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Oxidative stress: A cause and therapeutic target

of diabetic complications

Eiichi Araki* and Takeshi Nishikawa

ABSTRACT

Oxidative stress is defined as excessive production of reactive oxygen species (ROS) in the presence of diminished anti-oxidant
substances. Increased oxidative stress could be one of the common pathogenic factors of diabetic complications. However, the
mechanisms by which hyperglycemia increases oxidative stress are not fully understood. In this review, we focus on the impact of
mitochondrial derived ROS (mtROS) on diabetic complications and suggest potential therapeutic approaches to suppress mtROS. It
has been shown that hyperglycemia increases ROS production from mitochondrial electron transport chain and normalizing mito-
chondrial ROS ameliorates major pathways of hyperglycemic damage, such as activation of polyol pathway, activation of PKC and
accumulation of advanced glycation end-products (AGE). Additionally, in subjects with type 2 diabetes, we found a positive correla-
tion between HbATc and urinary excretion of 8-hydroxydeoxyguanosine (8-OHdAG), which reflects mitochondrial oxidative damage,
and further reported that 8-OHAG was elevated in subjects with diabetic micro- and macro- vascular complications. We recently
created vascular endothelial cell-specific manganese superoxide dismutase (MnSOD) transgenic mice, and clarified that overexpres-
sion of MnSOD in endothelium could prevent diabetic retinopathy in vivo. Furthermore, we found that metformin and pioglitazone,
both of which have the ability to reduce diabetic vascular complications, could ameliorate hyperglycemia-induced mtROS production
by the induction of PPARy coactivator-Tat (PGC-1a) and MnSOD and/or activation of adenosine monophosphate (AMP)-activated
protein kinase (AMPK). We also found that metformin and pioglitazone promote mitochondrial biogenesis through the same
AMPK-PGC-1ar pathway. Taking these results, mtROS could be the key initiator of and a therapeutic target for diabetic vascular
complications. (J Diabetes Invest, doi: 10.1111/j.2040-1124.2010.00013.%, 2010)
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INTRODUCTION

Diabetic vascular complications are major causes of blindness,
renal failure, myocardial infarction, stroke and limb amputation.
Managing diabetes and its complications is not only a serious
public health issue, but also a socioeconomic one in developed
countries.

The Diabetes Control and Complications Trial (DCCT)},
Epidemiology of Diabetes Interventions and Complications
(EDIC)?, UK Prospective Diabetes Study3’4, and our Kumamoto
Study>” appear to have effectively resolved the long debate over
whether chronic hyperglycemia is an important cause of diabetic
vascular complications. However, the mechanisms through
which hyperglycemia acts as a crucial risk factor for vascular
complications are still unclear.

There are four main hypotheses about how hyperglycemia
causes diabetic complications, which are: (i) increased glucose
flux through polyol pathway® (ii) glucose-induced activation of
protein kinase C (PKC) isoforms through de novo synthesis
of the lipid second messenger diacylglycerol’; increased forma-
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tion of glucose-derived advanced glycation end-products
(AGE)'% and increased oxidative stress''. In particular, oxida-
tive stress has recently emerged as an important mechanism for
the development of diabetic complications. In the present
review, we focus on proposed mechanisms for increasing oxida-
tive stress in diabetes. In addition, we show that hyperglycemia-
induced mitochondrial reactive oxygen species (ROS) might be
the key initiator and a potential therapeutic target of diabetic
complications.

THE CONCEPT AND THE ROLE OF OXIDATIVE
STRESS

Oxidative stress is caused by an imbalance between the produc-
tion of ROS and a biological system’s ability to readily detoxify
ROS or easily repair the resulting damage (i.e. anti-oxidant;
Figure 1). ROS are free radicals that contain the oxygen atom
and the biologically important ROS are superoxide (O,),
hydrogen peroxide (H,0,), and hydroxyl radical (OH"). In con-
trast, common anti-oxidants include vitamins A, C, and E,
glutathione, o-lipoic acid, mixed carotenoids, coenzyme Q10,
several bioflavonoids, anti-oxidant minerals (copper, zinc, man-
ganese, and selenium), the cofactors (folic acid, vitamins B1, B2,
B6, B12), and the enzymes superoxide dismutase (SOD), cata-
lase, glutathione peroxidase and glutathione reductase. They
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Diabetic complications

Figure 1 | Oxidative stress. The relationship between excessive
production of reactive oxygen species and the presence of reduced
anti-oxidant defense.

work in synergy with each other and against different types of
free radicals. Oxidative stress can damage all components of the
cell, including cellular proteins, membrane lipids and nucleic
acids.

In patients with diabetes, especially in those with poor glyce-
mic control, oxidative stress is increased'’. In addition, it was
reported that in aortic endothelial cells incubated with high glu-
cose, ROS formation (measured as dichlorofluorescein [DCF])
was increased by 250% within 24 h, which resulted in lipid
peroxidation (measured as malondialdehyde) by 330% within
168 h">. In accordance with these observations, animal studies
have shown that the potent inhibition of oxidative stress with
certain anti-oxidants under experimental diabetic conditions
showed preventive effects on the progression of diabetic compli-
cations'*"'®. However, human studies with various anti-oxidants,
including o-tocopherol and ascorbic acid'”'®, have been gener-
ally disappointing, although it was reported that supplementing
with o-lipoic acid was effective in reducing neuropathic symp-
toms of diabetic distal symmetric polyneuropathy'®'. There-
fore, more targeted anti-oxidant therapies based on the
mechanisms of diabetes-induced oxidative stress might be worth
considering as part of the therapeutic strategy to prevent dia-
betic complications.

THE MECHANISMS OF OXIDATIVE STRESS IN
DIABETES

Various mechanisms have been suggested to contribute to
diabetes-induced oxidative stress (Figure 2). First, it is one
possibility that glucose oxidation is the source of ROS. In its
enediol form, glucose is oxidized in a transition-metal depen-
dent reaction to an enediol radical anion that is converted
into reactive ketoaldehydes and to superoxide anion radicals.
The superoxide anion radicals undergo dismutation to hydro-
gen peroxide, which if not degraded by catalase or glutathi-
one peroxidase and in the presence of transition metals,
can lead to the production of extremely reactive hydroxyl
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radicals”. Second, the cytosolic enzyme aldose reductase con-
verts high intracellular glucose concentrations to sorbitol using
nicotinamide adenine dinucleotide phosphate (NADPH)
derived from the pentose phosphate pathway as a cofactor. It
is likely that during hyperglycemia, consumption of NADPH
by this reaction inhibits replenishment of reduced glutathione,
which is required to maintain glutathione peroxidase activ-
ity”>. Third, hyperglycemia activates PKC in membrane frac-
tion through an increase in de novo diacylglycerol synthesis
in vascular cells, and hyperglycemia is reported to stimu-
late ROS production through PKC-dependent activation of
NAD(P)H oxidase®*. NAD(P)H oxidase is a cytosolic enzyme
complex initially discovered in neutrophils, where it plays a
vital role in non-specific host-pathogen defense by producing
superoxide. In addition to residing in phagocytic cells,
NAD(P)H oxidase is present in non-phagocytic cell types,
such as endothelial cells, vascular smooth muscle cells, fibro-
blasts and mesangial cells*. Fourth, hyperglycemia increases
non-enzymatic glycation, characterized by the binding of reac-
tive dicarbonyls and amino groups of proteins. This reaction
leads to AGE. Glycation and oxidative stress are closely
linked, and both phenomena are referred to as glycoxidation.
All steps of glycoxidation generate ROS. In addition, plasma
proteins modified by AGE precursors activate AGE recep-
tors on macrophages and induce an intracellular oxidative
stress by activating NAD(P)H oxidase®®. Furthermore, it was
reported that site specific and random fragmentation of
copper, zinc SOD (Cu, ZnSOD), which is the key enzyme
involved in the detoxification of superoxide radicals, was
observed after the glycation reaction’”’. The last possible
mechanism is mitochondrial ROS. Nishikawa et al. previously
showed that hyperglycemia could increase ROS from the
mitochondrial electron transport chain®® and proposed that
this mitochondrial ROS production could be a key event in
the development of diabetic complications®. However, it is
still unclear whether mitochondrial ROS production is associ-
ated with the progression of diabetic complications in patients
with type 2 diabetes.

MITOCHONDRIAL ROS PRODUCTION IN TYPE 2
DIABETIC PATIENTS
To determine the role of mitochondrial ROS production in
patients with type 2 diabetes, the relationship between urinary
excretion of 8-hydroxydeoxyguanosine (8-OHdG) and the sever-
ity of diabetic complications were examined.

8-OHdG is a product of oxidative DNA damage following
specific enzymatic cleavage after 8-hydroxylation of the guanine
base. As intracellular ROS can cause strand breaks in DNA and
base modifications, 8-OHdG might serve as a sensitive biomar-
ker of intracellular oxidative stress in vivo. There are several rea-
sons to believe that mitochondrial DNA (mtDNA) is weak in
oxidative stress. First, mitochondria are the major source of
ROS under normal physiological conditions. Second, mtDNA
lacks histone. Last, there is very little repair activity for mtDNA
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Figure 2 | Proposed mechanism leading to diabetes-induced oxidative stress in cells. AGE, advanced glycation end-products; DAG, diacylglycerol;
GSH, glutathione; GSSG, glutathione disulfide (oxidized glutathione); NADPH, nicotinamide adenine dinucleotide phosphate; PKC, protein kinase G

SOD, superoxide dismutase; TCA, tricarboxylic acid.

mutations. Because 8-OHdG is a product of oxidative DNA
damage and it has been reported that 8-OHdG was 16-fold
higher in mtDNA than in nuclear DNA in rat liver’, 8-OHdG
might be a useful biomarker to evaluate ROS production from
mitochondria.

We confirmed that a significant positive correlation existed
between the amount of urinary 8-OHdG excretion and HbAlc,
suggesting that hyperglycemia could increase mitochondrial
ROS production in patients with type 2 diabetes (Figure 3). In
accordance with our results, it has been reported that the levels
of 8-OHdG in the mtDNA were significantly increased in the
kidneys of streptozotosin-induced diabetes rats, whereas those in
nuclear DNA were not increased®'. In addition, we found that
the urinary 8-OHdG excretion was significantly elevated in
patients with diabetic retinopathy, in patients with increased uri-
nary albumin excretion and in patients with increased mean
intima-media thickness (IMT) of the carotid arteries. Further-
more, we confirmed in the Kumamoto Study that urinary
8-OHdG excretion was significantly lower in patients in the
multiple insulin injection therapy group compared with those in
the conventional insulin injection therapy group™. It was also
reported that urinary 8-OHdG excretion is a useful clinical
marker to predict the development of diabetic nephropathy™.
These results suggest that mitochondrial ROS production
estimated by the urinary 8-OHdG excretion could be associated
with both micro-angiopathy and macro-angiopathy in patients
with type 2 diabetes.
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TRANSGENIC MICE OVEREXPRESSING MANGANESE
SUPEROXIDE DISMUTASE IN THE ENDOTHELIUM
ARE RESISTANT TO DIABETIC RETINOPATHY

The direct evidence of the relationship between mitochondrial
ROS and the progression of diabetic vascular complications was
clarified using transgenic mice, which specifically overexpressed
manganese superoxide dismutase (MnSOD) in vascular endo-
thelial cells, by using a Tie2 promoter and enhancer. To investi-
gate the impact of mitochondrial ROS on diabetic retinopathy
in vivo, diabetes was induced by an intraperitoneal injection of
streptozotocin. After 4 weeks of injection, glycated hemoglobin
was increased in both control and transgenic mice to similar
degrees. In contrast, urinary 8-OHdG excretion was suppressed
in diabetic transgenic mice, although that was increased in con-
trol diabetic mice. Similarly, vascular endothelial growth factor
(VEGF) mRNA and fibronectin mRNA in the retina, both
of which are reported to be important in the pathogenesis of
diabetic retinopathy®***, were suppressed in diabetic transgenic
mice but increased in control diabetic mice (Figure 4).

Because commonly used diabetic animal models usually do
not reach the proliferative retinopathy stage, we further applied
relative hypoxia-induced retinopathy to evaluate retinal neovas-
cularization. The relative hypoxia-induced retinopathy model is
widely used in studies of retinal ischemic neovascular diseases,
such as diabetic retinopathy and retinopathy of prematurity”®?.
In the relative hypoxia-induced retinopathy model, retinal flat-
mount pictures of control mice showed typical reactive central
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Figure 3 | The relationship between urinary 8-OHdG excretion and severity of diabetic complications. (a) 8- hydroxydeoxyguanosine (8-OHdG) is an
oxidized derivative of deoxyguanosine. (b) The relationship between urinary 8-OHdG excretion and HbA1c. (c—€) The relationship between urinary
8-OHdG excretion and severity of diabetic () retinopathy, (d) nephropathy and (e) macroangiopathy. The severity of diabetic nephropathy and
macroangiopathy was evaluated by urinary albumin excretion (UAE) and mean intima-media thickness (IMT) of the carotid arteries, respectively.
ROS, reactive oxygen species.
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Figure 4 | The effect of endothelial overexpression of manganese superoxide dismutase (MnSOD) on diabetic retinopathy in vivo. Diabetes

was induced in endothelial cell-specific manganese superoxide (eMnSOD-Tg) or control C57BI/6 male mice by an intraperitoneal injection of
streptozotocin. Non-diabetic mice were injected with buffer alone. After 4 weeks of injection, every parameter was measured in the groups of non-
diabetic control, non-diabetic eMnSOD-Tg, diabetic control and diabetic vascular eMnSOD-Tg mice. (a) The level of glycated hemoglobin. (b) Urinary
8-hydroxydeoxyguanosine (8-OHdG) excretion. (c) The expression of vascular endothelial growth factor (VEGF) and (d) fibronectin mRNA in retinas.
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Figure 5 | Proposed mechanism of metformin and pioglitazone induced suppression of mitochondrial reactive oxygen species (ROS) and promotion
of mitochondrial biogenesis. Pioglitazone reduces mitochondrial ROS through the induction of PPARy coactivator-1ar (PGC-1a) and manganese
superoxide dismutase (MnSOD). Metformin reduces mitochondrial ROS through the activation of AMP-activated protein kinase (AMPK), and the
resulting induction of PGC-Tor and MnSOD. Metformin and pioglitazone also promotes mitochondrial biogenesis through induction of PGC-1a. These
reactions might contribute, at least in part, to preventing diabetic complications. mtTFA, mitochondrial DNA transcription factor A; NRF-1, nuclear

respiratory factor-1.

vaso-obliteration, with the formation of peripheral tufts that
indicate newly formed vasculature. In contrast, retinas of trans-
genic mice exposed to relative hypoxia showed normal-appear-
ing central vasculature and a lesser number of tufts. Taken
together, these results suggest that the overexpression of mito-
chondrial-specific SOD in endothelium could prevent diabetic
retinopathy in vivo.

EFFECT OF MITOCHONDRIAL ROS AMELIORATION
BY ACTIVATION OF AN AMPK-PGC-1A-PATHWAY
The results from MnSOD transgenic mice suggest that
mitochondrial ROS can be a target to develop new therapies to
prevent diabetic complications. To explore the molecule to
normalize hyperglycemia-induce mitochondrial ROS, we focused
on the results in the UKPDS*, PROACTIVE study®® and PERI-
SCOPE study®. The UKPDS reported intensive glycemic
control with metformin to decrease the risk of diabetes-related
end-points in overweight patients with type 2 diabetes in
comparison with sulfonylurea or insulin therapy. Given the
equivalent HbAlc levels obtained by each therapy, the possible
additional benefit of metformin to reduce cardiovascular events
is not explicable on the basis of glycemic control. In contrast,
the PROACTIVE study and PERISCOPE study have implied
that pioglitazone also has the ability to reduce vascular compli-
cations in diabetic patients. Therefore, we investigated the
impacts of metformin and pioglitazone on mitochondrial ROS
production.

In order to clarify if metformin and pioglitazone can reduce
hyperglycemia-induced mitochondrial ROS production, we used
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Figure 6 | Proposed mechanism leading to diabetic vascular complica-
tions. Mitochondrial reactive oxygen species (ROS) could be the main
cause of hyperglycemia-induced oxidative stress. In addition, mitochon-
drial ROS is a causal link between hyperglycemia and each of the three
main pathways responsible for hyperglycemic damage such as the
activation of polyol pathway, the activation of protein kinase C (PKC)
and the accumulation of advanced glycation end-products (AGE).

the reduced MitoTracker Red probe (Molecular Probes, Eugene,
OR, USA), which can specifically detect mitochondrial ROS pro-
duction. The fluorescence of MitoTracker Red increased with
30 mM glucose, and this hyperglycemia-induced fluorescence of
MitoTracker Red was reduced by either metformin or piglitaz-
one*"*?. Therefore, these agents have an inhibitory effect on
hyperglycemia-induced mitochondrial ROS production. We also

© 2010 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd



clarified that the inhibitory effect of these agents on hyperglyce-
mia-induced mitochondrial ROS production was, at least in
part, dependent on the induction of PGC-1a and MnSOD. Fur-
thermore, the effect of metformin on PGC-1a induction was
dependent on the activation of AMPK.

Disturbance of the mitochondrial respiratory chain by ROS
and the resulting reduced adenosine triphosphate production
might be also a key factor in the development of diabetes and
its complications™**, Because PGC-1at is a potent stimulator of
mitochondrial biogenesis, we evaluated the effect of metformin
and piglitazone on mitochondrial biogenesis. As expected, met-
formin, piglitazone and overexpression of PGC-1a increased the
expression of nuclear respiratory factor-1 (NRF-1) and mito-
chondrial DNA transcription factor A (mtTFA), both of which
are regulators of mitochondrial DNA transcription and replica-
tion*"*2, Metformin and pioglitazone also significantly increased
the mitochondrial DNA content and mitochondria number in
comparison with the incubation with high glucose alone. In
addition, the effects of metformin were dependent on AMPK
activity.

These observations suggested that metformin and pioglitazone
could normalize hyperglycemia-induced mitochondrial ROS
production, at least in part, through the induction of PGC-1a
and MnSOD and/or activation of AMPK (Figure5). In addition,
these agents also promote mitochondrial biogenesis through the
same AMPK-PGC-1a pathway. Therefore, AMPK and PGC-1a
could be targets for the design of new pharmacological
approaches to prevent diabetic complications.

The main purpose of the treatment of diabetes is to prevent
the onset and progression of chronic diabetic vascular complica-
tions. Oxidative stress, through the production of ROS, has been
proposed as the root cause underlying the progression of long-
term diabetic complications. In the present study, we showed
that hyperglycemia-induced mitochondrial ROS production
could be a key event in the development of diabetic complica-
tions (Figure 6) through the studies of subjects with type 2
diabetes, and in vascular endothelial cell-specific MnSOD
transgenic mice. In addition, we proposed that a blockade of
mitochondrial ROS production through the induction of AMPK
or PGC-lo could, therefore, be useful in the design of new
pharmacological approaches to prevent diabetic complications.
Further clinical and basic studies will be required to clarify the
benefits of reducing mitochondrial ROS production in the
prevention of diabetic complications.
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