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Abstract. Diabetic nephropathy (DN) is a serious and one of 
the most common microvascular complications of diabetes. 
There is accumulating evidence to indicate that advanced 
glycation end products (AGEs), senescent macroprotein deriva-
tives formed at an accelerated rate under conditions of diabetes, 
play a role in DN. In this study, we found that the serum and 
urine levels of C-X-C motif chemokine ligand 9  (CXCL9) 
were significantly elevated in patients with DN compared 
with healthy controls. Based on an in vitro model of mouse 
podocyte injury, AGEs decreased the proliferation of podo-
cytes and increased the expression of CXCL9 and C-X-C motif 
chemokine receptor 3 (CXCR3), and promoted the activation of 
signal transducer and activator of transcription 3 (STAT3). The 
knockdown of CXCL9 by the transfection of mouse podoyctes 
with specific siRNA significantly increased the proliferation 
and decreased the apoptosis of the podoyctes. Moreover, 
the levels of inflammatory factors, such as tumor necrosis 
factor (TNF)‑α and interleukin (IL)‑6 were also decreased in 
the podoyctes transfected with siRNA-CXCL9, accompanied 
by the increased expression of nephrin and podocin, and 
decreased levels of Bax/Bcl-2 and activated caspase-3. The 
knockdown of CXCL9 also led to the inactivation of the Janus 
kinase 2 (JAK2)/STAT3 pathway. Importantly, the use of the 
JAK2 inhibitor, AG490, and valsartan (angiotensin II receptor 
antagonist) attenuated the injury induced to mouse podoyctes 
by AGEs. On the whole, and to the best of our knowledge, this 
study demonstrates for the first time that AGEs exert pro-apop-
totic and pro-inflammatory effects in mouse podoyctes through 

the CXCL9-mediated activation of the JAK2/STAT3 pathway. 
Thus, our data provide a potential therapeutic target for DN.

Introduction

As one of the most common causes of end-stage renal disease, 
diabetic nephropathy (DN) accounts for the disability and high 
mortality rate in patients with diabetes. The incidence of DN 
in patients with type 1 or 2 diabetes within 20-25 years of the 
onset of the disease is approximately 25-40% (1). Although 
the prevention and treatment of DN are attracting increasing 
attention from researchers, the current therapeutic options are 
far from satisfactory as the intensive therapy of blood glucose 
and pressure is often difficult to maintain and may increase 
the risk of hypoglycemia and/or hypotension in patients with 
diabetes (2). Therefore, the development of novel therapeutic 
strategies that may specifically target DN is urgently required.

Podocytes are one of the most important components of the 
glomerular filtration barrier which has specific cytobiological 
traits and physiological functions. It has been shown that the 
loss of podocytes is an early characteristic of DN that predicts 
its progressive course (3), and decreased nephrin expression is 
observed during the early stages of DN, playing an important 
role in accelerating the development of DN (4). DN has been 
reported to be an immunological renal disease; the pres-
ence of tumor necrosis factor-α (TNF-α), interleukin (IL)‑1β, 
IL-6, interferon-γ  (INF-γ) and monocyte-chemoattractant 
protein-1 (MCP-1) has been reported in patients with diabetes 
and in animal diabetic models (5-7). However, the exact role of 
podocytes in the inflammatory response has not yet been fully 
determined.

Various elements, including advanced glycation end 
products  (AGEs), reactive oxygen species  (ROS), protein 
kinase C (PKC) and the renin-angiotensin system (RAS), are 
considered to play a role in the development and progression 
of DN (8). AGE formation in the kidneys may contribute to 
the progressive alteration in the renal architecture and loss of 
renal function in patients, resulting in basement membrane 
thickening and mesangial expansion, hallmarks of DN (9). The 
activation of AGEs in podocytes leads to multiple pathophysi-
ological effects, including hypertrophy with cell cycle arrest 
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and apoptosis, altered migration and in the generation of pro-
inflammatory cytokines (10). Previous studies have reported 
that AGEs reduce podocyte adhesion via the upregulation of 
integrin-linked kinase (ILK) expression, which occurs partly 
through the activation of the RAS in podocytes (11). AGEs are 
also potent stimulators of chemokine production, including 
IL-8 [also known as C-X-C motif chemokine ligand (CXCL)8], 
MCP-1 (CCL2), INF-γ inducible protein 10 (IP-10/CXCL10), 
macrophage inflammatory protein-1α  (MIP-1α/CCL3) and 
RANTES (CCL5) (7). The downregulation of CXCL9 and its 
receptor, CXCR3, suppresses the loss of renal function and may 
be a potential therapeutic target for human immune‑mediated 
nephritis (12). However, the role of CXCL9 in AGE‑induced 
podocyte injury has not yet been reported to date, at least to the 
best of our kowledge.

The activation of the Janus kinase (JAK)/signal transducers 
and activators of transcription (STAT) pathway is an important 
mechanism through which hyperglycemia contributes to renal 
damage (13). Similarly, JAK/STAT activation has been reported 
in rat glomerular cells exposed to high glucose (14) and may be 
important in glomerular transforming growth factor-β (TGF-β) 
activation in early DN (15). Moreover, angiotensin-converting-
enzyme (ACE) inhibitors and angiotensin receptor blockers, 
including valsartan, which prevent the progression of DN, also 
prevent JAK/STAT activation in glomerular cells from diabetic 
rats (16).

In this study, we examined the effect of AGEs on the prolif-
eration and apoptosis of podocytes and on the expression of 
CXCL9 and the JAK2/STAT3 signaling pathway. We also inves-
tigated whether AGE-induced podocytes injury occurs through 
the CXCL9-mediated activation of the JAK2/STAT3 pathway.

Materials and methods

Patient samples. Serum and urine samples were obtained from 
45 patients with DN admitted to Tongji Hospital, Shanghai, 
China and subjects in the control group were 45  healthy 
volunteers. Ethical approval for the study was provided by the 
independent Ethics Committee of Tongji Hospital. Written 
informed consent was obtained from all participants in this 
study. All the experimental procedures were carried out in 
accordance with the Helsinki Declaration, 1975. 

Cell culture and treatment. Mouse podocytes were obtained 
from the Shanghai Cell Bank, Chinese Academy of Sciences 
(Shanghai, China) and cultured in RMPI-1640 supplemented 
with 10% fetal bovine serum (FBS), 100X penicillin‑strep-
tomycin solution and 10  U/ml IFN-γ, and incubated in a 
humidified atmosphere at 33˚C with 5%  CO2. Following 
proliferation to 80% confluence, the podocytes were cultured 
in the above-mentioned medium without 10 U/ml IFN-γ and 
incubated in a humidified atmosphere at 37˚C with 5% CO2 for 
10-14 days. To establish the injury model, the podocytes were 
seeded at 80% confluence in complete medium (Invitrogen 
Life Technologies, Carlsbad, CA, USA) containing 10% FBS. 
After 24 h, the medium was changed to serum-free medium 
with AGEs (10, 50, 100 and 150 mg/l) at the indicated time 
points, respectively. In addition to AGE (150 mg/l) induction, 
podocytes were also treated with 10 µM AG490 or 20 µM 
valsartan (as a positive control) for 48 h.

Cell proliferation assay. Mouse podocytes (1x103/well) were 
plated in 96-well plates. Following treatment with AGEs for 
12, 24, 48 and 72 h, 10% cell counting kit-8 (CCK-8, CK04; 
Dojindo Molecular Technologies, Kumamoto, Japan) diluted 
in serum-free RMPI-1640 was mixed in each well for a 
further 1 h. The absorption of each sample was measured at 
a 450 nm wavelength using a Labsystems MK3 microplate 
reader (Thermo Fisher Scientific, Inc., Rockford, IL, USA) to 
detect cell viability according to the manufacturer's instruc-
tions. Cells not treated with AGEs served as the control group.

Transfection with small interfering RNA (siRNA). siRNA 
targeting CXCL9 (siRNA-CXCL9; Sangon Biotech Co., Ltd., 
Shanghai, China) was used to knockdown CXCL9 mRNA 
expression. The cells were transfected with siRNA (40 nM) using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following 
the manufacturer's instructions. Non-specific siRNA (Sangon 
Biotech Co., Ltd.) was used as a negative control (NC), and the 
selective silencing of CXCL9 was confirmed by real-time PCR. 
The cells were analyzed at 48 h following transfection.

Cell apoptosis assay. The analysis of cell apoptosis was 
performed using flow cytometry and the Annexin V apoptosis 
detection kit (eBioscience, San Diego, CA, USA). Briefly, the 
mouse podocytes were plated in 6-well plates at a density of 
1x105 cells/well and incubated with 195 µl Annexin V and 5 µl 
propidium iodide (PI) for 15 min in the dark at 4˚C. The early 
apoptotic cells are represented in the lower right quadrant of 
the FACS histogram, and the late apoptotic cells, which were 
stained with FITC and PI, emit red-green fluorescence and are 
represented in the upper right quadrant of the FACS histogram.

Real-time PCR. Total RNA was extracted using TRIzol 
reagent (Invitrogen Life Technologies) according to the 
manufacturer's instructions. The complementary DNA was 
synthesized using a cDNA synthesis kit  (Thermo Fisher 
Scientific, Inc.). The conditions for cDNA synthesis were as 
follows: 37˚C for 60 min, followed by 85˚C for 5 min and 4˚C 
for 5 min. Real-time PCR was performed using SYBR‑Green 
(Takara Biotechnology Co., Ltd., Dalian, China) and data 
collection was conducted using an ABI 7500 Real-Time PCR 
system (Applied Biosystems Life Technologies, Foster City, 
CA, USA). Primers were list as follows: CXCL9 forward, 
5'-CACTTCGCTGCTATCTAATTGG-3' and reverse, 
5'-TAGGCACTGTGGAAGATTTAGG-3'; CXCR3 forward, 
5 ' -ACCAT TAC TGTG CC T TAG C-3 '  a nd  r eve r se, 
5'-TATTTGCCTCTCCCTCTTCTC-3'; STAT3 forward, 
5'-GACTCAAAGCCACCTCATTC-3' and reverse, 5'-GCCTT 
GCCTTCCTAAATACC-3'; and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) forward, 5'-ATCACTGCCA 
CCCAGAAG-3' and reverse, 5'-TCCACGACGGACACA 
TTG-3'. GAPDH was used an internal control for normalization. 
The real-time PCR cycling conditions were as follows: 95˚C 
for 10 min, followed by 40 cycles at 95˚C for 15 sec and 60˚C 
for 45 sec, and a final extension step of 95˚C for 15 sec, 60˚C 
for 1 min, 95˚C for 15 sec and 60˚C for 15 sec. Gene expression 
was calculated using the 2-ΔΔCt method.

Western blot analysis. Mouse podocytes were seeded 
at a density of 5x105  cells/well in 6-well plates, cultured 
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overnight and then treated with AGEs for 3 or 48 h. Total 
proteins were isolated from the mouse podocytes and were 
subjected to 12% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and electroblotted onto polyvi-
nylidene fluoride membranes (Roche Diagnostics, Mannheim, 
Germany). The membranes were first incubated with rabbit 
monoclonal anti-p-STAT3  (ab76315; 1:1,000; Abcam, 
Cambridge, MA, USA), anti-JAK2 (#3230; 1:1,000), anti-p-
JAK2 (#3771; 1:1,000) (both from Cell Signaling Technology, 
Danvers, MA, USA), podocin (ab181143; 1:10,000; Abcam) 
and anti-GAPDH (#5174; 1:1,500; Cell Signaling Technology) 
antibodies, and mouse monoclonal anti-STAT3  (ab119352; 
1:1,000) and anti-Bcl-2 (ab117115; 1:400) (both from Abcam) 
antibodies; as well as rabbit polyclonal anti-CXCL9 (sc-50302; 
1:500; Santa Cruz Biotechnology,  Inc., Dallas, TX, USA), 
anti‑CXCR3  (ab181013; 1:600; Abcam), anti-Bax  (sc-493; 
1:300; Santa  Cruz Biotechnology,  Inc.), anti-caspase-3 
(ab44976; 1:500) and anti-nephrin (ab58968; 1:500) antibodies 
(both from Abcam). The blots were then incubated with goat 
anti-mouse or anti-rabbit secondary antibodies (A0208 and 
A0216; 1:1,000; Beyotime Institute of Biotechnology, Haimen, 
China) and visualized using enhanced chemiluminescence 

(ECL; Thermo Fisher Scientific). GAPDH antibody was used 
as an internal control. The blotting bands were quantified using 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA).

Enzyme-linked immunosorbent assay (ELISA). The TNF-α, 
IL-6 and CXCL9 levels present in the mouse podocytes or 
in the serum and urine of patients with DN were determined 
using commercially available murine-specific sandwich 
ELISA kit following the manufacturer's instructions.

Statistical analysis. Data are expressed as the means ± SD of 
triplicate samples. All results were confirmed in at least 3 time-
independent experiments. Statistical analyses were performed 
using GraphPad Prism 5 software (GraphPad Software, Inc., 
La Jolla, CA, USA). Statistical analysis was performed using 
unpaired a two-tailed Student's t-test and one-way ANOVA 
tests. A value of P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

CXCL9 levels in the serum and urine of patients with DN. In 
order to examine the role of CXCL9 in DN, we first measured 
the levels of CXCL9 in both the serum and urine of patients 
with DN (n=45) and healthy controls  (n=45). The CXCL9 
concentration was significantly increased in the patients with 
DN compared with the healthy controls in both serum and 
urine (Fig. 1). Importantly, a higher concentration of CXCL9 
was observed in the serum than in urine. These results suggest 
that CXCL9 plays an important role in DN; thus CXCL9 was 
further investigated in subsequent experiments.

Treatment with AGEs inhibits the proliferation of podocytes. 
To further investigate the association of CXCL9 with DN, we 
established an in vitro DN model of mouse podocyte injury 
induced by AGEs. We found that AGEs at various concentra-
tions (10, 50, 100 and 150 mg/l) significantly inhibited the 
proliferation of mouse podocytes in a concentration- and 
time-dependent manner  (Fig. 2). After 72 h of incubation, 
the proliferation of podocytes treated with AGEs (10, 50, 100 
and 150 mg/l) was suppressed by 13.31±0.11%, 22.7±0.17%, 

Figure 1. CXCL9 levels in serum and urine of diabetic patients. CXCL9 levels in (A) serum and (B) urine of patients with diabetic nephropathy (DN) were 
measured by enzyme-linked immunosorbent assay (ELISA). ***P<0.001 vs. control (healthy subjects).

Figure 2. Effect of advanced glycation end products (AGEs) on the proliferation 
of podocytes. The proliferation of podocytes was measured by cell counting 
kit-8 (CCK-8) assay at the indicated time points. ***P<0.001 vs. control.
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43.8±0.25% and 54.6±0.41%, respectively. These findings 
indicated that treatment with AGEs inhibited the proliferation 
of podocytes in a concentration- and time-dependent manner.

Effect of AGEs on the expression of CXCL9 and CXCR3, 
and STAT3 activation. To examine the effects of AGEs on 
the expression of CXCL9 and its receptor, and STAT3 activa-
tion in vitro, real‑time PCR and western blot analysis were 
performed. The mRNA expression levels of CXCL9, CXCR3 
and STAT3 were increased in the podocytes treated with 
AGEs (10, 50, 100 and 150 mg/l) in a concentration-dependent 
manner compared with the controls (Fig. 3A-C). Similarly, the 
protein expression levels of CXCL9 and CXCR3 were increased, 
accompanied by the activation of STAT3; an increase in the 
levels of p-STAT3/STAT3 was observed in the AGE‑treated 
podocytes in a concentration-dependent manner compared 
with the controls (Fig. 3D-H). Thus, AGEs at 150 mg/l were 
therefore used in the subsequent experiments. These data 
demonstrate that increased levels of CXCL9 and CXCR3, and 

STAT3 activation may contribute to the AGE‑induced inhibi-
tion of podocyte proliferation.

Knockdown of CXCL9 increases the proliferation and inhibits 
the apoptosis of podocytes. In order to examine the effects of 
CXCL9 on podocytes in vitro, CXCCL9 was knocked down 
by siRNA in podocytes. The results revealed that transfection 
with siNRA-CXCL9 significantly decreased the expression of 
CXCL9 in the AGE‑treated podocytes at both the mRNA and 
protein level (Fig. 4A-C). In addition, the effects of CXCL9 on 
podocyte proliferation and apoptosis were also measured by 
CCK-8 assay and flow cytometry, respectively. Transfection 
with siNRA-CXCL9 significantly increased the proliferation 
and decreased the apoptosis of the AGE-treated podocytes 
compared with the cells treated with AGEs alone (Fig. 4D-F). 
However, the AGE‑treated podocytes transfected with non-
specific siRNA  (NC) exhibited no significant changes in 
CXCL9 expression, proliferation and apoptosis compared with 
the podocytes treated with AGEs alone. These results indicate 

Figure 3. Effect of advanced glycation end products (AGEs) on the expression of CXCL9 and CXCR3 and STAT3 activation. (A-C) The mRNA levels of CXCL9, 
CXCR3 and STAT3 were measured by real-time PCR. (D-H) The protein levels of CXCL9, CXCR3, p-STAT3 and STAT3 were measured by western blot 
analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. control.
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that CXCL9 is involved in the proliferation and apoptosis of 
AGE-treated mouse podocytes.

Knockdown of CXCL9 inhibits the release of the TNF-α and 
IL-6 inflammatory factors. We then measured the secretion 
levels of TNF-α and IL-6 in response to transfection with 
siRNA-CXCL9 in the AGE-treated podocytes. Following the 
transfection of the AGE-treated podocytes with siRNA‑CXCL9 

for 48 h, the secretion levels of TNF-α and IL-6 were signifi-
cantly decreased (Fig. 5). These findings thus suggest that the 
downregulation of CXCL9 exerts an anti-inflammatory effect 
in AGE-damaged podocytes.

Effect of CXCL9 knockdown on protein expression and JAK2/
STAT3 activation. Following transfection of the podocytes 
with siRNA-CXCL9 for 48 h, the expression levels of nephrin 
and podocin were significantly increased, while the Bax/Bcl-2 
ratio and activated caspase-3 (act-caspase-3) were significantly 
suppressed  (Fig. 6A and B). As we had found that STAT3 
was activated in the AGE-treated podocytes, the levels of 
STAT3 and upstream JAK2 signaling were also measured 
by western blot analysis in the podocytes transfected wtih 
siRNA-CXCL9. Our results revealed that siRNA-CXCL9 
significantly suppressed the activation of JAK2 and STAT3, as 
evidenced by decreased levels of p-JAK2/JAK2 and p-STAT3/
STAT3, in the AGE-treated podocytes transfected with siRNA-
CXCL9 (Fig. 6C and D). These results thus suggest that the 
protective effects against AGE-induced damage to podocytes 
exerted by the downregulation CXCL9 are partially associated 
with the inhibition of JAK2/STAT3 activation in podocytes.

AG490 and valsartan attenuate the AGE-induced apoptosis 
of podocytes. Considering the role of JAK2/STAT3 signaling 
in AGE-induced damage to podocytes, the JAK2 inhibitor, 
AG490, was used. Valsartan, an angiotensin II receptor antago-
nist, has long been proven to exert an anti-proteinuria effect 

Figure 5. Effect of CXCL9 knockdown on the release of tumor necrosis 
factor-α (TNF-α) and interleukin-6 (IL-6). The levels of (A) TNF-α and 
(B) IL-6 were measured by enzyme-linked immunosorbent assay (ELISA). 
***P<0.001 vs. AGE.

Figure 4. Effect of CXCL9 knockdown on the proliferation and apoptosis of podocytes. (A) The mRNA level of CXCL9 was measured by real-time PCR. 
(B and C) The protein level of CXCL9 was measured by western blot analysis. (D) The proliferation of podocytes was measured by cell counting kit-8 (CCK-8) 
assay at the indicated time points. (E and F) The apoptosis of podocytes was measured by flow cytometry. ***P<0.001 vs. AGE.



YU et al:  AGEs ACTIVATE THE JAK2/STAT3 SIGNALING PATHWAY1190

and to decrease podocytes damage in DN (37). Therefore, with 
valsartan as a control, we observed that following treatment 
of the podocytes with AGEs for 48 h, the apoptotic rate was 
significantly increased. However, treatment with AG490 and 
valsartan markedly attenuated the apoptosis of the podocytes 
induced by treatment with AGEs  (Fig.  7). These findings 
suggest that the activation of JAK2/STAT3 is implicated in 
AGE-induced podocyte apoptosis.

Effect of AG490 and valsartan on JAK2/STAT3 activation 
and protein expression. To investigate the role of AG490 in 
the apoptosis of podocytes induced by AGEs, the expres-
sion of CXCL9, Bax/Bcl-2 and activated caspase-3, as well 

as JAK2/STAT3 signaling was measured by western blot 
analysis. Following treatment of the podocytes with AGEs, 
the promoting effect of AGEs on JAK2 and STAT3 signaling 
in podocytes was markedly attenuated by treatment with 
AG490 and valsartan (Fig. 8A and B). The expression levels 
of CXCL9, Bax/Bcl-2 and activated caspase-3 were signifi-
cantly increased following treatment with AGE; however, 
treatment with AG490 and valsartan markedly attenuated the 
overexpression of CXCL9, Bax/Bcl-2 and activated caspase-3 
induced by AGE treatment (Fig. 8C and D). These results 
indicate that the AGE-induced apoptosis of podocytes is 
associated with the CXCL9-mediated activation of JAK2/
STAT3 signaling.

Figure 6. Effect of CXCL9 knockdown on protein expression and Janus kinase-2/signal transducer and activator of transcription 3 (JAK2/STAT3) activation. 
(A and B) The protein expression levels of podocyte markers and apoptosis-associated proteins were measured by western blot analysis. (C and D) The activation 
of JAK2 and STAT3 was measured by western blot analysis. lane a, AGE; lane b, AGE + NC; lane c, AGE + siRNA-CXCL9. **P<0.01 and ***P<0.001 vs. AGE.

Figure 7. Effect of AG490 and valsartan on the apoptosis of podocytes. The apoptosis of podocytes was measured by flow cytometry. ***P<0.001 vs. control; 
###P<0.001 vs. advanced glycation end products (AGEs).



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  40:  1185-1193,  2017 1191

Discussion

CXC chemokines are particularly important for leukocyte infil-
tration in inflammatory diseases. It has been demonstrated that 
inflammation is one of the potential pathogenic mechanisms 
responsible for the development of DN (17). However, to date, 
there are limited data available on inflammation related to 
CXC chemokines in human DN. In this study, we measured 
the serum and urine levels of the CXC chemokine, CXCL9, 
in 45 patients wth DN and 45 healthy controls by ELISA. The 
serum and urine levels of CXCL9 in the patients with DN were 
significantly elevated compared with those in the controls. In 
agreement with our findings, a previous study found that the 
levels of 3 CXC chemokines, CXCL5, CXCL8 and CXCL9, 
were significantly increased in the urine and serum of patients 
with DN (18). These results suggest CXCL9 may be involved in 
the progression of DN.

In patients with type  1 and 2 diabetes, the serum and 
tissue levels of AGEs have been shown to be significantly 
increased compared with the healthy control subjects (19), and 
the tissue levels of AGEs in diabetic renal disease have been 
shown to be twice those of patients with only diabetes and no 
renal disease (20), suggesting that AGEs are responsible for 
the progression of DN. A reduction in podocyte density is an 
important determinant of progressive DN and precedes the 
development of renal dysfunction and albuminuria in diabetic 
patients and in animal models of diabetes (21,22). Chen et al (23) 
reported that AGEs induced podocytes apoptosis in a dose-
dependent manner and Chuang et al (24) showed that AGEs 
activated FOXO4, leading to the apoptosis of podocytes, which 
was similar to our findings in that AGEs inhibited the prolifera-
tion of mouse podocytes in a dose- and time-dependent manner.

Accumulating evidence from animal models supports 
the notion that CXCL9 and its receptor, CXCR3, which is 
highly expressed in Th1 CD4+ cells, play a critical role in the 
recruitment of T cells, macrophages and dendritic cells during 
the development of chronic renal injury (25). An increase in 
CXCL9 protein levels was detected in streptozotocin-injected 
mice and showed its pronociceptive properties (26). Activated 
and resting CXCR3 macrophages express CXCR3 during 
kidney disease and are therefore central to inducing renal 
injury (12). In the present study, we found that CXCL9, as well 
as CXCR3, was significantly increased in response to AGEs in 
podocytes in a dose-dependent manner. Furthermore, STAT3 
signaling was also activated by AGE treatment. After binding 
to their receptors, CXCL9 activates JAKs, which in turn leads 
to the tyrosine phosphorylation of STAT3 (27). Previous studies 
have reported that the increased expression of STAT3 reduces 
the IFN-α induction of CXCL9 mRNA in myeloid cells (28); 
in vitro, in human bronchial epithelial cells, IL-13 augmented 
IL-27-induced CXCL9 expression, which appeared to be due 
to augmented STAT1 activation and reduced STAT3 activa-
tion (29). The different stimulators, including AGEs, IL-27 and 
IFN-α may interpret the contradictory findings.

In this study, to further investigate the role of CXCL9 in 
AGE-induced podocyte damage, siRNA-CXCL9 was used 
to transfected into the podocytes. We found that CXCL9 
downregulation significantly increased the proliferation and 
decreased the apoptosis of podocytes, and decreased the 
levels of the inflammatory factors, TNF-α and IL-6. In line 
with the experimental data, patients with type 2 diabetes have 
3-4-fold greater serum levels of TNF-α compared with non-
diabetic patients, and that urinary TNF-α excretion correlates 
well with the clinical markers of DN and the progression 

Figure 8. Effect of AG490 and valsartan on protein expression and Janus kinase-2/signal transducers and activator of transcription 3 (JAK2/STAT3) activation. 
(A and B) The activation of JAK2 and STAT3 was measured by western blot analysis. (C and D) The protein expression levels of CXCL9 and apoptosis-associated 
proteins were measured by western blot analysis. lane a, control; lane b, AGE; lane c, AGE + AG490; lane d, AGE + Valsartan. ***P<0.001 vs. control; #P<0.05, 
##P<0.01 and ###P<0.001 vs. advanced glycation end products (AGEs).
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of the disease  (30). Experimental studies have indicated 
that IL-6 overexpression in diabetic kidneys correlates with 
kidney hypertrophy and albumin excretion (31,32). Nephrin 
and podocin are two recently discovered podocyte-specific 
proteins, pivotal in establishing podocyte slit membrane struc-
ture and in the maintenance of an intact filtration barrier (33). 
In the present study, nephrin and podocin expression levels 
were markedly increased following transfection of the AGEs-
treated podocytes with siRNA-CXCL9.x

Furthermore, the apoptosis-associated protein expression 
of Bax/Bcl-2 and activated caspase-3 was decreased, which 
is consistent with our apoptosis analysis measured by flow 
cytometry. In the present study, siRNA-CXCL9 triggered an 
effect opposite to that of the AGEs, whereby JAK2 and STAT3 
activation was significantly suppressed in podocytes. Similar 
data by other investigators have indicated that increases in 
JAK2 and STAT3 gene expression occur in patients with DN 
compared with healthy controls (34). Lu et al (35) reported 
a mouse with reduced capacity of STAT3 activation showing 
less proteinuria, macrophage infiltration and inflammation 
at an early stage of DN. Total glucosides of paeony (TGP) 
significantly inhibited DN progression and these protective 
effects are associated with the ability of TGP to inhibit the 
JAK2/STAT3 pathway (13). AG490, a JAK2 specific inhibitor, 
was used in this study to determine the role of JAK2/STAT3 
signaling in AGE-induced podocyte damage. Our results 
revealed that AG490 significantly inhibited JAK2 and STAT3 
activation and the apoptosis of podocytes and the expression of 
CXCL9, Bax/Bcl-2, and activated caspase-3. Podocyte STAT3 
activation can result in more severe nephropathy independent 
of upstream JAK signaling, or at least in changes in upstream 
JAK signaling. Thus, the activation of JAK2 and STAT3 in 
podocytes is important in the pathogenesis of DN (36). In 
addition, valsartan has been shown to exert protective effects 
against the progression of DN  (37) and exerts a similar 
effect as AG490, suggesting that JAK2/STAT3 signaling is 
also implicated in the protective effects of valsartan against 
AGE-induced podocyte damage.

In conclusion, our study demonstrated that CXCL9 synthesis 
was upregulated in patients with DN and in AGE-treated 
mouse podocytes, and both CXCL9 downregulation and JAK2 
inhibitor treatment significantly inhibited the decrease in 
proliferation and apoptosis induced by AGEs, as well as inflam-
matory factor secretion and JAK2/STAT3 activation. Our data 
may aid in the understanding of the multifactorial nature of 
DN, and suggest that CXCL9 may be a novel therapeutic target 
in the treatment of DN.
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