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Abstract Aims/hypothesis: The gut hormone glucagon-
like peptide-1 (GLP-1) decreases beta cell apoptosis in a
protein kinase B (PKB)-dependent fashion, and increases
islet cell mass and function in vivo. In contrast, cytokines
induce beta cell apoptosis, leading to decreased islet mass
and type 1 diabetes. In the present study we used rat INS-1E
beta cells and primary rat islet cells to examine the potential
role of PKB as a mediator of the effect of GLP-1 on cyto-
kine-induced apoptosis. Methods: Cell viability was deter-
mined byMTTassay, and apoptosis and necrosis byHoechst
33342-propidium iodide staining. Immunoblot analysis was
used to detect changes in protein expression, including ac-
tive (phosphorylated) and total PKB, phosphorylated and
total glycogen synthase kinase-3β, activated caspase-3 and
inducible nitric oxide synthase. Reactive oxygen species
were determined by 1,7-dichlorofluorescein (DCF) analy-
sis, and mutant forms of PKB were introduced into cells
using adenoviral vectors. Results: Incubation of INS-1E
cells with cytokines (IL-1β, TNF-α and interferon-γ; 10–
50 ng/ml) for 18 h significantly decreased cell viability (by
44%, p<0.001), cell proliferation (by 80%, p<0.001), and
activation of PKB (by 67%, p<0.001). Pre-treatment with
exendin-4 (10−7 mol/l), a long-acting GLP-1 receptor ago-
nist, partially protected the cells against cytokine-induced
toxicity (p<0.01) in association with a reduction in cyto-

kine-induced inhibition of PKB phosphorylation (p<0.05).
Exendin-4 pre-treatment did not change cell proliferation.
Cytokine treatment increased apoptosis (by 156%, p<0.05)
and necrosis (from undetectable to 2.6% of cells). These
increases were both reduced by pre-treatment with exendin-
4 (p<0.05–0.01). Furthermore, cytokine-induced apoptosis
and necrosis were significantly increased in cells infected
with kinase-dead PKB (p<0.05), and the protective effect of
exendin-4 on both parameters was fully abolished in these
cells. Similar changes were observed in primary islet cells.
In parallel with these changes, exendin-4 decreased the
cytokine-induced activation of caspase-3 (by 46%, p<0.05),
and decreased levels of inducible nitric oxide synthase (by
71%, p<0.05) and reactive oxygen species (by 27%, p<
0.05). Conclusions/interpretation: The results of our study
indicate that GLP-1 plays a protective role against cytokine-
induced apoptosis and necrosis in beta cells through a
PKB-dependent signalling pathway.
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Abbreviations CREB: cAMP-response-element-binding
protein . GLP-1: glucagon-like peptide-1 . GSK: glycogen
synthase kinase . iNOS: inducible nitric oxide synthase .
MnSOD: manganese superoxide dismutase . PI3-K:
phosphatidylinositol 3-kinase . PKB: protein kinase B .
ROS: reactive oxygen species

Introduction

Type 1 diabetes is characterised by the progressive destruc-
tion of pancreatic beta cells following lymphocytic infil-
tration of the islet, resulting in insulin deficiency. IL-1β,
TNF-α and IFN-γ are released by T cells and macrophages
during this autoimmune response and are important media-
tors of beta cell destruction [1]. IL-1β, especially in com-
bination with TNF-α and IFN-γ, induces the formation of
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high levels of nitric oxide and reactive oxygen species
(ROS), leading to the reduced generation of ATP and de-
creased beta cell function and viability [1, 2]. Moreover,
cytokines have been shown to induce beta cell death via a
mechanism that involves apoptosis and necrosis [3]. In-
flammatory mediators are also increasingly implicated in
the development of type 2 diabetes [4]. Consistent with
this concept, lipid-laden islets isolated from obese Zucker
diabetic fatty (ZDF) rats, a model of type 2 diabetes, are
more susceptible to cytokine-mediated cytotoxicity than
islets from lean ZDF rats [5]. Similarly, islets that are chron-
ically exposed to high levels of fatty acids demonstrate
increased apoptosis in response to cytokines compared with
islets cultured in the absence of fat [6].

The incretin hormone glucagon-like peptide-1 (GLP-1)
is a 30-amino acid peptide that is secreted from the in-
testinal L cells in response to nutrient ingestion [7, 8]. This
peptide and its long-acting receptor agonist, exendin-4 [9],
possess a variety of actions that are protective against di-
abetes and that are mediated at the level of the beta cell, as
well as in peripheral tissues. These include stimulation of
glucose-dependent insulin secretion [10, 11], and inhibi-
tion of glucagon release [11, 12], gastric emptying [12, 13]
and food intake [14, 15]. Recent data show that the actions
of GLP-1 that protect against diabetes also include the en-
hancement of beta cell mass in rodents, through inhibition
of beta cell apoptosis, and stimulation of beta cell pro-
liferation and islet neogenesis [16–19]. Furthermore, GLP-1
and its agonists increase the survival of immortalised ro-
dent beta cell lines when challenged with various apoptotic
stimulators, including hydrogen peroxide, fatty acids, strep-
tozotocin and staurosporine [17, 20–22]. Importantly, ex-
endin-4 treatment also reduces cytokine-induced apoptosis
in purified rat beta cells [17]. However, the signalling path-
ways that mediate these anti-apoptotic actions of GLP-1 are
incompletely understood.

Protein kinase B (PKB), also known as Akt, is a serine–
threonine kinase that is activated by phosphatidylinositol-
3-kinase (PI3-K). In mammals, three closely related isoforms
of PKB are encoded by distinct genetic loci: PKBα/Akt1,
PKBβ/Akt2 and PKBγ/Akt3 [23]. The pancreatic beta cell
contains high levels of PKBα [24], and the targeted over-
expression of PKBα in vivo enhances beta cell mass and
function through effects on cell number and cell size [25,
26]. Indeed, PKB is increasingly implicated as a key player
in the regulation of beta cell growth and survival [27].
Furthermore, GLP-1 has been demonstrated to increase
PKB levels in beta cells, both in vivo in db/db mice and in
vitro in INS-1 cells [19, 22, 28]. We have recently dem-
onstrated that the adenovirus-mediated ablation of PKB
abrogates the effect of GLP-1 in the prevention of stau-
rosporine-induced apoptosis in INS-1 cells [22]. These
findings suggest an important role for PKB as a mediator of
the anti-apoptotic actions of GLP-1 in the beta cell. Using
rat INS-1E beta cells and primary rat islet cells as models,
the aim of the present study was to examine the role of the
pro-survival signalling protein PKB as a possible mediator
of the protective effects of GLP-1 against cytokine-induced
apoptosis and necrosis.

Materials and methods

Cell culture INS-1E cells (passage number 50–70; a kind
gift from C. Wollheim, Department of Internal Medicine,
University Medical Centre, Geneva, Switzerland) were
grown in monolayer culture in RPMI-1640 medium (Gibco
Invitrogen, Burlington, ON, Canada) supplemented with
10 mmol/l HEPES, 10% heat-inactivated FCS, 2 mmol/l
L-glutamine, 1 mmol/l sodium pyruvate, 50 μmol/l 2-mer-
captoethanol, 100 IU/ml penicillin, and 100 μg/ml strep-
tomycin. Cells were cultured at 37°C in a humidified (5%
CO2, 95% air) atmosphere [29].

Islets of Langerhans were isolated from male Wistar rats
(weight 200–300 g) by collagenase digestion and dispersed
into single cells with trypsin, as described previously [30].
Cells were plated on 12-well plates in RPMI medium sup-
plemented with 11 mmol/l glucose, 0.25% HEPES, 10%
FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, and
were cultured for 1 day prior to adenovirus infection.

Cell proliferation assay INS-1E cells were grown to 80–85%
confluence in 24-well plates, and then treated overnight
with or without exendin-4 (10 nmol/l; Bachem California,
Torrance, CA, USA) in the presence of 11 mmol/l glucose.
DNA synthesis was measured by 3H-thymidine incorpora-
tion assay, as previously described [22].

MTT assay Cell viability was measured by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay
[31]. In brief, 50,000 cells were seeded in flat-bottomed,
96-well tissue culture dishes for 24 h; the cells were then
pre-incubated with or without 10 nmol/l exendin-4 for 18 h,
followed by incubation with a mixture of cytokines (10 ng/ml
IL-1β, 50 ng/ml TNF-α, 50 ng/ml IFN-γ; Sigma Chemical
Company, St Louis, MO, USA) in the absence or presence
of 10 nmol/l exendin-4 for a further 18 h. This incubation
time was based on the results of preliminary experiments
(in which t=6, 12 or 18 h) showing that incubation for 18 h
induced significant apoptosis under the culture conditions
used (data not shown). The medium was subsequently
removed, 200 μl of MTT (Sigma Chemical Company) was
added to give a final concentration of 0.5 mg/ml, and the
plates were incubated for 3 h at 37°C in an atmosphere of
95%O2, 5% CO2. A 150-μl aliquot was then substituted for
100 μl of 2-propanol containing 4 N HCl to solubilise the
MTT formazan. The plates were placed on a mechanical
shaker for 60 min at room temperature, and the optical
density was read at 570 nm (n=16 wells per treatment).

Immunoblotting Cells were grown in six-well plates to
80–85% confluence and then pre-treated with or without
10 nmol/l exendin-4 for 18 h, followed by incubation with
a mixture of cytokines in the absence or presence of
exendin-4 for a further 18 h. Cells were subsequently
lysed in buffer containing 1% Triton X-100 and a mixture
of protease and phosphatase inhibitors, as previously de-
scribed [19, 22]. Protein content was measured by the
Bradford assay (Bio-Rad, Hercules, CA, USA), and pro-
tein samples (50 μg) were separated on an 8 or 10% SDS-
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PAGE gel and electrotransferred onto polyvinylidene di-
fluoride filters (Bio-Rad). The proteins were probed with
the following specific primary antibodies: rabbit anti-
bodies directed against phosphorylated Ser473-phosphory-
lated PKB, total PKB, phosphorylated GSK3β (glycogen
synthase kinase 3β), total GSK3, phosphorylated and total
CREB (cAMP-response-element-binding protein), cleaved
caspase-3 (each at 1:1,000 dilution; New England Bio-
Labs, Mississauga, ON, Canada), iNOS (1:500 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), MnSOD
(manganese superoxide dismutase; 1:1,000 dilution; Santa
Cruz Biotechnology), catalase (1:1,000 dilution) and β-actin
(1:4,000 dilution) (both from Sigma Chemical Company).
The immunoreactive bands were then visualised with horse-
radish peroxidase-conjugated sheep anti-rabbit IgG using an
ECL detection system (Amersham Pharmacia Biotech, Baie
d’Urfe, QC, Canada), as described previously [19, 22].

Adenovirus vectors and infection Adenoviral vectors ex-
pressing enhanced green fluorescent protein (control),
constitutively-active PKBα or kinase-dead PKBα; created

using a K179M mutation) have been described in detail
previously [32, 33]. Equivalent amounts of purified virus
(0.5×107 to 2×107 plaque-forming units per ml) were added
to either 80% confluent INS-1E cells or dispersed islet cells
for 2–4 h. Cells were then washed and incubated for 16 h in
fresh medium [22], followed by treatment with medium
(plus or minus exendin-4) and then a mixture of cytokines
(plus or minus exendin-4), as described above.

Apoptosis and necrosis detection Adenovirus-infected
cells were incubated overnight in the absence or presence
of exendin-4 (10 nmol/l), followed by incubation with a
mixture of cytokines for 18 h with or without exendin-4.
At the end of the treatment period, cells were double-
stained with Hoechst 33342 (10 μg/ml; Sigma Chemical
Company) and propidium iodide (1 μg/μl; Sigma Chem-
ical Company) in medium for 30 min at 37°C. Cells were
then visualised by fluorescence microscopy using a Carl
Zeiss Axioplan Deconvolution Microscope (Carl Zeiss
Canada, Don Mills, ON, Canada). This method has been
successfully used to quantitate apoptosis and necrosis in

control Ex4 cyto cyto+Ex4
0.00

0.25

0.50

0.75

1.00

1.25
**

***
##

C
el

l v
ia

bi
lit

y 
(a

bs
or

ba
nc

e)

a b

control Ex4 cyto cyto+Ex4
0.0

0.5

1.0

1.5 **

***

#

P
-P

K
B

 / 
T

-P
K

B

c

control Ex4 cyto cyto+Ex4
0

25

50

75

100

125

P
ro

lif
er

at
io

n
(P

er
ce

n
t 

o
f 

co
n

tr
o

l)

***

P-PKB

T-PKB

Fig. 1 Effects of exendin-4 on cytokine-induced toxicity, prolifer-
ation and PKB phosphorylation in INS-1E cells. INS-1E cells were
incubated with (Ex4) or without (control) 10 nmol/l exendin-4 for
18 h, and were then treated with a mixture of cytokines in the ab-
sence (cyto) or presence (cyto+Ex4; pretreated with exendin-4) of
exendin-4 for 18 h. This was followed by an MTT assay for cell
viability (n=3) (a), a 3H-thymidine incorporation assay (n=12) (b),

and Western blotting for Ser473-phosphorylated PKB (P-PKB) and
total PKB (T-PKB) (c). The results are the means±SEM of five
separate experiments. The blot shown is representative of five
separate experiments (labels for treatment groups indicate both the
associated histogram and the underlying immunoblot). **p<0.01
and ***p<0.001 vs control; #p<0.05 and ##p<0.01 vs cytokine-
treated cells
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INS-1 cells, and in human, rat and mouse beta cells [34–37].
In brief, cells were defined as apoptotic if they exhibited
condensed nuclear chromatin or a fragmented nuclear mem-
brane, as visualised with Hoechst 33342. Necrotic cells
were characterised by nuclear propidium iodide staining
without condensed chromatic or fragmented nuclear mem-
branes. Cells without apoptotic or necrotic features were
considered viable. At least 100 cells were counted for each
experimental condition.

Determination of ROS by DCF fluorescence Production of
ROS was determined using the oxidation-sensitive fluo-
rescent probe DCFH-DA (5,6-carboxy-2′,7′-dichlorofluo-

rescein-diacetate). DCFH-DA is a cell-permeant dye that
is cleaved by intracellular esterases into DCFH, its non-
fluorescent, non-permeant form, which may be oxidised
by H2O2 or OH− to its fluorescent form, DCF (2′,7′-di-
chlorofluorescein) [38]. Cells were treated with media
(plus or minus exendin-4) and cytokines (plus or minus
exendin-4), as above, and washed with PBS; 10 μmol/l
DCFH-DA was then added for 20 min and total fluores-
cence was determined (excitation at 485 nm, emission at
530 nm; n=16 wells per treatment).

Statistical analysis All data are presented as means±SEM.
Statistical analysis was performed using the Student’s
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Fig. 2 Effects of exendin-4 on
levels of phosphorylated and
total PKB and phosphorylated
and total GSK3β in Adv-GFP,
Adv-CA and Adv-KD cells.
INS-1E cells were infected with
0.5×107–2×107 plaque-forming
units per ml of adenoviral vec-
tors expressing enhanced green
fluorescent protein (Adv-GFP
cells), constitutively-active
PKBα (Adv-CA cells) or ki-
nase-dead PKBα (Adv-KD
cells) for 2–4 h, incubated in
media alone for 16 h, pre-treated
with media alone or 10 nmol
exendin-4 for 18 h, and then
incubated with combined cyto-
kines in the absence or presence
of exendin-4 for a further 18 h.
This was followed by Western
blotting for Ser473-phosphory-
lated PKB (P-PKB) and total
PKB (T-PKB) (a), and phos-
phorylated GSK3β (P-GSK3β)
and total GSK3 (T-GSK3) (b).
Representative blots and the
means±SEM for the normalised
optical density from five to six
separate experiments are shown.
The specific adenovirus used for
each group is indicated below
the histogram, while the respec-
tive treatments within each
adenoviral group are shown
above the immunoblot (open
bars, control, media alone;
closed bars, exendin-4 alone;
hatched bars, cytokines
alone; striped bars, cytokines
with exendin-4 pre-treatment).
*p<0.05 and **p<0.01 vs
control Adv-GFP cells; #p<0.05
vs Adv-GFP cells treated with
combined cytokines alone,
†p<0.05 vs control
Adv-CA infected cells
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t-test or ANOVA using ‘n−1’ custom hypotheses tests, as
appropriate. A p value of less than 0.05 was considered
significant.

Results

GLP-1 protects INS-1E cells against cytokine-induced cell
toxicity and prevents cytokine-mediated suppression of
PKB Total cell viability, as assessed by MTT assay, was
decreased by 44% (p<0.001) after treatment of INS-1E
cells with a mixture of cytokines for 18 h (Fig. 1a). Pre-
treatment with exendin-4 reduced cytokine-induced tox-
icity (by 17%, p<0.01 vs cytokine-treated cells), while
exendin-4 alone slightly but significantly (p<0.01) in-
creased viability as compared with medium alone (con-
trol). Cell proliferation, as determined by 3H-thymidine
incorporation assay, was significantly decreased by cyto-
kine treatment (by 80%, p<0.001), and this decrease was
not prevented by pre-incubation with exendin-4 (Fig. 1b).
Incubation of INS-1E cells with a mixture of cytokines for
18 h also significantly decreased activation of PKB (by
67%, p<0.001; Fig. 1c), as assessed by immunoblot anal-
ysis of phosphorylated PKB. Consistent with the findings
for total cell viability, the level of inhibition of phosphor-
ylated PKB induced by cytokine treatment (p<0.001) was
reduced by pre-incubation with exendin-4 (by 18%, p<
0.05 vs cytokine-treated cells). Consistent with previous
results [22], exendin-4 alone increased phosphorylation of
PKB (by 36%, p<0.01). For all experiments, the normal-
ised response to exendin-4 was not different between con-
trol and cytokine-treated cells.

PKB is required for the prevention of cytokine-induced
apoptosis by GLP-1 To functionally ablate or overexpress
PKB, INS-1E cells were infected with adenoviral vectors
expressing kinase-dead PKBα (Adv-KD cells) or consti-
tutively-active PKBα (Adv-CA cells). Cells infected with
adenoviral vectors expressing enhanced green fluorescent
protein (Adv-GFP cells) served as controls. As observed
for uninfected cells (Fig. 1c), incubation of Adv-GFP cells
with cytokines significantly decreased activation of PKB
(by 31%, p<0.05; Fig. 2a), and exendin-4 treatment partially
protected the cells against cytokine-induced inhibition of
PKB phosphorylation (p<0.05). Levels of phosphorylated
PKB were increased in cells incubated in exendin-4 as
compared with cells incubated in medium alone (p<0.05).
Basal levels of phosphorylated PKB were reduced by 64%
(p<0.01) in Adv-KD cells as compared with Adv-GFP
cells, whereas levels of phosphorylated PKB were dra-
matically increased in Adv-CA cells (by 115%, p<0.01).
Infection of INS-1E cells with Adv-CA completely pre-
vented the inhibitory effects of cytokines on PKB phos-
phorylation, and this prevention was not significantly altered
by exendin-4 treatment, although levels of phosphorylated
PKB were slightly higher in cells incubated in exendin-4
alone than in cells incubated in medium alone (p<0.05).
Conversely, cytokines did not further decrease PKB phos-
phorylation in Adv-KD cells, but the protective effects of

exendin-4 were completely abolished. Identical changes
were observed in the levels of phosphorylated GSK3β
(Fig. 2b), a downstream target of phosphorylated PKB
action, whereas levels of phosphorylated CREB, a poten-
tial mediator of GLP-1 action, were not altered (data not
shown).

To determine the percentage of INS-1E cells comprised
of apoptotic cells under the different treatment conditions,
apoptosis was quantified by Hoechst 33342-propidium io-
dide staining. As observed for total cell viability (Fig. 1a),
treatment of the Adv-GFP cells with a mixture of cytokines
increased apoptosis (by 156%, p<0.05), and this was re-
duced by treatment with exendin-4 (by 49%, p<0.05; Fig. 3a).
Basal levels of apoptosis were also reduced by exendin-4
treatment alone (by 56%, p<0.05), although this change was
not as great as that seen in cytokine-treated cells (p<0.01).
Adenovirus-mediated transfer of constitutively active PKB
dramatically decreased basal apoptosis (by 56%, p<0.01).
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Fig. 3 Effects of exendin-4 on apoptosis. INS-1E (a) and primary
rat islet cells (b) were infected with 0.5×107–2×107 plaque-forming
units per ml of adenoviral vectors expressing enhanced green fluo-
rescent protein (Adv-GFP), constitutively-active PKBα (Adv-CA)
or kinase-dead PKB (Adv-KD) for 2–4 h, incubated in media alone
for 16 h, pre-treated with media alone or 10 nmol exendin-4 for
18 h, and then incubated with combined cytokines in the absence or
presence of exendin-4 for a further 18 h. This was followed by
assessment of apoptosis by Hoechst 33342 staining (n=3–5 for INS-
1E cells, n=4–6 for primary islet cells). The specific adenovirus used
for each group is indicated below the histogram (open bars, control,
media alone; closed bars, exendin-4 alone; hatched bars, cytokines
alone; striped bars, cytokines with exendin-4 pre-treatment).
*p<0.05 and **p<0.01 vs control Adv-GFP cells; #p<0.05 and
##p<0.01 vs the same group of cells treated with combined cytokines
alone; †p<0.05 and ‡p<0.01 vs control cells in the same adenovirus
group; ^p<0.05 vs cytokine-treated Adv-GFP cells
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As expected from the cell viability study, treatment with
cytokines increased apoptosis in the Adv-CA cells (by
185%, p<0.01), and this was decreased (by 37%, p<0.01)
by pre-treatment of the cells with exendin-4. In contrast,
basal apoptosis was increased by 85% (p<0.01) in Adv-KD
cells, and cytokines induced a further increase in apoptosis
(56% increase vs cytokine-treated Adv-GFP cells, p<0.05;
112% increase vs control Adv-KD cells, p<0.05). Further-
more, the anti-apoptotic effect of exendin-4 was fully
abolished in Adv-KD cells treated with cytokines. Identical
changes were observed in primary rat islet cells (Fig. 3b).

Activation of caspase-3 was also used as a marker of
apoptosis in the INS-1E cells overexpressing constitutive-
ly active PKB and kinase-dead PKB. As shown in Fig. 4,
the level of activated caspase-3 was significantly increased
(by 114%, p<0.05) following the treatment of Adv-GFP
cells with a mixture of cytokines for 18 h, and this increase
was completely prevented by pre-treatment with exendin-4
(p<0.05). Consistent with the findings for INS-1E cell
apoptosis (Fig. 3a), basal levels of activated caspase-3
were enhanced in Adv-KD cells and were decreased in
Adv-CA cells, as compared with Adv-GFP controls. Fur-
thermore, following incubation with cytokines, levels of
activated caspase-3 were significantly lower (35% decrease,
p<0.05) in Adv-CA cells than in Adv-GFP cells. The pro-
tective effects of exendin-4 against cytokines were abol-
ished in Adv-KD cells. Taken together, these data suggest
an important role for PKB in the prevention of the cyto-
kine-induced apoptosis of beta cells by GLP-1.

PKB is required for the prevention of cytokine-induced
necrosis by GLP-1 In addition to apoptosis, Hoechst 34
222-propidium iodide staining revealed that the treatment
of INS-1E cells with a mixture of cytokines induced
necrosis. As shown in Fig. 5a, under control conditions
(media alone), necrosis was not detected in either Adv-
GFP cells or Adv-CA cells, but was seen in Adv-KD cells.
Cytokine treatment induced necrosis in 2.6±0.4% of the
Adv-GFP cells; compared with the control cells, cytokine-
induced necrosis was significantly decreased in Adv-CA
cells (by 90%, p<0.05) and increased in Adv-KD cells (by
23%, p<0.05). Exendin-4 pre-treatment significantly de-
creased the effects of cytokines (by 90%, p<0.01) in Adv-
GFP cells. However, the protective effect of exendin-4 was
fully abolished in Adv-CA cells and Adv-KD cells. Sim-
ilar changes were observed in primary rat islet cells (Fig. 5b).

We investigated levels of iNOS expression and ROS as
markers of cell necrosis. As shown in Fig. 6, iNOS ex-
pression, which was not detectable under basal conditions,
was induced by treatment of Adv-GFP cells with a mixture
of cytokines, and exendin-4 pre-treatment decreased this
cytokine-induced expression of iNOS (by 71%, p<0.05).
The protective effects of exendin-4 were lost in Adv-CA
cells and Adv-KD cells. Similarly, cytokine treatment sig-
nificantly increased ROS levels in INS-1E cells (by 82%,
p<0.01; Fig. 7). However, cytokine-stimulated ROS levels
were significantly decreased (by 36%, p<0.05) in the pres-
ence of exendin-4. The effects of cytokines on the anti-
oxidant enzymes MnSOD and catalase were also studied.
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Fig. 4 Effects of exendin-4 on activated caspase-3 in Adv-GFP,
Adv-CA and Adv-KD. INS-1E cells were infected with 0.5×107–
2×107 plaque-forming units per ml of adenoviral vectors expressing
enhanced green fluorescent protein (Adv-GFP cells), constitutively-
active PKBα (Adv-CA cells) or kinase-dead PKBα (Adv-KD cells)
for 2–4 h, incubated in media alone for 16 h, pre-treated with media
alone or 10 nmol exendin-4 for 18 h, and then incubated with
combined cytokines in the absence or presence of exendin-4 for a
further 18 h. This was followed by Western blotting for cleaved

caspase-3 and β-actin. A representative blot and the means±SEM
for the optical density (normalised to β-actin) from six separate
experiments are shown. The specific adenovirus used for each group
is shown below the histogram, while the respective treatments
within each adenoviral group are shown above the immunoblot
(open bars, control, media alone; closed bars, exendin-4 alone;
hatched bars, cytokines alone; striped bars, cytokines with exendin-
4 pre-treatment). *p<0.05 vs control Adv-GFP cells; #p<0.05 vs
Adv-GFP cells treated with cytokines alone
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Cytokine treatment was found to increase the expression
of MnSOD, while catalase levels were decreased by the
combined cytokines. Furthermore, exendin-4 pre-treat-
ment did not significantly change the expression of either
enzyme in response to cytokine treatment (data not shown).

Discussion

The cytotoxic effects of cytokines on beta cells have
been widely demonstrated to include apoptosis and necro-
sis [1–3]. The results of the present study demonstrate that
treatment of INS-1E beta cells with exendin-4, a long-
acting GLP-1 analogue, can prevent both forms of cyto-
kine-induced beta cell death in INS-1E cells and primary
rat islet cells. Although previous studies using isolated rat
islets have shown a protective effect of GLP-1 against
cytokine-induced apoptosis [17], the present study is the
first to demonstrate that GLP-1 has similar effects on the
prevention of beta cell necrosis. Furthermore, we have ex-
tended these findings by showing that the protective effects
of GLP-1 against both forms of cytokine-induced beta cell
death require activation of PKB.

Treatment of INS-1E cells with a combination of IL-1β,
TNF-α and IFN-γ was found to decrease levels of phos-
phorylated PKB in parallel with decreased cell viability
and increased apoptosis and necrosis. PKB has previously
been implicated in the signalling pathways of IL-1β and
TNF-α [39, 40]. Consistent with such a mechanism of
action, the overexpression of kinase-dead PKB enhanced
cytokine-induced apoptosis and necrosis, whereas consti-
tutively-active PKB diminished these effects. Furthermore,
non-stimulated levels of apoptosis and necrosis were con-
comitantly altered in response to modulation of PKB levels,
suggesting an important role for PKB under basal condi-
tions and in response to cytotoxic agents.

As reported previously [22], exendin-4 treatment in-
creased basal beta cell viability in parallel with an en-
hanced activation of PKB. This protective effect of GLP-1
was mediated through the inhibition of apoptosis and ne-
crosis, particularly in the setting of cytokine-induced tox-
icity. These effects of exendin-4 were completely abolished
by ablation of endogenous PKB levels using a kinase-dead
construct of PKB; this observation is consistent with an
essential role for PKB in the downstream signalling path-
ways that lead from the GLP-1 receptor to cell growth and
survival. Furthermore, exendin-4 treatment was also able
to reduce the effects of cytokines on apoptosis in cells
infected with constitutively-active PKB, although the pro-
tective effects of exendin-4 were not observed in all Adv-
CA cells, possibly due to the extremely high levels of
activated PKB already present. Nonetheless, in agreement
with the finding of an important role for PKB in GLP-1
signalling, it has been shown that inhibition of PI3-K, the
upstream regulator of PKB activity [23], decreases the
IGF-1-mediated protection of beta cells against cyto-
kines [41, 42]. IGF-1 is a known regulator of PI3-K/PKB,
whereas the mechanisms that link the G protein-coupled
GLP-1 receptor to cell survival pathways are not well
understood. It has been suggested that activation of
CREB, a cAMP-dependent transcription factor, may pro-
vide a direct link between the GLP-1 receptor and the PI3-
K/PKB pathway through the enhanced synthesis of the
upstream effector, insulin receptor substrate-2 [43]. Fur-
thermore, cytokines have been reported to inhibit CREB
activation [44]. However, in the present study, the levels
of phosphorylated and total CREB were not altered by
treatment with either exendin-4 or cytokines, suggesting
the existence of alternative pathways that link these agents
to PKB. The possibility that exendin-4 activates pathways
other than those involving PKB cannot be excluded, as the
coupling of the GLP-1 receptor to multiple G proteins and
to the mitogen-activated protein kinase pathway has pre-
viously been reported [45].

Somewhat unexpectedly, the exendin-4-induced changes
in apoptosis (50% decrease) were greater than those in cell
viability (17% increase). This difference cannot be ac-
counted for by an effect of exendin-4 on proliferation, at
least under the conditions used in the present study. Given
that no necrosis could be measured in the absence of
cytokines and that cell viability is a reflection of all three
parameters, it is likely that, in terms of cell viability, the
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Fig. 5 Effects of exendin-4 on necrosis. INS-1E (a) and primary rat
islet cells (b) were infected with 0.5×107–2×107 plaque-forming units
per ml of adenoviral vectors expressing enhanced green fluorescent
protein (Adv-GFP), constitutively-active PKBα (Adv-CA) or kinase-
dead PKB (Adv-KD) for 2–4 h, incubated in media alone for 16 h,
pre-treated with media alone or 10 nmol exendin-4 for 18 h, and then
incubated with combined cytokines in the absence or presence of
exendin-4 for a further 18 h. This was followed by assessment of
necrosis by propidium iodide staining (n=3–5 for INS-1E cells, n=4–
6 for primary islet cells). The specific adenovirus used for each group
is shown below the histogram (open bars, control, media alone;
closed bars, exendin-4 alone; hatched bars, cytokines alone; striped
bars, cytokines with exendin-4 pre-treatment; some bars are not
visible when value=0). #p<0.05 and ##p<0.01 vs Adv-GFP cells
treated with cytokines alone; †p<0.05 vs control Adv-KD cells
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inhibitory effect of exendin-4 on apoptosis was balanced
out by the lack of detectable necrosis. Furthermore, as the
viability and proliferation studies were conducted in non-
infected cells, while the apoptosis and necrosis measure-
ments were made in adenovirus-infected cells, it is likely
that the absolute changes in these parameters are not di-
rectly comparable.

Caspase-3 is an executioner enzyme that is responsible
for the cellular features of apoptosis, including DNA frag-
mentation, nuclear condensation and plasma membrane

remodelling [46]. Consistent with the results of the present
study, previous studies have demonstrated that cytokines
induce beta cell caspase-3 activity, whereas GLP-1 de-
creases cycloheximide-induced caspase-3 levels in the beta
cell [17]. The effects of cytokines and exendin-4 on cas-
pase-3 were diminished by the overexpression of con-
stitutively active PKB, but were not significantly increased
by kinase-dead PKB. Although it has been shown that the
protective effects of IGF-1 on the beta cell are mediated
through PKB-dependent inhibition of caspase-3 activation
[33], studies in hepatocytes have demonstrated the exis-
tence of a PKB-independent effect of TNF-α on caspase-3
[47]. Thus, in INS-1E cells, the pro- and anti-apoptotic
effects of the cytokines and GLP-1, respectively, may be
mediated through both PKB-dependent and PKB-indepen-
dent signalling pathways.

Little is known about the signalling pathways by which
cytokines induce beta cell necrosis, although studies have
shown that islet cell necrosis induced by IFN-γ is mediated
by nitric oxide [48]. The results of the present study clearly
demonstrate a role for PKB in the induction of necrosis
by cytokines and in the cytoprotective effects of GLP-1
against cytokine-induced necrosis. In agreement with our
results, previous studies have demonstrated that ceramide-
induced necrosis is inhibited by the overexpression of
PKB [49], while PKB reduces the size of the necrotic zone
in ischaemic myocardium [50]. The effects of cytokines on
apoptosis and necrosis may be explained by their ability to
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Fig. 6 Effects of exendin-4 on iNOS levels in Adv-GFP, Adv-CA
and Adv-KD cells. INS-1E cells were infected with 0.5×107–2×107

plaque-forming units per ml of adenoviral vectors expressing en-
hanced green fluorescent protein (Adv-GFP cells), constitutively-
active PKBα (Adv-CA cells) or kinase-dead PKBα (Adv-KD cells)
for 2–4 h, incubated in media alone for 16 h, pre-treated with media
alone or 10 nmol exendin-4 for 18 h, and then incubated with com-
bined cytokines in the absence or presence of exendin-4 for a further
18 h. This was followed by Western blotting for iNOS. A rep-

resentative blot and the means±SEM for the optical density (nor-
malised to β-actin) from four separate experiments are shown. The
specific adenovirus used for each group is shown below the histo-
gram, while the respective treatments within each adenoviral group
are shown above the immunoblot (open bars, control, media alone;
closed bars, exendin-4 alone; hatched bars, cytokines alone; striped
bars, cytokines with exendin-4 pre-treatment; some bars are not
visible when value=0). #p<0.05 vs Adv-GFP cells treated with cy-
tokines alone
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induce iNOS and, thus, production of the free radical, nitric
oxide [36, 48]. The results of the present study demonstrate
that cytokine treatment of INS-1E cells induces iNOS in
association with increased ROS levels. Although IL-1β,
TNF-α and IFN-γ signal through different receptors, the
combined cytokines are known to exert synergistic effects
through the induction of almost 700 target genes, including
that encoding iNOS [36]. Of these genes, nearly 50% are
nitric oxide-dependent, indicating an essential role for the
iNOS pathway in cytokine-mediated cell toxicity.

Importantly, the stimulatory effects of cytokines on iN
OS, and of nitric oxide on apoptosis and necrosis, appear to
be cell specific, with pancreatic islets exhibiting a partic-
ularly high degree of sensitivity to ROS because of their
low levels of antioxidants [51, 52]. Levels of MnSOD were
found to be increased by cytokine treatment in the present
study; this is thought to be part of a defensive response of
the beta cell to oxidative stress [36], and stable expres-
sion of MnSOD confers complete protection of INS-1 cells
against IL-1β-induced cytotoxicity [53]. However, it must
be noted that, in the present study, the cytokine-induced
changes in MnSOD appeared to be counterbalanced by a
parallel decrease in catalase levels, suggesting that the IN
S-1E cells remained susceptible to damage by the cytokine-
induced enhancement of ROS levels. Furthermore, ex-
endin-4 did not alter the levels of either enzyme, indicating
that the effects of this peptide on free radical levels are
mediated indirectly, through decreased synthesis rather
than through the increased removal of ROS.

Finally, the inhibitory effect of exendin-4 pre-treatment
on cytokine-induced iNOS was abolished in Adv-KD cells,
suggesting that this effect is PKB dependent. It was there-
fore somewhat unexpected that lower levels of iNOS were
not observed in the Adv-CA cells, as this treatment clearly
increased the levels of phosphorylated PKB. However, a
trend towards a decrease was observed, and the absence of
a statistical change may simply reflect the high variability
of levels of this protein. Nonetheless, the changes in iNOS
in response to cytokines were paralleled by decreased
intracellular levels of ROS. Furthermore, similar studies
have shown that the iNOS/nitric oxide-induced apoptosis
of INS-1 cells can be prevented by IGF-1, through a PI3-K-
dependent pathway [42]. These findings suggest that iNOS
may be a target gene for the PKB signalling pathway. This
possibility has previously been suggested to involve PKB-
induced activation of NFκB, a known regulator of iNOS
gene expression [54], although other effector pathways
cannot be precluded.

In summary, the results of the present study demonstrate
that the protective effects of GLP-1 against cytokine-in-
duced apoptosis and necrosis require activation of PKB.
Recent success in islet transplantation has focussed atten-
tion on cell-based insulin replacement strategies for the
treatment of type 1 diabetes. However, limited tissue sup-
ply and concerns regarding the life-long administration of
immunosuppressive agents may limit the applicability of
this approach [55]. The finding that GLP-1 and PKB pro-
tect the beta cell against oxidative stress may lead to novel
therapeutic approaches aimed at enhancing the survival of

beta cells, thereby reducing or delaying cytokine-mediated
beta cell destruction in the development of type 1 and/or
type 2 diabetes.
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