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Metformin induces apoptosis of pancreatic cancer cells
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Abstract

AIM: To assess the role and mechanism of metformin
in inducing apoptosis of pancreatic cancer cells.
METHODS: The human pancreatic cancer cell lines
ASPC-1, BxPc-3, PANC-1 and SW1990 were exposed
to metformin. The inhibition of cell proliferation and
colony formation via apoptosis induction and S phase
arrest in pancreatic cancer cell lines of metformin was
tested.

RESULTS: In each pancreatic cancer cell line tested,
metformin inhibited cell proliferation in a dose
dependent manner in MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium assays). Flow cytometric analysis showed
that metformin reduced the number of cells in G1 and
increased the percentage of cells in S phase as well as
the apoptotic fraction. Enzymelinked immunosorbent
assay (ELISA) showed that metformin induced apoptosis
in all pancreatic cancer cell lines. In Western blot
studies, metformin induced poly-ADP-ribose polymerase
(PARP) cleavage (an indicator of caspase activation)
in all pancreatic cancer cell lines. The general caspase
inhibitor (VAD-fmk) completely abolished metformin-
induced PARP cleavage and apoptosis in ASPC-1 BxPc-3
and PANC-1, the caspase-8 specific inhibitor (IETD-
fmk) and the caspase-9 specific inhibitor (LEHD-fmk)
only partially abrogated metformin-induced apoptosis
and PARP cleavage in BxPc-3 and PANC-1 cells. We
also observed that metformin treatment dramatically
reduced epidermal growth factor receptor (EGFR)
and phosphorylated mitogen activated protein kinase
(P-MAPK) in both a time- and dose-dependent manner
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in all cell lines tested.

CONCLUSION: Metformin significantly inhibits cell
proliferation and apoptosis in all pancreatic cell lines.
And the metformin-induced apoptosis is associated
with PARP cleavage, activation of caspase-3, -8, and
-9 in a time- and dose-dependent manner. Hence,
both caspase-8 and -9-initiated apoptotic signaling
pathways contribute to metformin-induced apoptosis in
pancreatic cell lines.
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INTRODUCTION

The incidence of pancreatic cancer has steadily increased
year by year, however its prognosis is still dismal, despite
of all efforts in early diagnosis and therapy. Even with
a complete surgical resection, the 5-year survival rate
is < 20%!". It is the fourth leading cause of cancer-
related deaths in Western industrialized countries™. In
2000, it was estimated that more than 33700 new cases
of pancreatic cancer would be diagnosed in the United
States, with virtually the same number of deaths (32300)
from this disease”. Conventional therapies associated
with surgery and radiotherapy often in combination with
chemotherapy show modest efficacy in local control
and palliation and no real progress in patient survival ™.
Thus, novel approaches to human pancreatic carcinoma
therapy are urgently needed.

Metformin (1,1-dimethylbiguanide hydrochloride)
is the most widely prescribed anti-hyperglycemic agent
in the world. It reduces blood glucose, is not associated
with significant toxicity or hypoglycemia, increases
insulin sensitivity and reduces serum insulin levels'”.
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Population-based studies have shown that patients
treated with metformin exhibit unexpected but beneficial
reductions in both obesity and cancer of several
subtypes'”. We have studied the effects of metformin
on pancreatic cancer and identified novel molecular
mechanisms of metformin activity.

MATERIALS AND METHODS

Reagents

Metformin was purchased from Sigma Chemical
Co., MO and dissolved in sterile water to make a 1M
stock solution. Caspase-3 substrate, Ac-DEVD-pNA,
caspase-8 substrate, Ac-IETD-pNA, and caspase-9
substrate, Ac-LEHD-pNA, were obtained from Alexis
Biochemicals, San Diego, CA. Specific pan-caspase
inhibitor, z-VAD-fmk, caspase-8 inhibitor, z-IETD-fmk,
and caspase-9 inhibitor, z-LEHD-fmk, were obtained
from BD Biosciences, San Jose, CA.

Antibodies for Western blot analysis were from
following sources: caspase-8 mouse mAb (1C12),
caspase-9 polyclonal antibody, and caspase-3 rabbit
mAb (8G10), P-MAPK (Phospho-p44/42 MAP Kinase
Thr202/Tyr204), Akt, and P-Akt (Phospho-Akt, Ser-473)
(Cell Signaling Technology, Inc., Beverly, MA); MAPK
(ERK2) (Santa Cruz, CA, USA); Poly (ADP-ribose)
polymerase (PARP) mAb (C-2-10) (BIOMOL Research
Laboratories Inc., Plymouth Meeting, PA); EGFR mouse
mAb (clone F4), B-actin mouse mAb (clone AC-75)
(Sigma Chemical Co.). All other reagents were purchased
from Sigma Chemical Co. unless otherwise specified.

Cells and cell culture

The human pancreatic cancer cell lines SW1990 ASPC-1
BxPc-3 PANC-1 were obtained from the American Type
Culture Collection (ATCC, Rockville, MD) and maintained
in RPMI 1640 (Life Technologies). All cell lines were
cultured at a 37°C humidified atmosphere containing 95%
air and 5% CO, and were split twice a week.

Cell proliferation assay

The CellTiter96™ AQ non-radioactive cell proliferation
kit (Promega Corp., Madison, WI) was used to determine
the cell viability. In brief, cells were plated onto 96-well
plates with complete medium for 24 h incubation in a
37°C humidified atmosphere containing 95% air and 5%
CO,. Cells were then grown in either 0.1 mL medium
with 5% FBS as control, or 0.1 mL of the same medium
containing a series of doses of metformin and incubated
for another 72 h. After reading all wells at 490 nm
with a micro-plate reader, the percentages of surviving
cells from each group relative to controls, defined as
100% survival, were determined by reduction of MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt).

Clonogenic assay

In brief, cells were seeded into 6-well plates in triplicates
at a density of 100-500 cells/well in 2 mL of medium
containing 10% fetal bovine serum (FBS). After 24 h

incubation, cells were then cultutred with medium with 5%
FBS as control, or the same medium containing a series
of doses of metformin for 14 d in a 37°C humidified
atmosphere containing 95% air and 5% CO,. The cell
clones were stained for 15 min with a solution containing
0.5% crystal violet and 25% methanol, followed by three
rinses with tap water to remove excess dye. The colony
numbers were counted with gel documentation system

EAGLE EYETM II (Stratagene, La Jolla, CA).

Flow cytometric analysis

Flow cytometric analyses were performed to define
the cell cycle distribution for metformin treated and
untreated cells. In brief, cells grown in 100-mm culture
dishes were harvested by trypsinization and fixed with
70% ethanol. Cells were stained for total DNA content
with a solution containing 50 ug/ mL propidium iodide
and 100 ug/ mL RNase I in phosphate buffered saline
(PBS) for 30 min at 37°C. Cell cycle distribution was
then analyzed at the Flow Cytometry Core Facility of
UCDHSC with a FACScan flow cytometer (Becton
Dickinson, San Jose, CA, USA).

Caspase enzymatic activity assay

Caspase enzymatic activities were measured using
a modified colorimetric assay kit from Clontech
Laboratories, Inc. (Palo Alto, CA). The assay was based
on spectrophotometric detection of the chromophore
p-nitroanilide (pNA), which is cleaved from caspase-
specific substrates by activated caspases (DEVD-pNA by
activated caspase-3, IETD-pNA by activated caspase-8,
and LEHD-pNA by activated caspase-9).

Quantification of apoptosis

An apoptosis ELISA kit (Roche Diagnostics Corp.)
was used to quantitatively measure cytoplasmic histone-
associated DNA fragments (mononucleosomes and
oligonucleosomes). This photometric enzyme immunoassay
was performed according to the manufacturer’s instructions.

Western blotting analysis

Protein expression levels were determined by Western
blot analysis. Briefly, cells were lysed in a buffer containing
50 mmol/L Tris, pH 7.4, 50 mmol/L NaCl, 0.5%
NP-40, 50 mmol/L NaF 1 mmol/L Na,;VO,, 1 mmol/L
phenylmethylsulfonyl fluoride, 25 g/ml. leupeptin, and
25 g/ml. aprotinin. The lysates were centrifuged at full
speed in a microcentrifuge for 20 min and the supernatants
wete collected for protein concentration determination by
the Coomassie Plus protein assay reagent (Pierce Chemical
Co., Rockford, IL). Equal amounts of cell lysates were
boiled in Laemmli SDS-sample buffer, resolved by SDS-
PAGE, and Western blot analysis with specific antibodies as
described in the Figure legends.

RESULTS

Metformin inhibits cell proliferation/survival in
pancreatic cancer cells
In each pancreatic cancer cell line tested, metformin
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Figure 1 Metformin inhibits proliferation/survival in the basal-like subtype of pancreatic cancer cells. A: ASPC-1, BxPc-3, PANC-1 and SW1990 were plated
onto 96-well plates with either complete medium or medium containing a series doses of metformin; B: ASPC-1, BxPc-3, PANC-1 and SW1990 were grown in
triplicates in the absence or presence of metformin at different concentrations for 2-3 wk.

inhibited cell proliferation in a dose-dependent manner
in MTS assays (Figure 1A). The MTS IC50 values for
metformin activity were less than 5 mmol/L (in three of
the four lines ASPC 1, BxPc 3, and PANC 1); while for
SW1990 cells it was 10 mmol/L. To study the long- term
effects of metformin on pancreatic cancer cells, we used
clonogenicity assays. Metformin resulted in significantly
fewer colonies at concentrations well below what was
inhibitory using the 72 h MTS assay described above.
The lowest inhibitory concentrations for the 4 cell
lines ASPC 1, BxPc 3, and PANC 1, and SW1990 were
1 mmol/L, 0.01 mmol/L, 1 mmol/L, and 0.05 mmol/L,
respectively (Figure 1B).

Metformin blocks cell cycle progression and induces
apoptosis in pancreatic cancer cells

To study the effects of metformin on cell cycle
distribution and progression, we used flow cytometric
methods on metformin treated and untreated cells.
Metformin reduced the number of cells in G1 and
increased the percentage of cells in S phase as well as
the apoptotic fraction (Figure 2). The percentages of
apoptotic cells in all four pancreatic cancer cell lines were
increased significantly in metformin-treated as compared
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with untreated cells (Figure 2). These data suggest that
the effects of metformin on pancreatic cancer cells were
distinct and, therefore, should occur through different
molecular mechanisms.

Metformin selectively induces apoptosis via caspases
activation in pancreatic cancer cells

ELISA specific assays for apoptosis were used to
quantitatively evaluate metformin associated apoptosis in
pancreatic cancer cell lines. Metformin induced apoptosis
in all pancreatic cancer cell lines (Figure 3A). In Western
blot studies, metformin also induced PARP cleavage (an
indicator of caspase activation) pancreatic cancer cell
lines (Figure 3A). Consistent with these data, protein
levels of the pro-caspases-8, -9, and -3 were each reduced
by metformin in the pancreatic cell lines (Figure 3A).
Using these three assays (Western blot analyses of PARP
cleavage, an apoptosis specific ELISA and caspase activity
assays) the effects of metformin over a range of treatment
intervals and drug concentrations were evaluated.

Activation of both caspase-8 and caspase-9 contributes
to metformin-induced apoptosis
There are two well characterized caspase cascades in
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Figure 2 Metformin induces apoptosis and blocks cell cycle progression in the pancreatic cancer cells.

apoptosis: one initiated by cell surface death receptors (the
so-called extrinsic pathway zia caspase-8) and the other
triggered by changes in mitochondrial integtity (caspase-9
activation, known as the intrinsic pathway)”'". To further
define the effects of metformin, we used specific caspase

inhibitors to determine which might block metformin-
induced apoptosis. The general caspase inhibitor, VAD-
fmk completely abolished metformin-induced PARP
cleavage and apoptosis in three cell lines (Figure 4). The
caspase-8 specific inhibitor IETD-fmk) and the caspase-9
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Figure 3 Metformin increases PARP cleavage, reduces levels of pro-
caspase-8, -9, -3, and induces apoptosis in pancreatic cancer cells.

specific inhibitor (LEHD-fmk) only partially abrogated
metformin-induced apoptosis and PARP cleavage in
BxPc-3 and PANC-1 cells (Figure 4B and C), although
IETD-fmk had a much greater effect than LEHD-fmk in
ASPC-1 cells (Figure 4A).

Metformin reduces epidermal growth factor receptor
(EGFR) and inhibits Akt and MAPK signaling

Pancreatic carcinomas were well known for EGFR
overexpression, and they appear to utilize EGFR as an
important pro-carcinogenic, pro-growth receptor. Using
Western blot analyses, we observed that metformin
treatment dramatically reduced EGFR and P-MAPK,
in both a time- and dose-dependent manner in three
cell lines tested (Figure 5). Of interest, short-term (8 h)
treatment with metformin transiently raised P-MAPK
levels. Early induction of MAPK signaling may reflect
metformin’s interaction with the insulin receptor''”
P-Akt levels were also significantly lowered by metformin
treatment in one cell line (ASPC-1; Figure 5A),
although there were only minor changes of P-Akt in
BxPc-3 cells (Figure 5B). P-Akt was undetectable and
unchanged by metformin in PANC-1 cells (Figure 5C).
This data suggests that apoptosis induced by metformin
may be mechanistically driven by a reduced EGFR,
with subsequent inactivation of downstream signaling
involving MAPK and to a lesser extent Akt.

DISCUSSION

The development, continued growth and metastasis
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Figure 4 Activation of both caspase-8 and caspase-9 contributes to
metformin-induced apoptosis in pancreatic cancer cells. A: ASPC-1; B:
BxPc-3; C: PANC-1.

of pancreatic cancer are driven by multiple genetic and
epigenetic changes, including inactivation of tumor
suppressor genes and activation of proto—oncogenesm.
Since the last decade, molecular biology and technology
have contributed significantly to the development
of therapeutic agents in medicine, and especially in
oncology. The major areas include inhibition of tumor
growth, inhibition of metastatic invasion, and inhibition
of intercellular signal transduction and compensation
of gene expressionm. But it still needs a long time
to treat pancreatic cancer patients. Up to now, only
two combinations, Gem plus erlotinib and Gem plus
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Figure 5 Metformin lowers EGFR expression levels and inhibits
downstream signaling in pancreatic cancer cells. A: ASPC-1; B: BxPc-3; C:
PANC-1.

capecitabine have achieved a slightly longer survival of
the patients“s]

Metformin has a long track record of human use,
with limited toxicity and it is relatively inexpensive.
It might, therefore, be of great clinical benefit for
pancreatic cancer treatment. According to our data,
concomitant metformin therapy can enhance the
response of patients to DNA damaging agents
(chemotherapy and radiation therapy) because of their
extended arrest in the S phase. Metformin should also
enhance RTK inhibitor and anti-EGFR treatment

response, because of its action on EGFR and P-MAPK
effects. Finally, metformin might enhance treatment
with apoptosis-inducing agents that inhibit PARP, for it
induces PARP cleavage. Its usage in pancreatic cancer
patients may also have additional benefits, including
weight control, stabilization of pre-diabetic syndromes,
regulation of glucose/insulin and adipogenesis pathways.

Two recent studies have indicated that EGFR was
detected in more than 95% of patients with pancreatic
cancer'®'". Also, co-expression of EGFR and its
ligands is a common occurrence in pancreatic cancer
and has been shown to function as an autocrine!™”. Real
advancement towards individualized pancreatic cancer
treatment will require understanding the molecular
mechanisms underlying pancreatic cancer biology"*"”.
Early studies of basal carcinomas focused on EGFR as
a molecular target, although EGFR inhibitors have not
shown great efficacy in clinical trials"*". The data we
present here indicates that metformin may serve as a
valuable treatment option for pancreatic cancet patients.

Metformin is widely used as a first-line treatment
for pre-diabetic syndromes and type I diabetes”. Of
interest, some studies have shown that women treated
with metformin have a lower overall incidence of cancet,
including pancreatic cancer'™. Metformin may therefore
be useful as a preventative agent in selected patients to
reduce, either directly through cell growth inhibition or
indirectly through obesity and diabetes control. Further
studies of metformin may provide more insights into its
efficacy.

In summary, we have demonstrated that the anti-
diabetic drug, metformin, selectively induces apoptosis
through activation of the caspase cascade, abrogation of
EGFR and downstream signaling in the basal subtype of
pancreatic cancer cells. Metformin may be a low toxicity,
novel therapeutic strategy for the difficult-to-treat
pancreatic cancer patients.
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Background

Pancreatic carcinoma is one of the tumors with a high incidence rate. It is less
sensitive to standard adjuvant chemotherapy. Metformin (1,1-dimethylbiguanide
hydrochloride) is the most widely prescribed anti-hyperglycemic agent in
the world. Population-based studies have shown that patients treated with
metformin exhibit unexpected but beneficial reductions in both obesity and
cancer. But no study about the therapeutic effect of metformin in pancreatic
caner has been reported.

Research frontiers

There are many studies about the treatment of pancreatic cancer. Target
therapy is the most popular part of pancreatic cancer research as well as the
use of traditional medicine. Metformin is one of the traditional drugs which are
thought to have anti-cancer effects.

Innovations and breakthroughs

This study showed that metformin significantly inhibited cell proliferation and
induced apoptosis in all pancreatic cell lines, and the metformin-induced
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apoptosis was associated with poly-ADP-ribose polymerase leavage, activation
of caspase-3, -8, and -9 in a time- and dose-dependent manner.

Applications

Metformin is a common drug which has been used for many years. This study
has suggested that it had a potential therapeutic effect for pancreatic cancer.
Although further in vivo studies are needed, metformin may be a low toxicity,
novel therapeutic drug for the difficult-to-treat pancreatic cancer patients.

Peer review

This is a very interesting study. Metformin, the commonly used anti-diabetic
drug has been proven to have anti-cancer effect in pancreatic carcinoma in
in vitro studies with pancreatic cancer cell line. The study was strictly done
with standard molecular techniques. The result is of clinical implication in the
treatment of pancreatic cancer.
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