
Page 1/17

Mitochondrial DNA Variants in Autism Spectrum
Disorder: A Systematic Review
Liao Xiaoli  (  1145869595@qq.com )

Zhongnan University of Economics and Law
Li Yamin 

Central South University

Research

Keywords: Autism Spectrum Disorder, Mitochondrial, mtDNA, mtDNA variants

Posted Date: December 21st, 2020

DOI: https://doi.org/10.21203/rs.3.rs-131427/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-131427/v1
mailto:1145869595@qq.com
https://doi.org/10.21203/rs.3.rs-131427/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/17

Abstract
Objectives The present review aimed to systematically characterize existing literature regarding the
involvement of mtDNA variants in the pathophysiology of ASD.

Methods  A systematic search of publications in three online databases plus a manual search of
reference lists of included articles was performed to collate potentially eligible literature. The study
selection and data extraction were conducted by two independent authors, and the discrepancies in each
step were settled through discussions.

Results  From 1874 resulting searched articles, 28 studies remained for this review.

These included studies involving 3 studies reported ancient haplogroup variants, 16 studies reported
point mutations, 7 studies reported copy number variants, and 8 studies reported deletions, with point
mutation being the most common type of disease-related variants.

Conclusions Findings generated from this review support mtDNA variants as important contributory
components in susceptibility to ASD, since most variants have yet been mapped to speci�c loci, and the
exact pathogenic mechanism remains to be determined.

Background
Autism spectrum disorder

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by the impairment of
socio-communicative skills and the presence of stereotyped behavior patterns (Lord et al., 2000). The
ASD incidence has markedly increased 10 to 17 percent per year during the last two decades (Blumberg
et al., 2013; Christensen et al., 2016), with the most current estimates being about 1/54 children in the
Unite States (US) (Maenner et al., 2020). The considerable increase in ASD prevalence has stimulated
worldwide research interests into the etiology of this disorder, which mainly points to environmental
factors acting on genetic predispositions involving both nuclear DNA (nDNA) and mitochondrial DNA
(mtDNA) (Dhillon et al., 2011; Persico & Napolioni, 2013). Despite considerable efforts in the
understanding of its etiological mechanism and biological basis, no reliable biomarker or distinct
pathogenesis has yet been established for ASD (de la Torre-Ubieta et al., 2016; Frye & Rossignol, 2011).

Since Lombard (1998) �rst proposed that ASD may be a disorder of impaired mitochondrial function in
1998 (Lombard, 1998), growing number of studies points to a potential involvement of mitochondrial
physiology in the pathophysiological pathway of ASD, with evidence from genetic, post-mortem, neuro-
imaging and biomarker studies in both ASD subjects and animal models. Converging lines of evidence
indicates that both oxidative stress and abnormal energy metabolism may contribute to the etiology of
ASD, consistent with some level of mitochondrial dysfunction (Clark-Taylor & Clark-Taylor 2004; Oliveira
et al., 2005; Rossignol et al., 2007), although this remains somewhat controversial (Lerman-Sagie et al.,
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2004). Although increasing evidence supports the involvement of mitochondrial dysfunction in the
pathophysiology of ASD, the underlying biological basis of this connection remains relatively unexplored
(Legido et al., 2013). The genetic complexity of ASD together with the association of ASD with
mitochondrial dysfunction provides a strong rationale for investigating the role of mtDNA in the etiology
of the ASD (Crimi et al., 2004; Dhillon et al., 2011; Zsurka & Kunz, 2015). While the nuclear genome has
been the focus of countless studies over the past decades, the potential role of mtDNA variants in the
etiology of ASD remains relatively unexplored and warrants thorough investigation.

Mitochondria

Mitochondria are double membrane-bound organelles responsible for energy metabolism in eukaryotic
cells, which controlled by both nuclear DNA (nDNA) and mitochondrial DNA (mtDNA). The number of
mitochondria in each cell and the amount of mtDNA in each mitochondria vary according to the
bioenergetic needs of particular cell and the levels of oxidative cellular stress, having the brain as the
most energetically demanding tissue in human body (Valenti et al., 2014).

The human mtDNA is a double-stranded supercoiled ring molecule, which exclusively inherits from the
matrilineal line. The human mtDNA contains 15,000-17,000 base pairs which codes 37 genes expressing
13 polypeptides involved in OXPHOS, 22 tRNAs as well as 2 rRNAs. As lack of protective histones, less
e�cient system for DNA repair along with high level of reactive oxygen species (ROS) generation in this
organelle (Lin & Beal, 2006), mtDNA presents a very high variants rate in comparison to nDNA (Napoli et
al., 2013). The rate of mtDNA variants depends mainly on the level of oxidative stress and the �delity of
the mtDNA polymerase (Li et al., 2019). Clinically relevant mtDNA variants fall into three classes,
including recent deleterious mutations, ancient adaptive variants, and de novo mutations or somatic
mutations (Wallace, 2015).

The brain has the highest energy requirement, accounting for 2-3% of human body weight but using 20%
of the total mitochondrial energy, making it the most sensitive organ to mtDNA variants (Wallace, 2013).
Since the �rst report of an inherited mtDNA disease variant three decades ago (Wallace et al., 1988),
hundreds of clinically relevant mtDNA variants have been identi�ed parallel with the breakthrough of
sequencing approaches and cell biology technologies (Schon et al., 2012). Genetic variants in mtDNA can
give rise to mitochondrial dysfunction, resulting in abnormal cellular energy production, impaired
intracellular calcium buffering and accumulated reactive oxygen species,with deleterious consequences
for normal physiological function, contributing to the development of a diverse set of disorders, ranging
from neurodegenerative diseases, to neuropsychiatric disorders, and to neurodevelopmental syndromes
such as ASD (Cruz et al., 2019; Hoekstra et al., 2016; Li et al., 2016; Patowary et al., 2017).

Previous studies of ASD susceptibility genes mainly focused on nDNA, which may neglect a fact that the
mtDNA is central to the study of evolutionary genetics, and the human mtDNA is one of the �rst
completely sequenced mammalian genomes. Increasing evidence indicates that mtDNA variants may
affect the energy supply and key processes of the developing brain, triggering a cascade of structural and
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functional changes, thereby contributing to the etiology of ASD (Chauhan et al., 2012; Gargus & Imtiaz,
2008; Palmieri & Persico, 2010; Rossignol & Frye, 2012).

Objective

Although increasing reviews have described the potential role of mitochondrial dysfunction in general,
and of mtDNA variants in particular, in a variety of neurological disorders (Greaves et al., 2012; Koopman
et al., 2012; Schon & Przedborski, 2011; Ylikallio & Suomalainen, 2012), there has been no systematic
review speci�cally appraising the role of mtDNA variants in the context of ASD.  The present review aims
to systematically summarize existing evidence regarding the involvement of mtDNA variants in the
etiology of ASD.

Methods
Search strategy

A electronic search was performed in three databases, PubMed, Embase and Web of science, using the
following keywords (Autism Spectrum Disorder OR Autistic disorder OR ASD OR autism OR autistic OR
Asperger Syndrome OR Pervasive Developmental Disorder) AND (mitochondria OR mitochondrial OR
mitochondrion) AND (genetic OR RNA OR DNA OR genome OR transcript OR gene).

No restrictions were placed on the study location or the publication year. All authors achieved a
consensus on the search strategies. References cited by all eligible citations and previous reviews were
manually searched for additional relevant studies that might have been omitted.
Selection Criteria

The following inclusion criteria were required: published in English language; focused on subjects with
ASD; presented genetic variants in mtDNA. The following exclusion criteria were also required: studies
with non-human samples; reported theoretical outcomes (eg. reviews, editorials, letters and
commentaries).

Results
Literature Search

Figure 1 summarized the results of the search strategy and study selection processes. A total of 1874
records were generated from the initial search of these three databases. After eliminating 215 duplicates,
1659 articles were considered potentially relevant for subsequent analysis. The screening of titles plus
the analysis of abstracts ruled out 1428 articles that lacked relevance, leaving 231 citations for further
screening. The analysis of full texts combine with the application of inclusion/exclusion criteria excluded
203 articles that failed to meet the eligible criteria, yielding 28 articles as the source documents for this
review.
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Study Characteristics

Table 1 summarized the main characteristics and �ndings of these included studies.

These included articles used various research methods, involving case-control (n = 14), case-series (n = 6),
case report (n = 5), cohort analysis (n = 2) and cross sectional (n = 1) designs. The 14 case-control studies
comprising a total of 7,414 subjects, including 3060 ASD and 4354 matched controls. The 6 case-series
studies containing a whole of 126 subjects, sample sizes ranged from 10 to 31. These studies included
subjects spanned the entire childhood population, from young children to adolescents. The samples used
in these studies included many different types of tissues, including blood, muscle, skin, oral mucosa,
postmortem brain, with peripheral blood sample being the most common cell model for studies.

Haplogroup

The haplogroup is de�ned as the individual group of mtDNA, characterized by the existence of a speci�c
set of mtDNA polymorphisms that have accumulated continuously along the radiating maternal lineages.
The search yielded 3 studies reported the potential involvement of ancient haplogroup-associated mtDNA
variants in the development of ASD, although controversy has existed.

The involvement of mitochondrial haplogroup in pathogenesis of ASD has been supported by result from
Chalkia et al.(2017), who appraised the potential impact of ancient mtDNA polymorphisms in the risk of
developing ASD in a cohort study. The result showed that European haplogroups I, J, K, O-X, T, and U were
associated with increased ASD risks, as were Asian and Native American haplogroups A and M. No
compelling evidence of an association of any mitochondrial haplogroup to the risk of developing ASD
has been found in more comprehensive case-control studies. In order to explore the association between
mitochondrial haplogroup and ASD, Kent et al.(2008) charecterised the mtDNA haplogroup in a cohort of
162ASD probands and compared to two sets of population controls, reported no compelling evidence of
an association between any mitochondrial haplogroup and ASD risk. Hadjixenofontos et al.(2013)
examined the role of mtDNA variants in the risk of developing ASD through a multi-phase approach,
found no evidence of the involvement of European haplogroups in genetic etiology of ASDs.

Single Nucleotide Variants (snvs)

SNPs exist in all protein coding mtDNA molecules, which appear to be the most frequent type of
diseased-related mtDNA mutation. The search yielded a total of 16 studies reported a pathological role of
mtDNA point mutations in the development of ASD, but still somewhat inconsistent.

A total of 13 studies supported a role of mtDNA point mutation in the the etiology of ASD. Early cases
reported by Graf et al. (2000), who identi�ed a variant m.8363G > A in the MT-TK gene in a 3 year old boy
with ASD, found a 60% mutation rate in muscle tissue and 61% in blood. Pons et al.(2004) followed �ve
unrelated children with ASD, found that children with ASD with or without additional neurologic features
can be early presentations of the m.3243A > G mutation in the tRNALeu(UUR) gene. A report from Frye
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(2012) characterized mtDNA mutation in two ASD boys, identi�ed a novel mutation located in the MT-
CYB gene in both of the boys. Additional evidence from Connolly et al.(2010), who reported the mtDNA
mutation in a Canada family, identi�ed a variant m.3460G > A in the MT-ND1 gene as a pathogenic
mutation associated with ASD. Weissman et al.(2008) reviewed the medical records of 25 ASD subjects
with evidence of a de�nite or probable mitochondrial disorder. Results from genomic analysis showed
that two subjects presented variant m.3397A > G in the MT-ND1 gene and variant m.4295A > G in the in
the tRNA Ileu gene, one subjects harbored variant m.11984T > C in the MT-ND4 gene. Piryaei et al.(2012)
examined the role of mtDNA variants in the pathogenesis of ASD in a sample of 24 ASD subjects,
identi�ed 3 new mtDNA mutations in a portion of the 24 subjects, including variant m.8472C > A located
in the MT-ATP8 gene and variant m.8697G > A located in the MT-ATP6 gene in 3 of these subjects, as well
as variant m.8697G > A located in the MT-ATP6 gene in 5 of these subjects. The study of Avdjieva-
Tzavella et al.(2012) analyzed mtDNA variants in 21 children with ASD, found potentially disease-causing
mtDNA variants in two children, with the non-synonymous mutation m.6852G > A (Gly317Ser) located in
the MT-CO1 gene and the non-synonymous variant m.8033A > G located in the MT-CO2 gene. Napoli et al.
(2013) evaluated the quality of mtDNA (sequence variants) in peripheral blood of children with ASD,
identi�ed a higher frequency of GC > AT transitions and G,C,T > A transitions in ASD subjects as compared
to controls. A recent study provided evidence of an association between ASD and increased inherited
mutations from the mother by Wang et al.(2016), who investigated the genetic relationship between
biological siblings in a sample of 903 simplex families, reported that both non-synonymous mutations
and predicted pathogenic synonymous mutations conferred an increased risk for ASD, with higher
frequency of these mutations in individuals with lower IQ and/or de�cit in social behavior. Djordjevic et al.
(2016) described novel mitochondrial mutations associated with a complex mitochondrial
encephalopathy, identi�ed a mutation m.7495A > G located in the MT-TS1 gene in a four year old female
with ASD characteristics who presented 83% of heteroplasmy. Patowary et al. (2017) analyzed mtDNA in
10 subjects with familial ASD by employing Next generation sequencing approaches. The result identi�ed
two variants in MT-ND5 gene within a single family and a variant in MT-ATP6 gene in a second family.
The study of Valiente-Pallejà et al. (2018) examined the presence of mtDNA alterations in a cohort of 122
ASD subjects and matched controls, found that 26.6% of ASD subjects carried at least one putative
pathogenic mtDNA mutation. Akouchekian et al.(2019) examined the role of mtDNA variants in the
development of ASD by focusing on COX1-3 genes. The result identi�ed 15 unique variants in COX1-3
genes, with the most common variant being the amino acid change A->A.

The evidence was not entirely concordant, other studies failed to identify an association between mtDNA
point mutations and ASD. Oliveira et al. (2005) reported the �rst population based study to identify
mtDNA variants in ASD, yielding no mtDNA variants in ASD subjects. Álvarez-Iglesias et al.(2011)
characterised mtDNA variants in a cohort of 148 ASD subjects, reported no statistical support for an
association between mtDNA mutations and ASD. Filiano et al.(2002) illustrated the importance of the
mitochondria in children with features of ASD, identi�ed no mtDNA point mutations in these children
despite the presence of a 7.4 kb mtDNA mutation in one child.

Copy Number Variants (cnvs)
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CNVs has been proved to be the most prevalent type of structural variations in human genome (Iafrate et
al., 2004; Redon et al., 2006), and CNVs of mtAND appeared to be one of the most common biomarkers
of mitochondrial dysfunction. The copy number of mtDNA varies according to the energy requirements of
cells and levels of oxidative cellular stress (Gu et al., 2013), which has been associated with
mitochondrial dysfunction and increased oxidative stress (Malik & Czajka 2013). An involvement of
mtDNA variants in the development of ASD has been supported by �ndings of altered mtDNA copy
number in ASD subjects, although this remained somewhat controversial.

The search yielded 5 studies that reported an increased mtDNA copy number in ASD subjects as
compared to controls, which could account for a compensatory mechanism to strengthen the different
mitochondrial functions that govern cellular bioenergetics. Carrasco et al.(2019) characterised the
in�uence of mitochondrial physiology on the development of ASD, found a signi�cant increased mtDNA
contents in the oral mucosa of ASD subjects as compared to matched controls. Gu et al.(2013) compared
the copy number and deletions of Cyt B, ND1 and ND4 genes in the frontal cortex of ASD subjects and
age-matched controls, reported an increased copy numbers of these three mitochondrial genes, as well as
deletion of ND4 and Cyt B in the frontal cortex of ASD subjects relative to controls. Yoo et al.(2017)
examined the association between mitochondrial dysfunction and ASD phenotypes, found a signi�cant
higher level of mtDNA copies in the peripheral blood of probands with ASD to that of their unaffected sib
pairs, and it was correlated to a subtype of phenotype presenting communication de�cits. Chen et al.
(2015) examined the mtDNA copy number in peripheral blood cells from ASD subjects and healthy
controls, found a signi�cant increased mtDNA copy number of MT-ND1, MT-ND4 and MT-CYB genes in
ASD subjects as compared to healthy controls, but it was not related to clinical features of ASD. Wong et
al.(2016) quanti�ed the mtDNA copy number in peripheral blood monocytic cells from 66 children with
ASD and 46 typically developing children, found a signi�cant higher number of mtDNA copies in children
with ASD relative to typically children.

Also one study reported a decreased mtDNA copy number in ASD subjects relative to controls. Valiente-
Pallejà et al.(2018) examined the content of mtDNA in a cohort of 122 ASD subjects and matched
controls, reported a signi�cant lower number of mtDNA copies in both MT-ND1 and MT-ND4 genes in ASD
subjects as compared to healthy controls.

However, this �nding could not be reproduced in a following postmortem study of Tang et al.(2013), who
characterized mtDNA variants in a larger cohort of postmortem temporal lobe from ASD subjects and
healthy controls, reported no signi�cant difference in mtDNA copy number between ASD subjecst and
controls.

Deletions

Deletions, a special type of copy number variants, responsible for the absence of a part of the
mitochondrial genome. The literature search generated a total of 8 studies reported the potential
pathogenicity of mtDNA deletions in the development of ASD, yielding inconsistent results.
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The saerch generated 2 studies regarding the association between mtDNA deletions and ASD only
reported the deleted gene in ASD subjects without specifying mtDNA coordinates. Napoli et al.(2013)
reported the involvement of mtDNA deletions in the development of ASD, found a signi�cant higher
frequency of mtDNA deletions at the segment of MT-CYB and MT-ND4 in ASD subjects relative to
controls. Giulivi et al.(2010) evaluated mtDNA abnormalities in a well-de�ned population of children with
ASD compared to healthy controls, found deletions at MT-CYB in 2 cases, along with over-replication in 5
cases.

The search yielded 6 studies that linked mtDNA deletions to ASD only presented the length of mtDNA
deletions in ASD subjects without describing the exactly genomic location. Wong et al.(2016) evaluated
the role of mtDNA deletions in the development of ASD, found a signi�cant higher incidence of mtDNA
deletion in ASD cases as compared to healthy controls. An exploratory study of the correlation between
mtDNA changes and ASD carried out by Varga et al.(2018) analyzed common mtDNA variants in 60 ASD
patients and 60 healthy controls, found that 16.6% of ASD subjects presented mtDNA deletions when
compared with healthy controls. The work of Shoffner et al.(2010) examined the role of mtDNA variants
in the etiology of ASD, found that children with mitochondrial defects had a higher risk in ASD regression,
although only one patient presented mtDNA depletion. Filiano et al.(2002) evaluated mtDNA deletions in
a group of 12 children who presented clinically with hypotonia, intractable epilepsy, autism, and
developmental delay (HEADD syndrome), identi�ed increased levels of large-scale mtDNA deletions in
�ve of these cases, three patients exhibited a 7.4 kb deletion whereas the remaining two patients
harbored a 3.3 to 7.4 kb deletion. Pons et al.(2004) characterized mtDNA variants in �ve unrelated
children with ASD, found an signi�cant depletion of mtDNA in skeletal muscle in a child with PDD having
a history of mtDNA depletion syndrome in an older sister. Increasing body of evidence con�rmed the
contribution of mtDNA deletions to the pathogenesis of ASD, but also one study rejected this contribution.
Tang et al. (2013) examined mitochondrial abnormalities in temporal lobe of ASD brain. Findings from
long-range PCR ampli�cation ruled out the presence of large-scale deletions in ASD subjects despite the
appearance of oxidative damage.

Discussion
While the nDNA has been the focus of studies over the past decades in search for ASD susceptibility
genes, accumulating evidence emerged to indicate that mtDNA may also account for the genetic etiology
of ASD. The present review �rst provided a brief overview of mitochondria and mtDNA, then performed a
systematic review of existing studies concerning the role of mtDNA variants in the etiology of ASD.
Findings generated from this review suggested that mtDNA variants can be important contributory
components in susceptibility to ASD, since most variants have yet been mapped to speci�c loci, and the
exact pathogenic mechanism remains unclear.

The unique genetics of the mitochondrion can account for many puzzling features in the genetic etiology
of ASD. Since mtDNA and nDNA exert a dual genetic control on the biogenesis and maintenance of
mitochondrial function, nDNA may also involved in the mitochondrial physiology related to ASD. A series



Page 9/17

of perinatal allergic, genetic, environmental, immune and infectious factors have been identi�ed as
contributors to the pathogenesis of ASD through the increase of oxidative stress. The increased oxidative
stress can give rise to variants in mtDNA as a result of base modi�cation, mtDNA strand cleavage, and
cross-linkage with other molecules, which undergo accumulation and clonal expansion in postmitotic
tissues until reaching the phenotypic threshold.

The presence of predisposing mtDNA haplogroups plus the accumulation of mtDNA point mutations,
together with additional environmental insults and the interaction with nDNA, would appear to lower
mitochondrial function below the minimal bioenergetic threshold for normal brain function, leading to
reduced ATP production, increased ROS levels, altered cellular redox state, disturbed calcium
homeostasis promoting the development or progression of ASD. This mitochondrial cascade hypothesis
may help explain the potential role of mtDNA variants in the pathophysiology of ASD. Furthermore,
existing studies indicated that mtDNA variants can change the amino acid sequences of the mtDNA-
coded mitochondrial N-formylmethionine-initiated polypeptides, which can be release into the blood
stream. The release into the blood stream of these bacterial-like variant polypeptides plus mtDNA can
initiate the in�ammatory response, which have emerged as crucial pathological components in the
pathogenesis of ASD (Krysko et al., 2011; Oka et al., 2012; Zhang et al., 2010).

Having here reviewed evidence on the potential involvement of mtDNA variants in the pathogenesis of
ASD, targeting mtDNA variants associated mitochondrial dysfunction appears to be a promising strategy
for treating ASD. Increasing studies have begun to examined the potential therapeutic bene�ts of
mitochondrial-targeted molecules in ASD subjects (Delhey et al., 2017; Rose et al., 2018), with some
reported improvements in mitochondrial function and clinical phenotypes after the supplementation of
quinones (co-enzyme Q and idebenone), vitamin E and C, lipoic acid and ascorbic acid (Pfeffer et al.,
2013; Rossignol & Frye, 2012; Valenti et al., 2014).

Limitation
Several limitations should be noted before �rm conclusions could be drawn from this reviewed. First,
although the relevance of mtDNA variants in ASD has been con�rmed in this review, de�nitive
conclusions regarding causal inferences can not been drawn due to the inherent limitation of case-control
design. Second, �ndings yielded from this review failed to prove an association between mtDNA variants
and clinical phenotypes, since most of these included studies only investigated the presence of mtDNA in
ASD. Third, this review focused exclusively on mtDNA variants without taking nDNA into account, which
may lead to an incomplete picture of the complex genetic architecture of ASD. Defects in nDNA encoded
proteins required for mtDNA maintenance may lead to instability of mtDNA, which can be manifested
through the generation of point mutations, multiple deletions, copy number variants,or combinations
thereof in mtDNA (Ylikallio & Suomalainen, 2012). Additional attention should be paid to the
heterogeneity among these included studies, including the complex phenotypes of ASD, the frequent
presence of comorbid diagnoses, and the limited sample size of each study, which could account for
some inconsistent of the results.
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Conclusion
The present review �rst brie�y outlined the importance of mitochondria and mtDNA in human health and
disease, then systematically summarized evidence regarding the role of mtDNA variants in the
development of ASD, �nally discussed possible explanations for these �ndings and the limitations of this
evidence. Findings generated from this review supports the involvement of mtDNA variants in the
underlying pathophysiology of ASD, despite the continuing concern about whether mtDNA variants
directly contribute to the pathogenesis of ASD or merely serve as an epiphenomenon of ASD. The
increasing understanding of mtDNA variants in the development of ASD will fuel the emergence of
clinical diagnostic biomarker and novel therapeutic options acting on the underlying genetic
pathogenesis of this disorder.

Abbreviations
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ASD Autism spectrum disorder

ATP Adenosine triphosphate

CNV Copy number variation

ETC Electron transport chain

MD Mitochondrial dysfunction

mtDNA mitochondrial DNA

nDNA nuclear DNA

MT-ATP6 mitochondrially encoded ATP synthase 6

MT-ATP8 mitochondrially encoded ATP synthase 8

MT-CO1 mitochondrially encoded cytochrome c oxidase I

MT-CO2 mitochondrially encoded cytochrome c oxidase II

MT-CYB mitochondrially encoded cytochrome b

MT-ND1 mitochondrially encoded NADH dehydrogenase 1

MT-ND4 mitochondrially encoded NADH dehydrogenase 4

MT-ND5 mitochondrially encoded NADH dehydrogenase 5

OXPHOS oxidative phosphorylation

ROS reactive oxygen species

rRNA ribosomal RNA-encoding genes

SNP single nucleotide polymorphism

tRNA translation RNA-encoding genes
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