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Abstract | Diabetic nephropathy is a major microvascular complication of diabetes mellitus and the most
common cause of end-stage renal disease worldwide. The treatment costs of diabetes mellitus and its
complications represent a huge burden on health-care expenditures, creating a major need to identify modifiable
factors concerned in the pathogenesis and progression of diabetic nephropathy. Chronic hyperglycemia remains
the primary cause of the metabolic, biochemical and vascular abnormalities in diabetic nephropathy. Promotion
of excessive oxidative stress in the vascular and cellular milieu results in endothelial cell dysfunction, which is
one of the earliest and most pivotal metabolic consequences of chronic hyperglycemia. These derangements
are caused by excessive production of advanced glycation end products and free radicals and by the
subjugation of antioxidants and antioxidant mechanisms. An increased understanding of the role of oxidative
stress in diabetic nephropathy has lead to the exploration of a number of therapeutic strategies, the success of
which has so far been limited. However, judicious and timely use of current therapies to maintain good glycemic
control, adequate blood pressure and lipid levels, along with lifestyle measures such as regular exercise,
optimization of diet and smoking cessation, may help to reduce oxidative stress and endothelial cell dysfunction

and retard the progression of diabetic nephropathy until more definitive therapies become available.

Singh, D. K. et al. Nat. Rev. Endocrinol. 7, 176-184 (2011); published online 14 December 2010; doi:10.1038/nrendo0.2010.212

Introduction

Diabetic nephropathy has surpassed other major diseases
to become the most common cause of end-stage renal
disease; patients with diabetes mellitus constitute about
20-40% of individuals who require renal replacement
therapy worldwide.! Diabetic nephropathy is a major
risk factor for cardiovascular disease, and the majority
of individuals with diabetic nephropathy die of cardio-
vascular disease-related causes even before end-stage renal
disease develops.? Traditionally, diabetic nephropathy has
been described as a glomerular disease with five different
stages: glomerular hyperfiltration, incipient nephropathy,
microalbuminuria, overt proteinuria and end-stage renal
disease.” The aim of this Review is to summarize the role
of oxidative stress in diabetes mellitus, as it constitutes a
major factor in the pathogenesis of endothelial cell dys-
function, which leads to diabetic nephropathy, and to
explore possible therapeutic interventions.

Endothelial physiology and dysfunction

The endothelium of blood vessels comprises a layer
of endothelial cells that serves as a biological barrier
between the blood and vascular smooth muscle cells in
the arterial wall. This membrane is not quiescent, as pre-
viously thought, but plays an important part in the regula-
tion of modulators of vascular tone, hemostasis, growth
and differentiation of vascular smooth muscle cells and
inflammation.* Endothelial cells modulate vascular
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tone via the release of vasodilators, such as nitric oxide,
prostacyclin and endothelium-derived hyperpolarizing
factor, or vasoconstrictors, such as endothelin-1, prosta-
glandin H,, reactive oxygen species (ROS), angiotensin 2
and thromboxane A (Figure 1).°

The term endothelial cell dysfunction was initially intro-
duced to describe the inability of endothelial cells to main-
tain vascular tone as a result of loss of nitric oxide-mediated
vasodilatation. However, as understanding of the function-
ing of endothelial cells has grown, endothelial cell dys-
function now encompasses impairment of various other
properties that manifest as a disequilibrium of vascular
relaxing and contracting factors, procoagulant and anti-
coagulant mediators and vascular-growth-inhibiting and
growth-promoting substances.®

Endothelial cell dysfunction in diabetes
Endothelial cell dysfunction precedes and predicts the
manifestation of microalbuminuria, the first clinical
marker of diabetic nephropathy.” Microalbuminuria is also
considered a marker of generalized endothelial cell dys-
function and an independent risk factor for atherosclerosis,
cardiovascular disease and diabetic nephropathy.®

The pathogenesis of endothelial cell dysfunction in type 1
diabetes mellitus is incompletely understood. In type 2 dia-
betes mellitus, endothelial cell dysfunction can develop as
a result of various risk factors of the metabolic syndrome,
such as obesity, glucose intolerance, hypertension, dys-
lipidemia, hyperinsulinemia, insulin resistance and elevated
inflammatory markers.’ Insulin has a vasodilatory effect on
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the skeletal muscle vasculature, as it promotes synthesis
and/or release of nitric oxide from the endothelial cell.*’
Absolute insulin deficiency in type 1 diabetes mellitus and
functional insulin deficiency or insulin resistance in type 2
diabetes mellitus can thus contribute to endothelial cell
dysfunction (Figure 1).

Oxidant injury as a result of excessive oxidative stress
has been implicated in the etiology of endothelial cell dys-
function in the glomerulus and tubules, before the mani-
festation of microalbuminuria.’ Chronic hyperglycemia
associated with diabetes mellitus is considered a state of
increased oxidative stress related to the excess generation
of ROS and an impaired antioxidant response.' In addi-
tion, several other factors contribute to oxidative stress in
the renal milieu (Figure 2), for example, impaired release
of nitric oxide from endothelial cells, excessive production
of advanced glycation end products (AGEs) and enhanced
cytokine activation.®

Reactive oxygen species

ROS, such as superoxide or hydroxyl, are natural byproducts
of oxygen metabolism (Figure 3) that play a major part in
cell signaling, ageing and degenerative disease processes."?
In healthy individuals, the amount of ROS produced is
finely balanced with the antioxidant activity required to
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Key points

= Oxidative stress, which precedes the development of endothelial cell dysfunction,
plays a key part in the pathogenesis of diabetic nephropathy

= Chronic hyperglycemia is central to excessive generation of reactive oxygen
species and the resultant impairment of the antioxidant response

= No target-specific antioxidant agent is currently available, although several
potential agents are under evaluation

= Judicious use of current therapies such as antihyperglycemics, antihypertensives
and statins, along with lifestyle modification, may help to contain oxidative stress
in diabetes mellitus, pending the arrival of definitive therapies

neutralize its adverse effects. Any metabolic alteration that
increases the generation of ROS or diminishes the produc-
tion of antioxidants can lead to increased oxidant-derived
tissue injury or oxidative stress."

Sources of ROS in diabetes mellitus

ROS are generated through a number of enzymatic and
nonenzymatic sources in the body. The main sources of
ROS in the vessel wall include oxidative phosphoryla-
tion of glucose, the polyol pathway (also known as the
sorbitol-aldose reductase pathway), advanced glycation,
mitochondrial respiratory processes and uncoupling of
NADPH oxidases (Figure 4), among others."
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Figure 1 | Endothelium-derived vasodilators and vasoconstrictors in health (left) and in diabetes mellitus (right). Insulin has
a vasodilatory effect on the skeletal muscle vasculature, as it promotes synthesis and/or release of nitric oxide from the
endothelial cell.*® The synthesis of nitric oxide occurs from amino acid L-arginine by enzymatic action of endothelial NOS
(eNOS) in the presence of cofactors such as flavin dinucleotide, flavin mononucleotide, tetrahydrobiopterin (BH,) and
calmodulin (CaM).®° Once released into the vascular lumen, nitric oxide diffuses to the surrounding tissues and cells,
including smooth muscle,'® and binds with the heme moiety of soluble guanylate cyclase, resulting in increased production
of intracellular cyclic GMP, which mediates smooth muscle cell relaxation.2° Insulin deficiency in type 1 and type 2 diabetes
mellitus contribute to endothelial cell dysfunction, as enhanced production of superoxide ("0,") causes excessive
consumption of nitric oxide to generate peroxynitrite (ONOO-).32 Low levels of nitric oxide in endothelial cells may potentially
result in ineffective suppression of ROS and could indirectly lead to enhanced vasoconstriction. These alterations of nitric
oxide metabolism promote oxidative stress, especially in the renal milieu.3® Abbreviations: BH,, dihydrobiopterin; ET-1,
endothelin 1; MAPK, mitogen-activated protein kinase; NO, nitric oxide; NOX, NADPH oxidase; PI3K, phosphatidylinositol
3-kinase; PKC, protein kinase C. Adapted with permission from Macmillan Publishers © Rask-Madsen, C. & King, G. L.

Nat. Clin. Pract. Endocrinol. Metab. 3, 46-56 (2007).
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Figure 2 | Pathogenesis of oxidative stress in diabetes mellitus.
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Figure 3 | Reactive oxygen and reactive nitrogen species. Some of the prominent
ROS include free radicals such as superoxide ("0,") and hydroxyl (OH) and
nonradical molecules such as hydrogen peroxide (H,0,) and hypochlorous acid
(HOCI). These oxidative molecules with an unpaired electron in the outer orbit are
highly reactive and bring about adverse changes, when in contact with other cell
structures and molecules. In addition to ROS, another group of oxidant species,
the reactive nitrogen species (RNS), are major contributors to oxidative stress. The
most important RNS is peroxynitrite (OONO-), which is formed as a result of the
reaction of superoxide with nitric oxide.®® Adapted with permission from Macmillan
Publishers © Lambeth, J. D. Nat. Rev. Immunol. 4, 181-189 (2004).

Oxidative phosphorylation of glucose

Glucose is a major fuel for the mitochondrial respira-
tory process, where it undergoes oxidative phosphoryla-
tion and conversion to pyruvate. This process generates
large amounts of NAD* and flavin adenine dinucleotide
(FAD). Both NADH/NAD* and FADH_/FAD are electron
transport systems with very similar roles. NADH is the
main electron donor to the mitochondrial respiratory
chain and is produced at several steps during glucose and
free fatty acid metabolism. More than 90% of oxygen is
metabolized during the process of oxidative phosphory-
lation, with mobilization of electrons from glucose and
other fuel substrates, to produce ATP."** Small amounts
of ROS are produced during conditions of normal glucose
supply. However, in patients with diabetes mellitus, the
uninhibited supply of glucose can overburden the mito-
chondrial electron transport chain, which causes early
leakage of electrons and excess ROS production.'>

Polyol pathway

Unused glucose in the cytosol is diverted to the polyol
pathway, where it is reduced to sorbitol by aldose reductase,
utilizing NADPH from the pentose phosphate pathway as

a cofactor. Reduction of NADPH produces NADH, which
is taken up by the mitochondrial respiratory chain reac-
tions, resulting in enhanced production of ROS in the
form of superoxide.”* Chronic hyperglycemia increases
ROS generation by multiple mechanisms: it causes exces-
sive consumption of NADPH in the polyol pathway, which
inhibits replenishment of reduced glutathione—the vital
substrate for glutathione-peroxidase-mediated cellular
antioxidant activity—and increased superoxide production
by transfer of NADH to the respiratory chain.'

NADPH oxidase pathway

The NADPH oxidase pathway constitutes the most impor-
tant source of ROS in individuals with diabetes mellitus.'®
NADPH oxidase is a cytosolic enzyme complex located
in the lysosomal membrane of phagocytic cells, such as
neutrophils, and in the plasma membrane of various renal
cell types, including mesangial and proximal tubular cells,
vascular smooth muscle cells, endothelial cells and fibro-
blasts.' The enzyme catalyzes the transfer of electrons from
NADPH to molecular oxygen to generate ROS (superoxide
ions and hydrogen peroxide) as part of the defense against
pathogens."” In the renal milieu, the primary role of the
NADPH complex is as a signaling molecule; however,
enhanced protein kinase C (PKC)-mediated activation
of NADPH oxidase, for example, by angiotensin 2 or
transforming growth factor p (TGF-P), leads to excessive
generation of free radicals, which are detrimental to renal
cells. Angiotensin 2 is one of the most potent inducers
of NADPH oxidase and markedly contributes to ROS
generation in early diabetic nephropathy.'

The NADPH oxidase complex comprises several iso-
forms, now designated the Nox family, that have impor-
tant physiological roles in several organ systems, such as
intestines, kidney, thyroid, testis and lymphoid organs.”
The Nox4 isoform, a 578-amino acid protein and a major
source of ROS in the renal milieu, is currently under inten-
sive investigation with respect to its role in oxidative stress
and potentiation of diabetic nephropathy.?** Nox4 has
been isolated in the cytosol as well as in the mitochondria
of mesangial cells* and plays a pivotal part in promoting
hyperglycemia-induced oxidative stress through exces-
sive ROS generation, resulting in activation of Akt (also
known as protein kinase B) and extracellular signal-regu-
lated kinases 1 and 2. The modulation of these profibrotic
pathways in chronic hyperglycemia is potentiated through
Nox4-mediated activation of angiotensin 2 expression,
which promotes renal hypertrophy and fibronectin expres-
sion in early diabetic nephropathy.?

Advanced glycation

AGEs are a diverse group of molecules generated as a
result of nonenzymatic covalent bonding of glucose resi-
dues with free amino groups of proteins, lipids and nucleic
acids. This biochemical reaction is termed the ‘Maillard
reaction.”” Chronic hyperglycemia results in excess ROS
generation from various substrates of the Maillard reac-
tion, such as auto-oxidation of glucose (Wolff pathway),
Schiff bases (Namiki pathway), Amadori adducts (Hodge
pathway) and AGE proteins themselves.?
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Increased production of AGEs has been implicated
in the pathogenesis of glomerulopathy?* and tubulo-
pathy? in diabetic nephropathy. AGEs are freely filtered
by the glomerulus and are metabolized by the proximal
tubule through the receptor megalin (also known as LDL
receptor-related protein 2).* Binding of AGEs to their
receptor RAGE on the tubular surface has been implicated
in the pathogenesis of tubular cell injury, potentially via
NADPH oxidase.* Binding to RAGE activates NFkB,
which in turn induces production of various inflammatory
cytokines and generation of mitochondrial ROS, thereby
further aggravating oxidative stress in the kidney.

Excess mitochondrial production of ROS, as a result of
damaged mitochondria caused by chronic hyperglycemia,
has been proposed to be the primary event in the patho-
genesis of tissue damage in diabetes mellitus.'? In the
normoglycemic cytosolic milieu, surplus ROS generated
by activation of RAGE are neutralized by cellular anti-
oxidant mechanisms. However, in chronic hyperglycemia,
RAGE activation results in opening of the mitochondrial
transition pore, which, in turn, causes enhanced produc-
tion of superoxide ions through electron leakage.?® The
mitochondrial damage may become progressive in chronic
hyperglycemia and can fuel the cytosolic production of
ROS. This notion supports a role for AGE-RAGE inter-
action and resultant production of excessive ROS in the
pathogenesis of early diabetic nephropathy. In addition,
mitochondrial ROS production has been implicated in
the activation of cyclooxygenase 2 and prostaglandin E,
in mesangial cells.””

Minor sources of ROS

In addition to the above-mentioned pathways, several
other pathways can, if defective, potentially contribute to
increased production of ROS in diabetes mellitus. These
pathways include primary inherited mitochondrial dys-
function, mitochondrial uncoupling of the respiratory
chain, cytokine and growth factor signal transduction
and amplification, the glutathione pathway, the xanthine
oxidase pathway, uncoupling of nitric oxide synthase
(NOS), altered activity of antioxidant and catalytic iron
and sequestration of nitric oxide to perioxynitrite."'*

ROS and nitric oxide metabolism

Patients with early diabetic nephropathy have mild
albuminuria of mixed glomerular and tubular origin in
the pre-microalbuminuric stage,” which is suggestive of
generalized derangements in these systems. One of the
earliest signs of endothelial cell dysfunction in the pre-
microalbuminuric stage is enhanced sensitivity to renal
vasoconstrictors and reduced nitric oxide-dependent
vasodilation (Figure 1).%

The impaired ability of endothelial cells to modulate
the vascular tone is a result of low bioavailability of nitric
oxide in the vascular lumen.* In its physiological state, the
endothelium has a constitutive supply of nitric oxide via
endothelial NOS (eNOS). However, under certain patho-
logical states such as inflammation, production of nitric
oxide can occur via an inducible NOS isoform (iNOS),
which results in increased release of nitric oxide into the
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Figure 4 | Glucotoxicity pathways in diabetic nephropathy. Organ damage can be
triggered by both extracellular and intracellular hyperglycemia. Increased
extracellular glucose leads to nonenzymatic glycosylation of proteins and
subsequent formation of advanced glycation end products (AGE) that interact with
the receptor for AGE (RAGE) on the plasma membrane and promote the production
of reactive oxygen species (ROS). Increased intracellular glucose drives
mitochondrial activity, increases the activity of protein kinase C (PKC) and NADPH
oxidase and promotes flux through the polyol pathway, all of which effect cellular
metabolism and phenotype. Excessive ROS production in the vasculature drives
changes in cell phenotype that are mediated by a range of signaling pathways and
transcription factors. Kidney cells also undergo cell-specific and organ-specific
phenotypic changes as a result of hyperglycemia-mediated ROS production.
Abbreviations: AP1, activator protein 1; AR, aldose reductase; CCL2,
CC-chemokine ligand 2 (also known as MCP1); CDC42, cell division cycle 42;
EGR1, early growth response protein 1; ERK, extracellular signal-regulated kinase;
JAK, Janus-activated kinase; JNK, Jun N-terminal kinase; MAPK, mitogen-activated
protein kinase; NFkB, nuclear factor kB; PI3K, phosphatidylinositol 3-kinase; RNS,
reactive nitrogen species; SDH, sorbitol dehydrogenase; STAT, signal transducer
and activator of transcription. Adapted with permission from Macmillan Publishers
© Calcutt, N. A. et al. Nat. Rev. Drug Discov. 8, 417-430 (2009).

subendothelial space rather than the vascular lumen and
thus impairs modulation of the vascular tone.*

Furthermore, during normal cellular metabolism, super-
oxide reacts with nitric oxide, to generate the highly reactive
nitrogen intermediate peroxynitrite. When endothelial cell
dysfunction occurs, enhanced production of superoxide
causes excessive consumption of nitric oxide, thus reducing
its bioavailability.*? Low levels of nitric oxide in endothelial
cells may potentially result in ineffective suppression of
ROS and could indirectly lead to enhanced vasoconstric-
tion. These alterations of nitric oxide metabolism promote
oxidative stress, especially in the renal milieu (glomerular
and tubulointerstitial cells).”

Oxidative stress in the renal milieu
The kidney may be particularly vulnerable to early structural
and functional damage caused by hyperglycemia-induced
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Figure 5 | Effects of oxidative stress in early diabetic nephropathy. Abbreviations: HIF-1a, hypoxia-inducible factor 1a; TGF-B,

transforming growth factor p.

oxidative stress. Several factors might contribute directly
or indirectly to this susceptibility (Figure 5). The glomeru-
lar mesangial cells and tubular cells do not require insulin
for glucose uptake and consequently have no control over
glucose movement across the cells.** Chronic hyper-
glycemia in the renal milieu stimulates the production
of AGEs, the polyol pathway and activation of PKC, all
of which lead to increased ROS formation and oxidative
stress.”

Renal cells (glomerulus, tubules and fibroblasts) express
NADPH oxidase and contribute to ROS formation in
small amounts in the healthy state. In chronic hyper-
glycemia, dysfunctional renal cells can increase ROS
generation, which may enhance renal tissue injury.* In
addition to structural and functional derangements, pres-
ence of excessive ROS in the renal milieu can promote
dysregulation of renal medullary blood flow leading to
renovascular hypertension.”

Oxidative stress in the glomerulus

The glomerular endothelial cells are particularly vulner-
able to chronic hyperglycemia owing to their strategic
location as a biological barrier between the blood and
the mesangium.” Chronic hyperglycemia and elevated
levels of free fatty acids in diabetes mellitus are potent
stimulators of NADPH oxidase in these cells.* In addi-
tion, ROS production is further exacerbated by hyper-
glycemia through an increase in intrarenal concentration
of angiotensin 2.'

Increased production of ROS in the glomerular micro-
circulation reduces the bioavailability of nitric oxide, result-
ing in dysregulation of mesangial contraction and arteriolar
tone and persistent oxidative stress, giving rise to endo-
thelial dysfunction, leukocyte adherence and glomerular
cell apoptosis.” Chronic hyperglycemia essentially facili-
tates a state of chronic oxidative stress in the glomerular
milieu, the long-term consequence of which is progressive
loss of glomerular cells.

The earliest morphological change in diabetic nephro-
pathy is a thickening of the glomerular basement mem-
brane as a result of mesangial matrix deposition and
hypertrophy of mesangial cells.*® With disease progression
enhanced deposition of the extracellular matrix occurs,
owing to increased production and/or decreased degra-
dation of its components, type IV collagen, laminin and
fibronectin. In addition, a widening of the foot processes
of podocytes—these visceral epithelial cells wrap around
the capillaries of the glomerulus and leave slits between
them to filter the blood—and loss of glomerular nephrin,
a zipper-like protein that forms the slit diaphragm, has
been described.*

Increased oxidative stress in conjunction with raised
inflammatory markers in chronic hyperglycemia activates
several signaling pathways (Figure 4), such as the PKC,*
mitogen-activated protein kinase* and JAK-STAT (Janus
kinase-signal transducer and activator of transcription)
signaling pathways.* This process is associated with acti-
vation of redox-sensitive transcription factors that include
NFkB, AP1 (Fos and Jun proteins), STAT and early growth
response protein 1.** These factors enhance the trans-
activation of genes coding for cytokines such as TGF-p*
and connective tissue growth factor,”® which upregulate
the expression of extracellular matrix proteins.*

In addition, new evidence suggests that glomerular
podocytes have a key role in early proteinuria, and reduced
podocyte number has been reported in patients with dia-
betic nephropathy.*” Chronic hyperglycemia-induced
ROS production has been implicated in early podocyte
damage and apoptosis.”® Experimental studies suggest
that amelioration of oxidative stress by antioxidant thera-
pies may potentially prevent podocyte damage in early
diabetic nephropathy.*>>!

Oxidative stress in tubules
Enhanced oxidative stress contributes to early tubular
injury and apoptosis and is mediated via signaling of
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multiple caspases, such as caspase 3, 8 and 9. In addition,
enhanced oxidative stress in conjunction with increased
angiotensin 2 levels activates TGF-{, which is a key regula-
tor of extracellular matrix remodeling in the mesangium,
tubulointerstitium and tubular epithelial-mesenchymal
transition.”® Enhanced and sustained activation of
TGF-f by increased ROS production in diabetes mellitus
may result in excessive extracellular matrix remodeling
in the mesangium and promotion of fibrotic processes in
the tubulointerstitium.>*

Physiologically, given the limited blood supply and
disproportionate energy requirements, tubular and inter-
stitial cells in the juxtamedullary region and outer medulla
are, even under normal conditions, in a state of relative
hypoxia, which may worsen in the hyperglycemic milieu.®
In addition, chronic hyperglycemia may give rise to altera-
tions in the regulation of intrarenal blood flow, resulting
in reduced oxygen delivery and low oxygen tension in this
region.” High concentrations of nitric oxide are constantly
maintained in the renal medulla to effectively restrain
mitochondrial respiration in a dose-dependent manner,
especially during hypoxic states.*

Hypoxia-inducible factor (HIF-1a) is a major mediator
of cell adaptation to hypoxia. HIF-1a manifests its effect
by promoting vasculogenesis, improving oxygen avail-
ability and modulating cellular metabolism and protects
against fibrotic processes in the kidney by modulation
of fibrosis-promoting genes.*” Hyperglycemia impairs
the stabilization of HIF-1a against protease degradation
in a dose-dependent fashion, thus reducing its avail-
ability and promoting interstitial fibrosis.® ROS is an
important modulator of HIF-1a and regulates its degra-
dation in hypoxic conditions.*® Low levels of ROS have
an important role in oxygen sensing and influence the
stability of HIF-1a. Sustained stimulation of HIF-1a by
enhanced ROS generation in the context of reduced nitric
oxide availability may adversely affect HIF-1a stability,
leading to tubulointerstitial fibrosis via induction of
inflammatory responses.

Measurement of oxidative stress

Evidently, oxidative stress, either from increased produc-
tion of ROS and/or reduced bioavailability of nitric oxide,
has a pivotal role in endothelial cell dysfunction and,
hence, early diabetic nephropathy. Unfortunately, no reli-
able and reproducible method to measure oxidative stress
or endothelial cell dysfunction is available to date. The
presence of these two factors is usually inferred through
surrogate markers, such as flow-mediated vasodilation
after induction of transient ischemia® or evaluation of
changes in vascular resistance in small or large arteries in
response to a physiological stimulus.®* These techniques
basically assess the capacity of endothelial cells to release
nitric oxide in response to various stimuli.

In addition to these approaches, a number of methods
that allow determination of plasma levels of various ROS
are available. Nevertheless, estimation of ROS levels in
plasma is difficult because of the highly reactive nature of
these molecules. Several studies have measured the total
antioxidant buffering capacity of plasma or, alternatively,

specific markers of free radical-mediated damage such as
F2-isoprostane or oxidized LDL.** However, these research
tools are yet to be validated in large populations and their
application in the routine clinical setting is far off.

Antioxidative stress therapies

Antioxidants

In the physiological state, a balance between promoters and
inhibitors of oxidant injury is maintained through various
intrinsic renal cytoprotective antioxidant factors and enzy-
matic responses. Some of the major antioxidant molecules
are superoxide dismutase (SOD), glutathione peroxidase,
catalase, heme oxygenase and biliverdin reductase.**

SOD is the first-line physiological defense against oxi-
dative stress and reacts with superoxide to generate hydro-
gen peroxide (Figure 3), which, in turn, is degraded by
catalase® and glutathione peroxidase.® In animal models
of diabetic nephropathy, addition of the exogenous SOD
mimetic tempol has shown encouraging results, with
suppression of albuminuria, TGF-p levels, collagen syn-
thesis and oxidative stress.**” In addition, tempol has
been demonstrated to diffuse through the cell mem-
brane and, hence, can react with both intracellular and
extracellular ROS.%

Glutathione peroxidase uses glutathione to reduce
hydrogen peroxide to water and lipid peroxides, along with
acting as a peroxynitrite reductase.®® Chronic treatment of
Zucker diabetic rats with ebselen, a glutathione mimic, has
demonstrated potent antiperoxynitrite and antioxidant
activity that substantially ameliorate tubulointerstitial
pathology, inflammation and markers of nitrosative and
oxidative stress in early diabetic nephropathy.®

The antioxidant enzyme catalase has generated much
interest after the demonstration that catalase over-
expression in the proximal tubules of transgenic diabetic
mice attenuates interstitial fibrosis and tubular apopto-
sis.”® This effect was attributed to increased degradation
of hydrogen peroxide, which decreases oxidative stress
and thus reduces stimulation of angiotensin 2-mediated
activation of TGF-p.%7

Heme oxygenase converts heme, a pro-oxidant, into
iron, carbon monoxide and biliverdin.”" Biliverdin gen-
erated in this reaction is then transformed into a potent
antioxidant, bilirubin, by biliverdin reductase.”

Current therapies

Given the difficulties in measurement of markers of
oxidative stress and endothelial cell dysfunction, target-
specific antioxidant therapies are still elusive. As the
driver of oxidative stress is hyperglycemia, strict glycemic
control remains the cornerstone of antioxidant therapy in
diabetes mellitus. In addition to strict glycemic control,
many of the current standard therapeutic approaches
may also help to ameliorate oxidative stress, directly,
indirectly or as pleiotropic effects. These therapies
include angiotensin-converting enzyme (ACE) inhibi-
tors,”? angiotensin-receptor blockers” and aldosterone
blockers (spironolactone),” which, along with control of
systemic and intrarenal blood pressure, activate eNOS,
increase bioavailability of nitric oxide, inhibit synthesis
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of angiotensin 2 and TGF-f and thus help to ameliorate
or prevent tubulointerstitial fibrosis in diabetic nephro-
pathy. Similarly, pioglitazone, an antihyperglycemic
agent, has been shown to markedly reduce glomerulo-
sclerosis, glomerular hypertrophy, mesangial expansion,
tubulointerstitial fibrosis and urinary albumin excretion
in diabetic nephropathy.”>”® These effects may decrease
oxidative stress through a reduction of hyperglycemia and
insulin resistance.”®

Lipid-lowering agents such as statins, which inhibit
HMG-CoA reductase, have been demonstrated to acti-
vate eNOS, maintain glomerular filtration rate and renal
cortical blood flow and ameliorate glomerular lesions.”””®
Benfotiamine, a drug used in the treatment of diabetic
neuropathy, has been demonstrated to reduce ROS forma-
tion and thus oxidative stress by activation of eNOS and
may decrease hyperfiltration and proteinuria in patients
with diabetic nephropathy.”

Potential therapies

The ideal antioxidant therapy would be target-specific,
have minimal adverse effects and influence all path-
ways of ROS generation and, more selectively, mito-
chondrial ROS generation. Several potentially beneficial
therapies, although still in the experimental phase, are
being studied.

Inhibition of ROS generated by AGE

In view of the vast generation of ROS as a result of exces-
sive advanced glycation in diabetes mellitus, a variety
of pharmacological approaches are being evaluated in
experimental and early clinical studies that inhibit AGE
formation. Alagebrium, a new prototypic compound with
appreciable biological activity, has been shown to reduce
vascular stiffness and renal AGEs in animal and human
models.®® Other investigational therapies of anti-AGE
formation include aminoguanidine®' and pyridoxamine,*
which exhibit their effect by trapping reactive carbonyl
intermediates on the basis of their nucleophilic potential.
Hydrallazine® and ascorbic acid® are other agents with
anti-AGE effects, although evidence of any therapeutic
benefit is limited.

Some encouraging results on the potentially beneficial
role of ACE inhibitors and angiotensin-receptor blockers
in reducing ROS and AGE formation have been obtained
from small studies.® In addition, in view of the beneficial
effects of tempol and ebselen in animal models, further
evaluation of these agents is warranted to examine their
potential as antioxidant replenishment agents in humans
with diabetic nephropathy.

Inhibition of PKC and TGF-f3

Chronic hyperglycemia results in overexpression of PKC
and TGF-f, which causes increased generation of ROS.
Ruboxistaurin, an inhibitor of PKC, has shown benefit
in some small clinical studies.*®* Pirfenidone, a TGF-
inhibitor, has been demonstrated to ameliorate oxidative
stress and reverse renal fibrosis in rodent models of dia-
betes.®®% Studies on both these agents are preliminary and
further evaluation is needed.

Other approaches
Other potential agents with antioxidant properties are
currently under investigation. L-propionylcarnitine,®
an intracellular superoxide scavenger, has been shown
to ameliorate DNA damage and improve mitochondrial
function experimentally. Pentoxifylline is an established
inhibitor of phosphodiesterases and platelet aggregation
and has potent antioxidant properties when administered
alone®! or in combination with ACE inhibitors in small
studies of patients with diabetic nephropathy.”
Bioflavonoids®® have antioxidant, free-radical-
scavenging and DNA cleavage properties. Lipoic acid acts
as a mitochondrial antioxidant and was shown to ame-
liorate endothelial cell dysfunction.”** Vitamin C and E
exert their antioxidant properties by scavenging free
radicals, decreasing nitric oxide inactivation and increas-
ing eNOS activity. These agents have been examined in
experimental®® and small clinical studies,”*” with some
preliminary indications of benefit. A small clinical study
in patients with chronic kidney disease (including those
with diabetes mellitus) demonstrated beneficial effects of
Allopurinol, with a substantial reduction in inflamma-
tion and progression of chronic kidney disease.”® These
positive changes indirectly suggest an improvement in
overall oxidative stress, although this measure was not
an endpoint of the study.”®

Conclusions

Oxidative stress, though under-recognized, is ubiquitous
in patients with diabetes mellitus. It occurs early and
plays an important part in the pathogenesis of endo-
thelial cell dysfunction and microalbuminuria. Chronic
hyperglycemia is the single most important factor in the
generation of early and sustained oxidative stress. Other
complications of chronic hyperglycemia that promote
oxidative stress include enhanced production of AGEs,
decreased nitric oxide production, increased cytokine
activation and levels of inflammatory markers. Enhanced
ROS formation and reduced bioavailability of nitric oxide
is the hallmark of oxidative stress in diabetes mellitus.

Oxidative stress coupled with chronic hyperglycemia
may have an important role in the pathogenesis of
glomerular and tubular functional and structural abnor-
malities, even before the onset of microalbuminuria.
These changes include extracellular deposition of matrix
in the mesangium, promotion of a hypoxic environment
by early microvascular damage, induction of cellular
oxidant injury and apoptosis and, finally, promotion of
tubulointerstitial fibrosis by activation of TGF-f, which
stimulates several pathways of fibrosis.

In view of the potential hazards of sustained oxidative
stress, an effective, target-specific antioxidant agent to
treat patients with diabetic nephropathy would be highly
desirable. Currently, apart from the primary prevention
of chronic hyperglycemia, standard medications, such as
antilipid and antihypertensive agents, have demonstrated
potent pleiotropic antioxidant effects, in addition to their
primary effects. However, these agents are yet to be exam-
ined for their clinical benefits as stand-alone antioxidants.
A surge in the search for an appropriate antioxidant has
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lead to the determination of several promising new
agents currently under development. However, until
definitive antioxidants are available, regular monitoring
of patients with diabetes mellitus with emphasis on clini-
cal parameters (tight glycemic, lipid and blood pressure
control) and lifestyle measures (regular exercise, healthy
diet and cessation of smoking) remains the cornerstone

of therapy.
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