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superoxide dismutase (MnSOD) and decreased lev-
els of reduced glutathione (GSH). The release of 
cytochrome  c from mitochondria is induced result-
ing in the apoptosis of retinal capillary cells 
[4,7,11,12]. Similar lesions are also observed in 
retinal endothelial cells exposed to a high glucose 
environment [4,6]. Inhibition of oxidative stress 
through over-expression of MnSOD abrogates many 
of these changes and prevents the development of 
retinopathy in diabetic mice [4,7,12], further sub-
stantiating the role of hyperglycaemia-induced mito-
chondrial dysfunction in the pathogenesis of diabetic 
retinopathy. However, the molecular mechanisms 
contributing to mitochondrial dysfunction in diabe-
tes is yet to be fully elucidated. 

Mitochondrial DNA (mtDNA) maintenance is 
vital to normal function as it encodes essential 
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Abstract
Retinal mitochondria become dysfunctional in diabetes and the production of superoxide radicals is increased; over-
expression of MnSOD abrogates mitochondrial dysfunction and prevents the development of diabetic retinopathy. The 
mitochondrial DNA (mtDNA) is particularly prone to oxidative damage. The aim of this study is to examine the role of 
MnSOD in the maintenance of mtDNA. The effect of MnSOD mimic, MnTBAP or over-expression of MnSOD on glucose-
induced alterations in mtDNA homeostasis and its functional consequence was determined in retinal endothelial cells. 
Exposure of retinal endothelial cells to high glucose increased mtDNA damage and compromised the DNA repair machin-
ery. The gene expressions of mitochondrial-encoded proteins of the electron transport chain complexes were decreased. 
Inhibition of superoxide radicals by either MnTBAP or by over-expression of MnSOD prevented mtDNA damage and 
protected mitochondrial-encoded genes. Thus, the protection of mtDNA from glucose-induced oxidative damage is one of 
the plausible mechanisms by which MnSOD ameliorates the development of diabetic retinopathy. 
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Introduction

Diabetic retinopathy is the leading cause of blindness 
in young adults. In the pathogenesis of diabetic retin-
opathy, retinal microvasculature undergoes many bio-
chemical changes and the cells apoptosis is accelerated 
before early histopathological changes characteristic 
of diabetic retinopathy, including acellular capillaries 
and pericyte ghosts, are detected [1–3]. Previous 
work has suggested that hyperglycaemia-induced oxi-
dative stress is one of the major contributors to the 
accelerated loss of retinal capillary cells in diabetes 
[4–10], but the exact mechanism remains elusive. 

Retinal mitochondria become dysfunctional in 
diabetes and the production of superoxide radicals 
is increased [4,7]. This is further complicated by 
compromised antioxidant defense mechanisms 
including inactivation of mitochondrial-specifi c 
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components of complexes of the electron transport 
chain and ribosomal and transfer RNAs necessary 
for protein production within the mitochondria [13]. 
In contrast to nuclear DNA (nDNA), which is tightly 
wrapped around histones, mtDNA is a circular 
double-stranded molecule packaged into nucleoid-
like structure and is not well protected from insults. 
This, in addition to the close proximity of mtDNA 
to superoxide radicals generated by the electron 
transport chain, makes it particularly prone to oxida-
tive damage [13,14]. Oxidative damage to mtDNA 
initiates a detrimental feed-back loop where the 
decreased production of mitochondrial-encoded 
sub-units, important in electron transport complexes, 
damage the electron transport system further 
increasing production of reactive oxygen species 
(ROS) [14–16]. To combat this and to maintain 
genome stability, mitochondria utilizes base excision 
repair (BER) as the primary DNA repair mechanism 
[17,18]. DNA repair enzyme 8-oxoguanine DNA 
glycosylase (OGG1) initiates the cycle and removes 
oxidative stress-induced damaged or inappropriate 
bases [19]. Mitochondrial dysfunction induced by 
high glucose in endothelial cells is considered to be 
related with mtDNA damage [9]. However, the  role 
of mtDNA damage in retinal capillary cells, the site 
of histopathology, in the development of diabetic 
retinopathy is not clear.  

The objective of this study is to examine the effect 
of hyperglycaemia on mtDNA maintenance in retinal 
endothelial cells and the role of MnSOD in protec-
tion of mtDNA damage. 

Methods

Retinal endothelial cells 

Endothelial cells (BRECs) were isolated from bovine 
retina and cultured on polystyrene dishes coated with 
0.1% gelatin [4,20]. The cells from the 3 rd to 6 th

passage were incubated in Dulbecco’s Modifi ed 
Eagle Medium (DMEM) containing 2% heat inacti-
vated foetal calf serum, 10% Nu-serum, 50 μg/ml 
heparin, 1 μg/ml endothelial growth supplement and 
antibiotic/anti-mycotic supplemented with 5 mM 
glucose or 20 mM glucose for 4–5 days in the pres-
ence or absence of a cell permeable MnSOD mimic 
MnTBAP (200 μM; from Biomol, Plymouth Meeting, 
PA) [4]. The medium and MnTBAP were replaced 
every other day. Osmotic controls included the cells 
incubated in identical experimental conditions with 
20 mM mannitol instead of 20 mM glucose. At the 
end of the experimental period, cells were harvested. 
Mitochondria were prepared by differential centrifu-
gation [4]. These cells exhibited their typical ‘cobble-
stone’ morphology. 

Transient transfection of endothelial cells with MnSOD 

Endothelial cells from the 3 rd to 5 th passage were 
transfected with 3 μg/ml MnSOD expression plasmid 
as previously described [6]. Briefl y, transfection com-
plexes were formed using Effectene transfection 
reagent (Qiagen, Valencia, CA) according to the 
manufacturer’s instructions and incubated for 8 h 
The cells were rinsed with DMEM and incubated in 
5 mM (normal) or 20 mM (high) glucose media. 
Parallel incubations were carried out using the trans-
fection reagent alone (Mock). The transfection was 
repeated at least four times using different endothe-
lial cell preparations. 

Assessment of DNA damage 

Extended length polymerase chain reaction . DNA was 
isolated from BRECs with the DNeasy blood and 
tissue kit from Qiagen according to the manufacturer’s 
protocol and quantifi ed using the Quant-iT dsDNA 
assay (Invitrogen, Carlsbad, CA). Mitochondrial or 
nuclear genome specifi c quantitative extended length 
PCR was performed with the GeneAmp XL PCR kit 
(Applied Biosystems, Foster City, CA) following the 
method described by others [21,22]. Briefl y, 15 ng 
DNA was amplifi ed in a reaction mixture containing 
1× XL PCR buffer II, 200 μM dNTP, 1.1 mM 
Mg(OAc) 2, and 0.1 μM genome specifi c primers 
(Table I) and 1 unit r Tth DNA polymerase. Reaction 
was incubated for 1 min at 75°C prior to addition of 
polymerase, followed by 1 min at 94°C, 20 cycles of 
94°C for 15 s and 65°C for 12 min and a fi nal 
extension at 72°C for 12 min. PCR products were 
resolved by agarose gel electrophoresis and imaged 
with a UV transilluminator. Relative amplifi cation was 
quantifi ed by normalizing the intensity of the long 
product to the short product (mtDNA � 13.4 kb/232 
bp and nDNA � 13.8 kb/241 bp). 

Quantifi cation of gene expression 

Total RNA was isolated from BRECs using TRIzol 
reagent (Invitrogen), DNase-treated with RQ1 
RNase-free DNAse (Promega, Madison, WI) and 
converted to cDNA using the High Capacity cDNA 
Reverse Transcription kit (Applied Biosystems). For 
real time RT-PCR, gene specifi c TaqMan assays 
(Applied Biosystems) and 90 ng cDNA were used to 
assess mRNA abundance of OGG1 by real-time 
RT-PCR; 18s rRNA served as an internal control. 
Fold-change in mRNA abundance was calculated 
with the ddCt method as routinely used by us [23]. 

For semi-quantitative RT-PCR, mitochondrial 
encoded genes were amplifi ed from 0.5 μl cDNA 
with GoTaq DNA polymerase (Promega) and gene 
specifi c forward and reverse primers (Table I). 
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After denaturation at 95°C for 2 min, amplifi cation 
occurred using cycles of 95°C for 1 min, 50°C for 
2 min and 72°C for 1 min followed by a fi nal exten-
sion for 5 min at 72°C. Mitochondrial encoded genes 
(ND1, ND4, ND6 and cytochrome  b) and β-actin
were amplifi ed with 28 cycles. PCR products were 
visualized by agarose gel electrophoresis and imaged 
with a UV transilluminator. Relative amplifi cation 
was quantifi ed by normalizing the gene specifi c band 
intensity to that of β-actin. 

Immunofl uorescence microscopy 

Immunofl uorescence microscopy was used to quan-
tify the accumulation of superoxide radicals. Changes 
in mitochondrial inner membrane potential were 
determined using MitoTracker Red CM-H 2XRos 
(Invitrogen) by taking the advantage of the seques-
tration of this fl uorescent probe within the mito-
chondrial inner membrane as a function of electrical 
potential. After experimental treatment, the cells 
were rinsed with DMEM and incubated for 30 min 
at 37°C in 5 mM glucose medium containing 400 
nM MitoTracker Red [24]. The cells were washed 
with PBS and fi xed in 4% formaldehyde for 15 min 
and permeablized with 0.2% Triton-X 100 for 10 min. 
After blocking for 1 h with 1% BSA, the cells were 
incubated with OGG1 polyclonal antibody (Santa 
Cruz Biotechnology, Santa Cruz, CA) for 1 h at 

room temperature. They were then washed three 
times with 20 mM Tris-HCl buffer (pH 7.5) con-
taining 0.9% NaCl and 0.05% tween 20, blocked 
again with 10% goat serum for 30 min and incu-
bated with FITC-conjugated anti-rabbit IgG1 for 
1 h. Following additional washing with PBS, cover-
slips were mounted with Vectashield mounting media 
(Vector Laboratories; Burlingame, CA) and imaged 
using an Olympus BX50 fl uorescence microscope 
fi tted with a MagnaFIRE camera and MagnaFIRE 
software version 2.1C (Olympus America Inc., 
Melville, NY). 

Mitochondrial oxidative stress 

To further confi rm mitochondrial oxidative stress 
and dysfunction, the levels of GSH were quantifi ed 
using 5 μg mitochondrial protein by an enzymatic 
recycling method routinely used in our laboratory [7]. 
Mitochondrial protein was deproteinized by phos-
phoric acid and GSH concentration was measured 
in the deproteinized samples using DTNB (5, 5′-
dithiobis-2-nitrobenzoic acid). 

The collapse of mitochondrial membrane poten-
tial was quantifi ed by measuring the swelling of the 
isolated mitochondria using a spectrophotometric 
method [7]. The decrease in absorbance at 540 nm 
induced by calcium chloride was followed for 3–5 
min. The extent of swelling was calculated as a 

Table I. Bovine specifi c primers for detection of DNA damage and mitochondrial-encoded genes. 

Target Primer sequence (5′ to 3′) Product (base pairs)

mtDNA-long 13 353
forward ATG AGT TGG TAG TTT CGG TTG GGG TG
reverse ATT CTG TGG TCT GTG TAT GGG CGT GT

mtDNA-short 232
forward CAT ACT CCT CTG TAA GCC ACA TAG C
reverse AGA CTT GCT AGT AGT CAT CAG GTG G

nDNA-long 13 823
forward ACA TGC TCC AAC GGC TGC AA
reverse TGG CAG GGT CCG AAA ATT GCT

nDNA-short 241
forward TAA GGC TCC CTG CCT CTA CA
reverse ACC CTT CAA CTT CCA CGA TG 

ND1 297
forward AGG ACC ATT TGC CCT CTT CT
reverse GGT GGG ATG CCT GAT GTA AG

ND4 269
forward CCT ACA AAC GCT CCT TCC AC
reverse TGA GTG CAT TTT CCC GTG TA

ND6 250
forward CGT GAT AGG TTT TGT GGG GT
reverse GCC AGT AAC AAA TGC CCC TA

Cytochrome b 298
forward CGA TAC ATA CAC GCA AAC GG
reverse AGA ATC GGG TAA GGG TTG CT

b-actin 205
forward CCTCTATGCCAACACAGTGC
reverse CATCGTACTCCTGCTTGCTG
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percentage of swelling with respect to the maximum 
swelling achieved by exposure to calcium chloride. 

Statistical analysis 

Data are expressed as mean � standard deviation. 
Statistical analysis was performed using the non-
parametric Kruskal-Wallis test followed by Mann-
Whitney U-test.  P � 0.05 was considered statistically 
signifi cant. 

Results

High glucose induces mtDNA damage in retinal 
endothelial cells 

High glucose exposure of retinal endothelial cells 
resulted in an increase in mtDNA damage as detected 
by over 30% reduction in the amplifi cation of 
mtDNA, as shown by extended length PCR (Figure 
1A). In contrast, in the same cell preparations, high 
glucose had no signifi cant effect on nuclear DNA 
(nDNA) damage (Figure 1B). 

Since the DNA glycosylases OGG1 performs the 
critical step of base excision repair of recognition 
and removal of oxidatively modifi ed bases [17], its 
role in mtDNA damage was pursued. Gene abun-
dance of OGG1 was increased by 1.5–2.0-fold in the 
cells incubated in high glucose compared to the cells 
incubated in normal glucose (Figure 2), suggesting 
that the cell produces more OGG1 to overcome the 
mtDNA damage induced by high glucose. However, 
as shown by immunofl uorescence microscopy 
(Figure 3), the nuclear abundance of OGG1 was 
signifi cantly higher in cells incubated in high glucose 
compared to the cells incubated in normal glucose. 
Additional staining with MitoTracker Red CM-
H2XRos, which is a mitochondrial-selective probe 
that only produces fl uorescence upon oxidation, and 
its accumulation is directly related to membrane 
potential [25] not only confi rmed the presence of 
increased oxidative stress in the cells exposed to high 
glucose, but also documented increased OGG1 
staining in the nuclear components of the cells sur-
rounded by MitoTracker Red staining. Increased 
mitochondrial oxidative stress was further confi rmed 
by over 30% reduction in the levels of intracellular 
antioxidant, GSH, in the mitochondria (Figure 4A), 
and over 3-fold increase in the membrane permea-
bility (Figure 4B). 

In order to determine the functional consequence 
of mtDNA damage, we investigated the effect of high 
glucose on the expressions of some of the electron 
transport chain proteins that are encoded by mtDNA. 
As shown in Figure 5 the gene expressions of ND1 
and ND4 of complex I and cytochrome  b of complex 
III were reduced by 30–50% in the cells incubated in 
high glucose compared to normal glucose. 

Effect of quenching of superoxide radicals on glucose-
induced mtDNA damage 

To investigate the effect of amelioration of mitochon-
drial oxidative stress on glucose-induced mtDNA 
damage, we used both pharmacologic and genetic 
means to inhibit superoxide radicals. 

As shown in Figure 1, inclusion of a MnSOD 
mimetic or over-expression of MnSOD decreased 
glucose-induced mtDNA damage; mtDNA long 
component amplifi cation obtained from the cells 
incubated in 20 mM glucose supplemented with 

m
tD

N
A

 (
re

la
tiv

e 
am

pl
if

ic
at

io
n)

0.0

0.7

1.4

2.1

2.8

3.5

5 20  20+MnTb     5  20   5   20
SOD  mock

*

*

nD
N

A
 (

re
la

tiv
e 

am
pl

if
ic

at
io

n)

0.0

0.4

0.8

1.2

5 20  20+MnTb     5  20   5   20
SOD  mock

A

B

Figure 1.  Effect of high glucose on mitochondrial DNA damage: 
DNA damage was assessed using 15 ng total DNA and 
mitochondrial or nuclear specifi c primers for long and short PCR 
products in the cells incubated with 5 mM glucose or 20 mM 
glucose in the presence of MnTBAP or from the cells transfected 
with MnSOD or Mock cells incubated in 5 mM or 20 mM glucose 
media. (A) Relative amplifi cation was calculated by normalizing 
the intensity of the 13.3 kb product to the 232 bp product for 
mtDNA and (B) the 13.8 kb product to the 241 bp product for 
nDNA. Each measurement was made in duplicate in at least three 
different cell preparations. 5 � 5 mM glucose, 20 � 20 mM glucose, 
20�MnTb � 20 mM glucose � 200 μM MnTBAP, SOD � cells
transfected with MnSOD, Mock � cells treated with the transfection 
reagent alone. ∗  p � 0.05 compared to the values obtained from the 
un-transfected cells incubated in 5 mM glucose. 
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MnTBAP or cells over-expressing MnSOD were 
signifi cantly higher compared to the normal un-
transfected cells or mock cells. 

This prevention of mtDNA damage was accompa-
nied by amelioration of glucose-induced increases 
in mRNA levels of DNA repair enzyme OGG1 
(Figure 2) along with its decreased nuclear accu-
mulation in the cells transfected with MnSOD and 
decreased superoxide radicals as depicted by Mito-
Tracker staining (Figure 3). In addition, supplemen-
tation with MnTBAP during high glucose incubation 
or over-expression of MnSOD also prevented any 
decrease in mitochondrial GSH levels and increase in 
its membrane permeability (Figure 4). 

Over-expression of MnSOD had a benefi cial effect 
on the functional consequence of mtDNA damage: 
gene expressions of ND1, ND4 and cytochrome  b
were signifi cantly higher in the MnSOD-transfected 
cells exposed to high glucose compared to normal 
or mock cells exposed to high glucose (Figure 5). 
In addition, cytochrome  b mRNA values obtained 
from MnSOD-transfected cells incubated in 5 mM 
glucose were signifi cantly higher than those from the 
un-transfected control cells in 5 mM glucose. The 
reason for such increase is not clear and the possibil-
ity that due to inherent oxidative stress cytochrome  b
of complex III is ‘somewhat’ compromised cannot be 
ruled out. Although the magnitude of this inherent 
oxidative stress appears to be signifi cantly lower than 
the one experienced in high glucose, over-expression 
of MnSOD overcomes that by increasing cytochrome 
b gene expression. 
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Figure 2.  Effect of glucose on OGG1 and protection by 
MnSOD:RNA isolated from the cells treated with MnTBAP or 
transfected with MnSOD or treated with the transfection reagent 
alone and was assessed by real-time RT-PCR for OGG1. The 
values were normalized to 18 s mRNA in each sample. Fold-change 
relative to the values obtained from un-transfected cells incubated 
in 5 mM glucose was calculated using the ddCt method. Results 
are from the measurements made in three-to-fi ve preparations. 
∗ p � 0.05 compared to control. 
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Figure 3.  Effect of MnSOD on the co-localization of superoxide radicals and OGG1 protein: at the end of incubation in high glucose 
(4 days) the cells were incubated with Mitotracker Red, washed and fi xed with formaldehyde. The cells were permeabilized with Triton X 
and immuno-stained for OGG1 using FITC-conjugated secondary antibody. The picture is representative of fi ve different experiments. 
The accompanying histogram represents the intensity of Mitotracker Red quantifi ed by MetaMorph software in a constant area and 
constant threshold. 5 mM glucose and 20 mM glucose represent un-transfected cells incubated in 5 mM or 20 mM glucose and 20 mM 
glucose�SOD � MnSOD transfected cells incubated with 20 mM glucose for 4 days. 
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Discussion

Diabetes induces mitochondrial damage in the retina 
and its capillary cells and mitochondrial dysfunction 
is considered to play a signifi cant role in the develop-
ment of retinopathy [4,5]. Regulation of superoxide 
radicals by MnTBAP or by MnSOD over-expression 
prevents retinal endothelial cells from undergoing 
accelerated apoptosis that precedes the histopathol-
ogy of diabetic retinopathy [2–7]. Here we show 
that the cells of the retinal microvasculature that are 
the site of histopathology characteristic of diabetic 
retinopathy respond to a high glucose environment 
with increased mtDNA damage and aberrant 
repair machinery. This is followed by subsequent 

decreases in mitochondrial-encoded genes critical 
to the formation of complexes I and III of the elec-
tron transport chain. MnSOD plays a signifi cant 
role in preventing damage to mtDNA; inhibition of 
accumulation of superoxide radicals (by MnTBAP 
or over-expression of MnSOD) ameliorates glucose-
induced mtDNA damage and reductions in the 
mitochondrial-encoded genes. 

The close proximity to the electron transport chain, 
less tightly packaging by DNA transcription factors 
and chaperones and lack of histone make mtDNA 
more vulnerable to damage from insults generated by 
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Figure 4.  Effect of MnSOD on mitochondrial GSH and 
membrane permeability: mitochondria were prepared from the 
cells transfected with MnSOD or untransfected, incubated in the 
presence or absence of MnTBAP. (A) GSH levels were quantifi ed 
by a colourimetric method and (B) membrane permeability by 
a spectrophotometric method by measuring the decrease in 
absorbance at 540 nm induced by calcium chloride. 
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Figure 5.  Effect of glucose on altered abundance of mitochondrial-
encoded genes and their protection by MnSOD: transcript 
abundance was assessed in DNase-treated RNA isolated from 
retinal endothelial cells using conventional RT-PCR for ND1, 
ND4 and ND6 of complex I (A) and Cyt b of complex III (B) 
using the primers provided in Table I. Relative mRNA abundance 
was quantifi ed using Un-Scan-It Gel digitizing software and 
the values in the fi gures are presented as mean band intensity of 
the target gene normalized by the intensity of β-actin. The values 
obtained from the un-transfected cells incubated in 5 mM glucose 
are considered 100% (control). Each measurement was made in 
four or more different cell preparations. ∗ p � 0.05 compared to 
control, # p � 0.05 compared to 20 mM glucose alone. 
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the electron transport chain than nDNA [14]. Mito-
chondrial superoxide radicals are considered to act as 
a unifying mechanism promoting various reactions 
leading to the development of diabetic complications 
[26]. Due to dysfunctional mitochondria, ROS pro-
duction is further increased and this exacerbates the 
oxidative stress in mitochondria [27]. In animal 
models of diabetic complications others have shown 
a major role of oxidatively damaged mtDNA in the 
pathogenesis of diabetic nephropathy [28]. Glucose-
induced ROS production is associated with altered 
mitochondrial morphology [29]. Here, our data show 
that over-production of free radicals in retinal 
endothelial cells is directly associated with mtDNA 
damage; prevention of production of superoxide rad-
icals or pharmacologic means, in addition to amelio-
rating glucose-induced increased superoxide radicals
and mitochondrial dysfunction, also inhibits mtDNA 
damage and protects its functional consequences. 
This implies that mtDNA damage of retinal capillary 
cells could be further contributing to increased gen-
eration of ROS, which would exacerbate their oxida-
tive damage. 

In order to maintain constant homeostasis mito-
chondria has effi cient repair machinery; mammalian 
mitochondria are well equipped with a fully func-
tional BER system consisting of various glycosylases 
including OGG1, uracil DNA glycosylase and thy-
mine glycol DNA glycosylase [19,30]. 8-hydroxyde-
oxyguanosine is one of the most prevalent products of 
the oxidative DNA damage and it is accumulated in 
the mtDNA at higher concentrations than in nDNA 
[22]. We have shown that the levels of 8-hydroxyde-
oxyguanosine are elevated in the retina in diabetes 
[23]. For the repair of oxoguanine lesions in DNA, 
OGG1 is the main DNA glycosylase and mitochon-
dria are more dependent on OGG1 for the removal of 
8-hydroxydeoxyguanosine than the nucleus [19,31]. 
The mtDNA repair enzymes, however, are encoded 
by the same genes as their nuclear counterparts [32]. 
These are transported to the mitochondria via a com-
plex transport process that involves mitochondrial 
potential [33]. We show that high glucose exposure, in 
addition to damaging mtDNA, also affects the OGG1 
repair machinery; although the cell tries to increase 
the production of OGG1 to overcome the mtDNA 
damage, its translocation from the nucleus is impaired, 
contributing to an over-compromised repair system in 
the mitochondria. In support, others have reported 
promotion of oxidative damage by over-expression of 
OGG1 [34]. However, when superoxide radicals are 
quenched, glucose-induced increase in membrane 
permeability is ameliorated along with the gene expres-
sion and subcellular distribution of OGG1, suggesting 
that OGG1 is in the direct control of superoxide in 
maintaining the homeostasis. 

Mitochondrial GSH has been considered to regu-
late mtDNA damage and recovery and is critical in 

protecting mtDNA from oxidative injury [35]. 
Here we show that glucose exposure decreases the 
levels of mitochondrial GSH and MnSOD abrogates 
such reductions. This implies that, in addition to 
mtDNA damage and compromised repair machinery, 
glucose exposure diminishes the levels of the intra-
mitochondrial antioxidant, GSH, and decreased mito-
chondrial GSH levels further exacerbate mtDNA 
damage. The plausible reason for decreased mito-
chondrial GSH could be its increased oxidation or 
impaired synthesis. In support, we have shown that 
in diabetes the ratio of GSH/GSSG is decreased in 
the retinal cytosol and the activity of gamma-
glutamyl transpeptidase, an enzyme important in the 
synthesis and degradation of glutathione, becomes 
sub-normal [36,37]. 

Mitochondrial DNA encodes only 13 proteins 
and these are mainly from the electron transport 
chain complexes of the mitochondrial inner mem-
brane [38]. Abnormalities in mtDNA encoded genes 
are related with many pathological conditions, 
including dilated cardiomyopathies [39]. Recent 
studies have shown that different mtDNA haplo-
groups are associated with the subtle differences in 
oxidative phosphorylation systems and the presence 
of mitochondrial haplogroup T is signifi cantly asso-
ciated with the presence of coronary artery disease 
and retinopathy in diabetic patients [40]. We show 
that high glucose induces reductions in the gene 
expressions of mtDNA encoded proteins ND1 and 
ND4 of complex I and cytochrome  b of complex III 
and MnSOD protects them from such insult. These 
results strongly imply that, due to high glucose-
induced damage of mtDNA, the electron transport 
system is compromised and regulation of superox-
ide radicals directly infl uences the electron trans-
port system. The possibility that high glucose 
exposure of retinal endothelial cells fi rst damages 
mtDNA resulting in increased production of super-
oxide radicals, as suggested by others [9], however, 
cannot be ruled out. 

We recognize that the effects of MnTBAP 
observed in our study could be via scavenging 
peroxynitrite [41], but the results presented in the 
present study were confi rmed using cells that were 
genetically manipulated for MnSOD and strongly 
support the role of superoxide in regulation of 
mtDNA homeostasis. 

In conclusion, we have provided direct evidence 
that in hyperglycaemia the mitochondria of the 
retinal capillary cells, the cells that are the target of 
pathology of diabetic retinopathy, have damaged 
DNA and impaired repair systems and the proteins 
of electron transport chain complexes are also sub-
normal, contributing to a continuous vicious cycle of 
increased oxidative damage. MnSOD provides pro-
tection from such damage and the possible mecha-
nism by which MnSOD ameliorates the development 
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of diabetic retinopathy includes the protection of 
mtDNA from oxidative damage and its related con-
sequences. Thus, prevention of mtDNA by MnSOD 
mimic could have potential in ameliorating the devel-
opment of retinopathy, the sight-threatening disease 
that diabetic patients fear the most. 
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