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ABSTRACT: Neutrophil extracellular trap (NET) formation or NETosis is a specialized innate immune process in
which neutrophils release chromatin fibers decorated with histones and antimicrobial proteins. Although pivotal for
pathogen clearance, aberrant NETosis has emerged as a critical modulator of acute and chronic respiratory pathologies,
including acute respiratory distress syndrome, asthma, and chronic obstructive pulmonary disease. Dysregulated NET
release exacerbates airway inflammation by inducing epithelial injury, mucus hypersecretion, and the recruitment
of inflammatory leukocytes, thereby accelerating tissue remodeling and functional decline. Mechanistically, NETosis
is governed by peptidyl arginine deiminase 4 (PADI4)-mediated histone citrullination, NADPH oxidase-dependent
reactive oxygen species production, mitochondrial metabolic reprogramming, and activation of toll-like receptors
and inflammasomes. These molecular events perpetuate inflammation and prevent its resolution. Emerging evidence
indicates that natural bioactive compounds, such as flavonoids, terpenoids, and polyphenols, attenuate NETosis by
modulating oxidative stress, inhibiting PADI4 activation, or suppressing downstream pro-inflammatory cascades.
Collectively, these findings highlight the therapeutic potential of targeting NETosis to mitigate neutrophil-driven airway
pathology. This review aims to comprehensively synthesize recent mechanistic insights into NETosis and to delineate
how modulation of NET formation contributes to the prevention and treatment of inflammatory respiratory diseases.
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1 Introduction
Neutrophils serve as critical effectors of innate immunity, executing diverse antimicrobial functions,

including phagocytosis, degranulation, and release of neutrophil extracellular traps (NETs) through a
specialized form of cell death termed NETosis [1,2]. During this process, neutrophils extrude chromatin
structures decorated with histones, neutrophil elastase (NE), and myeloperoxidase (MPO), which function
to entrap and neutralize invading pathogens [1,3]. The induction of NETosis is orchestrated by a set of
interconnected molecular events, most notably the generation of reactive oxygen species (ROS) via NADPH
oxidase (NOX)-and peptidyl arginine deiminase 4 (PADI4)-mediated histone citrullination, which leads to
chromatin decondensation and subsequent nuclear envelope breakdown [4,5]. The release of decondensed
chromatin complexes, either through suicidal or vital NETosis, reflects a finely tuned balance between host
defense and tissue damage [6]. Recent studies have revealed that although NETs and the process of NETosis
are classically associated with neutrophils, extracellular trap formation is not restricted to neutrophils [7].
Similar DNA release structures have been observed in other innate immune cells, including macrophages,
monocytes, mast cells, basophils, and eosinophils, and extracellular DNA release has also been reported
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in subsets of lymphocytes [8]. In addition to NETosis, a variety of regulated cell death programs such as
apoptosis, necrosis, necroptosis, pyroptosis, and ferroptosis have been identified as alternative mechanisms
driving extracellular release of nuclear material [9]. These processes, while contributing to host defense
and pathogen clearance, can simultaneously induce epithelial and endothelial injury and exacerbate tissue
inflammation and damage, thereby amplifying immune-mediated pathology [10].

Although NETosis contributes to microbial clearance, dysregulated or excessive NET release has
emerged as a pivotal driver of immunopathology in respiratory diseases [11]. In acute respiratory distress
syndrome (ARDS), excessive neutrophil infiltration and NET accumulation disrupt the alveolar capillary
integrity, amplify inflammation, and promote microthrombosis [12–14]. Similarly, chronic obstructive
pulmonary disease (COPD) and severe neutrophilic asthma are characterized by NET-enriched airway
secretions that exacerbate epithelial injury, mucus hypersecretion, and impair mucociliary clearance, thereby
accelerating airway obstruction and remodeling [15–17]. In severe pneumonia and coronavirus disease
2019 (COVID-19), elevated NETosis markers such as circulating cell-free DNA, MPO-DNA complexes,
and citrullinated histone H3 are correlated with disease severity and poor outcomes [18–20]. Similarly,
NET-driven immunothrombosis, characterized by NET-rich microthrombi in the pulmonary vasculature,
is now considered a hallmark of severe COVID-19 [21]. Notably, in COVID-19–associated ARDS, NET-
driven immunothrombosis and cytokine storm responses directly contribute to multi-organ failure [22].
Collectively, these findings highlight the complex role of NETosis as both a defensive and a pathogenic
mechanism in diverse pulmonary disorders.

Given the central role of NETosis in respiratory disease pathogenesis, recent studies have focused
on the therapeutic potential of natural bioactive compounds in attenuating this process [23]. Phyto-
chemicals, such as flavonoids, terpenoids, and polyphenols, have been shown to inhibit ROS production,
suppress PADI4 activity, and modulate downstream inflammatory signaling cascades, thereby reducing
NET release and mitigating tissue damage [23–25]. These natural products, with their intrinsic antioxidant
and immunomodulatory properties, represent promising adjunctive strategies for counteracting neutrophil-
driven pathologies [26,27]. Targeting NETosis may provide novel avenues for the prevention and treatment
of acute, chronic, and infectious respiratory disorders. The objective of this review is to provide a compre-
hensive overview of the molecular mechanisms driving NETosis in the lung, to delineate its pathological
contributions across acute and chronic respiratory diseases, and to highlight recent advances in NET-targeted
and NET-modulating therapeutic approaches with translational potential.

2 Molecular Mechanisms and Triggers of NETosis
NETosis proceeds through at least three mechanistically distinct pathways [28]. The former, termed

suicidal or classical NETosis, relies on the generation of ROS by NADPH oxidase 2 (NOX2) [29,30]. ROS
drives chromatin decondensation and nuclear envelope rupture, culminating in cell lysis and the release
of NETs. The second form, vital NETosis, enables neutrophils to release NETs while remaining viable,
thereby preserving critical effector functions such as phagocytosis and chemotaxis [31]. The third variant,
mitochondrial NETosis, involves the extrusion of mitochondrial DNA rather than nuclear DNA, typically
under ROS-low conditions and sterile inflammatory stimuli [32] (Fig. 1).
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Figure 1: Overview of the mechanisms and types of NETosis. Suicidal NETosis is induced by stimuli such as phorbol
12-myristate 13-acetate, autoantibodies, and interleukin 8 and typically unfolds over several hours. Protein kinase
C- and mitogen-activated protein kinase-driven nicotinamide adenine dinucleotide phosphate oxidase activation
enhances reactive oxygen species (ROS) production, which promotes peptidyl arginine deiminase 4 (PADI4) activation
through small-conductance calcium-activated potassium 3 channel-mediated Ca2+ influx, leading to histone citrulli-
nation and chromatin decondensation. Neutrophil elastase and myeloperoxidase translocate to the nucleus, driving
nuclear envelope breakdown and release of protein-decorated chromatin through membrane rupture, culminating
in neutrophil death. Vital NETosis occurs within minutes in response to Staphylococcus aureus via toll-like receptor
(TLR) 2 and Escherichia coli through TLR4, directly or indirectly via TLR4-activated platelets. PADI4 is activated
independently of ROS, citrullinated histone H3 facilitates chromatin remodeling, and protein-coated DNA is exported
via vesicular trafficking, enabling neutrophils to remain viable and retain effector functions. Citrullinated histone H3:
CitH3; CXC motif chemokine receptor 2: CXCR2; fragment crystallizable region: Fc; interleukin 8: IL8; mitogen-
activated protein kinase: MAPK; myeloperoxidase: MPO; mitochondrial reactive oxygen species: mtROS; nicotinamide
adenine dinucleotide phosphate: NADPH; neutrophil elastase: NE; neutrophil extracellular trap: NET; peptidyl arginine
deiminase 4: PADI4; protein kinase C: PKC; phorbol 12-myristate 13-acetate: PMA; reactive oxygen species: ROS;
small-conductance calcium-activated potassium 3 channel: SK3; toll-like receptor: TLR. Created with BioRender.com

NETosis can be initiated by a wide range of triggers, including microbial pathogens, pathogen-associated
molecular patterns (PAMPs), damage-associated molecular patterns (DAMPs), immune complexes, pro-
inflammatory cytokines such as interleukin (IL) 8 and tumor necrosis factor alpha (TNFα), and sterile tissue
injury. These signals are detected by pattern recognition receptors (PRRs), particularly toll-like receptors
(TLRs), which activate intracellular signaling cascades that converge upon chromatin decondensation and
enzyme release. A central regulator of this process is PADI4, which catalyzes the citrullination of histones
H3 and H4, leading to weakened histone–DNA interactions and consequent chromatin relaxation [33]. The
indispensability of PADI4 has been demonstrated in PADI4-deficient mice that fail to form NETs in response
to conventional stimuli. Granular enzymes further reinforce this process: NE migrates to the nucleus to cleave
histones, whereas MPO promotes oxidative modification and nuclear disruption [4,34].

PRRs, including TLR4 (which senses bacterial lipopolysaccharide), TLR7/8 (which detects viral single-
stranded RNA), and TLR9 (which recognizes unmethylated CpG DNA), activate myeloid differentiation
primary response 88-dependent pathways that converge on the NETosis machinery [35]. Gasdermin D, a
pore-forming protein traditionally associated with pyroptosis, mediates membrane permeabilization and
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final extrusion of NETs, suggesting a mechanistic overlap among distinct cell death pathways [36]. In addi-
tion, calcium signaling plays a crucial role, as calcium ionophores can trigger NOX-independent NETosis
and drive the release of mitochondrial DNA, a pathway of particular relevance in sterile inflammatory
contexts [37]. Although NETosis protects against microbial invaders, its excessive or persistent activation
drives collateral tissue damage, thrombosis, and autoimmunity, underscoring its dual role as a guardian of
host defense and a mediator of pathological inflammation [38].

3 Lung-Specific Molecular Mechanisms of NETosis
The lung microenvironment has unique anatomical and physiological conditions that profoundly

influence NET formation and function. The alveolar niche is highly oxygenated, favoring ROS-dependent
pathways that drive classical NETosis [39]. Surfactant proteins, particularly surfactant protein D (SP-D),
exert context-dependent effects on neutrophil activation, either promoting or suppressing NET release
depending on the surrounding inflammatory milieu [40]. Constant exposure of the respiratory tract to
inhaled pathogens, allergens, and pollutants provides abundant stimuli such as bacterial lipopolysaccharide
(LPS), viral RNA, and particulate matter (PM), which readily trigger NETosis [41–43].

Alveolar epithelial cells are key amplifiers of NET-driven inflammation. When injured by NET-derived
histones and proteases, they secrete cytokines such as IL1β, IL6, and granulocyte-macrophage colony-
stimulating factor, which recruit additional neutrophils and perpetuate a self-sustaining inflammatory
loop [44,45]. Normally, alveolar macrophages help resolve inflammation by clearing NETs via phagocytosis
and deoxyribonuclease (DNase) secretion [46]. However, in chronic airway diseases, such as COPD and
severe asthma, macrophage clearance capacity is impaired, resulting in persistent NET accumulation [47].
In pulmonary fibrosis, NETs promote the epithelial-to-mesenchymal transition and fibroblast activation,
linking innate immune dysregulation to fibrotic remodeling [48].

Pulmonary vasculature is also highly vulnerable to NET-mediated injuries. NET-associated histones
damage endothelial cells, increase vascular permeability, and contribute to edema and microvascular throm-
bosis [49]. Immunothrombosis, which is often observed in ARDS and COVID-19, is strongly associated with
NET-rich microthrombi that obstruct the pulmonary circulation and impair gas exchange [22]. Environ-
mental factors such as cigarette smoke, PM, and ozone exacerbate NET formation by inducing oxidative
stress and calcium flux in neutrophils, thereby reducing the activation threshold for NETosis [50,51].
Collectively, these lung-specific features underscore why dysregulated NETosis is particularly destructive
in respiratory diseases (Fig. 2). The interplay between oxygen-rich conditions, surfactant modulation,
impaired clearance mechanisms, vascular fragility, and environmental insults amplifies NET-driven injury
and chronic remodeling.

4 NETosis in Acute Respiratory Diseases
Acute respiratory diseases, such as ARDS, severe bacterial or fungal pneumonia, and viral infections,

including influenza and COVID-19, are characterized by an abrupt onset of overwhelming inflammation,
massive neutrophil recruitment into the airspaces, and profound disruption of the alveolar-capillary barrier.
In this context, the balance between protective host defense and collateral tissue injury is particularly fragile.
Neutrophils, as the first responders, release a spectrum of antimicrobial mediators; however, when excessively
activated, they undergo uncontrolled NETosis, which significantly aggravates pulmonary pathology.
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Figure 2: Pathological roles of NETosis in pulmonary diseases. Although neutrophil extracellular traps (NETs) are
essential for host defense, their dysregulated accumulation promotes pulmonary pathology. In acute respiratory
distress syndrome, NETs compromise endothelial integrity, drive immunothrombosis, and amplify cytokine release,
thereby worsening alveolar damage. In chronic obstructive pulmonary disease, persistent NET formation sustains neu-
trophilic inflammation, impairs mucociliary clearance, increases oxidative stress, emphysema, and accelerates airway
remodeling. In coronavirus disease 2019, severe acute respiratory syndrome coronavirus 2-induced NETosis augments
endothelial injury, microvascular thrombosis, and systemic inflammation, leading to respiratory failure. Enzymes such
as peptidyl arginine deiminase 4 critically regulate NET generation, highlighting NETosis as a convergent mechanism
that links inflammation, thrombosis, and tissue injury across diverse pulmonary disorders. Matrix metalloproteinase:
MMP; myeloperoxidase: MPO; neutrophil elastase: NE; reactive oxygen species: ROS. Created with BioRender.com

NETs contribute to alveolar-capillary barrier dysfunction through multiple mechanisms. Histones
embedded within NETs exert direct cytotoxic effects on epithelial and endothelial cells, whereas protease-
mediated extracellular matrix degradation weakens their structural integrity [34,44]. The DNA backbone
of NETs increases mucus viscosity, impairs mucociliary clearance, and physically obstructs small airways,
thereby worsening hypoxemia [52,53]. In addition, NET-associated proteases and oxidants amplify epithelial
permeability, resulting in the leakage of protein-rich edema fluid into the alveolar space, a hallmark of
ARDS [54]. NET-derived histones also act as potent danger signals that stimulate resident macrophages and
epithelial cells, driving a vicious cycle of cytokine release, neutrophil influx, and NETosis.

Viral infections, particularly those caused by COVID-19, illustrate the pathological duality of NETosis.
Although NETs can immobilize and neutralize viral particles, excessive NET accumulation in the alveolar
spaces and pulmonary vasculature promotes immunothrombosis, leading to diffuse microvascular occlusion
and impaired gas exchange [22]. Clinical studies have consistently demonstrated elevated NET biomarkers,
such as cell-free DNA, MPO-DNA complexes, and citrullinated histones, in the plasma and tracheal aspirates
of patients with severe ARDS or COVID-19, with levels closely associated with poor prognosis [55].

Thus, in acute respiratory diseases, NETosis emerges not only as a defensive mechanism but also as a
central driver of pathology, linking exaggerated innate immune responses to tissue injury, alveolar flooding,
and vascular thrombosis. This dual role underscores the growing interest in therapeutic strategies that target
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NET formation or accelerate NET clearance as adjunctive approaches for ARDS, pneumonia, and viral
respiratory syndrome.

4.1 ARDS
NET formation has emerged as a central mediator of acute lung injury and ARDS by coupling

direct epithelial and endothelial injury with thromboinflammatory cascades [22,56,57]. Mechanistically,
PADI4-dependent histone citrullination promotes chromatin decondensation and NET release. Citrulli-
nated histone H3 functions as both a biomarker and DAMP that activates inflammasomes and caspase-1 to
amplify alveolar inflammation and cell death [58–60]. NET structural components, including extracellular
DNA histones and neutrophil proteases, disrupt the alveolar-capillary barrier, increase vascular permeability,
and serve as scaffolds for platelet binding and thrombus formation, thereby driving immunothrombosis in
severe ARDS and COVID-19 [22,59,60]. Upstream drivers identified across experimental and clinical studies
include excessive neutrophil recruitment via CXCL8 gradients, delayed neutrophil apoptosis, platelet–
neutrophil interactions, and NLR family pyrin domain-containing 3 (NLRP3) inflammasome activation,
which synergizes with PADI4 to potentiate NETosis under both infectious and sterile insults [58,61,62].
Therapeutic strategies supported by these reports include extracellular DNase to degrade NET DNA,
PADI4 inhibition to block NET biogenesis, neutralization of circulating histones, inhibition of neutrophil
elastase and MPO, and adjunctive approaches targeting platelet activation and inflammasomes [22,63–65].
Collectively, these studies advocate precision-guided interventions that combine NET-directed agents with
antithrombotic and anti-inflammatory modalities, and emphasize the urgent need for standardized NET
biomarkers to stratify ARDS endotypes for targeted therapy.

4.2 Viral Pneumonia and COVID-19
Viral respiratory infections are potent inducers of NETosis. SARS-CoV-2, the causative agent of

COVID-19, triggers excessive NET formation that correlates with disease severity and mortality [54,55].
Elevated NET levels are consistently detected in tracheal aspirates, plasma, and autopsy lung samples
from patients with COVID-19 [57]. Mechanistically, viral proteins, such as the spike glycoprotein, directly
activate neutrophils, further promoting NETosis [66]. NETs in COVID-19 are implicated in alveolar injury,
amplification of cytokine storms, and thrombotic complications, such as pulmonary embolism [22,67].
Therapeutic interventions, including DNase I and anti-inflammatory agents, are currently being investigated
for their efficacy against COVID-19-associated ARDS [68].

4.3 Bacterial and Fungal Pneumonia
NET formation is a rapid frontline response to bacterial pathogens such as Streptococcus pneumoniae

and Staphylococcus aureus and to fungal pathogens, including Aspergillus fumigatus, where NETs entrap
and restrict microbial spread while decorating DNA scaffolds with histones and granular proteases that
possess direct microbicidal activity [39,69,70]. Pathogens have evolved countermeasures, notably secreting
nucleases that cleave the DNA backbone of NETs, thereby enabling immune evasion and persistence in
the alveolar space [71,72]. NET accumulation within infected airspaces amplifies oxidative stress, protease
activity, and DAMP signaling, resulting in epithelial injury, airway occlusion, and impaired mucociliary
clearance, exacerbating lung damage beyond the benefits of microbial containment [1,70,73]. In certain
fungal infections, NETs are indispensable for restraining large hyphal structures, yet they can paradoxically
hinder effective clearance and exacerbate collateral tissue injury in immunocompromised hosts infected
with Aspergillus or Pneumocystis [69,73,74]. Mechanistically, PADI4-dependent histone citrullination, inte-
grin and complement receptor engagement, platelet-neutrophil interactions, and lipid mediators such as
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leukotriene B4 (LTB4) orchestrate NETosis and determine whether the response is protective or patho-
logical [1,74–76]. Translationally, candidate interventions supported by these studies include extracellular
DNases to dismantle NET scaffolds, PADI4 inhibition to block NET biogenesis, neutralization of cytotoxic
histones, inhibition of neutrophil elastase and MPO, blockade of pathogen nucleases to preserve NET
function, and modulation of upstream signals, such as LTB4 or platelet activation, to rebalance host defense
and limit tissue injury [71,74,77,78]. Collectively, these observations demonstrate the precise strategies that
preserve NET antimicrobial function while preventing excessive NET-mediated lung injury in bacterial and
fungal pneumonia.

5 NETosis in Chronic Respiratory Diseases
Chronic respiratory diseases, most notably COPD and asthma, represent a major global health chal-

lenge and account for substantial morbidity, mortality, and healthcare expenditure [79,80]. Unlike acute
conditions, which are characterized by transient yet intense inflammatory responses, chronic airway diseases
are characterized by persistent, self-perpetuating inflammation that drives progressive tissue remodeling
and irreversible impairment of lung function. Neutrophils are consistently enriched in the airways of
patients with severe COPD and specific asthma phenotypes, which highlights their central role in disease
chronicity [81,82]. Within this context, NETosis has emerged not only as an antimicrobial defense mechanism
but also as a critical pathogenic driver that sustains inflammation, accelerates structural damage, and
amplifies airway remodeling over time.

5.1 COPD
COPD is one of the most prevalent chronic respiratory conditions worldwide, with neutrophilic inflam-

mation representing a defining hallmark of COPD pathophysiology. Sputum and bronchoalveolar lavage
fluid from patients with COPD consistently demonstrate elevated levels of NET-derived markers, including
extracellular DNA, MPO-DNA complexes, and citrullinated histones, which are correlated with disease
severity and exacerbation frequency [1,47]. NETs in COPD are not passive byproducts of inflammation but
are active contributors to structural lung damage [83]. The extracellular DNA scaffold of NETs increases
mucus viscosity and impairs mucociliary clearance, creating a permissive niche for bacterial colonization by
pathogens such as Hemophilus influenzae and Pseudomonas aeruginosa [84]. These microbes persist within
NET-rich microenvironments, fueling recurrent exacerbations and amplifying airway injuries.

Proteolytic enzymes embedded in NETs and NE degrade extracellular matrix components such as
elastin and collagen, leading to alveolar wall destruction and emphysematous changes. MPO and ROS
exacerbate oxidative stress and epithelial injury, further compromising the alveolar structure [85]. Cigarette
smoke, the primary risk factor for COPD, primes neutrophils for exaggerated NET release and disrupts
clearance mechanisms by inhibiting the macrophage-mediated phagocytosis of NETs [86]. Collectively,
these processes establish a self-reinforcing cycle in which environmental insults and microbial persistence
perpetuate NET-driven inflammation, tissue destruction, and progressive airflow limitation.

5.2 Asthma
Asthma is a heterogeneous disease traditionally associated with eosinophilic inflammation and Th2

cytokines. However, growing evidence highlights the involvement of neutrophils and NETosis, particularly
in severe and corticosteroid-resistant phenotypes [87,88]. In these patients, neutrophils infiltrate the airway
lumen and undergo robust NET release, which directly contributes to epithelial damage and goblet cell hyper-
plasia [89]. NET-derived histones and proteases are cytotoxic to bronchial epithelial cells and cause barrier
dysfunction, increased susceptibility to allergens, and microbial invasion. The DNA-protein framework of
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NETs further enhances mucus gel viscosity, contributing to the formation of dense obstructive sputum plugs
that characterize severe asthma [88].

In addition to causing structural damage, NETs function as DAMPs that engage TLRs and activate
the NLRP3 inflammasome in epithelial cells and macrophages [88]. This activation results in enhanced
secretion of IL1β and IL18, fueling a feed-forward inflammatory loop. Elevated levels of IL17A and IL8
are commonly observed in neutrophilic asthma, sustain neutrophil recruitment and NET formation, and
exacerbate airway inflammation [45,90]. Clinically, this endotype is associated with poor responsiveness
to inhaled corticosteroids and frequent exacerbations, highlighting the urgent need for therapies that
specifically target neutrophil- and NET-driven inflammation [91]. Experimental evidence indicates that
interventions aimed at inhibiting NETosis or promoting NET clearance can attenuate airway inflammation
and reduce the frequency or severity of neutrophilic asthma exacerbation, suggesting a potential therapeutic
role for this challenging endotype.

5.3 Pulmonary Tuberculosis
Pulmonary tuberculosis, caused by Mycobacterium tuberculosis (M. tuberculosis), is a chronic infectious

disease in which the pathogen actively induces the formation of NETs [92,93]. During infection, neutrophils
undergo NETosis, releasing DNA decorated with granule-derived enzymes and antimicrobial proteins [93].
These NETs are closely associated with tuberculosis pathogenesis, serving as extracellular scaffolds that
may facilitate M. tuberculosis survival and propagation [94]. The bacterium triggers neutrophil necrosis
in an ESX-1-dependent manner, while ROS produced by neutrophils further promotes this necrotic pro-
cess [95]. Moreover, type I interferons exacerbate pulmonary inflammation and NETosis, aggravating disease
progression in susceptible hosts [96,97]. M. tuberculosis infection potently triggers NETosis in circulating
neutrophils, whereas low-density neutrophils exhibit a markedly reduced ability to form NETs, indicating
functional divergence within the neutrophil population [98]. Pharmacological inhibition with the cell-
permeable NE inhibitor MeOSuc-AAPV-cmk effectively attenuates M. tuberculosis-induced NETosis but
does not interfere with PMA-stimulated NET release, implying that these stimuli engage distinct molecular
signaling pathways governing NET formation [92]. Elevated levels of circulating NETs have been observed
in patients with active or relapsing tuberculosis, correlating with extensive tissue damage and impaired
lung function [99]. Excessive NET release contributes to acute lung injury and caseating granulomatous
pathology by promoting epithelial and endothelial cell death, inflammatory cytokine production, and
immunothrombosis [100,101]. Notably, NET formation, although induced by M. tuberculosis, is often insuf-
ficient to effectively kill the pathogen [102]. Targeting neutrophils and NETosis thus represents a promising
host-directed therapeutic approach that may enhance antibiotic efficacy, shorten treatment duration, and
mitigate disease-associated pathology [103]. Such interventions could also provide valuable biomarkers for
monitoring disease progression and therapeutic response in patients with pulmonary tuberculosis.

6 Therapeutic Targeting of NETosis
Given the substantial contribution of NETosis to the pathology of respiratory diseases, therapeutic

strategies aimed at modulating NET formation, enhancing NET degradation, and neutralizing NET compo-
nents have attracted considerable interest. With several advances in clinical evaluations, these interventions
can be broadly classified into three major categories: biologics (e.g., DNase I), pharmacological inhibitors
(e.g., PADI4, NE, and MPO inhibitors, as well as upstream pathway modulators), and natural com-
pounds (phytochemicals with multi-target anti-inflammatory activity). The following subsections discuss
representative examples of each category (Table 1).
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6.1 DNase Therapy
DNase I, an endonuclease that cleaves extracellular DNA, has been clinically approved to reduce mucus

viscosity in cystic fibrosis [104]. DNase I has also been explored in ARDS and COVID-19 [105]. Early-phase
studies suggested that aerosolized or intravenous DNase reduces NET burden markers, including cell-free
DNA and MPO-DNA complexes, and improves oxygenation, although the results remain inconsistent. For
instance, in patients with COVID-19, adjunctive DNase therapy has been associated with reductions in
inflammatory biomarkers and improvements in clinical scores; however, large-scale randomized trials are
needed to establish survival benefits [106]. A key limitation of DNase therapy is that it dismantles the DNA
scaffold, but does not neutralize histones or proteases, highlighting the need for combination approaches.

6.2 PADI4 Inhibition
PADI4 has been established as a linchpin enzyme for NET biogenesis through catalytic histone

citrullination that drives chromatin decondensation and extracellular trap extrusion [33,107,108]. Genetic
ablation or pharmacological blockade of PADI4 robustly prevents stimulus-induced NET formation in
human and murine neutrophils, thereby attenuating downstream tissue injury in multiple disease models,
highlighting PADI4 as a tractable therapeutic node [107–109]. Small-molecule covalent inhibitors, such as
haloacetamidine derivatives and peptidomimetics, have demonstrated proof-of-concept NET suppression
in vitro and in vivo, whereas next-generation selective inhibitors, including GSK484, BMS-P5, and JBI-
589, have achieved improved potency, selectivity, and oral bioavailability with disease-modifying effects
in oncology, autoimmunity, and lung injury models [110–113]. Structure-activity relationship studies and
recent medicinal chemistry efforts have produced heterocyclic scaffolds and phenylboronic acid-modified
constructs that enhance tumor targeting and minimize off-target PAD isoform inhibition, thereby improving
safety margins [114–116]. Mechanistic adjuncts to direct PADI4 inhibition encompass upstream modulation
of calcium signaling, ROS, and inflammasome pathways that converge on PADI4 activation and NETosis
and downstream neutralization of NET effectors, such as extracellular histones, neutrophil elastase, and
MPO, to limit cytotoxic sequelae [62,109,117,118]. Therefore, translational strategies prioritize selective
PADI4 inhibitors combined with scaffold-degrading enzymes, histone neutralizers, or anti-platelet and anti-
inflammasome agents to preserve the antimicrobial host defense while preventing immunothrombosis and
organ injury [14,119,120].

6.3 NE and MPO Inhibitors
NET formation is orchestrated by an integrated program in which PADI4-dependent histone cit-

rullination, proteolytic processing by NE, and oxidative chemistry driven by MPO converge to promote
chromatin decondensation and extracellular chromatin extrusion [4,34,121]. Genetic PADI4 ablation or
selective pharmacological blockade prevents stimulus-induced citrullination and robustly reduces NET
biogenesis in both human and murine systems, providing proof of principle that PADI4 is a tractable
molecular node for NET inhibition [121,122]. Complementary strategies target the effector enzymes that
remodel chromatin and decorate the NET scaffold; inhibition of NE by small molecules such as sivelestat
or newer covalent and non-covalent inhibitors curtails NE translocation to the nucleus and abrogates NET
release in endotoxemia and lung injury models while improving survival and tissue integrity [121,123,124].
MPO inhibition similarly suppresses NET formation by limiting hypochlorous acid and MPO-processed
reactive species that synergize with NE to drive chromatin relaxation and protease activation. MPO blockade
has shown benefits in preclinical models of inflammatory and thrombotic injury [4,125,126]. Addition-
ally, MPO inhibitors, such as AZD5904 and PF-1355, have demonstrated preclinical efficacy in reducing
oxidative stress and NET formation in lung injury models, with some candidates progressing toward
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clinical evaluation [127,128]. Mechanistic studies have revealed that NE and MPO act both sequentially
and within a multiprotein complex to regulate actin dynamics, granule fusion, and nuclear pore remod-
eling, thereby defining multiple actionable points for intervention [34,126]. Translationally, the literature
advocates combination regimens that pair selective PADI4 inhibitors with NE or MPO antagonists or DNA-
degrading enzymes to dismantle established NETs, thereby preserving antimicrobial host defense while
minimizing protease- and histone-mediated tissue toxicity [122,129,130]. Similarly, Kim et al. established a
lung-homing nanoliposome system co-encapsulating sivelestat and DNase I, both inhibitors of excessive
NET formation, together with 25-hydroxycholesterol, a bioactive oxysterol with potent anti-inflammatory
properties. This combinatorial formulation effectively attenuated pathological lung injury and improved
early respiratory function in a murine model of ARDS, while also reducing excessive neutrophil infiltration
and mitigating systemic inflammatory response syndrome [131]. Furthermore, a recent study introduced a
self-regulated microgel-based nanocarrier incorporating Nexinhib20, which is activated by NE, designed to
achieve targeted drug delivery to lower-airway neutrophils. This system enhanced delivery efficiency and
locally suppressed neutrophil recruitment, degranulation, and inflammatory signaling, representing a novel
platform for precision control of NET-associated inflammation [132]. Collectively, these advances highlight
a promising nanotherapeutic paradigm in which liposomal or microgel-based carriers are engineered
to selectively augment the efficacy and specificity of NET-modulatory agents, including NE and MPO
inhibitors, while enabling combinatorial control of multiple inflammatory pathways. Such strategies may
provide an innovative therapeutic framework for the management and treatment of diverse respiratory
disorders driven by dysregulated NET formation.

6.4 Targeting Upstream Signaling Pathways
Interventions directed at upstream pathways of NETosis include inhibitors of TLRs, NOX2, and

inflammasomes [62,133,134]. TLR antagonists block pathogen or DAMP-induced NET release, whereas
NOX2 inhibitors prevent ROS-dependent chromatin decondensation. Agents targeting the NLRP3 inflam-
masome may indirectly attenuate NETosis by reducing pro-inflammatory cytokine release. Although most
of these strategies remain in the experimental or early translational stages, they highlight new avenues for
therapeutic development.

6.5 Natural Compounds and Phytochemicals
An increasing body of evidence supports the role of natural bioactive compounds in modulating

NETosis. Derived from plants, dietary sources, and traditional medicines, these compounds often possess
antioxidant and anti-inflammatory properties that directly and indirectly suppress NET formation. Their
relative safety and accessibility make them attractive adjunct options for both acute and chronic lung diseases.

6.5.1 Flavonoids
Flavonoids exert a multifaceted inhibition of NETosis through concerted antioxidant, enzyme-

modulatory, and signaling-interfering actions that target both the initiation and effector phases of NET
biogenesis. The primary axis of activity is the suppression of reactive oxygen species production, which is
central to many NETosis programs. By scavenging ROS and attenuating NOX activity, flavonoids reduce
the oxidative drive required for neutrophil elastase translocation and chromatin decondensation, thereby
limiting NET release [135–137]. Closely linked to antioxidant effects is direct inhibition of MPO, which
decreases hypochlorous acid generation and MPO-mediated propagation of oxidative damage; quercetin
and related flavonols have repeatedly demonstrated dose-dependent inhibition of MPO enzymatic activity
and hypochlorous acid scavenging in vitro, providing a mechanistic basis for NET attenuation [34,136,138].
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Complementary to MPO targeting, several flavonoids inhibit neutrophil elastase activity or prevent its
nuclear relocalization, thereby interrupting the proteolytic chromatin remodeling essential for NET forma-
tion; catecholic flavonoids and certain glycosides produced low micromolar IC50s against NE in biochemical
assays and reduced NET output in cellular models [121,138].

Beyond direct enzyme antagonism, flavonoids also modulate signaling nodes upstream of PADI4
activation and histone citrullination. By blunting calcium flux, inhibiting MAPK and PI3K/Akt cascades, and
reducing proinflammatory cytokine production, flavonoids lower PADI4 activation thresholds, thus reduc-
ing histone citrullination and chromatin relaxation central to NETosis [23,121,137,139]. Specific compounds,
such as quercetin, luteolin, apigenin, and structurally related derivatives, also interfere with platelet-
neutrophil crosstalk and LTB4 signaling, which drive excessive neutrophil recruitment and a pro-NETotic
microenvironment in infected and sterile lung injury [139].

Systemic or inhaled flavonoid formulations can be paired with DNase to dismantle preformed NET
scaffolds, or combined with selective PADI4 inhibitors to block de novo NET biogenesis, thereby preserving
antimicrobial function while reducing tissue toxicity [140,141]. Nanoparticle delivery platforms that directly
improve pulmonary bioavailability and target neutrophils have been proposed to overcome flavonoid
bioavailability limitations and concentrate activity at the sites of NET-mediated injury [141,142]. Safety and
efficacy readouts in the highest impact reports recommend rigorous evaluation of stimulus specificity since
antioxidant or protease inhibition may impair host defense against certain pathogens; accordingly, preclinical
models that assess microbial clearance alongside tissue protection are essential [126,139,143].

6.5.2 Terpenoids and Saponins
Growing evidence indicates that terpenoids and saponins are critical phytochemical classes with the

capacity to modulate extracellular trap formation in neutrophils, thereby attenuating the pathogenesis
of respiratory diseases. Triterpenoid saponins exhibit broad anti-inflammatory and immunomodulatory
properties by downregulating pro-inflammatory cytokines such as IL1β, IL6, and TNFα, by suppressing
COX-derived prostaglandin E2, and by interfering with NFκB signaling, effects that converge on the
reduction of NET-driven inflammation [144,145]. Terpenoids demonstrate similar multi-targeted actions
as they inhibit NFκB and MAPK activation, constrain NOX activity, and suppress ROS production,
which collectively dampen NOX-dependent NETosis and limit collateral tissue damage in pulmonary
models [145,146]. A representative example is the total terpenoids of Celastrus orbiculatus, which significantly
reduce PMA-induced NOX activation and ROS generation, resulting in marked inhibition of NET release
in vitro [147]. These findings highlight the direct ability of terpenoids to interfere with upstream drivers of
NETosis and suggest a mechanistic basis for their protective effects against inflammatory lung disorders.

Preclinical investigations have further demonstrated that saponins extracted from medicinal plants,
such as Platycodon grandiflorus, suppress nitric oxide and pro-inflammatory mediators in LPS-challenged
models, thereby mitigating neutrophil activation and NET-associated airway inflammation [148,149]. Inter-
estingly, saponins are not uniformly inhibitory, as exemplified by saikosaponin A, which enhances NET
formation and bactericidal activity, suggesting a context-dependent duality that may strengthen antimicro-
bial defense under infectious stress but could also exacerbate tissue injury when dysregulated [150]. This dual
functionality underscores the need to discriminate between the inhibitory and stimulatory saponin subtypes
to develop therapeutic interventions.

At the molecular level, both terpenoids and saponins converge on several key checkpoints in NETo-
sis, including the regulation of NOX-derived ROS, inhibition of PADI4-mediated histone citrullination,
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reduction of MPO and neutrophil elastase activity, and suppression of NLRP3 inflammasome activa-
tion [137,139,144,147]. These mechanisms are complemented by the antioxidant and autophagy-modulating
capacities of these phytochemicals, which collectively restore the balance between protective host defenses
and detrimental neutrophil-driven tissue damage. Thus, terpenoids and saponins have emerged as promising
candidates for therapeutic strategies aimed at modulating NETosis in respiratory diseases. Their capacity to
integrate anti-inflammatory, antimicrobial, anticancer, and antioxidant properties with direct suppression
of NET formation establishes them as multidimensional regulators of neutrophil biology. Although most of
the evidence remains confined to preclinical and in vitro models, these data provide a compelling rationale
for advancing selected terpenoid and saponin derivatives toward translational development. A rigorous
evaluation of compound specificity, pharmacokinetics, and delivery platforms is required to fully harness
their therapeutic potential and establish clinically relevant interventions that restore neutrophil homeostasis
and mitigate the destructive consequences of uncontrolled NETosis in pulmonary disease [137,145,151].

6.5.3 Alkaloids and Other Phytochemicals
Several prototypical plant alkaloids modulate NET formation by acting on the discrete molecular nodes

of the NETosis program. Berberine, an isoquinoline alkaloid, reduces NET release in cellular and preclinical
models by suppressing ROS generation and interfering with NE-associated chromatin processing, which
are mechanisms that correlate with decreased macrophage pyroptosis and lower alveolar inflammation in
the lung injury paradigms [152,153]. Warifteine, an alkaloid purified from Cissampelos sympodialis, blocks
NET production without impairing neutrophil oxidative burst in vitro, indicating that certain alkaloids
can selectively uncouple NET extrusion from upstream activation signals, thus preserving antimicrobial
oxidative functions and preventing excessive extracellular trap release [154]. In addition, sulforaphane, a
dietary isothiocyanate found in cruciferous vegetables, activates nuclear factor erythroid-2-related factor 2-
dependent antioxidant pathways, reduces oxidative stress, and indirectly limits NET release [155,156]. Ali
et al. showed that 6-gingerol, a principal bioactive component of Zingiber officinale, suppresses NETosis
and reduces circulating plasma NET levels in both murine autoimmune disease models and human cohort
subjects [157]. Beyond their direct effects on neutrophils, alkaloids exert ancillary effects that constrain
NETosis in the lung microenvironment [158]. Alkaloid-mediated inhibition of NFκB and MAPK signaling
downregulates proinflammatory cytokines, including IL1β and IL6, thus reducing paracrine NET-inducing
stimuli [139]. Antioxidant properties of several alkaloids reduce the cellular redox potential required
for NOX-dependent NETosis [159]. Additional actions include the attenuation of NLRP3 inflammasome
activation and enhancement of NET clearance by phagocytes, both of which restore resolution pathways
and limit sustained neutrophil-driven tissue damage [159]. Collectively, these phytochemicals illustrate that
dietary and plant-based agents may serve as preventive or adjunctive strategies against neutrophil-driven
airway inflammation.

Natural bioactive compounds often possess complex polycyclic structures and multiple chiral centers,
resulting in low oral bioavailability and posing challenges for scalable synthesis [160]. Limited absorption
and rapid metabolism can prevent these compounds from reaching therapeutic concentrations in target
tissues, while variability in source material and extraction methods complicates standardization and may
constrain clinical efficacy [161]. To address these limitations, advanced formulation strategies that enhance
solubility, stability, and bioavailability are critical. The compositional complexity of natural products also
complicates mechanistic understanding and single-target drug development. In the context of NETosis,
therapeutic strategies should focus on modulating excessive NET formation while preserving essential host
defense, rather than pursuing complete inhibition. Innovative delivery platforms, such as cell-mediated



BIOCELL. 2026;50(1):6 13

nanoparticle drug delivery systems, can improve tissue targeting and overcome bioavailability constraints,
thereby maximizing the translational potential of natural product-derived NET modulators.

Table 1: Comparative summary of NET-targeted therapeutic strategies in respiratory diseases

Category Mechanism of
action

Representative
agents

Therapeutic
strengths Key references

DNase I
(Extracellular

DNA degradation)

Cleaves NET DNA
backbone→ reduces
airway viscosity and

inflammation

Dornase alfa;
recombinant

DNase I

Improves
oxygenation and

mucus clearance in
cystic fibrosis and

ARDS

[105,106,129,130]

PADI4 inhibitors
(Upstream
chromatin

decondensation
blockade)

Block histone
citrullination→

prevent chromatin
decondensation and

NET formation

GSK484;
Cl-amidine;

BMS-P5;
JBI-589

Direct suppression
of NET formation;
reduces lung injury

in models

[107,110–113]

NE/MPO
inhibitors

(Protease and
oxidative control)

Inhibit NE and
MPO activity→

attenuate proteolysis
and oxidative

damage

Sivelestat;
AZD5904;

PF-1355

Protect the
epithelial barrier

and reduce
oxidative stress in
ARDS/COVID-19

[121,127,128]

Natural
compounds/

Phytochemicals
(Multi-target)

Antioxidant and
anti-inflammatory

action; inhibition of
ROS, NOX2, TLR9,

PADI4, MPO

Quercetin,
Berberine,

Terpenoids,
Saponins

Safe,
broad-spectrum

activity; potential
for chronic disease

management

[135–
137,145,146,153]

Note: Acute respiratory distress syndrome: ARDS; coronavirus disease 2019: COVID-19; deoxyribonuclease I:
DNase I; myeloperoxidase: MPO; neutrophil elastase: NE; neutrophil extracellular Trap: NET; nicotinamide
adenine dinucleotide phosphate oxidase 2: NOX2; peptidyl arginine deiminase 4: PADI4; reactive oxygen
species: ROS; toll-like receptor 9: TLR9.

7 Conclusions and Future Perspectives
Over the past decade, NETs have been recognized as pivotal mediators of host defense and

immunopathology. Dysregulated NETosis exerts profound pathological consequences in the lungs, where
fragile structures are continuously exposed to pathogens and environmental stressors. Acute conditions
such as ARDS, severe pneumonia, and COVID-19 exemplify the dual role of NETs as they entrap microbes;
however, their excessive accumulation disrupts the alveolar-capillary barrier, obstructs the airways, and
promotes immunothrombosis. In chronic diseases, such as COPD and severe asthma, unresolved NETosis
perpetuates a self-sustaining inflammatory loop, resulting in epithelial injury, mucus hypersecretion, and
irreversible airway remodeling.

NET-derived biomarkers detectable in plasma, sputum, and bronchoalveolar lavage fluid correlate with
disease severity and clinical outcomes, underscoring their potential as diagnostic and prognostic indicators.
However, its translation into clinical practice remains limited and requires standardized assays, cross-cohort
validation, and a clear distinction between protective and pathological NETs. The therapeutic targeting of
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NETosis is still in its infancy. DNase I remains the most advanced clinical candidate; however, its inability
to neutralize histones and proteases underscores the necessity of combination strategies. PADI4 inhibitors,
blockade of NE and MPO, and immunomodulatory biologics represent promising avenues, whereas natural
compounds such as flavonoids, polyphenols, and terpenoids provide safe and pleiotropic alternatives that
warrant deeper exploration.

In conclusion, NETosis embodies a double-edged sword in respiratory disease as it is indispensable for
antimicrobial defense but causes profound tissue damage when dysregulated. The therapeutic modulation of
this process in a context-dependent manner holds great promise for transforming the management of both
acute and chronic lung disorders. By integrating mechanistic insights into translational innovation, NET-
targeted interventions have emerged as powerful and novel strategies for the prevention and treatment of
respiratory diseases.

In the future, several priorities should guide the field. Precision medicine approaches are essential
to leverage NET biomarkers for patient stratification, particularly in patients with neutrophilic endotypes
or thromboinflammatory complications. Combination therapies that integrate NET-targeted interventions
with anti-inflammatory, antimicrobial, or anticoagulant modalities are likely to maximize efficacy while min-
imizing collateral effects. Novel therapeutic modalities, including nanotechnology-based delivery systems,
engineered DNase variants, RNA-based approaches, and single-cell transcriptomic analysis, may enhance
both efficacy and safety. System-level investigations are equally important to elucidate how NETs interact
with adaptive immunity, microbiome dynamics, and systemic complications beyond the lungs, thereby
providing a holistic framework for future therapeutic development.
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