Furthermore, limited mechanistic understanding of metabolic dysregulation, inflammation, and MVD constrains the development of fully effective interventions. Emerging strategies integrating mechanistic insights and advanced technologies may overcome these limitations. Machine learning–based models have demonstrated superior predictive accuracy for hospitalization and mortality by combining clinical parameters with biomarker and imaging data (235). Multi-omics approaches, including transcriptomic, proteomic, and metabolomic profiling, have revealed novel pathways involved in cardiomyocyte energy metabolism, iron handling, and ECM remodeling, offering potential targets for personalized therapy (74, 236).

Building on these developments, future research should prioritize integrating omics-derived biomarkers with machine learning and systems biology tools to refine risk prediction models and uncover mechanistically distinct HF subgroups. Such integrative frameworks may enable dynamic, individualized monitoring and more accurate identification of patients who are likely to respond to specific therapeutic modalities (236). In addition, developing personalized therapeutic approaches for distinct HF phenotypes—including HFpEF subgroups defined by metabolic dysfunction, systemic inflammation, or microvascular disease—will be crucial. Aligning therapeutic selection with molecular signatures and comorbidity profiles may help overcome the historical limitations of “one-size-fits-all” treatment paradigms (237). Finally, future clinical trial designs should better incorporate real-world patient complexity, including frailty, multimorbidity, and sex-specific differences that influence treatment response and tolerability. Adaptive and phenotype-stratified trial frameworks may enhance the evaluation of both established and emerging therapies, while digital health tools and patient-reported outcomes can improve longitudinal assessment of functional status and quality of life (238).

Together, these directions underscore the importance of integrating high-resolution mechanistic data with patient-specific phenotyping to enable precision-guided interventions. Translational studies combining experimental models, omics-based biomarker discovery, and clinical validation are expected to refine risk stratification, optimize therapeutic selection, and ultimately improve functional outcomes and survival in HF.
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