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Introduction: apoptosis and ββ-cell loss

The process of programmed cell death, apoptosis, occurs via
the activation of highly ordered and tightly regulated
intracellular signalling pathways, which involve diverse
triggers and effector molecules, including extracellular
signals, intracellular ATP levels, phosphorylation cascades,
procaspase cleavage and activation, and modification of the
expression of pro- and anti-apoptotic genes. While
undoubtedly this process is necessary and essential during
normal development, tissue homeostasis and in the
clearance of damaged cells, the inappropriate activation of
death-inducing intracellular machinery can contribute
significantly to pathological events associated with cell loss
and impaired biological function. This is increasingly
recognised as a direct contributor to β-cell loss associated
with the pathogenesis of type 1 diabetes mellitus (DM).1,2

Understanding the basic molecular mechanisms responsible
for β-cell loss under these conditions continues to be a major
aim of diabetes research, not least to identify new molecular
targets for therapeutic intervention strategies in the
treatment of type 1 DM but also following islet cell
transplantation to improve long-term functionality of
grafted islets. 

Type 1 DM is classified as an autoimmune disease, where
the inappropriate activation of the immune system against
the β-cell is thought to result from an environmental trigger
in genetically predisposed individuals, leading to a
reduction in β-cell mass as a consequence of excessive β-cell
apoptosis. Although the initiating events and mechanisms
predisposing to the development of autoimmune disease
states remain poorly understood, a crucial role for pro-
inflammatory cytokines as soluble mediators of β-cell death
in type 1 DM has been described.3,4 This review will cover
some of the current opinions relating to β-cell apoptosis in
type 1 DM, with a particular emphasis on the role of pro-
inflammatory cytokines as effector molecules and
downstream chronic oxidative and nitrosative stress. It will
consider evidence from clonal cell lines, primary rodent 
β-cells and islet cultures as well as some of the more limited

data available in human islets. The differences in the
susceptibility to, and the consequences of, cytokine exposure
between various model systems used to study β-cell
apoptosis will be considered.

Pathogenesis of type 1 DM: cell-cell 
killing and pro-inflammatory cytokines 
as soluble effectors 

Early observations in Wistar rat islets suggested that
interleukin-1β (IL-1β), present in the supernatant of
activated macrophage cultures, was cytotoxic to islet
cultures,3,5 an effect found to be specific to β-cells6 and which
appears to involve synergistic regulation by other
inflammatory cytokines also produced from activated
immune cells.7–10 These include interferon-γ (IFNγ) and
tumour necrosis factor-α (TNFα). These observations
suggested that β-cell loss was initiated by soluble mediators
secreted by activated mononuclear immune cells
(macrophages and antigen presenting cells [APC]) and auto-
active T cells. Nerup et al.11 proposed the Copenhagen model
to describe the processes involved in the coordination of
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immune cells in type 1 DM, proposing that the stimulation
of β-cell dysfunction by factors secreted by activated
mononuclear immune cells leads to increased β-cell and
APC expression of ‘self antigens,’ which become recognised
by subsequently infiltrating T cells. These may also be
involved directly in the initiation of apoptosis and can
stimulate B cells to produce autoantibodies. This hypothesis
is supported by the observation that the production of 
β-cell-targeted autoantibodies correlates with deteriorating
glycaemic control.12

Direct T-cell-mediated effects on β-cell apoptosis by both
CD4+ and CD8+ T cells are associated with diverse and
multiple stimuli and effector molecules, as well as the
potential for the former to stimulate autoantibody
production. A clearer understanding of the primary
contributor to β-cell loss is needed, whether that be the
effects of pro-inflammatory cytokines as soluble mediators,
secreted by both macrophages/APCs and auto-active T cells,
or through direct cell-cell contact in recognition-linked
mechanisms of death.13 The processes involved in the
regulation of immune cells in the pathogenesis of type 1 DM
have recently been reviewed elsewhere14 and remain poorly
understood.

What has become clear is that the effects of pro-
inflammatory cytokines on β-cell function depend on the
perturbation of multiple gene regulatory networks.
Oligonucleotide arrays have allowed the characterisation of
the gene signalling networks stimulated by pro-
inflammatory cytokines.15,16 Around 66 of these genes were
found to be dependent on NF-κB activation and, using a 
NF-κB ‘super-repressor,’ Heimberg et al.17 observed significant
protection from cytokine-induced toxicity. These genes
include the up-regulation of the inducible form of nitric
oxide synthase (iNOS), leading to nitric oxide (NO)
production, and manganese superoxide dismutase
(MnSOD), as well as proteins involved in the endoplasmic
reticulum (ER) stress response, reduced β-cell function and
(in vivo) increased immune cell infiltration. In Wistar rat
islets, John et al.18 suggested that several of the genes up-
regulated in response to IL-1β treatment were NO-
dependent, as 23 out of 105 transcripts found to be modified
by cytokine exposure were inhibited by the inclusion of the
arginine analogue, and NOS inhibitor, NG-monomethyl-
L-arginine (L-NMMA); thus, several cytokine-induced
signalling networks may be NO-dependent. It has also been
shown that, in RIN-r β-cells, cytokine-derived NO is a
primary contributor to cell loss, and inhibition of iNOS
activity protects cells from cytokine-induced apoptosis to a
similar extent to that seen with adenoviral over-expression
of a mutant IκB, preventing the activation of the
transcription factor.19 Proteomic analysis has suggested that
the JAK/STAT signalling pathway mediates the response to
IFNγ and, more recently, Pirot et al.20 have suggested that
IFNγ can sensitise cells to IL-1β-induced ER stress through a
reduction in ER defence capability. Chen et al.21 suggested
that, in ex vivo rodent and human islets, IL-1β increases the
expression of monocyte chemoattractant protein-1 (MCP-1),
which can be enhanced by IFNγ. IL-1β also promotes an
increase in intracellular adhesion molecule-1 (ICAM-1)
expression, as well as increasing the surface presentation of
self antigens. 

Overall, it appears that β-cell apoptosis in response to
cytokines depends on the severity of the perturbation of

multiple key signalling networks, with a central role for the
transcription factor NF-κB and the JAK/STAT pathways.2

Although the predominant effects of their activation appear
to be pro-apoptotic and lead to β-cell loss,22 the up-
regulation of anti-apoptotic genes following cytokine-
induced activation of NF-κB has also been described in
human islets and MIN6 cells.23 A fuller understanding of the
pro-apoptotic component may lead to the development of
therapies aimed at shifting the delicate balance of pro- and
anti-apoptotic signalling pathways to promote long-term 
β-cell survival in the face of cytokine toxicity. 

Cytokines and ROS/RNS 

While undoubtedly the pathways mediating cytokine
toxicity are likely to be multifaceted, a central role for
oxidative and nitrosative stress has been proposed.24,25

Sources of ROS and reactive nitrogen species (RNS) in the
vicinity of the pancreatic β-cell, as stimulated by cytokines
secreted from mononuclear immune cells, are shown in
Figure 1. The up-regulation of MnSOD, although itself an
important antioxidant enzyme through the conversion of
superoxide to hydrogen peroxide (H2O2), may contribute to
β-cell ROS production as a result of increasing H2O2 levels,
particularly in cell types with such low catalase and
glutathione peroxidase expression24 (both catalysing the
removal of excess H2O2 into water and molecular oxygen).
iNOS was first described as a contributor to β-cell
dysfunction by Southern et al.,26 who found that exposure 
of Sprague-Dawley rat islets to IL-1β inhibited insulin
secretion, an effect that could be reversed using L-NMMA. 
In later studies, it was observed that the effects of an 
IL-1β/NO generating system were involved in the induction
of β-cell apoptosis,27,28 which appeared to require synergistic
regulation by other inflammatory cytokines. Other studies

Fig. 1. Sources of ROS/RNS. Infiltrating macrophages secrete
cytokines which lead to the up-regulation of iNOS and MnSOD 
via the activation of NFκB, producing an array of ROS/RNS in both 
β-cells and others (e.g., pancreatic duct cells). Despite its usual
antioxidant role, the up-regulation of MnSOD may contribute to
cytokine-toxicity through increased H2O2 production in the face of
poor catalase and glutathione peroxidase expression. Other ROS/RNS
produced by the macrophage and those secreted by the iNOS-active
duct cells lead to exogenous sources of ROS/RNS in the vicinity of
the β-cell. Downstream effects of excessive ROS/RNS build-up in the
β-cell can lead to the initiation of apoptotic signal cascades.
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also suggested a significant contribution of cytokine-
induced oxidative stress,24,29 which may also depend on 
the relative contributions of both ROS and RNS.25

Ankarcrona et al.27 observed that the effects of IL-1β alone
were sufficient to up-regulate significant iNOS expression 
in rat β-cells, while Rabinovitch et al.30 found that human
islets were far less susceptible to cytokine-induced iNOS
expression, where similar effects of NO using chemical NO
donors have also been described.31

Transient effects of NO donors appeared to induce
significant nitrosative stress-induced apoptosis in rodent
islets, which was not found to be the case in human islets,
suggesting that the physiological significance of an NO-
generating system in human β-cells may be slight, perhaps
reflecting the higher levels of key antioxidant defence
enzymes expressed in human islets.32 However, in later
studies, the long-term effects of NO were observed to be
equally deleterious to human islet function as to rodent
islets, with extended culture of human islets following NO
donor treatment inducing characteristic morphological
changes associated with β-cell apoptosis.33 Additionally, it
has also been observed that cytokine-derived NO may
sensitise human islets to T cells via the up-regulation of Fas.34

Furthermore, Storling et al.35 have suggested that the
activation of JNK and inhibition of protein kinase B/AKT in
response to NO contributes significantly to cytokine toxicity.

iNOS inhibitors and iNOS knockout models have
suggested that NO production may not be the primary
mechanism responsible for β-cell apoptosis, particularly in
human islets,30 and this suggests that iNOS does not
therefore fulfil the ‘one gene fits all’ hypothesis.36 However,
the high chemical reactivity of the NO radical and the
suggestion that significant NO production may occur in vivo
in activated macrophages (via a feedback mechanism) and
pancreatic duct cells,37 coupled to some of the more recently
observed NO-dependent effects of cytokines on β-cell
viability, have combined to maintain interest in the role of
NO and its derivative RNS, including peroxynitrite,38 in 
β-cell death and apoptosis. 

Using human islet preparations, Li and Mahato39 have
recently suggested (and were the first to do so) that iNOS-
targeted siRNA can impact on islet functionality and
apoptosis in response to pro-inflammatory cytokines, where
a significant reduction in caspase-3 activity and apoptosis
was observed in response to iNOS siRNA (although to a
lesser extent than in clonal β-cell lines). It was suggested that
earlier observations of a lack of any significant NO
contribution may be due to low penetrance of siRNA
constructs, in that only peripheral islet cells may have been
affected by the silencing strategy, given the large size of
human islet clusters (up to 3000 cells) when compared to the
more convenient and frequently used clonal β-cell lines or
dispersed islets.39 It is of greater physiological relevance,
particularly for transplantation, to use intact islets and thus
retain intra-islet signalling cascades. 

Islet transplantation represents a promising therapy for
the treatment of type 1 DM; however, in rodent models,
transplanted islets have been shown to undergo apoptosis in
a matter of days following transplantation,40 and, until
recently, strategies aimed at improving the long-term
survival and functionality of grafted islet preparations were
generally ineffective. However, more recent studies have
provided striking evidence for the benefit of anti-rejection

therapy, virus antigen incorporation and over-expression of
cytokine receptor antagonists41 as suitable approaches to
help control host defences, and micro-encapsulation has
been shown to protect islet cells from immune attack.42

However, non-specific intra-islet inflammation due to
isolation and transplantation effects may contribute
significantly to grafted islet failure. In support of these
observations, Montolio et al.43 have recently observed
significant intra-islet expression of both IL-1β and iNOS in
rodent islet cells syngeneically transplanted into the kidney
capsule of male Lewis rats. Given these observations, and
from a therapeutic perspective, a fuller understanding of the
signalling pathways impacted on by ROS/RNS may be
instrumental in the development of long-term solutions to
islet transplantation.

ββ-cell susceptibility to ROS/RNS

Reactive oxygen species and RNS are able to interact with a
range of subcellular proteins and signalling pathways as
well as regulate gene expression, and the effects of oxidative
and nitrosative stress on β-cell apoptosis are recurring
themes in DM research; the susceptibility of β-cells to ROS
and RNS has been proposed to be as a result of their low
level of endogenous antioxidant defence capacity.32 Indeed,
Tiedge et al.24 observed catalase (CAT) and glutathione
peroxidase (GPx) enzyme expression to be as low as 5% of
the levels seen in liver cells in Wistar rats. Interestingly,
Sigfrid et al.44 have observed that NO can directly inhibit any
remaining CAT enzyme activity in RINm5F β-cells, an effect
that was not associated with a reduction in CAT messenger
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Fig. 2. Reactions and interactions of ROS/RNS. The reactions of NO,
including the formation of peroxynitrite (–ONOO), can lead to the
production of a range of RNS capable of inducing significant
nitrosative damage. Prolonged nitrosative stress can have deleterious
effects on mitochondrial respiration and can induce apoptosis.
Significant contributions of ROS, O2– and H2O2, as a result of reduced
β-cell antioxidant enzyme (MnSOD, catalase and glutathione
peroxidase [GPx]) expression can lead to severe oxidative damage.
H2O2 can be converted to the highly damaging hydroxyl radical (OH–)
by transition metal-catalysed Fenton reduction and can cause
sulphydryl oxidation of target proteins, DNA damage and cell death.
The key antioxidant enzymes catalase, MnSOD, GPx and GR are
shown in italics.
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RNA (mRNA) or protein content and which may potentially
increase endogenous ROS production in vitro. The high
chemical reactivity of ROS makes it difficult to define clearly
their precise role and, although at low concentrations, ROS
have been suggested to act as second messengers controlling
gene transcription primarily through activation of the
transcription factors NF-κB and AP-1.45,46

Increased ROS concentrations in cytokine-treated β-cells
can lead to a multitude of different signalling components
being interrupted, leading to apoptosis. Several studies have
demonstrated a crucial role for increased oxidative stress in
animal and human models of type 1 DM through over-
expression of antioxidant enzymes.47–49 In the non-obese
diabetic (NOD) mouse model of spontaneous diabetes,
increased markers of oxidative stress can be detected at a
prediabetic stage when compared to oxidant- (and diabetes-)
resistant NOD.Lc7 mice and wild-type litter mates;50 these
effects have also been shown to be reversed with a
metalloporphyrin SOD mimetic.51 The use of soluble SOD
mimetics, acting as sustainable catalysts in the removal of
excess toxic ROS, may offer greater scope than gene-based
approaches to increase endogenous antioxidant enzyme
expression or increased dietary consumption of radical
scavengers such as vitamin C and E. Future research on the
usefulness of oxidant scavenging mimetics in combination
with strategies aimed at controlling increased nitrosative
stress, such as β-cell-targeted inhibitors of iNOS expression/
function, may help mute the intra-islet inflammation
observed following transplantation. 

Given that both iNOS and MnSOD are up-regulated in
response to cytokine treatment, the latter enzyme catalysing
the dismutation of superoxide into H2O2, it seems likely that
increases in both ROS and RNS are involved in the pro-
apoptotic actions of cytokines. Given their high chemical
reactivity, it would also seem likely that neither subset of
reactive species will act independently of the other; indeed,
the reaction between NO and superoxide leads to the
production of the highly damaging species peroxynitrite,
which has been associated with DNA damage and β-cell
necrosis. Human islets, for example, have been found to be
highly sensitive to peroxynitrite toxicity.38,52 The complexities
of the reactions between distinct ROS/RNS and their effects
on biological function are beyond the scope of this review;
however, a simplified schematic of their reactions and
interactions is shown in Figure 2.

In NOD mice the use of guanidinoethyldisulphide (GED),
both a cell-permeable iNOS inhibitor and ROS scavenger,
prevented the development of diabetes and conferred
protection from cytokine-induced loss of β-cell mass.25 In
support of this role for both oxidative and nitrosative stress
as contributors to β-cell death, a more recent study by 
Chen et al.53 found that protection from oxidative stress by
over-expressing CAT and MnSOD transgenes, alone, did not
alter cytokine toxicity in mouse islets, which remained
associated with increased NO. This is contradictory to
previous studies suggesting that over-expression of
antioxidant enzymes can confer some protection from
cytokine-induced effects in RINm5F cells.47 However, more
conflicting data may suggest that MnSOD expression is
required for triggering cytokine toxicity,54 although this may
still occur secondarily to NO-dependent effects.55 These
findings, collectively, may suggest a role for strategies aimed
at the control of iNOS expression/function in combination

with mitochondrial-targeted over-expression of antioxidant
enzymes, for the protection of β-cells from cytokine-induced
apoptosis. 

Calcium signals in cytokine- and 
ROS/RNS-induced ββ-cell toxicity

While approaches aimed at controlling the expression of
proteins involved in increased oxidative and nitrosative
stress may improve the fate of the β-cell, understanding the
molecular signalling events downstream of excessive
ROS/RNS generation continues to be a major aim of
research, with the hope of identifying suitable targets for
small molecule intervention. In the context of both cytokine-
induced apoptosis and cytokine-derived ROS/RNS, there is
increasing evidence for a role for calcium channel activation
and the disruption to both ER and mitochondrial function 
in mediating the susceptibility of β-cells to physiologically
relevant apoptosis-inducing agents.56–58

Early observations of calcium-dependent apoptotic
processes in response to NO donor treatment in MIN6 cells59

have been proposed to be mediated by the release of calcium
from intracellular stores.56,57,60 These effects may lead to
significant perturbation of intracellular calcium homeostasis,
the activation of an ER stress response and increased
mitochondrial calcium influx, culminating in the activation of
multiple pro-apoptotic signalling pathways and cytochrome

Fig. 3. Cytochrome c release and the induction of apoptosis. Both
ROS and RNS are capable of inhibiting the function of components
of the respiratory chain as well as increasing mitochondrial calcium
concentrations. These processes can lead to disruption of the
mitochondrial membrane potential (ΨM), activation of cyclophillin D
and opening of the permeability transition pore (PTP), allowing the
release of cytochrome c from the intermembrane space. Activation of
the pro-apoptotic protein (Bax), a member of the Bcl-2 family, can
also initiate cytochrome c release through oligomerisation and
insertion into the outer mitochondrial membrane; the resulting pore
is large enough to allow the release of cytochrome c. In the cytosol,
cytochrome c binds to apoptosis protease activating factor-1 (apaf-1)
and its binding partner procaspase 9. The formation of this complex
leads to proteolytic cleavage of the pro-domain, activating caspase 9
and inducing a caspase signalling cascade leading to apoptosis.
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c release from the intermembrane space of the mitochondria.
It is widely argued that NO, H2O2 and their derivatives can
directly modulate the activity of mitochondrial respiratory
components,61–63 which may impair mitochondrial membrane
integrity and lead to cytochrome c release in β-cells.58,64 For
example, the over-expression of anti-apoptotic Bcl-2 has been
shown to inhibit cytokine-induced mitochondrial
dysfunction and apoptosis,65 and, more recently, it has been
suggested that cytokine-derived NO in RIN-r β-cells
stimulates mitochondrial cytochrome c release and
apoptosis, which can be inhibited by over-expression of the
Bcl-2 family protein Bcl-XL.64 Effects of ROS/RNS on impaired
mitochondrial function and cytochrome c release and the
role of cytosolic cytochrome c in inducing caspase activation
and apoptosis are shown in Figure 3. 

The activation of ER calcium extrusion pathways in MIN6
and INS-1E cells, and also in primary rat β-cells, coupled to
the down-regulation of the ER calcium ATPase SERCA in
response to NO has been shown to lead to significant ER
calcium release and activation of an ER stress response; an
effect prevented by iNOS inhibition in cytokine-treated 
β-cells.56,57 A comprehensive analysis of the effects of H2O2 on
calcium homeostasis in MIN6 cells has suggested that
intracellular calcium fluxes from both the extracellular space
and intracellular calcium stores induce apoptosis and
suggest an important role for calcium fluxes in ROS-induced
β-cell death.58 Chang et al.66 concluded that cytokine-induced
β-cell apoptosis was dependent on the activation of L-type
calcium channels, having observed that the L-type calcium
channel antagonist nifedipine inhibited cytokine-induced
intracellular calcium increases and apoptosis after 48 hours’
exposure. This effect may result from the inhibition of NF-κB
activation by calcium antagonists;67 downstream effects on
apoptosis may, in this context, be a result of decreased iNOS
expression and nitrosative stress (Watson and Loweth,
unpublished findings). In animal models of hepatic injury,
nifedipine, acting as an inhibitor of oxidative stress, has been
shown to significantly reduce iNOS expression in resident
liver macrophages (Kupffer cells) in response to IFNγ and
LPS treatment, which was coupled to a reduction in
hepatocyte damage68 and in vascular disease.69

The intracellular calcium release channels of the ER, notably
the ryanodine receptor (RyR) and IP3 receptor, have been
shown to mediate the pro-apoptotic response to the SERCA
inhibitor thapsigargin (TG) in primary mouse β-cells.70

However, the activation of the RyR by second messengers,
including metabolites of glucose, may also contribute
significantly to glucose-stimulated insulin secretion.71 Although
intracellular calcium increases contribute significantly to
physiological insulin secretion, pathophysiological effects in
response to ROS/RNS may also contribute to cell death
mechanisms. Understanding the impact of distinct ROS/RNS
on calcium channel activation may ultimately help to develop
therapies aimed at controlling and normalising their activation
under pathophysiological conditions of excessive and
prolonged opening. 

ββ-cell apoptosis and the ER

Downstream effects of excessive and prolonged release of
calcium from the ER can lead to the activation of ER stress
signalling pathways, and this occurs when the cellular

demand for ER function outweighs the ER’s functional
capacity. It has been suggested that β-cells are one of the
most susceptible cell types to ER stress, given their highly
developed ER necessary in meeting the demands of in vivo
insulin secretion.72 The ER stress signalling pathways and
their role in various cell types and disease states, including
diabetes, have been extensively reviewed.72,73 Among their
effects, it is known that activation of ER stress signalling
pathways may contribute to cytokine toxicity in type 1 DM,2

and the effects of cytokines and cytokine-derived ROS/RNS
may, in this context, be as a result of ER calcium depletion.56–58

Therefore, given their highly conserved and tightly
regulated nature, the ER stress signalling pathways may
serve as potential targets for therapeutic intervention in the
control of the chronic oxidative and nitrosative stress
implicated in the development of type 1 DM, potentially
through the inhibition of ER calcium release pathways.
Having said this, the role of ER calcium extrusion channels
in TG-induced β-cell ER stress and apoptosis,70 as discussed
previously, may not necessarily indicate their suitability for
small molecular intervention, given the suggested role of the
luminal ER calcium pool in mediating insulin secretion upon
second messenger stimulation.71 In addition, small molecule
inhibitors targeting stress response pathways, in particular
the ER stress inhibitor salubrinal, appear poorly tolerated by
β-cells and have been shown to perpetuate the pro-
apoptotic effects of cytokines and free fatty acids.74,75

Other more recent observations may suggest that
cytokine-induced ER stress in β-cells is secondary to other
pro-apoptotic signalling events76 and Chambers et al.77 have
suggested that cytokine-induced β-cell death only correlates
transiently with induction of the ER stress response
pathways. They also suggest that the role of NO in this
context may be two-fold and, while the cytokine-induced ER
stress response may well be NO-dependent, they suggest
that this radical may also be directly involved in the
coordination of anti-apoptotic ER chaperone expression.77

This dual effect may be responsible for their proposed
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Fig. 4. ROS/RNS and β-cell apoptosis. The activation of β-cell
apoptosis is stimulated by diverse and multiple triggers, including the
effects of the T cell in recognition-linked mechanisms of cell death
and through pro-inflammatory cytokines as soluble effectors. Coupled
to the exogenous sources of ROS/RNS, produced by macrophages
and pancreatic duct cells, cytokine combinations can induce
significant accumulation of toxic intracellular ROS and RNS through
the expression of MnSOD (leading to increased H2O2 production) and
iNOS, respectively. 
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divergence of cytokine-induced β-cell death from the ER
stress pathway after prolonged exposure. Nonetheless, it
appears that the ER stress pathway regulates the
susceptibility of β-cells to cytokine-induced nitrosative
stress, as NO has been shown to be the primary contributor
to cytokine-induced pro-apoptotic CHOP expression.56,57

A member of the C/EBP homology protein family, CHOP
expression is greatly increased following activation of an ER
stress response. The role of CHOP in ER stress-induced
apoptosis has been extensively reviewed78 and it has been
shown that disruption to the CHOP gene using knockout
mice delays ER stress-induced β-cell apoptosis.79

Given that recent observations suggest that iNOS siRNA
can improve human islet viability in response to cytokine
treatment,39 and that anti-inflammatory cytokines can
attenuate pro-inflammatory cytokine effects as a result of
decreased nitrosative stress,55 interest in deciphering the
contributions of ROS/RNS to cell death mechanisms,
particularly with respect to the β-cell’s ER, continues to be a
major aim of diabetes research. An overview of some of the
actions of cytokines, ROS and RNS and their interplay, as
reviewed here, is shown in Figure 4.

Conclusions

Although the ROS/RNS-mediated component of cytokine-
induced apoptosis may represent only one route to β-cell
death, the complex interplay between distinct ROS and RNS
may well be a significant contributor to β-cell loss.24,25 Their
combined effects may include both the synergistic
downstream activation of pro-apoptotic ER stress signalling
events56,57 and disruption to mitochondrial function,58,64 acting
together to coordinate an apoptotic response. Studies such
as those reviewed here are essential to aid our
understanding of how cytokines and ROS/RNS impact on
diverse signalling pathways and further research will be
needed to allow a comprehensive evaluation of the
therapeutic potential of strategies aimed at controlling
nitrosative and oxidative stress in the protection of
pancreatic β-cells in type 1 DM. One important outcome of
understanding the inflammatory response(s) mediating 
β-cell destruction and, in particular, their susceptibility to
oxidative/nitrosative stress may be improved islet
transplantation strategies, as a result of perturbation of
endogenous islet inflammation.  5
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