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Cryptotanshinone suppresses the proliferation
and induces the apoptosis of pancreatic cancer
cells via the STAT3 signaling pathway
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Abstract. Pancreatic cancer remains a challenging disease
worldwide. Cryptotanshinone (CPT) is one of the active
constituents of Salvia miltiorrhiza Bunge and exhibits
significant antitumor activities in several human cancer cells.
However, the efficacy and molecular mechanism of CPT in
pancreatic cancer remains to be elucidated. In the present
study, the effect of CPT on the proliferation, apoptosis and
cell cycle of human pancreatic cancer cell BxPC-3 cells
was evaluated. The results demonstrated that CPT inhibited
proliferation of the BxPC-3 cells in a concentration-dependent
manner, and significantly induced cell apoptosis and cell cycle
arrest. The protein levels of cleaved caspase-3, caspase-9 and
poly ADP ribose polymerase were upregulated, while the
levels of c-myc, survivin and cyclin D1 were downregulated
following treatment with CPT. In addition, CPT decreased the
activities of signal transducer and activator of transcription 3
(STAT?3) and several upstream regulatory signaling pathways
after 24 h. However, CPT only inhibited the phosphorylation
of STAT3 Tyr705 within 30 min, without marked effects
on the phosphorylation of the other proteins. These results
suggested that the inhibition of STAT3 activity by CPT was
directly and independent of the upstream regulators in human
pancreatic cancer. The present study demonstrated that CPT
exerts anticancer effects by inducing apoptosis and cell cycle
arrest via inhibition of the STAT3 signaling pathway in human
BxPC-3 cells.
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Introduction

Pancreatic cancer is the fourth leading cause of cancer-associ-
ated mortality, and is amongst the most life-threatening types
of human cancer. Its 5-year-survival rate is <5% due to its
aggressive growth, metastasis and resistance to the majority
of chemotherapies (1). Systemic chemotherapy remains reliant
on a few drugs and has not significantly increased overall
patient survival rates (2). Therefore, more effective therapeutic
approaches are necessary for improving the outcome of
pancreatic cancer treatment.

The signal transducer and activator of transcription 3
(STATS3) transcription factor is constitutively activated in
several human cancer cells, and aberrant STAT3 signaling
is implicated as an important process in malignant progres-
sion (3). When STAT3 is activated upon phosphorylation of the
tyrosine 705 residue, monomeric STAT3 forms dimers through
their SH2 domains and translocates from the cytoplasm into
the nucleus. Once in the nucleus, STAT3 transcriptionally
regulates the expression of its target genes, including cyclin
D1 and survivin (4). The activation of the STAT3 pathway can
stimulate cell proliferation, promote angiogenesis, mediate
immune evasion and confer increased resistance to apoptosis
in cancer cells (5,6). STAT3 is found to be constitutively acti-
vated in pancreatic ductal adenocarcinoma (PDAC) through
the phosphorylation of Tyr705, which has been reported in
human tumor specimens and in various PDAC cell lines.
Aberrant activation of STAT3 in the pancreas accelerates
pancreatic intraepithelial neoplasia progression and PDAC
development (7), and activated STAT3 signaling prevents
cell apoptosis and confers resistance to chemotherapeutic
agents in pancreatic carcinogenesis (8). Furthermore, STAT3
knockdown reduces pancreatic cancer cell invasiveness and
expression of matrix metalloproteinase-7 in nude mice (9).
Inhibition of STAT3 activity by sorafenib also enhances
TNF-related apoptosis-inducing ligand-mediated apoptosis
in human pancreatic cancer cells (10). Thus, STAT3 signaling
has been considered as an attractive chemotherapeutic target
for the treatment of pancreatic cancer.

Cryptotanshinone (CPT) is one of the major tanshinones
isolated from Salvia miltiorrhiza Bunge, a well-known
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Chinese herb, and is widely used in traditional and modern
medicine (11). Extensive investigations have indicated that CPT
may inhibit the proliferation of cancer cells in vitro and reduce
the growth and metastases of tumors in vivo (11-13). CPT
inhibits the function of STAT3 though inhibiting dimerization
in DUI145 prostate cancer cells (14). In addition, CPT signifi-
cantly decreases the activity of the STAT3 signaling pathway
in human glioma and chronic myeloid leukemia cells, indi-
cating that CPT is a potent STAT3 inhibitor (15,16). However,
the effect and mechanism of CPT on human pancreatic cancer
remains to be elucidated. In the present study, the effects of
CPT on the proliferation and apoptosis of BXPC-3 human
pancreatic cancer cells were evaluated, and the underlying
molecular mechanism was investigated. Elucidating of the
effects of CPT on the apoptosis of BXPC-3 pancreatic cancer
cells and on the STAT3 pathway aimed to provide evidence
for CPT as a potential therapeutic agent for pancreatic cancer.

Materials and methods

Cell culture. The human BxPC-3 pancreatic cancer cell line
was obtained from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were grown
in RPMI-1640 containing 10% fetal bovine serum, 100 zg/ml
streptomycin and 100 U/ml of penicillin at 37°C in a humidi-
fied atmosphere of 5% CO,.

Drugs and reagents. CPT (Fig. 1A) was purchased from
the National Institutes for Food and Drug Control (Beijing,
China), and was diluted using DMSO in a stock concentra-
tion of 20 mM at -20°C. The methyl thiazolyl tetrazolium
(MTT) and DMSO were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Rabbit anti-human cleaved caspase-3
(Aspl75/5A1E) monoclonal antibody (cat. no. 9664), rabbit
anti-human cleaved caspase-9 (Asp330) polyclonal antibody
(cat. no. 9501), rabbit-anti human cleaved poly ADP ribose
polymerase (PARP; Asp214/D64E10) monoclonal antibody
(cat. no. 5625), rabbit anti-human phosphorylated (p-)STAT3
(Tyr705) polyclonal antibody (cat. no. 9131), rabbit anti-human
p-Akt (Serd73) polyclonal antibody (cat. no. 9271), rabbit
anti-human p-p44/42 extracellular signal-regulated kinase
(ERK)1/2; Thr202/Tyr204) polyclonal antibody (cat. no. 9101),
rabbit anti-human p-mammalian target of rapamycin (mTOR;
Ser2448) polyclonal antibody (cat. no. 2971) and rabbit
anti-human p-actin polyclonal antibody (cat. no. 4967) were
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). Rabbit anti-human survivin (FL-142) polyclonal anti-
body (cat. no. sc-10811) and rabbit anti-human Bcl-2 polyclonal
antibody (cat. no. sc-783) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Mouse anti-human
c-Myc monoclonal antibody (cat. no. 551101) and mouse
anti-human Cyclin D1 monoclonal antibody (cat. no. 556470)
were purchased from BD Biosciences, (Franklin Lakes, NJ,
USA). Rabbit anti-human phospho-Jak2 (Y1007/Y1008)
monoclonal antibody (cat. no. ab32101) was purchased from
Abcam (Cambridge, MA, USA). Secondary antibodies of goat
anti-mouse IgG-horesradish peroxidase (HRP; cat.no. sc-2005)
and goat anti-Rabbit [gG-HRP (cat. no. sc-2004) were obtained
from Santa Cruz Biotechnology, Inc.). The cell cycle detection
kit (cat. no. 558662) and fluorescein isothiocyanate-conjugated
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Annexin V Apoptosis Detection kit (cat. no. 556547) were
purchased from BD Biosciences.

MTT assay. Exponentially growing BxPC-3 cells were seeded
into 96-well plates, at a density of 1x10* cells per well, for
viability measurements, and were incubated for 12 h at 37°C.
To examine the proliferation inhibitory effect, different
concentrations of CPT (0, 5, 10, 20, 30 and 40 yM) were added
to the wells, with a total volume of 200 ul in RPMI 1640, and
incubated for 24 or 48 h at 37°C. Cells treated with medium
served as a control. Finally, 20 ul MTT was added into each
well and the absorbance at 570 nm was measured using
a microplate spectrophotometer (SpectraMax; Molecular
Devices, Sunnyvale, CA, USA). The viabilities of the cells in
each well were indicated by the measured values. Treatment
effects were determined as the percentage of viable cells,
compared with the untreated control cells. Three independent
sets of experiments were performed.

Apoptosis assay. To determine effects of CPT on apoptosis,
1x10% BXPC-3 cells were plated in 6-well plates with medium
for 12 h. The cells were then treated for a further 24 h with
0, 10, 20, 30 or 40 uM CPT. Subsequently, the floating and
adherent cells were collected together for analysis. The cells
were washed twice with cold phosphate-buffered saline
(PBS), and resuspended in Annexin-Binding buffer (1X;
BD Biosciences) at a concentration of 1x10° cells per ml.
Subsequently, 100 ul of the cell solution was stained with 5 ul
Annexin V and 5 ul propidium iodide (PI) at room temperature
for 20 min in the dark. The data were collected and analyzed
using a FACScalibur flow cytometer with CellQuest Software
(Version 5.1.1; BD Biosciences). Three independent sets of
experiments were performed.

DAPI staining assay. The BXPC-3 cells were seeded within
chamber dishes and treated with or without 30 xuM CPT for
24 h at 37°C. Following treatment, the cells were washed with
twice ice-cold PBS and then fixed with ethanol for 30 min at
-20°C. The fixed cells were then washed with PBS and stained
with 10 yg/ml DAPI (Nanjing KeyGen Biotech Co., Ltd.,
Nanjing, China) for 15 min at room temperature. Following
washing three times with PBS, the cells were observed under a
fluorescence microscope (IX2-ILL 100; Olympus Corporation,
Tokyo, Japan).

Cell cycle analysis. The BXPC-3 cells were seeded into 6-well
plates and were treated with series of concentrations of CPT
(0, 10, 20, 30 and 40 uM) for 24 h at 37°C. The cells were
harvested and fixed in 70% ethanol and stored at 4°C over-
night. Subsequently, the cell pellets were suspended in 0.5 ml
of PI solution containing 5 pxg/ml RNase (Sigma-Aldrich)
and 20 pg/ml PI. Following incubation in the dark for 30 min
at 37°C, the percentages of cells within each stage of the
cell cycle (GO-G1, S or G2-M) were determined using flow
cytometry (FACSCalibur, BD Biosciences). Cells treated with
vehicle alone (100% ethanol) were used as a control. At least
10,000 events were counted for each sample.

Western blot analysis. Total proteins were extracted using
Radioimmunoprecipitation Assay lysis buffer (Beyotime
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Figure 1. Effect of CPT on the proliferation of BxPC-3 human pancreatic cancer cell cells. (A) Chemical structure of CPT. (B) Cells were treated with the
indicated concentrations of CPT for 24 or 48 h, and the inhibition of cell proliferation was determined using a methyl thiazolyl tetrazolium assay. Data are
expressed as the mean = standard deviation. "P<0.05, vs. control group after 24 h CPT treatment; “P<0.05, vs. control group after 48 h CPT treatment. CPT,

cryptotanshinone.

Institute of Biotechnology, Haimen, China), according to the
manufacturer's instructions. The protein contents were deter-
mined using a Bradford assay kit (Nanjing KeyGen Biotech
Co., Ltd.). Subsequently, ~24 pg total protein was resolved
on 10% SDS-polyacrylamide gels on a Minigel apparatus
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), and were
then transferred onto a polyvinylidene fluoride membrane
(EMD Millipore, Billerica, MA, USA) by semidry transfer
cell. The membranes were washed three times and blocked
with Tris-buffered saline with Tween 20 (0.5% Tween)
containing 5% nonfat milk for 60 min, followed by incuba-
tion of the membrane with the appropriate primary antibodies
(1:1,000) at 4°C overnight, the membranes were washed in
TBST and were subsequently incubated with horseradish
peroxidase-conjugated secondary antibodies (1:2,000) for 2 h
at room temperature, immunoreactive bands were developed
using enhanced chemiluminescence (WBKLS0100; EMD
Millipore). f-actin was stained as a loading control. The
density of the blot was further analyzed by densitometry using
a Gel-Pro Analyzer (Universal Hood II; Bio-Rad Laboratories,
Inc.). All western blot experiments were performed at least
three times. The blots depicted in the figures are a single blot,
representative of three independent experiments, with density
data collected from the average values of the three.

Statistical analysis. All assays in the present study were
repeated independently three times. For analysis of experi-
mental data, comparison of categorical data was performed
using Student's t-test. Statistical analysis was performed using
SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). Data are
presented as the mean * standard deviation. P<0.05 was
considered to indicate a statistically significant difference.

Results

CPT has an antiproliferative effect on BXPC-3 cells. The
effect of CPT on the proliferation of the BxPC-3 human
pancreatic adenocarcinoma cell line was determined using an
MTT assay. As shown in Fig. 1B, CPT inhibited the prolifera-
tion of BxPC-3 cells in a dose- and time-dependent manner.

Following culture with 20 or 30 uM CPT for 24 h, the percent-
ages of cell viability, relative to the control were 74 and 46%,
respectively. Following CPT treatment for 24 and 48 h, the
half maximal inhibitory concentration values for the BxPC-3
cells were 29.4 and 22.8 M, respectively. These results indi-
cated that CPT may function as a tumor suppressor in human
pancreatic cancer.

CPT induces apoptosis and cell cycle arrest in BxPC-3 cells.
To determine whether the CPT-mediated growth inhibition
in the BxPC-3 is associated with apoptosis, the percentage
of apoptotic cells were determined using flow cytometric
analysis with combined Annexin-V/PI staining following
treatment with CPT for 24 h. Compared with the control
group, the apoptotic cell fractions were significantly increased
following treatment with CPT. In the untreated control group,
the percentage of apoptotic cell fractions was only 9.9%. The
addition of 20 and 30 M CPT to the BxPC-3 cells resulted
in apoptotic cell fractions of 25.3 and 56.7%, which were
2.56- and 5.73-fold higher than those of the control group,
respectively (Fig. 2A). The observations performed under a
light microscopic also suggested the proliferation inhibiting
and apoptosis inducting effects of CPT (Fig. 2B). To further
confirm the induction of apoptosis by CPT, the cells were
stained with DAPI and observed under fluorescence micros-
copy. As shown in Fig. 2B, a normal homogeneous distribution
of chromatin was observed in the untreated control cells,
whereas the cells treated with CPT exhibited morphological
features of apoptotic cells, including chromatin condensation
and marginalization or DNA fragmentation.

To determine the effect of CPT on the cell cycle, the
BxPC-3 cells were treated with increasing concentrations
of CPT for 24 h, stained with PI and assayed using flow
cytometry (Fig. 2C). The results indicated that CPT treatment
arrested the BxPC-3 cells in the G1-GO phase of the cell cycle,
in a dose-dependent manner. As shown in Fig. 2C, the BxPC-3
cells without CPT exposure presented with 42.39% of the
population in the G1-GO phase. However, the G1-GO phase
fraction increased to 51.22 and 75.49%, following treatment
with 30 and 40 yuM CPT, respectively. This increase in the
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Figure 2. Effect of CPT on the apoptosis and cell cycle of BxPC-3 cells. Cells were treated with different concentrations of CPT for 24 h. The cell apoptosis
was analyze by (A) Annexin V binding and (B) DAPI staining. For each representative dot-plot, the percentages of cells in early and late apoptosis are indicated
in the relative quadrant. (C) Cell cycle progression in the BXPC-3 cells was assessed using flow cytometry. Cells were fixed, stained and analyzed for DNA
content. The distribution and percentages of cells in the G1/GO, S and G2/M phases of the cell cycle are indicated. CPT, cryptotanshinone; PI, propidium

iodide; FITC, fluorescein isothiocyanate; A, Annexin.

G1-GO cell population was accompanied by a concomitant
decrease in the number of cells in the S-phase and G2-M phase
of the cell cycle (Fig. 2C). These results demonstrated that the
inhibition of cell proliferation in BxPC-3 cells by CPT was
associated with the induction of apoptosis and arrest of the cell
cycle in BxPC-3 cells.

CPT regulates the expression levels of apoptosis- and cell
cycle-associated proteins in BxPC-3 cells. To further eluci-
date the molecular mechanisms underlying the effects of CPT
in human pancreatic cancer, the preset study investigated the
expression levels of protein markers, which are associated
with apoptosis and the cell cycle, following CPT treatment. As
shown in Fig. 3, CPT treatment markedly increased the activi-
ties of pro-apoptotic proteins in BxPC-3 cells, including PARP,
caspase-3 and caspase-9. For example, following treatment with
30 uM CPT for 24 h, the cleavage of PARP and caspase-3 were
3.6 and 2.9-folds higher, respectively, compared with the levels
in the control group (Fig. 3). Although CPT did not inhibit
the protein expression of anti-apoptotic bcl-2, it significantly
decreased the expression levels of c-myc and survivin, which
are two important regulators for cell growth and apoptosis
in cancer cells (17,18). Following treatment with 30 uM CPT
for 24 h, the expression levels of c-myc and survivin reduced

by 35 and 76%, respectively. In addition, the expression of
cyclin D1 was also significantly downregulated by CPT in a
dose-dependent manner, suggesting that CPT arrested cells at
the G1-GO phase by inhibiting the expression of cyclin D1 in
human pancreatic cancer. These results further confirmed the
apoptosis induction and cell cycle arrest induced by CPT in
the human pancreatic cancer.

CPT inhibits the STAT3 signaling pathway in BxPC-3 cells.
As the pivotal role of STAT3 signaling pathway is in tumor
growth and apoptosis, the present study examined whether CPT
had an effect on the constitutively active STAT3 in BxPC-3
cells. As shown in Fig. 4A, CPT inhibited the phosphoryla-
tion of STAT3 at Tyr705 in a dose-dependent manner, without
marked effects on the total protein level of STAT3. Following
exposure to 20 uM CPT for 24 h, the expression of p-STAT3
was almost undetectable in the BxPC-3 cells. To clarify the
mechanism underlying the inhibition of STAT3 phosphoryla-
tion by CPT, the activities of STAT3 upstream regulators
were also determined following CPT exposure (Fig. 4A).
The results of the western blot analysis indicated that CPT
decreased the phosphorylation of the JAK2, Akt, mTOR and
ERK proteins only when the concentrations of CPT increased
to 20 M. The phosphorylation of STAT3 was inhibited ~70%
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Figure 3. Western blot analyses of the apoptosis- and cell cycle-associated proteins in the BxPC-3 cells following CPT treatment. The BxPC-3 cells were
exposed to different concentrations of CPT for 24 h, following which the cells were subjected to western blot analysis to determine the expression levels of
the indicated proteins. The density of the bands was further quantified using Gel-Pro Analyzer software. Data are expressed as the mean + standard deviation.
“P<0.05, vs. control group. CPT, cryptotanshinone; PARP, poly ADP ribose polymerase; bel-2, B cell lymphoma-2.

by 10 uM CPT, whereas the phosphorylation levels of the other
upstream proteins were not altered or were increased only
marginally by CPT at the same concentration. Furthermore,
the inhibition of the upstream kinases appeared later than the
inhibition of the STAT3 phosphorylation, according to the time
course analysis (Fig. 4B). As shown in Fig. 4B, the suppres-
sion of STAT3 phosphorylation occurred with 30 min in the
BxPC-3 cells. However, CPT had no effect on the activities
of JAK2 or mTOR following 6 h treatment with 30 M CPT,
and the phosphorylation level of Akt increased only margin-
ally. In addition, the expression of p-ERK was decreased
only when the treatment duration was increased to 2 h. These
results indicated that the inhibition of the STAT3 signaling
pathway by CPT occurred through a mechanism independent
of the above-mentioned upstream regulators, suggesting the
possibility that CPT directly inhibited the phosphorylation of
STAT?3 in the BxPC-3 cells. The suppression of other signaling
pathways following 24 h treatment appeared to be involved the
secondary effects of CPT in human pancreatic cancer.

Discussion

In the present study, it was demonstrated that CPT inhibited
the viability of BxPC-3 human pancreatic cancer cells by
arresting cell cycle at the G1-GO phase and inducing cell
apoptosis. The anticancer effect of CPT is associated with
inhibition of the activity of the STAT3 signaling pathway. The
results of the present study demonstrated that CPT may be
used a potential drug for adjuvant therapy or a complementary
alternative medicine for the management of pancreatic cancer.

Despite significant advances in modern medicine during
the last two decades, pancreatic cancer remains associated with
a high rate of mortality (1). Cytotoxic chemotherapy based on

the pyrimidine analogue, gemcitabine, remains the standard
approach in the adjuvant and palliative setting, however, the
resulting responses are minimal (19). Resistance to cytotoxic
chemotherapy has remained a major factor contributing
to the poor outcomes observed in patients with pancreatic
cancer (20). The activation of STAT3 regulates oncogenic
signaling in several types of tumor and leads to increased
cell survival, proliferation and tumor growth (21). Activated
STAT?3 has been considered as a potential biomarker of chemo-
therapeutic resistance, and inhibition of the STAT3 pathway as
a promising treatment strategy for pancreatic tumors (8). In
the present study, the effect of CPT, a potent STAT3 pathway
inhibitor, on BxPC-3 human pancreatic cells were investigated.
The results revealed that CPT inhibited proliferation through
the induction of apoptosis and cell cycle arrest in the BxPC-3
cells (Fig. 2). Furthermore, CPT decreased the activity of
the STAT3 pathway in a dose- and time-dependent manner.
Previous studies have indicated that CPT affects the STAT3
signaling pathway either directly or by alterations of certain
upstream regulators (14,22). The results of the present study
demonstrated that CPT significantly inhibited the activities of
JAK2, Akt, mTOR and ERK, when the duration of CPT expo-
sure increased to 24 h (Fig. 3). However, CPT only affected
the expression of p-STAT3 within 30 min, and no significant
effects on other proteins were observed, suggesting that CPT
regulated the STAT3 signaling pathway directly in the BxPC-3
cells.

Phytochemicals from dietary plants and other plant
sources, including herbs are becoming increasingly impor-
tant sources of anticancer drugs or compounds for cancer
chemopreventive or adjuvant chemotherapy (23). The use of
traditional Chinese herbs has exhibit beneficial effects in over-
coming apoptosis resistance in pancreatic cancer (24). CPT, a
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Figure 4. Effect of CPT on the activities of STAT3 and other survival-signaling pathways in the BxPC-3 cells. (A) Cells were treated with the indicated concentra-
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biologically active compound from the root of Salvia miltior-
rhiza, has exhibited significant anticancer effects in several
tumor cells. The results from a study by Chen et al suggested
that CPT is a potential drug for the treatment and prevention
of human lung cancer (25). The results of our previous study
indicated that CPT remained potent in tumor cells with an
MDR phenotype, suggesting its potential application in cancer
exhibiting a high level of chemotherapeutic resistance (12). In
the present study, CPT significantly decreased the viability
of the BxPC-3 pancreatic cancer cells via the induction of
apoptosis and cell cycle arrest, suggesting the possibility
of CPT being developed as an agent for pancreatic cancer
therapy. Previous studies have indicated that compounds from
herbal medicines may augment the sensitivity of pancreatic
cancer cells to gemcitabine, and the combination therapy with
natural products and cytotoxic agents has achieved promising
results. Von Hoff et al demonstrated that the combination of
nab-paclitaxel and gemcitabine significantly improve overall

survival rates and response rates in patients with metastatic
pancreatic adenocarcinoma (26). Enhanced antitumor efficacy
has also been observed following treatment with emodin and
gemcitabine in human pancreatic cancer cells (27,28). Of note,
CPT can also act synergistically with cytotoxic agents in other
cancer cells (16). Thus, a combination therapeutic approach
using CPT and gemcitabine in pancreatic cancer is promising
and requires further investigations in the future.

In conclusion, the results of the present study provide the
first evidence, to the best of our knowledge, that CPT inhib-
ited the proliferation of BxPC-3 cells by inducing apoptosis
and cell cycle arrest. The antitumor effect was found to be
associated with inhibition of the STAT3 pathway. Taking
into account the wide acceptance and low toxicity of plant
extracts, the results of the present study suggest the possibility
of further developing CPT as an alternative treatment option,
or using it as adjuvant chemotherapeutic agent in the treatment
of pancreatic cancer.
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