
INTRODUCTION

DIABETES MELLITUS is currently at epidemic proportions
in Western countries and is an emerging health problem

in developing nations. Furthermore, the number of people
with diabetes is predicted to double within the next 10 years
(85, 140). It is the end organ injury as a result of diabetes that
appears to constitute a significant proportion of mortality at-
tributed to this condition. Individuals with diabetes suffer
from an array of complications, both micro- and macrovascu-
lar. Patients with Type 1 (1) or Type 2 diabetes (2) will ulti-
mately have diabetic complications in at least 40% of cases,
even in the setting of acceptable glycemic control. As a result,
a major proportion of funds allocated to the management of
diabetic patients is spent in the management and treatment of
its complications.

It is clearly recognized that chronic hyperglycemia is a
major if not the dominant factor in the pathogenesis of the
microvascular disease in diabetes (1). Microvascular pathol-
ogy as a result of diabetes occurs at various sites, particularly
in the retina, the renal glomerulus, and the peripheral nerve.
As a consequence of this microvascular injury, diabetes is a

leading cause of blindness, end stage renal disease, and neu-
ropathy (12). People with diabetes also have an increased risk
of stroke, myocardial infarction, and limb amputations due to
macrovascular disease, specifically injury to arteries that sup-
ply the heart, brain, and lower limbs (12).

DIABETIC NEPHROPATHY

Diabetic nephropathy is the leading cause of renal failure
in adults. The mortality of people with diabetic nephropathy
is at least 10-fold higher than the general population, primar-
ily as a result of the marked increase in cardiovascular risk
that accounts for more than one-half of deaths in this popula-
tion (18). Currently, diabetic kidney disease affects approxi-
mately 15–25% of patients with Type 1 diabetes (49) and up
to 30–40% of Type 2 diabetic persons (96, 137).

The etiology of the structural and functional changes char-
acteristic of diabetic nephropathy is not fully understood.
The predominant structural changes seen in diabetic
nephropathy are extracellular matrix accumulation of pro-
teins such as collagen, laminin, and fibronectin, which lead

331

Albert Einstein Centre for Diabetes Complications, Wynn Domain, Baker Heart Research Institute, Melbourne, Victoria, Australia.

Renal Microvascular Injury in Diabetes: RAGE 
and Redox Signaling

MELINDA T. COUGHLAN, MARK E. COOPER, and JOSEPHINE M. FORBES

ABSTRACT

Diabetic nephropathy remains a major cause of morbidity and mortality in the diabetic population and is the
leading cause of end-stage renal failure in the Western World. Despite current therapeutics including intensi-
fied glycemic control and blood pressure lowering agents, renal disease continues to progress relentlessly in
diabetic patients, albeit at a lower rate. It is well recognized that metabolic and hemodynamic factors play a
central role in accelerating renal disease in diabetes. However, recent experimental studies have suggested
that increased generation of reactive oxygen species (ROS) as a result of the diabetic milieu may play a central
role in the progression of diabetic microvascular complications. These ROS appear to be generated primarily
from mitochondrial sources and via the enzyme, NADPH oxidase. This review focuses on how ROS play a
deleterious role in the diabetic kidney and how they are involved in crosstalk among various signaling path-
ways, ultimately leading to renal dysfunction and structural injury. Antioxid. Redox Signal. 9, 331–342.

Forum Review

ANTIOXIDANTS & REDOX SIGNALING
Volume 9, Number 3, 2007
© Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2006.1469

14377c06.pgs  12/29/06  9:50 AM  Page 331



332 COUGHLAN ET AL.

to mesangial expansion and glomerular basement membrane
thickening, in addition to tubulointerstitial fibrosis (64,
100). The nature of these structural alterations varies, with
diabetic nephropathy considered a heterogeneous mixture of
various renal pathologies that are induced and sustained by
different mechanisms and that may coexist in different com-
binations (100). Pure diabetic glomerulopathy is more fre-
quently observed in patients with earlier onset of diabetes
and commonly seen already at the stage of microalbuminuria
(9). By contrast, less specific vascular and tubulo-interstitial
changes are more prominent in older patients with macroal-
buminuria, renal insufficiency, and a long history of arterial
hypertension (35).

ETIOLOGY OF
MICROVASCULAR DISEASE

It remains to be determined if there is a common factor
underlying the disturbances in the microvasculature in dia-
betes. It has been established that hyperglycemia is the likely
initiating factor in tissue damage observed clinically in dia-
betes (1, 2). However, only particular cell types are damaged
in diabetes, such as mesangial cells within the glomerulus,
capillary endothelial cells in the retina, and neurons and
Schwann cells in the peripheral nerves (13). The vulnerability
of these cells to high glucose-induced damage is distinct from
other cell types such as adipocytes, myocytes, and hepato-
cytes. This is most likely due to the ability of these cells,
which are resistant to the adverse effects of high glucose, to
negatively regulate the entry of glucose into the cell. Glucose

transport into mesangial and some endothelial cells (depen-
dent on vascular bed) occurs by a facilitated diffusion pro-
cess, which is independent of insulin action and occurs at an
accelerated rate during hyperglycemia (45, 60). This excess
in intracellular glucose bioavailability triggering an increase
in glucose utilization has been postulated to initiate various
pathways of hyperglycemic tissue damage (13). 

Indeed, according to Brownlee’s “unifying hypothesis”
(12), hyperglycemia-induced damage in diabetic complica-
tions is due to mitochondrial superoxide overproduction that
then activates four major biochemical pathways. These in-
clude increased advanced glycation end product (AGE) for-
mation, activation of protein kinase C (PKC) isoforms, in-
creased polyol pathway flux, and increased hexosamine
pathway flux (Fig. 1). Continued research into these pathways
has confirmed the significance of increased reactive oxygen
species (ROS) formation and depletion in antioxidant defence
in the development of diabetic complications.

INCREASED POLYOL PATHWAY FLUX

The first hyperglycemia-induced pathway of damage that
was documented 40 years ago (34) is increased flux through
the polyol pathway. The cytosolic enzyme aldose reductase
reduces high intracellular glucose to sorbitol using NAD(P)H
as a cofactor. Subsequently, sorbitol is oxidized to fructose
via sorbitol dehydrogenase, with NAD+ reduced to NADH.
Sorbitol does not cross cell membranes, but accumulates in-
tracellularly with resultant osmotic stress (59, 69). Increased
sorbitol production generated by the polyol pathway in the
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FIG. 1. The “Brownlee hypothesis.” Superoxide-mediated activation of four major pathways that lead to diabetes complications.
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presence of elevated glucose concentrations results in an in-
tracellular depletion of NAD(P)H. The intracellular depletion
of NAD(P)H inhibits regeneration of reduced glutathione, a
critical antioxidant. This depletion in glutathione may in-
crease susceptibility to intracellular oxidative stress (70). In-
direct biochemical consequences of increased sorbitol path-
way activity include nonenzymatic glycation initiated by
fructose, which is 10 times more potent as a glycating agent
than glucose (113), activation of PKC, oxidative and ni-
trosative stress, and oxidative stress-mediated downstream
events, including activation of mitogen-activated protein ki-
nases (MAPKs) and poly(ADP-ribose) polymerase (PARP)
(89). The significance of the polyol pathway in diabetes
pathophysiology has been observed in diabetic animal mod-
els treated with aldose reductase inhibitors. Aldose reductase
inhibition has been shown to delay, prevent, and at early
stages, to reverse diabetic complications (89). Clinical trials
with two aldose reductase inhibitors, zenarestat and fidare-
stat, have demonstrated that inhibition of aldose reductase in
the nerve improved both nerve physiology and fiber density
as well as function (37, 48). However, the clinical role of al-
dose reductase inhibitors remains uncertain despite decades
of investigation and has been marred by limited tissue pene-
tration and a range of side effects.

INCREASED HEXOSAMINE 
PATHWAY FLUX

When the glucose concentration within the cell is in ex-
cess, an additional route of glucose metabolism is enhanced,
the hexosamine biosynthetic pathway. Glucose-6-phosphate
is converted to fructose-6-phosphate, which, in the presence
of a normal glucose environment, is metabolized via glycoly-
sis. However, during conditions of high intracellular glucose,
the enzyme glutamine:fructose-6 phosphate amidotransferase
(GFAT) can convert fructose-6-phosphate to glucosamine-6-
phosphate and subsequently to UDP (uridine diphosphate) N-
acetyl glucosamine. Intracellular glycosylation by the addi-
tion of N-acetyl glucosamine (GlcNAc) to serine and
threonine is catalyzed by the enzyme O-GlcNAc transferase.
These moieties can bind to transcription factors such as Sp-1
and increase the synthesis of factors such as TGF-�1 and
PAI-1, both of which are detrimental to blood vessels (25).
This enhanced flux via the hexosamine pathway generating
toxic metabolites is another mechanism by which hyper-
glycemia can induce cell damage. The role of this pathway re-
mains to be fully delineated and the clinical applicability of
these findings has been limited by a lack of orally active spe-
cific agents to target this pathway.

ACTIVATION OF PROTEIN KINASE C

An alternate, well-studied mechanism whereby increased
intracellular glucose confers damage in the microvasculature
is the protein kinase C (PKC) pathway. High glucose can
stimulate the lipid second messenger diacylglycerol (DAG)
through the glycolytic intermediate dihydroxyacetone phos-
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phate (68). DAG can activate the classic isoforms of PKC, �,
�, and � (23, 67, 68, 131). Stimulation of PKC results in a va-
riety of changes in gene expression, which have important
consequences for the diabetic state. First, PKC induces proin-
flammatory gene expression through the transcription factor
nuclear factor-�B (NF-�B) (5, 24). Second, PKC can stimu-
late ROS production through NAD(P)H oxidase activation
(29, 52). Furthermore, activation of PKC by glucose in
mesangial cells alters prostaglandin production and induces
overexpression of TGF-�1 and various extracellular matrix
components (67). Hyperglycemia may also activate PKC iso-
forms indirectly via binding to AGE receptors (discussed
later). The importance of this pathway has been clearly dem-
onstrated using PKC inhibitors such as ruboxistaurin. Indeed,
inhibition of PKC in animal models has prevented renal and
retinal dysfunction (27, 54, 66). In a study from our labora-
tory, streptozotocin-induced diabetic rats were treated with an
inhibitor of AGE accumulation, ALT-711. Diabetes-induced
increases in PKC-�, -�I, -�II, and -� isoforms were abro-
gated with ALT-711 in association with reduced renal AGE
accumulation. Translocation of phosphorylated PKC-� from
the cytoplasm to the membrane was reduced by ALT-711.
ALT-711 treatment attenuated expression of vascular endo-
thelial growth factor and the extracellular matrix proteins, fi-
bronectin and laminin, in association with reduced albumin-
uria. These findings implicate AGEs as important stimuli for
the activation of PKC, particularly PKC-�, in the diabetic
kidney (118).

INCREASED ADVANCED GLYCATION 
END PRODUCT FORMATION

Hyperglycemia accelerates the formation and accumula-
tion of AGEs (14). When glucose and other reactive carbonyl
compounds react nonenzymatically with proteins, lipids, or
nucleic acids, Schiff bases and Amadori products are formed.
These early glycation products undergo further modification
and rearrangement to generate nonreversible AGEs. Among
the many potential pathogenic factors responsible for the de-
velopment of diabetic microvascular disease, the advanced
glycation pathway is thought to be a pivotal process in medi-
ating tissue damage. Clinical studies in patients with Type 1
diabetes demonstrate a strong correlation between AGE accu-
mulation and the severity of micro- and macrovascular com-
plications (77, 81, 105, 128). In particular, serum concentra-
tions of AGEs are significantly increased with the
progression to microalbuminuria and subsequently to overt
nephropathy (77). Similar results have been demonstrated
correlating skin collagen-associated levels of AGEs with the
severity of complications in patients with long-standing Type
1 diabetes (81) and with carotid intimal thickening, a marker
of macrovascular disease (86). In individuals with Type 2 dia-
betes, the circulating AGE concentration is increased, is an
independent determinant of plasma C-reactive protein levels
(116), and correlates with hypertension and ischemic heart
disease in this population (114).

In addition to the circulation, AGEs have been found at in-
creased concentrations in various sites of injury in diabetes.
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AGE accumulation has been observed in renal glomeruli (47)
and tubules (30), retinal vessels (112), and in peripheral
nerve components (76). Indeed, a study of pharmacological
inhibition of AGEs over a decade ago using the relatively
nonspecific AGE formation inhibitor, aminoguanidine,
showed amelioration of both structural and functional fea-
tures of experimental diabetic nephropathy (111). Since then,
numerous experimental studies have supported and extended
these findings (56). Within diabetic tissues, AGEs are thought
to contribute to end organ injury via a number of processes,
such as by inducing cross-linking of proteins and through lig-
and-receptor binding (Fig. 2).

AGE-INDUCED STRUCTURAL CHANGES

AGEs were initially demonstrated to promote permanent
structural alterations in the extracellular matrix, in particular,
by inducing cross-linking of proteins (15). Some of the best-
characterized AGEs, such as pentosidine, methylglyoxal ly-
sine dimer, and glyoxal lysine dimer, represent intermolecu-
lar cross-links between modified proteins (120). These
cross-links can result in important changes to protein struc-
ture and function. A good example is the formation of inter-
and intramolecular cross-links, following the glycation of
collagen, which lead to structural alterations, including
changes in packing density (7) and surface charge (42), mani-
fested by increased stiffness, reduced thermal stability, and
resistance to proteolytic digestion (83, 108).
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INTRACELLULAR AGE FORMATION

Elevated intracellular glucose degradation products result-
ing from glycolysis and the TCA cycle initiate the glycation
of proteins far more rapidly than glucose itself (43). There-
fore, the enhanced glycation of proteins observed in diabetic
tissues may be partly attributable not to a high concentration
of glucose itself, but increased levels of these intermediate
“highly reactive” metabolites induced by hyperglycemia.
AGEs can be generated from intracellular autoxidation of
glucose to glyoxal (127), decomposition of the Amadori
product to 3-deoxyglucosone, and fragmentation of glycer-
aldehyde-3-phospate and dihydroxyacetone phosphate to
methylglyoxal (119).

In bovine aortic endothelial cells, hyperglycemia generates
intracellular AGEs via the AGE-intermediate, methylglyoxal
(106), a precursor to a well-characterized AGE, N�car-
boxymethyl)lysine (CML). This process has been subse-
quently localized to the mitochondria in a study that showed
that high glucose-induced intracellular formation of methyl-
glyoxal-derived AGEs was completely prevented by in-
hibitors of mitochondrial complex II and III, uncoupling pro-
tein I and manganese-containing superoxide dismutase
(MnSOD or SOD2) (88). We have recently found that intra-
cellular formation of CML within the renal mitochondria of
rats with streptozotocin-induced diabetes was increased
twofold compared to nondiabetic rats (20). This formation
seemed to be glucose-dependent, as AGEs (AGE-RSA) given
exogenously to healthy rats daily did not induce increased mi-

FIG. 2. Pathways of AGE-mediated damage.
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tochondrial formation of CML in the face of normoglycemia
(31).

The generation of intracellular AGEs can disturb redox
homeostasis by modifying protein and enzyme structure and
function. For example, glycation of antioxidants such as
copper and zinc-containing SOD (CuZn-SOD or SOD1)
contribute to the decline in antioxidant activity (33).
Whereas oxidative stress can augment the formation of
AGEs through glycoxidation, AGEs can also lead to en-
hanced formation of free radicals, both directly through cat-
alytic sites in their molecular structure (132) and via stimu-
lation of membrane-bound NAD(P)H oxidase through the
RAGE receptor (126).

AGE RECEPTOR-MEDIATED EFFECTS

AGEs can also act directly as effector molecules by induc-
ing receptor-mediated changes in cell transduction and modu-
lating a range of signaling proteins (104, 123). AGEs appear
to mediate their effects via interactions with specific recep-
tors and binding proteins. These receptors are present on var-
ious renal cell types including proximal tubular cells, mesan-
gial cells, and podocytes (110, 130). Several AGE-binding
sites have been identified. These include the receptor for ad-
vanced glycation end products (RAGE), AGE-R1 (p60),
AGE-R2 (80k-H, protein kinase C substrate), AGE-R3
(galectin-3), lysozyme (122), as well as the macrophage scav-
enger receptors ScR-II and CD-36 (109) and the more re-
cently identified members of the ezrin–radixin–moesin fam-
ily (75). Other multiligand receptors such as megalin may
also have the ability to bind AGEs in the proximal tubule
(101). Most of these AGE-binding proteins are constitutively
expressed in a limited number of cell types at low levels in
the absence of injury and inflammation. Expression of some
of these receptors is markedly enhanced in response to meta-
bolic states such as diabetes, dyslipidemia, and uremia, possi-
bly due to high levels of AGEs in these conditions. In particu-
lar, activated cells at sites of diabetes-associated injury show
high level expression of receptors such as RAGE and co-
localize with AGE deposition (110).

AGEs can interact with inflammatory, oxidative, meta-
bolic, and hemodynamic pathways. These diverse interactions
appear to be predominantly related to signaling through the
multiligand AGE receptor, RAGE. RAGE is a member of the
immunoglobulin superfamily of cell surface molecules (87,
103) and is the best characterized signal transduction receptor
for AGEs. RAGE is expressed by a number of cells whose
function is perturbed in diabetes, with the expression of this
receptor increased at sites of vascular pathology in diabetes
(103). There is an increasing body of evidence to support the
concept that interactions between AGEs and their receptors,
especially RAGE, are involved in the pathogenesis of diabetic
complications, in particular, nephropathy (14, 32, 111). For
example, studies in RAGE transgenic mice reveal that these
rodents have increased glomerulosclerosis following the in-
duction of diabetes (133). Conversely, RAGE knockout mice
have decreased renal injury in response to diabetes (130) and
long-term administration of a RAGE neutralizing antibody to
db/db(+/+) mice confers renoprotection (28). In the glomeruli
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of patients with diabetic nephropathy, RAGE expression is
upregulated and positively correlates with AGE accumulation
(117). These studies underscore the significance of AGE-
receptor-mediated pathways in the pathogenesis of diabetic
nephropathy.

RAGE has a central role in mediating the effects of AGEs
on the development of vascular disease in diabetes (46). En-
gagement of RAGE by its ligands induces inflammatory cell
infiltration and activation in the vessel wall. In diabetes, the
AGE–RAGE axis amplifies vascular stress and accelerates
atherosclerosis and neointimal expansion (84).

A key consequence of the interaction of AGEs with RAGE
is the generation of ROS (78, 102, 103, 124, 125, 134). The
AGE–RAGE interaction has been shown to result in the gen-
eration of thiobarbituric acid reactive substances (TBARS),
increased mRNA for heme oxygenase-1, increased endothe-
lial expression of vascular cell adhesion molecule-1
(VCAM-1), and promotion of endothelial permeability (102,
103, 124). These studies suggest that generation of ROS with
subsequent increased oxidant stress is a potent factor initiat-
ing signal transduction and altered gene expression, as a re-
sult of the AGE–RAGE interaction. Indeed, the effects of this
ligand–receptor interaction were inhibited by antioxidants
such as N-acetylcysteine, probucol, or vitamin E (102, 124,
125).

RAGE-mediated signaling appears to augment inflamma-
tion and enhance tissue damage. Nuclear factor-�B is a
redox sensitive transcription factor that is critically involved
in inflammatory processes. The RAGE promoter contains
NF-�B binding sites that are active and are involved in the
regulation of RAGE expression (71). Engagement of RAGE
by AGEs results in the generation of ROS and subsequent ac-
tivation of NF-�B (134). AGE receptors trigger the activa-
tion of the JAK/STAT signal transcription pathway (135),
leading to the upregulation of transcription factors and intra-
cellular signaling molecules such as PKC (92) and increased
production of inflammatory and fibrogenic growth factors
and cytokines including TGF-� (62), CTGF (121), PDGF
(62), TNF-�, IL-1�, and IL-6 (79). These effects appear to
be predominantly receptor mediated, as specific antibodies
to AGE-receptors are able to block these changes without re-
ducing AGE levels (51). Adhesion molecules such as
VCAM-1 and intercellular adhesion molecule (ICAM-1) are
also induced by AGEs, although it still remains controversial
as to whether this is a result of activation of RAGE and sub-
sequent NF-�B activation (11).

Recently, it has been demonstrated that there are three
splice variants of RAGE. There is a full length receptor, the
N-terminal variant that does not contain the AGE-binding
domain and the C-terminal splice variant, soluble RAGE
(sRAGE), which does not contain the transmembrane and ef-
fector domains (74, 138). sRAGE, comprising the extracellu-
lar portion of the RAGE receptor, has the ability to bind
AGEs and thereby block interactions with full-length cell
surface RAGE (125). It has been postulated that this effect of
sRAGE may provide therapeutic benefits for diabetic
nephropathy (130). Indeed, exogenous administration of
sRAGE, has demonstrated beneficial effects in diabetes-
associated atherosclerosis (93) and nephropathy (28, 129,
130).
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OXIDATIVE STRESS AND 
DIABETES COMPLICATIONS

The “unifying hypothesis” described by Brownlee (dis-
cussed earlier) suggests that the generation of mitochondrial
ROS is the primary initiating event in activating a number of
other pathways implicated in the development of the compli-
cations of diabetes (88). There remains debate, however, as to
whether oxidative stress is an important early link between
hyperglycemia and complications, or just a byproduct of vari-
ous pathogenic mechanisms (8).

The significance of ROS in the pathogenesis of diabetic
nephropathy is further emphasized by a recent study in which
glucose-induced ROS production initiates podocyte apoptosis
leading to podocyte depletion with onset of hyperglycemia in
Akita mice with Type 1 diabetes and db/db mice with obesity
and Type 2 diabetes (115).

Because of the ability of ROS to directly oxidize and dam-
age DNA, protein, and lipids, it is believed that these species
play a key direct role in the development of late diabetic com-
plications (12, 98). In addition to the ability to directly inflict
macromolecular damage, ROS function as signaling mole-
cules and can induce a number of stress-sensitive pathways
that cause cellular damage. There are a number of sources for
the generation of ROS in diabetes including autoxidation of
glucose, transition metal catalyzed Fenton reactions, mito-
chondrial respiratory chain deficiencies, xanthine oxidase ac-
tivity, and activation of microsomal enzymes, arachidonic
acid, peroxidases, NO synthase, and NAD(P)H oxidase (8,
17). The discussion within this article will be restricted to
only two sources of ROS, mitochondrial ROS generation and
NAD(P)H oxidase. This is not, however, to relegate the im-
portance of these other pathways that lead to ROS. Indeed,
xanthine oxidase activity is inhibited in the presence of the
AGE formation inhibitor, aminoguanidine (21), while Cu2+

augmentation of ROS-mediated AGE formation is suggested
in vitro (91).

MITOCHONDRIAL PRODUCTION OF ROS

Reactive oxygen species are generated within the mito-
chondria as a result of electron flux through the electron
transport chain. Pyruvate derived from glycolysis is trans-
ported into the mitochondria, where it is oxidized by the tri-
carboxylic acid (TCA) cycle to produce NADH and reduced
flavin adenine dinucleotide (FADH2). Electron flow through
the mitochondrial electron transport chain is carried out by
four inner membrane-associated enzyme complexes, plus cy-
tochrome c and the mobile carrier coenzyme Q. NADH de-
rived from the TCA cycle donates electrons to Complex I
(NADH:ubiquinone oxidoreductase). Complex I ultimately
transfers its electrons to coenzyme Q. Coenzyme Q is also re-
duced by electrons donated from several FADH2-containing
dehydrogenases, such as the TCA cycle succinate:ubiquinone
oxidoreductase (Complex II). Electrons from reduced coen-
zyme Q are then transferred to Complex III. Electron trans-
port then proceeds through cytochrome c, Complex IV, and,
finally, molecular oxygen. Electron transfer through Com-
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plexes I, III, and IV generates a proton gradient. Much of the
energy of this voltage gradient is used to generate ATP during
oxidative phosphorylation (OXPHOS). The collapse of the
proton gradient through ATP synthase drives ATP synthesis.
This energy can also be dissipated as heat via uncoupling pro-
teins (UCPs).

During OXPHOS, a low proportion of molecular oxygen is
converted to superoxide and subsequently hydrogen peroxide
and the hydroxyl radical, which, under normal conditions, are
scavenged by antioxidant enzymes, including mitochondrial
MnSOD (SOD2) or glutathione peroxidase (GPx). Damaged
or dysfunctional mitochondria, however, overgenerate super-
oxide radicals, creating a state of redox imbalance (94). Ex-
cess mitochondrial ROS production is often mediated by dis-
ruption of the activity of OXPHOS enzymes via electron
leakage at complex I (NADH:ubiquinone oxidoreductase) or
complex III (ubiquinol:cytochrome c oxidoreductase) (10,
65, 94). Indeed, in Freidreich ataxia, a genetic disorder due to
frataxin mutations resulting in excessive generation of mito-
chondrial superoxide, mitochondria have a specific defi-
ciency in complex I (99).

Mitochondrial electron transport chain dysfunction has
also been implicated in the generation of reactive nitrogen
species (RNS). Nitric oxide can react with superoxide to form
the highly reactive peroxynitrite (ONOO-) that can traverse
membranes and react with tyrosine residues forming 3-ni-
trotyrosine (44). Peroxynitrite can irreversibly inhibit cy-
tochrome c oxidase (complex IV), leading to further genera-
tion of superoxide and peroxynitrite, resulting in further
damage to the electron transport chain (44).

A recent study has found that renal cortical mitochondria
from rats with diabetes exhibited a diminution of OXPHOS
via decreased complex III activity and increased superoxide
formation (97). Complex III activity correlated with the
quantity of methylglyoxal-induced modifications present on
mitochondrial proteins. Our own group has demonstrated
overproduction of superoxide from renal mitochondria in rats
with diabetic nephropathy in parallel with increased intra-
mitochondrial CML accumulation and deficiencies in com-
plex I and MnSOD activity (20).

Intramitochondrial superoxide production initiates a range
of damaging reactions through the production of hydrogen
peroxide, ferrous iron, hydroxyl radical, and peroxynitrite,
which can damage lipids, proteins, and nucleic acids. The
normal function of mitochondria is particularly susceptible to
ROS damage, leading to altered ATP synthesis, cellular cal-
cium dysregulation, and induction of mitochondrial perme-
ability transition, all of which predispose the cell to necrosis
or apoptosis (55).

THE NAD(P)H OXIDASE AND 
ROS PRODUCTION

The mitochondrion is not the sole source of oxidative
stress within the cell. NAD(P)H oxidase is a cytosolic en-
zyme complex that was initially discovered in neutrophils
where it plays a vital role in nonspecific host defense by pro-
ducing millimolar quantities of superoxide (6). The enzyme
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complex is made up of five subunits comprising a membrane-
associated cytochrome b558, composed of one p22phox and one
gp91phox subunit and at least four cytosolic subunits: p47phox,
p67phox, p40phox, and GTPase rac1 or rac2 (6). In addition to
residing in phagocytic cells, NAD(P)H oxidase is present in
nonphagocytic cell types such as renal mesangial and tubular
cells, vascular smooth muscle cells, endothelial cells, and fi-
broblasts (38, 58, 95, 107, 136, 139). In these cell types, how-
ever, superoxide is produced constitutively at low levels and
when the NAD(P)H oxidase activity is upregulated, de-
tectable superoxide production is proportionally lower than in
activated neutrophils. The function of NAD(P)H oxidase in
nonphagocytic cells is clearly different to that seen in white
blood cells, as ROS are generated in this context in the intra-
cellular compartment as opposed to outside the cell during
phagocytosis. This has led to the suggestion that small
amounts of ROS, generated by nonphagocytic NAD(P)H oxi-
dase, may participate in second messenger redox signaling,
and when upregulated, greater ROS production contributes to
oxidative stress (38).

That NAD(P)H oxidase participates in redox signaling is
evident from studies demonstrating that ROS generated by
NAD(P)H oxidase are involved signal transduction in re-
sponse to several cytokines such as TNF-�, PDGF, and an-
giotensin II (39, 72). Binding of these cytokines to their cog-
nate receptors rapidly activates NAD(P)H oxidase followed
by intracellular superoxide and hydrogen peroxide generation
and activation of signaling molecules, including protein tyro-
sine kinases, serine/threonine kinases, phospholipases, and
calcium-dependent pathways (72). The evidence that specific
NAD(P)H oxidase-derived ROS production is required for
activation of these pathways has been obtained from studies
using pharmacological inhibition of NAD(P)H oxidase, mice
with deletions of the various NAD(P)H oxidase subunits, or
treatment with antisense oligonucleotides (72).

In addition to regulating typical redox signaling pathways,
nonphagocytic NAD(P)H oxidase can also lead to excessive
ROS production, culminating in oxidative stress. This has been
shown in pathological states such as atherosclerosis, hyperten-
sion, inflammation, and ischemia–reperfusion injury (38, 139).
The expression of NAD(P)H oxidase components is increased
in micro- and macrovascular tissues of diabetic animals. Incu-
bation of human endothelial cells with AGEs including the spe-
cific AGE, CML, on the surface of diabetic red blood cells, in-
duced intracellular generation of hydrogen peroxide, cell
surface expression of VCAM-1, and generation of tissue factor,
which was suppressed by treatment with the NAD(P)H oxidase
inhibitor diphenyliodonium (126). This appears to be clinically
relevant with endothelial dysfunction, linked to NAD(P)H oxi-
dase ROS generation having been observed in animal models,
as well as in patients with diabetes (3, 40).

In the kidney, various subunits of the NAD(P)H oxidase are
increased in rats with diabetes (4, 26, 53, 63, 90). Studies
from our own laboratory have demonstrated increases in
AGEs and nitrotyrosine in association with the expression of
RAGE, the NAD(P)H oxidase subunit gp91phox and NF-�B in
the kidney of rats with diabetes (30). In vitro, high glucose
activates NAD(P)H oxidase subunits in mesangial cells, per-
haps via PKC (41, 50, 53). Furthermore, pharmacological in-
hibition of NAD(P)H oxidase with apocynin prevents p47phox
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and gp91phox overexpression and retards the mesangial matrix
expansion in rats with diabetic nephropathy (4). A more spe-
cific approach has been applied involving treatment of dia-
betic rats with antisense Nox-4 (the renal gp91phox homo-
logue) oligonucleotide treatment. This strategy inhibited
NAD(P)H-dependent ROS generation in renal cortical and
glomerular homogenates and reduced whole kidney and
glomerular hypertrophy (36). These data highlight the impor-
tance of the NAD(P)H oxidase in high glucose-induced ROS
production. Indeed, preliminary data from our laboratory has
observed NAD(P)H oxidase-driven ROS formation in the
renal cortex from rats with diabetic nephropathy (unpub-
lished observations). Furthermore, a recent study has demon-
strated that in mesangial cells in vitro, NAD(P)H oxidase was
responsible for high glucose- and AGE-induced superoxide
production, which mediated elevations in TGF-�1 and fi-
bronectin levels (73).

THERAPEUTIC APPROACHES 
TO TARGET DYSFUNCTION

Numerous studies have demonstrated that oxidative stress,
mediated predominantly by hyperglycemia-induced genera-
tion of ROS, contributes to the development of microvascular
complications of diabetes. Even though studies using antioxi-
dants in experimental models of diabetes indicate that antiox-
idants should confer beneficial effects in reducing microvas-
cular complications in diabetes, the clinical evidence for the
use of antioxidants in this setting is not yet established. Posi-
tive effects of antioxidant therapy in experimental diabetic
nephropathy have been described. For example, supplementa-
tion of streptozotocin-induced diabetic rats with vitamins C
and E decreased urinary albumin excretion, glomerular base-
ment membrane thickening, and kidney weight. This occurs
in the context of decreased TBARS and an increase in SOD
and catalase activity (61). There are many conflicting studies,
however, in projects using nutrient derived antioxidants (re-
cently reviewed in Ref. 57). Clinical trials with conventional
antioxidants have similarly yielded conflicting data.

It has been suggested that the antioxidant efficacy of con-
ventional vitamins such as Vitamin C and E is limited be-
cause these antioxidants work as scavengers of existing ex-
cess ROS in a stoichiometric manner (12). There is a need for
the development of methods for selectively delivering biolog-
ically active molecules to the site of the mitochondrial elec-
tron transport chain where excess superoxide generation can
be dampened. New low molecular mass compounds that act
as SOD or catalase mimetics have the theoretical advantage
of scavenging ROS continuously by acting as catalysts with
efficiencies approaching those of the native antioxidant en-
zymes (22). Other agents already used in clinical practice
have been found to have ROS scavenging properties. Thiazo-
lidinediones, statins, ACE, and AT1 inhibitors have intracel-
lular antioxidant activity and it has been suggested that many
of their ancillary effects are due to this property (19). Indeed,
in a study by our group, in a model of diabetes-associated
atherosclerosis, the PPAR-alpha agonist conferred anti-ather-
osclerotic effects in the setting of decreased superoxide pro-
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duction and decreased expression of various subunits of
NAD(P)H oxidase (16).

There are several currently identified processes by which
AGE inhibition is achieved. Direct chemical inhibition of the
formation of AGEs has been demonstrated. The process of di-
carbonyl scavenging involves the trapping of reactive car-
bonyl and dicarbonyl compounds (RCOs), the critical precur-
sors of AGEs. Entrapment of RCOs, such as glyoxal and
methylglyoxal, inhibit AGE formation, as shown by several
compounds, including aminoguanidine, pyridoxamine, and
OPB-9195 (80). Another pathway of AGE inhibition is via
blockade of ROS. Oxidative metabolism is important in the
generation of RCOs (82), its inhibition subsequently reduces
the formation of AGEs. Both olmesartan and emocaprilat
have displayed free radical scavenging properties, decreasing
the production of hydroxyl radicals and carbon-centered radi-
cals (80). Chelation of transition metal ions also attenuates
the formation of AGEs. Olmesartan and OPB-9195 (an AGE
inhibitor) chelate copper ions and inhibit the autoxidation of
ascorbic acid to a greater extent than aminoguanidine (80).
Other compounds cleave AGE cross-links or reverse or block
interaction with RAGE. A promising new therapy for diabetic
nephropathy may be treatment with sRAGE (130). Indeed,
exogenous administration of sRAGE, has demonstrated bene-
ficial effects in diabetes-associated atherosclerosis (93) and
nephropathy (28, 130).

CONCLUSIONS

It is clear that oxidative stress plays an important role
in the progression of diabetic complications including
nephropathy. The exact source of the increased ROS re-
mains to be fully determined and the relative importance of
antioxidant defense in the kidney has not been adequately
examined. Nevertheless, with increasing elucidation of ox-
idative stress pathways and how they interact with path-
ways such as advanced glycation should lead to new targets
and hopefully new treatments for this major complication
of diabetes.

ABBREVIATIONS

AER, albumin excretion rate; AGE, advanced glycation
end product; ALA, alagebrium; CML, N�(carboxymethyl)ly-
sine; DAG, diacylglycerol; GFAT, glutamine:fructose-6 phos-
phate amidotransferase; Gpx, glutathione peroxidase; Glc-
NAc, N-acetyl glucosamine; H2O2, hydrogen peroxide;
ICAM, intercellular adhesion molecule; MAPKs, mitogen-
activated protein kinases; NF-�B, nuclear factor-�B; OX-
PHOS, oxidative phosphorylation; O2

•-, superoxide radical;
PKC, protein kinase C; PARP, poly(ADP-ribose) polymerase;
RAGE, receptor for advanced glycation end products; RCOs,
dicarbonyl compounds; ROS, reactive oxygen species; SOD,
superoxide dismutase; sRAGE, soluble RAGE; TCA, tricar-
boxylic acid; UCP, uncoupling protein; VACM, vascular cell
adhesion molecule.
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