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Polydatin inhibits growth of lung cancer cells by
inducing apoptosis and causing cell cycle arrest
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Abstract. Polydatin (PD), a small natural compound from
Polygonum cuspidatum, has a number of biological func-
tions. However, the anticancer activity of PD has been poorly
investigated. In the present study, thiazolyl blue tetrazolium
bromide assay was used to evaluate the inhibitory effect of
PD on cell growth. Cell cycle distribution and apoptosis were
investigated by flow cytometry. In addition, the expression of
several proteins associated with apoptosis and cell cycle were
analyzed by western blot analysis. The results demonstrated
that PD significantly inhibits the proliferation of A549 and
NCI-H1975 lung cancer cell lines and causes dose-dependent
apoptosis. Cell cycle analysis revealed that PD induces
S phase cell cycle arrest. Western blot analysis showed that the
expression of Bcl-2 decreased as that of Bax increased, and
the expression of cyclin D1 was also suppressed. The results
suggest that PD has potential therapeutic applications in the
treatment of lung cancer.

Introduction

Lung cancer is a growing global health problem and has become
the most common type of cancer that results in mortality in
males and females in developed countries (1). Therapeutic
strategies include surgery, radiotherapy, chemotherapy, and
targeted and combined therapies. Despite advances in treat-
ment, non-small cell lung cancer, which accounts for 80-85%
of all cases of lung cancer (2), remains an aggressive lung
cancer with poor patient survival rates. To date, chemotherapy
has been the most frequently used therapeutic strategy for lung
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cancer in advanced stages. However, the outcome of chemo-
therapy in patients with advanced lung cancer is poor. The
median survival rate of advanced lung cancer patients treated
with standard platinum-based chemotherapy is ~10 months (3).
Thus, a novel agent for lung cancer therapy is continually
being investigated.

With developments in phytochemistry, an increasing
number of individuals are acknowledging the importance
of herbal plants. Among the 155 small molecular anticancer
drugs developed between the 1940s and June 2006, 47%
are natural products or their derivatives (4). Examples
of plant-based therapeutic anticancer drugs are camp-
tothecin from Camptotheca acuminate, etoposide from
Podophyllum peltatum, vincristine from Catharanthus roseus
and paclitaxel from yews of the genus Taxus (5,0).

Polygonum cuspidatum, a traditional Chinese medicinal
herb commonly used for its root and rhizome, has been officially
listed in the Pharmacopoeia for a number of years. 3,4,5'-Trih
ydroxystilbene-3-3-D-mono-D-glucoside [polydatin (PD)], the
chemical structure of which is shown in Fig. 1, is one of the
main effective elements of P. cuspidatum. Previously, pharma-
cological studies and clinical practice have demonstrated that
PD has a number of biological functions, such as protective
effects against shock (7-9), ischemia/reperfusion injury (10,11),
congestive heart failure (12) and endometriosis (13). However,
few previous studies have analyzed the effects of PD on
human cancer cells. In the present study, the effects of PD on
the proliferation, cell cycle phase distribution and apoptosis
of human A549 and NCI-H1975 lung adenocarcinoma cancer
cell lines and potential mechanisms were investigated.

Materials and methods

Chemicals. LKT Laboratories, Inc. (St Paul, MN, USA) was
the supplier of the PD (cat. no. P5845) used. PD was dissolved
in a stock solution of 10 mmol/l dimethysulfoxide (DMSO)
and directly diluted in medium to appropriate concentrations
prior to the experiments. Thiazolyl blue tetrazolium bromide
(MTT; cat. no. M2128) was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and Annexin V-conjugated Alexa
Fluor 488 apoptosis detection kits (V-13245) were obtained
from Molecular Probes, Inc. (Eugene, OR, USA). Primary
antibodies against Bcl-2, Bax and cyclin D1 and secondary
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antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). The Bio-Rad protein assay
kit IT was supplied by Bio-Rad (Hercules, CA, USA) and the
enhanced chemiluminescent western blot detection reagents
(cat. no. RPN2106) were obtained from Amersham Pharmacia
Biotech (Amersham, UK).

Cell lines and cell culture. Cancer cell lines were purchased
from American Type Culture Collection (Manassas, VA,
USA). The cells were maintained as a monolayer in DMEM
or RPMI-1640 medium supplemented with 10% fetal calf
serum, 2 mmol/l glutamine, 100 ug/ml streptomycin and
100 U/ml penicillin, in a humidified atmosphere containing
5% CO,. Cells in the logarithmic phase were used in the
experiments.

MTT viability assay. Determination of cell viability was
performed using an MTT assay as described previously (14).
Briefly, cells were incubated in flat-bottom, 96-well plates
(6x10° cells/well) overnight. Then, cells were treated with
DMSO (0.1%) or an increasing dosage of PD. Following 20, 44
and 68 h of treatment, 20 ul MTT (5 mg/ml) was added to each
well and further incubated for 4 h. Cells were then solubilized
in 150 1 DMSO. The absorbance reading was obtained using a
Dynatech 96-well spectrophotometer (Dynatech Laboratories,
Chantilly, VA, USA). The amount of MTT dye reduction was
calculated based on the difference between the absorbances
at 570 and 630 nm. The cell viability in treated cells was
expressed as the amount of dye reduction relative to that of the
untreated control cells.

Apoptosis assays and cell cycle distribution analysis. The
percentage of cells that actively underwent apoptosis was
analyzed using Annexin V-phycoerythrin-based immu-
nofluorescence, as described previously (15). Briefly, the
cells were incubated in six-well plates (2.5x10° cells/well)
overnight. The cells were then treated with DMSO or PD for
48 h. Adherent and floating cells were collected, washed in
cold phosphate-buffered saline (PBS) twice and stained with
Annexin V-PE, according to the manufacturer's instructions.
Cells were identified using a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA). Cells for cell cycle
analysis were washed once with PBS and fixed in 70% cold
ethanol for =4 h. The fixed cells were then washed twice with
PBS and resuspended in 500 pl propidium iodide (10 mg/ml)
containing 300 pg/ml RNase. Cell cycle distribution was
calculated from 10,000 cells with ModFit LT software (Verity
Software House, Topsham, ME, USA), using FACSCalibur.

Western blot analysis. Western blot analyses were performed
as described previously (16). Cells were treated with DMSO
(0.19%) or PD and, following 48 h of treatment, were harvested
and lysed. The protein concentration in the lysates was quanti-
fied using Bio-Rad Protein Assay reagent (Bio-Rad) following
the manufacturer's instructions. An equal amount of protein
was separated by electrophoresis on SDS-polyacrylamide gels
(Bio-Rad) and transferred to PVDF membranes (Santa Cruz
Biotechnology, Inc.). Following blocking with 5% non-fat milk,
the membranes were incubated with the desired primary anti-
bodies overnight at the following dilutions: Anti-Bcl-2, 1:500;
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Table I. IC, values of PD in various cancer cell lines.

Cell lines 1Cs, (48 h)
Lung cancer

A549 2.95+0.37

NCI-H1975 3.23+0.46
Breast cancer

MDA-MB-231 2.66+0.73

MCEF-7 1.49+0.26
Cervical cancer

Hela 2.13+0.52
Ovarian cancer

SKOV-3 4.44+0.89
Liver cancer

SMMC-7721 2.43+0.27
Nasopharyngeal cancer

CNE-1 5.62+1.28
Leukemia

HL-60 1.63+091

K562 1.91+0.37

PD, polydatin.
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Figure 1. Chemical structure of polydatin.

anti-Bax, 1:1,000; anti-cyclin D1, 1:1,000; and anti-B-actin,
1:20,000. Subsequently, the membranes were incubated
with appropriate secondary antibodies. The immunoreactive
bands were visualized using enhanced chemiluminescence,
according to the manufacturer's instructions.

Statistical analysis. Data are presented as the mean + standard
deviation. Statistical analysis was performed by multifactorial
analysis of variance using SPSS software (SPSS, Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

PD has a wide anticancer spectrum and is more potent in
eliminating cancer cells than non-cancer cells. The cytotox-
icity of PD in 10 cancer cell lines was first determined by MTT
assay. The decrease in absorbance in this assay was due to cell
death or reduction in cell proliferation. As shown in Table I,
PD exhibits broad-spectrum growth inhibition against 10
cancer cell lines. A dose-dependent and time-dependent inhi-
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Figure 2. Inhibitory effects of PD on the growth of human lung cancer and non-cancer HBE cells. Exponentially growing cells in 96-well plates were continu-
ously treated with the indicated concentrations of PD for 24 and 48 h and then subjected to MTT viability assay. Dose-response curves of PD in (A) A549 and
(B) NCI-H1975 cells 24 or 48 h following treatment. (C) Viability of A549, NCI-H1975, and HBE cells 48 h following 2, 4, and 6 uM PD treatment. Data are
presented as the percentage of DMSO-treated controls (mean + SD) from three independent experiments. PD, polydatin; HBE, human bronchial epithelial;

MTT, thiazolyl blue tetrazolium bromide; DMSO, dimethysulfoxide.
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Figure 3. Apoptotic effects of PD on A549 and NCI-H1975 human lung cancer cells. Cells were treated with the indicated concentrations of PD for 48 h, stained
with Annexin-V-PE and then analyzed for apoptosis by DNA flow cytometry. The results indicate the percentage of Annexin V-positive cells (apoptosis). All
experiments were performed in duplicate and yielded similar results. (A) Original images of apoptosis in A549 cells. (B) The percentage of cells undergoing
apoptotic cell death is presented as the mean + SD from three separate experiments in A549 cells. "P<0.03, vs. the respective controls. (C) Original images of

apoptosis in NCI-H1975 cells. PD, polydatin.

bition of human lung cancer cells was shown (Figs. 2A and B).
By comparing the effects of PD in inhibiting cell growth
between cancer and non-cancer cells (Fig. 2C), it was found
that 6 ymol/l PD caused 65% (48 h) loss of cell viability in
A549 lung cancer cells and 66% (48 h) loss in NCI-H1975
lung cancer cells. However, at the same concentration, loss
of cell viability in human bronchial epithelial (HBE) cells
derived from normal HBE cells was 28% (48 h). This result

indicated that PD is more potent in eliminating cancer cells
than non-cancer cells.

PD induces apoptosis in lung cancer cells. To investigate the
features of PD-induced lung cancer cell growth inhibition,
A549 and NCI-H1975 lung cancer cells were treated with
various concentrations of PD for 48 h. Subsequently, apop-
tosis was detected by flow cytometry. As shown in Figs. 3A
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Figure 4. Cell cycle arrest induced by PD in A549 human lung cancer cells. Cells were treated with increasing concentrations of PD. Following 48 h of treat-
ment, cells were labeled with propidium iodide and then analyzed by DNA flow cytometry. (A) Results indicate the percentage of cells in each phase of the
cell cycle and sub-Gl1. All experiments were performed in duplicate and yielded similar results. Original images of cell cycle distribution in A549 cells are
presented. (B) The percentage of cells in S phase is presented as the mean + SD from three various experiments in A549 cells. "P<0.05, compared with the

respective controls. PD, polydatin.
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Figure 5. Effect of PD on the expression of apoptosis-related proteins. (A) A549 human lung cancer cells were treated with increasing concentrations of PD for
24 and 48 h. Expression levels of Bcl-2 and Bax were detected by western blot analysis and f-actin was used as a control. (B and C) Bcl-2 and (D and E) Bax
protein bands were quantitated by densitometry, and the data are presented as the mean + SD from three experiments. "P<0.05, compared with the control.

PD, polydatin.

and B, PD activates apoptosis in A549 lung cancer cells in a
dose-dependent manner. The percentage of cells undergoing
apoptotic cell death increased from 0.99% in the control
culture to 39.5% following exposure to 6 gmol/l PD for 48 h
in A549 lung cancer cells. Similar results were observed in
NCI-H1975 cell lines (Fig. 3C).

PD induces S-phase cell cycle arrest in lung cancer cells. To
determine whether interference with cell cycle progression is
mediated by the PD-based growth inhibition of lung cancer
cells, the effects of PD on cell cycle progression were examined
in an exponentially dividing culture of A549 and NCI-H1975
cells. The treatment of cells with varying concentrations of
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Figure 6. Effect of PD on cyclin D1 expression. (A) A549 and NCI-H1975 human lung cancer cells were treated with increasing concentrations of PD for 48 h.
Expression levels of cyclin D1 were detected by western blot analysis and 3-actin was used as a control. (B and C) Cyclin D1 protein bands were quantitated
by densitometry and the data are presented as the mean + SD from three experiments. "P<0.05, compared with the control. PD, polydactin.

PD for 48 h resulted in the increased accumulation of cells in
the S phase and a corresponding decrease in the GO/GI and
G2/M phases. PD at a concentration of 6 gmol/I increased the
S phase population from 19.91+2.34 to 31.71+1.83% in A549
cells and from 21.41+8.72 to 36.37+3.56% in NCI-H1975 cells
(Fig. 4). The typical flow histogram of sub-G1 apoptotic peaks
was also detected.

PD downregulates Bcl-2 and cyclin DI and upregulates Bax
expression in lung cancer cell lines. Due to the effects of PD
on apoptosis, the impact of PD on the expression of Bcl-2
and Bax, two key apoptosis regulatory proteins, were exam-
ined by western blot analysis. The results indicated (Fig. 5)
that PD dose-dependently downregulated the expression of
antiapoptotic protein Bcl-2 and upregulated the expression of
proapoptotic protein Bax. Following treatment with 6 ymol/l
PD, the Bax/Bcl-2 ratio, which favors apoptosis (17), increased
significantly in the A549 cells. To explore the mechanism of
the effects of PD on S phase cell cycle arrest, the expression
levels of cell cycle-related protein cyclin DI were examined.
The results showed (Fig. 6) that the expression of protein
cyclin D1 decreased significantly following the treatment of
A549 and NCI-H1975 cells with PD for 48 h.

Discussion

PD is a glycoside of resveratrol, in which the glycoside group
is bonded in the C-3 position, substituting a hydroxyl group.
This substitution leads to conformational changes in the
molecule, resulting in changes in its biological properties.
PD is more efficiently absorbed (18,19) and more resistant to
enzymatic oxidation than resveratrol (20) and is soluble in
hot water. In contrast to resveratrol, which penetrates cells
passively, PD enters cells via an active mechanism using
glucose carriers (21). These properties provide PD with greater
bioavailability than resveratrol.

Previous studies have demonstrated the chemopreventive
and anticancer activities of resveratrol (22-31). However,

little is known concerning the antitumor activity of PD. For
the first time, the current study examined the cytotoxic effect
of PD in various cancer cell lines and PD was found to have
potent growth inhibitory effects on leukemia, breast, lung,
cervical, ovarian, liver and nasopharyngeal cancer cells. In
particular, PD had less toxicity to non-neoplastic HBE cells.
This suggests that PD may be a potent chemotherapeutic
agent.

Apoptosis, also known as programmed cell death, is
morphologically characterized by cell shrinkage, membrane
remodeling, cell blebbing, chromatin condensation and DNA
fragmentation with apoptotic bodies (32). Apoptosis activation
is considered to be a good target in cancer therapies (33,34).
A number of anticancer drugs act through the induction of
apoptosis to prevent tumor promotion and progression. In
general, apoptosis is regulated by proapoptotic and antiapop-
totic proteins of the Bcl-2 family, and is executed through
caspases (or cysteine-aspartic proteases). The induction of
apoptosis in tumor cells has been proposed to result from the
inability of Bcl-2 to form heterodimers with Bax. Bax overex-
pression increases the sensitivity of cells to anticancer drugs
due to the lack of Bcl-2 in the cell. An increase in the ratio
of Bax/Bcl-2 stimulates the release of cytochrome ¢ from the
mitochondria into the cytosol, which leads to the activation
of caspase-3 (35,36). The results of the present study showed
that PD induces apoptosis in lung cancer cells effectively. The
induction of apoptosis was accompanied by an increase in
Bax expression and a decrease in Bcl-2 expression. The results
support the development of PD for lung cancer prevention
and treatment.

The control of cell cycle progression in cancer cells is a
potentially effective strategy to arrest tumor growth (37,38).
Cyclin D1, an important regulator of cell cycle progres-
sion, functions as a transcriptional coregulator (39).
Overexpression of cyclin D1 has been described in a wide
spectrum of human cancer types, such as breast, lung, liver
and brain cancer (40-42). Cyclin D1 levels must be high
during the G1 phase to initiate DNA synthesis, but must be
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suppressed to low levels during the S phase for efficient DNA
synthesis. To continue cell proliferation, cyclin D1 must be
induced once again during the G2 phase (43). The in vitro
results of the current study indicated that the treatment of
A549 and NCI-H1975 cells with PD results in the S-phase
arrest of cell cycle progression. Western blot analysis showed
that the expression level of cyclin D1 was inhibited, whereas,
cyclin A, Bl and E expression levels were not affected (data
not shown). These results suggest that PD inhibits the prolif-
eration of cancer cells by inhibition of cyclin D1 expression,
thereby, reducing cell cycle progression by arresting the cells
at S phase.

The present study performed a preliminary investigation
of the inhibitory effect of PD on lung cancer cells. The antip-
roliferation effect of PD involves the suppression of cell cycle
progression and induction of apoptosis in human lung cancer
cells. Apoptosis was initiated by upregulating Bax levels
together with downregulating Bcl-2 levels. However, the anti-
tumor effect and toxicity of PD in vivo is unknown. Future
studies on the in vivo effect of PD are necessary. Current
investigations on the mechanism and the in vivo anticancer
efficacy of PD are in progress.
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