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The impact of type 2 diabetes and antidiabetic drugs
on cancer cell growth
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Abstract

Despite investigations into mechanisms linking type 2 diabetes and cancer, there is a gap in knowledge about pharmacotherapy for
diabetes in cancer patients. Epidemiological studies have shown that diabetic cancer patients on different antidiabetic treatments have
different survival. The clinically relevant question is whether some antidiabetic pharmacotherapeutic agents promote cancer whereas
others inhibit cancer progression. We investigated the hypothesis that various antidiabetic drugs had differential direct impact on
cancer cells using four human cell lines (pancreatic cancer: MiaPaCa2, Panc-1; breast cancer: MCF7, HER18). We found that insulin and
glucose promoted cancer cell proliferation and contributed to chemoresistance. Metformin and rosiglitazone suppressed cancer cell
growth and induced apoptosis. Both drugs affected signalling in the protein kinases B (AKT)/mammalian target of rapamycin pathway;
metformin activated adenosine monophosphate (AMP)-activated protein kinase whereas rosiglitazone increased chromosome ten level.
Although high insulin and glucose concentrations promoted chemoresistance, the combination of metformin or rosiglitazone with gem-
citabine or doxorubicin, resulted in an additional decrease in live cancer cells and increase in apoptosis. In contrast, exenatide did not
have direct effect on cancer cells. In conclusion, different types of antidiabetic pharmacotherapy had a differential direct impact on cancer
cells. This study provides experimental evidence to support further investigation of metformin and rosiglitazone as first-line therapies
for type 2 diabetes in cancer patients.

Keywords: metformin e rosiglitazone ® pancreatic cancer e breast cancer  type 2 diabetes mellitus e insulin @
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Introduction

Extensive epidemiological data suggest important roles of type 2
diabetes mellitus (DM2) in carcinogenesis [1-4] and prognosis
[5]. Pancreatic cancer is well documented to be associated with
DM2 [6-10], and up to 80% of pancreatic cancer patients have
overt DM2 or impaired glucose tolerance [11]. Breast cancer is
another prevalent cancer among many other cancers that are
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associated with DM2 [12], and up to 15% of breast cancer
patients have DM2 (i.e. about 375,000 in the United States).
Overt DM2 is characterized by hyperglycaemia, hyperinsuline-
mia and high insulin-like growth factor-1 (IGF-1), and all three
characteristics may promote cancer. As demonstrated by glyco-
haemoglobin levels in cancer patients, elevated average blood
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glucose may be associated with a higher proportion of patients
with active cancer than patients in remission [13], suggesting that
hyperglycaemia may promote cancer progression. Elevations in
levels of glucose and free fatty acids in DM2 were also correlated
with enhanced tumour growth both in vivo and in vitro [14].
Insulin was reported to stimulate proliferation and glucose utiliza-
tion in pancreatic cancer cells; insulin augmented DNA synthesis
mainly by mitogen-activated protein kinase activation and glucose
uptake mainly by phosphoinositide 3-kinase activation and
enhancement of glucose transporter-1 expression [15]. Furthermore,
IGF-1 was found to prevent apoptosis of cancer cells induced by
chemotherapeutic agents leading to chemoresistance in vitro [16].
Specific types of pharmacotherapy for DM2 may have different
impacts on these mechanisms, thereby having different end results
in terms of cancer progression.

Current medications for DM2 include thiazolidinediones
(e.g. rosiglitazone), biguanides (e.g. metformin), sulfonylureas,
meglitinides, a-glucosidase inhibitors, amylin analogues, dipep-
tidyl peptidase-4 inhibitors, incretin mimetics (e.g. exenatide) and
insulin preparations. Although all these different classes of med-
ications can lower blood glucose, the mechanisms of actions of
these agents are different and they have different impacts on the
circulating insulin levels. In addition, some antidiabetic drugs may
have direct anti-tumour effects. For example, thiazolidinediones
(agonists of peroxisome proliferator-activated receptor-y) have
been shown to suppress various types of cancer cells in cell cul-
ture and in animal models [17-19], and so has metformin
[20-22], a biguanide that activates AMP-activated protein kinase
(AMPK) and decreases signalling through mammalian target of
rapamycin (mTOR) [23]. In a population-based cohort study [24],
diabetic patients treated with sulfonylureas and/or insulin were
more likely to die from cancer than patients treated with met-
formin. This study highlighted the differential impact of antidia-
betic medications on cancer in diabetic cancer patients.

In this report, we investigated the differential impact of some
antidiabetic medications on cancer cells. We examined the impact
of insulin and glucose on cancer cell growth and chemoresistance,
and the direct effects of some antidiabetic drugs on cell proliferation,
apoptosis and chemosensitivity of human breast and pancreatic
cancer cells. Our results provide key experimental evidence to
guide future clinical investigation to establish the optimal pharma-
cotherapy for DM2 in cancer patients.

Materials and methods

Chemicals and reagents

All cell culture reagents and media were obtained from Invitrogen.
Human insulin, D-Glucose and methylthiazolydiphenyl-tetrazolium bro-
mide (MTT) were purchased from Sigma (St. Louis, MO, USA).
Metformin was obtained from Alexis Biochemicals (San Diego, CA, USA)
and dissolved in water prior to dilution in culture media. Rosiglitazone
was from Cayman Chemicals (Ann Arbor, MI, USA) and dissolved in
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dimethylsulfoxide (DMSO) prior to dilution in culture media. Exenatide
and gemcitabine injectable formulations were obtained from Lilly
(Indianapolis, IN, USA). Anti-poly (ADP ribose) polymerase (PARP) was
from BD Pharmingen (San Diego, CA, USA), and anti-B-Cell
Lymphoma/Leukemia-2 (BCL-2) was from BD Transduction Laboratories
(San Diego, CA, USA). Anti-phospho-AMPK was from Cell Signaling
(Carlsbad, CA, USA). Anti-mTOR was from Strategic Diagnostics, Inc.
(Newark, DW, USA). Anti-phospho-mTOR(Ser2448), anti-S6 ribosomal
protein and anti-phospho-pS6 ribosomal protein (Ser 235/236), anti-
Eukaryotic Translation Initiation, Factor 4E-Binding Protein 1 (4EBP1)
and anti-p-4EBP1(Ser65) antibodies were from Cell Signaling. Anti-phos-
phatase and Tensin homologue deleted on chromosome ten (PTEN) was
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), and
anti-a-tubulin was purchased from Sigma Aldrich (St. Louis, MO, USA).
Horseradish peroxidase-conjugated anti-rabbit IgG and antimouse IgG
were from Pierce Chemical (Rockford, IL, USA). Annexin V apoptosis
detection kit and enhanced chemiluminescence were from BD Bioscience
(San Jose, CA, USA).

Cell lines and culture conditions

MiaPaCa2, Panc-1 and MCF7 cells were originally obtained from ATCC
(Manassas, VA, USA). HER18 cells are MCF7 cells stably overexpressing
HER2. Cells were cultured in DMEM/F12 and supplemented with 10%
foetal bovine serum (FBS) and 100 unit/ml penicillin G and 100 wg/ml
streptomycin at 37°C and 5% COz in 10-cm-diameter dishes. Cells were
subcultured by 0.25% Trypsin-ethylenediaminetetraacetic acid (EDTA)
when they reached >80% confluence.

Cell proliferation assay

The cell proliferation was assessed by MTT assay. In brief, cells were cul-
tured in a 96-well plate (Corning, Inc., Corning, NY, USA) at a density of
5000-10,000 cells per well in DMEM/F12 with 10% FBS. After 24 hrs
incubation, various concentrations of insulin and glucose were added to
DMEM without glucose (GIBCO, Carlsbad, CA, USA) with 0.5% FBS to
replace the original DMEM/F12 (200 wl/well). After 72 hrs, 20 wl of MTT
solution 5 mg/ml was added to each well. Plates were incubated in the
dark for 2 hrs and then the formazan dye was dissolved in 100 I DMSO
after removing culture medium and MTT solution. The absorbance was
measured at 570 nm using a microtitre plate reader (MRX Revelation,
DYNEX Technologies, Chantilly, VA, USA).

Protein extraction and Western blot analysis

Cells were washed twice with PBS and lysed in 300 ! lysis buffer (20 mM
Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P40, 0.5%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM
sodium orthovanadate, 1 mg each of aprotinin, leupeptin and pepstatin per
millilitre). Analyses were performed on 10% polyacrylamide gels with 5%
polyacrylamide stacking gels. After semi-dry electrotransfer (Amersham
Pharmacia Biotech, Piscataway, NJ, USA) of protein from SDS-PAGE to
polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA), the
membranes were blocked with the buffer containing 20 mM Tris-HCI, pH
7.5, 150 mM NaCl, 0.05% Tween- 20, 5% Blotto (Bio-Rad, Hercules, CA,
USA) at 4°C overnight and probed with antibodies of interest. Horseradish
peroxidase-conjugated anti-rabbit 1gG and antimouse 1gG were used as
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secondary antibodies. Immunodetection was performed with the enhanced
chemiluminescence reagent, and the images were recorded on X-ray films.

Flow cytometry of annexin V-fluorescein-
isothiocyanate (FITC) and propidium iodine
stained cells

Approximately 1 X 10° MiaPaCa2 cells were plated in each well in 6-well
plate and incubated for 16 hrs. Then the cells were treated with either
20 mM metformin, 100 wM rosiglitazone, 0.5 uM gemcitabine or combi-
nations for 48 hrs with DMEM/F12 and 10% FBS. The floating cells in the
culture media were collected by centrifugation. Attached cells were rinsed
with Ca®* and Mgz+-free PBS and harvested after incubation with 0.25%
Trypsin/ 0.21 mM EDTA in PBS for 10 min. Floating and attached cells were
pooled and rinsed twice with PBS. Cells were resuspended in 1 binding
buffer (Axxora Platform, San Diego, CA, USA) and incubated with FITC-
conjugated annexin V for 15 min. at room temperature in the dark. Cells
were washed twice with 1x binding buffer. Propidium iodine was added
just before analysis of the samples. The samples were immediately
analysed on fluorescence activated cell sorting (FACS) calibur flow
cytometer (Becton Dickinson Immunocytometry System, Burlington, NC,
USA) using the CellQuest Pro Software and WINMDI 2.9 software.

Statistical analysis

Significance (P < 0.05) was assessed by either a two-tailed Student’s
t-test or a one-way ANOvA with post hoc intergroup comparisons using
SPSS for Windows, version 12.0 (SPSS, Inc., Chicago, IL, USA). All data
presented are the average of at least three independent experiments.

Results

Glucose and insulin promoted cell proliferation
of cancer cells

DM2 is characterized by hyperinsulinemia and hyperglycaemia.
MiaPaCa2 cells are known to express insulin and insulin-like
growth factor receptors [25]. We showed that the proliferation of
MiaPaCa2 cells was accelerated by high glucose and high insulin
(Fig. 1). At a high glucose concentration of 4000 mg/I, MiaPaCa2
cells increased proliferation as the insulin concentration increased
(Fig. 1A). At a high insulin concentration of 5 wg/ml, MiaPaCa2
cells increased proliferation as the glucose concentration
increased, but at a normal insulin concentration of 0.0005 wg/ml,
this effect of glucose was not so obvious (Fig. 1B). The growth
promoting effect of glucose and insulin was confirmed using a dif-
ferent method, counting Trypan blue dye excluding cells under the
microscope (Fig. 1C). These results indicate that high glucose and
high insulin can accelerate the cell growth of cancer cells. Starting
with the same number of cells in culture media containing
different concentrations of glucose and insulin, the numbers of
live cells after 3 days as measured by the MTT assay were
plotted against insulin and glucose as 3D surfaces for two breast
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cancer cell lines (MCF7 and HER18) and two pancreatic cell lines
(Panc-1 and MiaPaCa2) (Fig. 1D). These data show that insulin in
general promotes cancer cell growth when the glucose concentra-
tion is =1000 mg/l, and that, with the exception of HER18,
glucose promotes cancer cell growth when the insulin concentra-
tions are low.

Rosiglitazone and metformin suppressed
the growth of cancer cells

To determine whether controlling the diabetic condition might affect
the cell growth of pancreatic cancer cells, we used antidiabetic
drugs to investigate the cell growth of pancreatic cancer. Therefore,
we examined the impact of rosiglitazone, metformin and exenatide
on the proliferation of MiaPaCa2 cells in culture media containing
insulin and glucose concentrations mimicking four different stages
in the natural history of DM2, i.e. normal state, pre-diabetes, overt
diabetes and late diabetes (Fig. 2A) [26]. We found that metformin
and rosiglitazone dose-dependently inhibited MiaPaCa2 cell prolifer-
ation in all four combinations of glucose and insulin tested (Fig. 2B
and C). Interestingly, exenatide, an analogue of glucagon-like
peptide-1, had no direct inhibitory effect on MiaPaCaz2 cells at con-
centrations relevant to the treatment of DM2 (Fig. 2D). To further
investigate the effects of these medications in other cancer cell
types, breast cancer cell lines HER18 (Fig. 2E) and MCF7 (Fig. 2F)
were treated with metformin (20 mM) and rosiglitazone (100 M)
in various combinations of glucose and insulin concentrations for
3 days followed by the MTT assay. The 3D plots showed that met-
formin and rosiglitazone decreased the number of live breast cancer
cells in all the combinations of insulin and glucose concentrations
tested. Metformin and rosiglitazone also decreased the number of
live HER18 and MCF7 cells (MTT assay) in time- and dose-dependent
manners whereas exenatide had no effect on these cells (data not
shown). Together, these data indicated that metformin and rosiglita-
zone could directly inhibit the growth activity of human cancer cells
whereas exenatide had no such an activity.

Metformin and rosiglitazone induced apoptosis
in cancer cells

To further investigate the mechanism behind the growth inhibitory
effect of metformin and rosiglitazone, we determined if apoptosis
is involved. Thus, we examined the ability of metformin and
rosiglitazone to induce apoptosis of MiaPaCa2 and HER18 cells by
FACS analysis. Cells treated with 20 mM metformin or 100 M
rosiglitazone were stained with FITC-annexin V and propidium
iodide. Flow cytometry demonstrated that metformin- and rosigli-
tazone- treated cells significantly showed increases in cells with
annexin V" signals over control cells (Fig. 3A), indicating that
metformin and rosiglitazone sensitized cells to apoptosis. The
numbers of live (Trypan blue dye excluding) cells after metformin
and rosiglitazone treatments were also accounted after Trypan blue
staining (Fig. 3B). We found that both metformin and rosiglitazone
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Fig. 1 Glucose and insulin promote cancer cell proliferation. (A) Insulin stimulates cancer cell proliferation. MiaPaCa2 cells were cultured for 3 days in
culture media containing different concentrations of insulin. The glucose concentration was fixed at 4000 mg/l. OD values in the MTT assay are plotted
against the insulin concentration. Error bars represent 95% confidence intervals. The symbol **’ denotes statistically significant difference (P < 0.05) in
one-way ANOVA, post hoc intergroup comparison (Tukey’s test) with the control group in which no insulin was added. (B) The promoting effect of glucose
on cancer cell proliferation is dependent on insulin. The impact of glucose on the OD of the MTT assay of MiaPaCa2 cells at normal (solid line and triangle)
and high (dashed line and solid circle) insulin concentrations are plotted. (C) The ratio of the number of live cells as detected and counted by Trypan blue
dye exclusion to that of control cells (first bar) are shown as a bar graph with insulin and glucose concentrations as labelled. Error bars — 95% confidence
intervals. (D) OD values in the MTT assay of indicated cell lines are plotted along the zaxis versus the insulin (x-axis) and glucose (y-axis) concentrations.

Grey-scale shading represents 0D value according to the key.

significantly decreased the number of live MiaPaCa2 cells (one
way-ANOVA, Tukey’s test: rosiglitazone versus control, P = 0.011;
metformin versus control, P = 0.001). To further study their
impact on apoptosis, we also examine the protein levels of BCL-2,
an anti-apoptotic protein, and the specific cleavage of PARP,
another apoptosis marker. We found that both metformin and
rosiglitazone induced specific cleavage of PARP into an 85-kD
fragment and decreased the protein level of BCL-2 in MiaPaCa2
cells (Fig. 3C). We also examined whether protein kinase B/AKT, a
crucial regulator of oncogenic signals involved in cell survival, is
regulated by the treatment of metformin and rosiglitazone. We
found that rosiglitazone decreased the level of phospho-AKT, in
parallel with increased PTEN, a known negative regulator of AKT
activity. Although metformin had no direct impact on AKT activity,
it induced the phosphorylation of AMPK (activated) (Fig. 3C), a
positive regulator of p53, suggesting a positive impact on p53-
mediated apoptosis. To investigate whether rosiglitazone and
metformin affected mTOR signalling pathway further downstream,
we evaluated the signalling through this pathway by assessing
phosphorylation of mTOR kinase and its downstream targets S6
ribosomal protein and 4EBP1 in the rosiglitazone- and metformin-
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treated MiaPaCa2 cells. We found that both rosiglitazone and
metformin decreased the level of phospho-mTOR kinase
(Ser2448), but not total mTOR protein level (Fig. 3C). The expres-
sion of phospho-S6 (Ser235/236) and phospho-4EBP1 (Ser65)
were also decreased by treatment of rosiglitazone and metformin
in MiaPaCa2 cells. A positive value indicated an increase in level
and a negative value indicated a decrease in level relative to the
control cell sample. Thus, metformin and rosiglitazone promoted
apoptosis in cancer cells and potentiated the apoptotic effect via
AMPK and PTEN respectively, both regulating the AKT/mTOR
signalling pathway.

High Insulin and high glucose induced
chemoresistance of cancer cells

Doxorubicin, a topoisomerase Il inhibitor, is a first-line chemother-
apy drug for breast cancer, and gemcitabine, an analogue of
pyrimidine, is a first-line chemotherapy drug for pancreatic cancer.
Because DM2 is associated with poor outcome of cancer patients
and our results showed that simulated hyperglycaemia and
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Fig. 2 Rosiglitazone and metformin suppress proliferation of cancer cells. (A) The stages in the natural history of DM2 are determined by the loss of
B cell function over time. The characteristics of glucose and insulin levels are listed in the table above the diagram, which has been redrawn based on data
from the UK Prospective Diabetes Study 16 [26]. MiaPaCa2 cells were cultured for 3 days in media containing different concentrations of glucose and
insulin, and were treated with different concentrations of metformin (B), rosiglitazone (C) and exenatide (D). The OD values in the MTT assay are plotted
in the bar charts. The drug concentrations are as labelled by the grey-scale key. The glucose and insulin concentrations and the stages of DM2 that they
represent are as labelled beneath the bar charts. Error bars represent 95% confidence intervals. The 3D surface demonstrated that the inhibitory effect of
rosiglitazone (100 wM) and metformin (20 mM) in HER18 (E) and MCF7 (F) cells was present at all the insulin and glucose concentrations tested.
Beginning with the same number of cells, the number of live cells were examined by the MTT assay after culturing for 3 days in DMEM without glucose +
1% FBS with glucose and insulin added at various concentrations.
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Fig. 3 Metformin and rosiglitazone induce apoptosis in cancer cells. (A) MiaPaCa2 and HER18 cells were treated with or without the indicated drugs
followed by FACS analysis. The vertical axis represents fluorescence due to Pl, and the horizontal axis represents fluorescence due to FITC-annexin V
binding. The two right quadrants indicate the percentage of apoptotic cells. (B) MiaPaCa2 cells were treated with metformin and rosiglitazone for 24 hrs.
The numbers of live (dye-excluding) cells were counted using a haemocytometer after Trypan blue staining. The error bars represent 95% confidence
intervals. (C) Immunoblots of MiaPaCa2 cell lysates after control, metformin and rosiglitazone treatments were shown. The antigens detected were

labelled as indicated. Tubulin served as gel loading control.

© 2011 The Authors

830
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



A Insulin 0.0005 pg/L
Doxorubicin 1 uM
25
=)
P~ ‘i'-n
wn 20 HER18 o ~
a 1
Q 1.5 /’/}/
h F
®
a0
q /
-
= 05 MCF7
=
0.0
500 1000 2000 4000
Glucose (mg/L)
c Insulin 5 pg/mL
Gemcitabine 0.1 uM
1.6
1.4 1

1.2 4
1.0 4

o

MTT Assay (OD570)

06 A

0.4 4

0.2

0.0 T T T T
500 1000 2000 4000
Glucose (mg/L)

J. Cell. Mol. Med. Vol 15, No 4, 2011

B Glucose 4000 mg/L
Doxorubicin 1 uM
25
o
HER1
B 20 8
(]
Q s
=)
® 1.0
@ 1.
<
=
0.0 r . '
1e-6 1e-5 1ed4 1e-3 1e-2 1le-1 1etd le+l
Insulin (pg/L)
D Glucose: 4000 mg/L
Gemcitabine: 0.1 pM
1.6
E 1.4
E 1.2
O 10
o8
&":’; 0.6
H 0.4
E 0.2
0.0 : . v .
ie-6 Je-5 1e-4 1e-3 1e-2 1e-1 letD let

Insulin (pg/L)

Fig. 4 Insulin and glucose induce chemoresistance. Two indicated breast cancer cell lines were treated with doxorubicin. The OD values in the MTT assay
are plotted against glucose (A) or insulin (B). The numbers of live MiaPaCa2 cells treated with gemcitabine as represented by the OD values in the MTT
assay are plotted against glucose (C) or insulin (D). Error bars represent 95% confidence intervals.

hyperinsulinemia promoted cancer growth, we next examined
whether high insulin and glucose levels induced chemoresistance
to doxorubicin in HER18 and MCF7 cells and chemoresistance to
gemcitabine in MiaPaCa2 cells. The number of live cells in tissue
culture was measured by the MTT assay as described above. In
the presence of 1 wM of doxorubicin and 5 pg/ml of insulin,
HER18 cells proliferated more quickly over 72 hrs in 2000 mg/I
glucose. Likewise, MCF7 proliferated more in the presence of
higher glucose concentrations, 2000 mg/I and 4000 mg/l, com-
pared with lower glucose concentrations, 500 mg/I and 1000 mg/I
(Fig. 4A), suggesting that high glucose compromised the growth
inhibitory effect of doxorubicin. Further, in the presence of 1 WM

© 2011 The Authors

doxorubicin and high glucose concentration (4000 mg/l), an
increase in insulin concentration was associated with increased
HER18 and MCF7 cell numbers (Fig. 4B), indicating that high insulin
attenuated the inhibitory effect of gemcitabine. Similarly, in the pres-
ence of 0.1 wM gemcitabine and 5 pg/ml insulin, MiaPaCa2 cells
proliferate more quickly in the presence of higher glucose concentra-
tions, 2000 mg/I and 4000 mg/I, compared with lower glucose con-
centrations, 500 mg/l and 1000 mg/I (Fig. 4C), suggesting that high
glucose compromised the growth inhibitory effect of gemcitabine.
Likewise, in the presence of 0.1 wM gemcitabine and high glucose
concentration (4000 mg/l), increase in insulin concentration was
associated with increased MiaPaCa2 cell proliferation (Fig. 4D),
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Fig. 5 The combination of gemcitabine with rosiglitazone increases inhibition of pancreatic cancer cells. The gemcitabine dose-response curves of
MiaPaCaz2 cells in the presence of different concentrations of exenatide (A), metformin (B) and rosiglitazone (C) are shown as labelled. Data obtained with
different combinations of insulin and glucose representing normal, pre-diabetes, overt diabetes and late diabetes are shown from left to right. (D)
Evaluation of the combination of gemcitabine with metformin or rosiglitazone on pancreatic cancer cell proliferation. The combination index was evalu-
ated using CalcuSyn for metformin + gemcitabine (triangles) and rosiglitazone + gemcitabine (circles). The log (combination index) — fractional effect
plots of the data obtained with different combinations of insulin and glucose representing normal, pre-diabetes, overt diabetes and late diabetes are shown
from left to right. The linear regression lines of the data are also shown.

indicating that high insulin attenuated the inhibitory effect of

gemcitabine.

The combination of gemcitabine with either
rosiglitazone or metformin resulted in increased
inhibition of pancreatic cancer cells

Because our results above showed that metformin and rosiglita-
zone activated signalling molecules that are already known to neg-
atively regulate the AKT/mTOR pathway, we suggested that the
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combination of gemcitabine with either rosiglitazone or metformin

could further increase inhibition of pancreatic cancer cells in four
combinations of insulin and glucose concentrations mimicking dif-

ferent stages of DM2. As a negative control, we used the combina-
tion of exenatide with gemcitabine, which did not result in addi-
tional inhibition of MiaPaCa2 cells (Fig. 5A). Indeed, we showed

that the combination of rosiglitazone and gemcitabine inhibited
proliferation of MiaPaCa2 cells more than gemcitabine alone in four

combinations of glucose and insulin (Fig. 5B). Similar results were
obtained with metformin in combination with gemcitabine
(Fig. 5C). Multiple linear regression analysis of the above MTT data

© 2011 The Authors
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Fig. 6 The combination of gemcitabine with rosiglitazone or metformin increases apoptosis of pancreatic cancer cells. (A) Representative scattergrams
of FACS analysis of apoptotic cell death after indicated treatments are shown. The vertical axis represents fluorescence due to Pl, and the horizontal axis
represents fluorescence due to FITC-annexin V hinding. The percentage of cells that are annexin V* and PI™ and the percentage of cells that are annexin
V" and PI™ are shown in the right panels. (B) The average percentages of annexin V™ cells after indicated treatments are plotted in the bar chart. The
error bars represent 95% confidence intervals. (C) Immunoblots of cell lysates after indicated treatments are shown. The antigens detected are labelled
to the left of each blot. Tubulin serves as gel loading control. (D) The diagram depicts the insulin signalling pathway connecting through AKT/mTOR sig-
nalling to cell proliferation. The possible mechanisms of action of rosiglitazone and metformin are indicated.

using SPSS for Windows, version 12.0 (SPSS, Inc.), showed that
glucose, insulin, gemcitabine, metformin and rosiglitazone were all
statistically significant (P < 0.001) factors that determine the opti-
cal density (OD) values (i.e. the number of live cancer cells in the
culture) whereas exenatide was not (P = 0.524) (i.e. changes in
exenatide did not significantly affect the OD values). The above
data were also used to evaluate antagonism, additivity and syner-
gism by calculating the combination index (CalcuSyn, BioSoft,
Cambridge, UK) based on the method of Chou and Talalay [27]. A
combination index >1 indicates antagonism, = 1 indicates additivity
and <1 indicates synergism. The data were presented as log (com-

© 2011 The Authors

bination index) in Figure 5(D), and synergism (i.e. log [combination
index] < 0] was observed for both combinations of gemcitabine
with rosiglitazone and metformin in the four different combinations
of glucose and insulin concentrations as the fractional effect was
greater than approximately 0.5 (Fig. 5D).

To further examine the inhibitory effect of the combination of
gemcitabine with either rosiglitazone or metformin on pancreatic
cancer cells, we then analysed the amount of apoptotic cells under
these combinations. MiaPaCa2 cells were treated for 48 hrs with
gemcitabine 0.1 wM plus rosiglitazone 100 wM or metformin
20 mM, followed by FITC-annexin V staining for flow cytometry
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analysis. The combination of rosiglitazone and gemcitabine had
the highest percentage of annexin V™ cells (14.9% + 45.8% =
60.7%) in flow cytometry analysis compared with the combination
of metformin and gemcitabine (16.9% + 31.7% = 48.6%) or
gemcitabine alone (14.2% + 15.5% = 39.7%) (Fig. 6A). The data
from multiple experiments were plotted as a bar graph with
error bars representing 95% confidence intervals (Fig. 6B).
Immunoblotting analysis also confirmed that the addition of
either rosiglitazone or metformin further increased apoptosis as
demonstrated by increased specific cleavage of PARP compared
with gemcitabine alone (Fig. 6C). We also demonstrated the
effects of rosiglitazone on increasing PTEN and reduced levels of
phospho-AKT. Again, metformin increased the levels of phospho-
AMPK. It is important to point out that gemcitabine alone did
not alter the levels of PTEN, phospho-AKT or phospho-AMPK,
suggesting the unique contribution from metformin or rosiglita-
zone when used in combination treatment. Together, these results
indicate that high glucose and high insulin can reduce the
inhibitory effect of gemcitabine, and that antidiabetic drugs includ-
ing metformin and rosiglitazone can further increase the inhibitory
effect as well as the apoptotic effect of gemcitabine in human
pancreatic cancer.

Discussion

Three major mechanisms have been postulated to explain the
possible promoting impact of DM2 on cancer: hyperglycaemia,
activation of the insulin signalling pathway and activation of the IGF
signalling pathway. This report focused on the impacts of diabetic
conditions and antidiabetic pharmacotherapy on cancer cells. First,
we demonstrated that insulin promoted proliferation of cancer cells.
Second, the impact of hyperglycaemia has not previously been well
documented; in this report, we have defined the 3D relationship
between cell proliferation, insulin, and glucose (Fig. 1D), demon-
strating that high glucose does promote cancer cell growth but its
effect is dependent on increased insulin levels. These results echo
the Warburg phenomenon [28] in which activation of tyrosine
kinase receptor signalling (for instance by insulin) can lead to
increased glycolysis and high glucose concentrations can further
facilitate glucose usage as fuel. On the other hand, evidence has
been accumulating that some antidiabetic treatments inhibit growth
of cancer cells. Biguanides and thiazolidinediones are widely used in
diabetic patients, and both classes of drugs have direct inhibitory
effects on cancer cells observed in vitro and in animal models
[22, 29-37]. Our results showed that metformin and rosiglitazone
inhibited cancer cells in combinations of glucose and insulin con-
centrations which attempted to mimic stages in the natural history
of DM2 (normal, prediabetic, overt diabetic and late diabetic states)
(Fig. 2). This is the first time that metformin and rosiglitazone have
been evaluated for their cancer inhibiting effects in the context of
DM2, and indeed we found that metformin activated AMPK, rosigli-
tazone up-regulated PTEN, and both promoted apoptosis in cancer
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cells (Fig. 3). These results may partially explain why DM2 can pro-
mote cancer progression, but more importantly, these results high-
light the differential direct impact on cancer cell growth of different
antidiabetic treatments: promotion of cancer cell growth by insulin
preparations or insulin secretagogues versus inhibition of cancer
cell growth by metformin and rosiglitazone.

In addition to direct impact on cancer cell growth in the
absence of chemotherapy, another important issue in the context
of antidiabetic pharmacotherapy pertains to chemoresistance.
High insulin and glucose concentrations led to doxorubicin
chemoresistance in breast cancer cells and chemoresistance to
gemcitabine in pancreatic cancer cells. This resulted in higher
numbers of live cancer cells than in control culture medium (Fig. 4).
These results suggest that high circulating insulin levels and
hyperglycaemia during chemotherapy may compromise the effi-
cacy of chemotherapy. Whether insulin and glucose levels during
chemotherapy are significant predictors of clinical response to
chemotherapy in cancer patients with DM2 remains to be investi-
gated clinically. Importantly, rosiglitazone or metformin increased
the inhibitory effect of gemcitabine (Fig. 5B and C). In contrast,
exenatide did not have such an effect (Fig. 5A). These results again
highlight the differential direct impact on cancer cell chemoresis-
tance of different antidiabetic treatments: promotion of chemore-
sistance by insulin preparations or insulin secretagogues versus
additional inhibition of cancer cell growth by metformin and
rosiglitazone versus a neutral effect of exenatide. Our future work
will use a genetic mouse model of DM2 and pancreatic cancer to
investigate whether DM2 influences pancreatic carcinogenesis
and whether specific diabetic treatments including rosiglitazone
and metformin can prevent pancreatic cancer or inhibit pancreatic
cancer progression. Such animal model experiments will provide
convincing evidence to support that specific diabetic treatments
have beneficial impact on pancreatic cancer in vivo.

We investigated the mechanism by which rosiglitazone and
metformin increased the inhibitory effect of gemcitabine by meas-
uring apoptosis and signalling in key components of the
AKT/mTOR pathway. Both metformin and rosiglitazone can further
increase the percentage of apoptotic cells in gemcitabine-treated
cancer cells (Fig. 6A and B). Increased apoptosis as indicated by
specific cleavage of PARP was associated with inhibition of
AKT/mTOR signalling by the effect of rosiglitazone on PTEN or the
effect of metformin on AMPK (Fig. 6C). Here, we provide a work-
ing model for the action of these drugs on signal mediators in
cancer cells in Figure 6(D).

Antidiabetic pharmacotherapy involves chronic administration
of these drugs. A very small impact on cancer cell growth meas-
ured in the short duration of in vitro experiments may translate
into a clinically meaningful impact in the long term. For example,
a 2.5% decrease in the number of cancer cells by a drug compared
with control observed in 3 days may become a 53.2% decrease in
tumour burden in 3 months (i.e. 0.975% = 0.468). When compar-
ing the differential impact of chronic antidiabetic medications on
cancer, the opposite effects of insulin and metformin would make
their difference stand out. We have also recently reported that
metformin use is associated with reduced risk, and insulin or

© 2011 The Authors
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insulin secretagogue usage is associated with increased risk of
pancreatic cancer in diabetic patients [22]. A population-based
cohort study revealed an increased risk of cancer-related death in
DM2 patients treated with sulfonylureas and insulin preparations
than in those treated with metformin [24], and based on our
results, this difference is very likely due to both detrimental effects
of sulfonylureas/insulin preparations and the beneficial effect of
metformin on cancer cell growth and chemoresistance. Recently,
our colleagues have reported that diabetic patients with breast can-
cer receiving metformin and neoadjuvant chemotherapy have a
higher complete response rate than do diabetics not receiving
metformin [38]. This epidemiological evidence and our finding
that metformin adds to the cytotoxic effect of doxorubicin corrob-
orate each other. Nevertheless, epidemiological evidence for ben-
eficial impacts of thiazolidinediones on cancer is still lacking.
There are no evidence-based guidelines in the current manage-
ment of DM2 in patients with cancer, and current management
guidelines for DM2 make no distinction for the coexistence of can-
cer [39]. Our results have brought into focus that there are differ-
ences among the currently available pharmacotherapy for DM2 in
terms of their direct antineoplastic effects and effects on the cir-
culating insulin levels. Future research is warranted to translate
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