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Purpose: Sepsis-associated acute kidney injury (S-AKI) contributes to high mortality, but it is lack of specific treatments. We aimed 
to investigate the underlying mechanism of S-AKI and to identify target drugs to alleviate AKI.
Methods: We establish a stable mouse model of S-AKI by Pseudomonas aeruginosa incision infection. Based on high-throughput 
sequencing and bioinformatics analysis, we investigated the underlying mechanism and selected the target drug (VX-702) for S-AKI. 
An in vitro model established by co-cultured of kidney tubular epithelial cell line (TCMK-1) cells with lipopolysaccharide (LPS)- 
induced leukemic monocyte/macrophage cells (RAW264.7), we explored the effect of VX-702 on S-AKI.
Results: The data showed interleukin (IL)-6 and IL-1β were the hub genes, and the mitogen-activated protein kinase (MAPK) 
signaling pathway was the main pathway involved in S-AKI. Administration of VX-702 by oral gavage decreased the elevated 
concentrations of IL-6, IL-1β, serum creatinine, and blood urea nitrogen in mice with S-AKI. Moreover, VX-702 reduced the number 
of apoptotic cells in damaged kidney tissues. Cell viability was decreased, and the number of apoptotic cells was increased in TCMK-1 
cells co-cultured with LPS-induced RAW264.7 cells compared to LPS-induced TCMK-1 cells. VX-702 treatment reversed this effect. 
VX-702 treatment reduced the levels of phosphorylated p38 MAPK and proinflammatory cytokines in RAW264.7 cells and the 
supernatant. VX-702 could bind IL-6, IL-1β and MAPK, and affect the binding of IL-1β and its receptor, as demonstrated by 
molecular docking.
Conclusion: VX-702 ameliorated S-AKI by inhibiting the release of proinflammatory cytokines from macrophages, indicating its 
potential as a novel therapeutic for S-AKI treatment.
Keywords: sepsis-associated acute kidney injury, VX-702, macrophages, inflammatory factor, MAPK

Introduction
Sepsis is a complex clinical syndrome that causes tissue destruction and fatal multiple-organ dysfunction.1 The damage 
to the kidneys in sepsis cases accounts for approximately 60%.2 Compared to that patient without acute kidney injury 
(AKI), patients with sepsis-associated AKI (S-AKI) have a significantly increased risk of mortality, ranging from 24% to 
62%.3 Besides, sepsis survivors tend to have a higher incidence of chronic kidney disease. Unfortunately, no specific 
drugs or treatments are available for S-AKI patients. Therefore, it is necessary to investigate its underlying mechanisms 
and explore new therapeutic approaches to improve the outcomes for S-AKI patients.

The pathogenesis of S-AKI is complex and includes inflammation, microvascular dysfunction, and renal tubular 
damage.1 Macrophages and renal tubular epithelial cells (TECs) in the kidney play a vital role in the kidney maintenance. 
The dysfunction or death of these cells is closely involved in S-AKI.4,5 In particular, macrophages play a central role in 
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innate immunity during defense against infections.6,7 Damaged tissues release pathogen-associated molecular patterns 
(PAMPs) and/or host-derived damage-associated molecular patterns (DAMPs), which are recognized by macrophages 
through pattern recognition receptors.8,9 PAMPs and/or DAMPs activate and promote the classically activated macro
phages, causing the release of chemokines, reactive oxygen species (ROS) and proinflammatory cytokines (interleukin- 
1β [IL]-1β, IL-6, tumor necrosis factor-α [TNF-α]) that damage the kidney tissue.10,11 Therefore, inhibiting the release of 
proinflammatory cytokines and reducing the inflammatory response during sepsis may be an effective strategy to prevent 
and reduce organ injury.

VX-702, was a clinically pre-evaluated and highly selective inhibitors of p38 MAPK, which was shown to regulate 
production of proinflammatory cytokines in response to lipopolysaccharide (LPS) and in rheumatoid arthritis.12 It was 
reported that VX-702 could inhibit osteoclast activation, prevent both the development and progression of collagen- 
induced arthritis of the disease after the initiation of inflammation.12 So VX-702 was considered be one of a potential 
treatment for rheumatoid arthritis and evaluated in phase 2 trial. However, the effect of VX-702 on sepsis and kidney 
disease is still blank.

The present study aimed to investigate the underlying mechanism of S-AKI using in vivo and in vitro models, and to 
identify target drugs to alleviate AKI. First, a stable mouse model of S-AKI was established by Pseudomonas aeruginosa 
(P. aeruginosa) incision infection. Second, the hub genes involved in S-AKI were identified by high-throughput 
sequencing and bioinformatics analysis. Then, the related pathways and biological processes were revealed by the 
Kyoto Encyclopedia of Gene and Genomes (KEGG) and Gene Ontology (GO) enrichment analysis. Third, immuno
fluorescence and enzyme-linked immunosorbent assay (ELISA) were performed to verify the related pathway, and the 
target drug (VX-702) of the related pathway was identified. Finally, the curative properties and related pathway- 
associated regulatory effects of VX-702 were demonstrated in in vivo and in vitro models, offering a potential therapeutic 
strategy for S-AKI.

Materials and Methods
Animals
A total of 90 female adult Balb/c mice (8–10 weeks old) weighing 18–22 g (Vital River Laboratories, Beijing, China) 
were housed in separate sterile cages and provided free access to water and food. Mice were housed in a room that was 
specifically pathogen-free, under a 12-h light/dark cycle at 35% humidity and 23.6°C. The experimental procedures were 
performed in accordance with the principles of the Laboratory Animal Guidelines for Ethical Review of Animal Welfare 
(GB/T 35892–2018). This study was approved by the Ethics Animal Committee at Capital Medical University on the Use 
of Animals in Research and Education (Ethics number AEEI-2022–087 and AEEI-2022–090). At the end of the 
experiments, mice were sacrificed by dislocating the cervical vertebrae under an excessive dose of sodium pentobarbital 
(100 mg/kg, intraperitoneal injection). Animal death was confirmed by the absence of breathing or heartbeat.

Bacterial Strain and Suspension Preparation
Pseudomonas aeruginosa (P. aeruginosa, ATCC 27853, Guangdong Microbial Species Preservation Center, Guangzhou, 
China) was cultured in Luria-Bertani (LB) medium at 37°C, 200 rpm/min, overnight (Figure 1A). The bacterial 
suspension was diluted, and 100 μL was inoculated onto an LB agar plate and incubated at 37°C overnight (n = 5). 
Then, the number of colonies on the LB agar plate was counted. The original P. aeruginosa concentration was adjusted to 
1010CFU/mL, 109CFU/mL, 108CFU/mL and 107CFU/mL, based on the number of colonies.13,14

Animal Experiments Design
Mice were anesthetized with 3% isoflurane by inhalation (under 600–800 mL/min oxygen flow rate). S-AKI was induced 
by incision infection with P. aeruginosa.13–15 A 5 mm median incision was made on the back of the mice to expose the 
right paravertebral muscle. A 50 μL suspension of bacteria was smeared on the right paravertebral muscle. Subsequently, 
a 5–0 suture was used to seal the incision.

To establish a stable mouse model of S-AKI, 60 mice were divided into six groups (10 mice per group): 107 CFU/mL 
group, 108 CFU/mL group, 109 CFU/mL group, 1010 CFU/mL group, sham group and control group. The control group 
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did not receive any intervention. Mice in the sham group received only back incisions after being anesthetized. Both 
kidneys were removed 24 h after surgery for high-throughput sequencing and histopathological analysis. Blood samples 
were collected to determine lipopolysaccharide (LPS), serum creatinine (SCr) and blood urea nitrogen (BUN) levels.

To investigate whether VX-702 affected S-AKI animal model, 30 mice were divided into three groups (10 mice per 
group): VX-702 group, dimethylsulphoxide (DMSO) group and sham group. The endpoint was 24 h after surgery. Both 
kidneys and blood samples were collected at 24 h after surgery.

VX-702 was purchased from Beyotime (SD5960, Shanghai, China) and dissolved in DMSO. After performing the 
back incision, VX-702 was administered at a dose of 50 mg/kg twice daily via oral gavage (o.g.).16 The DMSO group 
were administered 5 μL DMSO (the maximum concentration of solvent used). Only back incision was performed on the 
sham group after being anesthetized.

The left side of the mouse kidney tissue was harvested 24 h after surgery for histopathology, immunofluorescence, 
and TdT-mediated dUTP nick end labeling (TUNEL) assay. Blood samples were collected 24 h after surgery for 

Figure 1 Establishment of stable S-AKI mice model. (A) The LB medium with amplified P. aeruginosa. (B) The concentrations of LPS in plasma at 24h after incision infection 
in different groups (n=10). (C) Kaplan-Meier’s survival curve of different groups within 24 h after incision infection (n=10). (D) Histopathology (HE and PAS staining) of 
kidney tissues in different groups at 24 h after incision infection. (E) The tubular necrosis scores of different groups at 24 h after incision infection. (F and G) The 
concentrations of SCr and BUN at 24 h after incision infection (n=10). Data were expressed as mean ± standard deviation. Difference between 109 CFU/mL group, 108 CFU/ 
mL group, 107 CFU/mL group, sham group, and control group was made using unpaired Student’s t-test for normally distributed data (n=10). Images, × 200 and × 400; 
original scale bar, 100 μm. Arrows indicate the damaged renal tubule. ***p<0.001. 
Abbreviations: S-AKI, sepsis-associated acute kidney injury. LB, Luria-Bertani. SCr, serum creatinine. BUN, blood urea nitrogen. HE, hematoxylin and eosin. PAS, Periodic 
Acid-Schiff.
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examining the levels of inflammatory cytokines, SCr, and BUN. The blood samples were allowed to stand for 30 
minutes, then centrifuged at 3000 rpm at 4°C for 10 minutes, and the supernatant was stored at –80°C.

Cell Culture and Treatment
Mouse kidney tubular epithelial cell line (TCMK-1, ATCC® CCL-139™) was purchased from the American Type Culture 
Collection (Manassas, VA, United States) and cultured in Dulbecco’s modified Eagle medium (DMEM, G4511, Servicebio, 
Wuhan, China) containing 10% fetal bovine serum (FBS, Gibco, Gaithersburg, MD, USA) at 37°C with 5% CO2.

Mouse leukemic monocyte/macrophage cell line (RAW264.7, ATCC®, TIB-71) was purchased from the American 
Type Culture Collection (Manassas, VA, United States). RAW264.7 cells serve as a useful model to study the mechan
isms of inflammation in LPS-induced macrophages. Such LPS-induced RAW264.7 cells reportedly produced proin
flammatory factors, including IL-1β, TNF-α and IL-6,17,18 which may affect S-AKI.

In the present study, RAW264.7 cells were trypsinized and subsequently plated in 24-well plates at a density of 1×105 

cells/well in 1 mL of DMEM with 10% FBS. TCMK-1 cells were added onto the cell culture inserts (0.4 mm pore 
diameter) which were placed in the wells with RAW264.7 cells to initiate the in vitro inflammatory reaction by treatment 
with 1 μM LPS. LPS (L8880, E. coli 055:B5) was purchased from Solarbio (Beijing, China).

To evaluate the inhibition of proinflammatory cytokines and the MAPK protein, 5 μM VX-702 was added to the cells, 
based on a previous study.19 Conditioned medium from the cells, co-cultured for 24 h, was collected for cytokine 
quantification by ELISA. In addition, RAW264.7 and TCMK-1 cells were collected.

SCr and BUN Assay
SCr and BUN levels were measured using an automatic biochemical analyzer (Chemray 800, Rayto) according to the 
manufacturer’s instructions (Rayto).

Histopathology
As reported previously, tubular necrosis in the outer medullary region of the kidney was observed at 200x and 400x 
magnifications.20–22 Paraformaldehyde solution (10%) was used to fix the kidney tissue. Renal tissue specimens were 
embedded in paraffin wax and sliced for Periodic Acid-Schiff (PAS) and hematoxylin and eosin (HE) staining. 
Histopathological analysis was performed by light microscopy. The slides were assessed by a histopathologist who 
was blinded to the study. All specimens were evaluated for epithelial cell vacuolization, tubular cell flattening, 
degeneration, tubular dilatation, hyaline cast, and debris materials in the tubular lumen using scores from 1 to 5, wherein 
a score of zero was assigned to normal tissue without damage.23

High-Throughput Sequencing and Bioinformatics Analysis Methods
High-throughput mRNA sequencing and analysis of kidney tissues were performed by Beijing CapitalBio Technology 
(Beijing, China). The limma package and DESeq package were applied to study the differential expression of mRNAs 
between S-AKI kidney samples (n=1) and kidney sham samples (n=1). Genes identified as significantly expressed for 
each dataset had an absolute log2 Fold Change value > 1 and a Benjamini-Hochberg adjusted p-value < 0.05.

Protein–protein interaction (PPI) networks were established by the STRING 11.5 database (https://cn.string-db.org/).24,25 

The selection confidence score was at least 0.4. The hub genes of the PPI networks were identified using three algorithms: 
degree, closeness, and betweenness, which were calculated using Cytoscape 3.8.2 software and the cytoNCA application.26,27

GO and KEGG analyses were performed by Database for Annotation, Visualization and Integrated Discovery 
(DAVID) Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/).28,29 For all analyses, p<0.05 and gene enrichment 
of >2-fold were considered statistically significant.

Immunofluorescence Analysis
Paraffin-embedded sections of methanol-Carnoy fixed tissue were stained for proinflammatory cytokines (IL-6 and IL- 
1β). Tissue slices were incubated for 10 minutes with 3% H2O2, after deparaffinization and hydration. Then, the samples 
were blocked with 10% bovine serum albumin, and incubated overnight at 4 °C with antibodies (IL-6 [DF6087, Affinity, 
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Jiangsu, China], IL-1β [26048-1-AP, Proteintech, Wuhan, China], and f4/80 [29414-1-AP, Proteintech, Wuhan, China] at 
37°C. Sections were incubated with secondary antibodies in the dark for 1 h and photographed under an epifluorescence 
microscope.

Cell Viability Assay
The viability of the TCMK-1 cells was measured using the cell counting kit-8 (CCK-8) assay (Beyotime, Shanghai, 
China). TCMK-1 cells in the growth phase were seeded in 96-well plates at a density of 5000 cells/well. The cells were 
incubated at 37°C, then 10 μL of CCK-8 reagent was added into each well and the cells were incubated for an additional 
2 h. The optical density was measured at 450 nm using a microplate reader (Thermo Fisher Scientific).

TUNEL Assay
Apoptosis in the kidneys was assessed by the TUNEL assay30 according to the manufacturer’s instruction. TUNEL- 
positive cells were counted in ten random fields at 400x magnification.31

Apoptosis in TECs was assessed using the one-step TUNEL apoptosis assay kit (Beyotime, Shanghai, China) 
according to the manufacturer’s instructions. TUNEL-positive cells were counted in ten random fields at 100x 
magnification.

ELISAs
The proinflammatory cytokines (IL-6 and IL-1β) and LPS in the serum and conditioned medium were assayed using 
ELISA kits (JL20268 for IL-6, JL18442 for IL-1β, Jonln, Shanghai, China; SEB526Ge for LPS, Wuhan, China). All 
procedures were performed according to the manufacturer’s instructions.

Western Blotting
The collected RAW264.7 cells were lysed in RIPA lysis buffer and centrifuged at 12,000 rpm/minute at 4°C for 30 
minutes. The supernatant was collected and the protein concentration was determined using the Enhanced BCA Protein 
Assay kit (Beyotime, Shanghai, China). Proteins (30 μg per lane) were separated using a 12% gel by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis. The proteins were electrotransferred onto polyvinylidene fluoride (PVDF) 
membranes (Beyotime, Shanghai, China). After blocking for 30 minutes in Rapid Blocking Solution (Beyotime, 
Shanghai, China), the PVDF membranes were incubated with primary antibodies, including IL-6 (DF6087, Affinity, 
Jiangsu, China), IL-1β (RM6784, Biodragon, Suzhou, China), p38 MAPK (AF1111, Beyotime, Shanghai, China), p-p38 
MAPK (AM063, Beyotime, Shanghai, China) and β-tubulin (AF2835, Beyotime, Shanghai, China), overnight at 4°C. 
After washing with tris-buffered saline containing triton X-100 (TBST), the membranes were incubated with the IRDye 
680RD secondary antibody (Licor, Hong Kong, China) for 1 h at 26°C and protein bands were detected using the 
Odyssey Infrared Imaging System.

Flow Cytometry
Apoptosis was determined using the Annexin V-FITC/propidium iodide (PI) Apoptosis Detection reagent 
(Servicebio, Wuhan, China). TCMK-1 cells were collected, washed three times, resuspended in binding buffer, 
and incubated with Annexin V-FITC and PI for 10 min at 26°C in the dark. Apoptotic cells were quantified by flow 
cytometry (BD Bioscience, USA). Annexin V +/PI- cells indicated early-stage of apoptosis and Annexin V-/PI- cells 
indicated end-stage of apoptosis. Flow cytometry data were analyzed using the FlowJo V10 software (Treestar 
Software, USA).

Scratch Assay
TCMK-1 cells were incubated in a 6-well plate with DMEM (2.5mL/well). A 100 μL sterile pipette tip was used to make 
a scratch on the cell monolayer and wound area was observed under a microscope at 0 h and 24 h after scratching.
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Molecular Docking
Firstly, molecular structure files containing IL-6, IL-1β, MAPK, IL-6R, and IL-1βR were downloaded from the PDB 
database (https://www.rcsb.org/). The PubChem compound database (https://www.ncbi.nlm.nih.gov/structure/) provided 
the structure of VX-702.

Protein-ligand structures and water molecules were eliminated using the PyMOL software (https://pymol.org/2/). The 
binding energy and molecular docking were performed using the Autoduck 4.2 software (https://autodock.scripps.edu/down 
loads). The hydrogen bond and binding site between the receptor and the ligand were displayed using the PyMOL program.

Statistical Analysis
SPSS 25.0 software (SPSS Inc., Chicago, IL, USA) was used to analyze the data. The data were presented as the means ± 
SDs. Student’s t-test was performed for comparisons between the two groups, and comparisons between more than two 
groups were performed using one-way analysis of variance. Enumeration data were represented by the occurrence rate 
and compared using the Chi-square test or Fisher’s exact test. Statistical significance was set at p<0.05.

Results
Establishment of a Stable Mouse Model of S-AKI by P. aeruginosa Incision Infection
Compared to mice in the control and sham groups, those daubed with incisions using P. aeruginosa showed lethargy, 
body crouching, sluggish responsiveness to the outside environment, inactive eating and drinking, and an increased 
respiratory rate. The concentrations of LPS in plasma were increased in the 107, 108, and 109 CFU/mL groups compared 
to the control and sham groups (Figure 1B). The 24 h mortality rate was 8% in the 108 CFU/mL group, 23% in the 109 

CFU/mL group, 77% in the 1010 CFU/mL group, and 0% in the other groups (Figure 1C). HE and PAS staining showed 
no obvious abnormal changes in the glomeruli and renal tubules in the control and sham groups. Mice in the 109 CFU/ 
mL group showed apparent infiltration of inflammatory cells, swelling of TECs, the disappearance of brush edges, 
expansion of the lumen, disordered and lost arrangement of the renal tubular structure, and stenosis of the interstitial part 
(Figure 1D). The acute tubular necrosis scores were increased in mice in the 107, 108, and 109 CFU/mL groups compared 
to the control and sham groups (Figure 1E). The concentrations of SCr and BUN were higher in the 109 CFU/mL group 
than in the other groups, and the difference was statistically significant (Figure 1F and G). Based on the mortality rate, 
analysis of renal histopathological sections, SCr and BUN levels, 109 CFU/mL P. aeruginosa. were daubed in the 
incision to establish a mouse model of S-AKI.

Alternation in the mRNA Expression Profile After P. Aeruginosa Infection in Mice with 
S-AKI
To further elucidate the molecular mechanisms of P. aeruginosa-infected mice with S-AKI, high-throughput sequen
cing was performed using kidney tissues of mice in the S-AKI and sham groups. Genes identified as significantly 
expressed for each dataset had an absolute log2 Fold Change value > 1 and a Benjamini-Hochberg adjusted p-value < 
0.05. As illustrated in Figure 2A, 475 genes were upregulated and 433 genes were downregulated in S-AKI kidney 
tissues. Additionally, the differential gene expression was evident in the volcano plot (Figure 2B). The STRING 12.0 
database was used to construct the PPI network, which included 783 differentially expressed genes (DEGs) 
(Figure 2C). After analyzing the PPI network using Cytoscape 3.9.0 software, the top five DEGs were confirmed 
using three different calculation methods (Figure 2D). The intersection of the different top three DEGs was IL6 and 
IL1β (Figure 2E).

The expression of hub genes was validated by immunofluorescence and ELISA. The kidneys of mice with S-AKI had 
increased levels of IL-6 and IL-1β compared to mice in the sham group (Figure 3A and B). The concentrations of IL-6 and IL- 
1β in the serum were significantly higher in mice with S-AKI compared to mice in the sham group (Figure 3E and F).
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TNF Signaling and the MAPK Signaling Pathways Were the Main Pathways That Were 
Enriched
We further examined GO and KEGG analyses using the DAVID database. In molecular function, 230 DEGs were 
enriched in protein binding, 37 DEGs were enriched in transmembrane transporter activity and 108 DEGs were enriched 
in identical protein binding (Figure 4A). Moreover, 65 DEGs were enriched in the immune system process, 57 DEGs 
were enriched in the innate immune response, and 49 DEGs were enriched in the inflammatory response, which was the 
main biological process (Figure 4B). In the cellular component, 158 DEGs were enriched in the extracellular space, 303 
DEGs were enriched in the membrane, and 146 DEGs were enriched in the extracellular region (Figure 4C). The top ten 
KEGG pathways are summarized in Figure 4D. Significantly enriched KEGG pathways included the TNF and MAPK 
signaling pathways (Figure 4E).

Figure 2 RNA sequencing results indicate the hub genes. (A) Heat map shown the top 50 DEGs of S-AKI group (n=1) vs sham group (n=1). (B) Volcano plot of the 
upregulated genes, downregulated genes and non-regulated genes. Red points represented the 475 upregulated genes, green points represented the 433 downregulated 
genes. The top 5 DEGs were labeled in the volcano plot. (C) PPI network of the DEGs. Cytoscape software was used to calculate the degree value of genes. Low degree 
value was shown in yellow and high degree value was shown in blue. (D) The top 5 DEGs of three algorithms. The intersection of the different top 3 DEGs were IL-6 and IL- 
1β as the hub genes. (E) The hub genes and related direct regulation genes. 
Abbreviations: DEGs, differential expression genes. S-AKI, sepsis-associated acute kidney injury. PPI, protein-protein interaction. IL, interleukin.
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Alleviated the Severity of S-AKI
VX-702, a p38 MAPK inhibitor, is potent and effective against LPS-induced IL-6, IL-1β and TNF-α production as 
reported previously. VX-702 decreased the mortality of mice with S-AKI (Figure 5A). The concentrations of SCr and 
BUN were significantly lower in mice treated with VX-702 than in those treated with DMSO (Figure 5B and C). The 
acute tubular necrosis scores were significantly lower in the VX-702 group than in the DMSO group (Figure 5F). Mice 
treated with VX-702 showed fewer pathological changes as observed in renal histopathological sections, such as 
exfoliated epithelial cells, interstitial inflammatory cells, and fragments in the renal tubular lumen (Figure 5D). To 
assess whether VX-702 treatment affected the extent of apoptosis in the kidney, we performed the TUNEL assay to 
detect apoptotic cells in the kidney tissues. The number of apoptotic cells increased in mice after incision infection 
(Figure 5E and G). Mice in the VX-702-treated group had fewer TUNEL-positive cells than those in the DMSO-treated 

Figure 3 The hub genes expression in S-AKI. (A and B) The immunofluorescence of hub genes of S-AKI group vs sham group. Images, × 100; original scale bar, 200 μm. 
(C and D) Quantification was represented in panel (n=10). (E and F) The concentrations of IL-6 and IL-1β in serum (n=10). Data were expressed as mean ± standard 
deviation. Difference between S-AKI group and sham group was made using unpaired Student’s t-test for normally distributed data. ***p<0.001. 
Abbreviations: S-AKI, sepsis-associated acute kidney injury. IL, interleukin.
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group. We evaluated the effects of VX-702 on infection-induced inflammation through immunofluorescence. The 
concentrations of IL-6 and IL-1β in the serum were detected by ELISA. The numbers of F4/80+ macrophages were 
increased in S-AKI group, whereas the number of F4/80+ macrophages was lower in the VX-702 group than in the 
S-AKI group (Figure 5H and I). VX-702 treatment decreased IL-6 and IL-1β expression in the kidney tissues of mice 
with S-AKI and the difference was statistically significant (Figure 5H and I). The location of proinflammatory cytokines 
(IL-6 and IL-1β) appeared to colocalize with F4/80+ macrophages. In addition, VX-702 decreased the concentration of 
IL-6 and IL-1β in the serum (Figure 5J and K). These results indicated that VX-702 alleviated the severity of S-AKI by 
reducing the inflammation.

Establishment of the LPS-Induced RAW264.7 Cell Model and Co-Culture with 
TCMK-1 Cells
To further investigate the mechanism by which VX-702 mitigates the severity of S-AKI, we treated TCMK-1 cells with LPS 
to establish an LPS-induced cell model of S-AKI. Cell viability was determined using the CCK-8 assay. Cell scratch assay 
was performed to evaluate the cell proliferation. Flow cytometry and TUNEL assay were performed to evaluate cell 
apoptosis. Based on a previous study, we tried different concentration of LPS (from 10μM to 1mM, 3 samples for each 
concentration) to treat TCMK-1 cells.32–35 However, there was no significant difference in cell viability, cell proliferation and 
apoptosis between the LPS-induced TCMK-1 cells and the control group (Figure 6 and Figure S1). Therefore, we established 
a cell model wherein LPS-induced RAW264.7 cells were co-cultured with TCMK-1 cells. As shown in Figure 6, compared 
to the control group, the LPS-induced TCMK-1 group and the Mϕ+TCM group, the number of apoptotic cells were increased 
in TCMK-1 cells co-cultured with RAW264.7 cells after LPS treatment, which was demonstrated by TUNEL assay and the 
flow cytometry (Figure 6B, C, E and F). Moreover, the results of the CCK-8 and cell scratch assays confirmed that co-culture 
resulted in significant differences in cell viability and cell proliferation (Figure 6A, D and G).

Figure 4 GO and KEGG enrichment results of 903 DEGs. (A) The molecular function enrichment in GO analysis results. (B) The biological process in GO analysis. (C) The 
cellular component in GO analysis. (D) The KEGG pathways analysis results. Significantly enriched KEGG pathways included the TNF signaling pathway and the MAPK 
signaling pathway. (E) The PPI network of MAPK signaling pathway. 
Abbreviations: GO, gene ontology. KEGG, Kyoto Encyclopedia of Genes and Genomes. DEGs, differential expression genes. MAPK, mitogen-activated protein kinase. 
TNF, tumor necrosis factor.
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Inhibited Apoptosis and Enhanced the Viability of TCMK-1 Cells
VX-702 treatment significantly enhanced wound closure compared to DMSO treatment (Figure 6). As shown by TUNEL 
assay and the flow cytometry, the number of positive TCMK-1 cells after VX-702 treatment was significantly lower than 
that after DMSO treatment (Figure 6). These results indicated that VX-702 inhibited apoptosis and enhanced cell 
proliferation. Moreover, the results of CCK-8 assay confirmed that VX-702 increased cell viability compared to the 
DMSO group (Figure 6).

Treatment with VX-702 Inhibited p38 MAPK Phosphorylation and Mitigated the 
Expression of Proinflammatory Cytokines in RAW264.7 Cells
To provide evidence that macrophage-mediated release of proinflammatory cytokines is responsible for VX-702 inhibit
ing TCMK-1 cell apoptosis and alleviating the severity of S-AKI, the levels of proinflammatory cytokines in the LPS- 
induced RAW264.7 cell supernatant and the co-culture supernatant were examined. The secretion of proinflammatory 

Figure 5 VX-702 alleviated the severity of S-AKI. (A) Kaplan-Meier’s survival curve of different groups within 24 h after incision infection. (B and C) The concentrations of 
SCr and BUN at 24 h after incision infection (n=10). (D) Histopathology (HE and PAS staining) of kidney tissues at 24 h after incision infection. Images, × 400. (E) The 
TUNEL assay of kidney tissues at 24 h after incision infection. Images, × 400. (F and G) Quantification was represented in panel. (H and I) The immunofluorescence of IL- 
1β and IL-6 in kidney tissues at 24 h after incision infection. Images, × 200. (J and K) The concentrations of IL-6 and IL-1β in serum (n=10). Original scale bar, 100 μm. Data 
are expressed as mean ± standard deviation. The difference between sham group, DMSO group and VX-702 group was made using unpaired Student’s t-test for normally 
distributed data. Arrows indicate the damaged renal tubule. *p<0.05 **p<0.01 ***p<0.001. 
Abbreviations: S-AKI, sepsis-associated acute kidney injury. IL, interleukin. SCr, serum creatinine. BUN, blood urea nitrogen. HE, hematoxylin and eosin. PAS, Periodic 
Acid-Schiff.
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cytokines IL-6 and IL-1β in the supernatant was subsequently detected by ELISA. The concentrations of these 
proinflammatory cytokines were significantly lower in the VX-702-treated group than in the DMSO-treated group 
both in the LPS-induced RAW264.7 cell supernatant (Figure S2) and co-culture supernatant (Figure 7A and B). 
Furthermore, we investigated the expression of p38 MAPK protein in LPS-induced RAW264.7 cells after VX-702 
treatment. Western blot analysis revealed that the expression levels of IL-6, pro IL-1β, cleaved IL-1β and p-p38 MAPK 
were decreased in the VX-702 group, as compared to the DMSO group (Figure 7C-H). These results suggested that VX- 
702 inhibited p38 MAPK phosphorylation and reduced the release of proinflammatory cytokines in LPS-induced 
RAW264.7 cells.

VX-702 Could Affect the Binding of IL-1β and IL-6 with Their Receptors
Molecular docking was performed to predict the binding energy of VX-702 with IL-1β, IL-6 and MAPK. The binding 
energy of VX-702 with IL-6, IL-1β, and MAPK were all below zero, which demonstrated that VX-702 could directly 
bind with IL-6 and IL-1β besides MAPK (Figure 8). Then, we simulated the effect upon VX-702 binding with the 
cytokines (IL-6 and IL-1β) and their receptors. It showed that VX-702 increased the binding energy of IL-1β mildly.

Discussion
S-AKI is strongly associated with a higher risk of in-hospital death or a prolonged hospital stay.36 However, the exact 
mechanism of sepsis remains unclear and there is still a lack of therapeutic interventions. In our study, we demonstrated 
the protective effects of VX-702 in S-AKI, providing new evidence regarding its potential as a therapeutic.

In previous studies, the cecum ligation and puncture model and the LPS-injected model are the most common models 
for the investigation of S-AKI.37 Nevertheless, due to the lack of a standard for length ligation, the different length of the 
cecum leads to significant variations in the corresponding mortality rates, making it challenging to create a stable model 
of S-AKI.38 LPS dosage significantly affects the stability of S-AKI model. Low-dose LPS reduced kidney damage and 
promoted self-healing. High-dose LPS usually decreased cardiac output, normalized, or increased vascular resistance, 

Figure 6 Establishment of the S-AKI in vitro model and the role of VX-702 on TCMK-1 viability and apoptosis. (A) Cell scratch assay results. Images ×40; original scale bar, 
100 μm. (B) The results of Annexin VI and PI assay. (C) The TUNEL images of the apoptosis cells (red fluorescence). images, ×200; original scale bar, 100 μm. (D, E and F) 
Quantification was represented in panel. (G) The results of CCK-8 assay results. Data were expressed as mean ± standard deviation. Difference was made using unpaired 
Student’s t-test for normally distributed data. *p<0.05 **p<0.01 ***p<0.001. 
Abbreviations: S-AKI, sepsis-associated acute kidney injury. TCMK-1, mouse kidney tubular epithelial cell line. PI, propidium iodide. TUNEL, TdT-mediated dUTP nick end 
labeling. CCK-8, cell counting kit-8.
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which is inconsistent with the early changes such as high output and low resistance in sepsis, resulting in high mortality 
rate. LPS injections caused a rapid short-term rise in cytokine levels, which was contradictory with the limited, low and 
long-lasting levels as detected in patients with sepsis.39 Therefore, we established a stable mouse model of S-AKI by 
incision infection with P. aeruginosa in our previous study.14 This incision infection model was complicated with 
secondary bloodstream infection, resulting in sepsis, which demonstrated by LPS levels in serum. It was reported that 
serum LPS is effective in the early detection of bloodstream infections caused by Gram-negative bacteria.40 After 
daubing with different bacterial concentrations, serum LPS levels were increased in all infected groups (107 CFU/mL, 
108 CFU/mL and 109 CFU/mL), compared with control and sham groups. LPS as a component of Gram-negative 
bacteria’s cell wall can activate inflammatory cells and factors in tissue, resulting in severe pathophysiological symptoms 
like sepsis, or multiple organ failure. Considering the LPS, SCr, BUN levels, and mortality, we used 109 CFU/mL 
P. aeruginosa to establish a satisfactory and stable S-AKI model.

HE and PAS staining revealed TECs edema, interstitial thickening, luminal dilation and inflammatory cell infiltration 
occurred after incision infection. A dysregulated inflammatory response may cause further injury, resulting in maladap
tive repair.37 To confirm this, the kidney samples were subjected to high-throughput sequencing. The results showed that 
the hub genes were IL-6 and IL-1β based on three different algorithm analyses, verified by immunofluorescence and 
ELISA. Excessive production of proinflammatory cytokines is considered an important pathogenic factor in S-AKI. 
During sepsis, DAMPs and PAMPs are released into intravascular compartments. When exposed to DAMPs and PAMPs 
filtered through the glomerulus or neighboring peritubular capillaries, proximal TECs show increased production of ROS, 

Figure 7 Effect of VX-702 on proinflammatory cytokines production and MAPK activation in LPS-induced RAW264.7. (A and B) The secretions of proinflammatory 
cytokines IL-6 and IL-1β in the supernatant. (C) The results of Western blot analysis in RAW264.7 with indicated antibodies against IL-6, pro IL-1β, cleaved IL-1β, p38 MAPK 
and p-p38 MAPK. (D-H) Expressions of IL-6, pro IL-1β, cleaved IL-1β, p38 MAPK and p-p38 MAPK were quantified by densitometry and normalized with β-tubulin. Data 
were expressed as mean ± standard deviation. Difference was made using unpaired Student’s t-test for normally distributed data. *p<0.05 **p<0.01 ***p<0.001. 
Abbreviations: IL, interleukin. p-p38, phosphorylation of p38. MAPK, mitogen-activated protein kinase. RAW264.7, mouse leukemic monocyte/macrophage cell line.
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oxidative stress, and mitochondrial injury, all of which exacerbate the TECs injury.41–43 Therefore, the inflammatory 
cascade and proinflammatory cytokine release may play a vital role in S-AKI.

The DAVID was used to perform the GO and KEGG analyses of the 908 DEGs. According to KEGG analyses, the 
MAPK signaling pathway was the main enriched pathway in S-AKI patients. MAPKs are classic inflammation-related 
signals that include extracellular signal-related kinase, p38, and c-Jun NH2-terminal kinase.44 After recognizing an 
endotoxin, p38 MAPK, an intracellular signaling protein, is activated.45 Once activated, the downstream substrates of 
p-p38 MAPK initiate a signaling cascade that regulates the synthesis of various inflammatory mediators including 
cytokines (eg, IL-1β, IL-6 and TNF-α).46,47 In LPS-induced model of acute lung injury, p38 MAPK was an important 

Figure 8 Molecular docking results of VX-702. (A) Molecular docking results showed the binding site of VX-702 with the target genes. (B) The results of the binding energy 
of molecular docking. VX-702 could directly bind with IL-6, IL-1β and MAPK. (C) Molecular docking results showed the binding site of IL-1β and IL-1βR with or without VX- 
702 treatment. (D) Molecular docking results showed the binding site of IL-6 and IL-6R with or without VX-702 treatment. (E and F) The results of the binding energy 
(E for IL-1β, F for IL-6) of molecular docking. 
Abbreviations: IL, interleukin. IL-6R, IL-6 receptor. IL-1βR, IL-1β receptor. MAPK, mitogen-activated protein kinase.
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mediator of the inflammatory response.48 Bode JG found that cytokines, such as TNF-α, IL-1β, and IL-6 released mainly 
via the p38 MAPK signaling pathway, played a key role in ARDS.49 Specific and selective p38 MAPK inhibitors block 
the production of IL-1β and IL-6 in vitro and in vivo.19,50 Based on recent reports and our results, we hypothesized that 
a p38 MAPK inhibitor might reduce the damage caused by S-AKI by decreasing the release of inflammatory cytokines.

VX-702 is a highly selective inhibitor of the α isoform of p38 MAPK that binds to its ATP pocket and inhibits the 
kinase competitively. In two, double-blind, placebo-controlled studies, VX-702 showed clinical efficacy and suppressed 
inflammatory biomarkers in patients with active, moderate to severe rheumatoid arthritis.12 In these studies, VX-702 
provided a rapid reduction in the number of tender and swollen joints as early as 2 weeks following initiation of therapy. 
There was a rapid reduction in the levels of biomarkers of inflammation (IL-1β, IL-6, and C-reactive protein). Previous 
studies have demonstrated the efficiency of VX-702 in reducing proinflammatory cytokines via the p38 MAPK signaling 
pathway, implying its potential to alleviate S-AKI. In our study, we evaluated its curative effects in a model of incision 
infection-induced S-AKI.

Based on clinical view and operational feasibility, VX-702 was administered by oral gavage after the mice underwent 
back incision. Consistent with previous studies,19 we also proved that VX-702 reduced the concentration of proinflam
matory cytokines (IL-1β and IL-6) in the kidney. Excessive production of proinflammatory cytokines is considered an 
important pathogenic factor in S-AKI.51 Our results indicated that VX-702, which exhibits anti-inflammatory activity 
could be beneficial for S-AKI. We found that VX-702 treatment decreased the mortality and reduced the damage by 
lowering SCr and BUN levels in mice with S-AKI. Mice treated with VX-702 showed fewer pathological changes in 
renal histopathological sections, such as exfoliated epithelial cells, interstitial inflammatory cells, and fragments in the 
renal tubular lumen. Inflammatory infiltration of the kidney induced apoptosis, which resulted in TECs loss that is 
characteristic of acute kidney diseases.51,52 VX-702 treatment significantly reduced the number of TUNEL-positive cells. 
Taken together, these results indicated that VX-702 inhibited TECs apoptosis and the production of proinflammatory 
cytokines.

A critical question that remains unanswered is whether VX-702 directly inhibits p38 MAPK in TECs or via indirect 
inhibition involving other cell types. Guanwen Huang et al have proposed that LPS directly induces apoptosis of TECs.53 

Previous studies revealed that LPS enhanced the apoptosis of TECs at doses between 1 and 100 µg/mL.32–35 However, 
we found no difference in cell viability and apoptosis in TCMK-1 cells treated with different doses, compared to cells 
without LPS treatment. Therefore, we speculated that other cell types may be chiefly involved in S-AKI, instead of the 
LPS direct inhibition. Macrophages may play a vital role during inflammatory response, serving as the first line of 
defense against infections.54 During the early stage of sepsis, macrophages secrete many proinflammatory factors and 
chemokines, which aggravate the inflammatory response.55,56 However, excessive apoptosis of macrophages during late- 
stage sepsis results in immune dysfunction and organ injury.57 In our study, we demonstrated that macrophages were 
directly involved in tubular epithelial cell apoptosis in S-AKI. In vivo, the numbers of F4/80+ macrophages were 
increased in S-AKI group, the location of proinflammatory cytokines (IL-6 and IL-1β) appeared to colocalize with F4/ 
80+ macrophages. In vitro, the viability of TCMK-1 cells co-cultured with LPS-induced RAW 264.7 cells was 
significantly decreased and the number of apoptotic cells was significantly increased compared to LPS-induced 
TCMK-1 cells. VX-702 inhibited apoptosis and enhanced the viability of TCMK-1 cells in the co-culture system. In 
contrast to the conventional view, our study provides evidence that LPS does not directly induce apoptosis of TECs.

We found that VX-702 treatment significantly suppressed LPS-induced expression of proinflammatory cytokines (IL- 
6, pro IL-1β, and cleaved IL-1β) in macrophages. Furthermore, our data showed that VX-702 suppressed p38 MAPK 
phosphorylation in LPS-induced macrophages. These results suggested that the anti-inflammatory effects of VX-702 on 
S-AKI were associated with the inhibition of p38 MAPK phosphorylation. The protective mechanism of VX-702 in 
S-AKI may be that VX-702 treatment reduces the activity of p38 MAPK signaling pathway, resulting in decreased 
proinflammatory cytokines in macrophages, and hence mitigates the apoptosis of TECs. (Figure 9)

Molecular docking was performed to predict the binding energy of VX-702 with the hub genes. The binding energy 
of VX-702 with IL-6, IL-1β, and MAPK were all below zero. Then, we simulated the effect of VX-702 binding with 
cytokines (IL-6 and IL-1β) and their receptors. The results showed that VX-702 induced a notable alteration in the 
molecular conformation of the IL-1β receptor and mildly increased the binding energy of IL-1β with its receptor, 
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suggesting that the binding of IL-1β and its receptor was weakened upon VX-702 treatment. This indicated that VX-702 
might mitigate the severity of S-AKI by inhibiting the production of proinflammatory cytokines via the MAPK pathway 
and the binding of proinflammatory cytokines with their receptors simultaneously. (Figure 9)

This study provides new therapeutic strategies for S-AKI patients. Besides TECs, macrophages may be another 
therapeutic potential target and molecular marker for S-AKI. Early use of VX-702 may protect TECs from damage by 
inhibiting the release and binding of proinflammatory cytokines during sepsis, which could treat S-AKI patients before 
organic lesions. Whether VX-702 has a therapeutic effect on damaged TECs, and the feasibility of combining it with 
other drugs to treat S-AKI will need future experiments.

This study had certain limitations. First, although TECs and macrophages play vital roles in S-AKI, our high- 
throughput sequencing experiment included all types of cells in the kidney tissue. Hence, we need to analyze the specific 
gene expression of other cell types in the kidney. Second, single sample was used for the analysis of high-throughput 
sequencing, which may limit the ability to recapitulate the underlying genetic fully. Our further study on more kidney 
samples from mice and patients with S-AKI will be included. Third, the protective mechanism of VX-702 in S-AKI by 
blocking p38 MAPK Signaling was a supposition, which require further exploration and rescue treatment. Additionally, 
we predicted that VX-702 may bind IL-6 and IL-1β directly by molecular docking, which needs further experimental 
evidence.

Conclusion
In conclusion, we demonstrated that VX-702 reduces tubular epithelial cell apoptosis and ameliorates S-AKI by 
inhibiting proinflammatory cytokines release in macrophages, which indicates its potential as a novel treatment for 
S-AKI.

Abbreviations
AKI, acute kidney injury. BUN, blood urea nitrogen. CCK-8, cell counting kit-8. DAMPs, damage-associated molecular 
patterns. DAVID, Database for Annotation, Visualization and Integrated Discovery.DEGs, different expressed genes. 
DMEM, Dulbecco’s modified eagle medium. DMSO, dimethylsulphoxide. ELISA, enzyme-linked Immunosorbent 
Assay. FBS, fetal bovine serum. GO, Gene Ontology. HE, hematoxylin and eosin. PAS, Periodic Acid-Schiff. IL, 
interleukin. KEGG, Kyoto Encyclopedia of Genes and Genomes. LB, Luria-Bertani. LPS, lipopolysaccharide. MAPK, 

Figure 9 The hypothesis of VX-702 alleviates the S-AKI. 
Abbreviations: DAMP, damage-associated molecular patterns. PAMP, pathogen-associated molecular pattern. TECs, tubular epithelial cells. TLR, toll-like receptors. IL, 
interleukin.
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mitogen-activated protein kinase. P. aeruginosa, Pseudomonas aeruginosa. PAMPs, pathogen-associated molecular 
patterns. PPI, protein-protein interaction. p-p38, phosphorylation of p38. PVDF, polyvinylidene fluoride. RAW264.7, 
mouse leukemic monocyte/macrophage cell line. ROS, reactive oxygen species. S-AKI, sepsis-associated acute kidney 
injury. SCr, serum creatinine. SD, standard deviation. TCMK-1, mouse kidney tubular epithelial cell line. TECs, tubular 
epithelial cells. TLR, toll-like receptors. TNF-α, tumor necrosis factor-α. TUNEL, TdT-mediated dUTP nick end 
labeling.
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