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Polydatin prevents bleomycin-induced pulmonary fibrosis
by inhibiting the TGF-f§/Smad/ERK signaling pathway
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Abstract. Idiopathic pulmonary fibrosis (IPF) is a chronic,
progressive, irreversible interstitial lung disease, with no
effective cure. Polydatin is a resveratrol glucoside with strong
antioxidant, anti-inflammatory and anti-apoptotic proper-
ties, which is used for treating health-related disorders such
as cardiac disabilities, various types of carcinoma, hepatitis
and hepatic fibrosis. The present study aimed to investigate
the protective effect of polydatin against bleomycin-induced
IPF and the possible underlying mechanism. A549 cells were
treated with transforming growth factor-f1 (TGF-f1) and
polydatin to observe phenotypic transformation and the related
gene expression was detected. Sprague-Dawley rats were
divided into seven groups and intratracheally infused with
bleomycin to establish a pulmonary fibrosis model (the sham
control group received saline). The rats were given pirfenidone
(50 mg/kg), resveratrol (40 mg/kg) and polydatin (10, 40 and
160 mg/kg) for 28 days. The results demonstrated that polydatin
had low toxicity to A549 cells and inhibited TGF-B1-induced
phenotypic transformation as determined by MTS assay or
observed using a light microscope. It also decreased the gene
expression levels of a-smooth muscle actin and collagen I and
increased the gene expression levels of epithelial cell cadherin
in vitro and in vivo by reverse transcription-quantitative PCR.
Furthermore, polydatin ameliorated the pathological damage
and fiber production in lung tissues found by hematoxylin
and eosin staining and Masson trichrome staining. Polydatin

Correspondence to: Dr Zhi-Wei Chen, Guangdong Provincial
Key Laboratory of New Drug Development and Research of
Chinese Medicine, Guangzhou University of Chinese Medicine,
232 Waihuandong Road, Guangzhou, Guangdong 510006, P.R. China
E-mail: vitas_chan@126.com

“*Contributed equally
Key words: idiopathic pulmonary fibrosis, polydatin, transforming

growth factor-f31, epithelial-mesenchymal transition, anti-inflammatory,
antioxidant

administration markedly reduced the levels of hydroxyproline,
tumor necrosis factor-a, interleukin (IL)-6, IL-13, myeloper-
oxidase and malondialdehyde and promoted total superoxide
dismutase activity in lung tissues as determined using ELISA
kits or biochemical reagent kits. It inhibited TGF-f1 expression
and phosphorylation of Smad 2 and 3 and ERK-1 and -2 in vivo
as determined by western blot assays. These results suggest
that polydatin protects against IPF via its anti-inflammatory,
antioxidant and antifibrotic activities, and the mechanism may
be associated with its regulatory effect on the TGF-f pathway.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, irreversible
and lethal interstitial lung disease (1). People diagnosed with
this disease survive for <3-5 years (2). Following inflamma-
tion and oxidative injury, abnormal myofibroblast activation is
observed, accompanied by enhanced epithelial-mesenchymal
transition (EMT) and a large amount of collagen is secreted
for post-injury repair (3,4). This leads to excessive deposi-
tion of the extracellular matrix (ECM), collapse of alveolar
structures, infiltration of inflammatory cells in the alveolar
cavity and eventual development of interstitial fibrosis (5).
Finally, the lung structure is destroyed, lung function is lost
and breathing becomes difficult (6). It can lead to irreversible
respiratory failure and eventually mortality (7). At present, no
treatment exists for IPF. In addition, the anti-inflammatory
and immunosuppressive effects of traditional drugs are not
clinically optimistic and serious side effects always occur (8).
Therefore, a drug with significant efficacy and few side effects
needs to be developed urgently.

Resveratrol (3,4',5-trihydroxystilbene; Fig. 1A), a natural
phytoalexin, is abundant in a variety of plants such as grapes,
peanuts and berries and also in a number of commercial
products such as grape juice and red wine (9). It is a stilbene
compound with a strong antioxidant property owing to its
polyphenol structure (10). Previous studies provide abundant
basic data for the use of resveratrol against lung disease (11)
and fibrosis disease (12). Further, resveratrol exerts a protective
effect against pulmonary fibrosis by inhibiting the proliferation
and differentiation of lung fibroblasts and reducing the depo-
sition of collagen (13). However, it has poor water solubility



2 LIU et al: POLYDATIN PREVENTS BLEOMYCIN-INDUCED IPF

B

Figure 1. Chemical structures of (A) resveratrol and (B) polydatin.

due to its molecular structure, limiting its bioavailability and
pharmaceutical applications (14).

Polydatin (3,4',5-trihydroxystilbene-3-B-mono-D-gluco
side; Fig. 1B) is a resveratrol glucoside (15). Polydatin is usually
isolated from the roots of a Chinese medicinal herb Polygonum
cuspidatum Sieb. et Zucc. (Polygonaceae) (16). It is also abundant
in several common dietary products such as red wine, peanuts,
grapes and cocoa products, making it a promising dietary
supplement combined with other clinical antifibrotic drugs (17).
Polydatin is more abundant than resveratrol in nature and usually
serves as a direct precursor of resveratrol (18). Unlike resveratrol,
polydatin is more soluble in water owing to the conformational
changes in its structure in which the hydroxyl group is substi-
tuted by a glucoside group on position C-3 (Fig. 1B). Polydatin
has much better bioavailability than resveratrol, benefiting
from the way polydatin enters cells via glucose carriers (19).
Hence, polydatin should have a wider range of applications
and better biological properties than resveratrol. Studies have
shown that it displays strong antioxidant, anti-inflammatory and
anti-apoptotic properties. Thanks to these properties, polydatin
is frequently used for treating health-related disorders such
as cardiac disabilities (20), various carcinomas (21,22), hepa-
titis (23) and hepatic fibrosis (24). It can also significantly reduce
lipopolysaccharide-induced lung injury (25), protect against
PM2.5-induced respiratory system diseases (26) and alleviate
reactive oxygen species (ROS)- and bleomycin (BLM)-induced
EMT and pulmonary fibrosis (27,28).

Despite the amount of data on the role of resveratrol against
pulmonary fibrosis, the effect of resveratrol glucoside poly-
datin on IPF has not been explored in any depth. Therefore,
the present study aimed to compare the efficacy of resveratrol
and its glucoside polydatin and further investigate the possible
underlying mechanism of polydatin against BLM-induced IPF.

Materials and methods

Drugs and chemicals. Polydatin (purity >99%) and resvera-
trol (purity >99%) were purchased from Guangzhou Honsea
Sunshine Biotech Co., Ltd. Bleomycin (BLM) hydrochloride
was obtained from Zhejiang Hisun Pharmaceutical Co., Ltd.
Pirfenidone was acquired from Dalian Meilun Biotechnology
Co., Ltd. Recombinant human transforming growth factor-f31
was obtained from PeproTech Inc.; it was diluted and stored
following the manufacturer's protocol. Sodium carboxymeth-
ylcellulose (CMC-Na) was supplied by Sigma-Aldrich (Merck

KGaA). The assay kits for measuring hydroxyproline (HYP)
and malondialdehyde (MDA) contents and total superoxide
dismutase (T-SOD) and myeloperoxidase (MPO) activities
were supplied by Nanjing Jiancheng Bioengineering Institute.
Enzyme-linked immunosorbent assay (ELISA) kits for tumor
necrosis factor-a (TNF-a), interleukin (IL)-6 and IL-13 were
purchased from Shanghai Enzyme-linked Biotechnology
Co., Ltd. Reverse transcription primers for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), collagen type I a
1 (Collal), epithelial cell cadherin (E-cadherin) and a-smooth
muscle actin (a-SMA) were provided by Sangon Biotech
Co., Ltd. Antibodies against B-actin, transforming growth
factor-f1 (TGF-B1), phosphorylated Drosophila mothers
against decapentaplegic protein homolog 2/3 (p-Smad?2/3),
Smad2/3, phospho-extracellular-regulated protein kinases
1/2 (p-ERK1/2) and ERK1/2 were supplied by Affinity
Biosciences. Horseradish peroxidase (HRP) and goat
anti-rabbit immunoglobulin G (H+L) were purchased from
EarthOx, LLC. All other chemicals and reagents were at least
of the analytic grade.

Cell culture. Human type II alveolar epithelial cell line
A549 (American Type Culture Collection) was purchased
from iCell Bioscience Inc. It was cultured in Roswell Park
Memorial Institute-1640 (RPMI-1640) medium (Gibco;
Thermo Fisher Scientific, Inc.) containing 10% (v/v) fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1%
(v/v) penicillin/streptomycin solution (Gibco; Thermo Fisher
Scientific, Inc.) at 37°C, in a humidified atmosphere of 5% CO,.

Cellular toxicity detection. The A549 cells were seeded in a
96-well plate at a density of 4x10* cells/ml at 100 pl per well.
Then, they were treated with polydatin (0-120 M) for 24, 48,
72 and 96 h. Next, 20 ul of thiazolyl blue tetrazolium bromide
(MTT; 5 mg/ml) was added to each well. Following incubation
for 4 h, MTT was removed and 150 ul of dimethyl sulfoxide
(DMSO) was added to each well. The 96-well plate was
shaken on a microplate reader (Thermo Fisher Scientific, Inc.)
for 10 min to dissolve the crystals completely. The absorbance
was recorded at 490 nm using a microplate reader. The experi-
ment was repeated three times.

Morphological observation and RNA extraction. The A549
cells were seeded in a 6-well plate at a density of 4x10* cells/ml
at 2 ml per well. Then, they were treated with 0, 10, 30 and
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Table I. Primer sequences used for quantitative PCR.

Primer (5'-3")

Gene name
Human-GAPDH Forward
Reverse
Human-Col lal Forward
Reverse
Human-E-cadherin Forward
Reverse
Human-a-SMA Forward
Reverse
Rat-GAPDH Forward
Reverse
Rat-Col 1al Forward
Reverse
Rat-E-cadherin Forward
Reverse
Rat-a-SMA Forward
Reverse

GGCACCGTCAAGGCTGAGAAC
GGTGGCAGTGATGGCATGGAC
CCTGCCGTGACCTCAAGATGTG
CATGCTCTCGCCGAACCAGAC
TACAATGCCGCCATCGCTTACAC
TGACGGTGGCTGTGGAGGTG
TCGTGCTGGACTCTGGAGATGG
CCGATGAAGGATGGCTGGAACAG
GTCCATGCCATCACTGCCACTC
CGCCTGCTTCACCACCTTCTTG
GACAGGCGAACAAGGTGACAGAG
TGAGGTGGCTGAGGCAGGAAG
GCTGCCATCGCCTACACCATC
ACCGACCTCATTCTCAAGCACTTG
AGAACACGGCATCATCACCAACTG
TGAGTCACGCCATCTCCAGAGTC

a-SMA, a-smooth muscle actin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Collal, collagen type I o 1.

90 uM polydatin combined with TGF-f31 (10 ng/ml) for 96 h.
The cells were acquired after 96 h. TRI1zol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) was added to extract the total
RNA according to the manufacturer's protocol.

Animal experiments. A total of 42, six-week-old
specific-pathogen-free male Sprague-Dawley rats (180-220 g)
were provided by Guangdong Medical Laboratory Animal
Center (certificate no. SYXK2018-0085). The rats were
maintained in the animal experimental center of Guangzhou
University of Chinese medicine with five animals housed per
cage. They were placed at a constant temperature of 24°C,
relative humidity of 65+15% and a 12-h light/dark cycle. They
were given standard food and free drinking water. Animal
health and behavior were monitored every day. All experi-
mental protocols were in accordance with the regulations of
the Animal Protection and Use Committee of Guangzhou
University of Chinese Medicine.

BLM-induced IPF in rats. The rats were given adaptive feeding
for 1 week before starting the experiment. They were randomly
divided into seven groups: Sham control, model, pirfenidone,
resveratrol and polydatin low-, medium- and high-dose groups,
with six rats in each group. BLM-induced IPF was performed
as described in a previous study (29). The rats were anesthe-
tized with 50 mg/kg pentobarbital sodium by intraperitoneal
injection. Following anesthesia, the anterior neck region of the
rats was shaved and disinfected. Blunt dissection was made to
expose the trachea. Then, 5 mg/kg BLM hydrochloride was
intratracheally instilled into the rats in the six BLM-induced
groups. The sham control group received the same treatment
with sterile saline. The rats were shaken vertically for 3 min
for a uniform distribution. The subcutaneous tissue and skin
were carefully sutured.

Drug intervention. Then, 3 days following surgery (to mini-
mize suffering and distress of the rats), the sham control
and model groups were given 0.5% CMC-Na orally, the
pirfenidone group was given 50 mg/kg pirfenidone, the resve-
ratrol group was given 40 mg/kg resveratrol and the polydatin
low-, medium- and high-dose groups were given 10, 40 and
160 mg/kg polydatin, respectively, once a day for 28 days. Both
polydatin and resveratrol were dissolved in 0.5% CMC-Na
solution. As described in a previous study (30), on the 28th
day following BLM administration, the degree of IPF in rats
was obvious and the vital signs were affected. Therefore,
this was chosen as the humane endpoint. Following the last
administration, the animals were euthanized with 200 mg/kg
pentobarbital sodium by intraperitoneal injection. When the
rats were anesthetized, the blood of the rats was drained. After
draining the blood and arresting the cardiac and respiratory
functions, the lung tissues were rapidly stripped for further
study.

Histopathological evaluation. The lung tissues were fixed
with 4% paraformaldehyde for 24 h at room temperature. The
lung tissues were dehydrated with an alcohol gradient (75%
alcohol 4 h, 85% alcohol 2 h, 90% alcohol 2 h, 95% alcohol 1 h
and anhydrous ethanol 1 h). Xylene is used to make the tissue
transparent. They were then immersed in melted paraffin
at 65°C for 3 h, before embedding in a frame filled with molten
paraffin and allowed to solidify at -20°C. Paraffin-embedded
tissue blocks were cut into 4-um sections. These sections were
stained with hematoxylin and eosin (H&E) reagent, hema-
toxylin (0.5%) for 5 min, followed by eosin (0.5%) for 5 min; or
with Masson's trichrome reagent, sequentially with potassium
dichromate (10%) overnight, iron-hematoxylin (1%) for 3 min,
Ponceau acid (1%) for 10 min, phosphomolybdic acid (1%)
stain for 3 min and aniline blue (1%) for 6 min; all at room
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temperature and observed under a light microscope. The lung
injury scores were calculated according to the degrees of inter-
stitial inflammation, inflammatory cell infiltration, congestion
and edema. The scores on these indicators ranged 1-4. The
final lung injury score was the sum of these scores (31). The
lung fibrosis changes were evaluated according to the modified
Ashcroft method (grades 0-8) (32). At scores 1-3, the alveoli
were partly enlarged and rarefied. Fibrotic masses appeared
from score 4. The lung structure was severely damaged with
the confluence of single fibrotic masses at score 5. Most of the
lung structure was not preserved at score 6. At score 7, the
alveoli were partially covered by fibrotic masses and at score
8, complete occlusion occurred (33).

Reverse transcription-quantitative (RT-q)PCR. Total RNA of
the rat lung tissues was extracted using TRIzol® reagent. The
total RNA of cells (5x10°) and lung tissues was reverse tran-
scribed to cDNA (reaction volume, 20 ul) using the HiScript
IT Q RT SuperMix (Vazyme Biotech Co., Ltd.). An Ultra-trace
UV-Visible spectrophotometer (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to detect the concentration and purity
of RNA. The sample variation was amplified and quantified
(reaction volume, 20 ul) using an SYBR quantitative poly-
merase chain reaction Master Mix kit (Vazyme Biotech Co.,
Ltd.). cDNA was subjected to a temperature of 95°C for 30 sec;
40 cycles at 95°C for 10 sec and 60°C for 30 sec; and then 95°C
for 15 sec, 60°C for 60 sec and 95°C for 15 sec. The sequences
of the primer are shown in Table I. GAPDH was used as an
internal reference. RNA extraction, cDNA synthesis and qPCR
were performed according to the manufacturer's protocols.
The relative gene expression of Col I, E-cadherin and a-SMA
was calculated using the following formulas: AACq=(Cq,p1e-
Ccappn)-(Cdeonro-Coappi); fold change=2"44%4(34).

Determination of HYP level. The content of HYP in lung
tissues was measured according to the hydroxyproline assay
kit protocol (35). The data are expressed as microgram of HYP
per milligram wet lung weight (ug/mg tissue).

T-SOD, MDA and MPO assays. The activities of T-SOD and
MPO and the contents of MDA in lung tissues were determined
by the hydroxylamine, hydrogen peroxide and thiobarbituric
acid methods. The levels were determined by the colorimetric
method following the manufacturer's protocols (Nanjing
Jiancheng Bioengineering Institute).

TNF-a, IL-6 and IL-13 assays. Saline was added to the lung
tissues (100 mg) at a ratio of 1:9. The tissues were then homog-
enized and centrifuged to remove the supernatant. TNF-a
(cat. no. ml1002859), IL-6 (cat. no. m1102828) and IL-13
(cat. no. ml003012) ELISA kits (Shanghai Enzyme-linked
Biotechnology Co., Ltd.) were used to detect the expression of
these proteins following the manufacturer's protocols.

Western blot analysis. To collect the total proteins, the lung
tissues were homogenized using preconfigured radioimmuno-
precipitation assay (RIPA) cracking liquid [containing RIPA
lysis buffer, phenylmethanesulfonyl fluoride (PMSF), cocktail
and phosphatase inhibitors A and B at ratios of 100:1:2:1:1].
The supernatant was collected following centrifugation
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Figure 2. Effects of polydatin (0, 10, 20, 40, 8 and 120 yM) for 24, 48,72 and
96 h on A549 cells. Values are represented as mean + standard deviation (n=5).

at 14,000 x g for 10 min at 4°C. The concentrations of proteins
were measured using a bicinchoninic acid assay kit. Proteins
were loaded at 50 pg per lane. The proteins were dispersed
using 8% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and then transferred onto polyvinylidene fluoride
membranes. The membranes were blocked for 1 h at room
temperature in Tris buffer solution-0.1% Tween 20 (TBST)
containing 5% skimmed milk powder. Subsequently, they were
incubated with specific primary antibodies at 1:1,000 dilution
[p-ERK1/2 (cat. no. AF1015), ERK1/2 (cat. no. AF0155) and
B-actin (cat. no. AF7018)] and 1:2,000 dilution [p-Smad2/3
(cat. no. AF3367), Smad2/3 (cat. no. AF6367) and TGF-f1
(cat. no. AF1027)] overnight at 4°C. The membranes were
incubated for 1 h at room temperature in TBST containing
HRP and goat anti-rabbit immunoglobulin G secondary anti-
body (cat. no. E03012001; EarthOx Life Sciences). The protein
bands were detected using an enhanced chemiluminescence
advanced kit (GE Healthcare). Quantity One (v4.6.2; Bio-Rad
Laboratories, Inc.) was used for densitometry.

Statistical analysis. SPSS software (version 23.0, IBM Corp.)
was used for data analysis. One-way analysis of variance and
Fisher's least significant difference test were used to analyze
the significance of different groups. Values represented as
mean + standard deviation P<0.05 was considered to indicate a
statistically significant difference. ChemDraw Professional v16.0
was used to draw chemical structures. GraphPad Prism software
(v7; GraphPad Software, Inc.) was used to draw the graphs.

Results

Cellular toxicity of polydatin in A549 cells. The results
demonstrated that the viability of A549 cells after adminis-
tering polydatin (10-120 yM) for 24, 48, 72 and 96 h was more
than 90%. This suggested that polydatin had low toxicity to
A549 cells at 10-120 uM (Fig. 2).

Polydatin protects against TGF-f1-induced phenotypic
transformation of A549 cells. Based on the results of the
cell toxicity experiment, different concentrations (0, 10, 30
and 90 uM) of polydatin combined with TGF-$1 (10 ng/ml)
were subsequently selected to investigate the effect of their
independent or combined use on the phenotypic transforma-
tion of A549 cells for 96 h. The results showed no significant
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Figure 3. Effects of polydatin on the TGF-f1-induced phenotypic transformation of A549 cells (scale bars, 25 ym). TGF-f1, transforming growth factor-f1.
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Figure 4. Effects of polydatin on EMT and fibrosis markers: (A) Col I, (B) a-SMA and (C) E-cadherin. Values are represented as mean + standard deviation
(n=6). "P<0.01, the TGF-B1 alone administration group vs. the control group. “P<0.01, the polydatin and TGF-B1 combined administration group vs. the
TGF-B1 alone group. EMT, epithelial-mesenchymal transition; Col I, collagen I; a-SMA, a-smooth muscle actin; TGF-1, transforming growth factor-f1.

difference in cell morphology between the control and poly-
datin-administered groups. The epithelial cell phenotype
in these two groups was anserine nephrite type. After 96 h,
significant morphological differences were observed between
the TGF-B1-treated and control groups; a number of the cells
became spindle shaped in the TGF-fB1 intervention group.

Little difference in cell morphology was found between the
polydatin (10 xM) combined with TGF-B1 group and the
TGF-f1 intervention group during the experiment. However,
the polydatin (30 and 90 #M) combined with TGF-f31 group
showed significant morphological differences 96 h following
the intervention; only a few cells were spindle shaped (Fig. 3).
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Effect of polydatin on EMT of A549 cells. The results of
phenotypic observation showed that the morphological differ-
ences among the groups were most obvious at 96 h following
administration. Therefore, at 96 h following culture, total RNA
was extracted from the cells in the polydatin and TGF-1
alone or combined administration groups. The epithelial or
mesenchymal marker gene was detected to reflect the EMT
of the cells. The RT-qPCR results demonstrated no significant
difference in the changes in the expression levels of collagen
I (Col I), E-cadherin and a-SMA between the control and
polydatin (30 M) treatment groups. However, the expression
of E-cadherin was significantly downregulated in the TGF-f1
(10 ng/ml) intervention group (P<0.01) and the expression
of a-SMA and Col I was significantly increased (P<0.01),
showing statistically significant differences compared with
the control group. TGF-p1 (10 ng/ml) intervention combined
with polydatin (30 and 90 #M) administration demonstrated
significant differences in the expression of Col I, E-cadherin
and a-SMA compared with TGF-p1 (10 ng/ml) intervention
alone (P<0.01). The administration of polydatin inhibited
the reduction in E-cadherin and the increase in Col 1 and
a-SMA induced by TGF-p1. This inhibition displayed a
dose-dependent trend (Fig. 4).

Polydatin ameliorates BLM-induced lung pathological
damages and fibrogenesis in rats. In vitro experiments
confirmed that polydatin significantly inhibited the
TGF-pl-induced EMT of alveolar epithelial cells, which plays
a crucial role in the pathogenesis of fibrosis. Therefore, a model
of bleomycin-induced pulmonary fibrosis in vivo was estab-
lished to verify whether polydatin had a protective effect on
bleomycin-induced pulmonary fibrosis in rats. H&E staining
revealed the most intuitive response to histopathological
changes. The fibers in the tissue were stained blue by Masson
trichome stain, directly reflecting the degree of organ fibrosis.

H&E staining showed that the model group had severe
pulmonary structure collapse, alveolar structure consolida-
tion, marked edema and congestion and inflammatory cell
infiltration compared with the sham control group. Fortunately,
pirfenidone (PFD), resveratrol (Res) and polydatin interven-
tions reduced the pathological injury of lung tissue. They
suppressed the alveolar wall damage and reduced inflam-
matory cell infiltration, congestion and edema (P<0.01). The
effect of polydatin was dose-dependent. At the same dose,
polydatin and resveratrol produced similar effects. However,
higher doses of polydatin provided a stronger protective
effect. All of these results are shown in Fig. 5A and B. Masson
trichrome staining results showed that the lungs of rats treated
with BLM had alveolar septal thickening and collapse, massive
collagen deposition and fibrous hyperplasia compared with the
sham control group (P<0.05). However, collagen deposition
in the lungs was significantly reduced by pirfenidone (PFD),
resveratrol (Res) and polydatin (P<0.01). Polydatin exerted the
effect in a dose-dependent manner (P<0.05). The results are
displayed in Fig. 5C and D.

Level of HYP. The results demonstrated that the content of HYP,
a collagen deposition marker, significantly increased in the model
group compared with the sham control group (P<0.01). However,
pirfenidone (PFD) and resveratrol (Res) downregulated the

1.57

1.0 .

*%k

Hydroxyproline (png/mg)

0.0-

Control Model PFD Res 10 40 160

Polydatin (mg/kg)

Figure 6. Effects of PFD, resveratrol Res and polydatin on the hydroxyproline
level (xg/mg) in rats. Values are represented as mean =+ standard deviation
(n=6). "P<0.01, the model group vs. the control group. “P<0.01, vs. the model
group. PFD, pirfenidone; Res, resveratrol.

expression of HYP (P<0.01). Polydatin also significantly blocked
this induction in a dose-dependent manner (P<0.01; Fig. 6).

EMT and fibrosis markers are altered by polydatin during
BLM-induced IPF. Fig. 7 shows that BLM significantly
stimulated the gene expression of interstitial markers a-SMA
and Col I and decreased the gene expression level of epithe-
lial marker E-cadherin compared with rats having no BLM
administration (P<0.01). However, pirfenidone (PFD), high-
and medium-dose polydatin and resveratrol (Res) treatment
significantly ameliorated the magnitude of all these changes at
the mRNA level (P<0.01).

Polydatin protects against BLM-induced inflammatory injury
in rats. BLM administration significantly elevated the levels of
pro-inflammatory factors TNF-a, IL-6 and IL-13 in the lung
homogenate compared with the sham control group. However,
pirfenidone (PFD), resveratrol (Res) and polydatin (40 and
160 mg/kg) significantly decreased the elevated TNF-a, IL-6
and IL-13 levels (P<0.01) compared with the model group.
Polydatin (10 mg/kg) also mitigated the lesions, but its effect
was less compared with the other two doses of polydatin
(P<0.01; Fig. 8).

Polydatin protects against BLM-induced oxidative damage
in rats. Fig. 9 shows that BLM administration in rats caused
increased oxidative stress as manifested by a significant
decrease in T-SOD, and a significant increase in MDA
levels and MPO activities in the lung tissues compared with
the sham control group (P<0.01). Nevertheless, pirfenidone
(PFD), resveratrol (Res) and polydatin (40 and 160 mg/kg)
significantly overcame the BLM-mediated decrease in T-SOD
and inhibited the BLM-mediated increase in MDA levels and
MPO activities in the lung tissue (P<0.01) compared with the
model group. Polydatin (10 mg/kg) also exerted the effect to a
certain extent (P<0.05).

Polydatin downregulates the TGF-/Smad/ERK signaling
pathway during pulmonary fibrosis. Fig. 10 shows that
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following BLM injection, the expression level of TGF-f1 and
the phosphorylation of its downstream signals Smad2/3 and
ERK1/2 were significantly increased in rats. Promisingly,
polydatin was able to inhibit the elevation of the expression
level of TGF-PB1 and the phosphorylation of Smad2/3 and
ERK1/2 in a dose-dependent manner (P<0.05).

Discussion

Idiopathic pulmonary fibrosis (IPF) is a chronic, progres-
sive, irreversible clinical disease with survival of 3-5 years
following diagnosis (36). At present, drugs for treating IPF
are limited and no other means exist to cure the disease (37).
IPF is characterized by the collapse and merging of alveolar
structures, significant inflammatory cell infiltration, exces-
sive collagen deposition and hyperplasia of fibers (38).
The bleomycin (BLM)-induced pulmonary fibrosis model
simulates the process and pathological characteristics of
human pulmonary fibrosis on a larger scale (39). BLM drip-
ping into the lung through the trachea directly causes severe
lung injury (40). In the present study, massive alveolar
septal thickening, alveolar wall collapse, inflammatory cell
infiltration and fibrous hyperplasia occurred in the lungs of
rats in the model group, confirming the devastating effect of
BLM on the lungs. However, the treatment with polydatin
effectively prevented lung tissue damage and the progression
of pulmonary fibrosis. Its protective effect was reflected in
less lung structure collapse, inflammatory cell infiltration,
congestion and edema and prevention of collagen deposition
and fiber formation in the treatment group. At the same time,
polydatin significantly reduced the content of hydroxypro-
line (HYP) in vivo and collagen I (Col I) in vitro and in vivo,
indirectly or directly reflecting its inhibitory effect on
collagen synthesis. In addition, it also increased the expres-
sion level of epithelial marker E-cadherin and decreased the
expression level of interstitial marker a-smooth muscle actin
(a-SMA) in vitro and in vivo, reflecting its inhibitory effect
on the epithelial-mesenchymal transition (EMT) process.
The effect of polydatin was similar to that of pirfenidone
and its aglycone resveratrol. In addition, higher doses of
polydatin were more effective.

The formation of fibrosis is caused by excessive repair
following injury induced by various harmful factors. Of
these, oxidative damage and inflammatory damage are
two extremely important sources. BLM stimulation can
simulate the oxidative and inflammatory damage to human
lung tissue (41,42). BLM injection directly and markedly
damages alveolar epithelial cells (43). Inflammatory cells,
such as neutrophils and macrophages, heavily infiltrate into
the alveolar space (44), promoting the expression of TNF-a
in alveolar epithelial cells and the expression of IL-1f,
IL-13 and other pro-inflammatory factors (45). This causes
a series of inflammatory responses and severe inflammatory
injuries (46). At the same time, fibroblasts are activated in
large numbers, secreting collagen proteins that can repair
damage, and accumulate in the ECM, eventually leading to
the formation of fibrotic lesions (47). In addition, the extent
of inflammatory injury beyond repair can directly induce the
apoptosis of alveolar epithelial cells (48). Therefore, inflam-
matory stress plays an important role in the development

of fibrosis. However, neutrophil infiltration and activation
release large amounts of myeloperoxidase (MPO) (49).
Excessive MPO catalyzes the oxidation of protein tyrosine
to produce oxidants such as 3-nitrotyrosine and 3-chloroty-
rosine (50). When the oxidant production exceeds the local
antioxidant defense reaction, it leads to oxidative stress and
tissue oxidative damage (51). Meanwhile, in vitro studies
confirmed that MPO oxidation products can trigger fibrocyte
proliferation and promote fibrosis (52). In addition, BLM can
directly attack DNA. BLM combines with iron to form an
activated complex that promotes the production of oxidants
such as reactive oxygen species (ROS) (53). ROS can indis-
criminately attack DNA, proteins and lipids, causing severe
oxidative damage (54). ROS can be oxidized by various fatty
acids on the cell membrane to produce peroxide products
such as MDA, resulting in decreased membrane stability and
integrity, loss of function, cell damage and apoptosis (55).

Previous studies have demonstrated that polydatin
possesses a strong anti-inflammatory activity. It resists
LPS-induced pneumonia (19). The structure of polyphenol
makes it possible for polydatin and resveratrol to have a strong
antioxidant activity (56). The results of the present study
demonstrated that BLM significantly increased the levels of
TNF-a, IL-6 and IL-13 in rat lungs, suggesting that BLM
induced a severe inflammatory response. The increase in the
MPO level was another indication of neutrophil infiltration. In
addition, the levels of MDA and SOD reflected the increase
in oxidative stress and the decrease in the ability to scavenge
oxygen free radicals. Following treatment with polydatin, the
levels of pro-inflammatory factors TNF-a, IL-6 and IL-13,
MPO and MDA were significantly decreased and the activity
of SOD was increased. It was hypothesized that polydatin
has certain anti-inflammatory and antioxidant activities and
the mechanism may be related to inhibition of the secretion
of inflammatory oxidative factors, enhancing the scavenging
of oxygen free radicals and preventing the lipid peroxidation
process. In contrast, the anti-inflammatory and antioxidant
effects of polydatin were slightly lower compared with pirfeni-
done, a commonly used drug in clinical practice. However,
its effect on reducing the levels of inflammatory factors was
higher and its antioxidant effect was close to that of resveratrol
at the same dose.

TGF-p1 has been found to regulate a wide array of cellular
processes, including cell growth, differentiation, migration,
apoptosis and ECM production (57,58). Particularly, it is consid-
ered a key mediator of fibrosis (59). The significant increase in
TGF-p1 level in the lung tissue of rats with pulmonary fibrosis
strongly demonstrated that TGF-B1 was closely related to
pulmonary fibrosis (60). TGF-f could inhibit the growth of
epithelial cells, re-program epithelial cells into mesenchymal
cells and stimulate the production of ECM via regulating
downstream regulators in pulmonary fibrosis (61,62). In vitro
experiments demonstrated that 10 ng/ml TGF-$1 could
significantly induce the transformation of type II alveolar
epithelial cell A549 phenotype from cobblestone appearance
into spindle-like appearance. This phenotypic transformation
was accompanied by an increased expression level of Col I and
mesenchymal marker a-SMA and decreased expression level
of epithelial marker E-cadherin. It was proposed that TGF-f31
could induce the EMT process of alveolar epithelial cells and
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promote collagen synthesis and deposition. Following the
intervention of polydatin, alveolar epithelial cells retained
their epithelioid phenotype and the decrease in the expression
level of E-cadherin gene, an epithelial marker and the increase
in the expression level of Col I and interstitial marker a-SMA
were inhibited. This suggested that the protective effect of
polydatin against pulmonary fibrosis might be related to the
regulation via the TGF-f1 signaling pathway.

ROS produced by oxidative stress and pro-inflammatory
factors, such as TNF-a, promotes the synthesis of TGF-f1 and
activates the TGF-f1 signaling pathway (63,64). The downstream
regulation of TGF-B1 is divided into Smad-dependent and
Smad-independent signaling pathways (65,66). Following induc-
tion by TGF-f1, the downstream transduction molecule Smad2/3
is phosphorylated and activated to form a trimer with Smad4 and
conduct the signal from the cell membrane to the nucleus (65). It
can activate the production of ECM in the nucleus (67). Previous
studies indicated that Smad3-deficient mice show significant
inhibition of BLM-induced pulmonary fibrosis (68,69). In
contrast, other studies found that the blocking of Smad3 did not
entirely weaken the TGF-P1 effect and still played a significant
regulatory role in fibrosis (70,71). These findings indicate the
existence of other downstream receptors of TGF-p1 to regulate
the process of fibrosis. This downstream signaling pathway
is called the Smad-independent signaling pathway (72). The
ERK/MAPK pathway is a Smad-independent signaling pathway.
Previous studies have demonstrated that ERK1/2 can be acti-
vated by TGF-P1 in epithelial cells and fibroblasts (73,74) and
can stimulate EMT process and ECM production (75,76). In
addition, the activation of ERK is necessary for TGF-f1-induced
fibroblast replication (77). Notably, a complex cross-talk exists
between TGF-p/Smad and TGF-/ERK pathways. ERK1/2
can phosphorylate the linker region of nuclear-localized Smad,
increase the half-life of p-Smad 2/3 and increase the duration
of Smad target gene transcription (78,79). In the present study,
BLM upregulated the expression of TGF-f31 and increased the
phosphorylation levels of Smad2/3 and ERK1/2, which was
consistent with previous findings (80). The results indicated that
BLM-induced IPF might correspond to the cross-talk between
TGF-p/Smad and TGF-f/ERK pathways. Pirfenidone could
effectively slow down the progression of IPF in clinical treat-
ment and the mechanism might be related to the regulation
of TGF-f/Smad and TGF-/ERK pathways (81,82). Notably,
following the administration of polydatin for 28 days, the rats
exhibited a low TGF-p1 level and a significant reduction in
Smad?2/3 and ERK1/2 phosphorylation, indicating that polydatin
could suppress TGF-f/Smad and TGF-B/ERK pathways effec-
tively. In addition, the polydatin high-dose group demonstrated
a better inhibition of TGF-f1 expression and phosphorylation
of Smad2/3 and ERK1/2 compared with pirfenidone. These
pharmacological activities rendered polydatin a broader clinical
application value and might account for the protective effect of
polydatin against IPF.

The present study demonstrated that polydatin protected
against BLM-induced pulmonary fibrosis. The efficacy of poly-
datin was close to that of resveratrol. The antifibrotic effect of
polydatin might be due to the relief from oxidative and inflam-
matory stress and inhibition of EMT and collagen deposition
regulated by Smad-dependent and Smad-independent TGF-f3
signals. These findings provided new insights into the bioactivity

of polydatin. They indicated that polydatin might have therapeutic
potential for treating IPF and could also be a promising dietary
supplement combined with other clinical antifibrotic drugs.
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