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Abstract

Pancreatic cancer is the fourth leading cause of cancer death. Gemcitabine is widely used as a chemotherapeutic agent for the
treatment of pancreatic cancer, but the prognosis is still poor. Berberine, an isoquinoline alkaloid extracted from a variety of natural
herbs, possesses a variety of pharmacological properties including anticancer effects. In this study, we investigated the anticancer
effects of berberine and compared its use with that of gemcitabine in the pancreatic cancer cell lines PANC-1 and MIA-PaCa2.
Berberine inhibited cell growth in a dose-dependent manner by inducing cell cycle arrest and apoptosis. After berberine treatment,
the G1 phase of PANC-1 cells increased by 10% compared to control cells, and the G1 phase of MIA-PaCaz2 cells was increased
by 2%. Whereas gemcitabine exerts antiproliferation effects through S-phase arrest, our results showed that berberine inhibited
proliferation by inducing G1-phase arrest. Berberine-induced apoptosis of PANC-1 and MIA-PaCa2 cells increased by 7 and 2%
compared to control cells, respectively. Notably, berberine had a greater apoptotic effectin PANC-1 cells than gemcitabine. Upon
treatment of PANC-1 and MIA-PaCa2 with berberine at a half-maximal inhibitory concentration (ICsg), apoptosis was induced by a
mechanism that involved the production of reactive oxygen species (ROS) rather than caspase 3/7 activation. Our findings showed

that berberine had anti-cancer effects and may be an effective drug for pancreatic cancer chemotherapy.
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Introduction

Pancreatic cancer is the fourth leading cause of cancer
death and is responsible for 6% of all cancer-related deaths
worldwide (1,2). Pancreatic cancer is difficult to diagnose in its
early stages and generally has a poor prognosis. For all
stages combined, the relative 1- and 5-year survival rates for
pancreatic cancer are approximately 25% and 6%, respec-
tively (1,2). Gemcitabine is the standard treatment after cancer
surgery, but the response rate is <20% (3-5). Thus, the
identification of new drugs and the development of improved
therapeutic strategies for pancreatic cancer are essential.

Berberine is an isoquinoline alkaloid isolated from a
variety of natural herbs such as berberis (Berberis aquifo-
lium, B. vulgaris, and B. aristata), Hydrastis canadensis,
Phellodendron amurense, Coptis chinensis, and Tinospora
cordifolia (6-8). Berberine is usually found in bark, stems,
rhizomes, and roots and has long been used as both a dye
and a medicinal herb in Indian Ayurvedic, Unani (9), and
Chinese medicine (10). A large number of studies have
shown that berberine possesses a variety of biochemical and
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pharmacological properties including antibacterial, antihy-
pertensive, anti-inflammatory, antidiabetic, and antioxidative
effects (10). Berberine is also known to possess anticancer
properties, and it has been reported (10) that these may vary
depending on cell type. In this study, we investigated the
growth-inhibitory effect of berberine on PANC-1 and MIA-
PaCa2 pancreatic cancer cells and found that it affected cell
cycle progression and apoptosis. We also observed that
berberine induced the generation of reactive oxygen species
(ROS), which ultimately facilitated apoptosis. Additionally, we
compared the anticancer effects of gemcitabine and
berberine by evaluating cellular growth, cell cycle, and
apoptosis in two pancreatic cancer cell lines.

Material and Methods

Cell culture
The human pancreatic cancer cell lines PANC-1 and
MIA-PaCa2 were obtained from American Type Culture
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Figure 1. Cell growth rate after treatment of PANC-1 (A,C) or MIA-PaCa2 (B,D) pancreatic cancer cell lines with berberine or
gemcitabine. The cells were treated with distilled water (control), berberine (A,B; 1, 5, 7, 10, or 15 uM) or gemcitabine (C,D; 0.5, 1, 5,
10, or 50 nM) for 72 h. Growth rate was calculated by trypan blue dye exclusion. Data showed relative cell survival rate as the
percentage vs that of control cells after berberine or gemcitabine treatment. *P<0.05, **P<0.01 versus control (Student’s t-test).

Collection (USA). They were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/
mL streptomycin (Gibco, USA). All cells were maintained
at 37°C in humidified air with 5% CO..

Treatment with gemcitabine and berberine

PANC-1 and MIA-PaCa2 cells were seeded at a
density of 5 x 10° cells. Cells were incubated for 72 h with
media containing 10 nM gemcitabine or 15 uM berberine
for PANC-1, and 7 nM gemcitabine or 10 uM berberine
for MIA-PaCa2. Cell viability was determined with trypan
blue dye exclusion assays. Data analyses for half-
maximal inhibitory concentration (ICsg) were performed
using Microsoft Excel 2010 (Microsoft Inc., USA).

Cell cycle analysis

Cells were collected by treatment with trypsin-EDTA,
washed twice with phosphate-buffered saline (PBS), and
fixed for at least 4 h by adding ice-cold 70% ethanol
(—20°C). The ethanol was subsequently removed after
centrifugation at 500 g for 5 min, and then cells were
washed with PBS and resuspended in PBS. Propidium
iodide (PI) staining solution containing Pl (50 puL/mL in
PBS; Sigma-Aldrich, USA), RNase (1 mg/mL in PBS,
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Sigma-Aldrich), and Triton X-100 was added to a fluores-
cence-activated cell sorting (FACS) tube in the dark at
room temperature. The cell cycle was analyzed by flow
cytometry using a FACSCalibur system (BD Biosciences,
USA) at excitation/emission wavelengths of 488/617 nm,
respectively, and all experiments were performed in
triplicate.

Cell apoptosis assay

The percentage of apoptotic cells was analyzed by
flow cytometry using an Annexin V assay kit (BD
Biosciences) following the manufacturer’s instructions.
Briefly, after treatment, cells were harvested with trypsin-
EDTA and washed twice in PBS. Cells were then
resuspended in 100 pL binding buffer, to which 5 uL
annexin V-fluorescein isothiocyanate (FITC) and 5 uL PI
were added, and then incubated at room temperature for
15 min in the dark. After incubation, 400 pL binding buffer
was added, and the percentage of apoptotic cells was
analyzed by flow cytometry using a FACSCalibur system.

Caspase 3[7 assay

Cells were seeded in white 96-well plates at densities of
2.5x10% 5% 10% and 1 x 10* cells. Cells were then treated
with berberine or gemcitabine, and after 24, 48, or 72 h,
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Figure 2. Cell cycle distribution after treatment of PANC-1 with berberine or gemcitabine. PANC-1 cells were treated with distilled water
(control), 15 uM berberine, or 10 nM gemcitabine for 72 h. The cell cycle distribution was analyzed by the ModFit LT software and
depicted using histograms (A) and bar plots (B). Cell cycle was analyzed as the percentage of cells at each stage of the cell cycle after
DNA staining with Pl. Data from a representative experiment (from a total of at least three) are shown. **P<0.01 versus controls

(Student’s t-test).

caspase 3/7 activities were measured with Caspase-Glo
3/7 assay (Promega, USA) following the manufacturer’s
instructions. The caspase 3/7 activity of berberine- and
gemcitabine-treated cells was calculated as caspase
activity relative to that in untreated cells.

Measurement of ROS

Intracellular ROS levels were determined by measur-
ing the oxidative conversion of cell-permeable 2',7'-
dichlorofluorescein diacetate (DCFH-DA, Sigma-Aldrich)
to fluorescent dichlorofluorescein (DCF) using a multilabel
plate reader (Victor3, Perkin Elmer, USA). Cells were
treated with berberine or gemcitabine for 24, 48, or 72 h.
The cells were washed with PBS and incubated with
DCFH-DA at 37°C for 30 min. Then, DCF fluorescence
distribution was detected by fluorospectrophotometric
analysis at an excitation wavelength of 488 nm and an
emission wavelength of 535 nm. The fluorescence inten-
sity was normalized according to the number of cells.

Statistical analysis

Statistical significance was determined with t-tests
using the SPSS software (version 20, IBM Corp., USA).
Data are reported as the means+SD of at least three

www.bjournal.com.br

independent experiments. P<0.05 was considered to be
statistically significant.

Results

Growth rate after treatment

In order to determine the effect of berberine on cell
growth, PANC-1 and MIA-PaCa2 were treated with 1-
15 uM berberine for 72 h. As shown in Figure 1A and B,
berberine treatment inhibited cell growth dose-depend-
ently in both PANC-1 and MIA-PaCa2 cells. Treatment
with 5-15 uM (PANC-1) and 1-15uM (MIA-PaCa2)
berberine significantly reduced cell viability. The ICsq
values of berberine were approximately 15 and 10 uM for
PANC-1 and MIA-PaCa2, respectively.

The growth-inhibitory effects of gemcitabine for
PANC-1 and MIA-PaCa2 were determined. Gemcitabine
inhibited growth in a dose-dependent manner. The ICsq
values were calculated as approximately 10 and 7 nM for
PANC-1 and MIA-PaCa2, respectively (Figure 1C and D).

Cell cycle profiles after treatment

Cell cycle progression was examined after treat-
ment with berberine. As shown in Figure 2, treatment of
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Figure 3. Cell cycle after treatment of MIA-PaCa2 with berberine or gemcitabine. MIA-PaCa2 cells were treated with distilled water
(control), 10 uM berberine, or 7 nM gemcitabine for 72 h. The cell cycle distribution was analyzed by the ModFit LT software and
depicted using histograms (A) and bar plots (B). Cell cycle was analyzed as the percentage of cells at each stage of the cell cycle after
DNA staining with PI. Data from a representative experiment (from a total of at least three) are shown. *P<0.05, **P<0.01 versus

control (Student’s t-test).

PANC-1 cells with 15 uM berberine for 72 h resulted in a
significantly higher percentage (61.1+1.7%) of cells in
the G1 phase than in the control group (51.1+0.8%), with
a corresponding reduction in the percentage of cells in the
S phase. Similar results were obtained for MIA-PaCa2
(55.4 +£1.1%) when treated with 10 uM berberine for 72 h
compared to the control group (53.7+0.5%) (Figure 3).
These data suggest that inhibition of cell proliferation or
induction of cell death in pancreatic cancer cells by
berberine is associated with the induction of G1 arrest.

In comparison, Figure 2 shows that treatment of
PANC-1 cells with gemcitabine increased the percentage
of cells in S phase to 60.1+6.0% and reduced the
percentage in the GO0/G1 phase to 28.7+4.2%.
Gemcitabine-treated MIA-PaCa2 cells had 67.0+2.7%
cells in S phase compared to only 30.0+0.4% in the
control cells (Figure 3). These data suggest that gemci-
tabine inhibited pancreatic cancer cell proliferation by
inducing S-phase cell cycle arrest.

Cell apoptosis after treatment

To investigate the apoptotic effect of berberine, PANC-
1 and MIA-PaCa2 cells were treated with berberine for
72 h, and apoptotic cells were assessed by staining with
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annexin V and PI. Early apoptotic cells are shown in the
lower-right quadrant of the scatter plot, and live cells are in
the lower-left quadrant (Figure 4). Berberine-induced
apoptosis of PANC-1 cells increased by 12.2+1.6%
compared to 5.0+1.1% in control cells (Figure 4C).
Apoptosis of MIA-PaCa2 cells increased 5.7+0.3%
compared to 2.8+1.1% in control cells (Figure 4D).
These results showed that berberine induced cell death
through apoptosis in both pancreatic cancer cell lines.

Gemcitabine-induced apoptosis of PANC-1 cells was
increased to 8.6+2.1% compared to control cells
(5.0+1.1%), and apoptosis of MIA-PaCa2 cells was
increased to 6.2+1.7% compared to control cells
(2.8+1.1%) (Figure 4C and D). The results suggest that
the relative apoptosis efficacy of berberine in MIA-PaCa2
cells is roughly equivalent to that of gemcitabine.
However, berberine induced more apoptosis in PANC-1
cells than did gemcitabine.

Caspase 3/7 activity after treatment

To determine whether apoptosis after treatment with
berberine or gemcitabine was caspase 3/7-dependent,
PANC-1 cells were treated with 1Cs9 values of 15 uM
berberine and 10 nM gemcitabine. MIA-PaCa2 cells were
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Figure 4. Annexin V staining after treatment with berberine and gemcitabine. A, PANC-1 cells were treated with distilled water (control),
15 uM berberine, or 10 nM gemcitabine for 72 h. B, MIA-PaCa2 cells were treated with distilled water, 10 uM berberine, or 7 nM
gemcitabine for 72 h. C, PANC-1 cells were treated with distilled water, 15 uM berberine, or 10 nM gemcitabine for 72 h. D, MIA-
PaCa2 cells were treated with distilled water, 10 uM berberine, or 7 nM gemcitabine for 72 h. All cells were stained with FITC-
conjugated annexin V in a buffer containing Pl and analyzed by flow cytometry. Data are reported as means + SD from a representative
experiment (from a total of at least three). *P<0.05, **P<0.01 versus control (Student’s t-test).

also treated with IC5q values of 10 uM berberine and 7 nM
gemcitabine for 72 h. There was no change in relative
caspase 3/7 activity, suggesting that the apoptosis was
caspase 3/7-independent with ICsy concentrations of
berberine and gemcitabine. Figure 5A shows that when
treated with 10, 50, 100, or 200 uM berberine, PANC-1
and MIA-PaCaz2 cells did not show significant caspase 3/7
activation compared to untreated cells. However, caspase
3/7 activity for PANC-1 cells gradually increased with
higher concentrations of gemcitabine. When the gemci-
tabine concentration was increased from 10 to 50 nM for
a 72-h treatment period, caspase 3/7 activity for MIA-
PaCa2 increased abruptly and then gradually decreased
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with further increases in gemcitabine concentration
(Figure 5B). To better explain this phenomenon, the
relative activity was examined over time with varying
concentrations of the chemicals. In the case of gemcita-
bine, the relative activity with PANC-1 increased gradually
with time up to 72 h (Figure 6A). With increasing
concentrations of berberine, activity peaked at 48 h and
decreased at 72 h (Figure 6B). The relative activity with
MIA-PaCa2 was also examined. In the case of gemcita-
bine, activity gradually increased up to 72 h. However, in
the case of berberine, activity was highest at 24 h and
decreased with time (Figure 7). Collectively, these data
indicate that the apoptotic response with berberine was
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Figure 5. Caspase 3/7 activity analyses of PANC-1 and MIA-
PaCa2 cells after 72-h treatment with berberine (A) and with
gemcitabine (B). Data are reported as mean activity (n=3)
relative to control + SD. *P<0.05, **P<0.01 versus control
(Student’s t-test).

much quicker in both cell lines, but especially in MIA-
PaCa2. This result also indicates that the apoptotic
response induced by caspase 3/7 activity should be
assessed at many time points; a single measurement is
not sufficient.

Following gemcitabine treatment (Figure 5B), pancrea-
tic cancer cells did not show significant caspase 3/7
activation at a lower concentration of gemcitabine (10 nM)
for 72 h. However, at higher concentrations (=50 nM)
PANC-1 cells exhibited higher caspase 3/7 activation, but
to a lower extent than observed for MIA-PaCa2. On the
other hand, PANC-1 treated with berberine for 48 h
showed higher overall caspase 3/7 activation than MIA-
PaCa2 treated with berberine for 24 h (Figures 6B and 7B).
These results suggest that caspase 3/7 was activated
earlier by berberine than by gemcitabine, and that the
mechanism for cell death was caspase 3/7-independent at
a lower berberine concentration (ICso). The results in
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Figure 6. A, Caspase 3/7 activities after treatment of PANC1
cells with gemcitabine (A) and with berberine (B) for 24, 48, and
72 h. Data are reported as means = SD activity (n=3) relative to
control. *P<<0.05, **P<0.01 versus control (Student’s t-test).

Figures 6 and 7 also suggest that the cell death mechanism
is caspase 3/7-dependent at high concentrations of both
berberine (=50 uM) and gemcitabine (=50 nM).

Intracellular ROS levels after treatment

We determined the effect of ROS generation induced by
berberine or gemcitabine in PANC-1 and MIA-PaCa2 cells.
ROS production in PANC-1 cells incubated with 10 nM
gemcitabine or 10 uM berberine for 72 h was nearly 4 times
that of control cells (Figure 8). ROS production in PANC-1
cells was dose dependent. For MIA-PaCa2 cells treated
with 10 nM gemcitabine for 72 h, ROS production
increased approximately 2.7-fold. In cells treated with
10 uM berberine, ROS production increased 2.6-fold
relative to control cells (data not shown). The proportion
of ROS production in MIA-PaCa2 cells was also dose
dependent. Our results showed that treatment with both
gemcitabine and berberine for 72 h significantly increased
ROS levels in a dose-dependent manner. The phenomenon
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control. *P<0.05, **P<0.01 versus control (Student’s t-test).

was also observed following treatment for 24 and 48 h.
When treated with the same concentration for the same
amount of time, the overall ROS level in PANC-1 cells was
higher than that in MIA-PaCa2 (data not shown).

Discussion

The poor prognosis for pancreatic cancer underscores
the need to identify new therapeutic agents and targets.
Recent studies have shown that berberine exerts a variety
of pharmacological effects and contributes to the inhibition
of cell proliferation of a variety of cancers (11-15). Here,
we tested its anticancer effects in PANC-1 and MIA-
PaCa2 human pancreatic cancer cells.

Berberine significantly inhibited the proliferation and
reduced the viability of PANC-1 and MIA-PaCa2 cells.
These results suggest that berberine may be an effective
chemotherapeutic agent for pancreatic cancer. The
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inhibitory effect of berberine on pancreatic cancer cells
was also due to its ability to induce cell cycle arrest.
Whereas G1 arrest was induced with berberine treatment,
arrest in the S phase was induced when PANC-1 cells
were treated with gemcitabine for 72 h. The same results
were obtained with MIA-PaCa2. Collectively, these results
suggest that berberine inhibits pancreatic cancer cell
proliferation by inducing G1-phase cell cycle arrest. These
results are in agreement with various studies that treated
other cancer cell lines with berberine. It has been reported
that berberine inhibits growth by inducing G1-phase arrest
in cholangiocarcinoma cells, prostate cancer cells, and
lung cancer cells; berberine also inhibits cell growth by
causing G2/M-phase arrest in prostate cancer cells
(10,16-18).

The G1 phase can allow cells to induce repair
mechanisms or apoptotic pathways. Thus, the effects of
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berberine on apoptosis induction of PANC-1 and MIA-
PaCa2 cells were determined, and the results indicated
that treatment of pancreatic cancer cells with berberine
effectively induced apoptosis, as has been observed for
breast cancer, prostate cancer, and colorectal cancer
cells (10,19-21). A recent study reported that berberine
efficiently suppresses cancer stem cells (22). In particular,
the current results indicated that berberine had a greater
apoptotic effect in PANC-1 cells than did gemcitabine,
which is considered the standard treatment for pancreatic
cancer. In some cancers, cells can become resistant to
apoptosis and do not respond to chemotherapeutic
agents (23). Thus, a variety of agents are useful, as long
as they can induce apoptosis via either caspase-
dependent or caspase-independent pathways. Upon
treatment of PANC-1 and MIA-PaCa2 for 72 h at ICsq,
the caspase 3/7 activities were almost the same as in
control cells. This effect of berberine has also been
observed in another pancreatic cancer cell line, PxPC-3
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