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Why mitochondrial epigenetics?

The environment plays a critical role in human health and 
disease. Environments hazardous to human health can 
range from natural conditions to pollutants generated by 
human activities, e.g., those associated with air, water, tem-
perature and food. Humans are exposed to a multitude of 
environmental pollutants at differing intensities during their 
lifetime, and the list of diseases linked to different types of 
pollutants is continuously being updated. Individuals have 
different susceptibilities to these environmental exposures; 
a part of the general population may be protected from their 
effects, or only develop mild symptoms, while a variable 
proportion may go on to present severe disease phenotypes.

Environmental pollutants may cause damage at the 
molecular level in the cell, which can disrupt cellular 
function. The most widely studied impact of environ-
mental exposures is that of DNA damage. There are two 
cellular organelles that contain DNA: the nucleus, which 
contains genomic DNA; and the mitochondria, each of 
which contains multiple copies of its own genome of 
approximately 16  kb in length. Mitochondria play an 
important role in the cellular response to environmental 
stressors (Manoli et  al. 2007). Damaged mitochondrial 
DNA (mtDNA) co-exists with normal mtDNA copies in 
cells, and the influence of mtDNA mutations can range 
between normal, mild and severe according to the propor-
tion of abnormal mtDNA copies. The proportion of these 
diseased mitochondria that are passed on from mother to 
child is random, and this is referred to as the mitochon-
drial ‘bottleneck’ (Fig. 1). If the child inherits fewer dis-
eased than normal mitochondria from the mother, disease 
symptoms may not appear in the child. Non-Mendelian 
mitochondrial diseases can be maternally inherited, but 
can also be acquired in later life.

Abstract  The environment can influence human health 
and disease in many harmful ways. Many epidemiologi-
cal studies have been conducted with the aim of elucidat-
ing the association between environmental exposure and 
human disease at the molecular and pathological levels, 
and such associations can often be through induced epi-
genetic changes. One such mechanism for this is through 
environmental factors increasing oxidative stress in the 
cell, and this stress can subsequently lead to alterations in 
DNA molecules. The two cellular organelles that contain 
DNA are the nucleus and mitochondria, and the latter are 
particularly sensitive to oxidative stress, with mitochon-
drial functions often disrupted by increased stress. There 
has been a substantial increase over the past decade in the 
number of epigenetic studies investigating the impact of 
environmental exposures upon genomic DNA, but to date 
there has been insufficient attention paid to the impact upon 
mitochondrial epigenetics in studying human disease with 
exposure to environment. Here, in this review, we will dis-
cuss mitochondrial epigenetics with regard to epidemio-
logical studies, with particular consideration given to study 
design and analytical challenges. Furthermore, we suggest 
future directions and perspectives in the field of mitochon-
drial epigenetic epidemiological studies.
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There is growing evidence to support the hypothesis that 
mitochondrial dysfunction can be caused by environmental 
pollutants that are known to contribute to common human 
diseases, and the symptoms of such diseases may become 
more severe with chronic exposure. Mitochondrial oxida-
tive damage, DNA copy number and DNA mutations have 
been widely studied in relation to environmental exposure 
and disease outcomes, but many mitochondrial diseases 
cannot be fully understood solely by genetic studies due 
to their non-Mendelian inheritance. Epigenetic elements 
can regulate gene expression without changing the DNA 
sequence. Unlike the ‘fixed’ genetic code, epigenetics can 
be reversibly modified by internal and external cellular 
stimuli including, but not limited to pollutants, oxidative 
stress, temperature, nutrients, UV and aging. It is therefore 
clear that more focus is required upon mitochondrial epi-
genetics to understand the development of non-Mendelian 
mitochondrial dysfunction in response to the environmental 
exposures that are implicated in disease.

Existence of mitochondrial epigenetics: end 
of controversy and beginning of functional studies

The mitochondrial genome differs from the nuclear in sev-
eral key ways. Of particular relevance to epigenetic studies 
is that it contains fewer CpG dinucleotides than genomic 
DNA, with only 435 present in its 16  kb length (Fig.  2). 
These are almost evenly dispersed, lacking the conven-
tional ‘CpG islands’ that are found in genomic DNA. Fur-
thermore, the mitochondrial genome lacks retrotranspo-
sons, such as LINE-1 and Alus, which compromise 40 % of 
the human nuclear genome.

In 1971, Belozersky et  al. published the first report on 
mtDNA methylation, as well as of associated DNA meth-
yltransferase (DNMT) activity, using loach embryos. The 
authors reported that mtDNA was less methylated than 
nuclear DNA, and they also showed evidence for the pres-
ence of DNMT activity that could be distinguished from 
other cellular DNMT activity (Nass 1973). Vaniushin 
et  al. and Nass et  al. similarly identified evidence to sug-
gest the presence of a mitochondrial DNMT that differs 

Fig. 1   Lifetime environmental 
exposures and mitochondria-
related disease. Human mito-
chondria are maternally inher-
ited, leading to the ‘bottleneck’ 
theory. As humans are exposed 
to the environment throughout 
their lifetime, the onset of dis-
eases related to mitochondrial 
function can occur at any stage 
and with different phenotypes. 
M maternal, P paternal, C child, 
COPD chronic obstructive 
pulmonary disease

Fig. 2   Comparison between mitochondrial genome and nuclear 
genome
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from the nuclear ones, including the nature of recognized 
DNA sequences (Kudriashova et  al. 1976). While other 
groups have also reported mtDNA methylation in humans 
(Shmookler Reis and Goldstein 1983) and in other mam-
mals (Mushkambarov et al. 1976), the existence of mtDNA 
methylation has been far more controversial than that of 
genomic DNA methylation, even after the discovery of 
the mitochondrial DNA methyltransferase 1 (mtDNMT1) 
enzyme by Shock et al. For instance, Hsieh et al. reported 
no evidence of CpG methylation in human mitochondrial 
DNA by adopting both regionally specific and genome-
wide analyses (Hong et al. 2013).

Although a recent report suggested the existence of sev-
eral histone family members in the mitochondria (Choi 
et  al. 2011), the general consensus is that of an absence 
of histone complexes in mitochondria. Such a lack of his-
tone complexes would further suggest an important role for 
DNA methylation in mtDNA stability and mitochondrial 
function. Mitochondrial DNA methylation, by means of 
5-methylcytosine and 5-hydroxymethylcytosine, has been 
increasingly well established and has led to several disease-
related studies (Iacobazzi et  al. 2013), such as those into 
neuroepigenetics (Chestnut et al. 2011; Manev et al. 2012), 
aging (Dzitoyeva et al. 2012) and cervical cancer (Sun et al. 
2011). While Kanno et al. indicated that mtDNA methyla-
tion is not useful as a marker for the detection of cancer 
due to the lack of methylated DNA (Maekawa et al. 2004), 
Yang et al. found that decreased methylation on the D-loop 
promoter area plays a key role in regulating NADH dehy-
drogenase 2 (ND2) expression during the initiation and/or 
progression of colorectal cancer (Feng et  al. 2012). Con-
trol regions in the D-loop in mitochondrial DNA show unu-
sual CpG and non-CpG methylation patterns (Bellizzi et al. 
2013). Studies using mouse embryonic stem cells have 
revealed that non-CpG hydroxymethylation is prevalent in 
the mitochondrial genome (Sun et al. 2013). However, epi-
genetic regulation of mtDNA is not limited to DNA meth-
ylation, as pre-microRNAs and mature microRNAs have 
been found in human mitochondria (Barrey et  al. 2011). 
Their role in regulating the expression of mitochondrial 
genes is yet to be established.

The role of mitochondrial DNA methylation has been 
suspected due to the dependency of mitochondria upon the 
nuclear genome (Iacobazzi et al. 2013; Leigh-Brown et al. 
2010). Recent studies have shown that mtDNA methyla-
tion, in a fashion similar to nuclear DNA (ncDNA) methyl-
ation, may have a role in controlling the expression of mito-
chondrially encoded genes. Feng et al. observed an inverse 
correlation between mitochondrial MT-ND2 expression 
and methylation of its promoter sequence in mtDNA in 
cases of colorectal cancer (Feng et  al. 2012). Similarly, 
methylation of the NADH dehydrogenase 6 (MT-ND6) 
that is encoded in the mitochondrial genome has also been 

demonstrated to be inversely correlated with expression of 
the gene in nonalcoholic fatty liver disease patients (Pirola 
et al. 2013). However, there is a need for functional studies 
to elucidate how mtDNA methylation may be implicated in 
controlling gene expression.

Mitochondrial activity varies by tissue type. For exam-
ple, the brain and heart are tissues with high demands for 
biological energy (Chan 2006), and subsequently they are 
expected to have different levels of mitochondrial activity 
and differential expression of mitochondrial genes. There-
fore, it would be informative to assess the tissue-differen-
tial methylation patterns in mtDNA. It has been reported 
that mtDNA methylation differs by developmental stage 
in mice, where mtDNA is unmethylated in blastocysts and 
embryonic stem cells (ESCs), but is partially methylated 
in germ cells (Kobayashi et  al. 2012), suggesting a pos-
sible role for mtDNA methylation in early developmental 
processes.

Common diseases associated with mitochondria

Mitochondria can be found in every cell type in the human 
body, with the exception of red blood cells. Most nucle-
ated cells in tissue, and even some anucleated cells, contain 
500–2,000 mitochondria. The size of a mitochondrion is 
only 0.5–1.0 μm in diameter, but the number of mitochon-
dria in particular cell types is sufficiently high that they can 
fill up to 40 % of the cytoplasmic volume in the heart mus-
cle, 60 % of the volume in lateral rectus and up to 80 % in 
the cone cell photoreceptors of the eye.

Mitochondrial science is one of the fastest growing 
fields in genetics and clinical studies, connecting research 
areas ranging from early embryo development to aging 
(Dumollard et  al. 2007; Lee and Wei 2012). Alterations 
in mitochondrial metabolism are known to play a role in 
rare childhood diseases (Borchert et  al. 2002; Shrikhande 
et al. 2010), but they have has also been implicated in many 
other more common diseases (Vafai and Mootha 2012). In 
particular, there has been much research into the role of 
mitochondrial function in neuronal diseases, such as Alz-
heimer’s disease (Sultana et al. 2013), Parkinson’s disease 
(Mortiboys et al. 2013), Huntington’s disease (Stuwe et al. 
2013), amyotrophic lateral sclerosis (ALS) (Pickles et  al. 
2013) and mental retardation (Haddad et al. 2013). It is also 
well known that mitochondrial dysfunction is associated 
with metabolic syndrome (James et al. 2012), although the 
underlying molecular mechanisms are not fully elucidated. 
Risk factors and components related to metabolic syn-
drome such as insulin resistance (Kim et al. 2008), hyper-
tension (Puddu et al. 2007), abnormal lipid levels (Vamecq 
et  al. 2012), impaired glucose tolerance (Mathews et  al. 
1999), age (Conley et al. 2007), and diabetes (Newsholme 
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et  al. 2012) are all also related to mitochondrial dysfunc-
tion. Mitochondrial dysfunction has also been implicated 
in vascular inflammation (Yu et  al. 2012), atherosclerosis 
(Madamanchi and Runge 2007), renal and liver diseases 
(Grattagliano et  al. 2011; Sharma et  al. 2013), cardiovas-
cular disease (Griffiths 2012), stroke (Martinez-Fernandez 
et al. 2001), autoimmune diseases—such as multiple scle-
rosis, Sjogrens syndrome, lupus and rheumatoid arthri-
tis—as well as deafness (Yelverton et al. 2013), blindness 
(Schrier and Falk 2011), a wide range of solid tumors (Kro-
emer 2006) and the aging process (Seo et  al. 2010). The 
impact of mitochondrial dysfunction is more severe in tis-
sues that demand high cellular energy (Chan 2006), such 
as the brain, heart and muscle. The disease phenotypes do 
not occur until the proportion of mtDNA mutations reaches 
a threshold that varies by each mutation (Taylor and Turn-
bull 2005). However, many mitochondrial diseases do not 
follow Mendelian inheritance and so cannot be completely 
explained by genomic study. Indeed, only approximately 
15  % of known mitochondrial diseases are thought to 
occur through mitochondrial DNA sequence (Dimauro and 
Davidzon 2005). There is therefore increasing interest in 
the role of mitochondrial epigenetics in common diseases 
associated with mitochondrial dysfunction.

Environmental toxicants and the mitochondria

There is an abundant source of environmental and cellu-
lar oxidative stress. Oxidative stress occurs in a condition 
when the production of reactive oxygen species is greater 
than the intrinsic antioxidant defenses (Burton and Jau-
niaux 2011). Mitochondria are implicated in such oxidative 
stress, and therefore environmental toxicants have often 
been studied directly or indirectly with mitochondrial func-
tion in relation to the human diseases that they are associ-
ated with. Oxidative stress in mitochondria can be gener-
ated from environmental pollutants, smoke, xenobiotics, 
temperature and many other factors, and the sensitivity 
or toxicity of these pollutants varies in mitochondria and 
also between people. Furthermore, reactive oxygen species 
(ROS) are produced in the mitochondria as part of the nor-
mal cellular metabolism process involved in the production 
of cellular energy (ATP), and the accumulating ROS can 
damage mitochondrial structure and function. Mitochon-
dria are particularly vulnerable to oxidative stress, being 
more than five times more sensitive to such stresses than 
the nucleus in terms of accumulating DNA damage.

There are many reports regarding the impact of exposure 
to environmental toxicants upon mitochondrial function. 
Cadmium (Cd) is a toxic metal and an important environ-
mental pollutant that can cause mitochondrial malfunction, 
particularly in reducing mitochondrial efficiency and ATP 

production (Kurochkin et al. 2011). Dibenzofuran (DBF) is a 
common environmental pollutant that bioaccumulates and is 
toxic to humans, and exposure to DBF has been demonstrated 
to alter mitochondrial permeability and may cause mitochon-
drial dysfunction (Duarte et al. 2013). Bisphenol A (BPA) is 
widely used in plastic products, and BPA-induced mitochon-
drial defects observed in β cells include the depletion of ATP, 
the release of cytochrome c, loss of mitochondrial mass and 
loss of the regulation of membrane potential (Lin et al. 2013). 
Exposure to ambient particle matter (PM) has been associ-
ated with changes in mitochondrial DNA copy number in 
steel workers (Byun et al. 2013), while exposure of cells to 
ionizing radiation has been shown to cause decreased activity 
of NADH dehydrogenase (complex I), which is an important 
enzyme for regulating the release of ROS.

Oxidative stress from exposure to environmental toxi-
cants has been widely studied with regard to DNA damage, 
such as DNA mutations and lesions in both the nucleus and 
mitochondria. Epigenetic factors such as DNA methylation, 
histone modifications and expression of microRNAs (miR-
NAs) have also been extensively studied in the nucleus, 
but not yet in mitochondria. Since oxidative stresses in the 
nucleus have been shown to modify nuclear DNA meth-
ylation, many environmental toxicants might be potential 
candidates for study with relevance to mitochondrial epige-
netics. Recent work has demonstrated an effect of air pol-
lutants on mtDNA methylation, which was hypothesized to 
occur through oxidative stress (Byun et al. 2013). However, 
much further work is required to elucidate the effects of 
environmental exposures upon mitochondrial epigenetics.

Mitochondrial epigenetics and epidemiology study 
design

Define the question

We have thus far described how the growing field of mito-
chondrial epigenetics may help to explain the role of mito-
chondrial dysfunction in a range of human diseases and 
how environmental exposures may be implicated in this 
process. So, what issues must be addressed when design-
ing an epidemiological study to investigate the role of mito-
chondrial epigenetics in human health and disease? There 
are perhaps four major questions that must be answered as 
part of the design process. Firstly, a clear hypothesis must 
be in place regarding the role of mitochondria in the eti-
ology of the disease, and so we must answer the question 
of how mitochondria might be implicated in cell death or 
disease etiology, or how they contribute to a particular met-
abolic pathway. For example, it may be hypothesized that 
altered mitochondrial function may lead to increased oxi-
dative stress and subsequently to neuronal cell death that 
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could be implicated in the development of neurodegenera-
tive disease. Secondly, we must ask whether environmental 
exposures or other risk factors could lead to the epigenetic 
modification of mtDNA. Is there a clear biological process 
by which the exposures could impact upon the methylation 
of mtDNA? This could be through direct or indirect mech-
anisms, such as increased oxidative stress inducing muta-
tions that eliminate CpG sites or increasing DNMT activity 
with oxidative stress. Thirdly, could such epigenetic modi-
fications be implicated in the development of disease? This 
could be through aberrant regulation of mitochondrial gene 
expression, which may in turn lead to altered mitochondrial 
function by means of reduced capacity to deal with oxida-
tive stress. Finally, the study must be performed in a tissue 
that is relevant to the disease or to the risk of its develop-
ment. We must ask whether blood can act as a suitable sur-
rogate tissue. The use of blood is obviously advantageous 
for epidemiological studies, and it is not always possible to 
obtain the primary tissue of interest, such as when study-
ing neurodegenerative diseases, but changes in mitochon-
drial function may not necessarily be seen in blood or other 
readily available tissues.

Once the hypothesis has been built based upon the prin-
cipal issues above, a study design can be developed for the 
questions to be addressed (Fig. 3).

Cross‑sectional study

Mitochondrial epigenetic levels were measured at a single 
time point in a well-defined population to study the asso-
ciation between risk factors and disease mediated by mito-
chondrial epigenetic level.

Cohort study

The use of cohorts is particularly suitable for examining 
environmental exposures and risk factors in relation to 
mitochondrial epigenetic changes. When follow-ups are 
performed at different time points, longitudinal mitochon-
drial epigenetic changes can be studied. This is of par-
ticular relevance to studies on aging, response to chronic 
environmental exposure and biomarkers of disease for 
screening purposes.

Nested case–control study

Similarly to cohort studies, this study design is ideal for 
mitochondrial epigenetic markers that give predisposition 
to disease or that could serve as biomarkers for disease risk, 
as data on exposure and predisease state are more likely to 
have been collected in advance to the diagnosis of disease 

Fig. 3   Epidemiology design of mitochondrial epigenetic studies
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than in conventional case–control studies. This design pro-
vides cost saving compared to cohort studies by concentrat-
ing resources on individuals that are most informative, i.e., 
the cases with the disease of interest and a set of appropri-
ate controls.

Intervention study

The epigenetic modification of mtDNA occurs in a 
dynamic faction and is most likely to be reversible with 
environmental stimuli. Thus, they are susceptible to phar-
macological therapies. In vitro study has demonstrated 
the effect of treatment of cultured cells with valproic acid 
(valproate) on mtDNA methylation levels after 3 days of 
treatment (Chen et al. 2012). The use of DNMT enzyme 
inhibitors, such as azacytidine or decitabine, is clini-
cally approved for the treatment of leukemias and some 
solid cancers. It could be beneficial if in vitro systems 
could demonstrate alterations in mtDNA methylation in 
response to treatment with DNMT inhibitors, as it may 
suggest that such therapies could be of use in mitochon-
drial diseases. There are currently no pharmaceutical 
treatments for any mitochondrial disease (Nunnari and 
Suomalainen 2012).

Birth cohort

Studies of this type are required to understand how pre-
conceptional and prenatal exposures may affect mitochon-
drial epigenetics. Mitochondria are inherited only from 
the maternal side, but comparisons between maternal and 
fetal mtDNA methylation have not yet been made. It could 
potentially be very interesting and a source of much further 
research and discussion, should differential mitochondrial 
epigenetic patterns be observed from mother to fetus, and 
to infant (Fig. 1).

Twin study

Monozygotic twins have the same genetic background in 
nuclear pattern, but epigenetic patterns show variation 
(Fraga et al. 2005). It could therefore be of interest to study 
differential mitochondrial epigenetic patterns between 
discordant disease pairs, especially in neuronal cells with 
regard to cognitive activity.

Migrant study

Mitochondrial DNA is considered as the ‘genetic Eve’, 
originating in Africa and following human migration 
(Lewin 1987). Evidence supporting this theory includes 
the presence of unique mitochondrial haplotypes in each 
ethnicity (van Oven and Kayser 2009). Therefore, it is 

reasonable to think that these different mitochondrial epi-
genetic patterns may play a role in explaining the discrep-
ancies in disease susceptibility and phenotypes between 
ethnicities.

Relevant tissues for studying mitochondrial epigenetics

Most epigenetic epidemiological studies have used DNA 
from blood, nasal epithelial cells, or buccal swabs for 
studying epigenetic patterns in response to environmen-
tal exposures. This is predominantly due to the non-inva-
sive nature and accessibility of these tissues from healthy 
individuals. While leukocytes commonly contain about 
20–30 mitochondria per cell, erythrocytes do not con-
tain mitochondria (Zhang et  al. 2011) and other cellular 
organelles and nasal epithelial cells similarly contain few 
mitochondria (Coene et  al. 2005; Hansen 2007). Buccal 
cell mitochondrial DNA has been utilized for the study of 
mitochondrial dysfunction in children and has shown the 
potential for use with screening for mitochondrial disease 
(Yorns et al. 2012).

Indeed, the number of mitochondria varies greatly 
among different cell types, depending upon how much 
cellular energy is required for the metabolism of the cell. 
Human sperm contains 100–1,000 mitochondria per cell 
(which degrade in the fertilized egg), fibroblasts contain a 
few 100, neurons may contain thousands and cardiomyo-
cytes tens of thousands. Epigenetic patterns in nuclear DNA 
are highly tissue specific and therefore reflect cell type-
specific signatures, and it is easy to presume that there will 
be even more substantial tissue-differential mitochondrial 
epigenetic patterns on account of the differing numbers of 
mitochondria and rates of cellular metabolism. The use of 
peripheral blood, which contains a heterogeneous mix of 
cell types, could therefore give rise to confounding as the 
proportions of the different cell types may differ between 
individuals and time points. Therefore, careful analytical 
approaches are required to avoid this bias. A method has 
been established to adjust for the proportions of the most 
prevalent cell types in blood, but this requires counts of 
cell compositions from each individual in fresh blood sam-
ples, which might be an issue for epidemiological studies. 
Although, Houseman et al. developed an analytical method 
for inferring changes in the distribution of white blood cells 
between different subpopulations using DNA methylation 
signatures (Houseman et al. 2012), the mitochondrial epig-
enome is more problematic in this regard, as each cell type 
may contain different numbers of mitochondria. It is hard 
to adjust for the number of each cell type and also for the 
number of mitochondria per cell. It is therefore necessary 
to obtain a homogenous cell population for use as a sur-
rogate marker to make for a more sophisticated epigenetic 
epidemiological study.
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Measurement of mitochondrial epigenetics

Study by molecular type: mtDNA methylation

Current mitochondrial epigenetic studies are limited to 
measuring 5-methylcytosine and 5-hydroxymethycytosine 
at CpG or non-CpG sites in mtDNA, by techniques that are 
very similar to those used with studies of nuclear DNA. In 
fact, many techniques for studying methylation of ncDNA 
have been adapted for use with mtDNA, such as immunopre-
cipitation (Shock et al. 2011), mass spectrometry (Infantino 
et al. 2011; Song et al. 2005), pyrosequencing (Byun et al. 
2013) and bisulfite genomic sequencing (Hong et al. 2013).

The first human studies on the effects of environmental 
pollutants on mtDNA methylation showed that exposure 
to air pollutants significantly affected mtDNA methylation 
levels (Byun et al. 2013). The study was performed using 
DNA from buffy coat cells, extracted by a conventional 
method for isolating DNA that resulted in a mixture of 
ncDNA and mtDNA from a variety of cell types. There 
are a number of ongoing epidemiological studies that have 
taken the same approach and therefore face the same issue. 
The problem of using a mixture of ncDNA and mtDNA 
is that there are many homologous DNA sequences in the 
mitochondrial genome and in ncDNA, due to the evolution-
ary origins of mitochondria (Hazkani-Covo et  al. 2010). 
These nuclear mitochondrial DNA (numt) sequences are 
often confused with those originating from mtDNA and 
may therefore affect studies investigating the methylation 
of mitochondrial DNA. Therefore, future studies may need 
to consider the issue of contamination with numts. This 
analytical challenge will be discussed in more detail in the 
next section. However, Shock et al. have recently reported 
on mtDNA methylation and hydroxymethylation by using 
an extract of pure mtDNA following the isolation of mito-
chondria from a human colon cancer cell line. The study 
reported a low, but considerable level of methylation in 
mtDNA (Shock et al. 2011).

Study by molecular type: RNA modification

The mammalian mitochondrial genome encodes 13 mRNAs 
for genes involved in oxidative phosphorylation, 2 riboso-
mal RNAs and 22 transfer RNAs (Table 1). Mitochondrial 
RNA exists as 5  % of total cellular RNA in most tissues, 
but can be as high as 30 % in myocardial cells that have an 
enrichment of mitochondria (Mercer et al. 2011). The post-
transcriptional mechanisms that control mRNA matura-
tion, stability and translation are critical in controlling gene 
expression (Rorbach and Minczuk 2012). Unlike DNA 
methylation, RNA methylation varies in terms of the atoms, 
nucleotides, sequences and tertiary structures involved. Most 
RNA species, including transfer RNA (tRNA), ribosomal 

RNA (rRNA), messenger RNA (mRNA), transfer-messenger 
RNA (tmRNA), small nuclear RNA (snRNA), small nucleo-
lar RNA (snoRNA), microRNA (miRNA) and viral RNA, 
can be methylated (Motorin and Helm 2011). Methylation of 
mitochondrial ribosomal RNAs has been observed in fungi 
(Kuriyama and Luck 1974) and mammals (Baer and Dubin 
1981; Dubin et  al. 1978). Environmental stressors, such as 
for instance heat shock, induce methylation of ribosomal 
RNA, which subsequently controls RNA metabolism (Bugl 
et al. 2000). RNA methylation is considered a new player in 
epigenetics and may deserve more attention in mitochondrial 
epigenetics in the future.

Study by molecular type: nucleoid remodeling and miRNAs

Histone structures have not been identified in the mito-
chondria; however, studies have suggested the presence of 
nucleoid which is the nucleoprotein complex of mtDNA 
replication and gene expression machinery. Nucleoid 
remodeling is essential for the maintenance of the mito-
chondrial genome and the control of mitochondrial copy 
number (Kucej et  al. 2008). Any form of remodeling of 
the nucleoid might be directly or indirectly related to mito-
chondrial gene expression. Manipulation of the protein–
mtDNA interactions have been shown to cause decreased in 
vivo methylation (Rebelo et al. 2009), which is due to the 
altered accessibility of regions of mtDNA to DNA meth-
yltransferases based upon the levels of protein occupancy.

Mitochondrial gene expression may also be regulated by 
miRNAs. Pre-miRNAs and miRNAs are present in human 
mitochondria for post-transcriptomic regulation by RNA 
interference (Barrey et  al. 2011; Bienertova-Vasku et  al. 
2013), but whether these miRNAs are transported from 
cytosol or processed in the mitochondrion is not known. 
Further work is required in the profiling of mitochondrial 
miRNAs and establishing their function in regulating mito-
chondrial gene expression.

Analytical challenges in the study of mitochondrial 
epigenetics

Since the advent of the study of mitochondrial epigenetics 
in 1971, there have of course been substantial improve-
ments in the methodological approaches available and the 
understanding of the nature of mtDNA. However, there 
are still numerous challenges that the researcher must be 
aware of and understand when studying mitochondrial 
epigenetics.

Heteroplasmy

Many mtDNA copies contain mutations. Since there are 
multiple copies of mtDNA in every mitochondrion and 
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mutations will not be present in all of these at once, the 
mutation rate varies between 1 and 100 % (heteroplasmy). 
The mutation rate can vary from person to person and even 
between cells within the same individual. Once this muta-
tion rate reaches a certain threshold, the heteroplasmy of 
mtDNA mutation can be linked to many human disease 
phenotypes, including neurological, gastrointestinal, car-
diac, endocrinal, etc. (Taylor and Turnbull 2005). It is very 
possible that every mitochondrial DNA copy has a different 
methylation pattern that can be dependent or independent 
of the mutations present, and therefore studies into mtDNA 
methylation may need to take into account the percentage 
of heteroplasmy as well. Further studies are required to 
investigate the possible link between these two factors and 
how this can be addressed within the study design.

Nuclear sequences of mitochondrial origin (numts)

Sequences of mitochondrial DNA have been transferred 
and inserted into the nuclear genome over the course of 
human evolution. This process is known to be continu-
ously ongoing, and such sequences are sparsely dispersed 
throughout nuclear DNA (Mourier et  al. 2001). Nuclear 
sequences of mitochondrial origin are referred to as numts, 
and the longest numt in the human genome is 14,654 bp, 
which corresponds to 90  % of the length of the human 
mitochondrial genome (Mourier et  al. 2001). Depend-
ing upon the sequence-based search parameters used, it 
has been suggested that there are 286, 452 or 612 numts 

in the human genome (Hazkani-Covo and Graur 2007). 
This ancient DNA is of consequence because of the high 
sequence homology with mitochondrial DNA, complicat-
ing the study of mtDNA unless mitochondria are isolated 
from the cell prior to the extraction of DNA. Indeed, there 
have been misidentifications in many mitochondrial stud-
ies between numts and bona fide mtDNA. A recent twin 
study clearly demonstrated that it was critical to differenti-
ate between numts and mtDNA in genomic sequencing due 
to the large number of heteroplasmy that could influence 
interpretation (Bouhlal et al. 2013). Using cells depleted of 
mtDNA (ρ0 cells) or cybrid cell produced by fusing ρ0 cell 
with enucleated cells could be a useful tool in understand-
ing the degree of contamination with numts (Hashiguchi 
and Zhang-Akiyama 2009).

Limitations of laboratory techniques

Mitochondrial DNA methylation has not yet been widely 
studied. Depending on the method of measurement, 
mtDNA methylation has been reported to be either at a 
very low level or entirely absent. In earlier studies using 
radiolabeled dinucleotides, the level of mtDNA meth-
ylation in cytosine was observed to be approximately 5 % 
in mice and hamsters (Nass 1973; Pollack et  al. 1984) 
and at similar levels in human cells (Shmookler Reis 
and Goldstein 1983). These results were obtained using 
mtDNA from isolated mitochondria that are subsequently 
free of numts. By bisulfite-PCR-single-stranded DNA 

Table 1   List of mitochondrial genes

Function Mitochondrial gene

NADH dehydrogenase (complex I) Essential for the assembly of the  
membrane arm and the respiratory 
function of the enzyme

MT-ND1

MT-ND2

MT-ND3

MT-ND4

MT-ND4L

MT-ND5

MT-ND6

Coenzyme Q-cytochrome c reductase/
cytochrome b (complex III)

Plays an important role in the produc-
tion of ATP

MT-CYB

Cytochrome c oxidase (complex IV) Helps to establish a transmembrane 
difference of proton electrochemical 
potential that the ATP synthase then 
uses to synthesize

MT-CO1

MT-CO2

MT-CO3

ATP synthase Provides energy for the cell to use 
through the synthesis of ATP

MT-ATP6

MT-ATP8

tRNAs Carries an amino acid to ribosome MT-TA, MT-TR, MT-TN, MT-TD, MT-TC, MT-TE, MT-TQ, 
MT-TG, MT-TH, MT-TI, MT-TL1, MT-TL2, MT-TK, 
MT-TM, MT-TF, MT-TP, MT-TS1, MT-TS2, MT-TT, 
MT-TW, MT-TY, MT-TV

rRNAs Essential for protein synthesis MT-RNR1 (12S) and MT-RNR2 (16S)
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conformation polymorphism (SSCP) analysis, it has been 
shown that there is a lack of methylated DNA in mito-
chondria from gastric and colon cancer patients, although 
it is not clear whether the measurement of methylation in 
this study is solely from mtDNA or whether it could also 
originate from numts. Elsewhere, Feng et al. reported levels 
as high as 80 % for mtDNA methylation in mitochondria 
extracted from non-cancerous colon tissues, using methyl-
ation-specific PCR (Feng et al. 2012). With the same tech-
nique, mtDNA methylation levels of around 20–40 % have 
been observed in liver tissue (Pirola et al. 2013). A recent 
gene-specific analysis by bisulfite-pyrosequencing showed 
mtDNA methylation in human buffy coat ranging between 
3 and 12  %. Analysis using next-generation sequencing 
showed CpG methylation frequency to be below 0.66  % 
in human mitochondrial DNA from whole blood (Hong 
et al. 2013), which was therefore interpreted as absence of 
mtDNA methylation in humans. The low levels of methyla-
tion seen in mtDNA can lead to confusion as to what is the 
product of DNA methylation and what might arise through 
incomplete conversion of cytosines by the bisulfite modi-
fication process. This can be exacerbated by the presence 
of ncDNA in the DNA extract used for sequencing, which 
may reduce the measured DNA methylation levels and 
make it harder to distinguish from artifacts of the bisulfite 
conversion process.

Ethnicity

Human mitochondrial DNA sequences have specific poly-
morphic variants that differ by geographic origin and sub-
sequently human mitochondrial DNA haplotypes have 
developed. It should be noted that the names of the mito-
chondrial haplogroups, from A to Z, are based on the order 
of their discovery and do not reflect their genetic relation-
ships. The effect of mitochondrial haplotype upon mtDNA 
methylation is not yet known, but it has been shown that 
methylation of the nuclear genome is affected by mtDNA 
variants in peripheral blood DNA (Bellizzi et  al. 2012). 
The relationship between mitochondrial haplotype and the 
mtDNA epigenome needs to be established and could be of 
relevance to epidemiological population studies.

Perspective and future directions

As we have demonstrated in this review, the field of mito-
chondrial epigenetics has not been without controversies. 
Some of these still remain, but they may be explained by 
factors such as the presence of numts in the analyzed sam-
ples, the limitation of detection techniques and an inappro-
priate choice of tissue(s) to study. It is critical to be aware 
of these factors and to carefully consider them in designing 

epidemiological studies. Functional studies should accom-
pany analysis of mitochondrial epigenetics to support the 
biological relevance of changes in the epigenetic regulation 
of mitochondrial DNA, whether by analysis of mitochon-
drial gene expression or mitochondrial function assays. A 
range of human diseases needs to be studied with regard 
to mitochondrial epigenetics, such as—among others—
diabetes, cardiomyopathy and neuronal development, due 
to the known role of mitochondrial dysfunction in the dis-
ease. Where mitochondrial epigenetics are implicated in 
the pathogenesis of the disease, this may open up avenues 
for the development of novel therapies.
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