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Abstract While high levels of glucose and saturated fatty
acids are known to have detrimental effects on beta cell
function and survival, the signalling pathways mediating
these effects are not entirely known. In a previous study,
we found that ADP regulates beta cell insulin secretion and
beta cell apoptosis. Using MIN6c4 cells as a model system,
we investigated if autocrine/paracrine mechanisms of ADP
and purinergic receptors are involved in this process. High
glucose (16.7 mmol/l) and palmitate (100 μmol/l) rapidly
and potently elevated the extracellular ATP levels, while
mannitol was without effect. Both tolbutamide and diazo-
xide were without effect, while the calcium channel blocker
nifedipine, the volume-regulated anion channels (VRAC)
inhibitor NPPB, and the pannexin inhibitor carbenoxolone
could inhibit both effects. Similarly, silencing the MDR1
gene also blocked nutrient-generated ATP release. These
results indicate that calcium channels and VRAC might be
involved in the ATP release mechanism. Furthermore, high
glucose and palmitate inhibited cAMP production, reduced
cell proliferation in MIN6c4 and increased activated
Caspase-3 cells in mouse islets and in MIN6c4 cells. The
P2Y13-specific antagonist MRS2211 antagonized all these
effects. Further studies showed that blocking the P2Y13

receptor resulted in enhanced CREB, Bad and IRS-1 phos-
phorylation, which are known to be involved in beta cell
survival and insulin secretion. These findings provide fur-
ther support for the concept that P2Y13 plays an important
role in beta cell apoptosis and suggest that autocrine/

paracrine mechanisms, related to ADP and P2Y13 receptors,
contribute to glucolipotoxicity.
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Introduction

Besides genetic influence, it is generally accepted that envi-
ronmental factors are the main cause for the rapidly increas-
ing worldwide prevalence of type 2 diabetes. Lifestyle and
hypercaloric diets rich in large amounts of carbohydrate and
saturated fats are known risk factors.

Elevated glucose and increased FFA have been shown to
trigger pancreatic beta cell loss and dysfunction in type 2
diabetes [1], and increasing evidences demonstrate that long-
term exposure to high glucose or FFA generates peripheral
insulin resistance, both in vivo and in vitro resulting in pan-
creatic stress and increased susceptibility to beta cell apoptosis
and, as a consequence, suppression of insulin secretion [2].
Although the overall picture is known, the detailed mecha-
nisms underlying these effects are only partially understood.

During the last two decades, it has become generally ac-
cepted that the intracellular energy mediator ATP also medi-
ates cell-to-cell signalling, modulating a wide range of cell
and organ functions through activation of purinergic receptors
on the plasma membrane [3, 4]. Many cells exhibit regulated
release of ATP, which is rapidly degraded by ectonucleoti-
dases to ADP, AMP and adenosine thus extending and mod-
ulating the signal to a wider spectrum of receptor subtypes.
Once outside of the cell, ATP and its metabolites in nanomolar
concentrations function as an autocrine/paracrine signal mod-
ulating a broad range of cell and organ functions.

In our previous studies, we demonstrated that extracellu-
lar ADP inhibits beta cell insulin secretion [5] and causes
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beta cell apoptosis by acting on P2Y13 receptors [6]. The aim of
the present study was to put this mechanism into a functional
perspective, investigating if autocrine/paracrine activation of puri-
nergic receptors might be involved in the proapoptotic effects of
high glucose and FFA. To do so, we first examined if high
glucose and palmitate could induce ATP release inMIN6c4 cells.
The nature of the release mechanism was evaluated, and we
found that, in the case of both glucose and palmitate, it was
dependent on the gene MDR1 encoding multidrug resistance P-
glycoprotein and activation of volume-regulated anionic channels
(VRAC). We then studied if the released ATP/ADP had effects
on cAMP,Caspase-3 and on cell proliferation, and throughwhich
receptors this effect was mediated. We further studied if auto-
crine/paracrine ATP release had effects on CREB, Bad and IRS-1
activation. Mouse insulinoma cell line MIN6c4 was used as our
primarymodel system and isolatedmurine pancreatic islets as our
secondary model. Our results support the hypothesis that high
glucose and free fatty acids induce beta cell apoptosis via auto-
crine effects of ADP acting on the P2Y13 receptor.

Materials and methods

Materials

MRS2211 were purchased from Tocris (UK). Lentiviral
MDR1 siRNA (m) and scrambled control siRNA were from
Santa Cruz Biotechnology, Inc. (USA). The cyclic AMP kit
was obtained from Cayman Chemical (USA). Anti-phospho-
CREB, anti-CREB, anti-phospho-Bad, anti-Bad antibodies,
anti-phospho-IRS-1, anti-IRS-1 and anti-activated-Caspase-3
were all obtained from Cell Signalling Technology (Danvers,
MA,USA). The targefect-PCL kit was purchased fromBioSite
(USA). The EnzChek® Caspase-3 Assay kit #2 was purchased
from Molecular Probes (USA). All other chemicals, unless
otherwise stated, were obtained from Sigma-Aldrich and were
either of analytical or laboratory grade.

Cell culture

The mouse MIN6 pancreatic beta cell line subclone MIN6c4, a
generous gift from Professor Jun-Ichi Miyazaki, Osaka, Japan,
was used for the present study. MIN6c4 cells were grown in
Dulbecco's modified Eagle's medium (DMEM) containing
Glutamax-1 and 25 mmol/l of glucose (Invitrogen, Paisley,
UK) in the presence of 15 % heat-inactivated FBS (Invitrogen,
Paisley, UK), 60 μmol/l β-mercaptothanol, 5×104U/l penicillin,
and 50 mg/l streptomycin under 5 % CO2 and 95 % air at 37 °C.

Animals

Eight female C57B6 mice from Charles River (Sulzfeld, Ger-
many) were used in the experiments. Animals had free access

to standard chow and water. Experimental designs were ap-
proved by the Animal Ethics Committee, Lund and Malmö,
Sweden. Animals were used in accordance with the European
Community Council Directive (86/609/EEC and 2010/63/
EU) and the Swedish Animal Welfare Act (SFS 1988:534).

Islet isolation

Islets of Langerhans were isolated according to a previously
described protocol [7]. In brief, animals were killed by cervical
dislocation, and abdominal cavity was opened. Sternum and
liver was removed to allow access to the biliary tract. The
biliary tract was clamped using a micro-vascular clip. Pancre-
atic islets were isolated by retrograde injection of a cold colla-
genase solution via the bile–pancreatic duct. The pancreas was
excised, and islets were isolated by digestion for 20 min at 37 °
C. Tissues were dispersed by manual shaking, and islets were
washed 3×5 min in cold HBSS with 10 mmol/l HEPES. The
islets were then picked manually using a stereo microscope.

ATP release

ATP release was measured using an adaptation of the lucifer-
ase method previously described by Taylor et al. [8]. Briefly,
35,000 of MIN6c4 cells per well were plated in 35-mm Petri
dish and were allowed to grow in 25 mmol/l glucose DMEM
containing 15% FBS for 24 h. The mediumwas then replaced
with 1 ml serum-free DMEM containing 5.6 mmol/l glucose,
and the cells were cultivated for another 24 h. One-millilitre
2×ATP SL reagent (Biothema, Sweden), in serum-free
DMEM containing 5.6 mmol/l glucose, was added, and the
Petri dish was incubated for 30 min at RT. After recording the
baseline luciferase activity in the Petri dish for 1 min in a
GloMax 20/20 Luminometer (Promega Corporation, Madi-
son, WI, USA), 400 μl of the medium was removed. The test
substances were added to the removed medium, which subse-
quently was returned to the Petri dish where the luminescence
was recorded for another 10 min. The applied routine for
sample addition was chosen since it minimises disturbing
the cells, which in turn, decreases the background signal.

Insulin secretion

MIN6c4 cells were cultured in a 35-mm Petri dish in 2 ml of
25mmol/l glucose DMEMcontaining 15% FBS for 72 h. Just
prior to the experiment, the mediumwas replaced with 1 ml of
Krebs-Ringer bicarbonate HEPES buffer (KRBH buffer;
135 mM NaCl, 3.6 mM KCl, 2 mM NaHCO3, 0.5 mM
NaH2PO4, 0.5 mM MgCl2, 1.5 mM CaCl2, 10 mM HEPES
and 3.0 mM glucose, pH7.4), and the cells were incubated for
30 min. The buffer was then exchanged for KRBH containing
16.7 mM glucose or 100 μM palmitate. Samples (50 μl) were
collected every 30 s and replaced with an equal amount of
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fresh buffer. The insulin content of the samples was deter-
mined using an ELISA kit (Mercodia, Uppsala, Sweden),
according to the manufacturer's instructions.

Lentiviral transduction of MIN6c4 cells

MIN6c4 cells were seeded in 12-well dishes and grown to
obtain 50–60 % confluency. The medium was replaced with
1 ml fresh medium, containing polybrene (5 mg/l), and shRNA
lentiviral particles (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) to give a multiplicity of infection (MOI) of approximate-
ly 0.05. The cells were incubated for 24 h at 37 °C when the
medium was replaced with selection medium containing
1.5 mg/l puromycin. The puromycin selection was continued
until a stable puromycin-resistant cell population was obtained.

Relative MDR1 mRNA measurement by quantitative
real-time PCR

Total RNAwas extracted from MIN6c4 (control siRNA) and
MIN6c4 (MDR1 siRNA) cells using TRIZOL reagent (Invi-
trogen, Grand Island, NY, USA) according to manufacturer's
instructions. Total RNA was quantified using nanodrop ND-
1000 spectrophotometer (Nanodrop Technologies Inc., Wil-
mington, DE, USA). cDNA was synthesized from 3 μg of
total RNA using the RevertAid™HMinus First Strand cDNA
Synthesis Kit (Fermentas, Waltham, MA, USA) according to
the manufacturer's instructions.

Real-time quantitative PCR was performed using an ABI
StepOnePlus Real-Time PCR System (Applied Biosystems,
Carlsbad, CA, USA). A specific set of primers was chosen
and described before to obtain a product close to 200 bp [9].
The forward primers were 5′-CATGACAGATAGCTTTG
CAAGTGTAG-3′ (MDR1), 5′-CTACCTCATGAAGATCCT
CACCGA-3′ (Beta-actin), and the reversed primers were 5′-
GGCAAACATGGCTCTTTTATCG-3 ′ (MDR1), 5 ′-
CGCTCATTGCCAATGGTGAT-3′ (Beta-actin). All quanti-
tative real-time PCR (Q-RT-PCR) reactions were carried out
in MicroAmp Fast 96-well Reaction Plate (Applied Biosys-
tems, Foster City, CA, USA) in 20-μl reactions containing
1 μl cDNA template, 0.2 μmol/l of forward and reverse
primers and 1×Faster SYBR Green Master Mix (Applied
Biosystems, Foster City, CA, USA). The PCR enzyme was
activated by initial 20 s incubation at 95 °C, followed by 40
PCR cycles (3 s denaturation at 95 °C, 30 s annealing and
elongation at 60 °C). Results were expressed using the com-
parative Ct method as described in User Bulletin 2 (Applied
Biosystems). Briefly, the ΔΔCt values were calculated as
follows: (Ct gene of interest−Ct reference gene)treated−(Ct

gene of interest−Ct reference gene)untreated, with Beta-actin
as the reference gene, a well-known housekeeping gene. The
fold change in the level of target mRNA between untreated

and treated cells was then expressed as 2−ΔΔCt with ΔΔCt±
SE.

cAMP real-time luciferase analysis

Real time of cAMP production was analysed by using transient
transfection of MIN6c4 cells with the experimental plasmid
Glosensor L9, a kind gift from Dr. Neal Cosby, Promega.
MIN6c4 cells, 5×105, were plated in a 35-mm Petri dish and
cultivated to get a confluence of 30–70 %. The Glosensor A1
plasmid was transfected into the MIN6c4 cells using Targefect-
PCL (Targeting Systems, El Cajon, CA, USA) according to the
manufacturer's instructions. Forty-eight hours after transfection,
the cell culture medium was replaced with 1-ml low glucose
DMEM (containing 10 mmol/l HEPES, pH7.5) prepared cAMP
reagent medium (pH7.5), which contains 10mmol/l HEPES and
2% (v/v) Glosensor cAMP reagent (Promega Corporation, Mad-
ison, WI, USA). After equilibration, for 2 h at RT, the baseline
luciferase activity was recorded for 3 min in a GloMax 20/20
Luminometer (Promega Corporation, Madison, WI, USA). The
test substances were then added, and the luminescence was
recorded and measured for another 10 min.

Measurement of cAMP concentrations

MIN6c4 cells were plated in 24-well plates at a density of
4×105cells/well and were then allowed to grow for 3 days.
The medium was replaced with 250 μl OptiMEM contain-
ing 25 μmol/l Rolipram. The cells were first pre-incubated
for 5 min at 37 °C, the test substances were then added and
the incubation was extended to 25 min. The medium was
removed and the monolayer extracted using 200 μl 0.1 mol/
l hydrochloric acid per well. The cell lysates were centri-
fuged at 1,000 rpm for 10 min at 4 °C, and the cyclic AMP
content of the supernatant was measured using a Cyclic
AMP EIA kit (Cayman Chemical, USA) according to man-
ufacturer's instructions.

Measurement of Caspase-3 activity in MIN6c4 cells

Caspase-3 activity was determined by using the EnzChek
Caspase-3 Assay Kit #2 (Molecular Probes) according to the
manufacturer's instructions. Briefly, after incubation with
test substances for 36 h, cells were washed with PBS and
lysed. The Caspase-3 activity in the extracts was then mea-
sured using a fluorometric assay. The fluorescent product of
the substrate Z-DEVD-rhodamine 110 generated by
Caspase-3 in the cell extract was detected in a microplate
fluorometer (VICTOR, PerkinElmer, Finland) using an ex-
citation of 496 nm and emission of 520 nm. Background
fluorescence was determined by including a specific
Caspase-3 inhibitor (Ac-DEVD-CHO).
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Fig. 1 ATP release and insulin secretion from MIN6c4 cells. ATP
release analysis was performed as described under “Materials and
methods” section. ATP release stimulated by 16.7 mmol/l glucose (a)
or 100 μmol/l palmitate (c) was faster than the 16.7-mmol/l glucose- or
100-μmol/l palmitate-induced insulin secretion (b, d) under same
conditions. e Addition of 16.7 mmol/l glucose, but not 16.7 mmol/
l mannitol, resulted in a significant increase (p<0.001) in ATP release
that was decreased by the addition of the Ca2+ channel blocker nifed-
ipine (20 μmol/l), the pannexin-1 blocker carbenoxolone (20 μmol/l)
or the VRAC inhibitor NPPB (100 μmol/l). Diazoxide did not affect

the glucose-induced ATP release, and tolbutamide itself did not cause
ATP release. f The addition of 100 μmol/l palmitate resulted in a
significant increase (p<0.001) in ATP release that was attenuated by
addition of the Ca2+ channel blocker nifedipine (20 μmol/l), the
pannexin-1 blocker carbenoxolone (20 μmol/l) or VRAC inhibitor
NPPB. 2-Bromopalmitate had no influence on palmitate-mediated
ATP release. ATP release levels were normalized to baseline and
expressed as means±SEM was shown (n03). Asterisks denote proba-
bility level of random difference, by Student's t test. *p<0.05, **p<
0.01, ***p<0.001
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Islet treatment

Isolated mouse islets were equilibrated over night at 37 °C
in a humidified incubator holding 5 % CO2 in 5.6 mmol/
l glucose baseline medium [RPMI 1640 glutamax medium
(GIBCO), 10 % FBS (GIBCO), 5×104U/l penicillin and
50 mg/l streptomycin (A2213, BioChrom AG, Berlin, Ger-
many)]; islets from each animal were not pooled. The islets
were then divided into groups and moved to wells contain-
ing different treatment medium. Islets were incubated in
treatment wells for 24 h in a humidified incubator holding
5 % CO2. The incubation was terminated by fixation in
Stefanini's fixative (0.2 % picric acid, 2 % formaldehyde
in 0.1 mol/l phosphate buffer, pH7.2) for 30 min, followed
by washing 2×10 min in Tyrode's solution containing 10 %
sucrose prior to embedding in cryomount (Histolab, Goth-
enburg, Sweden) and stored at −80 °C.

Immunocytochemistry on isolated islets

The embedded islets were cut into 10-μm cryosections and
mounted onto slides. Slides were washed in PBS containing
0.25 % Triton X-100 and stained using antibodies against
activated Caspase-3 (Cell Signalling pre-diluted #8120)
overnight at 4 °C. Slides were washed once in PBS

containing 0.25 % Triton X-100. Antigens were visualized
using 1:1,000 diluted Dylight 594 donkey anti-rabbit (Jack-
son laboratories 711-515-152) in PBS containing 0.25 %
Triton X-100 and 0.25 % BSA, incubated at RT for 1 h.
Hoechst staining (Life Technologies, Stockholm, Sweden)
was performed as a counter stain to visualize the nucleus of
cells. Islets were visualized using fluorescent microscope
(Olympus BX42), and pictures were captured using a cam-
era (Olympus XC30). Pictures were analysed using Image J
cell counter application (rsbweb.nih.gov/ij), and total numb-
ers of cells as well as Caspase-3-activated cells were
counted. The frequency of Caspase-3-activated cells were
calculated and normalized to the control value of the same
animal.

Western blot analysis

MIN6c4 cells, growing in 6-well plates, were incubated for
30 min in the presence of different test agents. Cells were
lysed in ice-cold SDS buffer containing a cocktail of prote-
ase inhibitors. Cellular lysates were prepared by sonication
(15 s), heating for 5 min at 99 °C and then centrifugation for
5 min. The protein content of the lysate was determined by
DC protein assay (BIO-RAD), and samples, representing
20 μg of total protein, were separated on a Precase 8–6 %

Fig. 2 ShRNA-mediated
knockdown of MDR1. a
mRNA quantification of MDR1
gene expression in MIN6c4 and
MIN6c4 MDR1 silenced cells.
Changes in MDR1 mRNA
levels normalized with respect
to Beta-actin mRNA levels. The
mRNA expression levels were
expressed as fold expression
relative to control (MIN6c4
cell) and are reported as the
means±SEM (n03); *p<0.05
versus control. Silencing of
MDR1 gene substantially re-
duced 16.7 mmol/l glucose- (b)
and 100 μmol/l palmitate- (c)
induced ATP release in MIN6c4
cells. ATP release analysis of
high glucose or palmitate was
performed as described under
“Materials and methods” sec-
tion. ATP release levels were
normalized to baseline and
expressed as means±SEM (n0
3) was shown. *p<0.05, **p<
0.01, ***p<0.001
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SDS-polyacrylamide gel (Lonza, USA) and transferred to
Immobilon-P membranes (Millipore Corporation, Billerica,
MA, USA). The intensities of bands were quantitated by
scanning densitometry (Fluor-S Multi-Imager).

Cellular viability

The effects of a P2-receptor agonist or antagonist on
cell viability of MIN6c4 cell line were studied using the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium
bromide (MTT) colorimetric assay. The MIN6c4 cells
were seeded in 96-well plates at a concentration of 1×
104cells per well, in a volume of 200 μl of cell culture
medium per well. After 24 h, test substances were
added, and the plates were kept in the 5 % CO2 incu-
bator for 3 days, then 20 μl of the MTT reagent (5 g/
l in PBS buffer) was added to each well, and the plates
were further incubated in the 5 % CO2 incubator at 37 °
C for an additional 4 h. The medium was aspirated and
replaced with 200 μl of DMSO (dimethyl sulfoxide
solubilisation solution) to dissolve the insoluble purple
formazan product. The absorbance was quantified by
measuring at 490 nm in a microplate reader (VICTOR,
PerkinElmer, Finland).

Cellular proliferation

MIN6c4 cells were seeded in 24-well plates at a concentra-
tion of 1×104cells per well in cell culture medium. The cells
were counted every 2 days by using a Bürkert chamber.

Statistical analysis

Results were presented as mean and standard error of the mean
(SEM) unless otherwise stated. The level of significance for the
difference between sets of data was assessed by Student's
unpaired t test using GraphPad InStat, Version 5.0 (GraphPad
Prism Software, San Diego, CA, USA). For immunocytochem-
ical Caspase-3 activity in mouse islets, statistical analysis was
performed using one-way ANOVA followed by Dunnett's post
hoc test. Statistically significant differences were considered at
p<0.05 (*), p<0.01 (**) or p<0.001 (***) (two-tailed test).

Fig. 3 Autocrine effects of high glucose and palmitate on real-time
luciferase cAMP production. MIN6c4 growing in 35-mm Petri dishes
were transfected with Glosensor vector. After equilibrating the cells
with reagent, real-time cAMP-stimulated luciferase luminescence was
followed for 15 min: (a) high glucose (16.7 mmol/l) decreased cAMP
levels, which was reversed by GLP-1 (1 μmol/l); (b) palmitate
(100 μmol/l) inhibited cAMP production, which was reversed by
GLP-1 (1 μmol/l). The shown data represent two independent
experiments

Fig. 4 Autocrine effects of high glucose or palmitate on cAMP pro-
duction in MIN6c4 cells. MIN6c4 cells were treated with (a) high
glucose (25 mmol/l), in the presence or absence of MRS2211
(10 μmol/l), and (b) palmitate (100 μmol/l), in the presence or absence
of MRS2211 (10 μmol/l). Cells growing in 6-well plates were treated
with the compounds for 30 min, in the presence of 25 μmol/l Rolipram,
and were then extracted with 200 μl of 0.1-mol/l hydrochloric acid and
analysed for cAMP. Data are given as the means±SEM (n05). *p<
0.05, **p<0.01, ***p<0.001
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Results

High glucose and palmitate stimulates ATP release
from MIN6c4 cells

The release of extracellular ATP upon treatment with nutrients
was investigated by stimulating MIN6c4 cells with glucose or
palmitate. Both the glucose (16.7 mmol/l)- and the palmitate
(100 μmol/l)-triggered ATP release were fast, reaching about
80 % of maximal release within seconds after stimulation
preceding the insulin release by half a minute (Fig. 1a–d).
Furthermore, the shape of the ATP release time courses, both
for glucose and for palmitate, was different from the
corresponding insulin curves. However, no effect was found
when stimulating the cells with 16.7 mmol/l mannitol (Fig. 1e).
The ATP release, induced by glucose, was significantly
inhibited (Fig. 1e) by the calcium channel blocker nifedipine
(20 μmol/l), and the palmitate-induced release was similarly
inhibited (Fig. 1f). The KATP channel inhibitor tolbutamide
(100 μmol/l) failed to stimulate ATP release, while the KATP

channel activator diazoxide (10 μmol/l) was unable to block
glucose-stimulated ATP release (Fig 1e). 2-Bromo palmitate
(100 μmol/l), previously reported to inhibit fatty acid-
stimulated insulin release [10, 11], was unable to block palmi-
tate (100 μmol/l)-stimulated ATP release (Fig. 1f). On the other
hand, exposure of the cells to the pannexin-1 inhibitor carbe-
noxolone (20 μmol/l) or to the VRAC inhibitor NPPB
(100 μmol/l) both resulted in a substantial attenuation of high
glucose/palmitate-induced ATP release (Fig. 1e, f).

Both glucose- and palmitate-stimulated ATP release
are dependent on MDR1 expression

While the molecular identity of VRACs is still unknown,
activation was reported being regulated by the multidrug resis-
tance protein, MDR1 protein [12]. To investigate this connec-
tion, we generated MIN6c4 cells where the expression of the
MDR1 gene was suppressed. Silencing of MDR1 was con-
firmed using real-time RT-PCR (Fig. 2a). Knockdown of the
MDR1 gene substantially reduced both glucose- and palmitate-
stimulated ATP release compared to control cells (Fig. 2b, c).

ATP release triggered by high glucose or palmitate inhibits
cAMP production

We next investigated the effect of autocrine release on the
cAMP levels. This was done in real time by transient expression
of a cAMP-sensitive luciferase (Glosensor, Promega) in
MIN6c4 cells. The results show that addition of glucose
(16.7 mmol/l) or palmitate (100 μmol/l) resulted in an inhibited
cAMP production, which was reversed by stimulation of the
endogenous GLP-1 (1 μmol/l) receptors (Fig. 3a, b). To further
confirm that P2Y13 is involved in the autocrine inhibition of

adenylate cyclase, cAMP content was also measured in
MIN6c4 cells, which were treated with either high glucose or
palmitate in the presence and in the absence of the P2Y13-
specific antagonist MRS2211. We found that in a high glucose
(25 mmol/l) medium containing the P2Y13 antagonist,
MRS2211 (10 μmol/l), the cAMP accumulation increased by
33 % (p<0.01, Fig. 4a). The effect of palmitate (100 μmol/l)
was even more profound reducing cAMP levels by about 70 %
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Fig. 5 Effects of the P2Y13 antagonist MRS2211 on high glucose-
and palmitate-induced Caspase-3 activity in MIN6c4 cells. MIN6c4
cells growing in 6-well dishes were treated for 36 h with (a) high
glucose (25 mmol/l) in the presence or absence of MRS2211 (10 μmol/
l), 8-Bromo cAMP decreased high glucose-induced Caspase-3 activity
while diazoxide (10 μmol/l) was without effect; and (b) palmitate
(100 μmol/l) in the presence or absence of MRS2211 (10 μmol/l), 8-
Bromo-cAMP could also rescue palmitate-induced Caspase-3 activity.
After completing the incubation, the cells were washed and lysed on
ice and then centrifuged at 500×g for 3 min. Supernatants were trans-
ferred to 96-well plates and analysed for Caspase-3 activity using a
commercial kit. Result of Caspase-3 was normalized to protein con-
centration and expressed as the percentage change in specific activity.
Data are given as the means±SEM (n04). **p<0.01, ***p<0.001
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(p<0.001, Fig. 4b), which was partially reversed byMRS2211,
increasing the cAMP levels (p<0.05, Fig. 4b).

High glucose and palmitate stimulation of MIN6c4 cells
causes autocrine activation of Caspase-3 through P2Y13

We have previously reported that activation of the purinergic
receptor P2Y13, on MIN6c4 cells, results in activation of
proapoptotic pathways [6]. We next investigated if high glu-
cose or palmitate could influence Caspase-3 level in MIN6c4
insulinoma cells cultured for 36 h and to what extent this effect
could be inhibited by MRS2211. The Caspase-3 activity in-
duced by high glucose (25 mmol/l) was suppressed by
10 μmol/l of MRS2211 by 15 % (p<0.01, Fig. 5a), while
diazoxide was without effect (Fig. 5a). Similarly, 100 μmol/
l of palmitate induced a significant increase in Caspase-3
activity in MIN6c4 cells, and this effect was markedly
inhibited by 10 μmol/l of MRS2211 by 26 % (p<0.001,
Fig. 5b). Both the glucose- and the palmitate-induced
Caspase-3 activity were significantly inhibited by treating
the cells with the membrane-permeable cAMP analogue 8-
bromo cAMP (p<0.0012, Fig. 5a and p<0.0395, Fig. 5b).

High glucose and palmitate stimulation of mouse islets
causes an autocrine activation of Caspase-3 that is partly
mediated by P2Y13

To confirm that the P2Y13-mediatedCaspase-3 activation, which
is observed in theMIN6c4 cells, also takes place in natural cells,
we cultured isolatedmouse isletswith either 16.7mmol/l glucose
or with 150 μmol/l of palmitate in the presence or absence of
10 μmol/l of MRS2211. Staining the islets for activated
Caspase-3 clearly confirmed our previous results, as both
glucose- and palmitate-mediated activation of Caspase-3 (p<
0.01 and p<0.05, respectively, Fig. 6a–c) was suppressed in the
presence of MRS2211 (p>0.05 and p>0.05, Fig. 6e, f)

CREB, Bad and IRS-1 are activated upon blocking
the P2Y13 receptor

To determine if pathways, important for cellular survival,
are activated by autocrine/paracrine activation of the P2Y13

receptor, we carried out western blot analysis using anti-
bodies against Ser-133 phospho-CREB, Ser-612 phospho-
IRS-1 and Ser-112 phospho-Bad. MIN6c4 cells incubated in

Fig. 6 Effect of the P2Y13
antagonist MRS2211 on
activated Caspase-3 frequency
in isolated mouse islets. Images
shown are representative for
their treatments; inserts show
Hoechst staining for the repre-
sented islet. a Control treat-
ment, islet treated with low
glucose (5.6 mmol/l). b Glu-
cose treatment, islet treated with
high glucose (16.7 mmol/l). c
Palmitate treatment, islet treated
with palmitate (150 μmol/l). d
Control+MRS2211 treatment,
islets treated as a with
MRS2211 (10 μmol/l). e Glu-
cose+MRS2211 treatment,
islets treated as b with
MRS2211 (10 μmol/l). f Pal-
mitate+MRS2211 treatment,
islets treated as c with
MRS2211 (10 μmol/l). g Fre-
quency analysis of Caspase-3
activated islets cells to total
number of islet cells. Bars are
normalized to control treatment.
Statistical analysis, one-way
ANOVA (p00.004) followed
by Dunnett's post hoc test with
control (n03–8). *p<0.05, **p
<0.01. Bar equals 20 μm
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high glucose (25 mmol/l) medium in the presence of
10 μmol/l of the P2Y13 receptor antagonist, MRS2211,
displayed an enhanced CREB activation (Fig. 7a, b). Block-
ing P2Y13 receptor by MRS2211, in the presence of palmi-
tate (100 μmol/l), also elevated the CREB activation
(Fig. 7c, d). These results were paralleled by the results of
the analysis of Bad, since P2Y13 inhibition also produced a
strong phosphorylation of Bad (Fig. 7e, f). The effect on the
IRS-1 phosphorylation state was significant although less
pronounced (Fig. 7g, h).

Autocrine mechanisms involving the P2Y13 receptor
influence the viability and proliferation of MIN6c4 cells

To investigate the functional consequences of autocrine P2Y13

activation, created by palmitate or by high glucose, the
changes in the cell viability and proliferation were determined
by means of MTT assay and by cell growth. MIN6c4 cells
were seeded at a low cell density and cultured in cell culture

medium, in the presence or absence of different stimulants. As
measured by the MTTassay 3 days after treatment, the growth
of MIN6c4 cells was inhibited by treatment with 100 μmol/
l palmitate (Fig. 8b). However, when the cells were incubated
with 100 μmol/l palmitate in the presence of MRS2211, at a
concentration of 10 μmol/l, the effect was inverted, and cells
proliferated more efficiently (Fig. 8b). A similar effect was
obtained when MIN6c4 cells were incubated in 25 mmol/
l glucose (Fig. 8a). These results were confirmed by the cell
growth that showed an increased proliferation in the presence
ofMRS2211 (Fig. 9a, b). The results of the MIN6c4 cell MTT
assay and the cell proliferation study show that blocking the
P2Y13 receptor promotes both the viability and proliferation.

Discussion

While chronic exposure to high levels of glucose or free
fatty acids is well known to have detrimental effects on beta
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Fig. 7 Effects of high glucose and palmitate on the phosphorylation
status of CREB, IRS-1 and Bad in MIN6c4 cells. MIN6c4 cells were
incubated for 30 min in medium containing control, high glucose
(25 mmol/l) or palmitate (100 μmol/l) with or without MRS2211
(10 μmol/l). Cell lysates were prepared and then subjected to western
blot analysis (20 μg protein/lane), using antibodies against phosphor-
ylated ser-133-CREB, ser-112-Bad and ser-612-IRS-1, respectively. a,

b ser-133-CREB. c, d ser-112-Bad. e, f ser-612-IRS-1 . Membranes
were re-probed with the anti-CREB, anti-Bad and anti-IRS-1 antibody.
Each bar represents the fold increase of phospho-CREB, phospho-Bad
or phospho-IRS-1 relative to control after normalizing against total
non-phosphorylated CREB, Bad or IRS-1. Data for western blots (b, d,
f) are given as the means±SEM in each group (n03). *p<0.05, **p<
0.01
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cell function and survival [1, 2, 13], the mechanisms leading
to initiation of the cell death program are complex, and the
details remain to be clarified. In a previous study, we
showed that stimulation of purinergic P2Y13 receptors on
beta cells activates apoptotic pathways [6]. The aim of the
present study was to determine if high glucose and free fatty
acids contribute to beta cell apoptosis via autocrine/para-
crine activation of the P2Y13 receptor.

Studies conducted in multiple cell models and tissues have
demonstrated that ATP can be released via several mecha-
nisms, including exocytosis from neurotransmitter-containing
vesicles, diffusion through nucleotide transporters and large
transmembrane pores (e.g. connexin hemi-channels and anion
channels) [3, 4]. Purinergic signalling in the endocrine pan-
creas is well described and known to involve insulin release,
coordination of beta cell calcium signals and synchronization
of calcium-dependent events [14].

We started by examining if glucose and palmitate can
induce ATP release in MIN6c4 cells and to study which
release mechanisms that might be involved. The results
showed that high glucose (16.7 mmol/l) and palmitate
(100 μmol/l) within seconds of the exposure potently ele-
vated the extracellular ATP levels and that the calcium
channel blocker nifedipine, VRAC inhibitor NPPB and the
pannexin-1 blocker carbenoxolone all inhibited this process.

Even though the general view is that islet ATP is co-released
with insulin, we were not able to detect any increase in
insulin secretion during the peak of the ATP release. Fur-
thermore, as tolbutamide was unable to trigger ATP release
and diazoxide had no effect on glucose-stimulated release of
ATP, we conclude that this early part of ATP release is not
dependent on modulation of KATP channels, which is an
essential step in insulin secretion. The inability of 2-
bromopalmitate to block palmitate-stimulated ATP release
rules out the involvement of the islet FFA1 receptor [11].
The effect of carbenoxolone was surprising, as Scemes et al.
[15] previously reported that MIN6 cells, although express-
ing Cx36 and pannexin1, are lacking hemi-channel activity.
However, the unexpected effect of carbenoxolone can be
explained by that this compound has been described as a
potent inhibitor of volume-regulated anionic channels also
known as VRACs [16]. There is an accumulating body of
evidence that the VRAC is involved in the nutrient-sensing
mechanism of the pancreatic beta cell, as both glucose [17,
18] and fatty acids [18] have been shown to cause VRAC
activation. While the molecular identity of the VRAC is still
unknown, it has been suggested as a critical component in
an alternate route for depolarization of the pancreatic beta
cell [19], a route that is independent of metabolic coupling
and subsequent activation of KATP channels. Several
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investigators have also suggested VRACs to be instrumental
in the mechanism responsible for triggering cellular ATP
release [3, 20]. Although the exact mechanism remains to be
described, Valverde et al. [12] has reported that the ABCB1
transporter, also known as the multidrug resistance protein
MDR1 or P-glycoprotein, is a potent VRAC regulator.
MDR1 is expressed in beta cells [21], and although mainly
implicated in extruding xenochemicals, it has been reported
to be important in the insulin release mechanism [22–24]. In
order to confirm the MDR1-VRAC connection, we silenced
the MDR1 expression, which resulted in a drastically de-
creased release of ATP upon stimulation with high glucose
or with palmitate. The conclusion of the first part of this
study is that glucose as well as palmitate can stimulate ATP
release from MIN6c4 cells through a mechanism involving
VRACs and the MDR1 transporter. Having shown that
common nutrients like glucose and fatty acids are capable
of stimulating beta cells to release ATP, we next tried to
answer if the released ATP also is sufficient to exercise an
autocrine or paracrine effect.

Cellular release of ATP is extracellular degraded to aden-
osine and ADP that activate membrane-bound adenosine
and P2Y receptors thus modulating the cellular function
through an autocrine–paracrine mechanism [3]. To investi-
gate if the P2Y13 receptor can be similarly stimulated, we
next examined the effects of glucose and palmitate on the
production of cAMP. We found that the cAMP production
was inhibited in the presence of either high glucose or
palmitate and that the P2Y13 receptor antagonist
MRS2211 could inhibit this effect. Although this obser-
vation may seem to be in contrast with the current view
that glucose induces cAMP oscillations, it is important
to understand that while this view is based on the use
of compartment-specific biosensor techniques [25, 26],
reflecting cAMP fluctuations in specific cellular com-
partments, our results are generated with methods that
show more general changes.

Fig. 8 Effects of high glucose and palmitate on the viability of
MIN6c4 cells. Cell viability was determined by MTT assay. MIN6c4
cells (1×104 cells/well) growing in 96-well plate were incubated with
high glucose (25 mmol/l) (a) or palmitate (100 μmol/l) (b) with or
without MRS2211 (10 μmol/l). After 3 days in culture, the cellular
viability was determined using a colorimetric MTT assay. Data are
given as the means±SEM (n04). **p<0.01, ***p<0.001

***
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Fig. 9 Effects of high glucose and palmitate on the proliferation of
MIN6c4 cells. Cell proliferation was estimated by cell growth assay.
MIN6c4 cells (1×104 cells/well) seeded in 24-well plates were
allowed to grow in the presence of high glucose (25 mmol/l) (a) or
palmitate (100 μmol/l) (b) with or without MRS2211 (10 μmol/l). The
cell proliferation curves were obtained by counting the cells every
2 days. Data are given as the means±SEM (n04). Asterisks, **p<
0.01, ***p<0.001, indicate cells receiving treatment versus cells re-
ceiving treatment+MRS2211
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As we previously shown that ADP induced Caspase-3
activation, which could be inhibited by MRS2211 in MIN6c4
cells, we decided to find out if the ATP release, generated by
either high glucose or palmitate, is sufficient to stimulate a
P2Y13-mediated Caspase-3 activation. We found that this is
indeed the case, as MRS2211 partially inhibited both
palmitate- and glucose-stimulated Caspase-3 activation. Fur-
thermore, 8-Bromo cAMP, a membrane permeable cAMP
analogue, also suppressed caspase-3 activation thus supporting
the results obtained with MRS2211. The indifference of
glucose/palmitate-mediated Caspase-3 activation to diazoxide
is well in line with the results of the release experiments.

The fact that we were able to repeat these results, using
isolated mouse islets instead of cells, further strengthens the
idea that purinergic mechanisms involving P2Y13 modulate
beta cell apoptosis. Furthermore, the inhibition of Caspase-3
activation was reflected by the phosphorylation status of the
apoptotic marker proteins CREB and Bad. Phosphorylation of
CREB, by PKA, is a major route of survival in pancreatic beta
cells [27]. Bad is a proapoptotic member of the Bcl-2 that is
inactivated upon phosphorylation at Ser112 [28].We found that
blocking P2Y13 receptors with MRS2211, in the presence of
glucose or palmitate, resulted in a significant increase in both
the Ser-133-CREB and the Ser-112-Bad phosphorylation.

In conclusion, the present study suggests that nutrients, like
glucose and free fatty acids, induce a release of ATP into the
extracellular space, through a mechanism dependent on
VRAC and MDR1. Ectonucleotidases present on the plasma
membrane subsequently convert ATP to ADP that, through
stimulation of P2Y13, activates proapoptotic pathways. Thus,
activation of P2Y13 receptors by nutrient-stimulated ATP
release is likely to constitute a contributing component of
the glucolipotoxicity effect.
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