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Abstract. Polydatin (PD), a natural precursor of resveratrol, 
has a variety of biological activities, including anti-tumor 
effects. However, the underlying molecular mechanisms of the 
anti-cancer activity of PD has not been fully elucidated. The 
present study demonstrated that PD significantly inhibited the 
proliferation of the MOLT-4 leukemia cell line in a dose- and 
time-dependent manner by using Cell Counting Kit-8 assay. PD 
also dose-dependently increased the apoptotic rate and caused 
cell cycle arrest in S phase in MOLT-4 cells, as revealed by 
flow cytometry. In addition, PD dose‑dependently decreased 
the mitochondrial membrane potential and led to the genera-
tion of reactive oxygen species in MOLT-4 cells. Western blot 
analysis revealed that the expression of anti-apoptotic protein 
B-cell lymphoma 2 (Bcl-2) was decreased, whereas that of 
pro-apoptotic protein Bcl-2-associated X was increased by 
PD. Furthermore, the expression of two cell cycle regulatory 
proteins, cyclin D1 and cyclin B1, was suppressed by PD. Of 
note, the pro-apoptotic and cell cycle-inhibitory effects of 
PD were potentiated by Janus kinase 2 (JAK2) inhibition. In 
conclusion, the results of the present study strongly suggested 
that PD is a promising therapeutic compound for the treatment 
of leukemia, particularly in combination with JAK inhibitors.

Introduction

Leukemia is the most common malignancy and leading cause 
of cancer-associated mortality in patients below the age of 
20 years (1). Approximately 6,000 new cases of the sub-type 
acute lymphoblastic leukemia (ALL) are diagnosed in the US 
each year (1) and the curative rate is approaching ≥80% (2). In 
spite of this high cure rate, resistant forms of the disease and 
relapse remain a leading cause of cancer-associated deaths in 

children. Furthermore, the cure rate of ALL in adults is ~50%, 
which is unsatisfactory (3). Thus, novel treatment strategies, 
including the development of novel anti-leukemic drugs and 
the optimization of existing chemotherapeutic treatments, are 
required to improve current treatments (4).

Due to their low toxicity, naturally occurring phyto-
chemicals have drawn extensive attention as potential drugs 
for cancer prevention (5). A large number of natural products 
have previously been discovered for use as chemotherapeutic 
agents and natural products offer a pool for the discovery of 
novel anti-cancer agents, which is sourced by current research. 
Polydatin (PD) is a stilbenoid compound isolated from the root 
of Polygonum cuspidatum (6). PD has been shown to have 
multiple beneficial therapeutic properties, including cardio-
protective (7-9), hepatoprotective (10), neuroprotective (11) 
and anti‑inflammatory (12) effects. PD has also been reported 
to have anti-cancer effects with activity against colon (13) and 
lung (14) cancer as well as nasopharyngeal carcinoma (15). 
However, to the best of our knowledge, the effects of PD on 
human leukemic cells have yet not been studied. In the present 
study, the effects of PD on the proliferation, cell cycle distribu-
tion and apoptosis of the MOLT-4 human ALL cell line were 
investigated. As the JAK2-STAT3 signaling pathway is known 
to promote cell growth (16) and confer resistance to apoptosis 
in leukemic cells (17), it was also examined whether the 
JAK2-STAT3 pathway is involved in PD-induced apoptosis 
and cell cycle arrest.

Materials and methods

Chemicals. PD was supplied by LKT Laboratories, Inc. 
(St Paul, MN, USA; cat. no. P5845) and a 10-mM stock 
solution in dimethysulfoxide (DMSO) was prepared, which 
was diluted with medium to the appropriate concentrations 
for use in the assays. A Cell Counting Kit-8 (CCK-8) was 
purchased from Signalway Antibody LLC (College Park, 
MD, USA) and an Annexin V-conjugated Alexa Fluor 488 
apoptosis detection kit was obtained from 7SeaPharmTech 
(Shanghai, China). Primary antibodies against B-cell 
lymphoma 2 (Bcl-2) and Bcl-2-associated X (Bax) were 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA), antibodies against cyclin B1, phosphorylated signal 
transducer and activator of transcription (p-STAT3) and 
STAT3 were from Abcam (Cambridge, UK), and antibodies 
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against cyclin D1, p-Janus kinase (JAK)2, JAK2 and GAPDH 
were from Cell Signaling Technology Inc. (Danvers, MA, 
USA). Secondary antibodies were purchased from Beyotime 
Institute of Biotechnology (Haimen, China). The Pierce 
bicinchoninic acid (BCA) Protein Assay kit was supplied 
by Thermo Fisher Scientific (Waltham, MA, USA) and 
the Immobilon™ Western Chemiluminescent Horseradish 
Peroxidase substrate (cat. no. WBKLS0100) was obtained 
from EMD Millipore (Billerica, MA, USA). AG490 was 
obtained from Beyotime Institute of Biotechnology and 
dissolved with DMSO to make a stock at 10 mM. Cells were 
treated with 10 mM AG490 as indicated.

Cell culture. The MOLT-4 cell line was obtained from the 
American Type Culture Collection (Manassas, VA, USA) 
and maintained in monolayer culture in RPMI-1640 medium 
Hyclone (Logan, UT, USA), supplemented with 10% fetal 
calf serum, 2 mmol/l glutamine, 100 µg/ml streptomycin and 
100 U/ml penicillin (all Gibco; Thermo Fisher Scientific Inc., 
Waltham, MA, USA). at 37˚C in a humidified atmosphere 
containing 5% CO2. Cells in the logarithmic growth phase 
were used in all experiments.

Cell proliferation assay. The effects of PD on the prolifera-
tion of MOLT-4 cells were determined using the CCK-8 kit 
according to the manufacturer's instructions. In brief, the cells 
were seeded in 96-well plates at a density of 5x103 per well. 
The cells were then treated with DMSO (0.1%) or PD (0.5, 1, 
2, 4, 10 or 20 µM) at 37˚C. Following 0, 6, 12, 24, 48 or 72 h 
of incubation, 10 µl CCK-8 was added to each well, followed 
by further incubation for 1 h. The optical density was then 
determined at 450 nm to calculate the proliferative index. 

Assessment of apoptosis. The apoptotic rate of MOLT-4 cells 
was analyzed using an Annexin V-propidium iodide (PI)-based 
immunofluorescence apoptosis detection kit according to the 
manufacturer's instructions. In brief, the cells were incubated 
in six-well plates (3x105 cells/well) for 24 h. The cells were then 
treated with DMSO or PD (1, 4 or 20 µM) for 24 h. Approximately 
1x105 cells were harvested, washed in phosphate-buffered 
saline (PBS) and incubated with 5 µl Annexin V stain and PI 
at room temperature for 10 min. Fluorescence was measured 
using a FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA). Annexin V-positive and PI-negative cells were 
regarded as apoptotic.

Cell cycle analysis. Approximately 1x106 cells were harvested 
and washed three times with PBS and fixed in 70% cold 
ethanol for ≥4 h. The cells were then re‑suspended in DNA 
staining solution (50 µg/ml PI, 100 µg/ml RNase A and 0.1% 
Triton X-100 in PBS; all from Jrdun Biotech (Shanghai, China), 
followed by incubation at room temperature for 30 min. The 
DNA content was then determined using a FACSCalibur 
flow cytometer (BD Biosciences). The cell cycle distribution 
was calculated from 10,000 cells using CellQuest Pro (BD 
Biosciences) and Modfit software 3.2 (Verity Software House, 
Topsham, ME, USA).

Assessment of mitochondrial membrane potential (MMP). 
The MMP was evaluated by assessing the accumulation 

of rhodamine 123 (Molecular Probes, Eugene, OR, USA) 
according to a method described previously (18). Briefly, the 
cells were incubated in six-well plates (3x105 cells/well) for 
24 h and then treated with DMSO or PD (1, 4 or 20 µM) for 
24 h. Cells were harvested, washed in PBS and incubated 
with 0.5 µM rhodamine 123 at 37˚C for 15 min. Fluorescence 
was measured using a FACSCalibur f low cytometer 
(BD Biosciences) with an excitation wavelength of 485 nm and 
an emission wavelength of 520 nm.

Evaluation of reactive oxygen species (ROS) by f low 
cytometry using dihydroethidium (DHE). DHE (Vigorous 
Biotechnology Beijing Co., Ltd., Beijing, China) was used 
for the flow cytometric assessment of superoxide production 
as described previously (19). DHE is rapidly oxidized to 
ethidium, a red fluorescent compound, by H2O2 (in the pres-
ence of peroxidase) and superoxide. Cells were harvested, 
washed with PBS and incubated with 50 µM DHE at room 
temperature for 5 min. Fluorescence was measured using a 
FACSCalibur flow cytometer (BD Biosciences). DHE fluo-
rescence in cells was evaluated using CellQuest software 
(BD Biosciences).

Western blot analysis. Western blot analyses was performed 
according to a previously described method (13). Cells were 
treated with DMSO (0.1%) or 20 µM PD and incubated 
for 1 or 24 h. Following lysis in RIPA lysis buffer (Jrdun 
Biotech), the protein concentration was quantified using 
the Pierce BCA Protein Assay kit following the manufac-
turer's instructions. Equal amounts (30 µg) of protein were 
separated by electrophoresis on 10 or 15% sodium dodecyl 
sulfate-polyacrylamide gels (Jrdun Biotech) and trans-
ferred onto nitrocellulose membranes (EMD Millipore). 
Following blocking with 5% non‑fat milk, the membranes 
were incubated with the desired primary antibodies 
overnight at the following dilutions: p-JAK2 (1:1,000; 
Cell Signaling Technology Inc.; cat. no. 3776); JAK2 
(1:1,000; Cell Signaling Technology Inc.; cat. no. 3230); 
p-STAT3 (1:1,000; Abcam; cat. no. Ab76315); STAT3 
(1:1,000; Abcam; cat. no. Ab119352); Bax, (1:100; Santa 
Cruz Biotechnology Inc.; cat. no. Sc-493); Bcl-2 (1:150; 
Santa Cruz Biotechnology Inc.; cat. no. Sc-492); cyclin B1 
(1:20,000; Abcam; cat. no. Ab32053); cyclin D1 (1:1,000; 
Cell Signaling Technology Inc.; cat. no. 2922) and GAPDH 
(1:1,500 Cell Signaling Technology Inc., cat. no. 5174). 
Subsequently, the membranes were incubated with the 
appropriate secondary antibodies: Horseradish peroxidase 
(HRP) conjugated goat-anti-rabbit antibody (1:1,000; 
Beyotime Institute of Biotechnology; cat. no. A0208); 
HRP-conjugated goat-anti mouse antibody (1:1,000; 
Beyotime Institute of Biotechnology; cat. no. A0216). The 
membranes were exposed to X‑ray film (Kodak XAR‑2, 
Rochester, NY, USA). The immunoreactive bands were visu-
alized using the Immobilon™ Western Chemiluminescent 
Horseradish Peroxidase substrate (EMD Millipore) 
according to the manufacturer's instructions. 

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. Statistical analysis was performed by 
multifactorial analysis of variance using SPSS software 17.0 
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(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

PD inhibits the proliferation of leukemia cells. The cytotoxicity 
of PD on MOLT-4 leukemia cells was determined using the 
CCK8 assay. In the absence of PD, MOLT-4 proliferated in an 
exponential manner, while PD inhibited the cell proliferation 

in a dose-dependent manner, as well as a time-dependent 
manner at 6-12 h (Fig. 1). These results indicated that, due to 
its marked anti-proliferative effects, PD may be suitable for the 
treatment of leukemia.

PD induces apoptosis in leukemia cells. To investigate the 
underlying mechanism of PD-induced inhibition of leukemia 
cell growth, MOLT-4 cells were incubated with various 
concentrations of PD for 24 h and their apoptotic rate was 
assessed by flow cytometry. PD was shown to induce apop-
tosis in leukemia cells in a dose-dependent manner (P<0.001)
(Fig. 2A). The apoptotic rate increased from 3.63±0.42% in 
the control group to 9.67±0.42, 26.33±1.00 and 52.13±1.30% 
following incubation with 1, 4 and 20 µM PD for 24 h, respec-
tively (Fig. 2B). These results suggested that PD induced 
apoptotic cell death in leukemia cells.

PD induces cell‑cycle arrest in S phase in leukemia cells. To 
determine whether interference with cell-cycle progression 
is among the underlying mechanisms of PD-induced growth 
inhibition of leukemia cells, the effects of PD on cell cycle 
progression were examined in exponentially growing MOLT-4 
cells. Treatment of cells with various concentrations of PD for 
24 h resulted in an increased accumulation of cells in S phase 
and a corresponding decrease in the G1-phase population 
(Fig. 3A). In the absence of PD, the S-phase population was 
19.73±2.14% and the G1‑phase population was 54.25±1.56%. 
Following PD treatment of MOLT-4 cells at 1, 4 and 20 µM, the 

Figure 1. PD dose-and time-dependently reduces the viability of MOLT-4 
cells. Cell viability of MOLT-4 cells was examined using a Cell Counting Kit 8 
assay after treatment with PD (0, 0.5, 1, 2, 4, 10 or 20 µM) for 0, 6, 12, 24, 
48 or 72 h. Values are expressed as the mean ± standard deviation (n=3). PD, 
polydatin. *P<0.05, **P<0.01 and ***P<0.01 compared with 0.0 µM.

Figure 3. Polydatin induces S-phase arrest of MOLT-4 cells. (A) Representative 
images and (B) percentage of cells in each phase of the cell cycle examined 
by flow cytometry in MOLT‑4 cells after treatment with PD (0, 1, 4 or 20 µM) 
for 24 h. Values are expressed as the mean ± standard deviation. ***P<0.001 
compared with control. The experiments were performed three times.

Figure 2. PD increases the apoptotic rate of MOLT-4 cells. (A) Representative 
images and (B) quantification of cell apoptosis examined by flow cytometry 
in MOLT-4 cells after treatment with PD (0, 1, 4 or 20 µM) for 24 h. Values 
are expressed as the mean ± standard deviation. ***P<0.001 compared with 
control. PD, polydatin; PI, propidium iodide.
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S-phase population was increased to 27.58±2.91, 33.25±3.84 
and 45.81±1.86%, whereas the G1‑phase population was 
decreased to 49.87±2.56, 42.80±2.88 and 27.25±2.25% 
(Fig. 3B). This result revealed that PD inhibited cell prolifera-
tion by inducing cell-cycle arrest.

PD decreases the MMP in leukemia cells. Mitochondria have 
key roles in activating apoptosis in mammalian cells (20). The 
MMP is regarded as a measure for mitochondrial function and 
it is decreased during apoptosis (21). The results of the present 
study revealed that treatment of MOLT-4 cells with PD for 
24 h resulted in a decrease in the MMP (Fig. 4A). The MMP 
decreased from 1,136±73 in the control group to 859.0±21.1, 
625.0±15.7 and 231.9±19.3 following incubation with 1, 4 and 
20 µM PD for 24 h (P<0.001) (Fig. 4B). These results demon-
strated that PD induced apoptosis in leukemia cells through 
the mitochondrial pathway.

PD increases ROS in leukemia cells. Mitochondria-dependent 
apoptosis is often mediated by ROS (22). To examine the levels 
of ROS in MOLT-4 cells, DHE staining was used. Treatment 
of cells with PD for 24 h resulted in an increase of ROS in 
a dose-dependent manner (P<0.001) (Fig. 5A). ROS levels in 
leukemia cells increased from 7,529±5,618 in the control group 
to 22,448±757, 69,669±2,010 and 154,994±1,587 following 
incubation with 1, 4 and 20 µM PD for 24 h (Fig. 5B). These 
results demonstrated that PD treatment led to the generation of 
ROS to initiate mitochondria-dependent apoptosis in leukemia 
cells.

PD‑induced apoptosis of leukemia cells is potentiated by 
inhibition of JAK2‑STAT3 signaling. Due to the observed 

effects of PD on apoptosis and S-phase arrest in leukemia 
cells, the impact of PD on the expression of Bcl-2 and Bax, 
two key regulatory proteins of apoptosis, as well as cyclin B1 
and cyclin D1, two key cell cycle-regulators, were examined by 
western blot analysis. The results showed that the expression 
of anti-apoptotic protein Bcl-2 as well as cell cycle proteins 
cyclin B1 and cyclin D1 was significantly decreased, while 
the expression of pro‑apoptotic protein Bax was significantly 

Figure 4. PD decreases MMP in MOLT-4 cells. (A)  Representative images 
and (B) percentage of MMP fluorescence examined by flow cytometry in 
MOLT-4 cells after treatment with PD (0, 1, 4 or 20 µM) for 24 h. Values 
are expressed as the mean ± standard deviation. ***P<0.001 compared with 
control. PD, polydatin; MMP, mitochondrial membrane potential.

Figure 5. PD decreases ROS in MOLT-4 cells. (A) Representative images 
and (B) quantification of ROS fluorescence examined by flow cytometry in 
MOLT-4 cells after treatment with PD (0, 1, 4 or 20 µM) for 24 h. Values 
are expressed as the mean ± standard deviation. ***P<0.001 compared with 
control. PD, polydatin; ROS, reactive oxygen species.

Figure 6. PD potentiates the effects of JAK2 inhibition on cell apoptosis and 
cell cycle arrest in MOLT-4 cells. (A) The expression levels of Bcl2, Bax, 
cyclin B1 and cyclin D1 following PD treatment for 24 h, and (B) the expres-
sion levels of p-JAK2, JAK2, p-STAT3 and STAT3 after PD treatment for 1 h 
in the absence or presence of 10 nM JAK2 inhibitor AG490 were examined by 
western blotting. GAPDH was used as loading control. p-JAK2, phosphory-
lated Janus kinase 2; STAT3, signal transducer and activator of transcription;  
Bcl2, B-cell lymphoma 2; Bax, Bcl2-associated X protein; PD, polydatin.
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increased following treatment of MOLT-4 cells with PD for 
24 h (Fig. 6A). Inhibition of JAK2 activity by the specific 
tyrosine kinase inhibitor AG490 is known to selectively 
block leukemic cell growth in vitro and in vivo by inducing 
programmed cell death (23). The present study examined 
whether the JAK2-STAT3 pathway is involved in PD-induced 
apoptosis and cell cycle arrest. Of note, the Bax/Bcl-2 ratio, an 
indicator of apoptosis (24), was markedly increased in MOLT-4 
cells following combined treatment with PD and AG490 as 
compared with that following treatment with either drug alone. 
In parallel, the expression of cyclin B1 and cyclin D1 was also 
markedly decreased following combined treatment with PD 
and AG490. Furthermore, combined treatment with PD and 
AG490 for 1 h potently reduced the levels of p-STAT3 and 
p-JAK2, indicating the de-activation of the JAK2-STAT3 
signaling pathway (Fig. 6B). This result suggested that PD and 
JAK2 inhibition may have synergistic effects with regard to 
the induction of apoptosis in leukemia cells.

Discussion

PD is a natural precursor of resveratrol. Numerous studies have 
suggested that resveratrol is a promising candidate for cancer 
chemoprevention and therapy (25). However, it is difficult to 
reach a therapeutically relevant level in vivo, since resveratrol 
is readily metabolized and eliminated from the body (26). As 
resveratrol derivative with a glucopyranoside ring substitution 
of the hydroxyl group in position three, PD features enhanced 
stability and water solubility, and is able to enter cells via 
glucose transporters (27). Due to these properties, PD is more 
easily absorbed in the intestinal tract than resveratrol. PD has 
been shown to have cytotoxic effects on various cancer cell 
lines, including colon (13), lung (14) and nasopharyngeal (15) 
cancer cells; however, the underlying mechanism of action has 
largely remained elusive. The present study showed that PD, 
exerted anti-proliferative effects via inducing cell cycle arrest 
and induced mitochondria-mediated apoptosis in MOLT-4 
leukemia cell lines, which was potentiated by a JAK2 inhibitor.

Apoptosis is a highly organized form of cell death, via 
which cells which have suffered significant damage are elimi-
nated (28). Apoptosis can be triggered through either a death 
receptor-mediated extrinsic pathway or a mitochondria-medi-
ated intrinsic pathway (29). It is desirable to discover drugs 
which selectively induce apoptosis in cancer cells through 
triggering cancer-specific upstream mechanisms. As these 
pathways are frequently altered in tumors, is may be possible 
to selectively induce apoptosis in cancer cells or sensitize 
them to established cytotoxic agents (30). The present study 
demonstrated that PC triggers apoptosis in human leukemia 
cells through the mitochondria-mediated intrinsic pathway, 
rendering it a promising drug candidate for leukemia therapy.

ROS are mediators of numerous intracellular signaling 
cascades; however, upon overproduction, they may induce 
the collapse of the mitochondrial membrane potential, which 
triggers a series of mitochondria-associated events, including 
apoptosis (31). The present study demonstrated that PD treat-
ment markedly enhanced ROS production in parallel with 
mitochondria-mediated leukemia-cell apoptosis; therefore, it 
is likely that apoptosis was, at least in part, triggered by ROS 
generation.

The proliferation of mammalian cells is driven by the core 
cell cycle machinery comprising cyclin and cyclin-dependent 
kinase (CDK) complexes (32). D-type cyclins, the ultimate 
recipients of numerous oncogenic pathways, are key signaling 
molecules and represent targets for cancer treatments (33). 
Among them, cyclin D1 is dispensable with regard to normal 
physiological processes in adults, but is required for tumor 
maintenance (34). Cyclin D1 levels must be suppressed during 
the S phase for efficient DNA synthesis and must be re‑induced 
during the G2 phase to support cell proliferation (35). The present 
study showed that PD inhibited the expression of cyclin D1 and 
cyclin B1 and caused cell-cycle arrest in S phase, which was the 
underlying mechanism of its anti-proliferative effects.

Numerous cancer types, including hematological malig-
nancies, have been associated with constitutive activation of 
members of the STAT family, whereas JAK-mediated tyrosine 
phosphorylation is often required for transcriptional activation 
of STAT proteins (36). A unique somatic gain-of-function 
mutation in JAK2 (JAK2 V617F) was found in >90% of 
patients with polycythaemia vera and in 50% of those with 
essential thrombocythemia and primary myelofibrosis (37,38). 
The combination of JAK2 inhibitors with inhibitors of down-
stream effectors, including Bcl-2/Bcl extra large (ABT-737) 
has been suggested to enhance the efficacy of polycythaemia 
vera treatments (39). This strategy is thought to be effective 
for the treatment of subsets of ALL featuring dysregulation 
of JAK/STAT signaling. The present study found that a JAK2 
inhibitor indeed potentiated the apoptotic and cell cycle-inhib-
itory effects of PD.

In conclusion, the results of the present study demon-
strated that PD-induced apoptosis of human leukemia cells 
is mediated by the generation of ROS in mitochondria. 
Furthermore, the inhibition of cyclin D1 by PD was shown to 
be accountable for its anti-proliferative effects. The present 
study suggested that treatment with PD and JAK2 inhibitor 
holds promise as a novel and effective combination chemo-
therapy for leukemia.
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