
Glucagon-like peptide-1-(7±36)amide (GLP-1) is se-
creted by the enteroendocrine L-cells in response to
fat meals and carbohydrates [1, 2]. It is a potent glu-
coincretin hormone which acts as a competence fac-
tor in determining the ability of the beta-cell to re-
spond to glucose by secretion of insulin [3], K/ATP
channels closure [4] and the induction of immediate
early response genes (IEG) [5]. It is a potentially im-
portant drug in the treatment of diabetes particularly
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Abstract

Aims/hypothesis. Glucagon-like peptide-1 is a potent
glucoincretin hormone and a potentially important
drug in the treatment of Type II (non-insulin-depen-
dent) diabetes mellitus. We have investigated wheth-
er it acts as a growth factor in beta (INS-1)-cells and
have studied the signalling pathways and transcrip-
tion factors implicated in this process.
Methods. Cell proliferation was assessed by tritiated
thymidine incorporation measurements. We have ex-
amined the action of glucagon-like peptide-1 on the
enzymatic activity of phosphatidylinositol 3-kinase.
The DNA binding activity of transcription factors
was investigated by electrophoretic mobility shift as-
say. Measurements of mRNA were done using the
northern technique.
Results. Glucagon-like peptide-1 caused an increase
in tritiated thymidine incorporation in beta (INS-1)-
cells and phosphatidylinositol 3-kinase activity in a
dose-dependent manner non-additively with glucose.
The phosphatidylinositol 3-kinase inhibitors wort-
mannin and LY294002 blocked the effects of gluca-
gon-like peptide-1 on DNA synthesis. Transcription
factor pancreatic and duodenal homebox gene 1
(PDX-1) DNA binding activity was increased by

glucagon-like peptide-1 at 3 or 11 mmol/l glucose
and the phosphatidylinositol 3-kinase inhibitor
LY294002 suppressed the action of glucagon-like
peptide-1 on PDX-1 DNA binding activity. Gluca-
gon-like peptide-1 and glucose alone did not change
activating protein-1 DNA binding activity. They syn-
ergised, however, to increase the activity of activating
protein-1. Glucagon-like peptide-1 also increased the
expression of PDX-1, glucose transporter 2, glucoki-
nase and insulin mRNAs. Finally, glucagon-like pep-
tide-1 increased the incorporation of tritiated thymi-
dine in isolated rat islets.
Conclusion/interpretation. The results suggest that
glucagon-like peptide-1 may act as a growth factor
for the beta cell by a phosphatidylinositol 3-kinase
mediated event. Glucagon-like peptide-1 could also
regulate the expression of the insulin gene and genes
encoding enzymes implicated in glucose transport
and metabolism through the phosphatidylinositol 3-
kinase/PDX-1 transduction signalling pathway. [Dia-
betologia (1999) 42: 856±864]
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because of its ability to improve insulin secretion
both in subjects with impaired glucose tolerance and
Type II (non-insulin dependent) diabetes mellitus
[6]. It is also an insulinotropic agent through its abili-
ty to stimulate insulin gene expression and proinsulin
biosynthesis [7]. It is not known whether it also influ-
ences beta-cell growth. A beta-cell growth promoting
action of GLP-1 is an attractive possibility because
various pharmacological agents that are known to
raise islet cAMP stimulate beta-cell replication [8]
and because GLP-1 activates the cAMP/protein ki-
nase A transduction system [2]. In addition, our re-
cent work indicates that GLP-1 synergize with glu-
cose to induce a number of IEG known to be impli-
cated in cell growth and differentiation, in particular
c-fos, c-jun and junB [5].

Little is known about the signalling pathways that
regulate beta-cell replication by glucose and various
peptide hormones. Some studies have implicated the
protein kinase A and C transduction systems but
more recent work has led to the emerging concept
that some insulin-activated signalling molecules, in
particular IRS-2 [9, 10], play a crucial part in this pro-
cess. An important downstream effector of IRS-2 is
phosphatidylinositol 3-kinase (PI3K), a family of pro-
teins known to be activated in response to various
growth factors in different cell types [11]. Glucose ac-
tivates PI3K in pancreatic beta-cells, an action that is
possibly causally implicated in insulin gene induction
by the sugar by phosphorylation of the transcription
factor pancreatic and duodenal homeobox gene 1
(PDX-1) [12]. Mutations in the transactivating do-
main of PDX-1 have been shown to cause a mono-
genic early onset form of diabetes (MODY4) [13]
and it has been hypothesised that defective PDX-1
function could have pleiotropic effects on beta-cell
function in particular abnormal cell growth and insu-
lin gene expression [14].

In view of the possible importance of GLP-1 as a
therapeutic agent [6] and of the crucial role of changed
beta-cell replication/apoptosis in the aetiology of dia-
betes [8, 15] we have investigated the action of the in-
cretin on beta-cell signalling and DNA replication.

Materials and methods

Materials. We purchased LY294 002 and wortmannin from Bio-
mol (Plymouth Meeting, Pa., USA). Human glucagon-like
peptide-1 fragment 7±36 amide was obtained from Sigma
(Geneva, Switzerland). Anti p85a PI3K antibody was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, Calif.,
USA). The RPMI 1640 and the supplements including fetal
calf serum were purchased from Gibco BRL (Burlington, On-
tario, Canada). Methyl [3H] thymidine was from ICN (Costa
Mesa, Calif., USA).

Cell culture and incubation. The INS-1 cells (passages 36±70)
were grown in monolayer cultures as described previously

[16] in regular RPMI-1640 medium supplemented with
10 mmol/l HEPES, 10 % heat-inactivated FCS, 2 mmol/l l-glu-
tamine, 1 mmol/l sodium pyruvate, 50 mmol/l b-mercaptoetha-
nol, 100 iU/ml penicillin and100 mg/ml streptomycin at 37 °C
in a humidified (5% CO2, 95 % air) atmosphere. When cells
reached 80 % confluence after approximately 7 days they
were washed with 11 mmol/l phosphate buffered saline (PBS)
and preincubated at 37 °C for 90 min in a Krebs-Ringer bicar-
bonate medium (KRB) containing 1 mmol/l CaCl2, 5 mmol/l
NaHCO3, 25 mmol/l HEPES (pH 7.4) supplemented with
3 mmol/l glucose and 0.1 % defated BSA (Sigma, Fraction V).
Cells were then washed with PBS and incubated in the same
supplemented KRB medium containing the substances to be
tested. Subsequently, electrophoretic mobility shift assay and
PI3K activity measurements were carried out as described be-
low.

Thymidine incorporation assay. The INS-1 cells were seeded
2 days before use in 96-well plates (8 ´ 104 cells per well) and
cultured in regular RPMI medium as described above. Cells
were then washed with PBS and preincubated for 24 h in mini-
mal RPMI medium, i. e. without serum and glucose but with
0.1 % BSA. They were then incubated for 24 h in minimal
RPMI medium with various test substances. Proliferation was
determined by incorporation of [3H]thymidine (37 Bq/well)
during the final 4 h of the 24-h incubation period. Cells were
then harvested with a PHD cell harvester from Cambridge
technology (Watertown, Mass., USA) and the radioactivity re-
tained on the dried glass fibre filters was measured.

Rat islets were isolated from 200-g Wistar rats as described
before [17]. Isolated rat islets (50 islets per condition) were
seeded in 12-well plates and cultured in regular RPMI contain-
ing 11 mmol/l glucose and 10 % FCS for 24 h. Islets were then
washed with PBS and preincubated for 24 h in minimal RPMI
medium. They were then incubated for 24 h in minimal RPMI
medium containing 3 mmol/l glucose with or without GLP-1
and growth hormone. Tritiated thymidine (185 Bq/well) was
added for the final 6-h incubation period. Then, islets were lys-
ed and DNA precipitated in 10 % trichloroacetic acid using a
published procedure [18]. DNA was rendered soluble in
0.4 mol/l NaOH and radioactivity measured.

Preparation of nuclear extracts and electrophoretic mobility
shift assays. Nuclear extracts were isolated using a published
procedure [19]. Briefly, cells (40 ´ 106 per condition) previous-
ly grown in 225 cm2 petri dishes were harvested using a rubber
policeman, washed in cold PBS, sedimented at 3500 ´ g for
4 min and lysed in 1 ml of ice-cold buffer A (15 mmol/l KCl,
2 mmol/l MgCl2, 10 mmol/l HEPES, 0.1 % phenylmethylsul-
phonyl fluoride (PMSF) and 0.5 % Nonidet P-40). After incu-
bation for 10 min on ice, nuclei were collected by centrifuga-
tion (100 ´ g for 5 min) and washed with buffer A without
Nonidet P-40. Nuclei were lysed in 10 ml of a buffer containing
2 mmol/l KCl, 25 mmol/l HEPES, 0.1 % EDTA, and 1 mmol/l
dithiothreitol. After incubation for 15 min on ice, 300 ml of a
buffer containing 25 mmol/l HEPES, 1 mmol/l dithiothreitol,
0.1 % PMSF, 2 mg/ml aprotinin, 0.1 mmol/l EDTA and 11 %
glycerol was added to the nuclei preparation. Samples were
centrifuged (16000 ´ g, 20 min) and the supernatants contain-
ing the nuclear proteins was used for protein determination,
subsequently aliquoted (50 ml) and kept frozen at ±70 °C for
further analysis. The oligonucleotides used to assess the bind-
ing activities of the transcription factors PDX-1 and activating
protein-1 (AP-1) by electrophoretic mobility shift assays were
purchased from ACGT (Toronto, Ontario, Canada). Respec-
tively, a 30-mer oligonucleotide containing a sequence of the
A1 box of the rat insulin I promoter was used to assess PDX-
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1 activity [20] and a 28-mer oligonucleotide containing a con-
sensus AP-1 recognition sequence has been used to measure
AP-1 activity [21]. After annealing, the double-stranded oligo-
nucleotides were labelled with [g32P]-ATP using the DNA 5 ¢-
end-labelling kit from Boehringer Mannheim (Indianapolis,
Ind., USA). Electrophoretic mobility shift assays were done
as described previously [22]. Briefly, 5 mg of protein extracts
were incubated with a radiolabelled probe (20000 cpm per
sample) 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 ex-
cess of cold oligonucleotide was added with the labelled probe
to assess the specificity of nuclear protein binding of the elec-
trophoretic mobility shift assays. Samples were analysed on
4 % non-denaturing polyacrylamide gels containing 0.01 %
Nonidet P-40.

Phosphatidylinositol 3-kinase (PI3K) activity measurements.
The INS cells were grown in 75 cm2 petri dishes. After incuba-
tion for 5 min in KRB with various test substances, PI3K was
assayed according to reference [23]. In brief, PI3K was immu-
noprecipitated from 2±3 mg of INS-1 cell total protein extracts
and resuspended in 50 ml of a buffer containing 20 mmol/l
TRIS-HCl (pH 7.5), 100 mmol/l NaCl, and 100 mmol/l
EGTA. After preincubation for 10 min with 10 mg of l-a-phos-
phatidylinositol, 370 Bq of [g32P]-ATP were added with
10 mmol/l MgCl2. Reactions were stopped after 4 min at room
temperature with 0.15 ml of CHCl3-MeOH-HCl (100:200:2).
Lipids were extracted and spotted on silica gel plates for thin
layer chromatography [6].

RNA isolation and northern blot analysis. Total RNA was iso-
lated by the guanidine isothiocyanate/phenol/chloroform
method from cells incubated for 3 h in serum-free RPMI medi-
um at 3 or 11 mmol/l glucose in 75 cm2 petri dishes. The RNA
(15 mg) was denatured with glyoxal and dimethylsulphoxide
and subjected to electrophoresis in 1.2 % agarose gels. The
RNA was transferred to a nylon membrane by capillarity and
detected by northern blot hybridisation with 32P-labelled
cDNA probes obtained by random priming. The inserts used
were: a BamHI-XbaI rat insulin fragment subcloned in
pBSKS; a glucokinase EcoRI 1±2216 EcoRI fragment from
rat in plasmid pBSKS; a glucose transporter (GLUT) 2 EcoRI
18±882 BamHI fragment from rat subcloned in pGEM-4 (Pro-
mega, Madison, Wis., USA) and a 1.4 Kb EcoRI-EcoRI PDX-
1 fragment subcloned in pBJ5. A human a-actin PstI 1±720
PvuII fragment in plasmid pSP65 and methylene blue staining
were used to confirm equal loading of RNA on each lane of
the agarose gels.

Calculations and statistics. Data are presented as means
± SEM. Statistical analyses were done with the SPSS for Win-
dows system. Differences between two conditions were as-
sessed with Student's t test for related samples. Differences
were deemed to be significant when p was less than 0.05.

Results

Glucagon-like peptide-1 and glucose increase DNA
synthesis in beta (INS-1)-cells in a non-additive man-
ner. The effects of GLP-1 on beta-cell growth and
DNA synthesis were initially examined in INS-1 cells
cultured in a minimal RPMI medium (described in
ªMaterials and methodsº) to avoid the effects of un-

known factors present in the serum, particularly as se-
rum is a potent growth factor for beta (INS-1)-cells
[9].

Figure 1 shows the dose dependence of GLP-1 and
glucose on beta (INS-1)-cell DNA synthesis. Figure
1A reports the effect of increasing GLP-1 concentra-
tion at a fixed concentration of glucose of 6 mmol/l.
It is apparent that GLP-1 promotes tritiated thymi-
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Fig. 1.A,B Effects of GLP-1 and glucose on DNA synthesis in
INS-1 cells. DNA synthesis was determined by tritiated thymi-
dine incorporation. A Dose-response characteristics for the ef-
fects of GLP-1 at 6 mmol/l glucose. B Dose-response charac-
teristics for the effects of glucose in presence or absence of 10
nmol/l GLP-1. Cells were cultured for 24 h in serum-free
RPMI medium containing 0.1 % BSA and different concentra-
tions of glucose in the presence or absence of GLP-1. 37 Bq/
well of tritiated thymidine was added during the final 4 h of
the 24 h incubation period. Data represent means ± SEM of
four (A) or three (B) experiments (each comprising 3 to 4
wells). Ð&Ð, + GLP-1; Ð*Ð, ±GLP-1



dine incorporation in INS-1 cells in a dose-dependent
manner. The threshold effective concentration is in
the range 10±12 mol/l to 10±11 mol/l. The half maxi-
mum and maximum effective concentrations are re-
spectively 10±10 and 10±9 mol/l. This underscores the
extreme sensitivity of the action of GLP-1 on INS-1
cell proliferation. Figure 1B reports the dose depen-
dence of the action of glucose ranging from 3 to

25 mmol/l in the absence and presence of GLP-1 at a
maximally effective concentration of 10±8 mol/l. The
results indicates that GLP-1 promotes maximum cell
growth even at low (3 mmol/l) glucose and that the
effects of glucose and GLP-1 are not additive, sug-
gesting a possible common mechanism of the two
agents (Fig.1B). In subsequent experiments, we in-
vestigated the mode of action of GLP-1 at glucose
concentrations ranging from 3 to 11 mmol/l.

Glucagon-like peptide-1 and glucose modulate PI3K
activity in INS-1 cells. Phosphatidylinositol 3-kinase
is an enzyme that has been implicated in many cellu-
lar processes including cell growth and cellular differ-
entiation [11]. It is also thought to be involved in the
mode of action of glucose on insulin gene expression
[12]. We hypothesized that PI3K also participates in
the mode of action of GLP-1 on beta-cell growth and
wished to determine whether its activity in the pres-
ence of GLP-1 correlates with cell growth measure-
ments. The activation of PI3K was studied after incu-
bation for 5 min with increasing concentrations of
GLP-1 (from 100 pmol/l to 100 nmol/l) at 6 mmol/l
glucose (Fig.2A). The results show that similar to cell
growth a maximum activity is observed at 10±9 mol/l.
Both GLP-1 and glucose (11 mmol/l) enhanced PI3K
activity in a non-additive manner like they do for
beta-cell growth (Fig.1B).

We next investigated the action of PI3K inhibitors
on the cell growth promoting action of GLP-1 and
glucose to determine whether rises in DNA synthesis
caused by GLP-1 and glucose involve the PI3K signal
transduction pathway. Cells were incubated in 3 or
11 mmol/l glucose with or without 10 nmol/l GLP-1,
in the presence or absence of the PI3K inhibitors
(LY294003 and wortmannin). These agents blocked
both GLP-1 and glucose-induced increases in DNA
synthesis (Fig.3). This provides pharmacological evi-
dence of the implication of PI3K in the cell growth
promoting action of the glucoincretin.

Much recent evidence has been obtained for a
paracrine signalling pathway involving insulin in the
beta-cell [24, 25]. To determine whether GLP-1 ex-
erts its effect on PI3K by insulin, we investigated the
action of 35 mmol/l KCl on the activity of the PI3K
in beta (INS-1)-cells. Potassium chloride did not
change PI3K activity even though it is well known to
induce insulin secretion at this concentration (data
not shown, n = 4). Furthermore, we measured PI3K
activity in the presence of the large conductance (L-
type) Ca2+ channel blocker nifedipine (100 nmol/l)
to block insulin secretion. The effects of both glucose
and GLP-1 singly or combined were preserved in the
presence of the pharmacological agent (data not
shown). These results suggest that the effects on
PI3K and beta-cell proliferation mediated by GLP-1
and glucose are not due to a paracrine signalling
pathway implicating insulin.
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Fig. 2.A,B GLP-1 and glucose stimulate PI3K activity in INS-1
cells in a non-additive manner. A Cells were incubated in
6 mmol/l glucose KRB medium with different concentrations
of GLP-1 for 5 min. PI3K was assayed as described in ªMateri-
als and methodsº. Data represent means ± SEM of three ex-
periments. B Cells were incubated at different concentrations
of glucose (3 mmol/l or 11 mmol/l) in the presence or absence
of 10 nmol/l GLP-1. Proteins were extracted after 5 min to per-
form the assay. Means ± SEM of three experiments. *p < 0.05



Glucagon-like peptide-1 increases PDX-1 DNA bind-
ing activity and synergizes with glucose to induce
AP-1 DNA binding activity. The transcription factor
PDX-1 is beta-cell specific and important in regulat-
ing the development of the endocrine pancreas [14]
as well as a number of beta-cell genes including insu-
lin, glucokinase and the glucose transporter GLUT2
[26, 27]. We therefore wished to examine the possible
action of GLP-1 on the activity of this transcription
factor. We carried out DNA retardation assay using
a double-stranded 30-mer oligonucleotide probe cor-
responding to a sequence within the human insulin
gene enhancer region containing a PDX-1 binding
site [20] (Fig.4A). The quantification of five separate
experiments is shown (Fig.4C). It is apparent that
GLP-1 promotes an increase in PDX-1 DNA binding
activity at both 3 and 11 mmol/l glucose.

Previous work from our laboratory [5] indicated
that both glucose (at the intermediate concentration
of 11 mmol/l) and GLP-1 synergize to induce the ex-
pression of a number of immediate early response
genes (IEG) and oncogenes like c-fos, c-jun and
junB implicated in cell growth control and differenti-
ation. We therefore aimed at determining whether

the activity of the transcription factors AP-1 which
consists of dimers of FOS, JUN and ATF proteins
correlates with the induction of these IEG or cell
growth measurements or both.

Figure 4B shows the DNA binding activity of AP-1
in a representative experiment as examined in a
DNA retardation assay. Figure 4C shows the quanti-
fication of four different experiments. It is apparent
that glucose at 11 mmol/l and GLP-1 alone did not
statistically significantly modify AP-1 DNA binding
activity. Glucose and GLP-1 synergise, however, to
increase the DNA binding activity of AP-1. The data
indicate that AP-1 DNA binding activity in the pres-
ence of GLP-1 does not correlate with either PI3K
activity or cell growth measurements.
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Fig. 3. LY 294 002 and wortmannin inhibit the DNA synthesis
in INS-1 cells which have been induced by GLP-1 and glucose.
Cells were cultured for 24 h in serum-free RPMI medium as
described in Fig. 1 in the presence or absence of the PI3K in-
hibitors LY-294 002 (50 mmol/l) or wortmannin (50 nmol/l).
During the last 4 h of the 24 h incubation period, 37 Bq of tri-
tiated thymidine was added in each well. The data represent
the mean values ± SEM obtained from four experiments
(each comprising 4 wells). *p < 0.005. & 3 mmol/l glucose;
3 mmol/l glucose + GLP; 11 mmol/l glucose; 11 mmol/l
glucose + 10 nmol/l GLP

Fig. 4. Effects of GLP-1 and glucose on PDX-1 and AP-1
DNA binding activity. A Representative DNA retardation as-
say done with nuclear extracts of INS-1 cells cultured for 2 h
at 3 or 11 mmol/l glucose in KRB medium in the presence or
absence of 10 nmol/l GLP-1. A probe containing a consensus
PDX-1 responsive element was used to assess PDX-1 DNA
binding activity (top band) [20]. B The same experiment as in
A was carried out using a probe containing an AP-1 binding
site. Lane 1, 3 mmol/l glucose; lane 2, 3 mmol/l glucose and 10
nmol/l GLP-1; lane 3, 11 mmol/l glucose; lane 4, 11 mmol/l glu-
cose and 10 nmol/l GLP-1; lane 5, no cell extract added; lane 6,
replicate of lane 4 with a 100-fold excess of cold probe.
C Quantification of the DNA retardation assays. Data repre-
sent the means ± SEM of five experiments for PDX-1 (left
panel) and four experiments for AP-1 (right panel). *p < 0.05



To investigate whether GLP-1 modulation of
PDX-1 DNA binding activity involves a PI3K medi-
ated event, INS-1 cells were incubated in the pres-
ence or absence of the PI3K inhibitor LY294002
(Fig.5). At the concentration used (50 mmol/l),
LY2940002 is known to inhibit growth factor-stimu-
lated PI3K in various cell types [28]. The results indi-

cate that the PI3K inhibitor suppresses the activation
of PDX-1 DNA binding activity at both 3 and
11 mmol/l glucose that is induced by GLP-1.

Glucagon-like peptide-1 increases PDX-1 and insulin
mRNA expression in INS-1 cells. Figure 6 shows that
GLP-1 causes an accumulation of the insulin and
PDX-1 transcripts. This result correlates with the ac-
tivity of the PDX-1 transcription factor as assayed
by DNA retardation assay (Fig.4A). As reported be-
fore in rat islets [29] GLP-1 also increases GLUT2
and glucokinase mRNA expression at 3 mmol/l glu-
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Fig. 5.A,B The PI3K inhibitor, LY 294002, inhibits GLP-1
modulation of PDX-1 DNA binding activity in INS-1 cells.
A Representative DNA retardation assay done on nuclear ex-
tracts of INS-1 cells cultured as in Fig. 4 with or without
50 mmol/l LY-294 002. Lane 1, 3 mmol/l glucose; lane 2,
3 mmol/l glucose and 10 nmol/l GLP-1; lane 3, 11 mmol/l glu-
cose; lane 4, 11 mmol/l glucose and 10 nmol/l GLP-1; lanes
5±8, same as lanes 1±4 but in the presence of the inhibitor;
lane 9, no cell extract added; lane 10, replicate of lane 4 with a
100-fold excess of cold probe. B Quantification of three differ-
ent DNA retardation assays for PDX-1. Error bars indicate
the SEM. *p < 0.05 compared with the control situation plus
GLP-1 without the inhibitor

Fig. 6. Effect of GLP-1 on the expression of PDX-1 and insulin
mRNAs. Representative results from northern blot. INS-1
cells were treated for 3 h in RPMI serum-free medium in the
presence of glucose (3 mmol/l or 11 mmol/l) with or without
10 nmol/l GLP-1. Similar results were obtained in a second ex-
periment for insulin. Means ± SEM of three experiments for
PDX-1. *p < 0.05



cose by about twofold (data not shown, observed in
four separate experiments).

Glucagon-like peptide-1 promotes tritiated thymidine
incorporation in isolated rat islets. We next investigat-
ed whether the cell proliferation results obtained
with the INS-1 cell line are applicable in a normal is-
let tissue. Figure 7 shows that GLP-1 promotes a
40% increase in tritiated thymidine incorporation
into DNA. Growth hormone, which is a potent
growth factor for the beta-cell [30], increased DNA
synthesis by 80%.

Discussion

In this study, we provide evidence that GLP-1, a po-
tent glucoincretin hormone and a potentially impor-
tant drug in the treatment of diabetes [9, 10], acts as
a growth factor in the beta (INS-1)-cell line as well
as in isolated rat islet tissue. A beta-cell growth pro-
moting action of GLP-1 in addition to its insulino-
tropic action reinforces the view of its usefulness as a
therapeutic agent in the treatment of diabetes. Un-
like secretion, however, the action of GLP-1 on
DNA synthesis occurs at low glucose only, is not glu-
cose dependent and does not increase with increasing
glucose concentrations. This is different to the action
of IGF-1 which is glucose dependent [31]. Thus, it
can be speculated that GLP-1 is a growth factor un-
der basal conditions and is important in early obesity
where the beta-cell mass expands to compensate in-
sulin resistance. In the diabetic state, GLP-1 might
act as a growth factor when circulating glucose con-

centration has returned to close to its basal value af-
ter insulin or sulphonylurea treatment.

Phosphatidylinositol 3-kinase mediates nuclear ac-
tivity by phosphorylation cascades leading to the acti-
vation of transcription factors [12, 32, 33]. It was
found that glucose and GLP-1 alone do not statisti-
cally significantly modify AP-1 DNA binding activity.
They synergise to induce AP-1 DNA binding activity,
however, as they do for the induction of several IEGs
[5]. This indicates that the activity of AP-1 is not es-
sential to the proliferative action of GLP-1. Possibly,
an increase in AP-1 activity is related to other func-
tions which have been implicated for this transcrip-
tion factor, such as differentiation and apoptosis
[34]. To examine the possibility that another impor-
tant candidate transcription factor (i. e. PDX-1) is im-
plicated in the action of GLP-1 on DNA synthesis, we
investigated PDX-1 DNA binding activity in the
presence of GLP-1. It was found that GLP-1 causes
an increase in PDX-1 DNA binding activity at 3 or
11 mmol/l glucose. Moreover, the PI3K inhibitor
LY294002 suppressed the GLP-1 induced PDX-1
DNA binding activity and DNA synthesis, providing
pharmacological evidence of the implication of PI3K
in the GLP-1 induced PDX-1 response and DNA syn-
thesis.

The cAMP analogue, chlorophenylthio-cAMP
(0.5 mmol/l), was able to induce both PI3K and
PDX-1 DNA binding activity (data not shown, n = 3
for each). In addition, high KCl and the Ca2+-channel
blocker nifedipine did not change the PI3K activity.
Since GLP-1 causes a rise in both cAMP and Ca2+ in
the beta-cell [2, 35], these results indicate that activa-
tion of the cAMP transduction system only and not
Ca2+ is likely to be implicated in the reported action
of GLP-1 on PI3K, PDX-1 and beta cell proliferation.
The activation of PI3K by GLP-1 by a mechanism not
involving calcium or the insulin receptor is intriguing.
It can be speculated that the trimeric G-protein acti-
vated by GLP-1 directly interacts with PI3K or that
the cAMP/PKA transduction system changes the
phosphorylation state of the kinase resulting in en-
hanced enzymatic activity. Alternatively, glycogen
breakdown induced by GLP-1 might result in en-
hanced glycolysis indirectly causing PI3K activation.
Thus glucose itself, through its metabolism, activates
PI3K [12]. The latter possibility is compatible with
the observation that the actions of GLP-1 and glucose
on PI3K and INS cell proliferation are not additive.

Our work could also be related to observations on
IRS-2 knocked-out mice [36]. It is apparent that
mice with disruption of IRS-2 have reduced beta-cell
mass and an attenuation of insulin release induced
by glucose. Knowing that PI3K is a direct down-
stream target of IRS-1/2, it is likely, as suggested by
our data, that a possible decreased PI3K activation
by this signalling pathway in response to GLP-1 and
other growth factors would result in a reduced beta-
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Fig. 7. Effects of GLP-1 and growth hormone on isolated rat
pancreatic islets tritiated thymidine incorporation. Cells were
incubated in 3 mmol/l glucose in the absence (3G) or in the
presence of 10 nmol/l GLP-1 or 100 nmol/l growth hormone
(GH) for 24 h. Then, 222 Bq/well of tritiated thymidine were
added and cells further incubated for 6 h. Data represent the
means ± SEM of 12 (3G, GLP-1) and six experiments (GH).
*p < 0.05



cell growth, metabolic enzyme gene expression and
insulin biosynthesis.

In conclusion, our results indicate that GLP-1 at
physiological concentrations increases INS-1 cell
DNA synthesis non-additively with glucose by a
mechanism which appears to implicate PI3K activa-
tion. Glucagon-like peptide-1 increases the expres-
sion of PDX-1 mRNA and activates the transcription
factor PDX-1 non-additively with glucose as assessed
by its DNA binding activity. It is possible that an in-
crease in PDX-1 DNA binding activity promoted by
GLP-1, involving a PI3K mediated event plays a
part in the pleiotropic effects (DNA synthesis, meta-
bolic enzyme gene expression, insulin biosynthesis)
of the glucoincretin.
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