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Abstract: Diabetic kidney disease (DKD) is a major microvascular complication of diabetes mellitus and the leading global cause of 
end-stage renal disease. While chronic hyperglycemia and classic metabolic pathways such as protein kinase C activation, advanced 
glycation end product (AGE) accumulation, and renin–angiotensin system overactivity elucidate many features of DKD, they do not 
fully account for its complex inflammatory pathology. Recent studies have highlighted neutrophil extracellular trap (NET) formation, 
or NETosis, as a critical mechanism linking metabolic stress to immune dysregulation in DKD. NETosis is a specialized form of 
programmed cell death in neutrophils that releases web-like chromatin structures decorated with histones, elastase, and myeloperox
idase. Although these structures function as protective barriers against pathogens, they become pathogenic when dysregulated. In the 
diabetic milieu, hyperglycemia, advanced glycation end products (AGEs), protein kinase C signaling, lipid abnormalities, and pro- 
inflammatory cytokines all promote excessive NETosis. Once formed, NETs drive renal injury by inducing endothelial dysfunction, 
podocyte and tubular epithelial cell damage, macrophage activation, and profibrotic signaling, thereby accelerating inflammation, 
fibrosis, and renal decline. Therapeutic strategies targeting NETosis are emerging, including inhibitors of PAD4, NADPH oxidase, and 
neutrophil elastase, as well as NET-degrading agents such as DNase I and histone-neutralizing compounds. Classical antidiabetic 
drugs, notably metformin and GLP-1 receptor agonists, also show potential in modulating NET formation. Collectively, these insights 
position NETosis as both a biomarker and a therapeutic target in DKD, offering novel opportunities to mitigate diabetes-associated 
renal complications. 
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Introduction
Diabetic Kidney Disease (DKD) is a common and severe microvascular complication of diabetes mellitus, characterized 
by progressive structural and functional damage to the kidneys, primarily driven by chronic hyperglycemia and other 
metabolic derangements.1 Affecting approximately 40% of all individuals with diabetes, DKD is currently the single 
leading cause of end-stage renal disease (ESRD) globally, accounting for about 50% of cases in developed countries. The 
disease typically manifests after 10–20 years of diabetes and disproportionately affects individuals of African, Asian, and 
Native American descent.2,3 Beyond renal failure, DKD significantly amplifies the risk of cardiovascular disease (CVD), 
resulting in mortality from cardiovascular events for many patients before they reach ESRD.4 This dual burden of renal 
and cardiovascular risk imposes immense strain on global healthcare systems and severely impairs the quality of life for 
millions.3 Therefore, the urgent need for a deeper understanding of its complex pathophysiology is undeniable.
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The pathology of DKD is defined by progressive structural damage to the kidney. Hallmarks begin with glomerular 
basement membrane (GBM) thickening and mesangial matrix expansion, which are intensified by the dysfunction and 
loss of podocytes (key filtration cells) leading directly to proteinuria.5 These early lesions ultimately progress to 
irreversible glomerulosclerosis and tubulointerstitial fibrosis, causing a steady decline in renal function.6 Traditionally, 
these changes are attributed to chronic hyperglycemia, which activates signaling pathways like protein kinase C (PKC) 
and the polyol pathway. This activation, combined with the accumulation of advanced glycation end products (AGEs) 
and overactivation of the renin-angiotensin system (RAS), jointly fosters oxidative stress, inflammation, and fibrosis.7

However, these classic mechanisms do not fully explain the complex inflammatory cascade in DKD. More recently, 
NETosis, a distinct form of programmed cell death in neutrophils, has been identified as a key process in the innate 
immune response that is closely linked to DKD progression.8 During NETosis, activated neutrophils release web-like 
structures known as Neutrophil Extracellular Traps (NETs), which are composed of DNA, histones, and antimicrobial 
proteins like neutrophil elastase. The glucotoxic and lipotoxic environment of diabetes acts as a powerful catalyst for 
excessive NET formation. These NETs inflict damage both directly, by injuring glomerular endothelial cells and 
podocytes, and indirectly, by acting as damage-associated molecular patterns (DAMPs) that amplify sterile inflamma
tion in the kidney through pathways like Toll-like receptors (TLRs).9,10 Consequently, NETosis offers a new perspec
tive on how metabolic dysregulation triggers immune dysfunction in DKD and represents a promising novel 
therapeutic target.

Overview of NETosis
NETosis: Definition and Types
NETs represent a distinctive innate immune defense mechanism wherein neutrophils actively release decondensed 
chromatin decorated with granular and cytoplasmic proteins into the extracellular space, forming intricate web-like 
structures. This unique process, termed NETosis, is a specialized form of programmed cell death that differs from 
traditional apoptosis or necrosis, characterized primarily by the extrusion of genomic material. While critically important 
for trapping and neutralizing a broad spectrum of pathogens, including bacteria, fungi, viruses, and parasites,11 excessive 
or dysregulated NETosis contributes significantly to various sterile inflammatory and thrombotic disorders, highlighting 
its dual role in host defense and disease pathogenesis.12,13

The scientific understanding of NETosis has evolved to recognize distinct mechanistic pathways, broadly encom
passing suicidal NETosis, vital NETosis, and mitochondrial NET formation (mtNETs), each exhibiting unique kinetics 
and cellular outcomes14 (Figure 1). These diverse processes involve the extrusion of DNA and associated proteins into 
the extracellular space, playing varied roles in both host defense and disease pathogenesis.15

Suicidal NETosis
This canonical pathway represents a protracted process, typically taking hours to complete, and ultimately culminates in 
the lytic death of the neutrophil. It is generally induced by potent stimuli such as phorbol myristate acetate (PMA), 
certain microbial pathogens, or specific pro-inflammatory cytokines.16 The hallmark of suicidal NETosis involves a series 
of intricate intracellular events. A critical initial step is the robust generation of reactive oxygen species (ROS), primarily 
through the activation of NADPH oxidase.17 ROS production is essential for downstream events, including the 
translocation of neutrophil elastase (NE) and myeloperoxidase (MPO) from azurophilic granules into the nucleus. 
Within the nucleus, NE and MPO act synergistically to degrade histones, which, along with the action of protein- 
arginine deiminase 4 (PAD4), leads to extensive chromatin decondensation.18 PAD4, often activated by calcium influx, 
catalyzes the citrullination of specific arginine residues on histones (particularly histone H3), thereby loosening the 
chromatin structure and facilitating its unraveling. Subsequently, the nuclear envelope disintegrates, and the decondensed 
chromatin, now intertwined with various granular proteins, is extruded into the cytoplasm. Finally, the plasma membrane 
ruptures, releasing the mature NETs into the extracellular milieu.
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Vital NETosis
In contrast to its suicidal counterpart, vital NETosis is a more rapid process, typically occurring within minutes, and 
notably, it does not necessarily lead to the demise of the neutrophil, which can remain viable and capable of performing 
other immune functions like phagocytosis.19 This pathway is often triggered by specific bacterial stimuli, such as 
lipopolysaccharide (LPS), or by activated platelets. The defining feature of vital NETosis is the selective extrusion of 
nuclear or mitochondrial DNA-containing vesicles without overt cell lysis. The neutrophil nucleus undergoes a unique 
transformation, becoming condensed and lobulated. Portions of the decondensed chromatin are then packaged into 
membrane-bound vesicles that bud from the nucleus. These vesicles are subsequently released into the extracellular space 
through exocytosis, where they eventually rupture to unleash their DNA content, forming NETs while preserving the 
cell’s integrity.20 Although PAD4, MPO, and NE may play roles, the exact molecular machinery differs from suicidal 
NETosis, often involving less pronounced histone citrullination and a distinct mechanism of chromatin externalization, 
and is typically independent of NADPH oxidase activity.

Mitochondrial NET Formation
mtNETs represents a distinct pathway of neutrophil extracellular trap release, characterized by the extrusion of 
mitochondrial DNA (mtDNA) and associated proteins into the extracellular space.21,22 This mechanism was initially 
reported in 2009, when it was observed that viable neutrophils could release mtDNA to form NETs.21 Unlike the classical 
“suicidal NETosis” which involves nuclear DNA release and neutrophil lysis, mtNETs are often considered a form of 
“vital NETosis”, as they typically occur without immediate cell death, allowing neutrophils to maintain their 

Figure 1 Three distinct pathways of NETosis and their key characteristics. Suicidal NET formation can be induced by factors such as PMA, microbial pathogens, and 
cytokines. It is characterized by a relatively slow response, dependence on NADPH oxidase-derived reactive oxygen species (ROS), and culminates in lytic cell death. Vital 
NET formation is triggered by stimuli including bacteria, lipopolysaccharide (LPS), and platelets. This pathway is characterized by a rapid response, Independence from 
NADPH oxidase-derived ROS, and is primarily initiated by calcium (Ca2+) influx, with neutrophils retaining their viability. Mitochondrial NET formation is induced by 
a combination of factors such as GM-CSF plus LPS or C5a. It features a rapid onset, dependence on mitochondrial ROS (mtROS), and the release of mitochondrial DNA, 
while the neutrophil remains viable.
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antimicrobial functions.14 This process was initially observed with neutrophils primed by granulocyte-macrophage 
colony-stimulating factor (GM-CSF) and subsequently stimulated with LPS or complement component C5a.21,22 

Mechanistically, mtNET formation is largely dependent on the generation of mitochondrial ROS and can proceed 
independently of NADPH oxidase activity.23 Extracellular mtDNA, functioning as a potent DAMP, can activate immune 
responses, notably through TLR9, leading to pro-inflammatory cytokine production.24 While contributing to host defense 
against pathogens, dysregulated mtNET formation is implicated in various pathological conditions, including sterile 
inflammation, autoimmune diseases such as systemic lupus erythematosus, and sepsis, where elevated plasma mtDNA 
levels correlate with disease severity and poor clinical outcomes.25,26 Furthermore, mtNETs have been shown to promote 
tumor growth and metastasis by enhancing mitochondrial function in cancer cells.27,28

These distinct mechanisms underscore the adaptability of neutrophils in deploying NETs as a defense strategy, 
tailoring the response to the specific nature and intensity of the triggering stimulus.

Main Components and Biological Activities of NETs
The fundamental scaffold of NETs is comprised of DNA, which includes both nuclear DNA and, to a lesser extent, 
mitochondrial DNA. Wrapped around this DNA are highly cationic histones, particularly H2A, H2B, H3, and H4, which 
contribute to the structural integrity and antimicrobial properties of NETs.29 Beyond this nucleoprotein core, NETs are 
enriched with a diverse array of proteins derived from neutrophil granules and cytoplasm. These include key enzymes 
such as MPO, vital for the production of hypochlorous acid, a potent antimicrobial agent, and NE, a serine protease that 
degrades virulence factors of pathogens and contributes to chromatin decondensation. Other important granular proteins 
found within NETs are cathepsin G, lactoferrin, S100A8/A9, a major component of neutrophil cytosol with antimicrobial 
and pro-inflammatory properties, and defensins, which are small cationic peptides possessing direct antimicrobial 
effects.11,30

The intricate composition of NETs enables them to exert a wide range of biological activities, influencing both host 
defense and pathological processes. NETs physically ensnare and immobilize a broad spectrum of microorganisms, 
including bacteria, fungi, and viruses, with their antimicrobial proteins and enzymes directly killing or inhibiting trapped 
pathogens.11 Components of NETs, notably histones and DNA, act as DAMPs that activate innate immune cells and 
perpetuate inflammation, leading to tissue damage and amplified inflammatory responses.14 Furthermore, NETs serve as 
a potent pro-coagulant platform, promoting thrombosis by activating coagulation factors, binding to and activating 
platelets, and stabilizing fibrin clots, thus contributing to microvascular obstruction.31 Beyond pathogen elimination, 
NETs and their constituents, such as histones, exhibit direct cytotoxic effects on host cells like endothelial cells, leading 
to tissue damage and organ dysfunction, which is a key driver in various non-infectious diseases.32

Inducers of NETosis (Figure 2)
ROS Generation
Neutrophils, under various pathological conditions, induce NETs generation through the release of ROS.33 Increased 
levels of ROS lead to the upregulation of citrullinated histone H3 (citH3) expression, which ultimately triggers chromatin 
decondensation and induces NETosis.34 Furthermore, platelet-induced increase in mtROS is a critical step for NETs 
formation, and inhibition of mtROS significantly suppresses NETosis.35 Concurrently, NADPH oxidase (NOX) is one of 
the primary enzymes responsible for ROS generation in neutrophils, and consequently, targeting ROS signaling pathways 
through the inhibition of NOX activity, direct scavenging of ROS, or inhibition of downstream effectors like MPO, can 
effectively reduce NETosis.36

Endoplasmic Reticulum (ER) Stress
Endoplasmic reticulum (ER) stress is a crucial driver of NETosis, the formation and release of neutrophil extracellular 
traps, through several intricate molecular mechanisms.37 ER stress can promote the synergistic cleavage of gasdermin 
D (GSDMD) by caspase-4/11 and caspase-12, contributing to the induction of NETosis.38 Gαq/11 exacerbates NETosis 
by promoting the activation of the ER stress sensor IRE1α in neutrophils. This activation, coupled with the production of 
mitochondrial reactive oxygen species (mitoROS), further enhances NETosis.39
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Inflammatory Factors
Inflammatory factors are crucial drivers of neutrophil extracellular trap (NETosis) formation, with excessive activation 
potentially exacerbating pathological damage.40 Interleukin-1β (IL-1β) directly induces NETosis, aggravating vascular 
inflammation and endothelial cell activation;41 in viral pneumonia, macrophage Hippo pathway activation upregulates 
NLRP3 and IL-1β, promoting NETosis.40 IL-8 induces NETs formation through the CXCR2-Src/ERK/p38 MAPK 
signaling pathway on neutrophils, exacerbating atherosclerosis.42 Furthermore, TNF-α and IL-17A are also confirmed 
inducers of NETosis.43 Inhibiting NF-κB activation significantly suppresses elevated MPO activity and NETosis, thereby 
mitigating inflammation.44

Lipid Abnormalities
Oxidized Low-Density Lipoprotein (Ox-LDL) can directly act on neutrophils, inducing time- and concentration- 
dependent ROS generation and subsequent NETs formation, and NOX inhibitors effectively prevent Ox-LDL-induced 
free radical production and NETs release.45 In terms of signaling pathways, Ox-LDL-induced NETosis requires the 
synergistic participation of TLR-2 and TLR-6, activating downstream PKC, Interleukin-1 Receptor-Associated Kinase 
(IRAKs), and Mitogen-Activated Protein Kinase (MAPK) pathways, which collectively drive NETosis.45 Notably, 
oxidized phospholipids (such as LPC and oxPAPC) within Ox-LDL are identified as the most potent inducers of 
NETs, playing a critical role in Ox-LDL-mediated NETs release.45

Figure 2 Key molecular mechanisms of NETosis. This schematic summarizes the common factors and intracellular signaling cascades driving NETosis. Diverse stimuli, 
including cytokines, Ox-LDL, microbial pathogens, LPS, activated platelets, and monosodium urate, activate distinct downstream signaling cascades, including PKC, PI3K/ 
AKT, and MAPK, which converge to promote the generation of reactive oxygen species (ROS). Endoplasmic reticulum (ER) stress represents an additional source of ROS. As 
a central mediator, ROS orchestrates NETosis through two primary mechanisms: 1) facilitating the nuclear translocation of protein arginine deiminase 4 (PAD4), which 
catalyzes histone citrullination; and 2) stimulating the release of myeloperoxidase (MPO) and neutrophil elastase (NE) from cytoplasmic granules and their subsequent 
nuclear translocation. These events collectively drive chromatin decondensation and the release of neutrophil extracellular traps (NETs), whose core components include 
histones, NE, MPO, S100A8/A9, lactoferrin, and other granular/cytoplasmic proteins. ↑: increase or upregulation of the indicated process or marker.
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Others
NETosis can be triggered by a wide array of factors, reflecting the neutrophil’s role in diverse physiological and 
pathological contexts.23 Common stimuli include various microbial pathogens such as bacteria, fungi, and viruses, 
along with their molecular components like LPS and other pathogen-associated molecular patterns (PAMPs).46 Beyond 
infection, sterile inflammatory conditions also serve as potent inducers; these encompass endogenous molecules released 
during tissue damage (eg, DAMPs like histones), activated platelets, and certain crystalline structures like monosodium 
urate.12 PMA, a potent protein kinase C activator, is a widely used chemical inducer in experimental settings due to its 
ability to robustly trigger suicidal NETosis.47

Diabetic Kidney Disease-Specific Inducing Factors
In DKD, neutrophils are increasingly primed for NET formation, and various aspects of the diabetic milieu serve as 
potent stimuli, driving pathological NETosis through distinct molecular pathways48–50 (Figure 3).

Hyperglycemia
Previous studies have demonstrated that a hyperglycemic environment is a critical inducer of neutrophil NETosis in 
DKD.51,52 High glucose can induce NETosis through multiple pathways.

Advanced Glycation End Products
AGEs are crucial in the pathogenesis and progression of DKD, acting as key mediators that accelerate under hypergly
cemic conditions.53,54 The kidney, as the primary organ for AGE clearance, is highly vulnerable to AGE-mediated 
damage.54 Notably, Corrected serum AGEs (corrected lgAGEs) are novel independent biomarkers for predicting adverse 
renal outcomes in type 2 DKD.53 Thus, AGEs play a pivotal role in the pathogenesis, progression, and prognosis of 
DKD.54,55

Figure 3 Molecular Mechanisms and Cellular Interactions of NETosis in Diabetic Kidney Disease (DKD). In DKD, chronic hyperglycemia drives NETosis through multiple 
pathways: 1) Accumulation of advanced glycation end products (AGEs) engages RAGE on neutrophils, activating NADPH oxidase to generate reactive oxygen species (ROS) 
and induce autophagy, thereby promoting NETosis. 2) Hyperglycemia-induced diacylglycerol (DAG) activates PKC, which in turn stimulates downstream pathways including 
RAF/MEK/ERK and calcium influx, collectively triggering NETosis. 3) High glucose transcriptionally upregulates midkine (MK), which promotes NETosis. 4) Hyperglycemia- 
induced downregulation of SIRT1 leads to increased NETosis. The deployed NETs subsequently amplify renal injury by targeting various cells. Direct evidence shows that 
NETs trigger pyroptosis in endothelial cells, compromising vascular integrity. Emerging hypotheses propose additional pathogenic roles, including promoting endothelial-to- 
mesenchymal transition (EndoMT), recruiting and activating pro-inflammatory macrophages, inducing cell death and oxidative stress in renal epithelial cells, and stimulating 
pro-fibrotic responses in mesangial cells. ↑: increase or upregulation of the indicated process or marker; ↓: inhibition or suppression of the indicated process or marker.
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In the context of diabetes mellitus, AGEs, which accumulate due to chronic hyperglycemia, play a pivotal role in 
dysregulating neutrophil function and promoting NETosis through a multifaceted cascade involving oxidative stress and 
enzymatic activation. Specifically, AGEs bind to the receptor for AGEs (RAGE) on neutrophil surfaces, triggering the 
assembly and activation of the NADPH oxidase complex, which generates excessive ROS within these innate immune 
cells.56–58 This surge in ROS serves as a priming signal for autophagy, marked by elevated levels of the autophagosomal 
protein LC3II, which in turn directly drives the downstream activation of NETosis by facilitating chromatin decondensa
tion and nuclear envelope rupture; concurrently, ROS upregulates the expression and activity of key NETosis effectors, 
including MPO and NE, whose production is directly mediated by the AGE-RAGE interaction.58,59 Consequently, 
heightened MPO and NE, in synergy with autophagy-mediated pathways, culminate in the extrusion of NETs laden 
with antimicrobial components, underscoring the integrated role of oxidative stress and autophagic flux in amplifying 
NET release under hyperglycemic conditions. Inhibition of NADPH oxidase or upstream autophagy pathways has been 
shown to attenuate this AGE-induced NETosis, highlighting the therapeutic potential of targeting these interconnected 
mechanisms in diabetic immunopathology.58

Protein Kinase C
In the diabetic environment, chronic hyperglycemia promotes tissue injury by inducing diacylglycerol (DAG) and 
subsequently activating the PKC pathway, and this phenomenon has also been observed in the kidneys of diabetic 
rats.60 Mechanistically, elevated extracellular glucose concentrations rapidly induce de novo synthesis of DAG from 
glycolytic intermediates, particularly through inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which 
diverts upstream metabolites such as dihydroxyacetone phosphate into alternative flux pathways, ultimately forming 
DAG via stepwise acylation; this process is further amplified by phospholipase D-mediated hydrolysis of phosphatidyl
choline and contributions from oxidants or glycated products.61 This hyperglycemia-induced PKC activation can 
accelerate diabetic nephropathy and vasculopathy.62

PKC is a pivotal signaling molecule that promotes NETosis formation, playing a central role under various 
physiological and pharmacological stimuli.63 Human neutrophils contain multiple PKC isoforms, including conventional, 
novel, and atypical PKC (eg, α, βI, βII, δ, and ζ).63

Studies indicate that specific PKC isoforms mediate the occurrence of NETosis. For instance, PKCβ, PKCδ, and 
PKCζ are involved in the oxidative burst, spreading, and NETosis activated by calcium ionophore A23187, while only 
PKCβ is implicated in these functions activated by PMA.63 PKC activation typically induces downstream signaling 
pathways that lead to NETosis. A primary mechanism involves the activation of NOX to generate abundant ROS, 
ultimately prompting the release of NETs.64,65 For example, the compound EBC-1013 stimulates PKC-dependent 
neutrophil ROS induction and NETosis.64

PKC activity is subject to various regulations. The mutant peptide mB Box-97 inhibits NETosis, regardless of the 
NET inducer type, by directly binding to and inhibiting PKC activity, thereby reducing downstream NOX activation, 
ROS production, and NETosis.65 This suggests that PKC is a viable target for NETosis inhibition.65 Furthermore, the 
Apolipoprotein M/Sphingosine 1-phosphate (ApoM/S1P) axis, by activating S1P1 and S1P4 receptors, can attenuate 
PKCδ and PKCα/β activity, thereby suppressing NETosis.66 In diabetic wound management, human β-defensin-2 and 
ruboxistaurin have been identified as inhibitors of PKC-βII, suggesting a critical role for PKC-βII in NETosis.67,68 

Additionally, the PKC/Raf/MEK/ERK signaling cascade functions concomitantly with the PI3K/AKT pathway to 
potentially regulate the augmented NETs formation induced by heightened glycolytic activity.69

In summary, PKC and its various isoforms serve as central hubs in the NETosis cascade, profoundly influencing the 
formation and release of neutrophil extracellular traps through regulating ROS generation and crosstalk with other 
signaling pathways.

Sirtuin 1
Sirtuin 1 (SIRT1), a prominent NAD+-dependent deacetylase, functions as a critical regulator of metabolic homeostasis, 
yet its expression is frequently downregulated in the progression of Diabetic Kidney Disease (DKD).70,71 In the renal 
milieu, this deficiency correlates with exacerbated cellular injury, whereas the restoration of SIRT1 activity—mediated 

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S583077                                                                                                                                                                                                                                                                                                                                                                                                       7

Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



by agents such as nicotinamide or melatonin—confers significant renoprotection.71,72 Specifically, SIRT1 signaling has 
been shown to attenuate glomerular sclerosis and podocyte injury by mitigating oxidative stress, inflammation, and 
fibrosis, thereby preserving the structural integrity of the kidney.70,72

Beyond its direct cytoprotective effects, SIRT1 exerts a pivotal regulatory influence on neutrophil biology, acting as 
a potent suppressor of NETosis. Mechanistic investigations reveal that SIRT1 inhibits the formation of NETs by targeting 
the citrullination of histone H3, a prerequisite step for chromatin decondensation.73 Consequently, pharmacological 
activation of SIRT1 restricts the release of NET components, whereas specific SIRT1 deficiency in neutrophils 
significantly exacerbates NETosis and promotes pathological outcomes.73

Diabetes-induced hyperglycemia triggers excessive NETosis, which disrupts the equilibrium between bone formation 
and resorption.74 Therapeutic interventions, such as the administration of GLP-1 receptor agonists like Liraglutide, have 
been demonstrated to upregulate SIRT1 expression, which subsequently inhibits the release of NET-associated markers, 
including myeloperoxidase (MPO) and citrullinated histone H3. The restoration of this SIRT1-NETosis axis effectively 
alleviates inflammation and reverses the diabetes-induced impairment of osteogenesis.74

Others
In DKD, the expression of Midkine (MK) is often significantly elevated due to the long-term hyperglycemic environ
ment, primarily originating from high glucose stimulation inducing transcriptional activation of MK.75,76 As a novel 
biomarker, MK can predict the onset of microalbuminuria with high sensitivity and specificity.76 In vitro experiments 
revealed that under high-glucose conditions, MK stimulated the proliferation of bone marrow-derived neutrophils and 
drove the assembly of NETs by enhancing the expression of NE, MPO, and H3Cit. Knockdown of MK reduced NETs 
formation while simultaneously reversing renal tissue fibrosis and pathological damage.77

NETs Involvement in Diabetic Kidney Disease Progression
In DKD, NET formation can be induced by various other cell types, while NETs themselves reciprocally modulate the 
functions of these cells. Through their inherent pro-inflammatory, pro-coagulant, cytotoxic, and pro-fibrotic character
istics, NETs profoundly contribute to the inflammatory cascade, renal tissue damage, and ultimately, the fibrotic 
processes observed in DKD.9,52,78 This section will elaborate on how NETs influence the kidney’s resident immune 
and structural cells, thereby driving the pathophysiological progression of DKD (Figure 3).

Interaction Mechanisms Between NETs and Renal Endothelial Cells
Renal endothelial cells, crucial for maintaining kidney structure and function, are highly susceptible to damage in the 
diabetic milieu. NETs significantly contribute to this damage, leading to endothelial dysfunction, microvascular compli
cations, and ultimately exacerbating DKD progression.

Endothelial Cell Damage and Dysfunction
In DKD, NETosis promotes glomerular endothelial cell injury by facilitating the deposition of NETs within the 
glomeruli, as observed in both DKD patients and diabetic mouse models (streptozotocin-induced or db/db), where 
elevated NETs levels correlate with worsened renal function and histopathological glomerulopathy.51,52 Mechanistically, 
NETs induce glomerular endothelial cell pyroptosis via a charge-dependent interaction, wherein the positively charged 
proteins (eg, histones) in NETs bind to the negatively charged glomerular endothelial cell surface, triggering cell 
membrane pore formation, dysregulation of membrane function-related genes, and upregulation of pyroptosis effectors 
including cleaved GSDMD and NLRP3.51 Concurrently, under high-glucose stress, NETs drive NLRP3 inflammasome 
activation in glomerular endothelial cells, culminating in IL-1β-mediated sterile inflammation that impairs endothelial 
barrier integrity, reduces endothelial nitric oxide synthase (eNOS) phosphorylation, and elevates soluble vascular cell 
adhesion molecule-1 (sVCAM-1) levels, thereby exacerbating endothelial dysfunction.52 Notably, degrading NETs with 
DNase I or inhibiting NETosis through PAD4 knockout/pharmacological blockade (eg, GSK484) significantly attenuates 
glomerular endothelial cell pyroptosis, inflammasome activation, and associated renal injury, underscoring NETosis as 
a key pathological contributor to DKD progression.51,52
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Endothelial-to-Mesenchymal Transition (EndoMT/EndMT)
Evidence from other diseases indicates that excessive formation and impaired clearance of NETs lead to persistent 
exposure of endothelial cells to NETosis products, which in turn triggers EndoMT. Mechanistically, NET- 
associated elastase degrades the intercellular junction protein VE-cadherin, disrupting endothelial integrity and 
promoting the nuclear translocation of β-catenin, which subsequently induces EndoMT in endothelial cells.79 In 
diabetes, NETosis-derived NETs activate PAK2 via TLR9, leading to phosphorylation of Merlin/NF2 and inhibi
tion of the Hippo-YAP pathway; activated YAP binds to SMAD2 and translocates into the nucleus, inducing 
EndoMT, which suppresses angiogenesis and delays wound healing.80 In addition, NETs were identified in 
glomeruli of lupus nephritis patients and correlated with the severity of proteinuria and glomerular EndoMT, 
further linking NETosis to vascular dysfunction in vivo.79 Complementarily, in a human blood–retinal barrier-on 
-a-chip model, activated neutrophils interacted with microglia to enhance NETosis, which upregulated EndoMT 
markers such as MMP2, Notch3, and ICAM1, alongside fibrosis-associated proteins including α-SMA, SMAD2, 
and SMAD3.81 Moreover, this process was accompanied by elevated inflammatory cytokines (ANG-2, IL-1α, IL- 
1β, and IL-6), suggesting that NETosis promotes EndoMT not only via junctional protein degradation and β- 
catenin signaling but also through the activation of pro-fibrotic and pro-inflammatory pathways.81 Although these 
evidence implicates NETosis in vascular remodeling and fibrosis, its role in DKD remains to be elucidated.

Interaction Mechanisms Between NETs and Other Cells
Macrophages
Macrophages are pivotal immune cells in the kidney, and their infiltration and activation significantly contribute to the 
progression of DKD.82 While a substantial body of evidence from other studies indicates that NETosis contributes to disease 
progression through its effects on macrophages, the precise role of this mechanism in DKD remains to be elucidated. 
Evidence from atherosclerotic studies indicates that NETosis promotes the release of IL-8 by activating the TLR9/NF-κB 
signaling pathway in macrophages.42 IL-8, as an important chemokine, directly attracts macrophages to the inflammatory 
area. Specific components within NETs also play crucial roles: for instance, abundant extracellular histones, particularly 
histone H4, are considered important components in mediating macrophage activation and IL-8 production.83

NETosis is a central driver of renal fibrosis, contributing to both its initiation and progression.84 In a unilateral 
ureteral obstruction model, GSDMD-dependent NETs induce α-SMA expression in macrophages by promoting NF-κB 
p65 nuclear translocation and activating the TGF-β1/Smad signaling pathway, thereby enhancing pro-inflammatory 
cytokine production and facilitating macrophage-to-myofibroblast transition (MMT).85 Consistently, in a folic acid- 
induced AKI-to-CKD (Acute Kidney Injury-to-Chronic Kidney Disease) transition model, GSDME-mediated pyroptosis 
of tubular epithelial cells triggered NETs release, which further promoted MMT.86

Renal Epithelial Cells
NETosis contributes to podocyte injury through multiple interconnected pathways. In models of chronic kidney injury, 
NET-derived proteases degrade slit diaphragm proteins such as nephrin and podocin, thereby impairing the filtration 
barrier. Moreover, excessive NET deposition induces actin cytoskeleton rearrangement, leading to foot process efface
ment and loss of podocyte differentiation markers.87 Furthermore, persistent NETosis exacerbates oxidative stress, 
increases ROS generation, and enhances the expression of adhesion molecules such as VCAM-1, further promoting 
podocyte dysfunction.52

NETosis also aggravates renal tubular epithelial cell (TEC) injury through several interrelated pathways. In DKD, CASP1 
promotes the maturation of IL-1β and IL-18, which drive inflammation and amplify NETosis, excessive NET deposition 
induces oxidative stress and apoptosis in TECs, leading to impaired cellular proliferation and progressive tubular dysfunction.49 

NETs could release additional cytotoxic components—DNA, histones, and proteases—that further damage TECs.88

Mesangial Cell and Fibroblasts
The inflammatory milieu instigated by NETs within diabetic glomeruli may contribute to mesangial cell activation and 
proliferation, thereby promoting mesangial expansion and extracellular matrix (ECM) accumulation.52,89 Furthermore, in 
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obstructive nephropathy, NETs play a significant role in promoting renal fibrosis by influencing renal fibroblasts and their 
differentiation into myofibroblasts. Components of NETs, including DNA, histones, and granular proteins, can directly 
interact with fibroblasts, contributing to their activation90,91 and differentiation into myofibroblasts.85 Whether it plays 
a similar role in DKD, however, remains to be further investigated.

Potential Therapeutic Strategies for Targeting NETosis in DKD
Inhibiting NETosis Formation (Table 1)
Peptidylarginine Deiminase 4 Inhibitors

PAD4 inhibitors, such as Cl-amidine, GSK484, and the novel isoform-selective compound JBI-589, have emerged as 
promising strategies to suppress NET formation. Mechanistically, these agents prevent histone citrullination and 
chromatin decondensation, thereby blocking NETosis. Cl-amidine has been shown to reduce NET formation and 
accelerate wound healing in diabetic mice, highlighting its therapeutic potential in hyperglycemia-associated tissue 
injury.92 Similarly, both Cl-amidine and GSK484 effectively suppress NETosis and ameliorate renal or vascular injury in 
multiple preclinical models, including lupus nephritis, ischemia-reperfusion injury, and acute kidney injury.9 More 
recently, JBI-589 was identified as a potent, orally available, PAD4-selective inhibitor that suppresses histone H3 
citrullination and NET release in human neutrophils, while in mouse models it attenuates inflammation, reduces organ 
damage, and enhances the efficacy of immune checkpoint blockade in cancer.93 In the context of DKD, accumulating 
evidence demonstrates that PAD4 deletion or NET degradation by DNase I alleviates glomerular injury and endothelial 
pyroptosis in diabetic mice, underscoring NETs as critical drivers of DKD progression.51 Although these findings support 
PAD4 inhibition as a promising therapeutic avenue, most studies remain at the preclinical or early translational stage, and 
challenges regarding inhibitor selectivity, long-term safety, and the balance between reducing sterile inflammation and 
preserving antimicrobial defense remain to be addressed.9

NADPH Oxidase Inhibitors
NOX–derived ROS are increasingly recognized as critical upstream signals driving NOX-dependent NETosis and 
diabetic complications. Pharmacological inhibition of NOX1/4 with setanaxib (GKT137831) suppresses ROS production, 
thereby attenuating oxidative stress and potentially reducing NET formation. In preclinical studies, GKT137831 
demonstrated renoprotective effects in diabetic mice, lowering albuminuria and renal inflammation even in established 
nephropathy and vascular disease, supporting NOX as a key source of pathogenic ROS in diabetic kidney disease.94 

Translationally, setanaxib has progressed into clinical evaluation, with a multicenter phase 2 trial recruiting patients with 
type 1 diabetes and persistent albuminuria to assess efficacy and safety.95 While these studies highlight encouraging reno- 
and vasoprotective effects, current clinical protocols do not yet include NET-related endpoints, and long-term renal 
outcomes remain to be clarified. Therefore, future trials are warranted to directly assess the role of NOX inhibition in 
NETosis and to determine whether targeting NOX1/4 can translate into durable clinical benefit in diabetic kidney disease.

Myeloperoxidase Inhibitors
MPO inhibitors such as AZD5904 block MPO-mediated hypochlorous acid (HOCl) generation, thereby attenuating 
chromatin decondensation and NET stability. Experimental studies have shown that MPO inhibition suppresses extra
cellular neutrophil activity and alleviates NET-associated tissue injury, including the prevention and reversal of high-fat 
diet–induced microvascular insulin resistance in rodent models.96 However, in autoimmune settings such as the NOD 
mouse model of type 1 diabetes, MPO or neutrophil elastase inhibition failed to prevent disease progression, highlighting 
disease context–dependent efficacy.97 Translationally, MPO inhibition remains at an early stage, with considerations 
including renal clearance and potential drug–drug interactions requiring further evaluation.

Neutrophil Elastase Inhibitors
NE is a key serine protease that plays a crucial role in inflammation and NETosis. Inhibition of NE has shown promise as 
a therapeutic strategy in various inflammatory conditions, including DKD. NE exerts its effects by disrupting endothelial 
cell integrity and promoting NET release, which in turn contributes to tissue injury and vascular permeability. In vitro 
and in vivo studies have demonstrated that NE inhibition, particularly by drugs such as sivelestat, can prevent the 
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Table 1 Emerging Therapeutic Agents Targeting Diabetes-Induced NETosis

Category Drug Target Mechanism Disease Model/Patients References

Inhibiting NETosis 

Formation

Cl-amidine PAD4 (non-selective 

PAD inhibitor)

Inhibits histone citrullination and chromatin 

decondensation, reducing NETosis

Diabetic wound healing (mice), lupus nephritis, 

ischemia-reperfusion injury, acute kidney injury

[9,92]

GSK484* PAD4 (selective 
inhibitor)

Blocks PAD4-mediated histone citrullination, suppressing 
NET release

Lupus nephritis, acute kidney injury, vascular 
injury (mice)

[9]

JBI-589* PAD4 (highly selective, 

orally available)

Suppresses histone H3 citrullination and NET release, 

reduces inflammation, enhances immune checkpoint 
blockade efficacy

Human neutrophils (in vitro), inflammatory 

disease and cancer models (mice)

[93]

Setanaxib 

(GKT137831)

NOX1/4 Inhibits NOX1/4-dependent ROS production, reducing 

oxidative stress and upstream signals for NETosis

Diabetic nephropathy and atherosclerosis 

models (mice)

[94]

Inhibits NOX1/4-dependent ROS production, reducing 

oxidative stress and upstream signals for NETosis

Phase 2 trial in type 1 diabetes with persistent 

albuminuria

[95]

AZD5904 MPO Irreversible inhibition of MPO, suppressing HOCl 
generation and NET stability

Rodent models: HFD–induced microvascular 
insulin resistance; NOD mice (T1D)

[96,97]

Sivelestat Neutrophil elastase 

(NE)

Blocks NE entry into nucleus, inhibits NET release, reduces 

endothelial permeability, alleviates tissue damage

Mouse models (endotoxin shock, ARDS, sepsis, 

etc)

[98]

Inhibits NE activity, reduces NET formation, improves 

inflammation response

CKD and ESRD patients [99]

Inhibits NE activity, reduces retinal vascular permeability, 

alleviates diabetic retinopathy

Diabetic mouse model (STZ-induced) [100]

Hydroxychloroquine 
(HCQ)*

TLR9 / PAD4 / Rac2 Blocks intracellular TLR9 signaling, downregulates PAD4 
and Rac2, reduces NET formation, alleviates hepatic I/R 

injury

Mouse models of hepatic ischemia/reperfusion [101]

TLR9 / TLR7 Inhibits nucleotide-sensing TLRs, reduces aberrant IgA 
production, prevents glomerular IgA deposition and 

proteinuria

IgA nephropathy-prone ddY mice; patient tonsil 
samples

[102]

Promoting NETs 

Degradation

DNase I / Dornase alfa NET DNA scaffold Degrades extracellular DNA backbone of NETs, 

accelerates clearance, reduces NET-mediated inflammation 

and endothelial damage

Diabetic mice (STZ-induced, db/db); preclinical 

inflammatory disease models

[51]

(Continued)
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Table 1 (Continued). 

Category Drug Target Mechanism Disease Model/Patients References

Classical 

Antidiabetic 
Drugs

Metformin AMPK → PKC–NOX 

axis ↓ ROS

Suppresses PKC-βII membrane translocation and NOX 

activation, reducing NOX-dependent NETosis

T2D & pre-diabetes patients; neutrophil assays [103]

Metformin 

Liraglutide

AMPK activation, ↓ 
NETs

Antagonizes high glucose–induced NET formation Diabetic rat bone defect mo in vitro osteoblast/ 

neutrophil co-culture

[104]

Ferroptosis–iron– 
NETosis axis

Promotes NETosis secondary to ferroptotic injury and 
iron–metformin complex

Mice (I/R-induced AKI); ferroptosis assays [105]

Neutrophil ROS/ 

NADPH oxidase

↓ ROS production, reduced NADPH oxidase activation, 

inhibits NET formation

Murine lung and liver cancer models; reduced 

NET markers

[106]

Liraglutide 

Semaglutide

SIRT1 in neutrophils SIRT1-dependent regulation of oxidative stress/ 

inflammation; knockdown reversed effect

Diabetic bone metabolism model (STZ rats + 

HFHS diet)

[74]

FABP4-induced 
neutrophil phenotype

Restores neutrophil homeostasis: ↓ oxidative burst, 
restored CD88/CXCR2, ↓ adhesion

Clinical CVD patients; neutrophil assays [107]

GLP-1RAs (general) GLP-1R Incretin effects; metabolic and cardiovascular protection; 

pleiotropic anti-inflammatory effects

Clinical T2DM studies; cardio-renal protection [108]

Insulin (physiological) Insulin receptor on 

neutrophils

Modulates ROS/MAPK signaling; reduces histone cit-H3; 

delays NETosis

Human neutrophils in vitro (PMA/LPS) [109]

Commercial insulin 
with preservatives 

(IPP)

Phenolic preservatives Induces cytoskeletal remodeling, histone deacetylation, 
DNA decondensation; triggers NETosis

Human neutrophils in vitro; pig perfusion/ 
infusion model

[110,111]

Empagliflozin 
(SGLT2i)

Renal SGLT2 → ↓ 
1,5-AG6P in neutrophils

Reduces neutrophil apoptosis; restores chemotaxis/ 
phagocytosis/oxidative burst; NETosis partially restored

Pediatric patients with glycogen storage disease 
type 1b (EMPAtia trial; baseline, 3 and 12 months 

follow-up)

[112]

Notes: ↓: inhibition or suppression of the indicated process or marker; *: validated in other kidney diseases (non-diabetic).
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formation of NETs and reduce endothelial permeability, which is often observed in conditions like sepsis and acute 
respiratory distress syndrome (ARDS).98 Furthermore, NE inhibitors have been proposed as potential treatments for CKD 
and its progression to ESRD, by mitigating inflammation and oxidative stress, which are pivotal in the disease’s 
pathogenesis.99 In the context of DKD, NE is implicated in the worsening of retinal vascular permeability and endothelial 
damage, as seen in animal models of diabetes. This process is partly mediated by IL-17, which regulates NE expression 
and contributes to the pathophysiology of diabetic retinopathy.100 Therefore, targeting NE could offer a novel approach to 
limit the inflammatory cascade and protect kidney function in DKD patients.

TLR9 Inhibitor
Targeting the NET–DNA–TLR9 axis has emerged as a promising therapeutic strategy, with antimalarial agents such as 
chloroquine (CQ) and hydroxychloroquine (HCQ) showing dual functions in both inhibiting autophagy and down
regulating NET formation. Mechanistically, CQ and HCQ directly inhibit PAD4 activity, preventing histone citrullination 
and subsequent chromatin decondensation, thereby suppressing NET release.113 In addition, HCQ has been shown to 
block intracellular TLR9 signaling, reducing PAD4 and Rac2 expression, and consequently attenuating NET-mediated 
inflammatory injury in hepatic ischemia/reperfusion models.101 The TLR9 pathway is increasingly recognized in 
nephrology, where nucleotide-sensing TLR9 and TLR7 contribute to the progression of IgA nephropathy, suggesting 
that HCQ-mediated inhibition of TLRs may also provide renoprotective benefits by modulating glomerular and tubular 
inflammation.102

Promoting NETs Degradation
DNase I
Degradation of the extracellular DNA scaffold of NETs represents another therapeutic strategy, with DNase I and its 
recombinant form dornase alfa facilitating the clearance of NETs. By directly digesting NET-derived chromatin 
structures, these agents accelerate NET removal and thereby limit downstream inflammatory signaling. In diabetic 
kidney disease models, treatment with DNase I significantly attenuated glomerular injury and glomerular endothelial 
cell damage, indicating a protective role against NET-driven microvascular injury.51 More broadly, preclinical evidence 
across multiple disease contexts supports the capacity of DNase I–mediated NET degradation to reduce disease severity, 
highlighting its potential as a translational approach in renal and systemic inflammatory disorders.114

Classical Antidiabetic Drugs
Metformin
Metformin, beyond its glucose-lowering properties, has been shown to modulate NETosis through activation of AMPK 
and subsequent inhibition of the PKC–NADPH oxidase axis, thereby reducing NOX-dependent ROS generation and 
NETosis. Clinical and experimental evidence indicates that metformin lowers circulating NET components such as 
neutrophil elastase, proteinase-3, and double-stranded DNA in patients with type 2 diabetes, independently of glycemic 
control, partly through suppression of PKC-βII membrane translocation and NADPH oxidase activation in neutrophils.103 

Consistently, in diabetic bone defect models, metformin reduced high glucose–induced NET formation and reversed 
NET-driven impairment of osteogenesis.104 However, caution is warranted, as preclinical studies have revealed that in the 
context of iron overload and acute kidney injury (AKI), metformin may aggravate renal injury by promoting NETosis 
through a ferroptosis–iron–NET axis.105 These findings suggest that while metformin may alleviate NET-mediated 
oxidative stress and endothelial injury—pathways also implicated in DKD—direct evidence targeting NETs in human 
DKD remains lacking, and the current evidence level should be interpreted with caution.

Glucagon-Like Peptide-1 Receptor Agonists (GLP-1RAs)
Glucagon-like peptide-1 receptor agonists (GLP-1RAs), such as liraglutide and semaglutide, have been shown to 
influence neutrophil function beyond their established metabolic and cardiovascular benefits. Preclinical studies demon
strated that liraglutide reduces NETosis by attenuating ROS generation, thereby lowering circulating NET markers 
including MPO, NE, and double-stranded DNA in tumor-bearing mice.106 In diabetic bone metabolism models, liraglu
tide similarly decreased NET-associated proteins (cit-H3, MPO, NE, PAD4) and restored osteogenesis through a SIRT1- 
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dependent mechanism, suggesting a role of the SIRT1 stress-response pathway in NET regulation.74 Moreover, 
semaglutide was shown to modulate pro-inflammatory neutrophil phenotypes in patients with cardiovascular disease, 
attenuating oxidative burst capacity and reducing neutrophil adhesion to coronary endothelial cells, thereby potentially 
limiting endothelial inflammation.107 Although GLP-1RAs have well-established renal protective effects in clinical trials 
of DKD,108 direct evidence linking their action to suppression of NETosis in human DKD is lacking. At present, the 
relationship remains biologically plausible and supported by preclinical signals, but requires validation in kidney-specific 
contexts.

Insulin
In vitro studies suggest that insulin at physiological concentrations can delay NETosis by modulating neutrophil 
activation pathways, reducing histone citrullination and shifting antimicrobial responses toward enhanced bacterial 
clearance.109 However, recent data presented at the 2025 ADA meeting indicate that certain commercial insulin 
formulations containing phenolic preservatives may paradoxically induce NETosis and amplify local inflammatory 
responses, as shown by both in vitro and in vivo evidence.110 These findings highlight a potential formulation- 
dependent divergence in insulin’s effects on neutrophils, and the clinical implications of this phenomenon remain to 
be clarified.

Sodium–Glucose Cotransporter 2 (SGLT2) Inhibitors
Direct evidence on the effects of SGLT2 inhibitors on NET formation remains scarce and inconsistent. In special 
populations, such as patients with glycogen storage disease type 1b, empagliflozin was shown to restore neutrophil 
counts and functions, including phagocytosis and chemotaxis, but NET production was only partially improved and did 
not consistently reach levels seen in healthy controls. Importantly, exploratory studies are currently underway to 
investigate whether SGLT2 inhibitors, alone or in combination with GLP-1 receptor agonists, can reduce NETosis in 
broader clinical contexts. While SGLT2 inhibitors such as dapagliflozin and empagliflozin provide robust renal and 
cardiovascular protection in patients with DKD, a causal link between their clinical benefits and modulation of the NET 
axis has yet to be established.

Conclusion and Future Perspectives
DKD represents a significant global health burden, persistently advancing to end-stage renal disease and substantially 
increasing cardiovascular mortality. Despite current therapeutic advancements, a considerable proportion of patients 
continue to experience disease progression, underscoring the urgent need for novel interventions. This review has 
meticulously detailed the multifaceted involvement of NETs in the intricate pathophysiology of DKD, from their 
dysregulated formation in the diabetic milieu to their detrimental interactions with renal resident cells—macrophages, 
endothelial cells, and epithelial cells—driving inflammation, oxidative stress, thrombotic events, and ultimately, tissue 
fibrosis. The comprehensive evidence presented herein firmly establishes NETs as a crucial orchestrator of renal injury in 
DKD, thereby positioning them as a highly promising, yet largely untapped, therapeutic avenue.

Moving forward, applying our understanding of NETs pathology to develop effective clinical strategies for DKD will 
require careful consideration and further research. The development of highly specific NETs inhibitors, aiming to prevent 
their detrimental effects while preserving essential host immunity, is paramount.112 This includes targeting key enzymes 
involved in NETs formation, such as MPO, NE, and PAD4, or pathways leading to ROS production. Simultaneously, 
strategies to enhance NETs degradation, for instance, via exogenous DNase I administration, offer a direct means to 
mitigate NET-mediated damage.78 Furthermore, the identification and validation of robust NET biomarkers in both 
circulation and renal tissue are essential for accurate diagnosis, risk stratification, and effective monitoring of therapeutic 
responses.115 Given the multifactorial nature of DKD, combination therapies integrating NETs-targeting agents with 
standard treatments, including the observed NET-modulating effects of existing antidiabetic medications like metformin 
and SGLT2 inhibitors, may offer synergistic benefits. Ultimately, rigorous, well-designed clinical trials are indispensable 
to ascertain the safety and efficacy of NETs-targeted strategies, paving the way for personalized therapeutic options that 
can significantly alter the trajectory of DKD and improve patient outcomes.
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