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Abstract

Ischemia-reperfusion injury (IRI) is a common form of tissue injury encountered in myocar-
dial infarction, ischemic stroke, solid-organ transplantation, and complex vascular surgery.
Timely restoration of blood flow is essential for salvaging ischemic tissues; however, reper-
fusion itself can induce sterile inflammation and oxidative stress, further compromising
microvascular and organ function. Accumulating evidence indicates that alterations in the
local microenvironment associated with innate immune responses contribute to this patho-
logical process, with neutrophils representing among the earliest effector cells recruited
to injured tissues. In response to danger signals such as damage-associated molecular
patterns, neutrophils can release neutrophil extracellular traps (NETs), extracellular web-
like structures composed of decondensed chromatin and granular proteins. Extracellular
NETs can injure endothelial and parenchymal cells and provide procoagulant scaffolds
that contribute to immunothrombosis and local inflammatory responses. Current evidence
is derived predominantly from clinical samples and experimental models across differ-
ent organs. Owing to organ-specific differences in microvascular architecture, cellular
composition, and ischemia—reperfusion conditions, the triggers, relative pathological con-
tributions, and responses to NET-targeted interventions are not uniform across tissues.
This review first summarizes the intracellular events preceding NET release, the molecular
composition of extracellular NETs, and the mechanisms of NET extrusion. We then provide
an organ-based synthesis of the local triggers, major injurious effects, and interventional
evidence for NETs in the heart, liver, lung, kidney, brain, intestine, limb, and skin, while
discussing recurrent pathological features—including microthrombosis, endothelial or
barrier injury, and inflammatory amplification—in the context of organ-specific differences
and the limitations of the available evidence. In addition, we evaluate therapeutic strategies
involving degradation of extracellular NETs and neutralization of their toxic components,
inhibition of NET-associated enzymes and upstream signaling pathways, and spatiotempo-
rally targeted delivery, together with the major barriers to clinical translation. Overall, this
review provides an organ-structured synthesis of current evidence linking NETs to IRI and
offers a framework for understanding their context-dependent pathological roles and for
developing organ- and phase-specific therapeutic strategies.
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1. Introduction

Ischemia-reperfusion injury (IRI) represents a major clinical challenge in myocardial
infarction, ischemic stroke, solid-organ transplantation, and complex vascular surgery
and is closely associated with patient outcomes [1]. Timely restoration of blood flow is
essential for salvaging ischemic tissues; however, reperfusion itself can induce secondary
tissue injury [2]. Early studies of IRI focused primarily on intracellular events, includ-
ing calcium overload, mitochondrial dysfunction, and excessive generation of reactive
oxygen species [3,4]. Building on these findings, research in recent years has progres-
sively expanded from parenchymal cell-intrinsic events to alterations within the tissue
microenvironment, with dysregulation of the innate immune microenvironment and sterile
inflammation increasingly recognized as contributors to IRI progression [5]. Among the
immune cells involved, neutrophils are recruited relatively early to injured tissues after
ischemia and participate in local inflammatory responses [6]. Since Brinkmann et al. first
described neutrophil extracellular traps (NETs) in 2004, these web-like structures, com-
posed of a decondensed chromatin scaffold decorated with multiple granular proteins such
as neutrophil elastase, myeloperoxidase, and histones, were initially characterized as a
mechanism of antimicrobial host defense but were subsequently implicated in a broad
range of sterile inflammatory processes. Within the IRI microenvironment, increased NET
formation or release, together with insufficient endogenous clearance, can increase the
extracellular NET burden and may thereby exacerbate tissue injury [7,8].

From the perspective of the immune microenvironment, NETs can contribute to
both parenchymal cell injury and microcirculatory dysfunction during IRI [9,10]. Cellular
necrosis during ischemia and the early phase of reperfusion releases damage-associated
molecular patterns (DAMPs) into the local microenvironment. These signals can activate
neutrophils through pattern-recognition receptors such as Toll-like receptors (TLRs) and
promote NET formation or release through mechanisms involving molecules such as pep-
tidylarginine deiminase 4 (PAD4) [11,12]. Accumulated NETs can injure endothelial and
parenchymal cells through NET-associated histones, while their web-like structures can
entrap platelets and erythrocytes and thereby contribute to immunothrombosis [13,14]. In
addition, NETs can modulate the inflammatory phenotypes of other innate immune cells,
including macrophages, and interact with complement activation, thereby establishing
a feedback loop in which inflammation and cellular injury reinforce each other [15,16].
Collectively, these processes may further compromise microvascular perfusion after reper-
fusion, contribute to the no-reflow phenomenon, and aggravate tissue damage [17,18]. Such
mechanisms have been observed in studies of IRI affecting the heart, brain, liver, kidney,
and other organs. However, their relative contributions, temporal profiles, and strength
of supporting evidence vary across organs and experimental models. Accordingly, subse-
quent discussion should consider both recurrent mechanistic features and organ-specific
differences [19].

In recent years, evidence implicating NETs in IRI has steadily accumulated. Neverthe-
less, the current evidence base remains dominated by preclinical studies, and substantial
heterogeneity exists across organs with respect to ischemia duration, reperfusion time
points, animal species, NET detection methods, and functional endpoints. Consequently,
triggering pathways or therapeutic effects identified in one organ model cannot be directly
extrapolated to other organs or clinical settings. Strategies aimed at degrading extracellular
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NETs or inhibiting NET formation and release have shown tissue-protective effects in
multiple animal models; however, their clinical translation remains constrained by several
factors, including potential impairment of host defense, risks of bleeding or secondary in-
flammatory responses, limited efficiency of lesion-targeted delivery, and the lack of specific
dynamic biomarkers. Defining the predominant pathogenic processes, optimal therapeutic
window, and acceptable safety margin within specific organs and disease contexts therefore
remains an important unresolved issue. Against this background, existing evidence should
be evaluated on an organ-by-organ basis, with particular attention to the local triggers of
NETs, their tissue-damaging effects, therapeutic responses, and limitations of the available
evidence in each form of organ IRI.

To address this heterogeneity in the evidence base and the associated challenges in
clinical translation, this review summarizes the pathophysiological roles of NETs and
NET-targeted therapeutic strategies across different forms of organ IRI. We first review the
intracellular events preceding NET formation, the molecular composition of extracellular
NETs, and the mechanisms through which NET components are released into the extra-
cellular space. We then summarize, in sequence, the upstream triggers, major injurious
effects, and interventional evidence within the local microenvironments of the heart, liver,
lung, kidney, brain, intestine, limb, and skin, while retaining consideration of organ-specific
differences in microcirculatory architecture, cellular interactions, and temporal disease
dynamics. Finally, we evaluate the mechanistic levels targeted by current NET-directed
strategies, the evidence supporting their therapeutic efficacy, their limitations, and the
challenges associated with clinical translation. This review aims to provide an organ-
structured synthesis of the available evidence and to identify pathological processes that
recur across studies yet remain dependent on specific tissue contexts, thereby informing
future organ-specific mechanistic investigations and therapeutic development.

2. NET Formation

Neutrophils are integral components of the innate immune system and participate in
host defense against exogenous pathogens as well as in the mediation of sterile inflamma-
tion [20,21]. In addition to phagocytosis and degranulation, Brinkmann et al. reported in
2004 that, upon stimulation with agents such as phorbol 12-myristate 13-acetate (PMA),
neutrophils can release web-like complexes composed of chromatin and multiple gran-
ular proteins, termed NETs [7]. Here, NETs are strictly defined as extracellular web-like
structures composed of DNA /chromatin and neutrophil-derived proteins that have al-
ready been expelled into the extracellular space; intracellular decondensed chromatin
or chromatin—-granule protein precursor complexes that have not yet been externalized
are not considered NETs. NET formation is used as an overarching process term encom-
passing stimulus sensing, chromatin decondensation, molecular mixing, and the eventual
extrusion that generates extracellular NETs. NET release/extrusion refers specifically to
the terminal step in which precursor complexes cross the cellular boundary and unfold
extracellularly. The term NETosis is used only when evidence indicates that NET extrusion
is accompanied by or results in neutrophil death. Processes in which neutrophils retain
plasma membrane integrity and at least some effector functions are uniformly referred
to here as vital/non-lytic NET release and are not classified as cell-death pathways [22].
Current evidence further indicates that NET formation contributes not only to antimicrobial
defense but also to sterile inflammation, autoimmune disease, thrombosis, and the tumor
microenvironment [8,16]. Release of extracellular traps is not unique to neutrophils; other
innate immune cells, including mast cells, eosinophils, basophils, and macrophages, can
generate analogous structures under specific stimuli [23,24]. NET formation is regulated by
multilayered signaling networks and is spatially constrained, involving receptor activation,
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cytoskeletal remodeling, reactive oxygen species generation, epigenetic modification, and
transmembrane trafficking or membrane pore formation [25,26]. The molecular and cellular
mechanisms underlying this process are summarized below from three perspectives: in-
tracellular events preceding NET release, the major structural components of extracellular
NETs, and the modes of NET release (Figure 1).
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Figure 1. Intracellular mechanisms, extracellular composition, and modes of NET release. (A) Extracellu-
lar stimuli activate NOX-dependent or NOX-independent signaling through neutrophil receptors,
promoting chromatin decondensation mediated by NE, MPO, and PAD4. (B) Extracellular NETs
are composed of decondensed nuclear DNA or mtDNA scaffolds decorated with histones, granular
proteins, and cytoplasmic proteins. (C) Lytic NETotic cell death can involve GSDMD-mediated in-
creases in membrane permeability and subsequent cell rupture, whereas vital/non-lytic NET release
extrudes chromatin through vesicular transport while preserving plasma membrane integrity and
generating anucleate cytoplasts that retain transient effector functions.

2.1. Intracellular Events Preceding NET Release

Within this sequence of events, stimulus sensing and Ca?* mobilization represent
relatively early intracellular steps. NET formation can be initiated by a series of regulated
intracellular events [27]. Pattern recognition receptors (PRRs), G protein-coupled recep-
tors (GPCRs), Fc receptors (FcRs), and complement receptors on the neutrophil surface
can recognize diverse physiological and pathological ligands [28,29]. These ligands in-
clude pathogen-associated molecular patterns (PAMPs), endogenous damage-associated
molecular patterns (DAMPs) such as high mobility group box 1 (HMGB1) and cell-free
DNA (cfDNA), as well as experimental inducers including PMA, selected antibodies, and
calcium ionophores such as A23187 and ionomycin [30,31]. Receptor activation can in-
duce fluctuations in intracellular calcium (Ca?*) levels [32]. This calcium signal originates
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from mobilization of endoplasmic reticulum Ca?* stores and can act in concert with store-
operated calcium entry mediated by stromal interaction molecule 1 (STIM1) and calcium
release-activated calcium modulator 1 (ORAI1) channels, thereby increasing cytosolic
Ca?* concentrations [33]. Elevated cytosolic Ca?* functions as a second messenger that
activates protein kinase C (PKC) and mitogen-activated protein kinase (MAPK) cascades,
including the rapidly accelerated fibrosarcoma (Raf)-mitogen-activated protein kinase
(MEK)-extracellular signal-regulated kinase (ERK) pathway, while also creating conditions
permissive for the subsequent translocation and activation of relevant enzymes [34,35].

These Ca?* signals can couple to cellular oxidative systems, although the principal
source of reactive oxygen species (ROS) depends on the nature of the stimulus. ROS gener-
ation can contribute to chromatin decondensation and alterations in nuclear-envelope in-
tegrity [36]. In PMA-induced lytic NETotic cell death, traditionally termed suicidal NETosis,
activation of PKC and MAPK pathways promotes translocation of cytosolic nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase subunits, such as p47°phox, and their
assembly with membrane-associated subunits such as gp91*phox on the plasma or granule
membrane to form an active NADPH oxidase 2 (NOX2) complex [37]. NOX2 catalyzes
the reduction of molecular oxygen to superoxide anion, which is subsequently converted
by superoxide dismutase (SOD) into hydrogen peroxide (H,O;), constituting part of the
neutrophil respiratory burst [38]. Accumulated H,O, can compromise granule-membrane
integrity, allowing granular constituents to enter the cytosol [39]. In NOX-independent
pathways induced by calcium ionophores or specific microcrystals, such as cholesterol
crystals, elevated cytosolic Ca?* can enter the mitochondrial matrix, promote opening of
the mitochondrial permeability transition pore, perturb the electron transport chain, and
increase mitochondrial reactive oxygen species (mtROS) generation, thereby providing
oxidative signals for downstream events [40,41].

Irrespective of whether ROS are derived predominantly from NOX2 or mitochondria,
their downstream effects can converge on granule-enzyme release and chromatin decon-
densation. As granule-membrane integrity declines, nuclear translocation and activation
of neutrophil enzymes contribute to the decondensation of nuclear chromatin [42]. Under
resting conditions, PAD4, a Ca%*-dependent hydrolase, exhibits relatively low activity
because cytosolic Ca?* concentrations remain low [43]. When cytosolic Ca?* levels rise,
Ca?* binding to multiple sites on PAD4 induces conformational changes in its catalytic
domain and facilitates enzyme activation [44,45]. Activated PAD4 can translocate to the
nucleus, where it catalyzes deimination of arginine residues on proteins such as histones
H3 and H4, converting them into citrulline residues [46,47]. This modification reduces the
positive charge of histones and weakens their electrostatic interactions with the negatively
charged phosphate backbone of DNA, thereby promoting nucleosomal relaxation [48].
In parallel, neutrophil elastase (NE), myeloperoxidase (MPO), and other granular con-
stituents can be released into the cytosol. NE can bind to and degrade filamentous actin,
thereby restricting cytoskeletal remodeling as well as neutrophil migration and polariza-
tion [36,39]. NE and MPO can subsequently translocate into the nucleus; NE degrades
histones, whereas MPO can use H,O; to participate in intranuclear protein modification
and perinuclear lipid oxidation [36,49]. Through the combined effects of these enzymatic
and oxidative events, chromatin progressively decondenses, the nucleus swells and loses its
characteristic multilobulated morphology, and declining nuclear-envelope integrity allows
decondensed chromatin to diffuse into the cytoplasm and mix with granular proteins,
generating chromatin—granule protein complexes poised for extracellular release [22,25].
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2.2. Structure and Major Components of Extracellular NETs

Following extrusion of chromatin—granule protein complexes, the extracellular archi-
tecture and molecular composition of NETs can influence their subsequent biological effects.
Ultrastructural studies have described NETs as three-dimensional meshes composed of
double-stranded DNA fibers approximately 15-17 nm in diameter, decorated with globular
protein domains approximately 25 nm in diameter, together forming pores of approxi-
mately 200 nm [7,50]. These structures possess recognizable physical and immunological
characteristics, although their molecular composition is not invariant [16]. High-resolution
mass spectrometry-based proteomic studies have demonstrated compositional hetero-
geneity among NETs induced by different stimuli, including PMA, lipopolysaccharide
(LPS), and calcium ionophores. Collectively, these studies have identified approximately
330 proteins and reported a shared core comprising several dozen proteins. According to
their subcellular origins, these constituents can broadly be classified as nuclear proteins,
granular proteins, and other cytoplasmic components [51,52].

Within this three-dimensional architecture, nucleic acids and nuclear proteins can
account for more than 70% of the total NET protein mass. The principal physical scaffold
consists of decondensed double-stranded nuclear DNA (nDNA) associated with positively
charged histones [53]. Core histones include H2A, H2B, H3, and H4. In certain NET-
forming pathways, PAD4-mediated citrullinated histone H3 (CitH3) is commonly used
as an associated marker; however, detection of CitH3 alone is insufficient to establish the
presence of extracellular NETs and should preferably be combined with evidence of colocal-
ization or complex formation between extracellular DNA and neutrophil proteins such as
MPO or NE [54,55]. HMGB1 bound to DNA fibers can function, following NET release, as a
pro-inflammatory DAMP that modulates neighboring immune cells [56]. Enzymes derived
from azurophilic and specific granules confer local proteolytic, oxidative, and cytotoxic
activities on NETs [13]. Azurophilic granule constituents include NE, MPO, proteinase 3
(PR3), cathepsin G, and other serine proteases and oxidases, some of which retain enzymatic
activity on the NET surface [57]. Proteins derived from specific granules and the cytoplasm
include lactoferrin, the antimicrobial peptide LL-37, matrix metalloproteinase-9 (MMP9),
and the calprotectin complex formed by S100A8 and S100A9. Among these, LL-37 can in-
teract with cellular membranes and increase membrane permeability, whereas SI00A8/A9
can enhance local immune responses through the TLR4/myeloid differentiation primary
response 88 (MYD88) signaling axis [58,59].

Although the NETs described above primarily use nuclear double-stranded DNA
as their scaffold, the nucleic-acid origin of extracellular traps is not uniform. In addi-
tion to nDNA, NETs may contain mitochondrial DNA (mtDNA), reflecting differences
between nuclear- and mitochondrial-derived extracellular traps [60]. Under specific patho-
logical stresses, severe trauma, or conditions involving granulocyte-macrophage colony-
stimulating factor (GM-CSF) priming followed by complement component 5a (C5a) or
LPS stimulation, neutrophils can release mitochondrial DNA extracellularly through a
process that does not involve cell lysis or nuclear rupture, generating histone-poor web-like
structures referred to as mitochondrial NETs [60,61]. In contrast to histone-coated nDNA,
mtDNA lacks histone protection and contains unmethylated CpG motifs and oxidative
modifications [41,62]. These features allow mtDNA to activate double-stranded DNA-
sensing pathways, including cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING) and endosomal TLRY, thereby inducing the expression of type I interferons
and pro-inflammatory mediators [41,63].
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2.3. Modes of NET Release

Whereas structure and composition define the extracellular entity of NETs, the tem-
poral characteristics of their biological effects are also influenced by how these complexes
cross the cellular boundary. Decondensed chromatin within neutrophils can mix with
granular and cytoplasmic proteins before extrusion; however, these materials are termed
NETs only after they have crossed the cellular boundary and unfolded in the extracellular
space. Based on the eventual state of the plasma membrane, release kinetics, and exe-
cution mechanisms, NET extrusion can broadly be divided into lytic NETotic cell death
and vital/non-lytic NET release [64]. Lytic NETotic cell death, also referred to as suicidal
NETosis, generally proceeds over a relatively prolonged period, commonly 3-8 h after
stimulation, and is characterized by loss of plasma-membrane integrity, NET extrusion,
and lytic cell death [22]. Frequently used experimental inducers include PMA, cholesterol
crystals, selected immune complexes, and high concentrations of autoantibodies [16,65].
Under certain conditions, the pore-forming protein gasdermin D (GSDMD) contributes
to changes in membrane permeability and chromatin extrusion. Following stimulation,
NE released into the cytosol or inflammatory caspases activated through the noncanon-
ical inflammasome pathway, such as caspase-4/11, can cleave GSDMD at specific sites
to generate a pore-forming N-terminal fragment (GSDMD-NT) [26,66]. GSDMD-NT can
oligomerize and bind phospholipids in the nuclear and plasma membranes, forming trans-
membrane pores. These pores can compromise nuclear- and plasma-membrane integrity,
facilitate movement of decondensed chromatin into the cytoplasm, and promote osmotic
cell swelling [67,68]. Subsequent rupture of the plasma membrane permits extrusion of
chromatin—-protein complexes, which then unfold extracellularly to form NETs [25].

In contrast to lytic NETotic cell death, vital/non-lytic NET release, historically also
termed vital NETosis, does not involve immediate lytic cell death and can occur within
5-60 min after stimulation [69]. This process can be triggered by specific pathogens, such
as Staphylococcus aureus through TLR2 and Escherichia coli through TLR4, or by signals
associated with activated platelets. Under certain experimental conditions, this form of
NET release depends on Ca®*-associated PAD4 activity and may show less dependence
on NOX2-mediated cytosolic ROS generation [64,70]. During vital NET release, follow-
ing chromatin decondensation, the inner and outer nuclear membranes can separate and
reorganize, packaging DNA together with associated granular enzymes into vesicle-like
structures through a budding-like process [27,69]. These vesicles can subsequently be
transported toward the plasma membrane along microtubule and actin cytoskeletal net-
works, after which chromatin—protein complexes are extruded through an exocytosis-like
process and expand extracellularly to form NETs, while plasma-membrane integrity is
maintained or restored [8]. This non-lytic mode of release can leave behind anucleate but
temporarily viable neutrophil cytoplasts. Studies have reported that these cytoplasts can
retain membrane potential for a period of time and preserve functions including chemo-
tactic migration, amoeboid motility, and phagocytosis [71]. Thus, non-lytic NET release
may generate extracellular trapping structures while preserving a subset of neutrophil
effector functions [20]. Although both lytic NETotic cell death and non-lytic NET release
increase the extracellular NET burden, they may generate distinct cellular remnants and
inflammatory consequences.

3. Roles of NETs in IRI Across Different Organs

Increased NET formation or extracellular NET burden has been observed in IRI across
multiple organs; however, the triggering signals, principal effector cells, pathological
consequences, and temporal dynamics are strongly influenced by the local organ microenvi-
ronment [19,72]. An organ-specific overview is provided in Figure 2. The heart, liver, lung,
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kidney, brain, intestine, limb, and skin differ substantially in microvascular architecture,
hemodynamics, parenchymal cell metabolism, and the composition of resident immune
cells. Therefore, NETs cannot be presumed to follow an identical pathogenic pathway
across all organs. Accordingly, we adopt an organ-based structure to summarize the local
triggers, major tissue-damaging effects, and reported interventional outcomes in each form
of IRI, with the corresponding evidence summarized in Table 1.
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Figure 2. Pathological roles of extracellular NETs in IRI across different organs. (A) Pulmonary

IRI: alveolar epithelial and alveolar—capillary barrier injury, surfactant dysfunction, and increased
pulmonary vascular resistance. (B) Cerebral IRI: microvascular no-reflow, endothelial and BBB
injury, and an increased risk of hemorrhagic transformation. (C) Hepatic IRI: pro-inflammatory
interactions with Kupffer cells, hepatic sinusoidal microcirculatory dysfunction, and hepatocel-
lular injury. (D) Cardiac IRI: NET-associated immunothrombosis, microcirculatory obstruction,
and injury to cardiomyocytes and endothelial cells. (E) Renal IRI: peritubular capillary ob-
struction, tubular injury, and progression from acute kidney injury to chronic kidney disease.
(F) Intestinal IRI: villous microcirculatory and epithelial barrier injury, microbial translocation,
and amplification of systemic inflammation. (G) Limb IRI: local edema and increased compart-
ment pressure, together with remote-organ injury mediated by circulating NET-associated com-
ponents. (H) Skin IRI: thromboinflammation, microvascular no-reflow, barrier disruption, and
delayed wound healing.
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Table 1. NET-associated biomarkers and molecular mechanisms regulating NET formation and

release during IRI in various organs.

Organ IRI N‘ET-Assoaated Inducers Inhibitors Molecular Mechanisms Year References
Biomarkers

CitH3, Ly6G and \ rhADAMTS13  \ 2014 [10]
plasma nucleosomes
CitH3, MPO, MPO-DNA
and PAD4 SPI1 \ SPI1/CST7/1FIT1/MMP9 2025 [73]
CitH3 and MPO Lactic acid \ Lactic acid/MICU3/VDAC1 2025 [74]
CitH3, MPO, ALDH2/ERS/MGST2/
MPO-DNA and NE \ ALDH2 LTC4/NOX2 2024 5]
CitH3, MPO, MPO-DNA
and nucleosomes/ Gut microbiota \ \ 2022 [76]
histone-DNA
CitH3, MPO,
NE and dsDNA \ FMN FMN/CD36/ERK5 2025 [77]
MPO, histone H2B and

Heart DNA backbone \ DNase I \ 2015 (171
CitH3, MPO, .
PAD4 and dsDNA \ MSC-Exo MSC-Exo/miR-199/NLRP3 2024 [78]
CitH4, MPO and Ly6G \ Colchicine Colchicine/S100A8/ A9 2025 [79]
CitH3, MPO-DNA -
and dsDNA \ Tocilizumab \ 2024 [80]
CitH3, MPO-DNA, 4-OI/ARID3A /THBS1/
fDNA and PAD4 \ 4-01 CD47/p38 MAPK 2025 [81]
CitH3, MPO,
PAD4 and dsDNA TRAIL \ TRAIL/DR5 2025 [82]
CitH3 and MPO \ GSK484 \ 2025 [83]
CitH3 \ hCitH3-mAb \ 2025 [84]

L-P-NP and

Extracellular DNA \ SERCA \ 2025 [85]
CitH3, MPO-DNA, Allopurinol
extracellular DNA and Superoxide and IE)PI Superoxide/TLR4/NOX 2016 [86]
serum nucleosomes
CitH3, MPO-DNA and \ DNase I DNase I/DAMP/TLR 2015 [11]
serum nucleosomes
CitH3 and MPO-DNA IL-33 \ 1L-33/ST2 2017 [87]
CitH3 and MPO ChaR1 \ \ 2024 [88]
CitH3, MPO, and PAD4 TRIM21 \ TRIM21/SLC7A11 2025 [89]
CitH3, MPO, PAD4 and
extracellular DNA \ CCi1-L CC1-L/S1P/S1PR2/S1PR3 2023 [90]
CitH3, MPO, MPO-DNA,

Liver Ly6G and nucleosomes \ HRG \ 2021 (1]
CitH3, MPO, MPO-DNA, GSK-650394 /SGK1/1L-
PAD4, NE and Ly6G \ GSK-650394 6/STAT3/SAA 2023 97
CitH3, MPO,
NE and Ly6G \ GS-9973 GS-9973/SYK/PKM2/p-STAT3 2024 [93]
CitH3 and MPO-DNA TLR4 \ TLR4/ERK5-GPIIb/IIIa 2021 [94]
S;:Ei;ﬁ’ﬂ;aorf N Lipopolysaccharide rTM rTM/TLR4/ERK/JNK, 2022 [95]
DNA and Ly6G rTM/TLR4/NADPH/ROS/PAD4
CitH3, PAD4 and cfDNA CpG-ODN HCQ HCQ/TLR9/Rac2 2020 [96]
CitH3, MPO, MPO-DNA \ Simvastatin Simvastatin/oxLDL/Mac-1 2024 [97]

and Ly6G
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Table 1. Cont.
Organ IRI E'ET-Assomated Inducers Inhibitors Molecular Mechanisms Year References
iomarkers

CitH3, MPO, MPO-DNA,
extracellular \ Curcumin Curcumin/MEK/ERK 2023 [98]
DNA and Ly6G

Liver CitH3, PAD4, extracellular \ T™MP TMP/NOX/ROS 2021 [99]
DNA and Ly6G
CitH3 and MPO-DNA \ Sports training ~ \ 2021 [100]
CitH3, MPO, MPO-DNA,
fDNA and mtDNA \ DNase [ DNase I/ mtDNA/TLR9 2020 [101]
CitH3, MPO,
PAD4 and ofDNA \ Cys A Cys A/PPIF/SOCE/CN/NFAT 2024 [102]
CitH3, MPO, MPO-DNA, . . Disulfiram/GSDMD/cGAS-
mtDNA and dsDNA \ Disulfiram STING 2023 [103]

Lung CitH3, MPO, MPO-DNA, ML355/ALOX12-12- ,
ofDNA and Ly6G \ ML355 HETE/HMGB1/TLR4/MYDgg 2024 [104]
CitH3, MPO and dsDNA EMAP-II \ EMAP-II/PI3K/AKT/mtROS 2025 [105]
CitH3, MPO, MPO-DNA, AM/CTSC/p38
ofDNA and Ly6G AM \ MAPK/NOX/ROS 2024 [106]
PAD4 and
extracellular DNA \ DNase I DNase I/TLR/MYDS88 2019 [107]
Circulating extracellular
NET structures MDA \ \ 2023 [108]
Extracellular DNA \ Clopidogrel \ 2017 [109]
CitH3 and
extracellular DNA P2RX1 \ \ 2021 [110]
CitH3, MPO and .
extracellular DNA \ Anti-Ly6G IgG \ 2022 [111]
CitH3, MPO, PAD4, NE .. ..
and extracellular DNA \ Antioxidant Antioxidant/C3a/C3aR/ROS 2023 [112]
CitH3, MPO, NE
and dsDNA YB-1 \ \ 2023 [113]

Kidney CitH3, MPO-DNA, NE Anti-histone
and extracellular histones \ IgG \ 2017 1
CitH3, MPO, . . . ,
dsDNA and Ly6G Candida \ Candida/ TLR4/dectin-1 2022 [114]
CitH3, MPO, .
dsDNA and Ly6G \ SYK inhibitor SYK/TLR4/FcyR 2021 [115]
CitH3 and MPO \ Ro 106-9920 Ro 106-9920/NF-«kB/MPO 2025 [116]
NET-associated genes \ G31P G31P/CXCL1 2022 [117]
CitH3, MPO,
PAD4 and fDNA \ YW3-56 YW3-56/PAD4 2018 [12]
dsDNA and histone H3 ~ \ Sivelestat \ 2025 [118]

sodium
MPO and histones \ ™ \ 2020 [119]
CitH3 and Ly6G VWF \ \ 2023 [120]
CitH3, elastase and
NIMP-R14 \ DNase I \ 2022 [121]
. CitH3, MPO,

Brain MPO-DNA and NE HMGB1 nNIF \ 2022 [122]
Extracellular DNase I and
DNA and histones \ t-PA \ 2018 [123]
CitH3 \ Vitamin Cand | 2025 [124]

DFOM
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Table 1. Cont.
Organ IRI N'ET-Assomated Inducers Inhibitors Molecular Mechanisms Year References
Biomarkers
CitH3 and MPO NLRX1 \ NLRX1/galectin-3/mTOR/TFEB 2025 [125]
CitH3, MPO-DNA Cl-amidine and
and dsDNA FKBP5 AZD6244 FKBP5/CCL5/p38 MAPK 2025 [126]
CitH3 and Ly6G atRA atRA /SOCS1/STAT1 2019 [127]
y
Forced and
CitH3 and MPO \ voluntary MMP25/T]JPs 2025 [128]
exercise
Brain CitH3, MPO-DNA, .
cfDNA and nucleosomes \ Heparin \ 2025 [129]
CitH3, MPO, NE, cfDNA \ THSWD THSWD/STAT1/NLRP3/GSDMD 2026 [130]
and Ly6G
CitH3 and MPO \ VM \ 2025 [131]
CitH3 and MPO \ LNP-AZD7986 AZD7986/DPP1 2025 [132]
CitH3 and MPO \ GSK484 GSK484 /PAD4/ROS 2024 [133]
CitH3 and NE \ Cl-amidine Cl-amidine/cGAS-STING /PAD4 2023 [134]
CitH3 and MPO PAR1 \ \ 2024 [135]
NE and ¢fDNA Lipopolysaccharide \ \ 2024 [136]
CitH3 and MPO-DNA \ Gut microbiota Gut microbiota/TLR4/TRIF 2020 [137]
CitH3, MPO, MPO-DNA
and fDNA \ DNase I \ 2018 [138]
CitH3-DNA and
MPO-DNA \ \ TLR4/RIPK3/FUNDC1 2024 [139]
. . Ferrostatin-1,
g;f&l%t_%‘;’\']iNA \ Urolithin Aand ~ \ 2023 [140]
AAV-Fundcl
Gut CitH3, MPO-DNA
and d;DN A \ Anti-Ly6G IgG Anti-Ly6G IgG/HMGB1/MYD88 2022 [141]
CitH3, MPO-DNA
and dsDNA DHBA \ DHBA/ GPR81/HMGB1 2023 [142]
CitH3, Ly6G and )
extracellular histones \ ™ \ 2019 [143]
Extracellular DNA and t-PA, LMWH )
histone-MPO \ and DNase I \ 2017 [144]
CitH3, MPO and ¢fDNA \ SHp-DNase I \ 2025 [145]
CitH3, MPO, NE
and fDNA \ GLPP \ 2023 [146]
MPO \ Nuclease Nuclease/TLR4/NF-«B 2013 [147]
MPO \ DNase I \ 2016 [148]
Limb MPO, NE and histone H3 ~ \ gﬁ;:;fnd \ 2023 [149]
CitH3 and MPO \ HCQ HCQ/TLR/ERK1/2 2020 [150]
CitH4 and MPO PAD4 \ \ 2024 [151]
NE, extracellular DNA .
and histone H2B Cryoablation \ \ 2025 [152]
Skin CitH3 and MPO \ Cl-amidine Cl-amidine/HMGB1/TLR4 2022 [153]
cfDNA, histones and \ mCBS \ 2020 [154]

extracellular histones

3.1. NETs and Cardiac IRI
Studies of cardiac IRI suggest that NETs may contribute to the link between im-

mune inflammation and microcirculatory no-reflow. Although early reperfusion is the

standard treatment for acute myocardial infarction, myocardial IRI can still be accompa-
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nied by arrhythmias, myocardial stunning, and no-reflow, thereby limiting the benefits
of revascularization [1,4,155-158]. In this setting, neutrophil infiltration and increased
NET release are considered among the processes associated with myocardial injury [10].
Several studies have shown that metabolic and transcriptional alterations within the my-
ocardial microenvironment can regulate NET formation. For example, peripheral blood
neutrophils from patients with IRI may exhibit an MMP9-high phenotype associated with
the SPI1/CST7 axis and accompanied by increased NET formation [73]. Lactate accumula-
tion in ischemic regions can also induce histone H3K18 lactylation, thereby affecting MICU3
transcription, mitochondria-associated endoplasmic reticulum membranes (MAMs), and
calcium homeostasis and ultimately promoting NET formation and release [74]. In addi-
tion, endoplasmic reticulum stress mediated by the microsomal glutathione S-transferase 2
(MGST2)/leukotriene C4 (LTC4)/NOX2 pathway in the context of aldehyde dehydroge-
nase 2 (ALDH2) deficiency, as well as gut microbiota translocation, has been associated
with NET formation and extracellular accumulation during myocardial IRI [75,76,159].

Among the reported downstream effects, NETs can serve as a physical scaffold for
microvascular thrombosis and may thereby contribute to microcirculatory obstruction and
no-reflow. Accumulated NETs can induce dysfunction and apoptosis of cardiac microvas-
cular endothelial cells, while their DNA networks and histones can interact with activated
platelets and coagulation factors [74,76]. Mechanistic studies have shown that NETs can
promote platelet activation through platelet cluster of differentiation 36 (CD36)-mediated
extracellular signal-regulated kinase 5 (ERK5) signaling and become intertwined with von
Willebrand factor (VWF)-rich microthrombi, thereby increasing microvascular emboliza-
tion [10,77]. Targeting this process, degradation of the NET scaffold has shown potential to
improve reperfusion in experimental studies. Early administration of deoxyribonuclease I
(DNase I) after reperfusion, either alone or in combination with recombinant human a disin-
tegrin and metalloproteinase with thrombospondin type 1 motif, member 13 (ADAMTS13),
can reduce extracellular chromatin in ischemic regions; when combined with recombinant
tissue plasminogen activator (rt-PA), it can also improve endpoints related to thrombolysis,
no-reflow, and left ventricular remodeling [10,17]. In addition, colchicine, the interleukin-6
(IL-6) receptor inhibitor tocilizumab, and mesenchymal stem cell (MSC)-derived exosomes
have each been associated with reductions in microvascular obstruction or myocardial
infarct size in corresponding experimental models [78-80].

Beyond physical vascular obstruction, NETs can also participate in intercellular inflamma-
tory signaling within the myocardium. During reperfusion, infiltrating M1-like macrophages
can activate the p38 MAPK pathway through the thrombospondin 1 (THBS1)/cluster of
differentiation 47 (CD47) axis and promote NET release by neutrophils; 4-octyl itaconate
(4-OI) has been shown to suppress this process in corresponding models [81]. Activation of
the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-death receptor 5 (DR5)
pathway has also been associated with cardiomyocyte apoptosis, neutrophil chemotaxis,
and increased NET formation [82,160-162]. The resulting mutually reinforcing feedback
may further impair mitochondrial membrane potential and cell survival. Accordingly,
both inhibition of NET formation or release and neutralization of NET-associated toxic
components have been explored as experimental cardioprotective strategies. Genetic
deletion of Padi4 or pharmacological PAD4 inhibition can preserve myocardial mitochon-
drial integrity and reduce apoptosis in certain models [10,83]. Early administration of a
neutralizing antibody against citrullinated histone H3 (hCitH3-mAb) after reperfusion
has also been associated with reduced infarct size [84]. Furthermore, exploiting the abil-
ity of neutrophils to migrate toward injured myocardium, investigators have developed
cell-mediated biomimetic nanodelivery systems to deliver sarcoplasmic reticulum (SR)
calcium-pump activators to myocardial lesions, with improved cardiac remodeling ob-
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served in animal models [85]. These studies provide experimental support for localized
delivery strategies, although their selectivity, safety, and clinical applicability require fur-
ther evaluation. The coexistence of microthrombosis and inflammation observed in cardiac
IRI provides a useful reference for comparison with other organs.

3.2. NETs and Hepatic IRI

In contrast to cardiac IRI, in which research has focused predominantly on coronary
microcirculation and no-reflow, studies of hepatic IRI additionally address the relationship
between the hepatic sinusoidal immune ecosystem and surgical outcomes. Hepatic IRI can
occur during liver resection, orthotopic liver transplantation, and traumatic hemorrhagic
shock. The liver possesses a low-pressure, high-capacitance microcirculatory system and
contains a substantial pool of marginated neutrophils within the vascular compartment; con-
sequently, ischemic stress can provoke sterile inflammation and microthrombosis [163-165].
Studies indicate that during the early phase of hepatic IRI, neutrophil recruitment, NET
release, and extracellular NET accumulation are coordinately regulated by signals from
multiple cell types within the hepatic sinusoids. On the one hand, damage-associated
molecular patterns (DAMPs), such as HMGB1, and superoxide released from injured hep-
atocytes and Kupffer cells can promote NET formation and release through TLR4- and
NOX-related pathways [11,86,166]. On the other hand, interleukin-33 (IL-33) released by
liver sinusoidal endothelial cells can interact with suppression of tumorigenicity 2 (ST2)
receptors on neutrophils and promote NET formation [87]. Complement signaling involv-
ing complement component 5a receptor 1 (C5aR1), macrophage-neutrophil interactions,
and ferroptotic pathways associated with the E3 ubiquitin ligase tripartite motif-containing
21 (TRIM21) have also been implicated in the regulation of NET formation [88,89,167-169].
The liver simultaneously possesses endogenous mechanisms that restrain NET formation;
for example, histidine-rich glycoprotein (HRG) and the long isoform of carcinoembryonic
antigen-related cell adhesion molecule 1 (CC1-L) on the neutrophil surface can suppress
NET formation through mechanisms involving autophagy [90,91]. Together, these molecular
pathways influence the extracellular NET burden and its tissue effects during hepatic IRI.

In addition to local inflammation and sinusoidal microcirculatory injury, hepatic stud-
ies suggest that IRI-associated NETs may influence tumor recurrence and metastasis. In
hepatic surgical models involving malignancy, serum/glucocorticoid-regulated kinase 1
(SGK1) expressed by hepatic parenchymal cells can activate the IL-6/signal transducer
and activator of transcription 3 (STAT3)/serum amyloid A (SAA) axis, promoting the
recruitment of polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) and
NET release and thereby generating a local environment that may favor colorectal cancer
liver metastasis [92,170,171]. Spleen tyrosine kinase (SYK) activation can also promote
macrophage release of IL-1p and enhance NET formation through nuclear translocation
of pyruvate kinase M2 (PKM2) in neutrophils; these changes have been associated with
increased postoperative recurrence of hepatocellular carcinoma in corresponding mod-
els [93,172,173]. In addition, NETs entering the circulation during surgical stress can interact
with activated platelets through an ERK5-platelet glycoprotein IIb/Illa integrin-related
mechanism, capture circulating tumor cells (CTCs), and form microemboli, potentially
facilitating pulmonary metastasis [94].

Based on experimental observations involving both local tissue injury and oncological
outcomes, inhibition of NET formation or release has been investigated as a candidate strat-
egy for improving outcomes after hepatic surgery. Recombinant human thrombomodulin
(rTM) can suppress TLR4 and its downstream MAPK/ROS/PAD4 signaling and has been
shown to reduce NET formation and hepatocyte apoptosis in corresponding models [95].
Hydroxychloroquine (HCQ) can also exert hepatoprotective effects by modulating the
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TLR9/PAD4 pathway [96]. In marginal donor liver models such as steatotic liver grafts,
simvastatin attenuates hyperlipidemia-associated neutrophil activation and NET release
by downregulating the oxidized low-density lipoprotein (oxLDL)/macrophage-1 antigen
(Mac-1) axis [97]. Polyphenolic natural products such as curcumin and tetramethylpyrazine
(TMP) have also been reported to reduce NET formation by modulating NADPH oxidase-
and MEK/ERK-related pathways [98,99,174-176]. Regular exercise training, as a non-
pharmacological preconditioning strategy, can alter the hepatic immune-cell composition
and has been associated in animal studies with increased M2-like macrophages and anti-
tumor T cells together with a reduced extracellular NET burden [100]. These findings are
derived predominantly from preclinical studies; future clinical investigations will need to
evaluate the balance among lesion-targeted delivery, control of NET-associated injury, and
preservation of systemic antimicrobial host defense.

3.3. NETs and Pulmonary IRI

Pulmonary IRI is associated with primary graft dysfunction (PGD) and adverse early
outcomes after lung transplantation [177-179]. Cold ischemia and hilar clamping can
induce sterile pulmonary inflammation accompanied by neutrophil extravasation and NET
accumulation [180]. Research on pulmonary IRI has placed particular emphasis on the
relationship between intracellular mitochondrial homeostasis and NET formation. Mito-
chondrial DNA (mtDNA) released under ischemic stress can function as an endogenous
danger signal, promoting NET release and extracellular NET accumulation through the
TLR9 pathway [101]. This process is further regulated by multiple protein networks. Upreg-
ulation of the mitochondrial matrix peptidyl-prolyl cis-trans isomerase F (PPIF) can increase
calcium loading and mitochondrial oxidative stress and promote NET formation through
the calcineurin (CN)/nuclear factor of activated T cells (NFAT) pathway [102]. Conversely,
one study showed that following blockade of the pore-forming protein GSDMD, mtDNA
could translocate into the neutrophil cytoplasm and activate the cGAS-STING pathway,
thereby establishing a compensatory signal that sustains NET release [103]. This finding
suggests that, in the corresponding pulmonary IRI model, inhibition of membrane-pore
formation alone may be insufficient to block mtDNA-associated NET formation.

At the tissue level, the extracellular NET burden during pulmonary IRI is regulated by
interactions among endothelial cells, alveolar macrophages (AMs), and neutrophils. First,
upregulation of the arachidonate 12-lipoxygenase (ALOX12)/12-hydroxyeicosatetraenoic
acid (12-HETE) axis during ischemia can promote endothelial ferroptosis and HMGB1
release, thereby enhancing NET formation and release through neutrophil TLR4/MYD88
signaling [104]. Activation of endothelial TLR4/NOX4 signaling can additionally
contribute to neutrophil migration into subpleural regions and alveolar spaces [181].
Second, macrophage-derived extracellular vesicles (EVs) can deliver endothelial monocyte-
activating polypeptide II (EMAP-II) to neutrophils, increasing mitochondrial ROS genera-
tion and promoting NET formation through inhibition of the phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) pathway [105]. Conversely, NET-associated extracellular
histones can drive AMs toward a pro-inflammatory phenotype, increase lysosomal mem-
brane permeabilization (LMP), and promote cathepsin C (CTSC) release. CTSC can then
act on neutrophils through the ROS/p38 MAPK/p47*phox pathway to enhance NADPH
oxidase activity, thereby establishing a mutually reinforcing feedback loop between NETs
and macrophages [106].

On the basis of these intracellular triggers and intercellular feedback mechanisms, in-
terventions targeting PPIF, the ALOX12 inhibitor ML355, EMAP-II, or CTSC have each been
associated with improved oxygenation and reduced pulmonary tissue injury in correspond-
ing models [102,104-106]. However, in the translational context of lung transplantation,
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direct NET degradation also entails immunological trade-offs. Intratracheal or intravenous
DNase I can reduce pulmonary NET structures and improve early respiratory function, but
NET fragments generated by degradation may retain immunostimulatory activity [180,181].
These fragments can activate TLR-MYD88 signaling in AMs and sustain local inflammation,
while also promoting dendritic-cell maturation and expansion of alloantigen-specific CD4+
T cells, potentially compromising immune tolerance after lung transplantation [107]. Thus,
therapeutic evaluation in lung transplant-associated IRI should not be limited to degrada-
tion of the DNA scaffold but should also consider residual histones, granular enzymes, and
adaptive immune responses. Whether alveolar macrophages can autonomously release
extracellular traps during IRI also remains to be established by direct evidence.

3.4. NETs and Renal IRI

Renal IRI is one of the mechanisms associated with acute kidney injury (AKI) and
delayed graft function after kidney transplantation. Hypoxia and reperfusion can impair
renal excretory and endocrine functions and are accompanied by peritubular capillary
perfusion disturbances and no-reflow [182,183]. Clinical studies have reported elevated
peripheral blood NET-associated markers during the early postoperative period in kidney
transplant recipients, together with changes in lipid peroxidation products such as mal-
ondialdehyde (MDA), suggesting that NETs may participate in the early phase of renal
IRI [19,108]. Within the renal microenvironment, products released from necrotic cells
and metabolic reprogramming can both contribute to increased extracellular NET burden.
Free DNA released from necrotic renal tubular epithelial cells can activate surrounding
platelets and enhance platelet-neutrophil interactions, thereby inducing NET formation
and release [109]. The ischemic microenvironment can also alter mitochondrial dynam-
ics and metabolic programs in neutrophils [184-186]. Through purinergic receptor P2X1
(P2RX1) signaling, adenosine triphosphate (ATP) released from activated platelets can shift
neutrophil metabolism toward glycolysis, providing metabolic support for NET forma-
tion [110]. In addition, complement component 3a (C3a)/C3a receptor (C3aR)-associated
signaling can promote neutrophil chemotaxis and ROS accumulation and amplify local
sterile inflammation [111,112].

These upstream events can increase the local NET burden in the kidney and extend
associated injury from the peritubular microcirculation to renal tubules and, potentially,
distant organs. Locally, NETs and NET-associated proteins such as Y-box binding protein 1
(YB-1) can injure proximal tubular epithelial cells (TECs) [113]. Double-stranded RNA
(dsRNA) within NETs can activate TLR3 on TECs and induce PANoptosis, a process
that may contribute to the progression of early AKI toward chronic kidney disease and
fibrosis [187-189]. Renal IRI-associated NETs and their components may also contribute
to distant-organ injury through the circulation. For example, circulating free histones
and NET fragments can act on the pulmonary microvasculature and promote acute lung
injury, suggesting a kidney-lung axis [9]. Systemic stress induced by local renal ischemia
can also increase intestinal barrier permeability and promote microbial translocation; the
resulting TLR4/Dectin-1-related signals can enhance NET release at the systemic level [114].
Furthermore, in models with an autoimmune background, ischemia-induced NETs can
exacerbate lupus nephritis phenotypes through SYK-related signaling [115].

Based on evidence implicating NETs in peritubular inflammation, tubular injury, and
distant complications, multilevel interventions have been investigated in models of renal
IRI. At the level of upstream activation, the CXCL1/CXCLS8 receptor antagonist G31P and
the nuclear factor kB (NF-«B) inhibitor Ro 106-9920 can reduce neutrophil recruitment to
the kidney and associated nuclear translocation events [116,117]. Targeting intracellular
processes preceding NET release, the PAD4 inhibitor YW3-56 and the neutrophil elastase
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inhibitor sivelestat sodium can reduce chromatin decondensation, NET release, and MPO
activity and improve renal functional indices in animal models [12,118]. Targeting released
components, 1'TM can bind HMGB1 and has been shown to reduce free histones and
NET-associated markers, attenuating vascular leakage and kidney-lung remote-organ in-
jury [119,190,191]. For kidney transplant recipients receiving immunosuppressive therapy,
future translational studies will need to evaluate the trade-offs among lesion-selective de-
livery, the risk of AKI-to-CKD progression, and preservation of antimicrobial host defense.

3.5. NETs and Cerebral IRI

Cerebral IRI can occur during reperfusion after intravenous thrombolysis or endovas-
cular thrombectomy (EVT) in patients with acute ischemic stroke (AIS) and is associated
with secondary brain injury and unfavorable outcomes. Restoration of cerebral blood
flow can be accompanied by oxidative stress, disruption of calcium homeostasis, increased
blood-brain barrier (BBB) permeability, and neurovascular-unit dysfunction [192]. Within
this neuroimmune response, neutrophil infiltration and increased NET release may con-
tribute to early cerebral IRI [193,194]. Relevant models have shown that NETs can accu-
mulate within the microvasculature of the ipsilateral hemisphere after reperfusion and,
through mechanisms involving VWF and platelet TLR4, form adhesive scaffolds that cap-
ture erythrocytes and extracellular vesicles, thereby promoting microvascular occlusion
and no-reflow [120,121,195]. NET-rich microthrombi may also exhibit reduced sensitivity
to tissue plasminogen activator (t-PA) and increase the risk of hemorrhagic transformation
within ischemic brain tissue [122,123]. Upstream, plasma- or platelet-derived HMGB1
and ferroptosis accompanied by increased ROS in the context of endothelial ferroportin 1
(FPN1) deficiency have both been reported to promote NET release by neutrophils [124].

As BBB permeability increases, intravascular NETs and their associated components
can enter the brain parenchyma and interact with glial cells. Microglia contribute to the
clearance of extracellular debris; however, upregulation of NOD-like receptor X1 (NLRX1)
in the cerebral IRI microenvironment can affect lysosomal function through mechanistic
target of rapamycin (mTOR)/transcription factor EB (TFEB) signaling and is accompanied
by increased galectin-3 expression and impaired phagocytic capacity. Insufficient clear-
ance may allow NETs to persist within the brain parenchyma and contribute to neuronal
injury [125,196]. Upregulation of FK506-binding protein 5 (FKBP5) can also promote a
pro-inflammatory microglial phenotype and increase neutrophil NET formation and release
through the C-C motif chemokine ligand 5 (CCL5)/MAPK axis, establishing a mutually
reinforcing feedback loop between glial cells and NETs [126]. Interventions targeting this
process have shown neuroprotective effects in animal models. Prophylactic administration
of all-trans retinoic acid (atRA), which modulates the suppressor of cytokine signaling 1
(SOCS1)/signal transducer and activator of transcription 1 (STAT1) pathway, or early exer-
cise accompanied by downregulation of neutrophil matrix metalloproteinase 25 (MMP25)
has been reported to promote an N2-like neutrophil phenotype, enhance macrophage or
microglial clearance of extracellular NETs, and increase the expression of tight-junction
proteins (T]Ps) [127,128].

Given the interrelationship among microthrombosis, BBB injury, and neuroimmune
interactions, interventions targeting NET-associated processes in cerebral IRI are under-
going preclinical evaluation. Recombinant DNase I combined with t-PA can degrade the
DNA scaffold of thrombi and improve thrombolysis-related outcomes in experimental
studies [123]. Heparin, neonatal NET-inhibitory factor (nNIF), ivermectin, and Taohong
Siwu decoction, the latter acting in association with the STAT1/NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3)/GSDMD axis, have also shown neuroprotective
effects in specific models [122,129-131]. However, the restricted permeability of the BBB to
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macromolecular therapeutics remains an important consideration for interventions target-
ing the central nervous system. To address this limitation, investigators have developed
lipid nanoparticles (LNPs) that exploit the lesion-homing capacity of neutrophils to de-
liver cathepsin C inhibitors across the BBB to ischemic brain tissue [132]. In response
to the oxidative and inflammatory environment following reperfusion, ROS-responsive
biomimetic carriers have also been used to deliver PAD4 inhibitors such as GSK484 or
Cl-amidine [18,133,197]. In relevant models, these carriers preferentially accumulate in
microthrombi or regions with high ROS levels and are associated with reduced NET forma-
tion and cGAS-STING signaling, together with an increase in anti-inflammatory microglial
phenotypes [134]. Future studies should evaluate the pharmacokinetics and safety of
these delivery systems when combined with EVT or t-PA, as well as their effects on both
large-vessel recanalization and microcirculatory endpoints.

3.6. NETs and Intestinal IRI

Intestinal IRI can occur in acute mesenteric ischemia, traumatic hemorrhagic shock,
and extensive burns and may lead to intestinal tissue necrosis, systemic inflammatory re-
sponse syndrome (SIRS), and multiple organ dysfunction syndrome (MODS) [198-200]. In-
travital microscopy studies have shown that during the early phase of mesenteric ischemia,
protease-activated receptor 1 (PAR1) on endothelial cells can mediate leukocyte adhesion,
accompanied by NET formation and extracellular NET accumulation [135]. Within the
intestinal microecological environment, the effects of NETs are context-dependent. During
secondary gut microbial translocation or sepsis, NETs may limit bacterial dissemination;
conversely, in predominantly ischemic models such as intestinal volvulus, excessive NET
accumulation can promote microcirculatory thrombosis and is associated with increased
mortality [136]. The commensal microbiota can also regulate this process, with certain bene-
ficial microorganisms limiting ischemia-induced NET formation by attenuating neutrophil
TLR4/TIR-domain-containing adapter-inducing interferon-f3 (TRIF) signaling [137].

Following these early microcirculatory alterations, cell-free DNA (cfDNA) and NETs
can disrupt epithelial tight junctions, the cytoskeleton, and the vascular barrier [138].
Mechanistic studies suggest that NET accumulation can suppress FUNDC1-dependent
mitophagy in intestinal epithelial cells and promote epithelial necroptosis through the
TLR4/RIPK3 pathway [139]. PAD4-dependent NET formation can also induce ferropto-
sis in intestinal microvascular endothelial cells, further compromising vascular barrier
integrity [140]. After local barrier disruption, gut-derived inflammatory mediators can
enter the circulation and affect distant organs. HMGB1 and free histones released from
necrotic intestinal epithelial cells can reach the lungs and promote pulmonary NET for-
mation and release through MYD88-related signaling, thereby contributing to acute lung
injury (ALI) [141]. Metabolic regulators such as the G protein-coupled receptor 81 (GPR81)
agonist 3,5-dihydroxybenzoic acid (DHBA) can further influence this gut-lung axis and are
accompanied by increased pulmonary levels of CitH3 and MPO-double-stranded DNA
(dsDNA) complexes [142,201,202]. Circulating free histones and NETs may also contribute
to distant hepatic injury through a gut-liver axis [143].

Given the potential extension of local barrier injury to distant organs, regulation of
NET formation, release, and extracellular clearance has emerged as a candidate therapeutic
strategy for intestinal IRI. Compared with antithrombotic therapies such as low-molecular-
weight heparin or t-PA, exogenous DNase I can degrade NETs within the intestinal mi-
croenvironment, improve tight-junction protein expression, and attenuate oxidative stress
in relevant animal models, without a reported increase in severe gastrointestinal bleed-
ing [138,144]. However, the limited stability of DNase I in the circulation may restrict its
in vivo application [203]. To address this limitation, investigators developed a conjugate of
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stroke-homing peptide (SHp) and DNase I, termed SHp-DNase L. This formulation exhibits
greater stability in blood and preferentially accumulates within the ischemic and hypoxic
intestinal microcirculation; in animal models, its administration has been associated with
reduced NET burden and mortality [145]. In addition, genetic deletion of Padi4 or pharma-
cological inhibition of PAD4 to preserve mitophagy, use of rTM to neutralize circulating
histones and mitigate distant hepatic injury, and administration of natural products such as
Ganoderma lucidum polysaccharide peptide (GLPP) have all been evaluated in preclinical
models [139,140,143,146].

3.7. NETs and Limb IRI

Limb IRl is a clinical complication that may occur after revascularization procedures,
such as thrombectomy or bypass surgery, in patients with traumatic muscle ischemia or
arterial thrombotic occlusion. Reperfusion can induce local edema and microvascular
occlusion and, with disease progression, may be accompanied by myofiber necrosis, tis-
sue fibrosis, and impaired limb motor function [204,205]. During the early phase of limb
IRI, innate immune responses mediated by receptors including TLR4, TLR7, and TLRS8
contribute to the initiation of inflammation [206,207]. The ischemic microenvironment can
activate TLR4 signaling and downstream NF-kB, inducible nitric oxide synthase (iNOS),
and poly(ADP-ribose) polymerase (PARP) expression, promote monocyte and neutrophil
migration into perivascular and interstitial tissues, and increase NET formation and extra-
cellular NET accumulation. In relevant models, TLR4 deficiency attenuates these immune
responses and reduces both NET release and myofiber injury [147].

During the acute phase of injury, TLR-associated inflammatory signaling can coexist
with the prothrombotic effects of NETs. NETs can provide a thrombotic scaffold and
are associated with elevations in coagulation markers such as thrombin-antithrombin IIT
complexes. Experimental interventions that degrade NET scaffolds or reduce neutrophil
abundance do not exert identical effects on the microvasculature and parenchymal tissue.
DNase I can reduce intravascular NETs and improve tissue perfusion and local blood flow
in post-ischemic limbs; however, degradation of the extracellular DNA scaffold alone does
not fully restore myofiber injury or intracellular ATP levels [147,148]. This observation
suggests that, in addition to physical obstruction, NET-associated protein components may
contribute to myofiber damage. In corresponding models, combined administration of
DNase I and the neutrophil elastase inhibitor sivelestat has been associated with reduced
NET formation, improved microcirculation and angiogenesis, and attenuation of early
muscle injury [149].

During the recovery phase, skeletal muscle fibrosis represents a major long-term
consequence of limb IRI, and NETs may participate in this remodeling process. Under
sustained ischemic and inflammatory signaling, NETs can promote the proliferation of fibro-
adipogenic progenitors (FAPs) and enhance ERK1/2 phosphorylation in injured tissues,
thereby impairing muscle regenerative capacity and increasing fibrotic scar formation.
Hydroxychloroquine, an inhibitor of TLR7/8/9 signaling, has been evaluated preclinically
in this setting [208,209]. In relevant models, HCQ reduces NET release and alterations
in inflammatory mediators such as interleukin-10 (IL-10) and tumor necrosis factor-o
(TNF-«) while suppressing FAP proliferation and ERK1/2 signaling, thereby attenuating
muscle fibrosis and improving myofiber regeneration [150]. Large-animal studies have
also identified a relationship between NETs and extracellular-matrix remodeling. In a
porcine limb IRI model, increased peptidylarginine deiminase (PAD) enzyme-associated
protein citrullination, particularly elevated citrullinated fibrinogen, was associated with
NET release and limb injury. PAD inhibition reduced related citrullination markers and
NET formation and may preserve certain cellular functions [151]. Overall, current findings
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suggest that NET-targeted interventions may differentially affect acute microthrombosis
and later muscle repair, although the optimal targets, therapeutic timing, and clinical effects
remain to be established.

3.8. NETs and Skin IRI

Similar to limb IRI, cutaneous IRI originates from impaired peripheral tissue microcir-
culation, with its clinical consequences primarily involving skin-flap survival and wound
repair. Cutaneous IRI can occur in surgical flap transplantation, pressure ulcers, and is-
chemic ulcers associated with Raynaud phenomenon. Ischemic and reperfusion stress can
induce endothelial injury, microthrombosis, and tissue edema and is accompanied by an
increase in pro-inflammatory macrophage phenotypes and leukocyte infiltration [210-212].
Under conditions such as freeze-thaw cycles induced by cryoablation or surgical vascular
occlusion, local oxidative stress can activate neutrophils and increase NET release within
the dermis and subcutaneous tissues [152].

Against this background of acute microcirculatory disturbance, NET accumulation in
cutaneous tissues can be associated with flap necrosis, impaired angiogenesis, and delayed
wound healing [213,214]. This process is influenced by endogenous immunoregulatory
mechanisms. For example, the interleukin-36 receptor antagonist (IL-36Ra), encoded by
[136rn in mice, can limit neutrophil recruitment and contribute to the maintenance of tissue
immune homeostasis [215]. In [136rn-deficient mouse models, cutaneous IRI results in
increased inflammatory-cell infiltration, with persistent NET accumulation observed from
4 to 72 h after reperfusion. Persisting extracellular DNA and associated proteins can further
disrupt the dermal repair microenvironment and prolong wound healing [153].

Based on evidence involving both acute necrosis and delayed repair, clearance of NETs
or neutralization of their associated components has been evaluated in models of cutaneous
tissue repair. The small polyanionic compound mCBS can neutralize positively charged
extracellular histones within NETs. Administration of mCBS within 5 min before or after
the onset of cutaneous IRI can reduce histone-associated microvascular endothelial injury
and increase the viable area of transplanted skin flaps in animal models [154]. Inhibition
of NET formation has likewise shown tissue-protective effects. In an I136rn-knockout
mouse model of cutaneous IRI, the PAD inhibitor Cl-amidine reduced NET formation
and inflammatory injury within affected tissues and improved indices of wound healing
and tissue regeneration [153]. These findings support further evaluation of NET-targeted
interventions in skin-flap transplantation and ischemic ulcers, although clinical studies are
still required to establish their efficacy and safety. Taken together, evidence across different
organs indicates that therapeutic interventions may target intracellular processes preceding
NET release, extracellular NET scaffolds and associated components, or upstream cellular
signaling pathways.

4. NET-Targeted Therapeutic Strategies for IRI

IRI is associated with perioperative organ dysfunction, early graft injury, and certain
remote-organ complications. Across different organ systems, increased NET formation or
release and insufficient clearance of extracellular NETs have repeatedly been associated
with microvascular thrombosis, tissue barrier disruption, and amplification of inflamma-
tory responses [8,193]. However, the temporal sequence, relative contribution, and maturity
of evidence for these processes vary among organs, and the available therapeutic data are
derived predominantly from organ-specific animal models. To delineate the mechanistic
levels at which these interventions act, we categorize current strategies into degradation of
extracellular NET scaffolds and associated components, inhibition of intracellular pathways
preceding NET release, modulation of upstream sensing and intercellular signaling, promo-
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tion of inflammation resolution, and spatiotemporally targeted delivery. These strategies

are summarized in Table 2.

Table 2. Therapeutic strategies targeting NET formation, NET release, or extracellular NETs in IRI

across organs.

g:::;;: Specific Targets }\{;Eiizlelﬁttz:eentions Regulatory Effects and Mechanisms  Research Phase Organ IRI References
DNase I Heart [17]
DNase I L 180
E lul ase Cleave extracellular DNA /chromatin ung (1801
D);\tTch/e hu ar " DNase I scaffolds, destabilize NET-associated ~ Preclinical and early ~ Brain [123]
i 1; romatin DNase I and microthrombi, and improve clinical studies
scaffo. sH ;_SSNZse I microvascular perfusion Gut [138,144,145]
Disassembly of ; 17 14
147,14
extracellular NET DNase [ Limb [147,148]
scaffolds and hCitH3-mAb Heart [84]
neutralization of Block TLR4 signaling, neutralize .
toxic NET NET-associated ™ extracellular NET-associated Preclinical research Liver 193]
components histones and rTM and histones, and alleviate distal-organ and partial clinical d
TLR4 signaling antihistone IgG inflammatory crosstalk and application Kidney [9,119]
microvascular leakage
™ Gut [143]
NET-associated Cleave NET-bound VWF and
procoagulant rhADAMTS13 d}fstabﬂl_z N ?tracgllular 1 Preclinical study Heart [10]
complexes chromatin-thrombus complexes to
restore perfusion
GSK484 Heart [83]
YW3-56 Inhibit histone hypercitrullination, Kidney [12]
PAD4 Cl-amidine block the core rate limiting step of - p o jinical study Brain [18,126,197]
chromatin depolymerization, and
Padi4 KO protect the endothelial barrier Gut [139,140]
Cl-amidine Skin [153]
TMP, DPI,
allopurinol and Liver [86,93,99]
PKM? inhibitors Inhibit NE nuclear translocation and
- - ROS production, suppress Preclinical h -
NE, NOX and Sivelestat sodium ROS-dependent NET formation and arr:zic Cllrllrllclialr esearc Kidney [118]
Blockade of metabolic enzymes atRA, vitamin C, release, gnd reverse abr}ormal ) application
intracellular events DFOM and glycoly51s and metabolic stress in Brain [124,127,216]
preceding NET PKM2 inhibitors immune cells
release
Sivelestat sodium Limb [149]
FMN Heart [77]
GS-9973, curcumin .
! ’ Liver [93,98,99]
TMP and DFI Inhibit GSDMD-mediated pore
Disulfiram formation'in the plasma membrane Lun [103,104]
GSDMD, NLRP3 and ML355 ?nd negatively regulate the NLRP3 Preclinical study & w
and kinase inflammasome and related -
G5-9973 intracellular kinase Kidney [115]
. signaling pathways
ITV%“’/‘;BM and Brain [130,131]
GLPP Gut [146]
Tocilizumab Heart [80]
TIR4 KO and HCQ Cut off the early activation of Liver [86,94,96]
TLR4 inhibitors ge/;lﬁ%phéls by micrfen\gg%ninental Lung [181]
DAMPs TLR and s, downregulate .
chemokines G31P and expression, block directed Preclinical study )
dsRNA—TLR3 chemotaxis and systemic cascade Kidney [9,117]
antagonist inflammatory storm
HCQ Limb [150]
Upstream receptor Colchicine Disrupt the thromboinflammatory Heart [79]
]z;?talgoglsnfl and - - axis, suppress NET release promoted o -
mlolitiielelzu(iar Platelet/endothelial imvastatin by activated platelets or damaged Clinical application tver 1971
infl ¢ cell crosstalk Clopidogrel endothelium, and reduce Kidney [109]
lcr;o:;;rlrlia ory - intravascular entrapment by -
Heparin and nNIF extracellular NETs Brain [122,129]
Promote macrophage polarization
Macrophage toward an M2-like anti-inflammatory
exocytosis and Resolvin D1 p henotﬂptla, acI:\cHeél%arfate clearaqce of Preclinical study Liver [217]
phagocytosis extracellular ragments in

damaged tissues, and facilitate
inflammation resolution

https://doi.org/10.3390/cells15171618


https://doi.org/10.3390/cells15171618

Cells 2026, 15, 1618 21 of 42
Table 2. Cont.
Treatment Specific Targets Representative Regulatory Effects and Mechanisms  Research Phase Organ IRI References
Strategies 3 8 Agents/Interventions 8 y 8
nanopartices Heart  [57]
Break through physiological barriers,
Intelligent targeted LNP-brensocatib, achieve micro thrombus anchoring
delivery of GSK484 and drug spatiotemporal specific Preclinical study
nanomaterials nanoparticles and release, avoid systemic immune Brain [132-134]
liposome suppression side effects
Frontier nanocarriers
spatiotemporal .
targeted delivery Remove ROS in situ, restore
and system Multi mimetic Prussian blue mitochondrial homeostasis, and
physiological and enzymes and nanoparticles and concurrently inhibit NET Preclinical study Heart [218,219]
ecological regulation ~ hanoenzymes enzymes formation/release and
PANoptosis-associated pathways
MSC exosomes and Downregulation of MMP25 weakens
Microecological gut microbiota tissue adhesion, cuts off the intestinal ~ Basic and clinical Heart [76,78]
reshaping of target organ pro-inflammatory auxiliary
physiological Exercise network, and reshapes the body’s intervention
systems intervention anti ischemic homeostasis from a research Liver [100,128]

macroscopic biological perspective

4.1. Degradation and Neutralization of Extracellular NET Scaffolds and Associated Components

Cell-free DNA (cfDNA) and histones constitute major structural components of NETs
and can contribute to cytotoxicity, coagulation, and inflammatory responses. Accordingly,
degradation of the DNA scaffold or neutralization of associated protein components repre-
sents a downstream therapeutic approach that has been extensively explored in preclinical
studies [16,220].

4.1.1. DNase I and Modified DNase I Formulations

On the basis of its ability to cleave extracellular DNA scaffolds, exogenous DNase
I has been evaluated in preclinical IRI models involving the intestine, lung, limb, and
other organs and has been associated with reduced tissue injury [138,144,147,148,180]. In
myocardial and cerebral ischemia models, DNase I administered alone or in combination
with t-PA /rt-PA can reduce DNA scaffolds within microthrombi, facilitate thrombolysis,
and improve endpoints such as microvascular obstruction and infarct size [17,123]. How-
ever, native free DNase I has a relatively short plasma half-life and can be affected by
endogenous proteases [203]. Liu et al. developed SHp-DNase I by conjugating DNase
I to a stroke-homing peptide, thereby achieving greater blood stability and preferential
accumulation within the lesional microcirculation in experimental studies [145]. In ad-
dition, cationic polymers with high nucleic-acid affinity can function as macromolecular
nucleic-acid scavengers by adsorbing cfDNA and NETs and may partially overcome the
pharmacokinetic limitations of native enzyme preparations [221,222].

4.1.2. Histone Neutralization and Disruption of Procoagulant Scaffolds

Unlike the DNA scaffold, NET-associated histones can directly contribute to increased
microvascular permeability and remote-organ injury. Recombinant thrombomodulin (r*TM)
can modulate TLR4 signaling and bind circulating histones; in relevant models, its admin-
istration has been associated with attenuation of remote hepatic injury after intestinal IRI,
reduced local ischemic necrosis in the liver, and improvement of kidney-lung-associated
microvascular leakage [95,119,143,190,191]. Pretreatment with anti-histone immunoglob-
ulin G (IgG) or administration of a neutralizing antibody against citrullinated histone
H3 (hCitH3-mAb) has likewise been reported to reduce histone-associated toxicity and
improve endpoints including remote-organ function and post-ischemic ventricular re-
modeling [9]. In cardiac IRI, recombinant human ADAMTS13 can cleave von Willebrand
factor (VWEF) incorporated into NET-associated thrombotic networks, reduce extracellu-
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lar chromatin—thrombus complexes, and improve microcirculatory perfusion and cardiac
contractile function [10].

4.2. Modulation of Intracellular Enzymatic and Signaling Pathways Preceding NET Release

In contrast to the clearance of already formed extracellular structures, modulation
of intracellular enzymes and signaling pathways involved in chromatin decondensation,
molecular mixing, and NET extrusion can intervene before extracellular NETs are gener-
ated [223].

4.2.1. PAD4 Inhibition and Epigenetic Interference

PAD4 catalyzes histone citrullination and facilitates chromatin decondensation, acting
as a regulatory enzyme in certain NET-forming pathways. In preclinical studies, genetic
deletion of Padi4 or pharmacological reduction of PAD4 activity can decrease NET release and
has been associated with attenuation of intestinal microvascular endothelial ferroptosis and
cardiomyocyte apoptosis [83,139,140]. Pharmacological studies have employed the pan-PAD
inhibitor Cl-amidine and the PAD4-targeting compound YW3-56, with improvements in tissue-
injury indices observed in renal, cutaneous, and cerebral IRI models [12,18,126,153,197]. The
second-generation PAD inhibitor BB-Cl-amidine has also demonstrated endothelial barrier-
protective and NET-suppressive effects in microvascular models related to autoimmune
disease [224].

4.2.2. Inhibition of NE, NOX Activity, and Metabolic/Oxidative Stress Pathways

Because NET formation induced by different stimuli is not uniformly dependent on
PAD4, NE nuclear translocation and oxidative and metabolic pathways represent additional
therapeutic targets. The neutrophil elastase inhibitor sivelestat sodium can reduce MPO
activity and CitH3 levels and has been shown in relevant models to attenuate renal tubular
necrosis, improve hindlimb perfusion, and reduce muscle fibrosis [118,149]. The NOX
inhibitor diphenyleneiodonium (DPI) can suppress ROS-dependent NET formation [86,99].
In drug-repurposing studies, allopurinol reduces ROS generation by inhibiting xanthine
oxidase [86]. All-trans retinoic acid (atRA) and vitamin C combined with deferoxamine
(DFOM) can also modulate intracellular redox homeostasis and, in cerebral ischemic
preconditioning models, reduce NET-associated markers and neurological injury [124,127].
Alterations in cellular metabolism can likewise influence NET formation. Pyruvate kinase
M2 (PKM2), a glycolytic enzyme, has been reported not only to regulate oxidative stress
but also to function as a nuclear transcriptional coactivator that promotes inflammatory
gene expression and NET formation [93,216]. Thus, PKM2-associated glycolytic signaling
represents a candidate mechanistic link between metabolic reprogramming and NET-
associated inflammation.

4.2.3. Targeting GSDMD Pore Formation, the NLRP3 Inflammasome, and Related
Intracellular Pathways

In certain models of lytic NETotic cell death, GSDMD-mediated membrane pore forma-
tion contributes to chromatin extrusion [225]. Disulfiram can inhibit GSDMD pore formation,
and one study of lung transplantation-associated IRI further found that its administration
was associated with suppression of mtDNA—cGAS-STING signaling and reductions in NET-
associated indices [103]. Ivermectin has also been reported to reduce NET formation and
release through related signaling pathways, whereas the ALOX12 inhibitor ML355 and the
SYK inhibitor GS-9973 act on distinct upstream pathways [93,104,115,131]. Natural prod-
ucts or traditional compound formulations, including curcumin, tetramethylpyrazine (TMP),
Taohong Siwu decoction (THSWD), formononetin (FMN), and Ganoderma lucidum polysac-
charide peptide (GLPP), have been reported in preclinical studies to regulate pathways such as
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NLRP3/GSDMD and MAPK/ERK and thereby reduce NET release during reperfusion; some
of these interventions have shown additive effects when combined with low-dose DNase
1177,98,99,130,146]. These findings require further evaluation with respect to compositional
standardization, dose-response relationships, and independent reproducibility.

4.3. Modulation of Upstream Receptor Sensing and Intercellular Inflammatory/
Procoagulant Signaling

When intracellular execution pathways are redundant, targeting initiating signals and
intercellular communication may provide an alternative level of intervention. Increased
NET formation and extracellular NET accumulation commonly arise from the combined
effects of DAMPs and inflammatory mediators; therefore, antagonizing upstream sensing
receptors or modulating signaling between heterogeneous cell populations may alter the
local immune response within injured organs [11,226].

4.3.1. Targeting DAMP-TLR Sensing, Complement Cascades, and Chemotactic Signaling

TLR4 can sense DAMPs such as HMGB1 during the early phase of IRI and contribute
to neutrophil activation. Genetic deletion of Tlr4 or pharmacological inhibition of TLR4
has been shown in hepatic and pulmonary models to reduce NET formation and may
also diminish NET-associated tumor-cell capture and pulmonary metastasis [86,94,181].
Hydroxychloroquine can antagonize endosomal TLR7/8/9 signaling and downregulate
PAD4 expression, thereby attenuating hepatic IRI and ischemic limb muscle fibrosis in
relevant models [96,150]. At the level of chemotactic signaling, the CXCL1/CXCLS8 receptor
antagonist G31P can reduce neutrophil recruitment to the ischemic kidney [117]. The IL-6
receptor blocker tocilizumab has been shown to reduce NET formation and infarct size
in myocardial IRI models [80]. IL-1 receptor blockade has likewise been associated with
attenuation of NET-related secondary tissue injury [227,228]. Complement signaling and
NET formation can mutually reinforce one another. C5a and its receptor promote neutrophil
chemotaxis and NET formation; in renal IRI models, C5 or C5aR antagonists can attenuate
this feedback and reduce inflammatory injury [229,230]. Another study reported that
disrupting the interaction between NET-derived double-stranded RNA (dsRNA) and TLR3
reduced PANoptosis of proximal tubular epithelial cells after renal ischemia, providing
experimental support for receptor-level intervention [9].

4.3.2. Modulating the Thromboinflammatory Axis and Platelet/Endothelial Interactions

Beyond DAMP and receptor signaling, platelet activation and endothelial barrier
dysfunction within the ischemic microvasculature can promote NET release and contribute
to reciprocal amplification between thrombosis and inflammation. Clopidogrel-mediated
platelet inhibition or perioperative heparin administration in ischemic stroke may attenu-
ate these intercellular signals, although their specific benefits and bleeding risks must be
evaluated within the relevant clinical context [109,129]. In addition to inhibiting platelet
aggregation, aspirin can reduce neutrophil migration toward ischemic lesions and atten-
uate NET-associated intravascular trapping effects [231,232]. Simvastatin can improve
endothelial function and reduce IRI in hyperlipidemia-associated marginal donor liver
models [97]. Colchicine can reduce microvascular obstruction after myocardial ischemia by
modulating S100A8/ A9-associated inflammatory pathways [79]. The endogenous peptide
neonatal NET-inhibitory factor (nNIF) has also shown inhibitory effects on NET formation
and microthrombosis in models of cerebral ischemia [122].

4.3.3. Promoting Macrophage-Mediated Clearance and Resolution of Inflammation

Even when the generation of new NETs is reduced, extracellular NET structures and
inflammatory debris already present within tissues still require clearance. Therefore, in
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addition to suppressing NET formation, release, and upstream activation, enhancing the
phagocytic clearance of extracellular NETs and dying neutrophils by resident immune cells
may facilitate resolution of inflammation [233]. Pro-resolving mediators such as resolvin D1
can modulate macrophage phenotypes and, in relevant models, promote the clearance of
NETs and inflammatory debris while improving IRI-related outcomes in organs including
the liver [217].

4.4. Spatiotemporally Targeted Delivery and Microenvironmental Modulation

Systemic drug administration may be limited by physical barriers such as the BBB and
by the immunological risks associated with non-selective inhibition of NET formation, in-
cluding an increased susceptibility to opportunistic infection. Accordingly, lesion-selective
delivery and microenvironmental modulation based on materials science represent emerg-
ing strategies to improve therapeutic precision [234].

4.4.1. Responsive Nanodelivery Systems and Lesion Targeting

To address limitations in drug accessibility and safety, Cheng et al. developed
biomimetic lipid nanoparticles (LNPs) with neutrophil membrane-like properties to deliver
the cathepsin C inhibitor brensocatib. In animal models, this system crossed the BBB and
accumulated within ischemic brain regions, accompanied by improvements in indices of
neurological injury [132]. ROS-responsive nanodelivery platforms have also been used
to release agents such as GSK484 or Cl-amidine in the vicinity of microthrombi while
simultaneously scavenging local ROS, modulating microglial phenotypes, and reducing
NET-associated indices [133,134]. Jiang et al. exploited the lesion-homing and phagocytic
properties of neutrophils to deliver nanoparticles carrying a sarco/endoplasmic reticulum
Ca?*-ATPase (SERCA) activator to injured myocardium, resulting in attenuated cardiac
remodeling in experimental models [85]. Inorganic nanomaterials with enzyme-mimetic
activity have likewise been investigated. For example, platelet membrane-coated Prussian
blue nanoparticles can preferentially accumulate in ischemic myocardium and have been
associated with reduced local ROS levels, improved mitochondrial homeostasis, decreased
NET formation, and lower levels of multiple cell-death markers [218,219]. These find-
ings support further investigation of multitarget nanodelivery strategies; however, their
biodistribution, long-term safety, manufacturing consistency, and clinical scalability remain
to be established.

4.4.2. Metabolic Remodeling of the Microenvironment and Non-Pharmacological
Ecological Interventions

Beyond engineered delivery systems and pharmacological interventions, modulation
of local metabolism, immune-cell states, or the tissue microbiological environment may
also influence NET-associated injury. Early regular exercise can reduce NET release or
extracellular NET accumulation in hepatic and cerebral ischemia models by downregulating
neutrophil-surface MMP25 and reducing tissue adhesion, although the tissue-specific
endpoints assessed in these two settings differ [100,128]. MSC-derived exosomes and
gut microbiota-based interventions have also demonstrated anti-inflammatory or tissue-
protective effects in selected models [76,78]. These studies provide clues for adjunctive
strategies beyond direct pharmacological intervention; however, their mechanisms of
action, organ-specific applicability, therapeutic windows, and immunological safety require
independent validation within the corresponding IRI settings.

5. Limitations

Although NET-targeted interventions have demonstrated tissue-protective effects in
preclinical models of IRI across multiple organs, several limitations continue to hinder
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translation from mechanistic studies to clinical application. First, current therapeutic ap-
proaches involve an inherent balance between potential benefit and risk. NETs contribute
to host defense, and systemic inhibition of PAD4 or other neutrophil effector pathways may
increase susceptibility to infection, warranting particular caution in immunocompromised
populations such as organ transplant recipients. DNase I can cleave extracellular DNA
scaffolds; however, residual histones and granular enzymes generated after NET degrada-
tion may retain cytotoxic or pro-inflammatory activity, suggesting that scaffold degrada-
tion and neutralization of toxic NET-associated components may need to be considered
in combination.

Second, organ-specific and temporal heterogeneity limits the generalizability of exist-
ing findings. Different organs vary in microvascular architecture, local cellular composition,
tolerance to ischemia, and the pathways that trigger NET formation. Studies of remote
injury involving the gut-lung, gut-liver, and kidney-lung axes suggest the possibility
of inter-organ interactions; however, the supporting evidence is derived predominantly
from specific animal models and remains insufficient to establish a universally applicable
cross-organ pathogenic network. Likewise, it cannot be assumed that local intervention
in a single organ will necessarily prevent remote-organ injury. Most candidate therapies
have been validated in only one organ, under a single dosing regimen, or at a limited
number of time points, with insufficient cross-model replication, head-to-head comparison,
or organ-specific pharmacokinetic evaluation.

Third, IRI is highly time-dependent, whereas many studies examine only one or a few
observation points and may therefore fail to capture the dynamic changes in NET-associated
processes across the ischemic phase, acute reperfusion phase, and subsequent repair phase.
Clinically, there is also a lack of specific dynamic biomarkers capable of distinguishing
ongoing NET formation, extracellular NET burden, and NET clearance status, making it
difficult to define pathological thresholds and optimal therapeutic windows. Mechanis-
tically, existing studies frequently infer NET formation from endpoint markers such as
extracellular DNA, citrullinated histone H3 (CitH3), or MPO-DNA complexes, while rarely
assessing plasma membrane integrity and irreversible cell death in parallel. Consequently,
it remains difficult to distinguish lytic NETotic cell death from vital/non-lytic NET release.
Whether exogenous interventions selectively affect one of these release modes, and the
subsequent fate of membrane-intact cytoplasts within the microcirculation, have not yet
been directly compared across organ-specific IRI settings.

Finally, the current understanding is based largely on young rodents without major
comorbidities. Aging, metabolic syndrome, multimorbidity, and concomitant clinical
medications may all alter neutrophil phenotypes and therapeutic responses. Future studies
should therefore establish reproducible chains of evidence within clearly defined organ-
specific and clinical contexts, separately delineate the temporal window of action, efficacy
endpoints, and safety boundaries of candidate interventions, and avoid extrapolating
findings from a single experimental model as universally applicable principles.

6. Conclusions and Future Directions

In summary, this review systematically summarizes the upstream triggers, local cellu-
lar interactions, major injurious effects, and interventional evidence related to NETs in IRL
Microthrombosis, endothelial or tissue barrier disruption, and amplification of inflamma-
tory responses recur across studies involving multiple organs; however, the predominant
signaling pathways, temporal dynamics, relevant effector cells, and clinical consequences
differ among organ systems. For example, studies of cardiac and cerebral IRI have focused
predominantly on microcirculatory obstruction and no-reflow, whereas hepatic studies
additionally address the sinusoidal immune microenvironment and the risk of tumor recur-
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rence. Pulmonary IRI research emphasizes interactions among endothelial cells, alveolar
macrophages, and neutrophils, while renal and intestinal studies focus more specifically on
tubular injury, barrier disruption, and selected remote-organ complications. Accordingly,
the current evidence supports viewing NETs as recurrent but tissue context-dependent
pathological contributors across different forms of IRI, rather than as components of a
mechanistically uniform pathway shared by all organs.

Organ-specific and temporal heterogeneity also has important implications for clinical
translation, and the balance between therapeutic benefit and potential risk should therefore
be evaluated within each specific organ context. Systemic inhibition of neutrophil effector
pathways such as PAD4 may attenuate sterile inflammation while simultaneously com-
promising antimicrobial host defense. Although DNase I can degrade the extracellular
DNA scaffold, residual histones and granular enzymes may retain the capacity to induce
secondary tissue injury. Drug accessibility, local NET burden, bleeding risk, immune status,
and optimal therapeutic windows also differ substantially among organs. Consequently,
doses, routes of administration, and efficacy endpoints established in one organ model
cannot be directly extrapolated to another. The lack of organ-specific dynamic biomark-
ers and standardized methods for NET detection further limits patient stratification and
assessment of therapeutic responses.

To address these evidence gaps and improve both the mechanistic interpretability and
translational potential of NET-targeted interventions, future research should advance along
three major directions: organ-specific mechanistic investigation, longitudinal assessment,
and lesion-targeted drug delivery. First, at the mechanistic level, live-cell imaging, simul-
taneous assessment of plasma membrane integrity and irreversible cell death, single-cell
sequencing, and spatial and temporal omics should be integrated within individual organ-
specific IRI models to define the relative contributions of nuclear- versus mitochondrial-
derived extracellular NETs, as well as lytic NETotic cell death versus vital/non-lytic NET re-
lease. Pharmacological studies should also clearly define the level at which an intervention
acts, distinguishing its effects on intracellular chromatin decondensation, NET extrusion,
extracellular scaffold stability, associated protein components, or clearance processes, while
determining whether neutrophil migration, phagocytosis, and antimicrobial functions are
preserved. Second, in translational models and clinical evaluation, aging and metabolic co-
morbidity models, humanized systems, or organ-on-chip platforms should be incorporated
according to the relevant organ and clinical scenario, together with longitudinal sampling at
multiple time points to reduce bias arising from single-time-point observations. For remote
complications such as the gut-lung and kidney-lung axes, for which experimental evidence
already exists, causal relationships should be validated within clearly defined inter-organ
contexts rather than generalized into a unified multiorgan network. In parallel, circulating
or tissue biomarkers capable of distinguishing ongoing NET formation, extracellular NET
burden, and clearance status should be developed to define pathological thresholds and
therapeutic windows that are comparable across organs without necessarily being identical.
Finally, drug-delivery strategies should be tailored to organ-specific barriers and lesion
characteristics. For example, delivery routes and targeting carriers should be selected
according to the blood-brain barrier, hepatic sinusoidal microcirculation, or the local envi-
ronment of the transplanted lung, and may incorporate mechanism-based combinations of
DNA scaffold degradation, neutralization of NET-associated proteins, ROS modulation, or
enhancement of phagocytic clearance (Figure 3).
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Figure 3. Therapeutic strategies targeting NET formation, release, and extracellular NET structures
in IRI, together with translational challenges and future research directions. (A) Therapeutic ad-
vantages: PAD4 or NOX inhibitors modulate intracellular signaling preceding NET release, DNase
I degrades the extracellular DNA scaffold, and neutralizing antibodies or other inhibitors target
NET-associated effector proteins to attenuate thromboinflammation and microcirculatory dysfunc-
tion. (B) Translational challenges: non-selective inhibition may compromise host defense; DNase
I does not simultaneously neutralize histones and granular proteases; and current experimental
models, dynamic biomarkers, and therapeutic windows remain limited. (C) Innovative directions:
development of tissue- and phase-specific delivery systems; integration of single-cell and spatial
omics, NET-specific multiparametric detection, and more clinically relevant models; and strategies
that promote NET clearance and resolution of inflammation.

Therefore, the future of NET-targeted therapy for IRI should not center on establishing
a single mechanistic model applicable to all organs, but rather on building clearly de-
fined, reliably measurable, and reproducible evidence chains within specific organ contexts.
Stratified investigation based on the organ-specific microenvironment, disease phase, and
mode of NET release may help identify the predominant injury-associated processes and
guide the selection of appropriate routes of administration, doses, and efficacy endpoints
for candidate therapies. When combined with systematic evaluation of infection risk,
bleeding, and immune homeostasis, validation in clinical samples and in experimental
models that more closely reflect real-world comorbidity profiles will be essential for deter-
mining whether NET-targeted strategies can progress from experimental organ-protective
approaches to clinically testable and stratified therapeutic interventions.
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TRIF TIR-domain-containing adapter-inducing interferon-3
TRIM21 Tripartite motif-containing 21

VDAC1 Voltage-dependent anion channel 1

VWE Von Willebrand factor

YB-1 Y-box-binding protein 1
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