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CXCR3 knockdown protects against high
glucose-induced podocyte apoptosis and
inflammatory cytokine production at the
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Abstract: Chemokines and their receptors play an important role in the pathogenesis of acute and chronic diabetic
nephropathy (DN). However, their expression pattern and function in glomerular podocytes have not been investi-
gated as of yet. In the present study, we investigated whether CXCR3 could protect podocytes from high glucose-
induced apoptosis and inflammatory cytokine production and explored the possible mechanism. Cell viability, cell
cycle and apoptosis were detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and flow
cytometry, respectively. The level of intracellular reactive oxygen species (ROS) and mitochondrial membrane po-
tential (AWm) was measured using a dichlorofluorescein diacetate (DCFH-DA) ortetrechloro-tetraethylbenzimidazol
carbocyanine iodide (JC-1) fluorescent probe, respectively. Quantitative real-time PCR was used to determine the
gene expression of CXCR3. Western blots were carried out for the related protein expression in podocytes, including
CXCR3, Nephrin, Podocin, Bcl-2, Bax, and Caspase-3. Firstly, we found that CXCR3 expression was significantly up-
regulated and cell viability was decreased in high glucose (HG)-treated mouse podocytes in a dose-dependent man-
ner. Secondly, knockdown of CXCR3 in mouse podocytes significantly suppressed HG-induced viability decrease,
cell cycle arrest, ROS generation and AWm reduction. Moreover, knockdown of CXCR3 reduced the podocytes injury
in cell apoptosis and inflammation through increasing the expression of Nephrin, Podocin and Bcl-2, and decreas-
ing the expression of Bax and Caspase-3. In conclusion, CXCR3 knockdown protected podocytes from HG-induced
apoptosis and inflammation in vitro, suggesting that inhibition of CXCR3 may have a therapeutic potential in DN
treatment.
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Introduction advanced glycation end product formation,
activation of the protein kinase C pathway and
reactive oxygen species (ROS) generation [3, 4].
Podocytes are terminally differentiated cells
that contribute to maintaining the integrity of

the glomerular basement membrane and have

Diabetic nephropathy (DN) is a serious compli-
cation of diabetes and a frequent cause of end-
stage renal disease (ESRD). The structural
changes in kidney are generally observed in the

patients of DN, including thickening of glomeru-
lar basement membrane, mesangial expan-
sion, glomerular hypertrophy, fibroblast prolif-
eration, matrix deposition glomerulosclerosis
and tubular necrosis [1, 2]. The causes of DN
have been intensively studied and various
mechanisms have been established, such as
high blood glucose, polyol pathway activation,

been confirmed to play a vital role in the devel-
opment of the pathological changes that char-
acterize DN [5]. A reduction in podocyte num-
ber resulting from apoptosis has been shown to
be the strongest predictor of progression of DN,
where fewer cells predicted more rapid progres-
sion [6, 7]. Thus, seeking effective methods for
inhibiting podocyte apoptosis may be of great
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clinical importance in the treatment of DN.
However, the consequences, molecular path-
ways and pathomechanism(s) that underlie the
loss of podocytes in DN remain poorly
understood.

Mitochondrial dysfunction, triggered by hyper-
glycemia causes excess production and accu-
mulation of ROS which result in oxidative stress,
is increasingly recognized as contributing to
glomerular diseases and is an early event in
podocyte apoptosis [8, 9]. An increased ROS
generation and a loss of mitochondrial mem-
brane potential are associated with the patho-
genesis of DN [10]. High glucose induces intra-
cellular ROS in mesangial cells and tubular epi-
thelial cells, which can be successfully blocked
by the inhibition of NADPH oxidase [11].
Therefore, ameliorating mitochondrial dysfunc-
tion is a potential way to improve podocyte
apoptosis and DN.

Diabetic nephropathy is increasingly consid-
ered as an inflammatory disease characterized
by leukocyte infiltration at every stage of renal
involvement. Chemokines, a group of small
peptides that are subdivided into four families
comprising more than 50 ligands with at least
17 different receptors, are important participa-
tors in the recruitment of specific subpopula-
tions of inflammatory cells into renal compart-
ments [12, 13]. Within the glomerulus, chemo-
kines and their receptors are expressed in infil-
trating cells as well as in resident glomerular
cells. Glomerular-produced chemokines seem
not only to induce recruitment of inflammatory
cells, but can also alter functions of resident
glomerular cells, such as the formation of extra-
cellular matrix [14]. Previous study showed that
downregulation of CXCL9 receptor CXCR3 sup-
pressed the loss of renal function and may be a
potential therapeutic target for human immune-
mediated nephritis [15]. It is unknown whether
CXCR3 expressed in podocyte, and whether
CXCR3 involved in podocyte injury and the
development of DN.

In this study, we investigate the molecular
events of CXCR3-mediated renal injury in DN by
in vitro experiment. We demonstrate that
CXCR3 is up-regulated in DN, contributing to
podocyte apoptosis and inflammatory cyto-
Kines release.
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Materials and methods
Chemicals and reagents

RPMI 1640 medium and FBS (fetal bovine
serum) were obtained from Gibco Invitrogen
Corporation (Carlsbad, China). Trypsin, D-gluco-
se and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) were purchased
from Sigma (St Louis, MO). Fluorescein isothio-
cyanate (FITC)-conjugated annexin V and prop-
idium iodide were purchased from KeyGen
Biotech (Nanjing, China). siRNA was synthe-
sized by SBS Genetech Co., Ltd (Beijing, China).
Lipofectamine 2000 reagent was obtained
from Invitrogen (CA, USA). CXCR3, Nephrin,
Podocin, Bcl-2, Bax, Caspase-3 and GAPDH
antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, USA). Horseradish
peroxidase-conjugated secondary antibodies
were purchased from Zhongshanjingiao Biote-
chnology (Beijing, China).

Cell culture and treatment

Conditionally immortalized mouse podocytes
were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and 10 U/ml
recombinant mouse interferon-y at 33°C under
a humidified atmosphere of 5% CO, for propa-
gation. Proliferating cells were transferred to an
incubator at 37°C in interferon-y-free medium
for 7-14 days to induce differentiation. Cells
were incubated with serum-free RPMI 1640
medium for 24 h and then exposed to different
doses of D-glucose (5.5, 15, 25, 35 or 50 mM)
for the experimental group.

CXCR3 siRNA transfection

For CXCR3 silencing, podocytes (2x10° cells
per well) were seeded in 6-well plates and
transfected with 30 nM of CXCR3 small inter-
fering RNA (siRNA) by using Lipofectamine
2000 reagent according to the manufacturer’s
instructions. Non-specific control siRNA was
used as a negative control (NC). Transfected
cells were incubated at 37°C for 6 h, and then
cells were treated with 35 mM HG for 48 h.
Subsequently, the levels of CXCR3, Nephrin,
Podocin, Bcl-2, Bax, Caspase-3 and GAPDH
were analyzed by western blots.
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Figure 1. Cell viability and CXCR3 expression in the cultured podocytes under the high glucose treatment. A. The cell
viability of podocytes cultured under high glucose (HG; 15, 25, 35 or 50 mM) for 12, 24, 48 or 72 h by MTT assay.
B. CXCR3 mRNA expression in cultured podocytes with HG (15, 25, 35 or 50 mM) for 48 h. C, D. Representative
western blot and quantification of CXCR3 expression in cultured podocytes with HG (15, 25, 35 or 50 mM) for 48 h.
*P<0.05, **P<0.01 compared with normal control (5.5 mM D-glucose).

MTT assay

MTT assay was used to measure cell viability.
Podocytes (10* cells per well) were incubated in
96-well plates. Before the experiments, RPMI
1640 medium was removed and replaced with
serum-free medium for 24 h incubation. Then
cells were treated with HG (35 mM) with or
without CXCR3 siRNA transfection for another
12, 24,48 or 72 h. 100 yl MTT (0.5 mg/ml) was
added. After continued incubation at 37°C for
an additional 4 h, the medium was carefully
removed. Cells were read at 570 nm using a
microplate reader.

Flow cytometry analysis

Podocytes were seeded onto 6-well plate at a
density of 3x10° per well. After treatment as
described above for 48 h, podocytes were col-

8831

lected and washed with PBS. For cell cycle anal-
ysis, cell apoptosis, MMP and ROS, podocytes
were incubated with propidium iodide, Annexin
V-FITC and PI, dichlorofluorescein diacetate
(DCFH-DA) or tetrechloro-tetraethylbenzimid-
azol carbocyanine iodide (JC-1) for 30 minutes,
respectively. The cells were then harvested for
flow cytometric analysis by using FACSCalibur
Flow Cytometer (BD Bioscience).

Measurement of TNF-a, IL-6 and IL-13 release

The podocytes were cultured in 6-well plates.
They were kept at 37°C for 48 h at treatment as
described above before supernatants were
taken. TNF-«, IL-6 and IL-1B concentrations
were measured with an ELISA (R&D Systems,
Wiesbaden, Germany) following the manufac-
turer’s instructions.
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Figure 2. Knockdown of CXCR3 increased cell viability of podocytes with high glucose (35 mM) treatment. A. Quan-
tification of CXCR3 mRNA expression showing the efficiency of CXCR3 knockdown by siRNA transfection. B, C.
Representative western blot and quantification showing the efficiency of CXCR3 knockdown by siRNA transfection.
D. The cell viability of podocytes cultured under HG (35 mM) for 12, 24, 48 or 72 h with or without CXCR3 siRNA
transfection by MTT assay. #P<0.01 compared with HG.

Quantitative real-time PCR perature for 1 h and signals were detected by
using enhanced chemiluminescence (BioRad,

Total RNA from cultured podocytes (10° cells) Richmond, CA, USA). Densitometric analysis

was extracted using Trizol reagent (Invitrogen, was performed using Image Pro Plus 6.0 soft-

Carlsbad, CA) and a DNeasy Tissue Kit (Qiagen ware. Values were corrected with GAPDH as a

Sciences, Germantown, MD) according to the control.

manufacturer’s instructions. The sequences of

the primers were as follows: CXCR3 5-GACT- Statistical analysis

CAAAGCCACCTCATTC-3" and 5-GCCTTGCCTTC-
CTAAATACC-3’; GAPDH 5-ATCACTGCCACCCAG-
AAG-3’ and 5-TCCACGACGGACACATTG-3'. Qu-
antitative real-time PCR was used to detect the
relative CXCR3 and GAPDH content using an

All values were presented as mean + SD and
analyzed with SPSS 17.0. Differences in mean
values were tested using student’s t test or
one-way ANOVA test. Differences are statisti-

ABI 7300 Real-time PCR Detection System. The cally if <0.05.
values were determined relative to the control Results
sample after normalizing to GAPDH gene con-
trol values and calculated by the comparative Effect of high glucose on cell viability and
cycle threshold (AACt) method. CXCR3 expression in cultured podocytes
Western blot The dose-dependent effect of high glucose
(HG) on cell viability of podocytes was investi-
The cells were rinsed with ice-cold phosphate- gated firstly. Treatment of podocytes with dif-
buffered saline (PBS) and lysed in RIPA buffer ferent doses of HG (15, 25, 35 or 50 mM) for
mixed with protease inhibitors (P8340, Sigma- 12, 24, 48 and 72 h significantly inhibited the
Aldrich) for 30 min on ice. The concentration of cell viability of podocytes compared with nor-
protein was measured using a BCA protein mal control group (5.5 MM HG) and showed a
assay kit (Beyotime Biotechnology, Beijing, dose-dependent manner (Figure 1A). The in-
China) according to the manufacturer’s instruc- creased expression of CXCR3 was also detect-
tions. An equal amount of protein (50 pg) from ed in podocytes exposed to high glucose (HG)
each sample was separated by SDS-PAGE and in vitro. As shown in Figure 1B-D, the mRNA
transferred to PVDF membranes. After blocking and protein levels of CXCR3 expression dramat-
in blocking buffer containing 5% skim milk for ically increased after 48 h in different doses of
30 min, the membranes were incubated with HG (15, 25, 35 or 50 mM) medium compared
primary antibodies for CXCR3, Nephrin, with normal control group (5.5 mM HG). The
Podocin, Bcl-2, Bax, Caspase-3 and GAPDH results suggested that the HG-promoted
separately at 4°C overnight. The membranes expression and distribution of CXCR3 might be
were incubated with horseradish peroxidase- involved in the biological changes in podocytes
conjugated secondary antibodies at room tem- in diabetes.
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Figure 3. Knockdown of CXCR3 suppressed cell cycle arrest and apoptosis in podocytes with high glucose (35 mM)
treatment. The effects of CXCR3 knockdown on the cell cycle (A, B) and cell apoptosis (C, D) in podocytes with HG
(35 Mm) treatment for 48 h were determined by flow cytometry analysis. **P<0.01 compared with normal control

(5.5 mM D-glucose). #P<0.01 compared with HG.
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Figure 4. Knockdown of CXCR3 induced AWm increase and ROS decrease in podocytes with high glucose (35 mM)
treatment. The effects of CXCR3 knockdown on the AWm (A, B) and ROS generation (C, D) in podocytes with HG (35
Mm) treatment for 48 h were determined by flow cytometry analysis. **P<0.01 compared with normal control (5.5

mM D-glucose). #P<0.01 compared with HG.

CXCR3 knockdown increases cell viability in
podocytes with HG treatment

To further investigate the role of CXCR3 on
podocyte function, CXCR3 siRNA or control
shRNA (NC) were used in this study. Our results
showed a reduced expression of CXCR3 mRNA
and protein in podocytes transduced with
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CXCR3 siRNA (Figure 2A-C). HG (35 mM) treat-
ment led to a significant decrease in cell viabil-
ity compared with normal control as measured
by MTT, but CXCR3 siRNA significantly inhibited
HG-induced decrease in cell viability (Figure
2D). These findings indicated that CXCR3 was
involved in the cell viability in podocyte injury
promoted by HG.

Int J Clin Exp Pathol 2017;10(8):8829-8838
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Figure 5. Knockdown of CXCR3 reduced inflammatory response in podocytes with high glucose (35 mM) treat-
ment. Levels of inflammatory cytokines, including TNF-a (A), IL-18 (B) and IL-6 (C), were evaluated by ELISA assay.
**P<0.01 compared with normal control (5.5 mM D-glucose). #*P<0.01 compared with HG.
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Figure 6. Effect of knockdown of CXCR3 on protein expression in podocytes with high glucose (35 mM) treatment. A,
B. Representative western blot and quantification of Nephrin, Podocin, Bcl-2, Bax and Caspase-3 expression in cul-
tured podocytes with HG (35 mM) for 48 h. *P<0.01, **P<0.01 compared with normal control (5.5 mM D-glucose).

#P<0.05, #P<0.01 compared with HG.

CXCR3 knockdown inhibits cell cycle arrest
and apoptosis in podocytes with HG treatment

Moreover, HG treatment led to a significant cell
cycle arrestat S and G2/M phases and increase
in cell apoptosis compared with normal control
as measured by flow cytometry, but CXCR3
siRNA significantly inhibited HG-induced cell
cycle arrestat S and G2/M phases and increase
in cell apoptosis (Figure 3A-D). These findings
indicated that CXCR3 was involved in the cell
apoptosis in podocyte injury promoted by HG.

CXCR3 knockdown increases AWm level and
decreases ROS generation in podocytes with
HG treatment

To investigate whether cell apoptosis was asso-
ciated with mitochondrial dysfunction, we ana-
lyzed AWm and ROS changes in podocytes. As
shown in Figure 4A-D, HG treatment significant-

8835

ly reduced the AWm level and increased the
ROS production in podocytes compared with
normal control, which was partially rescued by
CXCR3 knockdown. These data suggested that
HG induces cell apoptosis through the intrinsic
pathway.

CXCR3 knockdown inhibits inflammatory cy-
tokine production in podocytes with HG treat-
ment

To further investigate the role of CXCR3 on
podocyte inflammatory response, inflammatory
cytokines production was measured by ELISA.
As shown in Figure 5A-C, HG treatment
increased the production of TNF-¢, IL-6 and
IL-1B compared with normal control, which was
partially rescued by CXCR3 knockdown. These
findings indicated that CXCR3 was involved in
the inflammatory response in podocyte injury
promoted by HG.

Int J Clin Exp Pathol 2017;10(8):8829-8838
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Effect of CXCR3 knockdown on protein expres-
sion in podocytes with HG treatment

Nephrin and Podocin are the most important
components of slit membrane of podocytes
[16]. We verified the expression of Nephrin and
Podocin in podocytes by western blot assay. HG
significantly reduced the expression of Nephrin
and Podocin in podocytes, which were up-regu-
lated by CXCR3 knockdown (Figure 6A and 6B).
Meanwhile, HG treatment increased the expres-
sion of Bax and Caspase-3, two pro-apoptosis
proteins, while decreased level of the anti-
apoptosis protein Bcl-2 in podocytes. In addi-
tion, when CXCR3 was knockdown by siRNA,
the expression of Bax and Caspase-3 was
decreased, while expression of Bcl-2 increased
dramatically (Figure 6A and 6B). These data
suggested that CXCR3 plays a key role on
HG-induced podocytes apoptosis.

Discussion

The CXC chemokines, the important chemotac-
tic molecules that control leukocyte trafficking
and function, play an important role in several
additional biological functions, such as regula-
tion of lymphocyte development, expression of
adhesion molecules, cell proliferation, angio-
genesis, virus-target cell interactions, and in
various aspects of cancer [17, 18]. Our study is
the first evidence suggesting that CXCR3 con-
tributes to podocyte injury and the develop-
ment of DN. In the present study, the up-regula-
tion of CXCR3 expression was observed in
podocytes with DN induced by HG treatment
and associated with cell viability and apoptosis
of podocytes, ROS production, mitochondrial
membrane potential and inflammatory cyto-
kines release. In addition, our results showed
that gene silencing of CXCR3 significantly
decreased HG-induced podocytes injury in
vitro, and attenuated renal injury through, regu-
lating apoptosis factors, increasing Nephrin
and Podocin expression, and reducing proin-
flammatory cytokines production in podocytes.
It is significantly noted that CXCR3 takes a key
role in the onset and development of DN and
could be a potential target molecule in the regu-
lation of podocyte function.

CXCR3 has been detected in mesangial cells of
patients with IgA nephropathy, membranopro-
liferative glomerulonephritis, and rapidly pro-
gressive glomerulonephritis, indicating that
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CXCR3 might contribute to mesangial cell prolif-
eration in these diseases [12, 19]. A clinical
study has demonstrated that elevated blood
glucose level was the main risk factor in the
development of DN. High glucose was often
used as a stimulant to induce podocyte apopto-
sis in previous studies and the phenotype of
podocytes cultured in HG environments resem-
bles the phenotype of DN [20, 21]. Previous
studies conducted by other groups indicate
that abnormalities in podocyte structure and
function occur early in the course of DN [22].
Based on the results from this study and the
importance of podocytes in the pathogenesis
of DN, we focused on podocyte injury in this
study. In the present study, we treated the
mouse podocytes with different doses of HG
resulting in up-regulation of CXCR3 expression
and a decrease in cell viability of podocytes.
With the transfection of CXCR3 siRNA, cell via-
bility and the expression of two components of
slit membrane of podocytes, Podocin and
Nephrin, which suggested podocyte injury had
occurred, were markedly increased, compared
with the HG group. Moreover, our results sug-
gested that gene silencing of CXCR3 significant-
ly decreased HG-induced podocytes apoptosis
by increasing the protein levels of an anti-apop-
tosis protein (Bcl-2), and decreasing protein lev-
els of a proapoptosis protein (Bax) and the
apoptosis marker (cleaved Caspase-3).

Meanwhile, the pathogenesis of DN involves
numerous factors, such as oxidative stress and
inflammation [23], which are closely associated
with permeability changes in the glomerular fil-
tration barrier and proteinuria in DN [24]. We
also evaluated the level of oxidative stress
including intracellular ROS production in our
study. Mitochondria are not only a major source
of ROS, but also the main targets attacked by
ROS. ROS-mediated effects of HG have been
implicated in podocyte injury and apoptosis
[25]. Recent report also emphasized that
enhanced ROS formation is mediated by mito-
chondrial disturbances induced by dyslipid-
emia, along with a sustained activation of
NADDPH oxidase isoforms that play a crucial
role in different renal pathophysiological mech-
anisms [26, 27]. In the present study, gene
silencing of CXCR3 significantly inhibited
HG-induced decrease in mitochondrial mem-
brane potential and increase in ROS produc-
tion. Cytokines (TNF-q, IL-13 and IL-6) and che-
mokines (CXCL9 and CXCL10) are relevant to

Int J Clin Exp Pathol 2017;10(8):8829-8838
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the development of DN [28]. The present
results showed that HG induced cytokines pro-
duction in podocytes, which may be inhibited
by the gene silencing of CXCR3. It is indicated
that CXCR3 may be involved in the inflammato-
ry events in the development of DN with unclear
mechanism. Therefore, further study is needed
to investigate the pro-inflammatory effect of
CXCR3 on podocytes in DN.

In summary, the present study shows that HG
directly promotes podocyte apoptosis and up-
regulates CXCR3 expression in podocytes in
vitro. CXCR3 contributes to HG-induced podo-
cyte apoptosis via increasing ROS generation
and loss of mitochondrial membrane potential.
Thus, the CXCR3 may be a new candidate for
therapeutic targets to podocyte injury during
the progression of DN.
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