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Abstract Resveratrol, a natural polyphenolic compound
found in foods and beverages, has attracted increasing
attention in recent years because of its potent chemopre-
ventive and anti-tumor effects. In this study, the effects of
resveratrol on the expression of P-glycoprotein/multi-drug
resistance protein 1 (P-gp/MDRI), and the underlying
molecular mechanisms, were investigated in oxaliplatin
(L-OHP)-resistant colorectal cancer cells (HCT116/L-
OHP). Resveratrol downregulated MDR1 protein and
mRNA expression levels and reduced MDRI promoter
activity. It also enhanced the intracellular accumulation
of rhodamine 123, suggesting that resveratrol can reverse
multi-drug resistance by downregulating MDR1 expres-
sion and reducing drug efflux. Resveratrol treatment also
reduced nuclear factor-kB (NF-kB) activity, reduced
phosphorylation levels of IkBa, and reduced nuclear
translocation of the NF-«kB subunit p65. Moreover, down-
regulation of MDR1 expression and promoter activity was
mediated by resveratrol-induced AMP-activated protein
kinase (AMPK) phosphorylation. The inhibitory effects
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of resveratrol on MDRI1 expression and cAMP-
responsive element-binding protein (CREB) phosphoryla-
tion were reversed by AMPKo siRNA transfection. We
found that the transcriptional activity of cAMP-responsive
element (CRE) was inhibited by resveratrol. These results
demonstrated that the inhibitory effects of resveratrol on
MDRI1 expression in HCT116/L-OHP cells were closely
associated with the inhibition of NF-kB signaling and
CREB activation in an AMPK-dependent manner.
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Introduction

Multi-drug resistance (MDR), in which cells are resistant
to multiple structurally and functionally unrelated anti-
cancer drugs, is considered a major reason for the failure
of cancer chemotherapy [1]. In clinical situations, MDR
is often the consequence of P-glycoprotein (P-gp) over-
expression in tumor cell membranes. This protein,
encoded by multi-drug resistance protein 1 (MDRI), is
the most important membrane transporter for reducing
intracellular accumulation of anti-cancer drugs [2].
MDRI is expressed in tissues including kidney tubules,
colon, pancreas, and adrenal gland, and tumors derived
from these tissues often demonstrate a broad spectrum of
substrate specificities to chemotherapeutic drugs [3]. In-
hibition of P-gp expression or function has become an
important method for improving the efficacy of
chemotherapy.

Nuclear factor-kB (NF-«B) is the prototype member of a
family of transcription factors, and is largely retained by an
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inhibitor (IkB) in the cytoplasm of non-stimulated cells.
After stimulation, for example with cytokines or chemo-
therapeutic drugs, IkB undergoes phosphorylation and
degradation by the proteosome. NF-«kB then translocates
to the nucleus, where it binds to a specific DNA consen-
sus sequence, resulting in the induction of its target
genes [4]. In cancer cells, NF-kB activity has been
shown to protect against apoptosis [5] and to induce
resistance to chemotherapeutic drugs. Several studies
suggest that the actions of NF-«B involve control of P-
gp expression [3, 6-8].

AMP-activated protein kinase (AMPK) is an important
energy sensor involved in cellular metabolism. It is acti-
vated under conditions of metabolic stress that lower in-
tracellular levels of ATP [9]. AMPK limits de novo syn-
thesis of fatty acid and cholesterol through phosphoryla-
tion and inhibition of acetyl-CoA carboxylase (ACC) and
3-hydroxy-3-methylglutaryl (HMG)-CoA reductase [10].
AMPK is also implicated in cancer development and is
considered as a potential anti-tumor target molecule [11].
Activation of AMPK with 5'-aminoimidazole-4-
carboxamide ribose (AICAR) has been shown to cause
death of, or attenuate the growth of, cancer cells [12].
cAMP-dependent protein kinase A (PKA) regulates
AMPK activity [13, 14], and it has been reported that
cAMP and PKA are involved in regulating MDR1 expres-
sion in some cancer cells [14, 15]. Moreover, in rat liver,
MDRI1 expression is induced by PKA and cAMP-
responsive element-binding protein (CREB) [16, 17].
Therefore, it is of interest to clarify the relationship be-
tween AMPK and MDRI.

Herbal medicine is now widely recognized worldwide for
preventing and treating diseases [18, 19]. Recently, some
compounds present in fruits, vegetables and herbs have been
identified as potential chemopreventive agents [20]. For ex-
ample, 3,5,4'-trihydroxy-trans-stilbene, also known as resver-
atrol (Res), has been demonstrated to play positive roles in
chemotherapy, including suppression of proliferation and in-
vasion, arrest of the cell cycle, and induction of apoptosis [21].
Previous studies have shown that Res can reverse
chemoresistance of some tumors, including acute myeloid
leukemia [22], oral epidermoid carcinoma [23], and breast
cancer [24], and has a role in inhibiting NF-kB activation
[25]. However, the effect of Res on reversing drug resistance
in colon cancer cells has not yet been fully defined. In this
study, we investigated the effects of resveratrol on MDR in
oxaliplatin (L-OHP)-resistant HCT116 (HCT116/L-OHP)
cells. Resveratrol reversed MDR via AMPK activation and
inhibition of the NF-kB-dependent MDR1 signaling pathway.
In addition, Res inhibited CRE transcriptional activity through
AMPK upregulation, suggesting that CREB plays an impor-
tant role in the regulation of MDRI expression by Res in
HCT116/L-OHP cells.
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Materials and methods
Cell culture

HCT116 human colorectal carcinoma cells were obtained
from the Cell Bank of Chinese Academy of Sciences. Cells
were maintained in RPMI 1640 medium (Gibco, CA, USA)
with 10 % fetal bovine serum (Gibco) at 37 °C in a humidified
atmosphere with 5 % CO,. HCT116/L-OHP cells were
established by our laboratory. The HCT116/L-OHP cells were
seeded in medium containing 5 pg/ml L-OHP to maintain the
drug-resistance phenotype and incubated in drug-free medium
for at least 1 week before use [26].

Materials

Resveratrol, verapamil, thodamine 123 (Rh123), H89, and
forskolin were purchased from Sigma (Saint Quentin-
Fallavier, France). A 100 mmol/L stock of Res was prepared
with dimethyl sulfoxide (DMSO) and freshly diluted in cul-
ture medium for all in vitro experiments. DMSO alone was
used as a vehicle control. 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) and 4',6-diamidino-2-
phenylindole (DAPI) were purchased from Sigma (St Louis,
MO, USA). Compound C was purchased from Calbiochem
(La Jolla, CA, USA). Monoclonal antibodies reactive against
human phospho-AMPK (Thr 172), AMPK, phospho-IkBe,
IkBax, phospho-CREB (Ser133), and CREB were from Cell
Signaling Technology (Beverly, MA, USA). Antibodies
against MDR1, NF-kB p65, GAPDH, and Lamin B were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The Dual-Luciferase Assay Kit was from Vigorous
Biotechnology (Beijing, China). BAY 11-7082 was from
Selleck Chemicals (Houston, TX, USA).

Assessment of cell viability

The effect of L-OHP, with or without Res, on the proliferation
of HCT116 and HCT116/L-OHP cells was determined by
MTT assay. Cells were seeded into 96-well culture plates
(1x10° cells/well) and allowed to attach for 12 h before treat-
ment. The cells were exposed to L-OHP with or without Res.
After incubation for 48 h, cell viability was evaluated by the
MTT assay. The optical densities in control and drug-treated
wells were measured at a wavelength of 570 nm in an Auto-
mated Microplate Reader (Multiskan Ex, Lab systems, FIN).
The chemosensitivity of L-OHP was expressed as ICsq (con-
centration inducing 50 % cytotoxicity).

Quantitative real-time reverse transcription-PCR analysis

Total RNA was extracted from cells treated with different
concentrations of Res for 48 h, or 50 uM Res for 048 h, using
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an RNA extraction kit (Promega Corporation) according to
the instructions and reverse transcribed using the Reverse
Transcription System (Takara, Dalian, China). We used SYBR
Green Supermix with an iCycler thermal cycler (Bio-Rad,
Hercules, CA, USA) to perform the real-time PCR assay.
Primers were obtained from Shanghai Sangon Biological En-
gineering Technology & Services Co. Ltd (Shanghai, China)
and the PCR primers were as follows: 5'-GCTCCTGACTAT
GCCAAAGC-3' (sense) and 5'-TCTTCACCTCCAGGCT
CAGT-3' (antisense) for MDRI, 5'-GGTCGGAGTCAACG
GATTTG-3' (sense) and 5-ATGAGCCCCAGCCTTCTC
CAT-3' (antisense) for GAPDH.

The data were collected and analyzed using the compara-
tive Ct (threshold cycle) method, using GAPDH as the refer-
ence gene.

Rh123 accumulation assay

HCT116/L-OHP cells at a density of 10°/well in exponential
growth were used for the test. Cells were incubated in various

Fig. 1 Characterization of a
HCT116 and oxaliplatin (L-
OHP)-resistant HCT116
(HCT116/L-OHP) cells. a

Western blot analysis of MDRI1 in
drug-resistant HCT116 cell lines

HCT116 of
HCTI16 1 opp

concentrations of Res and 20 uM verapamil for 48 h. Verap-
amil was used as a positive control MDR inhibitory agent.
After treatment, cells were exposed to 10 pug/ml Rh123 at
37 °C for 90 min. Trypsinized cells were resuspended in
PBS. After washing with PBS, the intracellular mean fluores-
cence intensity (MFI) associated with Rh123 accumulation
was measured by FACS (Becton Dickinson). Excitation was
performed by an argon ion laser operating at 488 nm and the
emitted fluorescence was collected through a 530-nm pass
filter. Data analysis was performed using Cell Quest software.

Western blot analysis

Whole cell extractions and nuclear and membrane protein
extractions were performed as described previously [27]. Pro-
tein concentrations were measured using the BCA assay
(Pierce Biotechnology, Rockford, IL, USA). Western blot
analysis was performed according to standard procedures as
previously described [28]. GAPDH and Lamin B were used as
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loading controls for total/cytoplasmic fraction extracts and
nuclear fraction extracts, respectively.

Transient transfection and luciferase assay

The luciferase activities were determined with the Dual-
Luciferase Assay Kit using an FB12 Luminometer (Berthold
Detection Systems). Briefly, cells were plated into each well
of 12-well plates, and cultured for 24 h. The cells were co-
transfected with 0.5 mg MDRI1-Luc, NF-kB-Luc, or CRE-
Luc constructs, and 0.15 mg pRL-TK Renilla luciferase con-
struct (Promega) using Lipofectamine 2000 (Invitrogen Life
Technologies). After 6 h incubation, the medium was replaced
and cells were cultured overnight in DMEM supplemented
with 10 % FBS. Following transfection for 24 h, the cells were
washed with fresh medium, and pretreated with Res, com-
pound C, and 20 ng/ml tumor necrosis factor-oc (TNF-x).
After 24 h incubation, cells were lysed and the promoter ac-
tivities of NF-kB, MDR1, and CRE were calculated and rep-
resented as relative luciferase units of firefly luciferase activity
per Renilla luciferase activity.

Immunocytochemical analysis

Cells were seeded on cover glasses and fixed with 4 % para-
formaldehyde in PBS for 10 min at room temperature. The
cells were permeabilized three times for 5 min with 0.1 %
Triton X-100 in PBS. After blocking for 30 min with 10 %
normal goat serum and 0.1 % Triton X-100 the cells were
incubated with the rabbit antibodies overnight at 4 °C. The
following day, the cells were washed three times with PBS
and then incubated with horseradish peroxidase (HRP)-anti-
rabbit IgG for 1 h. Nuclei were stained with DAPI for 5 min,
and the cells were visualized by fluorescence microscopy
(LEICA DM IRB; Leica, Wetzlar, Germany).

RNA interference assay

The sense-strand sequence used for AMPK « siRNA was 5'-
GAUAUCAGGGAACAUGAAUATAT-3". The cells were
plated at 5x 10° cells/ml in a six-well plate. Twenty-four hours
after plating, the cells were transfected with either the control
siRNA or the AMPK« siRNA (50 nM) using Lipofectamine
2000.

Statistical analysis

Each experimental value was expressed as the mean=+standard
deviation (SD). The significance of differences between ex-
perimental groups and controls was determined using the un-
paired Student’s ¢ test. Statistical analysis was performed
using Origin 8.1 software. In all cases, p<0.05 was considered
significant.
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Results
Characterization of HCT116 and HCT116/L-OHP cells

P-gp/MDRI1 is a common biomarker of MDR [29]. To con-
firm this in our cell lines, western blotting, and real-time PCR
were performed on cell extracts. As shown in Fig. 1a, b, ex-
pression levels of MDR1 protein and mRNA were higher in
HCT116/L-OHP cells than in HCT116 cells. This is consistent
with a previous study that demonstrated over-expression of
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Fig. 2 Resveratrol enhanced the sensitivity of oxaliplatin (L-OHP)-
resistant HCT116 (HCT116/L-OHP) cells to L-OHP. a HCT116/L-OHP
cells were treated with resveratrol (0-200 uM) for 48 h. Cell viability was
then determined by MTT assay and was expressed as mean+SD for three
separate experiments. ¥*p<0.05 for treated cells compared with the
control. b Effects of co-incubation of HCT116/L-OHP and HCT116
cells with resveratrol and L-OHP. The ICs, value (concentration
inducing 50 % cytotoxicity) of L-OHP in HCT116/L-OHP cells was
higher than that in the parental cell line HCT116. Resveratrol
significantly decreased the ICsy value of L-OHP in HCT116/L-OHP
cells, but not in the parent HCT116 cell line. **p<0.01, for the
combination treated group versus the L-OHP group. All data are
expressed as mean+SD for three separate experiments
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Fig. 3 Effects of resveratrol on a
protein expression and mRNA
levels of multi-drug resistance
protein 1 (MDR1) in oxaliplatin
(L-OHP)-resistant HCT116
(HCT116/L-OHP) cells. a
HCT116/L-OHP cells were
treated with resveratrol (12.5, 25,
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MDRI1 in HCT116/L-OHP cells [30]. Next, HCT116 and
HCT116/L-OHP cells were treated with different concentra-
tions of L-OHP (0-150 pg/ml) for 48 h. In the parental
cell line HCT116, the ICsy value of L-OHP was
14.03 pg/ml. In the drug-resistant cell line, the ICsq val-
ue of L-OHP in HCT116/L-OHP was 144 pg/ml. The
resistance index (RI), the ratio of the ICsq of L-OHP in
HCT116/L-OHP cells to that of the parental HCT116
cells, was 10.3 (Fig. 1c). Since the RI value of the cells

was greater than 3, the HCT116/L-OHP was considered
to display chemoresistant characteristics.

Resveratrol enhanced L-OHP toxicity in HCT116/L-OHP
cells

After treatment with Res (050 uM) for 48 h, viabilities were

all above 90 % (Fig. 2a) in HCT116/L-OHP cells. As our aim
was to study Res as an adjuvant to intensify the potency of L-
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OHP, we chose treatment with 50 uM Res for 48 h to inves-
tigate the combination effect. The reversal activity of Res was
measured using the MTT assay in HCT116/L-OHP and
HCT116 cells treated with various concentrations of L-OHP.
Res significantly increased L-OHP toxicity in HCT116/L-
OHP cells, but did not affect the cytotoxicity of L-OHP in
HCT116 cells (Fig. 2b).

The effect of resveratrol on the expression levels of MDR1

To determine whether Res inhibits MDR1, we examined
the effect of Res on MDRI protein and mRNA expres-
sion in HCT116/L-OHP cells. After treatment with var-
ious concentrations of Res for 48 h, or 50 uM Res for
6-48 h, expression of MDRI1 protein was decreased in
Res-treated HCT116/L-OHP cells, compared with con-
trols, in a dose- and time-dependent manner (Fig. 3a),
with similar trends observed for mRNA expression
(Fig. 3b). Taken together, these results demonstrated that
Res inhibited MDR1 expression in HCT116/L-OHP
cells.

The effect of resveratrol on intracellular accumulation
of Rh123

Rh123 is a fluorescent P-gp substrate frequently
employed to evaluate P-gp activity [31]. To further in-
vestigate the effect of Res on P-gp activity, the accumu-
lation of Rh123 was measured in HCT116/L-OHP cells.
Following pre-treatment with various concentrations of
Res (12.5, 25, or 50 uM) or 20 uM verapamil,
HCT116/L-OHP cells were incubated with 10 pg/ml
Rh123 for 90 min. Figure 3c shows that the accumula-
tion of Rh123 was significantly increased in Res-treated
HCT116/L-OHP cells.

Resveratrol reduced the transcriptional activities
of NF-xkB and MDR1 in HCT116/L-OHP cells

There is growing evidence indicating that NF-kB is a
major transcription factor involved in modulating the ex-
pression of MDRI1 [8, 32, 33]. Therefore, we predicted
that Res might inhibit the transcriptional activity of
NF-kB and MDRI1. A reporter gene assay was performed
using pNF-«kB-luc and pMDR1-luc plasmids. HCT116/L-
OHP cells were transfected with pNF-«kB-luc and
pMDRI1-luc, then stimulated with TNF-o either in the
presence or in the absence of Res. As shown in
Fig. 4a,b, Res inhibited the transcriptional activation of
NF-kB and MDRI1 in a dose-dependent manner.

@ Springer

Resveratrol suppressed MDR1 expression by inhibiting
degradation and phosphorylation of IkBx and p65
translocation in HCT116/L-OHP cells

NF-kB is regulated by the TNF signaling pathway, and is
largely retained by an inhibitor (IkB) in the cytoplasm of
non-stimulated cells. Following stimulation, IkB is phos-
phorylated and degraded [34], followed by translocation
of NF-kB to the nucleus where it induces its target genes
[4]. To determine whether Res inhibits NF-kB and MDR1
activation by blocking phosphorylation and degradation
of IkBa, we performed a time-course experiment to de-
termine the effect of Res on the phosphorylation and deg-
radation of IkB«x. Cells treated with Res showed a marked
reduction in the phosphorylation level of IkBx at 60 min
(Fig. 4c). Cells exposed to TNF-o« showed enhanced
phosphorylation of IkBa, and Res markedly downregulat-
ed the phosphorylation of IkBx protein in a dose-
dependent manner in the concentration range 12.5—
50 uM (Fig. 4d). Next, to evaluate the effects of Res on
nuclear translocation of the NF-kB p65 subunit, we per-
formed immunocytochemistry for p65, stained nuclei with
DAPI, and performed western blot analysis of p65 in cy-
tosolic and nuclear extracts. As shown in Fig. 4e, nuclear
co-staining for p65 and DAPI was observed in TNF-o-
treated HCT116/L-OHP cells, but nuclear translocation of
p65 was inhibited by the addition of Res. In parallel with
this result, p65 translocation into the nucleus of cells was
significantly inhibited by Res in a dose-dependent manner
and increased by TNF-«x (Fig. 4f). We performed western
blot analysis of MDRI1 to explore whether Res-inhibited
MDRI1 expression was altered by TNF-x or BAY 11—
7082 (NF-«kB inhibitor) treatment. MDR1 protein

Fig. 4 Resveratrol inhibited multi-drug resistance protein 1 (MDR1)- P>
and nuclear factor-kB (NF-kB)-luciferase activity. Cells seeded into 24-
well plates were transfected with MDR1 (a) or NF-kB (b) reporter
plasmids. After transfection, the cells were treated with various
concentrations of resveratrol (12.5, 25, or 50 uM) and 20 ng/ml tumor
necrosis factor-o (TNF-«) for 24 h. Cells were then harvested and
luciferase activity was determined using a Dual-Luciferase Assay Kit.
Results are representative of three independent experiments. Each value
represents the mean+SD. *p<0.05, compared with the untreated group,
and #*p<0.05, compared with the TNF-o group. HCT116/L-OHP cells
were incubated with 50 uM resveratrol for 5-90 min (c¢) or resveratrol
(12.5, 25, or 50 uM) and TNF-« (20 ng/ml) for 24 h (d). The cells were
lysed and subjected to western blot analysis using anti-phospho-IkBex,
anti-IkBax, and anti-GAPDH antibodies. e The translocation of p65 was
detected by immunofluorescence using an anti-p65 antibody and Alexa
Fluor 488-goat anti-rabbit IgG. DAPI was used as a nuclear stain. f Effect
of resveratrol on nuclear translocation of p65 in HCT116/L-OHP cells.
Cytoplasmic and nuclear extracts were generated and then analyzed by
western blotting with an anti-p65 antibody. g Cells were co-treated with
resveratrol (50 uM) and TNF-o (20 ng/ml) or BAY 11-7082 (5 uM) for
24 h. MDRI was detected by western blotting with an MDR1 antibody.
GAPDH was used as a loading control
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expression was significantly increased in TNF-«a-treated
cells, and decreased in BAY 11-7082-treated cells. How-
ever, Res or BAY 11-7082 markedly inhibited TNF-o-
induced MDR1 expression (Fig. 4g). These results sug-
gest that Res suppresses MDRI1 expression by blocking
phosphorylation and degradation of IkBx and p65
translocation.
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HCTI116/L-OHP cells. In our study, cells exposed to
Res displayed dose-dependent phosphorylation of
AMPK o« (Fig. 5a). p-AMPK« staining was stronger in
the cytoplasm and nucleus of HCT116/L-OHP cells
treated with 50 pM Res than in untreated cells
(Fig. 5b). In addition, compound C, an AMPK inhibitor,
significantly attenuated Res-induced AMPK activation in
HCT116/L-OHP cells (Fig. 5c¢). To explore whether the
inhibitory effect of Res on MDR1 expression was me-
diated by the AMPK pathway, HCT116/L-OHP cells
were treated with 50 uM Res and 10 pM compound
C. As shown in Fig. 5c, Res inhibited MDRI1 expres-
sion, whereas in cells co-incubated with compound C
plus Res a marked increase in MDRI1 expression was
observed. No changes were observed in cells treated
with compound C only. Furthermore, compound C
markedly reduced Res-inhibited nuclear translocation of
p65 compared with the control. Co-incubation with
compound C plus Res abrogated Res-inhibited MDRI
promoter activity (Fig. 5d). These results suggested that
Res reduces the expression of MDR1 in HCT116/L-
OHP cells in an AMPK-dependent manner.

An AMPK-mediated decrease in CRE transcriptional
activity is responsible for inhibition of MDRI1 expression
by resveratrol

A previous study using AICAR, an activator of AMPK, pro-
vided evidence for a potential role for AMPK in decreasing
phosphorylation of CREB in the liver [35]. We aimed to de-
termine whether AMPK-dependent CREB activity is involved
in Res-mediated MDR1 inhibition in HCT116/L-OHP cells.
Treatment of HCT116/L-OHP cells with 50 uM Res for 0—
90 min induced a decrease of CREB phosphorylation. This
was associated with a concomitant increase in AMPK phos-
phorylation (Fig. 6a). To elucidate the role of AMPK in
CREB-dependent MDR1 down-regulation, siRNA was used
to selectively knockdown AMPK « expression in HCT116/L-
OHP cells before Res treatment. Western blotting confirmed
that transfection with AMPK« siRNA significantly decreased
Res-induced AMPK phosphorylation, and increased Res-
mediated inhibition of CREB phosphorylation and MDR1
expression, compared with the controls (Fig. 6b). Intracellular
Rh123 accumulation was lower in Res-treated cells transiently
transfected with AMPK & siRNA than in cells treated with Res
alone (Fig. 6¢). In addition, CRE transcriptional activity was
decreased in Res- or H89 (PKA/CRE inhibitor)-treated cells.
Co-treatment with Res plus forskolin (PKA/CRE activator)
attenuated forskolin-induced CRE transcriptional activity
(Fig. 6d). These results indicate that resveratrol reduces the
expression of MDRI1 via CRE transcriptional activity depen-
dent on upregulation of AMPK in HCT116/L-OHP cells.
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Discussion

The emergence of MDR has made many of the currently
available chemotherapeutic agents ineffective. MDR in tumor
cells is often associated with over-expression of MDR 1. There
are many reports of the use of verapamil in clinical trials in an
attempt to overcome MDR. Although this drug is considered
effective for reversing resistance, it is still not used in clinical
practice because of its toxicities and side effects. Therefore,
identifying compounds to overcome MDR to conventional
and targeted therapies remains a key challenge in the fight
against cancer. Some natural compounds found in the diet
and beverages have been extensively studied because of their
reversal effects on many cancers through inhibition of MDR1
[36-38]. Res is one such compound and has been recognized
as a potent chemopreventive agent in many cancers [39]. Res
has been shown to suppress cell growth and induce apoptosis
in HT29 cells resistant to etoposide [40], and to modify apo-
ptotic regulatory proteins in lymphoma and multiple myeloma
cells resistant to paclitaxel [41]. However, only a few studies
have used chemoresistant cell lines, in particular drug-
resistant colon cancer cells, as a model. In this study, we
established the HCT116/L-OHP cell line in the presence of
L-OHP. This cell line exhibited functional P-gp/MDR1 over-
expression and was employed as our cell model. The concen-
tration of Res used in our study was based on the non-toxic
range determined by MTT assay. Res significantly increased
the chemosensitivity of HCT116/L-OHP cells to L-OHP at
levels of 0—50 uM for 48 h, but had no effect on the
chemosensitivity of the parental cells. In addition, Res treat-
ment reduced the expression of MDR1 protein and mRNA in
HCT116/L-OHP cells in a dose- and time-dependent manner.
To further explore the suppression of MDRI mRNA expres-
sion by Res, we examined its effects on MDRI-luciferase
activity. Res markedly repressed MDRI promoter activity.
Furthermore, we found that Res treatment increased the level
of intracellular Rh123 in HCT116/L-OHP cells, and this inhi-
bition of drug efflux occurred in a dose-dependent manner.
These findings suggest that Res has an effect on the restoration
of sensitivity to L-OHP by reducing not only MDR1 transcrip-
tional and translational levels but also its function.

Evidence has accumulated that transcription of MDRI is
controlled by many transcription factors, including SP1, NF-
Y, YB1, MEF1, p53, and NF-R1 [42]. Ueda et al. reported that
the MDRI promoter region contains a consensus CAAT box
and two GC box-like sequences, and a protein complex
consisting of NF-kB p65 and c-Fos transcription factors inter-
acts with the CAAT promoter region to negatively regulate
MDR1 promoter activity [43]. Previous studies have shown
that NF-kB protects kidney proximal tubule cells from cadmi-
um and oxidative stress by increasing MDR 1 expression [44],
and NF-kB is also required for TNF-«-induced MDR1 ex-
pression in hepatocytes and constitutive MDR1 expression
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Fig. 5 Resveratrol downregulated multi-drug resistance protein 1
(MDR1) via AMP-activated protein kinase (AMPK) activity. a Western
blot showing phospho-AMPK protein expression level in cells in
response to various concentrations of resveratrol treatment for 24 h.
GAPDH was used as a loading control. b Effect of resveratrol on
phospho-AMPK« activity in HCT116/L-OHP cells. Cells were treated
with 50 uM resveratrol for 24 h and then resveratrol-treated and untreated
cells were stained with anti-phospho-AMPK« antibody (red
fluorescence), and the nuclei were stained with DAPI (blue
fluorescence). Images were obtained using fluorescence microscopy. ¢
HCT116/L-OHP cells were treated with compound C (10 pM) and

resveratrol (50 uM) for 24 h. The cells were lysed, and total,
membrane, and nuclear extracts were prepared for western blot analysis
with anti-phospho-AMPK e, anti-AMPK«, anti- MDR1, anti-p65, and
anti-lamin B antibodies. d Effect of resveratrol and compound C on
MDRI promoter activity in HCT116/L-OHP cells. Cells were
transiently transfected with an MDR] reporter plasmid and then treated
with indicated concentrations of resveratrol and 10 M compound C for
24 h. The cells were lysed, and luciferase activity was measured. Results
are representative of three independent experiments. Each value
represents the mean+SD. *p<0.05, compared with untreated cells.
#p<0.05 compared with compound C-treated cells
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Fig. 6 Resveratrol downregulated multi-drug resistance protein 1
(MDR1) via cAMP-responsive element (CRE) transcriptional activity. a
HCT116/L-OHP cells were treated with 50 uM resveratrol for 0-90 min,
and cell extracts were analyzed by western blotting with anti-phospho-
AMPK«, anti-AMPK e, anti-phospho- cAMP-responsive element-
binding protein (CREB) (Ser 133), and anti-GAPDH antibodies. b
Cells were transfected with an siRNA control or AMPKa siRNA for
24 h before treatment with 50 pM resveratrol for 24 h. AMPK«,
CREB, and MDRI1 expression and phosphorylation levels of AMPK«x
and CREB were detected by western blotting. ¢ Cells were transfected
with an siRNA control or AMPK« siRNA for 24 h before treatment with
50 uM resveratrol for 48 h, and then exposed to 10 pg/ml rhodamine 123

in drug-resistant cells [8, 33]. In the present study, we deter-
mined that the reversal effect of Res is associated with inhibi-
tion of NF-kB activity, which seems to play a role in Res-
induced MDR1 suppression in HCT116/L-OHP cells. Report-
er gene assays for NF-kB transcription activity revealed that
Res inhibited NF-«kB activation. Western blot analysis
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(Rh123) for 90 min. The intracellular accumulation of Rh123 was
measured. All data are expressed as mean+SD for three separate
experiments. **p<0.01, compared with the untreated group and
#p<0.05, compared with the resveratrol-treated group. d Cells seeded
into 12-well plates were transfected with a CRE reporter gene. After
transfection, the cells were treated with 50 uM resveratrol, 10 pM H89,
and 10 uM forskolin for 24 h, and then cells were harvested and luciferase
activity was determined. Results are representative of three independent
experiments. Each value represents the mean+SD. *p<0.05, compared
with the untreated group and *p<0.05, compared with the forskolin-
treated group

demonstrated that Res inhibited phosphorylation and degra-
dation of IkBa, and nuclear translocation of the NF-kB p65
subunit, which was confirmed by immunocytochemistry anal-
ysis. Of note, Res inhibited NF-kB-dependent MDR promot-
er activity. These findings strongly suggest a potential role for
NF-«B signaling in Res-regulated MDR1 expression.
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HCT116/L-OHP cells were significantly enriched for p-
AMPKx expression after treatment with Res. Many studies
have investigated the role of AMPK in regulating the malig-
nant phenotype of cancer cells, which is characterized by an
increase in lipid production, DNA and protein synthesis, and
cell proliferation and migration [45]. However, it is unclear
whether MDR1 upregulation is caused by a direct effect of
AMPK signaling. Previous studies have indicated that phos-
phorylation of AMPK on Thr172 is prevented by PKA [46],
and drug sensitivity in cancer cells over-expressing P-gp is
restored by inhibiting PKA activity [47]. Moreover, the activ-
ity of the kinase-inducible domain (KID) of the CREB
transactivation domain was found to be regulated by PKA
[48]. More recently, Yamagishi et al. demonstrated that
MDRI1 expression is induced by sorcin through binding of
CREB to the promoter region of MDRI [49]. In addition, it
has been reported that CREB, as a downstream target of the
cAMP pathway, is activated by phosphorylation at Ser133 via
both AMPK and PKA [50]. Therefore, it is possible that
CREB is responsible for MDR1 suppression via effects on
AMPK activity. According to our data, after treatment with
Res, the time-courses of decreased CREB phosphorylation
and increased AMPK phosphorylation were similar, which is
in agreement with previous studies [50]. Additionally, our data
obtained after compound C treatment supports the notion that
Res treatment triggers AMPK activation and leads to an
AMPK-dependent downregulation of MDR1. Res-mediated
inhibition of CREB phosphorylation and MDR1 expression
were recovered in AMPK«x siRNA-transfected cells. An
Rh123 accumulation assay further confirmed a role for
AMPK. Furthermore, Res and H89 inhibited CRE transcrip-
tional activity, showing that AMPK is required for CREB-
dependent suppression of MDR1.

In summary, our study provides further insight into the mo-
lecular mechanism underlying Res-mediated inhibition of
MDRI1 expression in HCT116/L-OHP cells. We propose that
Res inhibits MDR 1-mediated drug efflux through the upregula-
tion of AMPK, which inhibits the nuclear translocation of
NF-kB p65 by phosphorylation and degradation of IkBe, and
suppresses CRE transcriptional activity, with consequent sup-
pression of MDRI. This study is the first to demonstrate a novel
mechanism of Res-induced MDR1 suppression in HCT116/L-
OHP cells, which might suggest new strategies for treating and
preventing drug resistance in human colon cancer cells.
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