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Abstract
Alzheimer’s disease (AD) is the most common cause of dementia. Increasing evidence shows that mitochondrial DNA 
(mtDNA) methylation plays an essential role in many diseases related to mitochondrial dysfunction. Since mitochondrial 
impairment is a key feature of AD, mtDNA methylation may also contribute to AD, but few studies have addressed this issue. 
Methylation changes of the mitochondrial cytochrome b (CYTB) and cytochrome c oxidase II (COX II) genes in AD have not 
been reported. We analyzed mtDNA methylation changes of the CYTB and COX II genes in an APP/PS1 transgenic mouse 
model of AD using pyrosequencing. We examined mtDNA copy numbers and the levels of expression by quantitative real-
time PCR. Average methylation levels of different CpG sites were ≤ 4.0%. Methylated mtDNA accounted for only a small 
part of the total mtDNA. We also observed hypermethylation of mitochondrial CYTB and COX II genes with decreased 
mtDNA copy numbers and expression in the hippocampi of APP/PS1 transgenic mice. mtDNA methylation may play an 
important role in AD pathology, which may open a new window for AD therapy.

Keywords  Alzheimer’s disease · Mitoepigenetics · Mitochondrial DNA methylation · Electron transport chain · 
Pyrosequencing

Introduction

Dementia is characterized by a decline in language, memory, 
problem solving, and other cognitive indices, which affect 
the ability to manage daily activities [1]. There were around 
50 million cases of dementia globally in 2018, and the total 
number of cases is projected to reach 152 million by 2050 

[2]. Alzheimer’ disease (AD) is the most common cause of 
dementia; it comprises 60–70% of cases. The neuropatho-
logical manifestations of AD are extracellular accumulation 
of insoluble amyloid-β (Aβ), which accumulates in senile 
plaques, and intracellular neurofibrillary tangles (NFTs), 
which consist of hyperphosphorylated microtubule-associ-
ated protein tau (hMAPT), along with progressive neuronal 
loss and cerebral atrophy [3, 4]. The pathogenesis of AD is 
complex and remains obscure. Increasing evidence shows 
that mitochondrial impairments, which include the produc-
tion of reactive oxygen species (ROS), altered mitochondrial 
dynamics, and apoptosis are prominent features [5]. In sev-
eral disorders characterized by mitochondrial dysfunction, 
mitoepigenetics plays an important role [6].

Mitochondria are critical for ATP synthesis [7]. They are 
intracellular organelles that contain ~ 16.6 kb of mitochon-
drial DNA (mtDNA), which is separate from the nuclear 
genome and is inherited in a maternal, non-Mendelian 
fashion [6]. Human mtDNA is a circular, double-stranded 
genome encoding 37 genes, including 13 structural genes 
that encode subunits of the electron transport chain (ETC), 
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22 tRNA genes, and two rRNA genes [6, 8, 9]. Human 
mtDNA also includes a non-coding region, the displace-
ment loop (D-loop), which contains an origin of replication 
and transcriptional promoters [10]. The mtDNA-encoding 
subunits required for the ETC complexes include: seven 
subunits of complex I (ND1, ND2, ND3, ND4, ND4L, ND5 
and ND6), one subunit of complex III (cytochrome b), three 
subunits of complex IV (cytochrome c oxidase I to III), and 
two subunits of complex V (ATPase 6 and 8) [11].

Mitoepigenetics is the study of modulations occurring in 
the mitochondria that induce heritable phenotype changes 
without the involvement of alternations in the mtDNA 
sequence [12]. Mitoepigenetics encompasses four mecha-
nisms: mtDNA methylation/hydroxymethylation, mitochon-
drial nucleoid modifications, mitochondrial RNA modifica-
tions, and non-coding RNA (ncRNA) modulations during 
mtDNA-encoded gene translation and function [9, 12, 13]. 
5-mC/5-hmC and DNA methyltransferase 1 (DNMT 1) have 
been reported in mitochondria [14, 15]. Human mtDNA rep-
resents < 1% of total cellular DNA, but it contains 435 CpG 
sites and 4747 cytosine residues at non-CpG sites, both of 
which have cytosines that can be methylated [10]. The meth-
ylation of mtDNA is associated with exposure to various 
environmental agents and endogenous metabolites [10, 16]. 
MtDNA methylation is linked to many diseases, including 
cardiovascular diseases, cancer, diabetic retinopathy, nonal-
coholic steatohepatitis, obesity, Down’s syndrome, and neu-
rodegenerative diseases [6, 12, 15–20]. Although there is a 
lack of direct evidence, mtDNA methylation may be crucial 
in many pathophysiological processes through the regulation 
of mitochondrial gene expression [21–23].

There is little research on mtDNA methylation changes in 
AD. Blanch et al. found that mtDNA methylation increased 
in the D-loop and decreased in the ND1 gene in the entorhi-
nal cortex in brain samples with AD-related pathology [20]. 
They also found a dynamic pattern of D-loop methylation 
changes in the neocortex of amyloid precursor protein/prese-
nilin 1 (APP/PS1) mice that was linked with AD pathology 
progression (3, 6, and 12 months of age) [20]. A decrease in 
methylation of the D-loop peripheral blood DNA was found 
in late-onset AD [24]. We identified a reduction in D-loop 
methylation and a rise in 12S rRNA gene methylation, while 
both mtDNA copy number and mitochondrial gene expres-
sion decreased in the hippocampi of APP/PS1 transgenic 
mice [25].The methylation levels of other mtDNA regions 
have yet to be investigated in AD.

In this study, we analyzed mtDNA methylation changes 
in the hippocampi of an APP/PS1 transgenic mouse model 
of AD. We measured the methylation levels of two mito-
chondrial genes associated with the ETC: cytochrome b 
(CYTB) and cytochrome c oxidase II (COX II). To the best 
of our knowledge, methylation changes in these two genes 
have never been studied using an AD mouse model. We 

used bisulfite conversion and pyrosequencing to assay DNA 
methylation [26]. We assessed mtDNA copy numbers and 
mitochondrial gene expression to identify any association 
with mtDNA methylation.

Materials and Methods

Animals

Nine-month-old male APP/PS1 transgenic mice and age-
matched C57BL/6J mice were purchased from the Beijing 
HFK Bio-Technology Co. (Beijing, China). The APP/PS1 
transgenic mouse expresses a chimeric mouse/human APP 
(Mo/HuAPP695swe: APP Swedish mutation) and a mutant 
human PS1 (PS1-dE9) [20]. Mice were housed in a tempera-
ture- and humidity-controlled environment on a 12 h light/
dark cycle with free access to food and water. Ten mice from 
each group were anesthetized and sacrificed. The hippocam-
pus of each mouse was promptly isolated, placed on ice, and 
stored at − 80 ℃. All procedures followed the guidelines 
of the Animal Ethics Committee of Shandong University 
(Jinan, China).

Electron Microscopy

The mitochondrial morphology of murine hippocampi were 
observed by electron microscopy. The isolated hippocampi 
were cut into 1 mm thick blocks and fixed in glutaraldehyde 
at 4 ℃ overnight. The blocks were postfixed in osmium for 
1 h, embedded in resin, and re-sectioned into 70 nm thick 
slices using an ultramicrotome (Leica Microsystems, Wet-
zlar, Germany). The slices were stained with uranyl ace-
tate and lead citrate. Images were captured using a Hitachi 
HT-7800 electron microscope operating at 80 kV (Hitachi 
Co., Tokyo, Japan).

DNA Extraction

DNA was extracted using the Rapid Animal Genomic DNA 
Isolation Kit (Sangon Biotech, Shanghai, China), follow-
ing the manufacturer’s protocol. The quality of extracted 
murine DNA was determined by A260/280 ratios on a Nan-
oDrop 2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). All samples showed ratios between 
1.7 and 1.9.

Methylation Analysis of CYTB and COX II Genes

Extracted DNA samples were converted by sodium 
bisulfite using the EZ DNA Methylation-Gold™ Kit (Zymo 
Research, Irvine, CA, USA) according to the manufacturer’s 
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instructions. Unmethylated cytosines were converted to ura-
cil, while methylated cytosines remained unchanged.

Primers for PCR amplification designs were based on 
entries in the Gene Bank: DQ106412.1 mitochondrial 
genome sequence and synthesized utilizing the PyroMark 
Assay Design software (Version 2.0, Qiagen, Düsseldorf, 
Germany) by Sangon Biotech. Forward primers were bioti-
nylated. Table 1 lists the primer sequences. Amplification 
of bisulfite-treated DNA was performed in a final volume of 
50 μl. Each reaction mix comprised 1 μl of forward primer, 
1 μl of reverse primer, 1 μl of 10 mM dNTP, 2 μl of bisulfite-
converted DNA, 0.5 μl of 5 U/μl Taq DNA polymerase, 5 μl 
of Taq buffer, 5 μl of 25 mM MgCl2, and 34.5 μl ultrapure 
water. PCR was performed using the following protocol: (1) 
95 ℃ for 3 min; (2) 35 cycles of (a) denaturation at 94 ℃ for 
25 s, (b) annealing for 25 s at a specific temperature (60 ℃ 
for CYTB and 58℃ for COX II); (c) extension at 72℃ for 
25 s; (3) one cycle of final extension at 72 ℃ for 5 min; (4) 
hold at 4 ℃ until use. Each reaction was performed in trip-
licate. 5 μl of PCR product was run on 2% agarose for gel 
electrophoresis (Fig. 1).

We measured methylation levels of six CpG sites for the 
CYTB gene and four CpG sites for the COX II gene, using 
the pyrosequencing technique previously described for the 
PyroMark Q96 ID machine (Qiagen) [25]. In brief, PCR 
products were immobilized on Streptavidin Sepharose beads 
(Streptavidin Sepharose HP, GE Healthcare, Chicago, IL, 
USA) in binding buffer for 5 min at room temperature. With 
the pyrosequencing vacuum prep tool (Qiagen), the biotin-
labeled template/bead complexes were purified by washing 
with 70% ethanol for 5 s, then with denaturing buffer for 5 s, 
and then with washing buffer for 5–10 s. A PSQ HS 96 well 
plate (Qiagen) was prefilled with 40 μl of annealing buffer 
that contained 0.5 μM sequencing primer, and the mixture 
was incubated. DNA strands were denatured for 2 min 
at 80 °C and reannealed for 10 min at room temperature. 
Sequencing was carried out with the aid of PyroMark CpG 
software (Version1.0.11, Qiagen). Data were validated by 
internal controls. The methylation percentage of each CpG 
site was determined from the ratio of cytosine to thymidine 
[26].

Estimation of mtDNA Copy Number

MtDNA copy numbers were assessed by qRT-PCR using a 
CFX96 Touch™ Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). Primers for the mitochondrial 
CYTB gene and the β-actin gene were designed utilizing 
Primer Premier (Version 5.0, Premier Biosoft, Palo Alto, 
CA, USA). The CYTB gene used forward primer 5′-AAT​
CCA​CTA​AAC​ACC​CCA​CCC-3′ (165 bp), reverse primer 
5′-GCT​TCG​TTG​CTT​TGA​GGT​ATGA-3′; the β-actin gene 
used forward primer 5′-GGG​AAA​TCG​TGC​GTGAC-3′, 
reverse primer 5′-AGG​CTG​GAA​AAG​AGCCT-3′. Primers 
for the mitochondrial COX II gene (forward 5′-ATA​ACC​
GAG​TCG​TTC​TGC​CAAT-3′, reverse 5′-TTT​CAG​AGC​ATT​
GGC​CAT​AGAA-3′) and the nuclear 18S rRNA gene (for-
ward 5′-CGC​GGT​TCT​ATT​TTG​TTG​GT-3′, reverse 5′-AGT​
CGG​CAT​CGT​TTA​TGG​TC-3′) were taken from the litera-
ture [27, 28] and provided by Sangon Biotech. qRT-PCR 
was performed utilizing AceQ qPCR SYBR Green Master 
Mix (Vazyme, Nanjing, China), following the manufactur-
er’s protocol. Each 10 μl reaction mixture contained 0.5 μl 
of 10 μM forward primer, 0.5 μl of 10 μM reverse primer, 
5 μl of 2X SYBR Green Mix, 2 μl of DNA template, and 
2 μl of ultrapure water. Amplification conditions: (1) initial 

Table 1   List of primers for 
pyrosequencing

Gene Primers Sequences Product 
length 
(bp)

CYTB Forward 5′-GAT​ATA​ATA​ATA​GTT​TTT​TTA​TTA​GTA​ATA​TAT​ATT​T-3′ 116
Reverse 5′-AAA​AAT​AAA​CAA​ATA​AAA​AAT​ATT​AAAAC-3′
Sequence 5′-AAA​AAT​ATT​AAA​ACTCC-3′

COX II Forward 5′-ATA​TAT​TGA​TTA​TGA​AGA​TTT​ATG​TTTTG-3′ 143
Reverse 5′-CAA​ATA​AAA​TTA​ATA​TAC​GAA​TTA​AAA​ATT​C-3′
Sequence 5′-AAT​TAA​AAA​TTC​TAT​TAA​CAAAA-3′

Fig. 1   A representative agarose gel following PCR amplification 
of different bisulfite-converted DNA samples. Amplifications of the 
COX II gene (lanes 1 to 5) and CYTB gene (lanes 7 to 11) with 5 dif-
ferent bisulfite-treated DNA samples were visualized on a 2% agarose 
gel. The sixth lane is the DNA marker. The product length is 143 bp 
in COX II gene and 116 bp in CYTB gene
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denaturation at 95 ℃ for 5 min; (2) 40 cycles of (a) denatura-
tion at 95 °C for 10 s and (b) annealing/extension at 60 °C 
for 30 s. The products were confirmed using the SYBR green 
single melting curve. Quantification of the mitochondrial 
CYTB, COX II, and nuclear 18S rRNA gene copies was 
normalized against a standard curve of the respective ampli-
cons cloned in plasmids. The qRT-PCR data were analyzed 
by the Bio-Rad CFX Manager software (Bio-Rad). Each 
PCRreaction was carried out in triplicate to exclude outli-
ers. The copy numbers of relative mtDNA were calculated 
as the ratio of (CYTB or COX II gene copies)/(18S rRNA 
gene copies).

RNA Isolation and Reverse Transcription

RNA was isolated using the RNAprep Pure Tissue Kit (Tia-
gen, Beijing, China) as per the manufacturer’s instructions. 
The quality of extracted RNA was analyzed using a Nan-
oDrop 2000 spectrophotometer (Thermo Fisher); A260/
A280 ratios were between 1.8 and 2.1. RNA was reverse 
transcribed into cDNA using a HiScript 1st Strand cDNA 
Synthesis Kit (Vazyme) according to the manufacturer’s 
protocol.

Detection of Mitochondrial Gene Expression

Mitochondrial gene expression values were quantified 
by SYBR green-based qRT-PCR. qRT-PCR of the target 
genes CYTB and COX II used β-actin gene as an endog-
enous control. Cycle threshold (CT) values were obtained 
with the CFX Manager (Version 3.1, Bio-Rad). Absence 
of non-specific amplicons was confirmed by melting curve 
analysis. Each sample was run in triplicate. Mitochondrial 
gene expression values used the 2–ΔΔCT method of relative 
quantification [29].

Statistical Analysis

Statistical analysis was performed using SPSS software 
(Version 18.0, SPSS Inc., Chicago, IL, USA). Data obtained 
are presented as median with interquartile range (IQR). The 
non-parametric Mann–Whitney U test was used to analyze 
the data. Graphs were generated using GraphPad Prism 6 
software (GraphPad, La Jolla, CA, USA). Statistical signifi-
cance was set at P < 0.05.

Results

Abnormal Mitochondrial Morphology in APP/PS1 
Mice

Electron microscopy analysis revealed mitochondrial dam-
age including mitochondrial swelling and loss of mitochon-
drial cristae in the hippocampi of APP/PS1 transgenic mice. 
(Fig. 2, white arrows). In the hippocampi of C57BL/6J mice, 
most of the mitochondria appeared normal (Fig. 2, black 
arrows).

Hypermethylation of CYTB and COX II Genes

We compared the methylation levels of two mtDNA genes 
in the hippocampi of APP/PS1 transgenic mice and age-
matched C57BL/6J mice (Fig. 3). Methylation levels were 
quantified by averaging the degree of methylation at six 
CpG sites of the CYTB gene and four CpG sites of the 
COX II gene. The average methylation levels of different 
CpG sites in the two mitochondrial genes were very low 
(≤ 4.0%); mtDNA was largely unmethylated at CpG sites. In 
the CYTB gene, cytosine methylation was notably elevated 
at CpG site 2 (P value = 0.0313, Fig. 4b) and CpG site 6 (P 
value = 0.0023, Fig. 4f) in the hippocampi of APP/PS1 mice 

Fig. 2   Representative electron 
microscopy images of mito-
chondria. White arrows indicate 
damaged mitochondria in APP/
PS1 transgenic mice; black 
arrows indicate normal mito-
chondria in C57BL/6J mice
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compared with C57BL/6J mice (Fig. 4). The 5-mC of the 
COX II gene was hypermethylated at CpG site 2 in APP/
PS1 mice compared to C57BL/6 J mice (P value = 0.0078, 
Fig. 4h). No significant differences in methylation were pre-
sent at the other CpG sites measured.

mtDNA Copy Numbers of CYTB and COX II Genes

To determine whether mtDNA methylation might regulate 
mtDNA copy number [30–32], we assayed copy numbers 
of CYTB and COX II genes by qRT-PCR and calculated 
the relative copy numbers against the nuclear 18S rRNA 
gene. We found that the relative mtDNA copy numbers of 
both genes were significantly lower in APP/PS1 than in age-
matched C57BL/6J mice (P value < 0.001, Fig. 5a, b).

Reduced Mitochondrial Gene Expression in APP/PS1 
Mice

Expression levels of CYTB and COX II genes were signifi-
cantly lower in APP/PS1 hippocampi than in age-matched 
C57BL/6J controls (P value < 0.05, Fig. 5c, d).

Discussion

Increasing evidence indicates that DNA methylation plays 
a role in the pathogenesis of AD. DNA methylation is an 
inheritable but reversible biochemical process, and has 
been considered to be an epigenetic biomarker that can be 
used in the diagnosis, prognosis, and treatment of AD [33]. 
Genome-wide and locus-specific epigenetic alterations have 
been reported in AD [34], but the majority of studies have 
focused on nuclear DNA methylation. mtDNA methylation 
is a recent and promising field [16]. It plays a crucial role 
in many diseases related to mitochondrial dysfunction [10, 
12, 16, 35]. Mitochondrial impairments, including ROS pro-
duction, impaired mitochondrial dynamics, and apoptosis, 

are prominent features of AD [5]. mtDNA methylation is 
a potential mechanism that might lead to mitochondrial 
dysfunction in AD, but few studies have been performed to 
address this issue [16]. mtDNA methylation levels of mito-
chondrial CYTB and COX II genes had not previously been 
investigated in AD.

We aimed to explore this by estimating the methylation 
levels of the CYTB and COX II genes. APP/PS1 transgenic 
mice, a standard AD model, were used to simulate the patho-
logical changes and progressive course of AD [20]. We also 
quantified mtDNA copy numbers and expression levels of 
the two genes. The average methylation levels of different 
CpG sites were low and the methylated mtDNA accounted 
for only a small part of total mtDNA, consistent with pre-
vious studies [16, 24, 36, 37]. There is consensus that the 
D-loop region is one of the most methylated sites in mtDNA 
[16]. We found hypermethylation of mitochondrial CYTB 
and COX II genes with lower mtDNA copy numbers and 
expressions in the hippocampi of APP/PS1 mice. To the best 
of our knowledge, this is the first study to study methylation 
changes in these genes in an AD mouse model.

Complex III of the mitochondrial respiratory chain 
accepts electrons from reduced coenzyme Q and transfers 
them on to cytochrome c [3]. Complex III comprises 11 
subunits; CYTB is one of the three conserved core subu-
nits, and the only mtDNA-encoded subunit of Complex III 
[3, 38]. No previous study has indicated that mitochondrial 
CYTB gene methylation is related to any disease [39]. We 
observed that methylation of the CYTB gene decreased in 
the hippocampi of APP/PS1 mice at 9 months of age. Our 
study is the first to find hypermethylation of the CYTB gene 
in an AD mouse model.

Complex IV is the terminal oxidase of the mitochon-
drial respiratory chain and catalyzes electron transfer from 
reduced cytochrome c to O2, coupling it to the pumping of 
protons into the intermembrane space [3]. This complex is a 
copper-heme A hetero-multimeric complex formed by three 
functional core subunits (COX-III) encoded in mtDNA and 
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Fig. 3   A representative program in pyrosequencing analysis (COX II 
gene). The X-axis indicates the dispensation sequence of nucleotides 
added to the reaction (E enzyme; S substrates), and the Y-axis repre-
sents the relative intensity. The wide bars are CpG sites and figures 

on the top represent the methylation percentage calculated from the 
ratio of the peak heights of C and T. The narrow bars show a bisulfite 
treatment control point



569Neurochemical Research (2021) 46:564–572	

1 3

11 subunits encoded in the nuclear genome [40]. Impaired 
COX function is related to cellular energy metabolism and 
increased ROS production [3]; one study showed that the 

methylation of platelet mitochondrial COX II was higher 
in cardiovascular disease (CVD) [26]. Platelet COX II gene 
hypermethylation, which could serve as easy-to-obtain and 

Fig. 4   Mean methylation values 
of 6 CpG sites in the CYTB 
gene (a–f) and 4 CpG sites in 
the COX II gene (g–j). The 
X-axis is the CpG sites in the 
gene. The Y-axis correspond to 
the mean methylation values of 
CpG sites. Data was expressed 
as median with IQR. The statis-
tical significance is represented 
by the asterisks as follows: 
*P < 0.05; **P < 0.01
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non-invasive marker, may be implicated in the etiology of 
CVD Exposure to low perinatal doses of flame retardant 
polybrominated diphenyl ethers (PBDEs) may result in COX 
II gene hypomethylation in the frontal lobes of rat offspring 
[41]. To the best of our knowledge, COX II gene methylation 
has not been studied in other diseases. We found that mito-
chondrial COX II gene methylation was significantly higher 
in the hippocampi of 9-month-old APP/PS1 transgenic mice. 
This is the first study to show methylation changes in the 
COX II gene in an AD mouse model.

The pathophysiological mechanism and function of 
mtDNA remain unclear. To further explore the connections 
between abnormal mtDNA methylation, mtDNA content, 
and gene expression in an AD mouse model, we assayed 
the copy numbers and transcription levels of two genes. 
Altered mtDNA copy number is an indicator of abnormal 
mitochondrial biogenesis and has been previously detected 
in several diseases [31]. Some research indicates that dem-
ethylation of mtDNA could cause an elevation of mtDNA 
copy number [30, 32] and that mtDNA methylation of the 
D-loop is inversely proportional to mtDNA copy number 
in some diseases [17, 23]. Methylation changes in mito-
chondrial CYTB and COX II genes haves not been previ-
ously reported in association with mtDNA copy number in 
any disease, including AD. We report hypermethylation of 
CYTB and COX II genes with lower mtDNA copy number 
in the hippocampi of APP/PS1 mice than in C57BL/6J mice.

The effect of 5-mC is considered to interfere with tran-
scriptional initiation, which thereby silences gene expression 
[33]. Although there is a lack of direct evidence, it appears 

that mtDNA methylation may play a key role in many patho-
physiological processes through the regulation of mitochon-
drial gene expression [21–23]. One study in AD showed 
lower mitochondrial ND1 gene methylation and higher lev-
els of ND1 mRNA in entorhinal cortex of eight AD patients. 
The authors proposed that hypomethylation of the ND1 
gene could promote a rise in levels of mRNA expression 
[20]. We found that APP/PS1 mice with hypermethylation 
of CYTB and COX II genes exhibited lower mitochondrial 
gene expression. We speculate that hypermethylation of 
these genes might reduce gene expression. This warrants 
further investigation.

There are some limitations in our work. We studied the 
methylation of several CpG sites in CYTB and COX II 
genes in a mouse model of AD. Further studies are required 
to assess mtDNA methylation changes in other mtDNA 
regions, non-CpG sites, and AD patient samples. An unre-
solved question is whether mtDNA methylation in an AD 
mouse model is a consequence or cause of mitochondrial 
dysfunction. The epigenetic regulatory mechanism of 
mtDNA methylation remains elusive. With advances in tech-
niques for targeted DNA methylation editing these issues 
should be resolved in the near future [42].

In summary, methylated mtDNA accounted for only a 
small part of the total mtDNA. Our data showed hypermeth-
ylation of the mitochondrial CYTB and COX II genes with 
reduced mtDNA copy numbers and lower gene expressions 
in an APP/PS1 mouse model of AD. We hypothesize that 
mtDNA methylation, one type of mitoepigenetic modi-
fication, might participate in the pathogenesis of AD by 

Fig. 5   a, b Comparative 
analysis of the relative mtDNA 
copy numbers of CYTB gene 
and COX II gene. The results 
were calculated as the ratio of 
the CYTB or COX II genes/18S 
rRNA gene copies. All of the 
gene copy numbers were deter-
mined against reference plas-
mids containing the amplified 
sequences. c, d Comparative 
expression analysis of CYTB 
gene and COX II gene. Data 
represented as the amplifica-
tion levels of CYTB and COX 
II gene against the β-actin gene 
using the 2−ΔΔCt method. Data 
was expressed as median with 
IQR. *P < 0.05; ***P < 0.001
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affecting mtDNA copy number and modulating gene expres-
sion, but further research is required to validate this hypoth-
esis. mtDNA methylation may play a role in AD pathology, 
which opens a new window for AD therapy.
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