
INTRODUCTION

RETINOPATHY, A PROGRESSIVE DISEASE, is one of the most
debilitating complications of diabetes. It is the leading

cause of acquired blindness among young adults in developed
countries. Animal models have shown that hyperglycemia-
induced abnormalities in retinal metabolism, including ele-
vated polyol pathway activity (44), increased nonenzymatic
glycation (56), oxidative stress (6, 35), protein kinase C activ-
ity (34, 59), and the expression of vascular endothelial
growth factor (VEGF) (1, 40), evidently contribute to the de-
velopment of microangiopathy. But it has been difficult to
recognize which abnormalities are critical, thus making the
rationale for possible therapies limited.

OXIDATIVE STRESS IN DIABETES

Diabetes increases oxidative stress, which plays a key reg-
ulatory role in the development of its complications (7, 22,

35). Reactive oxygen species generated by high glucose are
considered a causal link between elevated glucose and the
other metabolic abnormalities important in the development
of diabetic complications (8). Lipid peroxides are increased
in the retina in diabetes, antioxidant defense enzymes are im-
paired, the levels of the intracellular antioxidant, the reduced
form of glutathione (GSH), are decreased (23, 33, 35), super-
oxide levels are elevated (16), and mRNA of superoxide dis-
mutase (SOD) and glutathione reductase are down-regulated
(39). Oxidative stress is increased also in isolated retinal cap-
illary cells (both endothelial cells and pericytes) incubated in
high-glucose medium (31), and also in other nonvascular reti-
nal cells, including Muller cells and photoreceptors (11, 16).
These data have clearly suggested an important role of oxida-
tive stress in the development of retinopathy in diabetes. Our
studies have also shown that oxidative stress is important not
only in the development of retinopathy in diabetes, but also in
the resistance of retinopathy to arrest after initiation of good
glycemic control (29). However, the mechanism by which ox-
idative stress can contribute to the pathogenesis of retinopa-
thy in diabetes remains to be elucidated.
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ABSTRACT

Oxidative stress is increased in the retina in diabetes; the levels of oxidatively modified DNA and nitrosylated
proteins are elevated, and antioxidant defense enzymes are impaired. The levels of superoxides are elevated in
the retina, and the mitochondria become dysfunctional with proapoptotic protein, Bax, translocating from the
cytosol into the mitochondria, and cytochrome c leaking out from the mitochondria. This is accompanied by
increased retinal capillary cell apoptosis, and the formation of acellular capillaries and pericyte ghosts, the
early signs of retinopathy in animal models of diabetic retinopathy. Inhibition of superoxides inhibits glucose-
induced mitochondrial dysfunction, activation of caspase-3, and cell death in retinal capillary cells. In animal
models, long-term administration of lipoic acid or other antioxidants inhibits the development of diabetic
retinopathy via inhibition of accumulation of oxidatively modified DNA and nitrotyrosine and capillary cell
apoptosis in the retina. Understanding the role of mitochondria in the development of retinopathy in diabetes
should help identify therapies that can neutralize superoxides and inhibit their dysfunction and, ultimately,
the development of retinopathy. Antioxid. Redox Signal. 7, 1581–1587.
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OXIDATIVE STRESS, APOPTOSIS, 
AND DIABETIC COMPLICATIONS

Oxidative stress is closely linked to apoptosis in a variety
of cell types, and the mechanisms by which it could increase
cell death might involve increased membrane lipid peroxida-
tion, increased oxidative injury to other macromolecules, or
alterations in signal transduction (5, 41). Oxidative stress is
shown to cause abnormal gene expression and altered signal
transduction leading to apoptosis of myocardial cells (10),
promote mitochondrial changes in the neurons resulting in
sensory neuropathy (54), and trigger apoptosis in tubule,
leading to nephropathy (58). The overexpression of the cell
death protease gene in retinal pericytes in diabetes is reported
to correlate with the altered gene profile of the scavenging
enzymes, suggesting an important role of oxidative stress in
pericyte dropout seen in diabetic retinopathy (39). Further,
increased oxidative stress has been shown to play a critical
role in advanced glycation end products-induced apoptosis of
retinal capillary cells (14). Our studies have provided evi-
dence that long-term administration of antioxidants to dia-
betic rats that inhibits the development of retinopathy also in-
hibits the activation of caspase-3 and nuclear factor-�B
(NF-�B) in the retina, suggesting that perhaps the beneficial
effect of antioxidants may be mediated, in part, via inhibition
of oxidative stress-mediated apoptosis of retinal capillary
cells (31, 36).

RETINAL CELL APOPTOSIS IN DIABETES

In the pathogenesis of retinopathy in diabetes, retinal mi-
crovascular cells (pericytes and endothelial cells) are lost se-
lectively via apoptosis before other histopathology is de-
tectable, or loss of vision is evident (27, 32, 42). Caspase-3
activity is increased in both endothelial cells and pericytes in-
cubated in high-glucose medium for 5 days when capillary
cell apoptosis can be detected (31). Further, in the same cells,
increased DNA laddering and increased relative amounts of
mono- and oligonucleosomes generated from apoptotic cells
(measured using monoclonal antibodies directed against
DNA and histones) are also observed, suggesting increased
apoptosis of the cells in high-glucose medium (30). In dia-
betic rats, retinal caspase-3 activation is observed at a dura-
tion of diabetes when capillary cell death and histopathology
can be detected (31, 36), suggesting that apoptosis of retinal
capillary cells might be mediated via caspase-3 activation.
Histopathology of diabetic retinopathy takes decades in hu-
mans and more than 1 year in rats to develop, but apoptosis is
a rapidly consummated phenomenon, and the cell contains
fragmented DNA for only a few hours (51). Therefore, the
small number of terminal transferase dUTP nick-end labeling
(TUNEL)-positive cells observed in diabetic retina (27, 32,
42) could have a major impact on the formation of acellular
capillaries and pericyte ghosts. Defective endothelial cell
replication seen in hyperglycemia could accelerate the pro-
cess of retinal ischemia by exhausting the cell’s replicative
capacity, and as acellular capillaries in the retina are not per-
fused, ischemia (and subsequently, neovascularization) likely

develops in diabetes as the acellular capillaries become more
frequent. Thus, accelerated apoptosis can readily account for
pericyte “dropout” and formation of “ghosts” in diabetic
retinopathy. High-glucose treatment has been shown also to
cause accelerated endothelial cell apoptosis by blocking the
prosurvival effect of VEGF, and increased peroxynitrite via
nitration of phosphatidylinositol 3-kinase and inhibition of
Akt-1 kinase activity have been implicated in this process
(18).

A possible role of apoptosis of other retinal cells, including
ganglion cells, astrocytes, and Muller cells, in the pathogene-
sis of diabetic retinopathy, however, cannot be ruled out be-
cause increased apoptosis of these nonvascular cells is also
seen early in the development of retinopathy in diabetes (4,
25, 38, 43).

ROLE OF MITOCHONDRIA

Mitochondria are considered the major endogenous source
of superoxides, peroxynitrite, and hydroxyl radicals, and are
also targets for the damaging effect of oxidants, suggesting the
existence of a vicious cycle of oxidative damage (19). Mito-
chondrial DNA is very susceptible to oxidative damage, and in-
creased oxidative damage to the inner membrane of the mito-
chondria leads to imbalances in the electron transport chain.
This could result in increased superoxide and hydrogen perox-
ide production that, in turn, can further damage membrane pro-
teins. Reactive oxidant intermediates can trigger mitochondria
to release cytochrome c, and increased lipid peroxidation itself
can damage mitochondrial membrane potential, provoking
apoptosis (3, 13, 48). Once cytochrome c is released from mi-
tochondria, it activates caspase-9, which then activates cas-
pase-3, resulting in the execution of apoptosis. The mitochon-
drial pathway of apoptosis is also controlled by the Bcl-2
family proteins; proapoptotic Bax proteins enhance the release
of cytochrome c by translocating to mitochondria and inducing
mitochondrial permeability transition (13, 26).

Intramitochondrial oxidative stress is shown to increase in
diabetes (37), and increased Bax immunostaining is seen in
the vascular cells and ganglion cells, the cell types known to
undergo apoptosis in diabetes (49) (Fig. 1). In dorsal root
ganglion neurons and Schwann cells, diabetes-induced mito-
chondrial changes are associated with the activation of pro-
grammed cell death pathways. We have shown that mitochon-
drial dysfunction in the retina is an important contributor to
the accelerated retinal capillary cell apoptosis seen in dia-
betes (30). However, how mitochondrial dysfunction is in-
volved in retinal capillary cell apoptosis remains to be ex-
plored. One of the possible mechanisms postulated involves
partial inhibition of the glycolytic enzyme glyceraldehyde-3-
phosphate dehydrogenase, which diverts increased substrate
flux from glycolysis to pathways of glucose overutilization,
by mitochondrial reactive oxygen species (21).

Another possibility remains that increased nitric oxide
(NO) could inhibit the activity of the electron transport sys-
tem, resulting in increased superoxides. This suggests that the
electron transport system can be both the source and a target
of excess reactive oxygen species in the retina in diabetes.
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Further, increased oxidative stress activates redox-sensitive
nuclear translocation factor, NF-�B, and in diabetes NF-�B is
activated in retina and endothelial cells and pericytes incu-
bated in high-glucose medium (36, 53). Activation of NF-�B
modulates the expression of the inducible form of NO, and
this, in turn, results in increased free radical production (20).
Reaction between superoxides and NO forms peroxynitrite,
and peroxynitrite itself can interact with mitochondria, result-
ing in mitochondrial transition pore opening, thus releasing
proapoptotic proteins (50). Peroxynitrite levels are elevated
in retina early in diabetes and remain elevated at 14 months of
diabetes in rats (29, 36), and increased nitrotyrosine can be
localized in the retinal vasculature of diabetic rats (15).

Recent studies from our laboratory have shown that retinal
mitochondria experience dysfunction in diabetes; diabetes of
8 months in rats (a duration when capillary cell apoptosis is
seen in the retina) increases the release of cytochrome c into
the cytosol and Bax into the mitochondria. In isolated retinal
capillary cells, incubation in high-glucose medium results in
the release of cytochrome c in the cytosol and Bax in the mi-
tochondria, and these abnormalities are accompanied by in-
creased cell apoptosis. Inhibition of superoxides by the SOD
mimetic, MnTBAP [Mn(III) tetra(4-benzoic acid) porphyrin
chloride], inhibits glucose-induced release of cytochrome c
and Bax, and apoptosis in both endothelial cells and pericytes
(30).

In order to clarify the mechanism involved in glucose-
induced retinal capillary cell death, we evaluated the effect of
inhibition of superoxides on the intracellular antioxidant,
GSH, in the retinal capillary cells incubated in high-glucose
medium. As shown in Fig. 2, GSH levels were decreased in
the endothelial cells incubated in 20 mM glucose for 5 days
as compared with those incubated in 5 mM glucose medium.
Inhibition of superoxides by MnTBAP significantly (p <
0.02) inhibited a glucose-induced decrease in GSH levels. To
investigate further the process of cell apoptosis, the effect of
MnTBAP was determined on glucose-induced activation of
caspase-3. Inclusion of MnTBAP in the 20 mM glucose
medium inhibited the activation of caspase-3 in these retinal
capillary cells (Fig. 3), and also the apoptosis of these cells

(30). Thus, the results strongly suggest that glucose-induced
apoptosis of retinal capillary cells is, in part, via mitochon-
drial dysfunction, and the process involves Bax translocation
and release of cytochrome c that results in the activation of
caspase-3, culminating in capillary cell apoptosis.

In contrast to our data and also findings by others showing
oxidative injury during pericyte loss in diabetic retinopathy
and involvement of an oxidative stress-mediated mechanism
in the apoptotic loss of bovine retinal pericytes (2, 28), others

5mM Glucose 20mM Glucose

FIG. 1. Confocal image showing the effect of glucose on Bax expression in retinal endothelial cells. Retinal endothelial
cells exposed to 5 mM glucose (left) and 20 mM glucose (right) for 3 days were fixed with methanol:acetone, blocked, and
stained using polyclonal rabbit Bax antibody. Anti-rabbit IgG-specific fluorescein isothiocyanate was used as the secondary anti-
body. The microscopy was performed using a Zeiss LSM 310 inverted laser scan microscope equipped with a fluorescein filter.
The experiment was repeated three times using different cell preparations.

Pe
rc

en
t C

on
tr

ol

0

40

80

120
*

 -      MnTBAP                -       MnTBAP
   5mMGluc                         20mMGluc

GSH

FIG. 2. GSH levels in the endothelial cells. GSH levels
were measured in the endothelial cells incubated in 5 mM or 20
mM glucose in the presence or absence of 200 µM MnTBAP (a
cell-permeable SOD mimetic, obtained from Biomol, Ply-
mouth Meeting, PA, U.S.A.), for 5 days using a glutathione
assay kit from Cayman Chemicals (Ann Arbor, MI, U.S.A.) ac-
cording to the manufacturer’s instructions. The amount of 5-
thio-2-nitrobenzoic acid produced was measured in the super-
natant of the deproteinized cell suspension. Each measurement
was made in duplicate, and the experiment was repeated with
more than three separate cell preparations. Values obtained
with 5 mM glucose were considered 100%, and are represented
as the means ± SD. *p < 0.05 compared with control.
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have failed to observe any glucose-induced oxidative damage
in retinal pericytes despite lower GSH levels (55). The rea-
sons for such discrepancies are not clear, but may include
how the cells were prepared from the retina.

Based on the data from our laboratory and available litera-
ture, Fig. 4 shows a model that could explain, in part, the loss
of retinal capillary cells in diabetes. Free radicals are in-
creased in retinal vasculature in diabetes leading to the mito-
chondrial phase of apoptosis: NF-�B is activated, followed by
translocation of Bax to the mitochondria. This results in re-
lease of cytochrome c from mitochondria into the cytoplasm,
which activates caspase-9, followed by activation of caspase-
3, culminating in cell death. We also surmise that increased
peroxynitrite formed in diabetes exacerbates mitochondrial
dysfunction. Dysfunctional mitochondria can generate fur-
ther free radicals, resulting in a vicious cycle of oxidative
damage. The model suggests that the effect of increased ox-
idative stress leading to retinal capillary cell death is an early
event in the development of diabetic retinopathy.

However, retinal capillary cells could also undergo apop-
tosis in diabetes via a caspase-independent pathway. The
role of apoptosis-inducing factor, a mitochondrial inter-
membrane flavoprotein that could mediate caspase-
independent apoptosis and apoptotic mitochondrial events
(12), in accelerated retinal capillary cell death in diabetes
remains to be determined. Endothelial cells could undergo
apoptosis also via a Fas-mediated pathway, because in-
creased expression of FasL on circulating leukocytes in
retina is observed in diabetes (24).

This article focuses on the role of mitochondrial oxidative
stress in the capillary cell apoptosis, but the role of growth
factors such as tumor necrosis factor and VEGF in the patho-
genesis of retinopathy in diabetes cannot be ignored. Hyper-
glycemia induces VEGF expression in many retinal cell
types, including retinal pigment epithelial cells, capillary
cells, glial cells, Muller cells, and ganglion cells (17). In-
creased VEGF results in vascular permeability and leukosta-
sis in the retina, and leukostasis can lead to vascular occlu-
sion and ultimately tissue ischemia. In addition, the role of
poly(ADP-ribose) polymerase (PARP) activation in the de-
velopment of diabetic retinopathy via increased oxidative
stress remains a strong possibility because PARP is consid-
ered to play an important role in diabetes- and hypoxia-
induced VEGF production that can be inhibited by PARP in-
hibitors (47).

EFFECT OF ANTIOXIDANTS

Antioxidants have beneficial effects on retinal metabolic
abnormalities postulated to be involved in the development of
retinopathy. Vitamin E supplementation reduces retinal he-
modynamics abnormalities seen in diabetic patients (9, 32,
35, 45, 46), and pyridoxamine inhibits the formation of dia-
betes-induced acellular strands in the retina (57). We have
shown that administration of multi-antioxidants to diabetic
rats inhibits the formation of acellular capillaries and pericyte
ghosts (35). Our recent results have shown that long-term ad-
ministration of lipoic acid, a disulfide derivative of octanoic
acid that can quench radicals, chelate metals, and interact
with thiols, to diabetic rats inhibits capillary cell apoptosis
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FIG. 3. Effect of superoxide inhibition on glucose-induced
activation of caspase-3 activity. Caspase-3 enzyme activity
was measured in the cell lysate by measuring the fluorescence
emission released on proteolytic cleavage of the substrates
[DEVD-AFC, N-acetyl-Asp-Glu-L-Val-Asp-7-amino-4 trifluo-
romethyl coumarin]. Each experiment was repeated with three
or more cell preparations, and measurements were done in du-
plicate. Values obtained with 5 mM glucose were considered
100%, and are represented as the means ± SD. *p < 0.05 com-
pared with control.
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FIG. 4. Free radicals activate NF-�B and that is followed
by translocation of Bax to the mitochondria. Cytochrome c
is released from mitochondria into the cytoplasm, which activates
caspase-9, followed by activation of caspase-3, culminating in
cell death. Increased formation of peroxynitrite aggravates mi-
tochondrial dysfunction, and dysfunctional mitochondria gen-
erate free radicals, resulting in a vicious cycle of oxidative
damage. ROS, reactive oxygen species.
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and the histopathology characteristic of retinopathy in dia-
betes, and these beneficial effects are accompanied by inhibi-
tion of accumulation of oxidatively modified DNA and ni-
trotyrosine in the retina (32). Others have shown that lipoic
acid inhibits the diabetes-induced decrease in retinal mito-
chondrial and cytosolic NAD+/NADH ratios (45). This raises
the possibility that the beneficial effects of lipoic acid on reti-
nal capillary cell apoptosis and the development of retinopa-
thy in diabetes are, in part, via inhibition of mitochondrial
dysfunction that the retina is experiencing in diabetes. How-
ever, by contrast, some studies have failed to show any effects
of antioxidants on retinal vascular lesions (52), and the differ-
ences for such discrepancies are not clear. Thus, whether ox-
idative damage has a causative role in the pathology of
retinopathy in diabetes still remains an open question.

CONCLUSIONS

The data obtained from our laboratory and those of others
show that mitochondria play a role in the development of
retinopathy in diabetes. Thus, it is safe to speculate that hyper-
glycemia-induced retinal capillary cell death might be
resulting from the mitochondrial cytochrome c-mediated
caspase-3 activation pathway. Understanding the role of super-
oxides in the development of retinopathy in diabetes should
help identify SOD mimetics that can neutralize superoxides
and inhibit the development of retinopathy. Optimistically,
SOD mimetics are already reported to have beneficial effects
in ischemia–reperfusion injury and improve diabetes-induced
decreases in blood flow and motor nerve conduction velocity.
However, it is important to recognize that the treatment strate-
gies that could inhibit superoxide production in diabetes repre-
sent one possible direction for clinical research, but mitochon-
drial superoxides represent an important part of the complex
approach to inhibit the pathogenesis of diabetic retinopathy.
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