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Abstract

Cardiovascular disease (CVD), a leading cause of global mortality, encompasses a range of conditions affecting the
heart and blood vessels, including but not limited to atherosclerosis, hypertension, heart failure, and arrhythmias
Neutrophils, key players in innate immunity, have gained attention for their role in atherosclerosis and
atherothrombosis through the formation of Neutrophil Extracellular Traps (NETs). These web-like structures,
composed of chromatin, histones, and granular proteins, actively participate in the pathophysiology of atherosclerosis
by promoting inflammation, vascular dysfunction, plaque destabilization, and thrombogenesis

Studies reveal that NETs contribute to endothelial dysfunction, foam cell formation, and immune cell recruitment
within atherosclerotic lesions, exacerbating disease progression. Neutrophil-derived myeloperoxidase and pro-
inflammatory mediators, such as IL-1P, propagate atherosclerosis by activating immune responses and hastening
plaque development. Targeting NET formation pathways, notably PAD-4 inhibition, shows promise in reducing
plaque size and improving vascular outcomes in experimental models.

Beyond atherosclerosis, NETs play diverse roles in immune-mediated inflammatory conditions like systemic lupus
erythematosus and rheumatoid arthritis, underscoring their wider implications in disease pathogenesis. While
NETosis inhibition strategies, such as DNase I, MF, and JAK inhibitors, demonstrate potential therapeutic benefits,
further research is essential to unravel the intricate mechanisms of NETs in atherosclerosis and explore novel
treatment avenues.

Understanding the complex interplay between neutrophils, NETs, and atherosclerosis offers opportunities for targeted
interventions to mitigate disease progression and reduce cardiovascular risk. NETs emerge as a promising therapeutic
target in atherosclerosis management, holding the potential to revolutionize treatment strategies and improve clinical
outcomes in cardiovascular diseases and beyond.
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FOR THERAPEUTIC APPROACHES. Int J Drug Deliv Technol. 2026;16(82s):828-846. DOI: 10.25258/1jddt.16.82s.93.

Introduction

Cardiovascular disease (CVD) accounts for a
significant portion of global mortality and morbidity,
particularly in Western countries. The primary causes
of CVD include coronary heart disease (CHD), which
is responsible for 42.6% of deaths; stroke at 17.0%;
high blood pressure at 10.5%; heart failure at 9.4%;
diseases of the arteries at 2.9%; and other CVD-
related conditions at 17.6%. These conditions are
closely linked to atherosclerosis, a chronic
inflammatory and lipid-driven disorder that adversely
affects the vascular intima, leading to increased
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thickness through plaque formation and development
[1,2].

The development of atherosclerosis is primarily
triggered by endothelial damage, the accumulation of
low-density lipoproteins beneath the endothelial
layer, and the infiltration of various inflammatory
cells, such as macrophages, neutrophils, dendritic
cells, and T-lymphocytes. Recent research has
highlighted a substantial presence of neutrophils
within the atherosclerotic plaques of coronary
arteries, which contributes to plaque erosion, rupture,
and intraplaque hemorrhage [3,4]. While the role of

Page: 828



THE ROLE OF NEUTROPHIL EXTRACELLULAR TRAPS IN ATHEROSCLEROSIS: INSIGHTS FOR
THERAPEUTIC APPROACHES

these cells in chronic inflammation is well
understood, ongoing investigations aim to further
elucidate the significance of neutrophils and their
structures known as neutrophil extracellular traps
(NETs) as potential biomarkers and therapeutic
targets.

NETs are web-like structures formed during the
activation of neutrophils and comprise decondensed
chromatin, histones, and various cellular components
including nuclear and cytoplasmic proteins,
cytoskeletal elements, proteases, and granzymes.
They play a critical role in the innate immune
response against infections caused by bacteria,
viruses, and fungi. Moreover, NETs have been
implicated in the pathogenesis of atherosclerosis and
atherothrombosis, highlighting their potential
relevance in these conditions [5,6]. In Figure 1, we
schematically depicted the mechanism of NETs
formation.

The pathways leading to NET formation have
generated considerable debate since their discovery,
with various triggers being documented. However,
linking the primary events of NETosis through
specific signaling molecules to define distinct
intracellular  cascades remains a challenge.
Furthermore, the absolute necessity of PAD-4 for
NET formation is still contested. While some reports
indicate that the knockout or inhibition of PAD-4
disrupts NET formation in both murine and human
models [7], other studies have observed NETSs
forming in response to similar stimuli independently
of PAD-4 activity. These conflicting findings
highlight the wvariability in methodologies and
interpretations across different studies. Nevertheless,
citrullinated histone H3 (citH3) is widely recognized
as a specific marker of NET formation. The
distinction between “vital” and “suicidal” NETosis
also raises questions about terminology, as the
formation of NETs does not necessarily lead to
immediate cell death. Despite the ongoing
discussions, it is increasingly acknowledged that
NETs significantly influence various diseases,
including atherosclerosis and thrombosis [8,9].

Various Stimuli

Neutrophil

@ Histones
¢ pAD4

® mPO

e NE

Figure 1. Formation of NETs in response to various
stimuli (pathogens, cytokines,etc).

Neutrophil infiltration plays a critical role in plaque
erosion, as demonstrated by an optical coherence
tomography study that differentiated between plaque
rupture and erosion in patients with acute coronary
syndrome. Among 25 patients analyzed, seven
displayed erosions, and levels of systemic MPO were
significantly elevated compared to those with
ruptured plaques. Analysis of human endarterectomy
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samples indicated a positive correlation between the
presence of NETs and endothelial cell apoptosis, a
characteristic ~ feature = of eroded  plaques.
Nevertheless, the burden of NETs did not differ
significantly between the two lesion types,
emphasizing the potent effector functions of
neutrophils in atherosclerosis [10,11].

Methods

his review article employed a comprehensive and
systematic approach to investigate the role of
Neutrophil ~ Extracellular  Traps (NETs) in
atherosclerosis. The methodology involved the
following steps:

Literature Search: A thorough search of the scientific
literature was conducted using major databases,
including PubMed, Scopus, and Web of Science. The
search terms included "NETSs," "atherosclerosis,"
"inflammation," "immune response,” and
"cardiovascular disease." The search was limited to
articles published in English between 2000 and 2024.
Inclusion and Exclusion Criteria: Articles were
included if they discussed the role of NETs in
atherosclerosis, inflammation, or immune response.
Articles were excluded if they were review articles,
case reports, or studies that did not investigate the
relationship between NETs and atherosclerosis.
Study Selection: A total of 150 articles were
identified through the literature search. After
applying the inclusion and exclusion criteria, 50
articles were selected for in-depth analysis.

Data Extraction: Relevant data were extracted from
the selected articles, including study design, sample
size, population characteristics, and findings related
to NETs and atherosclerosis.

Data Synthesis: The extracted data were synthesized
to identify patterns and relationships between NETs
and atherosclerosis. The synthesis involved the use of
narrative summaries, tables, and figures to present the
findings.

Critical Appraisal: The selected articles were
critically appraised to evaluate the quality of the
evidence and the strength of the associations between
NETs and atherosclerosis.

The pathophysiology of atherosclerosis and
atherothrombosis

Atherosclerosis is increasingly recognized as an
inflammatory disease, with inflammation being an
integral part of its pathophysiology rather than merely
a secondary phenomenon. Recent studies have shown
that both immune responses and infections play
significant roles in the initiation and progression of
atherosclerosis and atherothrombosis. Key indicators
of atherosclerosis include lipid accumulation within
the arterial walls at specific locations, proliferation of
smooth muscle cells, increased extracellular matrix
production, and recruitment of inflammatory cells, all
of which contribute to the formation of
atherosclerotic plaques [12,13].

The initial event in atherogenesis is endothelial cell
injury, which sets off a series of processes leading to
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the development of atherosclerotic lesions. Following
this injury, there is an activation of the endothelium
and a disruption of its normal functions, triggered by
various factors such as infections, abnormal lipid
levels, decreased nitric oxide availability, and
disturbed blood flow [14,15]. A reduction in nitric
oxide, which is essential for maintaining healthy
vascular function and keeping the endothelium in a
quiescent state, creates an imbalance between
vasodilators and vasoconstrictors. This imbalance,
along with the heightened activity of nitric oxide
synthase that generates reactive oxygen species
(ROS), can activate endothelial cells; importantly,
this activation can be reversed if the stimulus is
quickly removed [16,17]. However, prolonged
exposure to these triggers leads to a chronic state of
endothelial activation, characterized by the
expression of adhesion molecules, pro-coagulant
factors, and pro-inflammatory mediators. Over time,
the cycle of endothelial injury and repair perpetuates,
promoting the proliferation of vascular smooth
muscle cells and the accumulation of lipids and
inflammatory cells, ultimately resulting in the
formation of atheromatous plaques composed of
multiple layers of foam cells and lipid deposits
[18,19].

While early-stage lesions at less susceptible sites can
potentially be reversed, these plaques often progress
rapidly to more advanced forms at areas of higher
susceptibility. Advanced plaques typically contain a
confluent core of extracellular lipids surrounded by
fibromuscular layers. Repeated episodes of plaque
surface disruption, hematoma formation, and
thrombosis may lead to Iuminal narrowing.
Additionally, advanced plaques can undergo
calcification and display fibrous changes [20,21].

Atherothrombosis arises as a complication of
atherosclerosis and is a significant contributor to life-
threatening vascular events. The mechanisms
underlying atherothrombosis can be understood
through two primary processes. The first involves the
rupture of the fibrous cap of a plaque, particularly in
what are termed "vulnerable plaques." These plaques
have thin fibrous caps with low collagen and smooth
muscle content, but high levels of lipids and
inflammatory cells. The second mechanism is the
superficial erosion of the plaque, which is
characterized by a higher presence of extracellular
matrix components, smooth muscle cells, and NETs,
but fewer lipids and inflammatory cells [22,23].

While lipid-lowering therapies are known to improve
the conditions of vulnerable plaques and mitigate the
first mechanism, the erosion process remains a
significant factor contributing to the high risk of
complications associated with atherosclerosis. The
prominent roles of inflammation and immune
responses in both the initiation and progression of
atherosclerosis underscore the importance of various
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inflammatory cells, mediators, and immune pathways
involved in its pathophysiology [24].

Toll-like receptor 4 (TLR4) signaling in vascular
smooth muscle cells has been implicated in the
inflammatory process and lipid accumulation through
the activation of the NF-kB pathway and the
regulation of ATP-binding cassette sub-family G
member 1 (ABCGI), which in turn drives the
progression of atheromatous plaques. Similarly, the
JAK-STAT signaling pathway participates in the
modulation  of  atherogenesis and  plaque
development. Pro-inflammatory cytokines such as
IFN-y, TNF-a, and interleukins like IL-1B and IL-6
act as crucial mediators in the complex interactions
among the cellular components involved in
atherosclerotic inflammation [25,26].

Recent studies have identified a variety of immune
cells within atherosclerotic lesions, including T and B
lymphocytes, natural killer cells, dendritic cells,
macrophages, monocytes, and neutrophils. The
presence of microbial antigens and genetic material
within these plaques has been documented. This
suggests that inflammation related to infections may
accelerate atherogenesis and increase the severity of
atherosclerotic lesions, supporting the notion that
infections play a significant role in atherosclerosis
pathophysiology [27,28].

Gram-negative bacterial endotoxins have been shown
to trigger inflammatory responses, which can be
explained by an "echo effect." These bacterial
components and pathogen-associated molecular
patterns (PAMPs) circulate in the bloodstream and
activate immune responses in atherosclerotic lesions
by interacting with TLRs present on leukocytes and
vascular endothelial cells. Chronic infections can lead
to persistent inflammation and immune activation,
which may contribute to the development of
atherosclerosis and its associated complications [29].
Furthermore, acute infectious states can create a
hypercoagulable environment that may exacerbate
the development of atherothrombosis. Initially
identified as a defense mechanism against bacterial
infections, NETs may also play a crucial role in
connecting the dots  between infections,
atherosclerosis, and thrombosis [30,31].

Neutrophils and Neutrophil Extracellular Traps

Neutrophil granulocytes account for approximately
60% of all leukocytes in the human body and play a
pivotal role in innate immunity. Characterized by
their short lifespan, neutrophils are swiftly released
from the bone marrow into the bloodstream, where
they serve as the first line of defense against
inflammation and tissue injury [32,33].

The abundance and distinctive capabilities of
neutrophils enable them to combat pathogens
effectively  through  mechanisms such as
phagocytosis, degranulation, and cytokine release.

Page: 830



THE ROLE OF NEUTROPHIL EXTRACELLULAR TRAPS IN ATHEROSCLEROSIS: INSIGHTS FOR
THERAPEUTIC APPROACHES

These cells contain various types of granules filled
with hydrolytic enzymes, including MPO and serine
proteases. Upon engulfing pathogens, neutrophils can
merge their granules with phagolysosomes, resulting
in the degradation of the engulfed material.
Additionally, they can release their granular contents
into the extracellular environment [34,35].

A notable mechanism associated with neutrophils
emerged only about 15 years ago, although
preliminary evidence for it was documented back in
1996. Research indicated that phorbol myristate
acetate (PMA) can rapidly induce a unique form of
cell death in neutrophils, which differs from
traditional apoptosis or necrosis. This process
involves distinct morphological changes, including
signs of nuclear decondensation [36]. It has been
found that not just PMA, but also lipopolysaccharide
(LPS) and interleukin (IL)-8 can trigger the formation
of extracellular structures comprised of fragile fibers
made of decondensed DNA intertwined with histones
and granule proteins. These NETs can effectively
capture both Gram-positive and Gram-negative
bacteria, and the presence of neutrophil elastase (NE)
or MPO facilitates the degradation of vital bacterial
virulence factors [37].

Live-cell imaging studies have revealed that NET
formation is an active process, distinct from both
apoptosis and necrosis. Upon activation, isolated
neutrophils undergo dramatic = morphological
changes: they initially spread out and form
intracellular vacuoles, followed by the loss of their
lobulated nuclear appearance as they expand within
the cytoplasm [38,39]. At this stage, despite these
changes, neutrophils remain viable, as indicated by
the retention of the vital dye calcein blue and a
negative Annexin V test, indicating that they are not
undergoing apoptotic death. This viability can persist
until the eventual rupture of the plasma membrane
occurs. Unlike apoptosis, the chromatin in these
neutrophils becomes decondensed, and the
fragmentation of internal membranes allows for the
intermixing of nuclear, granular, and cytoplasmic
components, which is not characteristic of necrotic
cell death [40].

The generation of ROS is essential for the formation
of NETs. Inhibition of ROS production has been
shown to diminish NET formation, and neutrophils
isolated from patients with chronic granulomatous
disease—who possess mutations affecting phagocyte
NADPH oxidase—do not produce NETs in response
to PMA. However, introducing hydrogen peroxide to
the system restored their ability to form NETs. This
indicates that NETosis is dependent on the assembly
and activation of NADPH oxidase and can be
initiated through protein kinase C signaling,
specifically via the raf-MEK-ERK pathway [41,42].

ROS serve as substrates for MPO, and the presence
of both ROS and MPO acts as a crucial stimulus for
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activating NE. Following its translocation into the
nucleus, NE targets core histones, facilitating
chromatin decondensation in conjunction with
histone citrullination mediated by PAD-4 [43,44].
Subsequently, the breakdown of intracellular
membranes allows the association of granular
proteases and antimicrobial agents with chromatin.
The disruption of the outer cell membrane ultimately
leads to the expulsion of the cellular meshwork,
resulting in the formation of NETs. Many of the
proteins associated with NETs are susceptible to
degradation by neutrophil proteases in vitro, which
likely reduces their potential to act as autoantigens in
vivo [39].

In addition to mentioned stimuli such as MPO, serine
proteases, LPS, PAD-4, and ROS, recent research
indicates that various factors also play significant
roles in triggering NET formation. Factors such as
(12-) tetradecanoic acid phorbol ester (-13-) acetate,
interferon, activated platelets, endothelial cells,
interleukin-8, and tumor necrosis factor-alpha have
been shown to enhance neutrophil activation, leading
to NETosis. These stimuli can amplify the
inflammatory response within atherosclerotic lesions,
contributing to disease progression and representing
important targets for future therapeutic interventions
[45,46].

Recently, there has been a growing interest in the
potential for extracellular trap (ET) formation beyond
neutrophils. Among granulocytes, mast cells and
eosinophils have shown capabilities for ET
formation, and it has been discovered that monocytes
can also release ETs containing myeloperoxidase and
citH3. Additionally, evidence suggests that
macrophages can expel their intracellular contents as
part of ET formation. However, the significance of
these non-neutrophil-associated ETs remains to be
fully elucidated [47,48].

The Role of NETs in Thrombosis

Recent research has increasingly highlighted the
significant involvement of NETs in both arterial and
venous thrombosis. Platelets are crucial for
hemostasis and thrombus formation, and studies
suggest that interactions between platelets,
neutrophils, and NETs are complex and pivotal [49].
NETs serve as a structural framework that facilitates
the adhesion, activation, and aggregation of platelets
and red blood cells. They can enhance gene
expression related to coagulation factors and promote
clustering of prothrombotic substances, such as von
Willebrand factor (vWF) [50]. Notably, -clot
formation can occur even without fibrin, solely due to
the NET structure. While NET-associated histones
are known to trigger platelet aggregation, recent
findings indicate that cathepsin G, a neutrophil
protease found within NETs, is key to activating
platelets [51].

Platelet activation involves specific receptors and
kinases, while NETs produced by septic patients and
those experiencing myocardial infarction contain
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tissue factor (TF), which initiates the coagulation
cascade and activates additional platelets [52].
Importantly, NETs influence the production and
stability of thrombospondin-1 (TSP-1), which is
essential for hemostasis. Neutrophil proteases,
including neutrophil elastase and cathepsin G,
convert TSP-1 to a more active form, enhancing its
hemostatic properties. Meanwhile, NETs protect
TSP-1 from complete degradation under high
protease conditions [53].

Moreover, activated platelets appear to induce
NETosis, indicating that the interaction between
platelets and neutrophils extends beyond thrombosis
to inflammation. Research has demonstrated that
stimulated platelets can activate neutrophils to
produce NETs, enhancing bacterial entrapment in the
microvasculature of the liver and lungs [54].
Prominent platelet agonists, such as collagen and
thrombin, lead to NET formation in a dosage-
dependent manner. Mediation occurs through
mechanisms like the adhesion molecule P-selectin,
but evidence suggests that its role in humans is still
debated. Other factors, including glycoprotein Ib and
the release of vWF, also contribute to NETosis. The
signaling pathways involved appear to include ERK
and phosphatidylinositol 3-kinase, without a reliance
on ROS production [55].

Interestingly, PMPs and inorganic polyphosphate
have been identified as novel mediators of NETosis.
Overall, there exists a feedback loop where activated
platelets stimulate neutrophils to release NETs, which
further activate platelets [56].

Arterial and Venous Thrombosis

NETs are involved in both arterial and venous
thrombosis. In arterial cases, studies have shown that
NETs are present in the culprit artery of myocardial
infarction patients, where they coexist with activated
platelets and neutrophils. NETs are found in fresh and
Iytic thrombi but are absent from fully organized
thrombi. Recent findings indicate that various
leukocyte-derived extracellular traps, including those
from macrophages and mast cells, play a role in
coronary atherothrombosis [57].

In the context of venous thrombosis, robust evidence
supports the connection of NETs with thrombus
formation in animal studies and clinical observations.
The interaction between vWF, TF, and platelets
contributes to NET involvement. Synergistic
signaling through specific receptors in neutrophils is
associated with promoting deep vein thrombosis [58].
In cancer patients, neutrophils exhibit a heightened
tendency for NETosis, contributing to increased
thrombin and fibrin production, while targeting
neutrophils or disrupting NET structures mitigates
this procoagulant activity [59].

In summary, the evidence firmly establishes the
essential role of NETS in various facets of thrombosis,
prominently linked to the interactions among
neutrophils, NETs, and platelets.

NETs in Atherosclerosis Development

The role of neutrophils in atherosclerosis was
identified indirectly when elevated levels of MPO
were shown to independently predict the risk of
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coronary artery disease, regardless of traditional risk
factors. A substantial number of circulating
neutrophils, a major source of MPO, were linked to
both the development and severity of atherosclerotic
lesions, as well as to chronic stable angina.
Investigations of human atherosclerotic lesions have
revealed the presence of MPO and neutrophils
producing the pro-inflammatory cytokineIL-8 [60].
The extent of neutrophil infiltration correlated with a
pro-inflammatory environment and lesions prone to
rupture. Additionally, surrogate markers for NETs,
such as double-stranded DNA and chromatin, were
independently associated with the severity of
coronary atherosclerosis and the occurrence of
adverse cardiovascular events [61,62].

Mechanistic Pathways of Atherosclerosis

The exploration of the mechanistic pathways of
atherosclerosis  frequently employs genetically
modified mice, particularly those lacking
apolipoprotein E (ApoE) or the low-density
lipoprotein receptor. These mice are subjected to a
high-fat diet to induce atherosclerotic lesions,
revealing numerous factors contributing to lesion
formation and maintenance, particularly
underscoring the role of neutrophils in plaque
progression [63,64].

In experiments, MPO-positive neutrophils were
predominantly located in the fibrous caps of
atherosclerotic plaques, especially in regions
exhibiting marked inflammatory activity, often
outnumbering macrophages in these areas. The
depletion of neutrophils was shown to diminish lesion
development; however, these protective effects were
most evident when neutrophil depletion occurred
during the initial weeks of lesion formation,
suggesting that neutrophil activity is crucial in the
early stages of plaque growth [65,66].

In ApoE knockout mice, neutrophils were found at
the luminal surfaces of carotid atherosclerotic lesions
and were observed releasing DNA, indicative of NET
formation. This was further supported by the
visualization of NETs in human endarterectomy
specimens. The presence of NETs in atherosclerotic
lesions of mice was associated with elevated levels of
pro-inflammatory markers, including IL-1a, IL-1B,
and IL-6. NETs were shown to induce lytic cell death
in smooth muscle cells within these lesions via
histones, leading to reduced plaque stability [67].
Recent classifications of atherosclerotic lesions have
identified two distinct phenotypes: rupture-prone and
erosion-prone. Evidence suggests that the underlying
pathomechanisms differ significantly between these
two types. Typically, rupture-prone lesions have high
macrophage content, large lipid pools, and low levels
of interstitial collagen, characterized by a thin fibrous
cap. The disruption of these fibrous caps accounts for
approximately two-thirds of coronary events [68].
Conversely, eroded plaques generally possess a thick
or intact fibrous cap, often with a discontinuous
endothelial layer.

Pre-NET Stage: Initiation of NETosis

NETs are formed in the arterial environment through
various antigenic stimuli, including bacteria, viruses,
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and inflammatory factors. Key pathways leading to
NET production include PAD4-dependent and cell
cycle-dependent pathways. A significant contributing
factor to NET formation is the generation of ROS,
primarily influenced by oxidized low-density
lipoprotein (oxLDL) and cholesterol [69]. These
components induce ROS production in monocytes
and activated macrophages, promoting inflammation
and atherosclerosis development. Notably, cellular
cross-talk plays a critical role in neutrophil activation,
particularly interactions with platelets which can
synergistically enhance NET formation. This
interaction is especially relevant in the context of
thrombosis [70].

Diverse Stimuli for NET Induction

We have highlighted several key stimuli that can
trigger NET formation [71,72]:

. Cytokines: Pro-inflammatory cytokines
(e.g., IL-8 and IL-1B) have been shown to
significantly promote NETosis. IL-8 facilitates
neutrophil recruitment and activates pathways
leading to NET formation.

. PAMPs: Agents like LPS initiate
inflammatory responses that can lead to NET release.
These external stimuli activate intracellular signaling
cascades that include the NF-kB and cGAS-STING
pathways.

. Cellular Cross-talk: The interaction between
platelets and neutrophils is a key trigger for NET
formation. Platelets release factors that can activate
neutrophils, a process that is accentuated during
thrombosis, thereby promoting NETosis in response
to vascular injury.

Role of Cytokines in NET Formation

Cytokines such as IL-8 and IL-1P are crucial in
regulating NET production by neutrophils, with IL-8
specifically facilitating neutrophil recruitment to
inflammatory sites. The activation of these cytokines
can lead to vascular damage, foam cell formation, and
accelerated atherosclerosis. Furthermore, IL-18
activates the NF-kB signaling pathway, promoting
additional inflammatory responses that exacerbate
endothelial damage [73].

NF-«xB and cGAS-STING Pathways

The NF-«kB signaling pathway is essential for
regulating inflammatory responses and promoting
NET formation. It activates genes associated with
inflammation and NET production, establishing a
reciprocal relationship between NET release and NF-
kB activity. Various atherosclerosis-related factors,
such as cytokines and infections, can stimulate NF-
kB, facilitating NETosis and further contributing to
vascular inflammation [74,75].

The cGAS-STING signaling pathway is activated in
response to  abnormal intracellular DNA
accumulation, such as mitochondrial DNA (mtDNA),
which can enhance NET formation and inflammatory
responses. This pathway induces ROS activation and
promotes NETosis, further embedding the
relationship between inflammation, NETs, and
atherosclerosis [76,77].
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NET Release Phase: Mechanisms of NETosis
NETosis is categorized into suicidal and non-suicidal
pathways, both of which can be influenced by various
activating signals. We have clarified the role of
specific pathways and their interplay during NETosis:
Suicidal NETosis: Triggered by potent agonists such
as phorbol-12-myristate-13-acetate (PMA), this
pathway involves extensive chromatin
decondensation and release of NET contents. Key
pathways such as NADPH oxidase activation,
mitochondrial dysfunction, and the action of PAD4
are necessary [78].

Non-Suicidal NETosis: This pathway operates in
response to less potent stimuli and maintains the
viability of neutrophils while still resulting in NET
release. Interactions with platelets or cytokines can
enhance or modulate this process, highlighting the
complexity of NET formation under varying
pathological conditions [79].

Key Processes in NETosis

. Mitochondrial Activation: The
mitochondrial NADPH oxidase pathway generates
ROS, playing a critical role in triggering NETosis.

. Cytoskeletal Disruption: The disintegration
of the cytoskeleton and nuclear membrane is vital for
the irreversible release of NETs.

. Chromatin Decondensation: Enzymes such
as PAD4 and NE facilitate chromatin extension,
leading to NET release.

. Release of NET Contents: After cell
membrane rupture, NETs, which comprise nuclear
and granular materials, are released to trap pathogens
[80,81].

Post-NET Release Phase: Impact on Atherosclerosis
The relationship between NETs and atherosclerosis is
synergistic; NETosis exacerbates atherosclerotic
processes through various mechanisms [82].
Interactions with Leukocytes and Platelets

NETs significantly influence leukocyte behavior.
MPO within NETs binds to receptors on
macrophages, promoting inflammatory cytokine
release and foam cell formation, leading to fatty
streaks in arteries. Additionally, NET components
can activate neutrophils and sustain inflammatory
cascades [83].

NETs Activate Platelets and Drive Coagulation
NETs play a crucial role in thrombus formation by
providing a negatively charged matrix that not only
attracts platelets but also facilitates their activation.
This dual functionality underscores their importance,
serving both in the immune response against
pathogens and as significant contributors to
thrombogenesis [84].

NETs create a structural framework that enhances
platelet adhesion and aggregation due to the presence
of negatively charged DNA and other components,
which allow for efficient binding of circulating
platelets and promote thrombus formation.
Additionally, NETs express various coagulative
factors, including histones that can activate platelets
through pathways mediated by TLRs. Specifically,
histones H3 and H4 have been shown to initiate pro-
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coagulant signaling in platelets, further advancing
thrombotic processes [85].

Moreover, NETs have the capacity to ensnare
circulating platelets, effectively trapping them within
their fibrous network. This entrapment not only
restricts the free movement of platelets but also brings
them into close proximity with pro-coagulant factors,
thus facilitating localized thrombus formation. The
relationship between NETs, platelets, and coagulation
factors is intricate and dynamic [86]. Although intact
NETs might not induce coagulation in vitro, their
disruption can significantly enhance thrombin
generation by increasing the accessibility of histones
and other proteins that play a role in coagulation
activation. Additionally, platelet-derived
polyphosphate, which has the capability to activate
the intrinsic pathway of coagulation, supports the
notion that NETs help create a microenvironment
conducive to thrombus formation [87].
Pro-inflammatory and Procoagulant Effects

NETs harbor proteins that can induce oxidative stress,
inflammation, and coagulation pathways. Histones
and proteases from NETs activate TLR pathways and
other receptors on endothelial cells and immune cells,
amplifying inflammatory responses and further
promoting atherosclerosis [88].

Role of mtDNA and non-coding RNAs in
Atherosclerosis

mtDNA within NETs serves as a danger signal that
activates inflammatory responses. Additionally, non-
coding microRNAs associated with NETs modulate
inflammatory mediator production in macrophages,
linking immune responses to NETosis and
atherosclerosis [89].

Inflammasome Engagement

Inflammasomes, particularly NLRP3, engage with
NETs and modulate inflammation and lipid
metabolism within atherosclerotic plaques. This
interaction fosters a feedback loop that exacerbates
both NETosis and atherosclerosis [90].

Mechanisms of NETSs in Atherosclerosis

The mechanisms underlying atherosclerosis (AS)
pathogenesis remain an area of ongoing investigation.
However, it is well established that NETs play a
significant role in AS progression. In studies using
ApoE—/— mice, treatment with Deoxyribonuclease-I
(DNasel)—which degrades NETs—resulted in a
reduction of plaque formation, indicating that NETs
contribute to the development of atherosclerotic
plaques. It has been shown that the DNA found in
NETs, along with granule proteins released from
neutrophils, can activate dendritic cells within the
vascular wall, initiating a robust type I interferon
(IFN-1) response that facilitates AS formation
[91,92,93].

NETs recruit monocytes and lymphocytes through
histone-mediated and charge-dependent adhesion
mechanisms and inhibit autophagosome formation in
macrophages. Additionally, NETs activate the
NLRP3 inflammasome in macrophages, leading to
the release of the pro-inflammatory cytokine IL-1f.
This, in turn, activates T-helper 17 (Thl17) cells,
further enhancing the recruitment of immune cells to
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the arterial wall [94,95]. Moreover, NETs stimulate
macrophages and promote the oxidation of low-
density lipoprotein (LDL) into oxidized LDL (ox-
LDL), which contributes to foam cell formation and
propels the progression of atherosclerosis. The
release of NADPH oxidase-dependent NETs and
macrophage-extruded extracellular traps (METs) has
been linked to the formation of atherosclerotic
plaques. Evidence suggests that NETs are integral to
the lesions associated with AS, while METs are
prominent in advanced plaques. This relationship
may be attributed to NET-induced macrophage
recruitment and the stimulation of arterial
macrophages to produce inflammatory mediators
[93,96,97].

Furthermore, proteins associated with NETs can harm
smooth muscle cells and accelerate plaque rupture.
Research also indicated that inhibiting PAD-4, an
enzyme critical for NET generation, leads to a
decrease in plaque size in ApoE—/— AS mice and
improves outcomes in carotid thrombosis. In
ApoE—/— mice on a high-fat diet, NETs generated in
the carotid arteries can induce macrophages to
produce IL-1PB, activating the Thl7 response and
promoting  immune cell infiltration into
atherosclerotic lesions [96,98]. It has been found that
NE and proteinase 3 (PR3) play key roles in
regulating NETosis; markedly reduced NET
generation occurs in ApoE/NE/PR3 triple-deficient
mice. After eight weeks on high-fat diet, these mice
exhibited significantly smaller plaques compared to
wild-type counterparts on the same diet, with reduced
plasma levels of IL-1a, IL-1p, and IL-6. This suggests
that NETs drive the release of inflammatory
mediators [99,100,93].

NETs also contribute to endothelial cell (EC)
dysfunction and apoptosis, along with triggering the
production of autoantibodies against double-stranded
DNA. Moreover, NETs promote the accumulation of
pre-thrombotic molecules, such as von vWF and
fibrinogen, intensifying the risk of thrombosis. Given
the established connections between NETs and
atherosclerosis, along with related cardiovascular
diseases, components of NETs may serve as
promising biomarkers for diagnosing and prognosing
AS and associated cardiovascular risks [101,102,93].
Reactive Oxygen Species and NETs

ROS play a complex, dual role in the development of
atherosclerosis, acting both as detrimental agents and
as crucial mediators of cellular signaling.
Atherosclerosis is a key contributor to various
cardiovascular diseases, including stroke and
myocardial infarction, characterized by
inflammation, lipid accumulation, and plaque
formation within arterial walls [103]. The influence
of ROS can be likened to a double-edged sword. On
one side, excessive production of ROS leads to
oxidative stress, an imbalance between oxidants and
antioxidants that can have harmful effects on the
body. This oxidative stress contributes to endothelial
dysfunction and inflammation, which escalate the
progression of atherosclerotic lesions [104,105].
Sustained elevated ROS levels impair endothelial
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function, causing an increase in the expression of
adhesion molecules and chemokines that attract
circulating monocytes. As these monocytes penetrate
the endothelium and differentiate into macrophages,
they give rise to foam cells, a hallmark of
atherosclerosis [106].

In addition, high ROS levels are linked to the
proliferation and migration of smooth muscle cells
(SMCs), which can form neointimal tissue. While
uncontrolled SMC proliferation may lead to plaque
instability, regulated production of basal ROS is
essential for SMC contractile phenotype and
homeostasis. Furthermore, ROS activate immune
cells, including macrophages, which secrete pro-
inflammatory  cytokines and exacerbate the
inflammatory environment within atherosclerotic
plaques. This immune response leads to the
recruitment of more inflammatory cells to the site of
injury [107,108].

Interestingly, ROS are not solely harmful; they are
also vital for normal physiological signaling. Low,
controlled levels of ROS are important for redox
signaling pathways that facilitate healthy cell
function and maintain vascular homeostasis. For
instance, ROS are involved in activating transcription
factors such as Nrf2, which regulates the expression
of antioxidant genes that can mitigate oxidative stress
[109].

The primary sources of ROS in atherosclerosis are
NADPH oxidases, particularly Noxl and Nox4.
These enzymes produce superoxide and other ROS
that modulate various cellular functions. Nox4 has
demonstrated protective effects in specific contexts;
for example, endothelial-specific overexpression of
Nox4 has resulted in smaller lesions in mouse models,
while its inhibition can worsen disease progression
[110,111]. Mitochondria also contribute to ROS
generation through the electron transport chain;
mitochondrial oxidative stress is implicated in
macrophage activation and cytokine production,
further contributing to the inflammatory landscape of
atherosclerotic plaques [112].

The cellular response to ROS varies significantly
among different cell types. Endothelial cells exposed
to elevated ROS may experience senescence and loss
of function, while SMCs may proliferate. This
differential response is influenced by the context of
oxidative stress, the local microenvironment, and the
molecular signaling pathways activated by ROS
[113]. Additionally, high levels of ROS can trigger
endoplasmic reticulum stress pathways, contributing
to cellular dysfunction in atherosclerosis. Excess
H:0: initiates unfolded protein response pathways
that can lead to apoptosis if unresolved [114].

In summary, NETs and their components have the
potential to act as important clinical markers for AS
and represent new therapeutic targets. Continued
rescarch on NETs across various stages of
atherosclerosis will enhance our understanding of the
disease's development and support the creation of
novel treatment strategies [115]. Although evidence
is accumulating regarding the involvement of NETs
in AS pathogenesis, many aspects remain unclear.

Specific mechanisms through which NETs exert their
harmful effects include the activation of dendritic
cells and macrophages, immune cell recruitment,
induction of EC dysfunction and apoptosis,
autoantibody production, and the promotion of
thrombogenesis [116]. The elements of NETs show
substantial promise as diagnostic and prognostic
biomarkers in AS and may play a crucial role in
mitigating the morbidity and mortality associated
with this condition [117,118]. In Table 1, we provided
the summary of NETs involvement in atherosclerosis.
Table 1: Mechanisms of Neutrophil Extracellular
Traps (NETs) in Atherosclerosis

Implication
Description/Impa s for
Mechanism ct Therapy
Targeting
NETSs may
NETs promote reduce
atherosclerotic plaque size
Plaque plaques in and enhance
ApoE—/— mice outcomes
Development
Further
investigation
NETSs stimulate on targeting
dendritic cells, immune
Immune leading to a robust pathways
Activation IFN-1 response involved
Potential
NETSs recruit therapeutic
monocytes and targets to
macrophages via ~ modulate
Monocyte histong—mediated immt.me cell
Recruitment adhesion recruitment
NETs trigger Inhibition of
NLRP3 NLRP3 may
inflammasome reduce
Inflammatory activation, inflammatio
Cytokine increasing IL-1B nand les.ion
Release levels progression
Promote oxidation Strategies to
of LDL to ox- inhibit LDL
LDL, enhancing oxidation
Foam Cell foam cell could be
. development beneficial
Formation

IJDDT Volume 16 Issue 82s 2026

Page: 835




THE ROLE OF NEUTROPHIL EXTRACELLULAR TRAPS IN ATHEROSCLEROSIS: INSIGHTS FOR

THERAPEUTIC APPROACHES
Implication Research has indicated that DNa.se [ can signiﬁcant!y
Description/Impa s for reduce thrombug f01.'rrllalt10n and improve outcomes in
. MI. Moreover, inhibiting the activation of MMP-2
Mechanism ct Therapy has been associated with exacerbated endothelial
dysfunction and NET-related vascular injury in
. systemic lupus erythematosus (SLE) [123,124].
Protecting T};eatment Vliith rr?étformin has( beer)l shown to
smooth decrease PMA-induced NET formation in SLE
NETs damage mpscle cells patients. Vitamin D (1,25(OH)2D3) has also been
Smooth smooth muscle might found to reduce NET formation and subsequent
Muscle Cell  cclls, accelerating  stabilize endothelial injury in this condition. Tofacitinib, a
Damage plaque rupture plaques Janus kinase inhibitor, has been reported to modulate
NET formation while improving vascular
complications associated with murine lupus.
Developmen Additionally, celastrol, a triterpenoid compound, has
Induce tof been noted for its ability to inhibit NETosis induced
accumulation of anticoagulan by inflammatory stimuli in both rheumatoid arthritis
pre-thrombotic t therapies (RA) and SLE. Tocilizumab has demonstrated
molecules, targeting effectiveness in reducing NETosis, lowering
enhancing NET oxidative stress, and enhancing endothelial function
Thrombogenes thrombosis components in RA patients [125]. In Table 2, we summarized the
is Promotion . .
potential mechanisms and current key features of
therapeutic strategies targeting NETs.
Research Table 2. Therzfpeutic Strategies Targeting NETs in
into NET- Atherosclerosis
associated Key
NETs and their biomarkers Therapeuti Mechanism/Outc  Studies/Findi
components may  for ¢ Approach ome ngs
serve as cardiovascul
Diagnostic biomgrkers for AS ar ris.k .
Biomarkers severity prediction Linked to
lower
Reduce cardiovascular
NETs as a possible therapeutic target inﬂgmmation and event rates and
Alongside  therapies that target traditional stabilize ) improved
atherosclerosis risk factors such as atherosclerotic plaque
hypercholesterolemia and hypertension, there is a Statins plaques. stability.
growing interest in addressing the inflammatory
processes involved in atherosclerosis as a means to
alleviate its harmful consequences. Statins, for Decreased risk
example, not only reduce lipid levels but also exhibit Targets IL-1p to of ML, stroke,
anti-inflammatory  properties  [119,120].  The reduce and death by
Canakinumab  Anti-Inflammatory =~ Thrombosis Canakinum inflammation 15%
Outcomes Study (CANTOS) produced noteworthy associated with AS. (CANTOS).
results in the prevention of atherosclerosis-related ab
events. This study demonstrated that Canakinumab, a
monoclonal antibody that targets IL-1f, significantly .. .
lowered the risk of myocardial infarction (MI), Mltlgates Positive )
stroke, or cardiovascular death—the primary inflammatory Outcomes n
outcome measure—by 15%. responses - reducing )
Additionally,  preventive = measures  against gssoc%ated with atherosclerlotlc
infections—such as influenza, which can exacerbate Influenza infections that events during
atherosclerosis and associated complications—have Vaccination exacerbate AS. flu seasons.
shown promise in reducing the incidence of
atherosclerotic events [121,122]. While NETs serve
as potent defenders against bacterial infections, Reduces thrombi
focusing on such critical immune components formation;
requires careful consideration of potential risks. improves MI Enhances MI
However, further investigation into specific initiators outcomes. fate.
and mediators involved in the pathogenesis of DNase 1
atherosclerosis and atherothrombosis, as well as their

life-threatening complications, is essential.
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Key
Therapeuti Mechanism/Outc  Studies/Findi
¢ Approach ome ngs

Inhibits NET
formation and
reduces systemic Shown to

inflammation, reduce

improving complications

endothelial associated with

. ion. in diabetes.

Metformin function AS in diabetes

Enhances

endothelial

function and

reduces Protects

Vitamin D  inflammatory endothelial
(1,25(0H),  responses linked to  function in

D) NETs in AS. SLE.
Inhibits
inflammatory
pathways that
contribute to NET ~ Enhances
formation, vascular health
promoting vascular in murine
Tofacitinib health. lupus.
Reduces NETosis
and associated
inflammatory
responses, Reduces NET
alleviating AS formation in
Celastrol progression. RA and SLE.
Inhibits pro- Provides
inflammatory benefits
cytokines, resulting observed in
in decreased NET  RA and
Tocilizuma formation and associated
b oxidative stress. atherosclerosis.

Future perspectives of NETs

Lately, it has been revealed that NETs not only play
a key past in the inflammation of atherosclerotic ECs
but also in other immune or noninfectious
inflammatory diseases, such as, SLE, RA,
antiphospholipid syndrome. Moreover, NETs also
play a part in SARS-CoV-2 lung disease. Therefore,
it is important to study the mechanisms of
NETs/NETosis in diseases to facilitate their treatment
[126,127]. Acetylsalicylic acid, cyclosporin A, and
chlor-amidine can inhibit NETosis in the regulation
of anti-inflammatory and immune responses.
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Acetylsalicylic acid inhibits NETosis by blocking the
NF-xB pathway and weakens adverse reactions
caused by the overactivation of neutrophils. NETs are
also a promising target antitumor therapy. NETs can
provoke tumor transformation and speed up tumor
growth and metastasis in the process of
carcinogenesis, that is why it is possible to treat
tumors by degrading NETs. The NE inhibitor, PAD-
4 inhibitor, and DNase I are possible antitumor agents
for NETs targeted drugs [128,129].

Moreover, NETs are connected with stent thrombosis
and can support the overall stability of thrombus,
which implies that targeting NETs is a significant
direction in antithrombotic treatments. It has been
proved that DNase may boost thrombolysis in
arteries, which gives support for the use of targeted
NETs as novel thrombolytic strategy. Also, heparin
decreases the stability of NETs by removing the
histones in NETs and neutralizes the negative impact
of histones, which improves the influence of
antithrombotic therapy [130,131]. Metformin (MF) is
one of the most popular hypoglycemic agents with
potential to cute various diseases, Metformin is able
to regulate the function of macrophages in AS, for
instance, by inhibiting macrophage inflammation,
foam cell formation, etc. Moreover, it has been
proved that MF can inhibit the formation of NETs by
enhancing the function of macrophages. According to
research, MF is able to inhibit the activation of the
NLRP3 inflammasome in chronic diseases, while
promoting the activation of the NLRP3
inflammasome in acute diseases [132]. MF also
diminishes the degree to which neutrophils
participate in NETosis by boosting T cell
differentiation into memory and regulatory T cells,
Moreover, MF inhibits pro-inflammatory phenotype
of immune cells and shows positive results in animal
models of autoimmune diseases and clinical trials.
According to these studies, MF can be an essential
therapeutic drug for diseases associated with NETs
[133].

NETs are currently a popular research subject, and
have been discovered to play various parts in different
diseases. Despite the limited research on the
mechanisms of NETs in AS and the pathways
implicated, NETs are a promising target for the
treatment of AS [134,135].

Conclusion

The intricate interplay between neutrophils,
Neutrophil ~ Extracellular Traps (NETs), and
atherosclerosis underscores the multifaceted role of
innate immune responses in cardiovascular disease
pathogenesis. Neutrophils, as frontline defenders of
the immune system, contribute significantly to the
inflammatory milieu within atherosclerotic lesions,
exacerbating vascular dysfunction and plaque
instability. While NETSs can promote the formation of
atherosclerotic plaques and blood clots, they also
serve to kill pathogenic microorganisms, helping to
prevent further spread of infection. The discovery of
NETs as potent effectors of immune-mediated
processes in atherosclerosis highlights their potential
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as both diagnostic biomarkers and therapeutic targets
for mitigating disease progression.

Research efforts focused on elucidating the
mechanisms by  which  NETs  modulate
atherosclerosis have revealed novel insights into the
pathophysiology of the disease, shedding light on the
intricate crosstalk between inflammation, immune
responses, and cardiovascular complications.
Targeting specific pathways involved in NET
formation, such as PAD-4 inhibition or DNase I
treatment, shows promise in attenuating plaque
development and improving vascular outcomes in
experimental models.

Moreover, the broader implications of NETs in
various immune-mediated inflammatory disorders
and infectious diseases emphasize the versatile nature
of these structures in modulating immune responses
and disease pathogenesis. Recognizing that NETs can
both aid in combating infections and contribute to
atherosclerosis provides a double-edged perspective
that warrants further investigation. By unraveling the
complex interactions between neutrophils, NETs, and
atherosclerosis, novel therapeutic strategies can be
devised to target key players in disease progression
and reduce the burden of cardiovascular morbidity
and mortality.

Moving forward, continued research into the precise
mechanisms governing NET formation and activity in
atherosclerosis is crucial for advancing personalized
treatment approaches and enhancing clinical
outcomes in cardiovascular diseases. The evolving
understanding of NETs as critical mediators of
inflammation and thrombosis not only offers new
perspectives on disease pathophysiology but also
paves the way for innovative therapeutic
interventions tailored to target specific aspects of
disease progression.

In conclusion, the investigation of neutrophils and
NETs in the context of atherosclerosis represents a
burgeoning field with significant implications for
cardiovascular health. Harnessing the potential of
NETs as diagnostic tools and therapeutic targets holds
promise for revolutionizing the management of
atherosclerosis and related cardiovascular disorders,
ultimately striving towards improved patient care,
outcomes, and quality of life for individuals at risk of
cardiovascular events.

List of Abbreviations

Abbreviation Full Term

ApoE Apolipoprotein E

Abbreviation

AS

cGAS-STING

citH3

CVD

DNase I

EC

ET

IFN-1

IL

JAK

Full Term

Atherosclerosis

GMP-AMP synthase - Stimulator
of Interferon Genes

citrullinated histone H3

Cardiovascular Disease

Deoxyribonuclease I

Endothelial Cell

Extracellular Trap

Type I Interferon

Interleukin

Janus kinase
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Abbreviation  Full Term Abbreviation
LDL low-density lipoprotein NF-xB
LPS Lipopolysaccharide NLRP3
MET macrophage-extruded ox-LDL
extracellular trap
PAD-4
MF Metformin
PAMP
MI Myocardial infarction
MPO Myeloperoxidase PMA
mtDNA mitochondrial DNA PR3
NADPH Nicotinamide adenine dinucleotide RA
phosphate
ROS
NE Neutrophil Elastase
SLE
NET Neutrophil Extracellular Trap

Full Term

Nuclear Factor kB

NOD-Like Receptor Protein 3

oxidized low-density lipoprotein

Peptidyl Arginine Deiminase 4

pathogen-associated molecular
patterns

Phorbol Myristate Acetate

Proteinase 3

rheumatoid arthritis

Reactive Oxygen Species

Systemic Lupus Erythematosus
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Abbreviation  Full Term

SMC Smooth muscle cells
TF tissue factor

Th17 T-helper 17 (cells)
TSP-1 Thrombospondin-1
vWF von Willebrand Factor
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