
Abstract. Background/Aim: Decreased mitochondrial DNA
copy number (mtDNA-CN) has been associated with
coronary artery disease (CAD). We aimed to clarify the
difference between stable CAD (SCAD) and acute coronary
syndrome (ACS) regarding mtDNA-CN and the DNA
methylation ratio in regions influencing the regulation of
mitochondrial biogenesis. Materials and Methods: Using
quantitative real-time polymerase chain reaction, mtDNA-
CN was measured in peripheral blood leukocytes sampled
from 50 patients with SCAD and 50 with ACS. We then
conducted bisulfite modification of DNA followed by
methylation-specific polymerase chain reaction to quantify
mtDNA methylation in the mitochondrial D-loop region
(mtDLR) and nuclear DNA methylation in the promoter
region of nuclear peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PPARGC1A) gene. Results:
Compared to patients with SCAD, those with ACS had
significantly lower relative mtDNA-CN (0.89±0.24 vs.
1.00±0.28, p=0.013) and higher DNA methylation ratio of
the mtDLR (1.11±0.24 vs. 1.00±0.25, p=0.027) Conclusion:
Our findings suggest that increased DNA methylation in the
mtDLR, which translates into reduced mtDNA content, may
affect the clinical phenotype of CAD.

Coronary artery disease (CAD) is the most common cause
of death globally. The underlying mechanism of CAD
involves reduced blood and oxygen flow to the heart muscle
due to atherosclerosis of the coronary arteries.

Atherosclerosis generally starts early in life and worsens
with age. Almost all individuals aged above 65 years have
some degree of atherosclerosis. Progression of
atherosclerosis can lead to acute cardiovascular events such
as acute myocardial infarction (AMI), unstable angina (UA)
pectoris, and even sudden cardiac death. Atherosclerotic
disease may also remain at a subclinical stage or manifest as
chronic stable angina.

In patients with stable coronary artery disease (SCAD) such
as subclinical coronary atherosclerosis or chronic stable
angina, mortality and the incidence of myocardial infarction
are relatively low (1, 2). However, prognosis is poorer among
patients with acute coronary syndrome (ACS), who develop
obstructed coronary blood flow due to plaque rupture and
thrombus formation, resulting in myocardial damage (3).
Compared to patients with SCAD, those with ACS have
traditionally been thought to be at higher risk of both short-
and long-term mortality because of myocardial damage.
Therefore, it is very important to predict whether patients with
atheromatous coronary artery plaque will suffer from ACS.
However, currently used imaging techniques and biomarkers
do not provide sufficient predictive power for this.

Mitochondria play a critical role in energy homeostasis,
apoptosis, and calcium signaling, also serving as a major
cellular source of reactive oxygen species (ROS) generating
oxidative stress. Mitochondrial DNA (mtDNA) is similar to
nuclear DNA (nDNA) regarding the function of transcription
and replication. However, unlike nDNA, mtDNA is believed to
be vulnerable to ROS-induced damage because it does not
incorporate histones and does not possess an efficient repair
mechanism. Mitochondrial damage/dysfunction may play an
important role in the initiation and progression of
atherosclerosis, the main pathological mechanism underlying
cardiovascular disease (4, 5). Whereas each individual
mitochondrion retains a relatively constant number of copies of
mtDNA, the number of mitochondria per cell varies remarkably
according to cell lineage and function (6). The mtDNA copy
number (mtDNA-CN), while not a direct measure of mtDNA
damage/dysfunction, is positively correlated with mitochondrial
enzyme activity and ATP production (7) and can therefore be
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used as a biomarker of mitochondrial function. In their analysis
of three large prospective studies, Ashar et al. reported that
reduced mtDNA-CN is an independent risk factor for
cardiovascular disease including CAD and may thus have
clinical utility for improving cardiovascular risk classification
(8). Others reported that mtDNA-CN is inversely related with
CAD severity (9). Based on these results, we hypothesized that
mtDNA-CN would be lower in patients with ACS than in those
with SCAD. 

Similarly to nDNA, mtDNA can be methylated by
machinery within the mitochondria (10-12) and can serve to
mediate the control of mitochondrial gene expression (13).
Wallace et al. proposed the bioenergetic-epigenome
hypothesis to explain the increasing number of epigenetic
diseases being associated with mitochondrial dysfunction
(14). When it occurs in a gene promoter, DNA methylation
typically acts to repress gene transcription. A previous study
suggested that platelet mtDNA methylation may be
implicated in the etiology of cardiovascular disease (15). We
thus postulated that in patients with CAD, changes in
mitochondrial D-loop or methylation of nuclear peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PPARGC1A) gene may affect mtDNA-CN. 

In the present study, we aimed to clarify the difference
between ACS and SCAD in terms of mtDNA-CN, as well as
in terms of the DNA methylation ratio in the mitochondrial
D-loop region and in the promoter region of nuclear
PPARGC1A, both known as key regulators of mtDNA
replication and copy number. 

Materials and Methods
Participant recruitment and DNA preparation. All study protocols
were approved by the Institutional Review Board of Eulji Medical
School Hospital, Korea (approval no. 2018-06-004) and were
conducted in accordance with the Helsinki Declaration of 1975, as
revised in 2000. Written informed consent was obtained from all
participants.

Blood samples were collected from 50 patients with SCAD and
50 with ACS from the Biobank of Eulji Medi-Bio Research
Institute. All patients underwent coronary angiography to investigate
the cause of chest pain between January 2016 and December 2017,
and all blood samples were obtained within 2 days after coronary
angiography. The two groups of SCAD and ACS were frequency-
matched according to age and sex. SCAD was defined as: (i)
Subclinical coronary atherosclerosis with mild-to-moderate diameter
stenosis on coronary angiography; or (ii) chronic stable angina
diagnosed based on clinical symptoms and angiographic findings.
ACS included UA and AMI showing substantial plaque burden or
plaque rupture on coronary angiography. MI type I defined
according to the third universal definition of myocardial infarction
of the ESC guideline (16) was only eligible in this study.

The blood samples were collected in EDTA-containing tubes and
stored at −70˚C. Genomic DNA was extracted from 500 μl of the
blood sample using the G-spin Genomic DNA Extraction Kit
(Intron, Daejeon, Korea) at Eulji University, Korea. The DNA

quantity and purity were determined using a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific Korea, Seoul, Korea),
revealing optical density (OD 260/OD 280) values of 1.7-2.0 for all
DNA samples. The samples of total DNA were also stored at −70˚C.

Measurement of mtDNA-CN. The mtDNA-CN was evaluated based
on the ratio of mtDNA to nDNA, which were quantified based on
the mitochondrial gene cytochrome B (CYTB) and based on the
single-copy nuclear gene pyruvate kinase L/R (PKLR), respectively.
The relative amounts of mtDNA and nDNA were measured using
quantitative polymerase chain reaction (qPCR) with the primers
described by Yoo et al. (17). The primers for the CYTB gene were
forward 5’- CACGATTCTTTACCTTTCACTTCATC-3’ and reverse
5’-TGATCCCGTTTCGTGCAAG-3’ sequences, whereas the
primers for the PKLR gene were forward 5’-AGCCCAAAT
GGCCTTGAAG-3’ and reverse 5’-AGAGACAGAATGCCA
GTGAGCTT-3’ sequences. Genomic DNA (20 ng) was used as
template per 10 μl reaction with IQ SYBR Green Supermix (Bio-
Rad Laboratories, Seoul, Korea) for qPCR, which was conducted
under the following conditions: 95˚C for 10 min (pre-denaturation)
and 40 cycles, each involving two steps (i.e. denaturation at 95˚C
for 15 s, followed by annealing and extension at 60ºC for 1 min).
Each measurement was performed in duplicate and the acceptable
standard deviation (SD) of the duplicate threshold cycle (DCt)
values was set at 0.7. The run was repeated if unacceptable SD
values were obtained. The relative mtDNA-CN was calculated as
2−DDCt, where DCt=CtmtDNA CYTB-CtPK, according to a previous
report (17). 

Bisulfite modification of DNA and methylation-specific PCR.
Genomic DNA (200-500 ng) was prepared for bisulfite conversion
according to the manufacturer’s instructions (EpiJET Bisulfite
conversion kit; Invitrogen, Carlsbad, CA, USA). During bisulfite
treatment of genomic DNA, all unmethylated cytosines were
converted to uracils, whereas methylated cytosines remained
unaffected. The bisulfite-converted DNA was used as the template
for methylation-specific PCR to determine the DNA methylation
state of the promoter region of nuclear PPARGC1A and of the
mitochondrial D-loop region. DNA methylation was quantified
using suitable primers, as described previously (18, 19): forward
primer 5’-ATTTTTTATTGTTATGGGGGTAGTC-3’ and reverse
primer 5’-AAAAATATTTAAAAACGCAAACGAA-3’ were used to
quantify methylated DNA in the PPARGC1A promoter; forward
primer 5’-TTTTATTGTTATGGGGGTAGTTGA-3’ and reverse
primer 5’-AAAAAATATTTAAAAACACAAACAAA-3’ were used
to quantify unmethylated DNA in the PPARGC1A promoter;
forward primer 5’-TAGGAATTAAAGATAGATATTGCGA-3’ and
reverse primer 5’-ACTCTCCATACATTTAATATTTTCGTC-3’ were
used to quantify methylated DNA in the D-loop region; and forward
primer 5’-GGTAGGAATTAAAGATAGATATTGTGA-3’ and
reverse primer 5’-ACTCTCCATACATTTAATATTTTCATC-3’ were
used to quantify unmethylated DNA in the D-loop region. The PCR
conditions are summarized in Table I. The qPCR assay was
performed using IQ SYBR Green Supermix (all from Bio-Rad
Laboratories). Each determination was performed in duplicate using
20 ng of converted DNA per 10 μl reaction. The acceptable SD of
the DCt values was set at 0.7. The DNA methylation ratio was
expressed as the ratio of the estimated amount of methylated DNA
to that of unmethylated DNA, calculated for each sample as 2−DDCt,
where DCt=Ctmethyl-Ctunmethyl.
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Statistical analyses. The patients were stratified according to CAD
status (SCAD versus ACS). Demographic and clinical characteristics
were compared between the groups using the independent t-test for
continuous variables and the Pearson chi-square test for categorical
variables. The Mann-Whitney U-test was used to evaluate the
difference in relative mtDNA-CN between subgroups of each group.
Comparison of the methylation ratios of the PPARGC1A gene
promoter was also performed using Mann-Whitney U-tests because
the data did not follow a normal distribution. All statistical analyses
were performed using SPSS version 22.0 (IBM, Armonk, NY, USA)
and Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA).
Statistical significance was set at a probability level of p<0.05.

Results

Patient characteristics according to CAD status. The
demographic and clinical characteristics of the 100 patients
included in this study are summarized in Table II. The SCAD
and ACS groups were well-matched in terms of age and sex
(p=0.271 and p>0.99, respectively). Among the patients with
SCAD, 38% (19/50) had mild stenosis (<40% diameter
stenosis), whereas 62% (31/50) had subclinical CAD (>40%
diameter stenosis) or chronic stable angina. Among the patients
with ACS, 40% (20/50) had UA and 60% (30/50) had AMI.
Compared to the SCAD group, the ACS group had
significantly higher prevalence of current smokers (18.0% vs.
38%, p=0.026), higher white blood cell counts (5.90±1.59 vs.
7.97±2.44 ×109 cells/l, p<0.001), and higher peak creatine
kinase levels (112±61 vs. 1341±1946 IU/l, p<0.001).

MtDNA-CN according to CAD status. The mtDNA-CN in the
peripheral blood samples was significantly lower in the ACS
group than in the SCAD group (1.0±0.28 vs. 0.89±0.24,
p=0.034; Figure 1).

Methylation of the mitochondrial D-loop region and
promoter region of nuclear PPARGC1A. Compared to the
SCAD group, the ACS group had a higher DNA methylation
ratio in the mitochondrial D-loop region (p=0.008; Figure
2A) but similar DNA methylation ratio in the promoter
region of nuclear PPARGC1A (p=0.978, Figure 2B).

Relationship between mtDNA-CN and mitochondrial D-loop
region methylation according to CAD status. We next aimed

to determine whether mtDNA-CN is affected by the DNA
methylation ratio in the mitochondrial D-loop region (Figure
3). In this analysis, SCAD was stratified into mild CAD
(n=19; nearly normal or mild lesion with <40% diameter
stenosis on coronary angiography) and substantial CAD
(n=31; subclinical CAD or chronic stable angina, exhibiting
lesions with substantial plaque burden characterized by
>40% diameter stenosis on coronary angiography).
Additionally, ACS was stratified into UA (n=20) and AMI
(n=30). Relative mtDNA-CN differed among these four
subgroups (mild CAD, substantial CAD, UA, and AMI),
increasing up to substantial CAD but then decreasing;
however, upon post-hoc Bonferroni correction, statistical
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Table I. Conditions for methylation-specific polymerase chain reaction.

Region Methylation Pre-denaturation Denaturation Annealing and extension No. of cycles

PPARGC1A promoter Yes 95˚C for 10 min 95˚C for 15 s 59.7˚C for 1 min 40 
No 57˚C for 1 min

D-Loop region Yes 60˚C for 1 min
No 59.7˚C for 1 min

PPARGC1A: Peroxisome-proliferator-activated receptor γ co-activator-1α.

Table II. Demographic and clinical characteristics of study patients.

Variable SCAD (n=50) ACS (n=50) p-Value

Age, years 60.0±9.6 57.8±11.0 0.271
Male sex 37 (74.0%) 37 (74.0%) >0.99
Current smoker 9 (18.0%) 19 (38.0%) 0.026
Hypertension 27 (54.0%) 25 (50.0%) 0.689
Diabetes 16 (32.0%) 8 (16.0%) 0.061
Hyperlipidemia 29 (58.0%) 27 (54.0%) 0.687
BMI, kg/m2 26.4±4.1 24.3±4.5 0.018
SBP, mmHg 132±13 131±27 0.789
DBP, mmHg 79±12 83±13 0.124
WBC count, 5.90±1.59 7.97±2.44 <0.0001
×109 cells/l

TC, mg/dl 178.9±97.5 177.1±41.1 0.904
TG, mg/dl 163.2±80.1 152.6±90.0 0.547
HDL-C, mg/dl 44.1±11.2 42.1±10.6 0.368
LDL-C, mg/dl 96.0±38.9 111.8±39.4 0.051
Glucose, mg/dl 142.8±67.6 153.7±61.5 0.404
HbA1C, % 6.32±1.27 5.95±0.85 0.096
CRP, mg/dl 0.23±0.25 0.40±0.78 0.166
Peak CK, IU/l 112±61 1341±1946 <0.001
Creatinine, mg/dl 0.87±0.18 0.88±0.21 0.960

Data shown are mean±standard deviation or frequency (percentage).
ACS: Acute coronary syndrome; BMI: body mass index; CK: creatine
kinase; CRP: C-reactive protein; DBP: diastolic blood pressure;
HbA1C: glycated hemoglobin; HDL-C: high-density lipoprotein
cholesterol; LDL-C: low-density lipoprotein cholesterol; SBP: systolic
blood pressure; SCAD: stable coronary artery disease; TC: total
cholesterol; TG: triglycerides; WBC: white blood cell. Statistically
significant p-values are shown in bold.



significance was retained only for the difference between
subclinical CAD and AMI (p=0.030). With increasing CAD
severity, the pattern of DNA methylation ratio of the
mitochondrial D-loop region was opposite to that of relative
mtDNA-CN, with similar differences among the subgroups;
however, upon post-hoc Bonferroni correction, statistical
significance was retained for the difference between mild
and subclinical CAD (p=0.045), as well as for the difference
between subclinical CAD and AMI (p=0.012) (Figure 3).

Distribution of mtDNA-CN values according to patient
characteristics. Upon stratifying the relative mtDNA-CN
values according to patient characteristics, most subgroups of
patients with SCAD and ACS continued to differ significantly
in terms of relative mtDNA-CN (Table III), whereas no
significant modulating effect of patient characteristics on
relative mtDNA-CN was found within either group (Table III).

Correlation of mtDNA-CN with the methylation ratio of the
mitochondrial D-loop region and of the promoter region of
nuclear PPARGC1A. Across the 100 samples analyzed, low
and statistically non-significant inverse correlation was noted
for mtDNA-CN with the methylation status of the
PPARGC1A promoter region and that of the mitochondrial
D-loop region (Figure 4).

Discussion

We examined whether mtDNA-CN and DNA methylation
ratios are affected by CAD status. We found that compared
to patients with SCAD, those with ACS had significantly

lower mtDNA-CN, which suggests that lower mtDNA-CN
in the peripheral blood may be a risk factor for progression
to ACS in patients with atheromatous coronary artery plaque.
Furthermore, we were able to confirm previous findings that
mtDNA-CN is correlated inversely with CAD severity (9).
The concept that mtDNA mutation or content (i.e. copy
number) alterations play a key role in the development of
cardiovascular disease is not new. A previous study
demonstrated that mtDNA damage not only promotes
atherosclerosis and plaque vulnerability but also serves as a
biomarker of higher risk in atherosclerosis (5). It was also
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Figure 1. Relative mitochondrial DNA (mtDNA) copy number in
peripheral blood. Relative mtDNA copy number was defined as the ratio
of mtDNA to nuclear DNA. Data are shown for patients with stable
coronary artery disease (SCAD) and for those with acute coronary
syndrome (ACS). Bar: Mean value.

Figure 2. DNA methylation ratio in stable coronary artery disease
(SCAD) and acute coronary syndrome (ACS). Data are shown for the
mitochondrial D-loop region (A) and for the nuclear peroxisome-
proliferator-activated receptor γ co-activator-1α (PPARGC1A)
promoter region (B). SCAD was classified as mild-CAD and sub-CAD,
whereas ACS was classified as unstable angina and acute myocardial
infarction. metDNA: Methylated DNA; unmetDNA: unmethylated DNA.



reported that mitochondrial damage is more pronounced in
patients with ACS than in those with with stable angina (5),
which our present findings are relatively consistent with,
assuming that reduced mtDNA-CN reflects increased
mitochondrial damage. Previously, only a small case-control
study investigated the difference in mtDNA content between
patients with CAD and healthy controls (20). To our

knowledge, the present study is the first to demonstrate the
difference in mtDNA-CN between SCAD and ACS. 

We also examined whether mtDNA-CN and CAD status
are affected by the DNA methylation ratio in the
mitochondrial D-loop region and in the gene region of
nuclear PPARGC1A, both of which are involved in
mitochondrial replication/dysfunction. We found that the
methylation ratio of the D-loop region was higher in the ACS
group than in the SCAD group, whereas no such difference
was noted for the methylation ratio of the PPARGC1A
promoter region, suggesting a potential association between
epigenetic changes in the D-loop and mtDNA-CN changes. 

We further evaluated mtDNA-CN according to CAD
severity and found that patients with subclinical CAD or
stable angina had higher relative mtDNA-CN than that of
patients with minimal lesion on coronary angiography,
although the difference was not statistically significant
(Figure 3A). The increase in mtDNA-CN noted in patients
with subclinical CAD or stable angina may reflect a
compensatory response to mitochondrial dysfunction
caused by reduced coronary blood flow or myocardial
ischemia. A previous case-control study reported lower
mtDNA content in patients with CAD than in healthy
controls but did not perform stratified analysis according to
CAD status or severity (20). On the other hand, we found
that patients with UA or AMI, which are considered more
advanced manifestations of CAD, had lower mtDNA-CN
than that noted in patients with subclinical CAD or stable
angina. These findings suggest that the disruption of
mechanisms compensating for mitochondrial dysfunction
may contribute to ACS. Further studies are needed to
determine whether mtDNA-CN alteration contributes to the
development of ACS. 

Although an increasing number of studies report an
association between mtDNA-CN and cardiovascular disease,
few have focused on the biological cause of mtDNA-CN
alteration in the cardiovascular system. Our findings suggest
that increased methylation of the mitochondrial D-loop may
affect mtDNA replication and result in reduced mtDNA-CN.
The pattern of DNA methylation ratio in the mitochondrial
D-loop was found to be opposite to the trend of mtDNA-CN
according to CAD severity (Figure 3), further highlighting
the potential role of D-loop methylation in mtDNA
replication. Although whether or not mtDNA methylation
occurs or plays any role has been debated, there is a growing
body of evidence to support not only the occurrence of
mtDNA methylation but also its function in various
processes, such as mtDNA gene transcription (21). 

PPARGC1A gene product is considered the main mediator
of mtDNA replication. In addition, several factors such as
mitochondrial transcription factor A (TFAM), nuclear
respiratory factor-1 (NRF1), and -2 are also involved in
mtDNA-CN regulation. TFAM is required for mtDNA
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Figure 3. Mitochondrial DNA methylation according to coronary artery
disease (CAD) status and severity. The patients were stratified into two
groups according to disease status: Stable coronary artery disease
(SCAD) and acute coronary syndrome (ACS). SCAD was further
classified as mild-CAD and sub-CAD, whereas ACS was classified as
unstable angina (UA) and acute myocardial infarction (AMI). metDNA:
Methylated DNA; mild-CAD: nearly normal or mild lesion with
diameter stenosis <40% on coronary angiography; sub-CAD:
subclinical CAD or chronic stable angina with lesions displaying
substantial plaque burden (diameter stenosis >40% on coronary
angiography); unmetDNA: unmethylated DNA. Data are displayed as
mean values, with error bars indicating the standard error of the mean.
Significantly different at *p<0.05, and **p=0.012.



transcription and replication initiation. Specifically, it
regulates protein binding in the D-loop region, which is the
cis-regulatory region of the mitochondrial genome (22).
PPARGC1A induces TFAM expression, which promotes
mtDNA replication. It can therefore be hypothesized that
increased methylation of the PPARGC1A gene would
suppress TFAM expression, resulting in reduced mtDNA

replication. However, we found no significant difference
between the SCAD and ACS groups regarding the
methylation ratio in the PARGC1A promoter region. One
possible explanation for this finding might be that
mitochondrial D-loop methylation has a direct influence on
mtDNA replication or copy number within the
mitochondrion, whereas mtDNA-CN regulation by the
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Table III. Distribution of relative mitochondrial DNA copy number (mtDNA-CN) values according to patient characteristics.

SCAD ACS

mtDNA-CN No. mtDNA-CN p-Value*
Variable Variable No. Mean±SD Mean±SD

Total Total 50 1.00±0.28 50 0.89±0.24 0.034
Age, years Age, years

<60 26 0.97±0.27 30 0.84±0.26 0.013
≥60 24 1.03±0.29 20 0.96±0.23 0.458

p-Value* 0.892 0.230
Sex Male 37 0.98±0.28 37 0.88±0.27 0.040
Male Female 13 1.04±0.27 13 0.90±0.19 0.158
Female p-Value* 0.699 0.486
BMI <25 kg/m2 17 0.94±0.26 29 0.87±0.20 0.466

≥25 kg/m2 33 1.03±0.28 21 0.90±0.31 0.031
p-Value* 0.154 0.738

TC <5.30 mmol/l 38 0.99±0.26 35 0.88±0.24 0.051
≥5.3 mmol/l 9 0.96±0.34 13 0.88±0.29 0.262

p-Value* 0.780 0.853
LDL-C <3.10 mmol/l 35 1.00±0.27 29 0.86±0.18 0.030

≥3.10 mmol/l 12 0.94±0.29 21 0.93±0.32 0.449
p-Value* 0.836 0.929

HDL-C <1.06 mmol/l 26 0.97±0.30 23 0.85±0.25 0.043
≥1.06 mmol/l 21 0.99±0.24 25 0.91±0.26 0.164

p-Value* 0.889 0.464
TGl <1.41 17 1.04±0.30 24 0.93±0.26 0.106

≥1.41 30 0.95±0.25 24 0.83±0.23 0.043
p-Value* 0.472 0.283

CRP <0.5 mg/dl 43 1.00±0.28 40 0.91±0.26 0.058
≥0.5 mg/dl 7 0.97±0.27 10 0.77±0.16 0.109
p-Value* 0.642 0.173

HbA1C <6.5% 33 0.97±0.30 41 0.92±0.25 0.203
≥6.5% 15 1.03±0.23 9 0.74±0.19 0.010

p-Value* 0.410 0.113
Current smoker Yes 9 1.05±0.35 19 0.87±0.30 0.161

No 41 0.99±0.26 31 0.90±0.22 0.041
p-Value* 0.830 0.516

Diabetes Yes 16 1.00±0.25 8 0.94±0.20 0.520
No 34 1.00±0.29 42 0.88±0.26 0.017

p-Value* 0.876 0.315
Hypertension Yes 27 0.99±0.26 25 0.89±0.22 0.063

No 23 1.01±0.30 25 0.88±0.28 0.099
p-Value* 0.626 0.915

Hyperlipidemia Yes 29 1.00±0.19 27 0.91±0.26 0.038
No 21 1.00±0.37 23 0.86±0.24 0.196

p-Value* 0.746 0.711

ACS: Acute coronary syndrome; BMI: body mass index; CRP: C-reactive protein; HbA1C: glycated hemoglobin; HDL-C: high-density lipoprotein
cholesterol; LDL-C: low-density lipoprotein cholesterol; mtDNA: mitochondrial DNA; SCAD: stable coronary artery disease; SD: standard deviation;
TC: total cholesterol; TG: triglycerides. *Between-subgroup differences in mtDNA content were evaluated using the Mann-Whitney U-test.



remote nuclear PPARGC1A gene is indirect and thus subject
to the influence of various mediators or signaling molecules. 

A previous study reported a positive correlation of
mtDNA-CN with mitochondrial mitochondrially encoded
tRNA-Phe (UUU/C) (MT-TF) and mitochondrially encoded
12S rRNA (MT-RNR1) gene methylation in 40 patients
exposed to airborne pollutants (10), concluding that the
positive correlation reflected an mtDNA-based compensatory
mechanism serving to maintain normal cellular function
despite increased respiratory demands required for ROS
clearance. Another human study reported inverse correlation
between mtDNA-CN and the methylation ratio of the

mitochondrial D-loop region in patients with insulin
resistance (19). However, we found no significant correlation
(positive or negative) between mtDNA-CN and the
methylation ratio of the mitochondrial D-loop region or
promoter region of nuclear PPARGC1A across the entire
sample of 100 patients with CAD, nor separately in the
SCAD group (n=50) or in the ACS group (n=50). The
compensatory increase in mtDNA-CN among patients with
subclinical CAD or chronic stable angina may have masked
statistically significant linear correlations between mtDNA-
CN and D-loop methylation. Furthermore, mtDNA-CN and
mtDNA methylation can be influenced by various factors
which remain to be clarified. 

It is important to note that the methylation status of mtDNA
is affected by environmental, lifestyle and pathological
conditions such as colorectal cancer, nonalcoholic fatty liver
disease, airborne pollutant exposure, and aging (10, 13, 23, 24).
Furthermore, it is suggested that mtDNA methylation changes
involving both regulatory and coding regions may play a role
in aging (25). Based on the findings of the study of mtDNA
methylation in patients with insulin resistance (19), it may be
hypothesized that the increase in DNA methylation of the
mitochondrial D-loop region reduces the rate of mtDNA
replication, resulting in reduced mtDNA-CN. In fact, recent
findings suggest that mtDNA hypermethylation may represent
the main contributor to mitochondrial malfunction (26).

Conventional epigenetic studies including evaluation of
nDNA methylation or histone modification experiments have
identified several nuclear genes that may serve as epigenetic
candidates in cardiovascular disease. However, studies on
mtDNA methylation in patients with cardiovascular disease
are very rare. Only one study focused explicitly on mtDNA
methylation (25) but included only 10 patients with CAD
who were moreover not matched to healthy controls
according to age, sex, or race. In the present study, we used
age- and sex-matched groups of patients with SCAD and
ACS, all Korean, with 50 patients per group. 

Several limitations to the present study should be
considered. Firstly, although we used age- and sex-matched
groups, the overall sample size (n=100) may not have been
sufficient to observe correlations between clinical
manifestations and biological findings such as mtDNA-CN.
Furthermore, our study did not target all genes affecting
mtDNA-CN. Instead, we focused on candidate target regions
such as nuclear PPARGC1A gene and the mitochondrial D-
loop region. In addition, within the candidate gene, we did
not distinguish among different methylation sites because we
used methylation-specific PCR. Finally, our study enrolled
only Korean patients, and thus the findings might not be
generalizable to other ethnicities. In the light of these
limitations, future studies should enroll larger samples,
employ more research techniques, and examine multiple
mitochondrial genes that may serve as epigenetics targets.
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Figure 4. Correlation between mitochondrial DNA copy number
(mtDNA-CN) and the ratio of methylated to unmethylated DNA
(metDNA/unmetDNA) for the mitochondrial D-loop region (A) and for
the promoter region of nuclear peroxisome-proliferator-activated
receptor γ co-activator-1α (PPARGC1A) (B). 



Conclusion

In this epigenetics study of the relationship between mtDNA
methylation and the clinical phenotype of CAD, we found
that the acute phenotype was associated with significantly
lower mtDNA-CN and increased methylation ratio in the
mitochondrial D-loop but not in a key nuclear gene
regulating mtDNA replication. Our results confirm that
mtDNA methylation is relevant in CAD and suggest that
lower mtDNA-CN in the peripheral blood may be a risk
factor for progression to ACS in patients with atheromatous
coronary artery plaque. We hope that future studies on the
role of mtDNA methylation in cardiovascular disease can
clarify the importance of mtDNA-CN as a biomarker of
cardiovascular risk.
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