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Abstract

Aims/hypothesis. We have provided evidence that gluca-
gon-like peptide-1, a potential therapeutic agent in the
treatment of diabetes, activates phosphatidylinositol-3
kinase/protein kinase B signalling in the pancreatic beta
cell. Since this pathway promotes cell survival in a vari-
ety of systems, we tested whether glucagon-like pep-
tide-1 protects beta cells against cell death induced by
elevated glucose and/or non-esterified fatty acids.
Methods. Human islets and INS832/13 cells were cul-
tured at glucose concentrations of 5 or 25 mmol/l in
the presence or absence of palmitate. Apoptosis was
evaluated by monitoring DNA fragmentation and
chromatin condensation. Wild-type and protein kinase
B mutants were overexpressed in INS832/13 cells us-
ing adenoviruses. Nuclear factor-kB DNA binding
was assayed by electrophoretic mobility shift assay.
Results. In human pancreatic beta cells and INS832/13
cells, glucagon-like peptide-1 prevented beta cell ap-
optosis induced by elevated concentrations of (i) glu-
cose (glucotoxicity), (i1) palmitate (lipotoxicity) and

(iii) both glucose and palmitate (glucolipotoxicity).
Overexpression of a dominant—negative protein kinase
B suppressed the anti-apoptotic action of glucagon-
like peptide-1 in INS832/13 cells, whereas a constitu-
tively active protein kinase B prevented beta cell ap-
optosis induced by elevated glucose and palmitate.
Glucagon-like peptide-1 enhanced nuclear factor-kB
DNA binding activity and stimulated the expression
of inhibitor of apoptosis protein-2 and Bcl-2, two anti-
apoptotic genes under the control of nuclear factor-
kB. Inhibition of nuclear factor-xB by BAY 11-7082
abolished the prevention of glucolipotoxicity by glu-
cagon-like peptide-1.

Conclusions/interpretation. The results demonstrate a
potent protective effect of glucagon-like peptide-1 on
beta cell gluco-, lipo- and glucolipotoxicity. This ef-
fect is mediated via protein kinase B activation and
possibly its downstream target nuclear factor-xB.
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Introduction

Calorigenic nutrients, in particular glucose and NEFA,
are the principal regulators of pancreatic beta cell
function [1, 2, 3, 4]. Short-term exposure of the beta
cell to elevated concentrations of glucose promotes in-
sulin release and enhances insulin biosynthesis [1, 5].
However, chronic hyperglycaemia causes beta cell
dysfunction characterised by reduced insulin biosyn-
thesis [6] and increased levels of apoptosis (glucotoxi-
city) [7, 8, 9, 10, 11]. Similarly, acute exposure to
NEFA potentiates glucose-induced insulin secretion
by beta cells [12], whereas prolonged exposure to
high concentrations of NEFA triggers beta cell apop-
tosis (lipotoxicity) [13, 14, 15, 16, 17]. A recent study
showed that protein kinase B (PKB) activation can
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rescue MING6 cells from oleate cytotoxicity [18]. We
initially developed the concept of glucolipotoxicity,
proposing that elevated glucose and NEFA could have
synergistic deleterious effects on the beta cell [2, 3,
19, 20]. Glucolipotoxicity might play an important
role in the beta cell decompensation phase during the
development of obesity-associated Type 2 diabetes,
since the effect of post-prandial and subsequently per-
sistent hyperglycaemia, added to the high levels of
NEFA and triglycerides, could lead to beta cell apop-
tosis and impaired beta cell function [3, 4, 20].

Glucagon-like peptide-1- (7-36) amide (GLP-1), a
potent gluco-incretin hormone [21, 22, 23] secreted by
the intestinal L-cells in response to fat meals and car-
bohydrates [24], is a potentially important drug in the
treatment of Type 2 diabetes in view of its ability to
improve insulin secretion in subjects with impaired
glucose tolerance and Type 2 diabetes mellitus [25,
26]. Through its ability to stimulate insulin gene ex-
pression and proinsulin biosynthesis [27] GLP-1 is
also an insulinotropic agent. In addition, it induces
several immediate—early response genes and proto-on-
cogenes in beta cells that are implicated in cell growth
and/or apoptosis control, e.g. c-fos, c-jun, junD and
nur77 [28, 29]. GLP-1 increases the DNA binding ac-
tivity and expression level of the beta-cell-specific
transcription factor pancreatic and duodenal home-
obox gene-1 (PDX-1) [30, 31], which is implicated in
regulating expression of the insulin, GLUT2 and glu-
cokinase genes, and in the regulation of beta cell
differentiation [32, 33, 34]. GLP-1 mobilises intracel-
lular Ca2+ [35, 36] via cyclic AMP guanine nucleotide
exchange factor 2 (Epac) [37], an effect that may con-
tribute to the insulinotropic action of the peptide.
Moreover, this gluco-incretin hormone increases islet
mass in mouse pancreas in vivo [31, 38] and causes in
vitro beta cell proliferation via transactivation of the
epidermal growth factor receptor and subsequent acti-
vation of the phosphatidylinositol-3 kinase (PI-3K)
and protein kinase C-{ (PKC-{) signalling pathway in
beta-(INS-1)-cells [30, 39, 40]. Finally, GLP-1 has re-
cently been shown to delay beta cell apoptosis in
Zucker diabetic rats, an animal model of diabetes [38],
as well as in streptozotocin-treated mice and cytokine-
treated rat islets in vitro [41].

The aim of the present study was to investigate
whether GLP-1 prevents beta cell glucolipotoxicity
and, if so, gain insight into the mechanism of its anti-
apoptotic effect.

Materials and methods

Reagents. Human GLP-1 fragment 7-36 amide was obtained
from Bachem (Torrance, Calif., USA). RPMI 1640 and the cell
culture supplements, including FCS, were purchased from
Gibco BRL (Burlington, Ont, Canada). Protein concentrations
were determined using the Bio-Rad protein assay (Bio-Rad,
Hercules, Calif., USA).

Human islet isolation and culture. Human islets were isolated
from six organ donors at the Department of Surgery of the
Montreal General Hospital (McGill University Health Center).
Ethics approval was granted by the McGill University Health
Center Ethics Committee. Donors were between 50 and 65
years old and none had a history of diabetes or metabolic dis-
order. Islets were separated from the surrounding exocrine tis-
sue by enzymatic digestion as described in [20], and then cul-
tured overnight in regular RPMI 1640 medium containing 10%
FCS, 10 mmol/l HEPES, 2 mmol/l L-glutamine, 1 mmol/l so-
dium pyruvate, 100 IU/ml penicillin and 100 pg/ml streptomy-
cin. This was done in a humidified (5% CO,, 95% air) atmo-
sphere at 37 °C. The next day, intact islets were either directly
used and treated with the different substances to be tested or
dispersed in single cells and small clusters of cells by trypsini-
sation, attached on poly-ornithine glass coverslips as previous-
ly described [39] and subsequently incubated under various ex-
perimental conditions. Apoptosis was studied by three differ-
ent methods measuring chromatin condensation, DNA frag-
mentation and release of histone-associated mono- and
oligonucleosomes according to the protocols described below.

Cell culture and incubation. INS832/13 cells [42] (passages
46-70) were grown in monolayer cultures as described previ-
ously [43]. This was done in a humidified (5% CO,, 95% air)
atmosphere at 37 °C in regular RPMI 1640 medium supple-
mented with 10 mmol/l HEPES, 10% FCS, 2 mmol/l L-gluta-
mine, 1 mmol/l sodium pyruvate, 50 umol/l 3-mercaptoethanol
(referred to below as complete medium). This clone (832/13)
of the INS-1 cell was used because it shows better differentia-
tion characteristics in terms of glucose-stimulated insulin se-
cretion than the original INS-1 cell line [42].

Dispersed human islet cells and INS832/13 cells were plat-
ed on poly-ornithine-treated glass coverslips at 80% confluen-
cy in 6-well plates as described before [39]. Following a pre-
incubation in complete medium for 24 h, cells were washed
with PBS and incubated for 24 h at glucose concentrations of 5
or 25 mmol/l in RPMI containing 1% FCS (referred to below
as incubation medium). Incubation was done in the presence of
either 0.5% BSA or 0.4 mmol/l palmitate bound to 0.5% BSA,
with or without 10 nmol/l GLP-1.

Fluorescence microscopy analysis of cell DNA staining with
HOECHST 33342 and with TdT-mediated dUTP nick-end
labelling. Apoptosis indexes were assessed by counting
Hoechst 33342 (chromatin condensation) and TdT-mediated
dUTP-biotin nick-end labelling (TUNEL) (DNA fragmenta-
tion) positive cells using a fluorescein in situ cell death detec-
tion kit (Roche, Laval, Que, Canada) according to the manu-
facturer’s protocol with few modifications. In brief, cells were
fixed in 4% paraformaldehyde for 1 h, washed with PBS and
incubated for 2 min at room temperature in permeabilisation
solution containing 0.1% Triton X-100 in PBS. Cells were then
blocked with 1% BSA in PBS for 10 min, incubated for 1 h
with TUNEL reaction mixture containing a mouse anti-insulin
(10 pg/ml) primary antibody (Sigma, St. Louis, Mo., USA) in
order to distinguish beta cells from non-beta cells. After sever-
al washes with PBS, cells were stained with a rhodamine-con-
jugated donkey anti-mouse secondary antibody (Jackson Im-
munoresearch, West Grove, Calif., USA). Hoechst staining
was performed by exposing the slides to 0.5 mg/ml Hoechst
33342 for 10 min at room temperature. Slides were then
washed several times with PBS and mounted with antifade.
The fluorescence of Hoechst, TUNEL and bound anti-insulin
antibodies was visualised under a fluorescence microscope at
400x magnification. At least 200 cells were analysed for each
experimental condition.
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DNA fragmentation measurements. Fifty intact human islets of
similar size or 80% confluent INS832/13 cells were seeded and
incubated for 24 h in 6-well plates. DNA fragments were quan-
tified using the Cell Death Detection ELISA Plus Kit (Roche).
This kit allows the specific determination of mono- and
oligonucleosomes generated by apoptotic cleavage of DNA.
After the incubation period, human islets or INS832/13 cells
were washed and incubated in a lysis buffer for 30 min at room
temperature according to the manufacturer’s protocol. The
amount of nucleosomes was quantified photometrically using a
FLUOstar Optima microplate reader (BMG Laboratories,
Durham, N.C., USA) at 405 nm.

Adenovirus infections. Dominant—negative (DN) PKB and con-
stitutively active PKB [18] overexpression was conducted as
described for other adenoviral constructs [39]. INS832/13 cells
were seeded 2 days before use in 6-well plates and cultured in
regular RPMI as described above. Cells were then infected
with different adenoviral constructs (DN-PKB, constitutively
active PKB, or green fluorescent protein [GFP] as control) at a
multiplicity of infection of 10 pfu/cell for 4 h in 0.5 ml of com-
plete medium. Complete medium (1.5 ml) was then added to
each well and cells were allowed to rest for 20 h before being
incubated under various conditions as described above.

Nuclear extracts and electrophoretic mobility shift assay. Prep-
aration of nuclear extracts and electrophoretic mobility shift
assay (EMSA) were performed as described elsewhere [30].
The oligonucleotides used to assess the binding activities of
nuclear factor-xB (NF-kB) were purchased from ACGT
(Toronto, Ont, Canada). A 24-mer oligonucleotide (GC-
CATGGGGGGATCCCCGAAGTCC) containing an NF-xB
consensus recognition sequence (underlined) was used to mea-
sure NF-kxB DNA binding activity. After annealing, the dou-
ble-stranded oligonucleotides were end-labelled with [y32P]-
ATP (Amersham Biosciences, Montreal, Que, Canada) and
5 pg of protein extracts were incubated with a radiolabelled
probe (20,000 cpm per sample). Incubation was done for
20 min at room temperature in a buffer containing 25 mmol/l
HEPES, 10% glycerol, 50 mmol/l NaCl, 0.05% Nonidet P-40
and 1 mmol/l dithiothreitol. A 50-fold molar excess of cold
oligonucleotide was added with the labelled probe to assess the
specificity of nuclear protein binding of the EMSA. Samples
were analysed on 4% non-denaturing polyacrylamide gels con-
taining 0.01% Nonidet P-40, and relative intensities of shift
bands were quantitated by densitometry analysis of the autora-
diograms.

RNA isolation and RT-PCR analysis. RT-PCR was performed
to semi-quantify mRNA expression of NF-kB-regulated genes.
Total RNA was isolated and first strand cDNA synthesised us-
ing MMLYV reverse transcriptase (Invitrogen, Burlington, Ont,
Canada) and hexamers as described previously [44] from
INS832/13 cells treated as mentioned above. Complementary
DNA preparations were checked for genomic DNA contamina-
tion by PCR amplification of the chaperonin matricin, using
primers that hybridise to two different exons. Amplification of
rat B-actin, inhibitor of apoptosis protein (IAP)-2 and Bcl-2
were done using Tag polymerase (Invitrogen) and 1.5 mmol/l
MgCl, in 50 ul assay format, and using a PTC-100 thermo-
cycler from MJ Research (Watertown, Mass., USA) set to the
following values: B-actin: 94 °C for 30 seconds, 63 °C for 40
seconds, 72 °C for 40 seconds and 28 cycles; IAP-2 and Bcl-2:
94 °C for 40 seconds, 52 °C for 40 seconds, 72 °C for 40
seconds, and 29 cycles. To ensure that we were working in the
linearity of the amplification, the number of cycles used for
each gene under study was selected according to a pilot experi-
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ment performed with cDNAs derived from cells with similar
expression levels. The primer sequences and their respective
PCR product lengths were as follows: (i) B-actin, forward (5’
GTGCCCATCTATGAGGGTTACGCG-3'), reverse (5’-GGA-
ACCGCTCATTGCCGATAGTG-3"), fragment (275 bp); (ii)
IAP-2, forward (5’-TTGCTTGGAGTACACATACAC-3'), re-
verse (5’-CAGCTCTACTAAGACTACAG-3'), fragment (382
bp); (iii) Bcl-2, forward (5-AGATCGTGATGAAGTACAT-
CC-3"), reverse (5-TAGCGACGAGAGAAGTCATC-3"), frag-
ment (277 bp). After amplification, 5 pl of PCR products was
subjected to electrophoresis on 1.0% agarose gels, followed by
Southern blotting on Zeta-probe GT membranes (Bio-Rad). A
specific oligonucleotide probe for each gene under study was
end-labelled with T4 polynucleotide kinase (Amersham) and
Y2P-ATP (Amersham), and used to hybridise the Southern
blots. The probes were: B-actin (5’-TCATGCCATCCTGCGT-
CTGGACCT-3"); IAP-2 (5-CTGTCTGTTGACCAGATG-3");
Bcl-2 (5-AGTGGGATACTGGAGAT-3"). Southern blots were
extensively washed and analysed by autoradiography. For each
gene studied, only one specific signal at the expected length
was detected. Signals were quantified by densitometry analysis
of the autoradiograms. IAP-2 and Bcl-2 expression levels were
normalised for B-actin expression.

Preparation of NEFA bound to BSA. This was done as de-
scribed previously [20].

Calculations and statistics. Data are expressed as means + SE
and statistical significance was evaluated by ANOVA, fol-
lowed by Newman-Keuls post hoc test. A p value of less than
0.05 was considered significant.

Results

GLP-1 protects human islet cells and INS832/13 cells
from gluco-, lipo-, and glucolipotoxicity. To test the
possible anti-apoptotic effect of GLP-1 on beta cell
glucolipotoxicity, dispersed human islets cells were
exposed for a period of 24 h to 5 or 25 mmol/l glucose
with or without 0.4 mmol/l palmitate in the presence
or absence of GLP-1 (Fig. 1). A concentration of
10 nmol/l GLP-1 was used throughout this study. It
corresponds to a maximal effective concentration that
is broadly used in the literature and to plasma concen-
tration of the incretin following a high-carbohydrate
meal [23, 30, 45, 46]. Figure 1a shows the percentages
of apoptotic cells as determined by HOECHST stain-
ing in dispersed human islet cells. The use of dis-
persed islet cells allows the identification of individu-
al beta cells and thus the quantification of apoptosis
among the different populations of islet cells. In gen-
eral, the percentages of apoptotic cells were similar
in all populations of cells (beta and non-beta cells).
Exposing the cells to 0.4 mmol/l palmitate increased
basal cell death to 30% (18% under basal condition).
The addition of GLP-1 completely prevented lipotoxi-
city. The relatively high basal level of apoptosis is
similar to that reported by previous studies of isolated
intact human islets (9%) [14] or of islets after disper-
sion (22%) [10]. This might be due in part to: (i) the
presence of a low concentration of serum in the incu-
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Fig. 1. Glucagon-like peptide-1 prevents gluco-, lipo- and glu-
colipotoxicity in human pancreatic beta cells and INS832/13
cells. Human islet cells were attached onto coverslips and in-
cubated for 24 h at 5 or 25 mmol/l glucose in incubation cul-
ture medium (see Materials and methods) with either 0.5%
BSA or 0.4 mmol/l palmitate complexed to 0.5% BSA, in the
presence or absence of 10 nmol/l glucagon-like peptide-1
(GLP-1). Quantification of apoptosis was by HOECHST (a) or
TdT-mediated dUTP-biotin nick end-labelling (TUNEL) (b)
staining and the beta cell population was identified by insulin
immunostaining (see Materials and methods). Representative
images of the condition in absence of GLP-1 were shown in a
previous paper [20]. a White and black bars denote total islet
cells and beta cells respectively. Mean values + SE of three
separate experiments are shown. At least 200 cells were analy-
sed for each experimental condition. * p<0.05 compared to
corresponding condition without palmitate; # p<0.05 compared
to corresponding condition without GLP-1; § p<0.05 compared
to 5 mmol/l glucose with palmitate. b Mean values + SE of

bation medium; (ii) the stress imposed by the disso-
ciation process; and (iii) central necrosis of islets
after their isolation. A high glucose concentration
(25 mmol/l) caused a slight but not statistically signif-
icant increase in cell death. Again, GLP-1 treatment
decreased islet cell apoptosis in the presence of
25 mmol/l glucose. The combination of high glucose
and palmitate concentrations increased cell death to
50%, revealing a synergistic action of the two calori-
genic nutrients, in keeping with the glucolipotoxicity
concept [3, 20]. GLP-1 treatment also prevented beta
cell glucolipotoxicity, as cell death decreased to 20%.
Figure 1b shows the results for the evaluation of
apoptosis by TUNEL assay in dispersed human islet
cells cultured as described above. The results were
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three separate experiments for total islet cells. At least 200 cells
were analysed for each experimental condition. * p<0.05 com-
pared to corresponding condition without palmitate; # p<0.05
compared to corresponding condition without GLP-1; § p<0.01
compared to 5 mmol/l glucose with palmitate. ¢ Intact human
islets were treated (see above) and apoptosis was investigated
by ELISA (see Materials and methods). G5, 5 mmol/l glucose;
G25P, 25 mmol/l glucose + 0.4 mmol/l palmitate. Mean values
+ SE of three separate experiments are shown. # p<0.05
compared to the corresponding condition without GLP-1.
d INS832/13 cells were incubated for 24 h at 5 mmol/l or
25 mmol/l glucose in incubation culture medium with either
0.5% BSA or 0.4 mmol/l palmitate bound to 0.5% BSA in the
presence or absence of 10 nmol/l GLP-1. Apoptosis was as-
sessed by ELISA. Values are means + SE of three separate ex-
periments. * p<0.05 compared to corresponding condition with-
out palmitate; # p<0.05 compared to corresponding condition
without GLP-1; f p<0.001 compared to 5 mmol/l glucose;
§ p<0.005 compared to 5 mmol/l glucose with palmitate

qualitatively similar to those obtained with HOECHST
staining.

The effect of GLP-1 on glucolipotoxicity was also
investigated in intact human islets by measuring the
fragmentation of DNA wusing an ELISA assay
(Fig. 1c). With respect to the action of GLP-1 on the
tested glucolipotoxicity situation, data were similar
to those obtained with isolated islet cells (Fig. 1a,b),
indicating that GLP-1 prevented glucolipotoxicity in
intact human islets.

Due to the limited number of human islets avail-
able from each donor and the need for large amounts
of biological material to perform most biochemical
analyses related to signal transduction, INS832/13
cells were used to gain further insight into the molecu-
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Fig. 2. Adenoviral overexpression of a dominant-negative pro-
tein kinase B suppresses the anti-apoptotic action of glucagon-
like peptide-1 (GLP-1). INS832/13 cells were infected (see
Materials and methods) for overexpression of a dominant—neg-
ative and a constitutively active protein kinase B (DN-PKB,
CA-PKB) construct or for green fluorescent protein (GFP) as
control. After 24 h infected cells were washed and cultured as
described (see legend Fig. 1a) for assessment of dead cells by
HOECHST staining. Values are means = SE of three separate
experiments, in which at least 200 cells were analysed for each
experimental condition. * p<0.001 compared to the corre-
sponding condition without palmitate; # p<0.05 compared to
the corresponding condition without GLP-1; § p<0.001 com-
pared to 5 mmol/l glucose; § p<0.001 compared to 5 mmol/l
glucose with palmitate

lar mechanism by which GLP-1 exerts its anti-apop-
totic effect in connection with toxicity induced by
chronic elevated glucose and palmitate concentrations.
As with human islet cells, GLP-1 treatment decreased
INS832/13 cell apoptosis induced by elevated glucose
and palmitate, either on their own or together
(Fig. 1d). The results indicate that the INS832/13 cell
line is a suitable model for studying the molecular
mechanism by which GLP-1 prevents glucolipotoxi-
city.

The anti-apoptotic action of GLP-1 on beta cell glu-
colipotoxicity is mediated via the PKB signalling
pathway. PKB has been identified as an important
component of pro-survival signalling pathways [47]
and more relevantly, a constitutively active PKB con-
struct has been shown to prevent lipotoxicity induced
by oleate in INS-1 cells [18]. As we and others previ-
ously showed that GLP-1 increases PKB activity in
beta cells [39, 48], we therefore tested a possible im-
plication of PKB in GLP-1’s anti-apoptotic action on
beta cell glucolipotoxicity. The following values of
PKB activity were observed in the absence or pres-
ence of GLP-1 (10 nmol/l), following a 15-min incu-
bation period: basal (3 mmol/l glucose): 100+7%;
GLP-1: 176+37%; p<0.02 (as evaluated using a
PKB/Akt kinase assay kit [Cell Signaling, Beverly,
Mass., USA]). Adenoviral constructs were used to in-
crease the expression level of two PKB mutant pro-

teins (DN-PKB and constitutively active PKB) in
INS832/13 cells before investigating the anti-apoptot-
ic action of GLP-1 by HOECHST staining (Fig. 2).
GFP was used as control. We found (Fig. 2) that
GLP-1 completely rescued from lipo-, gluco- and glu-
colipotoxicity control INS832/13 cells infected with
an adenovirus encoding for GFP. Overexpressing a
DN-PKB slightly increased the basal level of apopto-
sis but totally counteracted the anti-apoptotic action
of GLP-1 on lipo-, gluco- and glucolipotoxicity.

In contrast, the constitutively active PKB construct
completely abolished INS832/13 cell apoptosis at
5 mmol/l glucose, as well as at 25 mmol/l glucose, in
the presence of 0.4 mmol/l palmitate. The addition of
GLP-1 did not decrease apoptosis any further. These
data strongly suggest that the anti-apoptotic action of
GLP-1 on glucolipotoxicity implicates PKB activation
and signalling via its downstream targets.

A role for NF-KB in the anti-apoptotic action of GLP-1.
NF-xB is a downstream target of PI-3K/PKB sig-
nalling in several systems. The effect of GLP-1 on
NF-kB DNA binding activity was assessed by EMSA
(Fig. 3a). The results show that GLP-1 treatment of
INS832/13 cells increased NF-kB DNA binding activ-
ity by about 80% after a 2-h incubation period. This
happened at high and low glucose concentrations,
with or without palmitate. Neither palmitate nor glu-
cose significantly changed basal and GLP-1-induced
NF-kB DNA binding activity. We next investigated
the effect of GLP-1 on the expression level of /AP-2
and Bcl-2, two key anti-apoptotic genes whose expres-
sion is under the transcriptional control of NF-kB [49,
50]. Figure 3b shows that GLP-1 treatment increased
the expression level of IAP-2 and Bcl-2, regardless of
the glucose concentration and the presence of palmi-
tate.

Finally, to determine whether GLP-1-induced in-
creases in NF-xB DNA binding activity could account
for the anti-apoptotic action of GLP-1, an irreversible
pharmacological inhibitor of IkB phosphorylation
(BAY 11-7082) was used, which results in the inacti-
vation of NF-kB. As shown in Figure 4, BAY 11-7082
increased the basal level of apoptosis as well as apop-
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Fig. 3. Glucagon-like peptide-1 increases nuclear factor-kxB
(NF-xB) DNA binding activity and the expression of NF-kB-
regulated genes. a DNA retardation assays were performed
with nuclear extracts of INS832/13 cells cultured for 2 h at 5
or 25 mmol/l glucose in KRB HEPES medium with either
0.4 mmol/l palmitate complexed to 0.5% BSA or with 0.5%
BSA in the presence or absence of 10 nmol/l glucagon-like
peptide-1 (GLP-1). A probe containing a consensus NF-xB-re-
sponsive element was used to assess NF-kB DNA binding ac-
tivity. Quantification of DNA retardation is shown. Data are
means + SE of four experiments. * p<0.05 compared to the
corresponding condition without GLP-1. b GLP-1 increases
the expression level of inhibitor of apoptosis protein (IAP-2)
and Bcl-2. INS 832/13 cells were incubated for 6 h (see legend
Fig. 1d) in the absence ([]) or presence (H) of 10 nmol/l GLP-
1. RNA was then extracted and the expression of [AP-2 and
Bcl-2 was analysed by RT-PCR. G5, 5 mmol/l glucose; G25P,
25 mmol/l glucose + 0.4 mmol/l palmitate. Values are means +
SE of three separate experiments. * p<0.05 compared to the
corresponding condition without GLP-1

tosis induced by the combined presence of elevated
glucose and palmitate. Such potentiation of stimuli-
induced apoptosis with inhibition of NF-kB has been
previously reported in other cell systems [51, 52, 53,
54]. This result suggests that the inhibition of NF-xB
by the pharmacological inhibitor BAY 11-7082 may
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Fig. 4. Nuclear factor-kB inhibition suppresses the anti-apop-
totic action of glucagon-like peptide-1 (GLP-1) on glucolipo-
toxicity. INS832/13 cells were cultured for 24 h at 5 mmol/l
glucose or 25 mmol/l glucose, with or without 0.4 mmol/l
palmitate complexed to 0.5% BSA or with 0.5% BSA, in the
absence (L) or presence (H) of 10 nmol/l GLP-1 and 20 umol/l
BAY 11-7082. Apoptosis was quantified by HOECHST stain-
ing. Values are means + SE of three separate experiments in
which at least 200 cells were analysed for each experimental
condition. * p<0.05 compared to the corresponding condition
without GLP-1; # p<0.05 compared to the corresponding con-
dition without BAY 11-7082. G5, 5 mmol/l glucose; G25P,
25 mmol/l glucose + 0.4 mmol/l palmitate

sensitise cells to potential injuries. The presence of
BAY 11-7082 totally abolished the preventive effect
of GLP-1 on glucolipotoxicity. Similar observations
were made when INS832/13 cells were treated with
high glucose or palmitate concentrations alone, where
the addition of BAY 11-7082 suppressed GLP-1’s
anti-apoptotic effect in two separate experiments (data
not shown).

Discussion

Using complementary pharmacological, biochemical
and molecular biology approaches, we provide evi-
dence that GLP-1, a gluco-incretin hormone under
consideration for diabetes treatment [25, 26], prevents
glucose- and palmitate-induced apoptosis in the beta
cell by a mechanism involving PKB and its down-
stream target NF-kB.

Recent studies have investigated the effect of
chronic elevated glucose and NEFA concentrations on
beta cell function [4]. Long-term exposure of the beta
cell to high glucose induces glucose desensitisation,
depletion of the readily releasable pool of insulin and
may cause apoptosis [55]. Long-term exposure of beta
cells to NEFA increases basal insulin release but in-
hibits glucose-induced insulin secretion [56]. NEFA
also reduces glucose-induced insulin gene expression
[57] and induces beta cell apoptosis [58]. According
to the glucolipotoxicity concept proposed by us, glu-
cose and fatty acids synergise in causing beta cell
malfunction, due to the fact that high glucose inhibits
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fat oxidation and consequently lipid detoxification [1,
2]. The present study shows that GLP-1 prevents beta
cell gluco-, lipo- and glucolipotoxicity in human islets
as well as in INS832/13 cells.

Recent studies by our group and others have shown
that GLP-1, via transactivation of the EGF receptor,
activates the PI-3K/PKB signalling pathway [30, 39,
40, 48], a cascade of signal transduction that prevents
apoptosis in several systems. Therefore, we aimed at
investigating the implication of PKB in GLP-1 anti-
apoptotic action. The overexpression of a domi-
nant-negative PKB construct in INS832/13 cells
suppressed the anti-apoptotic action of GLP-1 on glu-
co-, lipo- and glucolipotoxicity. Overexpressing a con-
stitutively active form of PKB abolished the cytotoxic
effect of glucose and palmitate. This supports the view
that GLP-1 prevents glucolipotoxicity, at least in part,
via the activation of PKB and its downstream targets.
Consistently with this result, PKB has been shown to
play an important role in the regulation of beta cell
mass. Indeed, two recent studies have demonstrated
that transgenic mice expressing a constitutively active
form of PKB had significantly greater beta cell mass
than control animals [59, 60]. Moreover, these trans-
genic mice were protected from streptozotocin-
induced diabetes. Both of these studies reported in-
creased beta cell neogenesis and at least one of them
an increase in beta cell proliferation [59]. The present
study, with a previous one [18], shows that PKB plays
an important role in the prevention of beta cell apop-
tosis. Therefore we suggest that PKB could play a key
role in the regulation of beta cell mass via a complex
mechanism that not only implies neogenesis and beta
cell replication, but in addition the prevention of
apoptosis.

We also examined the effects of GLP-1 on NF-xB,
a downstream target of PKB that plays a role in the
control of apoptosis. The NF-xB family of transcrip-
tion factors is comprised of several proteins that act as
homo- and heterodimers. In vertebrates, this family
includes p50, p52, Rel-A (also known as p65), c-Rel
and Rel-B. In most cells, NF-xB complexes are pres-
ent in the cytoplasm in their latent form, bound to the
inhibitor IkB. PKB can rapidly phosphorylate IkB to
induce its ubiquitination and degradation by the 26S
proteasome, releasing the active form of NF-kB. In-
terestingly, IkB is also a potential target for PKC-{
[61], which is activated by GLP-1 [39]. Upon its acti-
vation, NF-xB will translocate to the nucleus to pro-
mote expression of stress-inducible genes that can be
either pro- or anti-apoptotic, depending on cell system
and stimuli [62, 63, 64, 65]. For instance, NF-xB
binding sites have been found in the promoter regions
of pro-apoptotic genes like inducible nitric oxide syn-
thase [66], cytokines [67], fas and fas-ligand [68]. Ex-
amples of anti-apoptotic proteins whose expression is
increased by NF-kB are: caspase inhibitors IAP-1,
IAP-2 and XIAP [49], mitochondria membrane sta-
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bilisers such as Bcl-2 [50], Bcl-x1 and Bfl-1 [69], and
cell-cycle regulatory proteins like cyclin D1 [70, 71].
The selectivity of the transcriptional response to
NF-kB will depend in part on the combinatorial re-
sponse with other signalling pathway and/or transcrip-
tion factors [64]. Previous studies have demonstrated
a pro-apoptotic role of NF-xB in human islets in re-
sponse to cytokines [8, 72]. Our present study shows
that GLP-1 activates NF-xB independently of the glu-
cose concentration or the presence of palmitate. Also,
a pharmacological inhibitor of NF-xB suppressed
GLP-1 anti-apoptotic action and sensitised INS832/13
cells to subsequent stress (glucolipotoxicity). Such po-
tentiation of stimuli-induced apoptosis by inhibition of
NF-kB has been previously reported in various cell
systems. Indeed, similar observations were made with
the expression of a super-repressor form of IkB [51,
53, 54] and the use of a pharmacological inhibitor as
well as an inhibitory double-stranded oligonucleotide
decoy for NF-xB [52], all of which increased percent-
ages of cell death in response to a variety of stimuli.
In our study, we envision that the suppression of either
PKB (by DN-PKB in Fig. 2) or NF-xB activity (by
BAY 11-7082 in Fig. 4) sensitises cells to apoptosis in
a context of low serum concentration, thus resulting in
a slightly increased basal level of apoptosis. However,
it is difficult to explain why GLP-1 treatment prevents
this rise in apoptosis under basal conditions and not
under conditions of glucolipotoxicity. Conceivably, a
signalling factor such as cyclic AMP, which is known
to be induced by GLP-1 in a PKB/NF-xB-independent
manner, could mediate an anti-apoptotic action of
GLP-1 wunder a relatively low stress condition
(5 mmol/l glucose) [73]. However, the anti-apoptotic
action of cyclic AMP signalling could be inefficient
under the high stress of glucolipotoxicity. Under such
a condition, only PI-3K/NF-xB signalling would be
able to reduce the major stress of glucolipotoxicity.
Thus, the data presented here suggest that NF-xB is
necessary for a GLP-1 anti-apoptotic response in
INS832/13 cells upon treatment with high glucose and
NEFA concentrations. To identify the target genes of
GLP-1-induced NF-xB DNA binding activity, we in-
vestigated the effect of GLP-1 on [AP-2 and Bcl-2
gene expression. GLP-1 treatment increased the ex-
pression level of both potential NF-xB targets /AP-2
and Bcl-2. Although, additional work is required to
conclusively define the exact role of NF-xB in pro-
tecting against glucolipotoxicity, the data presented
here suggest that GLP-1 prevents beta cell glucolipo-
toxicity via activation of NF-kB DNA binding activi-
ty, which would lead to an increase in JAP-2 and Bcl-2
gene expression.

In the current study, we suggest that the activation
of NF-kB after GLP-1 action on the beta cell is linked
to an anti-apoptosis action of the transcriptional fac-
tor. This contrasts with several studies, in particular
studies involving cytokines, where NF-kB activation
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was associated with a pro-apoptosis action [8]. How-
ever, depending on the cell type and experimental
system, NF-kB activation has been linked to protec-
tive [74] and pro-apoptotic actions [72].

In conclusion, our data demonstrate that GLP-1
prevents glucose- and palmitate-induced apoptosis,
singly or combined, in human islet cells, as well as in
INS832/13 cells. The mechanisms involved could im-
ply PKB activation, enhanced NF-kB DNA binding
activity, and possibly increased IAP-2 and Bcl-2 gene
expression. The anti-apoptotic action of GLP-1, added
to its incretin effect, increases interest in its utilisation
as a therapeutic agent in the treatment of Type 2 dia-
betes, since GLP-1 could prevent beta cell apoptosis
due to glucolipotoxicity, which is thought to be re-
sponsible for beta cell decompensation in the develop-
ment of obesity-associated Type 2 diabetes.
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