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Abstract

Retinal mitochondria become dysfunctional in diabetes a- 4 the pru.cticn «* superoxide rs dicals is increased; over-
expression of MnSOD abrogates mitochondrial dysfunc’ on and  »ents ¢ development . diabetic retinopathy. The
mitochondrial DNA (mtDNA) is particularly prone te oxidativs dcimage. e «un of this < .ady is to examine the role of
MnSOD in the maintenance of mtDNA. The effect 0o .vinSOD «~.nic,. 2> TR ¢ over-¢ .pression of MnSOD on glucose-
induced alterations in mtDNA homeostasis and 's functic 1c! cor~cuerce wus detr mined in retinal endothelial cells.
Exposure of retinal endothelial cells to high glu- sse incre v > 1 mtT. N\ darnase and »~ smpromised the DNA repair machin-
ery. The gene expressions of mitochondrial- .icoded v . eins * t “ae ¢lectzon tre sport chain complexes were decreased.
Inhibition of superoxide radicals by either MnTB A ¢r bv « n.r-gxpression o MnSOD prevented mtDNA damage and
protected mitochondrial-encoded genes thus, 112 protectio v of 2itINA fro- .« glucose-induced oxidative damage is one of

the plausible mechanisms by which M aSOD ¢ corate. (e

lovelapmenr Ut diabetic retinopathy.
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Introduction

Bl

Diabetic retinopatl v is th> "eadii.> “anse 21 plind- .ess
in young adults. In e pathag - sis of diabeti- retin-
opathy, retinal microva <ulau. ..e undergoes * .any bio-
chemical changes and the ells apoptosis i- accelerated
before early histopathologic °1 change characteristic
of diabetic retinopathy, includi._ _.cellular 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-specific
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superoxide dismutase (MnSOD) and decreased lev-
els of reduced glutathione (GSH). The release of
cytochrome ¢ 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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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 to 6%
passage were incubated in Dulbecco’s Modified
Eagle Medium (DMEM) containing 2% heat inacti-
vated foetal calf serum, 10% Nu-serum, 50 ug/ml
heparin, 1 pg/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 uM; 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" to 5™ passage were
transfected with 3 pg/ml MnSOD expression plasmid
as previously described [6]. Briefly, 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 quantified using the Quant-iT dsDNA
assay (Invitrogen, Carlsbad, CA). Mitochondrial or
nuclear genome specific 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]. Briefly, 15 ng
DNA was amplified in a reaction mixture containing
Ix XL PCR buffer II, 200 pM dNTP, 1.1 mM
Mg(OAc),, and 0.1 pM genome specific primers
(Table I) and 1 unit r7t2 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 final
extension at 72°C for 12 min. PCR products were
resolved by agarose gel electrophoresis and imaged
with a UV transilluminator. Relative amplification was
quantified 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).

Quantification of gene expression

Total RNA was isolated from BRECs using TRIzol
reagent (Invitrogen), DDNase-treated with RQI
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 specific TagMan 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 amplified from 0.5 ul cDNA
with GoTaq DNA polymerase (Promega) and gene
specific forward and reverse primers (Table I).
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Table 1. Bovine specific 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 AGTTGGTAGTTT CGGTTG GGG TG
reverse ATT CTGTGGTCT GTG TAT GGG CGT GT

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

nDNA-long 13 823
forward ACATGCTCC AAC GGCTGC AA
reverse TGG CAG GGT CCG AAA ATT GCT

nDNA-short 241
forward TAA GGCTCC CTG CCT CTA CA
reverse ACC CTT CAA CTT CCA CGATG

ND1 297
forward AGG ACCATTTGC CCT CTT CT
reverse GGT GGG ATG CCT GAT GTA AG

ND4 269
forward CCT ACA AAC GCT CCTTCC AC
reverse TGA GTG CATTTT CCC GTGTA

ND6 250
forward CGT GAT AGGTTTTGT GGG GT
reverse GCC AGT AAC AAATGC CCCTA

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

f-actin 205
forward CCTCTATGCCAACACAGTGC
reverse CATCGTACTCCTGCTTGCTG

After denaturation at 95°C for 2 min, amplification
occurred using cycles of 95°C for 1 min, 50°C for
2 min and 72°C for 1 min followed by a final exten-
sion for 5 min at 72°C. Mitochondrial encoded genes
(ND1, ND4, ND6 and cytochrome b) and B-actin
were amplified with 28 cycles. PCR products were
visualized by agarose gel electrophoresis and imaged
with a UV transilluminator. Relative amplification
was quantified by normalizing the gene specific band
intensity to that of B-actin.

Immunofluorescence microscopy

Immunofluorescence microscopy was used to quan-
tify the accumulation of superoxide radicals. Changes
in mitochondrial inner membrane potential were
determined using MitoTracker Red CM-H,XRos
(Invitrogen) by taking the advantage of the seques-
tration of this fluorescent 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 fixed 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-HCI 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 fluorescence microscope
fitted with a MagnaFIRE camera and MagnaFIRE
software version 2.1C (Olympus America Inc.,
Melville, NY).

Matochondrial oxidative stress

To further confirm mitochondrial oxidative stress
and dysfunction, the levels of GSH were quantified
using 5 pug 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 quantified 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
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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
significant.

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 amplification of
mtDNA, as shown by extended length PCR (Figure
1A). In contrast, in the same cell preparations, high
glucose had no significant 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 modified bases [17], its
role in mtDNA damage was pursued. Gene abun-
dance of OGGI1 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 OGGI1 to overcome the
mtDNA damage induced by high glucose. However,
as shown by immunofluorescence microscopy
(Figure 3), the nuclear abundance of OGG1 was
significantly higher in cells incubated in high glucose
compared to the cells incubated in normal glucose.
Additional staining with MitoTracker Red CM-
H,XRos, which is a mitochondrial-selective probe
that only produces fluorescence upon oxidation, and
its accumulation is directly related to membrane
potential [25] not only confirmed the presence of
increased oxidative stress in the cells exposed to high
glucose, but also documented increased OGGI1
staining in the nuclear components of the cells sur-
rounded by MitoTracker Red staining. Increased
mitochondrial oxidative stress was further confirmed
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 & of complex
IIT were reduced by 30-50% in the cells incubated in
high glucose compared to normal glucose.
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Figure 1. Effect of high glucose on mitochondrial DNA damage:
DNA damage was assessed using 15 ng total DNA and
mitochondrial or nuclear specific 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 amplification 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 uM 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.

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 amplification obtained from the cells
incubated in 20 mM glucose supplemented with
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Figure 2. Effect of glucose on OGGI1 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-five preparations.
#p < 0.05 compared to control.

MnTBAP or cells over-expressing MnSOD were
significantly higher compared to the normal un-
transfected cells or mock cells.
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This prevention of mtDNA damage was accompa-
nied by amelioration of glucose-induced increases
in mRNA levels of DNA repair enzyme OGGl
(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 beneficial effect
on the functional consequence of mtDNA damage:
gene expressions of ND1, ND4 and cytochrome b
were significantly 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 & mRNA values obtained
from MnSOD-transfected cells incubated in 5 mM
glucose were significantly 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 significantly lower than
the one experienced in high glucose, over-expression
of MnSOD overcomes that by increasing cytochrome
b gene expression.

20mMGlucose+SOD

SmM 20mM 20mM+SOD

Figure 3. Effect of MnSOD on the co-localization of superoxide radicals and OGG]1 protein: at the end of incubation in high glucose
(4 days) the cells were incubated with Mitotracker Red, washed and fixed with formaldehyde. The cells were permeabilized with Triton X
and immuno-stained for OGG1 using FITC-conjugated secondary antibody. The picture is representative of five different experiments.
The accompanying histogram represents the intensity of Mitotracker Red quantified 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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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 quantified
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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Discussion

Diabetes induces mitochondrial damage in the retina
and its capillary cells and mitochondrial dysfunction
is considered to play a significant 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
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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 NDI,
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 quantified using Un-Scan-It Gel digitizing software and
the values in the figures are presented as mean band intensity of
the target gene normalized by the intensity of B-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.

decreases in mitochondrial-encoded genes critical
to the formation of complexes I and III of the elec-
tron transport chain. MnSOD plays a significant
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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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 efficient 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 OGGl1
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 OGGI 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 significantly 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 & 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 influences the electron trans-
port system. The possibility that high glucose
exposure of retinal endothelial cells first 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 confirmed 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.

Acknowledgement

Technical assistance of Mamta Kanwar is greatly
appreciated.

Declaration of interest: This study was supported
in part by grants from the National Institutes of Health,
Juvenile Diabetes Research Foundation, Thomas
Foundation, and Research to Prevent Blindness. The
authors report no conflicts of interest. The authors
alone are responsible for the content and writing of
the paper.

References

[1] Mizutani M, Kern TS, Lorenzi M. Accelerated death of reti-
nal microvascular cells in human and experimental diabetic
retinopathy. J Clin Invest 1996;97:2883-2890.

[2] Kowluru RA, Odenbach S. Effect of long-term administration
of alpha lipoic acid on retinal capillary cell death and the
development of retinopathy in diabetic rats. Diabetes 2004;
53:3233-3238.

[3] Kern TS, Tang J, Mizutani M, Kowluru R, Nagraj R, Lorenzi
M. Response of capillary cell death to aminoguanidine pre-
dicts the development of retinopathy: comparison of diabetes
and galactosemia. Invest Ophthalmol Vis Sci 2000; 41:3972—
3978.

[4] Kowluru RA, Abbas SN. Diabetes-induced mitochondrial
dysfunction in the retina. Inves Ophthalmol Vis Sci 2003;
44:5327-5334.

[5] Kowluru RA. Diabetic retinopathy: mitochondrial dysfunc-
tion and retinal capillary cell death. Antiox Redox Signal
2005;7:1581-1587.

[6] Kowluru RA, Atasi L, Ho YS. Role of mitochondrial super-
oxide dismutase in the development of diabetic retinopathy.
Invest Ophthalmol Vis Sci 2006;47:1594-1599.

[7] Kanwar M, Chan PS, Kern TS, Kowluru RA. Oxidative
damage in the retinal mitochondria of diabetic mice: possible
protection by superoxide dismutase. Invest Ophthalmol Vis
Sci 2007;48:3805-3811.

[8] Kowluru RA, Chan PS. Metabolic memory in diabetes—
from in virro oddity to in vivo problem: role of apoptosis.
Brain Res Bull 2009;20 May [Epub ahead of print].

[9] Xie L, Zhu X, HuY, LiT, GaoY, ShiY, Tang S. Mitochondrial
DNA oxidative damage triggering mitochondrial dysfunc-
tion and apoptosis in high glucose-induced HRECs. Invest
Ophthalmol Vis Sci 2008;49:4203-4209.

[10] Gerhardinger C, Dagher Z, Sebastiani P, ParkYS, Lorenzi M.
The transforming growth factor-beta pathway is a common
target of drugs that prevent experimental diabetic retinopathy.
Diabetes 2009;58:1659-1667.

[11] Kowluru RA, Kern TS, Engerman RL. Abnormalities of
retinal metabolism in diabetes or experimental galactosemia.
IV. Antioxidant defense system. Free Radic Biol Med 1997;
22:587-592.

[12] Kowluru RA, KowluruV, HoYS, XiongY. Overexpression of
mitochondrial superoxide dismutase in mice protects the

retina from diabetes-induced oxidative stress. Free Radic Biol
Med 2006;41:1191-1196.

[13] Bohr VA. Repair of oxidative DNA damage in nuclear and
mitochondrial DNA, and some changes with aging in mam-
malian cells. Free Radic Biol Med 2002;32:804-812.

[14] Chen X]J, Butow RA. The organization and inheritance of the
mitochondrial genome. Nat Rev Genet 2005;6:815-825.

[15] Kucej M, Kucejova B, Subramanian R, Chen X]J, Butow RA.
Mitochondrial nucleoids undergo remodeling in response to
metabolic cues. J Cell Sci 2008;21:1861-1868.

[16] Stuart JA, Brown MFE. Mitochondrial DNA maintenance and
bioenergetics. Biochim Biophys Acta 2006;1757:79-89.

[17] Weissman L, de Souza-Pinto NC, Stevnsner T, Bohr VA. DNA
repair, mitochondria, and neurodegeneration. Neuroscience
2007;145:1318-1329.

[18] Hegde ML, Hazra TK, Mitra S. Early steps in the DNA
base excision/single-strand interruption repair pathway in
mammalian cells. Cell Res 2008;18:27-47.

[19] Fukae J, Mizuno Y, Hattori N. Mitochondrial dysfunction in
Parkinson’s disease. Mitochondrion 2007;7:58-62.

[20] Kowluru RA, Koppolu P. Diabetes-induced activation of
caspase-3 in retina: effect of antioxidant therapy. Free Radic
Res 2002;36:993-999.

[21] Ayala-Torres S, ChenY, Svoboda T, Rosenblatt J,Van Houten B.
Analysis of gene-specific DNA damage and repair using quan-
titative polymerase chain reaction. Methods 2000;22:135-147.

[22] Wang AL, Lukas TJ, Yuan M, Neufeld AH. Age-related
increase in mitochondrial DNA damage and loss of DNA
repair capacity in the neural retina. Neurobiol Aging 2008;
10 December [Epub ahead of print].

[23] Kowluru RA, Menon B, Gierhart D. Beneficial effect of
zeaxanthin on retinal metabolic abnormalities in diabetic rat.
Inves Ophthalmol Vis Sci 2008;49:1645-1651.

[24] Busik JV, Mohr S, Grant MB. Hyperglycemia-induced reac-
tive oxygen species toxicity to endothelial cells is dependent
on paracrine mediators. Diabetes 2008;57:1952-1965.

[25] Poot M, Zhang YZ, Kramer JA, Well KS, Jones L], Hanzel
DK, Lugade AG, Singer VL, Haugland RP. Analysis of mito-
chondrial morphology and function with novel fixable fluo-
rescent stains. ] Histochem Cytochem 1996;44:1363-1372.

[26] Brownlee M. The pathobiology of diabetic complications: a
unifying mechanism. Diabetes 2005;54:1615-1625.

[27] Rachek LI, Musiyenko SI, LeDoux SP, Wilson GL. Palmitate
induced mitochondrial deoxyribonucleic acid damage and
apoptosis in 16 rat skeletal muscle cells. Endocrinology 2007;
148:293-299.

[28] Kakimoto M, Inoguchi T, Sonta T, Yu HY, Imamura M, Etoh T,
Hashimoto T, Nawata H. Accumulation of 8-hydroxy-2’-de-
oxyguanosine and mitochondrial DNA deletion in kidney of
diabetic rats. Diabetes 2002;51:1588-1595.

[29] Yu T, Robotham JL, Yoon Y. Increased production of
reactive oxygen species in hyperglycemic conditions requires
dynamic change of mitochondrial morphology. Proc Natl
Acad Sci USA 2006;103:2653-2658.

[30] Kang D, Hamasaki N. Maintenance of mitochondrial
DNA integrity: repair and degradation. Curr Genet 2002;41:
311-322.

[31] de Souza-Pinto NC, Eide L, Hogue BA, Thybo T, Stevnsner T,
Seeberg E, Stevnser T, Seeberg E, Klungland A. Repair of
8-oxodeoxyguanosine lesions in mitochondrial DNA depends
on the oxoguanine DNA glycosylase (OGG1) gene and
8-oxoguanine accumulates in the mitochondrial dna of
OGG1-defective mice. Cancer Res 2002;61:5378-5381.

[32] Page MM, Stuart JA. In vitro measurement of DNA base
excision repair in isolated mitochondria. Methods Mol Biol
2009;554:213-231.

[33] Bolender N, Sickmann A, Wagner R, Meisinger C, Pfanner N.
Multiple pathways for sorting mitochondrial precursor pro-
teins. EMBO ] 2008;9:42-49.

RIGHTS LI N Kdx



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/05/11
For personal use only

[34]

[35]

[36]

[37]

Mitochondrial DNA damage and diabetic retinopathy 321

Zhang H, Mizumachi T, Carcel-Trullols J, Li L, Naito A,
Spencer HJ, Spring PM, Smoller BR, Watson AJ, Margison
GP. Targeting human 8-oxoguanine DNA glycosylase
(hOGG1) to mitochondria enhances cisplatin cytotoxicity in
hepatoma cells. Carcinogenesis 2007;28:1629-1637.

Circu ML, Moyer MP, Harrison L, Aw TY. Contribution of
glutathione status to oxidant-induced mitochondrial DNA
damage in colonic epithelial cells. Free Radic Biol Med
2009;47:1190-1198.

Kern TS, Kowluru RA, Engerman RL. Abnormalities of
retinal metabolism in diabetes or galactosemia. I. ATPases
and glutathione. Inves Ophthal Vis Sci 1994;35:2962—
2967.

Kowluru RA, Kern TS, Engerman RL. Abnormalities of
retinal metabolism in diabetes and galactosemia. II. Com-
parison of gamma-glutamyl transpeptidase in retina and cer-
ebral cortex and effects of antioxidant therapy. Curr Eye Res
1994;13:891-896.

This paper was first published online on Early Online on
20 January 2010.

[38] Szibor M, Holtz J. Mitochondrial ageing. Basic Res Cardiol
2003;98:210-218.

[39] Monsalve M, Borniquel S, Valle I, Lamas S. Mitochondrial
dysfunction in human pathologies. Front Biosci 2007;12:
1131-1153.

[40] Kofler B, Mueller EE, Eder W, Stanger O, Maier R, Weger M,
Haas A, Winkler R, Schmut O, Paulweber B, Iglseder B,
Renner W, Wiesbaur M, Aigner I, Santic D, Zimmerman A,
Sperl W. Mitochondrial DNA haplogroup T is associated with
coronary artery disease and diabetic retinopathy: a case con-
trol study. BMC Med Genet 2009;10:35.

[41] Batinic'-Haberle I, Cuzzocrea S, Rebougas JS, Ferrer-Sueta G,
Mazzon E, Di Paola R, Radi R, Spasojevic” I, Benov L,
Salvemini D. Pure MnTBARP selectively scavenges peroxynitrite
over superoxide: comparison of pure and commercial MnTBAP
samples to MnTE-2-PyP in two models of oxidative stress
injury, an SOD-specific Escherichia coli model and carrageen-
an-induced pleurisy. Free Radic Biol Med 2009; 46:192-201.

RIGHTS LI N Kdx




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


