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Abstract Aims/hypothesis: Pro-inflammatory cytokines
cause beta cell secretory dysfunction and apoptosis—a
process implicated in the pathogenesis of type 1 diabetes.
Cytokines induce the expression of inducible nitric oxide
(NO) synthase (iNOS) leading to NO production. NO
contributes to cytokine-induced apoptosis, but the under-
lying mechanisms are unclear. The aim of this study was to
investigate whether NO modulates signalling via mitogen-
activated protein kinases (MAPKs) and Akt. Materials
and methods: MAPK activities in INS-1 cells and isolated
islets were determined by immunoblotting and in vitro
kinase assay. Apoptosis was determined by ELISA mea-
surement of histone–DNA complexes present in cyto-

plasm. Results: Apoptosis in INS-1 cells induced by
IL-1β plus IFNγ was dependent on NO production as
demonstrated by the use of the NOS blocker NG-methyl-L-
arginine. Accordingly, an NO donor (S-nitroso-N-acetyl-D,
L-penicillamine, SNAP) dose-dependently caused apopto-
sis in INS-1 cells. SNAP activated c-Jun N-terminal kinase
(JNK) and p38 MAPK, but suppressed the activity of
extracellular signal-regulated kinase MAPK. In rat islets,
NOS inhibition decreased JNK and p38 activities induced
by a 6-h exposure to IL-1β. Likewise, IL-1β-induced JNK
and p38 activities were lower in iNOS(−/−) mouse islets
than in wild-type islets. In human islets, SNAP potentiated
IL-1β-induced JNK activation. The constitutive level of
active, Ser473-phosphorylated Akt in INS-1 cells was sup-
pressed by SNAP. IGF-I activated Akt and protected
against SNAP-induced apoptosis. The anti-apoptotic effect
of IGF-I was not associated with reduced JNK activation.
Conclusions/interpretation: We suggest that NO contrib-
utes to cytokine-induced apoptosis via potentiation of JNK
activity and suppression of Akt.
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phosphatidylinositol 3-kinase . PKB: protein kinase B .
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Introduction

In type 1 diabetes, the insulin-producing pancreatic beta
cells are destroyed by an immune-mediated process. Dur-
ing this process, pro-inflammatory cytokines including
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IL-1β and IFNγ released by activated immune cells are
believed to be key mediators of beta cell apoptosis [1]. In
rodent beta cells, IL-1β alone or in combination with
IFNγ induces the expression of inducible nitric oxide
(NO) synthase (iNOS) resulting in production of NO.
Using either pharmacological blockers of NO production
or taking advantage of isolated islets from iNOS-deficient
mice, several in vitro studies have shown that NO is a
contributing factor in cytokine-induced impairment of beta
cell secretory function and cell death [2–7]. Also, iNOS-
deficient mice are significantly protected against chemi-
cally induced diabetes [7], further indicating that NO plays
a role in the beta cell demise in type 1 diabetes. However,
the exact molecular signalling mechanisms behind NO-
mediated rodent beta cell cytotoxicity are unclear. Experi-
ments with human islets have shown that despite an
increase in NO production, cytokine-induced human islet
functional impairment and cell death cannot be prevented
by blockers of NO production [8–10]. Thus, the exact role
and biological significance of NO for human beta cell
destruction remain uncertain.

The c-Jun N-terminal kinase (JNK) is a mitogen-ac-
tivated protein kinase (MAPK) that is mainly activated in
response to cytokines and various environmental stresses
including UV irradiation, oxidative stress and osmotic and
heat shock [11, 12]. Activation of JNK is achieved by dual
phosphorylation of Thr183 and Tyr185 via the MAPK
kinases (MAPKKs) MKK7 and MKK4. These MAPKKs
are phosphorylated by MAPKK kinases such as MEKK1
and MLK3. Following its activation, JNK phosphorylates a
broad spectrum of target proteins including AP-1 tran-
scription factors (e.g. c-Jun and ATF2) and members of the
Bcl-2 family of apoptosis-regulating proteins [11, 12]. JNK
is an important mediator of cytokine-induced beta cell
death. Thus, blocking JNK signalling by overexpression of
islet-brain (IB)-1, a JNK scaffold protein, or the JNK-
binding domain of IB1 protects against IL-1β-induced ap-
optosis, whereas IB1 antisense treatment, leading to higher
JNK activity, augments IL-1β-induced apoptosis in insu-
lin-secreting cells [13–16]. Further, a small molecule JNK
inhibitor delays cytokine-induced suppression in human
islet cell viability [17]. Two other MAPKs, the extracellular
signal-regulated kinase (ERK) and p38, are also involved
in mediating deleterious cytokine effects in beta cells.
Hence, both ERK and p38 are required for IL-1β-induced
iNOS expression and NO production [18] and, individu-
ally, ERK and p38 have been shown to be involved in
cytokine-induced beta cell apoptosis [19, 20].

The Ser/Thr kinase Akt, also known as protein kinase B
(PKB), is widely involved in cell growth and survival [21,
22]. Akt is commonly activated in a phosphatidylinositol
3-kinase (PI3K)-dependent manner by phospholipid bind-
ing and phosphorylation at Thr308 and Ser473. Active Akt
has been demonstrated to inhibit several pro-apoptotic
components including BAD (a pro-apoptotic member of
the Bcl-2 family), Forkhead transcription factors and the
JNK pathway [21, 22]. Recently, cytokines were shown to
decrease the level of Thr308-phosphorylated Akt in mouse

beta cells [23]. Beta-cell-specific expression of mutant con-
stitutively active Akt in mice is associated with increased
beta cell mass, and confers protection against chemically
induced diabetes [24]. Further, IGF-I, a strong activator of
Akt, increases beta cell survival after cytokine exposure in
vitro [2, 25–28]. IGF-I also has been shown to decrease and
delay hyperglycaemia and improve beta cell mass in animal
models of type 1 diabetes [29, 30]. Together, these findings
suggest an important anti-apoptotic function of the PI3K–
Akt signalling pathway in beta cells.

In the present study it was investigated whether NO
modulates MAPK and Akt signalling in insulin-secreting
cells and isolated intact islets.

Subjects, materials and methods

Materials Recombinant human or mouse IL-1β was ob-
tained from the National Cancer Institute (Bethesda, MD,
USA), Novo Nordisk A/S (Bagsværd, Denmark) or BD
Pharmingen (San Diego, CA, USA). Recombinant rat
IFNγ and recombinant human IGF-I were from R&D
Systems (Oxon, UK). S-Nitroso-N-acetyl-D,L-penicilla-
mine (SNAP) was from Calbiochem (San Diego, CA,
USA). All reagents for SDS-PAGE were from Invitrogen
(Carlsbad, CA, USA). Antibodies against procaspase-3,
caspase-3, Thr183/Tyr185-phosphorylated JNK1/2, total
JNK1/2, Thr202/Tyr204-phosphorylated ERK1/2, total
ERK1/2, Thr180/Tyr182-phosphorylated p38, total p38,
Ser473-phosphorylated Akt and total Akt were all obtained
from Cell Signaling (Beverly, MA, USA). Anti-iNOS an-
tibody was obtained from BD Pharmingen. Anti-β-tubulin
and anti-actin antibodies were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). GST-c-Jun (amino acids
1–79) was obtained from Calbiochem. Recombinant mu-
rine heat shock protein-25 (Hsp25) was from Stressgen
(Victoria, Canada). GST-Elk-1 was synthesised by stan-
dard GST fusion protein expression and purification pro-
cedures using the RediPack GST Purification Module kit
(Amersham Biosciences, Amersham, Bucks, UK). [γ32P]
ATP (3000 Ci/mmol) was purchased from Amersham
Biosciences. NOS blockers NG-nitro-L-arginine-methyl
ester (NAME) or NG-methyl-L-arginine (NMA) were ob-
tained from Sigma (St Louis, MO, USA). 8-Bromo-3′,
5′-cGMP (8-Br-cGMP), LY294002, LY83583, PD98059,
SB203580 and KT5823 were obtained from Calbiochem.
All other reagents were from Sigma or Merck (Darmstadt,
Germany).

Cell culture and islet isolation INS-1 cells were main-
tained in RPMI 1640 medium (11 mmol/l glucose) sup-
plemented with 10% FCS, 100 U/ml penicillin and 100 μg/
ml streptomycin (all from Life Technologies, Inc.). In
addition, the medium contained 50 μmol/l β-mercaptoeth-
anol. Cells were trypsinised and passaged weekly. For prep-
aration of cell extracts, 0.5×106 cells/well were seeded in
12-well culture dishes (Nunc, Roskilde, Denmark). For
ELISA apoptosis measurements, 0.5×105 cells/well were
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seeded in 48-well culture dishes (Nunc). Cells were
precultured for 2 days prior to the treatment with desired
agents. Rat pancreatic islets of Langerhans (Charles River,
Sulzfeldt, Germany) were isolated from neonatal rats and
cultured as previously described [18]. On the day of
experimentation, either 150 islets/well were placed in four-
well dishes (Nunc) or 400–500 islets/well were placed in
12-well dishes (Nunc) in 300 μl or 1 ml, respectively, of
RPMI 1640 medium supplemented with 0.5% human
serum. Islets from male wild-type or iNOS-deficient mice
(8–12 weeks of age) [31] were isolated by a collagenase
digestion procedure, and islets were picked by hand with
a braking pipette [32]. Groups of islets were precultured
6–8 days in RPMI 1640 medium (Sigma) containing
11.1 mmol/l glucose, supplemented with 10% FCS, pen-
icillin (100 U/ml) and streptomycin (100 μg/ml). Medium
was changed every second day. On the day of experimen-
tation, 150 mouse islets were transferred to new culture
dishes containing 2 ml medium supplemented with 10%
FCS. Animal care was carried out according to national
and international law and ethical standards. Human islets
from two different donors (female aged 61 years, BMI=
19 kg/m2; and male aged 66 years, BMI >30 kg/m2) with
normal beta cell function were isolated and cultured as
described [33].

Cell and islet experiments and lysis For experimentation in
INS-1 cells, the medium was removed and fresh medium
with or without SNAP, cytokines, inhibitors and/or IGF-I
was added. Following exposure for the desired period of
time, the medium was removed and cells washed in cold
PBS and lysed for 30 min on ice in 100 μl lysis buffer
containing 20 mmol/l Tris–acetate, pH 7.0, 0.27 mol/l
sucrose, 1 mmol/l EDTA, 1 mmol/l EGTA, 50 mmol/l
NaF, 1% v/v Triton X-100, 5 mmol/l sodium pyrophos-
phate, 10 mmol/l sodium glycerophosphate, 1 mmol/l
benzamidine, 1 mmol/l dithiothreitol, 1 mmol/l Na3VO4

and 4 μg/ml leupeptin. Rat or mouse islets were exposed
to the desired conditions for 3 or 6 h. For 6-h rat islet
experiments, arginine-free medium was used in combina-
tion with 1 mmol/l NAME. Following the treatments, is-
lets were carefully transferred to 1.5 ml tubes and mildly
centrifuged. Medium was removed and islets lysed in 30–
50 μl lysis buffer on ice for 30 min. Detergent-insoluble
material was pelleted by centrifugation at 15,000×g for
5 min at 4°C. The supernatants (whole-cell extracts) were
stored at −80°C until assay. Protein concentration in
lysates was determined by the Bradford method using the
dye reagent concentrate (Bio-Rad, Richmond, CA, USA).

Western blotting Whole-cell lysates were mixed with
4×LDS sample buffer (Invitrogen), boiled for 10 min and

0
200
400
600
800

1000
1200
1400
1600
1800
2000

A
p

o
p

to
si

s
(%

 o
f 

co
n

tr
o

l)

c d

a

A
p

o
p

to
si

s
(%

 o
f 

co
n

tr
o

l)

0

200

400

600

800

1000

1200

1400

1600

IL-1β + IFN-γ:

NMA:

–
– + –

–
+
++

SNAP (µmol/l): 0 0 50 75 100 500

0 0.1 0.01 0.02 0.02 0.1DMSO (%):

b
IL-1β + IFN-γ:

NMA:

– –
– –+ +

+ +

iNOS

β-tubulin

C
o

n
tr

o
l

Caspase3
17 kDa

Procaspase3
32 kDa

Actin 42 kDa

S
N

A
P

 (
20

0 
µM

)

*

Fig. 1 NMA reduces cytokine-induced apoptosis. a INS-1 cells
were left untreated or exposed to IL-1β (530 pg/ml) plus IFNγ
(36 ng/ml) in the presence or absence of 1 mmol/l NMA. Apoptotic
cell death was determined after 24 h by the Cell Death Detection
ELISAPLUS. Results are means±SE of n=3. *p<0.05 vs. untreated.
b Cell extracts from INS-1 cells treated as in (a) were analysed
by western blotting for expression of iNOS. A western blot of β-
tubulin was used as loading control. Blots shown are representa-

tive of n=4. c Apoptosis in INS-1 cells left untreated, treated with
vehicle (DMSO) or exposed to the indicated concentrations of
SNAP for 24 h. Results are means±SE of n=4. d Cell extracts
from INS-1 cells left untreated or exposed to 200 μmol/l SNAP
for 24 h were analysed by western blotting for procaspase-3,
caspase-3 and actin. Blots shown are representative of two
experiments
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subjected to 10% SDS-PAGE. Proteins were then electro-
transferred to nitrocellulose filter membranes. Non-specific
protein binding was blocked by incubating the filter mem-
brane in blocking buffer (1×TBS, pH 7.6, 0.1% Tween-20,
5% non-fat dry milk) for 1 h. Membranes were incubated
with primary antibodies diluted either in TBS with 0.1%
containing 5% BSA or in blocking buffer. Filter membranes
were then incubated with secondary horseradish peroxidase-
conjugated antibodies. Immune complexes were detected by
chemiluminescence using LumiGLO (Cell Signaling).

In vitro kinase assay Phosphotransferase activities toward
GST-c-Jun, GST-Elk-1 and Hsp25 were measured by a
whole-cell lysate in vitro kinase assay as described else-
where [18] except that 2 μg GST-c-Jun (amino acids 1–79)
were used instead of activating transcription factor 2. Phos-
phorylated substrates were visualised by autoradiography
and quantified by PhosphorImager analysis (Molecular
Dynamics, Sunnyvale, CA, USA).

Apoptosis measurements Apoptotic cell death was deter-
mined by the detection of DNA–histone complexes
present in the cytoplasmic fraction of cells using Cell
Death Detection ELISAPLUS (Roche, Basel, Switzerland)
as described by the manufacturer. Briefly, following ex-
posure of cells to the desired reagents, the culture medium
was removed and cells lysed in 400 μl lysis buffer for
30 min at room temperature. Lysates were centrifuged for
10 min at 200×g and 20 μl supernatant and 80 μl
immunoreagent (anti-DNA–POD antibody and anti-his-

tone–biotin antibody) were added to streptavidin-coated
microtitre plates and incubated for 2 h under shaking con-
ditions (300 rev/min) at room temperature. The solution
was then removed and each well washed three times with
250 μl incubation buffer, after which 100 μl ABTS so-
lution was added. Absorbance was measured at 405 and
490 (reference) nm. The induction of apoptosis was cal-
culated as described by the manufacturer.

Statistical analysis In bar graphs, data are means±SE.
Student’s t-test or ANOVAwas used for statistical analyses
where appropriate (Microsoft Excel). A p value of <0.05
was considered significant.

Results

Cytokine-induced apoptosis in INS-1 cells is mediated by
NOWe first examined the contribution of NO to cytokine-
induced apoptosis in rat insulin-secreting INS-1 cells.
Following 24 h of exposure to a mixture of IL-1β and
IFNγ in the presence or absence of 1 mmol/l NOS blocker
NMA, apoptotic cell death was evaluated by the ELISA
determination of histone–DNA complexes present in the
cytoplasm. Cytokines increased apoptosis by 15.2±2.9-
fold compared with untreated control cells (Fig. 1a). NMA
reduced cytokine-induced apoptosis to 2.7±0.7-fold corre-
sponding to a ∼90% inhibition. Measurement of cytokine-
induced NO formation as determined by accumulated
nitrite in the culture medium revealed that cytokines in-
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Fig. 2 SNAP activates JNK. a INS-1 cells were left untreated or
exposed to the indicated concentrations of SNAP for 3 h. Cell
extracts were analysed by western blotting for phosphorylated JNK
(P-JNK1/2) and total JNK (JNK1/2). Blots shown are representative
of n=3. b Cell extracts from INS-1 cells treated as in (a) were
analysed for in vitro kinase activity towards GST-c-Jun in the
presence of [32P]ATP. Phosphorylated GST-c-Jun was visualised by

autoradiography and quantified by PhosphoImager analysis. Results
are means±SE of n=3. A representative autoradiogram is shown.
c INS-1 cells were left untreated or exposed to 500 μmol/l
SNAP for the indicated time periods. Cell extracts were ana-
lysed by western blotting for phosphorylated and total JNK.
Blots shown are representative of two experiments
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creased medium nitrite from <1 μmol/l to 14.1± 1.4 μmol/l
(n=4) during 24 h, which was blocked to <1 μmol/l by
NMA. As expected, cytokine-stimulated cells showed
expression of iNOS, which was unaffected by NMA
(Fig. 1b). These results indicate that NO production in
response to cytokines is essential for cytokine-induced
apoptosis in INS-1 cells. In line with this, application of
the NO-donor SNAP to the culture medium for 24 h dose-
dependently induced apoptosis (Fig. 1c). Western blot
analysis of caspase-3 further demonstrated an apoptotic
process in INS-1 cells treated with SNAP (Fig. 1d).

NO-donor SNAP activates JNK and p38, but suppresses
ERK To investigate if NO modulates signalling via JNK,
which plays an essential role in cytokine-induced apo-
ptosis in insulin-secreting cells, INS-1 cells were treated
with increasing concentrations of SNAP for 3 h and JNK
activation in cell extracts was assessed by western blot-
ting using phospho-specific antibodies directed against
dually phosphorylated (Thr183 and Tyr185), active JNK.
Figure 2a shows that SNAP dose-dependently induced
phosphorylation of JNK1/2. Because it has previously
been reported that NO suppresses the enzymatic activity of
JNK by nitrosylation of a critical cysteine residue [34], it
was important to confirm the effect of NO on JNK at the
enzymatic level. We therefore assayed the cell extracts for
in vitro kinase activity towards the specific JNK substrate
GST-c-Jun (amino acids 1–79) containing the two main
JNK phosphoacceptor sites Ser63 and Ser73. SNAP dose-
dependently stimulated an increase in the phosphorylation
of GST-c-Jun (Fig. 2b), confirming an increase in the en-
zymatic activity of JNK in response to SNAP. A time-
course analysis revealed that NO caused phosphorylation
of JNK1/2 within 30 min which persisted for several hours
(Fig. 2c). It was also observed that JNK1/2 phosphory-
lation induced by a 1-h exposure to IL-1β in INS-1 cells
was potentiated by SNAP, reaching a level much higher
than just an additive effect of each treatment alone (data
not shown). We then examined the effects of NO on p38
and ERK MAPKs. The activity of these two kinases was
assessed by western blotting with phospho-specific an-
tibodies against the activated forms of the kinases. A
3-h exposure to SNAP induced phosphorylation of p38
(Fig. 3a). In contrast, SNAP caused a striking suppression
of the constitutive phosphorylation of ERK1/2 (Fig. 3a).
Again, to confirm these findings at the enzymatic level of
the kinases, cell extracts from INS-1 cells treated with
SNAP for 0–6 h were assayed for in vitro kinase activity
towards the substrates Hsp25 and GST-Elk-1. Hsp25 is
a substrate of MAPKAPK2 which is specifically acti-
vated by p38, and GST-Elk-1 is a substrate of ERK in
insulin-secreting cells [18]. The experiment revealed that
SNAP stimulated a sustained increase in the phosphotrans-
ferase activity towards Hsp25 with kinetics similar to that
for phosphorylated JNK1/2, whereas the constitutive ki-
nase activity towards GST-Elk-1 was reduced by SNAP
(Fig. 3b). These findings indicate that NO activates JNK
and p38, but suppresses constitutive ERK activity in INS-1
cells.

Endogenous NO production causes JNK and p38 acti-
vation in isolated islets To investigate the potential con-
tribution of endogenous NO production for beta-cell
MAPK regulation, isolated intact rat pancreatic islets
were exposed to IL-1β for 6 h in the presence or absence
of 1 mmol/l NOS inhibitor NAME. Islet extracts were
assessed for in vitro kinase activity towards GST-Elk-1,
GST-c-Jun and Hsp25. Extracts from islets treated with
IL-1β contained increased phosphotransferase activity
towards GST-c-Jun and Hsp25, which was reduced by
NAME (Fig. 4a). Quantitative assessment revealed that
NAME blocked IL-1β-induced GST-c-Jun and Hsp25
phosphorylations by 76 and 80%, respectively. There was
no detectable increase in GST-Elk-1 phosphorylation fol-
lowing IL-1β stimulation (Fig. 4a), suggesting that IL-1β
activation of ERK is more transient as compared with JNK
and p38. Measurement of accumulated nitrite in culture
media confirmed that NAME effectively blocked IL-1β-
induced rat islet NO production (data not shown). These
results suggest that endogenous NO contributes to JNK
and p38 activation in IL-1β-exposed rat islets. We also
determined if NAME affects IL-1β-induced rat islet
MAPK activity at earlier time points. Although the effects
of NAME were more partial, NAME also reduced GST-c-
Jun and Hsp25 phosphorylation induced by a 20-min
or 1.5-h exposure to IL-1β (data not shown), i.e. prior
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Fig. 3 SNAP activates p38, but suppresses ERK. a INS-1 cells
were left untreated or exposed to 500 μmol/l SNAP for 3 h. Cell
extracts were analysed by western blotting for phosphorylated p38
and ERK (P-p38 and P-ERK1/2) and total p38 and ERK (p38 and
ERK1/2). Blots shown are representative of n=3. b INS-1 cells were
left untreated or exposed to 500 μmol/l SNAP for the indicated time
periods. Cell extracts were analysed for in vitro kinase activity
towards GST-Elk-1 and Hsp25 in the presence of [32P]ATP.
Phosphorylated substrates were visualised by autoradiography.
Autoradiograms shown are representative of two experiments
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to iNOS expression. Short-term stimulation of rat islets
with IL-1β also induced phosphorylation of GST-Elk-1.
The increase in GST-Elk-1 phosphorylation induced by a
1.5-h, but not 20-min exposure to IL-1β was reduced by
co-incubation with NAME (data not shown). That NAME
decreased the IL-1β (20 min)-stimulated GST-c-Jun and
Hsp25, but not GST-Elk-1 phosphorylation suggests that
the inhibitory effects of NAME on GST-c-Jun and Hsp25
phosphorylation were not due to unspecific effects. These
findings may therefore point towards a role for NO pro-
duced by the constitutively expressed NOS form. The im-
portance of NO for IL-1β-stimulated sustained JNK and
p38 activation was further established using islets obtained
from iNOS−/− mice. As seen in Fig. 4b, the increase in
kinase activity towards GST-c-Jun and Hsp25 induced by
a 6-h exposure to IL-1β was reduced in iNOS−/− islets as
compared with control (wild-type) mouse islets. Quanti-
tative analysis showed that IL-1β-induced phosphoryla-
tions of GST-c-Jun and Hsp25 were reduced by ∼35 and
∼65%, respectively, in iNOS−/− islets as compared with
wild-type islets. Notably, IL-1β caused a ∼65% reduction
in the constitutive GST-Elk-1 phosphorylation in wild-
type islets, but not in iNOS−/− islets (Fig. 4b). Western blot
analysis of the MAPKs confirmed that IL-1β-induced
phosphorylations of JNK1/2 and p38 were reduced in
iNOS−/− islets vs control islets, and that basal ERK1/2
phosphorylation was suppressed in control, but not in
iNOS−/− islets (Fig. 4b). Western blot analysis of iNOS
verified IL-1β-induced expression of iNOS in wild-type,
but not in iNOS-deficient mouse islets (Fig. 4b). Finally,

we examined the effect of SNAP on JNK in human islets.
Using isolated human islets from two different donors, we
found that a 3-h exposure to SNAP induced phosphor-
ylation of JNK1/2 mainly in the islets from donor #1
(Fig. 5). IL-1β appeared to stimulate JNK1/2 phosphor-
ylation in both islet preparations but, interestingly, the
combination of SNAP and IL-1β resulted in higher
JNK1/2 phosphorylation than each treatment alone in
islets from both donors (Fig. 5).
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Fig. 5 SNAP potentiates IL-1β-induced JNK activation in human
islets. Human islets isolated from two different donors were left
untreated or exposed to SNAP (500 μmol/l) in the presence or
absence of IL-1β (160 pg/ml) for 3 h. Cell extracts were analysed by
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2044



cGMP is not involved in mediating NO effects on JNK A
known target of NO is guanylyl cyclase, which upon
activation by NO produces cGMP. NO has previously
been shown to stimulate guanylyl cyclase activity in in-
sulin-producing cells [35]. In other cells, a cGMP–protein
kinase G (PKG) pathway has been shown to activate JNK
[36, 37]. cGMP could therefore potentially mediate the
effects of NO on MAPKs in INS-1 cells. To test this hy-
pothesis, we examined the effect of the membrane-per-
meable cGMP analogue 8-Br-cGMP on JNK activity.
Exposure of INS-1 cells for 3 h to increasing concentra-
tions of 8-Br-cGMP stimulated modest phosphorylation of
JNK1/2 (Fig. 6a). We then examined the effect of a gua-
nylyl cyclase inhibitor (LY83583) on NO-induced JNK
phosphorylation. However, LY83583 (1 μmol/l) only mod-
estly decreased SNAP-induced phosphorylation of JNK1/2
(Fig. 6b). Finally, the effect of KT5823, an inhibitor of
PKG, on JNK activation by NO was tested (Fig. 6c). KT
5823 (1 μmol/l) failed to affect NO-induced JNK1/2 phos-
phorylation. From these findings it appears that the gua-
nylyl cyclase–cGMP–PKG pathway is not involved in
mediating NO effects on JNK MAPK in insulin-secreting
cells. Despite this, a PKG-dependent mechanism could
still be involved in signalling NO-induced apoptosis; how-
ever, we found no effect of KT5823 on SNAP-induced
apoptosis (Fig. 6d).

NO decreases Ser473 phosphorylation of Akt Signalling
via the anti-apoptotic kinase Akt is important for cell
growth and survival, and Akt has been shown to act as a
repressor of JNK activation, suggesting that NO effects
on JNK/MAPKs might potentially involve modulation
of Akt activity. Thus, we investigated if NO affected the

PI3K–Akt signalling pathway. Exposure of INS-1 cells to
increasing concentrations of SNAP caused a dose- and
time-dependent reduction in the cellular content of active,
Ser473-phosphorylated Akt as shown by western blotting
(Fig. 7a,b). To determine the functional role of impaired
Akt activity in NO-induced apoptosis, we examined the
effect of IGF-I, a known stimulator of the Akt pathway, on
SNAP-induced cell death. Figure 8a shows that IGF-I
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Fig. 7 SNAP decreases Ser473 phosphorylation of Akt. a INS-1
cells were left untreated or exposed to the indicated concentrations
of SNAP for 3 h. Cell extracts were analysed by western blotting for
Ser473 phosphorylated Akt (P-Akt) and total Akt (Akt). Blots shown
are representative of n=4. b INS-1 cells were left untreated or
exposed to 500 μmol/l SNAP for the indicated time periods. Cell
extracts were analysed as in (a). Blots shown are representative of
two experiments
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(100 nmol/l) decreased NO-induced apoptosis—an effect
correlating with an increase in phosphorylation of Akt on
Ser473 (Fig. 8b). To specifically address the dependence
of PI3K–Akt for the survival effect of IGF-I on NO-
induced apoptosis, the PI3K blocker LY294002 was
applied. The addition of LY294002 (1 or 10 μmol/l) to
the culture medium abolished the protective effect of IGF-I
on NO-induced apoptosis (Fig. 8c). LY294002 effectively
blocked constitutive Ser473 phosphorylation of Akt
(Fig. 8d), verifying the efficacy of the inhibitor. These
results suggest that NO causes suppression of the PI3K–
Akt survival signalling pathway in insulin-secreting cells.
To investigate if cytokines also lead to a reduction in the
cellular content of phosphorylated Akt via NO, cells were
exposed to cytokines for 24 h. Cytokines decreased the
phosphorylation of Akt in an NO-dependent manner
(Fig. 9a), and IGF-I reduced cytokine-induced apoptosis
(Fig. 9b)—an effect that was not associated with changes
in cytokine-induced iNOS protein expression (Fig. 9c) or
NO production (13.2±1.2 vs 13.6±1.6 μmol/l nitrite for
cytokines alone or in combination with IGF-I, respec-
tively). Finally, to investigate if Akt is an upstream neg-
ative modulator of JNK activity, we examined if Akt
activation by IGF-I affects SNAP-induced JNK phosphor-
ylation. However, phosphorylation of JNK1/2 by SNAP

was not affected by cotreatment with IGF-I (Fig. 9d) in
INS-1 cells. Similarly, IGF-I failed to affect NO regulation
of ERK activity (data not shown), suggesting that NO
effects on MAPKs in general are insensitive to IGF-I
treatment. Consistent with these findings, activation of
JNK1/2 in response to SNAP, IL-1β or IL-1β+SNAP in
rat islets was unaffected by co-incubation with IGF-I
(Fig. 9e). These data suggest that IGF-I-mediated, Akt-
dependent protection against NO-induced apoptosis is not
associated with repression of the JNK pathway.

Discussion

In beta cells, pro-inflammatory cytokines induce iNOS
expression and NO production, leading to impairment of
secretory function and cell death. The molecular signalling
mechanisms by which NO contributes to beta cell death
are, however, poorly understood. In the present study, we
asked if NO might modulate signalling via MAPKs and
Akt/PKB. The results obtained suggested that both exog-
enously applied NO, in the form of NO-donor SNAP, and
endogenous production of NO by iNOS stimulate activa-
tion of JNK and p38 MAPK, whereas ERKMAPK activity
was suppressed or unaffected.
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In INS-1 cells, IL-1β+IFNγ-induced apoptosis was
almost completely abrogated by the NOS blocker NMA,
indicating a strong dependence on NO for cytokine-in-
duced INS-1 cell death, thus confirming previous studies
that NO mediates cytokine-induced rodent beta-cell death
[2–7]. The finding that even relatively small concentrations
of the NO-donor SNAP induced apoptosis indicates that an
increase in cellular NO is a sufficient stimulus to promote
an apoptotic response. Although it cannot be excluded that
NO also induced necrotic cell death of INS-1 cells, the
finding that NO caused cleavage of the 32 kDa procaspase-
3 form into the active 17 kDa form indicates that NO
specifically causes activation of the classic apoptosis path-
way in insulin-secreting cells.

SNAP stimulated activation of JNK and p38 MAPK in a
dose- and time-dependent manner as demonstrated by
western blotting and the in vitro kinase assay using GST-c-
Jun and Hsp25 as substrates. These findings are consistent
with observations in other cells, where NO donors also
induce activation of JNK and p38 and to a lesser extent
ERK [38–44], thus supporting our findings. Further, the
NO-donor sodium (Z)-1(N,N-diethylamino) diazen-1-ium-
1,2-diolate at 500 μmol/l induced phosphorylation of p38
and JNK1/2 during 10- or 30-min treatments in insulin-
secreting rat RINm5F cells [35]. However, in contrast to
our findings, NO also induced phosphorylation of ERK in
that [35] and another study [45] in RINm5F cells. The
underlying cause of the discrepancy between effects of NO
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donors on ERK in INS-1 vs RINm5F cells is not clear, but
it might be due to the specific nature of the NO donor used,
cell clonal differences and/or differences in experimental
conditions.

We observed that blocking rat islet endogenous NO
production induced by a 6-h exposure to IL-1β inhibited
IL-1β-induced in vitro kinase activity towards GST-c-Jun
and Hsp25, suggesting that IL-1β-induced prolonged JNK
and p38 activity is mediated via NO. Interestingly, there
was no increase in phosphorylation of the ERK substrate
GST-Elk-1 after 6 h of exposure of rat islets to IL-1β,
suggesting that IL-1β-induced ERK activation is more
transient than that of JNK and p38. The lack of pro-
longation of ERK activation in rat islets indirectly supports
the data on INS-1 cells indicating that NO is not a major
activator of ERK. A potential role for NO in beta cell
MAPK modulation was further substantiated by the use of
islets from iNOS−/− mice. Exposure of iNOS−/− islets to
IL-1β for 6 h caused less activation of p38 MAPK and
JNK as compared with control mouse islets determined
both by western blotting and in vitro phosphotransferase
activity towards GST-c-Jun and Hsp25. Additionally, and
consistent with the notion that NO did not activate ERK
in INS-1 cells or rat islets, ERK phosphorylation as well
as kinase activity towards GST-Elk-1 in wild-type mouse
islets exposed to IL-1β was decreased to below basal
levels, whereas this was not the case in iNOS−/− islets.
Hence, using both a pharmacological and a genetic ap-
proach to block iNOS activity, our data provide evidence
for a role of IL-1β-induced NO production in the sus-
tained activation of JNK and p38 MAPK. Because JNK
among the MAPK members appears most important for
IL-1β-induced apoptosis [13–16, 19, 20], NO prolonga-
tion of, in particular, JNK activity is likely to play a role
in NO-dependent cytotoxicity. Thus, the fact that iNOS−/−

mouse islets are more resistant to the toxic effects of
cytokines than wild-type islets in vitro [4, 6, 7] might be
explained by the lower level of and more transient JNK
activation in response to IL-1β. Although JNK is mainly
known to be pro-apoptotic, JNK has recently been sug-
gested to play a role in beta cell recovery after short-term
exposure to NO followed by washing and addition of
fresh culture medium [35]. Based on this, JNK might
therefore signal both protective and deleterious effects in
response to NO in beta cells, but in the continuous pres-
ence of NO the deleterious effects prevail. In human islets
from two different donors, it was observed that SNAP
potentiated IL-1β-induced JNK phosphorylation. These
findings suggest NO, as observed in rodent beta cells,
may aggravate cytokine signalling via pro-apoptotic JNK
in human beta cells. As NO is dispensable for cytokine-
induced human beta cell death [8–10], the physiological
relevance of NO as an amplifier of cytokine-induced JNK
activity can be questioned. Nevertheless, NO may be one
of several factors that, in synergy, tip the ‘life–death’ bal-
ance towards apoptosis in human beta cells.

Because NO stimulates the activation of guanylyl cy-
clase in many cells including beta cells [35, 46], leading to
generation of cGMP, the effects of NO on MAPKs could

involve cGMP. However, exposing INS-1 cells to increas-
ing concentrations of 8-Br-cGMP for 3 h only weakly
induced JNK1/2 phosphorylation, and application of the
guanylyl cyclase inhibitor LY85583 only slightly reduced
SNAP-induced JNK phosphorylation, suggesting that gen-
eration of cGMP is neither sufficient nor necessary for NO-
induced JNK MAPK activation in INS-1 cells. Further, the
PKG inhibitor KT5823 did not affect NO-stimulated JNK
phosphorylation. In other cells, a cGMP–PKG-dependent
pathway that leads to activation of JNK has been estab-
lished [36, 37]. Apparently, this mechanism of JNK ac-
tivation therefore seems to be cell-type specific.

We found that SNAP suppressed the constitutive cellular
level of Ser473-phosphorylated Akt in a dose- and time-
dependent fashion in INS-1 cells. Using IGF-I to reverse
the inhibitory effect of NO on Akt Ser473 phosphorylation
and by the use of the PI3K blocker LY294002, we estab-
lished that the suppression of Akt activity induced by NO
is a possible contributing factor for NO-induced apopto-
sis. Cytokines also caused a reduction in the phosphor-
ylation of Akt—an effect preventable by NMA. Further,
IGF-I decreased cytokine-induced apoptosis, but without
affecting cytokine-induced expression of iNOS. Given
that cytokine-induced NO production is essential for the
induction of apoptosis in INS-1 cells, these findings may
therefore suggest that the protective effect of IGF-I on
apoptosis is afforded at a point downstream from iNOS
expression and NO formation. We added IGF-I and cy-
tokines simultaneously. In a previous report, describing a
protective effect of IGF-I on cytokine-induced rat islet
beta-cell apoptosis, islets had to be pre-incubated for 24 h
with IGF-I to obtain the protective effect [2]. Also, in that
study IL-1β-induced rat islet iNOS expression was in-
hibited by IGF-I pretreatment. Similarly, adenovirus-me-
diated gene transfer of IGF-I to human islets blocked both
IL-1β-induced apoptosis and NO formation [27]. How-
ever, islets were transduced with the IGF-I gene days
prior to IL-1β exposure. In another study, IGF-I blocked
NO formation induced by IFNγ+lipopolysaccharide, but
not that induced by IL-1β+IFNγ+/−TNF-α [26]. Thus,
whether IGF-I protects against cytokine-stimulated beta
cell apoptosis up- or downstream (or both) from the in-
duction of iNOS is not completely clear. However, as
IGF-I potently protected INS-1 cells against SNAP-in-
duced apoptosis via Akt, IGF-I appears to have the po-
tential to block apoptosis downstream from the production
of NO.

A putative mechanism by which Akt suppresses cell
death is via inhibition of JNK signalling [47, 48], presum-
ably via phosphorylation and inhibition of the MAP3K
apoptosis-signal-regulating kinase 1 [49]. The finding that
IGF-I did not affect SNAP-induced phosphorylation of
JNK1/2 in INS-1 cells suggests that IGF-I-afforded, Akt-
dependent protection against NO-induced apoptosis is via a
mechanism not involving JNK repression. Therefore, we
propose that the decrease in Ser473 phosphorylation of Akt
caused by NO is not exclusively responsible for JNK
activation following exposure to SNAP. The mechanisms
responsible for the anti-apoptotic effect of Akt in NO-
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mediated beta cell apoptosis as well as the mechanisms
involved in mediating NO effects on MAPKs remain to be
clarified. In our study we have been using both insulin-
secreting cells and isolated rodent and human islets. It
cannot be excluded that there are species differences in the
specific signalling pathways and how they are modulated
by cytokines and NO, and caution should be exerted before
generalising this concept. More experiments elucidating
NO-dependent and -independent effects of cytokines in
different beta cell models may clarify this further.

In conclusion, the present study provides evidence that
NO contributes to cytokine-induced apoptosis via poten-
tiation of JNK activity and suppression of Akt. These data
may add to our understanding of the interrelationship be-
tween NO-dependent and -independent pathways leading
to beta cell destruction.
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