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Background and Purpose: Renal fibrosis acts as the common pathway leading to
the development of end-stage renal disease. Previous studies have shown that res-
veratrol has anti-fibrotic activity, but its potential molecular mechanisms of action
are not well understood.

Experimental Approach: The anti-fibrotic effects of resveratrol were assayed in a
rat model of unilateral ureteral obstruction (UUO) in vivo and in fibroblasts and tubu-
lar epithelial cells (TECs) stimulated by TGF-B1 in vitro. Gene and protein expression
levels were analysed by PCR, Western blotting, and immunohistochemical staining.
Key Results: Resveratrol inhibits the myofibroblastic phenotype and fibrosis forma-
tion in UUO kidneys by targeting fibroblast-myofibroblast differentiation (FMD) and
epithelial-mesenchymal transition (EMT). The anti-fibrotic effects of resveratrol cor-
related with decreased proliferation of TECs in the interstitium and tubules, resulting
in suppressed activity of the proliferation-related signalling pathways, including that
of the MAPK, PI3K/Akt, Wnt/B-catenin, and JAK2/STAT3 pathways. Resveratrol
treatment suppressed TGF-Bl-induced FMD and the expression of the
myofibroblastic phenotype in fibroblasts in vitro by antagonizing the activation of
proliferation-related signalling. Similarly, TGF-B1-mediated overactivation of the
proliferation-related signalling in TECs induced EMT, and the myofibroblastic pheno-
type was suppressed by resveratrol. The anti-fibrotic and anti-proliferative effects of
resveratrol were associated with the inactivation of Smad2/3 signalling and resulted
in a partial reversal of FMD and EMT and the inhibition of the myofibroblastic
phenotype.

Conclusions and Implications: Resveratrol suppresses the myofibroblastic pheno-
type and fibrosis formation in vivo and in vitro via proliferation-related pathways,

making it a potential therapeutic agent for preventing renal fibrosis.

TECs, tubular epithelial cells; UUO, unilateral ureteral obstruction
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1 | INTRODUCTION

The incidence and prevalence of chronic kidney disease (CKD) is
increasing worldwide. Tubulointerstitial fibrosis is considered the ulti-
mate and most common pathway for all kinds of progressive CKDs to
reach end-stage renal failure (Nangaku, 2004). It is estimated that
approximately 13% of the U.S. population has a CKD (Liu, 2011).
Tubulointerstitial fibrosis is characterized by extracellular matrix
(ECM) deposition in association with fibroblast accumulation and
tubular epithelial cell loss (Ban & Twigg, 2008). Myofibroblasts
expressing a-smooth muscle actin (a-SMA) are terminally differenti-
ated cells and are responsible for the accumulation of ECM compo-
nents such as type | and Ill collagen, which leads tubulointerstitial
fibrosis in kidneys (Meran & Steadman, 2011). However, the origin
and activation of myofibroblasts in the fibrotic kidney remain largely
undefined and controversial (Loeffler & Wolf, 2015). In this regard,
some studies have proposed that myofibroblasts may originate from
tubular epithelial cells (TECs) that undergo the epithelial-
mesenchymal transition (EMT; Barnes & Gorin, 2011; Baum & Duffy,
2011; Duffy, 2011; Kalluri & Weinberg, 2009). Others have suggested
that resident interstitial fibroblasts may undergo fibroblast-
myofibroblast differentiation (FMD) to contribute to the phenotypic
appearance of myofibroblasts and fibrosis during kidney damage
(LeBleu et al., 2013). Thus, new targets to inhibit the expression of
the myofibroblastic phenotype and alleviate fibrosis through EMT
and FMD are crucial in response to injury. During the fibrogenic phase,
the major driving force behind FMD and EMT appears to be several
profibrotic growth factors, including TGF-B1 (Kalluri & Weinberg,
2009; Zavadil & Bottinger, 2005). TGF-B1 is the most ubiquitous
profibrotic cytokine in progressive renal fibrosis, and its signals are
transduced through Smad-dependent and non-Smad pathways, lead-
ing to multiple downstream biological effects (Kim & Choi, 2012; Lan
& Chung, 2012). In kidney-derived fibroblasts, TGF-B1/Smad2/3 sig-
nalling is triggered after injury and directly stimulates myofibroblasts
to produce excessive ECM proteins (Liu et al., 2017). In TECs, the reg-
ulation of EMT via the TGF-$1/Smad2/3 signal pathways may become
a target for preventing progressive renal tubulointerstitial fibrosis (Lan,
2011; Meng et al., 2012). The number of interstitial myofibroblasts
and fibroblasts is closely related to the severity of the fibrosis and
the attendant decline of kidney function (Li & Wang, 2011; Strutz &
Zeisberg, 2006). Taking into account all these factors, it is clear that
understanding the mechanism of myofibroblast proliferation and acti-
vation is critical for developing novel treatments that suppress or halt
the progression of CKD.

Previous studies have shown that the proliferation-related signal-
ling pathways, including PI3K/Akt, Wnt/B-catenin, JAK2/STATS3,
and MAPK, are involved in myofibroblast transformation and fibrosis
in various diseases (Gao et al., 2016; Liu et al., 2017; Tan, Zhou, Zhou,
& Liu, 2014). For instance, the JAK2/STAT3 pathway, an important
signal transduction cascade with a wide range of expressed cytokines
and growth factors, is involved in cell cycle progression and prolifera-
tive cell transformation (Ni et al., 2014). The MAPK pathway has been

What is already known
e Resveratrol has anti-fibrotic properties that limit fibro-

blast proliferation and myofibroblast differentiation.

What does this study add
e Resveratrol inhibits the expression of myofibroblastic
phenotype and attenuates fibrosis via the proliferation-

related signalling pathways.

What is the clinical significance
e Resveratrol has potential as a therapeutic agent to

prevent renal fibrosis.

shown to contribute to the TGF-B1-induced phenotypic transforma-
tion of human lung fibroblasts into myofibroblasts (Caraci et al.,
2008). Thus, we hypothesized that aberrant activation of the
proliferation-related signalling pathways was likely to induce the
expression of the myofibroblastic phenotype and renal fibrosis.

Resveratrol, a botanical compound derived mainly from the skins
of red grapes, has been widely used in traditional medicine and dietary
supplements (Di Pascoli et al., 2013). Recent studies have shown that
resveratrol inhibited cellular proliferation and induced apoptosis in
pancreatic cancer cells as well as in fibroblasts through proliferation-
related pathways, indicating that investigation into resveratrol as a
potential anti-fibrotic agent in humans is worthwhile (Di Pascoli
et al., 2013; Ding & Adrian, 2002; Fagone et al.,, 2011; Mo et al,,
2011). Furthermore, resveratrol also inhibited vascular smooth muscle
cell remodelling and the growth and proliferation of cardiac fibroblasts
(Olson, Naugle, Zhang, Bomser, & Meszaros, 2005). However, the
underlying mechanism of the anti-fibrotic effects of resveratrol in kid-
neys needs to be further clarified.

In the present study, a rat model of unilateral ureteral obstruction
(UUO) in vivo and interstitial fibroblasts and TECs stimulated by
TGF-B1 in vitro were used to investigate whether resveratrol exerts
anti-fibrotic effects by antagonizing proliferation-related pathways to
reduce myofibroblast accumulation and the extent of tubulointerstitial
fibrosis in the kidneys. Our results highlight the mechanism of resver-
atrol for the prevention of tubulointerstitial fibrosis, and resveratrol

may become a therapeutic agent to prevent renal fibrosis.

2 | METHODS

2.1 | Animal care and experimental procedures

All animal care complied with the Guide for the Care and Use of Lab-
oratory Animals published by the U.S. National Institutes of Health
(NIH Publication No. 85-23, revised 1996) and study protocols
(wydw2016-0030) were approved by the Institutional Animal Care
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and Use Committee of Wenzhou Medical University. Animal studies
are reported in compliance with the ARRIVE guidelines (Kilkenny,
Browne, Cuthill, Emerson, & Altman, 2010) and with the recommenda-
tions made by the British Journal of Pharmacology.

Forty-eight 6- to 8-week-old male Sprague-Dawley rats weighing
200 + 20 g were purchased from the Experimental Animal Center of
Wenzhou Medical University (Wenzhou, China). The rats were housed
in a temperature- (22-25°C), humidity- (40-60%), and light- (12-hr
dark/light) controlled environment and fed with standard rat chow
and water. The rats were fasted the day before experiments were con-
ducted. The rats were randomly assigned to a sham operation group
after being treated with a vehicle (normal saline) or resveratrol (12 rats
in each group) and a UUO group with a vehicle or resveratrol (12 rats
in each group). The rats were anaesthetized with isoflurane (RWD Life
Science, Shenzhen, China). UUO surgery was performed as previously
described (Koike et al., 2014), and normal saline or resveratrol
(20 mg-kg t-day™?, Lot No. 20120330, Yuanye Biotechnology, Shang-
hai, China) was administered intragastrically for seven consecutive
days according to the protocol of a previous study (Bai et al., 2014).
We used 0.9% NaCl as the oral vehicle. Seven days after the resvera-
trol treatment, the rats in each group were anaesthetized with
isoflurane and were killed by cervical dislocation.Renal tissues were
collected for further tests.

2.1.1 | Histopathological examination

Seven-day obstructed kidney tissues were fixed in formalin and
embedded in paraffin and then were cut into 4-um sections and
stained with haematoxylin-eosin and Masson's trichrome (Yuanye).
The slides were examined, and pictures were taken using a DM4000
B LED microscope system and a DFC420C 5M digital microscope
camera, respectively (Leica Microsystems, Germany). The degree of
interstitial collagen deposition was graded as previously described
(Ai et al., 2015).

2.2 | Cell culture and treatment

Normal rat kidney TECs (NRK-52E, RRID:CVCL_0468) and fibroblasts
(NRK-49F, RRID:CVCL_2144) were purchased from Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). NRK-52E and
NRK-49F cells were maintained in DMEM (Invitrogen, CA, USA)
supplemented with 10% FBS (Invitrogen), 100 U-ml™* of penicillin,
and 100 pg:ml™* of streptomycin (Invitrogen). The NRK-52E and
NRK-49F cells were seeded in complete medium containing 10%
FBS until they reached approximately 70% confluence for use in the
in vitro experiments. After 24 hr, the complete medium was replaced
with serum-free medium, in which the cells were incubated for 24 hr
before treatment with recombinant TGF-B1 (5 ng:ml™%; Lot No.
0312209-1, PeproTech, NJ, USA) or resveratrol (10 and 100 pmol-L™%).
The resveratrol used in cellular experiments was dissolved in DMSO
(Sigma, Shanghai, China). In the control group, cells were treated with

vehicle only.
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2.3 | Cell proliferation

In the experiments, 10% FBS served as the stimulator, and the cells
were subjected to serum-free medium for 24 hr before experimenta-
tion. Real-time monitoring of cell proliferation was performed using
an xCELLigence MP system (ACEA Biosciences, San Diego, USA) and
an E-plate 96, which is a single-use 96-well cell culture plate with
the bottom surfaces covered with microelectrode sensors (0.2-cm?
well surface area; 243 + 5-pl maximum volumes). Real-time changes
in electrical impedance were measured using gold microelectrodes
and are expressed as “cell indices” defined as (Rn - Rb)/15, where
Rb is the background impedance and Rn is the impedance of the well
with the cells.

Before seeding cells into the E-plate 96, the background imped-
ance was measured after 100 pl of medium was incubated in the wells
for 30 min at room temperature. Cell density was determined by using
a haemocytometer after methylene blue staining. Following the
seeding of the appropriate number of cells into each well, the plate
was incubated at room temperature for 30 min to allow cell settling.

Cell proliferation was monitored every 30 min for over 24 hr.

24 | elisa

Rat kidney tissues (100 mg) were homogenized and centrifuged, and
the supernatant was collected. Avidin-biotin complex-ELISA was
used according to the manufacturer's protocol to determine the
TGF-B1 level. ELISA kits were purchased from Xitang Biotechnology
(Shanghai, China).

2.5 | Immunohistochemical staining

Immunohistochemical analysis was performed with 4-um-thick kid-
ney sections that had been dewaxed with xylene and hydrated using
sequential ethanol volumes (100%, 95%, 85%, and 75%) and distilled
water. Endogenous peroxidase was blocked with 3% hydrogen per-
oxide. Antigen retrieval was performed by heating sections in 0.1%
sodium citrate buffer (pH 6.0). Using anti-a-SMA (1:200, Santa Cruz,
CA, USA), anti-glial fibrillary acidic protein (1:200, Proteintech), anti-
type lll collagen (1:200, BioWorld), anti-Ki67 (1:100, Santa Cruz), and
anti-E-cadherin (1:100, Abcam, MA, USA) antibodies were detected
by the immunochemical streptavidin-peroxidase method. Images
were taken by microscopy (Leica). All samples were semi-
quantitatively or quantitatively assessed by two independent investi-
gators in a blinded manner. The immuno-related procedures used
comply with the recommendations made by the British Journal of
Pharmacology.

2.6 | Immunofluorescence staining

Immunofluorescence staining was performed as previously described
(Ding et al., 2012). Briefly, the cells were cultured on coverslips, and

the 4-um-thick kidney sections were fixed, permeabilized with 0.5%
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Triton X-100, and incubated with the primary antibodies: anti-a-SMA
(1:200, Santa Cruz), anti-type | collagen (1:200, BioWorld), anti-type
Il collagen (1:200, BioWorld), anti-Ki67 (1:100, Santa Cruz), anti-E-
cadherin (1:100, Abcam), and anti-Smad2/3 (1:100, Abcam) overnight
at 4°C, followed by incubation with secondary antibodies conjugated
with Alexa Fluor 488 or 588 (Invitrogen). The cells were counter-
stained with 4',6-diamidino-2-phenylindole to visualize the nuclei.

Images were taken by microscopy (Leica).

2.7 | RT-PCR

Total RNA was extracted from rat kidneys, the NRK-49F and NRK-
52E cells were subjected to TRIzol reagent (Invitrogen), and reverse
transcription was performed to generated cDNA templates using a
ReverTra Ace qPCR RT kit (Takara, Tokyo, Japan). Quantitative RT-
PCR was performed using a SYBR Green Realtime PCR Master Mix
Plus (Takara). The quality of the PCR products was analysed on aga-
rose gels, and quantity was measured using a Varioskan Flash (Thermo
Fisher Scientific, CA, USA). Sequence-specific primers for TGF-B1,
TGF-B1R, c-Myc, CCND1, and type | and Ill collagen were synthesized
by Invitrogen, and B-actin was used as an endogenous reference gene
(Table S1). Samples were analysed in triplicate using an Applied
Biosystems 7500 Real-Time PCR System (Life Technologies, CA,
USA). The melting curve was examined to verify that a single product
was amplified. For quantitative analysis, all samples were analysed
using the AACT value method (Livak & Schmittgen, 2001).

2.8 | Western blot analysis

Total protein in the renal tissues and NRK-49F and NRK-52E cells
were extracted with RIPA. The concentration of total protein was
measured according to BCA kit instructions (Beyotime, Shanghai,
China). The protein (30-50 ug) was separated on 8-12% SDS-PAGE
and transferred to PVDF membranes (Millipore, MA, USA). The mem-
branes were blocked in 5% skim milk in TBST (10 mmol-L™ of Tris-
HCI, 150 mmol-L™ of NaCl, and 0.1% Tween 20) for 1 hr at room
temperature. Then, the membranes were probed with a primary anti-
body overnight at 4°C and an HRP-conjugated secondary antibody
detection system. The signals were detected using SuperSignal West
Pico Chemiluminescent Substrate (Thermo Fisher Scientific). All pri-
mary antibodies were diluted to 1:1,000 (Table S2). The bands were
quantified by measuring the intensity of the signals using Image-Pro
Plus (Version 6.0) and normalizing them to the signal for the GAPDH
(1:8,000, BioWorld) antibody.

2.9 | Data and statistical analysis

The data and statistical analysis comply with the recommendations
of the British Journal of Pharmacology on experimental design and
analysis in pharmacology. Data are presented as means + SEM. All
statistical analyses were performed using the Statistical Package for
Social Sciences (Version 16.0, SPSS Inc., Chicago, USA). A two-sided

Student's t test was used to analyse differences between two
groups. One-way ANOVA with Bonferroni's correction was used
when more than two groups compared. A post hoc test was per-
formed only if P < .05, and no significant inhomogeneity of variance
was found. A P value of <.05 was considered statistically significant.

The data analysis was conducted in a blinded manner.

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, the com-
mon portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alex-
ander, Fabbro et al., 2017; Alexander, Kelly et al., 2017).

3 | RESULTS

3.1 | Resveratrol inhibits the expression of the
myofibroblastic phenotype and the formation of
interstitial fibrosis in vivo

We initially investigated the effects of resveratrol on interstitial fibrosis
in the kidneys in the UUO model, which is a typical model of renal fibro-
sis. (Song et al., 2014). As shown in Figure 1a,b, Masson's trichrome
staining revealed that excessive deposition of total collagen in UUO kid-
neys was inhibited by resveratrol administration, and this suppression
was accompanied by the down-regulation of a-SMA-positive
myofibroblasts, as determined by Western blotting and immunohisto-
chemical staining (Figure 1c,d). As a result, resveratrol reduced the pro-
duction of ECM components, including vimentin and type | and llI
collagen, thereby attenuating tubulointerstitial fibrosis in kidneys fol-
lowing injury (Figure 1c-e). Further study showed that resveratrol also
significantly inhibited the up-regulation of Racl and N-cadherin and
the down-regulation of E-cadherin in UUO rats at the protein level
(Figure 1e,f,h), a finding that was consistent with previous reports (Choi
etal., 2016; Wang, Wang, et al., 2016; Wang, Zhou, et al., 2016). EMT is
characterized by the loss of epithelial cell polarity and cell-to-cell adhe-
sion and increased mesenchymal cell migration, and it is associated with
renal fibrosis (Qi, Chen, Poronnik, & Pollock, 2006; Strutz & Zeisberg,
2006). Thus, our findings indicated that partial reversal of the EMT pro-
cess may be involved in the anti-fibrotic effects of resveratrol. In addi-
tion, enhanced expression of glial fibrillary acidic protein, a surface
marker mainly expressed in fibroblasts or stellate cells (Carotti et al.,
2008) in the renal interstitium of the UUO rats, was also inhibited by
resveratrol administration (Figure 1gh), revealing that resveratrol
reduces fibrosis formation by suppressing the FMD.

Changes concerning myofibroblast transdifferentiation via EMT
or FMD may be associated with abnormal proliferation of various
cells in the kidney. We also further investigated whether resveratrol
affected cell proliferation, apoptosis, and the cell cycle in fibrotic

models. Immunohistochemical analysis revealed that the ratio of
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FIGURE 1 Resveratrol (Res) treatment attenuated renal fibrosis in the obstructed kidneys by inhibiting epithelial-mesenchymal transition and
fibroblast-myofibroblast differentiation. (a) Masson trichrome staining showed that Res significantly reduced renal tubulointerstitial damage
and total collagen deposition in unilateral ureteral obstruction (UUO) rat models. Bar = 50 um. (b) The scores based on Masson's staining indicate
that interstitial collagen deposition in the resveratrol-treated UUO group is lower than that in the UUO group. (c) Resveratrol reduced the
expression of a-smooth muscle actin (a-SMA) and type Il collagen in UUO kidneys. (d) Resveratrol inhibited the overexpression of a-SMA and
type | and type lll collagen in UUO kidneys. (e) Resveratrol down-regulated the expression of vimentin, N-cadherin, and Rac1 but up-regulated the
expression of E-cadherin in UUO kidneys. (f) Resveratrol increased E-cadherin expression in UUO kidneys. (g) Resveratrol decreased glial fibrillary
acidic protein (GFAP) expression in UUO kidneys. (h) Results from the quantification of E-cadherin and GFAP expression based on
immunohistochemical staining. Data are expressed as means + SEM for six rats per group. *P < .05, significantly different from the sham group;

#p < 05, significantly different from the UUO group. Veh, vehicle

Ki67-positive cells to total cells was significantly decreased in
resveratrol-treated UUO rats compared with that in the UUO rats
(Figure 2a,b). Notably, Ki67-positive cells were primarily distributed
in the tubules and the interstitium of the kidney, suggesting
that TECs and
of myofibroblasts (Figure 2c). Additionally, the expression of prolifer-

interstitial fibroblasts may be the originators
ative protein c-Myc, anti-apoptotic protein Bcl-2, and cell cycle
regulator cyclin D1 was increased significantly compared with the
levels of these proteins in the sham group (Figure 2d), a finding that
was also supported by previous findings indicating that the aberrant
cell proliferation and suppressed apoptosis were involved in deter-

mining myofibroblast activation in kidneys (Fagone et al., 2011).

Administration of resveratrol suppressed the expression of these
proliferation-related proteins in response to kidney injury (Figure 2
d). Thus, the aberrant proliferation of myofibroblasts may play an
important role in the resveratrol-mediated inhibition of interstitial

fibrosis in vivo.

3.2 | Resveratrol inhibits the activation of the
proliferation-related pathways in vivo

Given the vital role of myofibroblast proliferation in resveratrol-

mediated anti-fibrosis, we speculated that proliferation-related
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positive cells to total cells in UUO kidneys, according to the results of immunohistochemical staining. (c) Resveratrol reduced the ratio of Ki67-
positive cells both in the interstitium and in the tubules. (d) The enhanced expression of c-Myc, Bcl-2, and cyclin D1 in UUO kidneys was abolished
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group; *P < .05, significantly different from the UUO group

pathways likely participate in fibrogenesis. Previous studies have
revealed that the MAPK, PI3K/Akt, JAK2/STAT3, and Wnt/B-catenin
signalling pathways are involved in renal fibrosis (Ai et al., 2015; Gao
et al.,, 2016; Lin et al., 2017; Wang, Wang, et al., 2016; Wang, Zhou,
et al, 2016). In this study, the activities of MAPK (Figure 3a),
PIBK/Akt (Figure 3b), JAK2/STAT3 (Figure 3c), and Wnt/B-catenin
(Figure 3d) in the UUO group were enhanced compared with those
in the sham-operated group, indicating that activated signal trans-
duction was involved in the proliferation and transdifferentiation of
myofibroblasts. Treatment with resveratrol inhibited excessive acti-
vation of the above mentioned pathways (Figure 3a-d). To further
explore the molecular mechanism of these pathways in myofibroblast
transdifferentiation and fibrosis, the levels of TGF-B1, a key inducer
of myofibroblastic phenotype expression, were determined in UUO
kidneys. Evidence from the ELISA and Western blotting analysis
revealed a significant increase in the levels of TGF-B1 and the
expression of TGF-B1l receptor in fibrotic kidneys compared with
the levels of each in the sham group, but the levels were reduced

in the resveratrol-treated group (Figure 3e,f). Taken together, these

results showed that the proliferation-related pathways, as well as
TGF-B1, may be involved in the anti-fibrotic action mediated by
resveratrol.

3.3 | Resveratrol inhibits TGF-B1-mediated
phenotypic transformation and ECM deposition
in vitro

Although our in vivo experiments demonstrated that resveratrol had
inhibited
proliferation-related pathway activities and transdifferentiation of

renal anti-fibrotic effects, as indicated through
myofibroblasts, it needed to be tested and confirmed by in vitro
experiments. As explained above, myofibroblasts may emerge from
interstitial fibroblasts and TECs due to the abnormal proliferative cells
mainly in the interstitium and tubules of the kidney (Lin et al., 2005).
Thus, in this study, interstitial fibroblasts (NRK-49F) and TECs (NRK-
52E) were used to investigate the anti-fibrotic mechanism of resvera-

trol. First, the real-time cell analysis assay indicated that resveratrol
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markedly attenuated the cell viability of the fibroblasts in a dose-
dependent manner (Figure 4a) and markedly reduced the ratio of the
Ki67-positive cells in the TGF-B1-treated fibroblasts (Figure 4b). In
addition, the expression of the proliferation-related genes c-Myc and
CCND1 (cyclin D1) was strongly down-regulated in resveratrol-
treated fibroblasts (Figure 4c). Moreover, resveratrol inhibited the
expression of cyclin D1 and Bcl-2 and enhanced the expression of Bax
(Figure 4d), which are involved in the induction of cell cycle arrest and
the inhibition of cellular proliferation (Thomasova & Anders, 2015). As
a result, resveratrol treatment inhibited TGF-B1-mediated FMD and
ECM deposition in fibroblasts, as indicated by the decreased levels
of a-SMA, fibronectin, and type | and Il collagen mRNA and protein
expression (Figure 4e-g).

Similarly, in TGF-B1-treated TECs, resveratrol reduced the expres-
sion levels of c-Myc, cyclin D1, and Bcl-2 proteins, which resulted in a
decreased ratio of Ki67-positive cells and inhibited proliferation
(Figure 5a-d). Thus, resveratrol treatment abolished TGF-B1-induced
EMT and ECM deposition in TECs, as indicated by the decreased
expression of a-SMA, vimentin, and type | and Il collagen and the
increased expression of E-cadherin (Figure 5d,e).

In summary, our in vitro experiments indicated that resveratrol
treatment reduced the proliferation of fibroblasts and TECs, thereby
inhibiting TGF-B1-mediated phenotypic transformation and ECM
accumulation.

3.4 | Resveratrol abolishes TGF-B1-mediated
activation of proliferation-related pathways in vitro

As explained above, resveratrol inhibited FMD- and EMT-induced
myofibroblastic phenotype expression by suppressing the proliferation
and activation of proliferation-related pathways in vivo. We next
investigated whether a similar mechanism could be confirmed
in vitro. As shown in Figure 6a-d, the activities of canonical MAPK,
PI3K/Akt, Wnt/B-catenin, and JAK2/STATS3 signalling in fibroblasts
were enhanced after TGF-B1 stimulation, but these changes were
abolished by resveratrol treatment. Similarly, resveratrol also inhibited
the activities of MAPK, PI3K/Akt, Wnt/B-catenin, and JAK2/STAT3
signalling in TGF-B1-treated TECs (Figure 7a-d). Consequently, these
results showed that there was a similar effect on fibroblasts and TECs

that aligned with that in the in vivo results.

3.5 | Resveratrol reduces the activities of
downstream Smad2/3 in vivo and in vitro

As Smad2/3 is a well-known downstream mediator that responds
TGF-B1 stimulation, as indicated by translocation of phosphorylated
Smad2/3 to the nucleus for gene regulation (Javelaud & Mauviel,
2004), we investigated whether resveratrol inhibited TGF-B1-
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downstream Smad2/3 in vivo and in vitro. As presented in Figure 8a,b,
the nuclear localization of Smad2/3 in TECs and fibroblasts was
induced by TGF-B1 stimulation but inhibited by resveratrol treatment.
Additionally, TGF-B1-induced up-regulation of Smad2/3 phosphoryla-
tion in both types of cells was suppressed by resveratrol in a dose-
dependent manner (Figure 8c,d). Furthermore, resveratrol administra-
tion also abolished TGF-B1-mediated localization and phosphorylation
of Smad2/3 in the nucleus of TECs and fibroblasts (Figure 8e,f). Thus,
these data showed that resveratrol negatively affected TGF-B-
mediated transcription and expression of profibrotic factors, at least

in part, by targeting Smad2/3 activity in vivo and in vitro.

4 | DISCUSSION

Renal fibrosis is widely accepted as being closely associated with the
deterioration of the renal function that is characterized by 90% of
the kidney volume being composed of tubule interstitium. Therefore,
the progression of kidney disease can be halted through the preven-
tion of interstitial fibrosis. In the present study, we have provided evi-

dence that resveratrol inhibited the expression of the myofibroblastic

phenotype and attenuated fibrosis in vitro and in vivo. Resveratrol
inhibited TGF-B1-mediated the EMT in TECs and FMD in the fibro-
blasts by antagonizing proliferation-related processes. As a result, res-
veratrol reduced TGF-B1-downstream Smad2/3 activity, suppressed
myofibroblast accumulation, and attenuated tubulointerstitial fibrosis
in the kidney.

Traditionally, UUO has been a well-established animal model used
to feature tubulointerstitial injury and progressive fibrosis (Song et al.,
2014). Some studies have demonstrated that kidney injuries often
induce interstitial myofibroblast proliferation, ECM accumulation in
the interstitium, and the transdifferentiation of fibroblasts and epithe-
lial cells are the major sources of myofibroblasts (Grande & Lopez-
Novoa, 2009). Additionally, fibroblasts in the renal interstitium are
considered to be the principal sources of the fibrillar matrix (collagens).
Thus, tubulointerstitial fibrosis is inevitably associated with a robust
accumulation of fibroblasts and the activation of myofibroblasts,
increasing intrinsic cell proliferation (Liu, 2011). The proliferation of
myofibroblasts in the renal tubulointerstitium also plays a key role in
the progression of renal fibrosis. The activation of resident UUO kid-
ney fibroblasts can lead to a massive increase in the number of

expressed myofibroblasts during the early stage of obstructive
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nephropathy (Meng et al., 2011). Thus, this observation led us to
hypothesize that resveratrol exerted anti-fibrotic effects in TGF-p1-
treated fibroblasts and TECs as well as in the UUO model. The initial
pathological experiments confirmed that the accumulation of ECM
components in fibrotic kidneys can be effectively abolished by resver-
atrol treatment. Subsequently, resveratrol markedly reduced the over-
expression of TGF-B1-stimulated a-SMA both in vivo and in vitro.
Therefore, in addition to protecting tubular interstitial integrity, res-
veratrol might be able to hinder myofibroblast activation by antagoniz-
ing TGF-B1-induced EMT and FMD.

Increasing evidence indicates that abnormal cell proliferation and
differentiation are important inducers of EMT and FMD (Grande &
Lopez-Novoa, 2009). Kié7 is often associated with the activation of
proliferation-related signal transduction (Bijkerk et al., 2016). We
found that enhanced expression of Kié7 in the tubules and intersti-
tium of the kidney may indicate that proliferative TECs and interstitial
fibroblasts may be the origin of myofibroblasts. In addition, c-Myc,
cyclin D1, and Bcl-2 are important factors that participate in regulating
cellular proliferation, G, phase transition and apoptosis, respectively
(Lashinger et al, 2005; Yang, Besschetnova, Brooks, Shah, &

Bonventre, 2010). Overexpression of these proteins in TGF-B1-
treated TECs and fibroblasts, as well as in injured kidneys, was identi-
fied with the abnormal proliferation of TECs and fibroblasts in the
induction of EMT and FMD. This proliferative behaviour of TECs
and fibroblasts in fibrotic kidneys can be reduced by resveratrol
the the

myofibroblastic phenotype. However, in contrast to the previous

administration, thereby inhibiting expression  of
study showing that resveratrol attenuated kidney fibrosis by inhibiting
death receptor-mediated apoptosis (Hao et al., 2016), our current find-
ings suggest that resveratrol exerts an anti-proliferative role against
UUO-induced tubulointerstitial fibrosis. The anti-proliferative activi-
ties of resveratrol in a variety of cell lines have been reported through
observations of suppressed proliferation-related signalling (Wang,
Wang, et al., 2016; Wang, Zhou, et al., 2016; Wu et al., 2016).
Targeting proliferation-related signalling to inhibit the expression of
the myofibroblastic phenotype and reduce renal fibrosis formation
may be promising.

Although pharmacological studies have demonstrated the thera-
peutic effect of anti-fibrotic action induced through some pathways

signalling, such as those of AMPK/NOX4/ROS or ERK1/2 and
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Smad2/3, these studies lacked sufficient evidence of proliferation-
induced signalling (Bai et al, 2014; Chen et al, 2011; He et al.,
2015; He et al., 2016). Based on these findings, we next investigated
the effects of resveratrol on the activities of proliferation-related sig-
nalling pathways, including those of MAPK, PI3K/Akt, Wnt/B-catenin,
and JAK2/STAT3. For instance, the JAK2/STATS3 signalling pathway is
an important signal transduction cascade involving a wide variety of
growth factors and cytokines that induce cellular activation, prolifera-
tion, and differentiation. This pathway is activated in a variety of renal
diseases and has been implicated in the pathophysiology of renal
fibrosis (Koike et al., 2014). Similarly, the pathways such as MAPK,
PI3BK/Akt, and Wnt/B-catenin have also reportedly been involved in
the development of renal fibrosis (Gao et al., 2016; Liu et al., 2017;
Tan et al., 2014). Our results were consistent with the conclusion that
the activities of proliferation-related pathways in injured kidneys were

enhanced and contributed to the expression of the myofibroblastic
phenotype and suppression of fibrosis formation. Treatment with res-
veratrol significantly inhibited the activities of proliferation-related
signalling and thereby led to the reduction of myofibroblast accumula-
tion. Our findings thus demonstrated a crucial role of proliferation-
related signalling in the protection of resveratrol-mediated anti-
fibrotic effects.

The enhanced activity of TGF-B1/Smads2/3 is essential for
tubulointerstitial fibrosis. TGF-B1 can initiate a cellular response by
binding to its receptor, which leads to Smad2/3 phosphorylation
and translocation into the nucleus where profibrotic genes are tran-
scribed (Lan & Chung, 2012; Leask & Abraham, 2004). Considering
the imperative role of Smad2/3 phosphorylation in TGF-B1 signal
transduction, it is predictable that inhibiting Smad2/3 phosphoryla-
tion by resveratrol may contribute to the preservation of tubular
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interstitial integrity. Many mediators have been created to target
TGF-B1/Smad2/3 signalling, including decorin, antibodies that neu-
tralize TGF-B1 action and low MW inhibitors of TGF-B1 receptors,
and alleviate renal fibrosis (Mori et al., 2004; Sharma, Jin, Guo, &
Ziyadeh, 1996; Yamaguchi, Mann, & Ruoslahti, 1990). Thus, we
investigated whether resveratrol dramatically suppressed TGF-B1-
induced Smad2/3 phosphorylation in both a cell-based assay and a
UUO model. We found that the treatment of the UUO kidney model
with resveratrol significantly inhibited the nuclear translocation of
the Smad complex and the expression of Smad2/3-driven genes,
including a-SMA and type | and Ill collagen, which was consistent
2013; Li, Qu, Ricardo, Bertram, &

In addition, resveratrol also lowered the

with previous studies (Lee et al.,
Nikolic-Paterson, 2010).
mRNA and protein expression of TGF-B1 and TGF-B1 receptors,

which are associated with the induction of EMT and FMD. In
TGF-B1-treated TECs, resveratrol inhibited nuclear expression and
phosphorylation of Smad2/3 and thereby partly reversed the EMT
process. Similarly, resveratrol ameliorated FMD in TGF-B1-treated
fibroblasts by reducing Smad2/3 activity. Thus, resveratrol can
protect tubular interstitial integrity and reduce excessive ECM depo-
sition by suppressing TGF-B1/Smads signalling and, as a conse-
quence, EMT and FMD.

It should be noted that there were some limitations in this study.
For example, a genetic approach and an in vivo experiment involved
in the association between proliferation-related pathways and
TGF-B1 signalling during EMT or FMD needs to be presented. Addi-
tionally, several factors and pathways may contribute to fibrosis pro-

gression (independent of TGF-B1) and this possibility should be
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(10 umol-L™Y); Veh, vehicle. Data are expressed as means + SEM in quintuplicate for the cell line experiments. *P < .05, significantly different from
the control group; *P < .05, significantly different from the TGF-B1-treated group

clarified. Thus, further studies are required to investigate other poten-
tial pathways that may be targeted by resveratrol and to test its
effects as an intervention therapy.

In conclusion, we have proposed a new anti-fibrotic mechanism of
resveratrol in kidneys following injury. Resveratrol suppresses the
expression of the myofibroblastic phenotype by partly reversing EMT
inTECs and FMD in fibroblasts. The inhibition of EMT and FMD is asso-
ciated with the suppressed activity of TGF-B/Smad2/3, which results in
the reduction of ECM accumulation and tubulointerstitial fibrosis.
Moreover, the inactivation of the proliferation-related pathways may
be involved in regulating the activities of TGF-B/Smads. Therefore,
these findings indicated that resveratrol may become a therapeutic
agent to prevent renal fibrosis.
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