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Abstract. Increasing evidence has demonstrated that regula‑
tory T cells (Tregs) suppress innate immunity, as well as protect 
the kidneys from ischemia‑reperfusion injury (IRI) and offer a 
potentially effective strategy to prevent or alleviate renal IRI. 
The present study explored whether C‑X‑C motif chemokine 
receptor 3 (CXCR3) alleviated renal IRI by increasing Tregs. 
Male C57BL/6J mice were divided into sham‑surgery, IRI, 
CXCR3 overexpression (OE‑CXCR3)+IRI, PC61+IRI and 
OE‑CXCR3+PC61+IRI groups. Histopathological examina‑
tion of the kidney was carried out using hematoxylin‑eosin 
and Masson staining. The levels of serum creatinine (Scr) and 
blood urea nitrogen (BUN) were measured. Blood and kidney 
levels of IL‑6, TNF‑α, C‑C motif chemokine ligand (CCL)‑2 
and IL‑10 were detected by ELISA and western blotting. The 
levels of superoxide dismutase (SOD), glutathione peroxidase 
(GSH‑Px) and malondialdehyde (MDA) in kidney tissues 
were also measured to assess oxidative stress. The population 
of Tregs in the kidney was assessed using flow cytometry. 
The results demonstrated that administration of OE‑CXCR3 
to IRI mice significantly decreased the levels of Scr, BUN, 
IL‑6, TNF‑α, CCL‑2 and MDA, increased the levels of IL‑10, 
SOD and GSH‑Px, and mitigated the morphologic injury 
and fibrosis induced by IR compared with the IRI group. In 
addition, administration of OE‑CXCR3 induced significant 
reductions in the expression levels of fibrosis‑related markers, 
including fibronectin and type IV collagen, and increased the 
number of Tregs. These roles of OE‑CXCR3 were significantly 

neutralized following deletion of Tregs with PC61 (anti‑CD25 
antibody). Together, the present study demonstrated that injec‑
tion of OE‑CXCR3 lentiviral vectors into animal models can 
alleviate renal IRI by increasing the number of Tregs. The 
results may be a promising approach for the treatment of renal 
IRI.

Introduction

Renal ischemia‑reperfusion injury (IRI) is a common cause of 
acute kidney injury (AKI) and a crucial factor for the clinical 
outcome of kidney transplantation  (1,2). AKI progression 
frequently produces multiorgan failure and sepsis, resulting in 
increased morbidity and mortality in hospitalized patients (3). 
Therefore, it is necessary to develop effective methods to 
prevent or alleviate renal IRI.

Renal IRI is an acute inflammatory disease, in which 
immune cells serve crucial roles  (4). Regulatory T  cells 
(Tregs), a main CD4+ T lymphocyte subset, are characterized 
by the expression of cluster of differentiation (CD)4 and CD25 
on the cell surface, and upregulation of the expression level of 
forkhead box P3 (FoxP3) (5). Evidence has demonstrated that 
Tregs serve important roles in inflammation and maintaining 
immunological balance (6). The number of Tregs is dramati‑
cally decreased in a variety of autoimmune and inflammatory 
diseases, including multiple sclerosis, systemic lupus erythe‑
matosus, diabetes, rheumatoid arthritis, inflammatory bowel 
disease, psoriasis and atherosclerosis  (7,8). The removal 
of Tregs leads to the occurrence of immune dysregulation, 
enteropathy and X‑linked syndrome (9,10). In addition, Tregs 
are closely implicated in the pathogenesis of ischemic AKI, 
in which Tregs suppress innate immunity and protect against 
renal IRI (11‑13). Increasing the number of Tregs is a potential 
effective strategy to prevent or alleviate renal IRI (11‑13).

CXC chemokine receptor  3 (CXCR3), also called 
G‑protein‑coupled receptor 9 or CD183, is mainly expressed in 
T cell natural killer cells (14). Hasegawa et al (15) transferred 
CXCR3‑overexpressed Tregs into recipient mice and found 
the recipient mice demonstrated significant amelioration of 
graft‑vs‑host disease (GVHD) changes in the liver, lung and 
intestine. Oo et al (16) isolated CD4+CD25+CD127lowFoxP3+ 
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Tregs from chronically inflamed human liver and found that 
these Tregs expressed higher levels of the chemokine recep‑
tors CXCR3 and CCR4 compared with blood‑derived Tregs 
and liver‑derived Tregs. Their study proposed that CXCR3 
and CCR4 recruited Tregs to sites of inflammation in patients 
with chronic hepatitis. Similarly, our previous study reported 
that CXCR3 expression on Tregs was elevated 72 h post‑reper‑
fusion and was inversely correlated with blood urea nitrogen 
(BUN), serum creatinine (Scr) and kidney injury, suggesting a 
protective role of CXCR3 in renal IR (17). However, the roles 
of CXCR3 in regulation of Tregs number and alleviation of 
renal IRI remain to be elucidated.

The present study aimed to discover whether CXCR3 
serves a protective role in renal IRI via increasing the number 
of Tregs.

Materials and methods

Animals and grouping. A total of 45 male C57BL/6J mice 
(age, 8‑12 weeks; weight, 20‑25 g) were purchased from Vital 
River Laboratories. The animals were fed with common feed 
and sterile water ad libitum in a specific pathogen‑free labora‑
tory, and housed at 22±1˚C with 55±1% humidity under a 12‑h 
light/dark cycle. Animals were accommodated for 1 week 
before experiments.

The mice were randomly divided into the sham‑surgery, 
IRI, CXCR3 overexpression (OE‑CXCR3)+IRI, PC61+IRI 
and OE‑CXCR3+PC61+IRI groups (n=15 mice/group).

Animal experiments were carried out at The First Affiliated 
Hospital of Chongqing Medical University (Chongqing, China) 
and were approved by the Animal Ethics and Use Committee of 
the First Affiliated Hospital of Chongqing Medical University 
(approval no. 2017‑028).

Renal IRI model establishment and treatments. Renal IRI 
models were established as previously described  (17). In 
brief, mice were anaesthetized via intraperitoneal admin‑
istration of 80 mg/kg 3% sodium pentobarbital. Ischemia 
of both kidneys was induced by clamping renal pedicles for 
45 min with microvascular clamps followed by reperfusion. 
Animals in the sham‑surgery group underwent the same 
surgical procedure without clamping of the renal pedicles. 
Animals in OE‑CXCR3+IRI group were administered 100 µl 
filter‑purified OE‑CXCR3 lentivirus vector (~5x105 IU/µl) via 
tail vein injection before reperfusion. Mice in the IRI group 
were given an equal volume of a filter‑purified non‑targeting 
lentivirus control (OE‑NC), which served as a negative control. 
OE‑CXCR3 and OE‑NC were purchased from Shanghai 
GenePharma Co., Ltd. To deplete Tregs in vivo, 100 µg PC61 
(BioLegend) was given to mice via tail vein injection following 
reperfusion. Following anesthetization with 3%  sodium 
pentobarbital (80 mg/kg), five mice from each group were 
decapitated to collect the blood samples after 24, 48 and 
72 h of reperfusion. The kidneys were collected for further 
analysis, including reverse transcription‑quantitative (RT‑q)
PCR, western blotting and histopathological examination.

Biochemical detection. The blood samples (1 ml) were centri‑
fuged for 5 min at a speed of 978 x g/min at 4˚C to obtain 
the serum samples. Then, an automatic biochemistry analyzer 

(Hitachi 7060; Hitachi) was used to detect the serum levels of 
BUN and Scr.

Histopathological examination. The right kidney was fixed 
in 4%  formaldehyde for 24 h at room temperature, dehy‑
drated with 95% ethanol and embedded in 55˚C paraffin, 
and then cut into 4‑µm sections. The sections were stained 
with hematoxylin‑eosin (HE) to assess the histopathological 
changes at 72 h post‑reperfusion. Kidney injury was scored 
according to a previous study  (18): 0, no damage; 1, mild 
damage, including rounded epithelial cells and dilated tubular 
lumen; 2, moderate damage, including substantially dilated 
lumen, flattened epithelial cells and nuclear staining loss; and 
3, severe damage, including destroyed tubules with no nuclear 
staining of epithelial cells.

To determine the areas of fibrotic kidney lesions, kidney 
tissue sections were stained with Masson trichrome staining 
(Beijing Solarbio Science & Technology Co., Ltd.) based on 
the instructions provided by the manufacturer. Red‑stained 
tissue indicated normal and blue‑stained tissue indicated renal 
fibrotic tissue. The staining was captured using a light micro‑
scope (magnification, x100).

ELISA. The concentrations of IL‑10 (cat. no. BMS614INST), 
IL‑6 (cat. no. BMS603‑2), TNF‑α (cat. no. BMS607‑3) and 
C‑C motif chemokine ligand 2 (CCL‑2; cat. no. BMS6005) in 
mouse blood samples after 72 h of reperfusion were measured 
using ELISA kits (Thermo Fisher Scientific, Inc.) based on the 
manufacturer's protocols. The absorbance at 450 nm for each 
sample was determined using an ELISA plate reader (BioTek 
China).

Measurement of superoxide dismutase (SOD), glutathione 
peroxidase (GSH‑Px) and malondialdehyde (MDA). The 
kidney tissues were homogenized and centrifuged at 4˚C for 
10 min at 10,000 x g. Then, the activities of SOD, GSH‑Px 
and MDA were determined using commercial kits (Beijing 
Solarbio Science & Technology Co., Ltd.) based on the 
manufacturer's protocols and the OD values were determined 
at 560 (SOD), 412 (GSH‑Px), 532 and 600 (MDA) nm, respec‑
tively, using a microplate reader.

Preparation of the single‑cell suspensions from the kidneys. 
Single‑cell suspensions of kidney cells were isolated from 
C57BL/6 mice based on a previous study (19). In brief, the 
kidney was triturated, sequentially passed through a 200‑mesh 
sieve and lysed with a red blood cell lysis buffer (BioLegend). 
The cells were then incubated with 1.6 mg/ml collagenase I 
(Sigma‑Aldrich; Merck  KGaA) and 200  mg/ml DNase  I 
(Sigma‑Aldrich; Merck  KGaA) in RPMI‑1640 medium 
(Thermo Fisher Scientific, Inc.) for 30 min at 37˚C. Then, the 
cells were filtered by 70‑ and 40‑mm mesh in turn and lysed 
with the red blood cell lysis buffers.

Flow cytometry. The number of Tregs was evaluated using 
flow cytometry. In brief, the aforementioned cells isolated 
from the kidneys were incubated with the anti‑CD4 antibody 
(cat.  no.  11‑0041‑82; FITC; eBioscience; Thermo  Fisher 
Scientific, Inc.) at a dilution of 1:10 for 1 h at 4˚C, followed 
by incubation with Cytofix/Cytoperm (BD  Biosciences) 
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at 4˚C for 15 min to permeabilize the cell membranes. The 
cells were then stained with PE‑conjugated anti‑Foxp3 
antibodies (cat. no. 12‑5773‑82; eBioscience; Thermo Fisher 
Scientific, Inc.) at 1:20 dilution for 1 h at 4˚C and analyzed 
on a BD FACSCalibur System (BD Bioscience). Tregs were 
considered as CD4+ and Foxp3+ and was analyzed using the 
FlowJo 7.6 software (FlowJo LLC).

RT‑qPCR. Total RNA was extracted using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with 
the manufacturer's instructions. After quantification with a 
Nanodrop spectrophotometer (Thermo Fisher Scientific, Inc.), 
1 µg RNA sample was reverse transcribed into cDNA (42˚C, 
2 min; 37˚C, 15 min; 85˚C, 5 sec) using a First Strand cDNA 
Synthesis kit purchased from CWBio. Subsequently, the 
RT‑qPCR assay was performed based on the descriptions of a 
SYBR Premix Ex Taq II kit (Takara Biotechnology Co., Ltd.) 
in an ABI PRISM 7700 Sequence Detection System (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). GAPDH was 
used as the internal reference to normalize mRNA expression 
levels. The calculation of mRNA levels was executed using the 
2‑∆∆Cq method (20). The qPCR thermocycling conditions were 
as follows: Initial denaturation at 95˚C for 30 sec, followed by 
annealing and elongation for 39 cycles of 95˚C for 15 sec, 60˚C 
for 30 sec and 72˚C for 30 sec, and a final extension at 72˚C 
for 2 min. The primer sequences used in the present study are 
shown in Table I.

Western blotting. Total protein was collected using radioim‑
munoprecipitation assay lysis buffer (Beyotime Institute 
of Biotechnology), supplemented with 1%  (v/v) protease 
inhibitors (Beyotime Institute of Biotechnology). Then, the 
protein concentrations were measured using BCA method 
(Thermo  Fisher Scientific, Inc.). Subsequently, 30  µg 
protein from each sample was separated by sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis on 8% gels and then 
transferred onto polyvinylidene difluoride (PVDF) membranes 
(EMD Millipore). The PVDF membranes were incubated with 
5% fat‑free milk for 1 h at room temperature and then incu‑
bated with the primary antibodies overnight at 4˚C, including 
anti‑fibronectin antibody (1:2,000 dilution; cat. no. ab2413; 
Abcam), anti‑type  IV collagen antibody (1:2,000 dilution; 
cat. no. ab19808; Abcam), anti‑IL‑6 antibody (1:2,000 dilution; 
cat. no. sc‑32296; Santa Cruz Biotechnology, Inc.), anti‑TNF‑α 
antibody (1:2,000 dilution; ab183218; Abcam), anti‑CCL‑2 
antibody (1:2,000  dilution; cat.  no.  2029; Cell Signaling 
Technology, Inc.), anti‑IL‑10 antibody (1:4,000  dilution; 

ab189392; Abcam), anti‑Bax antibody (1:3,000  dilution; 
cat. no. ab32503; Abcam), anti‑Bcl‑2 antibody (1:3,000 dilution; 
cat. no. ab182858; Abcam), anti‑cleaved caspase‑3 antibody 
(1:3,000 dilution; cat. no. ab49822; Abcam) and anti‑β‑actin 
antibody (1:5,000 dilution; cat. no. AM4302; Thermo Fisher 
Scientific, Inc.). Next, the membranes were probed with 
horseradish peroxidase‑conjugated secondary antibodies 
(1:5,000 dilution; cat. nos. ab6728 and ab ab6721; Abcam) for 
1 h at room temperature. Protein signals were detected using 
iBright CL750 (Thermo Fisher Scientific, Inc.) after being 
visualized with ECL visualization reagent (Thermo Fisher 
Scientific, Inc.) at room temperature. The gray‑scale value 
analysis was performed using ImageJ software (version 1.48; 
National Institutes of Health).

Statistical analysis. Data are expressed as the mean ± stan‑
dard deviation from ≥3 experiments. Statistical analyses were 
performed using SPSS software (version 21.0; IBM Corp.). 
Two‑sided unpaired t‑tests and one‑way ANOVA followed by 
Bonferroni post‑hoc tests were used to compare differences 
between 2 and ≥3 groups, respectively. Kidney injury score 
was expressed as median and range, and was analyzed using 
the Kruskal‑Wallis test followed by the Steel‑Dwass test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Upregulation of CXCR3 alleviates kidney IRI. First, the effect of 
CXCR3 was assessed on the progression of kidney IRI. Compared 
with the IRI group, CXCR3 expression was significantly elevated 
in mouse kidney following OE‑CXCR3 treatment (Fig. 1A). 
Upregulation of CXCR3 significantly decreased the blood levels 
of BUN and Scr induced by IR (Fig. 1B and C), decreased the 
expression levels of kidney injury molecule‑1 (KIM‑1) and 
increased Nephrin expression (Fig. 1D). HE staining demon‑
strated that no morphological change was apparent in the sham 
group. However, severe structural disruptions, such as tubular 
dilatation, loss of nuclear staining and brush border, and flattened 
renal epithelial cells were observed in the IRI group, whereas 
CXCR3 overexpression clearly mitigated the morphological 
injury induced by IR (Fig. 1E). In addition, the expression levels 
of Bax and cleaved caspase‑3 were elevated, and Bcl‑2 expression 
was reduced in the IRI group compared with the control group, 
whereas these tendencies were mitigated by CXCR3 overexpres‑
sion (Fig. 1F). These findings demonstrated that upregulation of 
CXCR3 alleviated kidney injury induced by IR.

Table I. Primer sequences.

Gene	 Forward (5'‑3')	 Reverse (5'‑3')

CXCR3	 AATGCCACCCATTGCCAGTA	 TAGCTCGAAAACGCCTCTGG
KIM‑1	 CAGGGTCTCCTTCACAGCAG	 CCACCACCCCCTTTACTTCC
Nephrin	 ATGGGAGCTAAGGAAGCCAC	 ACTCGTACTCCGCATCATCG
GAPDH	 AAGAGGGATGCTGCCCTTAC	 TACGGCCAAATCCGTTCACA

CXCR3, C‑X‑C motif chemokine receptor 3; KIM‑1, kidney injury molecule‑1.
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CXCR3 alleviates kidney fibrosis induced by IR. The effects of 
CXCR3 on kidney fibrosis induced by IR were also assessed. 
Compared with the sham group, the protein expression levels of 
fibronectin and type IV collagen were significantly increased, 

whereas CXCR3 overexpression significantly reduced their 
levels in kidney tissues (Fig. 2A). Masson trichrome staining 
demonstrated that CXCR3 overexpression markedly mitigated 
the kidney fibrosis induced by IR (Fig. 2B). These results 

Figure 1. CXCR3 assuages kidney IRI. (A) RT‑qPCR was used to analyze the mRNA expression levels of CXCR3 in mice kidney tissues from the sham‑surgery, 
IRI and OE‑CXCR3+IRI groups. Blood levels of (B) BUN and (C) Scr in mice of the sham‑surgery, IRI and OE‑CXCR3+IRI groups. (D) RT‑qPCR was 
used to analyze the mRNA expression levels of KIM‑1 and Nephrin in mice kidney tissues from the sham‑surgery, IRI and OE‑CXCR3+IRI groups. 
(E) Hematoxylin‑eosin staining was used to assess the histopathological changes to the kidney, and the arrows indicated lesion sites (scale bar, 100 µm). 
Kidney injury score was expressed as median and range, with the longest line indicating the median. (F) Protein expression levels of Bax, Bcl‑2 and cleaved 
caspase‑3 in mice kidney were determined using western blotting. *P<0.05 vs. sham‑surgery group; #P<0.05 vs. IRI group. CXCR3, C‑X‑C motif chemokine 
receptor 3; IRI, ischemia‑reperfusion injury; RT‑qPCR, reverse transcription‑quantitative PCR; OE, overexpression; BUN, blood urea nitrogen; Scr, serum 
creatinine; KIM‑1, kidney injury molecule‑1.

Figure 2. CXCR3 mitigates kidney fibrosis induced by IR. (A) Western blotting was performed to detect the protein expression levels of fibronectin and type IV 
collagen in mice kidney from the sham‑surgery, IRI and OE‑CXCR3+IRI groups. (B) Masson trichrome staining was used to assess renal fibrosis and the 
arrows indicated fibrosis sites (scale bar, 50 µm). *P<0.05 vs. sham‑surgery group; #P<0.05 vs. IRI group. CXCR3, C‑X‑C motif chemokine receptor 3; IR, 
ischemia‑reperfusion; IRI, ischemia‑reperfusion injury; OE, overexpression.
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demonstrated that upregulation of CXCR3 significantly 
lessened kidney fibrosis induced by IR.

CXCR3 suppresses the enhanced inflammatory responses 
and oxidative stress induced by IR. Compared with the 
sham‑surgery group, the blood levels of IL‑6, TNF‑α and 
CCL‑2 in the IRI group were significantly elevated, whereas 
IL‑10 levels were decreased (Fig. 3A‑D). However, overexpres‑
sion of CXCR3 apparently decreased IL‑6, TNF‑α and CCL‑2 
levels, and increased IL‑10 levels in the blood samples of mice 
induced by IR as compared with the IRI group (Fig. 3A‑E).

The effect of CXCR3 on the oxidative stress induced 
by IR was also assessed. Compared with the sham‑surgery 
group, SOD and GSH‑Px levels in mice kidney tissues were 
significantly decreased, and MDA levels were increased in 
the IRI group, which were rescued by CXCR3 overexpression 

(Fig.  4A‑C). Taken together, these results illustrated that 
CXCR3 alleviated the inflammatory response and oxidative 
stress induced by IR in vivo.

CXCR3 increases the population of Tregs in mice kidney 
following IR. The single‑cell suspensions from the kidneys 
were collected to analyze the effect of CXCR3 on the popu‑
lation of Tregs. Compared with the sham‑surgery group, the 
population of Tregs was significantly increased, which was 
further increased following CXCR3 overexpression (Fig. 5). 
This result indicated that CXCR3 increased the population of 
Tregs in mice kidney following IR.

Deletion of Tregs abrogates the role of CXCR3 in improving 
kidney IRI. Next, it was explored whether Tregs were involved 
in CXCR3‑mediated alleviation of kidney injury induced by 

Figure 3. CXCR3 suppresses the enhanced inflammatory responses induced by IR. ELISA was used to detect the blood levels of (A) IL‑6, (B) TNF‑α, 
(C) CCL‑2 and (D) IL‑10 in mice from the sham‑surgery, IRI and OE‑CXCR3+IRI groups. (E) Protein expression levels of IL‑6, TNF‑α, CCL‑2 and IL‑10 in 
mice kidney were determined by western blotting. *P<0.05 vs. sham‑surgery group; #P<0.05 vs. IRI group. CXCR3, C‑X‑C motif chemokine receptor 3; IR, 
ischemia‑reperfusion; CCL‑2, C‑C motif chemokine ligand 2; IRI, ischemia‑reperfusion injury; OE, overexpression.

Figure 4. CXCR3 represses oxidative stress induced by IR. The kidney levels of (A) SOD, (B) MDA and (C) GSH‑Px were measured using commercial kits. 
*P<0.05 vs. sham‑surgery group; #P<0.05 vs. IRI group. CXCR3, C‑X‑C motif chemokine receptor 3; IR, ischemia‑reperfusion; SOD, superoxide dismutase; 
MDA, malondialdehyde; GSH‑Px glutathione peroxidase.
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IR. The population of Tregs in kidney tissues was significantly 
decreased when the mice were treated with PC61 (Fig. 6A). 
The blood levels of BUN, Scr, IL‑6, TNF‑α and CCL‑2 were 
significantly increased, and IL‑10 levels were decreased 
in the OE‑CXCR3+PC61+IRI group as compared with the 
OE‑CXCR3+IRI group (Figs. 6B‑G and 7D). In addition, 

deletion of Tregs worsened the kidney fibrosis and morpho‑
logical injury induced by IR in PC61+IRI group compared 
with the IRI  group, or in OE‑CXCR3+PC61+IRI  group 
compared with the OE‑CXCR3+IRI  group (Fig.  7A‑C). 
These findings demonstrated that CXCR3 mitigated kidney 
IRI by increasing the population of Tregs.

Figure 5. CXCR3 increases the population of Tregs in mice kidneys following IR. Flow cytometry was used to determine the population of Tregs in kidney 
from sham‑surgery, IRI and OE‑CXCR3+IRI groups. *P<0.05 vs. sham‑surgery group; #P<0.05 vs. IRI group. CXCR3, C‑X‑C motif chemokine receptor 3; 
Tregs, regulatory T cells; IR, ischemia‑reperfusion; IRI, ischemia‑reperfusion injury; OE, overexpression.

Figure 6. Deletion of Tregs abrogates the role of CXCR3 in improving kidney inflammation. Samples from mice in the IRI, OE‑CXCR3+IRI, PC61+IRI and 
OE‑CXCR3+PC61+IRI groups were assessed. (A) Flow cytometry was used to determine the population of Tregs in kidney cells. The blood levels of (B) BUN 
and (C) Scr were tested. ELISA was used to detect the blood levels of (D) IL‑6, (E) TNF‑α, (F) CCL‑2 and (G) IL‑10. *P<0.05 vs. IRI group; #P<0.05 vs. 
OE‑CXCR3+IRI group. Tregs, regulatory T cells; CXCR3, C‑X‑C motif chemokine receptor 3; IRI, ischemia‑reperfusion injury; OE, overexpression; BUN, 
blood urea nitrogen; Scr, serum creatinine; CCL‑2, C‑C motif chemokine ligand 2.
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Discussion

The present study explored whether CXCR3 was involved 
in kidney IRI via modulating the number of Tregs. The 
results illustrated that overexpression of CXCR3 in IR mice 
significantly mitigated IR‑mediated kidney injury, inflam‑
matory reactions, fibrosis, oxidative stress and increased 
the number of Tregs. However, deletion of Tregs with 
PC61 apparently impaired the beneficial effects of CXCR3, 
suggesting that CXCR3 alleviated renal IRI via expansion 
of Tregs.

The role of CXCR3 in kidney IRI is controversial. 
Fiorina  et  al  (21) reported that CXCR3‑deficient mice 
(CXCR3‑/‑) presented with lower serum creatinine levels, 
improved survival rate, and less acute tubular necrosis 
and cellular infiltrates in renal IR models, accompanied 
with decreased Th1 population. Zhang et al (22) found that 
rapamycin significantly improved renal function and amelio‑
rated histological injury by increasing the CXCR3+ natural 
killer T cell population in the peripheral blood and kidneys. 
We previously reported that CXCR3 was not expressed on 

Tregs in normal kidneys, but was expanded following reper‑
fusion, and inversely correlated with BUN and Scr levels 
and kidney histology score (17). The present study directly 
explored the role of CXCR3 in mice renal IRI. It was observed 
that administration of OE‑CXCR3 lentivirus vectors signifi‑
cantly decreased the blood levels of BUN and Scr. KIM‑1 is 
a type 1 transmembrane protein strongly induced by ischemic 
and toxic insults to kidney, which is undetectable in healthy 
kidneys, but rises rapidly following injury (23). Nephrin is a 
specific glomerular podocyte marker, which is reported to 
be decreased time‑dependently starting from 24 h after renal 
IRI (24). The results of the present study demonstrated that 
overexpression of CXCR3 decreased KIM‑1 expression and 
increased Nephrin expression induced by IR, suggesting that 
CXCR3 exerted a protective role in renal IR, which was further 
confirmed by the HE and Masson staining. The protective role 
of CXCR3 may be mediated by a different mechanism than 
increasing the level of Th1 cells as previously described in 
CXCR3‑/‑ mice (21). Moreover, silencing and overexpression 
of CXCR3 exerted different roles in renal IRI through various 
mechanisms (21,22).

Figure 7. Deletion of Tregs abrogates the role of CXCR3 in improving kidney IRI. Samples from mice in the IRI, OE‑CXCR3+IRI, PC61+IRI and 
OE‑CXCR3+PC61+IRI groups were assessed. (A) Masson trichrome staining was used to assess renal fibrosis, and the arrows indicated fibrosis sites (scale 
bar, 100 µm). (B and C) Hematoxylin‑eosin staining was used to assess the histopathological changes in kidneys, and the arrows indicated lesion sites (scale 
bar, 100 µm). Kidney injury score was expressed as median and range, with the longest line indicating the median. (D) Protein expression levels of IL‑6, 
TNF‑α, CCL‑2 and IL‑10 in mice kidneys were determined by western blotting. *P<0.05 vs. IRI group; #P<0.05 vs. OE‑CXCR3+IRI group. CXCR3, C‑X‑C 
motif chemokine receptor 3; IRI, ischemia‑reperfusion injury; OE, overexpression; CCL‑2, C‑C motif chemokine ligand 2.
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To elucidate the mechanism by which CXCR3 protected 
against renal IRI, the role of CXCR3 in inflammation and 
oxidative stress was assessed. Overexpression of CXCR3 
apparently decreased the blood and kidney levels of pro‑inflam‑
matory factors, including IL‑6, TNF‑α and CCL‑2, while 
increasing the level of IL‑10, an anti‑inflammatory factor. In 
addition, CXCR3 upregulation decreased the kidney levels of 
MDA, and increased SOD and GSH‑Px levels. These results 
illustrated that CXCR3 exerted both anti‑inflammatory and 
anti‑oxidative stress roles in kidney IRI. CXCR3 is a receptor 
of the CXC chemokine subfamily and has been reported to be 
closely involved in inflammatory diseases (25). For example, 
CXCR3 promoted steatohepatitis in mice by enhancing 
inflammation and autophagy (26). CXCR3‑deficient mice fed 
high‑fat diet demonstrated reduced mRNA expression levels of 
pro‑inflammatory mediators, such as monocyte chemoattrac‑
tant protein‑1, and promoted the secretion of anti‑inflammatory 
genes, such as Foxp3, IL‑10 and arginase‑1 in peri‑epididymal 
adipose tissues (27). Although CXCR3 is activated by CXCL9, 
CXCL10 and CXCL11, growing evidence has identified that 
the outcome differs when CXCR3 is activated by different 
ligands (28,29). CXCL9 and CXCL10 are pro‑inflammatory, 
while CXCL11 is anti‑inflammatory (30,31). Zohar et al (32) 
reported that CXCL11 bonded to CXCR3, leading to the 
increase of FOXP3‑IL‑10+ T regulatory 1 cells and IL‑4+ Th2 
cells, and inflammation repression through activating STAT3 
and STAT6. However, the present study did not explore the 
upstream activator of CXCR3 in kidney IRI. It is hypothesized 
that CXCL11 binds to CXCR3, resulting in the anti‑inflam‑
matory role of CXCR3 in renal IRI; this will be explored in 
future studies.

Increasing evidence has demonstrated that Tregs are 
beneficial in the treatment of kidney IRI  (11‑13). CXCR3 
has been considered to be mainly expressed on the surface 
of pro‑inflammatory cells in the past, but our previous 
study found that CXCR3 was also expressed on Tregs (17). 
CXCR3 can drive Tregs to migrate to damaged sites (15,16). 
Knockout of CXCR3 can significantly affect the recruitment 
of Th1 and Tregs in the lesion site (33,34). Hasegawa et al (15) 
upregulated CXCR3 expression in Treg cells and then trans‑
ferred them into recipient mice and assessed their role in 
the mitigation of experimental GVHD models. The results 
demonstrated that recipient mice that had undergone transfer 
of CXCR3‑Treg cells demonstrated significant amelioration of 
GVHD changes in the liver, lung and intestine. Oo et al (16) 
isolated CD4+CD25+CD127lowFoxP3+ Tregs (a main type of 
T cells in areas of inflammation in human liver disease) from 
chronically inflamed human liver tissue removed at transplan‑
tation and found that these Tregs expressed higher levels of 
the chemokine receptors CXCR3 and CCR4 compared with 
blood‑derived Tregs and liver‑derived Tregs, suggesting that 
CXCR3 and CCR4 recruited Tregs to sites of inflammation in 
patients with chronic hepatitis. In the current study, the results 
demonstrated that CXCR3 overexpression increased the 
number of Tregs in the injured kidney tissues. Further experi‑
ments demonstrated that Tregs deletion abrogated the role of 
CXCR3 in mitigating kidney IRI, demonstrating that CXCR3 
ameliorated kidney IRI through expansion of Tregs. However, 
Bakheet et al (35) found that administration of AMG487, an 
antagonist of CXCR3, to mice with collagen‑induced arthritis 

significantly decreased histological inflammatory damage, the 
percentage of Th1, Th17 and Th22 cells, and increased Tregs. 
The different tissue contents and conditions may cause this 
disparity.

Evidence has identified that CXCR3 exerts both pro‑ and 
anti‑inflammatory roles depending on different ligands. 
CXCL9 and CXCL10 are pro‑inflammatory (30,31), while 
CXCL11 has anti‑inflammatory actions (32). It was hypoth‑
esized that CXCL11 binds to CXCR3, resulting in the 
anti‑inflammatory role of CXCR3 in renal IRI. It is intended 
to verify this in future studies with in vivo and in vitro experi‑
ments; for example, by using a co‑immunoprecipitation assay 
to determine whether CXCL11 binds to CXCR3 in vitro and 
using animal models to study the role of CXCL11 in renal IRI.

In the present study, a non‑targeting lentivirus control was 
applied as the negative control of the OE‑CXCR3 lentivirus 
and it was not examined whether an empty vector had no effect 
on kidney IRI. The current study excluded the effect of the 
non‑targeting lentivirus control on kidney IRI, and thus, this 
do not affect the authenticity of the results. However, this is a 
minor limitation of the present study.

In conclusion, the present study demonstrated that injec‑
tion of OE‑CXCR3 lentivirus into animal models ameliorated 
kidney IRI by increasing of the number of Tregs, which is a 
promising method for the prevention and treatment of renal 
IRI.
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