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Abstract: Atherosclerosis is a chronic inflammatory condition that is typified by the deposition of lipids and the subsequent 
inflammation of medium and large arteries. Neutrophil extracellular traps (NETs) are fibrous meshworks of DNA, histones, and 
granzymes expelled by activated neutrophils in response to a variety of pathogenic conditions. In addition to their role in pathogen 
eradication, NETs have been demonstrated to play a pivotal role in the development of atherosclerosis. This article presents a review of 
the bidirectional interactions in which atherosclerosis-related risk factors stimulate the formation of NETs, which in turn support 
disease progression. This article emphasizes the involvement of NETs in the various stages of atherogenesis and development, 
influencing multiple factors such as the vascular endothelium, platelets, the inflammatory milieu, and lipid metabolism. The findings of 
this study offer new insights and avenues for further investigation into the processes underlying the formation and regulation of the 
vascular inflammatory microenvironment in atherosclerosis. Finally, potential targeted therapeutic strategies for NETs are discussed to 
facilitate their progression to clinical practice (Graphical Abstract). 
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Introduction
Atherosclerosis represents the primary pathophysiology of acute cardiovascular disease, including conditions such as 
myocardial infarction and stroke. It is characterized by the accumulation of lipids and subsequent inflammation in 
medium and large arteries.1 Atherosclerosis is a complex multifactorial disease in which risk factors for atherosclerosis 
commonly cause an inflammatory response. Inflammation is involved in all stages of atherosclerosis.2 The deposition of 
low-density lipoprotein (LDL) induces endothelial dysfunction and the expression of adhesion molecules, resulting in the 
selective recruitment of circulating monocytes into the intima of the vessel wall, the subsequent activation of the 
inflammatory response, and their transformation into macrophages. Macrophages have been shown to internalise lipids, 
forming cholesterol-rich foam cells.3 The release of inflammatory cytokines and pro-inflammatory mediators by both 
activated macrophage foam cells serves to further exacerbate the inflammatory response, leading to the formation of 
plaques. Subsequently, the accumulation of foam cells in the intima of the arterial wall promotes the development of fatty 
streaks. Furthermore, a number of chemokines and growth factors are implicated in the modulation of the inflammatory 
response, as well as in the induction of the migration and proliferation of smooth muscle cells (SMCs). The aforemen
tioned cells contribute to the formation of a fibrous cap in atherosclerotic plaques.4,5 The involvement of a range of 
inflammatory components plays a pivotal role in fibrous cap growth and instability. A ruptured fibrous cap may result in 
thrombus formation, leading to myocardial infarction or ischaemic stroke.2
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Neutrophils, the most prevalent type of leukocyte in circulation, have been demonstrated to serve as a prognostic indicator 
for cardiovascular incidents and have been observed to exhibit a substantial correlation with atherosclerosis.6 These cells exert 
anti-inflammatory effects through various mechanisms such as phagocytosis, degranulation, and the formation of fibrous mesh 
structures known as neutrophil extracellular traps (NETs)7 composed of DNA, histones, and granzymes.8 NETs act as barriers 
inhibiting the proliferation and spread of pathogens including bacteria,9 fungi,10 and parasites.11,12 However, their release in 
the vascular system can also lead to disease by directly damaging the vascular endothelium13 and inducing thrombosis.14 

NETs have potent pro-inflammatory, cytotoxic, and pro-thrombotic effects.15,16 Some studies have reported the presence of 
neutrophils and NETs in atherosclerotic plaques,17 and the NET component can lead to plaque fragility and vulnerability to 
dislodgement.18 NETs may play an important role in the relationship between inflammation and atherosclerosis and have been 
the subject of considerable attention in recent years.

In this article, we present a synthesis of our current understanding of the mechanisms of NET formation, with 
a particular focus on elucidating the impact of NETs on the development of atherosclerosis through a multifactorial 
approach. We then discuss the role of atherosclerotic risk factors in NET formation. We use NETs, a novel regulatory 
mechanism of neutrophils, to explore in depth the formation and regulation of the vascular inflammatory milieu during 
atherosclerosis and hope to provide new ideas and methods for the prevention and treatment of atherosclerosis. Finally, 
we examine the potential of NETs as a therapeutic target in clinical practice.

NETs Structure Formation and Release
Structure and Function of NETs
Brinkmann et al were the first to identify NETs as a fibrous meshwork outside activated neutrophils, which consists 
mainly of a DNA backbone, histones, and antimicrobial proteins, including neutrophil elastase (NE) and myeloperox
idase (MPO).8,19 The DNA backbone of NETs can result in rapid cell death by isolating surface-bound cations and 
disrupting the integrity of the bacterial envelope.20 Histones possess antimicrobial properties and also exhibit 
cytotoxicity.21 NE degrades virulence factors to kill bacteria, and MPO helps to create an oxidative environment and 
synergistically with NE promotes chromatin de-condensation and degradation of pathogen proteins.22 Additionally, it is 
involved in histone modification, which enhances antimicrobial activity.23 Other proteases (eg, cathepsin G, CG) 
associated with NETs also help to activate pro-inflammatory cytokines, which increase inflammation and recruitment 
of immune cells.24 Therefore, NETs are involved in the immune response through direct or indirect effects on pathogens.

Formation of NETs
Lytic NETosis
NETs are released by neutrophils through a process known as NETosis. The formation of NETs involves a complex series 
of molecular mechanisms, primarily through the neutrophil death pathway, which is also termed “lytic NETosis”.25 
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A variety of pathogens, pro-inflammatory factors, and chemical inducers have been observed to promote the production 
of reactive oxygen species (ROS) by activating protein kinase C isoforms and mitogen-activated protein kinase (MAPK) 
cascade signaling pathways, which ultimately lead to the activation of Nicotinamide Adenine Dinucleotide Phosphate 
Oxidase (NADPH oxidase).26 Subsequently, NE and MPO are released from azurophilic granules and migrate towards 
the nucleus, where they exert a synergistic effect on nuclear chromatin decondensation and rupture of the nuclear and 
cytoplasmic membranes.27 Additionally, NE dismantles the actin cytoskeleton, immobilizing neutrophils to facilitate 
precise deployment of NETs. MPO is indispensable for NET formation and NE release. Although the enzymatic activity 
of MPO may not be indispensable for chromatin dissociation, its enzymatic activity and products are of paramount 
importance in the transfer of NE to the nucleus.28 Additionally, calcium-dependent peptidylarginine deiminase 4 (PAD4)- 
promoted citrullination of histones contributes to chromatin decondensation.29 Eventually, the neutrophil undergoes 
lysogenic death and releases NETs into the extracellular space. It has been demonstrated that neutrophils stimulated by 
non-inflammatory vesicles, such as lipopolysaccharide or Gram-negative bacteria, activate caspase 11, which in turn 
activates gasdermin D (GSDMD) and forms pores in the plasma and nuclear membranes, thereby allowing caspase 11 to 
enter the chromatin and perform a function analogous to that of NE, which ultimately results in the rupture of the 
neutrophils and the release of NETs.30 Additionally, it has been demonstrated that the GSDMD pathway is not essential 
for NET formation.31

Vital Netosis
NETs may additionally be generated in a markedly abbreviated timeframe using modifications in nuclear morphology, the 
disintegration of the inner and outer nuclear membranes, and the ejection of DNA-laden vesicles from the intracellular 
milieu to the extracellular space.32 This process, termed vital Netosis, is oxidant-independent and is not accompanied by 
cell lysis and death.32

Other Mechanisms
Upon stimulation of neutrophils by granulocyte-macrophage colony-stimulating factor and subsequent toll-like receptor 4 
(TLR4) or complement factor 5a receptor, mitochondria are able to release mitochondrial DNA in a ROS-dependent 
manner, resulting in the formation of NETs and live neutrophils.33

Biomarkers of NETs
Double-stranded DNA (dsDNA), citrullinated histones, MPO-DNA complexes, NE, and other NET components are one 
way to evaluate the involvement of NETs in cardiovascular disease. A prospective, observational, cross-sectional cohort 
study of patients with coronary artery disease revealed that four biomarkers—dsDNA, MPO-DNA, nucleosomes, and 
citrullinated histone H4—were associated with the severity of atherosclerosis and major adverse cardiac events and these 
biomarkers may prove useful in predicting cardiovascular risk in patients presenting with chest discomfort.34 The 
presence of coronary artery dsDNA is an independent predictor of the occurrence of major adverse cardiovascular 
events in hospital settings.35 One study found that dsDNA levels in stable coronary artery disease were significantly 
associated with poor clinical outcomes at 2 years.36 Furthermore, an increase in dsDNA expression levels in patients 
diagnosed with an ST-segment elevation myocardial infarction is similarly indicative of an adverse prognosis.37 The 
presence of citrullinated histones can serve as a specific indicator of PAD4-mediated NET formation.38 Measurement of 
MPO-DNA complexes using enzyme-linked immunosorbent assay is considered the most specific, objective, and 
quantitative marker for NET formation, with other forms of NET residues including DNA and NE complexes.38 It has 
been demonstrated that the MPO-DNA complex can be employed as a predictive indicator of both the prevalence of 
atherosclerotic coronary arteries and the occurrence of major adverse cardiovascular events.34 In a prospective multi
center cohort study, the expression of MPO-DNA, a marker of NETs, was reported to be positively associated with 
plaque fragility in patients with carotid stenosis (odds ratio = 2.08, 95% confidence interval 1.04–4.17).39 Elevated levels 
of MPO have been independently shown to predict the risk of developing endothelial and coronary arterial disease, 
among other conditions.40 Given the limited specificity of a single NET biomarker, combining two or more biomarkers 
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that react to NET formation may offer a more reliable approach. Moreover, quantitative analysis of NET biomarkers is 
likely to hold greater value in clinical practice.41

NETs in Atherosclerosis
Atherosclerosis is a chronic inflammatory disease. The presence of NETs in the lumen of atherosclerotic lesions in mice 
and humans was first reported by Megens et al.17 NETs and their components are associated with atherosclerosis severity 
and adverse cardiovascular events.34(Figure 1)

Effects of NETs on Vascular Endothelial Cells
The vascular endothelium is comprised of a heterogeneous monolayer of endothelial cells (ECs), which serves as the 
initial barrier to molecules, cells, and pathogens in the circulation.42 Healthy ECs play a crucial role in maintaining 
vascular homeostasis. They impede the adhesion of platelets and leukocytes to the vascular surface, maintain equilibrium 
between profibrinolytic and prothrombotic activities, and demonstrate anti-inflammatory and anti-atherosclerotic 
properties.43 Nitric oxide (NO), synthesized by ECs via endothelial nitric oxide synthase (eNOS), retards endothelial- 
leukocyte interactions, platelet activation, and SMCs proliferation.44 EC activation resulting from disturbances such as 
alterations in blood composition or blood flow is a crucial factor in the development of atherosclerosis.45 NETs play 
a significant role in vascular EC inflammation during the progression of atherosclerosis.46

It has been demonstrated that histones present in NETs are capable of inducing cytotoxicity in ECs.47 Furthermore, 
histone binding to phospholipids present in EC membranes alters the permeability of the membrane and increases the 
flux of calcium, which can ultimately result in cell death and tissue damage.48 The binding of histones to TLR 2 and 4 
activates the myeloid differentiation primary response 88 signaling pathway, which culminates in the release of pro- 
inflammatory cytokines.49 MPO-derived oxidant hypochlorous acid reduces the bioactivity of NO through biochemical 
modification of L-Arginine substrates.50 Additionally, MPO enhances the adhesion of ECs to leukocytes via the 
activation of the μ-calpain pathway, reduces the phosphorylation of eNOS, and results in a decline in NO levels and 

Figure 1 The formation of neutrophil extracellular traps (NETs) and their interaction with atherosclerotic risk factors. The formation of NETs is stimulated by risk factors 
such as lipid metabolism imbalance, which contribute to the vascular inflammatory environment and participate in the formation and destabilisation of atherosclerotic 
plaques through multiple effects on vascular endothelial cells and platelets. The black arrow indicates the trend of the process. 
Abbreviations: SMC, Smooth muscle cell; NETs, Neutrophil extracellular traps; NE, Neutrophil elastase; MPO, Myeloperoxidase; ROS, Reactive oxygen species; PKC, 
Protein Kinase C; MAPK, Mitogen-activated protein kinase; PAD4, Peptidylarginine deiminase 4; GSDMD, Gasdermin D; TLR, Toll-like receptor; EC, Endothelial cell; NO, 
Nitric oxide; NLRP3, NOD-like receptor protein 3; IL, Interleukin; TNF, Tumor necrosis factor; LDL, low-density lipoprotein; CC, Cholesterol crystal; Th-17, T-helper 17; 
NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells.
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endothelial dysfunction.51 The interaction of polymorphonuclear neutrophils (PMNs) with ECs is prevented by an 
electrostatic repulsion between the glycocalyx of PMNs, which has a negative charge, and the vessel wall. The binding 
of MPO to glycosaminoglycans reduces the negative surface charge, resulting in PMN being electrostatically attracted 
to ECs and triggering the release of NETs.52 The cathelicidin LL37, which is present in greater quantities on the 
chromatin fibers of NETs, can recruit leukocytes and monocytes in the ECs by activating the expression of adhesion 
molecules and chemokines. This enables it to function as an immunomodulator, enhancing innate immunity to 
atherosclerosis.53 The various NET components exert direct cytotoxicity on ECs, recruit monocytes, and mediate pro- 
inflammatory responses and NET formation. Additionally, NETs can indirectly promote EC inflammation and athero
sclerosis formation through pro-inflammatory factors such as NOD-like receptor protein 3 (NLRP3) inflammatory 
vesicles and interleukin (IL)-8.54

Endothelial-to-mesenchymal transition (EndMT) represents a process whereby ECs undergo a series of molecular 
changes, resulting in the formation of a mesenchymal-like cell phenotype.55 It has been demonstrated that EndMT, 
induced by the inflammatory component of atherosclerosis, intensifies the inflammatory environment of atherosclerotic 
lesions, thereby facilitating the progressive expansion of atherosclerotic plaques.56 The excessive release of NETs beyond 
their phagocytosis by ECs compromises the integrity of the endothelial monolayer, stimulates the development of 
vascular leakage through proteolytic hydrolysis of VE-cadherin, and activates β-catenin signaling, which in turn induces 
EndMT.57

Effects of NETs on Platelets
In addition to their role in hemostasis and thrombosis, platelets act as immune cells to promote an inflammatory 
environment and play a role in the formation of atherosclerosis.58 In response to alterations in the vascular microenvir
onment, platelets exhibit a rapid adhesion to damaged vessels, thereby maintaining vascular integrity. Additionally, they 
facilitate the migration of immune cells across the intima, which in turn accelerates the process of atherosclerosis.59 

Interactions between NETs and platelets have been demonstrated to be instrumental in the formation and progression of 
atherosclerotic plaques, which, in turn, increases the risk of adverse cardiovascular events. A comprehensive under
standing of these interactions is imperative for the development of targeted therapeutic strategies aimed at mitigating the 
prothrombotic and inflammatory effects of NETs in the context of cardiovascular disease.

Following endothelial activation in the context of vascular injury or inflammatory conditions, platelets adhere to 
subendothelial molecules, thereby initiating platelet activation.60 Activation of platelets has been demonstrated to 
facilitate the development of atherosclerosis through the production of platelet-derived extracellular vesicles.61 The 
P-selectin glycoprotein ligand-1 receptor on neutrophils recognizes and binds to activated platelet-expressed P-selectin, 
thereby promoting the formation of NETs in mice.62 Upon activation, platelets release soluble mediators, including von 
Willebrand Factor (vWF).60 NETs interact with ECs and vWF to facilitate platelet adhesion and aggregation, fibrin 
formation, and serial immune thrombosis.15 Histones in NETs induce platelet activation and accelerate thrombin 
production by interacting with TLR2 and TLR4, which in turn promote thrombin cascade reaction activation.63 

Additionally, histones facilitate thrombin generation by attenuating the activation of thrombomodulin-dependent protein 
C.64 In addition to hemostasis, thrombin can also induce a variety of vascular proinflammatory reactions leading to the 
amplification of atherosclerosis.65 NETs also engage platelets to enhance coagulation through the interaction of the 
cathelicidin LL37 with the glycoprotein VI receptor on the platelet surface.66 Furthermore, DNA directly activates 
platelets and stimulates coagulation.67 NETs-associated CG is also a physiological regulator of platelet activation and 
thrombosis in vivo, NETs-associated CG also accelerates platelet recruitment and vascular occlusion at the site of 
injury.68 Furthermore, NE and CG can promote platelet activation and enhance coagulation activity by affecting platelet 
surface molecules and degrading coagulation inhibitors.69

It has been demonstrated that NETs serve to promote thrombus growth by virtue of their capacity to bind to platelets 
and erythrocytes.15 NETs can promote thrombin production and accelerate thrombus formation by activating platelets and 
coagulation factors XI and XII.70 In the case of atherosclerosis, the formation of blood clots leads to further blockages 
and an increased risk of myocardial infarction and stroke, among other complications.
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NETs-Induced Changes in the Vascular Inflammatory Microenvironment
Inflammation has an important role in the development of atherosclerosis. A variety of cells and cytokines, such as ECs, 
macrophages, neutrophils, vascular SMCs, ILs, matrix metalloproteinases (MMPs), adhesion molecules, and tumor 
necrosis factor-alpha (TNF-α), are involved in the relevant inflammatory processes.71 The TLR signaling pathway and 
the NLRP3 inflammatory vesicle pathway have been associated with atherosclerotic lesions.72

Macrophages secrete chemokines, cytokines, and MMPs, thereby playing a crucial role in the sustained local 
inflammatory response and plaque rupture.73 Macrophages stimulated by highly oxidized LDL (oxLDL) adopt an 
inflammatory M4 phenotype, facilitating neutrophil recruitment and NET formation.74 Additionally, macrophages can 
be pretreated with DNA enzymes and phagocytosed for the purpose of enhancing NET degradation, which is further 
enhanced by pro-inflammatory polarization.75 Furthermore, MMP9, which is contained in NETs, damages ECs in 
atherosclerosis by activating endothelial MMP2, which leads to its dysfunction.76 In co-culture with cholesterol crystals 
(CCs), NETs can enhance macrophage to release cytokines and activate T-helper 17 (Th-17) cells to produce IL-17, 
thereby promoting the recruitment of immune cells in atherosclerotic plaque and amplifying systemic inflammation.46 

Furthermore, it has been demonstrated that NETs inhibit autophagosome generation and autophagosome-lysosome fusion 
in macrophages through modulation of epidermal growth factor receptor activity, thereby accelerating inflammatory 
vesicle activity and promoting atherogenesis.77

It has been demonstrated that the activation of the NLRP3 inflammasome results in the enhanced recruitment of 
neutrophils, which subsequently leads to the formation of NETs within atherosclerotic plaques, and this process is 
associated with a heightened risk of accelerated atherosclerosis development.78 NETs have been shown to activate 
NLRP3 inflammasomes through the TLR4/ TLR9/ Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF- 
κB) signaling pathway.79 The maturation of the pro-inflammatory cytokine IL-18 is driven by inflammatory vesicles, 
which in turn initiate the formation of NETs.80 The release of NETs by phorbol-12-myristate-13-acetate has been 
observed to directly regulate the TLR9/ NF-κB signaling cascade in macrophages, subsequently triggering the secretion 
of IL-8.81 IL-8 binds to neutrophils via a protein-coupled chemokine receptor 2 and is dependent on Src family of 
tyrosine kinases and MAPK signaling pathways to form NETs and promote the progression of atherosclerosis in vivo.82

One of the components of NETs is a serine protease, which contains NE, proteinase 3 (PR3), and CG.54 PR3 
functions as a positively charged protein that, independent of its catalytic enzymes, activates TNF-α, IL-18, and IL-1β, 
thereby initiating a pro-inflammatory response.83 CG stimulates the activation of platelets and other cells, which 
subsequently results in the onset of inflammation in the ECs. Moreover, it synergistically exacerbates inflammation 
and atherosclerosis in conjunction with NE.54

NETs-Mediated Crosstalk with Lipid Metabolism
Imbalances in lipid metabolism are a critical factor in the development of atherosclerotic plaques.84 The accumulation of 
cholesterol and lipids in the arterial wall is primarily derived from atherogenic-modified LDL, which results in the 
aggregation of lipoprotein particles, endothelial damage, leukocyte recruitment, foam cell formation, and inflammation.2 

Cholesterol, fatty acids, and modified lipids can directly activate inflammatory pathways, while inflammatory signals also 
influence lipid metabolism.85

The production of ROS and NET formation in human PMN is dependent on oxLDL and NADPH oxidase.86 NET 
formation may be followed by amplification of oxidized and protein hydrolysis-modified LDL production via MPO, 
which further increases ox- and NET formation.87 Compared to natural LDL, oxLDL has a reduced ability to enhance the 
proteolytic activity of platelet reactive protein type 1 motif (ADAMTS13) and competes with natural LDL, which in turn 
increases platelet adhesion to oversized vWF.88 NET-associated PAD4-mediated citrullination also inhibits the proteolytic 
activity of ADAMTS13 and reduces vWF-platelet string clearance, which accelerates NET-mediated thrombosis.89 The 
presence of NETs has been associated with an increased likelihood of LDL oxidation, aggregation, and foam cell 
formation.90 oxLDL also regulates the expression and activity of MMPs in human coronary ECs through activation of 
lectin-like oxidized LDL lipoprotein receptor-1, which in turn promotes inflammatory responses.91 Furthermore, NETs 
have been shown to directly interact with lipids, resulting in their deposition and clearance. NETs have been observed to 
capture and immobilise lipids, thereby preventing their normal circulation and promoting their deposition in the arterial 
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wall.92 This process is further exacerbated by the pro-inflammatory cytokines released by activated macrophages in 
response to NETs, which have been shown to enhance the expression of scavenger receptors and promote the uptake of 
oxidised lipids by macrophages, leading to foam cell formation.93

The formation of CCs occurs at an early stage of atherosclerosis, where they induce inflammation by promoting the 
activation of inflammatory vesicles, which in turn leads to the secretion of IL-1β.94 CCs function as an endogenous 
danger signal, inducing the expression of IL-33, which in turn triggers the formation of NETs by binding to IL-33 
receptors on neutrophils and upregulating CCs function as an endogenous danger signal, inducing the expression of IL- 
33. This cytokine, in turn, triggers the formation of NETs by binding to IL-33 receptors on neutrophils and upregulating 
the expression of CD16 (Cluster of Differentiation 16).93 Additionally, it has been demonstrated that CCs are necessary 
for the translocation of ROS, NE, and PR3 to the nucleus, thereby inducing NET release.46

Interaction of NETs with Other Atherosclerotic Factors
During the development of atherosclerosis, SMCs play a role in the growth of necrotic cores and the thinning of fibrous 
caps, which can contribute to plaque instability. In addition, activated diseased SMCs attract neutrophils and trigger the 
ejection of nucleoprotein-containing NETs, which in turn contain histone H4 that interacts with the SMC plasma 
membrane and induces cell lysis and death, leading to plaque instability.18 Furthermore, NETs promote the proliferation 
of vascular SMCs in rats via protein kinase B / Cyclin-dependent kinase inhibitor 1b / thymidine kinase 1 and are 
associated with the development of hypertension.95

One study observed that the ability of neutrophils isolated from patients with coronary artery disease to form ROS- 
dependent NETs is positively correlated with blood pressure levels and is mediated by the Angiotensin II (Ang II) 
receptor.96 Hypertension has been demonstrated to result in the release of NETs within the arteries, with NETs-induced 
phenotypic alterations in vascular SMCs identified as a causative factor in the development of hypertension.95 Ang II has 
been demonstrated to enhance the proliferation of vascular SMCs and is involved in the pathogenesis of hypertension.97 

Neutrophils activated by the environment of essential hypertension expose active tissue factor (TF) via NETs, and the 
NETs/TF/thrombin axis can further amplify the prothrombotic state of essential hypertension.98 Ang II induces the 
release of in vitro, NETs are released via the ROS/PAD4 and autophagy-dependent pathways. In patients who 
commenced treatment with an Ang II receptor blocker, circulating NETs, and thrombin generation levels were sig
nificantly reduced in patients with essential hypertension.98

The formation of NETs is dependent on glucose,99 and in the diabetic setting, neutrophils can increase PAD4 protein 
expression and basal calcium levels to participate in the formation of NETs at multiple levels.100 Diabetes mellitus is 
a risk factor for atherosclerosis, and studies involving diabetic patients have demonstrated an increased risk and 
accelerated progression of atherosclerosis.101

During the process of arterial aging, there is an increase in both Ang II signaling and MMP2 activity, which 
subsequently leads to an increase in the expression of fibronectin and collagen in the aging aortic wall.102 Chronic low- 
grade inflammation that develops with age is a principal factor in the development of age-related diseases such as 
atherosclerosis. This is typified by aberrant activation of the innate immune system, augmented expression of pro- 
inflammatory cytokines (eg, IL-6, IL-1β), and activation of immune complexes (NLRP3 inflammatory vesicles).103 Pro- 
inflammatory cytokines and NLRP3 inflammatory vesicles are involved in the formation of NETs. The promotion of 
inflammation by aging is accompanied by an increase in the prevalence of NET release in aged mice.104

Targeting NETs in Atherosclerosis
In clinical practice, lipid-lowering drugs, especially statins, are the cornerstone of atherosclerosis prevention. 
A multicentre cohort study demonstrated that levels of NETs were positively associated with plaque vulnerability 
index in a statin-naïve subgroup (odds ratio = 2.08, 95% confidence interval 1.04–4.17), whereas no significant 
association was found in a statin-treated population (odds ratio = 1.10, 95% confidence interval 0.68–1.79).39 Statins 
have been demonstrated to exert anti-inflammatory, antioxidant, and antithrombotic effects by reducing NETs formation 
through the inhibition of PAD4 and MPO.92
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Given the important role of NETs in the development of atherosclerosis, approaches targeting NETs are emerging 
therapeutic avenues. Disulfiram, the first Food and Drug Administration (FDA)-approved compound to block NET 
formation, is a potent inhibitor of GSDMD pore formation, prevents the release of IL-1β,105 and inhibits NET release.106 

PAD4 mediates histone citrullination and contributes to chromatin decondensation, and deletion of PAD4 in mice reduces 
NET formation and significantly reduces atherosclerotic burden.107,108 It has been shown that PAD4 can represent the 
presence of NETs, and that elevation decreases plaque stability in patients with carotid stenosis.109 In a myocardial 
infarction model, pharmacological treatment of mice with the PAD inhibitor Cl-amidine resulted in the elimination of 
NET formation, a reduction in arterial thrombosis, and a limitation of injury.110 The binding of novel selective PAD4 
inhibitors, GSK484 and GSK199, to calcium-deficient PAD4 enzymes, provides confirmation of the pivotal role of PAD4 
enzymes in histone citrullination and NET formation in humans and mice.111 GSK484 administration reduced the 
accumulation of NETs at the site of endothelial injury and preserved endothelial continuity.112 However, no drugs 
targeting PAD4 are currently approved for use in humans. The serum nucleic acid endonuclease DNase 1 degrades NETs 
and reduces intimal damage in mouse models of atherosclerosis.113 DNase and the anticoagulant heparin have been 
shown to degrade NET scaffolds, separate NET-platelet aggregates, and prevent thrombus formation in an experimental 
setting.15 FDA-approved inhaled DNase 1 formulations can digest formed NETs but have little use outside the airway.114 

Colchicine is an anti-inflammatory agent that binds to microtubule proteins to affect the expression of inflammatory 
vesicles and ILs and disrupts NET formation, in addition, colchicine may interfere with neutrophil-platelet interactions to 
affect atherosclerotic thrombosis.115 In addition, the novel histone peptidic inhibitor (Cyclical Histone H2A Interference 
Peptide) also reduces the progression of atherosclerosis by binding to NET-resident histone H2A, thereby blocking 
monocyte adhesion.116 A plethora of research has been conducted on the potential of pharmaceuticals to impede the 
process of NET formation. These studies have explored various pathways associated with NETs. However, certain 
inhibitors, such as disulfiram, have been observed to demonstrate a lack of specificity for NETs. Consequently, there is 
a necessity for further research to be conducted in order to identify drugs that can selectively inhibit NET formation. This 
would facilitate the development of targeted therapeutic interventions for the management of cardiovascular manifesta
tions associated with NETs.117

Conclusions
The study of NETs has received considerable attention. Atherosclerosis-related risk factors, such as dyslipidemia and 
hypertension, stimulate the formation of NETs. At the same time, many studies have demonstrated that NETs play an 
important role in the initiation and development of atherosclerosis. NETs may promote the inflammatory milieu and 
participate in the formation and instability of atherosclerotic plaque by affecting vascular ECs, platelets, and other 
multiple effects. NETs offer novel insights and avenues for advancing our comprehension of the genesis and modulation 
of the vascular inflammatory microenvironment in atherosclerosis and may represent promising novel therapeutic targets 
in this field. Presently there are only two FDA-approved compounds that target NETs, and as our understanding of the 
formation of NETs and the molecular mechanisms of NETs in disease continues to improve, the development of more 
specific NET-targeting drugs will be possible. However, further efforts are needed to bring them into clinical practice, 
such as standardization of the NET detection protocol. Under certain circumstances, NETs may have protective or 
adverse effects. Therefore, clinical evaluation and further molecular biology research are still needed. Notwithstanding 
these challenges, it is anticipated that the study of NETs will offer novel insights into the diagnostic and therapeutic 
approaches for atherosclerotic diseases and other cardiovascular disorders.

Abbreviations
SMCs, Smooth muscle cells; NETs, Neutrophil extracellular traps; NE, Neutrophil elastase; MPO, Myeloperoxidase; CG, 
Cathepsin G; ROS: Reactive oxygen species; MAPK, Mitogen-activated protein kinase; NADPH oxidase, Nicotinamide 
Adenine Dinucleotide Phosphate Oxidase; PAD4, Peptidylarginine deiminase 4; GSDMD, Gasdermin D; TLR: Toll-like 
receptor; dsDNA, Double-stranded DNA; ECs, Endothelial cells; NO, Nitric oxide; eNOS, Endothelial nitric oxide 
synthase; PMN, Polymorphonuclear neutrophils; NLRP3, NOD-like receptor protein 3; IL, Interleukin; EndMT, 
Endothelial-to-mesenchymal transition; vWF, von Willebrand Factor; MMPs, Matrix metalloproteinases; TNF, Tumor 

https://doi.org/10.2147/JIR.S507330                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 4428

Yuan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)



necrosis factor; oxLDL, Oxidized low-density lipoprotein; PR3, Proteinase 3; CCs, Cholesterol crystals; Th-17, T-helper 
17; NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; CD16, Cluster of Differentiation 16; Ang II, 
Angiotensin II; TF, Tissue factor; FDA, Food and Drug Administration.

Acknowledgments
Thanks to all participants for their persistence and dedication to this study. Thanks to the Beijing Natural Science 
Foundation, National Natural Science Foundation of China, Hospital capability enhancement project of Xiyuan Hospital, 
and Special Programme for the Cultivation of Outstanding Young Scientific and Technological Talents of the China 
Academy of Chinese Medical Sciences for providing financial support for this research.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
The study was financially supported by Beijing Natural Science Foundation (No. 7242257), National Natural Science 
Foundation of China (Nos. 82074254, 82374281), Hospital capability enhancement project of Xiyuan Hospital 
(XYZX0201-09) and Special Programme for the Cultivation of Outstanding Young Scientific and Technological 
Talents of the China Academy of Chinese Medical Sciences (No. ZZ17-YQ-005).

Disclosure
The authors declare that they have no conflicts of interest.

References
1. Depuydt MAC, Schaftenaar FH, Prange KHM, et al. Single-cell T cell receptor sequencing of paired human atherosclerotic plaques and blood 

reveals autoimmune-like features of expanded effector T cells. Nature Cardiovasc Res. 2023;2(2):112–125. doi:10.1038/s44161-022-00208-4
2. Malekmohammad K, Bezsonov EE, Rafieian-Kopaei M. Role of lipid accumulation and inflammation in atherosclerosis: focus on molecular 

and cellular mechanisms. Front Cardiovasc Med. 2021;8:707529. doi:10.3389/fcvm.2021.707529
3. Munno M, Mallia A, Greco A, Modafferi G, Banfi C, Eligini S. Radical oxygen species, oxidized low-density lipoproteins, and lectin-like 

oxidized low-density lipoprotein receptor 1: a vicious circle in atherosclerotic process. Antioxidants. 2024;13(5).
4. Blagov AV, Markin AM, Bogatyreva AI, Tolstik TV, Sukhorukov VN, Orekhov AN. The role of macrophages in the pathogenesis of 

atherosclerosis. Cells. 2023;12(4):522. doi:10.3390/cells12040522
5. Gencer S, Evans BR, van der Vorst EPC, Döring Y, Weber C. Inflammatory chemokines in atherosclerosis. Cells. 2021;10(2):226. doi:10.3390/ 

cells10020226
6. Galante A, Pietroiusti A, Magrini A, et al. Leucocyte rheological properties are altered in patients with diffuse atherosclerosis. Thrombosis 

Haemostasis. 1997;77(6):1073–1076. doi:10.1055/s-0038-1656114
7. Thimmappa PY, Nair AS, D’Silva S, et al. Neutrophils display distinct post-translational modifications in response to varied pathological 

stimuli. Int Immunopharmacol. 2024;132:111950. doi:10.1016/j.intimp.2024.111950
8. Brinkmann V, Reichard U, Goosmann C, et al. Neutrophil extracellular traps kill bacteria. Science. 2004;303(5663):1532–1535. doi:10.1126/ 

science.1092385
9. Ramos-Kichik V, Mondragón-Flores R, Mondragón-Castelán M, et al. Neutrophil extracellular traps are induced by mycobacterium 

tuberculosis. Tuberculosis. 2009;89(1):29–37. doi:10.1016/j.tube.2008.09.009
10. Urban CF, Reichard U, Brinkmann V, Zychlinsky A. Neutrophil extracellular traps capture and kill Candida albicans yeast and hyphal forms. 

Cellular Microbiol. 2006;8(4):668–676. doi:10.1111/j.1462-5822.2005.00659.x
11. Thanabalasuriar A, Scott BNV, Peiseler M, et al. Neutrophil extracellular traps confine pseudomonas aeruginosa ocular biofilms and restrict 

brain invasion. Cell Host Microbe. 2019;25(4):526–36.e4. doi:10.1016/j.chom.2019.02.007
12. Guimarães-Costa AB, Nascimento MT, Froment GS, et al. Leishmania amazonensis promastigotes induce and are killed by neutrophil 

extracellular traps. Proc Natl Acad Sci USA. 2009;106(16):6748–6753. doi:10.1073/pnas.0900226106
13. Schreiber A, Rousselle A, Becker JU, von Mässenhausen A, Linkermann A, Kettritz R. Necroptosis controls NET generation and mediates 

complement activation, endothelial damage, and autoimmune vasculitis. Proc Natl Acad Sci USA. 2017;114(45):E9618–e25. doi:10.1073/ 
pnas.1708247114

14. Martinod K, Wagner DD. Thrombosis: tangled up in NETs. Blood. 2014;123(18):2768–2776. doi:10.1182/blood-2013-10-463646

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S507330                                                                                                                                                                                                                                                                                                                                                                                                   4429

Yuan et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s44161-022-00208-4
https://doi.org/10.3389/fcvm.2021.707529
https://doi.org/10.3390/cells12040522
https://doi.org/10.3390/cells10020226
https://doi.org/10.3390/cells10020226
https://doi.org/10.1055/s-0038-1656114
https://doi.org/10.1016/j.intimp.2024.111950
https://doi.org/10.1126/science.1092385
https://doi.org/10.1126/science.1092385
https://doi.org/10.1016/j.tube.2008.09.009
https://doi.org/10.1111/j.1462-5822.2005.00659.x
https://doi.org/10.1016/j.chom.2019.02.007
https://doi.org/10.1073/pnas.0900226106
https://doi.org/10.1073/pnas.1708247114
https://doi.org/10.1073/pnas.1708247114
https://doi.org/10.1182/blood-2013-10-463646


15. Fuchs TA, Brill A, Duerschmied D, et al. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci USA. 2010;107(36):15880–15885. 
doi:10.1073/pnas.1005743107

16. Saffarzadeh M, Juenemann C, Queisser MA, et al. Neutrophil extracellular traps directly induce epithelial and endothelial cell death: 
a predominant role of histones. PLoS One. 2012;7(2):e32366. doi:10.1371/journal.pone.0032366

17. Megens RT, Vijayan S, Lievens D, et al. Presence of luminal neutrophil extracellular traps in atherosclerosis. Thrombosis Haemostasis. 
2012;107(3):597–598. doi:10.1160/TH11-09-0650

18. Silvestre-Roig C, Braster Q, Wichapong K, et al. Externalized histone H4 orchestrates chronic inflammation by inducing lytic cell death. 
Nature. 2019;569(7755):236–240.

19. Urban CF, Ermert D, Schmid M, et al. Neutrophil extracellular traps contain calprotectin, a cytosolic protein complex involved in host defense 
against Candida albicans. PLoS Pathogens. 2009;5(10):e1000639. doi:10.1371/journal.ppat.1000639

20. Halverson TW, Wilton M, Poon KK, Petri B, Lewenza S. DNA is an antimicrobial component of neutrophil extracellular traps. PLoS 
Pathogens. 2015;11(1):e1004593. doi:10.1371/journal.ppat.1004593

21. Li C, Wu C, Li F, et al. Targeting neutrophil extracellular traps in gouty arthritis: insights into pathogenesis and therapeutic potential. J Inflamm 
Res. 2024;17:1735–1763.

22. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil elastase and myeloperoxidase regulate the formation of neutrophil 
extracellular traps. J Cell Biol. 2010;191(3):677–691. doi:10.1083/jcb.201006052

23. Yang J, Ge H, Poulton CJ, et al. Histone modification signature at myeloperoxidase and proteinase 3 in patients with anti-neutrophil cytoplasmic 
autoantibody-associated vasculitis. Clin Epigenetics. 2016;8(1):85. doi:10.1186/s13148-016-0251-0

24. Clancy DM, Henry CM, Sullivan GP, Martin SJ. Neutrophil extracellular traps can serve as platforms for processing and activation of IL-1 
family cytokines. FEBS J. 2017;284(11):1712–1725. doi:10.1111/febs.14075

25. Fuchs TA, Abed U, Goosmann C, et al. Novel cell death program leads to neutrophil extracellular traps. J Cell Biol. 2007;176(2):231–241. 
doi:10.1083/jcb.200606027

26. Belambri SA, Rolas L, Raad H, Hurtado-Nedelec M, Dang PM, El-Benna J. NADPH oxidase activation in neutrophils: role of the 
phosphorylation of its subunits. Eur J Clin Invest. 2018;48 Suppl 2(S2):e12951. doi:10.1111/eci.12951

27. Metzler KD, Fuchs TA, Nauseef WM, et al. Myeloperoxidase is required for neutrophil extracellular trap formation: implications for innate 
immunity. Blood. 2011;117(3):953–959. doi:10.1182/blood-2010-06-290171

28. Metzler KD, Goosmann C, Lubojemska A, Zychlinsky A, Papayannopoulos V. A myeloperoxidase-containing complex regulates neutrophil 
elastase release and actin dynamics during NETosis. Cell Rep. 2014;8(3):883–896. doi:10.1016/j.celrep.2014.06.044

29. Wang Y, Li M, Stadler S, et al. Histone hypercitrullination mediates chromatin decondensation and neutrophil extracellular trap formation. 
J Cell Biol. 2009;184(2):205–213. doi:10.1083/jcb.200806072

30. Chen KW, Monteleone M, Boucher D, et al. Noncanonical inflammasome signaling elicits gasdermin D–dependent neutrophil extracellular 
traps. Science immunology. 2018;3(26):eaar6676. doi:10.1126/sciimmunol.aar6676

31. Stojkov D, Claus MJ, Kozlowski E, et al. NET formation is independent of gasdermin D and pyroptotic cell death. Science Signaling. 2023;16 
(769):eabm0517. doi:10.1126/scisignal.abm0517

32. Pilsczek FH, Salina D, Poon KK, et al. A novel mechanism of rapid nuclear neutrophil extracellular trap formation in response to 
Staphylococcus aureus. J Immunol. 2010;185(12):7413–7425. doi:10.4049/jimmunol.1000675

33. Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable neutrophils release mitochondrial DNA to form neutrophil extracellular 
traps. Cell Death Differ. 2009;16(11):1438–1444.

34. Borissoff JI, Joosen IA, Versteylen MO, et al. Elevated levels of circulating DNA and chromatin are independently associated with severe 
coronary atherosclerosis and a prothrombotic state. Arteriosclerosis Thrombosis Vasc Biol. 2013;33(8):2032–2040. doi:10.1161/ 
ATVBAHA.113.301627

35. Liu J, Yang D, Wang X, et al. Neutrophil extracellular traps and dsDNA predict outcomes among patients with ST-elevation myocardial 
infarction. Sci Rep. 2019;9(1):11599. doi:10.1038/s41598-019-47853-7

36. Langseth MS, Opstad TB, Bratseth V, et al. Markers of neutrophil extracellular traps are associated with adverse clinical outcome in stable 
coronary artery disease. European J Preventive Cardiol. 2018;25(7):762–769. doi:10.1177/2047487318760618

37. Langseth MS, Helseth R, Ritschel V, et al. Double-stranded DNA and NETs components in relation to clinical outcome after ST-Elevation 
myocardial infarction. Sci Rep. 2020;10(1):5007. doi:10.1038/s41598-020-61971-7

38. Masuda S, Nakazawa D, Shida H, et al. NETosis markers: quest for specific, objective, and quantitative markers. Clin Chim Acta. 
2016;459:89–93.

39. de Vries JJ, Autar ASA, van Dam-Nolen DHK, et al. Association between plaque vulnerability and neutrophil extracellular traps (NETs) levels: 
the Plaque At RISK study. PLoS One. 2022;17(6):e0269805. doi:10.1371/journal.pone.0269805

40. Vita JA, Brennan ML, Gokce N, et al. Serum myeloperoxidase levels independently predict endothelial dysfunction in humans. Circulation. 
2004;110(9):1134–1139. doi:10.1161/01.CIR.0000140262.20831.8F

41. Xu X, Wu Y, Xu S, et al. Clinical significance of neutrophil extracellular traps biomarkers in thrombosis. Thrombosis J. 2022;20(1):63. 
doi:10.1186/s12959-022-00421-y

42. Jebari-Benslaiman S, Galicia-García U, Larrea-Sebal A, et al. Pathophysiology of atherosclerosis. Int J mol Sci. 2022;23(6). doi:10.3390/ 
ijms23063346

43. Landmesser U, Hornig B, Drexler H. Endothelial Function. Circulation. 2004;109(21_suppl_1):II–27–II–33. doi:10.1161/01. 
CIR.0000129501.88485.1f

44. Mount PF, Kemp BE, Power DA. Regulation of endothelial and myocardial NO synthesis by multi-site eNOS phosphorylation. J mol Cell 
Cardiol. 2007;42(2):271–279. doi:10.1016/j.yjmcc.2006.05.023

45. Gimbrone MA, García-Cardeña G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circulation Res. 2016;118 
(4):620–636. doi:10.1161/CIRCRESAHA.115.306301

46. Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V. Neutrophil extracellular traps license macrophages for cytokine production in 
atherosclerosis. Science. 2015;349(6245):316–320.

https://doi.org/10.2147/JIR.S507330                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 4430

Yuan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1073/pnas.1005743107
https://doi.org/10.1371/journal.pone.0032366
https://doi.org/10.1160/TH11-09-0650
https://doi.org/10.1371/journal.ppat.1000639
https://doi.org/10.1371/journal.ppat.1004593
https://doi.org/10.1083/jcb.201006052
https://doi.org/10.1186/s13148-016-0251-0
https://doi.org/10.1111/febs.14075
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.1111/eci.12951
https://doi.org/10.1182/blood-2010-06-290171
https://doi.org/10.1016/j.celrep.2014.06.044
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.1126/sciimmunol.aar6676
https://doi.org/10.1126/scisignal.abm0517
https://doi.org/10.4049/jimmunol.1000675
https://doi.org/10.1161/ATVBAHA.113.301627
https://doi.org/10.1161/ATVBAHA.113.301627
https://doi.org/10.1038/s41598-019-47853-7
https://doi.org/10.1177/2047487318760618
https://doi.org/10.1038/s41598-020-61971-7
https://doi.org/10.1371/journal.pone.0269805
https://doi.org/10.1161/01.CIR.0000140262.20831.8F
https://doi.org/10.1186/s12959-022-00421-y
https://doi.org/10.3390/ijms23063346
https://doi.org/10.3390/ijms23063346
https://doi.org/10.1161/01.CIR.0000129501.88485.1f
https://doi.org/10.1161/01.CIR.0000129501.88485.1f
https://doi.org/10.1016/j.yjmcc.2006.05.023
https://doi.org/10.1161/CIRCRESAHA.115.306301


47. Xu J, Zhang X, Pelayo R, et al. Extracellular histones are major mediators of death in sepsis. Nature Med. 2009;15(11):1318–1321. doi:10.1038/ 
nm.2053

48. Morales-Primo AU, Becker I, Zamora-Chimal J. Neutrophil extracellular trap-associated molecules: a review on their immunophysiological and 
inflammatory roles. Int Rev Immunol. 2022;41(2):253–274. doi:10.1080/08830185.2021.1921174

49. Allam R, Scherbaum CR, Darisipudi MN, et al. Histones from dying renal cells aggravate kidney injury via TLR2 and TLR4. J Am Soc 
Nephrol. 2012;23(8):1375–1388. doi:10.1681/ASN.2011111077

50. Zhang C, Reiter C, Eiserich JP, et al. L-arginine chlorination products inhibit endothelial nitric oxide production. J Biol Chem. 2001;276 
(29):27159–27165. doi:10.1074/jbc.M100191200

51. Etwebi Z, Landesberg G, Preston K, Eguchi S, Scalia R. Mechanistic role of the calcium-dependent protease calpain in the endothelial 
dysfunction induced by MPO (Myeloperoxidase). Hypertension. 2018;71(4):761–770. doi:10.1161/HYPERTENSIONAHA.117.10305

52. Klinke A, Nussbaum C, Kubala L, et al. Myeloperoxidase attracts neutrophils by physical forces. Blood. 2011;117(4):1350–1358. doi:10.1182/ 
blood-2010-05-284513

53. Edfeldt K, Agerberth B, Rottenberg ME, et al. Involvement of the antimicrobial peptide LL-37 in human atherosclerosis. Arteriosclerosis 
Thrombosis Vasc Biol. 2006;26(7):1551–1557. doi:10.1161/01.ATV.0000223901.08459.57

54. Yang X, Ma Y, Chen X, Zhu J, Xue W, Ning K. Mechanisms of neutrophil extracellular trap in chronic inflammation of endothelium in 
atherosclerosis. Life Sci. 2023;328:121867. doi:10.1016/j.lfs.2023.121867

55. Kovacic JC, Dimmeler S, Harvey RP, et al. Endothelial to mesenchymal transition in cardiovascular disease: JACC state-of-the-Art review. 
J Am College Cardiol. 2019;73(2):190–209. doi:10.1016/j.jacc.2018.09.089

56. Chen PY, Qin L, Baeyens N, et al. Endothelial-to-mesenchymal transition drives atherosclerosis progression. J Clin Invest. 2015;125 
(12):4514–4528. doi:10.1172/JCI82719

57. Pieterse E, Rother N, Garsen M, et al. Neutrophil extracellular traps drive endothelial-to-mesenchymal transition. Arteriosclerosis Thrombosis 
Vasc Biol. 2017;37(7):1371–1379. doi:10.1161/ATVBAHA.117.309002

58. Lievens D, von Hundelshausen P. Platelets in atherosclerosis. Thrombosis Haemostasis. 2011;106(5):827–838. doi:10.1160/TH11-08-0592
59. Wang L, Tang C. Targeting platelet in atherosclerosis plaque formation: current knowledge and future perspectives. Int J mol Sci. 2020;21 

(24):9760. doi:10.3390/ijms21249760
60. Carestia A, Kaufman T, Schattner M. Platelets: new bricks in the building of neutrophil extracellular traps. Front Immunol. 2016;7:271. 

doi:10.3389/fimmu.2016.00271
61. van der Pol E, Böing AN, Harrison P, Sturk A, Nieuwland R. Classification, functions, and clinical relevance of extracellular vesicles. 

Pharmacol Rev. 2012;64(3):676–705. doi:10.1124/pr.112.005983
62. de Bont CM, Boelens WC, Pruijn GJM. NETosis, complement, and coagulation: a triangular relationship. Cell mol Immunol. 2019;16(1):19–27. 

doi:10.1038/s41423-018-0024-0
63. Semeraro F, Ammollo CT, Morrissey JH, et al. Extracellular histones promote thrombin generation through platelet-dependent mechanisms: 

involvement of platelet TLR2 and TLR4. Blood. 2011;118(7):1952–1961. doi:10.1182/blood-2011-03-343061
64. Ammollo CT, Semeraro F, Xu J, Esmon NL, Esmon CT. Extracellular histones increase plasma thrombin generation by impairing 

thrombomodulin-dependent protein C activation. J Thrombosis Haemostasis. 2011;9(9):1795–1803. doi:10.1111/j.1538-7836.2011.04422.x
65. Borissoff JI, Spronk HMH, Heeneman S, ten Cate H. Is thrombin a key player in the ‘coagulation-atherogenesis’ maze? Cardiovasc Res. 

2009;82(3):392–403. doi:10.1093/cvr/cvp066
66. Pircher J, Czermak T, Ehrlich A, et al. Cathelicidins prime platelets to mediate arterial thrombosis and tissue inflammation. Nat Commun. 

2018;9(1):1523. doi:10.1038/s41467-018-03925-2
67. Bhagirath VC, Dwivedi DJ, Liaw PC. Comparison of the proinflammatory and procoagulant properties of nuclear, mitochondrial, and bacterial 

DNA. Shock. 2015;44(3):265–271. doi:10.1097/SHK.0000000000000397
68. Faraday N, Schunke K, Saleem S, et al. Cathepsin G-dependent modulation of platelet thrombus formation in vivo by blood neutrophils. PLoS 

One. 2013;8(8):e71447. doi:10.1371/journal.pone.0071447
69. Cerletti C, Evangelista V, Molino M, de Gaetano G. Platelet activation by polymorphonuclear leukocytes: role of cathepsin G and P-selectin. 

Thrombosis Haemostasis. 1995;74(1):218–223. doi:10.1055/s-0038-1642680
70. Thålin C, Hisada Y, Lundström S, Mackman N, Wallén H. Neutrophil extracellular traps: villains and targets in arterial, venous, and 

cancer-associated thrombosis. Arteriosclerosis Thrombosis Vasc Biol. 2019;39(9):1724–1738. doi:10.1161/ATVBAHA.119.312463
71. Zhu Y, Xian X, Wang Z, et al. Research progress on the relationship between atherosclerosis and inflammation. Biomolecules. 2018;8(3). 

doi:10.3390/biom8030080
72. Kong P, Cui ZY, Huang XF, Zhang DD, Guo RJ, Han M. Inflammation and atherosclerosis: signaling pathways and therapeutic intervention. 

Signal Transduction Targeted Ther. 2022;7(1):131. doi:10.1038/s41392-022-00955-7
73. Khoury MK, Yang H, Liu B. Macrophage Biology in Cardiovascular Diseases. Arteriosclerosis Thrombosis Vasc Biol. 2021;41(2):e77–e81. 

doi:10.1161/ATVBAHA.120.313584
74. Maretti-Mira AC, Golden-Mason L, Salomon MP, Kaplan MJ, Rosen HR. Cholesterol-induced M4-Like macrophages recruit neutrophils and 

induce NETosis. Front Immunol. 2021;12:671073. doi:10.3389/fimmu.2021.671073
75. Haider P, Kral-Pointner JB, Mayer J, et al. Neutrophil extracellular trap degradation by differently polarized macrophage subsets. 

Arteriosclerosis Thrombosis Vasc Biol. 2020;40(9):2265–2278. doi:10.1161/ATVBAHA.120.314883
76. Carmona-Rivera C, Zhao W, Yalavarthi S, Kaplan MJ. Neutrophil extracellular traps induce endothelial dysfunction in systemic lupus 

erythematosus through the activation of matrix metalloproteinase-2. Ann Rheumatic Dis. 2015;74(7):1417. doi:10.1136/annrheumdis-2013- 
204837

77. Sano M, Maejima Y, Nakagama S, et al. Neutrophil extracellular traps-mediated Beclin-1 suppression aggravates atherosclerosis by inhibiting 
macrophage autophagy. Front Cell Develop Biol. 2022;10:876147.

78. Westerterp M, Fotakis P, Ouimet M, et al. Cholesterol efflux pathways suppress inflammasome activation, NETosis, and atherogenesis. 
Circulation. 2018;138(9):898–912. doi:10.1161/CIRCULATIONAHA.117.032636

79. Liu D, Yang P, Gao M, et al. NLRP3 activation induced by neutrophil extracellular traps sustains inflammatory response in the diabetic wound. 
Clin Sci. 2019;133(4):565–582. doi:10.1042/CS20180600

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S507330                                                                                                                                                                                                                                                                                                                                                                                                   4431

Yuan et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/nm.2053
https://doi.org/10.1038/nm.2053
https://doi.org/10.1080/08830185.2021.1921174
https://doi.org/10.1681/ASN.2011111077
https://doi.org/10.1074/jbc.M100191200
https://doi.org/10.1161/HYPERTENSIONAHA.117.10305
https://doi.org/10.1182/blood-2010-05-284513
https://doi.org/10.1182/blood-2010-05-284513
https://doi.org/10.1161/01.ATV.0000223901.08459.57
https://doi.org/10.1016/j.lfs.2023.121867
https://doi.org/10.1016/j.jacc.2018.09.089
https://doi.org/10.1172/JCI82719
https://doi.org/10.1161/ATVBAHA.117.309002
https://doi.org/10.1160/TH11-08-0592
https://doi.org/10.3390/ijms21249760
https://doi.org/10.3389/fimmu.2016.00271
https://doi.org/10.1124/pr.112.005983
https://doi.org/10.1038/s41423-018-0024-0
https://doi.org/10.1182/blood-2011-03-343061
https://doi.org/10.1111/j.1538-7836.2011.04422.x
https://doi.org/10.1093/cvr/cvp066
https://doi.org/10.1038/s41467-018-03925-2
https://doi.org/10.1097/SHK.0000000000000397
https://doi.org/10.1371/journal.pone.0071447
https://doi.org/10.1055/s-0038-1642680
https://doi.org/10.1161/ATVBAHA.119.312463
https://doi.org/10.3390/biom8030080
https://doi.org/10.1038/s41392-022-00955-7
https://doi.org/10.1161/ATVBAHA.120.313584
https://doi.org/10.3389/fimmu.2021.671073
https://doi.org/10.1161/ATVBAHA.120.314883
https://doi.org/10.1136/annrheumdis-2013-204837
https://doi.org/10.1136/annrheumdis-2013-204837
https://doi.org/10.1161/CIRCULATIONAHA.117.032636
https://doi.org/10.1042/CS20180600


80. Chauhan D, Vande Walle L, Lamkanfi M. Therapeutic modulation of inflammasome pathways. Immunological Reviews. 2020;297(1):123–138. 
doi:10.1111/imr.12908

81. An Z, Li J, Yu J, et al. Neutrophil extracellular traps induced by IL-8 aggravate atherosclerosis via activation NF-κB signaling in macrophages. 
Cell Cycle. 2019;18(21):2928–2938. doi:10.1080/15384101.2019.1662678

82. Nie M, Yang L, Bi X, et al. Neutrophil extracellular traps induced by IL8 promote diffuse large B-cell lymphoma progression via the TLR9 
Signaling. Clin Cancer Res. 2019;25(6):1867–1879. doi:10.1158/1078-0432.CCR-18-1226

83. Korkmaz B, Moreau T, Gauthier F. Neutrophil elastase, proteinase 3 and cathepsin G: physicochemical properties, activity and physiopatho
logical functions. Biochimie. 2008;90(2):227–242. doi:10.1016/j.biochi.2007.10.009

84. Libby P, Ridker PM, Hansson GK. Progress and challenges in translating the biology of atherosclerosis. Nature. 2011;473(7347):317–325.
85. van Diepen JA, Berbée JFP, Havekes LM, Rensen PCN. Interactions between inflammation and lipid metabolism: relevance for efficacy of 

anti-inflammatory drugs in the treatment of atherosclerosis. Atherosclerosis. 2013;228(2):306–315. doi:10.1016/j.atherosclerosis.2013.02.028
86. Awasthi D, Nagarkoti S, Kumar A, et al. Oxidized LDL induced extracellular trap formation in human neutrophils via TLR-PKC-IRAK-MAPK 

and NADPH-oxidase activation. Free Radic Biol Med. 2016;93:190–203. doi:10.1016/j.freeradbiomed.2016.01.004
87. Obama T, Ohinata H, Takaki T, et al. Cooperative action of oxidized low-density lipoproteins and neutrophils on endothelial inflammatory 

responses through neutrophil extracellular trap formation. Front Immunol. 2019;10:1899. doi:10.3389/fimmu.2019.01899
88. Cao W, Abdelgawwad MS, Li J, Zheng XL. Apolipoprotein B100/Low-density lipoprotein regulates proteolysis and functions of von 

Willebrand factor under arterial shear. Thrombosis Haemostasis. 2019;119(12):1933–1946. doi:10.1055/s-0039-1696713
89. Sorvillo N, Mizurini DM, Coxon C, et al. Plasma peptidylarginine deiminase IV promotes VWF-platelet string formation and accelerates 

thrombosis after vessel injury. Circulation Res. 2019;125(5):507–519. doi:10.1161/CIRCRESAHA.118.314571
90. Haritha VH, George A, Shaji BV, Anie Y. NET-associated citrullinated histones promote LDL aggregation and foam cell formation in vitro. Exp 

Cell Res. 2020;396(2):112320. doi:10.1016/j.yexcr.2020.112320
91. Li D, Liu L, Chen H, Sawamura T, Ranganathan S, Mehta JL. LOX-1 mediates oxidized low-density lipoprotein-induced expression of matrix 

metalloproteinases in human coronary artery endothelial cells. Circulation. 2003;107(4):612–617. doi:10.1161/01.CIR.0000047276.52039.FB
92. Adamidis PS, Pantazi D, Moschonas IC, Liberopoulos E, Tselepis AD. Neutrophil extracellular traps (NETs) and atherosclerosis: does 

hypolipidemic treatment have an effect? J Cardiovasc Development Dis. 2024;11(3):72. doi:10.3390/jcdd11030072
93. Thazhathveettil J, Kumawat AK, Demirel I, Sirsjö A, Paramel GV. Vascular smooth muscle cells in response to cholesterol crystals modulates 

inflammatory cytokines release and promotes neutrophil extracellular trap formation. Mol Med. 2024;30(1):42. doi:10.1186/s10020-024-00809-8
94. Tall AR, Yvan-Charvet L. Cholesterol, inflammation and innate immunity. Nat Rev Immunol. 2015;15(2):104–116. doi:10.1038/nri3793
95. Fang X, Ma L, Wang Y, et al. Neutrophil extracellular traps accelerate vascular smooth muscle cell proliferation via Akt/CDKN1b/TK1 

accompanying with the occurrence of hypertension. J Hypertension. 2022;40(10):2045–2057. doi:10.1097/HJH.0000000000003231
96. Hofbauer T, Scherz T, Müller J, et al. Arterial hypertension enhances neutrophil extracellular trap formation via an angiotensin-II-dependent 

pathway. Atherosclerosis. 2017;263:e67–e68.
97. Watanabe T, Pakala R, Katagiri T, Benedict CR. Angiotensin II and serotonin potentiate endothelin-1-induced vascular smooth muscle cell 

proliferation. J Hypertension. 2001;19(4):731–739. doi:10.1097/00004872-200104000-00010
98. Chrysanthopoulou A, Gkaliagkousi E, Lazaridis A, et al. Angiotensin II triggers release of neutrophil extracellular traps, linking thromboin

flammation with essential hypertension. JCI Insight. 2021;6(18). doi:10.1172/jci.insight.148668
99. Rodríguez-Espinosa O, Rojas-Espinosa O, Moreno-Altamirano MM, López-Villegas EO, Sánchez-García FJ. Metabolic requirements for 

neutrophil extracellular traps formation. Immunology. 2015;145(2):213–224. doi:10.1111/imm.12437
100. Wong SL, Demers M, Martinod K, et al. Diabetes primes neutrophils to undergo NETosis, which impairs wound healing. Nat Med. 2015;21 

(7):815–819. doi:10.1038/nm.3887
101. La Sala L, Prattichizzo F, Ceriello A. The link between diabetes and atherosclerosis. European J Preventive Cardiol. 2019;26(2_suppl):15–24. 

doi:10.1177/2047487319878373
102. Wang M, Zhang J, Jiang L-Q, et al. Proinflammatory profile within the grossly normal aged human aortic wall. Hypertension. 2007;50 

(1):219–227. doi:10.1161/HYPERTENSIONAHA.107.089409
103. Covarrubias AJ, Perrone R, Grozio A, Verdin E. NAD(+) metabolism and its roles in cellular processes during ageing. Nat Rev mol Cell Biol. 

2021;22(2):119–141. doi:10.1038/s41580-020-00313-x
104. Martinod K, Witsch T, Erpenbeck L, et al. Peptidylarginine deiminase 4 promotes age-related organ fibrosis. J Exp Med. 2017;214(2):439–458. 

doi:10.1084/jem.20160530
105. Hu JJ, Liu X, Xia S, et al. FDA-approved disulfiram inhibits pyroptosis by blocking gasdermin D pore formation. Nat Immunol. 2020;21 

(7):736–745. doi:10.1038/s41590-020-0669-6
106. Silva CMS, Wanderley CWS, Veras FP, et al. Gasdermin-D activation by SARS-CoV-2 triggers NET and mediate COVID-19 

immunopathology. Critical Care. 2022;26(1):206. doi:10.1186/s13054-022-04062-5
107. Liu Y, Carmona-Rivera C, Moore E, et al. Myeloid-specific deletion of peptidylarginine deiminase 4 mitigates atherosclerosis. Front Immunol. 

2018;9:1680. doi:10.3389/fimmu.2018.01680
108. Paunel-Görgülü A, Conforti A, Mierau N, Zierden M, Xiong X, Wahlers T. Peptidylarginine deiminase 4 deficiency in bone marrow cells 

prevents plaque progression without decreasing atherogenic inflammation in apolipoprotein E-knockout mice. Front Cardiovasc Med. 
2022;9:1046273. doi:10.3389/fcvm.2022.1046273

109. Shimonaga K, Matsushige T, Takahashi H, et al. Peptidylarginine deiminase 4 as a possible biomarker of plaque instability in carotid artery 
stenosis. J Stroke Cerebrovasc Dis. 2021;30(7):105816. doi:10.1016/j.jstrokecerebrovasdis.2021.105816

110. Novotny J, Chandraratne S, Weinberger T, et al. Histological comparison of arterial thrombi in mice and men and the influence of Cl-amidine on 
thrombus formation. PLoS One. 2018;13(1):e0190728. doi:10.1371/journal.pone.0190728

111. Lewis HD, Liddle J, Coote JE, et al. Inhibition of PAD4 activity is sufficient to disrupt mouse and human NET formation. Nat Chem Biol. 
2015;11(3):189–191. doi:10.1038/nchembio.1735

112. Molinaro R, Yu M, Sausen G, et al. Targeted delivery of protein arginine deiminase-4 inhibitors to limit arterial intimal NETosis and preserve 
endothelial integrity. Cardiovasc Res. 2021;117(13):2652–2663. doi:10.1093/cvr/cvab074

https://doi.org/10.2147/JIR.S507330                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 4432

Yuan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1111/imr.12908
https://doi.org/10.1080/15384101.2019.1662678
https://doi.org/10.1158/1078-0432.CCR-18-1226
https://doi.org/10.1016/j.biochi.2007.10.009
https://doi.org/10.1016/j.atherosclerosis.2013.02.028
https://doi.org/10.1016/j.freeradbiomed.2016.01.004
https://doi.org/10.3389/fimmu.2019.01899
https://doi.org/10.1055/s-0039-1696713
https://doi.org/10.1161/CIRCRESAHA.118.314571
https://doi.org/10.1016/j.yexcr.2020.112320
https://doi.org/10.1161/01.CIR.0000047276.52039.FB
https://doi.org/10.3390/jcdd11030072
https://doi.org/10.1186/s10020-024-00809-8
https://doi.org/10.1038/nri3793
https://doi.org/10.1097/HJH.0000000000003231
https://doi.org/10.1097/00004872-200104000-00010
https://doi.org/10.1172/jci.insight.148668
https://doi.org/10.1111/imm.12437
https://doi.org/10.1038/nm.3887
https://doi.org/10.1177/2047487319878373
https://doi.org/10.1161/HYPERTENSIONAHA.107.089409
https://doi.org/10.1038/s41580-020-00313-x
https://doi.org/10.1084/jem.20160530
https://doi.org/10.1038/s41590-020-0669-6
https://doi.org/10.1186/s13054-022-04062-5
https://doi.org/10.3389/fimmu.2018.01680
https://doi.org/10.3389/fcvm.2022.1046273
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105816
https://doi.org/10.1371/journal.pone.0190728
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.1093/cvr/cvab074


113. Franck G, Mawson TL, Folco EJ, et al. Roles of PAD4 and NETosis in experimental atherosclerosis and arterial injury: implications for 
superficial erosion. Circulation Res. 2018;123(1):33–42. doi:10.1161/CIRCRESAHA.117.312494

114. Adrover JM, Carrau L, Daßler-Plenker J, et al. Disulfiram inhibits neutrophil extracellular trap formation and protects rodents from acute lung 
injury and SARS-CoV-2 infection. JCI Insight. 2022;7(5). doi:10.1172/jci.insight.157342

115. Imazio M, Nidorf M. Colchicine and the heart. Eur Heart J. 2021;42(28):2745–2760. doi:10.1093/eurheartj/ehab221
116. Wichapong K, Silvestre-Roig C, Braster Q, Schumski A, Soehnlein O, Nicolaes GAF. Structure-based peptide design targeting intrinsically 

disordered proteins: novel histone H4 and H2A peptidic inhibitors. Comput Struct Biotechnol J. 2021;19:934–948.
117. Natorska J, Ząbczyk M, Undas A. Neutrophil extracellular traps (NETs) in cardiovascular diseases: from molecular mechanisms to therapeutic 

interventions. Polish Heart J. 2023;81(12):1205–1216.

Journal of Inflammation Research                                                                                               

Publish your work in this journal 
The Journal of Inflammation Research is an international, peer-reviewed open-access journal that welcomes laboratory and clinical findings on 
the molecular basis, cell biology and pharmacology of inflammation including original research, reviews, symposium reports, hypothesis 
formation and commentaries on: acute/chronic inflammation; mediators of inflammation; cellular processes; molecular mechanisms; pharmacology 
and novel anti-inflammatory drugs; clinical conditions involving inflammation. The manuscript management system is completely online and 
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2025:18                                                                                               4433

Yuan et al

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1161/CIRCRESAHA.117.312494
https://doi.org/10.1172/jci.insight.157342
https://doi.org/10.1093/eurheartj/ehab221
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	NETs Structure Formation and Release
	Structure and Function of NETs
	Formation of NETs
	Lytic NETosis
	Vital Netosis
	Other Mechanisms

	Biomarkers of NETs

	NETs in Atherosclerosis
	Effects of NETs on Vascular Endothelial Cells
	Effects of NETs on Platelets
	NETs-Induced Changes in the Vascular Inflammatory Microenvironment
	NETs-Mediated Crosstalk with Lipid Metabolism
	Interaction of NETs with Other Atherosclerotic Factors

	Targeting NETs in Atherosclerosis
	Conclusions
	Abbreviations
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

