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Abstract: Heart failure (HF) is a clinical syndrome characterized by myocardial remodeling, pathological fibrosis, and chronic sterile
inflammation. Within the pathophysiological network of HF and its complex comorbidities, neutrophil extracellular traps (NETs) have
been identified as key pathological mediators driving tissue damage. This review aims to explore the regulatory mechanisms of NETs
in the progression of heart failure (HF) and their cross-organ pathological effects, and to summarize the latest research advances in
NET-targeted interventions for the treatment of HF. NETs are reticular structures composed of antimicrobial proteins, such as
myeloperoxidase (MPO) and histones, attached to a decondensed DNA scaffold. Under pathological conditions, excessive NET
release and impaired clearance trigger inflammatory cascades. Aberrant NETs formation significantly promotes cardiac remodeling and
pathological fibrosis by mediating immunothrombosis, inducing cardiomyocyte apoptosis, and activating fibroblasts.NETs serve as
a critical pathophysiological link connecting HF to systemic comorbidities. Therapeutic strategies targeting NETs primarily include
inhibiting PAD4 or associated signaling axes to block NETs formation, utilizing enzymatic reactions to facilitate NETs clearance,
uncovering the novel potential of established clinical agents, and employing nanotechnology-based precision delivery systems. These
findings offer new avenues for precision immunotherapy in HF and highlight considerable potential for clinical translation.
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Introduction
Over 37.7 million individuals worldwide are afflicted by heart failure (HF), a cardiovascular condition with a rising
global burden.! Current epidemiological evidence indicates that despite therapeutic advances, the five-year mortality rate
of heart failure remains as high as 50%, underscoring the urgent need for novel intervention targets.*~

Neutrophils act as the immune system’s first line of defense against invading pathogens.* By phagocytosing
pathogens, degranulating, generating reactive oxygen species (ROS), and secreting chemokines and cytokines to recruit
additional immune cells, they orchestrate the host’s immune response.” Accumulating evidence suggests that neutrophils
release reticular structures called NETs, which encapsulate nuclear DNA and related nuclear and cytoplasmic compo-
nents to carry out their immune defense duties.” However, NETs contribute to the pathogenesis of HF through
mechanisms such as generating inflammation, promoting prothrombotic states, and facilitating the creation of athero-
sclerotic plaque, in addition to their critical function in fighting infections.” NETs are positioned as a unique therapeutic
target due to their dual role as a pathogenic element in disease and an essential host defense mechanism.®
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Pathologically, HF is characterized by myocardial remodeling, cardiomyocyte hypertrophy, fibrosis, cell apoptosis,
and chronic low-grade sterile inflammation.” HF frequently manifests as a shared endpoint of several systemic
comorbidities rather than occurring in isolation. Clinically, concomitant conditions such as diabetes, hypertension,
chronic kidney disease (CKD), and autoimmune diseases are commonly seen in HF patients.®'" These diseases not
only increase the likelihood of HF but also hasten its pathological development. Recent research reveals that NETs may
serve as a crucial mediator linking these systemic diseases to heart damage.'' To better understand the complex systemic
pathophysiology of HF and develop more focused therapy approaches, it is essential to comprehend the mediating role of
NETs in cardiac comorbidities.

Currently, while the medications recommended in standard guidelines have optimized the clinical management of
heart failure, they remain unable to effectively curb the ongoing damage caused by systemic inflammation.'*'?
Furthermore, while the role of NETs in cardiac injury has been previously explored, a systematic elucidation of NETs
as a central hub integrating between heart failure and its multisystemic comorbidities remains lacking.*'® This review
distinguishes itself by shifting the focus from localized cardiac damage to a comprehensive integration of the interactive
mechanisms by which NETs drive HF progression through systemic complications. Finally, we summarize the latest
advances in targeting NETs, aiming to offer novel perspectives for precision immunotherapy in heart failure.

In order to provide new theoretical underpinnings and intervention targets for the clinical prevention and treatment of
heart failure, this narrative review, based on a comprehensive literature search of multiple databases, aims to clarify the
pathophysiological mechanisms of NETs in HF, as well as possible therapeutic approaches targeting NETs (Detailed
search methods can be found in the Supplementary Material 1).

Formation and Regulatory Mechanisms of NETs

Neutrophils release complex reticular structures called NETs in response to specific stimuli.'* Decondensed DNA,
histones (H2A, H2B, H3, and H4), neutrophil proteins (myeloperoxidase MPO, neutrophil elastase NE, calmodulin, or
calgranin), and antimicrobial proteins (azurophilin 1, cathelicidin, and lysozyme C) comprise their primary structural
components.'>'® These structural components empower NETs to execute their fundamental physiological role in innate
immunity. In the context of normal cell function, neutrophils rely on physiological oxidative function, which is
a regulated process governed by O, metabolism. During physiological inflammation, this oxygen metabolism facilitates
a controlled “oxidative burst” that triggers NET deployment, enabling the localized entrapment and neutralization of
invading pathogens.'® Importantly, the safety of this defense mechanism depends strictly on the cellular redox balance. If
a deficiency of cellular antioxidants occurs, this physiological oxidative process can generate excessive oxidative stress,”’
ultimately leading to cell damage and marking the critical transition of NETs from protective immune responders to
pathological drivers in cardiovascular diseases.”!

The process by which NETs develop and are released into the extracellular space is termed NETosis.”” NETosis is
often initiated by diverse microorganisms and pro-inflammatory mediators, including potent activators such as phorbol
12,13-dimyristate 13-acetate (PMA), lipopolysaccharide (LPS), bacteria, viruses, and environmental factors, including
cigarette smoke. It may also be induced by cytokines, chemokines, immune complexes, and other physiological
signals.'>*%?° Additionally, chronic behavioral risk factors, including Western diets, alcohol consumption, and psycho-
logical stress, have been identified as significant contributors to aberrant NET formation. These factors, alongside sleep
deprivation and sedentary behavior, act as chronic stressors that trigger profound neuroendocrine dysregulation, primarily
characterized by the overactivation of the sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA)
axis. This neuroendocrine stress synergizes with low-grade systemic inflammation to prime neutrophils for persistent
NET release and exacerbate myocardial injury.>**>° The specific molecular mechanisms by which these behavioral
stressors orchestrate the neuroendocrine-immune axis to drive NETosis and their subsequent clinical implications are
summarized in Table 1. The formation process (NETosis) is conventionally categorized into two types: NOX2-dependent
and NOX2-independent.>' NOX2-dependent NETosis is primarily characterized by the activation of signaling proteins,
including PKC (protein kinase C) and the NADPH oxidase complex, in response to stimuli such as antibodies, microbes,
cholesterol, and PMA. This leads to elevated intracellular calcium levels and NOX activation, ultimately generating
significant reactive oxygen species (ROS).?**? By oxidatively modifying lipids or proteins on azurophilic granule
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Table | Impact of Behavioral Risk Factors on NETs and Heart Failure Progression

Behavioral Risk Mediating Mechanism/Mediator Impact on NETs Pathological Outcome in HF References
Factor
Western Diet Oxidative stress, metabolic Triggers NOX- Accelerates atherosclerosis and [22, 23]
dysregulation, cholesterol crystals dependent NETosis coronary artery injury
Smoking Reactive oxygen species (ROS), systemic | Induces aberrant release | Sustains systemic and pulmonary [24]
pro-inflammatory cytokines of NETs by neutrophils chronic low-grade inflammation
Emotional Stress HPA axis and sympathetic nervous Drives persistent NET Exacerbates cardiac inflammation [25]
system activation, SI00A8/A9 formation and pathological remodeling
upregulation
Sleep Disorders and | Systemic low-grade sterile inflammation | Primes neutrophils into Leads to persistent myocardial [26]
Sedentary Behavior a pre-activated state injury, increases cardiometabolic
risk

membranes, ROS destabilizes membrane structures and facilitates the dissociation of NE from MPO on the granule
membrane and its release into the cytoplasm. The dissociated NE and MPO then translocate into the nucleus, driven by
ROS. Within the nucleus, NE synergistically degrades histone H4 with the calcium-dependent protease peptidyl arginine
deiminase 4 (PAD4), while PAD4 simultaneously catalyzes histone H3 citrullination (citH3), resulting in chromatin
decondensation. Meanwhile, MPO catalyzes the interaction of H,O, with halides (eg, Cl") in acidic conditions to form
potent oxidants such as hypochlorous acid (HOCI), further promoting chromatin decondensation'®?”-*® The NOX2-
independent NETosis process occurs more rapidly (5-60 minutes) **> This process is initiated by Staphylococcus aureus
or calcium ionophores such as ionomycin, which activate small conductance calcium-potassium channels (SK3 channels)
on neutrophils to induce mitochondrial reactive oxygen species (mtROS) generation. MPO and NE are released when
mtROS disrupts neutrophil granules.'>** > Vesicles derived from the nucleolar membrane then bleb from the inner and
outer nuclear membranes. Nuclear DNA-containing vesicles are released intact into the extracellular environment, where

they eventually rupture, releasing chromatin and forming NETs'>~?

(Figure 1).

Pathophysiological Role of NETs in Heart Failure and Comorbidities

The final stage of many cardiovascular diseases is represented by HF. NETs are secretions triggered by the innate
immune response to pathological stimuli.'* They also act as pivotal mediators mediating sterile inflammation, thrombo-
sis, and tissue fibrosis.” Although NETSs facilitate the removal of bacteria, their overproduction and impaired clearance
are factors in HF. This pathological influence manifests predominantly through inflammatory responses, thrombosis, and
ventricular remodeling.

Inflammatory Cascade: NETs as Drivers and Amplifiers of Inflammation

NETs serve as both the source and amplifier of sterile inflammation in chronic HE.”” The DNA and histones that NETs
release function as damage-associated molecular patterns (DAMPs), which can bind to a variety of pattern recognition
receptors (PRRs) and increase inflammation.®>® This inflammatory response differs across different HF subgroups. The
inflammatory profiles of heart failure diverge fundamentally between the reduced (HFrEF) and preserved (HFpEF)
ejection fraction phenotypes. In HFrEF, inflammation typically emerges as a secondary, localized response to facilitate
tissue repair following acute myocardial loss. Conversely, the pathology of HFpEF is driven by a systemic metabolic
milieu, sustained by comorbidities such as obesity and diabetes, that fosters a persistent pro-inflammatory state. This
chronic systemic stress keeps coronary microvascular endothelial cells in an activated state, which orchestrates neutrophil
recruitment and culminates in a massive surge of NET release.**** Transcriptomic research demonstrated that patients
with HF with preserved ejection fraction (HFpEF) had significantly heightened activation of NETs-related pathways,
such as neutrophil elastase NE and defensin alpha 4, than patients with HF with reduced ejection fraction (HFrEF). This
indicates a particularly pronounced connection between NETs and microvascular inflammation associated with endothe-
lial dysfunction in HFpEF.*!
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Figure | Formation and Regulatory Mechanisms of NETs. Two core mechanisms of NETs formation. The classical NOX2-dependent pathway, where ROS accumulation
drives chromatin decondensation, ultimately leading to plasma membrane rupture and NETs release. The NOX2-independent pathway, primarily driven by mitochondrial
ROS (mtROS), releases NETs extracellularly via nuclear budding and vesicular transport.

Abbreviations: Ca®', calcium ion; CXCRI/2, C-X-C motif chemokine receptor 1/2; IL-8, interleukin-8; LPS, lipopolysaccharide; MPO, myeloperoxidase; mtROS,
mitochondrial reactive oxygen species; NE, neutrophil elastase; NETs, neutrophil extracellular traps; NOX2, NADPH oxidase 2; PAD4, protein-arginine deiminase 4;
PKC, protein kinase C; PMA, phorbol 12,13-dimyristate |3-acetate; ROS, reactive oxygen species; SK3, small conductance calcium-activated potassium channel 3; SOCE,
store-operated calcium entry; TLR4, Toll-like receptor 4; TNF-a, tumor necrosis factor-alpha; TNFR, tumor necrosis factor receptor.

Furthermore, epicardial adipose tissue (EAT) has pronounced pro-inflammatory secretory properties in HF secondary
to atrial fibrillation (AF).***” Myeloperoxidase (MPO) and NETs are abundant in the vesicles secreted by EAT from AF
patients, which induces increased local inflammation. MPO expression peaks in individuals with persistent AF.*?
Reactive oxygen species (ROS) and oxidative stress are readily induced by hyperglycemic diabetes, and they act
synergistically with chronic inflammatory mediators such as TNF-o and IL-6 to activate neutrophil signaling
pathways.*> Myocardial interstitial fibrosis and increased stiffness are driven by NETs-mediated chronic immune-
inflammatory responses, which impair heart contractility and diastolic function. This is the primary mechanism by
which inflammatory cardiomyopathy culminates in HF.

HF is frequently induced by sterile inflammation, myocarditis secondary to various infectious agents, including
Coxsackievirus B3 and Influenza A virus, while end-stage HF may result from persistent autoimmune reactions.** These
pathogens, much like SARS-CoV-2, are present throughout the clinical course of SARS-CoV-2 infection, and patients
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with COVID-19 complicated by fulminant myocarditis had elevated circulating levels of NET biomarkers (free DNA,
MPO-DNA, Cit-H3).***® The study also revealed that the 13-kD cytokine mediator (MK) interacts with low-density
lipoprotein receptor-related protein 1 (LRP1) to increase neutrophil infiltration into the heart and induce NETosis. This
suggests that NET formation is mediated by the MK-LRP1 pathway, which exacerbates cardiac fibrosis and
inflammation.*’

Finally, it is important to consider the long-term low-grade inflammatory response induced by a hyperglycemic
environment. Under such conditions, the body produces significant amounts of reactive oxygen species (ROS) due to
elevated oxidative stress levels. ROS function as second messengers, stimulating neutrophil signaling pathways and
promoting the formation of NETs.

Chronic low-grade inflammation is present in diabetic patients, and elevated levels of inflammatory cytokines
(including TNF-a and IL-6) further trigger the release of extracellular traps (NETs) derived from neutrophils.”* The
aberrant metabolic status in diabetic patients also contributes to the accumulation of cholesterol crystals within athero-
sclerotic plaques. These crystals not only act as stimulants for NETosis but also serve as amplification signals for
inflammasome activation.”® Ultimately, metabolic abnormalities promote the persistence of NETSs in plaques. This drives

atherothrombosis and cardiac injury, eventually culminating in HF (Figure 2).
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Figure 2 Pathophysiological mechanisms of NETs in the development and progression of HF. During cardiac remodeling, downregulation of OSE vesicles or DEL-1 triggers
NETosis via the TLR4 and MAC-1 signaling axes, respectively, leading to cardiomyocyte apoptosis and interstitial fibrosis. During inflammation DAMPs bind to numerous
pattern recognition receptors (PRRs), exacerbating cardiac inflammation and fibrosis. EAT in AF patients secretes numerous vesicles rich in MPO and NETs, promoting local
inflammation. MK binds to LDL receptor-related protein | (LRPI) to facilitate neutrophil infiltration into the myocardium and induce NETosis. In the prothrombotic cascade,
NETSs act as physical scaffolds to recruit platelets and Erythrocytes, promoting Immunothrombosis. Elevated expression of NETs markers (particularly CitH3) also promotes
fibrin clot compaction and inhibits thrombolysis. These pathological processes collectively drive the onset and progression of HF.

Abbreviations: AF, atrial fibrillation; CitH3, citrullinated histone H3; DAMPs, damage-associated molecular patterns; DEL-1, developmental endothelial locus-1; EAT,
epicardial adipose tissue; LRPI, LDL receptor-related protein |; MAC-1, macrophage-| antigen; MAPK, mitogen-activated protein kinase; MK, midkine; MPO, myeloper-
oxidase; NETs, neutrophil extracellular traps; OSE, oxidation-specific epitopes; PAD4, protein-arginine deiminase 4; PRRs, pattern recognition receptors; TLR4, Toll-like
receptor 4.
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Immune Thrombosis: NET-Mediated Coagulation Activation and Microcirculatory

Dysfunction

Thrombosis directly compromises the prognosis of ischemic HF.*® NETs’ histone components directly promote coagula-
tion, and they provide a physical scaffold for platelet and red blood cell aggregation to generate thrombi.*’ Furthermore,
elevated expression of NETs markers—particularly CitH3—is closely associated with fibrin clot densification and
enhanced fibrinolysis inhibition.”® This mechanistically explains why, following acute myocardial infarction, left
ventricular thrombus (LVT) persists and proves resistant to resolution in certain patients despite anticoagulant therapy.”'

At the molecular level, LNK (SH2B3) works as an inhibitor of cytokine signaling in hematopoietic cells, and LNK
deficiency leads to hematopoietic stem cell proliferation.”® Studies have demonstrated that in LNK-deficient animals,
oxidized phospholipids (OXPLs) enhance NETosis by activating platelet-activating factor receptor (PAFR) on neutrophil
membranes, accelerating atherosclerosis and thrombosis.”> However, plaque rupture is associated with the immune-
related GTPase family M protein (IRGM). Studies have demonstrated that IRGM activates the engagement of MAPK
family members (including p38, JNK, and ERK) and downstream effectors of MAPK-activated cytoplasmic phospho-
lipase A2 (cPLA2), further promoting NET formation and resulting in the pro-inflammatory phenotype of thrombi.>*
Additionally, von Willebrand factor (VWF) has been reported to positively regulate NET production by interacting with
the SLC44A2 receptor, thereby causing cardiomyocyte death through NET-mediated mitochondrial malfunction.>
Concurrently, the protective transcription factor KLF2 is downregulated in HF, releasing its inhibitory impact on
NETosis and encouraging microvascular thrombosis and cardiac hypertrophy.’®>” These dysregulated molecular switches
collectively drive the pathological course of HF.

Additionally, excessive NETs release due to chronic inflammation in patients with chronic kidney disease (CKD)
contributes to elevated thrombosis rates, with NETs showing a significant association with vascular access thrombosis
risk.”® Similarly, overexpression of platelet P-selectin induces PAD4-dependent NET production in chronic thromboem-
bolic pulmonary hypertension (CTEPH).> It will impair thrombolysis and exacerbate right HE.NETs are released in
primary hypertension when angiotensin II activates NADPH oxidase to produce reactive oxygen species (ROS), which
act synergistically with PAD4.°° NETs induce intravascular thrombosis, which occludes blood flow in small and large
coronary arteries. The number of functional myocardial contractile units is decreased as a result of myocardial ischemia
and necrosis, which is a critical driver in the progression of ischemic heart disecase and HF (Figure 2).

Cardiac Remodeling: From Direct Cardiotoxicity to Pathological Fibrosis

Cardiomyocytes can be directly injured by NETs and their constituent parts, which can also induce pathological
remodeling.®! Extracellular vesicles containing oxidation-specific epitopes (OSE) are released from the damaged
myocardium during acute myocardial infarction (AMI), activating NETs via TLR4- and PAD4-dependent pathways.
By binding to Annexin AS to form a complex that potentiates calcium influx into neutrophils, SI00A12 plays a pivotal
role in this process. Elevated intracellular calcium levels activate calcium-dependent signaling pathways for NETosis,
hence exacerbating cardiac damage following ischemia-reperfusion.®*

By causing autophagic apoptosis and cell death in cardiomyocytes, NETs exacerbate cardiac dysfunction in atrial
fibrillation-induced HF. The numerous cytoplasmic and granular proteins within NETs trigger autophagic signaling
pathways within cardiomyocytes. Conversely, stimuli such as mtDNA released from cardiomyocytes during rapid pacing
further promote neutrophils to develop NETs. Changes in ventricular wall structure, architecture, and function result from
this vicious cycle between NETs and cardiomyocytes, which also induces cardiomyocyte loss and fibrosis. This evolution
moves the disease from myocardial damage toward irreversible HE.*® Additionally, studies have demonstrated that
a deficiency in aldehyde dehydrogenase 2 (ALDH2) exacerbates myocardial ischemia-reperfusion injury by promoting
NETosis through activation of the endoplasmic reticulum stress/MGST2/LTC4/NOX2 pathway, thereby providing novel
therapeutic targets for individuals with ALDH2 gene mutations and HF.**

Studies on the endogenous inhibitor developmental endothelial locus-1 (DEL-1, also known as EDIL3; commonly
referred to as DEL-1) suggest that the involvement of NETs in cardiac remodeling may be multifaceted. In non-ischemic
pressure-overloaded HF, NETs predominantly induce pathological damage. According to Zhao et al, when cardiac
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endothelial DEL-1 is downregulated, the neutrophil MAC-1/P38 MAPK pathway is no longer inhibited, which induces
an excessive release of NETs that exacerbates myocardial hypertrophy and fibrosis®> However, during the healing phase
of ischemic myocardial infarction, NETs demonstrate a protective role. Wei et al revealed that whereas DEL-1 deficiency
similarly increased NETs, in a milieu without acute thrombosis, the DNA component of NETs induced polarization
toward the Mertk MHC-IIlo-int phenotype by activating the TLRY signaling pathway in macrophages This promotes
polarization toward a Mertk MHC-IIlo-int phenotype, which attenuates adverse remodeling by increasing phagocytosis
of cellular debris.®® The pleiotropic effects of NETs during tissue remodeling present a substantial challenge for
determining the optimal timing of therapeutic interventions. Crucially, the impact of NETs on cardiac remodeling is
highly context-dependent, differing fundamentally between acute ischemic injury and chronic metabolic progression. In
the acute phase of post-infarction repair, transient NET release facilitates physiological repair and necessary debris
clearance; thus, early suppression of NETs in this specific acute setting can actually hinder macrophage-dependent debris
clearance (Figure 2). This interference impairs physiological scar formation and ultimately elevates the vulnerability to
cardiac rupture.®” However, under chronic stress (such as in the early stages of metabolic or hypertensive heart disease),
the persistent presence of NETs directly drives pathological fibrosis by continually activating fibroblasts and inducing
cardiomyocyte apoptosis, which leads to ventricular stiffening and diastolic dysfunction.®® Establishing specific ther-
apeutic windows and disease-specific contexts is thus essential to avoid these severe complications while pursuing NET-
targeted therapies.

Systemic Comorbidity: NETs as the Pivotal Hub Linking Systemic Diseases to HF
Through NET-mediated shared pathophysiological pathways, a number of systemic disorders eventually compromise
cardiac function, resulting in HF.'® Diabetes and HF have a strong association.*’ Significant amounts of ROS are
produced by high oxidative stress levels in a hyperglycemic setting. ROS function as second messengers, triggering
neutrophil signaling pathways that promote the formation of NETs. Diabetic patients exhibit persistent chronic low-grade
inflammation, and elevated levels of inflammatory cytokines (including TNF-a and IL-6) further trigger neutrophil
production of NETs.?? The accumulation of cholesterol crystals within atherosclerotic plaques is another consequence of
the aberrant metabolic state in diabetic individuals. These crystals function as supplementary signals for inflammasome
activation in addition to acting as NETosis stimuli.>> Ultimately, NETs in atherosclerotic plaques are resistant to
degradation, which facilitates their persistence and has pro-inflammatory effects.

Cardiovascular disease and thrombosis are more prevalent in patients with chronic kidney disease (CKD).®® Prior
research has shown that the severity of chronic kidney disease (CKD) increases the incidence and types of arterial
thrombotic events.”” Patients with chronic kidney disease frequently have low-grade inflammation. Neutrophils are
activated by inflammatory mediators, including IL-8 and IL-6, which promote the release of NETs. In CKD patients, this
persistent inflammatory state may result in increased NET production, raising the risk of thrombosis.”*

Abnormally high pulmonary artery pressure is the hallmark of pulmonary arterial hypertension (PAH), which can
induce right ventricular failure, progressive dyspnea, and fatal outcomes.>® NETs are involved in the pathophysiology of
pulmonary arterial smooth muscle cells (PASMCs) proliferation in pulmonary arterial hypertension (PAH). NETs trigger
the ILK/B-parvin/RACI1 signaling cascade by activating the CCDC25 receptor on the PASMC surface. This induces
morphological and cytoskeletal remodeling in PASMCs, which eventually results in luminal stenosis and hypertrophy of
the pulmonary artery wall.”* According to additional research, NETs can also induce angiogenesis and inflammation by
activating endothelial cells through the MPO/H,O,-dependent TLR4/NF«B signaling pathway.”

Increased cardiac workload and deterioration of the cardiac microenvironment mediated by NETs are the ultimate
consequences of these systemic pathologies, driven by increased right ventricular afterload (PAH) or elevated levels of
metabolic stressors (such as in diabetes or chronic kidney disease)'® (Figure 3).

In summary, the progression of heart failure is classically driven by five intertwined pathophysiological mechanisms,
including persistent inflammation, pathological remodeling, cardiomyocyte death, microvascular thrombosis, and neu-
rohormonal or hemodynamic stress. Remarkably, as discussed throughout this section, recent evidence identifies NETs
not merely as a byproduct but as critical active mediators participating in every single one of these pathogenic cascades.
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Figure 3 NETs as a Pathophysiological Bridge Linking Systemic Comorbidities to HF. Diabetes and metabolic abnormalities trigger systemic NETosis via reactive oxygen
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Abbreviations: CCDC25, coiled-coil domain-containing protein 25; ILK, integrin-linked kinase; NETs, neutrophil extracellular traps; PASMCs, pulmonary arterial smooth
muscle cells; RACI, Ras-related C3 botulinum toxin substrate |; ROS, reactive oxygen species.

This multidimensional crosstalk is summarized in Table 2, highlighting why targeting NETs offers a unique opportunity
to simultaneously block multiple detrimental pathways in HF.

Furthermore, to enhance the characterization of early subclinical states, contemporary research paradigms have
refined the progression of heart failure into six distinct stages. Evaluating the pathological trajectory of NETs within
this framework highlights their evolving, stage-dependent roles: during the early phases from behavioral or biological
risks to subclinical pre-heart failure (Stages 1-3), metabolic stress stemming from comorbidities triggers a low-level
release of NETs, which initiates fibroblast activation and subclinical remodeling. Conversely, in the advanced phases
spanning symptomatic progression to refractory heart failure (Stages 4-6), a massive surge in NETs acts as a primary
amplifier of immunothrombosis and irreversible myocardial injury.”” Although large-scale quantitative evidence across
all six specific stages remains limited, the progressive nature of NETs alongside disease evolution underscores their
significant translational potential for the clinical grading of heart failure severity. Consequently, targeted modulation or
inhibition of NETs during these early phases (Stages 1 and 2) presents a critical therapeutic window, holding immense
preventive promise for halting the transition from subclinical risk factors to overt cardiac dysfunction.

To provide a more intuitive overview of the scientific foundation discussed above, the key clinical and experimental
studies that have shaped our understanding of NETs in HF are systematically summarized in Table 3.
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Table 2 Crosstalk Between the Five Classical Mechanisms of Heart Failure and NETs

Classical Mechanism of Role of NETs Pathophysiological and Clinical References
HF Outcomes
Inflammation and Oxidative NET components (DNA, histones) act as DAMPs Sustained systemic inflammation, [36-38, 41, 45]
Stress activating PRRs to drive sterile inflammation; ROS exacerbation of HFpEF, and fulminant
triggers continuous NETosis. myocarditis.
Pathological Remodeling and Proteases from NETs (PAD4, NE) directly activate Increased ventricular stiffness, [7, 68, 74, 75]
Fibrosis cardiac fibroblasts, enhance collagen deposition, and adverse structural remodeling, and
degrade extracellular matrix. diastolic dysfunction.
Cardiomyocyte Death and NETSs impair mitochondrial function (via interaction Irreversible loss of functional [55, 63]
Cellular Dysfunction between VWF and SLC44A2) and trigger autophagic contractile units and progression of
apoptosis in cardiomyocytes. myocardial injury.
Endothelial Dysfunction and NETs provide physical scaffolds for platelets. Markers | Impaired microcirculation, refractory | [49-51]
Immune Thrombosis like CitH3 promote fibrin clot compaction and inhibit | left ventricular thrombus (LVT), and
thrombolysis. thrombosis.
Neurohormonal Activation Abnormal shear stress triggers NETosis via Piezol Exacerbated injury driven by [60, 76]
and Hemodynamic Stress channels. Angiotensin Il synergizes with PAD4 to mechanical overload and hyperactive
induce NET release. neurohormonal cascades.
Table 3 Summary of Key Clinical and Experimental Studies Targeting NETs in Heart Failure
Research Subject/Model Intervention/Target Key Findings References
Type
Clinical Patients with HFpEF and Clinical transcriptomic Compared with HFrEF, NET-related pathways exhibit | [41]
HFrEF profiling significantly enhanced activation in patients with
HFpEF.
Post-MI patients with left CitH3 (NET biomarker) | Elevated expression of the NET biomarker (CitH3) | [51]
ventricular thrombus (LVT) is closely associated with a dense fibrin clot
structure and prolonged lysis time (fibrinolysis
resistance).
Prediabetic patients Metformin Clinical observations confirm that metformin [78]
significantly reduces the plasma concentrations of
NET-associated components.
Experimental | Transverse aortic constriction | DEL-I deficiency Endothelial DEL-1 deficiency leads to excessive [65]
(In vivo) (TAC)-induced HF mouse aberrant NET release, thereby exacerbating
model myocardial hypertrophy and interstitial fibrosis.
Mice during the healing phase | Macrophage TLR9 The DNA component of NETs activates the TLR9 [66]
of ischemic myocardial pathway signaling pathway in macrophages, promoting their
infarction (MI) polarization toward a reparative phenotype to
enhance debris phagocytosis, thus attenuating
adverse ventricular remodeling.
Experimental autoimmune Anti-N-MK antibodies Targeted blockade of midkine (MK) significantly [47]
myocarditis (EAM) mouse reduces leukocyte infiltration and NET formation in
model myocardial tissue, improving left ventricular ejection
fraction (LVEF).
Inferior vena cava ligation DNase DNase | effectively reduces thrombus volume and [79]
(thrombosis) mouse model | (Deoxyribonuclease I) | fibrosis by degrading NETs and suppressing the TGF-
B signaling cascade.
Renal ischemia-reperfusion Anti-histone antibodies Neutralization of circulating histones by aHisAbs [61]
(AKI) mouse model (aHisAbs) mitigates tubular necrosis and significantly reduces
NET deposition in remote organs, including the
heart.
(Continued)
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Table 3 (Continued).

Research Subject/Model Intervention/Target Key Findings References
Type
Experimental | Isolated neutrophils Piezol channel/Shear Blood flow shear stress promotes calcium influx by | [76]
(In vitro) stress activating the mechanosensitive Piezol channel on
neutrophils, directly inducing NETosis.
Neutrophil and VWF co- LCZ696 Sacubitril directly binds to the SLC44A2 receptor on | [55]
culture model (Sacubitril/Valsartan) neutrophils, blocking VWF-induced aberrant NET

release and preventing myocardial mitochondrial

dysfunction and inflammatory damage.

NETSs as Potential Therapeutic Targets for HF and Comorbidities

Cardiovascular System: Directly Targeting Cardiac and Vascular Pathologies

One of the main mechanisms in the pathological course of HF is immune thrombosis driven by NETs, which exacerbates
myocardial ischemia and functional failure by impairing microcirculation. NETs not only function as physical scaffolds
to trap platelets and red blood cells,* but also interact with coagulation factors such as von Willebrand factor (VWF) to
promote the formation of dense, refractory thrombus formations. When left ventricular thrombi persist, and ischemic HF
is present, this condition is pronounced.” Even with standardized anticoagulant therapy clinically, some individuals with
post-MI HF still have persistent left ventricular thrombus (LVT). Mroz et al revealed that elevated expression of the
NETs biomarker (CitH3) was substantially linked with a dense fibrin clot structure and extended lysis time®' These
results highlight the limitations of monotherapy anticoagulants against NET-rich thrombi, indicating that when treating
HF aggravated by refractory thrombus, NET degradation agents should be used in combination. Thus, multifaceted
therapies that target NET-mediated prothrombotic pathways have great potential to improve microcirculation and
prognosis in patients with HF.

DNA can be degraded by an enzyme called deoxyribonuclease 1 (DNasel). Breaking down the DNA components of
NETs, it attenuates their biological activity, which mitigates thrombus fibrosis and promotes thrombus breakdown and
absorption.””®! Smriti Sharma et al demonstrated in an in vivo mouse inferior vena cava ligation model that DNasel
efficiently lowers thrombus size and fibrosis by degrading NETs and consequently suppressing the TGF-f signaling
cascade’® Neutrophils are activated by cardiac damage and hemodynamic changes during HF, which results in the large
release of NET.”*®*? Given its capacity to lower NET levels, DNasel holds promise as a potential therapeutic strategy for
HF. Furthermore, DNasel has exhibited excellent safety profiles in clinical applications for cystic fibrosis patients,
providing a clinical safety reference for its potential application in HF.*?

A novel polysaccharide hydrogel nanoparticle was created by de La Taille et al This nanoparticle can precisely target
and bind to P-selectin on thrombus surfaces functionalized with fucoidan. Importantly, the particles concurrently loaded
rtPA (fibrinolytic enzyme) and DNase I. These dual-drug-loaded nanoparticles demonstrated a notable synergistic
thrombolytic effect within thrombi rich in NETs, according to in vitro and in vivo preclinical experimental results.
This strategy reduced the effective dose of rtPA, which decreased the risk of bleeding, while simultaneously significantly
increasing thrombus dissolution rates.®> This presents a highly promising translational strategy for precision anti-
thrombotic therapy in HF.

Previous investigations have established that hemodynamic shear stress can activate mechanosensitive neutrophils.
However, the molecular mechanisms by which shear stress induces NETosis through mechanotransduction mechanisms
remain unknown.®* In vitro research by Sara Baratchi’s team confirmed that blood flow shear stress directly promotes
calcium influx by activating the mechanosensitive channel Piezol on the neutrophil surface. Piezol inhibitors (GsMTx4,
ruthenium red) or calcium chelators (EGTA) completely abrogate this action.”® In addition to providing a theoretical
foundation for the development of anti-thrombotic medications such as Piezol inhibitors, this finding provides novel

insights into the functional regulation of neutrophils within mechanical microenvironments.
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Chronic low-grade sterile inflammation is the main pathogenic mechanism underpinning the onset and progression of
HF, with NETs playing a major amplifying role as essential mediators of inflammatory development.” By preventing
important steps in NET release or limiting the function of their main enzymes, it is possible to abrogate the inflammatory
process at its source, giving a potential treatment method to delay the course of HF.

For specific HF subtypes, interfering in upstream signaling pathways can have significant anti-inflammatory and
protective benefits. Midkine (MK), a heparin-binding growth factor rich in basic amino acids, exacerbates inflammatory
reactions by attracting and activating immune cells such as neutrophils and monocytes.®> MK exacerbates cardiac
inflammation in myocarditis by promoting polymorphonuclear neutrophil (PMN) migration and infiltration through low-
density lipoprotein receptor-related protein 1 (LRP1).%® Anti-N-MK antibody treatment significantly decreased leukocyte
infiltration in the heart tissue of experimental autoimmune myocarditis (EAM) mice in vivo, according to Weckbach et al
Concurrently, heart contractile performance improved, with significantly preserved left ventricular ejection fraction
(LVEF) compared to untreated controls According to these findings, MK targeting reduces NETosis, which mitigates
cardiac inflammation and damage.*’” This discovery suggests a novel therapeutic target for certain types of HF, such as
post-viral myocarditis HF.

LTC4, an inflammatory mediator, is released excessively when ALDH?2 deficiency induces endoplasmic reticulum
stress. This, in turn, induces accelerated NETosis and exacerbates myocardial damage, ultimately resulting in an adverse
HF prognosis. Based on in vitro studies using patient-derived samples, inhibiting LTC4 receptors with pranlukast can
prevent endoplasmic reticulum stress-induced NETosis in patients with ALDH2 gene abnormalities. Pranlukast signifi-
cantly decreased neutrophil infiltration and NET deposition, decreased infarct size, and enhanced cardiac function in an
ALDH2-knockout mouse myocardial I/R model in vivo, as Yang K et al demonstrated.**

One essential drug for treating HF is sacubitril/valsartan (LCZ696).®” Through combined in silico molecular docking
and in vitro thermostability tests, Mang et al demonstrated that sacubitril, the active component in LCZ696, can directly
target and bind to the SLC44A2 receptor on the surface of neutrophils By successfully preventing upstream von
Willebrand factor (VWF) signaling from activating SLC44A2, this binding prevents the aberrant release of NETs
downstream, which in turn prevents myocardial mitochondrial dysfunction and inflammatory damage.’® This finding
implies that LCZ696 produces an additional, additive cardioprotective effect via suppressing NETosis. This not only
explains the molecular basis for its pleiotropic effects but also provides theoretical justification for clinically targeting
SLC44A2 in combination therapy for HF.

A major pathological alteration that induces ventricular wall stiffness, decreased compliance, and compromised
contractile performance is Cardiac fibrosis, which is also a defining characteristic of the development of HF.” NETs not
only function as physical scaffolds, but the active components and important enzymes they release (such as PAD4) can
directly activate fibroblasts, enabling collagen deposition and pathological remodeling.”’* A key enzyme in the produc-
tion of NETs, PAD4 catalyzes the citrullination of histone H3, which induces chromatin decondensation and the release
of NETs."” PAD4 was previously found to be a key factor in age-related organ fibrosis by Martinod et al Further in vivo
research on a cardiac aging model by Van Bruggen et al confirmed that, while maintaining cardiac contraction and
relaxation capabilities, selective deletion of the PAD4 gene in neutrophils significantly decreased collagen deposition in
the hearts of aged mice According to experimental findings, fibrosis-induced HF associated with aging can be effectively
countered by targeting PAD4. Cl-amidine is a pan-PAD inhibitor, demonstrating particularly significant inhibitory effects
against PAD4 activity.®® In vitro biochemical and structural studies indicate that Cl-amidine competitively binds to the
active site of PAD4, thereby irreversibly inactivating its enzymatic activity.*

Blocking the Lung-Heart Inflammation Axis: Intervening in Respiratory Disease-Driven

HF Progression

NETs act as key mediators driving the progression from respiratory disorders to heart failure. Neutrophil elastase (NE) is
a serine protease released by neutrophils. As a key component of NETs, NE can degrade extracellular matrix (ECM)
components such as collagen and elastic fibers alongside other proteases, thereby disrupting tissue structural integrity.'®
Studies have demonstrated that NE promotes fibroblast proliferation by degrading insulin receptor substrate-1 (IRS-1) to
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activate the PI3K/Akt pathway.”> Gregory et al found that administering the NE inhibitor ONO-5046 to mice with
pulmonary fibrosis in vivo significantly improved fibrosis severity, despite having no apparent effect on inflammatory
infiltration Furthermore, in vitro experimental results demonstrated that NE inhibitors suppress NE’s direct proliferation
and differentiation effects on fibroblasts by blocking its protease activity.”® Although more research is needed to
determine whether NE inhibitors are effective in treating HF, these experimental results offer compelling support for
them as a treatment approach for pulmonary fibrosis. The possible use of NE inhibitors in HF with a pronounced fibrotic
component may be investigated in future studies. Suzuki et al injected Cl-amidine intraperitoneally into mice that had
lung fibrosis induced by bleomycin (BLM) According to these in vivo experimental findings, Cl-amidine reduces fibrosis
by blocking NETs.”" Therefore, a major potential therapeutic target for HF associated with aging and inflammation may
be the selective suppression of PAD4 activity by experimental inhibitors such as Cl-amidine. However, the clinical
translation of pan-NET inhibitors like Cl-amidine requires careful evaluation. Since NETs are fundamental to innate host
defense, systemic and non-selective suppression of NETosis inherently carries the risk of severe immunosuppression and
increased susceptibility to opportunistic infections, which must be carefully managed in vulnerable HF patients.

A macrolide antibiotic with broad-spectrum antibacterial, anti-inflammatory, and immunomodulatory properties is
erythromycin.’” In addition to being a major contributor to cardiovascular disorders such as HF, smoking is a major risk
factor for COPD. Erythromycin pretreatment significantly decreased ROS levels produced by neutrophils activated with
cigarette smoke extract (CSE), according to in vitro research by Hui Zhang et al on neutrophils in COPD patients
Additionally, it inhibited the development of NETs in vitro by significantly reducing the inflammatory mediators (IL-1p,
IL-12, and TNF-a) generated by monocyte-derived dendritic cells (mDCs) activated by NETs.** HF and COPD are
linked by similar risk factors and reciprocal pathophysiological mechanisms.”> This work highlights erythromycin’s
potential to prevent NET formation, providing a novel therapeutic approach for the concurrent treatment of HF and
COPD to enhance patient outcomes. Furthermore, the clinical application of erythromycin in HF management necessi-
tates extreme caution. As a macrolide antibiotic, it is well-documented to induce QT interval prolongation, which can
trigger fatal ventricular arrhythmias in patients with pre-existing structurally abnormal hearts. Therefore, its application
must be carefully weighed against these arrhythmogenic risks.

Alleviating Cardio-Renal Syndrome: Mitigating Secondary Cardiac Damage Induced by
Acute Kidney Injury

Damaged kidneys release DAMPs, which travel through the circulation and have an impact on the heart. NETs are
essential in this process because they connect the pathophysiological systems of the kidneys and heart. One of the main
constituents of NETs, histones, can function as damage-associated molecular patterns (DAMPs). They exacerbate
inflammation by triggering the release of inflammatory cytokines such as TNF-a and IL-6 through the activation of Toll-
like receptors (TLR2/4)."-°* Free histones also have a significant positive charge that can directly damage cell membrane
structures and result in cell death.”” In AKI, antibodies that can specifically recognize and bind to histones are known as
anti-histone antibodies (aHisAbs). Histones’ direct cellular harm and pro-inflammatory effects are mitigated when
aHisAbs bind to them, neutralize their charge toxicity, and stop them from interacting with receptors.’® In an in vivo
mouse model of renal ischemia-reperfusion injury (IRI), Nakazawa et al demonstrated that pretreatment with aHisAbs
improved renal function, decreased tubular cell necrosis and expression of inflammatory mediators (eg, TNF-a, 1L-6),
and significantly reduced NET deposition in renal tissue and other affected organs®' These results show that by reducing
circulating histone levels, aHisAbs can mitigate inflammatory damage to several organs, including the heart. Renal IRI
and myocardial ischemia-reperfusion injury (such as post-infarction HF) share DAMP-driven pathogenic pathways,”’
indicating that aHisAbs may have protective effects in such HF conditions.

Regulating Metabolic Dysregulation: Targeting Immune Mechanisms in
Diabetes-Related HF

Metabolic diseases are high-risk factors for HF, and NETs are the connection between metabolic stress and vascular
damage. Current evidence suggests that the widely prescribed antidiabetic medication metformin has potent anti-
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Table 4 Summary of Strategies for NETs as Potential Therapeutic Targets

Urinary system

Regulation of
metabolic disorders
and immune

activation

DAMPs (Histones)

PKC-NOX
Pathway

Anti-histone Abs

Metformin

related cellular stimuli subsequently
reduces inflammatory cytokine
levels

Neutralize charge toxicity and
prevent receptor binding

Inhibition of the PKC-NADPH
oxidase pathway, blockade of NET
formation, and alleviation of
vascular injury induced by
metabolic stress

System Therapeutic Intervention/ Mechanism of Action Safety Cautions in HF References
Target Agent
Cardiovascular DNA components | DNase | Degradation of DNA, reduction of | Systemic use risks [49, 79, 81]
system of NETs activity, and promotion of immunosuppression and
thrombus lysis bleeding
P-selectin Hydrogel NPs Load rtPA and DNase | for Potential bleeding [83]
synergistic thrombolysis complications.
Piezol Channel Piezol inhibitors Block calcium influx and inhibit GsMTx4 has off-target [76, 99]
(GsMTx4); EGTA | NETosis effects on vascular tone;
Systemic use of EGTA can
cause life-threatening
hypocalcemia
PAD4 Cl-amidine Inhibit chromatin decondensation Pan-inhibition risks severe [75, 89]
and suppress NETs immunosuppression.
MK Anti-N-MK Abs Reduce immune cell Recruitment Potential interference with [47, 86, 100]
and activation, inhibit NETosis physiological tissue repair
and angiogenesis
SLC44A2 LCZ696 Inhibiting NETs aberrant release Requires strict monitoring [55, 87, 101]:
(Sacubitril/ and myocardial mitochondrial for symptomatic NCTO01035255
Valsartan) dysfunction with inflammatory hypotension, hyperkalemia,
injury and renal impairment.
Respiratory system | NE NE inhibitors Inhibits protease activity and May compromise [75, 90, 91, 102]
suppresses extracellular matrix respiratory immune
degradation defense
Neutrophils/mDCs | Erythromycin Inhibition of ROS production and CRITICAL risk of QT [24, 92, 93, 103]

interval prolongation

Risk of triggering systemic
immunosuppression
Risk of lactic acidosis in

acute decompensated HF

[61, 96, 97]

[78, 98, 104]:
NCTO5177588

Abbreviations: Abs, antibodies; DAMPs, damage-associated molecular patterns; ECM, extracellular matrix; EGTA, calcium chelators; mDCs, monocyte-derived dendritic
cells; MK, midkine; NE, neutrophil elastase; NETs, neutrophil extracellular traps; NPs, nanoparticles; NOX, NADPH oxidase; PAD4, protein-arginine deiminase 4; PKC,
protein kinase C; ROS, reactive oxygen species; rtPA, recombinant tissue plasminogen activator.

inflammatory properties, especially when it comes to inhibiting NETs formation.”® Metformin significantly decreased the
plasma concentrations of neutrophil extracellular trap (NET)-associated components in prediabetic individuals, according
to clinical observations by Menegazzo et al. Metformin inhibits the protein kinase C (PKC)-NADPH oxidase pathway,
which prevents NET formation, according to additional in vitro research.”® These results offer a theoretical foundation
for metformin’s possible ability to prevent diabetic heart complications. Despite these theoretical benefits, metformin
must be used judiciously in clinical settings. Its application carries a risk of fatal lactic acidosis, making it strictly
contraindicated in patients presenting with acute decompensated HF or concurrent severe renal impairment. The potential
therapeutic agents and their clinical safety considerations are summarized in Table 4.

Conclusion

The role of NETs in the pathophysiological network of HF is described in this article. On the one hand, NETs release
DAMPs, which activate immune pathways and maintain a chronic low-grade inflammatory state in the heart; on the other
hand, NETs act as physical scaffolds that promote immune thrombogenesis, which impairs microcirculation. NETs
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promote cardiomyocyte mortality and mitochondrial malfunction, which leads to cardiac remodeling, the direct patho-
physiological induction of structural alterations in the heart. Furthermore, NETs represent a crucial molecular hub
connecting behavioral risk factors (eg., unhealthy lifestyle and chronic stress) and systemic comorbidities (diabetes,
hypertension, chronic kidney disease, respiratory diseases) to cardiac damage across various systems.

Active research is also being done on NET-targeting interventions to prevent HF and associated conditions. Current
strategies cover a variety of phases, from increasing NETs clearance (eg, utilizing DNasel) to preventing NETs
production at the source (eg, targeting the PAD4 enzyme or the VWF-SLC44A2 signaling axis) Notably, research on
drug repurposing has shown that established pharmaceuticals such as metformin and erythromycin, as well as therapeu-
tically available drugs such as sacubitril/valsartan, have extra cardioprotective benefits via blocking NETosis This offers
practical translational approaches for clinical intervention. Although these intervention strategies have demonstrated
significant potential in preclinical studies, they currently lack support from clinical trials. Therefore, further validation of
the efficacy and safety of these targets remains a core challenge in achieving precision medicine translation.

Targeted treatment for NETs still has difficulties, though. Future studies should also aim to reconcile the preservation of
neutrophils’ natural immune response with the efficient targeting of pathological NETosis, while carefully selecting safe
therapeutic windows to avoid fatal side effects such as severe immunosuppression or bleeding. Attention should also be paid
to the intricate mechanisms governing interactions between NETs and other innate or adaptive immune cells. Simultaneously,
exploring the stage-dependent evolution of NETSs across the spectrum of HF, from subclinical risk phases to advanced stages,
holds significant promise for early prevention and clinical grading. More thorough research into the heterogeneity of NETs across
various comorbidities and HF phenotypes will provide more accurate precision medicine strategies for successfully treating HF.

Abbreviations

Abs, antibodies; AF, atrial fibrillation; AKI, acute kidney injury; AMI, acute myocardial infarction; CCDC25, coiled-coil
domain-containing protein 25; CitH3, citrullinated histone H3; CKD, chronic kidney disease; COPD, chronic obstructive
pulmonary disease; DAMPs, damage-associated molecular patterns; DEL-1, developmental endothelial locus-1; DNasel,
deoxyribonuclease 1; EAT, epicardial adipose tissue; ECM, extracellular matrix; EGTA, ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’ N’-tetraacetic acid; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure
with reduced ejection fraction; ILK, integrin-linked kinase; LRP1, LDL receptor-related protein 1; LVT, left ventricular
thrombus; MAC-1, macrophage-1 antigen; mDCs, monocyte-derived dendritic cells; MK, midkine; MPO, myeloperoxidase;
mtROS, mitochondrial reactive oxygen species; NE, neutrophil elastase; NETs, neutrophil extracellular traps; NOX, NADPH
oxidase; NPs, nanoparticles; OSE, oxidation-specific epitopes; PAD4, protein-arginine deiminase 4; PAH, pulmonary arterial
hypertension; PASMCs, pulmonary arterial smooth muscle cells; PKC, protein kinase C; PMA, phorbol 12,13-dimyristate 13-
acetate; PRRs, pattern recognition receptors; RACI1, Ras-related C3 botulinum toxin substrate 1; ROS, reactive oxygen
species; rtPA, recombinant tissue plasminogen activator; SGLT2, sodium-glucose cotransporter 2; SLC44A2, solute carrier
family 44 member 2; TLR, Toll-like receptor; TNF-a, tumor necrosis factor-alpha; VWEF, von Willebrand factor.
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