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BACKGROUND AND PURPOSE

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-dependent chloride channel in the plasma
membrane of epithelia whose mutation is the cause of the genetic disease cystic fibrosis (CF). The most frequent CFTR
mutation is deletion of Phe**® and this mutant protein (delF508CFTR) does not readily translocate to the plasma membrane
and is rapidly degraded within the cell. We hypothesized that treating epithelial cells with resveratrol, a natural polyphenolic,
phyto-ooestrogenic compound from grapes, could modulate both the expression and localization of CFTR.

EXPERIMENTAL APPROACH

Cells endogenously expressing CFTR (MDCK1 and CAPANT cells) or delF508CFTR (CFPAC1 and airway epithelial cells,
deriving from human bronchial biopsies) were treated with resveratrol for 2 or 18 h. The effect of this treatment on CFTR and
delF508CFTR expression and localization was evaluated using RT-PCR, Western blot and immunocytochemistry. Halide efflux
was measured with a fluorescent dye and with halide-sensitive electrodes. Production of interleukin-8 by these cells was
assayed by ELISA.

KEY RESULTS

Resveratrol treatment increased CFTR expression or maturation in immunoblotting experiments in MDCK1 cells or in CFPACT
cells. Indirect immunofluorescence experiments showed a shift of delF508CFTR localization towards the (peri)-membrane area
in CFPACT cells and in human airway epithelial cells. A cCAMP-dependent increase in membrane permeability to halide was
detected in resveratrol-treated CFPAC1 cells, and was inhibited by a selective inhibitor of CFTR.

CONCLUSION AND IMPLICATIONS
These results show that resveratrol modulated CFTR expression and localization and could rescue cAMP-dependent chloride
transport in delF508CFTR cells.

Abbreviations

AP-1, activator protein 1; BHK, baby hamster kidney; CF, cystic fibrosis; CFPAC1, cystic fibrosis pancreatic
adenocarcinoma; CFTR, cystic fibrosis transmembrane conductance regulator; CFTRinh-172, CFTR channel inhibitor;
delF508CFTR, CFTR with deletion of Phe’®; DES 4, 4’-dihydroxy-trans-o, $-diethylstilbene; E2, 17f-oestradiol;

ER-0, oestrogen o receptor; ERE, oestrogen response element; FCS, fetal calf serum; HPRT, hypoxanthine
phosphoribosyltransferase; IBMX, isobutyl methylxanthine; IL-8, interleukin 8; MDCK, Madin Darby canine kidney;
NF-xB, nuclear factor-xB; NHERF-1, Na*/H* exchanger regulatory factor 1; pCPT-cAMP, 8-4-chlorophenylthio-adenosine
3’,5’-cyclic monophosphate sodium salt; PKA, protein kinase A; SPQ, 6-methoxy-N-(-sulphopropyl)quinolinium
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Introduction

The autosomal and recessive genetic disease cystic fibrosis
(CF) is related to mutations in CFTR, the gene encoding for
the cystic fibrosis transmembrane conductance regulator
(CFTR). This protein is a cAMP-dependent anionic channel,
mediating chloride and bicarbonate secretion from the apex
of epithelial cells. The deletion of Phe® in the first nucleotide
binding domain of CFTR (delFSO8CFTR) accounts for most of
Caucasian CF genotypes (Bobadilla et al., 2002). The reduced
chloride permeability in cells expressing delFSO8CFIR is
related to the very few delFSO8CFTR that achieve final matu-
ration and delivery to the plasma membrane. More than 95%
of synthesized delFSO8CFTR proteins are targeted to degrada-
tion at the endoplasmic reticulum (Champigny et al., 1995;
Wang et al., 2006). Moreover, delFSO8CFTR channels exhibit
a reduced open probability and a lower phosphorylation-
induced activation compared with the wild-type CFTR (Dale-
mans etal., 1991; Wang etal., 2000). In principle, cell
permeability to chloride could be increased by improving
transcription, stabilization, maturation, and/or folding of the
protein (i.e. by using correctors) and/or by stimulating
directly or indirectly channel activity (i.e. by using potentia-
tors) (Kunzelmann and Mall, 2003). The acute stimulation of
CFTR-mediated transport by low concentrations of polyphe-
nolic compounds such as genistein has been observed for a
long time (Kunzelmann and Mall, 2001). More recently, pro-
longed exposure (24 h) to genistein enhanced the maturation
of CFTR and its localization to the cell surface of baby
hamster kidney (BHK) cells, transfected with CFIR or
delFS508CFTR, albeit failing to restore del[FSO8CFTR function
(Schmidt et al., 2008). Curcumin, another polyphenol, was
reported to increase CFIR synthesis, to stimulate channel
activity and to rescue delFSO8CFTR in cellular and animal
models (Egan ef al., 2004; Lipecka et al., 2006; Wang et al.,
2007). These reports raise the interesting possibility that some
molecules may act as both correctors and potentiators, thus
being promising candidates for an optimized CF therapy.

Until now, little attention has been paid to the effects on
CFTR of resveratrol, a naturally occurring polyphenolic com-
pound from grapes. This might be due to its weak acute
stimulatory effect on CFTR in Calu-3 cells, compared with the
effects of other phenolic compounds (Illek et al., 2000). Inter-
estingly, curcumin, genistein and resveratrol may also act as
phyto-oestrogens (Matsumura et al., 2005; Bachmeier et al.,
2010). In a recent study, a functional rescue of delFSOSCFTR
was achieved by treating a cell line with 17B-oestradiol (E2)
because of the increased expression of the regulatory protein,
Na-H exchanger regulatory factor 1 (NHERF-1; Fanelli ef al.,
2008). NHERF-1 is a positive regulator of CFTR membrane
expression (Guerra et al., 2005; Cushing et al., 2008) and its
gene possesses multiple oestrogen half-response elements
that elicit a robust up-regulation of the protein expression
(Ediger et al., 1999; Ediger et al., 2002). Also, oestrogens are
known to increase CFTR mRNA and protein levels in tissues
known to be E2 targets (Rowlands et al., 2001; Ajonuma et al.,
2005). Besides a potential oestrogenic-like effect, resveratrol
has potent anti-oxidant and anti-inflammatory properties
(Bisht et al., 2010), but its effects in CF models remain to be
investigated.

Resveratrol affects cystic fibrosis CFPACT cells

Our hypothesis that a prolonged exposure of cells to res-
veratrol would modulate CFTR expression has been sup-
ported by our present results obtained in a range of cell lines.
In particular, resveratrol treatment of the cystic fibrosis pan-
creatic adenocarcinoma (CFPAC1) cells induced the mature
form of CFIR and enhanced its localization to the cell mem-
brane. Such a re-localization of delFSO8CFTR to the cell mem-
brane was also observed in resveratrol-treated cultures of
human airways epithelium cells from a CF patient. Also, in
resveratrol-treated CFPACI1 cells, a cAMP-dependent anionic
efflux, inhibited by the CFTR inhibitor CFTRinh-172, was
demonstrated. These results show that pretreating cultured
cells with resveratrol could rescue delFSO8CFTR function.
Further experiments are needed to understand the mecha-
nism(s) underlying the effect of resveratrol on CFTR expres-
sion, and to evaluate its potency in CF therapy.

Methods

Cell culture and treatment

Madin Darby canine kidney (MDCK) type 1 and type 2 cells
were cultured in Dulbecco’s Modified Eagle Medium
+GlutaMAX™ (Gibco, Invitrogen, Cergy-Pontoise, France),
and for immunofluorescence experiments, were cultured at
an air-liquid interface. MDCK1 cells are derived from distal
renal tubules and express endogenous CFIR at a low level
whereas MDCK2 cells, derived from proximal tubules lack
CFTR (Mohamed et al., 1997). CAPAN1 and CFPAC1 cells,
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA), were grown according to the manufac-
turer’s recommendations. Both lines are derived from human
pancreatic duct adenocarcinomas; the former expresses CFTR
and retains characteristics of normal pancreatic duct func-
tion, whereas the Ilatter expresses the mutant form,
delF508CFTR (Wang et al., 2003). Human airway epithelial
cells, differentiated in a polarized epithelium primary culture
(MucilAir™) are derived from control and CF (homozygous
for the delF508 mutation) bronchial biopsies and were pro-
vided by Epithelix Sarl (http://www.epithelix.com/, Plan les
Ouates, Switzerland). They were maintained at an air-liquid
interface according to the manufacturer’s instructions, using
MucilAir™ culture medium (Wiszniewski et al., 2006).

Cells were deprived of fetal calf serum (FCS, 10% for
MDCK1 and CFPAC1 cells, 20% for CAPAN1 cells), 24 h
before adding resveratrol into the culture medium. Except
when stated, experiments were carried out after 18 h of treat-
ment. There was no difference in cell count number between
treated and control cells.

Quantitative real-time (q RT)-PCR
experiments

Total RNAs were isolated from each well (9.6 cm?) using
TRIzol® reagent following the manufacturer’s recommenda-
tions (Invitrogen, Cergy-Pontoise, France). cDNA was synthe-
sized from 5 pug of total RNA using a First-Strand cDNA
Synthesis Kit (Amersham, GE Healthcare, Orsay, France) and
gene expression was studied using the cycle threshold-based
method and the LightCycler FastStart DNA Master PLUS SYBR
Green I kit (Roche Applied Science, Meylan, France). Each
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reaction was performed in quadruplicate and the relative
expression of CFTR was normalized to hypoxanthine phos-
phoribosyltransferase (HPRT) expression. The forward and
reverse primers were respectively: ATGCCCTTCGGCGAT
GTTTT and TGATTCTTCCCAGTAAGAGAGGC for CFTR;
TGGACAGGACTGAACGTCTTG and CCAGCAGGTCAGC
AAAGAATTTA for HPRT.

Protein analysis

Total proteins were extracted from cells disrupted in ice-cold
RIPA buffer, supplemented with a protease inhibitor cocktail
(Roche Diagnostics GmdH, Germany); membrane extracts
were prepared as previously described (Brouillard ef al., 2001).
Proteins were either directly immunoblotted or after the
immuno-precipitation of CFTR. In this case, magnetic Dyna-
beads® protein G (Invitrogen Dynal AS, Oslo, Norway) were
incubated overnight (4°C) with 1 pg of the mouse anti-CFTR
COOH tail monoclonal MAB 25031 antibody (Ab), clone
24-1 (R&D Systems Minneapolis, MN, USA). The bead-Ab
complexes were incubated (30 min at room temperature)
with 500 ug of total protein extracts and washed three times
with 0.1% phosphate buffered saline (PBS)-Tween. Protein
elution was achieved using Laemmli buffer containing 2%
B-mercaptoethanol (15 min, 37°C). Proteins were separated
by SDS-polyacrylamide (6-8%) gel electrophoresis, and
electro-blotted on nitrocellulose membranes (Bio-Rad,
Marnes la Coquette, France) as previously reported (Brouil-
lard etal., 2001; Lipecka etal., 2006). Preliminary experi-
ments performed on membrane extracts confirmed that CFTR
was in the membrane-bound fraction, not in the soluble,
cytosolic fraction. The following primary antibodies were
used: mouse anti-CFTR Ab MAB 25031 diluted to 1:5000,
mouse anti-CFTR NH, tail MM13-4 diluted to 1:1000 (Chemi-
con International, Temecula, CA, USA), rabbit polyclonal
anti-NHERF-1 Ab diluted to 1:300 (Santa Cruz Biotechnology
Inc.,, Heidelberg, Germany), rabbit monoclonal anti-
keratin-18 Ab, diluted to 1:500 (DC10, Santa Cruz Biotech-
nology Inc. Heidelberg, Germany) and rabbit polyclonal
anti-phosphorylated keratin-18 (phospho-Ser*?) Ab diluted to
1:300 (Santa Cruz Biotechnology Inc. Heidelberg, Germany).
The mouse secondary Ab and the goat anti-rabbit IgG HRP-
conjugated secondary Ab (AbCys, Paris, France) were diluted
to 1:5000 (Amersham Biosciences, UK) and to 1:1000 respec-
tively. Protein loading control was checked using a mouse
anti-tubulin Ab (Abcam, UK) diluted to 1:15 000. Stained
proteins were detected by ECL plus Western Blotting detec-
tion system (GE Biotechnologies, Orsay, France). Films were
recorded digitally and quantified using the NIH image J 1.42q
software (National Institutes of Health, Bethesda, MD) (avail-
able at: http://rsb.info.nih.gov/).

Immunocytochemistry

The protocol for indirect immunofluorescence experiments
has been detailed elsewhere (Lipecka et al., 2006; Wiszniewski
et al., 2006). In brief, cells were fixed with cold acetone,
re-hydrated using cold PBS and permeabilized by adding
0.25% Triton X-100. Nonspecific binding sites were blocked
by incubation (1 h, room temperature) in PBS supplemented
with 0.1% Triton X-100, 10% FCS and 3% BSA. Cells were
incubated overnight at 4°C with the following antibodies:
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anti-CFTR MAB 25031 (diluted to 1:100 for MDCK1 cells, and
to 1:50 for airway epithelial cell cultures), rabbit anti-CFTR
MP-CT1 Ab (diluted to 1:100 for CFPAC1 cells) anti-
keratin-18 Ab (DC10, diluted 1:100). After washing in 0.1%
Triton X-100/PBS, cells were incubated (1 h, room tempera-
ture) with Alexa conjugated 594- or 488- goat anti-mouse IgG
secondary antibodies (Molecular Probe Europe, Leiden, Neth-
erlands) diluted to 1:1000 in 0.1% Triton X-100/PBS. Nuclei
were stained with DAPI (Molecular Probe Europe, Leiden,
Netherlands). Cells were observed under Zeiss LSM Pascal
(Zeiss Jana, Germany) or Leica TCS SP5 AOBS (Heidelberg,
Germany) confocal laser-scanning microscopes, using argon
ion laser or helium neon laser for Alexa 488 or Alexa 594
fluorochromes respectively. Images were collected with Zeiss/
Leica 63x oil objectives. MucilAir™ images were analysed
using the Imaris 6.4.2 software (Bitplane AG, Zurich,
Switzerland).

Interleukin-8 (IL-8) production

As an index of the inflammatory response, IL-8 was measured
in supernatants of cell cultures, using an ELISA kit (Quantik-
ine IL-8 ELISA kit, R&D Systems, Minneapolis, MN, USA).
Supernatants were collected after resveratrol or DMSO treat-
ment. Only assays having standard curves with a calculated
regression line value >0.98 were accepted for analysis.

Functional assays of halide efflux

Two functional approaches were applied to assess halide
efflux in CFPACI1 cells (with or without resveratrol (50 uM)
for 18 h). The change in intracellular fluorescence intensity
(AF) as a function of time (At) of the halide-quenched (I" > Br~
> Cl) dye 6-methoxy-N-(-sulphopropyl)quinolinium (SPQ,
Molecular Probe Europe, Leiden, Netherland) was taken as an
index of the change in intracellular chloride concentration.
Fluorescence intensity was monitored using an inverted fluo-
rescence microscope stage (Olympus 1X70, equipped with a
x40 immersion objective) coupled to a charge device camera
(Digital ICCD, Princetown Inst) and was recorded every 20 s
using Metafluor software (Roper Scientific, Evry, France).
Excitation and emission wavelengths were 360 and 456 nm
respectively. Non-confluent living CFPAC1 cells grown on a
glass coverslip were transferred to a perfusion chamber. SPQ
loading was achieved by hypotonic shock (5 min at room
temperature) in a fluorescence-quenching iodide solution
(containing in mM: 135 Nal, 1 CaSO,, 1 MgSO,, 0.6 KH,PO,,
2.4 K,HPO,, 10 glucose, 10 HEPES, pH 7.4) diluted to 1:2 with
water, and supplemented with 10 mM SPQ. After recovering
in an isotonic iodide containing solution, cells were super-
fused with an ‘efflux’ solution that contained nitrate instead
of iodide (equimolar replacement of Nal by NaNO;). This
induced a loss of the quenching of SPQ fluorescence, as
shown by a gradual increase in cell fluorescence at a rate that
depends on the basal permeability of the cell to halide. To
increase intracellular cyclic AMP (cAMP;), a stimulating
mixture [forskolin, 25 pM + isobutylmethylxanthine (IBMX),
100 puM, +8-4-chlorophenylthio-adenosine 3’,5’-cyclic mono-
phosphate sodium salt (pCPT-cAMP), 200 uM] was added to
the efflux solution. In the presence of a cAMP-dependent
halide pathway, an abrupt change in fluorescence occurred.
At the end of the experiment, the minimal fluorescence
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intensity, FO, was obtained by totally quenching the cell
fluorescence by superfusion of the iodide solution. Analysis
of single-cell images was performed with Metafluor Offline,
version 4.6r5 software (Univ Imaging Corp Downington, PA,
USA). Fluorescence was normalized as F = (F — FO)/FO x 100.
The three successive experimental data points recorded after
exposure to the stimulating mixture were fitted using linear
regression analysis; the slope of this straight line was taken as
an index of the cAMP-dependent cell permeability to halide.

In a separate series of experiments, iodide efflux from
CFPACI cells was measured according to the experimental
procedure detailed by Long and Walsh (1997). In brief,
CFPACI1 cells were iodide-loaded (1 h room temperature incu-
bation) in a buffer containing 136 mM Nal, 3 mM KNO;,
2 mM Ca(NOs),, 20 mM HEPES, 11 mM glucose, pH 7,4) then
washed and bathed in an ‘efflux’ solution (equimolar replace-

Resveratrol affects cystic fibrosis CFPACT cells

Figure 1

Effect of resveratrol on CFTR protein expression and CFTR mRNA in
MDCKT1 cells. (A) Representative Western blot analysis of CFTR and
tubulin (used as loading control) protein expression from total cell
lysates. Cells were pretreated for 18 h with increasing concentrations
of resveratrol (R, as indicated above the lines) or with vehicle alone
(control cells). The arrows indicate the positions of the mature (band
C) and of the immature (band B) form of CFTR, at 175 and 150 kDa
respectively. Samples from four separate experiments were analysed
in duplicate and gave similar results on CFTR expression up to the
50 uM concentration of resveratrol. (B) Quantification of the staining
intensity of CFTR band B and band C (over the staining intensity of
tubulin) from cells pretreated with increasing concentrations of res-
veratrol (18 h), as indicated below the graph. Columns represent
means = SEM from four separate experiments, each Western blot
analysis being performed in duplicate. *P < 0.05. (C) CFTR mRNA
expression was analysed using (q RT)-PCR in MDCK1 cells pretreated
for 18 h with 50 uM resveratrol (R) or with vehicle alone (control
cells). The relative expression of CFTR was normalized to hypoxan-
thine phosphoribosyl transferase (HPRT) mRNA expression. Columns
represent means = SEM from three different experiments, each
reaction being performed in quadruplicate. *P < 0.05. CFTR, cystic
fibrosis transmembrane conductance regulator; MDCK, Madin
Darby canine kidney.

A
<

ment of Nal by NaNOs), in the presence or absence of
CFTRinh-172, 20 uM. The amount of iodide released by
the cells during exposure to the stimulating mixture was
measured (at room temperature) using an iodide-selective
electrode (ISE251, Radiometer Analytical, Lyon, France)
connected to a pH/voltmeter (PHM250, Ion Analyzer, Radi-
ometer Analytical SAS, France).

Statistics

Results are expressed as means = SEM, with n = number of
experiments, or N = number of cells. When appropriate,
unpaired Student’s t-test was applied using Sigma Plot soft-
ware version 9.0. (Systat Software Inc, San Jose, CA, USA).
Differences were considered significant when P < 0.05.

Materials

The selective CFTR blocker CFTRinh-172 (Taddei et al.,
2004) was obtained from Calbiochem (LaJolla, CA, USA).
Along with other reagents, resveratrol (trans-3,4’,5-
trihydroxystilbene) was purchased from Sigma-Aldrich (Saint
Quentin Fallavier, France). The stock solution of resveratrol
(50 mM dissolved in DMSO) was kept in the dark at —20°C for
less than 3 weeks. Immediately prior to use, the final required
concentration (5 to 100 uM) was prepared by appropriate
dilution of this stock solution with growth medium. An
equivalent amount of DMSO was added to the medium (final
concentration from 0.01% to 0.2%) of control cells. It is
known that DMSO may increase CFTR expression by acting as
a chemical chaperone (Tamarappoo and Verkman, 1998).

Results

Effect of resveratrol on CFTR expression in
MDCKI1 cells

First, we investigated the effect of resveratrol in MDCK1 cells
that endogenously express CFTR (Mohamed et al.,, 1997).
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A

Figure 2

Effect of resveratrol pretreatment on CFTR expression and localization in MDCKT1 cells. Confocal fluorescence immunocytochemical representative
images of CFTR distribution in (A) control (DMSO-treated) and (B) resveratrol-treated (50 uM, 18 h) MDCKT1 cells. Bar: 20 um. Five independent
experiments were performed, each in duplicate. Note the increased staining at the (peri)-membrane in resveratrol-treated cells. CFTR, cystic
fibrosis transmembrane conductance regulator; MDCK, Madin Darby canine kidney.

Cells were treated for 18 h with increasing concentrations of
resveratrol (up to 100 uM). Western-blot analysis showed a
concentration-dependent increase in CFTR expression up to
50 uM resveratrol (Figure 1). Further increase in resveratrol
concentrations led to variable results compared with that
observed using 50 uM, which was the concentration selected
for further experiments. In the MDCK2 cell line, that does
not express CFTR (Mohamed et al., 1997), CFTR was unde-
tectable in both resveratrol-treated and untreated cells (data
not shown), showing that the MAB 25031 antibody had
specifically detected CFTR in the MDCK1 cell line. Quantita-
tive RT-PCR revealed a significant increase in CFTR mRNA
in resveratrol-treated cells, compared with control cells
(Figure 1), showing that at least part of the effects of resvera-
trol on CFTR expression in MDCK1 cells was mediated by a
transcriptional effect. NHERF-1 was undetectable at both the
protein and mRNA level (the primers used for q RT-PCR
experiments were shown to successfully amplify NHERF-1
mRNA in MDCK2 cells, Bossard et al., 2007). The resveratrol-
induced increase in CFTR protein expression was also associ-
ated with a concomitant increase in CFTR cell surface
expression, as shown by indirect immunofluorescence experi-
ments: Figure 2 shows a widespread increase in CFTR staining
associated with increased labelling in the (peri)membrane
area of resveratrol-treated cells, compared with DMSO-treated
cells. Taken together, these results are consistent with a
resveratrol-induced increase of both total and membrane-
localized expression of CFTR in MDCK1 cells.

Effects of resveratrol on (delF508)CFTR
expression in human pancreatic cell lines

Next, we investigated the effects of resveratrol in the pancre-
atic cell lines CAPAN1 and CFPACI1. In control conditions,
Western blot analysis showed that in CAPANT1 cells, CFTR was
stained as two bands (B and C), whereas in CFPACI cells only
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the band B was detected. Pretreating CAPAN1 and CFPAC
cells with resveratrol (50 uM, 18 h) had only a barely detect-
able effect on (delF508)CFTR total expression, consistent with
(qRT)-PCR experiments that did not show a resveratrol-
induced increase in CFTR mRNA level (n = 2). In resveratrol-
treated CFPACI cells however, a CFTR band C was detectable
(see Figure 3) in four out of nine immunoblots, consistent
with an increased maturation of the protein. To allow a better
visualization of immunostained bands, CFTR was immuno-
precipitated in a separate series of experiments (n = 5,
Figure 3): band C was detected in all experiments, confirming
that pretreating CFPAC1 cells with resveratrol induced the
expression of a mature CFTR. Moreover, CFTR immunopre-
cipitation allowed the detection of CFTR band C in CFPAC1
cells that were pretreated with resveratrol, 5 uM (data not
shown). Further experiments on CFPAC1 cells were per-
formed using the 50 uM concentration. Indirect immunof-
luorescence experiments showed clear differences in
delF508CFTR pattern between control and resveratrol-treated
CFPACI1 cells (Figure 4). First, CFTR labelling was stronger in
resveratrol-treated than in control CFPAC1 cells. Second,
delFSO8CFTR appeared to be localized near the plasma mem-
brane in resveratrol-treated cells, whereas it had a widespread
cytoplasmic localization in control (DMSO-treated) cells.
These results indicate an increased membrane expression of
CFTR in CFPACI1 cells after resveratrol treatment.

Concentrations of IL-8 in CFPAC1 supernatants were sig-
nificantly reduced after resveratrol treatment (50 uM, 18 h),
compared with control values, after DMSO (7359 = 776, vs.
10 652 + 803 pg-mL™, n = 9 for both conditions, P < 0.05),
suggesting that resveratrol treatment blunted the inflamma-
tory response in these cells. As shown in the Supplementary
data, treating CFPAC1 cells also induced a reorganization of
the keratin-18 network that was associated with increased
keratin-18 phosphorylation and an increase in NHERF-1
expression.
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Figure 3

CFTR protein expression in CFPACT cells pretreated with resveratrol.
(A) CFTR expression was analysed by Western blot from equal
amounts of protein from total cell lysates. CFPAC1 cells were pre-
treated for 18 h with resveratrol (R) 50 uM, or with vehicle alone
(DMSO). Tubulin expression was used as loading control. The arrows
indicate the position of CFTR band B and C (at 150 and 175 kDa
respectively). Note the faint staining of band C, detectable only in
resveratrol-treated cells. (B) Quantification of the Western blot analy-
sis presented in (A), showing the staining intensity of CFTR band B
and C, relative to that of tubulin. (C) CFTR was immunoprecipitated
from 500 ug of protein from control (DMSO-treated), or from
resveratrol-treated CFPACT cells (50 uM, 18 h), using anti-CFTR 24-1
antibody. Immunoprecipitated proteins were separated by SDS-
PAGE, transferred to a nitrocellulose membrane and probed with
anti-CFTR NH2 tail MM13-4 antibody. Five separate experiments
analysed in duplicate gave similar results. CFTR, cystic fibrosis trans-
membrane conductance regulator; CFPAC1, cystic fibrosis pancreatic
adenocarcinoma.

Functional rescue of a cAMP-dependent
anionic efflux in resveratrol-treated

CFPACI cells

The above results suggest that resveratrol may have induced
Golgi-processing of CFTR and translocation to peri-
membrane sites in CFPAC1 cells, raising the question of a
functional rescue of chloride transport. To explore this pos-

Resveratrol affects cystic fibrosis CFPACT cells

sibility, the change in cell membrane halide permeability
induced by stimulation of protein kinase A (PKA) was moni-
tored in SPQ-loaded CFPACI cells. Superfusion of the PKA-
activating mixture did not change the rate of fluorescence
increase in control cells. However, it induced an abrupt
change in AF/At in resveratrol-treated cells (Figure S).
This cAMP-dependent increase in halide permeability of
resveratrol-treated CFPAC1 cells is consistent with the rescue
of a cAMP-triggered chloride efflux. The inhibition of this
response in the presence of CFTRinh-172 could not be tested,
because in our hands the compound’s fluorescence interfered
with the measurements. To address this issue, we used an
iodide-selective electrode to measure the release of iodide
from iodide-loaded CFPAC1 cells, with or without the
CFTRinh-172 (20 uM). After adding the stimulating mixture
in the efflux solution, iodide efflux, measured at the ‘plateau’,
was 53 = 5% higher in resveratrol-treated cells than in
control cells (n = 3, P < 0.05), a response that was totally
abolished in the presence of CFTRinh-172 (Figure 5). These
results indicate the presence of a cAMP-dependent, CFTRinh-
172-inhibited, chloride flux in resveratrol-treated CFPAC1
cells.

Effects of resveratrol on CFTR localization in
human airway epithelial cells

We performed immunofluorescence experiments on Muci-
lair™ cultures, which provide a model close to an ex vivo
preparation. These primary cell cultures were either a normal
epithelium (deriving from bronchial biopsies from a healthy
subject, wild type for CFIR), or a CF epithelium (deriving
from a patient homozygous for the delF508 mutation). Res-
veratrol treatment was applied for 2 or 18 h. Treatment had
no effect on CFTR staining in the normal epithelium, whereas
a clear shift of delFSO8CFTR towards the apical membrane
was observed in the CF epithelium. The effect of resveratrol
was more striking with the 2 h than with the 18 h treatment.
The effect of the 2 h treatment is shown in Figure 6. We also
measured IL-8 in the cell supernatants (collected from the
resveratrol- or DMSO-treated CF cells, before using them for
immunofluorescence experiments) and found an almost
twofold decrease in IL-8 concentration in the supernatant of
the cells treated for 2 h with resveratrol, compared with the
control.

Discussion

Dysfunction and defects in CFTR leads to altered fluid and
electrolyte secretion. The defective epithelial chloride perme-
ability of delFSO8CFTR cells is primarily due to the inability
of delFS08CFTR to reach the plasma membrane. Moreover,
whereas normal CFTR exhibits a very efficient endocytosis-
recycling process, delFSO8CFTR is subjected to a rapid degra-
dation after its retrieval from the plasma membrane (Lukacs
et al., 1993; Swiatecka-Urban et al., 2002; Farmen et al., 2005).
The basolateral membrane acts as a limiting barrier for tran-
sepithelial chloride net flux so that the presence of even a low
amount of delFSO8CFTR at the apical membrane would be
enough to add to the defective chloride transport (Farmen

British Journal of Pharmacology (2011) 163 876-886 881



N Hamdaoui et al.

A

Figure 4

Effect of resveratrol pretreatment on CFTR expression and localization in CFPACT cells. Confocal fluorescence immunocytochemical representative
images (from five experiments, each performed in duplicate) of CFTR distribution in (A) control (DMSO-treated) and (B) resveratrol-treated
(50 uM, 18 h) CFPACT cells. Bar: 20 um. Note the increased staining at the (peri)-membrane in resveratrol-treated cells (indicated by arrows).
CFTR, cystic fibrosis transmembrane conductance regulator; CFPACT, cystic fibrosis pancreatic adenocarcinoma.

et al., 2005). Thus, a major goal of CF therapy is to increase
the expression/stabilization of delFSO8CFTR at the plasma
membrane.

Recent reports shed light on the potentiality of some
phyto-oestrogenic, polyphenolic molecules, such as cur-
cumin and genistein, to act as both correctors and activators
of CFTR (Wang et al., 2007; Schmidt et al., 2008). Here, we
investigated the long-term effect of another polyphenolic
compound, resveratrol. Our results show that the long-term
exposure (18 h) of cultured cells to this natural compound
increased the expression of either the normal CFIR or the
mutant, delFSO08CFTR, at the cell membrane. Moreover, in
the CF pancreatic cell line, CFPACI1, resveratrol induced the
functional rescue of cAMP-dependent anionic transport.
Other effects of resveratrol were also shown in the present
study - re-organization of the keratin-18 network, dimin-
ished IL-8 secretion and enhanced NHERF-1 expression —
although their direct or indirect relationship with
delFS08CFTR rescue remains to be clarified.

The similarities between the structure of resveratrol
(trans-3,4",5-trihydroxystilbene) and that of the synthetic
oestrogen diethylstilbestrol (4, 4’-dihydroxy-trans-o,p-
diethylstilbene, DES) suggest that resveratrol can behave as a
phyto-oestrogen. By acting as weak oestrogen agonists,
phyto-oestrogens may up-regulate the expression of
oestrogen-sensitive proteins, such as NHERF-1. However, it is
not yet known if the CFTR gene possesses oestrogen response
elements consensus palindromic sequences, and if so, if they
may lead to a biological effect of E2 on its gene transcription.
Our computational analyses indicate that two putative
binding sites for the oestrogen-a receptor (ER-a) are found in
the CFTR gene promoter, in a region about 2 kb upstream of
the major transcription initiation start site and that they are
separated by a relatively long distance (around 1 kb) (data not
shown). This might suggest that a direct oestrogenic effect
can affect CFTR transcriptional activity, but the biological
relevance of such a hypothesis requires further study. Also,
how other transcription factors collaborate with the ER-a to
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regulate targeted gene promoters (putatively CFIR) in a
tissue/cell-specific manner or drug-concentration depen-
dency needs to be specified (Levy et al., 2007). Depending on
the cell lines we used, resveratrol effects on NHERF-1 and
CFTR expression were different. NHERF-1 protein was
increased in CFPACI1, but not found in MDCKI1 cells; CFTR
was increased at mRNA and protein levels in MDCK1, but not
in CFPAC1 cells. The band B is the endoplasmic reticulum-
associated core glycosylated form of CFTR, and band C rep-
resents the mature, Golgi-processed glycoform of CFTR
(Wang et al., 2006). Thus, the consistent effect of resveratrol
seems to be an increased maturation and trafficking of wild-
type and mutant forms of CFTR to the membrane, rather
than an increased total expression.

An enhanced trafficking to the cell membrane was shown
by the immunofluorescence images. The reasons why results
from Western blot analysis appear less impressive than results
from immunochemistry are unknown; one possibility is that
they could be due to the technique-dependent sensitivity and
reactivity of the antibodies. In both MDCK1 and CFPAC1 cell
lines, a striking enhancement in membrane localization of
fluorescent labelling of both wild-type and mutant CFTR was
detected in resveratrol-treated cells. Importantly, in a CF
human airway epithelial cell culture, a shift of delFSO8CFTR
to the apical membrane was also clearly detected (see
Figure 6), indicating that results from CFPAC1 cells can be
extended to models closer to ex vivo models.

Most of our results were obtained using resveratrol at
50 uM, a concentration that is commonly used in cell cul-
tures but is unrealistic for human trials (for a review on the
bioavailability and pharmakocinetics of resveratrol and of its
metabolites depending on models, see Rocha-Gonzalez et al.,
2008 and Bisht et al., 2010). However, in our study, a 10-fold
lower concentration of resveratrol (i.e. twofold higher than
the resveratrol plasma concentration in clinical trials,
Boocock etal.,, 2007) also induced band C in CFPAC1
cells. Moreover, it is likely that in the very near future,
drug-encapsulated nanoparticules will greatly improve the
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delivery of molecules to their targets. Obviously, further
studies are necessary to define the optimal parameters for
resveratrol use, as well as investigating its possible deleterious
effects. For instance, we observed that at concentrations
above 50 uM, exposure to resveratrol for 18 h may reduce
CFTR expression. At high concentrations (>50 uM), resvera-
trol may induce an endoplasmic reticulum stress in dopam-
inergic cells (Chinta et al., 2009); also it was reported that a
reduction in CFTR expression may follow endoplasmic reticu-
lum stress (Bartoszewski et al., 2008). Thus, it was emphasized
that the effects of molecules on CFTR expression should be
investigated in models that endogenously express wild-type
and mutant CFTR rather than in cells transfected with the
wild-type and mutant proteins, in order to be able to detect
the reduction in CFTR expression, consequent on a drug-
induced endoplasmic reticulum stress (Bartoszewski et al.,
2008).

Resveratrol affects cystic fibrosis CFPACT cells

Figure 5

Activation of a cAMP-dependent halide efflux in resveratrol-treated
CFPAC1 cells. (A) Representative changes in SPQ relative fluorescence
as a function of time monitored in a resveratrol pretreated cell (R,
50 uM, 18 h, circles) or a control CFPAC1 cell (squares). Changing
the superfusate from an iodide- to a nitrate-containing solution (as
indicated by the bars) induced in both cells a slight increase in
fluorescence intensity, denoting a basal finite anionic permeability. In
the presence of a PKA activating mixture (indicated by arrow), an
abrupt change in fluorescence intensity was observed in the
resveratrol-treated cell, consistent with the activation of a cAMP-
dependent halide efflux. (B) The change in fluorescence intensity as
a function of time (AF/At) following superfusion of the PKA-
stimulating mixture (forskolin, IBMX and pCPT-cAMP) in control
(DMSO-treated, n = 58 cells) or resveratrol-treated cells (R, n = 66
cells) from three independent experiments. Results are given as
means *= SEM The significance of difference was analysed using
unpaired Student’s t-test. *P < 0.05. (C) Representative changes in
iodide efflux as a function of time measured by an iodide-selective
electrode. As in (A), the addition of the stimulating mixture is indi-
cated by arrow. Data shown are from control cells, cells treated with
resveratrol (50 uM, 18 h) and cells treated with resveratrol (50 uM,
18 h) in the presence of CFTRinh-172 (20 uM). CFPACT, cystic fibro-
sis pancreatic adenocarcinoma; IBMX, isobutyl methylxanthine; PKA,
protein kinase A; SPQ, 6-methoxy-N-(-sulphopropyl)quinolinium.
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Figure 6

Effect of resveratrol pretreatment on CFTR expression and localiza-
tion in human airway epithelial cells. Fluorescent x-z confocal immu-
nocytochemical images of wild-type or mutant CFTR distribution in
MucilAir™ cells, differentiated from a healthy subject (A and B) or
from a CF (homozygous for delF508CFTR) patient (C and D). (A) and
(C) show control cultures (DMSO-treated). (B) and (D) show
resveratrol-treated (50 uM, 2 h) cultures. Nuclei are stained in blue,
the CFTR proteins are stained in red. Bar: 10 um. CFTR, cystic fibrosis
transmembrane conductance regulator.

In the present study, only cells that endogenously express
wild-type and mutant CFTR were used. Most experiments
were performed on two cell lines (MDCKI1 cells and CFPAC1
cells) that are commonly used to study the expression and
function of wild-type and delFSO8CFTR (Li etal., 2004;
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Lipecka et al., 2006; Bartoszewski et al., 2008; Caohuy et al.,
2009). In these cells, resveratrol improved CFTR expression,
maturation and/or folding, and induced a shift and/or an
increased staining of immuno-labelled wild-type and mutant
CFTR towards the plasma membrane. Functional experi-
ments performed in CFPACI cells eliminated the possibility
that the protein, despite being more mature, remains
trapped, thus devoid of function: the cAMP-dependent,
CFTRinh-172-sensitive, anionic flux in resveratrol-treated
cells were compatible with rescue of delFS08CFTR. This func-
tional rescue was associated with an increased phosphoryla-
tion of keratin-18, an event that regulates the structural
network of keratin-18. Proteomic, biochemical and func-
tional studies have shown that these intermediate filaments
in epithelial cells directly interact with CFTR and influence
delivery of both wild-type and mutant proteins to the plasma
membrane (Davezac et al., 2004; Lipecka et al., 2006).

From the present study, one can only speculate about the
mechanism that leads to post-translational keratin-18 modi-
fication. Resveratrol, like other polyphenols, targets many
enzymes and proteins, including the serine/threonine kinases
(Stevenson and Hurst, 2007). It is thus possible that a
resveratrol-induced activation of AMP-activated protein
kinase or of protein kinase C § contributed to the increased
phosphorylation of keratin-18 (Bastianetto et al., 2009; Vija-
yaraj et al., 2009). The functional rescue of delFS08CFTR in
CFPAC1 cells was also associated with a decrease in the
inflammatory cytokine response. Of note, resveratrol, known
to increase histone deacetylase activities, also reduces the
oxidative stress that induces IL-8 promoter hyperacetylation
in CF models (Bartling and Drumm, 2009). Our observations
agree with numerous other studies emphasizing the benefi-
cial pleiotropic effects of resveratrol, but to our knowledge
these are the first observations dealing with CF cells. Potent
anti-inflammatory and anti-oxidant properties of resveratrol
have been proposed to play major roles in its cytoprotective
effects, as resveratrol inhibits the transcription factors NF-xB
and activator-protein 1 (AP1), and also prevents lipid peroxi-
dation (Bisht et al., 2010). Because inflammatory and oxida-
tive processes complicate CF resveratrol may also have
beneficial effects in CF cells and is worth further evaluating as
a potential candidate for CF therapy. Further investigations
are needed to unravel the mechanism(s) underlying the
increase in CFTR membrane expression and the rescue of a
cAMP-dependent halide transport in CFPAC1 cells, as well as
evaluating the effects of resveratrol in other CF models.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Effect of resveratrol pretreatment on keratin 18
(K18) network in CFPACI1 cells. Confocal fluorescence immu-
nocytochemical images of K18 network of control DMSO-
treated CFPAC1 cells (A and C) and resveratrol-treated
(50 uM, 18 h) CFPACI1 cells (B and D). Bar: 20 um (A and B)
and 10 pm (C and D). Images are representative of two inde-
pendent experiments, each in triplicate. Note that in resvera-
trol treated cells, K18 network was scattered whereas it in
untreated cells, it was concentrated around the nucleus.

Figure S2 Effect of resveratrol on Ser 52 phosphorylated
keratin 18 (p K18 Ser52) and on NHERF-1 expression in
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CFPAC1 cells. (A) Equal amounts of protein from total cell
lysates were analysed by Western blot, using anti-K18 anti-
bodies. Cells were pretreated with resveratrol (R, 50 uM for
18 h) or with vehicle alone (control cells). An increased
amount of p K18 Ser52 is detected in resveratrol-treated
CFPACI1 cells, whereas the total amount of K18 is unchanged
(B). This latter was obtained from dehybridation of the mem-
brane previously probed with an anti-phosphorylated Ser52
K18 antibody, and also represented the loading control.
Similar results were obtained in duplicate in two separate
experiments. (B) Quantification of the Western blot analysis
presented in (A) showing the staining intensity of p K18
Ser52 over the staining intensity of total K18 in resveratrol-
treated cells. (C) Equal amounts from total cell lysates were
analysed by Western blot, using an anti-NHERF-1 antibody.
CFPACI1 cells were pretreated for 18 h with resveratrol 50 uM,
or with vehicle alone (DMSO). The arrow indicates the posi-
tion of NHERF-1 protein, 50 kDa. Tubulin expression was
used as loading control. (D) Quantification of the staining
intensity of NHERF-1 (over the staining intensity of tubulin)
from CFPAC1 cells pretreated with resveratrol, R (50 uM,
18 h) or with vehicle (control cells, C). Columns represent
means = SEM from six separate experiments, each Western
blot analysis being performed in duplicate. *P < 0.05.
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