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Purpose: Tacrolimus could induce hepatotoxicity during clinical use, and the mechanism was still unclear, which posed new 
challenge for the prevention and treatment of tacrolimus-induced hepatotoxicity. The aim of this study was to investigate the 
mechanism of tacrolimus-induced hepatotoxicity and provide reference for drug development target.
Methods: In this study, biochemical analysis, pathological staining, immunofluorescent staining, immunohistochemical staining, 
transcriptomic analysis, Western blotting was used to investigate the mechanism of tacrolimus-induced hepatotoxicity in gene 
knockout mice and Wistar rats.
Results: In gene knockout mice, compared to wild-type mice, CXCR2-deficiency alleviated tacrolimus-induced hepatotoxicity (P < 
0.05 or P < 0.01). In Wistar rats, compared to control group, CXCL2-CXCR2, JAK3/STAT3 signaling pathway (phosphorylation of 
JAK3 and STAT3) were up-regulated, the expression of CIS was lowered and the expression of PIM1 was raised, inducing liver 
pathological change (P < 0.05 or P < 0.01); Inversely, blocking CXCR2 could reverse the expression of p-JAK3/p-STAT3 and 
tacrolimus-induced hepatotoxicity (P < 0.05 or P < 0.01).
Conclusion: CXCR2 activated JAK3/STAT3 signaling pathway (phosphorylation of JAK3 and STAT3) exacerbating hepatotoxicity 
associated with tacrolimus, meanwhile the expression of CIS was down-regulated, the expression of PIM1 was up-regulated. Blocking 
CXCR2 could reverse the expression of p-JAK3/p-STAT3, CIS, PIM1, and tacrolimus-induced hepatotoxicity.
Keywords: CXCR2, JAK3/STAT3 signaling pathway, hepatotoxicity, tacrolimus, CIS, PIM1

Introduction
Tacrolimus was approved in the United States in April 1994 for the prevention of organ rejection after liver 
transplantation.1 In addition, it could be used for kidney transplantation,2 heart transplantation,3 lung transplantation,4 

hematopoietic stem cell transplantation,5 juvenile idiopathic arthritis,6 refractory nephrotic syndrome,7 myasthenia 
gravis,8 ulcerative colitis,9 systemic lupus erythematosus,10 lupus nephritis11 and autoimmune hepatitis.12 However, 
due to the narrow therapeutic window of tacrolimus and large inter-individual and intra-individual pharmacokinetic 
variation, there were differences in the range of therapeutic windows required in the treatment of different diseases, 
where too low drug concentration would increase rejection or poor treatment of disease, while too high drug concentra
tion may lead to adverse reactions and even toxicity,1,13 such as nephrotoxicity, neurotoxicity, infection, tumor, diabetes 
and gastrointestinal reactions.14,15 Therefore, it was challenging to achieve individual and precise administration of 
tacrolimus in clinical practice16,17 and it was urgent to achieve precise clinical treatment of tacrolimus.
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In the early stage, based on therapeutic drug monitoring (TDM), pharmacogenomics (PGx) and model-informed 
precision medicine,18 we systematically constructed quantitative pharmacological models of tacrolimus in lung 
transplantation,19 liver transplantation,20 kidney transplantation21 and hematopoietic stem cell transplantation,22–24 and 
the precise administration of tacrolimus in patients was basically achieved. However, tacrolimus could induce hepato
toxicity during clinical use,25–30 and the mechanism was still unclear, which also posed new challenge for the prevention 
and treatment of tacrolimus-induced hepatotoxicity.

Our preliminary research confirmed that tacrolimus increased the expression level of chemokine receptor CXCR2 to 
promote nephrotoxicity,15 however, whether CXCR2 was activated in tacrolimus-induced hepatotoxicity, and whether it 
played an important role, was unclear. Thus, the present study would furtherly explore the potential target of tacrolimus- 
induced hepatotoxicity based on CXCR2, and provided idea for drug prevention and treatment of tacrolimus-induced 
hepatotoxicity.

Materials and Methods
Animal Models
In the animal experiment part, this study carried out the research of knockout mice and Wistar rats, respectively. CXCR2- 
deficient (CXCR2-KO) mice and wild-type (WT) mice were purchased from Cyagen Biosciences, and Wistar rats were 
purchased from Vital River Laboratory Animal Technology Co., Ltd. Tacrolimus (5A3486C) was purchased from 
Astellas Ireland Co., Ltd and CXCR2 antagonist (SB225002) was purchased from Selleck.

Twelve CXCR2-KO mice were randomly divided into control (N-KO) group (n=6) and tacrolimus intervention 
(T-KO) group (n=6). Meanwhile, the control WT mice were also divided into control (N-WT) group (n=6) and 
tacrolimus intervention (T-WT) group (n=6). N-KO group, T-KO group, N-WT group and T-WT group were all half 
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male and half female. 3 mg/kg/day tacrolimus was used to intervene T-KO and T-WT groups via intraperitoneal injection 
for two weeks, and equal volume of normal saline was used to intervene N-KO and N-WT groups in the same way.

Twenty-four male Wistar rats were randomly divided into control (N) group (n=8), tacrolimus intervention (T) group 
(n=8), and CXCR2 antagonist (C) group (n=8). 2 mg/kg/day tacrolimus was used to intervene T and C groups via 
intraperitoneal injection and equal volume of normal saline was used to intervene N group, meanwhile, 2 mg/kg/day 
CXCR2 antagonist was used to intervene C group via intraperitoneal injection and equal volume of normal saline was 
used to intervene N and T groups. This part of the intervention lasted two weeks.

The above research was approved by The Animal Care and Use Committee of Xuzhou Medical University 
(No.202208S030). In addition, we complied with Guideline for Ethical Review of Animal Welfare (GB/T 35892–2018) 
to ensure the welfare of the experimental animals used in our research.

Sample Collection
When the intervention was over for 2 weeks, mice and rats were all sacrificed and blood sample and liver were collected. 
The fresh liver was fixed using paraformaldehyde, and the residual liver tissues along with blood sample were rapidly 
freezed using liquid nitrogen.

Biochemical Index Detection
The biochemical index was tested, including alanine transaminase (ALT), aspartate transaminase (AST), total bilirubin 
(TBIL), superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione peroxidase (GSH-Px). ALT kit 
(S03030), and AST (S03040) were purchase from Rayto Life and Analytical Sciences Co., Ltd. TBIL kit (C120) was 
purchase from Changchun Huili Biotech Co., Ltd. SOD kit (A001-1), MDA kit (A003-1), and GSH-Px kit (A005) were 
purchase from Nanjing Jiancheng Bioengineering Institute. Refer to the instructions of the above kits for operation.

Pathological Staining
Masson staining, sirius red staining were used to analyze the pathological change of liver. Masson dye kit (G1006), and 
sirius red dye (G1018) were purchase from Servicebio Biotechnology (Wuhan) Co., Ltd. Take pictures with the 
pathological section scanner (3DHISTECH Pannoramic, version: Pannoramic MIDI) and mean of integral optical density 
(IOD) was used to quantify the results and calculate with Image-Pro Plus 6.0 software (Media Cybernetics, Inc).

Immunofluorescent Staining
Phosphorylation of JAK3 and STAT3 were the main active protein forms of JAK3/STAT3 signaling pathway, and in this 
study, we explored the expression of p-JAK3 and p-STAT3. Immunofluorescent staining was used to measure the 
expression of E-cadherin, α-SMA, CXCL2, CXCR2, p-JAK3, p-STAT3, p21, slug, PIM1. Antibodies against E-cadherin 
(GB12082), α-SMA (GB13044) were purchased from Servicebio Biotechnology (Wuhan) Co., Ltd. CXCL2 (PY88673), 
CXCR2 (TD7095), p-JAK3 (TA8160), p-STAT3 (T56566), p21 (T55543), slug (MG774907), PIM1 (TA0844) were 
purchased from Abmart Medical Technology (Shanghai) Co., Ltd. Take pictures with the pathological section scanner 
and mean of IOD was used to quantify the results and calculate with Image-Pro Plus 6.0 software.

Immunohistochemical Staining
Immunohistochemical staining was used to measure the expression of vimentin, COL-1, COL-3, FN, CIS. Antibodies 
against vimentin (GB11192), COL-1 (GB11022), COL-3 (GB111629), FN (GB114491) were purchased from Servicebio 
Biotechnology (Wuhan) Co., Ltd. Antibody against CIS (PU781105) was purchased from Abmart Medical Technology 
(Shanghai) Co., Ltd. Take pictures with the pathological section scanner and mean of IOD was used to quantify the 
results and calculate with Image-Pro Plus 6.0 software.

Transcriptomic Analysis
Transcriptome sequencing included RNA extraction, quality detection, library construction, library quality control, 
sequencing, gene expression quantitative analysis, gene differential expression analysis, functional enrichment analysis, 
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etc. Sequencing data were analyzed as raw reads, and were saved in a FASTQ format document. In this project, the 
HISAT2 software was used to sequence Clean Reads with a specified genome to obtain information about their location 
on the reference genome. This project used genomic version: Rattus_norvegicus_Ensembl_104. The FPKM value of each 
gene’s expression in each sample was calculated using featureCounts software. DESeq2 was used to analyze the 
differential expression of genes. With KEGG pathway as the unit and reference genome as the background, Fisher’s 
Exact Test was used to analyze and calculate the significance level of gene enrichment in each pathway, so as to identify 
the metabolic and signal transduction pathways that were significantly affected. GSEA ranked all genes according to the 
degree of differential expression between the two groups of samples, and then used statistical methods to check whether 
the predefined set of genes was enriched at the top or bottom of the ranking table In this study, the results of protein 
interaction network analysis and pathway annotation were combined to obtain a more comprehensive and systematic 
molecular level cell activity model, which was convenient for further research and exploration of molecular mechanisms. 
We mainly applied the interaction relationship in the STRING protein interaction database, and directly extracted the 
interaction relationship of the target gene set from the database to build a network.

Western Blotting
Western blotting was used to measure the expression of CXCL2, CXCR2, vimentin, E-cadherin, α-SMA, p-JAK3, 
p-STAT3, p21, PIM1, CIS, slug. Antibodies against CXCL2 (PY88673), vimentin (T55134), E-cadherin (TA0131), α- 
SMA (T55295), p-STAT3 (T56566), p21 (PA9426), PIM1 (TA0844), CIS (PU781105), slug (MG774907) were pur
chased from Abmart Medical Technology (Shanghai) Co., Ltd.

Antibody against CXCR2 (ab65968) was purchased from Abcam. Antibody against p-JAK3 (AF8160) was purchased 
from Affinity Biosciences. Antibodies against GAPDH (60004-1-Ig) and β-actin (66009-1-Ig) were purchased from 
Proteintech. Western blotting was tested with chemiluminescence gel imager (Tanon, Tanon-4600) and results were used 
for semi-quantitative analysis.

Statistical Analysis
T-test was used for the comparison of two groups and one-way ANOVA was used for the comparison of three groups 
using SPSS software (IBM, Version 23), where P-value <0.05 or P-value <0.01 were considered to indicate a statistically 
significant difference.

Results
CXCR2-Deficiency Alleviated Tacrolimus-Induced Hepatotoxicity
Figure 1A was flow diagram, Figure 1B–G were ALT, AST, TBIL, SOD, MDA, and GSH-Px, respectively. There were 
no significant differences in N-WT group and N-KO group from the levels of ALT, AST, TBIL, SOD, MDA, and GSH- 
Px. The levels of ALT, AST, TBIL, MDA were significantly increased (P < 0.05 or P < 0.01) in T-WT group compared 
to N-WT group, and compared to T-WT group the levels of ALT, AST, TBIL, MDA were significantly decreased (P < 
0.05 or P < 0.01) in T-KO group. The levels of SOD and GSH-Px were significantly decreased (P < 0.05 or P < 0.01) in 
T-WT group compared to N-WT group, and compared to T-WT group the levels of SOD and GSH-Px were significantly 
increased (P < 0.01) in T-KO group. Masson staining, E-cadherin/α-SMA fluorescent staining, and corresponding 
quantitative analysis results were shown in Figure 1H–K, where the degree of liver fibrosis, and expression quantities 
of E-cadherin and α-SMA were no significant difference in N-WT group and N-KO group. The degree of liver fibrosis, 
and expression quantity of α-SMA were significantly increased (P < 0.01) in T-WT group compared to N-WT group, and 
compared to T-WT group the degree of liver fibrosis, and expression quantity of α-SMA were significantly decreased 
(P < 0.01) in T-KO group. For another, the expression quantity of E-cadherin was significantly decreased (P < 0.01) in 
T-WT group compared to N-WT group and compared to T-WT group the expression quantity of E-cadherin was 
significantly increased (P < 0.01) in T-KO group.

https://doi.org/10.2147/DDDT.S496195                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2024:18 6334

Chen et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)



CXCL2-CXCR2 Was Up-Regulated in Tacrolimus-Induced Hepatotoxicity
Figure 2A was flow diagram, Figure 2B–E was fluorescent staining and Western blotting of CXCL2/CXCR2. CXCL2- 
CXCR2 was up-regulated (P < 0.05 or P < 0.01) in T group compared to N group.

Pathological Change of Tacrolimus-Induced Hepatotoxicity
Figure 3A was Masson staining, sirius red staining and immunohistochemical staining from vimentin, COL-1, COL-3, 
FN, revealing increased liver fibrosis in T group compared to N group. Figure 3B was E-cadherin/α-SMA fluorescent 
staining, revealing the decrease of E-cadherin and increase of α-SMA in T group compared to N group. Figure 3C–F 
were Western blotting of vimentin, E-cadherin and α-SMA and corresponding quantitative analysis, where the expression 

Figure 1 CXCR2-deficiency alleviated tacrolimus-induced hepatotoxicity. (A) Flow diagram. (B) ALT. (C) AST. (D) TBIL. (E) SOD. (F) MDA. (G) GSH-Px. (H) Masson 
staining and E-cadherin/α-SMA fluorescent staining. (I) Mean of IOD from Masson. (J) Mean of IOD from E-cadherin. (K) Mean of from α-SMA. *P < 0.05, **P < 0.01 vs 
N-WT, #P < 0.05, ##P < 0.01 vs T-WT. WT, wild-type mice. CXCR2-KO, CXCR2 knockout mice. N, control group. T, tacrolimus intervention group. IOD, integral optical 
density. Scale bar, 100 µm.
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of vimentin and α-SMA were significantly increased (P < 0.05 or P < 0.01) in T group compared to N group, and the 
expression of E-cadherin was significantly decreased (P < 0.01) in T group compared to N group.

Transcriptomic Analysis of Tacrolimus-Induced Hepatotoxicity
Figure 4A–J were density map, violin plot, Pearson correlation between samples, differential gene cluster map, volcano 
map of differential gene expression distribution, statistical histogram of differentially expressed genes, GSEA enrichment 
analysis, KEGG pathways enrichment, JAK-STAT signaling pathway, and interaction network map of differentially 
expressed genes, respectively. A total of 603 genes were changed in expression, 333 genes were up-regulated and 270 
genes were down-regulated. Further, the present study indicated JAK3/STAT3 signaling pathway may be activated in 
tacrolimus-induced hepatotoxicity.

JAK3/STAT3 Signaling Pathway Was Activated in Tacrolimus-Induced Hepatotoxicity
Figure 5A–D were Western blotting of p-JAK3, p-STAT3, p21 and corresponding quantitative analysis results, where the 
expression of p-JAK3, p-STAT3, p21 were significantly increased (P < 0.05 or P < 0.01) in T group compared to 
N group. Figure 5E–H were Western blotting of PIM1, CIS, and slug and corresponding quantitative analysis results, 
where the expression of PIM1, slug were significantly increased (P < 0.01) in T group compared to N group, and the 
expression of CIS was significantly decreased (P < 0.01) in T group compared to N group. Figure 5I was the hypothesis 
of CXCR2 activating JAK3/STAT3 signaling pathway in tacrolimus-induced hepatotoxicity.

CXCR2 Antagonist Alleviated Tacrolimus-Induced Hepatotoxicity
Figure 6A was flow diagram, Figure 6B–G were ALT, AST, TBIL, SOD, MDA, and GSH-Px, respectively. The levels of ALT, 
AST, TBIL, MDA were significantly increased (P < 0.01) in T group compared to N group, and compared to T group the levels of 
ALT, AST, TBIL, MDA were significantly decreased (P < 0.01) in C group. The levels of SOD and GSH-Px were significantly 
decreased (P < 0.01) in T group compared to N group, and compared to T group the levels of SOD and GSH-Px were 
significantly increased (P < 0.01) in C group. Figure 6H–K were Western blotting of E-cadherin, α-SMA, vimentin and 
corresponding quantitative analysis results, where the expression of E-cadherin was significantly decreased (P < 0.05) in T group 
compared to N group, and compared to T group the expression of E-cadherin was significantly increased (P < 0.01) in C group. 
On the other hand, the expression of α-SMA, vimentin were significantly increased (P < 0.01) in T group compared to N group, 
and compared to T group the expression of α-SMA, vimentin were significantly decreased (P < 0.05 or P < 0.01) in C group.

Figure 2 CXCL2-CXCR2 was up-regulated in tacrolimus-induced hepatotoxicity. (A) Flow diagram. (B) Fluorescent staining of CXCL2/CXCR2. (C) Western blotting of 
CXCL2 and CXCR2. (D) The expression of CXCL2. (E) The expression of CXCR2. *P < 0.05, **P < 0.01 vs N. N, control group. T, tacrolimus intervention group. Scale bar, 
200 µm.
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CXCR2 Antagonist Down-Regulating JAK3/STAT3 Signaling Pathway in 
Tacrolimus-Induced Hepatotoxicity
Figure 7A–H were Western blotting of p-JAK3, p-STAT3, p21, PIM1, CIS, slug and corresponding quantitative analysis results, 
where the expression of p-JAK3, p-STAT3, p21, PIM1, slug were significantly increased (P < 0.05 or P < 0.01) in T group 
compared to N group, and compared to T group the expression of p-JAK3, p-STAT3, p21, PIM1, slug were significantly 
decreased (P < 0.05 or P < 0.01) in C group. On the other hand, the expression of CIS was significantly decreased (P < 0.05) in 
T group compared to N group, and compared to T group the expression of CIS was significantly increased (P < 0.01) in C group. 
Figure 7I was the fluorescent staining of p-JAK3, p-STAT3, p21, slug, PIM1 and immunohistochemical staining of CIS, 
verifying the conclusion of corresponding Western blotting again.

CXCR2 Activated JAK3/STAT3 Signaling Pathway Exacerbating Hepatotoxicity 
Associated with Tacrolimus
Figure 8 was mechanism drawing, indicating CXCR2 activating JAK3/STAT3 signaling pathway (phosphorylation of 
JAK3 and STAT3) in tacrolimus-induced hepatotoxicity. In an overall view, CXCR2 activated JAK3/STAT3 signaling 

Figure 3 Pathological change of tacrolimus-induced hepatotoxicity. (A) Masson staining, sirius red staining and immunohistochemical staining from vimentin, COL-1, COL-3, 
FN. (B) E-cadherin/α-SMA fluorescent staining. (C) Western blotting of vimentin, E-cadherin and α-SMA. (D) The expression of vimentin. (E) The expression of E-cadherin. 
(F) The expression of α-SMA. *P < 0.05, **P < 0.01 vs N. N, control group. T, tacrolimus intervention group. Scale bar, 200 µm.
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pathway (p-JAK3/p-STAT3) exacerbating hepatotoxicity associated with tacrolimus, meanwhile, the expression of CIS 
was down-regulated, the expression of PIM1 was up-regulated. Blocking CXCR2 could reverse the expression of 
p-JAK3/p-STAT3, CIS, PIM1, and tacrolimus-induced hepatotoxicity.

Discussion
Tacrolimus, a macrolide antibiotic first purified from Streptomyces metabolites in 1984, was an immunosuppressant. By 
binding with plasma FK506 binding protein, tacrolimus inhibited the activity of calcineurin in T lymphocytes, weakened 
the dephosphorylation of related nuclear transcription factors when lymphocytes were activated, prevented nuclear 
transcription factors from entering the nucleus, and then blocked the production of lymphokine by T lymphocytes, 
thus playing an immunosuppressive role.31,32 In addition, tacrolimus was a substrate for the transporter P-gp, which was 
rapidly absorbed in most individuals after oral administration,33 with a low bioavailability of 25% on average,34 and 
binded to red blood cells and plasma proteins after entered into blood (99% of the plasma tacrolimus binded to α1 acidic 
glycoprotein and albumin).35,36 Tacrolimus was metabolized by the cytochrome P450 system (CYP3A4 and CYP3A5 
types) in the liver and small intestine and was excreted primarily through bile.33 Tacrolimus had a narrow therapeutic 
window, blood drug concentration was closely related to efficacy and adverse reactions, and individual pharmacokinetics 
varied greatly and was affected by multiple factors.37–40 At the same time, tacrolimus could induce liver toxicity during 
clinical use,25–30 but the mechanism was still unclear.

In this study, we found that CXCL2-CXCR2 was up-regulated in tacrolimus-induced hepatotoxicity model. CXCR2 
belonged to the CXCR family and was expressed in various cell types, including monocytes, neutrophils, mast cells, 
oligodendrocytes, eosinophils and endothelial cells.41 The known ligands of CXCR2 included CXCL1, CXCL2, CXCL3, 
CXCL5, CXCL6, CXCL7, and CXCL8. CXCR2 belonged to a large family of GPCR, which had more than 800 
receptors in humans and were associated with many human diseases. It was estimated that 30–40% of drugs targeted 
GPCR, and so far, the structure of several human GPCR had been identified, including the chemokine receptor CXCR1, 
where CXCR2 shared 78% sequence homology with CXCR1 and had a similar affinity to IL-8 binding. However, 
CXCR1 only binded to CXCL6 and CXCL8, indicating that CXCR2 interacted with more chemokines, had higher 
affinity, and played a more important role in cell chemotaxis.41

Figure 4 Transcriptomic analysis of tacrolimus-induced hepatotoxicity. (A) Density map. (B) Violin plot. (C) Pearson correlation between samples. (D) Differential gene 
cluster map. (E) Volcano map of differential gene expression distribution. (F) Statistical histogram of differentially expressed genes. (G) GSEA enrichment analysis. (H) 
KEGG pathways enrichment. (I) JAK-STAT signaling pathway. (J) Interaction network map of differentially expressed genes.
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In addition, CXCR2 and its ligands were involved in the occurrence and development of tumors and various 
inflammatory diseases.42,43 In the pancreatic cancer model, high levels of CXCR2 expression were observed in both 
stromal and epithelial cells.44 In addition, CXCR2 was also highly expressed in other types of tumors, such as 
melanoma,45 breast cancer,46 lung cancer,47 kidney cancer,48 bladder cancer,49 prostate cancer50 and rectal cancer.51 In 
terms of drug-induced organ toxicity, it was currently known that tacrolimus increased the expression level of CXCR2 to 
promote renal fibrosis progression,15 CXCR2 up-regulation played an important role in cyclophosphamide-induced 

Figure 5 JAK3/STAT3 signaling pathway was activated in tacrolimus-induced hepatotoxicity. (A) Western blotting of p-JAK3, p-STAT3, and p21. (B) The expression of 
p-JAK3. (C) The expression of p-STAT3. (D) The expression of p21. (E) Western blotting of PIM1, CIS, and slug. (F) The expression of PIM1. (G) The expression of CIS. (H) 
The expression of slug. (I) The hypothesis of CXCR2 activating JAK3/STAT3 signaling pathway in tacrolimus-induced hepatotoxicity. The red and green arrows represented 
the expression of proteins after tacrolimus intervention, where the red arrows facing up meant the expression of proteins were up-regulated, the green arrows facing down 
meant the expression of proteins were down-regulated. JAK3 and STAT3 referred to their phosphorylated forms (p-JAK3 and p-STAT3). *P < 0.05, **P < 0.01 vs N. N, 
control group. T, tacrolimus intervention group.
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cystitis in rats and may be a potential target for the treatment of drug-induced cystitis.52 In mice, knocking out CXCR2 
could prevent kidney injury induced by sodium dextran sulfate.53 Thus, it was concluded that CXCR2 up-regulation was 
a biological signal of danger in tumor, inflammation and clinical drug toxicity.

Studies had shown that ligand-binding CXCR2 could activate multiple G-protein regulatory cascade signals, includ
ing Ras/Erk, PI3K/Akt, PLC/PKC, MAPK/p38, JAK3/STAT3 and other signaling pathways.41 In the present study, it was 

Figure 6 CXCR2 antagonist alleviated tacrolimus-induced hepatotoxicity. (A) Flow diagram. (B) ALT. (C) AST. (D) TBIL. (E) SOD. (F) MDA. (G) GSH-Px. (H) Western 
blotting of E-cadherin, α-SMA, and vimentin. (I) The expression of E-cadherin. (J) The expression of α-SMA. (K) The expression of vimentin. *P < 0.05, **P < 0.01 vs N; #P < 
0.05, ##P < 0.01 vs T; N, control group. T, tacrolimus intervention group. C, CXCR2 antagonist group.

Figure 7 CXCR2 antagonist down-regulated JAK3/STAT3 signaling pathway in tacrolimus-induced hepatotoxicity. (A) Western blotting of p-JAK3, p-STAT3, and p21. (B) 
Western blotting of PIM1, CIS, and slug. (C) The expression of p-JAK3. (D) The expression of p-STAT3. (E) The expression of p21. (F) The expression of PIM1. (G) The 
expression of CIS. (H) The expression of slug. (I) Fluorescent staining of p-JAK3, p-STAT3, p21, slug, PIM1 and immunohistochemical staining of CIS. *P < 0.05, **P < 0.01 vs 
N; #P < 0.05, ##P < 0.01 vs T; N, control group. T, tacrolimus intervention group. C, CXCR2 antagonist group. Scale bar, 200 µm.
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found that JAK3/STAT3 signaling pathway was up-regulated in tacrolimus-induced hepatotoxicity, which induced the up- 
regulated expression of p21 and slug, and induced liver fibrosis. At the same time, the expression of CIS was lowered and 
the expression of PIM1 was raised. JAK3/STAT3 signaling pathway had been found to play an important role in the 
occurrence, development and prevention of a variety of diseases. Xiao et al reported ameliorative effect of alangium 
chinense (Lour). Harms on rheumatoid arthritis by reducing autophagy with targeting regulate JAK3-STAT3 and COX-2 
pathways.54 Zhang et al reported single-cell analysis highlighted a population of Th17-polarized CD4+ naïve T cells 
showing IL6/JAK3/STAT3 activation in pediatric severe aplastic anemia.55 Fathi et al reported mesenchymal stem cells 
caused induction of granulocyte differentiation of rat bone marrow C-kit+ hematopoietic stem cells through JAK3/ 
STAT3, ERK, and PI3K signaling pathways.56 Zhang et al reported suppression of NLRP3 inflammasome by dihy
droarteannuin via the HIF-1α and JAK3/STAT3 signaling pathway contributed to attenuation of collagen-induced arthritis 
in mice.57 The main function of CIS was negative feedback regulation of STAT3. When tacrolimus-induced hepatotoxi
city, the expression of CIS was down-regulated, which led to negative feedback failure of STAT3 and failed to inhibit 
over-activation of JAK3/STAT3 signaling pathway.58 Wan et al reported the effects of benzene and the metabolites 
phenol and catechol on c-Myb and PIM1 signaling in HD3 cells, indicating increased expression of PIM1 was associated 
with hepatotoxicity.59

These results suggested that CXCL2-CXCR2 was up-regulated in tacrolimus-induced hepatotoxicity, and the JAK3/ 
STAT3 signaling pathway was activated. In addition, tacrolimus increased the expression of CXCL2-CXCR2 to promote 

Figure 8 CXCR2 activated JAK3/STAT3 signaling pathway exacerbating hepatotoxicity associated with tacrolimus. The red and green arrows represented the expression of 
proteins after tacrolimus intervention, where the red arrows facing up meant the expression of proteins were up-regulated, the green arrows facing down meant the 
expression of proteins were down-regulated. The brown arrows represented the expression of proteins after CXCR2 antagonist intervention, where the arrows facing up 
meant the expression of proteins were up-regulated, the arrows facing down meant the expression of proteins were down-regulated. JAK3 and STAT3 referred to their 
phosphorylated forms (p-JAK3 and p-STAT3).
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organ toxicity,60 however the mechanism for CXCL2-CXCR2 up-regulation by tacrolimus needed further study. 
Furtherly, we explored the intervention effect of CXCR2 antagonists on tacrolimus-induced hepatotoxicity. In the 
hepatotoxic group of tacrolimus, ALT, AST, TBIL and MDA were increased, SOD and GSH-Px were decreased, and 
CXCR2 antagonists could reverse the damage of liver function. In terms of mechanism, after CXCR2 was blocked, the 
downstream activated JAK3/STAT3 signaling pathway was inhibited, meanwhile, the down-regulated expression of CIS 
and the up-regulated expression of PIM1 were reversed, and fibrosis related indicators were improved. This furtherly 
confirmed that CXCR2 blockade was a key point to intervene in tacrolimus-induced hepatotoxicity, and may also be 
a potential target for drug development.

Conclusion
CXCR2 activated JAK3/STAT3 signaling pathway (p-JAK3/p-STAT3) exacerbating hepatotoxicity associated with 
tacrolimus, meanwhile, the expression of CIS was down-regulated, the expression of PIM1 was up-regulated. 
Blocking CXCR2 could reverse the expression of p-JAK3/p-STAT3, CIS, PIM1, and tacrolimus-induced hepatotoxicity.
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