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Scope: Bladder cancer is one of the most common malignancies in the world. The majority of

bladder cancer deaths are due to unresectable lesions that are resistant to chemotherapy.

Pterostilbene (PT), a naturally occurring phytoalexin, possesses a variety of pharmacologic

activities, including antioxidant, cancer prevention activity and cytotoxicity to many cancers.

We found that PT effectively inhibits the growth of sensitive and chemoresistant human

bladder cancer cells by inducing cell cycle arrest, autophagy and apoptosis. Down-regulations

of Cyclin A, B and D1 and pRB are the results of PT-induced cell cycle arrest.

Methods and results: Autophagy occurred at an early stage and was observed through the

formation of acidic vesicular organelles (the marker for autophagy) and microtubule-asso-

ciated protein 1 light chain 3-II production. Apoptosis occurred at a later stage and was

detected by Annexin V and 40,6-diamidino-2-phenylindole staining. PT-induced autophagy

was triggered by the inhibition of active human protein kinase/the mammalian TOR/p70S6K

pathway and activation of extracellular signal-regulated kinase pathway. Inhibition of

autophagy by pretreatment with 3-methyladenine, bafilomycin A1, Beclin 1 or extracellular
signal-regulated kinase short hairpin RNA enhanced PT-triggered apoptosis.

Conclusion: This is the first study to demonstrate that PT causes autophagy in cancer cells

and suggests that PT could serve as a new and promising agent for the treatment of sensitive

and chemoresistant bladder cancer cells.
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1 Introduction

In the United States, bladder cancer is the fourth most

common malignancy in men and the ninth most common

in women. Bladder cancer is characterised by frequent

recurrence and poor clinical outcome when tumours

from noninvasive flat and papillary urothelial neoplasia

invade muscle or metastasis [1]. The majority of deaths

from bladder cancer are due to advanced, unresectable

lesions that are resistant to chemotherapy [2]. Chemoresis-

tance in bladder cancer is associated with cigarette smok-

ing and may be due to long-term nicotine exposure [3].

We previously reported that nicotine-induced defects in

apoptosis machinery lead to chemoresistance in human

bladder cancer cells [4]. There is a need to identify new

chemotherapeutic agents and/or new cytotoxic strategies
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that will combat chemoresistant bladder cancer cells that

have defects in apoptosis.

Pterostilbene (PT) (trans-3,5-dimethoxy-40-hydroxy-

stilbene) is a naturally occurring phytoalexin identified in

several plants in the genus Pterocarpus, in Vitis vinifera
leaves, in some berries (e.g. blue berries and cranberries),

and in grapes [5]. PT has diverse pharmacologic activities

including antioxidant activity, cancer prevention activity [5]

and the ability to inhibit DNA synthesis [6]. It is also cyto-

toxic in vitro to a number of cancer cell lines, including

breast cancer, melanoma, colon, liver and gastric cancer

cells [5, 7, 8]. The ability of PT to induce apoptosis in

sensitive and drug-resistant lymphoma cell lines has been

examined in vitro [9]. Although PT exerts antiproliferative

and proapoptotic activities in various cancer cell types, the

underlying mechanisms of autophagy remain unclear. In

addition, the effects of PT on bladder cancer cells are

unknown.

Cell death can result from distinct processes, namely

apoptosis (type I cell death) and autophagy (type II cell

death). Autophagy is morphologically distinct from apopto-

sis and is characterised by the accumulation of autophagic

vacuoles in the cytoplasm that surround a normal nucleus

[10]. Autophagy preserves cell survival under unfavourable

conditions by ensuring lysosomal degradation of aged or

damaged proteins, membranes and cytosolic structures [11].

Recently, extensive attention has been paid to the role of

autophagy in cancer development and therapy [12–14]. The

relationship between apoptosis and autophagy is complex

and varies between cell types and different stresses. Certain

agents kill cancer cells through nonapoptotic pathways and

may circumvent chemoresistance. Such agents may be

promising for treating resistant cancers [15]. For this reason,

tumour cells with defects in apoptosis undergo autophagy,

and inhibition of autophagy causes tumour cells to die

through alternative mechanisms [16]. It has also been

suggested that autophagy may provide a useful way to

prevent cancer development, limit tumour progression and

enhance the efficacy of cancer treatments [17].

Two main signalling pathways that regulate autophagy are

phosphatidylinositol-3-kinase (PI3K)/active human protein

kinase (AKT)/mammalian TOR (mTOR) and MEK/extra-

cellular signal-regulated kinase (ERK1/2) [17]. Activation of

class I PI3K inhibits autophagy through activation of the

AKT/mTOR pathway. Conversely, activation of class III PI3K

in a complex with Beclin 1 promotes autophagy [18]. The

Raf-1/MEK1/2/ERK1/2 pathway also mediates autophagy.

ERK1/2 phosphorylates the Ga-interacting protein, which

accelerates GTP hydrolysis through the Gai3 protein, result-

ing in the induction of autophagy [19]. MAPK/ERK1/2 acti-

vation is also essential in autophagy induced by curcumin [20],

arsenic trioxide [12] or lindane [21].

In this study, we investigated the anticancer effect of PT

on sensitive and nicotine-induced chemoresistant bladder

cancer cells. Interestingly, we found that PT effectively

inhibits the growth of both cell types by inducing autophagy,

apoptosis and cell cycle arrest. We examined the mechan-

isms underlying PT-induced autophagy and studied the

relationship between PT-induced autophagy and apoptosis.

To the best of our knowledge, this is the first study to

demonstrate that PT induces autophagy, which is regulated

by the simultaneous inhibition of the AKT/mTOR/p70S6K

pathway and stimulation of the ERK1/2 pathway. These data

emphasise the role of autophagy in the cellular response to

PT and suggest that the optimisation of its anticancer

activity can be achieved through autophagy pathways.

2 Materials and methods

2.1 Cell culture and chemicals

The T24 human bladder cancer cell line was purchased from

ATCC (ATCC: HTB-4) (ATCC: American Type Culture

Collection, Manassas, VA, USA). T24 cells were maintained in

10 cm2 dishes in McCoy 5A medium (Sigma-Aldrich,

St. Louis, MO, USA) supplemented with 100 U/mL penicillin,

100mg/mL streptomycin (Gibco) and 10% heat-inactivated

fetal calf serum (HyClone). The T24R chemoresistant human

bladder cancer cell line cells were established by long-term

nicotine exposure [4]. PT was provided by Chi-Tang Ho

(Department of Food Science, Rutgers University) and Dr.

Min-Hsiung Pan (Department of Seafood Science, National

Kaohsiung Marine University). The purity of PT is 96%.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT), cisplatin (Cis), paclitaxel (Tax), 3-methyladenine (3-MA),

bafilomycin A1 (BafA1) and 40,6-diamidino-2-phenylindole

(DAPI) were purchased from Sigma-Aldrich. The ERK1/2

inhibitor U0126 and the PI3K/AKT inhibitor (LY294002)

were obtained from Cell Signaling (Beverly, MA, USA).

Acridine orange was purchased from USB. The general

caspase inhibitor Z-VAD-FMK was obtained from R&D

Systems (Minneapolis, MN, USA). Antibodies against

Cyclin D1, Cyclin A, Cyclin B, phospho-Rb, Bcl-2, Bax, Bad,

Bcl-xl, Beclin 1, ERK1/2, phospho-ERK1/2, AKT, phospho-

AKT, phospho-p70S6K, GAPDH and horseradish perox-

idase-conjugated anti-mouse and anti-rabbit secondary

antibodies were purchased from Cell Signaling. The anti-

microtubule-associated protein 1 light chain 3 (LC3) anti-

body was obtained from MBL, and the p70S6K antibody was

purchased from Transduction (BD Biosciences). Pro

Caspase-3 and cleaved Caspase-3 antibodies were purchased

from Epitomics (Burlingame, CA, USA).

2.2 Cell viability assay

Cells were seeded in a 96-well plate at a density of 2� 103

cells/well and incubated overnight. After removing the

medium, 100 mL of anti-tumour agent was added, and cells

were harvested at the indicated time points. Next, 100mL of

MTT was added to the wells, and the plate was incubated for
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2 h at 371C. The medium was removed and 100 mL of DMSO

was added to the wells. Absorbance was measured at 570 nm

using an ELISA plate reader.

2.3 Detection of cell death

According to updated NCCD (Nomenclature Committee

on Cell Death) guidelines [22], cell death can be detected by

the use of various methods. These methods include visua-

lising morphological changes under phase-contrast micro-

scopy, and analysing PI exclusion by flow cytometry. Briefly,

cells were collected, washed with PBS, stained with

PI (50 mg/mL) at 371C for 30 min and analysed by flow

cytometry.

To analyse cell viability, cells were seeded in a 96-well plate

at a density of 2� 103 cells/well and incubated overnight.

After removing the medium, 100mL of anti-tumour agent was

added and cells were harvested at the indicated time points.

Next, MTT (100mL) was added to the wells, and the plate was

incubated for 2 h at 371C. The medium was removed and

100mL of DMSO was added to the wells. Absorbance was

measured at 570 nm using an ELISA plate reader.

2.4 Annexin V and PI staining assay

One of the early characteristics of apoptosis is the rapid

translocation and accumulation of the membrane phos-

pholipid phosphatidylserine from the cytoplasmic interface

to the extracellular surface. Annexin V has a high affinity for

phosphatidylserine and is used as an indicator of apoptosis.

Cells were trypsinised, washed with 1� PBS and centri-

fuged at 3000 rpm for 5 min. Cells were resuspended in

100 mL of 1� Annexin V-binding buffer (10 mM HEPES

(pH 7.4), 0.14 M NaCl and 2.5 mM CaCl2) that

contained 5mL of Annexin V-FITC (Becton Dickinson, San

Jose, CA, USA) alone or in combination with 10mL of PI

(50 mg/mL) and were incubated at room temperature for

15 min. The 1� binding buffer (400 mL) was added to

stop the reaction, and the staining was analysed by flow

cytometry.

2.5 DAPI stain

Apoptosis was quantified by counting the number

of cells containing nuclear changes with apoptotic

characteristics, such as chromatin condensation and

nuclear fragmentation after DAPI staining. In brief, cells

were collected and stained with DAPI (1 mg/mL) for 15 min.

After incubation, cells were examined by fluorescence

microscopy using excitation and emission filters of 380

and 430 nm, respectively. Each treatment was repeated at

least three times, and 100 cells were counted for each

treatment.

2.6 Cell cycle analysis

Cells were washed with 1� PBS, trypsinised and fixed with

75% ethanol for at least 4 h. After fixation, the cells were

washed with 1� PBS and stained with 4mg/mL PI for

30 min. PI immunofluoresence was measured with FACS-

can (Becton Dickinson). The percentage of cells below the

G1 peak (subG0/G1 fraction) and the distribution of cells in

the cell cycle were analysed using WinMDI software.

2.7 Caspase 3 activity assay

Caspase 3 activity was quantified using a Caspase Fluoro-

metric Assay Kit (R&D Systems) according to the manu-

facturer’s instructions. Following a 48 h treatment of PT,

cell extracts (100 mg) were incubated with the caspase

substrate for 1 h at 371C. Caspase-specific peptides that are

conjugated to the fluorescent reporter molecule 7-amino-4-

trifluromethyl coumarin were added to the reaction and

incubated at 371C for 1–2 h. The cleavage of peptide by

Caspase 3 releases free 7-amino-4-trifluromethyl coumarin

that was quantified using a fluorescence spectrophotometer

(400 nm excitation and 505 nm emission).

2.8 Detection and quantification of acidic vesicular

organelles with acridine orange staining

Autophagy is the process of sequestering cytoplasmic proteins

into the lytic components, and it is characterised by the forma-

tion of acidic vesicular organelles (AVOs) as described previously

[23]. Cells were treated with PT for 48 h and vital staining with

AO was performed. To quantify the development of AVOs, cells

were harvested and stained with 1mg/mL acridine orange for a

period of 20 min and analysed by a fluorescence microscope

(Axioscop) equipped with a mercury 100 W lamp, 490 nm band-

pass blue excitation filters, a 500 nm dichroic mirror and a

515 nm long-pass barrier filter. Flow cytometric analysis was also

used to detect AVO percentages [24].

2.9 Electron microscopy

Cells were fixed with a solution containing 2.5% glutar-

aldehyde and 2% paraformaldehyde (in 0.1 M cacodylate

buffer, pH 7.3) for 1 h. After fixation, the samples were

postfixed for 30 min in the same buffer containing 1% OsO4.

Ultra-thin sections were observed under a transmission elec-

tron microscope (JEOL JEM-1200EX, Japan) at 100 kV.

2.10 Western blot analysis

The isolation of total cellular lysates, immunoprecipitation,

gel electrophoresis and immunoblotting were performed
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according to the methods described previously [25].

Immunoreactive proteins were visualised with the ECL

chemiluminescent detection system (PerkinElmer Life

Science, MA, USA) and BioMax LightFilm (Eastman Kodak,

New Heaven, CT, USA) according to the manufacturer’s

instructions.

2.11 RNA interference

We used the MicroPorator, a pipette-type electroporation

system, (Digital Bio Tech., Korea) to transfect cells. The

RNA interference reagents were obtained from the National

RNA interference Core Facility located at the Institute of

Molecular Biology/Genomic Research Centre, Academia

Sinica, supported by the National Research Program for

Genomic Medicine Grants of NSC (NSC 97-3112-B-001-

016). The human library is referred to as TRC-Hs 1.0.

Individual clones are identified as short hairpin RNA

(shRNA) TRCN0000010997, shRNA TRCN0000010040 and

shRNA TRCN0000072178, shRNA TRCN0000072196 and

shRNA TRCN0000033550.

2.12 Statistical analysis

Results are expressed as mean7SEM. Experimental data

were analysed using the Student’s t-test. Differences were

considered to be statistically significant when the p-value

was less than 0.05. Data in Figs. 6C and D are analysed by

ANOVA followed by the Bonferroni t-test for pairwise

multiple comparisons.

3 Results

3.1 PT inhibits growth in bladder cancer cell lines

Chemoresistant T24R cells were established by long-term

nicotine treatment of T24 cells [4]. To confirm the resistance

in the T24R cells, T24 and T24R cells were exposed to

different concentrations of Cis or Taxfor 1–3 days. As shown

in Figs. 1A and B, Cis and Tax effectively inhibited cell

growth in sensitive T24 cells, but T24R cells were more

resistant to Cis and Tax. We then tested the antiproliferative

effect of PT in both cell lines. T24 and T24R cells were

treated with 50, 75 and 100 mM PT for 1–3 days. PT signif-

icantly decreased the growth of sensitive and chemoresistant

bladder cancer cells in a concentration- and time-dependent

manner (Figs. 1C and D). To compare the antiproliferative

activity of PT in T24 and T24R cells, the drug concentration

that inhibits cell growth by 50% (IC50) was calculated. The

IC50 after 48 h of PT treatment is 66.5871.84 and

77.9570.44 mM in sensitive T24 cells and chemoresistant

T24R cells, respectively. PT induces cell death at 24 h by

necrosis (Annexin V-negative, PI-positive) then decreased at

48 and 72 h, meanwhile apoptosis (Annexin V and PI-posi-

tive) was increased in both cell types (Fig. 1E). Following PT

treatment, T24 cells did not condense, whereas the cyto-

plasm and cell surface developed highly granular appear-

ances (Fig. 1F).

3.2 PT induces changes in cell cycle distribution and

apoptosis in T24 and T24R cells

We next examined the effects of PT on the cell cycle

distribution of both cells. Treatment with PT for 24 h

induced a marked increase in the G0/G1 phase and a

decrease in the G2/M phases as compared with controls

(Fig. 2A). S-phase arrest (through DNA replication inhibi-

tion) occurs at lower concentrations (50 and 75 mM) of PT

(Fig. 2A). The PT (100 mM)-induced G0/G1 arrest shifted to

an S-phase arrest at 48 and 72 h. During this time, there was

a time-dependent increase in the number of cells in subG0/

G1 phase and was a decrease of cells in G2/M phase (Fig.

2B). The results indicated that PT delayed cell cycle

progression in both cell types. Therefore, PT-induced cell

cycle arrest likely contributed to the overall growth

suppression in T24 and T24R cells.

In addition to cell cycle arrest, we used several apoptosis

markers to investigate whether PT induces cell death by

apoptosis. Following treatment with PT, the percentage of

cells in subG0/G1 increased in a concentration- (Fig. 2A)

and time- (Fig. 2B) dependent manner in both cell lines. We

next analysed surface exposure of phosphatidylserine, an

early event in apoptosis by Annexin V staining. The

percentage of cells staining positive for Annexin V was

slightly increased in both cells types after 24 h of PT

treatment but was much higher following 72 h of treatment

(Fig. 2C). Caspase-3 activity also increased significantly at

72 h (Fig. 2D). To examine apoptosis morphologically,

the nuclei of treated T24 and T24R cells were stained with

DAPI at 24, 48 and 72 h and observed by fluorescence

microscopy (Supporting Information Fig. S1A). Apoptotic

cells with morphological characteristics, such as chromatin

condensation and nuclear fragmentation, were counted

and are shown in Fig. 2E. The results show that increased

apoptosis in control cells at 72 h may be due to cell

confluence. However, apoptosis in both cell types were

evident following PT treatment, and apoptosis peaked at

72 h.

The effects on cell cycle regulatory proteins were analysed

using western blot analysis. Cyclin A, B and D1 and pRb

were inhibited in a concentration- and time-dependent

manner in both cell types (Figs. 3A and B). The levels of pRb

decreased 6 h after PT treatment, and this effect continued

until 48 h. This indicates that inactivation of pRb could be

induced by PT in T24 and T24R cells. These results

demonstrate that treating human bladder cancer cells with

PT may result in cell cycle arrest that is caused by the down-

regulation of cyclins and pRb.
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Figure 1. PT inhibits cell proliferation and induces cell death in sensitive and chemoresistant T24 human bladder cancer cells. Cell

proliferation rates are compared in sensitive T24 cells and chemoresistant T24 cells (T24R) treated with (A) Cis (10 mM) or (B) paclitaxol

(Tax, 2 nM) for 1–3 days. D0: The baseline at which cells were plated and grown for 24 h without treatment. D1, D2, D3: Days after drug

treatment for 1, 2 and 3 days. (A) po0.05, T24R Cis 10 versus T24 Cis 10. (B) po0.05, T24R Tax 2 versus T24 Tax 2. Data represent

mean7SEM of three independent experiments. A570 values of T24 controls are D0: 0.14370.006, D1: 0.18470.006, D2: 0.39870.002, D3:

0.40570.039. A570 values of T24R controls are D0: 0.14370.006, D1: 0.19870.006, D2: 0.41070.011, D3: 0.53270.120. PT effectively

inhibits cell proliferation in both (C) T24 and (D) T24R cells in a concentration- and time-dependent manner. �po0.05 compared with PT 0

controls. A570 values of T24 controls are D0: 0.14370.006, D1: 0.18370.005, D2: 0.39170.045, D3: 0.50270.059. A570 values of T24R

controls are D0: 0.14370.006, D1: 0.18770.003, D2: 0.43170.031, D3: 0.59870.065. The results shown are the mean7SEM of four

independent experiments. (E) Quantification of cell death using the Annexin V-FITC and PI double staining assay. The percentage of dead

cells is shown in the bar chart (mean7SEM of three independent experiments). A1/P1: Annexin V and PI positive; A�/P1: Annexin V

negative but PI positive. (F) The morphological changes of T24 cells treated with PT 100mM for 0, 24, 48 and 72 h were recorded under a

phase-contrast microscope (400�).
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3.3 PT induces autophagy in bladder cancer cells

Because PT-induced apoptosis was a slow process, and the

morphological characteristics changes following treatment

(Fig. 1F), we hypothesised that other mechanisms mediate

the response to PT. We assessed whether PT induces

autophagy in human bladder cancer cells. Autophagic

vacuoles containing cellular material or membranous

structures were increased in both cell lines treated with PT

(100 mM) for 48 h compared with untreated cells, as deter-

mined by electron microscopy (Fig. 4A). We used Acridine

orange staining to quantify AVOs, including autophagic

vacuoles and lysosomes. Cells with AVOs had enhanced red

fluorescence that was detected by fluorescence microscopy

and flow cytometry (Supporting Information Fig. S2). PT

caused AVOs induction in both sensitive and drug-resistant

T24 cells in a concentration- (Fig. 4B) and time- (Fig. 4C)

dependent manner. Peak AVOs formation occurred at 48 h

and decreased at 72 h (Fig. 4C). We next determined the

expression of LC3-II by western blotting. The conversion of

LC3 from LC3-I (18 kDa cytosolic free form) to LC3-II

(16 kDa autophagosomal membrane-bound form) is a key

step in the induction of autophagy [26]. A concentration- and

time-dependent induction of LC3-II was revealed in both cell

lines. As shown in Figs. 4D and E, PT (100 mM) caused a

significant increase in LC3-II in both cell lines that is

notable in T24 cells from 12 to 48 h.

Bcl-2 and Bcl-xl are anti-apoptotic proteins that also

negatively regulate autophagy through interaction with

Beclin 1 [27]. PT decreased the protein levels of Bcl-2 and
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control groups; ]po0.05

compared with T24R control

groups.
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Bcl-xl in T24 and T24R cells (Figs. 4D and E). PT does not

cause significant changes in Bax or Bad expression at 48 h.

These findings, combined with the above results, show that

autophagy was induced by PT at an earlier stage, and

apoptosis occurs at a later stage.

3.4 Autophagy inhibitors increased PT-induced

apoptosis in human bladder cancer cells

We used autophagy inhibitors to elucidate the relationship

between autophagy and apoptosis induced by PT. The

specific autophagy inhibitors were used as follows: (i) 3-MA,

a specific class III PI3K inhibitor that prevents early stage

autophagy [28] and (ii) BafA1, an inhibitor of vacuolar H1-

ATPase that prevents late stage autophagy by inhibiting

fusion of autophagosomes and lysosomes [29]. Cells were

pretreated with 3-MA or BafA1 for 1 h before PT treatment.

The results showed that AVOs were significantly reduced in

the presence of 3-MA or BafA1. Identical data were obtained

by inhibiting autophagy with shRNA against BECN1

because Beclin 1 protein is essential for autophagosome

production (Fig. 5B). Western blot analysis demonstrated

that transfection with BECN1 shRNA reduced beclin1

expression by approximately 50%. LC3-II production was

reduced in cells pretreated with 3-MA and BECN1 shRNA,

indicating inhibition of the autophagic response, whereas

cells pretreated with BafA1 showed accumulation of LC3-II

(Fig. 5A). Figure 5C shows increased apoptosis in cells that

were pretreated with 3-MA (35%), BafA1 (25%) or BECN1
shRNA (30%) when compared with control PT-treated

groups (18%).

The Z-VAD-FMK pan-caspase inhibitor was used as an

apoptosis suppressor to determine whether PT-induced

apoptosis killed the cells. Pretreatment with Z-VAD-FMK

(20mM) reduced the percentage cells positive for Annexin V

after PT treatment for 72 h (Fig. 5D). Furthermore, cell

viability was restored in both cells (Fig. 5E). In contrast,

treatment with 3-MA or BafA1 alone reduced the cell

viability in both cell types, indicating that theses inhibitors

are slightly toxic to cells. The combination of autophagy

inhibitors and PT had a synergistic effect on cell death (Fig.

5E). The results indicated that autophagy alone is not

sufficient to induce cell death, and PT-induced cell death

occurs primarily through apoptosis.

3.5 PT induces autophagy through inhibition of the

AKT/mTOR/p70S6K pathway and activation of

the MEK/ERK1/2 pathway in T24 cells

The AKT/mTOR/p70S6K pathway is the main pathway that

negatively regulates autophagy [30]. mTOR activates the

down stream p70S6 Ser/Thr kinase that phosphorylates

ribosomal protein S6. Thus, mTOR activity can be moni-

tored by the phosphorylation of p70S6K [31]. The ERK1/2

pathway has been reported to positively regulate autophagy

in cancer cells [12]. Therefore, we examined the activation of

the AKT/mTOR/p70S6K and ERK1/2 pathways by western

blotting. T24 cells treated with PT (75 mM) showed decreased

AKT and p70S6K phosphorylation and activation of ERK1/2

for up to 72 h (Fig. 6A). These results indicated that PT

inhibits the AKT/mTOR/p70S6K pathway and activates the

ERK1/2 pathway and suggests that these changes mediate

PT-induced autophagy (Fig. 6A).

We further utilised a PI3K/AKT inhibitor (LY294002) to

investigate the role of AKT in down-regulation of autophagy.

T24 cells pretreated with LY294002 (10 mM) had increased

AVOs induction (74%) (Fig. 6B) and LC3-II expression

(Fig. 6B) compared with PT treatment alone (40%). These

results indicate that PT-induced autophagy is mediated by

inhibition of AKT/mTOR/p70S6K. The MEK1/2 inhibitor

(U0126) was used to further confirm the role of the ERK1/2

pathway in PT-induced autophagy. Pretreatment with

U0126 (2.5mM) effectively inhibited induction of AVOs

(24%) and production of LC3-II (Fig. 6B) in T24 cells

compared with PT alone (45%).
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Figure 3. The effects of PT treatment on cell cycle regulatory

protein expression in T24 and T24R cells. (A) T24 and T24R cells

were treated with various concentrations of PT for 48 h or

(B) 100mM of PT 100 for the indicated times. After treatment, cell

lysates were isolated and immunoblotted with anti-Cyclin A, B,

and D1, and pRb antibodies. The membrane was probed with

anti-GAPDH to confirm equal loading of proteins. Representative

data from one of the three independent experiments are shown.

The number below each line indicates the relative intensity of

protein expression compared with (A) PT 0 control or (B) the PT

100 0 h control (defined as 1).
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We further examined the role of ERK1/2 in PT-induced

autophagy by simultaneously transfecting T24 and T24R

cells with ERK1 and ERK2 shRNA. The ERK1/2 protein

expression was reduced to 30% in shERK groups (Fig. 6C).

Transfecting with ERK1/2 or control shRNA alone increased

AVOs compared with control in the absence of PT in both

cells (Figs. 6C and D). We suggested that transfection

process or PT treatments are variables that affect the AVOs

induction. Silencing of ERK1/2 significantly reduced PT-

induced AVOs in T24 (Fig. 6C) and T24R cells (Fig. 6D) and

instead increased apoptosis in both cell lines (Figs. 6E and

F) when compared with PT alone. Our results confirmed

that PT-induced autophagy primarily occurs through inhi-

bition of AKT/mTOR/p70S6K and activation of ERK1/2. We

further demonstrated that apoptosis, as detected by DAPI,

was increased in T24 cells when autophagy was inhibited by

3-MA, BafA1, BECN1 shRNA or ERK1/2 shRNA transfec-

tion (Supporting Information Fig. S1B).

4 Discussion

According to the previous studies, the mechanisms by

which PT exerts its antitumour effects may include the

following: (i) PT is a chemopreventive agent that inhibits

herbicide-induced oxidative damage, the expression of

COX-2-mediated carcinogenesis [5], iNOS expression and

azoxymethane-induced ACF (aberrant crypt foci) preneo-

plastic lesions in rats [32]; (ii) PT inhibits AGS gastric cancer

cell growth by arresting cells in the G0/G1 phase by
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Figure 4. Concentration- and

time-dependent autophagic

effects of PT in T24 cells. (A)

Electron microscope micro-

photographs of T24 cells

treated with DMSO or PT for

48 h. The arrows point to

autophagic vacuoles and

autolysosomes. Bars: 1 mm.

T24 and T24R cells were trea-

ted with PT in a (B) concen-

tration- and (C) time-

dependent manner and

stained with acridine orange.

The induction of AVOs was

detected by flow cytometry.

The data represent the

mean7SEM of three inde-

pendent experiments;
�po0.05 compared with T24

control groups; ]po0.05

compared with T24R control

groups. An evident (D)

concentration- and (E) time-

dependent increase in total

LC3 expression and conver-

sion from LC3-I (free form) to

LC3-II (membrane-bound

form) were revealed in T24

cells and T24R cells. Cell

lysates were immunoblotted

with specific antibodies to

detect Bax and Bad apoptosis

regulatory proteins. Bcl-2 and

Bcl-xl (negative regulators of

autophagy) were also detec-

ted by western blotting. The

membrane was probed with

anti-GAPDH to confirm equal

loading of proteins.
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up-regulating of p53, p21, p27 and p16, and by down-

regulating pRb [33]; (iii) PT induces apoptosis in sensitive

and chemoresistant lymphoma cell lines through the

caspase-independent pathway [9] and (iv) PT inhibits B16

melanoma growth and metastatic activity. This effect may be

regulated by NO accumulation, which inhibit the expression

of intracellular adhesion molecules and induces cytotoxicity

by increasing Bax expression and decreasing Bcl-2 expres-

sion [7]. Pan et al. also suggested that PT protects against

TPA-mediated metastasis via down-regulation of EGF, PKC,

PI3K, MAPK and NF-kB pathways and suppression of

MMP9 expression [34]. We found that PT-treated cells

exhibited antiproliferative effects that were characterised by

cell cycle arrest, autophagy and apoptosis. PT inhibited

AKT/mTOR/p70S6K and activated ERK1/2 signalling

during the process of autophagy.

Our results (Fig. 1E) also indicate that PT induces

necrosis followed by autophagy and apoptosis. Previous

studies indicate that necrosis and apoptosis are often initi-

ated in response to the same types of insults but by different

doses or intensities. Moreover, the features of necrosis and

apoptosis may coexist in the same cell [35]. We suggested

that T24 and T24R cells suffered from a sudden stress

induced by PT may not adapt to the changes thus under-

going necrosis at earlier time point then autophagy and

apoptosis occurred. Previous study indicated that necrosis,

autophagy and apoptosis may coexist, and the contribution

of the three processes can dictate the fate of tumour growth

or regression [13]. Thus, although PT results in less auto-

phagy or apoptosis in T24R cells, we suggest that PT is still

an effective anti-cancer agent because it limits cancer cell

growth through combined anti-cancer effects of necrosis,

cell cycle arrest and apoptosis.

PT is commonly found in certain berries and grapes [36].

The levels of PT depend on the types of berries. Some

varieties of blueberries contain as much as 15 mg of PT

per 100 g of blueberries [37]. The doses of PT required to

inhibit cancer cell growth may depend on the cell type. For

example, PT has an IC50 of 4.0973.05 mg/mL in Hep-G2

cells, an IC50 of 10.473.8 mg/mL in MDA-MB231 cells, an

IC50 of 11.670.8 mg/mL in HCT-116 cells and an IC50 of

10876mg/mL in A-357 cells [8]. However, the micro molar

concentration of PT is not easily achievable merely by food

intake. To enhance PT bioavailability, researches should
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both cells at 72 h. (E) Effects of 3-MA, BafA1 and Z-VAD-FMK on PT-induced cell death were detected by the MTT assay following a 72 h

treatment with PT. mean7SEM, n 5 3, �po0.05 compared with T24 cells in the absence of PT, ]po0.05 compared with T24R cells in the

absence of PT, a: po0.05 compared with T24 cells treated with PT, b: po0.05 compared with T24R cells treated with PT.

Mol. Nutr. Food Res. 2010, 54, 1819–1832 1827

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



examine the delivery routes or formulations and modula-

tions of PT metabolism. It will also be important to examine

potential interactions of PT with other food components,

biotherapy, cytotoxic agents, and/or ionizing radiation used

to treat malignant tumours.

We found that PT inhibits the proliferation and survival

of sensitive and drug-resistant bladder cancer cell lines. Cell

cycle analysis demonstrated that PT induces a G0/G1 phase

arrest and decreases the percentage of cells in G2/M phases

after a 24 h exposure. These results are consistent with other

reports showing that PT induces a G0/G1 arrest in CEM-

C7H2 leukaemia cells [9]. Pan et al. showed that PT exerts

growth inhibition by inducing apoptosis and arresting

gastric cancer cells in the G0/G1 phase [33]. The relation-

ship between autophagy and cell cycle progression is not yet

clear. A variety of agents have been reported to induce

autophagy in association with G2/M cell cycle arrest [20].

Autophagy may be relevant for recycling the proteins
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necessary for negative cell cycle regulation. Thus, such

proteins would not be available when autophagy decreases,

and progression through the cell cycle would increase [38].

These studies suggest that the role of autophagy may be

connected with cell cycle regulation. We found that the

antiproliferative effects of PT correlated with a G1 arrest in a

dose-dependent manner, and the percentage of cells in

G2/M and S-phase was decreased. The G1 arrest may be

associated with the time-dependent decrease in the Cyclin

D1, Cyclin A and Cyclin B cell cycle regulatory proteins.

Phosphorylation of Rb was significantly reduced at 6 h,

which was earlier than other proteins (Fig. 3B). This

suggested that other factors upstream of Rb could be

affected by PT at an earlier time point. White suggested

that rapamycin, an autophagy inducer that inhibits

mTOR, reduces Rb phosphorylation by modulating the

stability and expression of Cyclin D1 and p27 [39]. Moreover,

rapamycin inhibits rRNA synthesis that involves the Rb

protein [40]. These studies indicate that phosphorylation of

Rb could be reduced by inactivation of mTOR. Our results

showed that the AKT/mTOR pathway was inactivated

within 15 min following PT treatment (Fig. 6A). We postu-

late that the PT-induced reduction in pRb may contribute to

inhibition of mTOR.

Autophagy has attracted the interest of scientists in the

cancer therapy field because drug-resistant cancer cells with

antiapoptotic properties may be vulnerable to death by

autophagy. The results obtained in this study indicate that

PT is active as an autophagy-inducing agent in sensitive and

Cis/Tax-resistant bladder cancer cells. Similar to PT,

resveratrol, an analogue of PT, induces autophagy in ovarian

and drug-resistant breast cancer cells [41, 42]. In our study,

pterostilben-induced autophagy is not sufficient by it self to

induce cell death. After a latency period, PT induces cell

death via apoptosis. In addition, inhibition of autophagy by

3-MA or BafA1 may increase the sensitivity of cells to death

signals. Consistent with our results, Abedin et al. found that

inhibition of autophagy increases mitochondria depolarisa-

tion and apoptosis in camptothecin-treated MCF-7 cells [43].

Similarly, other reports show that cell death is enhanced by

autophagy inhibitors that increase the sensitivity of cells to

apoptosis [44, 45]. Our results suggest that autophagy is a

dominant mechanism in T24 cells treated with PT, but

additional cell death may occur when autophagic cells have

apoptotic features. This suggests an overlap or inter-

dependence between these cell death programs. BafA1

inhibits the formation of autophagolysosomes through the

fusion of autophagosomes and lysosomes. This reduces

autophagosomes turnover and lead to abnormal AVO’s

accumulation and insufficient clearance of LC3-II proteins

[29]. Abnormal autophagosomes accumulation can enhance

cell death by BafA1 treatment alone and in combination of

PT (Fig. 5E). Similarly, blocking the class III PI3K by 3-MA

inhibits the formation of autophagosomes and sensitises

cells to PT-induced apoptosis and cell death (Fig. 5E). 3-MA

may affect other targets, including class I PI3K, p38, JNK or

the mitochondria permeability transition to enhance cyto-

toxicity [46]. Such autophagy inhibitors that modulate cell

death may be not properly used to prove whether autophagy

is involved in lethal processes.

This study clearly demonstrated that PT inhibits the

AKT/mTOR/p70S6K and activates the ERK1/2 pathway to

promote autophagy. Blocking PI3K/AKT signalling with

LY294002 enhances the AVO induction and LC3-II

production induced by PT. Ellington et al. showed that the

natural product triterpenoid B-group soy saponins induced

autophagy by inhibiting AKT and activating ERK activity

[47]. Our recent report showed that a combination of arsenic

trioxide and irradiation enhances autophagic effects in

glioma cells through the inhibition of AKT and activation of

ERK1/2 signalling [12]. These findings may highlight the

common mechanisms, such as AKT inhibition and ERK1/2

activation that regulate autophagy in cancer cells treated

with anticancer agents. Interestingly, T24 cells treated with

the highly selective MEK1/2 inhibitor U0126 led to a slight

induction of autophagy (10%) (Fig. 6B). Fukazawa et al.
found that U0126 reduced activation of ERK and p70S6K

(downstream of mTOR) in MDA-MB231 and HBC4 cells

[48]. We suggest that U0126 alone could induce autophagy

in T24 cells by influencing mTOR signalling. We further

confirmed the role of ERK1/2 in autophagy by simulta-

neously transfecting with ERK1 and ERK2 shRNA.

However, shERK1/2 alone induced 30% of AVOs in T24

cells. Transfection with a high dose of ERK1 and ERK2
shRNA (10 mg each) may increase cellular stress that leads to

autophagy without PT treatment. Similar effects were

observed in cells transfected with control shRNA (shCon)

(Figs. 6C and D). Previous studies suggest that some

transfection techniques cause a cellular stress response [49,

50]. Cells undergoing a stress response may induce cell

damage and cause cell death through apoptosis, necrosis or

autophagy [50, 51]. According to the MicroPorator protocol,

cells have to grow in serum-free conditions after transfec-

tion, and that is a well-known inducer of autophagy [51].

Thus, we suggest that electroporation may also induce

cellular stress that cause autophagy under specific growth

conditions. However, the mechanisms regulating autophagy

induced by transfection remain further studied. In addition,

both U0126 and shERK1/2 partially inhibited autophagy

(Figs. 6B and C), indicating that MEK/ERK1/2 is not the

only pathway that induces autophagy in T24 cells. Other

mechanisms, such as the AMPK, the physical cellular

energy sensor [52], may regulate autophagy in T24 cells.

Nevertheless, apoptosis was increased in ERK1/2 shRNA

groups, and this is further confirmation that inhibition of

autophagy sensitises the cells to apoptosis.

Several signals that are triggered by cellular stresses can

elicit both autophagy and apoptosis. For example, Bcl-2

family proteins are important regulators of apoptosis, and

there is increasing evidence that Bcl-2 family proteins can

also regulate autophagy. Distinct regions of Beclin 1 are

involved in binding to Vsp34 and to Bcl-2/Bcl-xl in human
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cancer cells [53]. Bcl-2 or Bcl-xl binds to Beclin 1 and

disrupts its interaction with Vsp34. This results in decreased

Vsp34/PI3K activity and inhibition of autophagy in certain

conditions [54]. Down-regulation of Bcl-2 increases auto-

phagy in leukaemia cells [55]. The relationship between Bcl-

2 and autophagy is not fully understood, but it is likely that

the interaction between Bcl-2 and Beclin 1 may be a turning

point between cell survival and death [27, 56].

Cancer cells are initially sensitive to apoptotic induction,

but become resistant through deregulation of apoptosis.

Agents that kill cancer cells through nonapoptotic pathways

may circumvent this drug resistance [15]. Thus, there is

growing interest in the anticancer therapy field to search for

novel compounds that induce autophagy. We determined

the optimal antiproliferative effects of PT in sensitive and

nicotine-induced chemoresistant human bladder cancer

cells. We demonstrated that anti-cancer effects of PT are

regulated by autophagy, apoptosis and cell cycle arrest, and

the signalling pathways mediating PT-induced autophagy

were identified. To the best of our knowledge, the study is

the first to demonstrate that PT can promote autophagy in

both chemosensitive and chemoresistant bladder cancer

cells. In conclusion, PT possesses an interesting autophagy-

inducing property, and autophagy inhibitors may enhance

cytotoxicity in both chemosensitive and chemoresistant

bladder cancer cells.
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