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It is now widely accepted, given the current weight of experimental evidence, that reactive oxygen

species (ROS) contribute to cell and tissue dysfunction and damage caused by glucolipotoxicity

in diabetes. The source of ROS in the insulin secreting pancreatic β-cells and in the cells which

are targets for insulin action has been considered to be the mitochondrial electron transport

chain. While this source is undoubtably important, we provide additional information and

evidence for NADPH oxidase-dependent generation of ROS both in pancreatic β-cells and in

insulin sensitive cells. While mitochondrial ROS generation may be important for regulation

of mitochondrial uncoupling protein (UCP) activity and thus disruption of cellular energy

metabolism, the NADPH oxidase associated ROS may alter parameters of signal transduction,

insulin secretion, insulin action and cell proliferation or cell death. Thus NADPH oxidase

may be a useful target for intervention strategies based on reversing the negative impact of

glucolipotoxicity in diabetes.
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Introduction

Under conditions of elevated metabolism or enhanced
mitochondrial activity many tissue specific cells are
continuously subject to insult from reactive oxygen
species (ROS). The damage inflicted by ROS has
been implicated in conditions of inflammation, diabetes
mellitus, age-related degeneration and tumour formation
(Evans et al. 2002; Brownlee, 2005; Greenman et al. 2007).
A better understanding of the mechanisms responsible
for ROS generation and reactivity may result in new
intervention strategies leading to reduction in damage
associated with oxidative stress.

Overproduction of ROS or a failure in intracellular
defences against ROS will result in pathogenesis of disease
(Droge, 2002; Turrens, 2003; Fridlyand & Philipson, 2005)
including diabetes, which is the focus of this review. Some
of the important mechanisms related to production of ROS
and intracellular defence mechanisms are summarized in
Fig. 1. Mitochondria generate cellular energy through TCA

cycle activity and the associated electron transport chain
of the inner membrane. The reducing equivalents (NADH
and FADH2) that are produced from the TCA cycle are
reoxidized via a process that involves transfer of electrons
through the electron transport chain (ETC) and associated
translocation of protons across the mitochondrial inner
membrane, creating the transmembrane electrochemical
gradient (estimated as 150–200 mV negative to the
cytosol). This gradient provides the electrochemical
potential to make ATP from ADP and Pi, driven by proton
movement back through the ATP synthase complex. Under
normal conditions, the proton gradient is also diminished
by H+ ‘leak’ to the matrix. The ‘leak’ occurs either via
non-protein membrane pores, protein–lipid interfaces
(H+ leak), or by proton channels known as uncoupling
proteins (UCPs).

However, mitochondria can generate significant ROS
and reactive nitrogen species because of unavoidable
oxidative phosphorylation chemistry. Superoxide anions
(O2

−) are a byproduct of single electron reduction
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of ubiquinone. Furthermore, these anions are the
major contributors to other reactive species inside the
mitochondrion (Turrens, 2003), for example the reaction
of O2

− with nitric oxide produces peroxynitrite. Super-
oxide anions, peroxynitrite and other reactive species
are very powerful chemical oxidants (Evans et al. 2002;
Turrens, 2003)

The electron transport chain-dependent movement
of protons across the inner mitochondrial membrane
establishes an electrochemical gradient of which
mitochondrial membrane potential (��m) is an
important component. An increase in ��m will result
in elevated ATP production but reduced electron
transport capability, thus leading to increased ROS
production (Korshunov et al. 1997). Uncoupling agents
(for example, UCPs) reduce the proton gradient across
the mitochondrial inner membrane and decrease ��m,
causing decreased ATP and ROS production but increased
ADP concentration.

Phagocytic cells of the immune system, such
as macrophages and neutrophils, require a plasma
membrane/phagosome associated enzyme complex,
termed NADPH oxidase, to generate O2

−, which is
subsequently used to damage and kill pathogenic
organisms. However, it has now become clear that NADPH
oxidase is not restricted to the immune system but

Figure 1. Relevant sites of production of reactive oxygen species (ROS) and antioxidant systems in a
generic cell type
ROS can be generated through glucose metabolism in mitochondria (by electron transport chain (ETC) activity)
and in the plasma membrane (through NADPH oxidase – NADPHox). The main antioxidant enzymes are superoxide
dismutase (SOD), glutathione reductase, glutathione peroxidase and catalase.

alternative isoforms may be active in may other cell types
as an essential component of redox signalling mechanisms
(see below for further details).

Cells require antioxidant systems to neutralize ROS
(Fig. 1). For example, superoxide anions are enzymatically
converted to hydrogen peroxide by a manganese
superoxide dismutase (MnSOD) within mitochondria.
Hydrogen peroxide can then be rapidly removed by the
mitochondrial enzyme glutathione (GSH) peroxidase. The
inner mitochondrial membrane also contains vitamin E,
which is a powerful antioxidant as it can accept
unpaired electrons to produce a stable product. A further
antioxidant enzyme, catalase, is the major hydrogen
peroxide detoxifying enzyme found exclusively in
peroxisomes (Fig. 1) (Turrens, 2003).

However, while cells have a number of antioxidant
mechanisms available, it is still possible for ROS to
evade antioxidant defence mechanisms, resulting in a slow
accumulation of chronic damage. Both the mitochondrion
and nucleus contain a variety of DNA repair enzymes
to correct oxidant-induced modifications (Evans et al.
2004; Turrens, 2003), but damage most likely occurs when
the endogenous antioxidant network and repair systems
are overwhelmed (Hutter et al. 2007; Maiese et al. 2007;
Rachek et al. 2007). However, it is essential to repair
oxidant-induced damage to DNA or mutations may result
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in impaired transcription. Damaged mitochondria may be
removed by autophagy, but many aspects of this process
are obscure (Evans et al. 2004). However, it is known that
mitochondrial biogenesis is regulated by some specific
transcriptional activators and coactivators as well as by
hormones (Goffart & Wiesner, 2003). Any imbalance in
these processes will lead to cell dysfunction and possibly
death resulting in oxidative stress-related diseases.

However, the molecular and biochemical mechanisms
that link oxidative stress-related processes and diseases
remain elusive. We will specifically discuss oxidative stress
in pancreatic β-cells and insulin responsive cells in this
review because they are likely to reflect the pathogenic
mechanisms associated with the onset of type 2 diabetes
mellitus (T2DM) a disease of considerable socio-economic
impact.

ROS associated cell damage in diabetes

T2DM is a metabolic disease characterized by elevation
of blood glucose concentration, lipid abnormalities and
vascular complications. Of importance to this article,
insulin resistance and pancreatic β-cell insufficiency with
respect to insulin production are major features in the
progression of T2DM (Bell & Polonsky, 2001; Kahn, 2003).
The molecular basis for excessive mitochondrial oxidative
damage in diabetes has been expertly reviewed elsewhere
(Green et al. 2004)

Chronic exposure to elevated glucose and fatty acid
concentrations can cause damage in different types of
cells by a variety of mechanisms (‘glucolipotoxicity’), but
oxidative stress may be a common link in cell dysfunction
(Kahn, 2003; Kajimoto & Kaneto, 2004). Insulin resistance
seems to precede and predict the development of T2DM
and is common to the major metabolic tissues and organs
including muscle, adipose tissue and liver. Recent studies
suggest that insulin-stimulated muscle glycogen synthesis
is the major metabolic pathway for disposing of excess
glucose in healthy adults after a meal (Petersen & Shulman,
2002), and thus diverting glucose into anabolic rather
than catabolic pathways. Increased plasma concentration
of free fatty acid (FFA) leads to intramyocellular lipid
accumulation in humans, and this has also been proposed
to play a critical role in initiating and developing insulin
resistance and also pancreaticβ-cell death (McGarry, 2002;
Azevedo-Martins et al. 2006). Fatty acids were first shown
to be oxidized by isolated cardiac and skeletal muscles,
so inhibiting glucose utilization, in 1963 (Randle et al.
1963). Increased oxidation of fatty acids resulted in an
increase in the intramitochondrial NADH/NAD+ ratio, so
reducing pruvate dehydrogenase activity and thus glucose
oxidation. Thus increased FFA metabolism may also lead
to increased ROS production. It has been reported that
glucose or FFAs initiate the formation of ROS in muscle,

adipocytes, pancreatic β-cells and other cells (Talior et al.
2003; Brownlee, 2005; Haber et al. 2006).

Interestingly, compared to many other cell types, the
β-cell may be at high risk for oxidative damage with an
increased sensitivity for apoptosis. This high risk may be
due to (i) excessive levels of mitochondrial ROS generation,
(ii) additional ROS generation through elevated β-cell
NADPH oxidase activity (see below), and (iii) failure
of antioxidant defence. With respect to T2DM, β-cell
dysfunction and associated depressed insulin secretion
must be evident before hyperglycaemia develops (Kahn,
2003).

It is important to emphasize at this point that damage
induced by ROS and/or the failure of antioxidant defence,
repair and biogenesis in insulin-secreting and insulin
target cells can contribute to the onset of T2DM and its
complications. However, in contrast to other scholarly
reviews, which have emphasized the important role for
mitochondrial derived ROS, we wish to present an
additional explanation for ROS generation (NADPH
oxidase dependent) and subsequent interference in insulin
signalling and signal transduction.

Oxidative stress and β-cell dysfunction

Glucose-stimulated insulin secretion (GSIS) as currently
understood is summarized in Fig. 2. Glucose is transported
across the plasma membrane (via specific transporters,
GLUT 1 and GLUT2) and is rapidly phosphorylated
by a specific glucokinase with high K m for glucose.
The combination of transport and phosphorylation
determines metabolic flux through glycolysis in the
β-cell. Increased glycolytic flux in β-cells results in a
rapid increase in the production of reducing equivalents,
increased activity of shuttle mechanisms responsible for
transferring electrons to the mitochondrial matrix, and
TCA cycle activity leading to increased ATP production in
mitochondria (Fig. 3) and in an enhanced ratio of ATP to
ADP in the cytoplasm. This will result in closure of the
ATP-sensitive K+ channels (KATP), decreasing the hyper-
polarizing outward K+ flux. This results in depolarization
of the plasma membrane, influx of extracellular Ca2+,
a rapid increase in intracellular Ca2+, and activation of
protein kinases, which then mediate exocytosis of insulin
(Newsholme et al. 2006, 2007). In contrast to most
other mammalian cell types, in β-cells increased glucose
concentration stimulates a rapid and proportional increase
in glycolytic flux followed by a robust stimulation in the
production of reducing equivalents, due to channelling
of glucose carbon into the TCA cycle, which can lead
to an enhancement of ROS production. An elevation
of intracellular Ca2+ induced by increased Ca2+ influx
through voltage-gated Ca2+ channels is a primary driver
of the GSIS mechanism. However, further increases in
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intracellular Ca2+ can stimulate mitochondrial generation
of ROS while Ca2+, via protein kinase C (PKC) activation,
may enhance NADPH oxidase-dependent generation of
ROS (see below) and thus induce oxidative stress and/or
apoptosis (Kruman et al. 1998; Yu et al. 2006; Morgan et al.
2007). It is also known that β-cells have relatively low levels
of free radical detoxifying and redox-regulating enzymes,
such as superoxide dismutase, glutathione peroxidase,
catalase and thioredoxin. The consequence of limited
scavenging systems is that that upon Ca2+ stimulation
of mitochondrial and NADPH oxidase systems, ROS
concentrations inβ-cells may increase rapidly and so easily
reach damaging levels.

Figure 2. Mechanism of insulin secretion stimulated by glucose and fatty acids in pancreatic β-cells
Glucose and fatty acids generate ATP, which promotes closure of the ATP-dependent K+ channel leading to cell
membrane depolarization. As a consequence, voltage-dependent Ca2+ channels are opened, increasing intra-
cellular Ca2+ concentration leading to insulin secretion. The NADPH oxidase complex in the plasma membrane
is activated through protein kinase C (PKC), which is activated by fatty acid derived signalling molecules. The
production of nitric oxide (NO) by inducible nitric oxide synthase (iNOS) is up-regulated by cytokines and
fatty acids subsequently impacting on pancreatic β-cell function. CPT-complex, carnitine palmitoyl transferase
complex; F-1,6-P, fructose-1,6-diphosphate; F-6-P, fructose-6-phosphate; GLUT-2, glucose transporter-2; GK,
glucokinase; G-6-P, glucose-6-phosphate; OAA, oxaloacetic acid; PDX-1, pancreatic duodenal homeobox gene-1;
PFK, phosphofructokinase; PKC, protein kinase C; PPAR, peroxisome proliferator-activated receptor; ROS, reactive
oxygen species; SG, secretory granule.

Mechanisms of NADPH oxidase ROS production and
antioxidant defences in β-cells

We have described the role of mitochondrial metabolism
and Ca2+ in stimulation of ROS production in the
β-cell mitochondria above. This area has additionally
been expertly reviewed elsewhere (Green et al. 2004).
However, there is an independent mechanism responsible
for generation of ROS in β-cells, which involves activation
of a membrane associated enzyme known as NADPH
oxidase, which may contribute to oxidative stress under
physiological conditions. The production of reactive
oxygen species for antimicrobial action by professional
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phagocytic cells (e.g. neutrophils and macrophages)
mainly occurs through NADPH oxidase activation. The
‘classical’ NADPH oxidase, which has been traditionally
associated with cells of the immune system, may be
an isoform from what is now recognized as a large
family, e.g. NOX1, NOX2 or NOX3. These isoforms
depend on the presence of various activator or organizer
subunits for activity. The enzyme complex catalyses the
one electron reduction of oxygen to generate super-
oxide using NADPH as the electron donor (Babior,
1999; Pithon-Curi et al. 2002; Babior, 2004). In
the inactive state, the integral membrane proteins
gp91phox and p22phox constitute the catalytic core
of the ‘classical’ enzyme along with the heterodimeric

Figure 3. The central role of reactive oxygen species (ROS) and uncoupling protein (UCP) for the first
and second phases of insulin secretion or induction of cell death
The normal flux of metabolites (e.g. glucose and fatty acids) through metabolic pathways (e.g. TCA cycle) generates
NADH and FADH2 that are used by the electron transport chain for proton translocation and ATP synthesis. An
increased ATP/ADP ratio leads to elevation of intracellular Ca2+ and the peak of insulin secretion in the first phase
(A). The production of ROS and activation of UCP are associated with high metabolic flux required to maintain the
ATP/ADP ratio and to sustain insulin secretion for a prolonged period (B). In this situation the O2 consumption is
elevated. However, as a consequence of sustained ROS production and UCP activation causing excessive H+ leak,
ATP levels will fall resulting in cell death by apoptosis (C).

flavocytochrome b558. The essential element gp91phox
contains haeme and flavine adenine dinucleotide (FAD),
which are involved in the electron transfer activity of
the enzyme. The additional proteins, p67phox, p47phox
and p40phox as well as the small GTPases (Rac 1 or
Rac 2), are required for regulation of the NADPH oxidase
activity and are located in the cytosol during the resting
state (Babior, 1999, 2002, 2004). Enzyme activation is
initiated by phosphorylation of several serine or threonine
residues of the p47phox subunit, mainly by PKC, promoting
the subsequent translocation of the cytosolic subunits
to the membrane (Inoguchi et al. 2000; Babior, 2002;
Fontayne et al. 2002; Bey et al. 2004). Upon activation,
the six hetero-subunits of the ‘classical’ NADPH oxidase
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(or fewer subunits associated with alternative isoforms)
form an active oxidase complex in a stimulus-dependent
manner, which produces large amounts of superoxide
using NADPH as the electron donor (Hashida et al.
2004). Tight regulation of the enzyme activity is achieved
by two mechanisms: (i) separation of the oxidase
subunits into different subcellular locations during the
resting state (cytosolic and membrane-bound), and
(ii) modulation of reversible protein–protein and
protein–lipid interactions. These interactions can either
promote the resting state or allow translocation of specific
subunits to the membrane in response to appropriate
stimuli. In contrast, NOX4 is an enigmatic member of the
NOX family of ROS-generating NADPH oxidases. NOX4
has a wide tissue distribution (kidney, endothelial cells,
osteoclasts, smooth muscle cells, fibroblasts, mesangial
cells, adipocytes, pancreatic islets and embryonic stem
cells), but the physiological function and activation
mechanisms are largely unknown. It is thought that
cytoplasmic acitivator subunits are not associated with
this isoform and H2O2 is the major form of ROS
generated by this NOX isoform (Serrander et al.
2007)

Thus specific isoforms of the O2
− generating NADPH

oxidase family (i.e. NOX1–3) are an important source of
ROS in non-phagocytic cells including pancreatic islets.
It has been reported that nutrients (such as high levels of
glucose and palmitate) stimulated cultured aortic smooth
and endothelial cell phagocyte-like NADPH oxidase via
PKC-dependent activation (Inoguchi et al. 2000), while
a more recent study demonstrated increased production
of the NADPH oxidase components gp91phox and p22phox

in β-cells obtained from animal models of type 2 diabetes
(Nakayama et al. 2005). Of relevance to this review Oliveira
et al. (2003) reported the expression of NADPH oxidase
(NOX1, 2 or 3) components in rat islets. RT-PCR analysis
revealed mRNA expression of gp91phox , p22phox and p47phox

in β-cells of isolated rat islets. Immunohistochemistry of
pancreatic sections showed positive staining for p47phox

in β-cells from the islets. p47phox expression was also
demonstrated in a clonal rat pancreatic β-cell line, BRIN
BD11 (Morgan et al. 2007). Glucose-dependent ROS
production was partially suppressed by GF109203X, a
PKC-specific inhibitor (Morgan et al. 2007), suggesting
that glucose stimulated ROS production mainly occurred
through a PKC-dependent mechanism. Interestingly,
glucose also stimulated ROS production in cultured
vascular cells and ROS production occurred through
PKC-dependent activation of NADPH oxidase (Inoguchi
et al. 2000). The precise mechanisms for participation of
PKC in the activation of NADPH oxidase and the physio-
logical role of this enzyme in pancreatic β-cells still remain
to be fully established. However, low levels of ROS have
recently been shown to be essential for optimal GSIS (Pi
et al. 2007).

Further evidence in support of the rat islet NOX
studies published originally by Oliveira et al. (2003) and
Morgan et al. (2007) was provided in a recent paper that
described the detection of mRNA for the NADPH oxidase
components from NOX1, NOX2, NOX4 including p22phox

as a membrane associated components and p47phox , Noxo1
(homologue of p47phox), Noxa1 (homologue of p67phox)
and p40phox as cytosolic components of rat islets and an
insulinoma derived cell line, RINm5F (Uchizono et al.
2006). p47phox expression was confirmed by immuno-
histochemistry in rat islets.

Excessive levels of reactive oxygen species not only
directly damage cells by oxidizing DNA, protein and lipids,
but indirectly damage cells by activating a variety of
stress-sensitive intracellular signalling pathways such as
NF-kB, p38 MAPK, JNK/SAPK, hexosamine and others.
Activation of these pathways results in the increased
expression of numerous gene products that may cause
cellular damage and play a major role in the aetiology
of the late complications of diabetes. In addition, recent
data in vitro and in vivo suggest that activation of
the same or similar stress pathways results in insulin
resistance and impaired insulin secretion. Accordingly,
it has been proposed that there is a link among the
hyperglycaemia- and FFA-induced increases in ROS and
oxidative stress, activation of stress-sensitive pathways
and the eventual development of not only the late
complications of diabetes but also insulin resistance and
β-cell dysfunction. Although our understanding of how
hyperglycaemia-induced oxidative stress ultimately leads
to tissue damage has advanced considerably in recent years
(Vincent et al. 2005; Rolo & Palmeira, 2006), effective
therapeutic strategies to prevent or delay the development
of this damage remain limited.

The involvement of ‘non-damaging’ levels of ROS in
signal transduction is now firmly accepted and examples
include roles in cell growth or programmed cell death
(apoptosis) (Burdon, 1995; Irani et al. 1997; Irani,
2000), kinase activation (Lu, 1993; Lo et al. 1996),
immune responses (Valko et al. 2007), cell calcium
signalling (Bedard & Krause, 2007) and gene expression
(Schoonbroodt & Piette, 2000). For example, increased
inducible nitric oxide synthase (iNOS) expression in
response to redox-dependent transcription factor NFκB
activation is a specific example of ROS regulated gene
expression. Vascular tone and inhibition of platelet
adhesion is regulated by a nitric oxide- and hydrogen
peroxide-dependent activation of guanylate cyclase.
Angiotensin II, Thrombin, platelet-derived growth factor
(PDGF) and tumour necrosis factor-α (TNF-α) are known
to increase ROS production in vascular smooth muscle
cells through activation of an isoform of the NOX family
NADPH oxidase.

However, since expression levels of antioxidant enzymes
such as catalase, and glutathione peroxidase are very low
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in β-cells compared to other tissues (Lenzen et al. 1996;
Tiedge et al. 1997), β-cells are thought of as targets
for oxidative stress-mediated tissue damage (Maechler
et al. 1999; Tanaka et al. 1999; Evans et al. 2002; Tanaka
et al. 2002; Robertson et al. 2003). Thus it is likely that
production of ROS and subsequent oxidative stress is
involved in β-cell deterioration in type 2 diabetes.

There is strong evidence for oxidative stress-dependent
changes in intracellular signalling, resulting in chronic
inflammation and insulin resistance in vivo as reported
by others (Brownlee, 2005; Fridlyand & Philipson, 2005;
Katakam et al. 2005). While mitochondrial ROS generation
may be important for regulation of mitochondrial UCP
activity and thus cellular energy metabolism (see below),
the NADPH oxidase associated ROS may specifically
alter parameters of signal transduction, insulin secretion,
insulin action and cell proliferation or cell death.
From a mechanistic perspective, an increase in reactive
molecules can trigger the activation of stress-sensitive
serine/threonine kinase signalling pathways such as JNK,
NF-kB, p38 MAPK (and others) that in turn phosphorylate
multiple targets, including the insulin receptor and
IRS proteins. Increased serine phosphorylation of IRS
reduces its ability to undergo tyrosine phosphorylation
and may accelerate the degradation of IRS-1, offering a
plausible explanation for the molecular basis of oxidative
stress-induced insulin resistance. There are convincing
data to support an important role for the activation
of JNK, IKK, PKC, and perhaps other stress- and
inflammation-activated kinases in the pathogenesis of
oxidative stress-induced insulin resistance, and suggest
that they might be attractive pharmacological targets to
increase insulin sensitivity. The use of antioxidants and
pharmacological inhibitors in suppressing the chronic
activation of these pathways is consistent with this idea.
Moreover, identification of the molecular basis and sites
of action for the protection afforded by a variety of anti-
oxidants against oxidative stress-induced damage might
lead to the discovery of additional pharmacological targets
for novel therapies to prevent, reverse, or delay the onset
of oxidative stress-induced insulin resistance.

β-Cell protection through suppression
of NADPH oxidase

Culture of the clonal rat pancreatic β-cell line BRIN
BD11 for 24 h with 10 mm alanine resulted in substantial
changes in gene expression (Cunningham et al. 2005).
Sixty-six genes were up-regulated > 1.8-fold, including
many involved in cellular signalling, metabolism, gene
regulation, protein synthesis, apoptosis and the cellular
stress response. Subsequent functional experiments
confirmed that alanine provided protection of BRIN
BD11 cells from pro-inflammatory cytokine-induced

apoptosis (Cunningham et al. 2005). Protection from
apoptosis was mimicked by NMA or DPI suggesting
alanine enhances intracellular antioxidant generation.
These observations indicate important long-term effects
of alanine in regulating gene expression, secretory function
and the integrity of insulin-secreting cells. Indeed specific
amino acids or their intracellular targets may play a key
role in β-cell function in vivo and identification of their
mechanism of action may lead to the development of new
antidiabetic drugs.

Additional metabolic considerations in cellular
oxidative damage

Four metabolic pathways activated in hyperglycaemic
conditions have been reported to be involved in cell
damage: (1) increased polyol pathway flux, (2) increased
advanced glycation end product (AGE) formation, (3)
activation of PKC isoforms, and (4) increased hexosamine
pathway flux. Hyperglycaemia elevates the enzymatic
convertion of glucose to the polyalcohol sorbitol, which
is metabolized to fructose by sorbitol dehydrogenase
increasing the NADH/NAD+ ratio. This metabolic pattern
favours the triose phosphate oxidation and promotes de
novo synthesis of diacylglycerol (DAG) (Brownlee, 2001),
which is a potent PKC activator.

Glucose metabolism may give rise to fatty acid synthesis
and generation of lipid derived signalling molecules such as
LC-FA acyl CoA and DAG. The increase of O2

− production
in pancreatic β-cells in response to elevated glucose
metabolism may result in activation of NADPH oxidase
via increased lipid derived signalling molecules, such as
DAG, and subsequent activation of PKC as described above
(Morgan et al. 2007).

Reducing sugars (glucose, glucose-6-phosphate, and
fructose) can react with a free amino group to generate
a Schiff base. Formation of the Schiff base is relatively
fast being highly reversible. However, the rearrangement
of the Schiff base is much faster, originating an Amadori
product (Ulrich & Cerami, 2001). The Amadori glycation
product tends to be accumulated in proteins leading to
advanced glycation. Formation of intracellular AGE pre-
cursors reduces target cell integrity by modifying protein
function or by inducing receptor-mediated production of
reactive oxygen species (Yan et al. 1994).

The hexosamine biosynthesis is an additional pathway
of glucose metabolism that may mediate some of the toxic
effects of this monosaccharide (Du et al. 2000). Under
usual metabolic conditions, 2–5% of glucose entering the
cells is directed to the hexosamine pathway, starting from
the conversion of fructose 6-phosphate to glucosamine
6-phosphate by glutamine : fructose-6-phosphate
amidotransferase (James et al. 2002). Hyperglycaemia
leads to overproduction of superoxide that significantly
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inhibits glyceraldehyde-3-phosphate dehydrogenase
activity (Du et al. 2000), and activates the pathways
related to hyperglycaemia-induced damage by diverting
glycolytic metabolites to hexosamine synthesis. The end
product of this pathway, UDP-N-acetylglucosamine, is
the substrate for glycosylation of intracellular proteins
(McClain & Crook, 1996), including transcription factors
and so affecting the expression of several genes (Gabriely
et al. 2002; Goldberg et al. 2002). It is possible that
glucose-induced overproduction of superoxide (Fig. 1)
can regulate metabolic fluxes through these pathways.

Mitichondrial superoxide generation and the role of
uncoupling proteins

The UCPs, which have an approximate mass of 32 kDa,
are members of the mitochondrial anion transporter
family including adenine nucleotide transporters. UCPs
are located at the internal membrane of the mitochondria
and link the intermembrane space with the matrix. The
uncoupling protein family is characterized by five UCP
homologues (UCP1–UCP5), but UCP2 and UCP3 have a
high sequence identity with UCP1. It is generally accepted
that UCP1 expression and activity is restricted to brown
adipose tissue (BAT) and its physiological role in thermo-
genesis is well understood, whereas UCP2 and UCP3 are
more widely distributed but their physiological function
is yet to be fully explained (Hirabara et al. 2006; Nicholls,
2006).

In pancreaticβ-cells UCP2 expression has been reported
and its importance for metabolic regulation identified
(Saleh et al. 2002). However, not all of the physio-
logical functions of this uncoupling protein are known.
It is possible that high flux through the respiratory
chain results in high levels of O2

− production. As O2
−

are activators of UCP2 activity, then H+ translocation
across the mitochondrial inner membrane is stimulated,
dissipating the H+ gradient, lowering O2

− production
and ATP synthesis. Initially insulin secretion is not
impaired as only the first phase of insulin secretion is
fully dependent on the ATP/ADP ratio. However, Ca2+

and mitochondrially derived coupling factors (such as
glutamate, citrate, acyl-CoA and NADPH) are required
for the sustained second phase of insulin secretion,
which is much less responsive to ATP/ADP ratio change
(Krausz et al. 1987). In this way UCP2 has a pivotal role
in β-cell function controlling the ATP/ADP ratio, O2

−

production and, indirectly, TCA cycle flux (Fig. 3). TCA
cycle activity will be high when UCP2 is active as reducing
equivalents produced in the cycle are quickly re-oxidized
by complexes I and II but the electron-dependent
generation of a proton gradient is quickly dissipated
by UCP2 activity. However, this mechanism may fail
after prolonged exposure to high glucose levels and

sustained O2
− production due to a reduction in ATP

generation (Fig. 3). Several studies have indicated that
chronic hyperglycaemia impaired insulin secretion and
was associated with excessive O2

− production, UCP2
activation, decreased mitochondrial membrane potential
and ultimately GSIS (Leahy et al. 1992; Hribal et al.
2003; McQuaid et al. 2006). Pancreatic islets from UCP2
knockout mice maintained GSIS following chronic hyper-
glycaemia, while chemical removal of endogenous O2

−

prevented the hyperglycaemia-induced loss of GSIS (Chan
et al. 2004; Chan & Kashemsant, 2006; Saleh et al. 2006).

Effect of free fatty acids and glucose
on β-cell apoptosis

Glucose and fatty acids have a synergistic effect on
pancreatic β-cells. After acute exposure both stimulate
insulin secretion. In contrast, after long-term exposure,
both impair β-cell function and may also affect β-cell
survival. Chronic exposure of normal rat pancreatic islets
to high circulating levels of FFA or glucose, known to
occur in type 2 diabetes, may increase β-cell apoptosis
(Piro et al. 2002; Rachek et al. 2006; Newsholme et al.
2007). High fat deposition in β-cells that occurs in
Zucker diabetic fatty (zdf) rats, an animal model of
type 2 diabetes and obesity, is associated with apoptosis
of these cells. The β-cell impairment in this type of
diabetes may involve induction of ceramide synthesis, a
key component of a signal-transduction pathway that leads
to apoptosis. Ceramide induces DNA fragmentation, and
suppression of its synthesis prevents FFA-induced DNA
fragmentation. Maechler & Wollheim (2001) reported
that in normal rats, an elevation of saturated but not
monounsaturated fatty acids increased pancreatic β-cell
apoptosis. Impairment of β-cell function may involve
excessive generation of ROS through increased NADPH
oxidase activity (Morgan et al. 2007). This would sub-
sequently affect mitochondrial function, reducing ATP
production and so insulin secretion (Brownlee, 2003;
Morgan et al. 2007). Additionally palmitate metabolism
may give rise to ceramide synthesis and ceramide is a
key component of the signal transduction pathway for
ROS-induced apoptosis (Cacicedo et al. 2005). Ceramide
may also induce apoptosis by inactivation of pro-survival
pathways. This lipid can inhibits phosphatidyl inositol
3-kinase (PI3K), which, in turn, results in a block
in protein kinase B (PKB also known as Akt/PKB)
activation (Beeharry et al. 2004). Downstream targets of
the PI3K/PKB pathway involved in survival include GSK-3
(Pap & Cooper, 1998), caspase-9 (Cardone et al. 1998), and
the Bcl-2 family member Bad (Datta et al. 1997). Ceramide
generation is further discussed in the context of insulin
resistance as described below.

The mechanism for the effect of high glucose on
pancreatic β-cell apoptosis remains to be elucidated but

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 583.1 Oxidative stress in diabetes 17

several studies have been carried out to obtain further
information on this subject. Exposure of islets from
diabetes-prone Psammomys obesus (the fat sand rat, an
animal model of type 2 diabetes) to high glucose levels
resulted in a dose-dependent increase in β-cell DNA
fragmentation (Donath et al. 1999). Addition of high
glucose resulted in apoptosis of pancreatic β-cells from
ob/ob mice and normal wistar rats in vitro (Efanova
et al. 1998). Oxidative stress due to elevated ROS and
peroxinitrite generation may damage DNA by promoting
single-strand DNA break formation leading to initiation
of the apoptotic cascade.

Insulin resistance and ROS – physiological adaptation
to protection from oxidative stress

Insulin resistance plays a central role in the development
of several metabolic abnormalities and diseases such
as obesity, type 2 diabetes mellitus and the metabolic
syndrome (Petersen & Shulman, 2006; Hirabara et al.
2007). In these conditions there is an elevation of both
glucose and FFA levels in the blood and an increase
in oxidative stress in exposed cells and tissues (Boden,
1997; Evans et al. 2003; Le Marchand-Brustel et al.
2003, Kaneto et al. 2006; Taylor & Schmitz-Peiffer, 2006).
The high degree of oxidative stress has been post-
ulated to play an important role in decreasing insulin
responsiveness (Evans et al. 2003; Urakawa et al. 2003).
Normally glucose flux through glycolysis is stimulated
following insulin receptor activation in insulin sensitive
tissues such as muscle and adipose tissue; this leads to
increased ROS production when the reducing equivalent
supply to the respiratory chain is increased by glucose
metabolism. However, insulin resistance should lead
to an inhibition of insulin action and to decreased
insulin-dependent glucose uptake. Insulin resistance at
the molecular level may be mediated by inhibition of
signal transduction at the apex of the signalling pathway,
which involves the insulin receptor (IR) β-subunit, which
contains an intrinsic tyrosine kinase activity, under-
goes tyrosyl autophosphorylation and is activated after
insulin binding. The major early steps of the insulin
signalling pathway involve tyrosine phosphorylation of
IR substrates 1 and 2 (IRS-1 and IRS-2) (Sun et al.
1991; Burks & White, 2001). Tyrosine phosphorylation
of IRS proteins activates signalling pathways that
regulate essential cellular processes including intermediary
metabolism, gene expression, growth and differentiation
of pancreatic islets (Hirayama et al. 1999; Paris et al.
2004). The main docking proteins to bind to the IR is
the IRS family, of which IRS1 and IRS2 are the main
isoforms in insulin-sensitive tissue. The binding of IRSs
to the IR triggers phosphorylation on multiple tyrosine
residues within the C-terminal region of IRS, leading

to the generation of highly specific binding sites of a
number of SH2 domain-containing signalling molecules.
Those molecules include phosphatidylinositol 3-kinase
(PI3K), Nck, and Grb-2, of which PI3K seems to
be a central insulin signalling molecule in mediating
the metabolic effect of insulin. PI3K is composed of
a catalytic and a regulatory subunit (p110 and p85,
respectively). As a result of IRS tyrosine phosphorylation,
the p85 subunit of PI3K binds to the PH domain of
IRS1/2, leading to an increase in the catalytic activity
of p110. This activation results in a subsequent rise in
intracellular phosphatidylinositol 3,4-bisphosphate and
phosphatidylinositol 3,4,5-trisphosphate content (PIP3).
A wide range of downstream targets of PI3K have been
identified. Among them are serine/threonine kinases such
as phosphoinositide-dependent protein kinase (PDK1),
PKB, PKC, p70 S6 kinase, and glycogen synthase kinase
3 (GSK3).

Exposure of different cell lines to micromolar
concentrations of hydrogen peroxide leads to the
activation of stress kinases such as c-Jun N-terminal kinase,
p38, IκB kinase, and extracellular receptor kinase 1/2. This
activation is accompanied by a down-regulation of the
cellular response to insulin (insulin resistance), leading to
a reduced ability of insulin to promote glucose uptake, and
glycogen, lipid and protein synthesis (Tanti et al. 1994;
Kanety et al. 1995; Hotamisligil et al. 1996; Tirosh et al.
1999; Maddux et al. 2001; Evans et al. 2003; Ogihara et al.
2004; Bloch-Damti et al. 2006). There are several major
stress-sensitive kinases that, when activated, are likely to
be involved in attenuating insulin signalling via effects
on IRS proteins or downstream kinase pathways such as
NF-κB-activating kinases, p38 MAPK, JNK/SAPK, PKC
(Fig. 4).

The oxidative stress associated mechanisms leading
to impaired insulin signalling in cells are complicated,
involving increased serine/threonine phosphorylation of
IRS1, impaired insulin-stimulated redistribution of IRS1
and PI3K between cytosol and low-density microsomal
fraction, followed by a reduced Akt/PKB phosphorylation.
The serine/threonine phosphorylated forms of IRS
molecules are less able to associate with the insulin receptor
and downstream target molecules, especially PI3K (Gual
et al. 2005; Evans et al. 2005), resulting in impaired insulin
action, including Akt/PKB activation. In addition, the
serine/threonine phosphorylated forms of IRS molecules
are more susceptible to proteasome mediated degradation
(Haruta et al. 2000; Gual et al. 2005; Hiratani et al. 2005;
Greene et al. 2003).

The activation of the JNK pathway reduces insulin gene
expression and interferes with insulin action. Suppression
of this pathway in obese diabetic mice can protect β-cells
from oxidative stress, and thus could be a potential
therapeutic target for diabetes. (Kaneto et al. 2002). There
are three isozymes of c-Jun N-terminal kinase, JNK1, JNK2
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and JNK3, and only JNK1 has been shown to be implicated
in type 2 diabetes (Hirosumi et al. 2002). Thus, it is
likely that JNK1 is a crucial mediator of the progression
of both insulin resistance and β-cell dysfunction found
in type 2 diabetes. It has been reported that serine
phosphorylation of IRS-1 inhibits insulin-stimulated
tyrosine phosphorylation of IRS-1, leading to an increase
in insulin resistance (Aguirre et al. 2000, 2002). IRS-1
serine 307 phosphorylation was markedly decreased
in Ad-DN-JNK-treated mice. An increase in IRS-1
tyrosine and Akt/PKB serine 473 phosphorylation was
also observed in Ad-DN-JNK-treated mice (Nakatani
et al. 2004). Therefore, an increase in IRS-1 serine
phosphorylation may be closely associated with the

Figure 4. Induction of insulin resistance by oxidative stress
Prolonged high plasma levels of glucose and free fatty acids (FFA) lead
to an increased production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS), which induce activation of various
stress-activated protein kinases such as JNK, p38, and IKKβ. These
kinases have been suggested to phosphorylate serine insulin receptor
substrate-1 (IRS-1). In addition, IKKβ leads to activation of NFκB, a
transcriptional factor that increases iNOS expression and nitric oxide
(NO) production. NO can induce IRS-1 S-nitrosylation. Both serine
phosphorylation and S-nitrosylation of IRS-1 have been associated
with increased proteosome-dependent degradation of signal
transduction associated proteins and suppressed insulin signalling.
These effects result in insulin resistance in the liver, skeletal muscle and
adipose tissue.

development of insulin resistance induced by JNK over-
expression. These results indicate that suppression of the
JNK pathway enhances insulin signalling, which leads to
amelioration of glucose tolerance. Similar effects were
observed in high-fat/high-sucrose diet-induced diabetic
mice.

Additional stress-sensitive kinases that are reported to
be involved in IRS-mediated insulin resistance include
the mammalian target of rapamycin (mTOR) (Mussig
et al. 2005), several isozymes of PKC, including PKCβ

and PKCε (Ishizuka et al. 2004; Dey et al. 2005; Greene
et al. 2006), and the IKKβ–NFκB signalling cascades
(Gao et al. 2002). Once activated, these kinases are able
to phosphorylate multiple targets, including the insulin
receptor and IRS proteins such as IRS-1 and IRS-2. To
date, only one published study has directly evaluated the
effects of oxidative stress on IRS serine phosphorylation
and IRS protein content, in the context of cellular insulin
resistance (Bloch-Damti et al. 2006). Consistent with
the molecular basis of oxidative stress-induced insulin
resistance proposed here, these investigators found that
oxidative stress (H2O2) caused an increase in serine
phosphorylation of IRS-1 and IRS-2, decreased content
of IRS-1, and insulin resistance in 3T3-L1 adipocytes.

The reduction of insulin gene expression and secretion
by oxidative stress has been correlated with changes in
the DNA-binding activity of pancreatic and duodenal
homeobox factor-1 (PDX-1). PDX-1 is a member of
the homeodomain containing transcription factor family
(Miller et al. 1994; Ohlsson et al. 1993). It is expressed in
the pancreas and the duodenum and plays a crucial role
in pancreatic development and differentiation (Jonsson
et al. 1994; Stoffers et al. 1997; Dutta et al. 1998; Ferber
et al. 2000; Horb et al. 2003; Miyatsuka et al. 2003;
Taniguchi et al. 2003; Cao et al. 2004; Kaneto et al.
2005), and in maintaining normal β-cell function by
regulating multiple important β-cell genes, including
insulin, GLUT2 and glucokinase (Peers et al. 1994; Petersen
et al. 1994; Waeber et al. 1996; Watada et al. 1996; Ahlgren
et al. 1998; Brissova et al. 2002; Chakrabarti et al. 2002;
Kulkarni et al. 2004). When HIT cells or isolated rat
islets were exposed to oxidative stress, PDX-1 binding to
the insulin gene was markedly reduced (Matsuoka et al.
1997; Kaneto et al. 2001). In addition, as a potential
mechanism for JNK-mediated PDX-1 inactivation, it has
been demonstrated that PDX-1 is translocated from the
nucleus to the cytoplasm of β-cell-derived HIT cells in
response to oxidative stress (Kawamori et al. 2003).

Increased plasma concentration of FFA and increased
intramyocellular lipid content are typically associated
with insulin resistant states, including T2DM. Uptake
of long chain fatty acids can lead to stimulation of
the synthesis of a variety of lipid derived metabolites
including triacylglycerol, cholesterol esters and ceramide.
Palmitoyl-CoA and serine are required for the initial
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rate determining step for ceramide synthesis catalysed
by serine palmitoyltransferase (SPT). Ceramide can
be utlised for sphingomyelin synthesis but is an
important signalling molecule in its own right. It may
inhibit insulin signal transduction by inhibiting Akt/PKB
translocation to the plasma membrane from the
cytosol, phosporylation and activation of Akt/PKB and
promoting dephosphorylation (see Zierath, 2007 for
comment) Indeed evidence for ceramide as a common
intermediate linking nutrient excess to the induction of
insulin resistance in rodents has recently been published
(Holland et al. 2007). Alternatively lipid-induced insulin
resistance could be due to FFA providing reducing
equivalents for the electron transport chain, leading
to increased ROS production. However, it is not clear
how mitochondrially derived ROS could influence signal
transduction at the plasma membrane. We suggest that
saturated fatty acids can stimulate both the expression
and the activity of NADPH oxidase (Newsholme et al.
2007; Morgan et al. 2007). Subsequently elevated ROS
production at the plasma membrane may lead to
inhibition of signalling at the level of IRS protein
phosphoylation and thus result in a ROS-dependent
protection mechanism. An elevation in FFA leads to an
increase in intracellular fatty acid metabolites, which may
also activate a serine/threonine kinase cascade leading to
phosphorylation of serine/threonine sites on IRS-1 and
IRS-2 (Le Marchand-Brustel et al. 2003; Powell et al.
2004). In addition, diet-induced obesity in mice increases
the expression of inducible nitric oxide synthase (iNOS)
in skeletal muscle which may provoke S-nitrosylation
of the insulin receptor, IRS-1 and Akt/PKB in rat
soleus muscle. S-Nitrosylation was associated increased
degradation of IRS-1, impaired insulin signalling and
subsequent responses (Carvalho-Filho et al. 2005) (Fig. 4).
Indeed elevated levels of S-nitrosylation associated with
increased expression and activity of iNOS has emerged
as an important player in the development of insulin
resistance in muscle. This interesting development is
beyond the scope of this review and has been recently
reviewed elsewhere (Kaneki et al. 2007)

Concluding remarks

ROS are now accepted a major factor in the onset and
development of T2DM and other diseases. ROS can induce
inactivation of the signalling pathway between the insulin
receptor and the glucose transporter system leading to the
onset of insulin resistance in T2DM. Comparing metabolic
pathways of GSIS and ROS production in the β-cell
suggests that secretagogues causing increased insulin
secretion by the GSIS mechanism can also lead to increased
ROS production, via mitochondrial and NADPH oxidase
mechanisms. This should lead to activation of oxidative

stress concomitantly with stimulation of insulin secretion.
As NADPH oxidase is expressed at relatively high levels
in the islet β-cell, relative to other islet cells, any future
therapies based on targeting NADPH oxidase in the islet
and ROS production may be beneficial for maintaining
β-cell integrity in the difficult environment of nutrient
oversupply and immune challenge.
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