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Polydatin attenuates renal fibrosis in diabetic mice through
regulating the Cx32-Nox4 signaling pathway
Zhi-quan Chen1,2,3, Xiao-hong Sun1, Xue-juan Li4, Zhan-chi Xu2, Yan Yang1, Ze-yuan Lin1, Hai-ming Xiao1, Meng Zhang1,
Shi-jian Quan2 and He-qing Huang1,2

We previously found that polydatin could attenuate renal oxidative stress in diabetic mice and improve renal fibrosis. Recent
evidence shows that NADPH oxidase 4 (Nox4)-derived reactive oxygen species (ROS) contribute to inflammatory and fibrotic
processes in diabetic kidneys. In this study we investigated whether polydatin attenuated renal fibrosis by regulating Nox4 in vitro
and in vivo. In high glucose-treated rat glomerular mesangial cells, polydatin significantly decreased the protein levels of Nox4 by
promoting its K48-linked polyubiquitination, thus inhibited the production of ROS, and eventually decreasing the expression of
fibronectin (FN) and intercellular adhesion molecule-1 (ICAM-1), the main factors that exacerbate diabetic renal fibrosis.
Overexpression of Nox4 abolished the inhibitory effects of polydatin on FN and ICAM-1 expression. In addition, the expression of
Connexin32 (Cx32) was significantly decreased, which was restored by polydatin treatment. Cx32 interacted with Nox4 and reduced
its protein levels. Knockdown of Cx32 abolished the inhibitory effects of polydatin on the expression of FN and ICAM-1. In the
kidneys of streptozocin-induced diabetic mice, administration of polydatin (100 mg·kg−1·d−1, ig, 6 days a week for 12 weeks)
increased Cx32 expression and reduced Nox4 expression, decreased renal oxidative stress levels and the expression of fibrotic
factors, eventually attenuating renal injury and fibrosis. In conclusion, polydatin promotes K48-linked polyubiquitination and
degradation of Nox4 by restoring Cx32 expression, thereby decreasing renal oxidative stress levels and ultimately ameliorating the
pathological progress of diabetic renal fibrosis. Thus, polydatin reduces renal oxidative stress levels and attenuates diabetic renal
fibrosis through regulating the Cx32-Nox4 signaling pathway.
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INTRODUCTION
Diabetic nephropathy (DN) is one of the most serious micro-
vascular complications of diabetes [1]. Currently, there is still a
lack of clinically effective drugs for DN. Therapeutic strategies
for DN mainly consist of antihypertensive and antihyperlipi-
demic measures [2]. Therefore, it is extremely important to
deeply investigate the pathogenesis of DN and its effective
therapeutic drugs.
It is believed that hyperglycemia causes excessive production of

reactive oxygen species (ROS) by damaging the mitochondrial
electron transport chain, resulting in oxidative stress, which is one of
the main causes of DN [3, 4]. Oxidative stress promotes the formation
of advanced glycation end products (AGEs) and the production of
proinflammatory and fibrotic factors, resulting in mesangial cell
proliferation and accumulation of mesangial matrix [3].
NADPH oxidase 4 (Nox4), a constitutively active Nox, plays an

important role in DN [5] and is believed to be the main source of
ROS in diabetic kidneys [6]. High glucose (HG)-induced ROS
overproduction through upregulation of Nox4 contributes to
inflammatory and fibrotic processes in the kidneys [7, 8]. Studies

suggest that the protein level of Nox4 is relevant to K48-linked
ubiquitination and subsequent degradation [9, 10].
Connexin32 (Cx32), a gap junction protein, is widely expressed in

the liver, the kidney, and myocardial tissue [11] and exerts many
pharmacological activities; for example, it regulates cell proliferation,
apoptosis, transcription, tumors, and liver injury [12, 13]. Recently,
studies have shown that Cx32 has an inhibitory effect on oxidative
stress during liver injury [13, 14]. Cx32 is downregulated in the
diabetic perineurium and chronic liver diseases [14, 15]. In addition,
Cx32 reduces the expression and secretion of renin [16], which
regulates the expression of TGF-β1 in glomerular messangial cells
(GMCs), thereby aggravating DN lesions [17]. Furthermore, we
recently demonstrated that Cx32 ameliorates renal fibrosis in
diabetic mice by promoting K48-linked Nox4 polyubiquitination
and degradation [18].
Polydatin (PD), the glycoside form of resveratrol, is an active

ingredient isolated from Polygonum cuspidatum Sieb. et. Zucc [19].
Polydatin exerts many pharmacological activities; for example,
it inhibits inflammation, oxidative stress, and apoptosis, and
improves glucose and lipid metabolism [20, 21]. Moreover, our
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previous studies showed that polydatin can inhibit renal oxidative
stress and improve diabetic renal fibrosis [22, 23].
Nevertheless, the role of polydatin in diabetic renal fibrosis and

the specific molecular mechanism of its regulatory effects on
oxidative stress remain to be elucidated. In the present study, we
aimed to investigate whether polydatin exerts effects against
oxidative stress and protects against kidney injury by targeting the
Cx32-Nox4 signaling pathway.

MATERIALS AND METHODS
Reagents and antibodies
Polydatin for use in animal experiments was obtained from Zelang
(purity > 98.0%, HPLC; Jiangsu, China), and polydatin for use in cell
experiments was obtained from Chuangwei (Beijing, China).
Penicillin, streptomycin, and STZ were purchased from Sigma-
Aldrich Corporation (Missouri, USA). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), MitoSOXTM Red,
RNAiMAX, and Lipofectamine® LTX and Plus reagents were
acquired from Life Technologies (New York, USA). MG132 was
purchased from Selleck Chemicals (Texas, USA). The total Super-
oxide Dismutase (SOD) Assay Kit with WST-8 and Lipid Peroxida-
tion MDA Assay Kit were purchased from Beyotime (Jiangsu,
China). Enhanced chemiluminescence substrate for the detection
of horseradish peroxidase (HRP) was obtained from Thermo Fisher
Scientific, Inc. (Illinois, USA). The following plasmids were obtained
from Addgene (Massachusetts, USA): mEmerald-Cx32-7, mEmer-
ald-N1, pcDNA3.1-hNox4, pcDNA3.1, and pRK5-HA-Ub-K48.
Antibodies against FN (catalog no. 15613-1-AP), ICAM-1 (catalog

no.10020-1-AP), PAI-1 (catalog no. P13801-1-AP) and Nox4
(catalog no. 14347-1-AP) were purchased from Proteintech Group
(Illinois, USA); an α-tubulin antibody (catalog no. T8203) was
purchased from Sigma-Aldrich Corporation; Cx32 (catalog no.
ab66613), Col-IV (catalog no. ab6586) and CTGF (catalog no.
ab6992) antibodies were obtained from Abcam (Massachusetts,
USA); a Cx32 antibody (catalog no.NBP2-53381) was purchased
from Bio-Techne (Minnesota, USA); TGF-β (catalog no. 3711) and
ubiquitin (catalog no. P4D1) antibodies were obtained from Cell
Signaling Technology (Massachusetts, USA); and horseradish
peroxidase-conjugated secondary antibodies were obtained
from Promega Corporation (Wisconsin, USA). Alexa Fluor® 488-
conjugated goat anti-rabbit IgG (catalog no. A-11008) and Alexa
Fluor® 594-conjugated goat anti-mouse IgG (catalog no. A32742)
were purchased from Thermo Fisher Scientific (Illinois, USA).

Primary rat mesangial cell culture
Primary GMCs were isolated from glomeruli cortex fragments from
young Sprague–Dawley rats (male, weighing 150–180 g) using a
previously described protocol [24].

MTT assay
GMCs were seeded in 96-well plates, and 100 μL of DMEM was
added to each well. At 70%–80% confluence, the cells were
treated with different concentrations of polydatin (5, 10, 20, 40, 80,
or 160 μM) for 24 h. Then, 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT, 5 mg/mL, Sigma-Aldrich
Corporation) was added to each well to obtain a final concentra-
tion of 0.5 mg/mL, and the cells were incubated at 37 °C for 4 h.
The medium was carefully discarded, 200 μL of DMSO was
added to dissolve the formazan crystals, and the absorbance
was measured at 490 nm using a microplate reader (Bio-Tek,
Vermont, USA).

Transfection of plasmids, short hairpin RNAs and small interfering
RNAs
Plasmids and RNAs were transfected into GMCs as previously
described [18]. Three short hairpin RNAs (shRNAs) targeting
Nox4 and a small interfering RNA (siRNA) targeting Cx32 were

synthesized by Genechem (Shanghai, China). The sequences of
Nox4 and Cx32 were previously reported [18]. After further
treatment, the cells were harvested, and Western blot analysis was
performed.

Western blot analysis
Western blot analysis was performed as previously described [25].

Immunofluorescence staining
Immunofluorescence was performed as previously described [18].

Immunoprecipitation assay
Immunoprecipitation assays were performed as previously
described [18].

Detection of intracellular superoxide and H2O2 levels
The fluorescent probe dihydroethidium (DHE, Beyotime, Jiangsu,
China) was used according to the instructions to detect intracellular
superoxide levels. Cells were washed twice with PBS and then
loaded with DHE (10 µm) in fresh DMEM for 30min at 37 °C.
Mitochondrial superoxide formation was detected by incubating
cells in the dark with MitoSOX Red dye (5 µm) for 30min at 37 °C.
The fluorescence was then quantified, and images were collected
with the ArrayScan VTI 600 Plus system. In addition, the H2O2 levels
in GMCs were measured using a hydrogen peroxide detection kit
according to the instructions.

Measurement of mitochondrial superoxide production
Mitochondrial superoxide levels were detected by live-cell
imaging using MitoSOX Red as previously described [18].

Animals and treatment
All animal care and experimental procedures complied with the
Guide for the Care and Use of Laboratory Animals (NIH Publication
No. 85-23, revised 1996), were in line with the China Animal
Welfare Legislation, and were approved by the Ethics Committee
on the Care and Use of Laboratory Animals of Sun Yat-sen
University, Guangzhou, China. In addition, the protocol was
approved by the IACUC (approval no. IACUC-DB-17-2017).
C57BL/6 mice (male, 6–8-week old, weighing 20 ± 2 g, specific

pathogen-free (SPF) grade) were obtained from the Laboratory
Animal Centre, Sun Yat-sen University (Guangdong, China). All
animals were housed under specific pathogen-free conditions and
in a temperature-controlled (20–25 °C) and humidity-controlled
(40%-70%) barrier system with a 12-h:12-h light and dark cycle.
Diabetes was induced in mice as previously described [22].

Polydatin was dissolved in 0.5% (w/v) CMC-Na. Diabetic mice
were randomly divided into two groups (n= 10 in each group)
and were administered polydatin (100 mg/kg) or an equal
volume of 0.5% (w/v) CMC-Na by gavage. The mice were treated
with polydatin daily between 9:30 and 10:30 6 days a week for
12 weeks. Fasting blood glucose (FBG) levels were detected
once a week with a one-touch glucometer (Johnson, New Jersey,
USA). At the termination of the experiment, the mice were
placed in metabolic cages overnight to collect urine. The next
day, the body weight of each mouse was recorded, the mice
were anesthetized, and blood samples were obtained. Finally,
the animals were killed by cervical dislocation, and both kidneys
were quickly removed and weighed.

Statistical analysis
Data analysis was performed in a blinded manner using GraphPad
Prism 5.0. The values are expressed as the mean ± SD. Unpaired
Student’s t-test was used to compare two groups. For multiple
comparisons, the data were analyzed by one-way ANOVA with
post hoc multiple comparisons. P < 0.05 was considered to be
statistically significant. Independent experiments were performed
at least three times with similar results.
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RESULTS
Polydatin inhibits the expression of FN and ICAM-1 by reducing
the production of superoxide and H2O2 in HG-exposed GMCs
The deposition of extracellular matrix proteins such as FN in the
glomerular mesangial area and the secretion of ICAM-1 are the
main factors that exacerbate diabetic renal fibrosis [26–28].

Therefore, inhibiting the upregulation of FN and ICAM-1 induced
by HG in GMCs is of great significance to prevent and treat DN.
Western blot analysis was performed to examine the effects of HG
treatment for different lengths of time on the expression of FN
and ICAM-1. The results showed that treatment with HG (30mM)
for 24 h significantly increased the expression of FN (Fig. 1a) and

Fig. 1 Polydatin inhibits the expression of FN and ICAM-1 by reducing the production of superoxide and H2O2 in HG-exposed GMCs.
a, bWestern blot analysis was performed to examine the effects of HG (30mM) exposed for different amounts of time on the expression of FN
and ICAM-1; #P < 0.05, ##P < 0.01 vs. 0 h. c GMCs cultured in normal glucose (NG, 5.5 mM) were treated with different concentrations of
polydatin for 24 h. Polydatin had no toxic effects on GMCs when the concentration was less than 80 μM, as revealed by the MTT assay; #P <
0.05, ##P < 0.01 vs. control. d, e After pretreatment with different concentrations of polydatin (10, 20, or 40 μM) for 2 h, GMCs were exposed to
HG (30mM) for 24 h in the presence or absence of polydatin. At concentrations of 20 and 40 μM, polydatin decreased the expression of FN
and ICAM-1 in HG-exposed GMCs; #P < 0.05, ##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. HG. f–h After pretreatment with different
concentrations of polydatin (10, 20 or 40 μM) for 2 h, GMCs were exposed to HG (30mM) for 12 h in the presence or absence of polydatin. A
hydrogen peroxide detection kit, DHE, and MitoSOX Red were used to detect the levels of hydrogen peroxide, superoxide, and mitochondrial
superoxide, respectively, in GMCs; ##P < 0.01 vs. control; *P < 0.05, **P < 0.01 vs. HG. HG high glucose, PD polydatin, control represents the
group exposed to normal glucose (NG, 5.5 mM). The above experiments were performed at least three times with similar results.
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ICAM-1 (Fig. 1b) in GMCs. Thus, HG (30 mM) treatment for 24 h was
used for subsequent experiments. As shown in Fig. 1c, the MTT
assay revealed that polydatin showed no toxic effects on GMCs
when the concentration was less than 80 μM. Therefore, polydatin
was used at concentrations of 10, 20, and 40 μM for subsequent
experiments. At concentrations of 20 and 40 μM, polydatin
significantly reduced the expression of FN (Fig. 1d) and ICAM-1
(Fig. 1e) in HG-exposed GMCs.
A growing body of evidence suggests that polydatin has a

significant inhibitory effect on oxidative stress [29–31]. Thus, we
used a hydrogen peroxide detection kit, DHE and MitoSOX Red to
detect the levels of hydrogen peroxide (H2O2), superoxide and
mitochondrial superoxide, respectively, in GMCs. We found that
polydatin significantly reduced the excessive production of H2O2

(Fig. 1f), superoxide (Fig. 1g), and mitochondrial superoxide
(Fig. 1h) in HG-exposed GMCs.

Nox4 is involved in the regulation of FN and ICAM-1 expression by
polydatin in HG-exposed GMCs
Studies have shown that oxidative stress plays a key role in the
pathological progression of DN [32]. Our previous studies and
others have shown that polydatin has a significant antioxidant

protective effect in DN [22, 33]. Nevertheless, the exact role of
polydatin in diabetic renal fibrosis and the specific molecular
mechanism of its regulatory effects on oxidative stress remain to
be elucidated. Although there are many sources of ROS in cells
and tissues, such as xanthine oxidase (XO) and the synthesis of
uncoupled nitric oxide (NOSs), the main sources of ROS in
the diabetic kidneys are the mitochondrial electron transport
chain and NADPH oxidases, especially Nox4 [6, 8]. Consistent
with previously reported results [34], we found that the
expression of Nox4 was obviously increased under HG condi-
tions (Fig. 2a). Western blot analysis was performed to analyze
the effects of three Nox4-targeting shRNAs on Nox4 protein
levels. The results showed that all three shRNAs significantly
decreased the protein levels of Nox4 and that shRNA-4 had the
most robust effect (Fig. 2b). Thus, shRNA-4, which targeted
Nox4, was used for subsequent experiments. Next, GMCs were
transfected with the Nox4 shRNA-4 under HG conditions.
Compared with HG exposure, Nox4 depletion reduced the
expression of FN and ICAM-1 (Fig. 2c, d) in GMCs. Importantly,
polydatin significantly reduced Nox4 protein levels in HG-
exposed GMCs (Fig. 2e). Furthermore, the downregulation of
FN and ICAM-1 expression by polydatin was blocked by Nox4

Fig. 2 Nox4 is involved in the regulation of FN and ICAM-1 expression by polydatin in HG-exposed GMCs. a The expression of Nox4 was
obviously increased under HG (30mM) conditions; #P < 0.05 vs. 0 h. b Western blot analysis was performed to analyze the effects of three
Nox4-targeting shRNAs on the protein levels of Nox4, ##P < 0.01 vs. control. c, d Compared with the HG treatment (30mM, 24 h), Nox4
depletion reduced the expression of FN and ICAM-1 in GMCs; #P < 0.05, ##P < 0.01 vs. NG; *P < 0.05, **P < 0.01 vs. HG. e Polydatin significantly
reduced Nox4 protein levels in GMCs exposed to HG for 12 h; ##P < 0.01 vs. NG; *P < 0.05, **P < 0.01 vs. HG. f The ability of polydatin (20 μM) to
downregulate FN and ICAM-1 was blocked by Nox4 overexpression in GMCs exposed to HG for 24 h; #P < 0.05, ##P < 0.01 vs. NG; *P < 0.05 vs.
HG; $P < 0.05, $$P < 0.01 vs. HG+ PD. HG high glucose, Ctrl control, NC negative control, NG normal glucose, PD polydatin. The above
experiments were performed at least three times with similar results.
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overexpression (Fig. 2f), indicating that polydatin may reduce
the overproduction of ROS in GMCs by decreasing the protein
levels of Nox4, thereby inhibiting the upregulation of FN and
ICAM-1 expression.

Cx32 mediates the regulation of Nox4 expression by polydatin in
HG-exposed GMCs
To determine whether Cx32 mediates the regulation of Nox4
expression by polydatin, we initially investigated the role of Cx32
in renal fibrosis. As shown in Fig. 3a, the expression of Cx32 was
downregulated in GMCs by HG treatment for 3 h. We observed
that transfection of the Cx32 plasmid into HG-exposed GMCs
reduced the expression of FN and ICAM-1 by restoring Cx32
protein levels (Fig. 3b, c). Concurrently, we found that polydatin
increased the expression of Cx32 in a dose-dependent manner in
HG-exposed GMCs (Fig. 3d). Furthermore, depletion of Cx32 in
GMCs under HG conditions abolished the ability of polydatin to
downregulate FN and ICAM-1 expression (Fig. 3e) as well as the
effect of polydatin on Nox4 (Fig. 3f), suggesting that Cx32 at least
partially mediates the regulation of Nox4 expression by poly-
datinin in HG-exposed GMCs.

Cx32 interacts with Nox4 and inhibits its expression in GMCs
To further investigate the relationship between Cx32 and Nox4,
we performed immunofluorescence analysis to identify the
subcellular distribution of both Cx32 and Nox4 in GMCs. We
observed that Cx32 (red) colocalized with Nox4 (green) in GMCs
under normal conditions (Fig. 4a), providing spatial potential for
interactions between Cx32 and Nox4. Importantly, the immuno-
precipitation results revealed that Cx32 indeed interacted with
Nox4 in GMCs under normal conditions (Fig. 4b). Transfection of
the Cx32 plasmid into GMCs under HG conditions downregulated
the expression of Nox4 by restoring Cx32 protein levels (Fig. 4c).
Meanwhile, transfection of Cx32 siRNA into GMCs under HG
conditions further promoted Nox4 expression by reducing the
protein levels of Cx32 (Fig. 4d).

Polydatin promotes K48-linked polyubiquitination of Nox4 by
Cx32 in HG-exposed GMCs
Considering that Nox4 is a continuously activated oxidase, its
protein levels are closely related to K48-linked polyubiquitination
and subsequent degradation [9, 10, 35]; therefore, we assessed
whether polydatin reduces the expression of Nox4 by regulating

Fig. 3 Cx32 mediates the regulation of Nox4 expression by polydatin in HG-exposed GMCs. a The expression of Cx32 was downregulated
in GMCs after exposure to HG (30 mM) for 3 h; #P < 0.05 vs. 0 h. b, c We observed that the transfection of the Cx32 plasmid into HG-exposed
GMCs reduced the expression of FN and ICAM-1 by restoring Cx32 protein levels; #P < 0.05, ##P < 0.01 vs. NG; *P < 0.05, **P < 0.01 vs. HG.
d After pretreatment with different concentrations of polydatin (10, 20, or 40 μM) for 2 h, GMCs were exposed to HG (30mM) for 3 h in the
presence or absence of polydatin. Polydatin increased the expression of Cx32 in a dose-dependent manner in GMCs exposed to HG; ##P < 0.01
vs. control; *P < 0.05, **P < 0.01 vs. HG. e, f After pretreatment with polydatin (20 μM) for 2 h, GMCs were treated with HG (30 mM) for 24 h in
the presence or absence of polydatin. Depletion of Cx32 abolished the ability of polydatin to downregulate FN and ICAM-1 expression as well
as the effect of polydatin on Nox4 in GMCs exposed to HG conditions; ##P < 0.01 vs. NG; *P < 0.05, **P < 0.01 vs. HG; $P < 0.05, $$P < 0.01 vs. HG
+ PD. HG high glucose, NG normal glucose, PD polydatin. The above experiments were performed at least three times with similar results.
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its K48-linked polyubiquitination. We observed that compared
with control treatment, HG treatment for 12 h reduced the K48-
linked polyubiquitination of Nox4 in GMCs, and this effect was
reversed by polydatin treatment (Fig. 5a). Interestingly, we found
that depletion of Cx32 under HG conditions abolished the effects
of polydatin on the K48-linked polyubiquitination of Nox4 (Fig. 5b).
Combined, these data suggest that polydatin may promote K48-
linked polyubiquitination of Nox4 by Cx32, thereby reducing Nox4
protein levels.

Polydatin improves renal dysfunction and fibrosis in diabetic mice
by restoring Cx32 expression and reducing Nox4 expression in the
kidneys of diabetic mice
In vitro experiments have confirmed that polydatin can reduce
the overproduction of ROS in HG-exposed GMCs by decreasing
the expression of Nox4 and restoring the expression of Cx32,
thus retarding the expression of FN and ICAM-1. To validate the
findings we observed in vitro, we utilized the STZ-induced
diabetic mouse model to investigate the effects of polydatin on

Fig. 4 a Immunofluorescence analysis was performed to identify the subcellular distribution of both Cx32 and Nox4 in GMCs. Red
fluorescence indicates the localization of Cx32. Green fluorescence indicates Nox4. Blue fluorescence indicates nuclei. b Cx32 interacted with
Nox4 in GMCs. c Transfection of the Cx32 plasmid into GMCs under HG conditions downregulated the expression of Nox4 by restoring Cx32
protein levels; #P < 0.05, ##P < 0.01 vs. NG; *P < 0.05 vs. HG. d Transfection of Cx32 siRNA into GMCs under HG conditions further promoted
Nox4 expression by reducing the protein levels of Cx32; ##P < 0.01 vs. NG; *P < 0.05, **P < 0.01 vs. HG. IP immunoprecipitation, HG high
glucose, NG normal glucose, NC negative control. The above experiments were performed at least three times with similar results.

Fig. 5 Polydatin promotes K48-linked polyubiquitination of Nox4 by Cx32 in HG-exposed GMCs. The pRK5-HA-Ub K48 plasmid was
transfected into GMCs in the presence or absence of Cx32 siRNA. After 24 h, the cells were pretreated with polydatin (20 μM) for 2 h and then
stimulated with HG for 12 h in the presence or absence of polydatin (20 μM). MG132 (5 μM) was added 2 h before the end of the treatment.
a Polydatin treatment promoted the K48-linked polyubiquitination of Nox4 in HG-exposed GMCs. b Depletion of Cx32 under HG conditions
abolished the effects of polydatin on the K48-linked polyubiquitination of Nox4. HG high glucose, PD polydatin.
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renal function parameters in diabetic mice and the expression of
Cx32 and Nox4 in the kidney. We observed that polydatin
significantly reduced fasting blood glucose (FBG) levels, the
kidney weight/body weight ratio, serum creatinine (Cr) levels,
blood urea nitrogen (BUN) levels and 24 h urinary protein (UP)
levels in the diabetic mice and reversed the weight loss of
diabetic mice (Fig. 6a–f). The results of PAS staining showed that
polydatin attenuated glomerular hypertrophy and mesangial
expansion in diabetic mice (Fig. 6g). Masson staining revealed
that polydatin reduced the deposition of collagen fibers in the
glomeruli of diabetic mice (Fig. 6h). In addition, polydatin
increased the protein levels of Cx32 but reduced the protein
levels of Nox4 and the extracellular matrix protein FN in the
glomeruli of diabetic mice, as shown by immunohistochemical
staining (Fig. 6i). Similarly, we observed that polydatin restored
the expression of Cx32 and downregulated the expression of
Nox4 in the kidneys of diabetic mice, as shown by Western blot
analysis (Fig. 6j).

Polydatin reduces the expression of fibrotic factors in the kidneys
of diabetic mice by inhibiting renal oxidative stress
There were significant decreases in the expression of FN and
ICAM-1 (Fig. 7a, b), as well as additional fibrotic factors, including
plasminogen activator inhibitor type 1 (PAI-1), connective tissue
growth factor (CTGF), collagen IV (Col-IV) and TGF-β, in the
kidneys of diabetic mice treated with polydatin (Fig. 7c–f). To
further validate the effects of polydatin on renal oxidative stress,
we detected the changes in two oxidative stress markers,
namely, total SOD activity and MDA levels [36–38]. As shown in
Fig. 7c–f, total SOD activity was reduced, and the levels of MDA
were increased in the kidneys and serum of diabetic mice
compared to those of control mice, and this effect was reversed
by polydatin treatment. These data suggest that polydatin
promotes K48-linked polyubiquitination and degradation of
Nox4 to reduce renal oxidative stress levels by increasing the
expression of Connexin32, thereby improving renal fibrosis in
diabetic mice (Fig. 8).

Fig. 6 Polydatin improves renal dysfunction and fibrosis in diabetic mice by restoring Cx32 expression and reducing Nox4 expression in
the kidneys of diabetic mice. a, b The FBG levels and body weights of diabetic mice were analyzed. c The KW/BW ratio was calculated to
evaluate the kidney hypertrophy index. d–f Serum Cr, serum BUN, and 24-h UP levels were detected to assess renal injury. g, h Glomerular
histopathology analysis of the kidneys of diabetic mice was performed by periodic acid-Schiff (PAS) staining and Masson staining (×400
magnification). i The expression levels of FN, Nox4, and Cx32 in the glomeruli were evaluated by immunohistochemical staining (×400
magnification). j The expression levels of Nox4 and Cx32 in the kidneys of mice were detected using Western blot analysis. ##P < 0.01 vs.
control; *P < 0.05, **P < 0.01 vs. diabetes (n= 10). FBG fasting blood glucose, BUN blood urea nitrogen, Cr serum creatinine, 24-h UP urine
protein over 24 h, PD polydatin.
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DISCUSSION
Our previous studies have shown that polydatin can improve
diabetic renal fibrosis by inhibiting oxidative stress [22, 23].
Nevertheless, the exact role of polydatin in diabetic renal fibrosis
and the specific molecular mechanism of its regulatory effects
on oxidative stress remain to be elucidated. Here, we aimed to
investigate whether polydatin exerts antioxidative stress effects
and protects against kidney injury by targeting the Cx32-Nox4
signaling pathway.
GMCs, intrinsic cells of the kidney, are critical in maintaining

kidney structure and physiological functions [26, 27].
Hyperglycemia-induced ROS overproduction by upregulation
of Nox4 contributes to inflammatory and fibrotic processes in
the kidneys [7, 8]. In this study, we confirmed that polydatin
suppressed the expression of FN and ICAM-1 by reducing the
production of ROS in HG-exposed GMCs, thereby attenuating
diabetic renal fibrosis.
It is believed that the protein levels of Nox4 are mainly

associated with posttranslational modifications, namely, K48-
linked ubiquitination, while the mRNA levels of Nox4 remain
almost unchanged [10, 39]. Nox4 deficiency ameliorates kidneys
injury by reducing renal ROS production [40]. Here, we observed
an increase in Nox4 expression in HG-exposed GMCs. Polydatin
inhibited the expression of FN and ICAM-1 by reducing Nox4
expression. In addition, polydatin increased K48-linked polyubi-
quitination of Nox4. These findings suggest that polydatin may

reduce the protein level of Nox4 by promoting its K48-linked
polyubiquitination and degradation in the proteasome.
Recently, studies have shown that Cx32 has an inhibitory effect

on oxidative stress during liver injury [13, 14]. In addition, Cx32
reduces the expression and secretion of renin [16], which
regulates the expression of TGF-β1 in GMCs, thereby aggravating
DN lesions [17]. Furthermore, we recently demonstrated that Cx32
ameliorates renal fibrosis in diabetic mice by promoting K48-
linked Nox4 polyubiquitination and degradation [18]. In addition,
polydatin reduced the protein levels of FN and ICAM-1 in HG-
exposed GMCs by increasing the expression of Cx32. Furthermore,
we observed that Cx32 was colocalized and interacted with Nox4
in GMCs and decreased the expression of Nox4. Importantly, Cx32
mediated the regulation of Nox4 K48-linked polyubiquitination by
polydatin.
Moreover, in vivo experiments showed that Cx32 expression

was downregulated in the kidneys of diabetic mice, while Nox4
expression was upregulated, and that these changes were
accompanied by a decrease in total SOD activity and an increase
in MDA levels in the kidneys and serum, which were reversed by
polydatin treatment. Ultimately, polydatin reduced the protein
levels of fibrotic factors in the kidneys and improved renal
dysfunction and fibrosis in diabetic mice.
These results indicate that polydatin increases Cx32 expression,

reduces Nox4 expression by promoting its K48-linked polyubiqui-
tination, and decreases renal oxidative stress as well as fibrotic

Fig. 7 Polydatin reduces the expression of fibrotic factors in the kidneys of diabetic mice, inhibiting renal oxidative stress. a, b The expression
levels of FN and ICAM-1 in the kidneys of mice were detected using Western blot analysis. c–f The effects of polydatin on the expression of
additional fibrotic factors (PAI-1, CTGF, Col-IV and TGF-β). g–j Polydatin treatment increased total SOD activity and reduced the levels of MDA in the
kidneys and serum of diabetic mice; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. control; *P < 0.05, **P < 0.01 vs. diabetes n= 10). PD polydatin.
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factor expression in HG-cultured GMCs and diabetic kidneys,
ultimately ameliorating diabetic renal fibrosis.

CONCLUSION
Taken together, the in vitro and in vivo experiments suggested
that polydatin promotes K48-linked polyubiquitination and
degradation of Nox4 by restoring Cx32 expression, thereby
decreasing renal oxidative stress levels and ultimately ameliorat-
ing the pathological progress of diabetic renal fibrosis. We further
found that the mechanism by which polydatin reduces renal
oxidative stress levels and attenuates diabetic renal fibrosis is
closely related to regulation of the Cx32-Nox4 signaling pathway,
providing some new experimental evidence for the potential
clinical application of polydatin as a drug for DN.
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