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Abstract

:

Diabetes mellitus is a metabolic disease largely due to lifestyle and nutritional imbalance, resulting in insulin resistance, hyperglycemia and vascular complications. Diabetic kidney disease (DKD) is a major cause of end-stage renal failure contributing to morbidity and mortality worldwide. Therapeutic options to prevent or reverse DKD progression are limited. Endothelial and glomerular filtration barrier (GFB) dysfunction and sterile inflammation are associated with DKD. Neutrophil extracellular traps (NETs), originally identified as an innate immune mechanism to combat infection, have been implicated in sterile inflammatory responses in non-communicable diseases. However, the contribution of NETs in DKD remains unknown. Here, we show that biomarkers of NETs are increased in diabetic mice and diabetic patients and that these changes correlate with DKD severity. Mechanistically, NETs promote NLRP3 inflammasome activation and glomerular endothelial dysfunction under high glucose stress in vitro and in vivo. Inhibition of NETs (PAD4 inhibitor) ameliorate endothelial dysfunction and renal injury in DKD. Taken together, NET-induced sterile inflammation promotes diabetes-associated endothelial dysfunction, identifying a new pathomechanism contributing to DKD. Inhibition of NETs may be a promising therapeutic strategy in DKD.
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1. Introduction


Diabetes mellitus is a lifestyle- and malnutrition-based metabolic disease that has reached the proportion of a worldwide pandemic. Diabetes mellitus is primarily hallmarked by insulin deficiency (type 1 diabetes mellitus) or insulin resistance (type 2 diabetes mellitus—the predominant diabetes form) and hyperglycemia in association with micro-and macro-vasculature dysfunction [1,2]. While interventions to improve diet and physical activity are important therapeutic pillars in controlling type 2 diabetes mellitus [3], their success is limited, and the increasing prevalence of secondary vascular complications are a major cause of morbidity and mortality in affected patients.



Diabetic kidney disease (DKD) is a major microvascular complication of diabetes mellitus [4]. Despite the recent progress, effective therapies to prevent, halt or even reverse DKD are lacking. Albuminuria, an earlier marker of DKD in most affected patients, indicates not only an increased risk for renal failure, but also cardiovascular complications [5]. A common underlying pathomechanism is thought to be endothelial dysfunction. DKD and cardiovascular complications are also both closely linked with sterile inflammation [6,7]. The extent to which endothelial dysfunction and sterile inflammation are mechanistically linked remains largely unknown. One inflammatory feature in DKD is increased neutrophil activation [8], yet the mechanism through which activated neutrophils orchestrate vascular injury in DKD remains to be shown.



Neutrophil activation results in the decondensation of DNA and histone citrullination by histone deaminases such as peptidyl arginine deiminase 4 (PAD4) [9]. This leads to the secretion of neutrophil extracellular traps (NETs), comprising DNA, histones and neutrophil proteases such as neutrophil elastase (NE) and myeloperoxidase (MPO) [10,11,12,13]. While NETs were originally linked to the control of infectious pathogens [14,15], more recent studies linked NET formation and deposition with sterile inflammation in non-communicable diseases such as cardiovascular diseases and acute kidney injury, e.g., glomerulonephritis [16,17,18]. In the setting of acute kidney injury, NETs impair vascular integrity and promote renal damage [19,20]. As NETs may cause endothelial cell injury, their formation may promote endothelial dysfunction in non-communicable diseases [21,22,23,24].



NETs interact with the NRLP3 inflammasome, another mechanism of sterile inflammation, in cardiovascular disease such as atherosclerosis and deep vein thrombosis (DVT) [25,26,27]. NLRP3 inflammasome activation has been mechanistically lined to DKD [28]. However, (i) whether NETs have a pathogenic function in DKD, (ii) whether NLRP3 inflammasome and NET formation interact in the pathogenesis of DKD, and (iii) whether NETs contribute to glomerular endothelial dysfunction in DKD all remain unknown. These open questions were addressed in the current study using a combination of in vitro and in vivo approaches.




2. Methods


2.1. Mice


Wild type (C57BL/6J) were bred at the local animal facility or were obtained from Janvier (Le Genest-Saint-Isle, France). Age-matched, 8-week-old littermates were randomly assigned to intervention or control groups. Hyperglycemia was induced by administering low dose of streptozotocin (STZ, 60 mg/kg, dissolved in 0.05 M sterile sodium citrate, pH 4.5) on 5 consecutive days intraperitoneally (i.p.) in mice [29,30]. Mice were considered diabetic if blood glucose levels were above 300 mg/dL. Persistent hyperglycemia was maintained by checking blood glucose once weekly [30]. A sub-group of mice were injected i.p. either with GSK484 [31] (Cayman, 4 mg/kg body weight, dissolved in DMSO, and diluted in 0.9% NaCl final concentration of DMSO 0.1%) or vehicle. All animal experiments were conducted following standards and procedures approved by the local Animal Care and Use Committee (Landesverwaltungsamt Halle, Germany, no: IKCP-G-04-1542-18 and Institute Animal Ethics Committee as per CPCSEA guidelines, Jamia Hamdard, New Delhi, India, no: JH/CAHF/PL-011).



Body weight and kidney weight was determined at the time of sacrifice. Blood samples were obtained from the inferior vena cava and collected into syringes prefilled with sodium citrate (final concentration 0.38%). Plasma was obtained by centrifugation at 100× g for 10 min followed by 2000× g for 10 min. Animals were perfused with ice-cold 0.9% NaCl followed by 4% buffered PFA. The kidneys were collected in methanol stabilized formalin and were fixed for 2 days at 4 °C, embedded in paraffin blocks, and processed for sectioning.




2.2. Determination of Albuminuria


Urine from individual mice was collected using metabolic cages. Urinary albumin was determined by ELISA method. Briefly, primary monoclonal antibody of mouse albumin (A90-134A, Goat anti-mouse albumin, Bethyl Laboratories, Montgomery, TX, USA; dilution 1:110) was coated on 96-well plates overnight. Urine was diluted in bovine serum albumin (BSA) and added to respective percolated wells along with standards and blank. This was followed by an incubation for 30 min to allow for binding of albumin to precoated antibodies. Excess unbound albumin was washed, and secondary horse raddish peroxidase (HRP) conjugated antibody specific to core of albumin was added. This albumin–antibodies complex was detected by a 3,3′,5,5′-Tetramethylbenzidine (TMB)-based chromogenic substrate, which was read at 450 nm. Urine creatinine was determined using a commercially available assay of a modified version of the Jaffe method (KGE005, Creatinine Parameter Assay Kit, R&D Systems, Minneapolis, MN, USA). Urinary albumin creatinine ratio (UACR) was calculated by taking the ratio of albumin to creatinine (μg/mg) for each sample.




2.3. ELISA


ELISA for NET markers (NE, H3Cit, and dsDNA) was performed according to manufacturer’s protocol. H3Cit was measured using Cayman’s Citrullinated H3 kit-501620. Mouse neutrophil elastase (NE) was measured using a commercial ELISA from R&D systems (DY4517-05). Quant-iT™ PicoGreen™ dsDNA Assay-Kit (Invitrogen, P7589) was used to measure dsDNA. H3Cit, NE and dsDNA concentrations were determined from their standard curves.




2.4. Human Renal Biopsies


Human renal biopsy samples were provided by the tissue bank of the National Center for Tumor Diseases (NCT, Heidelberg, Germany) after obtaining ethical approval (ethic vote no: S-284/2018, Ruprecht-Karls-University of Heidelberg) and informed consent. See Table S1 for patient characteristics.




2.5. Immunostaining


Sections were fixed in ice-cold acetone for 1 min after antigen retrieval in Tris-based antigen-unmasking solution. Blocking was performed at room temperature (RT) for 1 h by incubating in phosphate buffered saline (PBS, containing 3% donkey serum and 0.025% Tween 20). The slides were then incubated with primary antibodies H3Cit (1:200, Abcam ab5103), Ly6G (1:200, Abcam ab25377), MPO (1:200, R&D AF3667) or nephrin (1:250, R&D AF3159) or for 48 h at 4 °C. Slides were washed with PBS (3 times) to remove unbound antibody. The sections were then incubated with corresponding fluorescently labeled secondary antibodies (anti-Rb AF546 A10040, anti-goat AF488 A32814 or anti-Rb AF488 A18740) for 2 h followed by three washes in PBS. The kidney sections were mounted using VECTASHIELD mounting medium containing the nuclear stain DAPI (Vectashield plus antifade DAPI, Vector lab H-2000). Images were acquired using a Keyence microscope. The exposure settings and laser gain were kept constant for each condition. A total of 30 fields were captured for each condition, with a single focal plane per field. The analysis was performed using NIH Image-J [32].




2.6. PAS Staining


Periodic acid Schiff’s (PAS) staining was carried out based on previously published PAS staining protocol [32,33,34]. First, 5 μm cut paraffin-embedded kidney sections were deparaffinized with xylene and rehydrated with gradients of 95%, 80%, 70%, 50% and 30% ethanol wash. Sections were then oxidized with 0.5% periodic acid solution (10 min) followed by staining by Schiff’s reagent for 20 min. Polysaccharides on sections turned pink after washing under lukewarm water. Sections were then counterstained with hematoxylin. Imaging was performed using Keyence microscope. Fraction mesangial area were calculated using Image-J software by determining pink-colored intensity per glomerulus (40–50 glomeruli per sections), which is the measure of mesangial expansion.




2.7. Glomerular Fraction Isolation


C57BL/6 mice with/without intervention were used for glomerular isolation. Both kidneys from the mouse were harvested, and the medulla was removed carefully. The renal cortexes were minced into tiny particles (∼1 mm3) in 0.5 mL of Hanks’ Balanced Salt Solution (HBSS, catalog no. 14185052, GIBCO) and digested with collagenase type V (dissolved in HBSS, catalog no. C9263, Sigma, St. Louis, MO, USA) in a water bath at 37 °C for 20 min with pipetting at 5 min intervals. Then, 4 mL of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS, catalog no. 10500064, GIBCO) was used to stop the digestion. The digested tissue was spun down at 300× g for 1 min at 4 °C and resuspended in 5 mL of Hanks′ Balanced Salt Solution (HBSS). The resulted mixture was transferred onto a prewetted 150 mesh (150 μm) stainless steel cell strainer (catalog no. F513441, Sangon, Shanghai, China). Collected filtrate was transferred in cold HBSS to a prewetted 200 mesh (75 μm) stainless steel cell strainer (catalog no. F513442, Sangon). The resultant filtrate was again passed through with HBSS onto another prewetted 40 μm plastic cell strainer (catalog no. 15-1040, Biologix, Lenexa, KS, USA). The glomerular and tubular fragments retained on the top of the 40 μm strainer were rinsed into a cell culture dish (10 cm in diameter, catalog no. 430167, Corning, Corning, NY, USA). Large fragmented tubules adhere to the bottom of the dish, after 2 min, while leaving the majority of glomeruli and small fragmented tubules floating in the supernatant. This glomeruli-enriched supernatant was collected and passed onto a new prewetted 40 μm strainer to remove the small fragments of tubules. The retained glomeruli on top of the 40 μm strainer was allowed for second adhesion onto a new cell culture dish to further remove the residual large fragments of tubules. The resultant highly purified glomeruli supernatant was collected and centrifuged at 300× g at 4 °C and lysed using radio-immunoprecipitation assay (RIPA) buffer to obtain total protein [35].




2.8. Cell Culture


Conditionally immortalized mouse and human podocytes and human glomerular endothelial cells (hGENCs) were grown on 10 cm2 cell culture plates at 33 °C in the presence of interferon γ (10 U/mL), which enhances expression of the thermosensitive T antigen. These conditions are optimum for cells to proliferate and remain undifferentiated. To induce differentiation, thermoswitching was performed at 37 °C in the absence of interferon γ and the addition of 100 ng/mL vascular endothelial growth factor (VEGF). Experiments were performed after 7 days of differentiation for hGENCs and 14 days of differentiation for mouse and human podocytes. Mouse and human primary glomerular endothelial cells were obtained from cell biologicals, and 2.2 × 106 cells were cultured onto 0.02% gelatin-coated plates at 37 °C in (M-6115 and H-6115 media from cell biologicals). All the cell lines tested negative for mycoplasma. In some experiments, cultured cells were treated with 25 mM glucose (SIGMA, G8769) and/or 10,000 neutrophils, 10 µM GSK484 (Cayman, 17488) for 24 h. Cells cultured under normal glucose (5 mM) or 25 mM mannitol were used as controls.




2.9. Neutrophil Isolation


Neutrophils were isolated from human and mice peripheral blood using MACSxpress® Whole Blood Neutrophil Isolation Kit, human (130-104-434) and Neutrophil Isolation Kit, mouse, (130-097-658), Miltenyi Biotec, respectively, following the manufacturers protocol. In co-culture experiments with human neutrophils, a final concentration of 106 cells/mL, and for mouse neutrophils, 2.5 × 106 cells/mL, was used [36].




2.10. Immunoblotting


Cell or glomerular lysates were prepared using radioimmunoprecipitation buffer supplemented with protease inhibitor cocktail followed by protein estimation using bicinchonic acid assay (BCA). Approximately 20 μg of protein was loaded per sample and then electrophoretically separated on sodium dodecyl sulfate polyacrylamide gel. Proteins were then transferred to polyvinylidene difluoride membranes (PVDF) and probed with desired primary antibodies IL-β (1:1000, CST 12242S), NLRP3 (1:1000, Novus NBP1-77080SS), pENOS (1:1000, CST 9572), eNOS (1:1000, CST 9571), Nephrin (1:1000, R&D 3159-NN), PAD4 (1:1000, Novus H00023569-M01), H3Cit (1:1000, abcam ab5103), α-tubulin (1:40,000, CST 2144) overnight at 4 °C with gentle shaking. Blots were then washed with TBS supplemented with 0.1% Tween-20 and incubated with horseradish peroxidase-conjugated secondary antibodies. Membranes were developed with the enhanced chemiluminescence system and analyzed using Image-J software.




2.11. Barrier Assay


The barrier assay for mimicking the glomerular filtration barrier was carried out in a Boyden chamber system, combined with the fluorescently labeled albumin. Briefly, transwell insert (Greiner, 662641) with 6.5 mm diameter polycarbonate membrane filters of 0.4 µm pore size were used in a 24-well tissue culture plate that forms two compartments. Podocytes (104 cells/well) on the upper compartment and glomerular endothelial cells (3 × 104 cells/well) on the bottom side of the transwell were cultured at 37 °C with 5% CO2, forming a confluent monolayer separated by the filter membrane in between. A stable impedance measured over 24 h indicated formation of an intact barrier. The chamber on both sides was treated with 25 mM glucose (control: 25 mM mannitol). In a subset of inserts, supernatant from neutrophils treated with high glucose (25 mM) was exposed on the side of the glomerular endothelial cells for a total of 48 h. After the treatment, the medium was substituted by fluorescently labeled albumin on the upper side of the transwell. After 24 h, the media from the lower compartment were collected, and fluorescently labeled albumin that leaked from the upper compartment was measured by the Cytation 5 image reader.



Percent barrier integrity was calculated by the formula:


    %   barrier   distruption  =    Albumin   measured   from   the   bottom   of   transwell   with   the   cells       Albumin   measured   from   the   bottom   of   transwell   without   the   cells    ∗ 100  %      










    barrier   integrity  = 100 −  %   barrier   distruption    












2.12. Statistical Analysis


Data from individual experiments are expressed as the mean ± standard error of the mean (SEM). To test for differences between groups, Student’s t test or ANOVA was used, with p < 0.05 considered as statistically significant. The strength of correlation between groups was tested using the Spearman rank correlation. The Kolmogorov–Smirnov (KS) test or D’Agostino–Pearson Normality test was used to determine whether the data are consistent with a Gaussian distribution. Prism 9 software was used for statistical analyses.





3. Results


3.1. NET Formation Is Associated with DKD


To evaluate the role of NETs in DKD, we first determined plasma levels of NET markers using ELISA. Citrullinated histone-3 (H3Cit), neutrophil elastase (NE) and double-stranded DNA (dsDNA) were elevated in both type-1 (STZ, Figure 1a–c) and type-2 (db/db, Figure S1a–c) diabetic mice compared to non-diabetic controls. Furthermore, NET markers positively correlated with albuminuria and fractional mesangial area (Figure 1a–d, Supplementary Figure S1d–f). Immunostaining for NET markers H3Cit and myeloperoxidase (MPO) revealed an increased presence of NETs in the glomeruli of diabetic mice compared to non-diabetic mice (Figure 1e–g). A pathologic relevance of these findings to human diabetic kidney disease is supported by congruent observations made upon immunostaining of H3Cit and MPO in human glomeruli of patients with DKD compared to non-DKD diabetic patients and non-diabetic patients (Figure 1h–j). These results show for the first time an association of NETs with albuminuria and fractional mesangial area (FMA) in DKD.




3.2. NETs Induce Inflammasome Activation and Endothelial Dysfunction in Glomerular Endothelial Cells


As NETs are typically formed in the vasculature in close proximity to endothelial cells, we determined the effect of NETs on glomerular endothelial cell function. Exposure of mouse glomerular endothelial cells (mGENCs) or conditionally immortalized human glomerular endothelial cells (hGENCs) to high glucose (HG) and neutrophils (N) increased the NET markers PAD4 and H3Cit, while high glucose alone had no effect (HG versus HG + N, Figure 2a–c). Additionally, NET formation on GENCs was associated with decreased eNOS phosphorylation (p-eNOS) in vitro, a marker for endothelial dysfunction [37,38], which was more pronounced than the reduction of p-eNOS by high glucose alone, suggesting that NET formation aggravates endothelial dysfunction (Figure 2a–c).



Diabetes mellitus-associated endothelial dysfunction has been linked to NLRP3 inflammasome activation [37]. While high glucose was sufficient to induce IL-1β and NLRP3 in GENCs, exposure of GENCs to HG and neutrophils (HG+N) resulted in stronger NLRP3 inflammasome activation, as reflected by further increased levels of cleaved IL-1β and NLRP3 (Figure 2a–c).



To scrutinize the functional consequences of NET formation on glomerular endothelial dysfunction, we assessed the effect of NETs on the function of the glomerular filtration barrier (GFB). GFB was mimicked in vitro by culturing GENCs and podocytes on either side of a transwell insert (Figure 2d). While HG was sufficient for decreasing barrier function as compared to control, exposure to HG and neutrophils (HG+N) impaired barrier function to a higher degree in both human and mouse GFB models (Figure 2e,f). These results suggest that NETs promote glucose-induced GENCs dysfunction.




3.3. PAD4 Inhibition Ameliorates Experimental DKD


To address the causality of NET-induced GENCs dysfunction and DKD progression, we used GSK484, a pharmacological inhibitor of PAD4, which inhibits citrullination of histones and thereby NET formation. GSK484 decreased NET formation on mGENCs and hGENCs exposed to HG and neutrophils (Figure 3a and Figure S2a). NET inhibition using GSK484 improved barrier function in cells stimulated with glucose and neutrophils in vitro to levels observed in cells stimulated with glucose alone, establishing that PAD4 inhibition efficiently prevents the NET-dependent effect in vitro (Figure 3b).



To address the in vivo relevance of these findings for DKD, we initiated treatment with GSK484 in diabetic mice after 8 weeks of persistent hyperglycemia and thus after the establishment of albuminuria (Figure 3c). GSK484 treatment was maintained for a further 8 weeks. GSK484 reduced plasma markers of NETs and intraglomerular NET formation (Figure 3d–g, Figure S2b,c), demonstrating that the intervention reduced NET formation in vivo. Reduced NET formation upon GSK484 treatment was associated with reduced albuminuria (Figure 3h) and reduced glomerular injury (Figure 3i–k). Thus, GSK484 reduced the fractional mesangial area while increasing nephrin expression (Figure 3i–k). Taken together, these results show that PAD4 inhibition by GSK484 ameliorates NET formation and improves renal injury in DKD.




3.4. PAD4 Inhibition Inhibits NET-Induced Inflammasome Activation and Endothelial Dysfunction


We next assessed whether the NET-mediated glomerular injury in DKD depends on inflammasome activation. GSK484 markedly reduced NET markers (PAD4 and H3Cit) and decreased inflammasome activation (expression of cleaved IL-1β and NLRP3), which was associated with improved endothelial function (improved p-eNOS levels) in mGENCs as well as in hGENCs (Figure 4a–c). Similarly, in renal glomerular lysates of diabetic mice receiving GSK484 (Figure 4d,e) markers of NET formation were reduced, which was associated with reduced inflammasome activation (reduced cleaved IL-1β and NLRP3 expression) and increased p-eNOS levels (Figure 4d,e). Furthermore, GSK484 reduced plasma sVCAM-1, suggesting improved endothelial function in vivo (Figure 4f). Thus, inhibition of NET formation in vivo is associated with reduced inflammasome activation and improved endothelial function in renal glomeruli of diabetic mice.





4. Discussion


Neutrophil extracellular traps (NETs) convey pathogenic effects in cardiovascular disease and in acute kidney injury [39,40]. However, their contribution in diabetic kidney disease (DKD) was unknown hitherto. In the current study, we showed that NETs are present within mouse and human diabetic glomeruli and correlate positively with markers of renal damage in DKD. NETs induced by high glucose promote glomerular endothelial dysfunction, which is mechanistically linked with NLRP3 inflammasome activation and IL-1β signaling in glomerular endothelial cells. PAD4 inhibition reduced glucose-induced NETs and prevented endothelial dysfunction, sterile inflammation and renal injury in DKD. These findings highlight a new mechanism of sterile inflammation in DKD, which aggravates renal injury.



NETs, which were originally discovered as a mechanism to control bacterial infection, contribute to sterile inflammation in non-infectious diseases, including acute kidney injury. Increased production or impaired clearance of NETs induce renal injury [41,42,43]. The pathological function of NETs in DKD described here and the associated increase in biomarkers reflecting NET formation are in agreement with previous clinical studies showing increased biomarkers of NETs in diabetic patients with microvascular complications [44,45]. As we observed increased NET formation in glomeruli of diabetic patients, our data support a pathophysiological role in DKD not only in mice, but also in humans. Glomerular NET deposition was not only significantly increased in diabetic patients versus non-diabetic controls but also in diabetic patients with versus diabetic patients with DKD. Future longitudinal studies are needed to determine whether glomerular NET formation precedes clinically detectable DKD and to define the diagnostic value of NET-related biomarkers for the, possible early, detection and stratification of DKD patients.



The NET-dependent induction or aggravation of reduced eNOS phosphorylation and endothelial barrier integrity paralleled by increased plasma levels of soluble VCAM-1 suggest that NET contributes to endothelial dysfunction in DKD. Endothelial dysfunction, as indicated by albuminuria, reflects systemic endothelial injury and an increased risk for vascular diseases, such as atherosclerosis and myocardial infarction [38,46]. NET formation has been linked with cardio-metabolic diseases such as atherosclerosis, thrombosis, diabetes, obesity and, in this study, DKD [47,48,49]. NET formation is therefore unlikely to be specific for DKD but is more likely a marker of systemic endothelial dysfunction. Thus, we propose that in addition to albuminuria, NET formation is not only a marker for DKD but also for systemic endothelial dysfunction. An assessment of NETs in different tissues is required to address the interaction of neutrophils with other tissue-specific endothelial cell types and other cells that can affect the stability and impact of NETs. Future clinical studies are needed to determine whether NET-related biomarkers are as good as or are better than albuminuria in predicting vascular disease and its complications and whether this holds true only in diabetic patients or also in non-diabetic patients.



The aforementioned, NET-associated diseases (DKD, atherosclerosis, thrombosis, and obesity) are not only associated with endothelial dysfunction but also with sterile inflammation [28,50,51,52]. In the current study, we identified NET formation as a factor driving NLRP3-inflammasome activation in endothelial cells, thus contributing to sterile inflammation. Inhibition of IL-1β signaling using the IL-1R-antagonist anakinra has been previously shown to reverse kidney dysfunction (albuminuria reflecting podocyte and glomerular filtration barrier dysfunction) [28]. These results suggest a reciprocal interaction of NET formation, sterile inflammation, and endothelial dysfunction, resulting in a vicious cycle. Based on the current results, inhibition of this vicious cycle is possible at several molecular disjunct targets (here, PAD4 or IL-1R inhibition).



Clinical studies evaluating inflammasome inhibition in patients with chronic inflammatory (rheumatoid arthritis) or vascular (atherosclerosis) diseases revealed an increased risk of infectious diseases [53,54]. Components of NETs, which include citrullinated histones, enzymes (NE, MPO), and dsDNA, are cytotoxic and enhance inflammation. Given the reciprocal interaction of inflammasome and NET formation and based on the current findings, targeting NET formation may constitute an alternative approach to restrict sterile inflammation in DKD and possibly other NET-associated vasculopathies and diseases, without interfering directly with the Nlrp3 inflammasome. Furthermore, new insights into endogenous mechanisms clearing NETs may identify new approaches to restrict NET-associated tissue injury in chronic diseases.



As pointed out above, NET-induced sterile inflammation impaired glomerular barrier function and reduced nephrin expression, reflecting podocyte dysfunction. These observations suggest that endothelial dysfunction generates a pro-inflammatory micromilieu, which impairs the function in other cell types and promotes organ dysfunction. Crosstalk at the glomerular barrier via, for example, angiopoietins or activated protein C, is established [55,56]. The extent to which the observed podocyte dysfunction is due to IL-1β released from endothelial cells, or secondary due to an increase or lack of other endothelial-derived paracrine signals, remains to be determined in future work.



Our study has potential limitations. Due to the available animal permissions, we were only able to conduct the intervention studies in mice with streptozotocin-induced hyperglycemia. However, inflammasome activation in DKD has been demonstrated in various diabetes models, including models for type 1 and type 2 diabetes, and in patients with diabetes mellitus [57]. Additionally, NET formation was readily detectable in patients with type 2 diabetes and was higher in type 2 diabetic patients with DKD as compared to those without DKD in the current study. Thus, we expect that our results are also relevant for patients with type 2 diabetes mellitus. Likewise, kinetic studies are needed to determine whether NET formation precedes glomerular damage and thus may trigger the disease process, or rather aggravates the disease once triggered. In either case, based on the current findings, we propose that disrupting the vicious inflammatory cycle of NET formation and inflammasome activation will ameliorate glomerular damage and renal dysfunction.
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References


	



Pantalone, K.M.; Hobbs, T.M.; Wells, B.J.; Kong, S.X.; Kattan, M.W.; Bouchard, J.; Yu, C.; Sakurada, B.; Milinovich, A.; Weng, W.; et al. Clinical characteristics, complications, comorbidities and treatment patterns among patients with type 2 diabetes mellitus in a large integrated health system. BMJ Open Diabetes Res. Care 2015, 3, e000093. [Google Scholar] [CrossRef] [PubMed]

	



Domingueti, C.P.; Dusse, L.M.S.; Carvalho, M.D.G.; de Sousa, L.P.; Gomes, K.B.; Fernandes, A.P. Diabetes mellitus: The linkage between oxidative stress, inflammation, hypercoagulability and vascular complications. J. Diabetes Complicat. 2016, 30, 738–745. [Google Scholar] [CrossRef] [PubMed]

	



American Diabetes Association. 3. Prevention or Delay of Type 2 Diabetes: Standards of Medical Care in Diabetes—2021. Diabetes Care 2021, 44, S34–S39. [Google Scholar] [CrossRef] [PubMed]

	



Reidy, K.; Kang, H.M.; Hostetter, T.; Susztak, K. Molecular mechanisms of diabetic kidney disease. J. Clin. Investig. 2014, 124, 2333–2340. [Google Scholar] [CrossRef]

	



Gansevoort, R.T.; Correa-Rotter, R.; Hemmelgarn, B.R.; Jafar, T.H.; Heerspink, H.J.L.; Mann, J.F.; Matsushita, K.; Wen, C.P. Chronic kidney disease and cardiovascular risk: Epidemiology, mechanisms, and prevention. Lancet 2013, 382, 339–352. [Google Scholar] [CrossRef]

	



Tang, S.C.W.; Yiu, W.H. Innate immunity in diabetic kidney disease. Nat. Rev. Nephrol. 2020, 16, 206–222. [Google Scholar] [CrossRef]

	



Zheng, Y.; Gardner, S.E.; Clarke, M. Cell Death, Damage-Associated Molecular Patterns, and Sterile Inflammation in Cardiovascular Disease. Arter. Thromb. Vasc. Biol. 2011, 31, 2781–2786. [Google Scholar] [CrossRef]

	



Herrero-Cervera, A.; Soehnlein, O.; Kenne, E. Neutrophils in chronic inflammatory diseases. Cell. Mol. Immunol. 2022, 19, 177–191. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, M.; Stadler, S.C.; Correll, S.; Li, P.; Wang, D.; Hayama, R.; Leonelli, L.; Han, H.; Grigoryev, S.A.; et al. Histone hypercitrullination mediates chromatin decondensation and neutrophil extracellular trap formation. J. Cell Biol. 2009, 184, 205–213. [Google Scholar] [CrossRef]

	



Chen, K.W.; Monteleone, M.; Boucher, D.; Sollberger, G.; Ramnath, D.; Condon, N.D.; von Pein, J.B.; Broz, P.; Sweet, M.J.; Schroder, K. Noncanonical inflammasome signaling elicits gasdermin D–dependent neutrophil extracellular traps. Sci. Immunol. 2018, 3, eaar6676. [Google Scholar] [CrossRef]

	



Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase regulate the formation of neutrophil extracellular traps. J. Cell Biol. 2010, 191, 677–691. [Google Scholar] [CrossRef] [PubMed]

	



Metzler, K.D.; Fuchs, T.A.; Nauseef, W.M.; Reumaux, D.; Roesler, J.; Schulze, I.; Wahn, V.; Papayannopoulos, V.; Zychlinsky, A. Myeloperoxidase is required for neutrophil extracellular trap formation: Implications for innate immunity. Blood 2011, 117, 953–959. [Google Scholar] [CrossRef] [PubMed]

	



Sollberger, G.; Tilley, D.O.; Zychlinsky, A. Neutrophil Extracellular Traps: The Biology of Chromatin Externalization. Dev. Cell 2018, 44, 542–553. [Google Scholar] [CrossRef] [PubMed]

	



Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [Google Scholar] [CrossRef] [PubMed]

	



Schönrich, G.; Raftery, M.J. Neutrophil Extracellular Traps Go Viral. Front. Immunol. 2016, 7, 366. [Google Scholar] [CrossRef]

	



Jorch, S.K.; Kubes, P. An emerging role for neutrophil extracellular traps in noninfectious disease. Nat. Med. 2017, 23, 279–287. [Google Scholar] [CrossRef]

	



Kessenbrock, K.; Krumbholz, M.; Schönermarck, U.; Back, W.; Gross, W.L.; Werb, Z.; Gröne, H.-J.; Brinkmann, V.; Jenne, D.E. Netting neutrophils in autoimmune small-vessel vasculitis. Nat. Med. 2009, 15, 623–625. [Google Scholar] [CrossRef]

	



Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2018, 18, 134–147. [Google Scholar] [CrossRef]

	



Nakazawa, D.; Kumar, S.V.; Marschner, J.; Desai, J.; Holderied, A.; Rath, L.; Kraft, F.; Lei, Y.; Fukasawa, Y.; Moeckel, G.; et al. Histones and Neutrophil Extracellular Traps Enhance Tubular Necrosis and Remote Organ Injury in Ischemic AKI. J. Am. Soc. Nephrol. 2017, 28, 1753–1768. [Google Scholar] [CrossRef]

	



Jansen, M.P.; Emal, D.; Teske, G.J.; Dessing, M.C.; Florquin, S.; Roelofs, J.J. Release of extracellular DNA influences renal ischemia reperfusion injury by platelet activation and formation of neutrophil extracellular traps. Kidney Int. 2017, 91, 352–364. [Google Scholar] [CrossRef]

	



Deparis, X.; Roche, C.; Murgue, B.; Chungue, E. Possible dengue sequential infection: Dengue spread in a neighbourhood during the 1996/97 dengue-2 epidemic in French Polynesia. Trop. Med. Int. Health 1998, 3, 866–871. [Google Scholar] [CrossRef]

	



Saffarzadeh, M.; Juenemann, C.; Queisser, M.A.; Lochnit, G.; Barreto, G.; Galuska, S.P.; Lohmeyer, J.; Preissner, K.T. Neutrophil Extracellular Traps Directly Induce Epithelial and Endothelial Cell Death: A Predominant Role of Histones. PLoS ONE 2012, 7, e32366. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.V.; Kulkarni, O.P.; Mulay, S.R.; Darisipudi, M.N.; Romoli, S.; Thomasova, D.; Scherbaum, C.R.; Hohenstein, B.; Hugo, C.; Müller, S.; et al. Neutrophil Extracellular Trap-Related Extracellular Histones Cause Vascular Necrosis in Severe GN. J. Am. Soc. Nephrol. 2015, 26, 2399–2413. [Google Scholar] [CrossRef] [PubMed]

	



Westhorpe, C.L.; Bayard, J.E.; O’Sullivan, K.M.; Hall, P.; Cheng, Q.; Kitching, A.R.; Hickey, M.J. In Vivo Imaging of Inflamed Glomeruli Reveals Dynamics of Neutrophil Extracellular Trap Formation in Glomerular Capillaries. Am. J. Pathol. 2017, 187, 318–331. [Google Scholar] [CrossRef] [PubMed]

	



Campos, J.; Ponomaryov, T.; De Prendergast, A.; Whitworth, K.; Smith, C.W.; Khan, A.O.; Kavanagh, D.; Brill, A. Neutrophil extracellular traps and inflammasomes cooperatively promote venous thrombosis in mice. Blood Adv. 2021, 5, 2319–2324. [Google Scholar] [CrossRef] [PubMed]

	



Meher, A.K.; Spinosa, M.; Davis, J.P.; Pope, N.; Laubach, V.E.; Su, G.; Serbulea, V.; Leitinger, N.; Ailawadi, G.; Upchurch, G.R., Jr. Novel Role of IL (Interleukin)-1β in Neutrophil Extracellular Trap Formation and Abdominal Aortic Aneurysms. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 843–853. [Google Scholar] [CrossRef]

	



Warnatsch, A.; Ioannou, M.; Wang, Q.; Papayannopoulos, V. Inflammation. Neutrophil extracellular traps license macrophages for cytokine production in atherosclerosis. Science 2015, 349, 316–320. [Google Scholar] [CrossRef]

	



Shahzad, K.; Bock, F.; Dong, W.; Wang, H.; Kopf, S.; Kohli, S.; Al-Dabet, M.M.; Ranjan, S.; Wolter, J.; Wacker, C.; et al. Nlrp3-inflammasome activation in non-myeloid-derived cells aggravates diabetic nephropathy. Kidney Int. 2015, 87, 74–84. [Google Scholar] [CrossRef]

	



Madhusudhan, T.; Ghosh, S.; Wang, H.; Dong, W.; Gupta, D.; Elwakiel, A.; Stoyanov, S.; Al-Dabet, M.M.; Krishnan, S.; Biemann, R.; et al. Podocyte Integrin-β3 and Activated Protein C Coordinately Restrict RhoA Signaling and Ameliorate Diabetic Nephropathy. J. Am. Soc. Nephrol. 2020, 31, 1762–1780. [Google Scholar] [CrossRef]

	



Marquardt, A.; Al-Dabet, M.M.; Ghosh, S.; Kohli, S.; Manoharan, J.; Elwakiel, A.; Gadi, I.; Bock, F.; Nazir, S.; Wang, H.; et al. Farnesoid X Receptor Agonism Protects against Diabetic Tubulopathy: Potential Add-On Therapy for Diabetic Nephropathy. J. Am. Soc. Nephrol. 2017, 28, 3182–3189. [Google Scholar] [CrossRef]

	



Perdomo, J.; Leung, H.H.L.; Ahmadi, Z.; Yan, F.; Chong, J.J.H.; Passam, F.H.; Chong, B.H. Neutrophil activation and NETosis are the major drivers of thrombosis in heparin-induced thrombocytopenia. Nat. Commun. 2019, 10, 1322. [Google Scholar] [CrossRef] [PubMed]

	



Kohli, S.; Ranjan, S.; Hoffmann, J.; Kashif, M.; Daniel, E.A.; Al-Dabet, M.M.; Bock, F.; Nazir, S.; Huebner, H.; Mertens, P.R.; et al. Maternal extracellular vesicles and platelets promote preeclampsia via inflammasome activation in trophoblasts. Blood 2016, 128, 2153–2164. [Google Scholar] [CrossRef]

	



Shahzad, K.; Fatima, S.; Al-Dabet, M.M.; Gadi, I.; Khawaja, H.; Ambreen, S.; Elwakiel, A.; Klöting, N.; Blüher, M.; Nawroth, P.P.; et al. CHOP-ASO Ameliorates Glomerular and Tubular Damage on Top of ACE Inhibition in Diabetic Kidney Disease. J. Am. Soc. Nephrol. 2021, 32, 3066–3079. [Google Scholar] [CrossRef] [PubMed]

	



Shahzad, K.; Bock, F.; Al-Dabet, M.M.; Gadi, I.; Kohli, S.; Nazir, S.; Ghosh, S.; Ranjan, S.; Wang, H.; Madhusudhan, T.; et al. Caspase-1, but Not Caspase-3, Promotes Diabetic Nephropathy. J. Am. Soc. Nephrol. 2016, 27, 2270–2275. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Sheng, J.; He, H.; Chen, X.; Li, J.; Tan, R.; Wang, L.; Lan, H.-Y. A simple and highly purified method for isolation of glomeruli from the mouse kidney. Am. J. Physiol. Ren. Physiol. 2019, 317, F1217–F1223. [Google Scholar] [CrossRef]

	



Agak, G.W.; Mouton, A.; Teles, R.M.; Weston, T.A.; Morselli, M.; Andrade, P.R.; Pellegrini, M.; Modlin, R.L. Extracellular traps released by antimicrobial TH17 cells contribute to host defense. J. Clin. Investig. 2021, 131, e141594. [Google Scholar] [CrossRef]

	



Gora, I.M.; Ciechanowska, A.; Ladyzynski, P. NLRP3 Inflammasome at the Interface of Inflammation, Endothelial Dysfunction, and Type 2 Diabetes. Cells 2021, 10, 314. [Google Scholar] [CrossRef]

	



Gimbrone, M.A., Jr.; García-Cardeña, G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 2016, 118, 620–636. [Google Scholar] [CrossRef]

	



Döring, Y.; Libby, P.; Soehnlein, O. Neutrophil extracellular traps participate in cardiovascular diseases: Recent experimental and clinical insights. Circ. Res. 2020, 126, 1228–1241. [Google Scholar] [CrossRef]

	



Carney, E. Acute kidney injury: Role of platelet activation and NETs in renal IRI. Nat. Rev. Nephrol. 2016, 12, 715. [Google Scholar] [CrossRef]

	



Gupta, S.; Kaplan, S.G.M.J. The role of neutrophils and NETosis in autoimmune and renal diseases. Nat. Rev. Nephrol. 2016, 12, 402–413. [Google Scholar] [CrossRef] [PubMed]

	



Nakazawa, D.; Shida, H.; Tomaru, U.; Yoshida, M.; Nishio, S.; Atsumi, T.; Ishizu, A. Enhanced Formation and Disordered Regulation of NETs in Myeloperoxidase-ANCA–Associated Microscopic Polyangiitis. J. Am. Soc. Nephrol. 2014, 25, 990–997. [Google Scholar] [CrossRef] [PubMed]

	



Hakkim, A.; Fürnrohr, B.G.; Amann, K.; Laube, B.; Abed, U.A.; Brinkmann, V.; Herrmann, M.; Voll, R.E.; Zychlinsky, A. Impairment of neutrophil extracellular trap degradation is associated with lupus nephritis. Proc. Natl. Acad. Sci. USA 2010, 107, 9813–9818. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Zhou, X.; Yin, Y.; Mai, Y.; Wang, D.; Zhang, X. Hyperglycemia Induces Neutrophil Extracellular Traps Formation Through an NADPH Oxidase-Dependent Pathway in Diabetic Retinopathy. Front. Immunol. 2019, 9, 3076. [Google Scholar] [CrossRef] [PubMed]

	



Njeim, R.; Azar, W.S.; Fares, A.H.; Azar, S.T.; Kassouf, H.K.; Eid, A.A. NETosis contributes to the pathogenesis of diabetes and its complications. J. Mol. Endocrinol. 2020, 65, R65–R76. [Google Scholar] [CrossRef]

	



Diez-Delhoyo, F.; Gutierrez, E.; Sanz-Ruiz, R.; Vázquez-Álvarez, M.E.; Saldívar, H.G.; Juárez, A.R.; Sarnago, F.; Martínez-Sellés, M.; Bermejo, J.; Soriano, J.; et al. Prevalence of Microvascular and Endothelial Dysfunction in the Nonculprit Territory in Patients With Acute Myocardial Infarction. Circ. Cardiovasc. Interv. 2019, 12, e007257. [Google Scholar] [CrossRef]

	



Thålin, C.; Hisada, Y.; Lundström, S.; Mackman, N.; Wallén, H. Neutrophil Extracellular Traps: Villains and Targets in Arterial, Venous, and Cancer-Associated Thrombosis. Arterioscler. Thromb. Vasc. Biol. 2019, 39, 1724–1738. [Google Scholar] [CrossRef]

	



Döring, Y.; Soehnlein, O.; Weber, C. Neutrophil Extracellular Traps in Atherosclerosis and Atherothrombosis. Circ. Res. 2017, 120, 736–743. [Google Scholar] [CrossRef]

	



D’Abbondanza, M.; Martorelli, E.E.; Ricci, M.A.; De Vuono, S.; Migliola, E.N.; Godino, C.; Corradetti, S.; Siepi, D.; Paganelli, M.T.; Maugeri, N.; et al. Increased plasmatic NETs by-products in patients in severe obesity. Sci. Rep. 2019, 9, 14678. [Google Scholar] [CrossRef]

	



Vandanmagsar, B.; Youm, Y.-H.; Ravussin, A.; Galgani, J.E.; Stadler, K.; Mynatt, R.L.; Ravussin, E.; Stephens, J.M.; Dixit, V.D. The NLRP3 inflammasome instigates obesity-induced inflammation and insulin resistance. Nat. Med. 2011, 17, 179–188. [Google Scholar] [CrossRef]

	



Grebe, A.; Hoss, F.; Latz, E. NLRP3 Inflammasome and the IL-1 Pathway in Atherosclerosis. Circ. Res. 2018, 122, 1722–1740. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Cui, J.; Zhang, G.; Wu, C.; Abdel-Latif, A.; Smyth, S.S.; Shiroishi, T.; Mackman, N.; Wei, Y.; Tao, M.; et al. Inflammasome activation promotes venous thrombosis through pyroptosis. Blood Adv. 2021, 5, 2619–2623. [Google Scholar] [CrossRef] [PubMed]

	



Bilal, J.; Berlinberg, A.; bin Riaz, I.; Faridi, W.; Bhattacharjee, S.; Ortega, G.; Murad, M.H.; Wang, Z.; Prokop, L.J.; Alhifany, A.A.; et al. Risk of Infections and Cancer in Patients With Rheumatologic Diseases Receiving Interleukin Inhibitors: A Systematic Review and Meta-analysis. JAMA Netw. Open 2019, 2, e1913102. [Google Scholar] [CrossRef] [PubMed]

	



Ridker, P.M.; Everett, B.M.; Thuren, T.; MacFadyen, J.G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.; Anker, S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. J. Med. 2017, 377, 1119–1131. [Google Scholar] [CrossRef] [PubMed]

	



Nawroth, P.P.; Isermann, B. Mechanisms of Diabetic Nephropathy–Old Buddies and Newcomers Part 2. Exp. Clin. Endocrinol. Diabetes 2010, 118, 667–672. [Google Scholar] [CrossRef]

	



Nawroth, P.P.; Isermann, B. Mechanisms of Diabetic Nephropathy–Old Buddies and Newcomers Part 1. Exp. Clin. Endocrinol. Diabetes 2010, 118, 571–576. [Google Scholar] [CrossRef]

	



Refaeli, I.; Hughes, M.R.; Wong, A.K.-W.; Bissonnette, M.L.Z.; Roskelley, C.D.; Wayne Vogl, A.; Barbour, S.J.; Freedman, B.S.; McNagny, K.M. Distinct Functional Requirements for Podocalyxin in Immature and Mature Podocytes Reveal Mechanisms of Human Kidney Disease. Sci. Rep. 2020, 10, 9419. [Google Scholar] [CrossRef]








[image: Nutrients 14 02965 g001 550] 





Figure 1. Increased NETs in diabetic kidney disease. (a–c) Plasma levels of H3Cit, dsDNA and neutrophil elastase, NE (bar graphs with dot-plot) in non-diabetic control (C) and diabetic (DM, STZ-model) mice. (d) Representative images showing PAS staining in diabetic (DM) versus non-diabetic control (C) mice. (e–j) Immunofluorescence staining ((e,h): representative images; (f,g,i,j): bar graphs with dotplot summarizing results) of glomeruli showing H3Cit staining (red) and MPO staining (green) in control (C) and diabetic mice (DM, (e–g)) and human kidneys from non-diabetic controls (C) and diabetic patients without (DM-DKD) or with (DM+DKD) diabetic kidney disease (h–j). Correlation (Pearson’s correlation) of H3Cit, dsDNA and NE with urinary albumin creatinine ratio (UACR, line graphs, a–c). Each dot represents one mouse ((a–c,f,g), n = 6 mice each group) or one human sample (i,j); (e,h): scale bar, 50 μm; (a–c,f,g,i,j): * p < 0.05, ** p < 0.01, *** p < 0.001, t test. 
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Figure 2. Neutrophils promote inflammasome activation and endothelial dysfunction. (a,b) Immunoblots ((a), representative blots; (b), bar graph summarizing results) reflecting NET markers (PAD4, H3Cit), inflammasome activation (IL-1β: cleaved form—cl, inactive preform—Pro; NLRP3) and endothelial function (p-eNOS) in mouse (mGENCs) and (c) human (hGENCs) glomerular endothelial cells upon exposure to high glucose and neutrophils (HG+N) compared to high glucose alone (HG, 25 mM) or control (C, PBS). (d) Graphical presentation of the Boyden chamber setup for glomerular filtration barrier (GFB) assays where FITC (Fluorescein-5-isothiocyanate) Albumin is used to measure the disruption of GFB. (e,f) Bar graphs quantifying GFB disruption (reduced barrier integrity) in mGENCs (e) and hGENCs (f) exposed to high glucose and neutrophils (HG+N) compared to high glucose (HG) alone or control (C, PBS). N = 3 independent repeat experiments, each dot represents one independent experiment; * p < 0.05, ** p < 0.01, ns: non-significant, ANOVA. 
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Figure 3. PAD4 inhibition ameliorates NET formation and experimental DKD. (a) Representative immunocytochemical images for NET markers MPO (green) and H3Cit (red) on mGENCs exposed to high glucose alone (HG, 25 mM), HG and neutrophils without (HG+N) or with the PAD4 inhibitor GSK484 (HG+N+GSK484) compared to control (C, 5 mM glucose, not neutrophils) mGENCs. (b) Bar graph summarizing barrier integrity of the in vitro GFB model. Effect of GSK484-mediated NET inhibition in the presence of high glucose and neutrophils (HG+N+GSK484) compared to control (C), high glucose alone (HG), or HG+N stimulation without GSK484 (PBS). (c) Schematic representation of experimental approach of treatment with the PAD4-inhibitor (PAD4i) GSK484 in type-1 diabetic mice (streptozotocin model, STZ) after 16 weeks of established hyperglycemia. (d–g) Plasma NET markers ((d), ELISA, bar graph summarizing results) and NET markers in glomeruli ((e), representative immunostaining for H3Cit, red and MPO, green; (f,g), bar graph summarizing results) in non-diabetic control (C) and diabetic mice without (DM) or with (DM+GSK484) treatment. (h–k) UACR (h), fractional mesangial area ((i), top; (j), bar graph summarizing results) and nephrin expression ((i), bottom, green, DAPI nuclear counterstain, blue; (k), bar graph summarizing results) after diabetic mice with (DM+GSK484) or without (DM) GSK484 treatment compared to non-diabetic control mice (C). n = 3 independent repeat experiments (a,b) or n = 6 mice each group (d–k); (e,i): Scale bar, 50 μm; (b,f,g,h,j): * p < 0.05, ** p < 0.01, *** p< 0.001, **** p< 0.0001, ANOVA. 
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Figure 4. PAD4 inhibition ameliorates inflammasome activation and endothelial dysfunction. (a–c) Representative immunoblots ((a); bar graph summarizing results: (b,c)) of mGENC (a,b) and hGENC (a,c) showing the expression of marker genes for NETs (PAD4, H3Cit), inflammasome activation (IL-1β: cleaved form—cl, inactive preform—Pro; NLRP3) and endothelial dysfunction (p-eNOS) in control cells (C) and cells exposed to high glucose alone (25 mM, HG) or to high glucose plus neutrophils without (HG+N) or with GSK484 (HG+N+GSK484). (d,e) Representative immunoblots (d) and bar graphs (e) summarizing results of markers for NETs, inflammasome and endothelial dysfunction (as in (a)) in glomerular lysates from diabetic mice without (DM) or with GSK484 (DM+GSK484) compared to non-diabetic controls (C). (f) Bar graph summarizing results from ELISA for plasma sVCAM-1 in diabetic mice without (DM) or with GSK484 (DM+GSK484) compared to non-diabetic controls (C). a: n = 3 independent repeat experiments; (d,f): n = 6 mice in each group; (a–c,e,f): * p < 0.05, *** p < 0.001, ns: non-significant, ANOVA. 
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