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ABSTRACT

Recent studies implicate mitochondrial dysfunction in the development and progression of numerous chronic diseases, which
may be partially due to modifications in mitochondrial DNA (mtDNA). There is also mounting evidence that epigenetic
modifications to mtDNA may be an additional layer of regulation that controls mitochondrial biogenesis and function. Several
environmental factors (eg, smoking, air pollution) have been associated with altered mtDNA methylation in a handful of
mechanistic studies and in observational human studies. However, little is understood about other environmental
contaminants that induce mtDNA epigenetic changes. Numerous environmental toxicants are classified as endocrine
disrupting chemicals (EDCs). Beyond their actions on hormonal pathways, EDC exposure is associated with elevated oxidative
stress, which may occur through or result in mitochondrial dysfunction. Although only a few studies have assessed the
impacts of EDCs on mtDNA methylation, the current review provides reasons to consider mtDNA epigenetic disruption as a
mechanism of action of EDCs and reviews potential limitations related to currently available evidence. First, there is sufficient
evidence that EDCs (including bisphenols and phthalates) directly target mitochondrial function, and more direct evidence is
needed to connect this to mtDNA methylation. Second, these and other EDCs are potent modulators of nuclear DNA
epigenetics, including DNA methylation and histone modifications. Finally, EDCs have been shown to disrupt several
modulators of mtDNA methylation, including DNA methyltransferases and the mitochondrial transcription factor A/nuclear
respiratory factor 1 pathway. Taken together, these studies highlight the need for future research evaluating mtDNA
epigenetic disruption by EDCs and to detail specific mechanisms responsible for such disruptions.
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Mitochondria are subcellular organelles comprised of 2 separate
and functionally distinct membranes that encapsulate the
intermembrane space and matrix compartments (Nunnari and
Suomalainen, 2012). As powerhouses of the cell, mitochondria
are found in almost all human cell-types. Depending on the
cell-type, the number of mitochondria in each cell and the copy

number of mitochondrial DNA (mtDNA) also vary greatly. It was
estimated that energy-intensive tissues (cardiac and skeletal
muscle) have between 4000 and 6000 copies of mtDNA per cell,
whereas liver, kidney, and lung tissues have between 500 and
2000 copies (D’Erchia et al., 2015). Mitochondria are responsible
for up to 95% of cellular energy demands through oxidative
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phosphorylation (Tzameli, 2012). Beyond their role in cellular
respiration, proper mitochondrial function is also critical for
steroid synthesis, innate immunity, apoptosis, and nuclear epi-
genetic regulation (Shaughnessy et al., 2014). Another important
role of mitochondria is to buffer cellular reactive oxygen species
(ROS) levels. Therefore, mitochondrial dysfunction has been
linked to aging and numerous chronic diseases.

Endocrine disrupting chemicals (EDCs) are a class of envi-
ronmental contaminants that modulate hormone action. EDCs
disrupt hormonal signals primarily by mimicking naturally oc-
curring hormones, binding to hormone receptors, and then ei-
ther activating or inhibiting important downstream pathways
(Vandenberg et al., 2012). Well-characterized EDCs include
phthalates, parabens, and bisphenols found in food packaging
materials and personal care products, pesticides like DDT and
atrazine, dioxins and polychlorinated biphenyls used as indus-
trial solvents, various flame retardants, triclosan used in anti-
bacterial soaps, and others (Gore et al., 2015). Numerous studies
have demonstrated that mitochondria may be a target of some
EDCs (Marroqui et al., 2018). Many EDCs are also known to influ-
ence regulation of the nuclear epigenome (Xin et al., 2015).
Although several other environmental contaminants (eg, partic-
ulate matter) have been associated with mitochondrial epige-
netic dysregulation (reviewed in the following sections),
whether EDCs have similar effects on mitochondrial epigenetic
endpoints is not entirely clear. We propose that substantially
more needs to be understood about the ability of EDCs to alter
the mitochondrial epigenome. Specifically, we recommend that
this potential mechanism of toxicity or biomarker of EDC effect
merits investigation in animal and human studies of EDC expo-
sure. Therefore, this review will synthesize knowledge leading
to this recommendation and the current limitations that need
to be overcome to make progress in the field. We will discuss
the function of mitochondria as it relates to health, disruption
of mitochondrial endpoints by EDC exposures, currently avail-
able cross-sectional studies related to the mitochondrial epige-
nome and its relationship to human health, the impacts of non-
EDC environmental contaminants on mitochondrial endpoints,
and possible mechanisms by which EDCs could induce mito-
chondrial epigenetic dysregulation. Lastly, we will provide rec-
ommendations for incorporating mitochondrial epigenetic
endpoints in research assessing the health impacts of EDCs.

Mitochondrial Dysfunction as a Biomarker of Health

Several rare diseases result directly from inherited mutations in
mitochondrial or nuclear genes that regulate mitochondrial
function (termed “primary mitochondrial diseases”) (Gorman
et al., 2016; Rahman and Rahman, 2018). However, numerous
chronic diseases are also characterized by systemic or organ-
specific mitochondrial dysfunction. For example, given the
mitochondria’s role in metabolic homeostasis, mitochondrial
function has frequently been associated with metabolic disor-
ders, including insulin resistance (Sangwung et al., 2020), nonal-
coholic fatty liver disease (Mansouri et al., 2018), and obesity (de
Mello et al., 2018). Although these studies have primarily evalu-
ated mitochondria as a useful biomarker of chronic diseases,
the field is beginning to consider mitochondria as a novel thera-
peutic target for the treatment of cardiovascular diseases
(Bonora et al., 2019), reproductive disorders (Wolf et al., 2015),
various cancers (Yang et al., 2016), neurodegeneration (Park
et al., 2018), and metabolic diseases (Lee et al., 2019). Therefore,
evaluating mitochondrial endpoints in response to various en-
vironmental and lifestyle factors and in diverse disease

conditions could provide important clues into disease origins
and even potential for treatment.

Mitochondrial Genome and Associations With Health
Outcomes in Humans

As the hub of cellular respiration charged with producing the ma-
jority of the cell’s energy substrate (ATP), mitochondria have their
own genome with unique structure and composition to sustain
the cell’s energy requirements via oxidative phosphorylation
within the electron transport chain (ETC) (St John, 2016). The hu-
man mitochondrial genome is a small circular double-stranded
DNA molecule composed of 16 569 bp that encode 37 genes
(Table 1). Thirteen of the approximately 100 protein subunits of
the ETC are encoded by the mitochondrial genome, including 7
subunits of NADH dehydrogenase (Complex I), 1 subunit of cyto-
chrome c reductase (Complex III), 3 subunits of cytochrome c oxi-
dase (Complex IV), and 2 subunits of ATP synthase (Complex V)
(Gao et al., 2017). The mitochondrial genome also encodes 22 spe-
cies of transfer RNAs and 2 ribosomal RNAs for protein synthesis
(Suzuki et al., 2011). In addition, the mitochondrial genome has 1
major noncoding region, the displacement loop (D-loop).
Although the function of the D-loop is still unresolved, the regu-
latory elements within this region suggest a potential role for
controlling mtDNA transcription and replication (eg, mtDNA copy
number) (Chang and Clayton, 1985; Fernandez-Silva et al., 2003).
Proper mtDNA replication and gene expression are crucial for cell
viability, and disturbances in these processes have been shown
to cause mitochondrial diseases in humans.

Because each mitochondria can have multiple genome
(DNA) copies, and each cell can have numerous mitochondria
(Satoh and Kuroiwa, 1991), mtDNA copy number has been pro-
posed as an estimate of mitochondrial cellular respiration ca-
pacity (Malik and Czajka, 2013). As such, mtDNA copy number
reflects oxidative phosphorylation capacity in cells, with lower
copy number linked with poor oxidative capacity and elevated
oxidative stress (Liu et al., 2003; Wang et al., 2011). Given the
many other roles of mitochondria in the cell, mtDNA copy num-
ber also likely reflects overall mitochondrial function. Metabolic
disease is a simple example of such associations, as it is charac-
terized by poor metabolic flexibility and oxidative capacity. For
example, a study of 12 obese and 8 lean U.S. adults found that
mtDNA copy number was lower in obese compared with lean
individuals (1665 6 213 vs 2514 6 505, p< .05) (Ritov et al., 2005),
whereas in 148 healthy Swedish volunteers, mtDNA copy num-
ber was shown to decrease significantly in adipose tissue with
increasing BMI (r ¼ �0.24, p¼ .004) (Kaaman et al., 2007).
Similarly, a study in 94 healthy Korean young adults showed
that mtDNA copy number in circulation was negatively associ-
ated with BMI (r ¼ �0.22, p¼ .04), as well as waist circumference
(r ¼ �0.23, p¼ .03) and visceral fat area (r ¼ �0.28, p¼ .01) after
adjusting for age and sex (Lee et al., 2014). Analogous studies
have shown associations between mtDNA copy number and
various other diseases, including Parkinson’s disease (Dolle
et al., 2016; Pyle et al., 2016), cardiovascular diseases (Ashar et al.,
2017; Yue et al., 2018; Zhang et al., 2017), and numerous others
(Al-Kafaji et al., 2020; Fazzini et al., 2019; JeRdrak et al., 2017)—fur-
ther confirming the role of mitochondrial homeostasis in hu-
man disease development and progression.

EDCs and Disruption of Mitochondrial Endpoints

There is mounting evidence that some EDCs are associated with
disruptions to mitochondrial endpoints, and that such
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disruptions may be 1 potential cause of EDC toxicity (Chernis
et al., 2020; Moon et al., 2012; Posnack et al., 2012). Although the
precise mechanisms for these observations are not entirely
clear, oxidative stress has been implicated as an important me-
diator between various EDC exposures and long-term deleteri-
ous health outcomes (Neier et al., 2015). Given the importance of
mitochondria for cellular ROS homeostasis and the pro-oxidant
nature of some EDCs (Marroqui et al., 2018), it is likely that EDCs
act, in part, through ROS-mediated and mitochondrial
pathways.

Two (and likely more) oxidative stress-related pathways
could connect EDCs to mitochondrial disruption (Figure 1A).
First, EDCs could induce oxidative stress, leading to mitochon-
drial damage and having deleterious consequences for numer-
ous downstream mitochondria-related functions. Although

mitochondrial oxidative phosphorylation of lipids generates
damaging pro-oxidants (Taylor et al., 2014)—thereby exposing
mitochondria to high endogenous pro-oxidants—mtDNA
appears to be even more sensitive to oxidative damage than the
nuclear compartment (Bulteau et al., 2006; Orrenius et al., 2007),
as was first reported in a seminal study several decades ago
(Yakes and Van Houten, 1997). Another potential mechanism is
that EDCs directly damage mitochondria or target mitochon-
drial biogenesis, thereby decreasing the cell’s capacity to deal
with intrinsic and extrinsic sources of ROS. Because of the chal-
lenges related to assessing direct effects on mitochondrial end-
points, this pathway has been less studied. Furthermore,
because oxidative stress and mitochondrial function are so
closely linked, EDC-mediated toxicity likely occurs through both
mechanisms. Therefore, whereas studies have begun to

Table 1. Genes Expressed Within the Human Mitochondrial Genome

Gene Name Gene Symbol Strand Function Reference

Polypeptides
Mitochondrially encoded NADH dehydrogenase 1 MT-ND1 H Couples electron transfer from NADH to ubi-

quinone with transmembrane proton
pumping contributing to the proton motive
force used for ATP synthesis

Wirth et al. (2016)
Mitochondrially encoded NADH dehydrogenase 2 MT-ND2 H
Mitochondrially encoded NADH dehydrogenase 3 MT-ND3 H
Mitochondrially encoded NADH dehydrogenase 4 MT-ND4 H
Mitochondrially encoded NADH 4L dehydrogenase MT-ND4L H
Mitochondrially encoded NADH dehydrogenase 5 MT-ND5 H
Mitochondrially encoded NADH dehydrogenase 6 MT-ND6 L
Mitochondrially encoded cytochrome B MT-CYB H As a component of Complex III, mediates elec-

tron transfer from ubiquinol to cytochrome c
Emmanuele et al.

(2013)
Mitochondrially encoded cytochrome c oxidase I MT-CO1 H Cytochrome c oxidase shuttles electrons from

cytochrome c to molecular oxygen to cap-
ture energy in the membrane potential by
the reduction of oxygen to water

Mick et al. (2011)
Mitochondrially encoded cytochrome c oxidase II MT-CO2 H
Mitochondrially encoded cytochrome c oxidase III MT-CO3 H

Mitochondrially encoded ATP synthase 6 MT-ATP6 H Produces ATP through phosphorylation of ADP
by using electrochemical energy generated
by proton gradient across the inner mem-
brane of mitochondria

Neupane et al.
(2019)Mitochondrially encoded ATP synthase 8 MT-ATP8 H

Ribosomal RNA
Mitochondrially encoded 12S RNA MT-RNR1 H Translation of mitochondrial mRNAs together

with imported ribosomal proteins
Christian and

Spremulli (2012)Mitochondrially encoded 16S RNA MT-RNR2 H
Transfer RNA (tRNA)

Mitochondrially encoded tRNA alanine MT-TA L Codon reading during mitochondrial protein
translation

Scaglia and
Wong (2008)Mitochondrially encoded tRNA arginine MT-TR H

Mitochondrially encoded tRNA asparagine MT-TN L
Mitochondrially encoded tRNA aspartic acid MT-TD H
Mitochondrially encoded tRNA cysteine MT-TC L
Mitochondrially encoded tRNA glutamic acid MT-TE L
Mitochondrially encoded tRNA glutamine MT-TQ L
Mitochondrially encoded tRNA glycine MT-TG H
Mitochondrially encoded tRNA histidine MT-TH H
Mitochondrially encoded tRNA isoleucine MT-TI H
Mitochondrially encoded tRNA leucine 1 (UUA/G) MT-TL1 H
Mitochondrially encoded tRNA leucine 2 (CUN) MT-TL2 H
Mitochondrially encoded tRNA lysine MT-TK H
Mitochondrially encoded tRNA methionine MT-TM H
Mitochondrially encoded tRNA phenylalanine MT-TF H
Mitochondrially encoded tRNA proline MT-TP L
Mitochondrially encoded tRNA serine 1 (UCN) MT-TS1 L
Mitochondrially encoded tRNA serine 2 (AGU/C) MT-TS2 H
Mitochondrially encoded tRNA threonine MT-TT H
Mitochondrially encoded tRNA tryptophan MT-TW H
Mitochondrially encoded tRNA tyrosine MT-TY L
Mitochondrially encoded tRNA valine MT-TV H

Abbreviations: H, heavy strand; L, light strand.
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concurrently assess oxidative stress and mitochondrial path-
ways in response to EDC exposures (Azevedo et al., 2020; Hornos
Carneiro et al., 2020; Rodrigues-Pereira et al., 2020; Sammi et al.,
2019), more research may be needed to clarify the precise mech-
anisms behind EDC-induced mito-toxicity. These mechanistic
studies will be critical for driving research in human popula-
tions, which will require stable biomarkers of mitochondrial
effects in response to EDC exposures.

Given the hormone-modulating nature of EDCs, the inter-
play between hormones and mitochondrial function is also dif-
ficult to ignore. First, mitochondria serve critical roles in
steroidogenesis, thus making them a likely target for EDC ac-
tion. For example, the steroidogenic acute regulatory (StAR) pro-
tein—the acute control point for steroid synthesis—acts by
relocating cholesterol from the outer- to innermitochondrial
membrane (Miller, 2013). Several studies suggest that some
EDCs target StAR and its downstream pathways. For example,
tributyltin was shown to upregulate StAR mRNA expression in
ovine ovarian theca cells and several other species, which
authors suggested was a compensatory mechanism for
tributyltin-induced cellular cholesterol efflux (Pu et al., 2019).
One study also showed that a common pesticide inhibited ste-
roidogenesis by disrupting StAR protein expression in a Leydig
tumor cell line (Walsh et al., 2000), whereas another reported
that Star mRNA expression was decreased in testes of mice ex-
posed to dibutyl phthalate and 4-tert-octylphenol (Bunay et al.,
2018). Second, numerous studies have confirmed the role of ste-
roid hormones (estrogen, specifically) in regulating mitochon-
drial function, especially its role in oxidative stress (Klinge,
2020; Tower et al., 2020). Whether these endocrine mechanisms
are directly related to the observed effects of EDCs on oxidative
stress will need to be better understood, but these studies do
suggest a role of EDCs in modulating critical mitochondrial
functions.

The Mitochondrial Epigenome

There is recent evidence that the mitochondrial genome, like
the nuclear genome, contains epigenetic marks, but as will be
discussed later, there is controversy about the presence and po-
tential functions of these modifications. The epigenome here is
defined as heritable alterations to the genome that do not
change the underlying DNA sequence but influence gene regu-
lation. Epigenetic modifications of the nuclear genome include
DNA methylation and hydroxymethylation, certain noncoding
RNA (ncRNA), and chromatin packaging dictated in part by
post-translational histone tail modifications (Bird, 1986; Strahl
and Allis, 2000). In nuclear DNA, the histone code works in con-
cert with DNA methylation to regulate gene expression by alter-
ing the accessibility of transcriptional machinery to a given
gene. DNA methylation, specifically, is 1 form of epigenetic reg-
ulation by which methyl groups are added to DNA cytosine resi-
dues. In mammalian nuclear DNA, methylated cytosines are
typically immediately followed by guanine residues (called CpG
sites). These DNA modifications alter gene transcription by
changing the physical conformation of the DNA, attracting
methyl CpG-binding proteins, and altering the binding of tran-
scription factors. As with other forms of epigenetic regulation,
these modifications can be inherited across cell divisions and
possibly across generations.

While the following sections will describe observational
studies connecting mtDNA methylation to various exposures
and health outcomes, the existence of methylation (specifically)
within mtDNA has been somewhat controversial, with some

studies reporting a complete lack of mtDNA methylation (Hong
et al., 2013; Mechta et al., 2017). As has been recently described
(Morris et al., 2020; Owa et al., 2018), this uncertainty may partly
stem from the methodologies used to assess mtDNA methyla-
tion. Using these methodologies, the proportion of methylated
CpG sites throughout the mitochondrial genome was reported
to be much lower overall compared with the nuclear genome (<
5% compared with 70% of nuclear DNA CpG sites) (Hong et al.,
2013). However, recent bisulfite sequencing studies have
revealed extensive non-CpG methylation of mtDNA, with ap-
proximately 40% of cytosines being methylated (Patil et al.,
2019). Of these non-CpG methylated cytosines, CpT and CpC
dinucleotides are the most frequently methylated, followed by
CpA and with CpG sites exhibiting the most infrequent methyl-
ation. Recently, GpC methylation (rather than CpG methylation)
was also discovered and was shown to be inversely associated
with mtDNA gene expression in vitro (van der Wijst et al., 2017).
By using technologies that focus specifically on CpG methyla-
tion, it is possible that some studies have underestimated the
true levels of mtDNA methylation (Morris et al., 2020), but sub-
stantially more evidence is needed to confirm whether this is
truly the case. Although assessment of non-CpG methylation is
needed in future studies of mtDNA methylation, researchers us-
ing methods that only assess CpG methylation (ie, pyrose-
quencing) can benefit from recent methodological
advancements. Vos et al. modified the pyrosequencing protocol
to avoid inaccurate results due to incomplete bisulfite conver-
sion and/or amplification of nuclear mitochondrial sequences
(NUMTs). First, they completely linearized mtDNA prior to con-
version with BamHI. Then, they amplified regions of mtDNA
genes that do not overlap with NUMTs (Vos et al., 2020). Such
rigorous methods are essential going forward in mtDNA meth-
ylation studies.

Transcriptional regulation of mtDNA, much like that of bac-
terial genomes, is heavily influenced by nucleoid packaging,
which involves proteins such as mitochondrial transcription
factor A (TFAM) (Gilkerson et al., 2013). In terms of specific epige-
netic marks within mtDNA, there is evidence to date for the
presence of mtDNA methylation (Vos et al., 2020; Weinhouse,
2017), short and long ncRNA (Dong et al., 2017), and post-
translational modifications to nucleoid proteins (King et al.,
2018). Although substantially more data are needed to under-
stand the potential regulation of these marks, studies suggest
that mtDNA methylation patterns are dependent on isoform 3
of DNMT1 as well as DNMT3A in a local context and DNMT3B in
a global context (Dou et al., 2019; Patil et al., 2019; Saini et al.,
2017). It is important to note, however, that whereas the role of
epigenetic marks in nuclear transcriptional regulation is rela-
tively well established, the precise roles of epigenetic modifica-
tions within mtDNA are unclear. Several reviews have
addressed this current limitation in the field and suggest that
whereas epigenetic marks have been observed within mtDNA,
there is currently little mechanistic insight connecting these
marks to mitochondrial gene transcription (Mposhi et al., 2017;
van der Wijst and Rots, 2015). The reason that some studies
have suggested a role of mtDNA methylation in mitochondrial
gene regulation is because mtDNA methylation is nonrandom
and strand-specific; there is more methylation on the L-strand,
which is specifically related to transcription. In addition, unique
methylation patterns have been observed within the regulatory
D-loop region, which controls mitochondrial gene transcription
(van der Wijst and Rots, 2015). However, these studies provide
correlations between methylation and transcription but lack
causal evidence; substantially more data are needed to
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understand the specific roles that DNA methylation (and other
epigenetic marks) plays within the mitochondria.

Proposed Roles of the Mitochondrial Epigenome in
Health and Disease

Beyond measuring mtDNA copy number, recent studies have
also suggested that mtDNA methylation may be an important
marker of mitochondrial function (Iacobazzi et al., 2013;
Stimpfel et al., 2018) and may in fact regulate mtDNA copy num-
ber (Lee et al., 2015; Sun et al., 2016; Tong et al., 2017). Therefore,
similar to alterations in mtDNA copy number (and to nuclear
DNA methylation), observational studies in humans have also
begun to correlate mtDNA methylation with health outcomes,
including several cancers (Ferreira et al., 2015), obesity (Zheng
et al., 2015), metabolic health (Zheng et al., 2016), severe nonal-
coholic liver disease (Pirola et al., 2013), Alzheimer’s disease
(Stoccoro et al., 2017), cardiovascular disease (Baccarelli and
Byun, 2015), and even pregnancy outcomes (Novielli et al., 2017).
However, it is important to reiterate that additional studies may
be needed to confirm whether these previous associations re-
main when using updated methods that more accurately assess
mtDNA methylation.

Because the field is relatively new, the value of mtDNA
methylation (or other epigenetic disruption) as a biomarker of
disease remains to be established. For example, future studies
are needed to determine whether epigenetic marks are better
predictors of human diseases than are other mitochondrial bio-
markers. Additional studies are also needed to understand
whether perturbations in the mitochondrial epigenome are her-
itable not only across cell divisions but also across generations.
There is substantial evidence of crosstalk in mitochondrial-
nuclear epigenetic regulation, such that molecules generated as
part of the mitochondrial energetics cascade regulate the nu-
clear epigenome, and proteins required for mtDNA transcrip-
tional regulation are expressed by the nuclear genome
(reviewed extensively in Weinhouse [2017]). Therefore, the dis-
ruption of the mitochondrial epigenome by environmental con-
ditions may provide important clues into the regulation of the
nuclear genome, and this process also needs to be better under-
stood. Finally, it will be critical to investigate associations of
nonmethylation epigenetic regulators within the mitochondria
with various health outcomes, along with mtDNA methylation.
Despite these current limitations, and assuming proper meth-
odologies are in place to adequately establish mitochondria-
specific epigenetic patterns, mitochondrial epigenetics may
provide a novel approach for understanding organelle-specific
epigenetic regulation of important physiological conditions in
response to numerous systemic and environmental stressors.

Perturbation of the Mitochondrial Epigenome by
Environmental Exposures

Similar to the nuclear epigenome (Martin and Fry, 2018), envi-
ronmental health and toxicology studies are beginning to con-
sider the mitochondrial epigenome as a target endpoint and
potential mechanism of toxicity in response to numerous expo-
sures. This field is still in its infancy, and studies to date have
reported associations in human or animal studies between
mtDNA and exposures to smoking, ambient particulate matter,
metals, BDE-47, olive oil, and doxorubicin (reviewed previously
by Lambertini and Byun [2016] and Sharma et al. [2019]). One ex-
ample is a study of placental mtDNA methylation in 96 mother-
newborn pairs from Rhode Island and foreskin from 62 infants

from Kentucky that found that maternal smoking status was
positively associated with D-loop methylation in both placenta
(p¼ .001) and foreskin (p¼ .04) (Armstrong et al., 2016). Placental
D-loop methylation was also higher among mothers who
smoked or had high air pollution exposure compared with non-
smoking mothers with lower air pollution exposure (p< .05) us-
ing a method optimized for mtDNA methylation analysis (Vos
et al., 2020). Similarly, in 381 Belgian women, higher exposure to
airborne particulate matter with aerodynamic diameter �
2.5 mm (PM2.5) was positively associated with mtDNA methyla-
tion of placental MT-RNR1 (p¼ .01) and D-loop (p¼ .06) (Janssen
et al., 2015). Interestingly, authors also observed that higher
PM2.5 exposure was associated with lower mtDNA copy number
(p¼ .001), and established that mtDNA methylation explained a
large proportion of this relationship (MT-RNR1: 54% and D-loop:
27%), potentially supporting the proposed role of mtDNA meth-
ylation in mitochondrial biogenesis (Janssen et al., 2015). In an-
other example, mtDNA methylation of D-loop and ND6 was
reduced in 221 highly arsenic exposed adults from West Bengal
compared with 101 relatively unexposed adults. In turn, com-
pared with the unexposed group, the exposed group had higher
expression of ND4 and ND6, as well as increased mtDNA copy
number (van der Wijst et al., 2017). While the precise mecha-
nisms behind the findings in these observational studies are
not well understood, these results connecting the environment
to the mitochondrial epigenome need further exploration.

EDCs and Potential for Mitochondrial Epigenetic
Disruption

While evidence is growing for environmental lability of the mi-
tochondrial epigenome, studies have been limited to a handful
of environmental exposures and have assessed primarily
mtDNA methylation, generally without considering non-CpG
methylation. To our knowledge, BDE-47, a lipophilic polybromi-
nated diphenyl ether, is the only EDC studied to date with re-
spect to mtDNA epigenetics. In a perinatal exposure study of
the flame retardant BDE-47, exposed rat offspring exhibited de-
creased methylcytosine in mtDNA at postnatal day 41 in the
brain compared with control offspring (Byun et al., 2015).

This relative lack of information related to EDCs and epige-
netic disruption is surprising given that several studies have
concluded that EDCs target mitochondrial endpoints (discussed
above). Furthermore, numerous EDCs have been shown to dis-
rupt the nuclear epigenome and its regulators, including epige-
netic disruption in the brain (reviewed by Walker and Gore
[2017]) and disruption that persists inter- and transgeneration-
ally (reviewed by Van Cauwenbergh et al. [2020]). There are 2
types of mechanisms by which EDCs are thought to induce epi-
genetic changes in nuclear DNA (reviewed by Alavian-
Ghavanini and Rüegg [2018]). EDCs can regulate DNA methyla-
tion and chromatin state locally through inhibition or activation
of nuclear receptors which recruit epigenetic machinery to their
target genes. For example, bisphenol A (BPA) induced changes
to DNA methylation of Fkbp5 in mice that were dependent on
estrogen receptor-beta (Kitraki et al., 2015). An in vitro approach
comparing the ability of various EDCs to occupy an ER-regulated
promoter and ultimately induce local chromatin changes
showed that some EDCs, including BPA and diethylstilbestrol,
did induce promoter occupancy, albeit with lower affinities
than estradiol (Ashcroft et al., 2011). In addition to gene-specific
changes, some EDCs may induce widespread epigenetic
changes indirectly through deregulation of epigenetic machin-
ery (eg, DNMTs) or enzymes involved in the 1-carbon
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metabolism pathway (Laing et al., 2016). This deregulation
occurs through activation or inhibition of nuclear receptors that
control expression of epigenetic machinery genes. These pro-
posed mechanisms, supported by indirect and some direct evi-
dence, may also need to be investigated in relation to DNA
methylation changes in mtDNA. Furthermore, as previously
mentioned, the regulation of the nuclear and mitochondrial epi-
genomes appears to be closely intertwined (Weinhouse, 2017).
Although the current review primarily focuses on
mitochondria-specific epigenetic modifications, it is important
to consider that these potential disruptions in response to envi-
ronmental factors may have critical consequences for nuclear
epigenetic regulation and vice versa. Therefore, whereas there is
a relative lack of information related to EDC-induced epigenetic
disruption of mtDNA, some knowledge can be gleaned by un-
derstanding the impacts of EDCs on the nuclear epigenome.

For example, DNA methylation relies on DNMTs, which are
disrupted in the nuclear compartment by BPA, phthalates, and
several other EDCs (reviewed extensively in Xin et al. [2015]). As
previously discussed, DNMTs transcribed in the nucleus also
appear to be required for mtDNA methylation, and their disrup-
tion in the nucleus may have important consequences for the
mitochondrial epigenome. Another potential mechanism
involves TFAM, the primary mitochondrial transcription factor
that also has a role in mtDNA methylation (Rebelo et al., 2009).
The transcription of TFAM is regulated by the nuclear respira-
tory factor 1 (Gleyzer et al., 2005), and this oxidative balance-
related transcription factor is disrupted in response to numer-
ous EDCs, including BPA and phthalates (reviewed in Marroqui
et al. [2018]). These examples provide the impetus to better un-
derstand the impacts of EDCs on mitochondrial epigenetic end-
points. As discussed previously, the evidence linking mtDNA
epigenetic changes to mitochondrial function remains to be
concretely established. However, if EDCs do in fact target the
mitochondrial epigenome, substantially more data are needed
to understand the impacts of these disruptions for disease initi-
ation and progression.

FUTURE DIRECTIONS AND CONCLUSIONS

Although direct evidence for EDC-induced mtDNA epigenetic
disruption is exceedingly limited due to a lack of studies in this
area, there is potential for EDCs to target mtDNA epigenetic
endpoints. First, EDCs are known to target mitochondrial end-
points, including mitochondrial copy number and biogenesis,
which have been shown to be regulated by mtDNA methylation.
Second, there is evidence from cross-sectional studies for asso-
ciations between mitochondrial epigenetic disruption and other
environmental exposures—specifically smoking and air pollu-
tion, which, like EDCs, involve mitochondrial/pro-oxidant path-
ways. Finally, EDCs are known epigenetic disruptors, and
whereas this evidence comes primarily from studies evaluating
nuclear DNA, some mechanisms of nuclear epigenetic disrup-
tion may be relevant for mitochondrial epigenetic disruption.
Therefore, we recommend that substantially more research is
needed to investigate potential roles of EDCs in modifying
mtDNA epigenetic endpoints and to determine how these po-
tential changes impact human health. Ultimately, this knowl-
edge will inform risk assessment and prevention/intervention
strategies to mitigate the toxic effects of EDCs.

As discussed above, it is important to mention that such
progress will also require more direct evidence for the funda-
mental function of mtDNA epigenetic disruption in mitochon-
drial and cellular health. Beyond that, given that so little is
currently understood about mitochondrial epigenetic disruption
by environmental toxicants, we also propose that more evi-
dence is needed for mechanisms by which EDCs influence the
mitochondrial epigenome (Figure 1B). Specifically, substantially
more data are needed to understand whether the pro-oxidant
and inflammatory pathways often associated with EDC expo-
sures drive mitochondrial epigenetic disruption, or whether
these pathways are activated in response to epigenetic shifts
that cause mitochondrial dysfunction. Going forward, studies
must also take into account the rapidly evolving knowledge
about the unique mitochondrial epigenome when selecting

Figure 1. Evidence and plausible mechanisms supporting the role of endocrine disrupting chemicals (EDCs) in modulating mitochondrial DNA (mtDNA) epigenetic end-

points (A) and recommended future directions to move the field forward (B). Abbreviation: CpG, cytosines followed by guanine residues on DNA.
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methods for evaluation. For example, recent evidence shows
that mtDNA methylation is more likely to occur in CpC, CpT,
and GpC sites instead of CpG sites. Thus, next generation or tar-
geted bisulfite sequencing-based methods should be used that
quantify mtDNA methylation at all cytosines whenever possi-
ble. In addition, new mitochondria-specific approaches that as-
sess nonmethylation epigenetic mechanisms, such as post-
translational modifications of nucleoid proteins and the poten-
tial role of ncRNAs should be considered to gain a holistic un-
derstanding of environmental impacts of mtDNA regulation.
Given the importance of mitochondria in human health and
disease, such progress would provide valuable biomarkers that
better characterize the mechanisms of action of EDCs and nu-
merous other environmental toxicants.
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