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Abstract. Pterostilbene is a natural polyphenolic compound 
that is primarily found in fruits, such as blueberries and has a 
similar structure to resveratrol. Pterostilbene exhibits antioxi-
dant, anti-inflammatory and antitumor activity but the effects 
of pterostilbene on drug-resistant oral cancer cells and its 
underlying mechanisms of action have not yet been explored. 
Therefore, the present study was performed to clarify the 
anticancer effects of pterostilbene on cisplatin-resistant 
human oral cancer CAR cells. The results demonstrated 
that CAR cells exhibited marked shrinkage, cell membrane 
breakage and autophagic vacuole formation following 
treatment with pterostilbene. Pterostilbene also effectively 
inhibited cell viability and suppressed cell confluence in a 
time- and concentration-dependent manner. Probing with 
acridine orange, monodansylcadaverine and LysoTracker Red 
demonstrated that the number of acidic vesicular organelles 
was increased, indicating increased autophagy. Furthermore, 
Heochst 33342 staining determined that DNA condensa-
tion, a characteristic of apoptosis, was enhanced following 
treatment with pterostilbene. Furthermore, pterostilbene 
upregulated mRNA levels of LC3-II and Atg12, as well as 
the expression of Atgs/Beclin-1/LC3-associated signaling, 
suggesting that it enhances autophagy. The autophagy inhibi-

tors 3-methyladenine and chloroquine were used to confirm 
that pterostilbene induces autophagy. It was also determined 
that pterostilbene triggered caspase-dependent apoptosis by 
directly testing DNA breakage and using the pan-caspase 
inhibitor carbobenzoxyvalyl-alanyl-aspartyl fluoromethyl 
ketone. The results demonstrated that pterostilbene mediates 
the apoptosis of CAR cells via the intrinsic apoptotic cascade. 
In addition, pterostilbene inhibited MDR1 expression and 
the phosphorylation of AKT on the Ser473 site in CAR cells. 
Therefore, pterostilbene may elicit an oral anticancer response 
in drug-resistant cells and may be used as a chemotherapeutic 
adjuvant to treat patients with oral cancer.

Introduction

Cancer of the oral cavity is one of the leading causes of 
cancer-associated mortality in Taiwan; patients with oral 
cancer generally have a poor prognosis and experience high 
rates of mortality (1,2). In Taiwan, oral cancer is the fifth 
leading cause of cancer-associated mortality, according to 
the 2016 annual report by the Ministry of Health and Welfare 
(Taiwan, R.O.C.) (3). The primary risk factors for oral cancer 
are betel nut chewing, smoking, alcohol consumption, human 
papillomavirus infection, and cell inflammation (1,4). Surgery, 
radiation therapy, and chemotherapeutic drugs are currently 
the preferred methods of treating oral cancer (4,5). Cisplatin, 
carboplatin, 5-fluorouracil, paclitaxel and docetaxel are the 
chemotherapeutic agents currently used to treat patients with 
oral cancer (6-9); however, they do not significantly improve 
survival rates. Furthermore, the development of resistance to 
chemotherapeutic reagents is a serious clinical issue (10,11); 
therefore, novel and safe chemotherapeutic agents are required 
for the effective treatment of oral cancer.

Natural products and phytochemicals found in plants 
commonly used in Traditional Chinese Medicine have been 
investigated for their possible efficacy against different 
types of cancer. Some have exhibited anticancer activity and 
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low toxicity such that they may be potential candidates for 
treatment (12,13). Stilbenes are a class of natural polyphe-
nolic compounds found in peanuts, berries, grapes, and red 
wine (13). Pterostilbene (trans-3,5-dimethoxy-4-hydroxystil-
bene) is a stillbene that is a structural derivative of resveratrol 
and is found in blueberries, grapes, tree wood and Pterocarpus 
marsupium (14,15). The pharmacological activities of pteros-
tilbene mean that it may be used treat different types of 
diseases, including cancer, diabetes, inflammation and dyslip-
idemia (13-17). Studies have also indicated that pterostilbene 
may exhibit anticancer activity against various types of cancer, 
including breast (18,19), pancreatic (20,21), lung (22-24), pros-
tate (25,26), colorectal (27-29), bladder (30), gastric (31) and 
oral cancer (32-34), as well as hepatocellular carcinoma (35,36) 
and leukemia (37-40). The results of in vitro and in vivo studies 
have demonstrated that pterostilbene induces apoptotic and/or 
autophagic cell death (29,32,41,42). Pterostilbene may induce 
autophagy and apoptosis by modulating the activities of 
protein kinase B (AKT) and mitogen-activated protein kinase 
in oral cancer SAS and OECM-1 cells (32). Furthermore, 
pterostilbene inhibits the migration and invasion of SAS and 
OECM-1 cells by suppressing the activity and expression of 
matrix metalloproteinase 2 (34). However, to the best of our 
knowledge, the effects of pterostilbene on cisplatin-resistant 
oral cancer have not yet been evaluated. The present study 
aimed to investigate the potential anti-proliferative effects 
of pterostilbene and the mechanisms by which it induces cell 
death and suppresses multidrug resistance protein 1 (MDR1) 
expression in cisplatin-resistant human oral cancer CAR cells.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM), fetal 
bovine serum (FBS), L-glutamine and penicillin/streptomycin 
were purchased from HyClone; GE Healthcare Life Sciences 
(Logan, UT, USA). Acridine orange (AO), Hoechst 33342, 
LysoTracker Red DND-99, trypsin-EDTA, the High Capacity 
cDNA Reverse Transcription kit, Pierce bicinchoninic 
acid (BCA) protein assay kit and SYBR-Green PCR Master mix 
were sourced from Thermo Fisher Scientific, Inc. (Waltham, 
MA, USA). The Immobilon-P polyvinylidene difluoride 
transfer membrane and Immobilon western chemilumines-
cent horseradish peroxidase (HRP) substrate were purchased 
from EMD Millipore (Billerica, MA, USA). Caspase-3 (cat. 
no. K106-100), -8 (cat. no. K113-100), and -9 (cat. no. K119-100) 
colorimetric assay kits were obtained from R&D Systems, Inc. 
(Minneapolis, MN, USA). All primary antibodies, as well as 
anti-mouse and anti-rabbit immunoglobulin (Ig)G HRP-linked 
secondary antibodies were all procured from GeneTex 
International Corporation (Hsinchu, Taiwan). Pterostilbene, 
3-methyladenine (3-MA), chloroquine (CQ), carboben-
zoxyvalyl-alanyl-aspartyl fluoromethyl ketone (Z-VAD-FMK), 
monodansylcadaverin (MDC) and all other chemicals and 
reagents were obtained from Sigma-Aldrich; Merck KGaA 
(Darmstadt, Germany), unless otherwise specified.

Cell culture. Cisplatin-resistant human oral cancer CAR 
cells were established from the human oral cancer cell line 
CAL 27 (American Type Culture Collection, Manassas, VA, 
USA) following a previously reported method (43,44). CAR 

cells were then cultured in DMEM containing 10% FBS, 
1% penicillin/streptomycin (100 µg/ml streptomycin and 
100 U/ml penicillin), 2 mM L-glutamine and 80 µM cisplatin. 
Cells were maintained at 37˚C in a 5% CO2/95% air humidi-
fied incubator. Prior to administration, pterostilbene was 
dissolved in dimethyl sulfoxide (DMSO) and the final concen-
tration of DMSO was <0.5%. Control cells were exposed to 
0.5% DMSO alone.

Cell viability assay and morphological determination. CAR 
cells were seeded onto 96-well culture plates at a density of 
1x104 cells/well (100 µl/well) and subsequently incubated with 
5, 10, 25, 50, 75 and 100 µM pterostilbene for 24, 48 and 72 h. 
The effect of pterostilbene on cell viability was then deter-
mined using an MTT assay, as previously described (45,46). 
For the inhibition assays, cells were pretreated with autophagy 
inhibitors (10 mM 3-MA and 20 µM CQ) and 15 µM 
Z-VAD-FMK (a pan-caspase inhibitor) for 1 h prior to expo-
sure to 50 or 75 µM pterostilbene for 24 or 48 h. Following 
the exposure of cells to pterostilbene, MTT (5 mg/ml) was 
dissolved in phosphate-buffered saline, and 10 µl MTT 
solution was added to each well at a final concentration of 
500 µg/ml for 2 h. The blue formazan crystals were then 
dissolved in DMSO (100 µl/well) by constant shaking for 
10 min. The absorbance of each well was measured using an 
enzyme-linked immunosorbent assay (ELISA) plate reader 
at a test wavelength of 570 nm, with a reference wavelength 
of 620 nm. Half maximal inhibitory concentrations (IC50) 
were calculated using the improved Karber method, using 
the following formula: (lgIC50 = Xm-I[P-(3-Pm-Pn)/4], where 
Xm, lg(maximum dose); I, lg(maximum dose/adjacent dose); 
P, sum of the positive reaction rates; Pm, maximum positive 
reaction rate; and Pn, minimum positive reaction rate (47). 
For the examination of cell morphology, cells were observed 
without any treatments (control), observed following treat-
ment with pterostilbene alone, treatment with the autophagy 
inhibitors (10 mM 3-MA or 20 µM CQ) alone, and following 
treatment with pterostilbene and each of the autophagy 
inhibitors. Cells were incubated and subsequently observed 
and photographed using a phase-contrast microscope at a 
magnification of x400.

Dynamic cell confluence assay. CAR cells (1x104 cells/well) 
were seeded onto a 96-well plate and treated with 0, 25, 50, 
75 or 100 µM pterostilbene. The cell confluence experiment 
was conducted over 48 h with data collection every 2 h and 
was monitored using the IncuCyte ZOOM System instru-
ment (Essen BioScience, Ann Arbor, MI, USA), as previously 
described (48,49).

Autophagy assays and Hoechst 33342 staining. CAR cells were 
plated onto sterile chamber slides onto 10-cm tissue culture 
dishes at a density of 1x106 cells/plate. Cells were treated with 
0, 25, 50 or 75 µM pterostilbene for 24 h following pretreat-
ment with or without 10 mM 3-MA or 20 µM CQ for 1 h. Cells 
were then fixed with 4% paraformaldehyde on ice for 15 min 
and were individually probed with either 1 µg/ml AO, 100 µM 
MDC, 1 µg/ml LysoTracker Red or 1 µg/ml Hoechst 33342 for 
15 min at room temperature, as previously described (50,51). 
Lysosomal activity in the pterostilbene-treated cells were 
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determined using the Magic Red Cathepsin B assay kit 
(ImmunoChemistry Technologies, LLC, Bloomington, MN, 
USA) following the manufacturer's protocol. Following 
staining, each slide was mounted with coverslips, and photo-
micrographs of acidic vesicular organelles (AVOs), autophagic 
vacuoles, lysosomal biogenesis, and nuclei were taken using a 
fluorescence microscope.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR). CAR cells (5x106) in T75 flasks were treated with 0, 
50 and 75 µM pterostilbene for 24 h. Total RNA was then 
isolated using QIAGEN RNeasy Mini kit (Qiagen, Inc., 
Valencia, CA, USA), according to the manufacturer's instruc-
tions and cDNA synthesis was completed using the High 
Capacity cDNA Reverse Transcription kit. qPCR was performed 
under the following conditions: 10 min at 95˚C, 40 cycles of 
15 sec at 95˚C and 1 min at 60˚C. qPCR was performed using 
2X SYBR-Green PCR Master mix and 200 nM forward and 
reverse primers for light chain 3 (LC3)-II, autophagy-related 
gene (Atg)12 and MDR1. GAPDH was used as a reference gene. 
The sequences of the primers used were as follows: LC3-II, 
forward, 5'-CCGACCGCTGTAAGGAGGTA-3' and reverse, 
5'-AGGACGGGCAGCTGCTT-3';  Atg12,  forward, 
5'-TGTGGCCTCAGAACAGTTGTTTA-3' and reverse, 5'-CGC 
CTGAGACTTGCAGTAATGT-3'; MDR1, forward, 5'-GTG 
TGGTGAGTCAGGAACCTGTAT-3' and reverse, 5'-TCTCAA 
TCTCATCCATGGTGACA-3'; GAPDH, forward, 5'-ACACCC 
ACTCCTCCACCTTT-3' and reverse, 5'-TAGCCAAATTCG 
TTGTCATACC-3'. Each assay was run on an Applied 
Biosystems 7300 Real-Time PCR System (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) in triplicate, and the fold-changes 
of gene expression were derived using the comparative 2-ΔΔCq 
method, as previously described (50,52).

Western blot analysis. CAR cells at a density of 5x106 cells 
per 75T flask were incubated with 0, 50 and 75 µM pteros-
tilbene for 24 or 48 h. Cell samples were lysed in the Trident 
RIPA Lysis Buffer (cat. no. GTX400005; GeneTex) and 
collected as previously described (53,54). Protein concentra-
tion was determined using the Pierce BCA protein assay kit. 
Equal amounts of the protein sample (40 µg) were prepared 
and subsequently 10-12% SDS-PAGE was performed. 
Proteins were transferred to the Immobilon-P polyvinylidene 
difluoride transfer membrane prior to blocking with Trident 
Universal Protein Blocking Reagent (cat. no. GTX30963; 
GeneTex) for 1 h at room temperature. The membrane was 
subsequently incubated with primary antibodies against Atg5 
(cat. no. GTX113309), Atg7 (cat. no. GTX113613), Atg12 (cat. 
no. GTX629815), Beclin-1 (cat. no. GTX631396), LC3 (cat. 
no. GTX39752; LC3-I, 17 kDa; LC3-II, 14 kDa), Bcl-2 (cat. 
no. GTX100064), Bax (cat. no. GTX109683), cytochrome c 
(cat. no. GTX108585), caspase-9 (cat. no. GTX112888; 
active form, 19 kDa), caspase-3 (cat. no. GTX110543; active 
form, 19 kDa), caspase-7 (cat. no. GTX22301; active form, 
20 kDa), poly (ADP-ribose) polymerase (PARP; cat. no. 
GTX100573; p85, 85 kDa), MDR1 (cat. no. GTX108370), 
phosphorylated (p)-AKT (Ser473) (cat. no. GTX28932), AKT 
(cat. no. GTX121937) and β-actin (cat. no. GTX109639) at 4˚C 
overnight. All antibodies were purchased from GeneTex and 
used at a dilution of at 1:1,000. Membranes were then incu-

bated with appropriate anti-mouse (cat. no. GTX213111-01) 
and anti-rabbit (cat. no. GTX213110-01) IgG HRP-linked 
secondary antibodies at a dilution of 1:10,000 for 1 h at room 
temperature. Blot visualization was performed using the 
Immobilon Western Chemiluminescent HRP Substrate and all 
bands of immunoblots were normalized to the densitometric 
value of β-actin. The bands were quantified by densitometry 
using ImageJ software version 1.41 (National Institutes of 
Health, Bethesda, MA, USA).

Quantification of cellular apoptosis and DNA breaks. 
CAR cells (1x105 cells/ml) on 12-well plates were harvested 
following treatment with 0, 25, 50, 75 and 100 µM pterostil-
bene for 48 h and re-suspended with the In Situ Cell Death 
Detection kit, Fluorescein (Sigma-Aldrich; Merck KGaA) 
to perform terminal deoxynucleotidyl transferase-mediated 
d-UTP nick end labeling (TUNEL), following the manufac-
turer's protocol. TUNEL-positive cells were then assessed 
using a BD FACSCalibur Flow Cytometer (BD Biosciences, 
San Jose, CA, USA) and the data were quantified using the 
BD CellQuest Pro Software version 5.1 (BD Biosciences), as 
previously described (55).

Assessment of caspase-3 and -9 activity via colorimetric 
assays. CAR cells (5x106 cells/75T flask) were exposed to 0, 
25, 50, 75 and 100 µM pterostilbene for 48 h. Cell lysates were 
harvested and the activities of caspases-3 and -9 were then 
measured using the caspase-3 and -9 colorimetric assay kits, 
following the manufacturer's protocol.

Statistical analysis. All results are expressed as the 
mean ± standard deviation of triplicate samples. Statistical 
analysis was performed using SPSS software version 16.0 
(SPSS, Inc., Chicago, IL, USA). Differences among groups 
were determined using one-way analysis of variance followed 
by Dunnett's test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Pterostilbene induces cytotoxicity in cisplatin-resistant 
human oral cancer CAR cells. Following treatment with 
different concentrations (5, 10, 25, 50, 75 and 100 µM) of 
pterostilbene for 24, 48 and 72 h, cells underwent apoptotic 
changes, including cell shrinkage, membrane blebbing and 
rounding and acquire autophagic characteristics (Fig. 1A). 
Furthermore, pterostilbene treatment decreased the number of 
CAR cells compared with the untreated control, as recorded by 
a phase-contrast microscope. These effects occurred in a time- 
and concertation-dependent manner (Fig. 1A). Furthermore, 
incubation with pterostilbene for 24, 48 and 72 h significantly 
decreased cell viability in a time- and concentration-depen-
dent manner (Fig. 1B). The IC50 values of pterostilbene in CAR 
cells following 24, 48 and 72 h incubation were 78.26±4.33, 
48.04±3.68 and 20.65±4.88 µM, respectively. Interestingly, 
administration of 0, 25, 50, 75 and 100 µM pterostilbene 
suppressed cell confluence over a 48-h period in a time- and 
concentration-dependent manner (Fig. 2 and supplementary 
data: https://youtu.be/P7MCMTJnO00). Thus, pterostilbene 
may induce CAR cell death via autophagy and apoptosis.
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Pterostilbene triggers the autophagy and apoptosis of CAR 
cells. To determine whether autophagic cell death is caused 
by pterostilbene, AVOs, autophagosome vesicles or lysosome 
activity were detected using different molecular probes, 
including AO, MDC, LysoTracker Red and cathepsin B. AO 
and MDC staining indicated that pterostilbene markedly 
increased the number of AVOs within the cytoplasm compared 

with the untreated control (Fig. 3A and B). LysoTracker Red 
and cathepsin B staining also indicated that treatment with 
pterostilbene caused the accumulation of autophagic vacuole 
marker and suppressed lysosome activity (Fig. 3C and D). In 
addition, increased DNA condensation occurred in cells treated 
with 25, 50 and 75 µM pterostilbene for 24 h, as indicated by 
Hoechst 33342 staining (Fig. 3E). These results demonstrate 

Figure 1. Effects of pterostilbene on the morphology and viability of CAR cells. Cells were exposed to 5, 10, 25, 50, 75 and 100 µM Pt for 24, 48 and 
72 h. (A) Cells were photographed using a phase-contrast microscope and the representative images are one of three separate images (magnification, x200). 
(B) The viability of CAR cells as determined by the MTT assay. Values are presented as the mean ± standard deviation of three independent experiments. 
*P<0.05 vs. untreated control. Pt, pterostilbene.

Figure 2. Effects of pterostilbene on CAR cell confluence. Cells were incubated with 25, 50, 75 and 100 µM pterostilbene over a 48-h period, and cell conflu-
ence was measured every 2 h. Cell confluence was determined and analyzed using the IncuCyte ZOOM System instrument at 2 h intervals over the 48-h period. 
Values represent the mean ± standard deviations of three independent experiments. *P<0.05 vs. untreated control.
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that pterostilbene-elicited CAR cell death is mediated by 
autophagic and apoptotic responses.

Pterostilbene induces the expression of autophagy-associated 
genes and stimulates its signaling in CAR cells. To further 
investigate the effect of pterostilbene on autophagy, the gene 
and protein levels of key autophagic regulators, including Atg5, 
Atg7, Atg12, Beclin-1 and LC3 were assessed using RT-qPCR 
analysis and western blotting. Following treatment of cells with 
50 and 75 µM pterostilbene for 24 h, there was a significant 
increase in the mRNA expression of LC3-II (Fig. 4A) and 
Atg12 (Fig. 4B). Treatment with 50 and 75 µM pterostilbene also 
markedly increased the protein expression of Atg5, Atg7, Atg12, 
Beclin-1 and LC3-II in CAR cells. These results imply that 
pterostilbene provokes the autophagy of CAR cells by increasing 
the expression of Atg/Beclin-1/LC3-associated molecules.

The autophagy inhibitors 3-MA and CQ reverse the decrease 
in CAR cell viability induced by pterostilbene. Cells were 
pretreated with 10 mM 3-MA or 20 µM CQ and subsequently 
exposed to 75 µM pterostilbene for 24 h. Cell viability, 
autophagic characteristics and AVOs were individually moni-
tored using an MTT assay, microscopic examination of cell 
morphology and staining with AO, followed by fluorescence 
microscopy. The results demonstrated that 3-MA and CQ 

significantly increased the viability of CAR cells following 
pterostilbene treatment, compared with cells treated with 
pterostilbene alone (Fig. 5A). Similarly, pretreatment of 
CAR cells with 3-MA and CQ suppressed the development 
of autophagic characteristics (Fig. 5B) and AVOs (Fig. 5C) 
following exposure to pterostilbene. These results suggest 
that pterostilbene-induced autophagy in CAR cells may be 
mediated by phosphatidylinositol-4,5-bisphosphate 3-kinase 
class III signaling.

Pterostilbene induces the apoptosis of CAR cells via a caspase-
dependent pathway. The effects of pterostilbene on cell apoptosis 
and its underlying mechanism of action was subsequently 
assessed. Following treatment with 25, 50, 75 and 100 µM 
pterostilbene for 48 h, cells were detected for DNA breaks and 
direct apoptotic responses. Pterostilbene significantly increased 
the number of TUNEL-positive cells in a concentration-depen-
dent manner (Fig. 6A), indicating that it induces apoptosis. To 
determine if the caspase cascade contributes to this pterostil-
bene-induced apoptosis, the pan-caspase inhibitor Z-VAD-FMK 
was used to pretreat CAR cells prior to incubation with 50 µM 
pterostilbene. Z-VAD-FMK significantly reversed the viability 
of cells treated with pterostilbene alone, by 32.6% (Fig. 6B). 
These results indicate that pterostilbene induces the apoptosis of 
CAR cells via caspase-dependent signaling.

Figure 3. Effects of pterostilbene on the autophagy and DNA condensation of CAR cells. The cells were treated with 0, 25, 50 and 75 µM pterostilbene for 24 h 
and then probed using (A) acridine orange to detect acidic vesicular organelles, indicated by a red color (magnification, x200). (B) Monodansylcadaverin, an 
autophagolysosome marker, indicated by a green color (magnification, x200). (C) LysoTracker Red to determine lysosomal function, indicated by a red color 
(magnification, x200). (D) Cathepsin B to detect lysosomal activity, indicated by a red color (magnification, x200). (E) Hoechst 33342 staining to observe cell 
nuclei, as indicated by a blue color (magnification, x400). Representative images were taken from three independent experiments.
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The mitochondria-dependent pathway contributes to 
pterostilbene-induced apoptosis in CAR cells. Following the 
determination of the apoptosis-inducing effect of pterostilbene 
on molecular signals, its underlying mechanism of action was 
further investigated. Treatment with 50, 75 and 100 µM pteros-
tilbene for 48 h significantly increased caspase-3 (Fig. 7A) 
and caspase-9 (Fig. 7B) activity in a concentration-dependent 
manner, compared with untreated control cells. Furthermore, 
there was no significant increase in caspase-8 activity (data 
not shown) following pterostilbene treatment. To determine 
changes in the expression of mitochondria-modulated pro- and 
anti-apoptotic proteins, levels of these proteins in pterostil-
bene-treated cells were measured. The results demonstrated 
that 50 and 75 µM pterostilbene upregulated the expression of 
Bax, cytochrome c, the active forms of caspase-9, caspase-3, 
caspase-7 and PARP, but it downregulated the expression 
of Bcl-2 (Fig. 7C). These results indicate that pterostilbene 
induces CAR cell death by activating the intrinsic (caspase-9- 
and caspase-3-dependent) apoptotic cascade.

Pterostilbene suppresses the expression of MDR1 and AKT 
signaling in CAR cells. Following treatment with 50 and 75 µM 
pterostilbene for 24 h, the mRNA and protein expression 
of MDR1 was monitored. Pterostilbene treatment signifi-
cantly decreased the expression of MDR1 mRNA (Fig. 8A) 
and protein (Fig. 8B). Furthermore, treatment with 50 and 
75 µM pterostilbene decreased the phosphorylation of AKT 
on the Ser473 site but had no effect on total AKT protein 
expression (Fig. 8B). Collectively, these results indicate that 

pterostilbene triggers the autophagy and apoptosis of CAR 
cells by suppressing MDR1 expression and AKT signaling. 
The proposed schematic representation of the plausible 
molecular signaling induced by pterostilbene in CAR cells is 
summarized in Fig. 9.

Discussion

A previous study by our group indicated that resveratrol induces 
autophagy and apoptosis by modulating AMP-activated protein 
kinase and AKT/mechanistic target of rapamycin signaling in 
cisplatin-resistant human oral cancer CAR cells (51). To the 
best of our knowledge, the present study is the first to report 
that pterostilbene triggers the autophagy and apoptosis of CAR 
cells, as well as the first to indicate that pterostilbene suppresses 
MDR1 expression. Pterostilbene and resveratrol exhibit similar 
anticancer and biological activities; however, pterostilbene is 
more effective: i) Pterostilbene contains two methoxy groups 
and one hydroxyl group, whereas resveratrol contains three 
hydroxyl groups. Therefore, pterostilbene has more lipophilic 
properties than resveratrol, as the two methoxy groups that 
it contains that serve to increase oral absorption and cellular 
uptake (56,57). ii) Pharmacokinetic analysis indicates that 
pterostilbene has 95% bioavailability however resveratrol only 
has 20% when administered orally (58,59). iii) The half-life of 
pterostilbene is 93.9±22.3 min in Sprague-Dawley rats (60), 
while that of resveratrol is 14 min in rabbits (61). Furthermore, 
the IC50 values of resveratrol in CAR cells following 24, 48 and 
72 h exposure were 95.23±3.26, 73.23±2.29 and 51.62±3.36 µM, 

Figure 4. Effects of pterostilbene on autophagy-associated signals of CAR cells. Cells were treated with 0, 50 and 75 µM pterostilbene for 24 h, and then 
total RNA and protein were individually prepared. Reverse transcription-quantitative polymerase chain reaction was performed to measure (A) LC3-II 
and (B) Atg12 mRNA expression. Values represent the mean ± standard deviation of three independent experiments. *P<0.05 vs. untreated control. 
(C) Representative blots of Atg5, Atg7, Atg12, Beclin-1 and LC3, as detected by western blotting. Representative images were taken from three independent 
experiments. LC3, light chain 3; Atg, autophagy related gene.
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respectively (51). However, the present study indicated that the 
IC50 values of pterostilbene were 78.26±4.33, 48.04±3.68 and 
20.65±4.88 µM in CAR cells following 24, 48 and 72 h incu-
bation, respectively. This indicates that pterostilbene exhibits 
greater effects at lower concentrations than resveratrol. These 

results suggest that pterostilbene exhibits greater anticancer 
effects than resveratrol.

Previous studies have demonstrated that pterostilbene is an 
effective antioxidant with anticancer potential, which induces 
cell death and exhibits anti-metastatic actions (16,30,32,34,37). 

Figure 5. Effects of the autophagy inhibitors 3-MA and CQ on the pterostilbene-induced autophagy of CAR cells. Cells were exposed to 75 µM pteros-
tilbene for 24 h following pretreatment with 10 mM 3-MA and 20 µM CQ for 1 h. (A) Cell viability was detected using an MTT assay. Values represent 
the mean ± standard deviation of three independent experiments. *P<0.05 vs. untreated control; #P<0.05 vs. cells treated with pterostilbene alone. (B) The 
autophagic characteristic of CAR cells were observed by phase-contrast microscopy (magnification, x400). (C) Acidic vesicular organelles indicating cell 
autophagy were detected using staining with acridine orange and assessed using a fluorescence microscope. Each representative image was taken from three 
independent experiments (magnification, x400). 3-MA, 3-methyladenine; CQ, chloroquine.

Figure 6. Effects of pterostilbene on apoptosis and the caspase-dependent signaling of CAR cells. Cells were incubated with 0, 25, 50, 75 or 100 µM pteros-
tilbene for 48 h following pre-incubation with or without 15 µM Z-VAD-FMK for 1 h. (A) TUNEL-positive cells were detected using a commercial kit and 
analyzed using flow cytometry. (B) Cell viability was measured using the MTT assay. Values represent the mean ± standard deviation of three independent 
experiments. *P<0.05 vs. untreated control; #P<0.05 vs. exposure to pterostilbene alone. Z-VAD-FMK, carbobenzoxyvalyl-alanyl-aspartyl fluoromethyl ketone; 
TUNEL, terminal deoxynucleotidyl transferase-mediated d-UTP nick end labeling.
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Furthermore, it has been demonstrated that pterostilbene 
triggers apoptosis in pancreatic cancer (MIA PaCa-2 and 
PANC-1) (20,21), breast cancer (MDA-MB-468, MCF-7 
and MDA-MB-231) (18,19), lung cancer (LCC, PC9, 
NCI-H460, SK-MES-1 and A549) (22-24,29), osteosarcoma 
(SOSP-9607) (62), prostate cancer (PC-3 and LNCaP) (25,26), 
leukemia (Jurkat, Hut-78, HL60, MOLT4 and K562) (37-40), 
colon cancer (Colo 205, HCT116 and HT29) (27-29), bladder 
cancer (T24) (30), hepatocellular carcinoma (HepG2) (35,36), 

gastric carcinoma (AGS) (31) and oral cancer (SAS and 
OECM-1) (32) cell lines. In addition, pterostilbene exhibits 
autophagic effects in various types of cancer (29,30,38,39,42). 
The results of the present study demonstrated that treat-
ment with 5-100 µM pterostilbene significantly inhibited 
the viability and confluence of CAR cells. These results are 
in accordance with those of a study by Ko et al (32), which 
demonstrated that pterostilbene inhibits the proliferation of 
human oral cancer SAS and OECM-1 cells.

Figure 7. Effects of pterostilbene on the mitochondria-dependent apoptotic signaling of CAR cells. Cells were incubated with 0, 25, 50, 75 or 100 µM pteros-
tilbene for 48 h, and whole-cell lysates were then harvested. (A) Caspase-3 and (B) -9 activities were determined using a colorimetric assay. Values represent 
the mean ± standard deviation of three independent experiments. *P<0.05 vs. untreated control. (C) Cell fractions were probed with anti-Bcl-2, anti-Bax, 
anti-cytochrome c, anti-caspase-9, anti-caspase-3, anti-caspase-7 and anti-PARP antibodies and assessed via western blotting. Representative images were 
taken from three independent experiments. PARP, Poly (ADP-ribose) polymerase.

Figure 8. Effects of pterostilbene on MDR1 expression and AKT signaling in CAR cells. Cells were treated with or without 50 and 75 µM pterostilbene 
for 24 h, harvested and underwent RT-qPCR analysis and western blot analysis, respectively. (A) Total RNA was extracted, and RT-qPCR analysis was 
performed to determine MDR1 mRNA expression. Values represent the mean ± standard deviation of three independent experiments. *P<0.05 vs. untreated 
control. (B) Western blotting was performed to measure MDR1, p-AKT on Ser473 and total AKT protein expression. Representative images were from three 
independent experiments. MDR1, multidrug resistance protein 1; AKT, protein kinase B; p-, phosphorylated.
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In the present study, AO and MDC staining indicated that 
pterostilbene stimulated the formation of autophagic vesicles in 
CAR cells. LysoTracker Red staining also detected lysosome 
activity following treatment with pterostilbene. LC3 expression 
is a characteristic of autophagic vesicle membrane in early 
autophagosome formation (63). The results of the present study 
indicated that pterostilbene increased the mRNA expression 
of the autophagic genes LC3-II and Atg12 and the protein 
expression of the autophagy-associated proteins Atg5, Atg7, 
Atg12, Beclin-1 and LC3-II in CAR cells. To determine the 
autophagic effect on CAR cells, the autophagy inhibitors 3-MA 
and CQ were used to determine whether pterostilbene induces 
autophagy. The results demonstrated that they protected against 
the pterostilbene-induced decrease in cell viability. The results 
of the present study are in accordance with those of a previous 
study (32), which demonstrated that pterostilbene stimulated 
the formation AVOs and autophagic vacuoles and increased the 
expression of LC3-II and Beclin-1 protein in human oral cancer 
SAS and OECM-1 cells. It is important to note that autophagy 
was detected following 24 h treatment with pterostilbene in the 
present study; however, no dramatic activation of caspase-3 was 
observed following exposure to pterostilbene for 24 h. These 
results imply that pterostilbene-induced autophagy occurs prior 
to CAR cell apoptosis.

The present study also demonstrated that pterostilbene 
induced apoptosis by performing an TUNEL assay, which 
demonstrated that pterostilbene significantly increased the 
number of TUNEL-positive cells. Pterostilbene-triggered 
apoptosis was confirmed by the pan-caspase inhibitor 
Z-VAD-FMK, which reversed the reduction of cellular viability 
in the pterostilbene-treated cells. A significant increase in the 
activity of caspases-3 and -9 and the expression of their active 
forms were observed in CAR cells following pterostilbene 
treatment. Hsiao et al (64) reported that pterostilbene induced 

mitochondria-dependent apoptosis in human leukemia HL60 
cells. Furthermore, Schneider et al (24) demonstrated that 
pterostilbene induced mitochondria-dependent apoptosis in 
human lung cancer NCI-H460 and SK-MES-1 cells. The results 
of the present study suggest that pterostilbene provokes caspase-
dependent mitochondria-derived apoptosis in CAR cells.

MDR1, also known as p-glycoprotein, is encoded by the 
ATP Binding Cassette Subfamily B Member 1 gene. It is a 
subunit of the ATP-dependent transporter and is involved 
in the development of resistance of tumor cells to chemo-
therapeutic agents (65,66). It has been demonstrated that the 
inhibition of AKT effectively stimulates the sensitivity of 
chemotherapeutic agents by inhibiting AKT-mediated MDR1 
gene expression (66). Previous studies have demonstrated 
that MDR1 overexpression is involved in the development of 
cisplatin-resistance in CAR cells (44,50,66). The results of the 
present study demonstrated that pterostilbene inhibited MDR1 
mRNA and protein expression by downregulating the expres-
sion of phosphorylated AKT on Ser473 in CAR cells.

In conclusion, the results of the present study support 
the proposition that pterostilbene-induced autophagic and 
apoptotic CAR cell death may be involved in AKT-mediated 
MDR1 suppression. Therefore, the present study indicates that 
pterostilbene may be a promising candidate as an oral anti-
cancer drug or an adjuvant to chemotherapeutic reagents and 
may be developed as a potential therapeutic agent to treat oral 
cancer in the future.
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