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INTRODUCTION

Asthma is a chronic airway disease characterized by airway 
remodeling. The related structural changes consist of subepi-
thelial fibrosis, myofibroblast and myocyte hyperplasia, and an 
increase in smooth muscle fibers.1,2 Airway remodeling results 
in lung function decline and is associated with a lack of respon-
siveness to treatment. Recently, the traditional concept of air-
way remodeling, as a consequence of long-standing airway in-
flammation, has shifted. Instead, airway remodeling is now 
thought to proceed in parallel with disease development.3-6 At 
the same time, the treatment strategy for asthma is changing 
because of the limited ability of inhaled corticosteroids to re-
verse airway remodeling.3,7-9

Epithelial-mesenchymal transition (EMT) describes the dif-
ferentiation of a polarized epithelium, attached to the basal 
membrane, into fibroblast-type mesenchymal cells.10 EMT is a 
physiological process that plays a role in embryogenesis, heal-

ing, and repair. However, EMT is also involved in pathologic 
conditions, such as cancer and abnormal fibrosis seen in idio-
pathic pulmonary fibrosis. Moreover, studies of the bronchial 
epithelium have suggested that abnormal EMT is involved in 
bronchial asthma.2,11,12

Resveratrol (trans-3,4,5-trihydroxystilbene) is a natural poly-
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phenol found in various fruits and vegetables, and in abun-
dance in grapes. In addition to its anti-cancer, anti-inflammato-
ry, and anti-oxidant effects,13 resveratrol has been shown to 
protect against airway inflammation and remodeling in a 
mouse model of asthma.14,15 These effects of resveratrol have 
been mainly explained by its inhibition of the cyclooxygenase 
pathway and nuclear factor kappa B mediated by the inhibition 
of IκB kinase.13 Moreover, evidence that resveratrol inhibiting 
the transforming growth factor (TGF)-β1 signaling pathway 
leads to EMT induction is emerging. For example, resveratrol 
has been shown to suppress the invasion and metastasis of 
lung cancer cells and colorectal cancer cells by inhibiting 
TGF-β1 induced EMT.16,17 In renal tubular epithelial cells, resve-
ratrol attenuates renal injury and fibrosis by inhibiting TGF-β1-
induced EMT signaling and metalloproteinase 7.18 In addition, 
the suppressive effects of natural compounds on airway re-
modeling in an animal model of bronchial asthma have been 
described. These compounds include kaempferol, triptolide, 
praeruptorin, and sesamin, which act as inhibitors of TGF-β1/
Smad signaling.19-21

In this study, we investigated the effects of resveratrol on air-
way inflammation and remodeling in a murine model of chron-
ic bronchial asthma based on repeated ovalbumin (OVA) chal-
lenge and in a bronchial epithelial cell line. Specifically, we as-
sessed whether resveratrol could inhibit TGF-β1/Smad signal-
ing and EMT.  

MATERIALS AND METHODS

Animals and experimental design
Female 7-week-old BALB/c mice (Dae-Han Experimental An-

imal Center, Daejon, Korea) were used in this study. The mice 
were randomly assigned to 1 of the 4 following: (1) control, (2) 
OVA challenge, (3) OVA challenge plus 10 mg resveratrol/kg ad-
ministered orally, and (4) OVA challenge plus 50 mg resvera-
trol/kg administered orally. 

Sensitization and antigen challenge protocol
The mice were immunized by subcutaneously injecting with 

25 µg of OVA (grade V; Sigma-Aldrich, St. Louis, MO, USA) ad-
sorbed to 1 mg of aluminum hydroxide (Aldrich, Milwaukee, 
WI, USA) in 200 µL of phosphate-buffered saline (PBS). The in-
jections were administered on days 0, 7, 14, and 21. Intranasal 
challenge with 20 μg OVA/50 μL PBS was administered on days 
27, 29, and 31 to mice under isoflurane (Vedco, St. Joseph, MO, 
USA) anesthesia. The intranasal OVA challenges were then re-
peated twice a week for 3 months. Age- and sex- matched con-
trol mice were treated identically but with PBS alone. All of the 
mice were euthanized 24 hours after the final OVA challenge, at 
which time bronchoalveolar lavage (BAL) fluid and lung tissues 
were obtained. All of the animal research procedures were con-
ducted in accordance with the Laboratory Animals Welfare Act, 

the Guide for the Care and Use of Laboratory Animals, and the 
Guidelines and Policies for Rodent Experiments mandated by 
the Institutional Animal Care and Use Committee of the School 
of Medicine, The Catholic University of Korea.

Resveratrol administration
Resveratrol (Sigma, R5010) was prepared as a 100 mM stock 

solution in ethanol and stored at -20°C. Allergy-sensitized mice 
were treated by oral gavage with 0.2 mg of saline containing res-
veratrol (10 or 50 mg/kg) once a day starting on day 35 for 3 
months. Control mice were treated with normal saline in the 
same way.

Measurement of airway hyperresponsiveness 
Airway hyperresponsiveness (AHR) to methacholine (Mch; 

Sigma-Aldrich) was measured 24 hours after the final OVA in-
halation using the flexiVent system (SCIREQ, Montreal, Que-
bec, Canada) as previously described.22 Briefly, the mice were 
anesthetized with an intraperitoneal injection of a 1:4 mixture 
of Rompun and Zoletil. After exposure and cannulation of the 
trachea, the mice were connected to a computer-controlled 
small-animal ventilator and ventilated with a tidal volume of 10 
mL/kg at a frequency of 150 breaths/min and a positive end-
expiratory pressure of 2 cm H2O, to achieve a mean lung vol-
ume close to that during spontaneous breathing. Each mouse 
was administered PBS, followed by increasing concentrations 
of Mch (6.25, 12.5, 25, 50 mg/mL) in PBS. The peak airway re-
sponse to the inhaled Mch was recorded.  

Bronchoalveolar lavage 
Immediately after the AHR measurement, BAL was per-

formed by instillation into the lung of 1 mL of sterile PBS 
through the trachea. The total number of cells in the BAL fluid 
was counted using a hemacytometer. The BAL fluid was cytos-
pun (7 minutes at 2,000 rpm), placed onto microscope slides, 
and stained with Diff-Quick (Sysmax, Kobe, Japan). The per-
centages of macrophages, eosinophils, lymphocytes, and neu-
trophils in the BAL fluid were determined by counting 400 leu-
kocytes in randomly selected areas of the slide using light mi-
croscopy. The supernatants were stored at -70°C.

Real-time polymerase chain reaction
Quantitative real-time reverse-transcription polymerase 

chain reaction (qRT-PCR) analysis of TGF-β1 gene expression 
was carried out using total RNA, isolated from lung homoge-
nates, and TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The 
primer sequences for the TGF-β1 gene were: forward 5´-GGAC 
TCTCCACCTGCAAGAC-3´, reverse 5´-GACTGGCGAGCCTTA 
GTTTG-3´. Total RNA was extracted from the cells using the 
Trizol reagent in accordance with the manufacturer’s protocol. 
One microgram of RNA was then reverse-transcribed directly 
using a PrimeScriptTM first-strand cDNA synthesis kit (RR037A, 
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TaKaRa, Tokyo, Japan) according to the manufacturer’s proto-
col. The RT samples were incubated at 37°C for 15 minutes, in-
activated at 85°C for 5 seconds, and then cooled at 4°C. There-
after, qRT-PCR was performed using a SYBR® FAST qPCR kit 
Master Mix (2×) Universal (KR0389, KAPA Biosystems, Boston, 
MA, USA) with the forward and reverse primers for E-cadherin, 
snail, slug, vimentin, and GAPDH. PCRs were carried out using 
a real-time PCR apparatus (CFX96 Touch; Bio-Rad, Hercules, 
CA, USA). The primer sequences were: snail, forward 5´-TCG-
GAAGCCTAACTACAGCGA-3´, reverse 5´-AGATGAGCATTG-
GCAGCGAG-3´; slug, forward 5´-AAGCA TTTCAACGCCTC-
CAAA-3´, reverse 5´-CCAGAGGGAGTGAA TCCAGATTA-3´; 
and GAPDH, forward 5´-TGTGTCCGTCGTGGATCTGA-3´, re-
verse 5´-CCTGCTTCACCACCTTCTTGAT-3’. The samples were 
incubated at 95°C for 3 minutes, followed by 40 cycles at 95°C 
for 5 seconds, and then at 60°C for 30 seconds. Differences in 
expression were determined in a 2 delta-delta Ct relative quan-
titative analysis. The Ct is the fraction cycle number at which 
the fluorescence generated by the reporter dye exceeds a set 
level above baseline. When indicated, the target signal was nor-
malized against the relative quantity of GAPDH and expressed 
as ΔCt=CtTarget-CtGAPDH. The change in the target signal relative 
to the total amount of genomic DNA was expressed as Δ 
ΔCt=ΔCttreatment-ΔCtcontrol. Relative changes were then calculated 
as 2-ΔΔCt.

Enzyme-linked immunosorbent assay (ELISA)
The levels of interleukin (IL)-4, IL-5, and IL-13 were measured 

in the supernatant of BAL fluid using an ELISA kit (R&D Sys-
tems, Minneapolis, MN, USA) according to the manufacturer’s 
instructions.

Western blotting
Dissected lung tissues frozen in liquid nitrogen were disrupt-

ed using a Polytron homogenizer (Tissue TearorTM, Biospec 
Products Inc., Bartlesville, OK, USA) and then centrifuged. The 
proteins were purified from the supernatant, and their concen-
trations were assessed using the Bradford method.23 SDS-PAGE 
was carried out on an 8% acrylamide gel to separate the pro-
teins, which were then transferred to a polyvinylidene difluo-
ride membrane (Amersham Pharmacia Biotech, Little Chal-
font, UK). After a blocking step using 10% skimmed milk (BD 
Difco, Franklin Lakes, NJ, USA), the membrane was incubated 
overnight with antibodies against TGF-β1, phosphorylated (p)-
Smad2, Smad2, p-Smad3 (1:1,000; Cell Signaling Technology, 
Danvers, MA, USA), Smad4, Smad7, and β-actin (1:1,000; Santa 
Cruz, CA, USA), washed 3 times with PBS, and incubated with 
secondary antibody for 2 hours. For the in vitro analyses, the 
cultured cells were lysed using radio-immunoprecipitation as-
say (RIPA) cell lysis buffer containing a mixture of protease in-
hibitors (GenDEPOT, San Jose, CA, USA) and centrifuged at 
13,000 rpm for 30 minutes at 4°C. Equal amounts of extracted 

protein (40 µg/sample) were separated by SDS-PAGE using a 
10% polyacrylamide gel in Tris-glycine-SDS buffer and trans-
ferred to 0.45-μm PVDF membranes. The membranes were 
blocked with 5% skim milk prepared in Tris-buffered saline 
containing 0.05% Tween 20 and incubated overnight with anti-
bodies against snail and slug (1:1,000; Cell Signaling Technolo-
gy) and α-smooth muscle actin (SMA) (1 µg/mL; Abcam, Cam-
bridge, UK) at 4°C. The membranes were then washed and in-
cubated with a horseradish peroxidase-conjugated secondary 
antibody. Bands were detected using the western blotting lumi-
nol reagent (ELIPIS Biotech., Inc., Daejeon, Korea).

Lung tissue histopathology
Following the collection of BAL fluid, the mouse lungs were 

inflated, fixed in 4% paraformaldehyde for 24 hours, and then 
embedded in paraffin. Sections (4-µm thick) cut using a micro-
tome were stained with hematoxylin and eosin (H&E) using 
standard histological techniques. The paraffin-embedded tis-
sues were also sectioned (5- to 6-µm thick) and stained with 
periodic acid-Schiff (PAS) to identify goblet cells in the epitheli-
um. Goblet cell hyperplasia was quantified using the method 
described by Padrid et al.24 The pathological changes were eval-
uated according to a modified five-point scoring system (grades 
0-4) based on the percentage of goblet cells in the epithelium: 
grade 0 (no goblet cells); grade 1 (<25%); grade 2 (25%-50%); 
grade 3 (51%-75%); and grade 4 (>75%). The mean goblet cell 
hyperplasia score was then calculated for each mouse.

Measurement of smooth muscle areas
As previously described, α-SMA was immunohistochemically 

detected.25 The area in each paraffin-embedded lung immu-
nostained by α-SMA was outlined and quantified using a light 
microscope attached to an image analysis system (BX50; Olym-
pus, Tokyo, Japan). The results were expressed as the immu-
nostained area of the bronchiolar basement membrane (inter-
nal diameter 150-200 μm). At least 10 bronchioles were count-
ed in each slide.

Hydroxyproline analysis
The hydroxyproline assay was carried out using 60 mg of ho-

mogenized lung tissue from each mouse. The samples were in-
cubated in 250 μL of 12 N HCl for 16 hours at 110°C. After cen-
trifugation, 25 μL of supernatant was incubated for 20 minutes 
in 25 μL of citrate/acetate buffer (5% citric acid, 7.2% sodium 
acetate, 3.4% sodium hydroxide, and 1.2% glacial acetic acid) 
and 500 μL of chloramine T solution (1.41 g of chloramine T, 26 
mL of n-propanol, 20.7 mL of distilled water, and 53.3 mL of ci-
trate/acetate buffer), after which 500 μL of Ehrlich’s solution 
(4.5 g of p-dimerthylaminobenzaldehyde, 18.6 mL of n-propa-
nol, and 7.8 mL of 70% perchloric acid) was added. These sam-
ples were incubated for 15 minutes at 65°C, cooled, and then 
analyzed in a spectrophotometer at 550 nm. Hydroxyproline 



Lee et al.

Allergy Asthma Immunol Res. 2017 January;9(1):25-34. https://doi.org/10.4168/aair.2017.9.1.25

Volume 9, Number 1, January 2017

28  http://e-aair.org

concentrations were calculated from a standard curve of hy-
droxyproline.

Cell culture and resveratrol and TGF-β1 treatment
The human bronchial epithelial cell line BEAS-2B was ob-

tained from the American Type Culture Collection (CRL-9609; 
ATCC, Rockville, MD, USA). The cells were cultured in DMEM/
F-12 (1:1) medium (WelGENE Inc., Daegu, Korea) supplement-
ed with 10% fetal bovine serum and 1% penicillin/streptomycin 
(10,000 units/mL and 10 mg/mL, respectively) at 37°C under 
5% CO2 in air.

Resveratrol was prepared as described above and then dilut-
ed in cell culture medium to obtain working concentrations. 
The maximum final concentration of ethanol was less than 
0.025% for each treatment. Recombinant human TGF-β1 (00-
21-10; Peprotech, Rocky Hill, NJ, USA) was prepared as a stock 
solution at a concentration of 0.1 mg/mL in 10 mM citric acid 
and stored at -20°C. Cells that had reached 70%-80% conflu-
ence were maintained in serum-free DMEM/F-12 for 24 hours 
and then incubated for 48 hours with 5 µM TGF-β1 in the pres-
ence or absence of different concentrations of resveratrol.

Data analysis
The results from each group were compared by ANOVA and 

the nonparametric Kruskal-Wallis test, followed by post hoc 
testing with Dunn’s multiple comparison of means. All statisti-
cal analyses were performed using Graph-Pad Prism for Win-
dows software (ver. 5.00; GraphPad Software, San Diego, CA, 
USA). A P value of <0.05 was considered to indicate statistical 
significance. Results are expressed as means±SEM.

RESULTS

Inhibitory effects of resveratrol on airway inflammation and 
remodeling

Mice in the OVA group showed increased AHR after Mch 
challenge compared to mice in the control group. In the pres-
ence of resveratrol, however, the increased AHR was sup-
pressed (Fig. 1). After a 3-month OVA challenge, the number of 
inflammatory cells in BAL fluid was higher than in the control 
(Fig. 2) but reduced by resveratrol treatment. Total cells and eo-
sinophil counts in BAL fluid were significantly lower in the res-
veratrol-treated group than in the OVA group (P<0.05), as were 
the levels of IL-4, -5, and -13 (P<0.05) (Fig. 3). 

Histopathologic staining using H&E showed that compared to 
the OVA group, resveratrol effectively suppressed the infiltra-
tion of peribronchial inflammatory cells (Fig. 4A). On the PAS-
stained sections, the number of goblet cells were decreased 
with resveratrol treatment (Fig. 4B), and the pathological-
change scores were significantly lower (Fig. 4C). Immunostain-
ing of peribronchial α-SMA (Fig. 5) showed that a repetitive 
3-month challenge with OVA resulted in an immunostained 
area of α-SMA that was significantly larger than in the control, 
an effect that was reduced by resveratrol (P<0.05). A hydroxy-
proline assay of total lung collagen showed that resveratrol (50 
mg/kg) suppressed OVA-challenge-induced hydroxyproline 
levels (Fig. 6).

Effects of resveratrol on the expression of TGF-β1 in BAL fluid 
and lung tissues

To evaluate the effect of resveratrol in TGF-β1 signaling, the 
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expression of TGF-β1 in BAL fluid and lung tissue samples was 
evaluated. Fig. 7 shows the level of TGF-β1 in BAL fluid and 
lung tissues. In BAL fluid, the expression of TGF-β1 was de-
creased significantly with resveratrol treatment (50 mg/kg) (Fig. 
7A); in lung tissues, TGF-β1 mRNA and proteins expression 
were also suppressed by resveratrol (Fig. 7B and C).  

Effect of resveratrol on EMT signaling 
We hypothesize that the mechanism by which resveratrol de-

creases airway inflammation involved a decrease in TGF-β1 

and thus also in its downstream signaling proteins. We there-
fore examined one of the TGF-β1 signaling pathways associat-
ed with the pathophysiology of bronchial asthma, EMT. In the 
lung tissues of OVA-challenged mice, the expression of TGF-β1, 
p-Smad2, and p-Smad3 were higher in the absence of reserva-
tion and lower in the presence. The suppressive effects of 50 mg 
resveratrol/kg were significant (P<0.01) (Fig. 7C and D).

To confirm the effects of resveratrol on EMT, we carried out an 
in vitro study using a bronchial epithelial cell line and evaluat-
ed the expression of mesenchymal EMT protein markers by 
qRT-PCR and Western blotting. As seen in Fig. 8A, the mRNA 
levels of the mesenchymal markers slug and snail in bronchial 
epithelial cells were increased in response to TGF-β1 treatment 
but decreased in the presence of resveratrol. Western blot anal-
ysis showed similar changes in the levels of these proteins as 
well as α-SMA (Fig. 8B). In addition, the protein expression of p-
Smad2 and Smad4 was increased with TGF-β1 stimulation and 
decreased with resveratrol treatment (Fig. 8C).

DISCUSSION

The results of this study demonstrated the beneficial effects of 
resveratrol in reducing the bronchial inflammation in OVA-
challenged mice in a model of chronic bronchial asthma. The 
daily oral administration of resveratrol during OVA challenge 
effectively suppressed AHR, airway inflammation, and the re-
modeling process. These effects were mediated by inhibiting  
TGF-β1 signaling and included the suppressed expression of 
mesenchymal markers and a reduction in the phosphorylation 
of Smad2/3. 
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ratrol/kg administered to sensitized/challenged mice. The values are means±
SEM (n=8-12/group). *P<0.05 vs the OVA group. 
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In our search for therapeutic agents targeting airway remodel-
ing, we referred to our published reports demonstrating the 
suppressive effects of tyrosine kinase inhibitors, such as ima-
tinib and nilotinib, in the OVA-challenged mouse model of 
chronic bronchial asthma.25,26 Resveratrol was investigated as 
an extension of previous reports of a significant inhibition of 
goblet cell hyperplasia, smooth muscle proliferation, and total 
lung collagen levels. In this work, we additionally showed that 
AHR and airway inflammation, both of which contribute to the 
remodeling process, are effectively ameliorated by resveratrol 
treatment. Airway remodeling consists of structural changes in 
the airway wall, including epithelial injury, subepithelial thick-
ening, airway smooth muscle hyperplasia, goblet cell hyperpla-
sia, and hypertrophy.3 Although these processes result in a pro-
gressive and irreversible loss of lung function, current asthma 
therapies, such as corticosteroids, are ineffective in suppressing 
airway remodeling.27 The results of our study suggest the use of 
resveratrol as an additional therapeutic agent that targets not 
only allergic AHR and inflammation, but also the accompany-
ing, irreversible structural changes in the airways.

Previous reports have described the beneficial effects of resve-
ratrol in different animal models of bronchial asthma. Lee et 
al.15 showed that resveratrol effectively suppressed AHR, eosin-
ophilia, and mucus hypersecretion in a mouse model of acute 
asthma. In that study, the efficacy of resveratrol was similar to 
that of glucocorticoid. Those authors also examined the effect 
of resveratrol produced in BAL fluid, both in a histopathology 
study and by measuring cytokine levels; their results were con-
sistent with ours. In a murine model of chronic asthma induced 
by OVA challenge, Royce et al.14 evaluated the effects of resvera-
trol with respect to subepithelial collagen deposition, goblet 
cell hyperplasia, and TGF-β1 immunohistochemistry staining 
in lung specimens. However, 6-week OVA challenge was insuf-
ficient to allow assessment of peribronchial smooth muscle cell 
proliferation in the lung tissues of control, OVA-challenged, and 
OVA-challenged, resveratrol-treated mice. This is an important 
advantage of the asthma model used in our study compared to 
other animal models of chronic asthma. Other animal models 
could not demonstrate the changes airway smooth muscle area 
and total lung collagen level quantitatively. Specifically, follow-

TG
F-
β 1

 (p
g/

m
L)

Re
la

tiv
e 

m
RN

A 
ex

pr
es

sio
n

Pr
ot

ei
n 

ex
pr

es
sio

n 
le

ve
l

(n
or

m
al

ize
d 

to
 β

-a
ct

in
)

 Control OVA OVA+RES OVA+RES
   (10 mg/kg) (50 mg/kg)

 OVA - + + +
 Resveratrol (mg/kg) - - 10 50  

 Control OVA OVA+RES OVA+RES
   (10 mg/kg) (50 mg/kg)

 Control OVA OVA+RES OVA+RES
   (10 mg/kg) (50 mg/kg)

TGF-β1

3,500

3,000

2,500

2,000

1,500

1,000

500

0

3

2

1

0

5

4

3

2

1

0

A C

B D

*

*

Fig. 7. Effect of resveratrol on the expression of TGF-β1 and phosphorylated (p)-Smad in BAL fluid and lung tissues. (A) TGF-β1 expression was measured in BAL flu-
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ing a 12-week OVA challenge, the area of α-SMA coverage was 
significantly greater than in the control group. This difference 
was minimized by resveratrol treatment, which effectively sup-
pressed peribronchial smooth muscle proliferation (P<0.05). 
Our 12-week OVA challenge model is superior to previous re-
ports to explain inhibitory effects of resveratrol on airway re-
modeling process, more clinically relevant. Moreover, as far as 
we know, the role of resveratrol in TGF-β1/Smad signaling in 
bronchial asthma animal model has not been published yet.

TGF-β1 signaling plays a pivotal role in the airway remodeling 
that characterizes chronic asthma and has been implicated in 
most of the cellular processes involved, including subepithelial 
fibrosis, airway smooth muscle remodeling, and epithelial and 
microvascular changes. The mechanism by which TGF-β1 in-
duces structural changes in bronchial asthma includes the 
TGF-β1/Smad pathway and TGF-β1-induced EMT. Under stim-
ulation by TGF-β1, Smad proteins transport signals from the 
cell membrane to the nucleus, targeting genes that regulate cel-
lular proliferation, transformation, and synthesis. It has been 
known that Smad2 and Smad3 are receptor regulated Smads 
(R-Smad) which are phosphorylated by the activation of TGF-β 

signaling. Smad4 is a common pathway Smad, which cooper-
ates to phosphorylate Smad2/3. Smad6 and Smad7 are inhibi-
tory Smads (I-Smad) which down-regulate TGF- β signaling.28 
Smad2 and Smad3 must be phosphorylated to be active, 
whereas Smad7 inhibits their phosphorylation.29,30 In vivo evi-
dence of a role for the TGF-β1/Smad pathway in bronchial 
asthma includes increased levels of TGF-β1 and p-Smad2/3, 
and a decrease in Smad7 in the lung tissues of OVA-sensitized 
mice.19,20 In our study, we examined the balance of Smad sig-
naling evoked by OVA with or without resveratrol. We observed 
the expression of Smad2, 3, and 4 mRNA and proteins in BEAS-
2B cells as well as mouse lung tissues. Increased levels of phos-
pho-Smad2 by OVA and Smad4 by TGF-β were decreased by 
resveratrol treatment. However, expression of inhibitory Smad7 
protein was not changed with resveratrol treatment compared 
to ovalbumin control (data not shown). Based on these data, 
we found that resveratrol could effect on OVA-induced mice 
model through the TGF-β/Smad activation pathway. The con-
tribution of EMT to airway fibrosis and remodeling in epithelial 
cells has been demonstrated by in vitro and in vivo studies. The 
EMT process can be followed by measuring the expression of 

Fig. 8. Effects of resveratrol on the expression of epithelial-mesenchymal transition (EMT) protein markers and Smad proteins in BEAS-2B cells treated for 48 hours 
with 5 µM TGF-β1 with or without 10 or 20 µM of resveratrol. (A) The expression of snail and slug mRNA was measured by quantitative reverse transcription (qRT)-
PCR. (B) Mesenchymal markers (slug, snail and α-smooth muscle actin) were examined by western blot analysis. (C) The expression of Smad2, p-Smad2 and Smad4 
proteins were determined by western blotting. CON, control; TGFβ, TGF-β1 (5 µM) treated only; Res10, treated with 10 µM resveratrol; Res20, 20 µM resveratrol; 
TGFβ+Res10, TGF-β1 and resveratrol 10 µM; TGFβ+Res20, TGF-β1 and resveratrol 20 µM. *P<0.05 and **P<0.01 vs the TGF-β1-treated cells. #P<0.05 vs TGF-
β+resveratrol (10 µM)-treated cells.

Re
la

tiv
e 

m
RN

A 
ex

pr
es

sio
n

Re
la

tiv
e 

m
RN

A 
ex

pr
es

sio
n

 CON TGFβ Res10 Res20 TGFβ TGFβ
     +Res10 +Res20

 CON TGFβ Res10 Res20 TGFβ TGFβ
     +Res10 +Res20

Slug Snail

 TGF-β (5ng/mL) - + - - + +
 Resveratrol (μM) - - 10 20 10 20

 - - - + + :  TGF-β
 - 10 20 - 10 :  RES (μM)

5

4

3

2

1

0

3

2

1

0

A

B C

*

#
*

Slug

Snail

α-SMA

β-actin

p-Smad2

Smad2

Smad4

β-actin

* ** **

#
*



Resveratrol Suppressed Airway Remodeling

Allergy Asthma Immunol Res. 2017 January;9(1):25-34. https://doi.org/10.4168/aair.2017.9.1.25

AAIR

http://e-aair.org  33

epithelial or mesenchymal markers. In an in vitro study carried 
out Yang et al.,31 TGF-β1-stimulated EMT was monitored in hu-
man bronchial epithelial cells. TGF-β1 treatment decreased the 
expression of the epithelial marker E-cadherin and increased 
that of the mesenchymal markers snail, vimentin, and α-SMA. 
The artificial down-regulation of snail attenuated the TGF-β1-
induced EMT phenotype. Gong et al.32 reported the inhibitory 
effect of kaempferol on EMT in OVA-sensitized mice. They 
showed that in the mouse trachea, expression of TGF-β1 and 
the mesenchymal marker α-SMA were increased in OVA-sensi-
tized mice but decreased in mice treated with kaempferol. Our 
results correspond well with studies reporting elevated TGF-β1 
expression in OVA-challenged mice and TGF-β1-mediated 
stimulation of the mesenchymal transition in bronchial epithe-
lial cells. Additionally, we found that both TGF-β1 expression 
and Smad2/3 phosphorylation were decreased significantly in 
the lung tissues of OVA-challenged mice administered resvera-
trol intraorally. Moreover, the TGF-β1-induced stimulation of 
the mesenchymal markers slug, snail, and α-SMA as well as 
Smad2/4 proteins in bronchial epithelial cells were effectively 
suppressed by resveratrol treatment.

Since the EMT is a dynamic process, Western blots of epitheli-
al or mesenchymal markers provide only a “snapshot.” The re-
verse phenomenon, i.e., mesenchymal-epithelial transition, 
can occur simultaneously and the 2 processes may influence 
each other.11 Thus, experimental methods able to track both are 
needed.   

Taken together, in this study the potential therapeutic effect of 
resveratrol in the treatment of bronchial asthma was investigat-
ed. The results showed that the oral administration of resvera-
trol effectively suppressed allergic airway inflammation and re-
modeling in lung tissues. These effects of resveratrol were me-
diated by suppressing of TGF-β1 expression, downstream Smad 
activation in lung tissues, and mesenchymal transition in bron-
chial epithelial cells. Therefore, by targeting the airway remod-
eling process resveratrol may be an effective therapeutic agent 
against bronchial asthma. 
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