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PURPOSE. Retinal mitochondria are dysfunctional in diabetes, and mitochondrial DNA (mtDNA)
is damaged and its transcription is compromised. Our aim was to investigate the role of
mtDNA methylation in the development of diabetic retinopathy.

METHODS. Effect of high glucose (20 mM) on mtDNA methylation was analyzed in retinal
endothelial cells by methylation-specific PCR and by quantifying 5-methylcytosine (5mC).
Dnmt1 binding at the D-loop and Cytb regions of mtDNA was analyzed by chromatin
immunoprecipitation. The role of mtDNA methylation in transcription and cell death was
confirmed by quantifying transcripts of mtDNA-encoded genes (Cytb, ND6, and CoxII) and
apoptosis, using cells transfected with Dnmt1-small interfering RNA (siRNA), or incubated
with a Dnmt inhibitor. The key parameters were validated in the retinal microvasculature
from human donors with diabetic retinopathy.

RESULTS. High glucose increased mtDNA methylation, and methylation was significantly higher
at the D-loop than at the Cytb and CoxII regions. Mitochondrial accumulation of Dnmt1 and
its binding at the D-loop were also significantly increased. Inhibition of Dnmt by its siRNA or
pharmacologic inhibitor ameliorated glucose-induced increase in 5mC levels and cell
apoptosis. Retinal microvasculature from human donors with diabetic retinopathy presented
similar increase in D-loop methylation and decrease in mtDNA transcription.

CONCLUSIONS. Hypermethylation of mtDNA in diabetes impairs its transcription, resulting in
dysfunctional mitochondria and accelerated capillary cell apoptosis. Regulation of mtDNA
methylation has potential to restore mitochondrial homeostasis and inhibit/retard the
development of diabetic retinopathy.
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In the pathogenesis of diabetic retinopathy, retinal mitochon-
dria become dysfunctional, initiating the apoptotic machin-

ery, and capillary cell apoptosis precedes the development of
retinal histopathology associated with diabetic retinopathy.1–3

Mammalian mitochondria are equipped with their own double-
stranded circular DNA (mtDNA), and its two strands are
separated by a noncoding regulatory region, the displacement
loop (D-loop), which contains essential transcription and
replication elements.4 Due to lack of supporting histones, and
close proximity to the superoxide-generating electron transport
chain (ETC), mtDNA is prone to oxidative damage.5,6 Our
previous studies7–10 have shown that diabetes damages retinal
mtDNA and reduces its transcription and biogenesis, and the
damage is more extensive at the D-loop than at the other
regions of the mtDNA.

Mitochondrial DNA encodes 37 genes, and 13 of these genes
make proteins essential in the ETC system for oxidative
phosphorylation.11 In diabetic retinopathy, the transcription
of mtDNA-encoded NADH dehydrogenase 1 and 6 (ND1 and
ND6) of complex I and cytochrome b (Cytb) of complex III of
the ETC system becomes subnormal,8,9 and the activity of the
complex III is compromised, fueling into a self-perpetuating
cycle of superoxide accumulation.8,12

Recent studies13,14 have shown that diabetic environment
favors methylation of CpG dinucleotides forming 5-methylcyt-

osine (5mC). DNA methylation is catalyzed by DNA methyl-
transferases (Dnmts) and is commonly associated with gene
silencing.15 The Dnmts themselves are redox-sensitive en-
zymes, and superoxide can enhance DNA methylation via
deprotonating the cytosine molecule and accelerating the
reaction of DNA with the S-adenosyl-L-methionine.16 In
diabetes, the activity of retinal Dnmt is increased, and the
mtDNA replication enzyme, polymerase c-1 (POLG1), is hyper-
methylated and its binding at the D-loop is impaired, resulting
in decreased mtDNA biogenesis.10,17

Although mtDNA represents <1% of the total cellular DNA,
it has ~440 CpG sites, and methylation of mtDNA has been
shown to regulate mitochondria copy numbers18 and is
associated with chronic diseases, including amyotrophic lateral
sclerosis and cancer.19 Dnmt1, the major enzyme responsible
for maintenance of DNA methylation patterns, has a mitochon-
drial targeting sequence, and D-loop methylation in colorectal
cancer is associated with altered expression of mtDNA-encoded
ND2.20 How diabetes affects methylation of retinal mtDNA
remains to be elucidated.

The aim of this study was to investigate the role of mtDNA
hypermethylation in the development of diabetic retinopathy.
Using retinal endothelial cells, we investigated the effect of
hyperglycemia on methylation of mtDNA, especially its D-loop

region. The specific role of Dnmt1 in the regulation of mtDNA
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methylation and its transcription was evaluated by using Dnmt1-
small interfering RNA (siRNA) transfected endothelial cells. The
results were confirmed in the retinal microvasculature from
human donors with documented diabetic retinopathy.

MATERIALS AND METHODS

Retinal Endothelial Cells

Bovine retinal endothelial cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 15% fetal calf
serum (heat inactivated), 5% replacement serum (Nu-serum;
BD Bioscience, San Jose, CA, USA), heparin (50 lg/mL), and
endothelial growth supplement (50 lg/mL; BD Bioscience).
Cells from fourth to sixth passage were transfected with
Dnmt1-siRNA by using transfection reagent (sc-29528; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) as routinely
performed in our laboratory.21–24 Parallel incubations were
performed by using nontargeting scrambled RNA. After
transfection, the cells were rinsed with PBS, and incubated in
5 or 20 mM glucose media for 4 days. Cells incubated in 20 mM
mannitol, instead of 20 mM glucose, served as osmotic control.

To rule out the possibility that mtDNA methylation in
bovine and human retina are different, retinal endothelial cells
isolated from human donors were incubated in 5 or 20 mM
glucose in DME-F12 medium (Sigma-Aldrich Corp., St. Louis,
MO, USA) containing 1% fetal calf serum (heat inactivated), 9%
replacement serum (Nu-serum), 1% glutamax (Invitrogen,
Carlsbad, CA, USA), and 0.5 lg/mL endothelial growth
supplement (BD Bioscience), as described previously.25 To
investigate the effect of regulation of Dnmt on mtDNA
transcription, a group of cells were also incubated in the
presence of a Dnmt inhibitor, 5-aza-20-deoxycytidine (1 lM).26

Human Retinal Microvasculature

Retina was isolated from eye globes (enucleated within 8 hours
of death; obtained from Midwest Eye Banks, Ann Arbor, MI,
USA) of human donors (55–76 years of age) with diabetes of
more than 10 years’ duration and clinically documented
retinopathy. Age matched (45–75 years of age) nondiabetic
donors served as controls (Table 1).21,27 Retinal microvascula-
ture was prepared by osmotic shock method by incubating a
small portion of the retina in distilled water for 1 hour at 378C,
as described previously.10,28,29 The debris was cleaned by
repetitive aspiration and ejection through Pasteur pipette, and
the microvasculature, generally devoid of nonvascular contam-
ination, was prepared.

Bisulfite Conversion of DNA and Methylation-
Specific PCR (MS-PCR)

DNA methylation was quantified by MS-PCR. After performing
bisulfite reaction using EpiTect Plus Lyse All Bisulfite Kit
(Qiagen, Valencia, CA, USA), the converted DNA was eluted
with nuclease-free water. The PCR reaction was performed for
methylated (M) and unmethylated (U) regions by using 4 lL
GoTaq reaction buffer, 0.8 mM dNTPs (Promega, Madison, WI,
USA), 0.5 lM each of the forward and reverse primers, GoTaq
DNA polymerase, and 1 lL converted DNA. Thermal cycling
included 948C for 5 minutes, 35 cycles of 948C for 1 minute,
558C for 30 seconds, 728C for 1 minute, and final extension at
728C for 10 minutes. The PCR products were analyzed on 2%
agarose gel, and the intensity of M to U bands was quantified,
as reported previously.17

Gene Expression

Gene expression was quantified by SYBR green–based
quantitative PCR (q-PCR). Amplification was performed in 1
lL chromatin immunoprecipitation (ChIP) purified DNA or
cDNA with target-specific primers (Table 2). The PCR
conditions included denaturation at 958C for 10 minutes, 40
cycles of denaturation at 958C for 15 seconds, and annealing
and extension at 608C for 60 seconds. This was followed by
958C for 15 seconds, 608C for 60 seconds, 958C for 15 seconds,
and 608C for 15 seconds. The specific products were
confirmed by SYBR green single melting curve. Values in the
immunoprecipitates were normalized to the Ct value from the
input sample, and those in cDNA were normalized to the cycle
threshold (Ct) value from b-actin in the same sample by using
the ddCt method. Relative fold changes were calculated by
setting the mean fraction of 5 mM glucose cells as 1.17,21,23

Isolation of Mitochondria and Protein Expression

Mitochondria were isolated by using mitochondria isolation kit
(Invitrogen) as reported previously.17,30,31 Mitochondrial pro-
tein (30 lg) was separated on a 10% SDS-PAGE, and Dnmt1
expression was normalized to that of the loading protein
cytochrome oxidase IV (Cox IV, sc-58348; Santa Cruz
Biotechnology). The values for 5 mM glucose were considered
as 100%.

Mitochondrial Localization of Dnmt1

Fluorescence microscopy was performed to confirm the effect
of high glucose on mitochondrial translocation of Dnmt1 by
using MitoTracker green for mitochondrial staining (Invitro-

TABLE 1. Patient Characteristics

Age, y Duration of Diabetes, y Cause of Death

Nondiabetic donors

1 70 - Subarachnoid bleed

2 74 - Chronic obstructive pulmonary disorder

3 75 - Spinal cord injury

4 63 - Pulmonary fibrosis

5 64 - Acute renal failure

Donors with diabetic retinopathy

1 73 14 Myocardial infarction

2 76 10 Congestive heart failure

3 57 27 Renal failure

4 67 16 Renal failure

5 61 10 Acute myocardial infarction
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gen). The cells were rinsed with PBS and incubated with 500
nM MitoTracker green for 45 minutes at 378C, and then fixed in
1% formaldehyde for 15 minutes. After blocking with BSA, they
were incubated with anti–rabbit-Dnmt1 antibody (ab13537;
Abcam, Cambridge, MA, USA), rinsed with PBS, and incubated
with Texas Red–conjugated anti-rabbit IgG. The cells were
rinsed with PBS and mounted with 40,6-diamidino-2-phenyl-
indole (DAPI)–containing Vectashield mounting medium (Vec-
tor Laboratories, Burlingame, CA, USA) and imaged with ZEISS
ApoTome fluorescence microscope at 340 magnification (Carl
Zeiss, Chicago, IL, USA).9,30

Dnmt1 Binding at the mtDNA

Dnmt1 binding at D-loop, and for comparison, at Cytb region,
was assessed by ChIP assay. Cells or retinal microvessels were
cross-linked with 1% paraformaldehyde, and after sonication,
the protein extract was precleared with protein-A agarose/
salmon sperm DNA slurry. Protein–DNA complex (120 lg) was
immunoprecipitated overnight at 48C with Dnmt1 antibody.
The antibody–protein-DNA complex was pulled down by
protein-A agarose and washed with low salt and high salt
buffers, followed by lithium chloride buffer. This was followed
by washing twice with Tris-EDTA buffer, and reverse cross-

linking. The complex was digested with proteinase K, and
DNA was purified by phenol–chloroform–isoamyl alcohol.
After ethanol precipitation, it was resuspended in 14 lL water
for real-time q-PCR system. Normal rabbit IgG (2729S; Cell
Signaling, Cambridge, MA, USA) was used as negative antibody
control. The specificity of ChIP assay was confirmed by
analyzing the products on a 2% agarose gel. The input DNA
(40 lg protein–DNA complex) was used as an internal control
to calculate the fold change; these conditions are routinely
used in our laboratory.9,17,32

Quantification of 5mC

Sonicated DNA (100 ng) was immunoprecipitated for 5mC by
using methylated DNA immunoprecipitation kit from Epigen-
tek (P-1015-48; Epigentek, Farmingdale, NY, USA). The
enriched 5mC fraction was analyzed by using primers for the
D-loop, Cytb, and CoxII regions by following the manufactur-
er’s instructions.

Cell Apoptosis

Capillary cell apoptosis was determined by Cell Death
Detection ELISAPLUS kit from Roche Diagnostics (Indianapolis,

TABLE 2. List of Primers

Gene Sequence Product Length, bp

Bovine

D-loop (unmethylated) 50 -ATGTTGTGTGAAATTAGTAATTTGT-30 186

50 -CTAATTAACCATTAATCCATCAAA-30

D-loop (methylated) 50 -TTATGTCGCGTGAAATTAGTAATTC-30 190

50 -AACTAATTAACCATTAATCCATCGAA-30

D-loop 50 -TGCTTGGACTCAGCTATGGCCG-30 91

50 -TCATTATGCTGGTGCTCAAGATGCA-30

Dnmt1 50 -ACCATGTCTGACCTCCCTGA-30 149

50 -GCGCTCATGTCCTTGCAAAT-30

Dnmt3a 50 -GGAGTCACTGGAAGCCCAAC-30 66

50 -ACATAGATCCAGGTGTGGAGCG-30

Dnmt3b 50 -AGGCCATGTACCATGCTCTG-30 180

50 -GCGTCTTATTCTCTGGTTGCTT-30

Cytb 50 -CGATACATACACGCAAACGG-30 298

50 -AGAATCGGGTAAGGGTTGCT-30

ND6 50 -CGTGATAGGTTTTGTGGGGT-30 221

50 -GCCAGTAACAAATGCCCCTA-30

CoxII 50 -AAAGCCAGGGGAGCTACGACTATT-30 150

50 -CGGCCTGGGATTGCGTCTGTTT-30

b-actin 50 -CGCCATGGATGATGATATTGC-30 66

50 -AAGCCGGCCTTGCACAT-30

Human

D-Loop 50 -ACATAGGGTGCTCCGGCTCCA-30 196

50 -TCCGACATCTGGTTCCTACTTCAGG-30

DNMT1 50 -AGTCCGATGGAGAGGCTAAG-30 169

50 -TCCTGAGGTTTCCGTTTGGC-30

DNMT3A 50 -GGGGGAGGCACTTGACAC-30 132

50 -CTCTGTCAGCCTGTGGGTG-30

DNMT3B 50 -ACCAGTGGTTAATAAGTCGAAGC-30 148

50 -GCAATTTGTCTTGAGGCGCT-30

CYTB 50 -TCACCAGACGCCTCAACCGC-30 138

50 -GCCTCGCCCGATGTGTAGGA-30

ND6 50 -CCAAGACCTCAACCCCTGAC-30 163

50 -GGTGTGGTCGGGTGTGTTAT-30

COXII 50 -CCGTCTGAACTATCCTGCCC-30 94

50 -GAGGGATCGTTGACCTCGTC-30

b-ACTIN 50 -AGCCTCGCCTTTGCCGATCCG-30 70

50 -TCTCTTGCTCTGGGCCTCGTCG-30
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IN, USA). Formation of oligonucleosome in the cytoplasmic
fractions was quantified by using monoclonal antibodies
directed against DNA and histones, followed by peroxidase-
conjugated anti-DNA and biotin-labeled anti-histone. The
samples were then incubated with 2,20-azino-di-[3-ethylbenz-
thiazoline sulfonate] diammonium salt, and absorbance was
measured at 405 and 490 nm.22

Statistical Analysis

Statistical analysis was performed with SigmaStat statistical
software (Systat Software, Chicago, IL, USA) and the data are
expressed as mean 6 SD. For multiple comparisons, one-way
ANOVA followed by Student-Newman-Keuls test was per-
formed for the data with normal distribution, and for the data
that did not qualify, the normal distribution pattern was
analyzed by Kruskal-Wallis one-way analysis followed by
Dunn’s test. A P value < 0.05 was considered as statistically
significant.

RESULTS

Bovine Retinal Endothelial Cells

Effect of high glucose on methylation of mtDNA was
investigated in the bisulfite-converted DNA. The ratio of
methylated to unmethylated DNA was increased by ~2-fold
in the cells incubated in high glucose compared to the cells in
normal glucose (Fig. 1).

To investigate the effect of high glucose on DNA
methylating machinery, the gene transcripts of Dnmts were
quantified. Although high glucose increased Dnmt1 mRNA by
4-fold, it had no significant effect on Dnmt3a and Dnmt3b

gene transcripts. As an osmotic control, incubation of cells
with 20 mM mannitol, instead of 20 mM glucose, also had no
effect on gene transcripts of Dnmts (Fig. 2a). Dnmt1, with a
mitochondrial targeting sequence, is considered as the major
enzyme responsible for maintenance of DNA methylation
pattern,33 and to facilitate DNA methylation in the mitochon-
dria, nuclear-encoded Dnmts translocate to the mitochondria;
mitochondrial levels of Dnmt1 were quantified by Western blot
technique. Figure 2b shows a significant increase in Dnmt1
levels in the mitochondria of cells in high glucose compared to
the cells in normal glucose. Consistent with the Western blot
results, high glucose also increased Dnmt1 staining (red) in the
mitochondria (Fig. 2c).

To understand the role of Dnmt1 in mtDNA methylation,
Dnmt1 binding with mtDNA was quantified; Figure 3a clearly
demonstrates that glucose increased Dnmt1 binding at the D-

loop region by more than 3.5-fold compared to the cells in
normal glucose. Although in the same preparations Dnmt1
binding at the Cytb region was also increased, it was ~2-fold
less than that at the D-loop region. As shown in Figure 3b, the
products on agarose gel also showed higher Dnmt1 binding at
the D-loop region than at the Cytb region. The input DNA
(DNA before ChIP) had almost equal abundance of D-loop or
Cytb in all of the experimental groups, and the products
produced by IgG were almost negligible.

The levels of 5mC were increased by more than 3-fold at the
D-loop region compared to the values obtained from the cells in
normal glucose (Fig. 4a), further confirming mtDNA hyper-
methylation. Consistent with the Dnmt1 binding, 5mC levels at
the Cytb region were also increased, but this increase was ~2-
fold less than the one observed at the D-loop region. In contrast,
5mC levels remained insignificant at CoxII region, suggesting
that the effect of high glucose on mtDNA methylation is region-
specific. To understand the specific role of Dnmt1 in mtDNA

methylation, Dnmt1-siRNA transfected cells were used. Dnmt1-

siRNA significantly decreased glucose-induced increase in 5mC
levels at the D-loop and Cytb regions, compared to the
scrambled RNA. The values obtained from cells transfected
with Dnmt1-siRNA or scrambled RNA, incubated in normal
glucose, were similar to those obtained from untransfected cells
incubated in normal glucose. Figures 4b and 4c are included to
show the transfection efficiency by quantifying Dnmt1 mRNA
and protein expressions, respectively.

The effect of mtDNA methylation on its transcription was
evaluated by quantifying mtDNA-encoded genes; the cells
transfected with Dnmt1-siRNA, but not with scrambled RNA,
were prevented from glucose-induced decrease in mtDNA-
encoded Cytb, ND6, and CoxII transcripts (Fig. 5a). Incubation
of Dnmt1-siRNA– or scrambled RNA–transfected cells in
normal glucose had no effect on the expression of Cytb,
ND6, and CoxII. In the same transfected cells, apoptosis was
also ameliorated (Fig. 5b); the values obtained from Dnmt1-

siRNA cells were significantly different from those obtained
from scrambled RNA or untransfected cells incubated in high
glucose.

Human Retinal Endothelial Cells

Consistent with the results from bovine retinal endothelial
cells, although incubation of human retinal endothelial cells
with high glucose increased DNMT1 expression by 2-fold, no
significant increase in DNMT3A and DNMT3B was observed
(Fig. 6a). In the same cell preparations, the levels of 5mC in
the D-Loop region were elevated by more than 2.5-fold
compared to ~70% in the CYTB region (Fig. 6b). To
investigate the effect of D-Loop methylation on mtDNA
transcription, CYTB, ND6, and COXII transcripts were
quantified. As expected, glucose significantly decreased
mRNA levels of these mtDNA-encoded genes (Fig. 6c), and
increased cell apoptosis (Fig. 6d). To further confirm the
effect of mtDNA methylation on its transcription, cells
incubated with Dnmt inhibitor 5-Azacytidine were analyzed.
Addition of 5-Azacytidine ameliorated decrease in the
transcription of CYTB, ND6, and COXII, and significantly
reduced glucose-induced cell apoptosis (Figs. 6c, 6d). As a
control, addition of 5-Azacytidine in normal glucose medium
had no effect on mtDNA transcription or apoptosis.

FIGURE 1. In retinal endothelial cells, glucose hypermethylates
mtDNA. Methylation of mtDNA was determined in bovine retinal
endothelial cells, incubated in 5 or 20 mM glucose for 4 days, by
methylation-specific PCR using bisulfite-converted DNA, and M and U
primers for the D-loop region. The ratio of the M and U bands from 5
mM glucose was considered as one. 5 mM and 20 mM, cells in 5 mM
glucose or 20 mM glucose. *P < 0.05 vs. 5 mM glucose. M, methylated;
Mann, 20 mM mannitol; U, unmethylated.
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Retinal Microvessels From Human Donors

To support our in vitro results, methylation of mtDNA was

investigated in the retinal microvessels prepared from human

donors with established diabetic retinopathy. Transcripts of

DNMT1 were significantly increased in the microvasculature of

diabetic retinopathy donors compared with age-matched
nondiabetic donors (Fig. 7). As with the retinal endothelial
cells, DNMT3A and DNMT3B gene transcripts were not
increased in diabetic retinopathy donors. Owing to limitations
with the osmotic shock method to yield intact mitochondria,
Dnmt1 localization in the mitochondria could not be per-

FIGURE 2. Gene expression and mitochondrial accumulation of Dnmt1 are increased by high glucose. (a) Dnmt1, Dnmt3a, and Dnmt3b gene
transcripts were quantified in bovine retinal endothelial cells by SYBR green–based q-PCR using b-actin as the housekeeping gene. Mitochondrial
expression of Dnmt1 was determined by (b) Western blot using CoxIV as the loading control, and (c) immunofluorescence using MitoTracker Green
(for mitochondria) and Texas Red–conjugated secondary antibody. Values are mean 6 SD from three to six samples per group. *P < 0.05 vs. 5 mM
glucose.

FIGURE 3. High glucose increases Dnmt1 binding at the mtDNA. (a) Dnmt1 binding was quantified in bovine retinal endothelial cells by
immunoprecipitating the cross-linked cells with Dnmt1 antibody, followed by amplification of the D-loop and Cytb regions by q-PCR using IgG as
antibody control (indicated as ^). (b) The specificity of ChIP products was verified on a 2% agarose gel. Input represents the abundance of D-loop or
Cytb regions in the DNA before subjecting to ChIP. Each measurement was made in duplicate in three to four samples per group. *P < 0.05 vs. 5 mM
glucose.
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formed. However, mitochondria from the whole retina from
donors with diabetic retinopathy had increased Dnmt1
accumulation, compared with their age-matched nondiabetic
controls (data not shown).

Dnmt1 binding at the D-Loop region was increased by ~2-
fold; however, contrary to the results from retinal endothelial
cells, its binding at the CYTB region was not altered (Fig. 8a).
Dnmt1 binding was also confirmed by analyzing the products
on a 2% agarose gel, and Figure 8b shows that diabetic donors
had increased Dnmt1 binding at the D-loop region, compared
to their nondiabetic counterparts, but their abundance was
equal in the input DNA. However, the products produced by
IgG were almost undetectable. Consistent with the Dnmt1
binding, 5mC levels were also elevated by ~3-fold at the D-

Loop region, compared to ~70% in the CYTB region, and
normal rabbit IgG values were <1% when compared to those
obtained from Dnmt1 antibody (Fig. 8c). In the same retinal
microvasculature, the transcripts of CYTB, ND6, and COXII

were also decreased by more than 2-fold compared to the
values obtained from nondiabetic donors (Fig. 8d), further
confirming the importance of D-Loop methylation in mtDNA
transcription.

DISCUSSION

Convincing evidence exists that mitochondrial superoxide
levels are elevated in the retina in diabetes, that the ETC system
is compromised, and that dysfunctional mitochondria acceler-
ate apoptosis of retinal cells,34,35 which precedes the
histopathology associated with diabetic retinopathy.36 Mito-
chondrial DNA is damaged, and its replication and transcrip-

tion are impaired, further fueling into the damage of ETC
system.7,9,17,37 Diabetic environment also brings about epige-
netic modifications in the retina, and enzymes responsible for
modifications of histones and DNA are altered.17,21,23,38 Using
both in vitro model and retinal microvasculature from human
donors with diabetic retinopathy, here we showed that the
retinal mtDNA is hypermethylated in diabetes, and compared
to other regions of mtDNA, its regulatory region showed
higher degree of methylation. Dnmt1 appears to be the
member of the Dnmt family playing an active role in mtDNA
methylation, as its expression is increased in the mitochondria,
and inhibition of Dnmt1 by its siRNA ameliorated hyperglyce-
mia-induced decrease in mtDNA transcription and increase in
apoptosis, thus suggesting a critical role of D-loop methylation
in the development of diabetic retinopathy.

DNA is a ‘‘highly dynamic’’ entity, and it can respond to the
external stimuli by adapting to changes and modifying its
properties. The biochemical process of addition of a methyl
group to the cytosine at CpG DNA dinucleotide is influenced
by external factors, and aberrant gene regulation by DNA
methylation can also develop as a result of pathologic
processes including diabetes and cancer.39,40 Methylation of
CpG islands changes protein–DNA interactions, leading to
alterations in chromatin structure, and this interferes with the
binding of the transcriptional machinery, resulting in gene
suppression.41,42 Here we showed that methylation of D-loop

region was significantly increased in the retinal capillary cells
as evident from increased ratio of methylated to unmethylated
mtDNA. Since methylation of cytosine forms 5mC, we showed
that the levels of 5mC and binding of the methylating enzyme
Dnmt1 also increased significantly in diabetes. Although the

FIGURE 4. High glucose elevates 5mC levels in the mtDNA in bovine retinal endothelial cells. (a) The 5mC levels were quantified by using
methylated DNA immunoprecipitation technique. Fold change was calculated relative to the values obtained from cells in 5 mM glucose.
Transfection efficiency was determined by quantifying Dnmt1 (b) gene transcripts and (c) protein expression. Data are represented as mean 6 SD
from each measurement made in duplicate in three to five cell preparations. 5 mM and 20 mM, 5 mM and 20 mM glucose; si-D and SC, Dnmt1-
siRNA– or scrambled RNA–transfected cells; 5þsi-D, scrambled RNA–transfected cells incubated in 5 mM glucose. *P < 0.05 vs. 5 mM glucose; #P <
0.05 vs. 20 mM glucose.
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Cytb region also showed increased methylation in high
glucose, the extent of methylation was significantly lower
than that of the D-loop, and methylation of CoxII region was
not affected by diabetes. In support, we have shown higher
oxidative damage and increased sequence variants at the D-

loop region in diabetes, compared to the other regions of
mtDNA,10,17,35 and others43 have shown different degree of
methylation on different loci of mtDNA in individuals exposed
to airborne pollutants.

DNA methylation is catalyzed by a family of methyltransfer-
ases, and among those, Dnmt1, Dnmt3a, and Dnmt3b are
catalytically active enzymes. While Dnmt3a and Dnmt3b are de
novo enzymes, Dnmt1 is the major enzyme responsible for
maintenance of the DNA methylation.44 We have shown that
the activity of retinal Dnmt is increased in diabetes, and the
regulatory region of POLG1 is hypermethylated, decreasing its
expression and compromising mtDNA biogenesis.17 To identify
the specific member responsible for mtDNA methylation, the
expressions of Dnmts were quantified. Our data clearly
demonstrated that, while diabetes had no effect on the
expression of Dnmt3a and Dnmt3b, Dnmt1 was significantly
increased in the retinal microvasculature. Although the exact
mechanism by which Dnmt1 is increased is not clear,
activation of this redox-sensitive enzyme by oxidative stress45

cannot be ruled out, and oxidative stress is closely associated
with the development of diabetic retinopathy.12,34,46 To
methylate mtDNA, nuclear-encoded Dnmt translocates inside
the mitochondria, and Dnmt1 has a mitochondrial targeting
sequence, which is considered important for its transport.18,33

Our results clearly showed increased mitochondrial accumu-
lation of Dnmt1 in diabetes, further supporting its role in

mtDNA methylation. To strengthen the role of Dnmt1, we
showed that its binding at the D-loop was also increased
significantly. Although the presence of Dnmt3a and Dnmt3b
inside the mitochondria is also reported in other pathologic
conditions,19,47 our results showed that in the pathogenesis of
diabetic retinopathy, Dnmt1 is the major enzyme responsible
for hypermethylation of mtDNA. Consistent with this, others33

have shown involvement of Dnmt1 in the methylation-induced
suppression of ND6 expression.

DNA methylation is generally associated with the suppres-
sion of gene transcription, as it inhibits the binding of
transcription factor(s) to the DNA, or recruits proteins
involved in gene repression.41,42 In diabetic retinopathy, the
transcription of mtDNA is compromised, and the transcripts of
mtDNA-encoded genes become subnormal, damaging the ETC
system and disturbing mitochondrial homeostasis, and this
accelerates capillary cell apoptosis.8,9,17 Dnmt1-siRNA or
pharmacologic inhibitor 5-Azacytidine restored hyperglyce-
mia-induced decrease in Cytb, CoxII, and ND6, suggesting that
the transcription of mtDNA-encoded genes could be under the
control of mtDNA methylation. Interestingly, our results also
showed that, despite no change in 5mC levels at CoxII region,
the transcripts of CoxII were significantly decreased, and
Dnmt1-siRNA also prevented decrease in CoxII. This strongly
suggests that hypermethylation of D-loop, the region with
essential transcription and replication elements, could be
playing a central role in the transcription of mtDNA. In
support, in nonalcoholic fatty liver disease, increase in Dnmt1

expression is correlated with decreased ND6 expression.48

Others have also shown both CpG and non-CpG methylated
sites in the D-loop region,49 and the role of non-CpG

FIGURE 5. Regulation of Dnmt1 in bovine retinal endothelial cells by its siRNA ameliorates glucose-induced decrease in mtDNA transcription and
cell apoptosis. (a) Gene transcripts of Cytb, ND6, and CoxII were quantified by q-PCR using b-actin as the housekeeping gene, and (b) apoptosis
was detected by an ELISA kit for histone-associated DNA fragments. Each measurement was made in duplicate in three to four preparations, and
results are represented as mean 6 SD. 5 mM and 20 mM, 5 mM and 20 mM glucose; si-D and SC, cells transfected with Dnmt1-siRNA and scrambled
RNA, respectively; Mann, cells in 20 mM mannitol. *P < 0.05 vs. 5 mM glucose; #P < 0.05 vs. 20 mM glucose.
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methylation in the impaired retinal mtDNA transcription in
diabetes cannot be ruled out.

Recent case-control study has shown higher global DNA
methylation in diabetic patients with retinopathy compared to
those with no retinopathy,50 and our results showed that
mtDNA methylation, especially that of the D-loop, was also
higher in the human donors with diabetic retinopathy with
increased Dnmt1 in the mitochondria. Although isolated retinal
endothelial cells (human or bovine) had significant, but
substantially reduced, hypermethylation in the CYTB region
compared to the D-Loop region of the mtDNA, CYTB region in
the retinal microvasculature from donors with diabetic
retinopathy did not show significant increase in methylation.
The reason for such discrepancy is not clear, since the
vasculature also contains basement membrane and pericytes;
the possibility that methylation of their CYTB regions is not
affected in diabetes, however, cannot be ruled out. Thus, our
results using isolated retinal endothelial cells in high glucose
and retinal microvasculature from human donors with diabetic
retinopathy strongly support the role of mtDNA methylation,
especially that of the D-loop region, in the pathogenesis of
diabetic retinopathy. In addition, we do recognize that the
retina has a complex cellular structure, and diabetes affects
many of its cells, including vascular and neuronal cells, and our
study focused on the endothelial cells, one of the cell types in
the retinal microvasculature that is the target of histopathology
associated with diabetic retinopathy. However, we cannot rule
out similar or additional epigenetic changes, brought up by the
diabetic environment, in other retinal cell types.

In conclusion, we provided a novel mechanism of imbalance

in retinal mitochondrial homeostasis in the development of

diabetic retinopathy, and showed the significant role of mtDNA

methylation. Diabetes facilitates the translocation of Dnmt1

inside the retinal mitochondria, and Dnmt1 in the mitochondria

hypermethylates mtDNA. Methylation is much higher at the D-

loop region, the region with transcription and replication

elements, than at other regions of mtDNA. Due to hyper-

methylation of the D-loop, the transcription of the mtDNA-

FIGURE 6. High glucose exposure of human retinal endothelial cells alters mtDNA methylation and its transcription, and increases cell apoptosis.
Human retinal endothelial cells, incubated with high glucose, in the presence or absence of 1 lM 5-Azacytidine were analyzed for (a) gene
transcripts of DNMTs by q-PCR using b-ACTIN as the housekeeping gene, and (b) 5mC levels at the D-Loop and CYTB regions of the mtDNA by
using methylated DNA immunoprecipitation technique. (c) Expression of CYTB, ND6, and COXII was determined by q-PCR, and b-ACTIN was used
as the housekeeping gene. (d) Capillary cell apoptosis was quantified by an ELISA kit. Fold change was calculated relative to the values obtained
from cells in 5 mM glucose. Results are represented as mean 6 SD from three to four cell preparations per group. 5-Aza, cells incubated with 5-aza-
20-deoxycytidine. *P < 0.05 vs. 5 mM glucose; #P < 0.05 vs. 20 mM glucose.

FIGURE 7. Retinal microvessels from human donors with diabetic
retinopathy have increased Dnmt1. Gene transcripts of DNMTs were
quantified by q-PCR using b-actin as the housekeeping gene. Values are
mean 6 SD from four to five donors in each group. Individual values
are shown in the scatterplot inset. Norm and Diab, microvasculature
from nondiabetic and diabetic donors with retinopathy, respectively. *P
< 0.05 versus age-matched nondiabetic donors.
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encoded genes that are important in the maintenance of ETC
system is compromised, and the leakage of electrons in the ETC
complexes is increased. These side reactions of the mitochon-
drial ETC directly generate superoxide radicals, further fueling
into the vicious cycle of superoxide radicals generated by the
hyperglycemic milieu. Thus, modulation of Dnmt1 by pharma-
ceutical or molecular means could help maintain mitochondrial
integrity and serve as a potential strategy to inhibit/halt the
development of diabetic retinopathy.
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