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Paeoniflorin suppresses TGF-β mediated epithelial-
mesenchymal transition in pulmonary fibrosis 
through a Smad-dependent pathway
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Aim: Paeoniflorin has shown to attenuate bleomycin-induced pulmonary fibrosis (PF) in mice.  Because the epithelial-mesenchymal 
transition (EMT) in type 2 lung endothelial cells contributes to excessive fibroblasts and myofibroblasts during multiple fibrosis of 
tissues, we investigated the effects of paeoniflorin on TGF-β mediated pulmonary EMT in bleomycin-induced PF mice.
Methods: PF was induced in mice by intratracheal instillation of bleomycin (5 mg/kg).  The mice were orally treated with paeoniflorin or 
prednisone for 21 d.  After the mice were sacrificed, lung tissues were collected for analysis.  An in vitro EMT model was established in 
alveolar epithelial cells (A549 cells) incubated with TGF-β1 (2 ng/mL).  EMT identification and the expression of related proteins were 
performed using immunohistochemistry, transwell assay, ELISA, Western blot and RT-qPCR.
Results: In PF mice, paeoniflorin (50, 100 mg·kg-1·d-1) or prednisone (6 mg·kg-1·d-1) significantly decreased the expression of FSP-1 
and α-SMA, and increased the expression of E-cadherin in lung tissues.  In A549 cells, TGF-β1 stimulation induced EMT, as shown by 
the changes in cell morphology, the increased cell migration, and the increased vimentin and α-SMA expression as well as type I and 
type III collagen levels, and by the decreased E-cadherin expression.  In contrast, effects of paeoniflorin on EMT disappeared when 
the A549 cells were pretreated with TGF-β1 for 24 h.  TGF-β1 stimulation markedly increased the expression of Snail and activated 
Smad2/3, Akt, ERK, JNK and p38 MAPK in A549 cells.  Co-incubation with paeoniflorin (1–30 µmol/L) dose-dependently attenuated 
TGF-β1-induced expression of Snail and activation of Smad2/3, but slightly affected TGF-β1-induced activation of Akt, ERK, JNK and 
p38 MAPK.  Moreover, paeoniflorin markedly increased Smad7 level, and decreased ALK5 level in A549 cells.
Conclusion: Paeoniflorin suppresses the early stages of TGF-β mediated EMT in alveolar epithelial cells, likely by decreasing the 
expression of the transcription factors Snail via a Smad-dependent pathway involving the up-regulation of Smad7.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a devastating, irrevers-

ible and fatal lung disease with a global incidence of 2–29 
per 100 000 people every year[1, 2].  The major characteristics 
of IPF include alveolar catarrh, abnormal proliferation and 
transformation of fibroblasts, excessive secretion and deposi-
tion of extracellular matrix (ECM), the subsequent irreversible 

destruction of the lung architecture and fibrosis[3, 4].  The pre-

cise pathogenesis of IPF is not yet completely understood, but 
effective intervention can be achieved by inhibiting the syn-

thesis of ECM and promoting its degradation in lung tissues.
ECM includes collagen (the major component), proteogly-

can, fibronectin, elastin and other matrix components.  Type I 
collagen is the most common form of ECM collagen[5, 6].  Fibro-

blasts and myofibroblasts are the major effector cells that syn-

thetize and secret type I collagen in lung tissues.  Moreover, 
myofibroblasts—α-smooth muscle actin (α-SMA)-expressing 
fibroblasts—have been demonstrated to be the main source 
of type I collagen, and they have a greater ability to produce 
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type I collagen than fibroblasts[7].  The excessive production 
of fibroblasts and myofibroblasts results from 1) the prolifera-

tion and differentiation of resident mesenchymal cells, 2) EMT 
(epithelial-mesenchymal transition) in type II lung epithelial 
cells[8], and 3) the recruitment of bone marrow-derived pro-

genitor cells.  In fact, in a bleomycin-induced lung fibrosis 
mouse model, approximately one-third of the fibroblasts in 
lung tissues were derived from type II lung epithelial cells that 
underwent EMT[9]

.

Paeoniflorin (Figure 1), a pinane monoterpene glucoside 
found in the root of Paeonia lactiflora Pall, has been reported 
to have anti-inflammatory and immunomodulatory proper-

ties[10–12].  Recently, we demonstrated that paeoniflorin substan-

tially prevented pulmonary fibrosis (PF) in bleomycin-treated 
mice by suppressing the synthesis of type I collagen in lung 
tissues[13].  To identify the mechanism by which paeoniflorin 
suppresses the synthesis of type I collagen in PF, the present 
study was aimed at investigating the effect of paeoniflorin on 
TGF-β mediated pulmonary EMT using in vivo and in vitro 

assays.

Materials and methods
Chemicals and reagents

Paeoniflorin (purity >95%, MW: 480.45, dissolved in DMSO to 
a final concentration lower than 0.1%) was purchased from 
Nanjing Zelang Medical Technology Co, Ltd (Nanjing, China); 
prednisone acetate was purchased from Zhejiang Xianju Phar-

maceutical Co, Ltd (Taizhou, China); bleomycin hydrochloride 
(BLM) was purchased from Nippon Kayaku (Tokyo, Japan); 
RPMI-1640 and fetal bovine serum (FBS) were purchased from 
HyClone (Logan, USA); recombinant human TGF-β1 was pur-

chased from R&D Systems (Minneapolis, USA); E-cadherin, 
Smad2/3, p-Smad2 and p-Smad3 antibodies were purchased 
from Cell Signaling Technology (Boston, MA, USA); α-SMA 
antibodies were purchased from Epitomics (Burlingame, CA, 
USA); FSP-1, Smad7, ALK5 and vimentin antibodies were 
purchased from Bioworld Technology, Inc (Minneapolis, 
USA); Akt, p-Akt; JNK, p-JNK, ERK, p-ERK, p38, p-p38 and 
GAPDH antibodies were purchased from Kangchen Biotech 
(Shanghai, China); type I collagen ELISA kits were purchased 
from Abcam (Cambridge, UK); iScript cDNA synthesis kits 

and SsoFast EvaGreen Supermix were purchased from Bio-
Rad (Hercules, USA); and TRIzol reagent was purchased from 
TransGen Biotech (Beijing, China).  All other chemicals and 
reagents used were of analytical grade.

Animals

Male ICR mice weighing 22±2 g were purchased from the 
Comparative Medicine Centre of Yangzhou University (Yang-

zhou, China).  The mice were allowed to acclimatize to the lab-

oratory environment for at least 7 d at a constant temperature 
(23±2 °C) before being used.  Food and water were provided 
ad libitum.  All animal care and use protocols complied with 
the Provisions and General Recommendation of the Chinese 
Experimental Animals Administration Legislation.  The study 
protocol was approved by the Institutional Ethical Committee 
of China Pharmaceutical University.

PF induced by BLM in mice

Briefly, a PF model was established using an intratracheal 
instillation of BLM (5 mg/kg in saline) in mice[13].  Then, 
the mice were fixed on a board and swung using a circular 
motion for 2 min to ensure that the BLM was well distributed 
in the lungs.  On d 1, the mice were randomly separated into 
a normal group, a model group, paeoniflorin (25, 50 and 100 
mg/kg)-treated groups, and a prednisone (6 mg/kg)-treated 
group.  Paeoniflorin and prednisone, dissolved in water, were 
orally administered for 21 consecutive days at a volume of 0.1 
mL/10 g body weight.  On d 21, the mice were sacrificed using 
an excess of chloral hydrate hydrochloride anesthesia, and the 
lower left sides of the lung tissues were prepared for immuno-

histochemistry.  Other lung tissues were stored at -70 °C.

Immunohistochemistry

The lower left sides of lung tissues were fixed in 10% formalin, 
embedded in paraffin, sectioned, and then prepared for immu-

nohistochemical staining.  Sections were incubated with anti-
FSP-1, anti-α-SMA or anti-E-cadherin antibodies for 24 h at 
4 °C, and then incubated with goat anti-rabbit IgG secondary 
antibodies for 1 h at 37 °C.  After incubation with 3,3’-diami-
nobenzidine tetrahydrochloride and hydrogen peroxide, the 
sections were counterstained with hematoxylin.

Cell culture

Human type II alveolar epithelial cell lines (A549), obtained 
from the American Type Culture Collection (ATCC), were cul-
tured in RPMI-1640 containing 10% FBS, 100 units/mL penicil-
lin, 100 μg/mL streptomycin and maintained at 37 °C in a 5% 
CO2 humidified atmosphere.  For EMT induction, A549 cells 
(5×105 cells/well) were seeded into 6-well plates and incu-

bated with serum-free RPMI-1640 for 2 h.  Then, the cells were 
stimulated with TGF-β1 (2 ng/mL) for 48 h[14].  Cell morphol-
ogy was observed and recorded under an inverted microscope 
(magnification, 200×).

Cell viability assay

The cytotoxic effects of paeoniflorin were evaluated using a 

Figure 1.  The chemical structure of paeoniflorin.
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conventional MTT assay.  Briefly, A549 cells (1×105 cells/well) 
were seeded and plated into 96-well plates and then incubated 
in serum-free medium for 2 h.  Then, the cells were incubated 
with paeoniflorin (1, 3, 10, or 30 µmol/L) in the presence or 
absence of TGF-β1 (2 ng/mL) for 20 h.  Then, 20 μL of MTT 
(5 mg/mL) was added to each well, and the cells were incu-

bated for an additional 4 h.  Subsequently, the supernatants 
were removed, and the formazan crystals were dissolved in 
DMSO (150 µL).  Absorbance was measured at 490 nm using a 
Model 1500 Multiskan Spectrum Microplate Reader (Thermo, 
Waltham, MA, USA).

Cell migration assay

A549 cell migration assays were performed using a transwell 
Boyden chamber (Corning Costar, Cambridge, MA, USA) con-

taining a polycarbonate filter with a pore size of 8 μm.  Cells 
were seeded in the upper well of each chamber, and the cham-

bers were inserted into 24-well plates.  Cells were incubated 
with serum-free medium for 2 h and then treated with culture 
medium containing 2% NBCS in the presence of TGF-β1 (2 
ng/mL) or TGF-β1 (2 ng/mL) plus paeoniflorin (1, 3, 10, and 
30 μmol/L) for 6 h.  Then, the non-migrated cells on the upper 
surface of the membrane were removed by washing the mem-

branes in PBS, and the migrated cells on the bottom surface of 
the transwell membrane were stained with 5% Cresyl violet 
for 15 min.

Western blot analysis

A549 cells were seeded into 6-well plates and incubated with 
serum-free medium for 2 h.  Subsequently, cells were treated 
with paeoniflorin (1, 3, 10, and 30 μmol/L) for 24 h and then 
stimulated using TGF-β1 (2 ng/mL) for 0, 5, 10, 20, 30, and 60 
min.  The cells were washed twice with ice-cold phosphate-
buffered saline (pH 7.2), and proteins were extracted with 
lysis buffer for 30 min on ice.  The extracts were harvested 
using centrifugation at 12 000 rounds per minute for 5 min at 
4 °C.  The protein concentrate was quantified using a Brad-

ford assay.  The protein samples (20 µg per lane) were loaded 
and run using 12% SDS-PAGE and then transferred to PVDF 
membranes.  The membranes were blocked for 2 h at room 
temperature in 10% nonfat milk in TBS-Tween 20 (0.1%) and 
then incubated with the corresponding antibodies.  Finally, the 
membranes were incubated in ECL reagent for 2–10 min and 
then exposed to X-ray film.

ELISA

A549 cells were seeded into 6-well plates and incubated with 
serum-free medium for 2 h.  Subsequently, cells were treated 
with TGF-β1 (2 ng/mL) or TGF-β1 (2 ng/mL) plus paeoniflo-

rin (1, 3, 10, and 30 μmol/L) for 48 h.  The supernatants were 
collected and stored at -20 °C.  The level of type I collagen 
was measured using enzyme-linked immunosorbent assays 
(ELISA).

Real-time quantitative polymerase chain reaction (RT-qPCR)

A549 cells were seeded into 6-well plates and incubated with 

serum-free medium for 2 h.  Subsequently, cells were treated 
with TGF-β1 (2 ng/mL) or TGF-β1 (2 ng/mL) plus paeoni-
florin (1, 3, 10, and 30 μmol/L) for 24 h.  Total RNA was 
extracted using TRIzol (0.5 mL) according to the manufactur-

er’s instructions.  The concentrations were determined using 
optical density measurements at 260 nm on a spectrophotom-

eter.  RNA (2 μg) was used to perform reverse transcriptase 
reactions according to the manufacturer’s instructions.  Then, 
20-μL reaction mixtures containing Ssofast Evagreen Super-

mix, nuclease-free water, forward primer, reverse primer and 
cDNA were transferred to different PCR tubes.  Melting curves 
were determined for every run to ensure that only the correct 
product was amplified.  The Ct values were normalized to the 
corresponding values of GAPDH.  The primers used for RT-
qPCR are shown in Table 1.

Statistical analysis

All data are expressed as the mean±SD.  Statistical significance 
was evaluated using one-way analysis of variance (ANOVA) 
followed by post-hoc Tukey’s test.  P values less than 0.05 
(P<0.05) were considered to be significant.

Results
Effect of paeoniflorin on BLM-induced EMT in mouse lung tissues
During the course of PF, type II lung epithelial cells are stimu-

lated by TGF-β and other factors to undergo EMT and trans-

form into fibroblasts and myofibroblasts.  These cells secret 
large amounts of ECM, which destroys the lung architecture 
and aggravate the fibrotic process.  FSP-1 and α-SMA are spe-

cific markers of fibroblasts and myofibroblasts, respectively.  
Fibroblasts and myofibroblasts are primarily responsible 
for the excessive production and deposition of ECM in PF.  
Emerging evidence indicates that type II lung epithelial cells, 
which express the biomarker E-cadherin, can undergo EMT to 

Table 1.  Primers used in RT-qPCR.

         Primers                                                    Sequence (5′→3′)

Collagen I Forward TGTTGGCCCATCTGGTAAAGA
 Reverse CAGGGAATCCGATGTTGCC
Collagen III Forward TCAGGGTGTCAAGGGTGAA
 Reverse CAGGGTTTCCATCTCTTCCA
Snail Forward CCCCAATCGGAAGCCTAACT
 Reverse CGTAGGGCTGCTGGAAGGTA
Slug Forward CCATTCCACGCCCAGCTA
 Reverse CTCACTCGCCCCAAAGATGA
Twist Forward GGAGTCCGCAGTCTTACGAG
 Reverse TCTGGAGGACCTGGTAGAGG
ZEB1 Forward ATGCGGAAGACAGAAAATGG
 Reverse GTCACGTTCTTCCGCTTCTC
ZEB2 Forward AACAACGAGATTCTACAAGCCTC
 Reverse TCGCGTT CCTCCAGTTTTCTT
GAPDH Forward GACATTTGAGAAGGGCCACAT
 Reverse CAAAGAGGTCCAAAACAATCG
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eventually transform into myofibroblasts in PF.
To assess whether paeoniflorin affects pulmonary EMT in 

BLM-induced PF, we investigated the expression of FSP-1, 
α-SMA and E-cadherin in the lung tissues of mice on d 21 after 
treatment with BLM.  As shown in Figure 2 and Supplemen-

tary Figure S1, FSP-1- and α-SMA-positive areas were con-

siderably increased in the lung tissues of BLM-treated mice, 
while paeoniflorin (50 and 100 mg/kg) and prednisone (6  
mg/kg) significantly decreased the FSP-1- and α-SMA-positive 
areas.  By contrast, treatment with BLM resulted in a dramatic 
decrease in the E-cadherin-positive area in the lung tissues of 
mice.  Both paeoniflorin (25, 50, and 100 mg/kg) and predni-

sone (6 mg/kg) nearly completely restored the E-cadherin-
positive area (Figure 2C).

Effect of paeoniflorin on the viability of A549 cells
To investigate whether paeoniflorin is cytotoxic in alveolar 
epithelial cells, A549 cells (human type II alveolar epithelial 
cells) were treated with paeoniflorin (1, 3, 10, and 30 μmol/L) 
in the absence or presence of TGF-β1 (2 ng/mL) for 24 h.  MTT 
assays showed that paeoniflorin induced no observable cell 
cytotoxicity under the tested concentrations (Figure 3).

Effect of paeoniflorin on EMT induced by TGF-β1 in A549 cells
To further investigate the effects and characteristics of pae-

oniflorin on TGF-β-mediated EMT in alveolar epithelial cells, 
in vitro experiments were performed in A549 cells using 
TGF-β1 as a stimulant.  In the absence or presence of paeoni-
florin, A549 cells were treated with TGF-β1 (2 ng/mL) for 
48 h.  Changes in morphology, protein marker expression 
(E-cadherin, Vimentin and α-SMA) and type I collagen secre-

tion were examined.  As shown in Figure 4 and Supplemen-

tary Figure S2, in contrast to normal cells, TGF-β1-treated 
cells changed from a cobblestone-like monolayer of epithelial 
cells into spindle-shaped mesenchymal cells and expressed 

Figure 2.  The effects of paeoniflorin (Pae) and prednisone (Pred) on the 
expression levels of FSP-1, α-SMA and E-cadherin on bleomycin-induced 
fibrosis in mouse lung tissues.  On d 21 after BLM instillation, mice were 
sacrificed using an excess of chloral hydrate hydrochloride anesthesia, 
and their lung tissues were isolated.  The expression and localization of 
FSP-1, α-SMA and E-cadherin protein in the lower left sides of lung tissues 
were examined using immunohistochemistry.  n=6.  ##P<0.01 vs normal.  
*P<0.05, **P<0.01 vs model.

Figure 3.  The effects of paeoniflorin (Pae) on the cell viability in A549 
cells.  Cell viability was detected using MTT assays.  A549 cells were 
seeded into 96-well plates and then incubated with serum-free RPMI-
1640 for 2 h.  Then, cells were incubated with Pae (1, 3, 10 and 30  
µmol/L) in the presence or absence of TGF-β1 (2 ng/mL) for 20 h, and 
their viability was detected using MTT assays as described in the Methods 
section.  (A) Cell viability was analyzed in A549 cells treated with Pae.  (B) 
Cell viability was analyzed in A549 cells treated with Pae and TGF-β1.  
Data are expressed as the mean±SD.  n=3.
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higher migratory potential.  Meanwhile, the expression of 
E-cadherin decreased while the expressions of Vimentin and 
α-SMA increased.  The levels of type I and III collagen in cells 
steeply increased.  Paeoniflorin (3, 10, and 30 μmol/L) signifi-

cantly inhibited these morphological changes and migration 

in A549 cells, up-regulated the expression of E-cadherin, and 
decreased the expression of Vimentin and α-SMA.

Additionally, the levels of type I and III collagen were con-

siderably decreased after paeoniflorin treatment.  The per-

centage decrease induced by treatment with paeoniflorin on 
the mRNA levels of type I and III collagen were 54.3% and 
65.7% for 10 μmol/L paeoniflorin and 56.1% and 67.3% for 30 
μmol/L paeoniflorin.

Time course of paeoniflorin-induced inhibition of EMT in A549 
cells

To determine which stage paeoniflorin primarily affects, A549 
cells were cultured with paeoniflorin (10 μmol/L) for different 
intervals after stimulation with TGF-β1 (2 ng/mL).  Changes 
in cell morphology, protein marker expression and type I col-
lagen secretion were recorded.  As shown in Figure 5, after 
stimulation with TGF-β1 for 48 h, a considerable number of 
the A549 cells converted into spindle-shaped mesenchymal 
cells, and this alteration in morphology was accompanied by 
decreased expression of E-cadherin, increased expression of 
vimentin and α-SMA, and increased secretion of type I col-
lagen.  Paeoniflorin significantly prevented EMT in A549 
cells when it was added at the same time as or at 6 and 12 h 
after TGF-β1 stimulation.  If added at 24 h or 36 h after TGF-
β1 stimulation, paeoniflorin had little effect.  When A549 
cells were treated with paeoniflorin (10 μmol/L) for 6 h and 
12 h, E-cadherin expression increased approximately 7.5- and 
5-fold, respectively, and Vimentin expression and α-SMA 
expression were inhibited by 37.7% and 14.8% (for 6 h) and 
44.2% and 18.9% (for 12 h), respectively.

Effect of paeoniflorin on the expression of EMT-related trans-

cription factors in A549 cells
Deficiency in E-cadherin is a key event in the EMT process.  
Many transcription factors (eg, Snail, Slug, Twist, ZEB1 and 
ZEB2) have been found to participate in the regulation of 
E-cadherin expression.  To gain insight into the mechanisms 
by which paeoniflorin prevents E-cadherin deficiency in TGF-
β1-induced A549 cells, its effects on the expression levels of 
the transcription factors mentioned above were examined 
using RT-qPCR.  As shown in Figure 6A, the mRNA expres-

sion levels of Snail, Slug, Twist, ZEB1 and ZEB2 were signifi-

cantly increased by treating cells with TGF-β1 (2 ng/mL) for 
different intervals, peaking at 24 h and then declining.  Then, 
A549 cells were exposed to different concentrations of pae-

oniflorin and cultured for 24 h in the presence of TGF-β1.  As 
shown in Figure 6B, paeoniflorin (3, 10, and 30 μmol/L) treat-
ment dramatically inhibited the expression of Snail mRNA 
but only slightly affected the expression of Slug, Twist, ZEB1 
and ZEB2 mRNA.  At a concentration of 3, 10, or 30 μmol/L, 
paeoniflorin inhibited the mRNA expression of Snail by 81.5%, 
86.8%, and 60.5%, respectively.  These results suggest that the 
down-regulation of Snail expression might be the key mecha-

nism by which paeoniflorin prevents E-cadherin deficiency in 
A549 cells.

Figure 4.  The effects of different concentrations of paeoniflorin (Pae) on 
TGF-β1-induced epithelial-mesenchymal transition in A549 cells.  A549 
cells were seeded into plates and incubated with serum-free RPMI-1640 
for 2 h.  Then, the cells were incubated with TGF-β1 (2 ng/mL) or TGF-β1 
(2 ng/mL) plus Pae (1, 3, 10 and 30 µmol/L) for the indicated intervals.  
(A) The expression levels of E-cadherin, Vimentin and α-SMA were 
detected using Western blot analysis.  (B) The amounts of type I and type 
III collagen in the cell supernatants were detected using ELISA and Real-
Time Quantitative PCR assays. Data are expressed as the means±SD.  
n=3.  ##P<0.01 vs normal.  *P<0.05, **P<0.01 vs TGF-β1.
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Effect of paeoniflorin on the activation of the Smad-dependent 

pathway in A549 cells
The expression of Snail is regulated by both Smad-dependent 
and Smad-independent signaling pathways.  To determine 
the mechanisms by which paeoniflorin inhibits the expression 
of Snail mRNA, the effects of paeoniflorin on the activation 
of the Smad pathway were first investigated.  A549 cells were 
exposed to TGF-β1 for 5, 10, 20, 30 and 60 min.  The levels of 
phosphorylated Smad2 and Smad3 were detected using West-
ern blot analysis.  As shown in Figure 7A, phosphorylated 
Smad2 and Smad3 were significantly increased by TGF-β1 (2 
ng/mL) stimulation, peaking at 30 min.  Paeoniflorin (3, 10, 
and 30 μmol/L) markedly inhibited the phosphorylation of 
both Smad2 and Smad3, inhibiting Smad2 phosphorylation by 
38.2%, 60.2% and 72.6%, respectively, and Smad3 phosphory-

lation by 46.2%, 68.2% and 73.5%, respectively (Figure 7B).  
These findings suggest that paeoniflorin might regulate the 

expression of Snail through a Smad-dependent pathway.

Effect of paeoniflorin on the Smad-independent pathway in A549 
cells

Next, we investigated the effect of paeoniflorin on the activa-

tion of the Smad-independent pathway, including the PI3K/
Akt and MAPK pathways.  A549 cells were exposed to TGF-
β1 (2 ng/mL) for 5, 10, 20, 30 and 60 min, respectively.  The 
levels of phosphorylated Akt, ERK, JNK and p38 MAPK were 
detected using Western blot analysis.  As shown in Figure 8A, 
the levels of phosphorylated Akt, ERK, JNK and p38 MAPK 
were significantly increased by TGF-β1 stimulation, peaking 
at 30 min.  Then, we cultured A549 cells with paeoniflorin in 
the presence of TGF-β1 for 30 min.  The results showed that 
paeoniflorin (1, 3, 10, and 30 μmol/L) only slightly affected the 
phosphorylation of Akt, ERK, JNK and p38 MAPK, indicating 
that paeoniflorin does not down-regulate the expression of 
Snail by a Smad-independent pathway (Figure 8B).

Figure 5.  Time course of the effect of paeoniflorin (Pae) on TGF-β1-induced epithelial-mesenchymal transition in A549 cells.  A549 cells were seeded 
into plates and incubated with serum-free RPMI-1640 for 2 h.  Then, the cells were incubated with TGF-β1 (2 ng/mL) or TGF-β1 (2 ng/mL) plus Pae 
(1, 3, 10 and 30 µmol/L) for the indicated intervals.  (A) Cell morphology was recorded using an inverted microscope (magnification 200×).  (B) The 
expression levels of E-cadherin, Vimentin and α-SMA were detected using Western blot analysis, as described in the Methods section.  GAPDH was used 
as the internal control.  (C) The protein levels of E-cadherin, Vimentin and α-SMA were determined using Real-Time Quantitative PCR, as described in the 
Methods section.  (D) The cell supernatants were collected, and the amount of type I collagen was detected using ELISA, as described in the Methods 
section.  The data are expressed as the mean±SD.  n=3.  ##P<0.01 vs normal.  *P<0.05, **P<0.01 vs TGF-β1.
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Effect of paeoniflorin on the levels of Smad7 and ALK5 in A549 
cells

Previous reports have indicated that Smad7 regulates the 
canonical TGF-β/Smad pathway by associating with ALK5, 
the type I receptor of TGF-β.  Therefore, we next investigated 
the effect of paeoniflorin on the TGF-β1-induced levels of 
Smad7 and ALK5 in A549 cells.  TGF-β1 stimulation increased 
ALK5 expression and decreased Smad7 expression in A549 
cells.  However, paeoniflorin (3, 10, and 30 μmol/L) treat-
ment resulted in the significant down-regulation in ALK5 and 
the up-regulation of Smad7 compared to the TGF-β1-only 

group (Figure 8C).  Treatment with paeoniflorin (3, 10, and 30 
μmol/L) inhibited ALK5 by 47.5%, 45.8% and 57.6%, respec-

tively, and increased Smad7 by 0.52-, 3.15- and 2.75-fold, 
respectively.  

Discussion
EMT is a biological process by which epithelial cells lose their 
cell-cell adhesions and acquire the characteristics of mesenchy-

Figure 6.  The effects of paeoniflorin (Pae) on the expression levels of 
transcription factors in TGF-β1-stimulated A549 cells.  A549 cells were 
seeded into plates and incubated with serum-free RPMI-1640 for 2 h.  
Then, the cells were incubated with Pae (1, 3, 10 and 30 µmol/L) in the 
presence or absence of TGF-β1 (2 ng/mL) for the indicated time interval.  
The expression levels of Snail, Slug, ZEB1, ZEB2 and Twist mRNAs were 
measured using Real-Time Quantitative PCR, as described in the Methods 
section.  (A) Time course showing Snail, Slug, ZEB1, ZEB2 and Twist 
mRNA expression.  (B) The effects of Pae (1, 3, 10, and 30 μmol/L) on the 
expression levels of Snail, Slug, ZEB1, ZEB2 and Twist mRNAs.  The data 
are expressed as the mean±SD, n=3.  *P<0.05, **P<0.01 vs normal (in 
Figure 6A); #P<0.05, ##P<0.01 vs normal.  *P<0.05, **P<0.01 vs TGF-β1 (in 
Figure 6B).

Figure 7.  The effects of paeoniflorin (Pae) on the activation of the Smad-
dependent pathway in A549 cells stimulated using TGF-β1.  A549 cells 
were seeded into plates and incubated with serum-free RPMI-1640 for 
2 h.  Then, the cells were incubated with Pae (1, 3, 10 and 30 µmol/L) and 
stimulated using TGF-β1 (2 ng/mL) for the indicated time interval.  The 
expression levels of p-Smad2 and p-Smad3 were detected using Western 
blot analysis.  GAPDH was used as the internal control.  (A) Time course 
showing p-Smad2 and p-Smad3 expression.  (B) The effects of Pae (1, 
3, 10, and 30 μmol/L) on p-Smad2 and p-Smad3 expression levels.  The 
data are expressed as the mean±SD, n=3.  #P<0.05, ##P<0.01 vs normal.  
*P<0.05, **P<0.01 vs TGF-β1.
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Figure 8.  The effects of paeoniflorin (Pae) on the activation of the Smad-independent pathway and the levels of Smad 7 and ALK5 in A549 cells 
stimulated by TGF-β1.  A549 cells were seeded into plates and incubated with serum-free RPMI-1640 for 2 h.  Then, the cells were incubated with Pae 
(1, 3, 10 and 30 µmol/L) and stimulated using TGF-β1 (2 ng/mL) for the indicated time interval.  The expression levels of p-Akt/Akt, p-p38/p38, p-ERK/
ERK and p-JNK/JNK were detected using Western blot analysis.  GAPDH was used as the internal control.  (A) Time course showing p-Akt/Akt, p-ERK/
ERK, p-JNK/JNK and p-p38/p38 protein expression levels.  (B) The effects of Pae (1, 3, 10, and 30 μmol/L) on p-Akt/Akt, p-Erk/Erk, p-JNK/JNK and 
p-p38/p38 protein expression levels.  (C) The effects of Pae (1, 3, 10, and 30 μmol/L) on Smad7 and ALK5 levels.  The data are expressed as the 
mean±SD, n=3.  ##P<0.01 vs Normal, *P<0.05 vs TGF-β1.
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mal cells[15].  EMT can be classified into three subtypes based 
on the situation under which it occurs.  Type 1 EMT involves 
primitive epithelial cells transitioning into motile mesenchy-

mal cells during embryogenesis and organogenesis.  Type 2 
EMT involves endothelial cells transitioning into resident tis-

sue fibroblasts during multiple fibrosis in tissues, including 
pulmonary fibrosis.  Type 3 EMT involves the transitioning of 
epithelial carcinoma cells in primary nodules into metastatic 
tumor cells during tumor metastasis[16-22].  Several changes in 
cellular phenotypes are considered to define EMT programs.  
Among these, three changes are especially important[23, 24]

.  

The first change is morphological, in which a cobblestone-like 
monolayer of epithelial cells transforms into spindle-shaped 
mesenchymal cells.  The second change is in differentiation 
markers, in which a decrease is observed in epithelial cell 
markers (eg, E-cadherin and ZO-1) and an increase is observed 
in mesenchymal cell markers (eg, vimentin and N-cadherin).  
Finally, the third change in cell functions is associated with 
cell invasion and the synthesis of extracellular matrix (ECM).

The data accumulated to date indicate that some anti-PF 
drugs, such as N-acetylcysteine, have anti-EMT effects[25]

.  

During the course of PF, activated type II lung epithelial cells 
undergo EMT and transform into fibroblasts and myofibro-

blasts, which secrete large amounts of ECM, thereby destroy-

ing the lung architecture and accelerating the fibrosis process.  
A previous report demonstrated that approximately 33% 
of fibroblasts in the lung tissues of an experimental fibrosis 
model originated from cells undergoing EMT[9].  The present 
study shows that paeoniflorin, a natural compound with sub-

stantial anti-PF efficacy, attenuated EMT in the lung tissues of 
bleomycin-induced mice, as evidenced by its efficient inhibi-
tion of the loss of E-cadherin and the expression of FSP-1 and 
α-SMA.  Combined with our previous findings[13], we hypoth-

esize that paeoniflorin exerts its anti-PF action by preventing 
EMT and the consequent synthesis of type I collagen.

To gain insight into the underlying mechanisms by which 
paeoniflorin inhibits pulmonary EMT, we performed in vitro 

EMT assays using A549 cells (human type II alveolar epithelial 
cells).  TGF-β1, a typical pro-fibrotic cytokine that has a well-
known ability to induce EMT in both rat and human type 
II alveolar epithelial cells, was used as a stimulator[26].  It is 
widely accepted that in the presence of TGF-β1, epithelial cells 
first transform into mesenchymal cells, then into fibroblasts 
and, eventually, myofibroblasts.  E-cadherin, a typical marker 
of epithelial cells, is expressed on the surface of epithelial cells.  
Its expression gradually decreases with EMT progression, dur-

ing which it can switch to N-cadherin expression, as seen in 
fibroblasts[27].  By contrast, vimentin and α-SMA are biomark-

ers of fibroblasts.  Fibroblasts that specifically express α-SMA 
are called myofibroblasts, and they are the main source of type 
I collagen during tissue fibrosis.  In this study, paeoniflorin 
was shown to not only dramatically prevent changes in cell 
morphology and migration in pulmonary epithelial cells but 
also to inhibit the loss of epithelial cell markers and the acqui-
sition of fibroblast and myofibroblast markers.  Paeoniflorin 
also decreased the secretion of ECM during EMT.  A time 

course assay demonstrated that paeoniflorin mainly affects the 
early stages of EMT, which includes the processes by which 
epithelial cells transform into mesenchymal cells.

The loss of E-cadherin is considered a central event in the 
development of EMT[28].  The transcription factors responsible 
for the regulation of E-cadherin expression can be divided into 
three families: the Snail, ZEB and bHLH families.  Of these, 
the Snail family members (Snail and Slug) are zinc-finger pro-

teins, which function by directly binding to the E-boxes of the 
E-cadherin promoter to repress the transcription of this gene.  
The actions of Snail and Slug thus depend on their zinc finger 
domain and their N-terminal SNAG domain[29].  When Snail 
function was blocked using RNA interference, TGF-β was 
unable to induce EMT in MDCK-Snail cells[30].  Conversely, 
the two members of the ZEB family, ZEB1 and ZEB2, have 
two zinc-finger clusters at each end, which bind to E-boxes 
and regulate DNA transcription.  ZEB proteins can interact 
with Smad3 to directly repress the expression of E-cadherin in 
EMT[31, 32].  Furthermore, Twist, a member of the bHLH family, 
is highly expressed during embryogenesis, tissue fibrosis and 
tumor invasion[33].  During the process of EMT, Twist represses 
the expression of E-cadherin and increases the expression of 
fibronectin and N-cadherin via a mechanism that is indepen-

dent of Snail[34].  In the present study, paeoniflorin was found 
to dramatically repress the expression of both Snail and Slug 
mRNA but not of ZEB1, ZEB2 or Twist, implying that the Snail 
family might be the target of paeoniflorin.

During the EMT processes that are induced by TGF-β, 
multiple signaling pathways participate in the regulation of 
Snail expression.  They can be roughly classified into Smad-
dependent and Smad-independent pathways[35].  With respect 
to the Smad-dependent pathways, TGF-β initially phosphory-

lates its receptor complex, and activated TβRI (TGF-β receptor 
I) induces the phosphorylation of Smad2 and Smad3.  Phos-

phorylated Smad2 and Smad3, the receptor-regulated Smads 
(R-Smads), form trimers with their common partner, Smad 
(Smad4), and then translocate into the nucleus.  After enter-

ing the nucleus, the complex of Smad2/3-Smad4 associates 
and cooperates with DNA-binding transcription factors to 
regulate the expression of Snail[36, 37].  In Smad3-deficient mice, 
TGF-β fails to induce EMT in renal tubular epithelial cells in 
unilateral ureteral obstruction-induced renal interstitial fibro-

sis[38].  Smad-independent pathways also play an important 
role in EMT.  TGF-β activates the PI3K/Akt and MAP kinase 
pathways to regulate the expression of transcription factors 
related to EMT in a manner independent of Smads, resulting 
in the loss of E-cadherin[39].  Inhibitors of PI3K, ERK and p38 
MAPK have been used to block the development of EMT in 
HepG2 cells, normal murine mammary gland epithelial cells 
and pulmonary epithelial cells, respectively[40–42].  In addition, 
SP600125, a JNK inhibitor, inhibited TGF-β-induced EMT in 
a PDV cell line[43].  The present study shows that paeoniflorin 
has the ability to inhibit the phosphorylation of both Smad2 
and Smad3 but it only slightly inhibits the activation of Akt, 
ERK, JNK and p38 MAPK, suggesting that it down-regulates 
Snail expression via a Smad-dependent pathway.



803

www.chinaphar.com

Ji Y et al

Acta Pharmacologica Sinica

npg

Recently, increasing attention has focused on the nega-

tive regulation of the Smad-dependent canonical and Smad-
independent non-canonical TGF-β pathways.  Smad7 is an 
inhibitory Smad that acts as a negative regulator of signaling 
by TGF-β superfamily proteins.  Data indicate that TGF-β1-
induced Smad7 recruits Smad ubiquitin regulatory factor 
(Smurf) proteins with HECT type E3 ubiquitin ligase activity 
to suppress the canonical TGF-β pathway via the ubiquitina-

tion-mediated proteasomal degradation of ALK5.  In addition, 
the non-canonical TGF-β pathway was blocked by Smad 6 but 
not Smad 7 through the recruitment of deubiquitinase A20 to 
TRAF6[44–46].  Based on these results, we analyzed the effect of 
paeoniflorin on the levels of Smad7 and ALK5 in A549 cells.  
The results showed that paeoniflorin increased the level of 
Smad7 but decreased the level of ALK5.

In conclusion, in vivo and in vitro assays confirmed that pae-

oniflorin effectively prevents pulmonary EMT, which provides 
a reasonable explanation for its inhibitory effects on the exces-

sive synthesis of type I collagen in lung tissues, which conse-

quently results in a reduction in the fibrosis induced by bleo-

mycin in mice.  Paeoniflorin mainly acts in the early stages of 
TGF-β mediated EMT, likely by down-regulating the expres-

sion of the transcription factors Snail and Slug via a Smad-
dependent canonical pathway involving the up-regulation of 
Smad7.
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