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	Abstract
	Heart failure with reduced ejection fraction (HFrEF) is the subtype with the poorest prognosis within the heart failure spectrum, yet its treatment has witnessed groundbreaking advances in recent years. The “four‑pillar” therapy based on neurohormonal inhibition—namely, angiotensin receptor‑neprilysin inhibitors (ARNI) / angiotensin receptor blockers (ARB), β‑blockers, mineralocorticoid receptor antagonists (MRA), and sodium‑glucose cotransporter‑2 inhibitors (SGLT2i)—constitutes the cornerstone of guideline‑directed medical therapy (GDMT). However, the heterogeneity of HFrEF and persistently high rehospitalization rates indicate that, on top of existing therapies, novel drug development and precision treatment strategies targeting key pathophysiological processes—including myocardial energy metabolic reprogramming, inflammatory and immune dysregulation, and myocardial fibrosis—remain future priorities. This review aims to systematically outline the pathophysiological mechanisms of HFrEF, the clinical evidence and implementation strategies for currently available pharmacotherapies, and to discuss emerging drug targets (e.g., cardiac myosin modulators, anti‑inflammatory and metabolic regulators) as well as progress in traditional Chinese medicine research, with the goal of providing a reference for optimizing clinical management and guiding future investigations.
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1. Introduction
Heart failure with reduced ejection fraction (HFrEF) is defined as a clinical syndrome of heart failure in which the left ventricular ejection fraction (LVEF) is ≤40%. It accounts for approximately half of all heart failure cases and is characterized by left ventricular remodeling and systolic dysfunction [1]. Patients with HFrEF have a poor prognosis, with a 5‑year mortality rate as high as 50%. Despite continuous therapeutic advances, this population continues to face high rates of rehospitalization and death, severely impairing quality of life and imposing a substantial burden on healthcare systems worldwide [2].
Over the past decade, pharmacotherapy for HFrEF has evolved from a purely hemodynamic approach toward comprehensive multi‑pathway, multi‑target intervention. Before the 1980s, treatment relied primarily on digitalis and diuretics to alleviate hemodynamic symptoms. From the 1990s onward, the neurohormonal antagonism strategy—centered on renin‑angiotensin‑aldosterone system (RAAS) inhibitors and β‑blockers—was established, significantly reducing mortality risk [3]. In the 21st century, with the publication of landmark trials such as PARADIGM‑HF and DAPA‑HF, novel agents—notably angiotensin receptor‑neprilysin inhibitors (ARNI) and sodium‑glucose cotransporter‑2 inhibitors (SGLT2i)—have ushered HFrEF therapy into a new era, with the "new quadruple" regimen as its cornerstone [4]. The 2023 European Society of Cardiology (ESC) focused update on heart failure guidelines further consolidated the central role of this "four‑pillar" therapy [5].
Nevertheless, despite major improvements in prognosis with current therapies, the long‑term risk of death and rehospitalization remains high, particularly in patients with advanced heart failure or multiple comorbidities, for whom treatment options are limited. Therefore, an in‑depth understanding of the complex pathophysiological network of HFrEF, the continued development of novel therapeutic agents, and the optimization of existing treatment strategies remain research priorities in cardiovascular medicine. In recent studies, a range of new drugs (e.g., omecamtiv mecarbil) and targeted therapeutic approaches have shown promise in clinical trials, bringing new hope to HFrEF management [6].
This review systematically outlines the pathophysiological mechanisms of HFrEF, the current treatment landscape, and emerging drug development directions, along with future challenges, based on the latest evidence, with the aim of providing a reference for clinical practice and scientific research.
2. Pathophysiological Mechanisms of HFrEF
HFrEF is not a single disease entity but a complex process involving the interplay of multiple neurohormonal activations, hemodynamic overload, structural remodeling, metabolic reprogramming, and immune‑inflammatory dysregulation. Its core feature is a vicious cycle triggered by a decline in cardiac output [7].
Initial myocardial injury (e.g., from myocardial infarction, hypertension, or toxic exposure) sets off a series of compensatory responses, including activation of the sympathetic nervous system (SNS) and the RAAS, to maintain cardiac output. However, sustained activation leads to myocardial hypertrophy, fibrosis, and chamber dilation, eventually shifting from compensation to decompensation, manifesting as pump failure and congestive symptoms [5]. Recent studies have emphasized that, beyond the classic neurohormonal mechanisms, myocardial energy metabolic reprogramming, chronic inflammation and immune dysregulation, mitochondrial dysfunction, and cardiac fibrosis are key pathological drivers of HFrEF progression. These processes collectively represent important targets for future pharmacological intervention [8].
2.1   Neurohormonal Overactivation
Excessive activation of the RAAS and SNS is a cornerstone pathophysiological mechanism of HFrEF. Angiotensin II and aldosterone promote disease progression by inducing myocardial hypertrophy, fibrosis, oxidative stress, and sodium‑water retention. In the short term, catecholamines and angiotensin II (Ang II) release can increase heart rate, myocardial contractility, and peripheral vascular resistance to maintain blood pressure. However, chronic overactivation causes cardiomyocyte hypertrophy, apoptosis, and necrosis, while promoting interstitial fibrosis, peripheral vasoconstriction, and fluid retention, thereby further increasing cardiac preload and afterload and establishing a neurohormonal vicious cycle [9].
In addition, the natriuretic peptide system—an endogenous protective counter‑regulatory mechanism against RAAS and SNS—is relatively insufficient in HFrEF, exacerbating the imbalance [10]. ARNI (sacubitril/valsartan), which simultaneously inhibits neprilysin and the angiotensin II type 1 receptor, counteracts RAAS through dual mechanisms and has been shown to reduce cardiovascular death and heart failure hospitalization more effectively than angiotensin‑converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARB). The EMPEROR‑Reduced trial demonstrated that empagliflozin combined with ARNI reduced the risk of cardiovascular death or heart failure hospitalization by 25% [11].
Chronic sympathetic overexcitation worsens systolic function through β1‑receptor downregulation, abnormal calcium handling, and cardiomyocyte death. β‑blockers improve survival in HFrEF by slowing heart rate, reducing arrhythmias, and promoting reverse remodeling. In addition, novel agents such as omecamtiv mecarbil—a cardiac myosin activator—offer therapeutic benefits through a mechanism distinct from neurohormonal inhibition, by improving myocardial energy utilization and reducing post‑systolic tension.
2.2   Cardiac Remodeling and Fibrosis
Ventricular remodeling, characterized by chamber dilation, wall thinning, and functional decline, represents the morphological basis of poor prognosis in HFrEF. Reversing cardiac remodeling has become a key therapeutic goal in modern HFrEF management [12].
Under persistent stimulation from neurohormonal factors, inflammatory mediators, and mechanical stress, the heart undergoes adverse remodeling, manifesting as progressive chamber enlargement, wall thinning, a more spherical ventricular geometry, along with excessive deposition of extracellular matrix and interstitial fibrosis [13]. This process not only impairs systolic and diastolic function but also disrupts electrical conduction uniformity, providing a structural substrate for progressive functional deterioration and ventricular arrhythmias. Myocardial fibrosis is a core component, closely related to increased stiffness and diastolic dysfunction. Antifibrotic strategies have thus become a research hotspot. For example, pirfenidone—a novel antifibrotic agent—has shown protective effects in various cardiac remodeling models by inhibiting the TGF‑β signaling pathway and fibroblast activation, offering a new direction for HFrEF therapy [14].
Furthermore, the transforming growth factor‑β (TGF‑β) signaling pathway is a key regulator of fibrosis, promoting fibroblast activation and collagen deposition. Zhang et al. [15] found that Xin‑shu‑bao tablets inhibit myocardial fibrosis and reduce GSN protein expression via the PPARγ/MFGE8 pathway, thereby improving cardiac function. Novel inhibitors targeting the TGF‑β pathway are also under development and may provide specific antifibrotic treatment options for HFrEF.
2.3   Systemic Inflammation and Immune Dysregulation
Growing evidence indicates that chronic low‑grade inflammation plays an important role in HFrEF progression. Elevated levels of pro‑inflammatory cytokines—such as tumor necrosis factor‑α (TNF‑α), interleukin‑1β (IL‑1β), and IL‑6—can directly depress myocardial contractility and induce cardiomyocyte apoptosis, while insufficient expression of anti‑inflammatory mediators (e.g., IL‑10) exacerbates inflammatory injury [16]. Moreover, the inflammatory state is associated with endothelial dysfunction and insulin resistance, collectively promoting disease deterioration.
Drug development targeting inflammatory pathways is ongoing. Xu et al. [17] demonstrated that sacubitril/valsartan reduces IL‑6 and TNF‑α expression in myocardial tissue, attenuating inflammatory responses. Immunomodulatory therapy is emerging as a potential strategy; anti‑inflammatory agents targeting the NLRP3 inflammasome and the IL‑1β monoclonal antibody canakinumab have shown benefits in preliminary studies.
2.4 Myocardial Energy Metabolism Dysfunction
Energy metabolism impairment is a hallmark of HFrEF. Under normal conditions, the heart derives 60‑70% of its energy from fatty acid oxidation. In HFrEF, however, metabolic flexibility is reduced, with decreased fatty acid oxidation and increased glucose utilization, leading to lower energetic efficiency and accumulation of lipid intermediates [18]. Cardiomyocytes undergo pathological metabolic reprogramming, shifting from fatty acid oxidation toward glycolysis, which reduces ATP production efficiency and promotes the buildup of harmful metabolites, while overall ATP generation remains significantly diminished [19]. Concurrently, mitochondrial dysfunction and oxidative stress further compromise energy production and utilization, impairing contractile protein function and calcium handling.
Beyond their diuretic and glucose‑lowering effects, SGLT2 inhibitors are thought to exert cardioprotection through mechanisms such as improving myocardial energy utilization (e.g., increasing ketone body use) and reducing oxidative stress. Brown et al. [20] confirmed that SGLT2 inhibitors improve myocardial energy metabolism, enhance ketone body utilization, and increase myocardial energy efficiency. PPARγ agonists, AMPK activators, and other agents that modulate myocardial substrate utilization are being investigated to improve cardiac function. In addition, mitochondrial function modulators and myocardial metabolic enhancers are under development, with the potential to provide metabolic‑targeted therapy for HFrEF.
[bookmark: _GoBack]2.5 Vascular Dysfunction and Microcirculatory Disturbance
Endothelial dysfunction leads to reduced nitric oxide (NO) bioavailability and impaired vasodilation. Increased coronary microvascular resistance and decreased flow reserve exacerbate myocardial ischemia and hypoxia, particularly in the subendocardial regions [21]. These microcirculatory disturbances interact with myocardial fibrosis and energy metabolism disorders, collectively driving disease progression and contributing importantly to the pathogenesis and advancement of HFrEF. SGLT2 inhibitors have potential benefits in improving endothelial function and reducing vascular inflammation [22]. The traditional Chinese medicine Xin‑shu‑bao tablets have been shown to affect lipid metabolism and efferocytosis through the PPARγ/MFGE8 pathway, thereby ameliorating ventricular remodeling, and this effect also involves regulation of the microcirculation and inflammation [15].
3. Current Treatment Landscape: Guideline‑Directed Medical Therapy (GDMT)
Based on robust evidence, current major international guidelines (e.g., ACC/AHA, ESC) recommend the "new quadruple" regimen as the cornerstone of GDMT for HFrEF, aiming to maximize reductions in mortality and hospitalization risk [23–24].
3.1    The "New Quadruple" Regimen
The current pharmacotherapeutic core for HFrEF is the combination of the "new quadruple": ARNI, β‑blockers, mineralocorticoid receptor antagonists (MRA), and SGLT2 inhibitors.
ARNI, represented by sacubitril/valsartan, acts through a dual mechanism: the valsartan component blocks the angiotensin II type 1 receptor (AT1R), inhibiting the deleterious effects of RAAS, while the sacubitril component inhibits neprilysin, reducing natriuretic peptide degradation and thus enhancing their beneficial vasodilatory, natriuretic, antifibrotic, and antihypertrophic effects. The PARADIGM‑HF trial showed that, compared with standard ACEI (enalapril), sacubitril/valsartan reduced the composite endpoint of cardiovascular death or heart failure hospitalization by 20% and all‑cause mortality by 16% [25]. It is now recommended as a first‑line alternative to ACEI/ARB.
β‑blockers and MRAs are classic neurohormonal inhibitors with well‑established mortality benefits [5]. β‑blockers antagonize cardiac β1 receptors selectively or non‑selectively, counteracting the chronic toxicity of SNS. Their main benefits include heart rate reduction, decreased myocardial oxygen consumption, antiarrhythmic effects, and delayed myocardial remodeling. Bisoprolol, metoprolol succinate, and carvedilol are the three best‑evidence β‑blockers. Studies have confirmed that adding a β‑blocker to standard therapy reduces all‑cause mortality in HFrEF patients by approximately 35% [26]. Treatment should be initiated at low doses and gradually titrated to target or maximally tolerated doses as tolerated.
MRAs—spironolactone and eplerenone—antagonize aldosterone receptors, not only promoting natriuresis and diuresis but, more critically, directly inhibiting myocardial fibrosis and adverse remodeling. The RALES and EMPHASIS‑HF trials demonstrated that, in HFrEF patients already receiving standard therapy (including ACEI and β‑blockers), adding spironolactone or eplerenone further reduces the composite endpoint of cardiovascular death and heart failure hospitalization [27–28].
The introduction of SGLT2 inhibitors (e.g., empagliflozin, dapagliflozin) represents the most important advance in recent years. The DAPA‑HF and EMPEROR‑Reduced trials consistently showed that, regardless of diabetes status, SGLT2i significantly reduced the composite endpoint of cardiovascular death or worsening heart failure by approximately 25% in HFrEF patients [29–31]. Their mechanisms of action may involve osmotic diuresis, improved myocardial energy metabolism, and reduced inflammation and fibrosis [32]. Pooled analyses of EMPEROR‑Reduced and EMPEROR‑Preserved indicated that SGLT2 inhibitors benefit a broad spectrum of patients with LVEF <65%, though the effect was attenuated in those with LVEF ≥65% [33]. This provides evidence for their broader use in HFrEF and heart failure with mildly reduced ejection fraction (HFmrEF). Butler et al. [34] showed that empagliflozin benefits span the ejection fraction spectrum, albeit with diminished effect at LVEF ≥65%.
3.2    Adjunctive Pharmacotherapies
Diuretics are used to relieve congestive symptoms, with attention to electrolyte balance and renal function monitoring. Loop diuretics (e.g., furosemide) are the cornerstone for relieving fluid retention and improving congestive symptoms, rapidly enhancing quality of life, though no evidence indicates they improve long‑term prognosis [35–36].
Ivabradine is a selective inhibitor of the If channel in the sinoatrial node, acting purely to reduce heart rate. The SHIFT trial [37] showed that, in symptomatic HFrEF patients in sinus rhythm with a heart rate ≥70 bpm already receiving GDMT (including β‑blockers), ivabradine reduced heart failure hospitalization risk. The inotropic agent digoxin may be used in symptomatic patients in sinus rhythm despite optimized GDMT, to reduce hospitalization risk, but it has no mortality benefit and requires caution regarding toxicity [38].
3.3    Clinical Implementation Strategies and Barriers
The STRONG‑HF trial validated that an early, rapid, near‑target‑dose up‑titration strategy with close follow‑up—a "high‑intensity care" approach—after acute heart failure hospitalization significantly reduces rehospitalization and mortality [39]. Heart failure specialty clinics, pharmacist‑involved medication management, and remote monitoring technologies help optimize pharmacotherapy. Dini et al. proposed that phenotype‑guided individualized treatment strategies can improve outcomes in HFrEF patients [40].
However, in clinical practice, the utilization and target‑dose achievement rates for GDMT remain suboptimal, limited by various barriers including patient‑related factors (tolerability issues such as hypotension, renal dysfunction, hyperkalemia, bradycardia), physician‑related factors (unfamiliarity with guidelines, prescribing inertia), and healthcare‑system factors (incomplete follow‑up systems, poor drug access) [41]. Overcoming these barriers to achieve early, rapid, and comprehensive GDMT application is key to improving the prognosis of the HFrEF population.
4. Emerging Drug Development and Clinical Translation
4.1    Recently Approved Novel Agents
Beyond SGLT2 inhibitors, several new drugs have recently been approved for specific HFrEF patient subsets.
Omecamtiv mecarbil is a selective cardiac myosin activator that does not increase intracellular calcium concentration or oxygen consumption but directly enhances the efficiency of myosin‑actin interaction to improve myocardial contractility. The GALACTIC‑HF trial confirmed that omecamtiv mecarbil reduced the risk of cardiovascular death or heart failure events in HFrEF patients, with greater benefit observed in those with lower LVEF and more severe disease [42–43]. It is currently approved for the treatment of transthyretin amyloid cardiomyopathy, improving exercise capacity and quality of life.
Vericiguat is an oral soluble guanylate cyclase (sGC) stimulator designed to restore the impaired NO‑sGC‑cGMP signaling pathway in HFrEF. Activation of this pathway promotes vasodilation and inhibits fibrosis and hypertrophy. The VICTORIA trial demonstrated that, in high‑risk HFrEF patients with recent worsening heart failure, adding vericiguat to standard therapy reduced the composite endpoint of cardiovascular death or heart failure hospitalization [44]. It is indicated for high‑risk HFrEF patients with recent worsening heart failure.
4.2    Drugs in Clinical Development
A wide range of investigational drugs targeting different pathophysiological aspects of HFrEF are under development. Among them, cardiac myosin modulators are a major focus, aiming to directly enhance pump function by improving contractile mechanics. Besides omecamtiv mecarbil, other myosin modulators (e.g., CK‑1827452) are being investigated to improve contractility without increasing oxygen consumption [42]. Agents targeting specific inflammatory pathways are being explored, including IL‑1β inhibitors (canakinumab) and IL‑6 receptor antagonists, but large Phase III trials have not yet yielded uniformly positive results, highlighting the importance of precisely selecting inflammatory phenotypes [16]. Metabolic agents, such as compounds modulating mitochondrial function, are in preclinical evaluation. In addition, the novel non‑steroidal selective MRA finerenone, which has shown cardiorenal protective effects in diabetic kidney disease and heart failure, is being further evaluated for efficacy in HFrEF [45]. Gene therapies targeting myosin‑binding protein C (MYBPC3)‑related hypertrophic cardiomyopathy are in early‑stage studies. Mesenchymal stem cell therapy (e.g., rexlemestrocel‑L) in the DREAM‑HF trial suggested a possible reduction in cardiovascular events, potentially via paracrine anti‑inflammatory and antifibrotic effects [46].
4.3 Progress in Traditional Chinese Medicine Research
Qiliqiangxin capsule is a traditional Chinese medicine that has recently obtained high‑level evidence support. The QUEST trial, a multicenter randomized controlled trial in Chinese HFrEF patients, showed that adding Qiliqiangxin to standard GDMT further reduced NT‑proBNP levels and significantly lowered the composite endpoint of cardiovascular death and heart failure hospitalization [47]. Its multi‑component, multi‑target characteristics offer a new perspective for combination therapy in HFrEF.
Xin‑shu‑bao tablets, a traditional Chinese compound formulation, are already used clinically for coronary heart disease. Recent research employing MALDI‑MSI and lipidomics revealed that Xin‑shu‑bao modulates the PPARγ/MFGE8 pathway, affecting lipid metabolism and efferocytosis, thereby reducing inflammation, apoptosis, and fibrosis, and improving ventricular remodeling and cardiac function in HFrEF model mice [15]. This provides modern pharmacological evidence and mechanistic insights for integrating traditional Chinese and Western medicine in HFrEF treatment.
5. Limitations of Current Evidence and Future Directions
Despite significant progress, limitations and challenges remain in the HFrEF therapeutic landscape. First, individualized therapy is still in its infancy. More research is needed to determine how to precisely combine and dose drugs based on patient‑specific phenotypes (e.g., ischemic vs. non‑ischemic etiology, inflammatory profiles, metabolic signatures). Phenotyping using echocardiography and natriuretic peptides may serve as a tool for personalized treatment. Second, current evidence for novel agents primarily focuses on major composite endpoints; data on their deeper mechanistic effects on disease trajectory, long‑term hard outcomes, and efficacy in specific subgroups (e.g., end‑stage renal disease, extremely frail elderly patients) are still insufficient. In addition, optimization of combination strategies—such as the optimal timing, dosing, and interactions when combining ARNI with SGLT2 inhibitors—requires further exploration.
Future research should focus on deepening the understanding of HFrEF molecular subtyping to advance precision medicine; conducting more clinical trials in high‑risk or refractory populations (e.g., those with severe chronic kidney disease or end‑stage heart failure); exploring innovative therapies based on new targets and validating their clinical value; and optimizing the implementation and dissemination strategies for existing GDMT to close the gap between real‑world practice and clinical trial evidence.
6. Conclusion
[bookmark: OLE_LINK5][bookmark: OLE_LINK7][bookmark: OLE_LINK6]Pharmacotherapy for HFrEF has entered a new era characterized by a foundation of combined "four‑pillar" therapy, an early intensified treatment strategy, and a momentum of innovative targeted therapies [48]. The combination of ARNI, β‑blockers, MRA, and SGLT2 inhibitors has substantially improved patient outcomes. Concurrently, drug development targeting key pathological steps—including myocardial energy metabolism, fibrosis, and inflammation—continues to achieve breakthroughs. In the future, integrating precision medicine concepts, optimizing clinical practice pathways, and combining traditional medicine with modern pharmacological research are expected to further advance the treatment paradigm for HFrEF and ultimately reduce the global burden of this serious disease.
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Abstract

Heart

failure

with

reduced

ejection

fraction

(HFrEF)

is

the

subtype

with

the

poorest

prognosis

within

the

heart

failure

spectrum,

yet

its

treatment

has

witnessed

groundbreaking

advances

in

recent

years.

The

“

four-pillar

”

therapy

based

on

neurohormonal

inhibition

—

namely,

angiotensin

receptor-neprilysin

inhibitors

(ARNI)

/

angiotensin

receptor

blockers

(ARB),

ß

-blockers,

mineralocorticoid

receptor

antagonists

(MRA),

and

sodium-glucose

cotransporter-2

inhibitors

(SGLT2i)

—

constitutes

the

cornerstone

of

guideline-directed

medical

therapy

(GDMT).

However,

the

heterogeneity

of

HFrEF

and

persistently

high

rehospitalization

rates

indicate

that,

on

top

of

existing

therapies,

novel

drug

development

and

precision

treatment

strategies

targeting

key

pathophysiological

processes

—

including

myocardial

energy

metabolic

reprogramming,

inflammatory

and

immune

dysregulation,

and

myocardial

fibrosis

—

remain

future

priorities.

This

review

aims

to

systematically

outline

the

pathophysiological

mechanisms

of

HFrEF,

the

clinical

evidence

and

implementation

strategies

for

currently

available

pharmacotherapies,

and

to

discuss

emerging

drug

targets

(e.g.,

cardiac

myosin

modulators,

anti-inflammatory

and

metabolic

regulators)

as

well

as

progress

in

traditional

Chinese

medicine

research,

with

the

goal

of

providing

a

reference

for

optimizing

clinical

management

and

guiding

future

investigations.

Key

words

HFrEF;

guideline-directed

medical

therapy;

SGLT2

inhibitors;

drug

development;

individualized
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1.

Introduction

Heart

failure

with

reduced

ejection

fraction

(HFrEF)

is

defined

as

a

clinical

syndrome

of

heart

failure

in

which

the

left

ventricular

ejection

fraction

(LVEF)

is

=

40%.

It

accounts

for

approximately

half

of

all

heart

failure

cases

and

is

characterized

by

left

ventricular

remodeling

and

systolic

dysfunction

[1].

Patients

with

HFrEF

have

a

poor

prognosis,

with

a

5-year

mortality

rate

as

high

as

50%.

Despite

continuous

therapeutic

advances,

this

population

continues

to

face

high

rates

of

rehospitalization

and

death,

severely

impairing

quality

of

life

and

imposing

a

substantial

burden

on

healthcare

systems

worldwide

[2].

Over

the

past

decade,

pharmacotherapy

for

HFrEF

has

evolved

from

a

purely

hemodynamic

approach

toward

comprehensive

multi-pathway,

multi-target

intervention.

Before

the

1980s,

treatment

relied

primarily

