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ABSTRACT

The authors investigated the role of resveratrol (RV), a natural poliphenolic molecule with several biological ac-
tivities, in transforming growth factor-β (TGF-β)–induced proliferation and differentiation of ex vivo human pul-
monary fibroblasts into myofibroblasts. The effects of RV treatment were evaluated by analyzing TGF-β–induced
α-smooth muscle actin (α-SMA) expression and collagen production, as well as cell proliferation of both normal
and idiopathic pulmonary fibrosis (IPF) lung fibroblasts. Results demonstrate that RV inhibits TGF-β–induced
cell proliferation of both normal and pathological lung fibroblasts, attenuates α-SMA expression at both the
mRNA and protein levels, and also inhibits intracellular collagen deposition. In order to understand the molec-
ular mechanisms, the authors also investigated the effects of RV treatment on signaling pathways involved in
TGF-β–induced fibrosis. The authors show that RV inhibited TGF-β–induced phosphorylation of both extracel-
lular signal-regulated kinases (ERK1/2) and the serine/threonine kinase, Akt. Moreover, RV treatment blocked
the TGF-β–induced decrease in phosphatase and tensin homolog (PTEN) expression levels.
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Fibroblasts are the predominant secretory cells of
extracellular matrix (ECM) proteins in the lung and
also are key mediators of normal and pathological
lung remodeling. In idiopathic pulmonary fibrosis
(IPF)/usual interstitial pneumonia (UIP), fibroblasts
proliferate and can differentiate into myofibroblasts,
which are characterized by α-smooth muscle actin
(α-SMA) expression and increased generation and
secretion of ECM proteins (i.e., collagen and fi-
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bronectin) that contribute to fibrotic disorders [1–4].
Under normal circumstances, such as in wound
healing, myofibroblasts undergo apoptosis in the
wound site after healing is complete. In contrast, in
the absence of apoptosis, the prolonged presence of
myofibroblasts leads to an overproduction of ECM
proteins. In IPF/UIP, the presence and persistence
of myofibroblasts are believed to be a key element
in the development of fibrosis. Myofibroblast dif-
ferentiation is controlled by a complicated network
that consists of cytokines, chemical mediators,
growth factors, and oxygen radicals derived from
inflammatory cells [3, 5]. Nevertheless, transforming
growth factor (TGF)-β seems to play a central role
in this process, as it is a potent paracrine mediator of
differentiation and also contributes to the develop-
ment of pulmonary fibrosis following the expansion
of lung myofibroblasts [6–8]. Among the signaling
pathways triggered by TGF-β, mitogen-activated
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Resveratrol Inhibits Fibroblast Proliferation 163

protein kinase (MAPK)/extracellular signal-regulated
kinase 1/2 (ERK1/2) activation has been shown to be
involved in TGF-β–induced phenotypic transforma-
tion of human lung fibroblasts into myofibroblasts
[9–11]. Furthermore, phosphoinositide 3-kinase
(PI3K)/Akt, which regulates a wide variety of cellular
processes, including cell proliferation, metabolism,
migration, and survival, is also involved in the
establishment of fibrotic fibroblasts by opposing
the functions of phosphatase and tensin homolog
(PTEN) [12–14]. In fact, PTEN has been impli-
cated in myofibroblast differentiation based on 3
main observations. First, a distinct inhibition or
loss of PTEN expression in fibroblasts correlates
with α-SMA expression in lung biopsy samples from
patients with IPF/UIP. Second, in vitro myofibroblast
differentiation has been shown to be inhibited by
PTEN. Finally, recent studies have demonstrated
that the in vivo inhibition of PTEN promotes
fibrosis.

Several features of myofibroblast differentiation
have been previously described, although mecha-
nisms that inhibit or reverse this process are not
as well understood. Currently, established therapies
with anti-inflammatory (i.e., prednisone) and im-
munosuppressive (i.e., azatioprine, ciclofosfamide)
drugs do not block fibrosis in IPF/UIP [15]. Although
clinical trials have also investigated the potential ben-
efits of other molecules, it is critical to develop new
therapeutic agents that block the activation, prolifera-
tion, and transition of myofibroblasts as well as ECM
deposition [16].

Resveratrol (RV; trans-3,4′,5-trihydroxystilbene) is
a poliphenolic molecule found in the skin of grapes,
peanuts, mulberries, and red wine. A recent study
has shown that the antioxidant properties of RV
exert an in vivo protective role in bleomycin-induced
pulmonary fibrosis by attenuating oxidative injury
and fibrosis [17]. Several biological activities have
been attributed to RV, such as antioxidant, vasorelax-
ant, antiplatelet, anti-inflammatory, anticancer, and
estrogenic agent [18–22]. RV has also been shown
to possess a protective role in various cardiovascular
diseases by reducing atherosclerosis and attenuating
reperfusion-mediated damage following myocardial
ischemia [23]. Furthermore, RV is also able to inhibit
vascular smooth muscle cell remodeling as well as
the growth and proliferation of cardiac fibroblasts
[24].

In this study, RV is shown to suppress TGF-
β–induced cell proliferation and differentiation of hu-
man pulmonary fibroblasts into myofibroblasts. RV
treatment of fibroblast cells inhibited the expression
of α-SMA at both the mRNA and protein levels
and also attenuated collagen deposition. Addition-

ally, RV treatment is also shown to inhibit TGF-
β–induced phosphorylation of ERK1/2 and Akt, but
increase PTEN levels despite reduction by TGF-
β. Taken together, these results suggest that RV
may exert antifibrotic properties in the human lung
by limiting fibroblast proliferation and myofibroblast
differentiation.

MATERIALS AND METHODS

Fibroblast Cultures

Primary cell lines of human adult lung fibroblasts
were established according to the method previ-
ously described by Jordana and coworkers [25]. Out-
growths were derived from IPF/UIP patient biopsies
(n = 5; their ages ranged from 52 and 61 years, 3 of
the 5 patients were men) or from histologically nor-
mal areas of surgical lung specimens from matched
patients undergoing cancer-related surgeries (n = 5).
Prior to treatment, cells were incubated for 24 hours
in serum-free medium, then treated with RV (1–20
µM; Sigma) 30 minutes before subsequent TGF-β
stimulation and/or with TGF-β (10 ng/mL; Chemi-
con). Afterward, cells were incubated for 48 hours in
serum-free medium, and then trypsinized. All of the
phenotypic and functional parameters were then eval-
uated. In some experiments, cells were treated with
RV 24 hours after TGF-β stimulation.

Evaluation of Cell Proliferation

Cell numbers were determined by counting cells on a
hemocytometer (Burker chamber) after trypan blue
staining. A mean of 4 fields was used to calculate
the average number of cells. Cell proliferation was
also evaluated by using the WST-1 kit (Roche, Basel,
Switzerland). Briefly, after the specified treatment,
cells were exposed to WST-1 for 1 hour at 37◦C.
The formation of WST-1 formazan was spectropho-
tometrically monitored using a reference wavelength
of 480 nm. Additionally, the CellTrace CFSE Cell
Proliferation Kit (Molecular Probes) was used ac-
cording to manufacturer’s instructions. Briefly, cells
were stained with the fluorescent compound, car-
boxyfluorescein succinimidyl (CFSE; 2.5 µM), prior
to being plated, and then analyzed by flow cytometry
following the specified treatments.

Measurement of Collagen Protein Levels

Fibroblasts were grown in 6-well plates until they
reached 50% confluency. The culture medium was
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164 E. Fagone et al.

FIGURE 1 Antiproliferative effect of RV in primary human lung fibroblasts stimulated with TGF-β. Ex vivo human lung fibroblasts
isolated from normal lung areas or obtained from IPF patient biopsies (n = 5 for both) were plated in 6-well dishes at a density of 2 ×
105/mL in supplemented RPMI medium (t = 0). After 2 days of culture, cells were serum starved for 24 hours, treated with or without
RV (10 µM) for 30 minutes, then incubated with or without TGF-β (10 ng/mL) for 48 hours in serum-free medium (t = 48 hours).
(A) Normal fibroblast counts determined by optical microscopy; gray bars represent t = 0 and black bars represent t = 48 hours. (B)
WST-1 cell proliferation assay with normal fibroblasts; the percentage of absorbance (Ab) increase, relative to the control, was
calculated as [(Ab of treated cells/Ab of control cells) × 100] − 100. (C) IPF fibroblast counts determined by optical microscopy. (D)
WST-1 cell proliferation assay with IPF fibroblasts. All measurements were performed in triplicate. Mean values and standard deviation
(SD) of 5 independent experiments are reported. Asterisks indicate a P value <.05.

then removed and the cells were washed twice be-
fore incubation in serum-free RPMI medium for
24 hours. Afterward, the cells were treated with RV
(10 µM) for 30 minutes in serum-free medium and
then stimulated with TGF-β (10 ng/mL). Collagen
levels were measured at 24, 48, and 72 hours fol-
lowing TGF-β stimulation. Total soluble collagen
was measured in cellular lysates using the Syrcol
Soluble Collagen Assay (Biocolor, Newtownabbey,
Northern Ireland) according to the manufacturer’s
instructions. Briefly, 1 mL of Syrcol Dye Reagent
was added to 100 µL cellular lysate and mixed by

inverting the reaction for 30 minutes at room tem-
perature in a mechanical shaker. The collagen-dye
complex was precipitated by centrifugation at 10,000
× g for 1 minute. The unbound dye solution was
removed by carefully inverting the samples. Any re-
maining dye droplets were removed by gently tap-
ping the inverted tube on a paper tissue. The precip-
itated complex was resuspended in 1 mL of alkaline
reagent. The resulting solution was finally added to a
96-well flat bottom plate and read on a plate reader
with an absorbance wavelength of 540 nm. The
samples were evaluated relatively to standard curves
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Resveratrol Inhibits Fibroblast Proliferation 165

obtained with the collagen control provided by the
kit’s manufacturer.

RNA Extraction, Reverse Transcription, and
Quantitative Real-Time Polymerase Chain
Reaction (PCR)

Total RNA from cells was extracted using Trizol
Reagent (Invitrogen, Paisley, UK), quantified by
specrophotometrical analysis with BIO-photometer
(Eppendorf, Germany) and treated with DNase (In-
vitrogen). The generation of cDNA from RNA was
performed with Superscript II Reverse Transcriptase
(RT; Invitrogen) and random hexamer primers (In-
vitrogen), according to the manufacturer’s instruc-
tions. Quantitative real-time PCR of cDNAs was per-

formed using the IQ SYBR Green Supermix (Qiagen,
Germany) in conjunction with commercially avail-
able ACTA2, PTEN, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) primers (Qiagen), accord-
ing to the manufacturer’s instructions. Amplification
conditions for each of the genes were as follows: DNA
denaturation at 94◦C for 5 minutes followed by 45 cy-
cles of 2 steps of 95◦C for 15 sec and 60◦C for 30 sec.
Relative quantification of target gene levels was per-
formed by comparing �CT, as previously described
[26].

Flow Cytometry Analysis

Cells were washed in phosphate-buffered saline
(PBS)/1% bovine serum albumin (BSA), fixed with
2% paraformaldehyde (PFA) for 20 minutes at 4◦C,

FIGURE 2 Inhibitory effects of RV treatment on TGF-β–induced α-SMA expression in ex vivo human lung fibroblasts. Analysis of
α-SMA expression in normal and IPF pulmonary fibroblasts grown and treated as illustrated in Figure 1. The flow cytometry values of
mean fluorescence intensity (MFI) are reported in the graphs shown in A and B. Quantitative real-time PCR data are shown in C.
Representative Western blots with pertinent densitometric analysis are shown in D (normal cells on the left side and IPF cells on the
right). Mean values and SD of at least 3 independent experiments with different cell lines are shown. Statistical significance (P < .05) is
indicated with an asterisk.

C© 2011 Informa Healthcare USA, Inc.
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166 E. Fagone et al.

FIGURE 3 RV treatment prevents TGF-β–induced α-SMA fiber deposition. Normal (A) and IPF (B)
fibroblasts were grown and treated as illustrated in Figure 1. The cells were fixed and incubated overnight with the
primary antibody, anti-α-SMA, and then incubated with the secondary antibody, goat F(ab’)2 fragment
anti-mouse IgG (H+L)-FITC as well as with DAPI. Digital images were acquired using a fluorescence microscope
coupled to a digital camera (×20 magnification). Representative pictures obtained with the FITC filter are shown
in upper part of each panel, whereas DAPI images to show cell nuclei were superimposed in the lower part.
Similar results were obtained in 3 independent experiments.

and then permeabilized with 1× Triton (Sigma-
Aldrich) for 5 minutes at 4◦C. Afterward, cells were
washed once with PBS/1% BSA and incubated with
anti-α-SMA antibody (Ab) (1:100; Dako) for 60
minutes at room temperature. Then, the cells were
washed once with PBS/1% BSA and incubated with
goat F(ab’)2 fragment anti-mouse immunoglobulin
G (IgG) (H+L)–fluorescein isothiocyanate (FITC)
(1:1000) (Beckman Coulter) for 60 minutes at room
temperature in the dark. For the CFSE assay, a stan-
dard fixation protocol (3.7% formaldehyde for 15
minutes at room temperature) was used. Samples
were analyzed using a Coulter Epics Elite ESP flow
cytometer (Coulter, Miami, FL, USA). A minimum
of 10,000 forward and side scatter gated events were
collected per specimen. Samples were excited at 488
nm and fluorescence was monitored at 525 nm. Flu-
orescence was collected using logarithmic amplifica-
tion. Mean fluorescence intensity (MFI) values were
calculated and recorded automatically.

Western Blot Analysis

Cultured cells were lysed in a solution of 10 mM
EDTA, 1% Triton X-100, 1 mM phenylmethyl-
sulfonylfluoride (PMSF), and 15 µL/mL Protease
Inhibitor Cocktail (all from Sigma-Aldrich). Pro-
tein concentrations were determined by the Brad-
ford method using an aliquot of the sample. Sam-
ples were then diluted in sample buffer and boiled
for 5 minutes. Electrophoresis was performed on a
12% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel (40 mA/h) using 60 µg
of protein/lane. After electrophoresis, proteins were
transferred onto a nitrocellulose membrane (Hybond
ECL; Amersham Biosciences Europe, Milan, Italy)
for 2 hours at room temperature with a transblot
semidry transfer cell. After BSA blocking, mem-
branes were incubated overnight at 4◦C with: mono-
clonal mouse anti-α-SMA Ab (1:500; Dako Cytoma-
tion, Denmark), mouse anti-PTEN Ab (1:500; Cell
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Resveratrol Inhibits Fibroblast Proliferation 167

FIGURE 4 RV treatment inhibits TGF-β–induced collagen deposition. Normal and IPF
fibroblasts were grown and treated as illustrated in Figure 1. Collagen levels were then
evaluated after 48 hours of incubation. Total soluble collagen was measured in cellular
lysates with the Syrcol Soluble Collagen Assay, as detailed in Materials and Methods. Mean
values and SD of 3 independent experiments for both normal and pathological fibroblasts
are reported in gray and black bars, respectively. Asterisks indicate statistically significant
values (P < .05).

Signaling Technology, Beverly, MA, USA), rabbit
anti-ERK and rabbit anti-p-ERK, which recognize
both ERK1 and ERK2 as well as p-ERK1 and p-
ERK2, respectively (1:1000; Cell Signaling Tech-
nology), as well as rabbit anti-Akt and rabbit anti-
p(Ser473)-Akt (1:200; Cell Signaling Technology).
Membranes were then thoroughly washed and incu-
bated with horseradish peroxidase–conjugated anti-
mouse or anti-rabbit secondary antibodies (1:5000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Specific bands were visualized using the SuperSignaI
chemiluminescent detection system (Pierce Chemi-
cal, Rockford, IL, USA).

Immunocytochemistry Analysis

Immunocytochemistry was carried out in culture
dishes of pulmonary fibroblasts. Cells were first
washed with PBS, fixed with 4% PFA for 30 min-
utes, and then permeabilized with 0.2% Triton X-
100 (Sigma-Aldrich). Afterward, cells were incubated
for 30 minutes with a 5% solution of normal goat
serum (Sigma-Aldrich) and then incubated overnight

at 4◦C with anti-α-SMA (1:100; Dako Italia, Milan,
Italy). The following day, cells were washed with PBS
and incubated for 1 hour at room temperature with
goat F(ab’)2 fragment anti-mouse IgG (H+L)–FITC
(1:200; Beckman Coulter, Milan, Italy). Cells were
then washed with PBS, and incubated with 4′-6-
diamidino-2-phenylindole (DAPI) (1:10,000; Invit-
rogen). As a control, the specificity of immunos-
taining was checked by omitting incubation with the
primary antibody. Digital images (×20 magnifica-
tion) were acquired using a Leica DMRB fluores-
cence microscope that is coupled to a Nikon digital
camera.

Statistical Analysis

Statistical significance across treatment groups was
determined using either a one-way analysis of vari-
ance (ANOVA) with Tukey’s multiple-comparison
test or by a t test using Statgraphic Centurion XV
(StatPoint Technologies, ADALTA, Italy) software.
A P value <.05, which indicates a statistically signifi-
cant difference, is designated with a single asterisk.

C© 2011 Informa Healthcare USA, Inc.
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168 E. Fagone et al.

FIGURE 5 Effects of RV treatment on normal lung fibroblasts 24 hours after TGF-β stimulation. Normal lung fibroblasts were
plated in 6-well dishes at a density of 2 × 105/mL in supplemented RPMI medium. Forty-eight hours later, the cells were serum
starved for 24 hours and then incubated with or without TGF-β (10 ng/mL) in serum-free medium. After 24 hours, the cells were
then treated with or without RV (10 µM), cultured for an additional 24 hours and then collected for analysis. Cell count by optical
microscopy is shown in A. Results of WST-1 cell proliferation assay (% increase relative to control) are reported in B. C shows
α-SMA levels determined by flow cytometry (MFI values) and D shows total soluble collagen values determined by Syrcol assay.
Mean values and SD of 5 independent experiments with 3 different cell lines are reported. Asterisks indicate statistically significant
values (P < .05).

RESULTS

RV Treatment Abrogated TGF-β–Induced
Proliferation of Primary Human Lung
Fibroblasts

Ex vivo human pulmonary fibroblasts isolated from
normal lung tissue or from IPF biopsies were cul-
tured in vitro and before experiments starved for 24
hours in serum-free medium. The cells were then
treated with RV (10 µM) for 30 minutes, followed by
stimulation with TGF-β (10 ng/mL) for 48 hours in
serum-free medium. Untreated cells and cells treated
with either RV or TGF-β alone served as controls.
As shown in Figure 1, consistent with previous ob-

servations of Ramos et al. [7], the results obtained
by WST-1 proliferation assay and cell counts per-
formed by optical microscopy demonstrate that rest-
ing lung fibroblasts from IPF patients minimally pro-
liferate in vitro, in contrast to fibroblasts from normal
lung tissue that replicate actively. This phenomenon
could lie in the fibroblast population heterogeneity,
and in a major presence of terminally differentiated
myofibroblasts in cultures of IPF fibroblasts com-
pared to normal cells. However, fibrotic fibroblasts
showed a slightly more robust proliferative response
to TGF-β in comparison to normal cells. Interest-
ingly, RV pretreatment abrogated TGF-β–induced
proliferation in both normal and fibrotic fibroblasts,
restraining cell numbers to basal levels. Results of
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Resveratrol Inhibits Fibroblast Proliferation 169

FIGURE 6 Effects of RV treatment on IPF lung fibroblasts 24 hours after TGF-β stimulation. IPF fibroblasts were plated in 6-well
dishes at a density of 2 × 105/mL in supplemented RPMI medium. Forty-eight hours later, the cells were serum starved for 24 hours
and then incubated with or without TGF-β (10 ng/mL) in serum-free medium. After 24 hours, the cells were then treated with or
without RV (10 µM), cultured for an additional 24 hours and then collected for analysis. Cell count by optical microscopy is shown in
A. Results of WST-1 cell proliferation assay (% increase relative to control) are reported in B. C shows α-SMA levels determined by
flow cytometry (MFI values) and D shows total soluble collagen values determined by Syrcol assay. Mean values and SD of 5
independent experiments with 3 different cell lines are reported. Asterisks indicate statistically significant values (P < .05).

CFSE assay confirmed these effects (data not shown).
In further support of these results, in a separate set
of experiments, also treatment of normal cells as
well as IPF fibroblasts with RV (10 µM) 24 hours
after TGF-β stimulation resulted in inhibition of
cellular proliferation (see Figures 5A–B and 6A–B,
respectively).

Effects of RV Treatment on TGF-β–Induced
α-SMA Expression

Expression of the cytoskeletal protein α-SMA is a
hallmark of the myofibroblast phenotype, and α-SMA
is considered to be a marker of ongoing fibroblast dif-
ferentiation. Therefore, we analyzed α-SMA expres-
sion at both the mRNA and protein levels, and the

results are shown in Figures 2 and 3. As evaluated
by flow cytometry analysis, RV pretreatment signif-
icantly reduced TGF-β–induced α-SMA expression
in normal human pulmonary fibroblasts in a dose-
dependent manner (Figure 2A). In addition, substan-
tial inhibition of α-SMA expression was also observed
in fibrotic cells (Figure 2B). Moreover, as measured
by quantitative real time PCR, α-SMA mRNA high
levels induced by TGF-β treatment (70×) in normal
cells were significantly decreased by RV pretreatment
(Figure 2C). Similarly, Western blot analysis demon-
strated a significant inhibition of TGF-β–induced to-
tal protein increase in both normal and IPF cells pre-
treated with RV (Figure 2D). On the other hand, as
shown in Figure 3, the RV inhibitory effect on TGF-
β–induced intracellular deposition of α-SMA fiber is

C© 2011 Informa Healthcare USA, Inc.
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clearly visible by immunocytochemistry in both nor-
mal and IPF fibroblasts. Furthermore, 24 hours af-
ter TGF-β stimulation, RV treatment of both normal
and IPF cells also resulted in a significant inhibition
of TGF-β–induced α-SMA expression (see Figures
5C and 6C, respectively).

Effects of RV Treatment on TGF-β–Induced
Collagen Deposition

Collagen accumulation is another characteristic fea-
ture of myofibroblasts, which are commonly observed
in lung fibrosis. Therefore, we examined the effect
of RV treatment on TGF-β–induced collagen deposi-
tion using the Syrcol assay. As shown in Figure 4, rel-
ative to the control, the total collagen level more than
doubled in normal and fibrotic TGF-β–stimulated fi-
broblasts. In contrast, RV pretreatment substantially
abrogated this TGF-β–mediated effect, resulting in
collagen levels that were only slightly elevated com-
pared to basal levels. Additionally, also RV treatment
of both normal and fibrotic cells 24 hours after TGF-
β stimulation substantially inhibited TGF-β–induced
collagen deposition (Figures 5D and 6D).

Effects of RV Treatment on TGF-β–Activated
Signaling Pathways

TGF-β activates various signaling cascades by bind-
ing to distinct receptors that activate downstream
effectors, such as Smad proteins, which induce
transcription of target genes. However, several
studies have demonstrated that TGF-β can also
signal through other pathways that are independent
of Smads. We next sought to unravel the molecular
mechanisms that underlie RV inhibition of TGF-
β–induced profibrotic effects in lung fibroblasts by
determining whether RV affects the pathways that
are involved in TGF-β–induced fibrosis. As shown
in Figures 7 and 8A (left panel), respectively, TGF-
β–induced phosphorylation of ERK1/2 and Akt was
significantly inhibited by pretreatment with RV. In-
terestingly, also RV treatment 24 hours after TGF-β
stimulation is able to inhibit Akt phosphorylation, as
shown in Figure 8A (right panel). PTEN expression
levels and PTEN activity are both inversely correlated
with Akt phosphorylation, α-SMA expression, cell
proliferation, and collagen production. Therefore, we
also investigated whether RV alters PTEN expression
levels. As shown in Figure 8B–D, following TGF-β
stimulation, PTEN mRNA and protein levels were
both significantly decreased. However, RV treatment
(both before and after TGF-β stimulation) partially
restored the PTEN basal levels.

DISCUSSION

Current therapies are not able to arrest ongoing fi-
brosis in IPF/UIP patients. Therefore, it is important
to investigate new therapeutic agents that are able to
block the activation and proliferation of myofibrob-
lasts, which play an essential role in fibrotic disease.
A recent in vivo study demonstrated that RV exerts
a protective role in bleomycin-induced pulmonary
fibrosis by attenuating oxidative injury and fibrosis
[17]. In our in vitro studies, RV treatment of TGF-β-
stimulated primary human lung fibroblasts resulted
in a significant alteration of the growth and prolifera-
tion of the stimulated fibroblasts, their differentiation
into the myofibroblast hypersecretory phenotype, and
also the signaling pathways involved in this process.
The antiproliferative effects of RV have been exten-
sively investigated in various cancer cell lines, smooth
muscle cells, and cardiac fibroblasts [19, 24, 27].
Consistent with the RV effects observed in those cell
lines, we show that RV pretreatment abrogated the
TGF-β induced proliferation of human lung fibrob-
lasts isolated from normal lung areas as well as from
IPF patient biopsies. Interestingly, we observed a dif-
ferent proliferation rate between fibroblasts from IPF
patients that minimally proliferate in vitro and normal
fibroblasts that replicate actively. Even though incon-
clusive results have been previously reported on pro-
liferative characteristics of fibroblasts obtained from
normal versus IPF lungs [7,28–30], our finding sup-
ports data of Ramos and coworkers [7]. Moreover,
we demonstrate that also RV treatment of fibroblasts
24 hours after TGF-β stimulation inhibited cell pro-
liferation in both normal and IPF fibroblasts. Previ-
ous studies have shown that RV treatment decreases
α-SMA expression in cultured human liver myofi-
broblasts and rat cardiac fibroblasts [24, 31]. Our
studies show that treatment of lung fibroblasts with
RV (also 24 hours after TGF-β stimulation) signifi-
cantly inhibited TGF-β–induced α-SMA expression,
as well as collagen deposition. Taken together, these
data suggest a potential therapeutic benefit of RV in
a TGF-β–driven fibrotic process.

The precise molecular mechanism used by RV is
not completely understood, and likely involves mul-
tiple intracellular targets. It has been demonstrated
that resveratrol may bind to estrogen receptors, be-
cause of its structural similarity to other phytoestro-
gen, and some effects could be mediated by these
members of the nuclear receptor superfamily, acti-
vating the transcription of estrogen-responsive target
genes and interacting with other signaling pathways
[32]. All these mechanisms may contribute to sex-
specific differences in fibrotic processes that are ob-
served in human heart and other diseases.
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FIGURE 7 Effects of RV treatment on TGF-β–induced ERK1/2 activity.
Representative Western blots of ERK and p-ERK proteins in ex vivo human lung
fibroblasts. These blots demonstrate the effects of RV (10 µM) pretreatment (30
minutes prior to TGF-β stimulation) on ERK1/2 phosphorylation (p-ERK1/2) after
15 minutes of TGF-β treatment (preliminary time course experiments demonstrated
the strongest induction at this time point). As can be observed, total ERK levels did
not change for any of the conditions tested, indicating equal protein loading among
the samples. Densitometric analysis of normalized p-ERK levels for 3 independent
experiments is shown in the lower panel. Asterisks indicate statistically significant
values (P < .05).

Conversely, in this study we considered RV di-
rect effects on TGF-β signaling pathways. TGF-
β–mediated signaling cascades other than canoni-
cal Smad(s), such as MAPK/ERK1/2, are involved
in TGF-β–induced phenotypic transformation of
human lung fibroblasts into myofibroblasts [10].
Specifically, we have recently shown that the ERK1/2
pathway plays a specific role in this transformation
process. On the other hand, ERK is known to be
involved in the induction of α-SMA expression in
TGF-β–treated human fetal lung fibroblasts [33].
The results presented in this study provide strong

evidence demonstrating RV-mediated inhibition of
TGF-β–induced ERK1/2 phosphorylation. Our data
are consistent with previous in vitro studies of rat
vascular smooth muscle cells (VSMCs) [34] and rat
cardiac fibroblasts [24] in which RV exhibits a dose-
dependent reduction of ERK1/2 activation down-
stream from angiotensin II (Ang II) signaling. Inter-
estingly, ANG II and TGF-β1 may cooperate in the
pathogenesis of pulmonary fibrosis [35]. Therefore
the simultaneous inhibition of these pathways by RV
could be efficacious in the treatment of fibrotic lung
diseases.

C© 2011 Informa Healthcare USA, Inc.
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FIGURE 8 Effects of RV treatment on TGF-β–induced Akt activity and PTEN expression. Ex vivo normal human lung fibroblasts
were grown and treated as illustrated in Figures 1 and 5. A strong TGF-β–induced Akt phosphorylation (p-Akt) after 24 hours of
treatment is observed in a representative Western blot (shown in A, left side). This observation is paralleled by a dramatic drop in
PTEN expression at both the mRNA (quantitative real-time PCR data shown in B) and protein levels (representative Western blot
shown in C). However, RV pretreatment inhibited Akt activation and partially restored PTEN mRNA and protein levels (A–C). In a
separate set of experiments, also RV treatment 24 hours after TGF-β stimulation was able to inhibit Akt phosphorylation (A, right
side) and restore PTEN protein levels (D). Western blots are shown with densitometric analysis of normalized data collected from 3
independent experiments. Asterisks indicate statistically significant values (P < .05).

Through a multitude of protein targets, Akt is in-
volved in various cellular processes such as prolifer-
ation and cell survival. In this study, the observed
RV inhibition of TGF-β–induced Akt phosphoryla-
tion may explain the antiproliferative effect following
RV treatment. In contrast, RV did not have any effect
on Akt signaling in rat cardiac fibroblasts, at least un-
der basal conditions [24]. However, RV treatment of
VSMCs inhibited phosphorylation of PI3K, which is
directly upstream from Akt [36]. Therefore, our re-
sults highlight important cell-specific differences that
are attributed to the inhibitory actions of RV.

Finally, supporting previous results reported from
analysis of MCF7 cells [37], our data demon-
strate that RV treatment partially restored the TGF-

β–mediated reduction of PTEN mRNA and pro-
tein levels. On the other hand, in lung biopsy
samples from IPF/UIP patients, α-SMA expression is
observed only in fibroblasts which demonstrate inhi-
bition or loss of PTEN activity. Moreover, in a mouse
model, inhibition of PTEN activity is both neces-
sary and sufficient to induce myofibroblast differ-
entiation whereas PTEN overexpression suppresses
α-SMA expression, cell proliferation, and collagen
production in myofibroblasts [12].

CONCLUSIONS

RV has already been shown to exert cardiopro-
tective, cholesterol-lowering, and antiatherosclerotic
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properties. This study now provides direct evidence
demonstrating that RV can also inhibit 2 critical
stages of human lung fibroblast activation in the fi-
brotic process: proliferation and differentiation into
myofibroblasts. Because both of these pathophysio-
logical parameters are key determinants of lung fi-
brosis, RV might be proposed as a potential adjuvant
in the treatment of IPF/UIP. Moreover, RV could
be very effective in alleviating fibrotic side effect of
bleomycin chemotherapeutic agent.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsi-
ble for the content and writing of the paper.
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