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Purpose: Progression of diabetic retinopathy is related to the duration and severity of
hyperglycemia, and after 25 years of diabetes, 90% of patients show some signs of
retinopathy. Despite initiation of many retinal molecular/biochemical abnormalities,
including mitochondrial damage and epigenetic modifications, the disease remains
asympotomatic in the initial stages. Our goal is to examine the utility of DNA
methylation as a possible biomarker of diabetic retinopathy.

Methods: Genomic DNA (gDNA) was isolated from the buffy coat, isolated from blood
of diabetic patients with proliferative (PDR) or no retinopathy (No-DR), and
nondiabetic subjects (CONT). Methylation of mitochondrial DNA (mtDNA), especially
its D-Loop (the site of mtDNA transcription/replication), was quantified by methylated
DNA immunoprecipitation and methyl-specific PCR techniques. Results were
confirmed in purified mtDNA. The specific D-Loop region with the highest DNA
methylation was identified using five overlapping primers, and DNMT1 binding was
quantified by chromatin immunoprecipitation. Promoter DNA methylation of DNA
mismatch repair (MLH1) and superoxide scavenging (SOD2) enzymes were also
quantified.

Results: Compared to CONT, D-Loop methylation was higher in PDR and No-DR
groups, and the D-Loop region responsible for encoding the majority of the mtDNA-
encoded genes had significantly higher methylation in the PDR group versus No-DR.
Similarly, compared to No-DR, the PDR group also had hypermethylated MHL1 and
SOD2 promoters.

Conclusions: Blood from PDR patients have higher DNA methylation, than seen in
diabetic patients without retinopathy. Thus, DNA methylation can be used as a
possible biomarker of diabetic retinopathy.

Translational Relevance: DNA methylation status in the blood of diabetic patients
could serve as a potential noninvasive biomarker of retinopathy, and also an
important readout parameter for testing longitudinal outcome of novel therapeutics
for this blinding disease.

Introduction

The International Diabetes Federation estimates
approximately 425 million adults had diabetes in
2017, and with the prevalence of this disease rising at
an alarming rate, by 2040 this number could be 642
million.1 In the eye, sustained circulating high blood
glucose damages the retina and its vasculature, and

diabetic retinopathy is considered as the leading cause
of acquired blindness in working-age adults.2–4 This
blinding disease is a progressive disease that affects
about 90% of patients after 25 years of diabetes, and
compared to type 2 diabetic patients, its prevalence is
higher in those with type 1.5

Although diabetic retinopathy has a long asymp-
tomatic phase, it can progress from the moderate to
the severe nonproliferative stage and then to the
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proliferative stage in a relatively short period.2,6

Severity of hyperglycemia is considered the key
alterable risk factor, with the duration of diabetes
also intimately related to the development and
progression of retinopathy. Although maintenance
of tight glycemic control impedes the development of
diabetic retinopathy, in many patients, especially
those with type 2 diabetes, hyperglycemia may remain
undiagnosed for a long period of time.3,7–9 Also, the
majority of patients do not, or cannot, maintain tight
glycemic control for long durations, and their retina
continues to be exposed to a hyperglycemic insult.
Thus, identifying noninvasive biomarkers to foretell
the development of diabetic retinopathy and/or access
the outcome of therapeutic intervention is critical.

The pathogenesis of diabetic retinopathy is com-
plex, involving interrelated metabolic, functional, and
structural abnormalities. Novel technical advances
have identified many metabolic abnormalities associ-
ated with diabetic retinopathy, however, the exact
mechanism of the development of this sight-threaten-
ing disease remains unclear.2,10 Hyperglycemia in-
creases reactive oxygen species and damages the
retinal mitochondrial integrity, and the defense
mechanism to repair damaged mitochondria is
impaired. Furthermore, mitochondrial DNA
(mtDNA) is also damaged, compromising the elec-
tron transport chain system.10–14

Hyperglycemic environment also alters the tran-
scripts of many genes, and recent research has
documented the involvement of external factors,
including environmental factors and lifestyle, in gene
expression and disease progression.15,16 These epige-
netic modifications change the gene expression (and
the phenotype) without affecting the underlying DNA
sequence, and many epigenetic modifications have
now been recognized to play a significant role in the
development of diabetes and its complications.17,18

Methylation of cytosine in the DNA forms methyl
cytosine (5mC); about 1.5% of the human genomic
DNA (gDNA) has 5mC, and hypermethylation of a
gene promoter is associated with its repression.19

DNA methylation is mediated by DNA methyl
transferases (DNMTs), and among this family of
DNMTs, DNMT1 appears to be responsible for the
maintenance of established patterns of DNA methyl-
ation and DNMT3a and 3b for establishment of de
novo DNA methylation patterns.20,21 Methylated
cytosine can be hydroxymethylated by the 10-11
translocation (TET) family of enzymes, forming 5
hydroxymethyl cytosine (5hmC), which results in
transcriptional activation.22,23 Many potential CpG

sites are reported to undergo DNA methylation in the
blood from type 1 diabetic patients,24 and compared
to patients with normal albumin level, diabetic
patients with albuminuria have higher global DNA
methylation.25 Furthermore, several epigenetic mod-
ifications have also been shown to modify genes
associated with metabolic abnormities implicated in
the development of diabetic retinopathy.10,26,27

Mammalian mitochondria contain a small circular
DNA (~16 kbp), which is critical for encoding genes
for 13 proteins that are essential in the functioning of
the electron transport chain.28,29 Separating the
strands of mtDNA is a loop-like noncoding region,
the displacement loop (D-Loop), located between
16024 and 576 base pairs, which is the major site of
initiation of transcription and replication.30–32 In
diabetic retinopathy, retinal mtDNA is oxidatively
modified and sequence variants are increased, and the
damage is more extensive at the D-Loop compared to
the other regions of mtDNA.33

Mitochondrial DNA is less than 1% of the total
cellular DNA, but it has approximately 450 CpG sites
and 4500 cytosine at non-CpG sites.34 Mitochondria
are also equipped with DNA methylation machinery;
DNMT1 has a mitochondrial targeting sequence,35

and TET is also reported in the mitochondria.36

Methylation of mtDNA is associated with decreased
transcriptional capacity of proteins encoded by
mtDNA and is observed in many mtDNA-related
chronic diseases,35–38 and increased mtDNA 5hmC
levels are observed after ischemia/reperfusion inju-
ry.39 Since the establishment and maintenance of
epigenetic modifications are mediated by external
factors, and these modifications can either be erased
or passed to the next generation,15 epigenetic modi-
fications have potential to serve as good candidates
for disease biomarkers.

Mitochondria play a central role in the development
of diabetic retinopathy, and changes in mtDNA affect
their cellular function.10,40,41 In addition, methylation
D-Loop, via compromising mtDNA transcription,
further compromises the electron transport chain
system and damages mitochondrial homeostasis.42

Higher blood mtDNA methylation levels are related
with increased susceptibility to air pollution–induced
heart rate variability,43 and mitochondrial epigenetic
modifications are linked to increased risk of diabetes.44

The methylation status of blood mtDNA in diabetic
patients, however, is not clear.

Our study using a limited number of patients with
documented diabetic retinopathy, and animal models
of diabetic retinopathy have shown a direct relation
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between mtDNA damage in the peripheral blood and
diabetic retinopathy.45 The goal of our present study is
to examine mtDNA methylation in the peripheral
blood of diabetic patients with proliferative retinopa-
thy or no retinopathy and to determine the utility of
DNA methylation as a possible biomarker of diabetic
retinopathy.

Methods

Human Subjects

Diabetic patients, both male and female, visiting
the Endocrinology Clinic at the Detroit Medical
Center (Detroit, MI) were approached for the study.
After receiving a written informed consent, blood (~5
mL) was collected in ethylene diamine tetra acetic
acid vacutainers. Diabetes status was defined as
hemoglobin A1c � 6.5%. Based on the ophthalmic
evaluation, diabetic patients were divided in two
groups: group 1 patients had proliferative retinopathy
(PDR, 23 patients), and group 2 patients had no
diabetic retinopathy (No-DR, 23 patients). These
patients had received their ophthalmic evaluation at
the Kresge Eye Institute (Detroit, MI), within 6
months of their blood draw. Their retinopathy was
graded using the International Clinical Disease
Severity Scale for Diabetic Retinopathy. Healthy,
nondiabetic subjects, without any retinal complica-
tion, were recruited as controls (CONT, 15 volun-
teers). Subjects with malignancy, trauma, or age
under 18 were excluded from the study. The Wayne
State University Institutional Review Board approved
the protocol, and it complied with all aspects of the
Health Insurance Portability and Accountability Act
and was conducted in accordance with the tenets of
the Declaration of Helsinki.

Genomic DNA

Blood was centrifuged at 800 3 g for 10 minutes,
and the concentrated leukocyte suspension (buffy
coat) between the plasma and erythrocytes was
removed in a fresh tube.46 Genomic DNA was
isolated from the buffy coat using a DNA purification
kit (QIAamp DNA Blood Mini Kit, Cat No: 51104;
Qiagen, Valencia, CA). Briefly, the DNA was loaded
on the silica gel membrane columns, and after
washing the columns to remove the impurities, the
bound DNA was eluted using the elution buffer
provided with the kit. The concentration and purity of
DNA was quantified in a plate reader at 260/280 nm.

DNA Methylation

The levels of 5mC and 5hmC were quantified by
using methylated and hydroxymethylated DNA
immunoprecipitation kits (MeDIP and hMeDIP kits
respectively, Cat. No. P-1015, P-1038; EpiGentek,
Farmingdale, NY). Using 250 ng gDNA for 5mC and
500 ng for 5hmC, DNA bound to the high DNA
affinity strip-wells was captured using 5mC or 5hmC
antibody. Enriched fractions of 5mC/5hmC were
analyzed by quantitative real-time PCR (qPCR) using
specific primers, and relative fold change in 5mC
concentration was calculated using the delta Ct
(ddCt) method.40,47

Methylation was also analyzed using methyl-
specific PCR (MSPCR) by employing a kit (Epitect
Plus Lyse All Bisulfite kit, Cat. No. 59124; Qiagen).
Using 1 lL of bisulfite-converted gDNA as the
template, 4 lL GoTaq reaction buffer, 0.8 mM
dNTPs, GoTaq DNA polymerase, and 0.5 lM of
the primer pairs specific for methylated and unme-

Table 1. Primer Sequences

Primer Sequence (50–30)

D-Loop ATGGGGAAGCAGATTTGGGT
GCGTTTTGAGCTGCATTGCT

Methylated
D-Loop

TAAGAGTGTTATTTTTTTCGTTTCG
ATAAAATACTCCGACTCCAACGTC

Unmethylated
D-Loop

TAAGAGTGTTATTTTTTTTGTTTTGG
CATAAAATACTCCAACTCCAACATC

DNMT1 AGTCCGATGGAGAGGCTAAG
TCCTGAGGTTTCCGTTTGGC

TET2 TGGATTGCTGCAAGGCTGAG
CTCAACAGGAGCAAAGGCAAG

COXII GGCACATGCAGCGCAAGTAGG
GGCGGGCAGGATAGTTCAGAC

ND1 ACGGGCTACTACAACCCTTC
ATGGTAGATGTGGCGGGTTT

CYTB TCACCAGACGCCTCAACCGC
GCCTCGCCCGATGTGTAGGA

B ACTIN AGCCTCGCCTTTGCCGATCCG
TCTCTTGCTCTGGGCCTCGTCG

MLH1 promoter CCTGGCTCGGTTAAAAAGC
GGAGGTGTTGCTGAGAGAGG

SOD2 CCTGCTCCCCGCGCTTTCTT
CGGGGAGGCTGTGCTTCTGC

SOD2 promoter ATACGGGTTGGAAGGGCGCTG
TGAGTTTTGGTTGCGCTGCCG

MLH1 TATGGCTTTCGAGGTGAGGC
CCTTGATTGCCAGCACATGG
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thylated sequences, qPCR was performed (Table 1).
The amplified PCR products were resolved on a 2%
agarose gel, and the ratio of band intensities of
methylated to unmethylated was analyzed using
ImageJ software (http://imagej.nih.gov/ij/; provided
in the public domain by the National Institutes of
Health, Bethesda, MD), as reported previously.40

To confirm methylation, an endonuclease diges-
tion method was also employed. Briefly, gDNA (2 lg)
was subjected to restriction digestion by the methyl-
ation-sensitive HpaII restriction enzyme (the enzyme
that cleaves only unmethylated -CCGG- consensus
sequences) in a 20 lL reaction mixture containing 2
lL of cutsmart buffer.33 The reaction was terminated
by incubating the mixture at 908C, and the digested
DNA was amplified for D-Loop using primers
flanking the restriction sites (Table 1). Increased
DNA methylation reciprocate with higher target
amplification due to reduced HpaII activity and vice
versa.

To rule out the possibility of contamination of
nuclear DNA, 5mC levels were also quantified in the
purified mtDNA in five random samples per group.
Mitochondrial DNA was purified using a purification
kit (K389-25; BioVision, Milpitas, CA), and 5mC
levels were measured using EpiQuik methylated DNA
immunoprecipitation kit (EpiGentek).

To further investigate the pattern of DNA
methylation, five different sets of overlapping primers
of D-Loop were employed. The selection of these
regions was based on the CpG density (Table 2).

DNMT1 Binding

Chromatin immunoprecipitation (ChIP) technique
was employed to quantify the binding of DNMT1
and TET2 at the D-Loop. Briefly, the buffy coat (for
DNMT1) was crosslinked with 1% paraformalde-

hyde; the crosslinked protein-DNA complex (120 lg)
was immunoprecipitated with 3 lg DNMT1 (Cat. No.
ab13537; Abcam, Cambridge, MA) and captured
using protein-A agarose beads. Samples were then
washed, de-crosslinked at 658C, and digested with
proteinase K. The DNA was purified using the
phenol-chloroform method and was amplified for
D-Loop using the specific primers (Table 1). Input
DNA (40 lg) was used as an internal control, and 3
lg IgG was used (Cat. No. ab171870; Abcam) as an
antibody control.40,48

Sequence mismatches in the D-Loop were analyzed
using a detection kit (Surveyor Mutation Detection
Kit; Integrated DNA Technologies, Coralville, IA) as
described previously.48 Briefly, D-Loop was amplified
from the DNA using specific primers (Table 1) and 1
U high-fidelity enzyme mixture (Elongase, Cat. No.
104800; Thermo Fisher Scientific, Waltham, MA)
with an initial incubation cycle of 1 minute at 758C, 1
minute at 948C, and 24 cycles of 15 seconds at 948C
and 12 minutes at 658C. The final extension was
performed for 10 minutes at 728C. The amplicon was
digested using surveyor nuclease and a mismatch-
specific endonuclease, and the digested products were
resolved on 2% agarose gel. The gel was analyzed for
fragmentation using a UV transilluminator, and the
amplicon band intensity was quantified using ImageJ.

Gene Transcripts

Total RNA from buffy coat was isolated by Trizol
reagent (Cat No. 15596018; Invitrogen, Carlsbad,
CA) and was converted to cDNA using a reverse
transcription kit (High Capacity cDNA Reverse
Transcription Kit, Cat No. 4368814; Applied Biosys-
tems, Foster City, CA). Using a master mix (Power
SYBR Green PCR Master Mix, Cat No. 4367659;
Applied Biosystems) and gene-specific primers (Table

Table 2. Primer Sequences of Five Regions of the D-Loop

Region Sequence (50–30) Spanning Region Product Length CpGs

Region 1 ACATTACTGCCAGCCACCAT 16098–16276 179 1
ATCCTAGTGGGTGAGGGGTG

Region 2 CACCCCTCACCCACTAGGAT 16257–16410 154 2
GAGGATGGTGGTCAAGGGAC

Region 3 GTCCCTTGACCACCATCCTC 16391–16549 159 6
GGGGAACGTGTGGGCTATTT

Region 4 ACATCTCTGCCAAACCCCAA 340–502 163 2
GGCGGGGGTTGTATTGATGA

Region 5 TCATCAATACAACCCCCGCC 483–638 157 4
GGTGATGTGAGCCCGTCTAA
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1), gene transcripts were quantified by qPCR. The
fold change was calculated using ddCt method.45

Statistical analysis was performed using statistical
software (Sigma Stat; Systat Software, San Jose, CA).
One-way ANOVA followed by Student-Newman-
Keuls test was used to compare between groups with
normal distribution. Kruskal-Wallis one-way analysis
followed by Dunn’s test was used to compare between
groups with nonnormal distribution. Data are ex-
pressed as mean 6 SD, and P , 0.05 was considered
statistically significant.

Results

Both PDR and No-DR groups had age-matched
patient population (median age 53.5 years, range, 33–
75 years, and 53.7 years and 30–77 years, respective-
ly). The PDR group had 46% male patients and the
No-DR group had 43%. Despite differences in the
number of type 1 diabetic patients (39% in PDR
group compared to 13% in No-DR group) and
relatively longer median duration of diabetes in
PDR group (6–54 years versus 1–24 years), their
HbA1C values were similar (7%–11% PDR versus
6.5%–13% No-DR). The CONT group had 36% male
subjects, and compared to PDR and No-DR groups,
the CONT group had slightly younger individuals
(median age 45 years, range 30–66 years). However,
the age differences among the three groups was not
statistically significant (P ¼ 0.08 CONT versus PDR
and P ¼ 0.31 CONT versus No-DR).

Peripheral blood from diabetic patients has higher
D-Loop damage compared to nondiabetic controls,
and the damage is significantly higher in patients with
proliferative retinopathy compared to patients with-
out retinopathy.4 Consistent with this, 5mC levels at
the D-Loop were approximately two-fold higher in the
PDR group compared to the No-DR group (Fig. 1a);
values obtained using IgG antibody control were
,0.01% of the values obtained from 5mC antibody.
In accordance with 5mC levels, 20% to 40% higher
DNA methylation was observed in the PDR group by
methylation-specific endonuclease digestion methods,
and the values were significantly different from the
values obtained in CONT group (Fig. 1b). Consistent
with the results from the gDNA, compared to CONT
group 5mC levels at the D-Loop were significantly
higher in the purified mtDNA in both PDR and No-
DR groups, and among these two diabetic groups, the
PDR group had approximatley three-fold higher 5mC
levels compared to the No-DR group (Fig. 1c).
Furthermore, our preliminary results from bisulfite

Figure 1. Methylation of mtDNA in the peripheral blood.
Cytosine methylation in the D-Loop was quantified in the buffy
coat (a) by a methylated DNA (MeDIP) immunoprecipitation kit.
Fold change values obtained from qPCR were quantified by ddCt
method and (b) by digesting DNA with methylation-sensitive HpaII
endonuclease followed by qPCR using specific primers spanning
the HpaII restriction site (-CCGG-). (c) The 5mC levels were
quantified in purified mtDNA by MeDIP immunoprecipitation
method. (d) Methylation-specific PCR was performed in the
bisulfite-converted DNA, and the ratio of the methylated (M) to
unmethylated (U) band was plotted. Value obtained from
nondiabetic subjects was considered as one. The data are
presented as mean 6 SD obtained from 12 to 25 diabetic
patients, each with proliferative retinopathy (PDR) or without
retinopathy (No-DR), and nondiabetic control subjects (CONT). *, #P
, 0.05 versus CONT and PDR groups respectively; ^IgG control
antibody.
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DNA sequencing44,45 in a very limited number of
samples (two to three samples per group) also showed
similar differential D-Loop cytosine methylation.
However, in contrast to the results from endonuclease
digestion and immunoprecipitation methods,
MSPCR showed similar ratios of methylated:unme-
thylated cytosine in all three groups (Fig. 1d).

Since MSPCR and bisulfite DNA sequencing
methods do not discriminate between 5mC and
5hmC,37 to further confirm differences in DNA
methylation, 5hmC levels were quantified. As shown
in Figure 2, compared to CONT group, both PDR
and No-DR groups had similar 5hmC levels, but

these values were significantly lower compared to
those obtained from the CONT group. To confirm
the role of TET2 in the methylation status of D-Loop,
TET2 binding was quantified in the mitochondria
isolated (Mitochondria Isolation Kit 89874; Thermo-
Scientific) from the buffy coat from two samples each
in CONT and No-DR groups. TET2 binding was
relatively lower in the No-DR group compared to the
CONT group (1.14 versus 1.42), confirming mito-
chondrial localization of TET2 and its role in
maintaining methylation status of mtDNA. However,
due to limitation of the samples, we were unable to
analyze statistical significance between these two
groups and perform TET2 binding in the PDR group.

To further investigate cytosine methylation and its
distribution pattern in the D-Loop, five different
overlapping regions of the D-Loop (Fig. 3a), com-
pared to the CONT, PDR, and No-DR groups, had
increased 5mC levels in all of the five regions.
However, compared to the No-DR group, the PDR
group had significantly higher (.80%) 5mC levels in
region 5. In addition, although region 2 had ~40%
higher 5mC in the PDR group, these values were not
statistically significant compared to the values ob-
tained in the No-DR group (Fig. 3b).

To confirm differences in DNA methylation in
these regions, the binding of DNMT1 was investigat-
ed in regions 2 and 5. Compared to the No-DR

Figure 2. Hydroxymethylation of mtDNA. (a) The levels of 5hmC
were quantified in human blood buffy coat using a hMeDIP
immunoprecipitation kit. The values are represented as mean 6

SD obtained from 15 to 20 patients in each of the three groups.
*,#P , 0.05 compared to CONT and PDR, respectively.

Figure 3. DNA methylation of different CpG-rich regions of the D-Loop. (a) Schematic diagram of five regions of the D-Loop (16024-576
bp region) with differential CpG density. Vertical bars in the box represent CpG density; 1, 2, 6, 2, and 4 CpG sites, respectively. Regions 2
and 3 also cover three conserved sequence box domains (CSB-I, II, and III), and region 4 and 5 have light strand promoter (LSP) and heavy
strand promoter (HSP), respectively. (b) 5mC levels in the regions 1 to 5 of the D-Loop were quantified in immunoprecipitated samples
using a MeDIP kit. *, #P , 0.05 versus CONT and PDR groups, respectively.
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group, the PDR group had approximately two-fold
higher DNMT1 binding in region 5, but in region 2,
DNMT1 binding was similar in the PDR, No-DR,
and CONT groups; IgG control antibody yielded
values that were ,0.01% of the values obtained from
DNMT1 antibody (Fig. 4).

Methylation of cytosine is mediated by DNMTs,
but 5mC can also be rapidly hydroxymethylated by
TETs.35 We quantified the gene transcripts of
DNMTs and TETs. Compared to the CONT group,
DNMT1 was elevated by four- to five-fold in both the
PDR and No-DR groups (Fig. 5a). However,

although TET2 was also elevated in both the PDR
and No-DR groups, the values in the No-DR group
did not achieve any statistical significance (Fig. 5b).

Since methylation of DNA impairs its transcrip-
tional capacity,10,35 expression of mtDNA-encoded
genes was measured in the cDNA prepared from the
peripheral blood. Consistent with hypermethylation
of mtDNA, expressions of NADH-ubiquinone oxi-
doreductase chain 1 (ND1) of complex I, cytochrome
b (CYTB) of complex III, and cytochrome oxidase II
(COXII) of complex IV were significantly decreased
in both the PDR and No-DR groups as compared to
the values obtained from the CONT group (Fig. 6).

DNA methylation can also result in increased base
mismatches; in diabetes, increased mismatches are
observed in the D-Loop, and the mismatch repair
system is compromised in the retinal vasculature.33

Consistent with retinal vasculature, base mismatches
were significantly higher in the PDR group compared
to the No-DR group (Fig. 7a). The PDR group also
had reduced gene transcripts MLH1, the enzyme
responsible for repair of DNA mismatches, and the
MLH1 promoter DNA was also hypermethylated
(Figs. 7b and c), suggesting the role of DNA
methylation in decreased MLH1 expression. Howev-
er, in contrast to increased D-Loop methylation in the
No-DR group, base mismatches, MLH1 expression,
and its promoter DNA methylation were similar to
those observed in the CONT group.

Figure 4. DNMT1 binding at the D-Loop. Regions 2 and 5 of the
D-Loop were analyzed for DNMT1 binding by ChIP technique; IgG
was used as an antibody control (^). The values are represented as
mean 6 SD. *P , 0.05 versus CONT and #P , 0.05 versus PDR.

Figure 5. DNA methylation-hydroxymethylation machinery.
Transcript levels of (a) DNMT1 and (b) TET2 were quantified in
the cDNA by qPCR using b-ACTIN as the housekeeping gene. The
data are mean 6 SD from 15 to 20 samples in each of the three
groups (PDR, No-DR, and CONT). *P , 0.05 compared to the CONT
group.

Figure 6. Transcripts of mtDNA-encoded genes. Gene transcripts
of CYTB, ND1, and COXII were quantified in the cDNA using qPCR,
and the data obtained were normalized against the values from b-
ACTIN by the ddCt method. *P , 0.05 versus CONT.
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Decreased transcription of mtDNA-encoded genes
compromises the electron transport chain, resulting in
increased mitochondrial superoxide levels, and man-
ganese superoxide plays a critical role in scavenging
mitochondrial superoxide radicals.10,49 To further
investigate the possibility of using DNA methylation
as a potential biomarker of diabetic retinopathy,
DNA methylation of SOD2, the gene encoding
manganese superoxide dismutase (MnSOD), was
examined. Figure 8a shows that, compared to CONT
group, 5mC levels at the SOD2 promoter were
significantly higher only in the PDR group; however,
the No-DR group showed an insignificant change

compared to CONT group, and 5mC, and its values
are significantly lower than the PDR group. Results
using the MSPCR method further confirmed hyper-
methylation of the SOD2 promoter in the PDR group
(Fig. 8b). In accordance with SOD2 promoter hyper-
methylation, SOD2 mRNA was decreased by 50% in
the PDR group, and although in the No-DR group
the decrease in SOD2 mRNA was only 20%, these
values were significantly different from those ob-
tained from PDR group (Fig. 8c).

Discussion

Diabetic retinopathy remains the major blinding
disease in working-age adults. This progressive
disease is multifactorial, and in the initial stages it is
generally asymptomatic.6 The lag time between
diagnosis of diabetes and detection of any signs of
retinopathy may extend to 10 to 20 years; however,
the biochemical, molecular, and physiological chang-
es induced by the hyperglycemic milieu continue to
manifest. Mild to moderate nonproliferative retinop-
athy may progress to the severe nonproliferative stage
and can become proliferative in a relatively short
time.2 This makes identification of early, noninvasive
biomarkers essential to protect the retina from the

Figure 7. Mismatches in the D-Loop. (a) Base mismatches in the
D-Loop were analyzed after digesting the complete D-Loop
amplicons with mismatch-specific surveyor nuclease, followed by
resolving in agarose gel for fragmentation analysis and
quantification of the amplicon intensity. The intensity of the
amplicon in the CONT group was considered as 100%. (b) Gene
transcripts of MLH1 were quantified by qPCR using b-ACTIN as a
housekeeping gene. (c) 5mC levels in the MLH1 promoter were
quantified by methylated DNA immunoprecipitation technique
using IgG as an antibody control (^). The data are mean 6 SD
obtained from 12 to 20 subjects in each group. *P , 0.05 versus
CONT and #P , 0.05 versus PDR.

Figure 8. Superoxide scavenging enzyme in the buffy coat. DNA
methylation of SOD2 promoter was determined by (a) quantifying
5mC levels using the methylated DNA immunoprecipitation
technique, with IgG (^) included as an antibody control, and (b)
by methylation-specific PCR. (c) Gene transcripts of SOD2 were
quantified by qPCR using b-ACTIN a housekeeping gene. *P , 0.05
versus CONT and #P , 0.05 versus PDR.
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progressive pathology and vision loss. Mitochondrial
dysfunction is considered as one of the major
contributors in the development of diabetic retinop-
athy. Retinal mitochondria are swollen, mtDNA is
damaged, and the expression of mtDNA-encoded
genes is decreased, resulting in an electron transport
chain system functioning at less than its optimal
capacity. To make a bad situation worse, the defense
system to protect mitochondrial functional and DNA
damage is also compromised, and the vicious cycle of
free radicals continues to self-perpetuate.10–12,26 Our
previous work using retinal microvasculature from
both rodent models and a limited number of diabetic
patients (with or without documented retinopathy)
has demonstrated a correlation between mtDNA
damage in the peripheral blood and diabetic retinop-
athy.45 Recent technical advancements have implicat-
ed epigenetic modifications in the development of
diabetic complications, including retinopathy,10,26,50

and epigenetic modifications in mtDNA are also
observed in many diseases, including diabetic reti-
nopathy.33,37,40 Here, we demonstrate that methyla-
tion of mtDNA is different in the peripheral blood
from diabetic patients with retinopathy and without
retinopathy. Also, we show convincing differences in
the DNA methylation of the genes encoding mis-
match repair enzyme MLH1 and mitochondrial
superoxide scavenging enzyme SOD2. The results
suggest that DNA methylation status in the periph-
eral blood could potentially predict the progression of
diabetic retinopathy to the proliferative stage and
serve as a noninvasive biomarker.

Gene expression is influenced by external factors
and disease state, and the chemical tags added to the
chromosomes switch genes on or off without altering
the DNA sequence.15,16 These epigenetic modifica-
tions can be erased or passed to the next generation.
One of the major epigenetic modifications is DNA
methylation in which covalent addition of a methyl
group at the 5-carbon of the cytosine ring results in
formation of 5mC, and presence of 5mC in the
promoter region is associated with long-term tran-
scriptional silencing.20,21 The CpG-rich circular
mtDNA lacks protective histones and is a good target
for methylation. In the pathogenesis of diabetic
retinopathy, retinal mtDNA is hypermethylated, and
DNMTs are activated. This hypermethylation is more
extensive at the D-Loop, the region of mtDNA that is
the major control site for mtDNA transcription and
replication.10,12,14,26,33 The D-Loop is also the point of
attachment of mtDNA to the mitochondrial inner
membrane, and it is more prone to damage than other

regions of the mtDNA.51 Here, using two indepen-
dent methods, we show that compared to the CONT
group, peripheral blood from both the PDR and No-
DR groups have higher methylation in the D-Loop,
and methylation is significantly higher in the PDR
group compared to the No-DR group.

DNA methylation is a dynamic process, and 5mC
can be hydroxymethylated to 5hmC23,35; we show that
diabetic groups have lower 5hmC levels than does the
CONT group. This suggests that our failure to
observe increased D-Loop DNA methylation in the
same samples by MSPCR technique could be due to
the inability of this technique to distinguish between
5mC and 5hmC. In accordance with this, the decrease
in 5hmC in the PDR group is accompanied by over a
four-fold increase in DNMT1 and about a 1.5-fold
increase in TET2, suggesting that methylation of
cytosine could be overpowering its hydroxymethyla-
tion.

D-Loop contains regulatory elements involved in
mtDNA replication and transcription and has two
hypervariable regions.32 It also has two promoters for
RNA transcription: one promoter controls transcrip-
tion of the H-strand (HSP), and the other controls
transcription of the L-strand (LSP) where the
transcription factors mtTFA and mtTFB bind to
specific sequences upstream of both the HSP and
LSP.51,52 Analysis of the different regions of the D-
Loop in the blood shows hypermethylation of all of
these regions in the PDR and the No-DR groups.
Among these, however, region 5 has significantly
higher methylation in the PDR group compared to
the No-DR group. Consistent with this, compared to
the other four regions of the D-Loop, region 5 has
significantly higher DNMT1 binding in the PDR
group. Interestingly, region 5 is the site of the
promoter that controls the transcription of HSP
and is responsible for encoding 28 out of 37 mtDNA-
encoded genes.53 Methylated cytosine in the promoter
region of the HSP is also implicated in the processing
of RNA primer during replication of the H-strand,19

further supporting the importance of mtDNA meth-
ylation in regulating mitochondrial functioning.
However, despite similar DNMT1 binding in region
2 in the three groups, the DR and No-DR groups
have increased 5mC levels; DNA methylation is a
dynamic process where TETs can convert 5mC to
5hmC,47 and the possibility of suboptimal conversion
of 5mC to 5hmC in this region cannot be ruled out.

Methylation of cytosine is a natural phenomenon,
and although both cytosine and methylated cytosine
can be deaminated to thymine, deamination rate of
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methylated cytosine is several fold higher than that of
cytosine.54 Moreover, mtDNA is located closer to the
electron transport chain and has a 1000-fold higher
mutation rate than does the nuclear DNA.35 Mito-
chondria also have an efficient mismatch repair
systems to target replication errors that escape
proofreading, and MLH1 is one of the major enzymes
responsible for mismatch repairs in mtDNA.48,55 The
results show major differences in the methylation
status of MLH1 promoter, and while peripheral
blood from the No-DR and CONT groups have
similar 5mC levels at theMLH1 promoter, 5mC levels
are significantly elevated in the PDR group.

Damage to mtDNA impairs its transcription and
compromises the electron transport chain system,
leading to increased superoxide radicals.10,26 Retinal
microvasculature from diabetic rodents and human
donors with diabetic retinopathy have reduced levels
of mtDNA-encoded genes, including ND1, CYTB,
and COXII.56 Although the levels of these genes are
decreased significantly in the blood of diabetic
patients with or without proliferative retinopathy,
our results show that the decrease in CYTB, the only
mtDNA-encoded protein of the complex III, is
significantly higher in PDR group compared to the
No-DR group.

Mitochondrial matrix has appreciable levels of
MnSOD to scavenge free radicals, and decrease in
MnSOD increases the steady-state levels of free
radicals.57 Here, the results show that the transcripts
of SOD2 are significantly decreased in both the PDR
and No-DR groups, and the decrease is significantly
greater in the PDR group compared to the No-DR
group. The transcription of SOD2 is regulated by
many regulatory regions, including a GC-rich core
promoter adjacent to the transcriptional start site and
an enhancer in the second intron.58 Consistent with
decrease in SOD2 transcripts, diabetic patients have
hypermethylated SOD2 promoter DNA, and com-
pared to the No-DR group, DNA methylation is
higher in the PDR group, further supporting the
utility of peripheral blood DNA methylation as a
possible biomarker of diabetic retinopathy.

We recognize that our study has some limitations,
including 21% fewer samples in the CONT group
compared to the PDR and No-DR groups. The
CONT group also had slightly younger individuals,
with 45 years median age compared to about 54 years
median age in the PDR and No-DR groups. The
gender of the patient is a factor in the severity of
diabetic retinopathy. In male patients, advanced
retinopathy is more common, and they have more

abnormal local neuroretinal function compared with
females59; although distribution of males and females
in the PDR and No-DR groups was similar (46% and
43%, respectively), the CONT group had fewer (36%)
male individuals. Furthermore, a group with non-
proliferative diabetic retinopathy was not included,
and this does not allow us to rule out the possibility of
a similar increase in DNA methylation in these
diabetic patients, as observed in the PDR group.
However, significant differences in the DNA methyl-
ation status of the D-Loop region, which is respon-
sible for encoding the majority of mtDNA-encoded
genes, and promoters of two other genes important in
mitochondrial function, MLH1 and SOD2, in the
PDR and No-DR groups strengthen the importance
of DNA methylation in diabetic retinopathy.

In conclusion, ongoing research has now unraveled
some associations between DNA methylation level in
blood and breast cancer risk,60 and analysis of blood
from patients enrolled in the landmark Diabetes
Control and Complications Trial-Epidemiology of
Diabetes Interventions and Complications Study has
suggested the possible use of DNA methylation
status, especially that of thioredoxin-interacting
protein, as a biomarker for glycemia.61 Methylation
of mtDNA is shown to be involved in pathological
phenotypes of chronic diseases such as nonalcoholic
steatohepatitis and Down’s syndrome37 and is con-
sidered as a possible biomarker for chromium
exposure.62 The retina from donors with age-related
macular degeneration have higher levels of mtDNA
deletions/rearrangements with higher single nucleo-
tide polymorphisms in the D-Loop.63 Despite some
limitations listed above, our exciting results show
significantly higher DNA methylation of mtDNA and
associated genes in the peripheral blood from
proliferative diabetic retinopathy patients, and these
results suggest a possible correlation between DNA
methylation and proliferative diabetic retinopathy.

Translational Relevance

Mitochondrial homeostasis is critical for their
function, and as described above, basic research using
both in vitro and in vivo models of diabetic
retinopathy has shown the importance of DNA
methylation in mitochondrial homeostasis. Here,
using peripheral blood from patients, we show that
methylation of mtDNA and that of promoter DNA
of the enzymes critical in mitochondrial homeostasis
is strongly correlated with the presence of diabetic
retinopathy. This could open up a possibility of
employing DNA methylation as a potential biomark-
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er of retinopathy in diabetic patients and bridging the
gap between basic research and clinical care. DNA
methylation status in the blood of diabetic patients
could also serve as an important readout parameter
for testing longitudinal outcome of novel therapeutics
for this blinding disease, furthering the translational
impact of our study.
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