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Abstract

Ischaemia-reperfusion injury (IRI) is a fundamental pathological process underlying acute and chronic damage associated
with myocardial infarction, ischaemic stroke, and solid organ transplantation. Although timely reperfusion is indispens-
able for tissue salvage, it paradoxically promotes maladaptive immune activation and oxidative stress, which aggravate
microvascular dysfunction and organ failure. Accumulating evidence indicates that sterile inflammation, endothelial injury,
and immunothrombosis are the central drivers of IRI progression. Among innate immune effectors, neutrophils act as first
responders that integrate chemotactic signalling, adhesion cascades, and metabolic rewiring. Upon activation, neutrophils
release damage-associated molecular patterns and form neutrophil extracellular traps (NETs), which amplify inflammation,
promote coagulation, and disrupt tissue repair across organs. However, the organ-specific roles, temporal dynamics, and
translational relevance of neutrophils and NETs in IRl remain incompletely understood. In this review, we systematically
dissect the neutrophil- and NET-mediated mechanisms involved in IRl across the heart, brain, kidney, liver, and transplanted
organs, with a particular emphasis on endothelial crosstalk, immunothrombosis, and metabolic regulation. We further
summarize emerging NET-associated biomarkers—including cell-free DNA and myeloperoxidase-DNA complexes—for IRI
diagnosis and prognosis. Finally, we evaluate therapeutic strategies targeting neutrophil recruitment, immune metabolism,
and NET clearance, highlighting challenges for clinical translation. In summary, this review provides a mechanistic and
translational framework for targeting neutrophils and NETs in precision therapies for IRI.
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Highlights

« Systematically delineates the pivotal role of the neutrophil-NET axis in mediating ischaemia-reperfusion injury.
« Introduces neutrophil heterogeneity and the molecular mechanisms driving NET formation.
« Summarizes current NET-targeted therapeutic strategies, spanning mechanistic insights to clinically approved

interventions.

Background

Ischaemia-reperfusion injury (IRI) is a shared pathological
process underlying several high-mortality conditions, including
myocardial infarction, ischaemic stroke, and graft dysfunction
after organ transplantation. Although the rapid restoration of
blood flow is indispensable for salvaging ischaemic tissue, the
reperfusion phase itself can initiate secondary injury. Intense
inflammatory responses, oxidative stress, and microcirculatory
dysfunction frequently accompany reperfusion, leading to tissue
damage that extends beyond the original ischaemic region. Con-
sequently, secondary injury may exceed the primary ischaemic
insult, resulting in an enlarged infarct size, impaired neurological
recovery, or primary graft nonfunction, ultimately limiting the
therapeutic benefit of current reperfusion-based interventions.
Despite substantial differences in initiating triggers and clinical
manifestations across organs, the core pathological features of
IRI are markedly conserved; these include injury to vascular
endothelial and parenchymal cells, excessive innate immune
system activation, and microvasculature disruption. Within

this shared pathological context, neutrophils are among the
earliest immune cells to be recruited to sites of injury and play
a central role in amplifying tissue damage through degranulation,
reactive oxygen species (ROS) generation, and the release of
pro-inflammatory mediators. Advances in the understanding of
neutrophil effector functions have drawn increasing attention to
neutrophil extracellular traps (NETs), which are web-like struc-
tures composed of decondensed chromatin and granular proteins
that are recognized as important contributors to inflammatory
amplification, immune dysregulation, and microvascular injury.
Accumulating clinical and experimental evidence suggests
that NETs not only are byproducts of inflammation during IRI
but also actively participate in sustaining tissue injury. NETs can
exert direct cytotoxic effects, compromise endothelial barrier
integrity, promote microthrombus formation, and reinforce
inflammatory feedback loops through the release of damage-
associated molecular patterns (DAMPs). In patients with acute
myocardial infarction, circulating NET-associated biomarkers are
correlated with infarct size and adverse outcomes. Experimental
models of ischaemic stroke have demonstrated that NET
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deposition obstructs cerebral microvessels and aggravates blood-
brain barrier disruption. Similarly, in organ transplantation—
particularly lung transplantation—perioperative elevationsin NET
levels are closely associated with the development of primary
graft dysfunction. Together, these findings highlight the recurring
involvement of NETs across distinct IRl settings [1].

Despite this growing body of evidence, current knowledge
remains fragmented across disease-specific models, and direct
comparisons across organs and temporal stages of IRl are
limited. Moreover, the processes governing NET formation and
clearance appear to be, at least in part, amenable to therapeutic
intervention, raising interest in NETs as potential treatment
targets. However, the mechanisms that regulate NET dynamics
at different phases of IRI, their upstream signalling networks,
and their organ-specific pathological roles remain incompletely
defined. Clarifying these issues is essential for the development
of precise, time-sensitive therapeutic strategies [2].

In light of this background, the present review systematically
examines the role of NETs in IRI. We first outline the principal
triggers and molecular regulatory pathways involved in NET
formation under IRl conditions. We then integrate evidence
from diverse organ models to compare the shared and context-
dependent roles of NETs in tissue injury, microvascular occlusion,
and inflammatory propagation. Finally, we summarize current
therapeutic approaches targeting NET formation, stability, and
clearance and discuss key challenges related to intervention
timing and safety in clinical translation. Through this structured
framework, this review aims to provide a coherent view of NET-
driven immunopathology in IRl and to inform future therapeutic
development [3] (Figure 1).

Review
Neutrophil heterogeneity

Neutrophils constitute the most abundant granulocyte popu-
lation in peripheral blood. Their development originates from
haematopoietic stem cells and proceeds through common
myeloid progenitors, granulocyte-monocyte progenitors, and
cells in successive stages of granulocytic differentiation, including
myeloblasts, promyelocytes, myelocytes, and metamyelocytes,
ultimately leading to the generation of banded and fully
mature neutrophils [4]. Throughout this maturation process,
neutrophils progressively acquire diverse immune effector
functions, including the capacity to form NETs. For a long time,
neutrophils were regarded as a homogeneous population of
terminally differentiated cells. However, advances in single-cell
transcriptomics, spatial transcriptomics, and mass cytometry
have fundamentally revised this view by revealing substantial
heterogeneity in neutrophil phenotypes, functional properties,
and developmental states [5]. More recently, single-cell RNA
sequencing (scRNA-seq) studies have further clarified the molec-
ular basis of this heterogeneity by identifying subtype-specific
transcription factor networks and epigenetic regulatory programs,
demonstrating that transitions between distinct neutrophil states
are governed by tightly controlled gene regulatory modules [6].
Within this framework of developmental and functional
heterogeneity, age-associated neutrophil states have emerged
as a representative example of dynamic neutrophil plasticity
[7]. A study has demonstrated clear distinctions between aged

neutrophils and newly released neutrophils from the bone
marrow. Aged neutrophils are characterized by the loss of cluster
of differentiation 62L (CD62L) expression and the upregulation
of C-X-C chemokine receptor type 4 (CXCR4) and cluster of
differentiation 11b (CD11b) expression, a phenotypic shift that
promotes the homing of neutrophils back to the bone marrow
for clearance. In addition to this trafficking behaviour, aged
neutrophils exhibit enhanced integrin activation and an increased
capacity to form NETSs, thereby sustaining inflammatory responses
during the early phase of reperfusion [8]. Following cell death,
however, neutrophils can switch to an anti-inflammatory role by
generating a distinct population of large senescent neutrophil-
derived vesicles, termed large ageing neutrophil-derived vesicles
(LAND-Vs). These vesicles are enriched in the surface molecules
cluster of differentiation 47 (CD47) and cluster of differentiation
55 (CD55). CD47 functions as a canonical ‘don’t eat me’ signal,
protecting LAND-Vs from phagocytic clearance, whereas CD55
mediates anti-inflammatory effects by inhibiting complement
activation and modulating immune responses, thereby limiting
tissue injury associated with excessive neutrophil recruitment [9].
Consistent with these functions, the administration of purified
LAND-Vs has been shown to significantly improve survival in a
murine model of Staphylococcus aureus pneumonia. Moreover,
in patients with COVID-19, plasma levels of CD55TCD47+ LAND-
Vs are positively correlated with favourable clinical outcomes,
highlighting their cross-species conservation and potential
therapeutic relevance.

Beyond age-related states, neutrophil heterogeneity is further
shaped by functional specialization defined through surface
receptor activity and context-dependent gene expression.
Additional neutrophil subsets have been identified on the basis
of Fc receptor functional diversity as well as the expression of C-
C motif chemokine ligand 3 (CCL3) and Ym-1. Using 1gG-coated
human erythrocyte rosette formation assays, neutrophils can be
stratified into two subsets according to Fc receptor functionality,
among which ~20% exhibit reduced Fc receptor activity and may
correspond to an anti-inflammatory or regulatory phenotype. In
the early phase of IRI, neutrophil heterogeneity is characterized
by the differential expression of CCL3 and Ym-1, with myeloid-
related protein 1 (Ym-1)-high neutrophils displaying a reparative
phenotype [10]. Elevated Ym-1 expression is closely associated
with tissue repair and angiogenesis and has cardioprotective
effects through the modulation of macrophage polarization.
However, mechanistic evidence supporting this subset is derived
predominantly from murine models. Corresponding homologous
neutrophil populations in humans, as well as relevant prognostic
data, remain insufficiently characterized. Therefore, further
validation in large-animal models and early-phase clinical
studies is needed to assess the therapeutic efficacy and safety
of homologous genes or related neutrophil subsets before their
translational potential can be fully established [10].

In parallel with functional and transcriptional heterogeneity,
surface marker-defined neutrophil subsets provide additional
insight into the context-dependent roles of neutrophils in
IRl. CD177 is a cell surface protein that is heterogeneously
expressed among neutrophils [11]. In humans, the distribution
of CD177 is bimodal, with ~40%-60% of neutrophils expressing
CD177 and 3%-5% of individuals completely lacking CD177
expression. Accumulating evidence suggests that neutrophil
CD177 is involved in inflammatory tissue injury following IRI
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Figure 1 NETs and their role in IRI. (a) Discovery and formation of NETs: NETs are web-like structures composed of decondensed chromatin and granular
proteins. They form via two main mechanisms: suicidal NETosis, involving cell membrane rupture and nuclear content release, and non-lytic NETosis,
where NET components are secreted through vesicles without cell death. Initially described as antimicrobial, NETs are now known to cause tissue injury
in sterile inflammation due to toxic components such as histones and proteases. (b) Recruitment of neutrophils to injured tissues: During IRI, the
cessation and restoration of blood flow trigger pro-inflammatory cytokines (e.g. IL-6, TNF-o) and DAMPs, which activate neutrophils and recruit them to
injury sites. Adhesion is mediated by Mac-1 on neutrophils binding to ICAM-1 on endothelial cells, promoting transendothelial migration. Activated
neutrophils release ROS, proteases, and NETs, which exacerbate endothelial damage and intensify inflammation. (c) Organ-specific actions of NETs in
IRI: In the heart, NETs interact with endothelium and cardiomyocytes, promoting dysfunction and necrosis. In the liver, Kupffer cells sense DAMPs and
activate neutrophils, which release NETs and ROS, worsening injury. In the kidney, DAMPs stimulate tubular cells to promote NET formation, leading to
tubular necrosis and impaired renal function. These processes collectively highlight NET-mediated damage across organs during IRIl. NETs neutrophil
extracellular traps, IRl ischaemia-reperfusion injury, ROS reactive oxygen species, DAMPs damage-associated molecular patterns, /L-6 interleukin-6,

TNF-a tumour necrosis factor-alpha, ICAM-1 intercellular adhesion molecule-1,

[12]. Single-cell analyses have demonstrated the enrichment
of CD177 expression in IRI-affected tissues, where CD177
promotes inflammatory damage by upregulating mitochondrial
complex | expression, enhancing oxidative phosphorylation
(OXPHOS), and driving NET formation. In contrast, other studies

Mac-1 integrin macrophage-1 antigen

suggest that CD177" neutrophils facilitate transendothelial
migration through the CD177-PR3-PECAM-1 molecular axis,
preferentially infiltrating inflamed mucosal tissues and thereby
promoting rapid barrier repair and inflammation attenuation
[12].
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In summary, neutrophil behaviour during IRl is highly hetero-
geneous and shaped by developmental stage, polarization state,
and dynamic interactions among distinct subsets, which together
govern both tissue injury and repair (Figure 2).

Mechanisms and context-dependent
functions of NETs in IRI

NETs were first described by Brinkmann and colleagues in 2004
as filamentous, web-like structures composed of decondensed
chromatin decorated with granular proteins. These components
include myeloperoxidase (MPO), neutrophil elastase (NE),
histones, and posttranslationally modified histones such as
citrullinated histone H3 (CitH3) [13]. Functionally, NETs act as
essential antimicrobial barriers under physiological conditions by
capturing and neutralizing invading pathogens, including bacteria
and fungi. However, in pathological contexts—such as sterile
inflammation, thrombosis, and IRI—excessive or dysregulated
NET formation can amplify tissue injury through potent pro-
inflammatory and cytotoxic effects [13].

Mechanistically, current studies classify NET formation into
two major pathways: lytic NETosis and non-lytic NETosis [14].
Lytic NETosis represents a distinct form of programmed cell
death, mechanistically different from apoptosis and necrosis,
and is driven by a defined molecular cascade involving NADPH
oxidase (NOX)-dependent ROS accumulation, peptidyl arginine
deiminase 4 (PAD4) activation, and histone citrullination [15].
These coordinated events promote chromatin decondensation
and nuclear envelope breakdown, ultimately leading to plasma
membrane rupture and the extracellular release of DNA-granule
protein complexes. In sterile IRI, including renal and hepatic IRI,
this pathway is predominantly initiated by endogenous DAMPs.
In particular, during mild renal IRI, NOX-dependent signalling
appearsto be the principal driver of NET formation. The functional
importance of this signalling axis is further supported by C3-
deficient mouse models, in which the loss of C3 disrupts C3a-
C3aR1 engagement, suppresses ERK/ROS/PAD4 signalling, and
markedly attenuates renal tissue injury, neutrophil infiltration,
and NETosis [16].

In contrast to the NOX-dependent lytic NETosis observed in
renal and other settings, hepatic IRI follows a distinct regulatory
paradigm in which upstream signalling is predominantly governed
by platelet-derived sphingosine-1-phosphate (S1P). Through the
differential engagement of S1IPR2 and S1PR3, S1P exerts bidirec-
tional control over non-lytic NETosis, with SIPR2 promoting and
S1PR3 restraining NET formation [17]. This regulatory pathway
operates independently of NOX activity but involves the mod-
ulation of autophagic flux and preferentially induces the rapid
extrusion of mitochondrial DNA rather than nuclear DNA. Such an
antagonistic signalling system has been identified in liver trans-
plantation-associated IRI models as a critical determinant of sus-
ceptibility to NETosis.

Importantly, NET formation in IRI-associated conditions is
not uniformly detrimental. In renal IRI, early and low-level NET
production may facilitate activation of Transforming Growth
Factor-beta (TGF-8) signalling, thereby promoting tubular
epithelial cell proliferation and tissue repair and conferring a
protective effect [18]. Beyond tissue repair, maintaining a con-
trolled degree of NETosis that preserves neutrophil antimicrobial
function can also be beneficial for host defence, as within the

circulatory environment, NETs primarily act to capture invading
microorganisms and limit their dissemination [19].

Despite these advances, how NETs generated in distinct
anatomical contexts differ remains poorly defined. Variations in
local microenvironmental cues that drive NET release, together
with differences in the underlying mechanisms of NET formation,
are likely to confer distinct cytotoxic properties [20]. Clarifying
these context-dependent features is therefore essential for a more
precise understanding of NET-mediated disease mechanisms and
for the rational development of targeted therapeutic strategies
[17] (Figure 3).

Neutrophils and neutrophil extracellular
trapsin IRl

The endothelial-neutrophil axis in the initiation of IRI

Inflammation during IRl is initiated by tightly coordinated
interactions between endothelial cells and neutrophils, which
together constitute a central regulatory axis integrating conserved
cross-organ mechanisms with tissue-specific molecular features
[21]. During the early phase of reperfusion, vascular endothelial
cells function as primary sensors of tissue injury. Abrupt oxygen
reintroduction triggers the xanthine oxidase-mediated metabolism
of hypoxanthine that accumulates during ischaemia, resulting in
the generation of superoxide anions and the subsequent forma-
tion of hydroxyl radicals. These ROS activate endothelial NF-xB
signalling, leading to the stepwise upregulation of the expression
of adhesion molecules, including E-selectin, P-selectin, vascular
cell adhesion molecule-1 (VCAM-1), and intercellular adhesion
molecule-1 (ICAM-1), within hours. In parallel, DAMPs, such
as high-mobility group box 1 (HMGB1) and histones released
from necrotic cells, further amplify inflammatory signalling
through endothelial Toll-like receptor 4/9 (TLR4/9)-myeloid
differentiation primary response 88 (MyD88) signalling. The
convergence of oxidative and innate immune signals promotes
the endothelial secretion of chemokines, including IL-8 and C-
X-C Motif Chemokine Ligand 1 (CXCL1), thereby establishing
chemotactic gradients that guide neutrophil recruitment to sites
of reperfusion injury [22].

Once the activated endothelium establishes a permissive
inflammatory microenvironment, neutrophil recruitment occurs
through a well-defined multistep cascade comprising rolling, firm
adhesion, intravascular crawling, and transendothelial migration.
The initial rolling phase is mediated by P-selectin and E-selectin,
which facilitate the transient tethering of neutrophils to the
vascular endothelium. This transient interaction is followed
by stable adhesion and directional crawling, processes driven
primarily by interactions between endothelial ICAM-1 and the
neutrophilintegrin Mac-1 (CD11b/CD18) [23]. Importantly, integrin
activation during this transition is tightly regulated and depends
on extracellular disulphide bond rearrangements. Endoplasmic
reticulum protein 72 (Erp72) serves as a key regulator of integrin
conformational dynamics, and Erp72 deficiency markedly impairs
neutrophil adhesion and migration [24]. Collectively, these
findings position neutrophil recruitment within a multilayered
regulatory network that integrates redox control, conformational
regulation, and functional execution, underscoring potential
opportunities for precision intervention in oxidative stress—
related disorders, including IRI [22].
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Figure 2 Developmental trajectory and functional states of neutrophils in ischaemia-reperfusion injury. (a) Development and functional fate of
neutrophils. Neutrophils originate from haematopoietic stem cells (HSCs) and undergo stepwise differentiation through common myeloid progenitors
(CMPs) and granulocyte-monocyte progenitors (GMPs), sequentially progressing through the myeloblast, promyelocyte, myelocyte, metamyelocyte,
and band neutrophil stages before maturing into segmented neutrophils within the bone marrow. Fully mature neutrophils are equipped with effector
functions, including the capacity to release NETs, which contribute to host defence and inflammatory responses. (b) Two functional states of
neutrophils. Neutrophils exhibit dynamic state transitions. State 1 (immature/newly released neutrophils) is characterized by CD62L expression and low
CXCR4 levels, facilitating their mobilization into the peripheral circulation. State 2 (aged neutrophils) is marked by loss of CD62L, upregulation of CXCR4
and CD11b, and expression of the ‘don’t eat me’ signal CD47, which together promote chemokine-guided homing back to the bone marrow. This state is
associated with the presence of CD177" subsets and enhanced NET formation. Aged neutrophils can exert anti-inflammatory effects by attenuating
complement activation, including suppression of C3 convertase activity and reduced generation of C3a and C3b, partly through upregulation of CD55.
Concurrently, increased mitochondrial complex | activity supports oxidative phosphorylation, providing the energy required for neutrophil trafficking
and functional maintenance. NETs neutrophil extracellular traps, /Rl ischaemia-reperfusion injury, ROS reactive oxygen species, OXPHOS oxidative
phosphorylation, PR3 proteinase 3, PECAM-1 platelet endothelial cell adhesion molecule-1, C3 complement component 3, C3a complement component
3a, C3b complement component 3b, CXCR4 C-X-C motif chemokine receptor 4, CD cluster of differentiation

Although this canonical recruitment paradigm applies broadly
across vascular beds, hepatic IRl is associated with pronounced
organ-specific deviations. The narrow diameter and low shear
stress within hepatic sinusoids favour early neutrophil retention
predominantly through mechanical trapping rather than selectin-
mediated rolling [25]. Consistent with this haemodynamic
context, sinusoidal endothelial cells lack selectin expression, and
neutrophil adhesion is instead dominated by integrin-dependent
mechanisms. This distinctive recruitment pattern provides a
mechanistic explanation for the limited efficacy of anti-selectin
therapies observed in clinical trials of hepatic IRI [25]. In addition

to leukocyte recruitment, endothelial activation in this setting
directly promotes NET formation. Injured sinusoidal endothelial
cells release interleukin-33 (IL-33), which induces NET generation
through the engagement of the ST2 receptor. In turn, NET-derived
histones and DNA exacerbate endothelial injury by degrading
the protective glycocalyx and exposing basement membrane
adhesion sites, thereby establishing a self-amplifying positive
feedback loop that links endothelial activation, NET release, and
progressive endothelial damage [26].

In addition to adhesion- and cytokine-driven mechanisms,
postinfarction endothelial cells (ECs) actively shape early
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Mechanism of NET formation in IRI
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Figure 3 NET formation mechanisms in IRI. Organ ischaemia-reperfusion injury induces an inflammatory cytokine

milieu that activates neutrophils and initiates NET formation. Damage-associated molecular patterns engage pattern-recognition receptors, including
TLR4, RAGE, and NODs, thereby activating MyD88-dependent signalling and downstream PI3K-AKT, MAPK, NF-« B, and RIPK1/3-MLKL pathways. These
signals promote NADPH oxidase activation, mitochondrial dysfunction, and excessive reactive oxygen species production. ROS accumulation, together
with intracellular calcium flux, triggers NLRP3 inflammasome activation and autophagy, while PAD4-mediated histone citrullination drives chromatin
decondensation. Granule proteins, including myeloperoxidase and neutrophil elastase, associate with nuclear and mitochondrial DNA, culminating in
extracellular NET release. NETs subsequently amplify inflammation through the release of damage-associated signals and pro-inflammatory cytokines,
ultimately contributing to organ dysfunction following ischaemia-reperfusion injury. IRl ischaemia-reperfusion, NETs neutrophil extracellular traps,
DAMPs damage-associated molecular patterns, TLR4 Toll-like receptor 4, RAGE receptor for advanced glycation end-products, NODs nucleotide-binding
oligomerization domain receptors, MyD88 myeloid differentiation primary response 88, PI3K phosphoinositide 3-kinase, AKT protein kinase

B, MAPK mitogen-activated protein kinase, NF-x B nuclear factor kappa B, RIPK1/3 receptor-interacting protein kinase 1/3, MLKL mixed lineage kinase
domain-like protein, ROS reactive oxygen species, NLRP3 NOD-like receptor family pyrin domain-containing 3, PAD4 peptidyl arginine deiminase 4, MPO
myeloperoxidase, NE neutrophil elastase, mtDNA mitochondrial DNA, IL-6 interleukin-6, /L-18 interleukin-1 beta, TNF-o tumour necrosis factor-alpha

neutrophil recruitment through extracellular vesicle-mediated
signalling. Following infarction, ECs exhibit enhanced extra-
cellular vesicle (EC-EV) release, which contributes to the rapid
accumulation of neutrophils within injured regions [27]. This
noncanonical recruitment pathway operates independently
of classical chemokine signalling and may account for the
early, phase-specific neutrophil infiltration observed during IRI.
Mechanistically, EC-EVs are enriched in miRNA-126-3p/5p and
promote neutrophil transendothelial migration by facilitating
interactions between VCAM-1 and neutrophil surface integrins
[28]. Notably, EC-EVs display functional duality, simultaneously
driving pro-inflammatory neutrophil recruitment while suppress-
ing ferroptosis and preserving endothelial integrity. This apparent
heterogeneity is likely attributable to distinct EV subpopulations

with different cargo compositions. Nevertheless, current evidence
remains limited by the absence of single-vesicle-resolution cargo
profiling and conditional genetic models, which are needed to
quantitatively define the contribution of this pathway to overall
neutrophil recruitment during IRI [27] (Figure 4).

Neutrophil- and NET-mediated injury across
parenchymal organs

After transendothelial migration, neutrophils directly interact
with parenchymal cells—including cardiomyocytes, renal tubular
epithelial cells, and hepatocytes—and thereby actively participate
in tissue injury during IRI. In support of this concept, multiphoton
intravital microscopy has revealed the rapid accumulation and
highly dynamic spatiotemporal behaviour of neutrophils across
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Figure 4 Neutrophil-endothelial interactions during IRI. IRI triggers the release of pro-inflammatory cytokines, such as IL-6 and TNF-«, along with DAMPs,
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multiple organs during the early phases of IRI [29, 30]. These
real-time observations provide direct evidence for organ-specific
neutrophil functions and lay the foundation for determining how
neutrophil effector programs, including NET formation, shape
parenchymal injury responses [31].

Neutrophil polarization and NET-driven injury in cardiac IRI In
the heart, neutrophils represent the earliest and most rapidly
expanding inflammatory cell population following myocardial
reperfusion. Theirabundance peaks at ~24 h after reperfusion and
subsequently returns to baseline levels by Day 3 [32, 33]. During
this acute phase, pro-inflammatory N1-polarized neutrophils
predominate and exacerbate myocardial injury through the
release of ROS, IL-18, IL-6, tumour necrosis factor-alpha (TNF-
a), and NETs, thereby promoting cardiomyocyte apoptosis and
amplifying local tissue damage [34].

Importantly, accumulating evidence indicates that N1 polar-
ization is not solely a neutrophil-intrinsic process but is actively
shaped by signals derived from injured cardiomyocytes [35]. In
the context of cardiac IRI, ischaemic cardiomyocytes release miR-
9-5p-enriched extracellular vesicles, which suppress Kriippel-like
factor 4 (KLF4) expression in neutrophils and drive neutrophil

polarization towards a pro-inflammatory phenotype. This bidirec-
tional crosstalk further amplifies the production of ROS, IL-18,
IL-6, and NETs, establishing a feed-forward loop that accelerates
cardiomyocyte apoptosis and aggravates myocardial injury [35].

Beyond cardiomyocyte-neutrophil communication, the inflam-
matory cardiac microenvironment provides additional cues that
reinforce NET formation. Under inflammatory conditions, diverse
cytokines and stress-related stimuli converge to activate neu-
trophils and promote NETosis. Recent studies have demonstrated
that, following cardiac IR|, infiltrating M1-polarized macrophages
drive neutrophil NETosis through the AT-Rich Interaction Domain
3A (ARID3A)-dependent regulation of the Thrombospondin-1
(THBS1)/CD47 axis [36]. This macrophage-neutrophil signalling
axis exacerbates myocardial inflammation and promotes fibrotic
remodelling. Consistent with this mechanism, mice with myeloid-
specific ARID3A deletion exhibit markedly reduced myocardial
neutrophil infiltration and NET formation. Nevertheless, the
absence of validation in human cohorts currently limits the
translational interpretation of these findings in the context of
human cardiac IRI [36].

In addition to intercellular inflammatory signalling, cell-
intrinsic metabolic perturbations critically shape neutrophil
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effector responses in cardiac IRI. The disruption of mitochondrial
homeostasis has emerged as a key driver of widespread
NET activation. RNA sequencing analyses have revealed a
pronounced upregulation of Mitochondrial Calcium Uptake 3
(MICU3) expression in peripheral neutrophils from rats sub-
jected to myocardial ischaemia-reperfusion injury (MIRI) [37].
MICU3, a critical component of the mitochondrial calcium
uniporter complex, aberrantly interacts with the mitochondrial
channel protein Voltage-Dependent Anion Channel 1 (VDAC1),
thereby promoting the excessive formation of mitochondria-
associated membranes [38]. This maladaptive interaction results
in mitochondrial calcium overload, leading to mitochondrial
dysfunction and the loss of homeostatic control. Notably, these
alterations have also been validated in neutrophils isolated from
patients with MIRI [39]. Collectively, these findings suggest that
mitochondrial calcium dysregulation is a central mechanism
linking neutrophil activation to NET formation in cardiac IRI
and highlight mitochondrial signalling as a promising target for
precision therapeutic intervention [40].

DAMP-NET amplification loops in renal IRI In animal models
of renal IR, the initiation of NET formation is largely driven by
DAMPs released from hypoxic and necrotic renal tubular epithelial
cells. Under ischaemic conditions, tubular epithelial cells undergo
programmed necrosis mediated by receptor-interacting protein
kinase-dependent pathways [41]. As a consequence of cell death,
necrotic tubules release DAMPs, including HMGB1 and histones,
which bind to receptors on the neutrophil surface and act as key
initiators of NET-associated inflammatory cascades. Through the
activation of downstream intracellular signalling pathways, these
DAMPs promote NETosis, thereby amplifying renal inflammation
and aggravating tissue injury [42].

Beyond serving as downstream effectors of tubular injury, NETs
themselves further propagate inflammatory damage. Following
NET release, key NET-associated components—including MPO,
NE, and histones—function rapidly as ‘mobile reservoirs’ of
DAMPs [20]. Acting through convergent pathways that encompass
mitochondrial dysfunction, proteolytic tissue injury, and immune
activation, these mediators accelerate necroptotic cell death
and initiate secondary inflammatory amplification within a self-
reinforcinginflammatory loop. Consequently, endogenous DAMPs
together with NET-derived effectors have emerged as central
pathological drivers of renal inflammation in the context of IRI
[43].

In parallel with DAMPs and NET-driven amplification loops,
complement activation provides an additional layer of inflam-
matory reinforcement. Complement activation further amplifies
neutrophil-driven inflammatory responses by reinforcing innate
immune signalling. In this context, the complement fragments
complement component 3a (C3a) and C5a bind to neutrophil
receptors (CR1, CR3, and CR4), thereby potentiating downstream
inflammatory cascades [44, 45]. Beyond this canonical pathway,
recent studies have identified a distinct neutrophil subset
with an N(IL-23%IL-187) phenotype that expresses IL-17, major
histocompatibility complex class Il molecules, and costimulatory
factors, enabling enhanced T-cell activation and promoting
renal injury aggravation [46]. Although this subset has been
characterized predominantly in transplantation models, its
transient emergence during sterile IRl is biologically plausible
given that injured renal epithelial cells can release IL-23 and
IL-18. Future studies integrating spatial transcriptomics with

intravital imaging will be essential for validating this hypothesis
and delineating its pathophysiological relevance [46].

Neutrophil- and NET-mediated immunovascular injury in the
liver The liver is a distinctive immunological organ that simulta-
neously maintains immune tolerance and active immune surveil-
lance, rendering it a critical site for the pathological actions of
NETs [25]. Under stress conditions such as liver transplantation
or hepatic resection, a broad spectrum of injury-associated sig-
nalling events involving hepatocytes, hepatic stellate cells, liver
sinusoidal endothelial cells, and Kupffer cells is initiated [47]. Sig-
nals derived from these interacting cell populations converge to
promote neutrophil activation and NET formation, thereby setting
the stage for the initiation and progression of hepatic IRI [48].

Building on this immunological context, experimental models
of hepatic IRl have demonstrated that neutrophil-driven inflam-
mation is sustained by increased ICAM-1 expression and by the
release of CXC chemokines (CXCL1/CXCL2) from liver sinusoidal
endothelial cells and activated Kupffer cells. Although neutrophil
activation and accumulation within hepatic sinusoids do not
directly injure the epithelium, the subsequent release of NETs
fundamentally alters the pathogenic role of neutrophils [48]. Core
NET components, including CitH3 and NE, disrupt hepatocyte
membrane integrity and induce mitochondrial oxidative stress
and ferroptosis [49]. In parallel, NE impairs sinusoidal microcir-
culation by suppressing prostacyclin (PGly) synthesis, thereby
contributing to the hepatic ‘no-reflow’ phenomenon. Consistent
with these mechanistic observations, longitudinal analyses of
serum from liver transplant recipients have revealed a significant
inverse correlation between postoperative NET levels and liver
function indices, with peak NET concentrations independently
predicting early graft dysfunction [50].

In addition to direct tissue injury, NETs also act as potent
immunomodulatory signals within the hepatic immune microen-
vironment. Specifically, NETs promote Kupffer cell polarization
towards a pro-inflammatory M1 phenotype by increasing HMGB1
release and activating the TLR4/MAPK signalling pathway, thereby
establishing a feed-forward circuit that further amplifies NET
formation. Importantly, this self-reinforcing inflammatory loop
provides a mechanistic basis for therapeutic interventions [51,
52]. Accumulating evidence indicates that the pharmacological
inhibition of key NET generation pathways significantly reduces
serum alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) levels while attenuating hepatocyte apoptosis.
Complementarily, the enzymatic degradation of the NET DNA
scaffold using DNase | markedly decreases intrahepatic NET
accumulation and NLRP3 inflammasome activation, effectively
dampening the IL-18/1L-18-driven cytokine storm [53, 54].

Taken together, these findings indicate that NETs should not be
regarded merely as antimicrobial scaffolds but rather as central
regulatory hubs coordinating inflammation, immune dysregula-
tion, and microvascularinjury throughout the course of liver trans-
plantation [51]. In line with this expanded pathogenic role, the
dynamic monitoring of circulating CitH3-DNA or MPO-DNA com-
plexes has emerged as a promising integrated biomarker for pre-
dicting hepatic IRI. Beyond risk stratification, a staged and multi-
target therapeutic strategy directed against NETs—encompassing
the upstream blockade of danger-sensing pathways (TLR4/NF-
«B), the midstream inhibition of PAD4 activity and ROS genera-
tion, and downstream enzymatic degradation using DNase I—has
demonstrated synergistic efficacy in multiple preclinical models
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[55, 56]. These interventions collectively reduce ALT/AST levels,
attenuate rejection responses, preserve microvascular integrity,
and prolong graft survival. Looking ahead, the rational integration
of NET-targeted approaches with established immunosuppressive
regimens, together with the precise delineation of therapeutic
timing and safety windows, may represent a pivotal step towards
advancing liver transplantation from a technically successful pro-
cedure to a strategy capable of achieving durable, rejection-free
graft tolerance [57].

NET-driven neurovascular dysfunction in cerebral IRI The
pathological progression of cerebral IRI follows a characteristic
‘double-hit’ paradigm in which neutrophils and NETs act as central
drivers of a self-perpetuating inflammatory cycle. Ischaemicinsult
rapidly mobilizes neutrophils from the bone marrow and spleen,
leading to excessive activation and the release of proteolytic
enzymes and NETs [58]. This heightened neutrophil response
promotes the recruitment and activation of additional peripheral
immune cells as well as resident immune populations within the
brain, thereby amplifying neuroinflammatory cascades. Notably,
NET accumulation peaks ~3-5 days after stroke onset and directly
impairs vascular remodelling through the activation of the cGAS-
STING-type | interferon signalling pathway, resulting in reduced
neovascularization and the exacerbated disruption of the blood-
brain barrier [59]. Moreover, the DNA scaffold of NETs persistently
stimulates endothelial immune responses through multiple
mechanisms, establishing a self-reinforcing inflammatory loop
that sustains and aggravates cerebral injury.

Beyond their structural and vascular effects, neutrophils further
amplify postischemic neuroinflammation through the release of
myeloid-related protein 14 (MRP14) [60]. By engaging TLR4 on
microglia, MRP14 functionally reprograms microglial responses by
simultaneously delivering ‘do not eat me’ and cytotoxic activation
signals. This dual effect suppresses microglial phagocytic
clearance, leading to prolonged neutrophil persistence and
the concomitant activation of the NLRP3 inflammasome to
induce pyroptosis and subsequent interleukin-18 (IL-18) release
[60]. IL-18, in turn, feeds back on neutrophils, promoting the
further mobilization of bone marrow-derived neutrophils and
upregulation of MRP14 expression, thereby reinforcing a self-
sustaining inflammatory circuit. Importantly, PAD4, an enzyme
indispensable for NET formation, also regulates MRP14-driven
inflammatory amplification, positioning PAD4 as a critical molec-
ular hub linked to these convergent pathogenic pathways [60].

At the upstream mechanistic level, DAMPs released from injured
brain tissue—most prominently HMGB1—serve as potent initia-
tors of NET formation [61]. This pro-NETotic effect is mediated,
at least in part, through interactions between the receptor for
advanced glycation end-products (RAGE) and the 2 integrin Mac-
1(CD11b/CD18) on neutrophils [62]. Consistent with this initiating
role, clinical studies have demonstrated that elevated circulating
HMGBL levels are strongly associated with poor functional out-
comes in patients with ischaemic stroke. Experimental evidence
further indicates that direct binding between RAGE and CD11b is
sufficient to trigger NET release, although the downstream sig-
nalling events remain incompletely defined [63].

Collectively, the synergistic injury arising from these intercon-
nected pathological dimensions provides a coherent mechanistic
explanation for the clinical phenomenon termed ‘recanalization-
outcome mismatch’. Even when vascular patency is successfully

restored, the NET-mediated impairment of vascular repair and
MRP14-driven neuroinflammation act in concert to reinforce one
another, leading to the sustained deterioration of the neurovascu-
lar unit microenvironment [64]. Within this integrated pathogenic
framework, NET induction via the DAMP-RAGE/Mac-1 axis consti-
tutes the initiating trigger, whereas PAD4 functions as a central
regulatory hub, thereby emerging as a promising therapeutic tar-
get for disrupting this self-perpetuating disease cascade [65].

NET-induced structural and inflammatory damage in pulmonary
IRl The excessive accumulation of NETs and their associated com-
ponents has pronounced deleterious effects on lung tissue during
IRI [66]. At the molecular and cellular levels, NET-derived histones
display direct cytotoxicity towards endothelial cells, whereas
MPO-generated ROS create a pro-injurious microenvironment
that promotes epithelial apoptosis and necrosis [67]. Importantly,
evidence from lipopolysaccharide-induced acute lung injury
models indicates that the enzymatic degradation of the NET DNA
scaffold by DNase | markedly enhances the alveolar macrophage-
mediated phagocytosis of NET remnants, accompanied by a
significant reduction in pro-inflammatory cytokines such as IL-
6 and TNF-«. Notably, macrophage-driven NET clearance occurs
without eliciting secondary pro-inflammatory cytokine release,
supporting the therapeutic feasibility of strategies aimed at
facilitating NET degradation and removal in inflammatory lung
injury [67].

Accumulating evidence has indicated that NETs also have pro-
found effects on lung structure and function. Through their cyto-
toxic components, NETs directly injure alveolar epithelial cells and
induce necroptotic cell death, a processincreasingly recognized as
a key driver of acute lung injury progression [68]. Beyond direct
cellular toxicity, NETs disrupt pulmonary tissue architecture by
promoting alveolar fusion and collapse, thickening of the alve-
olar septa, and extensive inflammatory cell infiltration, thereby
exacerbating lung pathology. Consistent with these mechanistic
insights, in vivo studies have demonstrated a strong association
between elevated NET levels and the progressive deterioration of
lung function in lung transplant recipients, leading to a vicious
cycle characterized by heightened susceptibility to infection and
impaired tissue repair [69]. Collectively, these findings further sup-
port the rationale for therapeutic strategies that inhibit NET for-
mation or enhance NET clearance—particularly through the aug-
mentation of macrophage-mediated NET removal—as potential
interventions for both acute lung injury and lung transplantation-
related complications [70].

Shared NET-driven pathogenic mechanisms across other organs
In inflammatory bowel disease, components of NETs, including
histones and MPO, directly injure intestinal epithelial cells [71].
Beyond this direct cytotoxicity, double-stranded DNA released
from NETs activates the TLR9/cGAS-STING signalling axis,
thereby sustaining the production of pro-inflammatory cytokines
such as IL-18 and TNF-« and establishing a self-perpetuating
cycle of ‘NETs-inflammation-tissue injury’. Consistent with
this pathogenic loop, NET levels are markedly elevated in both
intestinaltissues and the circulation of patients with inflammatory
bowel disease and correlate positively with disease activity
[72]. In parallel, excessive NET accumulation contributes to
an increased risk of thromboembolic complications in this
population. A mechanistically analogous process has been
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described in severe COVID-19, where SARS-CoV-2 directly and
indirectly promotes NET formation, leading to immunothrombus
development, microvascular occlusion, and subsequent organ
failure. Notably, NET-driven immunothrombosis represents a
double-edged response, as it not only supports haemostasis and
limits bleeding but also contributes to pathogen containment and
immune defence during later stages of disease [72].

At the level of NET-associated effector molecules, matrix
metalloproteinase-9 (MMP9) has emerged as a key granular
protein released during NET formation and is an important
mediator of IRI. Following NET release, the expression of MMP9
can further increase through activation of the extracellular
signal-regulated kinase (ERK) signalling pathway, thereby
establishing a self-amplifying NET-MMP9 feedback loop [73].
Despite this mechanistic insight, whether upregulated MMP9
expression acts as an initiating driver of NET formation or arises
predominantly as a downstream consequence of NET generation
remains unresolved, highlighting an important gap in the current
understanding of NET-associated protease signalling [74].

In addition to protease-mediated injury, ROS and lipid peroxi-
dation constitute additional, tightly interconnected mechanisms
through which NETs induce endothelial cell death and microvas-
culardysfunction. Inintestinal endothelial cells, NETs promote the
phosphorylation of FUN14 domain-containing protein 1 (FUNDC1)
at Tyrl8, thereby suppressing mitophagy and disrupting mito-
chondrial quality control. In addition to the vasculature, ROS play
a central role in tissue injury during skeletal muscle IRI [75]. In
this context, the principal sources of ROS include mitochondria,
NOX, and xanthine oxidase. Excessive ROS accumulation dam-
ages mitochondrial membranes and respiratory chain complexes,
triggers the opening of the mitochondrial permeability transition
pore, induces mitochondrial swelling, and ultimately culminates
in apoptotic cell death [76].

Collectively, these observations underscore the multifaceted
roles of neutrophils and NETs as shared pathological ampli-
fiers across diverse organ systems in ischaemia-reperfusion
and inflammatory injury [77]. Despite considerable progress,
substantial gaps remain in our understanding of the regulatory
hierarchies governing NET formation and the dynamic interplay
between immune signalling and cellular metabolism [51]. In
this context, continued advances in spatial multiomics, lineage
tracing, and in vivo imaging technologies are expected to provide
critical mechanistic insights and facilitate the development of
increasingly precise, organ-specific therapeutic strategies in the
coming years (Fig. 5).

NETs as mediators of remote organ injury
after IRI

Remote organ injury represents a pivotal step in the progression
from IRI to multiple organ dysfunction syndrome [78]. In this
context, recent advances have led to the concept of a ‘NET-
organ axis’, which positions NETs as a mechanistic bridge
linking localized inflammatory responses to dysfunction in
distant organs. Following IRI, the excessive release of DAMPs
activates the TLR4/MyD88 signalling pathway, thereby promoting
NET formation. Consistent with this upstream mechanism,
Zhuang and colleagues reported a positive correlation between
circulating NET levels and the severity of renal IRI, implicating

NETs as key mediators of remote organ injury [79]. In addition to
amplifying local inflammation, NETs also interact with platelets
and endothelial cells to promote immunothrombosis. This
pathogenic pathway was further substantiated by Nakazawa et al.
[80], who demonstrated that NET-driven thrombosis constitutes
a critical mechanistic link between acute kidney injury (AKI) and
secondary lung injury. Notably, the pharmacological inhibition of
NET formation significantly attenuates secondary organ damage,
underscoring the therapeutic relevance of targeting NETs in IRI-
associated remote organ injury.

Extending these observations from systemic injury to organ-
specific settings, evidence from lung transplantation-associated
ischaemia-reperfusion injury models further substantiates the
pathogenic contribution of NETs to remote organ injury [81]. In
these models, the upregulation of the expression of NET-related
genes is closely correlated with graft dysfunction, strengthening
the association between sustained NET activity and impaired
organ performance [82]. Beyond transcriptional signatures, com-
ponents released from NETs—particularly histones—exert direct
cytotoxic effects on alveolar epithelial cells and renal tubular cells,
thereby aggravating tissue injury at distant sites. Importantly,
preclinical studies have demonstrated that therapeutic strategies
targeting NETSs, including PAD4 inhibition and DNase |-mediated
NET degradation, can effectively attenuate multiorgan injury and
improve outcomes, underscoring their translational potential
[67].

Collectively, these findings establish the ‘NET-organ axis’ as a
unifying conceptual framework for elucidating the mechanisms
underlying remote organ injury during IRI. Through the induction
of direct structural cytotoxicity and the amplification of maladap-
tive immune responses, NETs have emerged as key drivers of
multiple organ dysfunction syndrome [81]. Consequently, thera-
peutic strategies aimed at modulating NET formation or activity
hold substantial promise for the prevention and management of
remote organ injury in the context of IRI.

Neutrophil-targeted therapeutic strategies
inIRI

Accumulating evidence indicates that neutrophils and NETs
are central effectors of tissue injury during IRI, indicating that
neutrophil-targeted interventions are attractive therapeutic
options [83, 84] (Table1). Accordingly, current research has
increasingly focused on strategies that modulate neutrophil
activation and restrain NET formation to mitigate IRI severity.
Preclinical investigations have explored a broad therapeutic spec-
trum, encompassing C5a receptor antagonists, mitochondria-
targeted antioxidants, PAD4 inhibitors, inhibitors of key intracellu-
lar signalling pathways, and anti-inflammatory and anticoagulant
therapies [85-90]. In conjunction with approaches that interfere
with neutrophil activation or NET-associated signalling cascades,
exogenous DNase administration has emerged as a rational
strategy to accelerate NET degradation [58].

However, the therapeutic manipulation of NETs is inherently
complex. NETs play an indispensable role in antimicrobial
host defence, and the excessive suppression of NET formation
or indiscriminate NET degradation may result in unintended
immunological consequences [91]. Moreover, DNA and histones—
the principal structural components of NETs—also function
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Figure 5 NET-mediated interactions with parenchymal organs during IRI. (a) Lung: During IRI, NETs promote the secretion of pro-inflammatory cytokines
and chemokines (such as TNF-« and IL-6) through the cGAS-STING pathway, as well as the nuclear translocation of IRF3 and NF-« B, thereby mediating
lung ischaemia-reperfusion injury. (b) Liver: In the liver, NETs interact with Kupffer cells via ICAM-1 and chemokines such as CXCL1/CXCL2, promoting
neutrophil recruitment. NET-derived proteases and ROS cause hepatocellular damage. Molecules such as Stabilin-1 and IL-17 further modulate the
inflammatory microenvironment. (c) Kidney: Renal tubular epithelial cells respond to IRl by interacting with NETSs, triggering the expression of IL-17 and
MHC class Il molecules. These responses facilitate T-cell activation and contribute to sustained renal inflammation and tubular injury. (d) Brain: NETs
promote neuroinflammation by interacting with Mac-1 and RAGE receptors on neural and immune cells. DAMP-mediated neutrophil activation results in
excessive ROS production and NET release, further amplifying neuronal damage. (e) Heart: In the myocardium, NETs activate neutrophils via the TLR9
signalling pathway, leading to the release of TNF-o and ROS. These inflammatory mediators exacerbate myocardial damage and dysfunction following
reperfusion. (f) Other organs: In various organs affected by IRI, recruited neutrophils lead to excessive production of ROS and release of NETs through
activation of TLR9 and NLRP3, ultimately resulting in tissue damage. NETs neutrophil extracellular traps, IRl ischaemia-reperfusion injury; MPO
myeloperoxidase, NLRP3 nucleotide-binding domain, leucine-rich repeat containing family, pyrin domain-containing 3, IL-17 interleukin-17, TLR9 toll-like
receptor 9, DAMPs damage-associated molecular patterns, ROS reactive oxygen species, TNF-a tumour necrosis factor-alpha, NF-x B nuclear factor
kappa-light-chain-enhancer of activated B cells, PI3K phosphatidylinositositol-4,5-bisphosphate 3-kinase, AKT protein kinase B, CXCL1/CXCL2 C-X-C motif
chemokine ligand 1/2, RAGE receptor for advanced glycation end-products, ICAM-1 intercellular adhesion molecule-1, IRF3 interferon regulatory factor 3

as DAMPs and, if inadequately cleared, can further amplify
inflammatory signalling [92]. Collectively, these considerations
underscore the need for neutrophil-targeted strategies that
carefully balance the preservation of essential immune functions
with the limitation of inflammation-driven collateral tissue
damage (Figure 6).

C5a receptor antagonists

Among the upstream regulators of neutrophil activation, the
complement system plays a pivotal role in the pathogenesis
of IRI [93]. In particular, complement component C5a and its
receptor (C5aR) form a critical node within the ‘complement-
neutrophil-NET’ axis. C5a acts as a potent neutrophil activator

and drives chemotaxis, degranulation, and NET formation,
thereby serving as a key upstream trigger of NETosis [94]. On
this mechanistic basis, the pharmacological blockade of C5aR
has been shown to suppress pro-inflammatory cytokine release
and may indirectly limit NET formation, enabling intervention
at multiple levels of the inflammatory cascade during IRI [95].
Notably, representative C5aR antagonists have progressed into
clinical trials. The selective small-molecule C5aR antagonist
avacopan received FDA approval in 2021 for the treatment
of Anti-Neutrophil Cytoplasmic Antibody-Associated Vasculitis
(AAV) on the basis of landmark phase Ill ADVOCATE trial results
[96]. In this randomized, double-blind study that enrolled 330
patients, avacopan demonstrated remission rates comparable to
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Table 1 Research progress on NET inhibitors in ischemia-reperfusion injury

Treatment Mechanism Disease Therapeutic efficacy Classification Refs
DNase | nanoparticles The principle of AlS Alleviating reperfusion injury, DNase | therapy [58]
enzyme-substrate chemotaxis reducing infarct volume, and
targets NETs while remodelling the
simultaneously clearing ROS microenvironment of the
and protecting mitochondria neurovascular unit
GSK484 nanoparticles The drug GSK484 is TBI Reducing the severity of brain PAD4 inhibitor [86]
encapsulated in nanoparticles injury and cerebral oedema,
by conjugating a decreasing the infarct area,
neutrophil-selective binding and reducing the extent of
peptide with a ROS-responsive blood-brain barrier damage
polymer
Targeted inhibition of Selective blockade of PIRI Alleviating pulmonary Neutrophil [70]
mitochondrial complex mitochondrial respiratory oedema membrane-based
l'in CD1777 neutrophils chain complex | in CD177+ biomimetic vesicle
neutrophils, reducing their therapy
ROS production and NET
formation
Leukotriene C4 Inhibition of leukotriene C4 MIRI Reducing the infarct area Cell signalling [87]
inhibition synthesis or action reduces pathway inhibitor
the activation and migration
of neutrophils
Inhibition of Lactate promotes the MIRI Reduce the formation of NETs Cell signalling [40]
lactate-induced formation of NETs by and alleviate MI/RI injury pathway inhibitor
mitochondrial calcium increasing mitochondrial
uptake calcium uptake, thereby
exacerbating damage
Polyprenol-loaded Nanoparticles disguised with CIRI Improving neurological Neutrophil [88]
nanoparticles disguised NEVs enhance the targeting deficits after cerebral membrane-based
as neutrophil and penetration of drugs in ischaemia-reperfusion, biomimetic vesicle
extracellular vesicles the ischaemia-reperfusion reducing infarct volume, and therapy
injury area of the brain, decreasing brain tissue
reducing brain damage inflammatory response
Inhibition of miR-9-5p miR-9-5p from MIRI Inhibiting miR-9-5p or Cell signalling [35]
activity or blockade of cardiomyocyte-derived blocking its induced pathway inhibitor
its induced neutrophil exosomes induces neutrophil neutrophil N1 polarization can
N1 polarization N1 polarization, promotes the alleviate MIRI injury
formation of NETs, and
exacerbates tissue injury
Human C5a receptor Blocking C5a receptor to HIRI Protecting against hepatic C5a receptor [93]
antagonist inhibit complement-mediated ischaemia-reperfusion injury antagonis
neutrophil activation and in rats
inflammation
Intervention targeting Reducing the MMP9" high MIRI Improving cardiac function Cell signalling [89]
MMP9" high neutrophils neutrophil subset and the after MIRI and reducing pathway inhibitor
formation of NETs by myocardial injury.
modulating the expression of
the transcription factor SPI1
and its downstream target
gene CST7
Inhibition of ERK Protecting SH-SY5Y cells from OGD/R Reducing cellular damage, Cell signalling [90]

(extracellular
signal-regulated
kinase)

OGD/R injury by
downregulating autophagy
through alleviating
mitochondrial fission

enhancing cell survival, and
improving cell function

pathway inhibitor
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ROS reactive oxygen species, NETs neutrophil extracellular traps, AlS acute ischaemic stroke, PAD4 peptidylarginine deiminase 4, NEVs neutrophil extracellular
vesicles, MIRI myocardial ischaemia-reperfusion injury, CIRI cerebral ischaemia-reperfusion injury, OGD/R oxygen-glucose deprivation/reperfusion injury, PIRI
pulmonary ischaemia-reperfusion injury, TBI traumatic brain injury, C5a complement component 5a
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Figure 6 Therapeutic strategies targeting NETs and their pathological effects. A range of strategies have emerged to inhibit NET formation or alleviate its
pathological consequences. PAD4 inhibitors suppress histone citrullination, blocking chromatin decondensation and NET release. Signal pathway
inhibitors, such as those targeting NADPH oxidase-mediated ROS production, reduce NET formation and downstream inflammatory signalling (e.g.
NF-«k B, Nrf2). Neutrophil-mimicking vesicles deliver targeted therapies to inflamed tissues. C5a receptor antagonists bind to C5aR, inhibiting
downstream inflammatory signalling and reducing NET formation and inflammatory cytokine release. DNase | therapy degrades extracellular DNA,
dismantling NET structures and mitigating inflammation. Mitochondria-targeted antioxidants (e.g. SkQ1) lower mitochondrial ROS and cytochrome ¢
release, attenuating NET-driven oxidative stress. These multifaceted approaches offer therapeutic potential for NET-associated diseases such as
ischaemia-reperfusion injury, autoimmunity, and thrombosis. NETs neutrophil extracellular traps, /IRl ischaemia-reperfusion injury, ROS reactive oxygen
species, TNF-oe tumour necrosis factor-alpha, PAD4 peptidylarginine deiminase type 4, NF-k B nuclear factor kappa-light-chain-enhancer of activated B
cells, Nrf2 nuclear factor erythroid 2-related factor 2, NADPH nicotinamide adenine dinucleotide phosphate, C5aR complement component 5a receptor

those of a prednisone tapering regimen at Week 26; however,
it resulted in superior sustained remission rates at Week 52.
Importantly, compared with standard glucocorticoid therapy,
avacopan therapy was associated with better recovery of renal
function and a significantly reduced risk of relapse [97]. These
clinical findings provide compelling validation for targeting the
C5a-neutrophil-NET axis in inflammatory diseases characterized
by neutrophil-driven tissue injury, including IRI.

Mitochondria-targeted antioxidants

In addition to complement-driven neutrophil activation, intracel-
lular metabolic stress signalling critically shapes NET formation
during IRI. Mitochondrial reactive oxygen species (mtROS) are
key initiators of NET formation, particularly in the context of vital
NETosis. During IRI, mitochondrial dysfunction-induced oxidative
stress accelerates NET generation and exacerbates tissue damage

[98]. In this context, mitochondrion-targeted antioxidants, such
as Plastoquinonyl-decyl-triphenylphosphonium Bromide (SkQ1),
have been developed to selectively neutralize mtROS and have
demonstrated robust organ-protective effects across multiple IRI
models [99].

In addition to attenuating mitochondrial ROS accumulation and
lipid peroxidation, SkQ1 limits cytochrome c release, thereby pre-
serving cellular integrity and organ function. Nevertheless, the
therapeutic efficacy of SkQ1 is highly dose dependent, as exces-
sive concentrations may paradoxically exert pro-oxidant effects
[100]. To increase therapeutic precision while minimizing adverse
outcomes, future strategies should integrate smart controlled-
release nanocarriers with real-time redox monitoring technolo-
gies. Such approaches may enable spatiotemporally controlled
antioxidant delivery and more effective NET formation modula-
tion [101].
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PAD4 inhibitors

At the level of chromatin remodelling, histone citrullination
represents a critical step in NET formation. PAD4, which serves as
the core enzymatic regulator of this process, promotes chromatin
decondensation and DNA release by catalysing the conversion of
arginine residues to citrulline [102]. Irreversible PAD4 inhibitors,
such as Cl-amidine, block NET release via covalent binding to
the enzymatic active site, whereas the selective inhibitor GSK484
effectively suppresses NET formation, attenuates pulmonary
oedema, and improves survival in Streptococcus pneumoniae-
induced sepsis models [103].

In renal IRI, PAD4 inhibition ameliorates renal dysfunction
by limiting histone citrullination and may reduce the risk
of secondary cardiovascular complications. Despite these
encouraging findings, the clinical translation of early PAD4
inhibitors, including GSK484 and Cl-amidine, remains limited
by suboptimal pharmacokinetic properties and limited target
specificity [104]. Specifically, compounds such as GSK484 exhibit
low oral bioavailability and short half-lives, restricting their
practical application in IRI treatment.

To overcome these obstacles, JBI-589 has been developed as
a novel highly selective, reversible PAD4 inhibitor. Through an
optimized molecular structure, this compound has been shown
to significantly improve drug metabolism and pharmacokinetic
characteristics, demonstrating excellent oral bioavailability and
outstanding target specificity in mouse models [105]. These prop-
erties suggest that compared with early-generation inhibitors, JBI-
589 has superior clinical translational prospects, providing a new
candidate for PAD4-targeted therapy in IRI [106].

Intracellular signalling pathway inhibitors

Tofacitinib is a JAK-STAT signalling pathway inhibitor that blocks
downstream signal transducer and activator of transcription
(STAT) phosphorylation and activation through the selective
inhibition of Janus kinase (JAK) [107]. In lupus-prone mice, tofac-
itinib significantly suppresses NET formation and ameliorates
vascular dysfunction. A phase | double-blind, randomized safety
trial further demonstrated that tofacitinib reduces circulating
NET complex (MPO-DNA) levels and alleviates arterial stiffness
in patients with systemic lupus erythematosus, suggesting the
clinical translational potential of tofacitinib for its inhibitory
effects on NETs [108].

Of greater significance is anifrolumab—a monoclonal antibody
targeting type | interferon receptor subunit 1—which successfully
achieved its primary endpoint in a phase Ill clinical trial, with
a BILAG-based Composite Lupus Assessment response rate
of 47.8% at Week 52 (vs. 31.5% with placebo, P=.001), and
significantly improved skin lesions and enabled glucocorticoid
reduction, becoming the first approved type | interferon pathway
inhibitor and establishing a clinical pathway for indirectly
modulating NETs by blocking upstream cytokine signalling [107,
109].

DNase | therapy

In contrast to strategies that inhibit NET formation, the direct
degradation of extracellular DNA represents an alternative
approach to limiting NET-mediated damage [98]. DNase |, a
nonspecific endonuclease capable of degrading extracellular
DNA, has been extensively investigated as a means to promote

NET clearance. The clinical feasibility of this strategy has been
validated in cystic fibrosis: recombinant human DNase | was
approved in 1993 and, when administered via nebulization,
degrades the abnormally accumulated NET DNA scaffold in
the airways, significantly reducing sputum viscosity, improving
pulmonary function, and decreasing acute exacerbations of
respiratory infections. This successful case established DNase |
as a pharmacological paradigm for NET-targeted therapy [110].

In the field of IRI, preclinical studies have demonstrated that
exogenous DNase | administration can reduce myeloperoxidase
and neutrophil elastase levels, improve tissue perfusion, and
attenuate fibrosis in skeletal muscle IRl [111]. Recent studies
have further expanded the applicability of this strategy: in
an acute respiratory distress syndrome model, intravenous
rhDNase significantly reduced platelet-NET aggregation, restored
normal clotting time, and improved pulmonary microcirculatory
perfusion by degrading the NET DNA scaffold, suggesting that
the shift in administration strategy from nebulized inhalation to
intravenous injection could substantially expand its therapeutic
window, which holds important reference value for the treatment
of multiorgan IRI [112].

Neutrophil membrane-based biomimetic vesicle
therapy

On the basis of advances in targeted delivery, biomimetic
nanovesicles derived from neutrophil membranes provide an
active targeting strategy for IRI lesions. In this context, Ma et al.
[113] demonstrated that encapsulating the anti-inflammatory
cytokine IL-37 within neutrophil membrane-derived vesicles (N-
MV@IL-37) not only enhances cytokine stability but also enables
targeted delivery to the injured endothelium through P-Selectin
Glycoprotein Ligand-1 (PSGL-1)-mediated recognition. In renal IRI
models, this targeted approach has been shown to significantly
reduce apoptosis and inflammatory responses, supporting its
therapeutic efficacy [113].

Consistent with these findings, myocardial IRI models have fur-
ther revealed that vesicles generated by the fusion of neutrophil
membranes with functional mitochondria possess regenerative
capacity and promote tissue repair. Despite these promising
results, clinical translation will require the systematic evaluation
of long-term biocompatibility and immunogenicity, particularly
in chronic IRl settings. In parallel, the artificial intelligence-
assisted optimization of membrane protein composition may
further increase vesicle stability and targeting precision [113].
Collectively, these advances underscore the potential of neu-
trophil membrane-based biomimetic vesicles as personalized,
multiorgan therapeutic platforms for IRI-associated pathologies.

Anti-inflammatory and immunomodulatory therapies

In addition to direct interference with NET formation or clearance,
broader immunomodulatory strategies have been explored. NETs
are indispensable for effective pathogen clearance; however, their
protective function depends on a tightly regulated physiological
balance. When NET formation becomes excessive or dysregulated,
particularly under inflammatory conditions, it shifts from host
defence to a major driver of secondary tissue injury. Accordingly,
therapeutic strategies aimed at modulating neutrophil activation
and NET production have garnered increasing interest [114].
Among these approaches, macrolide antibiotics such as
azithromycin attenuate NET formation by suppressing the
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neutrophil respiratory burst. /n vitro studies have demonstrated
that pretreatment with azithromycin (50 g/ml) markedly inhibits
phorbol 12-myristate 13-acetate-induced ROS generation,
providing a mechanistic basis for its immunomodulatory effects
[115]. These experimental observations are reinforced by clinical
evidence. In patients with bronchiectasis, long-term low-dose
azithromycin therapy is associated with significantly reduced
sputum NET levels accompanied by improvements in disease
severity [116]. Similarly, early azithromycin administration in
sepsis-associated AKI is correlated with concurrent reductions
in NET burden and a lower incidence of renal complications [117].
Nevertheless, because NETs constitute an integral component of
host immune defence, therapeutic inhibition must be carefully
individualized according to disease context and severity to avoid
the risks associated with excessive immunosuppression.

Anticoagulant therapy

The intimate interplay between NETs and coagulation pathways
has prompted interest in anticoagulant-based interventions.
Heparin is a widely used anticoagulant with well-established
efficacy; however, its capacity to regulate NETs is limited by
inherent molecular pleiotropy. At low doses, heparin suppresses
NET formation, histone release, and the production of pro-
inflammatory mediators [118]. In contrast, higher doses para-
doxically increase NET generation and thrombosis through the
formation of platelet factor 4 (PF4)-heparin complexes. This
narrow therapeutic window, together with opposing dose-
dependent effects, makes precise modulation particularly

challenging in complex pathological settings characterized by
multisystem dysregulation, such as sepsis [119].

By comparison, recombinant human soluble thrombomodulin
(rhTM) inhibits histone-induced NET formation via its lectin-like
domain independent of its anticoagulant activity, thereby circum-
venting the dose-related paradox observed with heparin [120].

In vivo studies have demonstrated that rhTM treatment reduces
NET formation; in rats with septic shock, it also decreases conges-
tion, inflammation, oedema, and bleeding.

Despite these encouraging findings, the clinical utility of rhTM
remains a subject of debate; concerns include its high cost, the
limitationsimposed by intravenous administration, and the uncer-
tain benefit-risk profile in patients without overt coagulopathy.
Future studies should directly compare rhTM with dose-optimized
low-molecular-weight heparin in NET-associated organ injury and
explore biomarker-guided precision treatment strategies, such as
those based on plasma histone levels [118] (Figure 7).

Conclusions

The critical roles of neutrophils and NETs in IRl are now well
established; however, translating these mechanistic insights into
effective clinical treatments remains a significant challenge. A
core limitation of the current research lies in the predominance
of animal model studies, with relatively scarce human clinical
data. The efficacy of most therapeutic strategies discussed in
this review has been primarily demonstrated in rodent or large-
animal models, whereas clinical validation in IRl patients remains
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limited. Furthermore, current research still lacks characterizations
of neutrophil subsets and NET features in specific populations,
particularly children and elderly individuals; however, the
results of existing studies concerning neutrophil function,
NET release patterns, and their associated functions following
release remain unclear. Essentially, NETs formed under different
pathological environments exhibit fundamental differences in
initiating signalling and downstream biological consequences,
yet the lack of systematic comparative analysis of these distinct
processes constrains the development of targeted regulatory
strategies. Several emerging strategies are beginning to expand
therapeutic prospects, particularly CRISPR/Cas9-based systems,
which offer transformative opportunities to intervene in NET
formation through the selective disruption or modification of the
PAD4 gene. However, the clinical translation of such strategies
remains constrained by critical challenges, including efficient
tissue-targeted delivery, the minimization of off-target genomic
modifications, and the guarantee of long-term safety. Clearly,
integrating neutrophil types and NET characteristics across differ-
ent populations will provide clinical translation opportunities for
precision medicine centred on NET-targeted regulation.
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