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Abstract
Aims/hypothesis Pro-inflammatory cytokines such as IL-
1β, IFN-γ and TNF-α may contribute to pancreatic beta
cell destruction in type 1 diabetes. A mechanism requiring
nitric oxide, which is generated by inducible nitric oxide
synthase (iNOS), in cytokine-induced endoplasmic reticu-
lum (ER) stress and apoptosis has been proposed. Here, we
tested the role of nitric oxide in cytokine-induced ER stress
and the subsequent unfolded protein response (UPR) in
beta cells.
Methods Isolated islets from wild-type and iNos (also
known as Nos2) knockout (iNos−/−) mice, and MIN6
beta cells were incubated with IL-1β, IFN-γ and TNF-α
for 24–48 h. NG-methyl-L-arginine was used to inhibit
nitric oxide production in MIN6 cells. Protein levels and
gene expression were assessed by western blot and real-
time RT-PCR.
Results In islets and MIN6 cells, inhibition of nitric oxide
production had no effect on the generation of ER stress by
cytokines, as evidenced by downregulation of Serca2b (also
known as Atp2a2) mRNA and increased phosphorylation of
PKR-like ER kinase, Jun N-terminal kinase (JNK) and
eukaryotic translation initiation factor 2 α subunit. How-
ever, nitric oxide regulated the pattern of UPR signalling,
which delineates the cellular decision to adapt to ER stress
or to undergo apoptosis. Inhibition of nitric oxide produc-
tion led to reduced expression of pro-apoptotic UPR

markers, Chop (also known as Ddit3), Atf3 and Trib3. In
contrast, adaptive UPR markers (chaperones, foldases and
degradation enhancers) were increased. Further analysis of
mouse islets showed that cytokine-induced Chop and Atf3
expression was also dependent on JNK activity.
Conclusions/interpretation The mechanism by which cyto-
kines induce ER stress in mouse beta cells is independent of
nitric oxide production. However, nitric oxide may regulate
the switch between adaptive and apoptotic UPR signalling.

Keywords Apoptosis . Cytokines . Endoplasmic reticulum
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Abbreviations
ATF Activating transcription factor
CHOP C/EBP homologous protein
EIF2α Eukaryotic translation initiation factor 2 α subunit
ER Endoplasmic reticulum
ERAD ER-associated degradation
iNOS Inducible nitric oxide synthase
IRE1 Inositol-requiring enzyme 1
JNK Jun N-terminal kinase
LMA NG-methyl-L-arginine
PERK PKR-like ER kinase
UPR Unfolded protein response
XBP1 X-box binding protein 1

Introduction

Type 1 diabetes results from the autoimmune destruction of
pancreatic islet beta cells. Pro-inflammatory cytokines, such
as IL-1β, IFN-γ and TNF-α are suspected mediators of
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beta cell death in type 1 diabetes, although the mechanisms
remain unclear [1–3]. Much recent attention has focussed
on the potential involvement of stress within the organelle
endoplasmic reticulum (ER) in cytokine-mediated beta cell
death [4–15].

The ER is involved in folding, processing and trafficking
of newly synthesised secretory and membrane proteins.
Protein synthesis and secretion are precisely coupled with
the capacity of the ER to perform these tasks. Optimal
function of the ER is facilitated by a variety of chaperones
and foldases, which ensure successful production of
maturely folded proteins. Components of the ER-
associated degradation (ERAD) pathway facilitate the
targeting, extraction and proteasomal degradation of mis-
folded proteins. In ER stress, various insults disrupt ER
function, leading to the accumulation of misfolded proteins
in the ER [8, 16, 17]. The ER transmembrane signalling
proteins PKR-like ER kinase (PERK), activating transcrip-
tion factor (ATF) 6 and inositol-requiring enzyme 1
(IRE1)α sense ER stress and coordinate the unfolded
protein response (UPR). The primary goal of the UPR is
to restore ER homeostasis via mechanisms that include
transcriptional activation of genes encoding ER chaperones
and foldases to augment protein folding activity, and via the
ERAD machinery to increase proteasomal degradation of
misfolded proteins. Should these adaptive processes fail to
attenuate ER stress, apoptosis is triggered through various
UPR signalling pathways, including transcriptional activation
of the Chop (also known as Ddit3) gene and IRE1-mediated
activation of Jun N-terminal kinase (JNK) [8, 16–19]. The
mechanisms that control this switch from UPR for survival
to UPR for death signalling are not completely understood.

Beta cells, with their heavy engagement in protein
synthesis and secretory activity, are particularly sensitive
to ER stress, with severe or prolonged episodes leading to
beta cell apoptosis [8, 10, 19–21]. A potential role for ER
stress in type 1 diabetes was suggested in studies showing
that pro-inflammatory cytokines could induce ER stress in
cultured beta cells, possibly via the generation of nitric
oxide [4–6]. It is proposed that nitric oxide acts as a
messenger molecule for cytokine-mediated Serca2b (also
known as Atp2a2) downregulation, depletion of ER
calcium stores and generation of ER stress, which ulti-
mately leads to beta cell death. In line with this, increasing
ER calcium content or depletion of the ER stress-inducible
pro-apoptotic transcription factor C/EBP homologous pro-
tein (CHOP) at least partially protects beta cells against
nitric oxide-mediated apoptosis [4]. Cytokine-induced ER
stress in beta cells is characterised by an atypical UPR
notable for suppression of the adaptive response [22]. Thus,
while pro-apoptotic UPR signalling is readily activated by
cytokines, the expression of ER chaperones is reduced,
principally due to the action of IFN-γ [22]. It has been

proposed that this decrease in defence mechanisms against
ER stress contributes to the heightened susceptibility of
beta cells to cytokine-mediated apoptosis.

Here, we investigated the influence of nitric oxide
production on cytokine-induced ER stress in beta cells.
We demonstrate that while nitric oxide is not required for
the generation of ER stress by cytokines, it plays an
important role in subsequent ER stress signalling by
differentially regulating adaptive and pro-apoptotic compo-
nents of the UPR. This ability of nitric oxide to regulate the
pattern of UPR signalling may provide a mechanism for the
decision of beta cells to undergo apoptosis rather than to
adapt to ER stress and survive the cytokine attack.

Methods

Cell culture and treatments Cells of the mouse insulinoma
cell line MIN6 were passaged in DMEM (Invitrogen,
Carlsbad, CA, USA) containing 25 mmol/l glucose,
10 mmol/l HEPES, 10% (vol./vol.) FCS, 100 U/ml
penicillin and 100 μg/ml streptomycin. Cells were seeded
at either 2×105 in 0.5 ml per well in a 24-well plate or at
8×105 in 2 ml per well in a six-well plate. After seeding,
cells were treated for 24 h with 100 U/ml IL-1β, 250 U/ml
IFN-γ and 100 U/ml TNF-α (R&D Systems, Minneapolis,
MN, USA). NG-methyl-L-arginine (LMA) (1 mmol/l;
Sigma, St Louis, MO, USA) was used to inhibit nitric
oxide production. Nitric oxide was measured in culture
media using Griess reagent [23].

Islet isolation and culture iNos (also known as Nos2) wild-
type mice (C57BL/6J) and iNos knockout mice (C57BL/6-
Nos2tm1Lau colony, referred to as iNos−/− mice) were bred
in-house using animals originally from The Jackson Labora-
tories (Bar Harbor, ME, USA). Islets were isolated by
dissociation of pancreases (liberase RI; Roche Diagnostics,
Castle Hill, NSW, Australia), followed by gradient centrifu-
gation at 1,360×g for 20 min (Ficoll-Paque PLUS gradient;
GE Healthcare Bio-Sciences, Uppsala, Sweden) and hand-
picking under a stereomicroscope. Procedures were approved
by the Garvan Institute/St Vincent’s Hospital Animal
Experimentation Ethics Committee, following guidelines
issued by the National Health and Medical Research Council
of Australia. Islets were cultured at 37°C in RPMI 1640
medium supplemented with 0.2 mmol/l glutamine, 10%
(vol./vol.) heat-inactivated fetal bovine serum, 100 U/ml
penicillin and 100 μg/ml streptomycin. Islets were treated for
24 or 48 h with 100 U/ml IL-1β, 250 U/ml IFN-γ and
100 U/ml TNF-α (R&D Systems, Minneapolis, MN, USA).
JNK inhibitor II (20 μmol/l SP600125; Merck, Kilsyth, VIC,
Australia) was used to inhibit JNK activity in islets isolated
from C57BL/6J mice.
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Cell death assay Cell death was measured with a cell death
detection ELISA (Roche Diagnostics) [24], which measures
cytoplasmic histone-associated DNA fragments. Islets were
lysed in 0.2 ml of the supplied lysis buffer, incubated for
30 min at room temperature and the lysate was spun at
200×g for 10 min. The ELISA assay was then performed
according to manufacturers’ instructions.

Western blotting Total protein levels from cell and islet
extracts were measured (protein assay; Bio-Rad Laboratories,
Hercules, CA, USA). Protein (20–50 μg) was resolved on
NuPage SDS-PAGE gels (Invitrogen) and transferred to
polyvinylidine difluoride membrane. Membranes were incu-
bated in primary antibodies for 1–2 h at room temperature or
overnight at 4°C. The following antibodies were used (1:1,000
dilution unless otherwise indicated): (1) CHOP (sc-575) and
total eukaryotic translation initiation factor 2 α subunit
(EIF2α) (sc-11386) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA); (2) phospho-PERK (Thr980, 16 F8, 3179),
phospho-EIF2α (Ser51, 9721), phospho-JNK (Thr183/
Tyr185, 9251), phosphor-c-JUN (Ser73, 9164S) and total
JNK (9252) (Cell Signaling Technology, Danvers, MA, USA).
Equal loading of protein between lanes was confirmed by
subsequent β-actin immunoblots (1:5,000; Sigma). After
incubation with horseradish peroxidase-conjugated sheep
anti-mouse or donkey anti-rabbit (1:5,000; Jackson ImmunoR-
esearch, West Grove, PA, USA) antibody for 1 h at room
temperature, immunodetection was performed by chemilumi-
nescence (PerkinElmer, Wellesley, MA, USA or Millipore,
Billerica, MA, USA). Densitometry was performed using a
software package (Quantity One; Bio-Rad).

RNA analysis Total RNA was extracted from islets or
MIN6 cells [25] and cDNA was synthesised using a kit
(QuantiTect Reverse Transcription; Qiagen, Doncaster,
VIC, Australia) according to manufacturer’s instructions.
Real-time PCR was performed using Power SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA,
USA) on a real-time PCR System (7900HT; Applied
Biosystems). The value obtained for each specific product
was normalised to a control gene (cyclophilin A) and
expressed as fold-change of the value in control extracts.

Xbp1 splicing Total RNA was extracted from islets and
reverse-transcribed as above. Xbp1 cDNA was amplified by
PCR and digested with PstI, which cuts unprocessed Xbp1
cDNA into fragments [26]. Processed (activated) Xbp1 cDNA
lacks the restriction site and remains intact. Processed (intact)
and unprocessed (cut) Xbp1 were quantified by densitometry.
The value obtained for processed Xbp1 was expressed as a
ratio of the total (processed+unprocessed) Xbp1 mRNA
level for each sample. These ratios are expressed as fold-
change of the ratio compared with wild-type control islets.

Statistical analysis All results are presented as means±
SEM. Statistical analyses were performed using unpaired
Student’s t test or one-way ANOVA.

Results

Cytokines induce ER stress independently of nitric oxide
formation in MIN6 cells We first investigated the influence
of nitric oxide on the induction of ER stress by cytokines in
MIN6 beta cells. In control MIN6 cells, treatment with the
combination of cytokines (IL-1β+IFN-γ+TNF-α) for 24 h
induced nitric oxide formation (Fig. 1a) and ER stress as
evidenced by increased phosphorylation of PERK (Fig. 1b, c),
JNK1 (46 kDa) (Fig. 1b, d), JNK2 (54 kDa) (Fig. 1b, e) and
EIF2α (Fig. 1b, f). Treatment of MIN6 cells with LMA, a
nitric oxide synthase inhibitor, blocked cytokine-induced
formation of nitric oxide (Fig. 1a). However, inhibition of
nitric oxide formation had no effect on the ability of
cytokines to induce ER stress; cytokine-mediated increases
in PERK, JNK1/2 and EIF2α phosphorylation were similar
in control and LMA-treated MIN6 cells (Fig. 1b–f). Thus,
cytokines retained the ability to induce ER stress even after
inhibition of nitric oxide formation in MIN6 cells, suggesting
that the presence of nitric oxide is not required for the
generation of ER stress by cytokines. We next tested the
influence of nitric oxide levels on downstream UPR
signalling by examining the abundance of CHOP, a pro-
apoptosis transcription factor primarily induced through the
PERK/EIF2α pathway, although IRE1α/X-box binding
protein 1 (XBP1) and ATF6 pathways can also contribute
[20]. Cytokine-induced CHOP levels were significantly
lower in LMA-treated MIN6 cells than in control-treated
cells (Fig. 1b, g). This suggests that nitric oxide is partially
required for induction of CHOP production by cytokines in
beta cells. These findings raise the possibility that nitric
oxide requirements for the induction and sensing of ER
stress may differ from subsequent CHOP induction via
downstream UPR signalling.

Nitric oxide production and abundance of ER stress
markers in response to different combinations of cytokines
in MIN6 cells We next examined MIN6 cell responses to
different combinations of cytokines. Nitric oxide produc-
tion was unchanged in MIN6 cells treated for 24 h with IL-
1β, IFN-γ or TNF-α alone (Fig. 2a). Similarly, the
combination of IL-1β+TNF-α and IFN-γ+TNF-α failed
to augment nitric oxide production (Fig. 2a). In contrast,
increased nitric oxide production was observed after
treatment of MIN6 cells with the combination of IL-1β+
IFN-γ as well as with all three cytokines (Fig. 2a). ER stress
was evidenced in cytokine-treated MIN6 cells both in the
absence and in the presence of augmented nitric oxide
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production. Thus phosphorylation of PERK, JNK1/2 and
EIF2α was increased in cells with unchanged or increased
nitric oxide production (Fig. 2b, electronic supplementary
material [ESM] Fig. 1a–d). This further illustrates the
independence of cytokine-induced ER stress from nitric oxide
production. With regard to downstream cytokine-mediated
UPR signalling, CHOP was markedly induced in MIN6 cells
with increased nitric oxide production, whereas it was lower in
MIN6 cells that did not produce nitric oxide (Fig. 2b, ESM
Fig. 1e). These findings provide further support for a role of
cytokine-mediated nitric oxide production in the regulation
of pro-apoptotic CHOP production.

Cytokines induce ER stress in islets from wild-type and
iNos−/− mice To investigate the role of nitric oxide in
cytokine-induced ER stress in primary beta cells, we used
islets isolated from mice that selectively lack the gene

encoding inducible nitric oxide synthase (iNOS) (iNos−/−

mice). In wild-type (C57BL/6J) mouse islets, treatment
with the combination of cytokines (IL-1β+IFN-γ+TNF-α)
for 24 h led to expected increases in nitric oxide formation
(Fig. 3a) and cell death (Fig. 3b). This was associated with
the induction of ER stress as evidenced by increased
phosphorylation of PERK (Fig. 3c, d), JNK1 (Fig. 3c, e),
JNK2 (Fig. 3c, f) and EIF2α (Fig. 3c, g). In islets from
iNos−/− mice, cytokine-induced nitric oxide formation
(Fig. 3a) and cell death (Fig. 3b) were prevented. However,
cytokine-mediated ER stress was preserved in islets from
iNos−/− mice; the cytokine-mediated increase in PERK,
JNK1 and EIF2α phosphorylation in iNos−/− islets was
similar to that observed in wild-type islets (Fig. 3c–e, g).
On the other hand, JNK2 phosphorylation was significantly
lower in iNos−/− islets than that observed in wild-type islets
(Fig. 3c, f), a finding consistent with previous observations

Fig. 1 Effects of iNOS inhibition on cytokine-mediated changes in
nitric oxide formation and expression of ER stress markers in MIN6
beta cells. MIN6 cells were incubated for 24 h in the absence or
presence of LMA (1 mmol/l) as indicated, in combination with
absence (white bars) or presence (black bars) of IL-1β (100 U/ml),
IFN-γ (250 U/ml) and TNF-α (100 U/ml). a Levels of nitric oxide in
medium were determined by Griess reaction. b Western blot was
performed on protein extracts for PERK, JNK and EIF2α phosphor-

ylation (p) and CHOP. Total (t) JNK, EIF2α and β-actin served as
loading controls. Representative images are shown. Abundance of (c)
pPERK, (d) pJNK1 (46 kDa), (e) pJNK2 (54 kDa), (f) pEIF2α and (g)
CHOP was quantified by densitometry and expressed as fold-change
compared with control. All results are mean±SEM determined from at
least three experiments; *p<0.05, **p<0.01 and ***p<0.001 for
cytokine effect in LMA and control-treated MIN6 cells; †p<0.05 and
†††p<0.001 for LMA-treated vs control-treated MIN6 cells
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[27]. However, the incremental increase in JNK2 phos-
phorylation attributable to cytokines was similar between
the genotypes (Fig. 3c, f). Also increased by cytokines in
wild-type islets were levels of the spliced (activated) form
of Xbp1 mRNA (Fig. 3i). In contrast to the ER stress
markers described above, the cytokine-mediated increase in
spliced Xbp1 mRNA was significantly higher in iNos−/−

islets than in wild-type islets (Fig 3i). Taken together, these
data indicate that iNOS production and/or nitric oxide
formation are not required for the generation of ER stress in
mouse islets. However, nitric oxide production may
contribute to potentiation of JNK2 phosphorylation and,
in an opposing role, may inhibit the further splicing
(activation) of Xbp1 mRNA by cytokines.

We also examined the influence of nitric oxide on
cytokine-induced CHOP protein production in mouse islets.
In wild-type islets, CHOP protein abundance was increased
by threefold (Fig. 3c, h). In contrast, cytokines failed to

induce the production of CHOP protein in islets from
iNos−/− mice (Fig. 3c, h), indicating that nitric oxide is
required for the production of CHOP protein in mouse
islets in response to cytokines.

Time-dependent changes in mRNA levels of adaptive and
pro-apoptotic UPR markers in cytokine-stimulated islets
from wild-type and iNos−/− mice We next assessed whether
nitric oxide production affected the pattern of cytokine-
stimulated UPR signalling in islets. The expression of genes
involved in pro-apoptotic and adaptive UPR signalling was
examined by real-time RT-PCR (details on oligonucleotide
primers, see ESM Table 1). Exposure of wild-type islets to
cytokines resulted in increased expression of pro-apoptotic
genes Chop, Atf3 and Trib3 (Fig. 4a–c). In contrast, these
genes were unchanged or induced to a lesser extent by
cytokines in islets from iNos−/− mice (Fig. 4a–c). These data
indicate that nitric oxide is, at least partially, required for
upregulation of pro-apoptotic UPR genes by cytokines in islets.

We evaluated mRNA expression of ER chaperones
and folding proteins, which contribute to the adaptive
UPR. ER chaperone genes Bip (also known as Hspa5)
Grp94 (also known as Hsp90b1) and Orp150 (also known
as Hyou1) and foldase genes Erp72 (also known as
Pdia4), Fkbp11 and Herpud1 were downregulated after
24 and 48 h of cytokine stimulation in wild-type islets
(Fig. 4d–i). In contrast, these genes were unchanged or
even increased by cytokines in islets from iNos−/− mice
(Fig. 4d–i). We also tested p58 (also known as Dnajc3)
and Edem1, both of which are transcriptional targets of
XBP1 [28, 29] involved in ER chaperone activity and in
the ERAD pathway, respectively. In iNos−/− islets, p58
mRNA expression was protected from the cytokine-mediated
downregulation observed in wild-type islets (Fig. 4j). In
wild-type islets, Edem1 was modestly increased after 24 h,
but not after 48 h of cytokine stimulation (Fig. 4k). In iNos−/−

islets, Edem1 mRNA level was significantly increased after
24 and 48 h of cytokine stimulation to a greater extent than
in wild-type islets (Fig. 4k). These data imply a causal
relationship between nitric oxide production and the sup-
pression of ER stress defence mechanisms in cytokine-
stimulated beta cells.

Cytokines downregulate Serca2b independently of nitric
oxide formation in MIN6 cells and mouse islets Consistent
with the notion that cytokines induce ER stress via
downregulation of Serca2b and depletion of ER calcium
stores in beta cells [5], Serca2b mRNA levels were reduced
by cytokines in MIN6 cells (Fig. 5a) and in islets from wild-
type mice (Fig. 5b). Blocking nitric oxide production did not
prevent the downregulation of Serca2b; indeed, mRNA levels
after cytokine exposure were still significantly reduced in
LMA-treated MIN6 cells (Fig. 5a) and in islets from iNos−/−

Fig. 2 Relationship between nitric oxide production and abundance of ER
stress markers in response to different combinations of cytokines in MIN6
beta cells. MIN6 cells were incubated for 24 h in the absence or presence of
different combinations of IL-1β (100 U/ml), IFN-γ (250 U/ml) and TNF-α
(100 U/ml) as indicated. a Levels of nitric oxide in medium were
determined by Griess reaction. b Western blot was performed on protein
extracts for PERK, JNK and EIF2α phosphorylation (p) and CHOP. Total
(t) JNK, EIF2α and β-actin served as loading controls. Representative
images are shown. ***p<0.001 for cytokine effect
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mice (Fig. 5b). Thus, similar to the induction of ER stress
above, the downregulation of Serca2b by cytokines appears
to be mainly independent of nitric oxide formation.

JNKactivityisrequiredforcytokine-inducedexpressionofChopand
Atf3inmouseislets Since our studies showed that cytokine-
induced nitric oxide levels contribute to JNK2 activation
(Fig. 3c, f), and also as previous studies have demonstrated
that the JNK pathway can regulate Chop transcription in
INS-1E beta cells [30], we tested whether JNK activity

influences CHOP production in mouse islets. Nitric oxide
production was unaffected by the inhibition of JNK activity
(Fig. 6a). In negative control-treated mouse islets, the
presence of IL-1β+IFN-γ+TNF-α led to the expected
increases in JNK1/2, c-JUN phosphorylation (Fig. 6b, ESM
Fig. 2a–c) and CHOP production (Fig. 6b, c). In islets
treated with JNK inhibitor, cytokine-induced JNK1/2 and c-
JUN phosphorylation was reduced (Fig. 6b, ESM Fig. 2a–c).
JNK2 and c-JUN phosphorylation were significantly lower
in the absence and presence of cytokine stimulation (Fig. 6b,

Fig. 3 Effects of iNos deletion on cytokine-mediated changes in nitric
oxide formation, cell death, abundance of ER stress markers and Xbp1
splicing in mouse islets. Isolated islets from wild-type (WT) and
iNos−/− mice were incubated for 24 h in the absence (white bars) or
presence (black bars) of IL-1β (100 U/ml), IFN-γ (250 U/ml) and
TNF-α (100 U/ml). a Levels of nitric oxide in medium were
determined by Griess reaction. b Cell death was determined using a
cell death detection ELISA, corrected for DNA content in islets and
expressed as fold-change compared with wild-type control. c Western
blot was performed on protein extracts for PERK, JNK and EIF2α
phosphorylation (p) and CHOP. Total (t) JNK, EIF2α and β-actin
served as loading controls. Representative images are shown.
Abundance of (d) pPERK, (e) pJNK1 (46 kDa), (f) pJNK2

(54 kDa), (g) pEIF2α and (h) CHOP was quantified by densitometry
and expressed as fold-change compared with wild-type control. i Total
RNA was extracted and reverse-transcribed. Xbp1 cDNA was
amplified by PCR and digested with PstI, which cuts unprocessed
Xbp1 into fragments. Processed (activated) Xbp1 lacks the restriction
site and remains intact. Processed (intact) and unprocessed (cut) Xbp1
were quantified by densitometry. The value obtained for processed
Xbp1 is expressed as a ratio of the total (processed+unprocessed)
Xbp1 mRNA level for each sample. These ratios are expressed as fold-
change of the ratio in wild-type control islets. All results are mean±
SEM determined from at least three experiments; *p<0.05, **p<0.01
and ***p<0.001 for cytokine effect in each genotype; †p<0.05, ††p<
0.01 and †††p<0.001 for iNos−/− islets vs wild-type islets
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ESM Fig. 2b, c), whereas JNK1 phosphorylation was only
significantly reduced in the presence of cytokines (Fig. 6b,
ESM Fig. 2a). Inhibition of JNK activity was associated with
reduced CHOP production in the absence and presence of
cytokine stimulation (Fig. 6b, c). By gene expression
analysis, we found that, in addition to Chop, Atf3 mRNA
level was regulated by JNK signalling (Fig. 7). This indicates
that JNK signalling is necessary for the cytokine-mediated
increase in expression of Chop and Atf3; and that even in the
presence of nitric oxide, the induction of these genes in
mouse islets is impaired by JNK inhibition.

Discussion

The mechanisms by which inflammatory cytokines and the
toxic free radical nitric oxide lead to beta cell failure in type
1 diabetes have been the subject of much recent attention.
Previous studies have proposed that nitric oxide down-
regulates Serca2b expression, depleting ER calcium stores,
and causing subsequent ER stress and apoptosis through the
ER stress pathway [4–6]. Here, we tested whether nitric
oxide makes a necessary contribution to cytokine-induced
ER stress. We report that islets from iNos−/− mice failed to
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produce nitric oxide upon cytokine exposure, yet displayed
increased PERK phosphorylation and Xbp1 splicing, which
are entirely dependent on the activation of ER stress.
Moreover, molecular and chemical inhibition of nitric oxide
production failed to prevent cytokine-mediated downregu-
lation of Serca2b expression in islets and MIN6 beta cells,
inferring that the mechanism by which cytokines induce ER
stress, through ER calcium dysregulation does not require
nitric oxide. Thus, our studies clearly demonstrate that
cytokines lead to downregulation of Serca2b and subse-
quent activation of ER stress in beta cells via mechanisms
that are independent of nitric oxide formation. Notwith-
standing this, we also demonstrated that nitric oxide plays a
critical role in cellular responses to ER stress by differen-
tially regulating adaptive and pro-apoptotic UPR signalling.

Under ER stress conditions, cell fate depends on the
balance between the death and survival components of the
UPR. Inhibition of nitric oxide production in mouse islets:
(1) prevented cytokine-mediated upregulation of pro-
apopototic UPR genes Chop, Atf3 and Trib3; and (2)
relieved the cytokine-mediated suppression of ER chaper-
ones, foldases and degradation enhancers. This alteration in
the pattern of UPR signalling towards pro-survival gene
expression was associated with reduced beta cell death in
islets from iNos−/− mice. Further analysis showed that
cytokines regulate Chop and Atf3 expression by controlling
JNK activity. Since others [27] and we (Fig. 3) have shown
that nitric oxide potentiates cytokine-induced JNK signalling,
our data provide further insight into the complex signalling
events in beta cells upon cytokine stimulation, with nitric
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Fig. 7 Effects of JNK inhibition on cytokine-mediated changes in
Chop (a) and Atf3 (b) mRNA levels in mouse islets. Isolated mouse
islets were incubated for 24 h with JNK inhibitor (JNKi, 20 μmol/l) or
negative control (Control) as indicated, in combination with absence
(white bars) or presence (black bars) of IL-1β (100 U/ml), IFN-γ
(250 U/ml) and TNF-α (100 U/ml). Total RNAwas extracted, reverse-
transcribed and analysed by real-time RT-PCR. All results are mean±
SEM determined from at least three experiments and expressed as
fold-change compared with control. *p<0.05 and **p<0.01 for
cytokine effect in each treatment group; †p<0.05 and ††p<0.01 for
JNKi vs negative control

Fig. 6 Effects of JNK inhibition on cytokine-mediated changes in
nitric oxide production and CHOP abundance in mouse islets. Isolated
mouse islets were incubated for 24 h with JNK inhibitor (JNKi,
20 μmol/l) or negative control (control) as indicated, in combination
with absence (white bars) or presence (black bars) of IL-1β (100 U/ml),
IFN-γ (250 U/ml) and TNF-α (100 U/ml). a Levels of nitric oxide in
media were determined by Griess reaction. b Western blot was
performed on protein extracts for JNK and c-JUN phosphorylation (p)

and CHOP. Total (t) JNK and β-actin served as loading controls.
Representative images are shown. c Abundance of CHOP was
quantified by densitometry and expressed as fold-change compared
with control untreated islets. All results are mean±SEM determined
from at least three experiments; **p<0.01 and ***p<0.001 for cytokine
effect in each treatment group; †p<0.05 and ††p<0.01 for JNKi vs
negative control

S
er

ca
2b

 e
xp

re
ss

io
n

S
er

ca
2b

 e
xp

re
ss

io
n1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0
Control LMA WT iNos−/−

a b

Fig. 5 Effects of iNOS inhibition on cytokine-mediated changes in
Serca2b mRNA levels in MIN6 beta cells (a) and mouse islets (b). a
MIN6 cells were incubated in the absence or presence of LMA
(1 mmol/l) as indicated. MIN6 cells and (b) isolated islets from wild-
type (WT) and iNos−/− mice were incubated for 24 h in the absence
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(250 U/ml) and TNF-α (100 U/ml). Total RNAwas extracted, reverse-
transcribed and analysed by real-time RT-PCR. All results are mean±
SEM determined from at least three experiments and expressed as
fold-change compared with control; **p<0.01 and ***p<0.001 for
cytokine effect in each treatment group or genotype
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oxide potentially representing an important factor that
regulates the switch from survival to death UPR signalling.

The signalling molecules/mechanisms responsible for
the generation of ER stress in beta cells probably differ
depending on the stimulus. With lipid overload, several
mechanisms have been proposed, including defective
protein processing [31] and trafficking [32], and ER
calcium dysregulation [33], each of which is thought to be
independent of nitric oxide production. Importantly, the
current study demonstrates that cytokines can also generate
ER stress independently of nitric oxide production. These
findings are in opposition to results from a previous study
showing that cytokines induce Xbp1 splicing and reduce
Serca2b expression via nitric oxide formation [5]. This
discrepancy is possibly due to species differences (the
previous study used rat vs our use of mouse beta cells) or
different experimental conditions (the previous study
adopted chemical inhibition of nitric oxide production only,
vs our use of molecular and chemical iNOS disruption).
However, our findings agree with the previous demonstra-
tion of the need for nitric oxide in cytokine-induced CHOP
production [5]. Here, we extend these findings, demon-
strating that nitric oxide more broadly and differentially
regulates downstream pro-apoptotic and adaptive UPR
signalling. Our data suggest that nitric oxide production
plays a causal role in the atypical response of beta cells to
ER stress induced by cytokines, in which adaptive UPR
gene expression is suppressed and pro-apoptotic gene
expression is readily activated.

Our studies demonstrate that nitric oxide exerts an
inhibitory effect on a key transcriptional mediator in UPR
signalling, XBP1. Since XBP1 promotes expression of
adaptive UPR genes [28, 29], we speculate that nitric
oxide-dependent restraint of XBP1 activation leads to
cytokine-mediated downregulation of ER chaperones, fol-
dases and degradation enhancers. This observation may
also explain our previous observations of reduced Xbp1
splicing and adaptive UPR gene expression in cytokine-
treated INS-1 cells and in islets from NOD mice [9]. On the
other hand, our studies here demonstrated that nitric oxide
is required for the potentiation of cytokine-stimulated JNK2
activation. The possibility that this may contribute to
maintenance of the pro-apoptotic UPR signalling induced
by cytokines is supported by the demonstration that JNK
activity is required in cytokine-induced Chop promoter
activation [30] and CHOP protein production (Fig. 6). This
could explain the observed dissociation between PERK
activation and CHOP induction. Other factors, in addition
to JNK2 and XBP1, may also be involved, and further work
will be required to determine the molecular mechanisms by
which nitric oxide regulates the pattern of downstream pro-
apoptotic and adaptive UPR gene expression. Possible
mechanisms by which nitric oxide mediates its effects

include regulation of transcription factors, gene transcrip-
tion and mRNA stability, as well as targeted protein
modifications by post-translational S-nitrosylation [34, 35].

The question of whether ER stress is a direct cause of
cytokine-induced apoptosis and beta cell loss in type 1
diabetes is controversial [7, 9, 36]. One possible explanation
for the contradictory findings in this area of research lies in
the complexity of cytokine signalling. Cytokines activate an
array of diverse ER stress-dependent and -independent
death-related gene networks [37]. Thus, cytokines may
induce apoptosis via multiple parallel and/or interacting
pathways, which potentially involve activation of CHOP [4],
ATF3 [38], tribbles homologue 3, nuclear factor κB [39],
signal transducer and activator of transcription 1 [40, 41],
DP5 [10], JNK [27, 42] or other components of the mitogen-
activated protein kinase signalling pathway [1, 43, 44]. The
predominant pathway of killing may depend on the nature of
the cytokine stimulus and on critical interactions with anti-
apoptotic proteins of the B cell leukaemia/lymphoma 2
family, including myeloid cell leukaemia sequence 1 [11].
Additional studies are required to clarify the role of ER stress
in cytokine-mediated beta cell failure in type 1 diabetes.

In summary, our studies suggest important modifications to
the current model whereby cytokines induce ER stress and
regulate the UPR in beta cells. These modifications are: (1)
ER stress as such is generated independently of nitric oxide
production; and (2) the pattern of downstream UPR signalling
is regulated by nitric oxide production. The widespread
differential regulation of adaptive and pro-apoptotic UPR
gene expression by nitric oxide may provide a mechanism for
the propensity of cytokine-stimulated beta cells to commit to
cell death without an attempt to adapt to ER stress.
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