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 Abstract: Considerable evidence indicates that the semiautonomous organelles mitochondria play 
key roles in the progression of many neurodegenerative disorders. Mitochondrial DNA (mtDNA) 
encodes components of the OXPHOS complex but mutated mtDNA accumulates in cells with ag-
ing, which mirrors the increased prevalence of neurodegenerative diseases. This accumulation stems 
not only from the misreplication of mtDNA and the highly oxidative environment but also from de-
fective mitophagy after fission. In this review, we focus on several pivotal mitochondrial proteins 
related to mtDNA maintenance (such as ATAD3A and TFAM), mtDNA alterations including 
mtDNA mutations, mtDNA elimination, and mtDNA release-activated inflammation to understand 
the crucial role played by mtDNA in the pathogenesis of neurodegenerative diseases such as Alz-
heimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, and Huntington's disease. Our 
work outlines novel therapeutic strategies for targeting mtDNA. 
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1. INTRODUCTION 

Mitochondria are the main powerhouses of cells, provid-
ing energy in the form of adenosine triphosphate (ATP). In 
addition, mitochondria are also involved in the regulation of 
intracellular calcium homeostasis, synaptic plasticity, apop-
tosis, and other processes  [1-4]. As semiautonomous orga-
nelles, mitochondria possess their own DNA called mito-
chondrial DNA (mtDNA), which is located in the mitochon-
drial matrix and associated with the inner mitochondrial 
membrane (IMM). The human mitochondrial genome com-
prises cyclic DNA containing 16,569 base pairs with two 
strands of nonhomogeneous mtDNA. mtDNA encodes 13 
polypeptides, 2 rRNAs, and 22 tRNAs; the 13 encoded poly-
peptides are components of the oxidative phosphorylation 
(OXPHOS) complex, that is, 7 from complex I, 1 from com-
plex III, 3 from complex IV, and 2 from complex V  [5]. 

 Distinct from the binding of nuclear DNA and histone 
proteins, mtDNA and a number of proteins from nucleoids 
are localized to the IMM. These proteins mainly include mi-
tochondrial transcription factor A (TFAM), mitochondrial  
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single-stranded DNA-binding protein (mtSSB), and the 
mtDNA helicase Twinkle [6]. As early as 25 years ago, the 
first pathological mutations were found in mtDNA [7]. In 
addition to mtDNA mutations, changes in nuclear genes af-
fect DNA maintenance, which in turn harm mtDNA replica-
tion, transcription, and translation, resulting in mtDNA dele-
tion and eventually a variety of diseases [8]. Although 
mtDNA is exclusively inherited in a maternal fashion, most 
pathological mtDNA mutations are heterogeneous, which 
means that different mitochondria or even a single mito-
chondrion in the same cell may contain diverse mtDNA [9]. 
Mitochondrial mutations have a threshold effect, and clinical 
symptoms do not emerge until the mutational load exceeds 
the threshold [10]. Nevertheless, the threshold is low in neu-
rons because their high energy metabolism is highly depend-
ent on mitochondria and because they cannot proliferate. 

Neurodegenerative diseases (NDDs) are sporadic or in-
herited disorders of the central nervous system that lead to a 
slowly progressive loss of specific neurons and their func-
tions. Based on clinical features, they can be classified as 
dementia, parkinsonism, and motor neuron disorder. The 
prevalence of NDDs is increasing as human life expectancy 
increases [11]. Due to the high energy demand of neurons 
and the increasing accumulation of oxidatively damaged 
mtDNA found in neuronal cells in studies related to aging, 
attention has been focused on the relationship between mito-
chondria and NDDs [12]. As a result of the extensive use of 
oxygen and the lack of protection afforded by histones, 
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mtDNA is vulnerable to oxidative damage by reactive oxy-
gen species (ROS), which causes mtDNA mutations that 
further disrupt mitochondrial function, leading to a vicious 
cycle [13]. Mutations in mtDNA might accumulate to higher 
levels within individual cells, resulting in biochemical de-
fects. A higher frequency of biochemically defective cells 
has been observed in diseases such as Alzheimer’s disease 
(AD) and Parkinson’s disease (PD) [12, 14], further suggest-
ing the involvement of somatic mutations in the pathogenesis 
of neurodegeneration. Some of this defective mtDNA can be 
eliminated by mitophagy after mitochondrial fission, where-
as other such DNA will be displaced to the intra- or extracel-
lular compartments, which will trigger inflammation [15, 
16]. 

In this review, we summarize the proteins associated with 
mtDNA maintenance and mtDNA alterations, including 
mtDNA mutations caused by replication errors or oxidative 
damage, mitochondrial fission, and clearance of defective 
mtDNA by mitophagy, as well as mtDNA release-activated 
inflammation. At the same time, we illustrate the mtDNA 
alterations in diseases such as AD, PD, amyotrophic lateral 
sclerosis (ALS), and Huntington’s disease (HD) and their 
role in pathogenesis and discuss potential therapeutic strate-
gies according to the nature of these changes. 

2. MTDNA MAINTENANCE AND ALTERATION 

2.1. mtDNA Maintenance-Related Proteins 

Of the approximately 1500 different proteins contained in 
mitochondria, several hundred are required for mtDNA ex-
pression and many are related to mtDNA maintenance [17]. 
mtDNA maintenance requires the involvement of nuclear 
DNA (nDNA)-encoded proteins, including those involved in 
mtDNA synthesis, maintenance of mitochondrial nucleotide 
pool homeostasis, and mitochondrial dynamics. Defective 
mtDNA maintenance-related proteins would result in 
mtDNA depletion or even the deletion of multiple mtDNA 
sequences [18]. Nucleoids are complexes of mtDNA and 
proteins. They usually comprise a single copy of mtDNA 
and the various proteins that play a role in mtDNA mainte-
nance and intermediary metabolism [18].  

Of all proteins, TFAM is the most important structural 
protein in mammalian nucleoids [19, 20], being involved in 
the packaging of mtDNA into nucleoids and initiation of 
mtDNA transcription [17]. At the initiation of transcription, 
TFAM binds to mtDNA promoter regions in a sequence-
specific manner and acts as an RNA primer at the beginning 
of replication [21]. Transcriptional upregulation of TFAM is 
generally accompanied by an increase in mtDNA, indicating 
that TFAM mediates mitochondrial biogenesis by linking 
nuclear transcription to mtDNA [22]. mtDNA can be com-
pacted and packaged into nucleoids due to the binding of 
mtDNA and TFAM, which force U-turns in the circular mol-
ecules [23]. On the one hand, TFAM protects mtDNA from 
oxidative stress and, on the other, it somewhat reduces 
mtDNA-mediated inflammation. In cells of TFAM heterozy-
gous (TFAM+/−) mice, reduced TFAM protein levels lead to 
altered mtDNA packaging and extraction of mtDNA frag-
ments, which culminate in mtDNA stress signaling [24]. The 
level of TFAM protein is a central regulator of mtDNA copy 
number, and a meta-analysis showed an average decrease in 

TFAM protein of about 43% in AD, supporting the belief 
that a decrease in mtDNA copy number is associated with 
the TFAM protein level [25]. 

Another protein engaged in mitochondrial maintenance is 
the mtDNA-specific helicase Twinkle, which participates in 
mtDNA replication by unwinding mtDNA prior to polymer-
ase gamma (Pol-γ)-mediated synthesis. In transgenic mice, 
the mtDNA copy number increases as a result of the overex-
pression of Twinkle [26]. Moreover, Twinkle mutation will 
trigger mitochondrial myopathy and NDD due to its contri-
bution to the total mutational load of mtDNA in cells. Pol-γ 
comprises a p140 subunit encoded by POLG and a p55 sub-
unit encoded by POLG2. Mutations in POLG or POLG2 
adversely impact the maintenance of mtDNA, leading to 
mtDNA depletion, deletion, and mutation. For example, the 
Chr17: 62492543G>A mutation in POLG2 compromises the 
stability of the p55 subunit, causing mtDNA depletion and 
liver failure [27]. 

Another protein involved in mtDNA maintenance is 
OPA1, a GTPase with eight isoforms, and its more familiar 
functions are related to cristae integrity and mitochondrial 
dynamics [28]. mtDNA maintenance is mainly achieved in 
two aspects, firstly TM1 and TM2a in OPA1, a short 10-kDa 
peptide that anchors the nucleoid to the IMM [29], and sec-
ondly with other related proteins such as via a TFAM–POL-γ 
interaction [28, 30]. Previous studies have shown that exon 
4b mutations in the OPA1 gene lead to mtDNA deletion and 
even depletion [31]; its genetic ablation also has similar re-
sults [31]. 

In addition to components of nucleoids such as TFAM, 
Twinkle, and Pol-γ, other proteins are also involved in 
mtDNA replication, transcription, and translation, and these 
are recognized as nucleoid-associated proteins [32]. For ex-
ample, ATAD3A is a nuclear-encoded mitochondrial protein 
that spans the inner and outer mitochondrial membranes. As 
a component of the mitochondrial nucleoid, it plays a role in 
mitochondrial maintenance [33, 34]. In addition, it exerts 
functions in maintaining mitochondrial morphology and con-
trolling cholesterol transport. Mutant ATAD3A Drosophila 
develops severe mitochondrial fission and abnormal cristae, 
which compromise the integrity of mtDNA [35]. Other nu-
cleoid proteins such as NEK protein kinase also participate 
in the maintenance of mtDNA by altering the ratio of 
mtDNA amplification through interactions with SIRT3, 
ATAD3A, and other proteins [36]. 

2.2. Causes and Manifestations of mtDNA Mutations 

In somatic cells, the levels of mutated mtDNA increase 
with age [37], and the most common causes of mtDNA mu-
tations are, an error in mtDNA replication [38, 39] and an 
accumulation of oxidative damage [40, 41]. Most ROS are 
generated during mitochondrial OXPHOS and ATP produc-
tion [42], which involve subunit complexes I and III. Under 
conventional conditions, these ROS can be effectively scav-
enged by the mitochondrial thioredoxin/peroxiredoxin-3,5 
system, glutathione antioxidant system, cytochrome c, and 
the opening of the mitochondrial permeability transition pore 
(mPTP). Even though ROS are an important cause of 
mtDNA mutations, their production is an intrinsic part of 
OXPHOS and plays a role in several signaling processes. 
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Under physiological conditions, ROS levels are controlled 
by antioxidant enzyme systems but, when the level of ROS 
produced by the compromised OXPHOS exceeds the defense 
capacity, the nearby mtDNA is damaged. In general, it is 
believed that mtDNA is more susceptible to mutation than 
nDNA, both on account of the closer proximity of mtDNA to 
ROS and because mtDNA lacks histone protection. Howev-
er, it has also been observed that DNA-binding proteins in 
nucleoids can also protect mtDNA when it is exposed to 
H2O2 [43]. At the same time, mutations and deletions of 
mtDNA in turn stimulate the production of new ROS, there-
by creating a vicious cycle [12]. 

ROS cause mtDNA to accumulate oxidative damage, re-
sulting in base modifications including hydroxylation, ring 
opening and base loss, as well as sugar modifications. Free 
radical attack also leads to ring opening and single-strand 
breaks and, most severely, double-strand breaks [44]. Identi-
fied using next-generation sequencing, the dominant muta-
tion among the mutation patterns generated by oxidative 
lesions in mtDNA is the G:C→T:A translocation [45], which 
mainly arises from oxidative damage-mediated modification 
of 8-hydroxypurine and formamidopyrimidine. In addition to 
causing mtDNA mutations, higher levels of ROS are associ-
ated with dysregulation of the epigenetic control of mtDNA, 
which can lead to mtDNA demethylation [46]. This is of 
interest because mtDNA methylation and hydroxymethyla-
tion may play a role in replication and transcription. Fur-
thermore, correlations between mtDNA methylation and 
gene expression have been reported in mesenchymal stem 
cells and in peripheral blood samples [46, 47]. For most al-
kylated and oxidative DNA damage, base excision repair 
(BER) is the main DNA repair mechanism in mitochondria. 
In mitochondria, some DNA glycosylases associated with 
BER, such as uracil-DNA glycosylase and Nth-like DNA 
glycosylase 1, may help to prevent mtDNA mutations [48].  

In recent years, high-throughput DNA sequencing meth-
ods have shown that, in addition to oxidative damage, a de-
fective DNA replication process may be one of the sources 
of mtDNA point mutations, which are closely related to 
mtDNA Pol-γ [49, 50]. DNA polymerase is a key enzyme 
involved in DNA synthesis, with the proofreading activity of 
Pol allowing replication with sufficiently high fidelity to be 
one of the principal determinants of reliable DNA replica-
tion. Studies in mtDNA mutant mice highlight its signifi-
cance in vivo, with a single point mutation (D257A) intro-
duced into the mouse mtDNA genome eliminating the 
3’→5’ nucleic acid exonuclease activity of Pol, and somatic 
mtDNA mutations accumulate progressively during mito-
chondrial biogenesis [51]. Recently, it has been reported that 
mtDNA replication errors can be attributed to the proofread-
ing ability of Pol-γ being diminished by ROS [52]. Thus, 
oxidation exacerbates mtDNA mutations by affecting Pol-γ, 
leading to replication errors, which in turn culminate in 
mtDNA damage. 

2.3. mtDNA in Mitochondrial Dynamics 

Mitochondrial fission and fusion are essential for the 
preservation of mitochondrial homeostasis, which involves 
the maintenance of mtDNA stability and the regulation of 
mitophagy and apoptosis [53]. Defective copies of mtDNA 
can be processed by a fusion/fission process. Mitochondria 

with high mutational load are eliminated by mitophagy after 
fission, whereas salvageable mitochondria maintain function 
through fusion to make complementary mutant mtDNA [54, 
55]. When the fission/fusion balance is disrupted, excessive 
mitochondrial division results in reduced mitochondrial con-
tent exchange, exacerbating the mtDNA defect [16]. 

As a major participant in mitochondrial dynamics, OPA1 
interacts with other dynamin-like GTPases, such as MFN1, 
MFN2, and Drp1, and primarily mediates the fusion of the 
IMM [56, 57]. Dominant optic atrophy can be caused by mu-
tations in OPA1 affecting its GTPase activity with multiple 
mtDNA deletions accumulating in the postmitotic tissue of 
these patients [31]. These mitogenomes lacking part of the 
mtDNA arise due to replication defects and accumulate as a 
result of OPA1 mutations and ultimately lead to respiratory 
chain disorders. This demonstrates that mitochondrial fusion is 
also a key mechanism in mitochondrial maintenance, helping 
to maintain the integrity of mtDNA. Similar defective mtDNA 
maintenance is associated with MFN2 mutation [58], further 
illustrating the important role of mitochondrial fusion in pre-
serving the integrity of the mitochondrial genome.  

Mitophagy is also related to mitochondrial dynamics. In 
general, increased mitochondrial fusion can inhibit mitopha-
gy, either through OPA1 overexpression or DRP1 inhibition 
[59, 60]. Inhibition of mitochondrial fission in in vitro exper-
iments improves tolerance to a higher mtDNA mutation load 
but induces overexpression of Parkin to combat mtDNA mu-
tations, which selectively removes mtDNA-mutated mito-
chondria through fission and mitophagy [61, 62]. Dysfunc-
tional mitochondria are eliminated by Drp1-mediated mito-
chondrial fission and PTEN-induced kinase-1 (PINK)-
dependent mitophagy when mtDNA is altered due to muta-
tions in tyrosyl-DNA phosphodiesterase 1, which is associat-
ed with DNA repair, further demonstrating the important role 
of mitophagy in mtDNA alteration [63]. 

2.4. mtDNA Elimination via Mitophagy 

Mitophagy is a selective form of autophagy that targets 
damaged mitochondria. Its typical mechanism involves the 
PINK1/Parkin pathway, which comprises the mitochondrial 
membrane kinase PINK1 and the cytoplasmic E3 ubiquitin 
ligase Parkin [4]. Upon sensing a decrease in the mitochon-
drial membrane potential (ΔΨm), PINK1 autophosphory-
lates, which allows Parkin activation and the subsequent 
stimulation of LC3 via the ubiquitinated autophagy adaptor 
protein SQSTM1 to induce autophagosome formation and 
digestion by lysosomal enzymes [4]. Besides Parkin/PINK1-
dependent mitophagy, hypoxia-triggered mitophagy is char-
acterized by upregulation of BNIP3/Nix levels due to hypox-
ia-inducible factor 1a transcripts [64] and mitophagy induced 
by nutrient deprivation involving the phosphoinositide 3-
kinase (PI3K) complex [65].  

In addition to protection by nucleoid proteins, mitophagy 
removes mitochondria with damaged mtDNA. Depolarized 
mitochondria due to mtDNA mutations are unable to inte-
grate with the mitochondrial network after fission [66]. 
Moreover, when mtDNA mutations are not eliminated by 
fission and mitophagy, mitochondria will develop a burden 
in which they switch from OXPHOS to glycolytic metabo-
lism [67]. Mitophagy is repressed in many mtDNA-mutated 
mitochondria. This results in the accumulation of dysfunc-
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tional mitochondria in neurons, which is an important mech-
anism for the development of NDDs  [68]. In contrast, when 
damaged mitochondria are not promptly removed by mi-
tophagy, mtDNA is released and triggers an inflammatory 
response, as demonstrated in a model of mice lacking the 
pro-mitophagy protein Parkin [69]. 

Accumulation of mutant mtDNA occurs in both Par-
kin−/− mice and Pink1−/− mice and eventually leads to the 
loss of dopaminergic neurons [69, 70]. Likewise, the fact 
that the levels of deleterious mtDNA variants in human cell 
lines are reduced by Parkin overexpression suggests that 
selective mitochondrial degradation mechanisms can elimi-
nate mtDNA with deleterious mutations [61]. Many experi-
ments have proven this point. For example, an increase in the 
mtDNA mutation rate has been found in Parkin knockout 
mouse somatic cells [61]. A similar phenomenon is observed 
in rhabdomyosarcoma cells, which accumulate higher levels 
of mutant m3243G mtDNA compared with adenocarcinoma 
cells with high Parkin expression [71]. Similarly, overex-
pression of the granulosa autophagy genes PINK and Parkin 
significantly increases the heterogeneity of mtDNA com-
pared with the wild-type [72]. However, it remains uncertain 
whether there is a mechanism for targeting the clearance of 
mitochondria with mtDNA mutations through mitophagy. 
For example, the use of Parkin knockout or Parkin mutants 
has no effect on the purification selection of Drosophila for 
mtDNA mutations leading to COX1 protein expression [73]. 
Similarly, when Parkin knockout mice are crossed with 
mtDNA mutant mice, the total mtDNA mutational load of 
the mice is also unaltered [74]. However, compared with the 
elimination of mtDNA mutation, a recent study notably 
found that mitophagy is not essential for the elimination of 
mtDNA following the production of double-strand breaks by 
mitochondria-targeted restriction enzymes [75].  

In addition, in a mouse model with deficient mtDNA Pol-
γ, mtDNA mutations lead to increased levels of hepatic mi-
tophagy in vivo [76]. Loss of ΔΨm and mTOR inhibition 
which simulate BCL2 and PINK1/Parkin-mediated pathways 
are essential for the induction of mtDNA mutation-derived 
mitophagy [77, 78]. Due to the dependence of mitophagy on 
a low mitochondrial ΔΨm, certain mtDNA mitochondrial 
types, such as ATP6, whose mutations can induce mitochon-
drial hyperpolarization, can evade mitophagy mechanism 
[79]. Dysfunctional mitochondria caused by mtDNA muta-
tions can evade mitophagy through intercellular mitochon-
drial transfer, which accounts for the increase in pathological 
mtDNA copies in NDDs [80]. 

2.5. mtDNA Release-Activated Inflammation 

Dache et al. detected free mitochondria in the blood of 
healthy people, as well as other mitochondrial components 
represented by mtDNA (including circular double-stranded 
or linear single-stranded mtDNA or nucleoids) [81]. Multiple 
lines of evidence have demonstrated that mtDNA 

 can be displaced to the intra- or extracellular compart-
ments through the release of extracellular vesicles when con-
fronted with stressors [82, 83]. In addition, mtDNA can be 
recognized by pattern recognition receptors because it has a 
hypomethylated CpG motif similar to that of bacterial DNA, 
which will trigger inflammation.  

There are several potential routes for mtDNA displace-
ment [84]. The first is associated with mPTP opening, either 
partial opening of the mPTP due to oxidative stress or perma-
nent opening due to irreversible damage, both of which lead to 
mtDNA extrusion and the release of other small mitochondrial 
molecules [85, 86]. This is because, when mitochondrial dam-
age overwhelms mitophagy, apoptosis occurs with activation 
of the Bax/Bak pathway. Under prolonged stress, the mito-
chondrial outer membrane forms a pore that reaches the inner 
membrane, and mtDNA nucleoids are transferred into the cy-
tosol through such structures [87]. Another pathway for 
mtDNA unloading involves extracellular vesicles of mito-
chondria. In cases of mild mitochondrial damage, damaged 
mitochondrial components accumulate adjacent to the mito-
chondrial membrane and, with the involvement of PINK1 and 
Parkin, form extracellular vesicles. These extracellular vesi-
cles will later fuse with multivesicular bodies and transport 
mtDNA and other cellular components to the extracellular 
space for signaling [88]. FUNDC1 is an outer mitochondrial 
membrane protein containing an LIR structural domain that 
interacts with LC3, a key regulator of mitophagy. In mouse 
models, specific knockdown of the FUNDC1 gene promotes 
the release of mtDNA into the cytoplasm, enabling the release 
of the pro-inflammatory cytokine IL-1B, with mitophagy re-
pressed and dysfunctional mitochondria unable to be cleared 
and accumulated [89]. Therefore, it has been suggested to be a 
complement to mitophagy.  

The inflammatory process, a hallmark of aging, leads to 
the progression of NDDs. Free mtDNA or TFAM-bound 
nucleoids will act as damage-associated molecular patterns 
(DAMPs) to activate inflammation by interacting with one of 
the following pathways: Toll-like receptors (TLRs), the 
NLRP3 inflammasome system, or cGAS-STING1-IRF3–
mediated signaling [90-92]. mtDNA release can be sensed by 
the subsequent activation of caspase-1 by TLR9 via NF-κB 
signaling, which promotes the secretion of IL-1β and IL-18 
by macrophages [93]. NLRP3 can sense the hypomethylated 
CpG motifs in mtDNA. Once oxidized mtDNA is released, it 
will be preferentially bound as NLRP3 ligand to participate 
in the activation of caspase-1 and promote the activation of 
IL-1 and IL-18 [94]. Interestingly, NLRP3 also promotes 
mPTP opening and thus contributes to the release of mtDNA 
[95, 96]. Another mtDNA-driven inflammation pathway, 
cGAS-STING, proceeds as follows. When cGAS binds to 
mtDNA, its conformation changes, causing the recruitment 
of STING protein. The subsequent phosphorylation of IRF-3 
by TRAF family member-associated NF-κB activator 
(TANK)-binding kinase 1 triggers the expression of IFN-I 
and IFN-III and causes inflammation [97, 98]. In addition, 
ROS directly activates inflammation via NF-κB activation, 
which regulates the transcription of various pro-
inflammatory factors [99]. 

Notably, in the OPA1 and Drp1 overexpression models, 
giant mtDNA nucleoids and fragmented mitochondria are 
found outside the mitochondria, which can trigger an in-
flammatory response, suggesting that mitochondrial dynam-
ics are also associated with mtDNA-derived inflammation 
[100]. Naturally, in addition to mtDNA, other substances 
released from mitochondria upon neuronal death, such as 
cardiolipin, cytochrome c, and TFAM, may also stimulate 
inflammation by activating microglia and astrocytes [101]. 
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Table 1.  mtDNA alterations in AD. 

Alteration Type Observed Change Analysis Method Patient Sample References 

mtDNA deletion mtDNA Δ4977 dilution-PCR cortex, putamen, and cerebellum  [107] 

mtDNA deletion - 
real-time PCR and long-

extension PCR 
putamen, frontal cortex, and substantia 

nigra 
 [222] 

mtDNA deletion 
↑8-OHdG, ↑mtDNA fragmentation, 

↓mtDNA 
semiquantitative PCR analysis temporal lobe tissue  [223] 

mtDNA deletion ↑8-OHdG and ↓mtDNAΔ4977 deletion Kinetics PCR frontal cortex  [110] 

mtDNA deletion ↓ mtDNA/ nDNA ratio real-time PCR hippocampus and cerebellum  [104] 

mtDNA deletion ↓ mtDNA copy number Exome sequencing brain tissue  [105] 

mtDNA deletion ↓ mtDNA copy number real-time PCR blood leukocytes  [224] 

mtDNA mutation Frequencies are not increased RMC assay brain tissue  [118] 

mtDNA mutation 
↓mtDNA,  

↑mutation frequencies (T→C/A→G and 
G→A/C→T transitions) 

ultra-sensitive  

next-generation sequencing 
hippocampus, middle temporal gyrus, 
and the visual and cerebellar cortex 

 [108] 

mtDNA point mutation T→C conversion 
ultra-sensitive next-generation 

sequencing 
hippocampus  [108] 

mtDNA point mutation m.7476C→T and m.15812 G→A PCR sequencing frontal and parietal associative cortex  [106] 

mtDNA point mutation tRNA (Asn) gene variant at nucleotide pair 
5075 

PCR sequencing brain tissue  [225] 

mtDNA point mutation 
tRNA (Asn) gene variant at nucleotide pair 

3646 
D-loop sequencing brain tissue  [226] 

mtDNA methylation D-loop� and MT-ND1 � PCR sequencing entorhinal cortex  [227] 

mtDNA methylation 
D-loop methylation levels: MCI > control 
group > AD early stages > AD advanced 

stages 
MS-HRM peripheral blood  [228] 

Abbreviations: AD, Alzheimer’s disease; PCR, polymerase chain reaction; 8-OHdG, 8-oxo-7,8-dihydro-29-deoxyguanosine; RMC assay, a highly sensitive method that discrimi-
nates wild-type from mutated DNA based on the cleavage at a specific restriction site (TaqI) composed of all four canonical nucleotide (50 TCGA30); D-loop, displacement-loop; 
MT-ND1, a gene encoding for NADH-ubiquinone oxidoreductase chain 1, which is a core subunit of complex I; MCI, mild cognitive impairment; MS-HRM, methylation-sensitive 
high-resolution melting.  
 
3. mtDNA ALTERATIONS IN NEURODEGENERA-
TIVE DISEASES 

3.1. Alzheimer’s Disease 

AD, the most common NDD, is characterized by increas-
ing amounts of neuritic plaques with extracellular amyloid-β 
(Aβ) accumulation and neurofibrillary tangles with tau hy-
perphosphorylation in neurons that result in neuron death 
and a reduced volume of specific regions of the brain, in-
cluding the hippocampus and frontal cortex [102, 103]. In 
Table 1 we summarize the mtDNA alterations observed in 
AD patients reported in the literature. In the hippocampus of 
AD patients’ brains, TFAM protein levels are reduced by 
50%, which is accompanied by lower levels of NRF1, NRF2, 
and PGC-1α, suggesting impaired mitochondrial biosynthe-
sis [104]. Similarly, TFAM protein levels in the hippocam-
pus of APPswe/PS1dE9 mice are reduced by 20% to 87.5% 
compared with controls [25]. All of these observations 
demonstrate that aberrant mtDNA maintenance and biogene-
sis occur in the pathogenic process of AD.  

The main alterations in mtDNA in AD patients are a de-
creased mtDNA copy number and increased mtDNA hetero-
geneity in neurons, as observed in the postmortem brains of 
AD patients and further confirmed by high-depth whole-
exome mtDNA sequencing [105, 106]. Earlier quantitative 
PCR studies found that a common deletion of mtDNA 
Δ4977 occurs in AD and accumulates up to 15-fold with age 
in the frontal cortex [107]. Using the ultra-sensitive next-
generation sequencing technique, the frequency of mtDNA 
point mutations is significantly elevated in the hippocampus 
of early AD patients compared with controls. mtDNA muta-
tions also lead to a reduction in mitochondrial protein levels 
and inhibit mitochondrial respiration. For example, an asso-
ciation has been confirmed between the T→C conversion of 
the gene encoding cytochrome c oxidase subunit III and re-
duced citrate synthase activity [108]. This mutation is pre-
sent in up to 15% of AD patients and this process leads to 
decreased histone acetylation, which supports its importance 
in the pathogenesis of AD. The clinical study by Chagnon et 
al. found that mtDNA modifications, such as m.7476C>T 
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and m.15812 G>A, could be significant in the development 
of early-onset AD [106].  

Another critical factor that can moderate mitochondrial 
pathology in AD is mtDNA methylation. For example, in 
APP/PS1 mice, an animal model of familial AD, the D-loop 
region is demethylated and the mtDNA copy number is re-
duced [108]. The same phenomenon has been observed in 
patients with late-onset AD. However, increased methylation 
of the mtDNA D-loop region was observed in brain samples 
from Braak stage I/II AD patients [109]. It is worth noting 
that, while mtDNA mutations are important in the develop-
ment of AD, mtDNA mutations are not specific to AD path-
ogenesis, because they are also found with aging. Moreover, 
the incidence of mtDNA mutations is sometimes even lower 
in AD patients compared with healthy age-matched controls 
[110]. This may indicate that mtDNA mutations play an ear-
ly role in the course of AD but that, as the disease progress-
es, mutated mtDNA is gradually lost with neuronal death. 

Oxidative stress occurs in the early stages of AD. As a 
sensor for oxidative stress caused by elevated ROS 
production, mtDNA alteration contributes to the positive 
feedback loop of free radical-induced oxidative damage 
[111]. This is mainly associated with the pathological pro-
cess of AD, where the interaction of Aβ peptide aggregation 
and proteins related to mitochondrial import mechanisms is 
detrimental to electron transport chain activity, resulting in 
increased ROS production [112, 113]. Firstly, degraded 
mtDNA-related proteins such as TFAM and a higher degree 
of mtDNA oxidative damage have been found in the post-
mortem AD brain and  brain samples of AD transgenic mice 
[114]. Oxidized bases in nuclear and mtDNA were quanti-
fied in AD brains and age-matched controls, and oxidative 
damage to mtDNA was three times greater than in controls 
and 10 times greater than that to nDNA [115]. Besides, a 
higher percentage of cytochrome oxidase-deficient neurons 
was revealed in postmortem AD brains compared with con-
trols, indicating higher levels of mtDNA mutations. Yan et 
al.  [116] reported that, in AD cell lines, there was reduced 
cytochrome oxidase activity, increased ROS production, 
reduced mitochondrial membrane potential, elevated apop-
totic pathways, and increased Aβ42 production. However, it 
is interesting to note that alterations in mtDNA mainly in-
volve transitions, which primarily result from Pol-γ rather 
than an elevation of G→T/C→A mutations caused by oxida-
tive DNA damage [117]. The impaired BER activity ob-
served in AD patients suggests that mtDNA replication er-
rors are an important cause of mtDNA mutations [117, 118]. 
Furthermore, mtDNA from AD cytoplasmic hybrid lines 
display a number of typical AD features such as a calcium 
homeostasis change, accumulation of Aβ, aggregation of 
hyperphosphorylated tau, and misfolding of α-synuclein and 
TDP-43 (transactive response DNA-binding protein of 43 
kDa). 

The development of AD is also associated with defective 
mitophagy, with reduced serum levels of Parkin and autoph-
agy-related 5 protein in samples from AD patients compared 
with controls [113]. In addition, the mRNA and protein lev-
els of the mitophagy proteins PINK1, TERT, and LC3 are 
reduced in mouse hippocampal cells expressing mAPP and 
Aβ [113]. Impaired mitophagy is also reflected in altered 

expression levels of the mitophagy receptor disrupted-in-
schizophrenia 1 (DISC1), a protein that protects neurons 
from Aβ accumulation-induced toxicity by binding to micro-
tubule-associated proteins. Variations in the expression of 
this receptor have been found in AD patients, AD transgenic 
mouse models, and Aβ-treated cultured cells [119]. In-
creased cytoplasmic accumulation of Aβ contributes to re-
duced levels of Parkin and PINK1, thereby decreasing the 
numbers of available autophagosomes for efficiently clearing 
dysfunctional mitochondria [120, 121]. The production of 
Aβ plaques and phosphorylated tau protein may in fact es-
tablish a vicious circle between defective mitophagy and 
mitochondrial dysfunction, ultimately contributing to neu-
ronal damage. Additionally, Evandro et al. restored neuronal 
mitophagy by using urea A and actinomycin in a C. elegans 
model, as well as in the APP/PS1 AD mouse model, which 
ameliorated cognitive decline, in conjunction with reduced 
levels of tau phosphorylation and alleviated inflammation 
induced by microglia [122]. 

3.2. Parkinson’s Disease 

PD is a prevalent age-related NDD with a pathology 
characterized by the loss of nigrostriatal dopaminergic neu-
rons and the presence of Lewy bodies in neurons [109]. 
Higher ROS production in PD is associated with suppression 
of mitochondrial complex I activity due to α-synuclein, a 
major component of Lewy bodies, and the overexpression of 
and mutations in Parkin, PINK1, and DJ-1 [123, 124]. 
mtDNA alterations play a key role in the progression of PD  
[125, 126] (Table 2), and studies have used rotenone to cre-
ate experimental animal models that mimic the features of 
PD through extensive damage to mtDNA [127]. 

PD progression is also associated with the maintenance of 
mtDNA, with deletions of mtDNA observed in both PD pa-
tients and age-matched controls, although higher amounts 
were identified in PD patients [128]. Among PD patients, the 
most common mtDNA deletion is the mtDNA 4977-bp dele-
tion, involving the gene encoding the complex I subunit [129]. 
Furthermore, mtDNA deletion molecules are more severe in 
the caudate nucleus, putamen, and substantia nigra, which are 
three regions with high dopamine metabolism, than in the cer-
ebral cortex [130, 131]. Similarly, other studies have found 
that this accumulation of multiple mtDNA deletions in the 
substantia nigra is more pronounced with age in PD patients 
[132, 133]. This is related to nuclear genes that encode pro-
teins associated with mitochondrial maintenance, such as 
POLG, the gene encoding Pol-γ. Some studies have found that 
patients with parkinsonism and showing Lewy body pathology 
have recessive mutations in this gene [134]. Similarly, DAT 
(dopamine transporter) imaging of patients with mitochondrial 
disease confirmed that nigrostriatal degeneration occurs only 
in patients with defective mtDNA maintenance and Pol muta-
tions [135]. Collectively, these studies indicate that PD may be 
a common manifestation of mtDNA maintenance disorders. 
Other genes related to mtDNA maintenance, such as c10orf2 
and MPV171, have also been examined in other studies of 
parkinsonism [136, 137]. Another mtDNA alteration associat-
ed with PD is related to epigenetics. mtDNA methylation dele-
tion at both CpG and non-CpG sites has been detected in the 
nigrostriatal D-loop region of PD patients [138]. Considering 
that methylation may regulate mtDNA replication, this might 
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Table 2.  mtDNA alterations in PD. 

Alteration Type  Observed Change Analysis Method Patient Sample References 

mtDNA deletion 
↓transcription/replication-associated mtDNA 

molecules and ↓mtDNA copy number 
real-time PCR 

dopaminergic neurons in the 
substantia nigra 

 [229] 

mtDNA deletion 
↑mtDNA deletion and ↑mtDNA copy number 

(MT-ND1 and MT-ND4) 
quantitative PCR 

cholinergic neurons from the 
substantia nigra 

 [230] 

mtDNA deletion 
↓mtDNA copy number and ↑deletion (MT-ND1 

and MT-ND4) 
long-range PCR and real-time 

PCR 
neurons from the substantia nigra  [135] 

mtDNA deletion 
↓mtDNA, ↑MT-ND1, and ↑MT-ND4 single and 

multiple deletions 
triplex real-time PCR 

single neurons from the substan-
tia nigra 

 [139] 

mtDNA deletion ↓mtDNA copy number real-time PCR Venous blood  [133] 

mtDNA deletion 
↓mtDNA (breakpoints consistently occur in 

regions of sequence homology) 
ultradeep sequencing 

dopaminergic neurons in the 
substantia nigra 

 [231] 

mtDNA deletion ↑mtDNAΔ4977 deletion PCR sequencing Striatum  [128] 

mtDNA deletion ↑mtDNAΔ4977 deletion quantitative PCR brain tissue  [130] 

mtDNA deletion ↑8-OHdG and ↑oxidized coenzymeQ-10 - CSF  [140] 

mtDNA deletion defective mtDNA replication/repair - 
dopaminergic neurons in the 

substantia nigra 
 [125] 

mtDNA point  
mutation 

4216T>C in MT-ND1 PCR sequencing substantia nigra  [232] 

mtDNA point  
mutation 

5460G>A in MT-ND2 PCR sequencing brain tissue  [226] 

mtDNA point  
mutation 

4336T>C in SNP PCR sequencing blood  [233] 

mtDNA point  
mutation  

4336A>G in MT-TQ PCR sequencing brain tissue  [234] 

mtDNA point  
mutation 

heteroplasmic variants in genes of complex III 
(CYTB) and complex IV (COXI and COXII) 

PCR sequencing 
substantia nigra and frontal 

cortex 
 [235] 

mtDNA point  
mutation 

↑mtDNA mutation level (G�T or C�A transver-
sions) 

high-fidelity PCR protocol fol-
lowed by TA cloning of the PCR 

neurons in the substantia nigra 
(early-stage PD) 

 [141] 

mtDNA methylation ↓5-methylcytosine in the D-loop region 
454 GS FLX Titanium pyrose-

quencer 
substantia nigra  [227] 

mtDNA methylation 
methylation levels of D-Loop Region and mtDNA 

copy number show no significantly difference 
compared with control group 

MS-HRM and pyrosequencing 
techniques; quantitative PCR 

Peripheral Blood �236]�

Abbreviations: PD, Parkinson’s disease; PCR, polymerase chain reaction; MT-ND1, a gene encoding for NADH-ubiquinone oxidoreductase chain 1, which is a core subunit of 
complex I; CSF, cerebrospinal fluid; EOPD, early-onset PD; LOPD, late onset PD; SNP, a polymorphism in the tRNA gln gene; D-loop, displacement-loop;8-OHdG, 8-oxo-7,8-
dihydro-29-deoxyguanosine; MS-HRM, methylation-sensitive high-resolution melting.  
 
also be correlated with the deletion of mtDNA. Chen et al. 
showed that the expression of TFAM could be significantly 
reduced in PD patients, which leads to D-loop destabilization 
and impaired mtDNA replication [139]. Cytosine at site 498 
and thymine at site 497, which are located between two adja-
cent TFAM-binding sites, protect against PD. Pyrimidine loss 
due to TFAM deficiency increases the mtDNA haplogroup 
K1c in the risk of PD [109]. 

As explained previously, oxidative stress can cause oxi-
dation of hydroxyl radicals and guanine residues in DNA to 

produce 8-oxo-2′-deoxyguanosine, which generates muta-
tions by pairing with adenosine. The levels of 8-oxo-2′-
deoxyguanosine are higher in the cerebrospinal fluid, serum, 
and urine of PD patients than in those of controls [140]. In 
addition, 8-oxo-2′-deoxyguanosine-induced mtDNA muta-
tions (G→T or C→A translocations) are detected at higher 
levels in the nigrostriatal neurons of patients in the early 
stages of PD than in those of controls [141]. However, it is 
interesting to note that mtDNA mutation levels were signifi-
cantly lower in patients with advanced PD. In addition to the 
effects of mtDNA mutations caused by ROS, the occurrence 
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of PD is also associated with errors arising from the mtDNA 
replication and repair machinery [38], which are mainly at-
tributed to mutations in Pol-γ, the enzyme with the nucleo-
tide selectivity and proofreading ability to replicate mtDNA 
with high fidelity. Several studies have conducted mtDNA 
sequence analysis of DNA extracted from the striatum or 
peripheral blood of PD patients, but no specific PD-linked 
mutations have been identified [142, 143]. It has also not 
been confirmed that the m.4336A>G/MT-tRNAGln muta-
tion, despite being thought to be associated with PD [142]. 
Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene 
are relevant to PD induce degenerative mutations in SH-
SY5Y cells and are often accompanied by mtDNA damage 
[144]. The degeneration of dopaminergic neurons is associ-
ated with mtDNA mutations and dysfunctional mitochondri-
al dynamics [145]. The substantia nigra of PD patients con-
tains very high levels of mtDNA deletion [146]. In addition, 
Alicia et al.  [147] have created a mouse model of PD that 
reproduces most of the key features of PD by using the mito-
chondria-targeted restriction enzyme mito-PstI to disrupt 
mtDNA in dopaminergic neurons. 

Given that ROS help to trigger neuroinflammation 
through dysregulation of cytokine expression [148] , we hy-
pothesized that some mtDNA disruptions could lead to in-
creased production of ROS, thereby stimulating the further 
development of PD. In particular, the production of defective 
mitophagy and DAMPs is considered to be a major factor in 
the development of inflammation. Mutations in FBXW7, 
which participates in mitochondrial autophagy through an 
interaction with Parkin, are associated with early-onset PD, 
further confirming the important role of mitochondrial au-
tophagy in the pathogenesis of PD [149]. In aged PD pa-
tients, mitochondrial DAMPs have been detected at higher 
levels in circulating extracellular vesicles, which are charac-
terized by a specific inflammatory feature. CD9, NDUFS3, 
CRP, and FGF21 are identified as integrating mitochondrial 
and inflammatory markers in PD, while the clearance of mi-
tochondrial DAMPs (including mtDNA) may provide bene-
fits for PD treatment [150]. In addition, the study by Mathe-
oud et al. revealed that decreased PINK1/Parkin expression 
in PD is associated with disrupted mitophagy and neuroin-
flammation via mitochondrial-derived vesicle-mediated anti-
gen delivery [151]. In Parkin−/− mutant mice, mtDNA muta-
tions accumulate with age. Pink and Parkin knockout mice 
have higher circulating levels of the pro-inflammatory fac-
tors IL-6 and INF-β compared with wild-type, which could 
be attenuated by deletion of STING or administration of 
INF-α/β receptor-blocking antibodies. This suggests that the 
prerequisite for the inflammation caused by mtDNA release 
may be mitochondrial dysfunction in PD [74], which causes 
inflammation that can be completely rescued by simultane-
ous loss of STING, along with less nigrostriatal dopaminer-
gic neuronal loss and ameliorated motor deficits [69]. 

3.3. Huntington’s Disease 

HD is an autosomal dominant neurodegenerative disorder 
that develops due to amplification of the CAG trinucleotide 
repeat in the Huntingtin gene, which results in the aggrega-
tion of mutated Huntington's protein (polyglutamine stretch) 
in neurons and ultimately leads to chorea (involuntary 
movements) and cognitive symptoms [152]. SIRT1 and 

PCG-1, which support mitochondrial biogenesis, are ex-
pressed at lower levels in HD patients than in controls, sug-
gesting reduced mitochondrial activity [153]. Alterations in 
mtDNA in HD are also associated with mtDNA mainte-
nance. For example, the disruption of the homeostasis of the 
upstream molecule ATAD3A in HD impairs mtDNA 
maintenance by interfering with TFAM–mtDNA binding. 
Meanwhile, dimerization of K135 residues in ATAD3A is 
required for Drp1-mediated mitochondrial fission, which 
manifests as mitochondrial fragmentation and mtDNA le-
sions in the mouse striatal cell lines HdhQ7 and Q111 and in 
HD patient-derived cells, ultimately resulting in bioenergetic 
defects and cell death [154]. In the striatum of the R6/2 HD 
fragment mouse model, selective mtDNA depletion is ob-
served with aberrant oligomerization of OPA1 while the fis-
sion/fusion balance is not distorted [155]. 

The proportion of mtDNA heterogeneity in lymphocytes 
is significantly increased in HD patients compared with 
healthy individuals. Notably, increased heterogeneity is also 
associated with progression through the stages of HD and 
disease severity, including decreases in motor function, cog-
nitive function, and functional capacity [156]. Specifically, 
with sequencing by targeted amplification of multiplex 
probes, the location of heterogeneity in HD samples spanned 
all 13 protein-coding genes in mtDNA. The most common 
one was identified at m.3244 (n = 21), which is located in the 
tRNALeu gene, whereas m.3243A>G is the most prevalent 
pathogenic mtDNA mutation that is a risk factor for aging 
[156, 157]. Signs of mitochondrial dysfunction are evident in 
the early stages of HD, accompanied by deleterious effects 
such as oxidative stress and DNA damage. As a marker of 
endogenous oxidative stress, 8-oxoguanine has been associ-
ated with disease progression in the R6/2 HD model [158]. 
Cells in an in vitro striatal model of HD exhibit higher levels 
of the mitochondrial production of ROS and mtDNA damage 
involving increased lesion frequency and mtDNA deletion, 
which is also observed in HD skin fibroblasts [159].  

One study found that the relative mtDNA/nDNA copy 
number of leukocytes was significantly higher in patients 
with symptomatic HD than in controls. Interestingly, 
mtDNA levels in leukocytes were higher in women with HD 
than in men with HD, which probably at least somewhat 
explains the faster rate of HD progression in women [160]. 
However, the relative mtDNA/nDNA copy number was low-
er in fibroblasts from HD patients, whereas even the contra-
dictory result of a lower mtDNA/nDNA copy number was 
observed in leukocytes in another study [161]. Therefore, 
further investigation is required to determine whether the 
change in mtDNA is a compensatory mechanism in response 
to the inefficient mitochondrial respiratory function or 
whether it is due to lower metabolic activity of mitochondria. 

Mitophagy is also impaired in HD, and the mHtt mutant 
leads to the formation of spherical mitochondria, which also 
inhibit mitophagy and contribute to impaired mitochondrial 
clearance [162]. In HD mouse models, both R6/2 mice [163] 
and STHdhQ111 mice [164] show alterations in mtDNA, 
with the former exhibiting reduced mtDNA levels in the stri-
atum and the latter showing more mtDNA lesions. These 
damages can be attributed to the interference of elongated 
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Table 3.  mtDNA alterations in HD. 

Alteration Type  Observed Change Analysis Method Patient Sample References 

mtDNA deletion ↓mtDNA/ nDNA relative copy number real-time quantitative PCR peripheral leukocytes  [161] 

mtDNA deletion 
mtDNA/ nDNA relative copy number (↑ in leuko-

cytes and ↓ in dermal fibroblasts) 
real-time quantitative PCR leukocytes and dermal fibroblasts  [160] 

mtDNA deletion ↓mtDNA (MT-ND2) real-time PCR brain and plasma  [158] 

mtDNA deletion ↑mtDNA lesion frequency and ↓mtDNA abundance quantitative PCR brain tissue  [159] 

mtDNA mutation ↑mtDNA heteroplasmies sensitive mtDNA-targeted 
sequencing 

lymphoblasts and longitudinal 
blood samples 

 [156] 

Abbreviations: C9ALS/FTD, amyotrophic lateral sclerosis and frontotemporal dementia with C9ORF72 mutation; PCR, polymerase chain reaction; nDNA, nuclear DNA; MT-ND2, 
a gene encoding for NADH-ubiquinone oxidoreductase chain 2, which is a core subunit of complex I; mtDNA heteroplasmies (coexistence of mutated and wild-type mtDNA) 

 
Table 4.  mtDNA alterations in ALS. 

Alteration Type  Observed Change Analysis Method Patient Sample References 

mtDNA deletion ↓mtDNA copy number digital droplet PCR 
Prefrontal Cortex in 

C9ALS/FTD 
[237] 

mtDNA deletion 
↑mtDNA copy number but not statisti-

cally significant. 
quantitative PCR peripheral white  

blood cells 
 [172] 

mtDNA methylation ↓D-loop region  Bisulfite pyrosequencing 

mtDNA deletion 

multiple mitochondrial DNA deletions 
long range PCR and Southern blot 

analysis 
muscle  [180] 

relative mtDNA copy number without 
finding any depletion 

real-time quantitative PCR 

mtDNA methylation 
↓D-loop region (↑mtDNA  

copy number) 
MS-HRM and quantitative PCR blood samples  [173]�

Abbreviations: C9ALS/FTD, amyotrophic lateral sclerosis and frontotemporal dementia with C9ORF72 mutation; PCR, polymerase chain reaction; D-loop, displacement-loop; MS-
HRM, methylation-sensitive high-resolution melting. 
 
polyQ mutant HTT with mitophagy, such as with the p62-
induced binding process of LC3 [76], which ultimately leads 
to compromised mtDNA quality, manifested by increased 
heteroplasmy rates. Meanwhile, increased mitochondrial 
fission is facilitated through mHTT binding to Drp1, thereby 
promoting the expansion of pathogenic mtDNA heterogenei-
ty in cells [165]. Although the impact of mitochondrial dis-
orders, represented by mtDNA alterations, on the develop-
ment of the disease is now unclear, because the accumulation 
of mtDNA defects occurs in the early stages of HD, it is con-
sidered a potential biomarker of the disease, while significant 
neuroinflammation has been observed in the brains of HD 
patients by PET imaging, implying that microglial activation 
is associated with the pathological progression [166]. Further 
examples of mtDNA alteration in HD are summarized in 
Table 3. 

3.4. Amyotrophic Lateral Sclerosis 

ALS is a progressive NDD with continuous loss of motor 
neurons in the central nervous system that leads to muscle 
atrophy, respiratory failure, and, ultimately, death. ALS is 
characterized by the accumulation of mutant proteins result-
ing from specific gene mutations (e.g., SOD1, FUS, TDP43, 

and Sqstm1/p62), with loss of mitochondrial function pre-
ceding the onset of the disease [167]. Numerous works of 
literature have shown that mtDNA alteration is significant in 
ALS patients (Table 4).  

Ladd et al. found reduced levels of mtDNA in postmortem 
human ALS cervical spinal cord and demonstrated that re-
combinant human TFAM improved mtDNA gene expression 
in human neural stem cells [168]. The GGGGCC repeat ex-
pansion in C9ORF72 is a common genetic factor contributing 
to ALS, and DNA damage is greater in motor neurons differ-
entiated from induced pluripotent stem cells of C9ORF72 pa-
tients compared with controls in an age-dependent manner, 
with pharmacological or genetic reduction of oxidative stress 
ameliorating the DNA damage [169]. Mutations in mtDNA in 
the mitochondrial genome are responsible for the pathology of 
ALS. Mutations in superoxide dismutase 1 (SOD1) lead to 
overproduction of ROS in microglia and abnormal microglial 
proliferation [170]. An elevation of 8-hydroxy-2-deoxygua- 
nosine in the spinal motor neurons of transgenic ALS mice 
results in oxidative damage to mtDNA. In addition, the corti-
cal levels of mtDNA are 30-fold higher in the brains of ALS 
patients than in control brains [171]. 
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In addition to mtDNA oxidation, mtDNA copy number is 
increased in ALS patients, particularly in those with SOD1 
or C9orf72 mutations. Interestingly, methylation levels in the 
D-loop region of mtDNA are significantly lower in blood 
DNA samples from carriers of the SOD1 mutation compared 
with those from patients with C9orf72 amplification and are 
negatively correlated with mtDNA copy number [172, 173]. 
Given the antioxidant role of the SOD1 enzyme, this reduc-
tion in methylation, which increases mtDNA replication, 
probably serves to counteract the burden of oxidative dam-
age. 

In patients with sporadic or familial ALS, mislocalization 
and aggregation of TDP-43 and accumulation of p62 are 
critical markers of defective mitophagy [174, 175]. The for-
mer interacts with the mitophagy receptor prohibitin 2 and 
voltage-gated anion channel 1 [176], whereas the accumula-
tion of p62 indicates that it is not efficiently autophagically 
degraded after its binding to misfolded protein aggregates 
[174, 177]. Patients with late-onset ALS show mutations in 
the CHCHD10 gene, a nuclear-encoded mitochondrial small 
protein gene [178]. In the fibroblasts of these patients, in 
addition to morphological changes in the mitochondria such 
as the presence of an abnormal cristae structure [179], 
mtDNA deletions are also observed, which could be second-
ary to impaired mtDNA repair or restricted clearance of 
damaged mtDNA [180]. 

Although the entry of TDP-43 into the mitochondria of 
ALS patients is evolutionarily conserved [181], once it in-
vades the mitochondria, it releases mtDNA through the 
mPTP opening and VDAC1 oligomerization independent of 
the Bax/Bak-dependent process [182]. mtDNA accumulation 
in the cytoplasm of induced pluripotent stem cell-derived 
motor neurons and in TDP-43 mutant mice leads to 
cGAS/STING activation and the subsequent upregulation of 
NF-κB and IFN. The fact that inflammation can be prevented 
by pharmacological inhibition or gene deletion of cGAS and 
its downstream signaling molecule STING further demon-
strates the relationship between ALS and the cGAS/STING 
pathway [182]. 

4. POTENTIAL THERAPEUTICS RELEVANT TO 
MTDNA  

Because mtDNA alterations occur in the early stages and 
pathological progresses of NDDs, the targeting of mtDNA 
has been considered a potential therapeutic strategy for 
NDDs. 

The most compelling approach is to directly target the 
mutated mtDNA itself for targeted genome editing. Mito-
chondrially targeted TALENs (transcription activator-like 
effector nucleases) and mitochondrially targeted zinc-finger 
nucleases, which have a relatively low risk of interacting 
with nDNA, are two potential vehicles. The former can not 
only correct induced mtDNA mutations in mouse models, 
but also eliminate the m.3243A>G mutation in induced plu-
ripotent stem cells of mitochondrial disease patients [183, 
184]; the latter corrected the pathological mtDNA mutation 
in the m.5024C>T tRNAAla mouse model [185]. Another 
gene editing tool that is CRISPR-free and can precisely edit 
mtDNA in vitro is also of interest. This tool is based on a 
bacterial cytidine deaminase toxin A that catalyzes the C→G 

to T→A conversion in human mtDNA with high target spec-
ificity [186]. However, most mtDNA mutations in NDDs are 
not specific [184, 187]. Thus, we should carefully consider 
the exploitation of the balance between healthy and mutant 
mtDNA to avoid a reduction in normal gene function with 
mtDNA genome editing. 

As described above, oxidative stress can trigger mito-
chondrial dysfunction, such as mitochondrial gene muta-
tions, and mtDNA alterations contribute to the positive feed-
back loop of free radical-induced oxidative damage. There-
fore, antioxidants are one of the therapeutic approaches for 
NDDs. Compared with non-targeted cellular antioxidants, 
antioxidants targeting mitochondria provide better protection 
against oxidative damage by effectively isolating reactive 
oxygen intermediates. These antioxidants, including 10-
decyltriphenyl-phosphonium, MitoQ, and latrepirdine, have 
been extensively evaluated in multiple studies in AD and PD 
models [188, 189]. Recently, MitoQ, a mitochondrially tar-
geted antioxidant, has been tested in a small clinical trial for 
AD, albeit for its role in endothelial NO production and 
whether it improves cerebrovascular blood flow in AD pa-
tients [188-190]. On the other hand, recent clinical trials for 
creatine and coenzyme Q10 have not demonstrated any dis-
ease-modifying benefit in patients with PD [191, 192], indi-
cating that more targeted antioxidant approaches may be 
required for PD-related neurodegeneration. Other strategies 
have been devised to improve mitochondrial function in PD. 
Enhancing mitophagy presents an effective approach due to 
growing evidence for its general impairment in PD. In par-
ticular, Nip3-like protein X-mediated mitophagy was recent-
ly found to restore mitochondrial function and prevent neu-
rodegeneration in the setting of Parkin or PINK1 deficiency, 
highlighting this pathway as a potential target for therapeutic 
intervention [193]. Boosting mitochondrial biogenesis is 
another strategy to replenish neurons with healthy mitochon-
dria. A recent study showed that BG-12 exerts beneficial 
effects by increasing mitochondrial biogenesis in humans via 
the transcription factor nuclear factor (erythroid-derived 2)-
like 2 (NRF2)  [194].  

The induction of mitophagy is also a common therapeutic 
strategy. Several agents targeting mitophagy are in develop-
ment, such as clomifene, which suppresses mtDNA defects, 
and hexestrol, which reduces excessive mitochondrial frag-
mentation while rescuing mtDNA depletion [195]. Further-
more, metformin and resveratrol have been extensively 
demonstrated to increase mitophagy as modulators of PINK1/ 
Parkin [196]. There are other PINK1/parkin-independent 
mitophagy inducers, such as PMI, which is associated with 
p62 and enhances mitophagy without causing loss of mito-
chondrial membrane potential [197]. In addition, 3-phos- 
phate dehydrogenase is a molecular sensor that detects and 
labels damaged mitochondria because GAPDH is inactivated 
by mitochondrial ROS and protects cells from damage. 

Because uncontrolled production of DAMPs leads to 
neuroinflammation, a viable therapeutic option would be the 
reduction of neuroinflammation by targeting DAMPs and 
their downstream signaling molecules. Resveratrol alleviates 
microglial activation by inhibiting TLR4/NF-κB/STAT, as 
well as cytokine release upon Aβ stimulation, and is current-
ly being used in clinical trials of AD [198]. In addition, a 
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Fig. (1). mtDNA maintenance and alteration. The proteins related to mtDNA maintenance (e.g., TFAM, POLG, Twinkle, OPA1) are encoded 
by nDNA and contribute to mtDNA maintenance by participating in nucleoid formation, mtDNA replication, and mitochondrial dynamics. 
Impaired mitochondrial maintenance results in point mutations, deletion, or even depletion of the mitochondrial genome. Another cause of 
mtDNA mutations is oxidative stress triggered by ROS generated by electron leakage from complexes I and III. mtDNA mutations and dele-
tions stimulate the production of new ROS, creating a vicious cycle. Damaged mtDNA accumulates in the mitochondria and causes clinical 
symptoms when the mutational load exceeds a threshold. In the meantime, damaged mitochondria can be rescued by fusion with other mito-
chondria or by fission and mitophagy. When the damage exceeds the mitochondrial quality control, the mPTP will remain open and the 
mtDNA breaks and is extruded into the cytoplasm, while nucleoids are extruded with the activation of Bax/Bak. These nucleoids and mtDNA 
fragments can further be extruded into the extracellular space via MVBs (multivesicular bodies) recognized by DNA-binding receptors within 
cGAS and TLR-9, ultimately triggering inflammation. (A higher resolution/colour version of this figure is available in the electronic copy of 
the article). 
 
selective NLRP3 inhibitor has also been used to eliminate 
IL-1β to attenuate the immune response to Aβ and the prop-
agation of neuroinflammation in an AD model [199]. As for 
PD, a promising immunotherapeutic approach is the use of 
anti-inflammatory drugs and immunosuppressants to inhibit 
the release of pro-inflammatory cytokines and accelerate the 
clearance of α-synuclein and thereby ameliorate the inflam-
mation triggered by the accumulation of α-synuclein in PD 
[200]. Considering the presence of DNA released via the 
mPTP to activate cGAS/STING in AD, PD, and ALS, a se-

ries of cGAS and STING inhibitors have recently been de-
veloped with the potential to target this pathway and ulti-
mately ameliorate the symptoms of neuronal degeneration in 
patients [201, 202]. 

CONCLUSION AND FUTURE PERSPECTIVE 

mtDNA is of widespread interest because of its specific 
structure and important function, and its mutations are asso-
ciated with a number of diseases [203]. Because the proteins 
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that it encode are important components of oxidative phos-
phorylation, mtDNA mutation leads to inefficient ATP sup-
ply and increased production of ROS in the mitochondria of 
affected tissues, which in turn results in further effects on 
mtDNA. Our review shows that, although oxidative stress, 
represented by ROS, is associated with mtDNA mutation, 
the mtDNA maintenance-related proteins TFAM and Pol-γ 
can cause mutations in mtDNA, and even this effect is more 
prominent than oxidative stress. When mtDNA is damaged, 
the dysfunctional mitochondria can be eliminated by mitoph-
agy, which is also related to fusion/fission [204]. When mi-
tophagy is impaired or insufficient to clear damaged mito-
chondria, mtDNA may escape to the cytoplasm and body 
fluids. In turn, as important DAMPs, mtDNA triggers 
cGAS/STING-mediated inflammation, and this is now con-
sidered to be possibly complementary to impaired mitophagy 
[15] (Fig. 1). 

The mitochondrial cascade hypothesis suggests that the 
accumulation of mtDNA modifications and mutations in 
brain somatic cells with age determines the disease pheno-
type [126, 205]. Although mtDNA haplogroups are usually 
specific, they may impact the pathogenesis of more than one 
disease. There is a correlation between the impact of the 
mtDNA haplogroup B5 on NDD development and mito-
chondrial defects [206], the severity of which depends on the 
frequency of mtDNA mutations [207]. As a result of mtDNA 
haplotypes, certain human haplotypes are more likely than 
other human populations to develop specific types of NDDs 
during their lifetime [67]. 

With increasing human life expectancy, the contribution 
of mtDNA to the pathogenesis of multifactorial degenerative 
diseases will further increase. Further understanding of 
mtDNA alterations is necessary to comprehend the mecha-
nism of NDD progression and to effectively conduct early 
diagnosis and treatment. In recent years, it has been observed 
that circulating cell-free mtDNA concentrations can be cor-
related with NDDs. For example, circulating cell-free 
mtDNA has been observed at low levels in the cerebrospinal 
fluid of asymptomatic patients with AD, suggesting that 
mtDNA alterations may be a precursor to AD injury [208]. 
In addition, its levels are also a valid physiological indicator 
for differentiating idiopathic PD and PD related to 
PRKN/PINK1 mutations [126]. In addition to cell-free 
mtDNA, the D-loop methylation level of mtDNA in blood 
samples is of interest as a potential biomarker, with about 
25% reduced mtDNA methylation observed in AD patients 
[209]. Furthermore, Gonzalez-Hunt, C P et al. revealed that 
the level of mtDNA damage may serve as a powerful and 
sensitive readout of altered LRRK2 kinase activity in 
LRRK2 PD [210]. However, these results have not been rep-
licated in some studies, so further research with a large sam-
ple is needed to determine whether mtDNA can be a stable 
biomarker for investigating the progression of NDDs [211]. 

In addition, because DAMPs and dysfunctional mtDNA 
exacerbate inflammation by triggering innate immune re-
sponses, which contribute to the onset and pathological pro-
cessing of NDDs, therapeutic strategies have been aimed at 
reducing cytosolic mtDNA accumulation and inhibiting mol-
ecules of the downstream signaling pathway of DAMP [212, 
213]. On the other hand, healthy mtDNA is able to activate 

the mesenchymal stem cell pathway, which transfers healthy 
extracellular mitochondria via vesicles to damaged cells, 
thereby revitalizing the metabolic activity of nearby cells 
[214-217]. In our recent study, transplanted mitochondria led 
to the reuptake of extracellular mtDNA, resulting in im-
proved mtDNA homeostasis [218]. Therefore, it is necessary 
to generate effective mtDNA-targeting approaches for 
NDDs. 

Moreover, some computerized methods based on chaos 
game representation and lacunarity analysis have been pro-
posed for differentiating among AD, PD, and aging by char-
acterizing mutated mtDNA [219, 220]. However, it is im-
portant to note that, although next-generation sequencing 
methods improve accuracy, the data may still be contaminat-
ed with nuclear mitochondrial DNA sequences (NUMTs), 
which can lead to a false estimate of mtDNA heterogeneity 
[221]. In future studies, it will be highly valuable to further 
elucidate the relationship between mitosis and mtDNA alter-
ations in the somatic cells of NDD patients and to look for 
specific mtDNA mutations. It would be very exciting if these 
prove to be beneficial in treatment. On this basis, it would be 
exciting to work with tools for mtDNA gene manipulation, 
such as TALEN and Zinc-finger nucleases, or to develop 
better tools for targeting mitophagy to achieve the desired 
therapeutic effect in patients with NDDs. 
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