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Background: Contrast-induced acute kidney injury (CI-AKI) is considered to be the third leading cause of hospital-acquired kidney 
injury. Current studies mostly suggest that contrast agents mainly harm renal tubular epithelial cells, but we hypothesized that the 
development of CI-AKI should be the result of the interaction of renal vascular and tubular injury.
Methods: First we constructed a CI-AKI mouse model and verified the success of the model by pathological injury and serum 
creatinine level. Immunohistochemistry, protein quantification and qRT-PCR were used to detect the location and level of expression 
of neutrophil extracellular traps (NETs) in the kidney. Then, we blocked the in vivo accumulation of NETs using GSK484 and DNase 
I and detected the expression of NETs and the damage of glomerular and peritubular capillaries.
Results: We first identified the presence of NETs in CI-AKI mice, and NETs were mainly accumulated in glomeruli and peritubular 
capillaries. The expression of NETs was positively correlated with the severity of CI-AKI kidney. After inhibition of NETs release or 
promotion of NETs degradation by drugs, renal vascular endothelial cell injury was reduced and renal pathological changes and 
creatinine levels were reversed in CI-AKI mice. In addition, inhibition of NETs reduced apoptosis and pyroptosis of renal cells and 
attenuated inflammation in vivo.
Conclusion: These findings suggest that NETs are involved in the development of CI-AKI by damaging glomerular and peritubular 
capillary endothelial cells. This study will provide a new strategy for clinical prevention and treatment of CI-AKI.
Keywords: contrast-induced acute kidney injury, neutrophils, neutrophil extracellular traps, glomeruli, peritubular capillaries

Introduction
In recent years, contrast agents (CM) have been used with increasing frequency. Contrast-induced acute kidney injury 
(CI-AKI) occurs in up to 30% of patients receiving iodine contrast and is often considered the third leading cause of 
hospital-acquired kidney injury.1–3 The Kidney Disease: Improving Global Outcomes (KDIGO) guidelines define CI- 
AKI as a rise in serum creatinine (SCr) ≥0.5 mg/dL (≥44 μmol/L) or a 25% increase from baseline assessed 48 hours 
after CM application.4,5 Current therapeutic approaches, such as prophylactic hydration and statins, are not well suited to 
prevent the development of CI-AKI.6,7 Therefore, it is critical to understand the mechanisms of injury in CI-AKI and to 
identify potential targets for intervention. There are three main injury mechanisms in CI-AKI, including direct toxic 
effects, renal vasoconstriction, and overproduction of reactive oxygen species (ROS).8–10 Current studies have mostly 
concluded that CM mainly harm renal tubular epithelial cells, but we found that the effects of renal vascular injury have 
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been neglected. The development of CI-AKI should be the result of the interaction between renal vascular and tubular 
injury.

Neutrophils are the most abundant white blood cells in the peripheral circulation and are the first line of defense for 
the body’s immunity.11 Neutrophils perform their functions through four main mechanisms: phagocytosis, degranulation, 
release of cytokines, and release of neutrophil extracellular traps (NETs).12 In some cases, neutrophils are activated, 
releasing NETs and usually accompanied by cell death, a process known as NETosis.13,14 NETs are a reticular structure 
with DNA as the backbone, which is inlaid with proteins that have bactericidal and permeability-increasing effects, such 
as citrullinated histone 3 (CitH3), myeloperoxidase (MPO) and elastase of neutrophils (ELANE).15 Recent studies have 
revealed that NETs not only respond rapidly to pathogen invasion, but also participate in pathophysiological processes 
such as sterile inflammation and immune diseases, and even damage cells and tissues of the body.16–18

Recently, neutrophils were found to infiltrate the renal interstitium in mice with ischemia-reperfusion (IRI) kidney 
injury, and necrotic tubular cells induced the formation of NETs, further aggravating kidney injury.19 In addition, NETs 
can promote vascular injury by activating the complement bypass pathway and occluding microvessels through platelet- 
neutrophil interactions.20,21 Importantly, in rheumatic diseases such as rheumatoid arthritis, systemic lupus erythematosus 
and vasculitis, neutrophils play an important role in relation to endothelial cell activation and dysfunction.22 Immune 
complexes with autoantibodies in rheumatic diseases activate neutrophils to release NETs to induce endothelial damage, 
and NETs are an important source of immunogenic nucleic acids that maintain inflammation.23–25 However, it is not clear 
whether NETs are involved in the development of CI-AKI.

Here, we investigated the relationship between the expression of NETs and renal injury in a mouse model of CI-AKI. 
To investigate whether elimination of NETs could ameliorate renal vascular endothelial cell injury and alleviate CI-AKI, 
we pretreated in CI-AKI mice using GSK484 and DNase I. We propose new potent strategies for the prevention and 
treatment of CI-AKI.

Materials and Methods
Animal Model: Contrast-Induced Acute Kidney Injury
After one week of adaptive feeding in the animal room of the cardiology s laboratory of Shanxi Medical University, 
a mouse CI-AKI model was constructed with reference to a previous study.26 Mice were dehydrated for 16 hours and 
then injected intraperitoneally with N-nitro-L-arginine methyl ester (L-NAME, 10 mg/kg) after 15 minutes, indomethacin 
(Indomethacin, 10 mg/kg) after 15 minutes, and iodixanol (Iodixanol, 6.24 g I2/kg) after another 15 minutes. The mice 
were then fed and watered normally and executed after 24 hours, and blood and kidney tissues were obtained.

Mice were divided into 8 groups for the experiment, with 6 mice in each group. They were Control group, 2 h group, 
6 h group, 12 h group, 24 h-L group, 24 h-H group, 48 h group, and 72 h group, respectively. After the representative 
contrast injection, the mice were executed at different time points. 24 h-L, low-dose iodixanol (6.24 g I2/kg) was injected 
intraperitoneally. 24 h-H group, high-dose iodixanol (12.48 g I2/kg) was injected intraperitoneally. The above drugs were 
purchased from MedChemExpress.

Drug Treatment
C57BL/6 mice were divided into four groups: control, CI-AKI, CI-AKI+GSK484, and CI-AKI+DNase I. The CI-AKI 
group was injected with a low dose of contrast. GSK484 is a potent and reversible inhibitor of peptidylarginine deiminase 
4 (PADI4). The intervention was performed one week before CI-AKI mapping until the day of execution with an 
intraperitoneal dose of 4 mg/kg. DNase I, deoxyribonuclease I, is a nucleic acid endonuclease that can digest single- or 
double-stranded DNA. Intervention was performed one week prior to CI-AKI modeling until the day of execution at an 
intraperitoneal dose of 5 mg/kg. The above drugs were purchased from MedChemExpress.

Serum Creatinine Measurement
Blood was obtained using the mouse eye extraction method and placed in a yellow procoagulation tube to promote 
coagulation. After centrifugation at 3000 rpm for 10 minutes, the upper layer of serum was obtained and stored in 
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a −80°C refrigerator if long-term storage was required. The creatinine oxidase method was used to determine the 
creatinine level in mouse serum, and the detailed procedure is described in the instruction manual of Nanjing Creatinine 
(CRE) Assay Kit (C011-2-1).

Determination of Serum Inflammatory Factors
The serum of mice was detected by ELISA, and the detection indexes and kits were as follows: TNF-α (RUIXIN 
BIOTECH, RXSWSXQ202412M), IL-6 (RUIXIN BIOTECH, RX203049M). Strictly follow manufacturer’s 
instructions.

Renal Pathology Staining
Kidney tissues were fixed in 10% paraformaldehyde at 4°C for 24 h and embedded in paraffin blocks. The tissues were 
stained with hematoxylin-eosin (HE) or Periodic Acid-Schiff (PAS) reagents according to standard conventional protocols. 
Acute kidney injury was scored according to the degree of tubular injury according to the method in the article by Wei 
et al.27 Where tubular injury was graded 0–4, with 0 representing no injury; 1 representing tubular epithelial cell swelling, 
vacuolar degeneration, necrosis, and loss of brush border involving <25% of the cortical tubules; and 2, 3, and 4 indicating 
tubular injury of 25%-50%, 50%-75%, and more than 75% of the cortical tubules. The above pathological assessments were 
performed independently by two pathology researchers who were not informed of the subgroup.

Immunohistochemical Staining
Paraffin sections were first dewaxed and treated with antigen repair. The sections were then closed at room 
temperature with goat serum for 30 min. The primary antibody was added dropwise at the appropriate concentra-
tion and incubated overnight at 4°C in a wet box. The next day, the tissue was covered with a drop of secondary 
antibody of the same species as the primary antibody and incubated at room temperature for 1 h. Then, the nuclei 
were restained with hematoxylin stain. Finally, the slices were sealed by dehydration and placed under a white 
light microscope for interpretation of the results. The antibodies used were MPO (Proteintech, Cat No. 66177-1) 
and PV-1 (Servicebio, GB113141).

Immunofluorescence Staining
For the immunofluorescence (IF) co-localization of the two target proteins, we used the following method. Paraffin sections 
were first dewaxed, treated with antigen repair and serum blocked. Then the first primary antibody was added and incubated 
overnight at 4°C in a wet box. The corresponding secondary antibody labeled with CY3 was added the next day. The second 
primary antibody is then added dropwise and incubated overnight at 4°C in a wet box. On the third day, the FITC-labeled 
corresponding secondary antibody was added and washed after incubation. Then the nuclei were restained with DAPI 
staining solution. Sealing was done with anti-fluorescence quenching blocker. Finally, image acquisition is performed. If only 
one antibody is available, the corresponding steps are reduced. The antibodies used in this experiment are: Ly6G (Servicebio, 
GB11229), CitH3 (Abcam, ab5103), CD31 (Servicebio, GB11063-2), VCAM-1 (Servicebio, GB113376-100), MPO 
(Proteintech, Cat No. 66177-1), PADI4 (Abcam, ab128086), ELANE (Boster Biotech, PB1114), GSDMD (Servicebio, 
GB114198), Caspase-1 (Servicebio, GB11383) and IL-1β (Servicebio, GB11113). ImageJ software (NIH, Bethesda, MD, 
USA) was used for semi-quantitative analyses of the fluorescence intensity.

Transmission Electron Microscope Detection
Firstly, mouse kidneys were pre-fixed with 3% glutaraldehyde and refixed with 1% osmium tetroxide. Then acetone was 
dehydrated several times step by step. Then infiltration and embedding were done with dehydrating agent and Epon812 
embedding agent. Ultrathin sections of approximately 60–90 nm were cut off using an ultrathin sectioning machine and 
spread onto a copper mesh. Then, the sections were stained with uranyl acetate for 10 min at room temperature, followed 
by lead citrate for 1 min. Finally, images of the kidney tissue on the copper mesh were acquired by JEM-1400FLASH 
transmission electron microscopy.
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Quantitative Real-Time PCR
The primer sequences (Sangon Biotech Co., Ltd., Shanghai, China) used in this study are listed in Table 1. The purity and 
concentration of RNA were measured by ultra-micro spectrophotometer. The mRNA was then reverse transcribed to 
cDNA using Takara’s Reverse Transcription Kit, and the detailed steps are described in the instruction manual of Item 
No. RR036A. Next, the real-time fluorescence kit was used to detect the expression of the target gene, and the detailed 
steps are described in the instruction manual of item number MF797. The Ct value of GAPDH was normalized and the 
relative gene expression level was calculated by the 2−∆∆Ct method.

Western Blot
Mouse kidney tissue was placed in enhanced RIPA lysate and thoroughly ground using a tissue crusher. Quantification 
was performed with the BCA protein concentration assay kit pair according to the manufacturer’s instructions. Total 
proteins were separated by SDS-PAGE gel electrophoresis. Subsequently, the proteins were transferred to PVDF 
membranes. Closure was performed with TBST buffer containing 5% skim milk powder at room temperature. Then 
incubated with primary antibody at 4°C overnight. Next, the membrane was incubated with the appropriate secondary 
antibody at room temperature for 1 h. Finally, the protein signal was developed in the ChemiDoc system using ECL 
luminescent solution. Protein expression level analysis was performed using Image Lab software. The target proteins 
were normalized with internal reference proteins. The antibodies used in this experiment were: GAPDH (Servicebio, 
GB15002), β-actin (Servicebio, GB15001), PADI4 (Abcam, ab128086), CitH3 (Abcam, ab5103), ELANE (Boster 
Biotech. PB1114) and GSDMD (Servicebio, GB114198).

Statistical Analyses
The data of this experiment were expressed as mean ± standard deviation. If the experimental data were normally 
distributed, t-test or one-way ANOVA was used. If the experimental data were non-normally distributed, the Mann– 
Whitney U-test was used. Tukey’s test or Dunn's multiple comparison test was used for the analysis between each 
experimental group. Pearson’s algorithm was used for correlation tests. All statistical analysis data and graphs were 
obtained using GraphPad Prism 8.0.2 software. P < 0.05 was considered to be statistically significant.

Results
Induction of CI-AKI Model
We divided the mice into low-dose group (24h-L) and high-dose group (24h-H) according to the contrast agent injection 
dose. The kidneys of mice were firstly stained with HE and the renal tubular injury score was used as the pathological 
diagnosis. The results showed that compared with normal mouse kidneys, in the 24h-L group the renal tubular epithelial 
cells were swollen, vacuolated, necrotic, and lost brush border (Figure 1A and B). And in the 24h-H group, the kidney 
damage was more severe. Currently, SCr is the preferred criterion for the clinical diagnosis of CI-AKI. Compared to the 
control group, the SCr level in the 24h-L group had met the diagnostic criteria for CI-AKI, while the elevation was more 
pronounced in the 24h-H group (Figure 1C). In addition, SCr was detected at different time points in mice injected with 
low-dose CM. The results showed that the SCr levels in mice injected with CM continued to increase during 24h, while 

Table 1 Primers of Mouse qRT-PCR

Genes Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’)

Gapdh CATGAGAAGTATGACAACAGCCT AGTCCTTCCACGATACCAAAGT

Padi4 GCTGGATGCCTTTGGGAACCTG CGCTGCTGGAGTAACCGCTATTC
Mpo CACACCCTCATCCAACCCTTCATG AATGCCACCTTCCAACACGACTC

Elane TTGCCAGGAACTTCGTCATGTCAG GAAGATCCGCTGCACAGAGAAGG

Tlr2 CTCCCAGATGCTTCGTTGTTCCC GTTGTCGCCTGCTTCCAGAGTC
Tlr4 GAGCCGGAAGGTTATTGTGGTAGTG AGGACAATGAAGATGATGCCAGAGC
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Figure 1 Successful establishment of CI-AKI model in mice. (A) HE staining of mouse kidney (magnification 400×). (B) Quantification of renal tubular injury scores (n=6). 
(C) The SCr levels in different contrast dose groups (n=6). (D) The SCr levels in mice at different time periods after contrast injection (n=6). (E) Transmission electron 
micrographs of kidney tissues in mice. Among them, renal tubular epithelial cells (RTECs), vascular endothelial cells (VECs), nucleus (N), mitochondria (Mi), rough 
endoplasmic reticulum (RER), peduncle: yellow arrow (↑), mitochondrial swelling: red arrow (↑), basement membrane: green arrow (↑), vacuole: blue arrow (↑), autophagy: 
purple arrow (↑). Magnification 20,000×. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, indicating statistically significant data between groups; “ns” indicates no 
statistical significance.
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the SCr values dropped back to normal levels at 48h and 72h (Figure 1D). This indicates that for normal mice, CI-AKI is 
a transient injury with the possibility of normalization.

Meanwhile, we performed transmission electron microscopy on the control group, 24h-L group and 24h-H group 
(Figure 1E). The glomerular filtration barrier of normal mice had normal morphology, with clear structures of peduncle and 
endothelial window pores, and the basement membrane was continuous and basically the same thickness. The tubular 
epithelial cells were intact and clear, and only a few secondary lysosomes and autophagy were found in the cytoplasm. The 
vascular endothelial cells in the renal tubular interstitium showed no obvious lesions. There was a small amount of 
autophagy in glomerular vascular endothelial cells in the 24h-L group. Mitochondria in renal tubular epithelial cells were 
slightly swollen, while autophagy and vacuoles were abundant in the cytoplasm. The morphology of vascular endothelial 
cells in the renal tubular interstitium was intact, and only slight swelling of mitochondria in the cytoplasm was seen. In the 
24h-H group, some regions of the pedicles in the glomerular filtration barrier had fused, and mitochondria in the vascular 
endothelial cells had swollen (cristae broken and lysed), and a small amount of autophagy was also seen. The morphology 
of renal tubular epithelial cells was more intact, but a large amount of autophagy was seen in the cytoplasm. The 
mitochondria of the vascular endothelial cells in the renal tubular interstitium were mildly swollen.

Increased NETs are Associated with the Degree of CI-AKI Progression
Some studies have reported that NETs are observed in human aseptic inflammatory sites, such as ischemia in perfused 
kidneys. Therefore, it is reasonable to speculate that NETs would also be involved in the mechanism of injury in CI-AKI. 
Neutrophil markers (Ly6G) and NETs markers (CitH3), were co-localized by IF in the kidney of a mouse CI-AKI model. 
We found infiltration of neutrophils and release of NETs in the kidneys of CI-AKI mice. We also captured neutrophils 
undergoing NETosis but not yet ruptured (Unruptured Neutrophils group), neutrophils undergoing NETosis that had 
ruptured (Ruptured Neutrophils group), and the release of NETs in patches (Patchy Neutrophils group) (Figure 2A). In 
contrast, no infiltrating neutrophils and NETs markers were shown in healthy mouse kidneys.

To investigate the relationship between serum NETs levels and SCr in CI-AKI mice, we performed correlation 
analysis. Among them, the serum levels of NETs markers (MPO) were elevated in CI-AKI mice, and the increase in 
expression was more significant in the 24h-H group. However, the level of MPO in the 48h group decreased back 
(Figure 2B). Then, we performed Pearson correlation test on the serum MPO levels and SCr in CI-AKI mice, and there 
was a positive correlation between them (Figure 2C). Meanwhile, we performed double-label IF staining of Ly6G and 
CitH3 in the kidneys of each group of mice, and the results showed that the expression of NETs was also significantly 
higher in the more injured kidneys (Figure 2D–F). And the immunohistochemical (IHC) staining of MPO had the same 
expression trend (Figure 2G and H).

In addition, in the assay of renal proteins, the more severe the contrast-induced kidney injury in mice, the more 
protein expression of PADI4 and CitH3 was observed (Figure 3A–C). In the quantitative analysis of renal mRNA, the 
mRNA expression trends of markers of NETs (PADI4, MPO, ELANE) and specific receptors of NETs (TLR2, TLR4) 
were also as expected (Figure 3D and E). And the serum inflammatory factors TNF-α and IL-6 in mice also showed 
similar trends to the levels of NETs (Figure 3F and G). These data suggest that NETs may be involved in the mechanism 
of injury in CI-AKI and are associated with inflammation.

NETs Mainly Accumulate in the Microcirculatory System of the Kidney of CI-AKI Mice
The microcirculatory system of the kidney consists mainly of glomeruli and peritubular capillaries (PTC), which are the 
first barrier to blood and the first line of defense for neutrophils to respond to injury.28,29 Therefore, we found that NETs 
were mainly deposited within the renal vascular system. We performed IF co-localization of CD31 and MPO in the 
kidneys of mice (Figure 4A). The results showed that MPO was mainly expressed in the glomeruli and the expression of 
CD31 was reduced in CI-AKI mice. In addition, we performed double-label IF staining of Ly6G and CitH3, and 
neutrophils and NETs were deposited in the glomeruli of CI-AKI mice, but not in normal mice (Figure 4B). We also 
performed serial sections of CI-AKI mouse kidneys for pathologic staining (HE, PAS) and IF staining (CD31+CitH3), 
respectively (Supplementary Figure 1). This suggests that NETs are deposited in the glomeruli and may damage vascular 
endothelial cells.
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Figure 2 NETs are present in the kidneys of CI-AKI mice and correlate with the degree of kidney injury. (A) IF of kidney sections. Among them, blue, DAPI, nucleus; red, 
Ly6G, mouse neutrophil surface marker; green, CitH3, NETs-specific marker. Magnification 4000×. (B) ELISA method to detect the expression level of serum MPO in mice 
(n=6). (C) Correlation analysis of serum MPO levels with SCr in CI-AKI mice (n=12). (D–F) IF double staining and semiquantitative analysis of renal paraffin sections (n=6). 
Among them, blue, DAPI; red, Ly6G; green, CitH3. Magnification 630×. (G and H) Histochemical staining of kidney paraffin sections for MPO (n=6). Magnification 1000×. * 
VS control group, *P < 0.05, ***P < 0.001, ****P < 0.0001, indicating statistically significant data between groups; # VS 24 h-L group, #P < 0.05, ##P < 0.01, ###P < 0.001, 
indicating statistically significant data between groups; ns indicates no statistical significance.
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As for PTC, which has been less studied in CI-AKI disease, we also observed the presence of NETs for the first time. 
In kidney sections from CI-AKI mice, the products of NETs could be seen in the PTC by double-label IF staining with 
CD31 and MPO, indicating that neutrophils reside in the PTC (Figure 4C). In addition, the presence of CitH3+ cells in 
PTC was also detected by IF double staining for CD31 and CitH3 (Figure 4D). Since most of the PTC are surrounded by 
a single layer of vascular endothelial cells, the significance of NETs for its damage may be more important.

In addition, vascular cell adhesion molecule (VCAM)-1 (also known as CD106), which is activated in vascular 
endothelial cells in response to inflammatory stimuli.30 It promotes adhesion, activation and migration of circulating 
leukocytes.31 As seen in Supplementary Figure 2A, VCAM-1 was barely expressed in normal mouse kidneys, whereas it 
was increased in CI-AKI mice. This suggests that endothelial cells in the kidneys of CI-AKI mice promote the 
recruitment and migration of inflammatory cells. At the same time, we performed TUNEL staining of the kidneys 
(Supplementary Figure 2B and C). The results showed that glomerular endothelial cells underwent apoptosis.

GSK484 and DNase I Reduce NETs Production in CI-AKI Mice
We divided the mice into four groups: control group, CI-AKI group, CI-AKI+GSK484 group, and CI-AKI+DNase 
I group. Among them, GSK484 inhibited NETosis by suppressing PADI4 activity, and DNase I could degrade NETs 

Figure 3 Expression of NETs protein and mRNA in the kidney of CI-AKI mice. (A–C) Expression and quantification of PADI4 and CitH3 in mice kidney by Western blot 
(n=3). (D and E) Detection of PADI4, MPO and ELANE, and mRNA expression of TLR2 and TLR4 by qRT-PCR (n=3). (F and G) Expression levels of inflammatory factors 
TNF-α and IL-6 in serum of mice (n=3). * VS control group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, indicating statistically significant data between groups; # VS 
24 h-L group, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, indicating statistically significant data between groups; ns indicates no statistical significance.
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products. We first observed the expression of PADI4 in mice, and both GSK484 and DNase I could reduce its expression 
(Supplementary Figure 3A and B). In addition, it also reduced the infiltration of neutrophils in the kidney and the 
expression of NETs markers ELANE, CitH3 and MPO (Supplementary Figure 3C and D; Figure 5A–E). Meanwhile, we 
detected serum MPO by ELISA, and in the drug intervention group, the serum MPO level of mice was decreased 

Figure 4 NETs accumulate in the glomeruli and PTC of CI-AKI mice. (A) IF co-staining: CD31, red, vascular endothelial cell marker; MPO, green, NETs marker. 
Magnification 1300×. (B) IF co-staining: Ly6G, red; CitH3, green. Magnification 1300×. (C and D) Neutrophil residency and NETs release in PTC. Left side magnification 
1300×, right side magnification 4000×.
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Figure 5 GSK484 or DNase I reduces the accumulation of NETs in CI-AKI mice. (A–C) IF co-staining results and semi-quantitative analysis of Ly6G and CitH3 in mouse 
kidney sections (n=6). Magnification 630×. (D and E) Immunohistochemical staining and semi-quantitative analysis of MPO in mouse kidney sections (n=6). Magnification 
1000×. (F) The expression of MPO in mouse serum (n=3). (G and H) Quantification of protein in mouse kidney ELANE (n=3). * VS control group, ***P < 0.001, ****P < 
0.0001, indicates statistically significant data between groups; # VS CI-AKI group, #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, indicates statistically significant data 
between groups.
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(Figure 5F). WB method was used to detect the protein expression of ELANE and the trend was as expected (Figure 5G 
and H). This suggests that GSK484 and DNase I pretreatment can successfully reduce neutrophil infiltration in the kidney 
and decrease the accumulation of NETs.

Inhibition of NETs Reduces Pathological Damage in CI-AKI
To evaluate the kidney injury in mice, we first performed HE and PAS staining of the kidneys, and the results showed that 
the kidney injury was significantly reduced after reducing the accumulation of NETs compared to the CI-AKI group 
(Figure 6A and B). Next, we examined the level of SCr in mice, and lowering the level of NETs resulted in a decrease in 
SCr (Figure 6C). Thus, we confirmed that renal pathological changes in CI-AKI mice could be significantly alleviated by 
inhibiting the accumulation of NETs.

Neutrophils are the first line of defense of the body and an important factor in the production of inflammation in the 
body. We wanted to clarify whether the release of NETs promotes the expression of inflammation, and whether inhibition 
of NETs reduces inflammation. The results showed that either blocking the release of NETs or degrading the products of 
NETs could reduce inflammation in mice in vivo (Figure 6D and E). However, it is noteworthy that inflammatory factors 
did not return to normal levels, considering the pro-inflammatory effect of other immune cells such as macrophages.

Inhibition of NETs Reduces Glomerular and Peritubular Capillary Endothelial Cell 
Injury
We found that NETs mainly accumulate in the renal microcirculatory system and may be involved in disease develop-
ment by damaging glomeruli and peritubular capillaries. Therefore, we wanted to clarify the protective effects of 
blocking NETs formation or accelerating NETs degradation on renal vascular endothelial cells in CI-AKI mice. By IF 
staining of CD31 and CitH3, the expression of vascular endothelial markers was reduced in CI-AKI mice, mainly 
manifested by diminished CD31 fluorescence intensity and discontinuous color development. In contrast, CD31 expres-
sion was significantly higher in the drug intervention group (Figure 7A–C). In addition, IF staining for CD31 and MPO 
showed a trend consistent with the above (Supplementary Figure 4). This suggests that reducing NETs expression can 
significantly alleviate glomerular vascular endothelial cell injury in mice.

In addition, we also performed immunohistochemical staining for the mouse PTC marker PV-1 (Figure 7D and E). 
Compared with CD31, PV-1 was a more specific marker of PTC endothelial cells. The results showed that the kidneys of 
CI-AKI mice had significantly reduced PTC and more extensive damage. In contrast, the drug pretreatment group, by 
reducing neutrophil infiltration and decreasing the level of NETs, significantly alleviated the damage of PTC. Once again, 
it was demonstrated that reducing the level of NETs helped to reduce the damage of vascular endothelial cells in mice.

Inhibition of NETs Reduces Apoptosis and Pyroptosis in Kidney Cells
In addition, we explored whether inhibition of NETs attenuated other cell death modalities. TUNEL staining showed that 
a large number of apoptotic cells were visible in the kidneys of CI-AKI mice, and the number of apoptotic cells was 
significantly reduced after reducing the accumulation of NETs (Supplementary Figure 5A and B). This suggests that 
reducing the content of NETs can significantly reduce the occurrence of apoptosis in kidney cells.

Pyroptosis is a form of inflammatory cell death that requires gasdermin D (GSDMD)-mediated cytolysis with the 
involvement of inflammatory caspases.32 We found that the protein expression of N-GSDMD and GSDMD could be 
significantly reduced by reducing the content of NETs (Figure 8A–C; Supplementary Figure 5C and D). This suggests 
that the onset of cellular scorching can be inhibited after reducing the accumulation of NETs in the kidney. In addition, 
Caspase-1 and IL-1β are also specific markers of cellular pyroptosis. Their expression was reduced after inhibition of 
NETs accumulation (Figure 8D and E). Interestingly, in CI-AKI mice, cellular pyroptosis occurred mainly in renal 
tubular epithelial cells, but was not found in vascular endothelial cells (Supplementary Figure 6).
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Figure 6 GSK484 or DNase I attenuates kidney injury in mice. (A) HE and PAS staining of mouse kidney tissue (magnification 400×). (B) Renal tubular injury score (n=6). 
(C) Expression of SCr in mice (n=6). (D and E) Expression levels of serum inflammatory factors TNF-α and IL-6 in mice (n=3). * VS control group, **P < 0.01, ****P < 
0.0001, indicating statistically significant data between groups; # VS CI-AKI group, #P < 0.05, ##P < 0.01, ###P < 0.001, indicating statistically significant data between groups; 
ns indicates no statistical significance.
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Discussion
By reviewing the literature, the involvement of NETs in acute kidney injury has been reported.21,33 In the field of CI-AKI 
research, we reported for the first time that NETs were found in a CI-AKI mouse model. In this study, we found high 
levels of NETs in serum and kidney tissues of CI-AKI mice, which is consistent with the trend of pathological kidney 
injury. Interestingly, NETs accumulate mainly in the microcirculatory system of the kidney. In contrast, the glomeruli and 
peritubular capillaries have been less studied in the exploration of CI-AKI injury mechanisms. Pretreatment of mice with 
GSK484 or DNase I significantly alleviated renal vascular endothelial cell injury and reversed the pathological changes 
and creatinine elevation. Therefore, targeting NETs will be an effective strategy to prevent and treat CI-AKI in the future.

The main feature of CI-AKI is a decrease in renal function within a few days after intravascular injection of iodine 
contrast.34 Continuous measurement of serum creatinine is considered the most practical and sensitive method, and an 

Figure 7 Reduction of NETs levels alleviates endothelial cell injury in glomeruli and PTC. (A–C) IF co-staining and semi-quantitative analysis of CD31 and CitH3 in mouse 
kidney sections (n=6). Magnification 630×. (D and E) Immunohistochemical staining and semi-quantitative analysis of PV-1 in mouse kidney sections (n=6). Magnification 
1300×. * VS control group, **P < 0.01, ****P < 0.0001, indicating statistically significant data between groups; # VS CI-AKI group, #P < 0.05, ##P < 0.01, ###P < 0.001, 
indicating statistically significant data between groups.
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Figure 8 Reducing the level of NETs reduces pyroptosis. (A–C) Quantitative analysis of GSDMD and N-GSDMD protein in mouse kidney (n=3). (D and E) IF double 
staining and semi-quantitative analysis of Caspase-1 and IL-1β in mouse kidney tissue sections (n=3). * VS control group, ***P < 0.001, ****P < 0.0001, indicating statistically 
significant data between groups; # VS CI-AKI group, #P < 0.05, ###P < 0.001, ####P < 0.0001, indicating statistically significant data between groups. Magnification 630×.
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elevation of 1.0 mg/dL compared to baseline is the accepted diagnostic criterion.35 In 2012, the KDIGO guidelines 
continued the name of CIN with the diagnostic criteria of renal impairment (increase in serum creatinine more than 25% 
or 44 μmol/L) within 3 days after intravascular contrast injection and without other etiology.5 In 2018, the European 
Society of Urogenital Radiology (ESUR) recommended diagnostic criteria is an increase in serum creatinine ≥0.3 mg/dL 
or ≥1.5–1.9 times the baseline level within 48–72 h of CM use.36

The mechanism of injury of CI-AKI is not fully understood, and there are three main pathophysiological mechanisms, 
including direct toxic effects, intrarenal vasoconstriction and overproduction of ROS. While the role of contrast agents on 
renal tubular injury is more studied, the study of renal vascular injury is gradually coming into view. The damage of 
contrast agents to vascular endothelial cells is multifaceted, and when CM enters the body directly, it acts as a cytotoxic 
agent through direct contact with the renal vasculature.37 Contrast-induced mitochondrial dysfunction and excessive 
release of ROS can also damage endothelial cells and cause endothelial dysfunction.38 And the hemodynamic changes 
triggered by vasoconstriction further reduce the glomerular filtration rate.39 In addition, the operation of contrast agents 
in the systemic circulatory system reduces the anti-inflammatory effect and anti-thrombotic capacity of the circulatory 
system, elevating the risk of systemic inflammation.40 Therefore, the role of renal vascular damage in CI-AKI should not 
be underestimated and may be the key to preventive strategies.

The presence of NETs in AKI and the damaging role they play have been widely reported in recent studies, and this 
has served as an important inspiration for our research on CI-AKI. In aseptic inflammation, the massive release of 
damage-associated pattern molecules (DAMPs) triggers neutrophil infiltration and tissue damage.41,42 Among them, the 
occurrence of NETosis plays a crucial role. When the contrast agent enters the vasculature, neutrophils are the first to be 
activated, and they are already responding rapidly and being recruited when the kidney is just showing damage or even 
before it has manifested itself. The occurrence of NETosis indicates that the neutrophil response to pathogens or sterile 
inflammation is extremely rapid and can be initiated within hours or even minutes.13,43 And this became the basis of our 
initial hypothesis and the focus of our attention. Furthermore, it has been shown that in an ischemic kidney injury model, 
secretion of histones by dead renal tubular cells triggers the release of NETs from neutrophils, which in turn exacerbates 
tubular cell death.19 Therefore, in this study, we can learn that NETs are at the core of kidney injury.

Early occurrence of NETosis in neutrophils facilitates rapid clearance of pathogens, but when this protective 
mechanism is imbalanced, it poses a threat to the normal organismal environment. Due to the different mechanisms of 
NETosis occurrence and key components of action in renal diseases, it is necessary to propose targeted inhibition 
regimens. The protective effect of neutrophils should be maintained as much as possible while mitigating the excessive 
damage of NETosis.

PADI4, a key enzyme of classical NETosis, is currently a popular target for research in various kidney-related 
diseases.44 In animal models of renal IRI, PADI4-selective inhibitors such as Cl-amidine, YW3-56 or GSK484 
significantly attenuated neutrophil infiltration, inflammatory factor secretion and NETs formation.19,21 In addition, the 
use of the PADI4 inhibitors BB-Cl-amidine or GSK199 in a mouse model of lupus nephritis (LN) reduced the formation 
of type 1 IFNs and NETs while protecting blood vessels, kidneys, and skin from lupus-related damage.45,46 Although 
progress has been made in the production of selective PADI4 inhibitors, no safe and efficient PADI4 inhibitors are 
currently available for clinical use.47

In addition to inhibiting NETs formation, renal tissue injury can also be attenuated by degrading NETs components, 
mainly in a variety of autoimmune diseases. In a mouse model of anti-neutrophil cytoplasmic antibody (ANCA)- 
associated vasculitis (AAV), MPO or LL37 inhibitors attenuated NETs-mediated glomerular endothelial cell 
injury.48,49 In contrast, in a rat AAV model, intravenous immunoglobulin significantly reduced ANCA titers and 
decreased the formation of NETs.50 Exogenous DNase I could degrade antibody complexes in a mouse model of 
systemic lupus erythematosus (SLE), thereby decreasing the level of NETs in vivo and reducing the accumulation of 
NETs in the glomerulus.51 In addition, the application of DNase I or histone neutralizing antibodies in mouse IRI models 
can also achieve the effect of reducing the accumulation of NETs and partially alleviating AKI.21,52

In addition, we found that inhibition of NETs accumulation alleviated apoptosis and pyroptosis. And cell pyroptosis 
occurred mainly in renal tubular epithelial cells, while it was not found in vascular endothelial cells. GSDMD was 
cleaved by caspase-1 to generate N-GSDMD fragments, which could perforate the cytosolic or nuclear membrane and 
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increase membrane permeability, leading to macrophage pyroptosis and neutrophil NETosis.53,54 Our results show that 
the expression of GSDMD and N-GSDMD is reduced after inhibition of NETs, which is equally relevant for attenuating 
cell pyroptosis.

Despite some of our work, there are still some shortcomings in this experiment. First, the early infiltration of NETs in 
the kidney of CI-AKI mice was not significant, and many intravascular neutrophils and NETs would be washed away if 
perfusion was performed before kidney sampling. Secondly, we would also like to perform scanning electron microscopy 
of the kidney, a technique that allows visual detection of NETs morphology. Finally, we would like to add cellular 
experiments to our future studies. In particular, the questions of whether CM can induce NETosis independently, the 
observation of neutrophil and endothelial cell co-culture, and the role of NETs for cellular phenotypic transformation. In 
our future studies, we will focus on the triggers of NETs during the CI-AKI process, as well as the key components of 
NETs that play an injurious role.

Conclusion
In conclusion, this experiment demonstrates for the first time that NETs are present in the kidney of CI-AKI mice and 
participate in the development of the disease by mediating the endothelial cells of the renal microcirculation. Elimination 
of NETs could significantly reduce the pathological injury and blood creatinine levels in the kidney and play a role in 
alleviating CI-AKI. To this end, further exploration of the injury mechanisms of NETs will help to propose prevention 
and treatment strategies targeting CI-AKI.
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