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Abstract— The neutrophil extracellular traps (NETs) are defined as an extensive web consisting decondensed 
chromatin, which is released from activated neutrophils, as well as cytotoxic proteins, histones and microbicidal pro-
teases that cause tissue damage. NETs contribute to endothelial damage, inflammation, thrombosis, platelet aggrega-
tion, ischemia, that are essential players in the pathobiology of diabetic complications. The objective of the review is to 
highlight the possible role of NETosis in early diabetes-related vasculopathy beyond cardiovascular complications. Al-
though the clinical significance of NETosis in diabetes beyond early atherosclerosis and cardiovascular complications is 
not still clear, there is limited data with respect to useful to use biological markers of NETosis aimed early stratifica-
tion of the diabetics at risk of disease progression. Furthermore, several inductors of NETosis might be a target for 
novel pharmacological approaches to delay advance in diabetes and prevent diabetes-related vasculopathy. 
 
Key words: Diabetes mellitus; neutrophil extracellular traps; vasculopathy; wound healing; microvascular inflamma-
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INTRODUCTION 

Vasculopathy plays a pivotal role in the development 

of cardiovascular (CV) complications in diabetes mel-

litus including the early-onset stage of the disease 

(Schuett et al., 2015). Although the molecular basis 

responsible for vasculopathy in diabetes mellitus has 

been widely investigated, the innate pathogenic me-

chanisms affected various phases at the early stage of 

the disease have remained yet poorly understood 

(Bhatta et al., 2016). Diabetes-induced vasculopathy 

may be attributable to hyperglycemia, lipotoxicity, 

neurohumoral dysregulation of vascular function, in-

creased prolonged exposure to oxidative stress, re-

duced production and release of nitric oxide, low-

grade microvascular inflammation, pro-thrombotic 

state, reduced ability to repair endothelial damage by 

recruitment of endothelial precursors, development of 

asymptomatic atherosclerosis (Bhatta et al., 2016; 

Lehoux and Jones, 2015; Leong et al., 2016; Vanhoutte 

et al., 2015). Indeed, hyperglycemia leads to accumula-

tion of advanced glycation end-products (AGEs) that 

transduces inflammatory and proliferative response 

through reactive oxygen species generation, or 

through activation of Receptor for AGEs (RAGE)-

mediated pathways (Yamagishi et al., 2009). The inte-

raction of AGEs with their receptor RAGE directly 

elicits proliferative, inflammatory, thrombotic and fi-

brotic reactions in variety of cells (i.e. mononuclear / 

macrophages) via inducing vascular endothelial 

growth factor (VEGF) production and RAGE-NF-κB 

pathway activation (Heier et al., 2015; Yamagishi et al., 

2009). Therefore, pro-inflammatory cytokines and 

chemokines may recruit neutrophil subsets in the vas-

cular wall and promote microvascular inflammation 

through forming neutrophil extracellular traps (NETs) 

(a process termed NETosis) (Xu et al., 2012). However, 

the exact molecular mechanisms contributed in di-

abetes-induced vasculopathy via NETs are still not 

clear. The aim of the review is the summary of know-
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ledge about the role of neutrophil extracellular traps 

in pathophysiology of diabetes-induced vasculopathy. 

 

 

DEFINITION OF NEUTROPHIL 
EXTRACELLULAR TRAPS 

The neutrophil extracellular traps are defined as an 

extensive web consisting decondensed chromatin, 

which is released from activated neutrophils, as well 

as cytotoxic proteins / histones and microbicidal pro-

teases that cause killing of microorganisms and tissue 

damage (Wang et al., 2009). It is deemed that NETosis 

is initiated with an expression of peptidylarginine 

deiminase 4 (PAD4), specific enzyme that is essential 

for modification of arginine residues of histones to 

citrulline leading to massive chromatin decondensa-

tion (Wang, 2004). Because of the overexpression of 

PAD4 might be appeared beyond infection under sev-

eral conditions (i.e. diabetes) (Greene et al., 2015), NE-

Tosis could be differentiated into respectively sponta-

neous or inducible (Leavy, 2015), while similar break-

ing out is not fulfill acceptable. 

 

 

BIOLOGICAL ROLE AND MECHAN-

ISMS OF NETOSIS 

For the last decade NETs have been known as a com-

ponent of innate immune system and as part of anti-

microbial defense that binds microorganisms, pre-

vents them from spreading, and ensures a high local 

concentration of antimicrobial agents to degrade viru-

lence factors and kill microorganisms (Brinkmann, 

2004). Describing a biological role of NETosis Brink-

mann and Zychlinsky (2007) (Medina, 2009) have 

called process of producing extracellular structures 

“beneficial suicide of stimulated neutrophils”. Indeed, 

neutrophils actively contribute to host defense by kill-

ing pathogens via NETosis and they die to make NETs 

(Kobayashi, 2015). 

NETs have been implicated in an increasingly large 

number of human diseases including infectious dis-

eases, sepsis, eclampsia, acute lung injury, thrombosis, 

autoimmunity, diabetes, and malignancy (Fig. 1). The 

NETosis is the post-translational regulated process 

forming deiminated chromatin, which is not only able 

to capture bacterial pathogens and bacterial cell adju-

vants, but it may regulate inflammation and tissue 

damage via indirect mechanisms (Dwivedi et al., 2014; 

Dwivedi and Radic, 2013; Leshner et al., 2012) includ-

ing free radical production, forming of immune com-

plexes, autoantibodies, inducing inflammatory cyto-

kines release from competent cells (Fig. 2). 

 

 

Figure 1. The implication of the neutrophil extracellular traps. 
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Figure 2. The molecular cascades involved in the neutrophil extracellular traps’ forming. 

 

 

It has been suggested that interleukin-8 (IL-8), phorbol 

myristate acetate (PMA), lipopolysaccharide (LPS), 

thromboxane A2, β-defensin-1, P-selectin/ P-selectin 

glycoprotein ligand-1, and even simple contact of var-

ious cells with NET-releasing cells might induce 

NTEosis. Arecent study has shown that several phos-

pholipid mediators, i.e. PAD4, are essential for NET 

formation (Nakashima, 2002). PAD4 is the most inves-

tigated inducer of NETosis and it is an enzyme that 

converts arginine or monomethyl-arginine to citrulline 

in histones in a calcium-dependent reaction (Yang et 

al., 2016). There are four types of PAD that are distri-

buted in nucleus and cytoplasm of granulocytes. 

PAD4 is essential for transduction of positive signals 

in the nucleus via calcium-stimulated ionophores. 

However, the implication of PAD in histone modifica-

tions is widely discussed. 

Next main mediator of histone modification is PAF 

complex (Paf1C) (Zhu, 2005). Additionally, Paf1C has 

been shown to directly regulate gene transcription and 

RNA polymerase II elongation, coordinate several 

processes of adhesion and cell trafficking (Chen et al., 

2015; Wang et al., 2015). In this contest, deiminated 

chromatin may be internalized by host phagocytes on 

surface of the endothelium, which is able delimiting 

the NETosis via secretion of apoptotic bodies, but the 

innate mechanisms responsible for this response re-

mains mysterious. 

As well known, post-translational modifications of 

histones within the externalized NETs are essential 

component of immune complexes / deposits and may 

directly damage tissue. There are evidence regarding 

that the nuclear DNA-binding protein HMGB1 (the 

high-mobility group box 1), which is released from 

necrotic cells / late apoptotic cells and is an essential 

component of DNA-containing immune complexes, 

may stimulate cytokine production through a Toll-like 

receptor 9 – myeloid differentiation primary response 

gene-88 pathway and induce NETosis. Indeed, 

HMGB1 is tightly attached to the chromatin in apop-

totic cells. Moreover, HMGB1-containing nucleosomes 

from apoptotic cells induced secretion of interleukin-
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1β, IL-6, IL-10, and tumor necrosis factor (TNF) α and 

expression of costimulatory molecules in macrophag-

es and dendritic cells (DC), respectively (Joshi et al., 

2007). Overall, HMGB1 exerts effects on NETs forma-

tion through an interaction with TLR2, TLR4 and 

RAGE, and this process is NADPH oxidase-dependent 

(Grayson and Kaplan, 2015). Activated antigen-

presenting cells may crucially contribute to the NETo-

sis development and mediate the tissue damage. 

Following activation by several factors mentioned 

above, neutrophils undergo distinct morphological 

alterations leading to ultimate NET formation. NETs 

promote the externalization of modified autoantigens, 

inducing synthesis of type I interferon, stimulating the 

formation of various inflammasomes, and activating 

both the classic and alternative pathways of the com-

plement system (Ma et al., 2016; Wang et al., 2015). 

Furthermore, NETs are considered toxic substances for 

the endothelium that expose immunostimulatory mo-

lecules, activate plasmacytoid dendritic cells, and may 

participate in target-organ damage through incom-

pletely characterized pathways. There are at least two 

important targets to counter NETosis in the setting of 

diabetes, such as protein kinase C and NADPH oxi-

dase, which modulate an abnormal response to tissue 

damage and immune reactions. Consequently, NETs 

may contribute directly to immunogenicity, endotheli-

al cell dysfunction, vasculopathy, atherosclerotic pla-

que burden, and thrombosis(Berezin, 2015; Grayson 

and Kaplan, 2015). 

There is evidence regarding NETs might directly in-

duce epithelial and endothelial damage, because 

structure of web is composed of DNA, histones and 

granular proteins, i.e. neutrophil elastase and myelo-

peroxidase (Saffarzadeh et al., 2012). In has suggested 

that histones and myeloperoxidase are responsible for 

NET-mediated cytotoxicity in a dose-dependent man-

ner and that this process is regulated by activated pro-

tein C (Saffarzadeh et al., 2012). Contrary, a high local 

concentration of neutrophil elastase can cause degra-

dation of the wound matrix and delay healing, and 

thereby could regulate NET-induced cytotoxicity pro-

tecting against activated protein C degradation 

(Saffarzadeh and Preissner, 2013).  

 

 

 

 

SPONTANEOUS / INDUCIBLE NE-
TOSIS IN DIABETES-RELATED 
VASCULOPATHY 

The ability of NETosis to induce tissue damage in in-

fections and inflammatory disease is widely known. 

However, the role of spontaneous NETosis in dysme-

tabolic states including diabetes mellitus is not fully 

established. In fact, in diabetes, neutrophils are 

primed to release NETs and die by NETosis (Berezin, 

2015). Neutrophils that are isolated from the blood of 

diabetics have been shown an increased spontaneous 

NETosis, but an impaired inducible exaggerated NE-

Tosis response might be a leading cause of tissue 

damage in diabetics with healing, such as diabetic 

food. Moreover, NET components (elastase, histones, 

NGAL, and proteinase-3) were enriched in non-

healing human with diabetes (Fadini et al., 2016a). 

Wong SL et al (2015) (Wong et al., 2015) have been 

suggested that diabetes may not only activate neutro-

phils to overproduce PAD4 and NETs, but NETs are as 

a key factor delaying wound healing. Nevertheless, it 

was found that the finely tuned balance of NETosis 

required protecting the human body from microor-

ganisms yet avoiding self-damage seems to be lost in 

diabetes (Lewis et al., 2015). Cumulatively, the ability 

of activated antigen-presenting cells to exhibit a spon-

taneous NETosis is essential for diabetes, whereas the 

role of inducible exaggerated NETosis remains still 

unclear. 

There are several systemic and local stimuli affected 

exaggerated level of spontaneous NETosis in diabetes. 

Freigang et al (2011) (Freigang et al., 2011) have re-

ported that the oxidative stress-responsive transcrip-

tion factor NF-E2-related 2 (Nrf2) as an essential posi-

tive regulator of inflammasome activation and IL-1-

mediated vascular inflammation. Recently studies 

have revealed that several stimuli, i.e. local ischemia, 

hypoxia, cholesterol crystals accumulated in vascular 

wall, necrotic cells, and histones, might act both as 

priming signals for IL-1β production by and trigger 

for neutrophils to release NETs via represent an endo-

genous danger signal that activates Nrf2 and the 

NLRP3 inflammasome (Freigang et al., 2011; 

Nahrendorf and Swirski, 2015; Warnatsch et al., 2015). 

All these could prime macrophages for cytokine re-

lease, activating Th17 cells that amplify immune cell 

recruitment in atherosclerotic plaques and induce mi-

crovascular inflammation that leads to vasculopathy 

(Allam et al., 2013; Rajamäki et al., 2010; Rajamaki et 
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al., 2013). Overall, spontaneous NET-forming neutro-

phils may assist not only in the innate immune de-

fense against different pathogens, but in early multi-

cellular inflammatory reaction attenuating vascular 

damage and early stage of atherosclerosis. 

 

CLINICAL RELEVANCE OF SPON-
TANEOUS / INDUCIBLE NETOSIS IN 
DIABETES MELLITUS 

Unfortunately, there is no consensus about the clinical 

significance of NETosis in diabetes beyond early athe-

rosclerosis and CV complications (Freigang et al., 

2013; Mangold et al., 2014). Although chronic low-

grading microvascular inflammation is considered a 

clue in the pathogenesis of atherosclerosis, the factors 

that trigger and sustain the inflammation remain elu-

sive. It has been presumed that NETs, which are func-

tionally important players in microvascular inflamma-

tion (Michel and Ho-Tin-Noé, 2015). Indeed, NETosis 

contributes in tissue damage and kills endothelial / 

mononuclear cells and promote inflammation in athe-

rosclerotic plaques, which may contribute to accele-

rated atherosclerosis. Whether classical NETosis me-

diates early atherosclerosis beyond plaque formation 

is still not clear. However, the concept of increased 

spontaneous NETosis that is suitable for diabetes mel-

litus might explain the role of low-grading microvas-

cular inflammation as an initial stimulus for develop-

ment of endothelial dysfunction beyond classical car-

diovascular risk factors (A, 2016). Qin J et al (2016) 

(Qin et al., 2016) reported that elevated level of circu-

lating components of NETs (neutrophil elastase NE 

and proteinase 3) in diabetics exhibited closely posi-

tive correlation with absolute neutrophil counts. Au-

thors suggest that NET-associated proteins might be 

novel circulating biomarkers in diabetes reflecting 

disease activity and target organ damage develop-

ment. Cumulatively, all these data suggest that an ex-

aggerated NETosis is an integral factor, which might 

delay healing in target organ damage, i.e. diabetic foot 

ulcers, diabetic retinopathy, diabetic vasculopathy. 

The inflammasomes containing Nrf2 and the NLRP3 

are essential regulator for inflammatory response that 

directly relays oxidative stress to vascular inflamma-

tion. Moreover, NETs might be target for further ther-

apy in diabetics and that risk stratification score based 

on NETs’ identification would be validated for predic-

tion at early stage of diabetes irrespectively CV com-

plications. Taking into consideration that oxidative 

stress and low-grade inflammation are considered the 

main modulator of cardiovascular complications in 

diabetes mellitus, spontaneous / inducible NETosis 

might discuss as a clue translated regulatory signal 

from several metabolic triggers to target cells by po-

tentiating the inflammasome-interleukin (IL)-1 family 

axis and Casp1 activation. Notably, processing and 

secretion of bioactive IL-1a and IL-1β be activated ma-

crophages, are required Nrf2-regulated forming of the 

NLRP3 inflammasome. Interestingly, that secretion of 

NLRP3 inflammasome is under control of several 

modulators including galectin-3, which is considered 

as an independent predictor for CV events and disease 

in general population. Probably, spontaneous / induc-

ible NETosis in diabetes mellitus might relate genetic 

predisposition and risk of CV complications, i.e. vas-

culopathy (Fadini et al., 2016b). Although the assump-

tions appear to be attractive, lack of clinical evidence 

sufficiently limits productive scientific discussion 

around the topic and it is required more investiga-

tions. 

 

CONCLUSION 

NETosis is a novel player in the pathobiology of di-

abetes contributing to endothelial damage, thrombo-

sis, ischemia, and microvascular inflammation. Di-

abetes-related vasculopathy might be triggered by 

metabolic signals that presumably activating inflam-

masomes and spontaneous / inducible NETosis for 

neutrophils. Probably, NETs link the various cellular 

response to metabolic triggers, oxidative stress with 

innate microvascular inflammation mediating early 

cardiovascular complications in diabetes. Further in-

vestigations are required to explain the role of NETo-

sis in pathophysiology of diabetes and possibility to 

use triggers of inflammasomes as targets for medical 

care. 
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