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Paeoniflorin inhibits human pancreatic cancer cell
apoptosis via suppression of MMP-9 and ERK signaling
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Abstract. Paeoniflorin exhibits anticancer, anti-inflammatory
and antioxidation effects, as well as specific pharmacological
effects on smooth muscle and the immune, cardiovascular and
central nervous systems. The present study aimed to investi-
gate the anticancer effects of paeoniflorin on pancreatic cancer
cells and to elucidate the mechanisms by which these effects
occur. In the present study, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide and lactate dehydrogenase assays
were performed to assess cell viability and cell cytotoxicity of
BXPC-3 human pancreatic cancer cells, respectively. Cellular
apoptosis and caspase-3/9 activities were analyzed using an
Annexin V-fluorescein isothiocyanate/propidium iodide Apop-
tosis Detection kit, a DAPI staining assay and colorimetric kits,
respectively. Matrix metalloproteinase-9 (MMP-9) and extra-
cellular signal-regulated kinases (ERK) protein expression in
BXPC-3 cells were also investigated using gelatin zymography
assays and western blot analysis, respectively. In the present
study, paeoniflorin was found to inhibit the cell viability and
increase cell cytotoxicity of BXPC-3 cells in a dose- and
time-dependent manner. In addition, cellular apoptosis, as well
as caspase-3 and -9 activity of BXPC-3 cells was increased
following paeoniflorin treatment. Notably, paeoniflorin reduced
MMP-9 and ERK protein expression in BXPC-3 cells. These
results indicate that paeoniflorin exhibits a potential anticancer
effect by enhancing human pancreatic cancer cell apoptosis via
the suppression of MMP-9 and ERK signaling.

Introduction
Although pancreatic cancer is not a common human malig-

nancy, the mortality rate is extremely high at ~100%, which
is the leading cause of cancer-related mortality (1). In recent
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years, economic development, improvements in standards of
living and aging populations have led to an increase in the
incidence of pancreatic cancer (2).

Matrix metalloproteinase-9 (MMP-9) is a protease closely
associated with tumor invasion and metastasis, as well as
the degradation of the basement membrane during vascular
formation (3). Angiogenesis is closely associated with tumor
growth and metastasis, and microvessel density is an objec-
tive indicator that reflects the angiogenesis of tumor tissues.
Peng et al showed that increased MMP-9 expression induced
by pancreatic cancer cells mediates natural killer cell dysfunc-
tion (4). Guo et al reported that ginsenoside Rg3 inhibited
pancreatic cancer via the downregulation of MMP9/MMP2
expression (5).

Extracellular signal-regulated kinases (ERK) are a
subfamily of the mitogen-activated protein kinase (MAPK)
family, that may be activated by a number of cytokines and
growth factors to mediate cell proliferation, differentiation
and signal transduction (6). ERK1 and ERK?2 are two impor-
tant family members, and the signal transduction pathways
in which they are involved are closely associated with the
occurrence and development of tumors (7). Furthermore,
Tyagi et al (8) indicated that P-21 activated kinase 4 promotes
the proliferation and survival of pancreatic cancer cells
via the ERK pathway. In addition, Li ef al (9) reported that
hyperglycemia regulates the thioredoxin-interacting protein/
thioredoxin/reactive oxygen species axis of pancreatic cancer
via the p38 MAPK and ERK pathways. Zheng et al (10)
reported that gemcitabine inhibited tumour growth and
promoted apoptosis of pancreatic cancer via upregulation of
pERK1/2 levels. Showalter ef al (11) showed that naturally
occurring vitamin K inhibits pancreatic cancer cell survival
via the suppression of ERK phosphorylation.

Paeoniflorin was first isolated from the Ranunculaceae
plant, peony in 1963 (12). Previous studies have shown that
paeoniflorin exhibits antispasmodic, analgesic, antipyretic,
anti-inflammatory, anti-ulcer, anti-oxidation, anti-coagulation
and regulatory effects; however, the mechanism remains
unclear, and a number of receptors and ion channels have been
implicated as major targets of paeoniflorin's pharmacological
effects (13-16). Paeoniflorin inhibited human pancreatic
cancer apoptosis, and the mechanisms are considered to be
involved with MMP-9 expression and ERK signaling path-
ways. Thus, the aim of the present study was to investigate the
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anticancer effects and molecular mechanisms of paeoniflorin
on human pancreatic cancer cell apoptosis.

Materials and methods

Reagents. The chemical structure of paeoniflorin (purity
=98%; Sigma-Aldrich, St. Louis, MO, USA) is shown in
Fig. 1. Gibco Dulbecco's modified eagle medium (DMEM)
and fetal calf serum (FBS) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was obtained from Sangon Biotech Co., Ltd., (Shanghai,
China). The Annexin V-fluorescein isothiocyanate (FITC)/
propidiumiodide (PT) Apoptosis Detection kit and BCA protein
assay kit were obtained from Sigma-Aldrich. Caspase-3 and
caspase-9 Activities Assay Kits were purchased from Nanjing
KeyGen Biotech Co., Ltd. (Nanjing, China).

Cell line and culture conditions. The BXPC-3 human pancre-
atic cancer cell line was obtained from the Shanghai Institute
of Cell Biology, Chinese Academy of Sciences (Shanghai,
China). BXPC-3 cells were cultured with DMEM supple-
mented with 10% FBS, 100 U/ml penicillin and 100 U/ml
streptomycin in a humidified chamber at 37°C in 5% CO,.
The culture medium was replaced every 2-3 days with
fresh complete medium (DMEM containing 10% FBS with
100 U/ml penicillin and 100 U/ml streptomycin).

Cell viability assay. BXPC-3 cells (5x10* cells/well) were
seeded in 96-well plates and cultured with DMEM in a humidi-
fied chamber at 37°C in 5% CO, for 24 h. Next, BXPC-3 cells
were cultured with 0, 6.25, 12.5 and 25 yM paeoniflorin for
0, 24,48 and 72 h, and cell viability was determined by MTT
assay. A total of 20 uI MTT (5 mg/1; Sangon Biotech Co., Ltd.)
was added to each well, and the plates were incubated for 4 h
in a humidified chamber at 37°C in 5% CO,. The medium
was discarded and 150 pl dimethyl sulfoxide was added to
each well and agitated for 20 min at room temperature. Cell
viability was determined at a wavelength of 490 nm using a
multi-well spectrophotometer (XL-818; Bio-Tek, Winooksi,
VT, USA).

Lactate dehydrogenase (LDH) assay. BXPC-3 cells
(5x10* cells/well) were seeded in 96-well plates and cultured
with DMEM in a humidified chamber at 37°C in 5% CO,.
BXPC-3 cells were then treated with 0, 6.25, 12.5 and
25 uM paeoniflorin for 0, 24,48 and 72 h, and cell cytotoxicity
was analyzed by LDH assay. A total of 100 1 LDH solution
was added to each well and incubated at room temperature
for 30 min. The absorbance was quantified at a wavelength
of 490 nm using a multi-well spectrophotometer (XL-818;
Bio-Tek).

Flow cytometry. BXPC-3 cells (1x10° cells/ well) were seeded
in 6-well plates and cultured with DMEM in a humidified
chamber at 37°C in 5% CO,. BXPC-3 cells were then treated
with 0, 6.25, 12.5 and 25 uM paeoniflorin for 48 h. Cellular
apoptotic rates of the BXPC-3 cells was determined using an
Annexin V-FITC/PI Apoptosis Detection kit (Sigma-Aldrich).
Briefly, BXPC-3 cells were washed twice (5 min each time)
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with ice-cold PBS and stained with 10 pl V-FITC at room
temperature for 30 min in darkness. Next, 5 ul PI was added
to the cells and incubated at room temperature for 10 min in
darkness. Cellular apoptosis was analyzed by flow cytometry
(EPICS® ALTRA™; Olympus Corporation, Tokyo, Japan).

DAPI staining assay. BXPC-3 cells (1x10° cells/per well)
were seeded in 6-well plates and cultured with DMEM in a
humidified chamber at 37°C in 5% CO,. BXPC-3 cells were
treated with 0, 6.25, 12.5 and 25 yM paeoniflorin for 48 h,
and the apoptotic rate of BXPC-3 cells was determined using
a DAPI staining assay. BXPC-3 cells were washed twice with
ice-cold PBS, fixed in 4% paraformaldehyde (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China), permeabilized
with 0.1% Triton X-100 and stained with 2 pg/ml DAPI
(Beyotime Institute of Biotechnology, Haimen, China) for
10 min. BXPC-3 cells were then observed under a fluores-
cence microscope (D810; Nikon Corporation, Tokyo, Japan).

Caspase-3 and -9 colorimetric protease assay. BXPC-3 cells
(1x108cells/well) were seeded in 6-well plates and cultured with
DMEM in a humidified chamber at 37°C in 5% CO,. BXPC-3
cells were treated with 0, 6.25, 12.5 and 25 uM paeoniflorin
for 48 h, and caspase-3 and -9 activity was determined using a
colorimetric protease assay. In accordance with the manufac-
turer's protocol (Nanjing KeyGen Biotech Co., Ltd.), BXPC-3
cells lysates were prepared in cell lysis buffer for 30 min on
ice and centrifuged at 12,000 x g for 15 min at 4°C. Supernate
was collected and the protein concentrations were determined
using a Pierce BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA). Equal amounts of protein
(40 ng) were mixed with reaction buffer (Ac-DEVD-pNA for
caspase-3, Ac-LEHD-pNA for caspase-9) and incubated at
37°C for 2 h in the dark. Caspase-3 and -9 activity was then
measured using a microplate reader (ELX800; Bio-Tek) at an
absorbance of 405 nm.

Gelatin zymography assays of MMP-9 activity. BXPC-3 cells
(1x10° cells/well) were seeded in 6-well plates and cultured
with DMEM in a humidified chamber at 37°C in 5% CO,.
BXPC-3 cells were treated with 0, 6.25, 12.5 and 25 uM
paeoniflorin for 48 h, and the MMP-9 activity of BXPC-3
cells was determined by gelatin zymography assays. Equal
volumes of sample (40 ul) were mixed with sodium dodecyl
sulfate (SDS) sample buffer (Tiandz Inc., Beijing, China).
The miscible liquids were subjected to 10% SDS-PAGE gels
polymerized with 1 mg/ml gelatin (Tiandz Inc.). The gel was
then washed three times for 20 min at room temperature in
2.5% Triton X-100 to remove SDS following electrophoresis.
Next, the gel was incubated in radioimmunoprecipitation
buffer (Nanjing KeyGen Biotech Co., Ltd.) at 37°C for 12 h.
The gel was stained with 0.05% Coomassie brilliant blue stain
R-250 (Beyotime Institute of Biotechnology) was used to
stain followed by destaining with 7% acetic acid (Sinopharm
Chemical Reagent Co., Ltd.).

Western blot analysis of ERK protein expression. BXPC-3
cells (1x10° cells/well) were seeded in 6-well plates and
cultured with DMEM in a humidified chamber at 37°C in
5% CO,. BXPC-3 cells were treated with 0, 6.25, 12.5 and



Figure 1. Chemical structure of paeoniflorin.
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Figure 2. Effect of 0, 6.25, 12.5 and 25 M paeoniflorin treatment on cell
viability at various time points. “P<0.01 vs. 0 #M paeoniflorin treatment
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Figure 3. Effect of 0, 6.25, 12.5 and 25 paeoniflorin treatment on cell cytotox-
icity at various time points. “P<0.01 vs. 0 #M paeoniflorin treatment group.

25 uM paeoniflorin for 48 h, and ERK protein expression
was determined by western blot analysis. Briefly, the cells
were washed with cold PBS and incubated with ice-cold lysis
buffer for 30 min on ice. BXPC-3 cell liquid was collected
and centrifuged at 12,000 x g for 15 min at 4°C. The protein
concentrations were determined using a Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Inc.). Equal protein
was separated using 12% SDS-polyacrylamide gels with
Coomassie Brilliant Blue, and transferred to a polyvinylidene
fluoride membrane (0.22 mm; EMD Millipore, Bedford,
MA, USA). The blotted membranes were then blocked
with Tris-buffered saline containing 5% non-fat milk to
block nonspecific binding sites. The transferred membrane
was incubated with polyclonal rabbit anti-ERK (1:1,500;
sc-292838; Santa Cruz Biotechnology, Dallas, TX, USA)
and polyclonal rabbit anti-B-actin (1:500; sc-130657; Sangon
Biotech Co.,Ltd.,) antibodies overnight at 4°C. The membrane
was washed with TBST and incubated with rabbit anti-mouse
immunoglobulin G horseradish peroxidase-conjugated
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antibody (1:5,000; A1949, Sigma-Aldrich) for 1 h. Then the
proteins were detected using enhanced chemiluminescence
using an ECL Advanced Western Blot detection Kit (Tiangen
Biotech Co., Ltd., Beijing, China). and then the proteins were
detected using enhanced chemiluminescence using an ECL
Advanced Western Blot detection Kit (Tiangen Biotech Co.,
Ltd., Beijing, China).

Statistical analysis. All statistical analyses were performed
using SPSS 19.0 statistical software (SPSS Inc., Chicago,
IL, USA) and representative of at least three independent
experiments. Analysis of variance was performed to compare
multiple data. Data are expressed as the mean + standard
deviation of at least three independent experiments. P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

Effect of paeoniflorin on cell viability. The effect of paeoni-
florin on the cell viability of BXPC-3 cells was determined
using MTT assays. As shown in Fig. 2, treatment with 6.25,
12.5 and 25 uM paeoniflorin decreased cell viability in a
dose- and time-dependent manner. Following treatment
with 6.25 uM paeoniflorin for 72 h, and treatment with 12.5
and 25 uM paeoniflorin for 48 and 72 h, the cell viability
of BXPC-3 cells was significantly reduced when compared
with the O uM paeoniflorin-treatment group (P<0.01; Fig. 2).
Based on these results, a dose of 12.5 yuM paeoniflorin and
a treatment duration of 48 h were selected for further study.

Effect of paeoniflorin on cell cytotoxicity. The effect of
paeoniflorin on BXPC-3 cell cytotoxicity was investigated
using the LDH release assay. As shown in Fig. 3, cell cytotox-
icity of BXPC-3 cells increased following treatment with 6.25,
12.5 and 25 uM paeoniflorin, in a dose- and time-dependent
manner. Notably, in cells treated with 6.25 yM paeoniflorin
for 72 h, and 12.5 and 25 uM paeoniflorin for 48 and 72 h,
cell cytotoxicity of BXPC-3 cells was significantly increased
when compared with the O M paeoniflorin treatment group
(P<0.01; Fig. 3).

Effect of paeoniflorin on cellular apoptosis. To determine the
effect of paeoniflorin on cellular apoptosis of BXPC-3 cells,
the levels of cellular apoptosis were analyzed by Annexin
V-FITC/PI apoptosis and DAPI staining assays. Treatment
with 6.25, 12,5 and 25 yM paeoniflorin for 48 h induced a
concentration-dependent increase in cellular apoptosis of
BXPC-3 cells (Fig. 4A-B). As shown in Fig. 4A, treatment with
12.5 and 25 uM paeoniflorin resulted in a significant increase
in cellular apoptosis of BXPC-3 cells at 48 h when compared
with that of the 0 uM paeoniflorin-treatment group (P<0.01;
Fig. 4A). In addition, DAPI staining revealed that cellular
apoptosis of BXPC-3 cells was increased in the 6.25, 12.5 and
25 uM paeoniflorin treatment groups at 48 h when compared
with the O xM paeoniflorin treatment group (Fig. 4B).

Effect of paeoniflorin on caspase-3 and -9 activity. The effect
of paeoniflorin treatment on caspase-3 and caspase-9 activity
of BXPC-3 cells was also assessed. Caspase-3 and caspase-9
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Figure 4. Effect of 0, 6.25, 12.5 and 25 M paeoniflorin treatment on cellular apoptosis of BXPC-3 cells, following treatment for 48 h. (A) Quantification of
flow cytometry results. “P<0.01 vs. 0 M paeoniflorin treatment group. (B) DAPI staining assay.
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Figure 5. Effect of treatment with 0, 6.25, 12.5 and 25 M paeoniflorin for 48 h on (A) caspase-3 and (B) -9 activity of BXPC-3 cells. “P<0.01 vs. 0 gM
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Figure 6. Effect of treatment with 0, 6.25, 12.5 and 25 M paeoniflorin for 48 h on MMP-9 activity. (A) The effects of genistein on MMP-9 activity of BXPC-3
cells by gelatin zymography assays and (B) quantification of MMP-9 activity in BXPC-3 cells. “P<0.01 vs. 0 #M paeoniflorin treatment group. MMP-9, matrix
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Figure 7. Effect of treatment with 0, 6.25, 12.5 and 25 ;M paeoniflorin for 48 h on ERK protein expression. (A) Western blot analysis and (B) quantification of
ERK protein expression of BXPC-3 cells. “P<0.01 vs. 0 #M paeoniflorin treatment group. ERK, extracellular signal-regulated kinase.

activity of BXPC-3 cells was significantly increased following
48 h treatment with 12.5 and 25 pM paeoniflorin when
compared with that of 0 uM paeoniflorin (P<0.01; Fig. 5A
and B). These results indicate that paeoniflorin may promote
cellular apoptosis of BXPC-3 cells.

Effect of paeoniflorin on MMP-9 activity. To investigate the
effect of paeoniflorin on BXPC-3 cells, MMP-9 activity of
BXPC-3 cells was evaluated by gelatin zymography assays.
The MMP-9 activity of BXPC-3 cells was significantly
reduced by treatment with 12.5 and 25 M paeoniflorin for



48 h when compared with that of the O uM paeoniflorin treat-
ment group (P<0.01; Fig. 6A and B).

Effect of paeoniflorin on ERK protein expression. ERK
protein expression of BXPC-3 cells was analyzed using
western blot analysis. The ERK protein expression of
BXPC-3 cells was significantly increased following 12.5
and 25 uM paeoniflorin treatment for 48 h, when compared
with that of the 0 yM paeoniflorin treatment group (P<0.01;
Fig. 7A and B).

Discussion

The early symptoms of high-grade malignant pancreatic
tumors are not clear, and thus the majority of tumors are
identified at an advanced stage, yielding a low surgical resec-
tion rate (17). As a result of recent changes in human behavior
and diet, the worldwide incidence of pancreatic cancer has
been increasing annually (18). Pancreatic cancer results
from the interaction between genetic and environmental
factors, which may be associated with genetic susceptibility
as a result of genetic mutation, genetic polymorphism and
epigenetic factors. Recently, certain risk factors which are
associated with pancreatic cancer, including smoking,
obesity, alcohol consumption, chronic pancreatitis and
diabetes, have increasingly gained attention (19). In the
current study, paeoniflorin was found to decrease cell
viability and increase cell cytotoxicity of BXPC-3 cells in
a dose- and time-dependent manner. In addition, levels of
BXPC-3 cellular apoptosis were increased following paeoni-
florin treatment. Notably, the activity of caspase-3 and -9 in
BXPC-3 cells was increased by paeoniflorin treatment. In a
previous study, Lu er al reported that paeoniflorin inhibited
the tumor invasion and metastasis of HepG2 and Bel-7402
human hepatocellular carcinoma cells via the suppression of
MMP-9 and ERK (20). Wang et al showed that paeoniflorin
inhibited the growth of human colorectal cancer cells via
regulation of p53/14-3-3C (21).

MMP-9 degrades IV and V collagen and gelatin in
the extracellular matrix, which facilitates the growth of
tumor blood vessels to mesenchyme and subsequently, the
microvessel density of tumor blood vessels increases, leading
to continual tumor growth and distant metastasis (22). A
previous study showed that the positive expression rate of
MMP-9 is 50% in pancreatic cancer patients, and in cases
accompanied by liver metastasis, the positive rate of MMP-9
expression is 66.7%, which indicates MMP-9 may be associ-
ated with pancreatic cancer liver metastases (23). The present
study demonstrated that MMP-9 activity of human pancreatic
cancer BXPC-3 cells was significantly reduced by paeoni-
florin treatment, which is in agreement with the results of
Lu er al (20) which indicated paeoniflorin inhibited the tumor
invasion and metastasis of human hepatocellular cancer cells
via suppression of MMP-9 and ERK. Ji et al (24) reported
that paeoniflorin suppressed type I collagen synthesis via the
inhibition of MMP-1 mRNA expression.

Activated ERK kinase causes cell proliferation and
differentiation (25). Jun protein Jen encoded by c-jun belongs
to the members of activated protein (AP-1) family, and is a
downstream target gene of the MAPK family. Many tumor
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genes mediate transformed tumorigenic effect by AP-1
family signal transduction pathway, and activated AP-1
family promotes cell transformation and cancerization,
participating in all the links including extracellular matrix
degradation, abnormality and angiogenesis of metastatic
tumor newborn vessels by downstream target gene expres-
sion (26). The results of the present study showed that
paeoniflorin significantly reduced ERK protein expression
levels in human pancreatic cancer BXPC-3 cells. Chen et al
showed that paeoniflorin attenuated cerebral infarction via
downregulation of mitogen-activated protein kinase kinase
(MEK), phosphorylated-MEK and ERK (27). In addition,
paeoniflorin inhibited the tumor invasion and metastasis
of hepatocellular carcinoma cells via downregulation of
MMP-9 and ERK expression (20).

In conclusion, the results of this study suggest that paeoni-
florin decreases cell viability and promote cellular apoptosis
of human pancreatic cancer BXPC-3 cells. Furthermore,
these results indicate that MMP-9 and ERK may signifi-
cantly contribute to the anticancer effects of paeoniflorin.
However, further studies are required to identify additional
signaling pathways that are affected by paeoniflorin, which
may elucidate to the mechanism of its anticancer effects in
pancreatic cancer cells.
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