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Abstract

Mitochondria are essential organelles within the cell where most ATP is produced through
oxidative phosphorylation (OXPHQS). A subset of the genes needed for this process are encoded
by the mitochondrial DNA (mtDNA). One consequence of OXPHOS is the production of
mitochondrial reactive oxygen species (ROS), whose role in mediating cellular damage,
particularly in damaging mtDNA during ageing, has been controversial. There are subsets of
neurons that appear to be more sensitive to ROS-induced damage, and mitochondrial dysfunction
has been associated with several neurodegenerative disorders. In this review, we will discuss the
current knowledge in the field of mtDNA and neurodegeneration, the debate about ROS as a
pathological or beneficial contributor to neuronal function, bona fide mtDNA diseases, and
insights from mouse models of mtDNA defects affecting the central nervous system.
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Most cellular ATP is produced in the mitochondria through oxidative phosphorylation
(OXPHOS). The majority of the genes needed to make up the five OXPHOS complexes are
encoded in the nuclear DNA (nDNA). On the other hand, mitochondrial DNA (mtDNA)
encodes for a small number of genes, all OXPHOS related. Damaged mtDNA has been
implicated in normal ageing and many neurodegenerative disorders. Furthermore, patients
with bona fide mitochondrial diseases frequently have neurological impairments. There are
many pathological insults which can damage mtDNA, but one which has been more
commonly discussed is oxidative damage through mitochondrial reactive oxygen species
(ROS). Although ROS can cause cellular damage, and there is a link between increased ROS
and oxidative damage in neurodegenerative diseases, the physiological roles for ROS in
cellular health and viability are unclear.

Studies with cultured cells showed that some mtDNA mutations can be associated with
higher ROS levels, whereas others are not [1,2]. In postmortem brains from aged patients or
patients with neurodegenerative disease low levels of mtDNA damage have been reported,;
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however, there is no direct correlation between these low levels of mtDNA mutations and
elevated ROS [3]. There are now several mouse models of mtDNA damage which affect the
central nervous system (CNS) available, which are helping better understand the link
between mtDNA damage, ROS and neurodegeneration.

Mitochondrial DNA

Structure and function

Human mtDNA, which was first discovered in 1963, is a 16 569 bp circular, double-
stranded, supercoiled molecule which encodes for 37 genes, essential for OXPHOS and
mitochondrial protein synthesis [4,5]. The OXPHOS system is comprised of five
multisubunit enzymatic complexes located on the inner mitochondrial membrane. MtDNA
encodes for 13 subunits, one or more of the essential subunits for the NADH-ubiquinone
oxidoreductase (Complex 1), ubiquinone-cytochrome ¢ oxidoreductase (Complex I11),
cytochrome coxidase (Complex 1V) and the ATP synthase (Complex V), while the entirety
of the succinate-ubiquinone oxidoreductase (Complex I1) is encoded by the nDNA [6]. In
addition to these 13 subunits, the mtDNA also encodes for 22 tRNAs and 2 rRNAs (Fig. 1).
The mtDNA strands are termed the heavy strand (H-strand) and light strand (L-strand),
where the former is characterized as being guanine rich and the latter is cytosine rich [7].
Twenty-eight genes are encoded on the H-strand, while the remaining nine are encoded on
the L-strand.

Mitochondrial DNA exists in cells in multiple copies

In most cells, there are approximately 1000 mitochondrial genomes [8]. Comparatively,
there are only two copies of the nuclear genome in a cell. The levels of mtDNA molecules
are generally dependent on the cellular energy demands of a cell. MtDNA replication is
independent of the cell cycle, and there are few enzymes that are known participants in this
process [9]. The mitochondrial polymerase, POLG, and the mtDNA helicase, Twinkle, are
two of these players; mutations in both of these genes have been implicated in mtDNA
abnormalities and mitochondrial diseases [10-13].

Due to this high copy number, often mutated and wild-type mtDNA molecules exist together
in a single cell (MtDNA heteroplasmy) [14]. Because mtDNA replication is cell-cycle
independent, and mtDNA can be segregated during replication, heteroplasmy levels are
dynamic, and can change during a lifetime in both mitotic and postmitotic cells/tissues [9].

Along with the nature of the mutation, the percentage of heteroplasmy is the major factor
which determines the clinical severity of mitochondrial diseases. There is a biochemical
threshold associated with mutant mtDNA percentage, that must be surpassed for decreased
mitochondrial function and phenotype development [15]. While this threshold is dependent
on the mutation, the cell- and tissue-type, heteroplasmy threshold levels can be between
70% and 90% for an detectable phenotype to present [16].
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Mitochondrial DNA damage

Damage or replication errors to mtDNA result in point mutations or rearrangements, which
can either be inherited or sporadic. MtDNA mutations had a reported prevalence ranging
between 1 : 5000 and 1 : 500 000, and affect mitochondrially encoded proteins, tRNAs,
rRNAsS, and therefore eventually ATP production [14,17].

Point mutations are generally maternally inherited, but can occur sporadically [18]. Most
pathogenic mtDNA point mutations are heteroplasmic [18]. The mechanism of point
mutation formation is likely through inefficiency of the mtDNA repair system [19]. In
comparison, mtDNA rearrangements, like large-scale deletions (1.8—-8 kb) remove large
portions of mtDNA. This ablates several mitochondrial genes encoding for proteins, tRNAs
or rRNAs, depending on the size and location of the deletion. MtDNA rearrangements are
almost exclusively sporadic and invariably exist in heteroplasmy [20]. The mechanism for
the formation of mtDNA rearrangements is somewhat controversial, but it is thought they
could form from errors in replication, double-strand breaks or inefficiency of the mtDNA
repair systems [19]. MtDNA deletions have also been found to accumulate in postmitotic
tissues during normal ageing [21-25].

Pathological and physiological consequences of reactive oxygen species

Generation of reactive oxygen species

While ROS can be generated in multiple cellular compartments, the vast majority of cellular
ROS, approximately 90%, are generated in the mitochondria during the production of ATP
through OXPHQOS (Fig. 2A) [26]. Mitochondrial ROS are primarily produced at Complexes
I and 111 of the electron transport chain, with electrons that either derive from NADH or
FADH, to react with O, [27]. There is evidence of ROS production at Complex 11, but
relative to the rates of production at Complexes | and I11, this contribution is negligible

[28,29]. Superoxide (O, ~) is the source of most ROS and is generated by the single

electron reduction in O, [26]. Superoxide molecules are further reduced to hydrogen
peroxide (H,0,) by mitochondrial superoxide dismutase 2 (SOD2) [26]. Following the
catalase reaction to convert H,O5 into H,O and Oy, the O, can then be reduced again by
electrons escaping the respiratory chain [29]. Generally, the single-electron reactions
predominate in ROS production, but there is evidence for two-electron reactions which allow
for the direct reduction from molecular O, to H,0, [30]. Complex | also produces large
amounts of superoxide through reverse electron transport (RET). RET occurs when a
reduced CoQ pool forces electrons back from CoQH, into Complex I, and reduce NAD™ to
NADH at the FMN site [31].

There are at least eight known sites of mitochondrial superoxide production; of these, only
one is known to deposit O, ~ in the mitochondrial intermembrane space, while the other

sites are only known to deposit O, ~ into the mitochondrial matrix [32,33]. One could

speculate that the superoxide from this single site would contribute more to cytosolic
signalling than the other seven sites, as those molecules would have the additional step of
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exiting the matrix into the intermembrane space, however, the physiological relevance of
ROS production at each of these sites has not yet been determined [32].

Pathological consequences of ROS

Historically ROS production was thought to solely be the upstream step in oxidative damage
to mitochondrial proteins, membranes and mtDNA [29]. This is due in part to ROS
generation occurring in the mitochondrial matrix, where mtDNA resides. Additionally, ROS
can impair the ability of mitochondria to synthe-size ATP and carry out their wide range of
metabolic functions including fatty acid oxidation, the TCA cycle, the urea cycle, amino
acid metabolism and haeme synthesis [34]. Oxidative damage can increase the tendency of
mitochondria to release cytochrome ¢ through the mitochondrial permeability transition pore
leading to activation of the apoptosis cascade [35]. Potential pathological outcomes of ROS
production also include the formation of mutations or deletions to mtDNA, oxidative
damage to the respiratory chain, lipid peroxidation and overall mitochondrial dysfunction
[36].

In the brain, as with most organs, the response to oxidative damage is not uniform [37].
While there are many neuronal subtypes that are able to deal with this rise in oxidative
stress, there are select neuronal populations which have a higher susceptibility to elevated
ROS [38]. Neurons which undergo dopamine metabolism are more susceptible to ROS-
induced damage as well as neurons which have higher metal content [39]. The Surmeier
group has shown that a specific oxidant stress in dopaminergic neurons, due to the
engagement of L-type calcium channels, causes a mild mitochondrial uncoupling, leading to
mitochondrial dysfunction [40].

ROS as a physiological signalling molecule

More recently there has been a growing field of research into the physiological roles for
ROS. There is evidence against the singular role of ROS as a mediator of cellular damage.
While high levels of ROS are associated with cellular dysfunction it is now known that ROS
is necessary for physiological cellular function. Additionally, ROS is an important regulator
of intracellular signalling pathways, including but not limited to controlling proliferation,
cell death, and senescence [41,42]. The cyclic oxidation/reduction in cysteine residues in
kinases, phosphatases, and other regulatory factors by ROS modulates the strength and
duration of signalling through redox-sensitive signalling pathways. ROS acts as a second
messenger, modulating cytokines, growth factors whose activity regulates classical
signalling cascades under physiological and stress-conditions, including the ERK, JNK, and
MAPK cascades, and the JAK/STAT pathway [43]. Additionally, ROS can modulate the
activities of enzymes such as catalase, GPxs and Prdx which are regulated by kinases and
phosphatases, leading to a regulatory network [44]. Finally, ROS has been found to play a
significant role as one of the molecular mechanisms which guides stem cells to either
differentiate or renew. [45-47].

Free radical theory of ageing versus the gradual ROS response hypothesis

The free radical theory of ageing which was first proposed in the 1950s by Harman, and
later refined to the mitochondrial free radical theory of ageing in the 1970s was based on the
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idea that somatic mtDNA mutations would impair OXPHOS complexes, particularly
Complexes I and 111 [48,49]. With the impairment of Complexes | and 111 a corresponding
increase in ROS production was hypothesized, leading to a vicious cycle of further
damaging mitochondrial proteins, lipids and mtDNA. Studies done in aged cortical samples
showed a concomitant decrease in mitochondrial function and an increase in mtDNA point
mutations and deletions, which is compatible with the free radical theory of ageing. Other
evidence that supports this theory includes the fact that: (a) the respiratory chain is an
inherent source of superoxides, (b) there is an increased production of ROS in aged tissues,
and (c) the assumption that mtDNA is more susceptible to oxidative damage than nDNA.

While there is circumstantial evidence that supports the mitochondrial free radical theory of
ageing, there is an increasing number of studies which do not support it. In a mouse model
of an exonuclease-deficient Polg, while there is an increase in mtDNA point mutations and
deletions and the mice age prematurely, there is no evidence of increased oxidative damage
to mitochondrial proteins, lipids or mtDNA [50-53]. In a different study done in mice
lacking one copy of the enzyme Mclk1, which is necessary for the synthesis of the
antioxidant ubiquinone, there is an increase in mitochondrial oxidative stress, but these
mutant mice have an extended lifespan over their wild-type siblings [54]. Additionally, these
Mclk1*~ mice have a slower decline in mitochondrial function and a slower development of
an aged phenotype. In two models of mutations in mitochondrial respiratory subunits isp-1
(Complex 1) and nuo-6 (Complex I) in Caenorhabditis elegans, there is an increase in
lifespan of the mutant worms compared to the wild-type, even with an increase in
superoxides [55]. Contrary to the expected results, the addition of the antioxidants NAC and
vitamin C reduced the lifespan in the mutants, indicating a lifespan role for the superoxide
molecules. Mouse models with a Complex 1V conditional KO showed no increase in
oxidative stress [56,57].

Based on these observations, an alternative theory (Mitohormesis), which was proposed in
2011 by Hekimi and colleagues, states that there is a gradual ROS response between ROS
and ageing [58]. ROS can at as a signalling molecules to modulate the stress response
pathway, and small increases in ROS levels can extend lifespan. In yeast, the reduction in
TORC1 signalling has been demonstrated to extend chronic lifespan [59]. This extension is
directly associated with a cell-intrinsic regulation of mitochondrial respiratory coupling
which elevates mitochondrial membrane potential and ROS. Based on this, the gradual ROS
response hypothesis proposes that cellular insults trigger protective stress responses where
ROS would act as a secondary messenger. However, at a certain point this age-dependent
damage would increase past a certain threshold where ROS signalling would be sustained
and maladaptive (Fig. 2B). The mitohormesis hypothesis addresses some of the
inconsistencies that are seen with the mitochondrial free radical theory of ageing. There is
also a growing body of research that suggests that oxidative damage increases in the
mammalian brain during ageing [37].

Mitochondrial DNA diseases affect the central nervous system

Studies done over the last decades have demonstrated that the link between elevated ROS
and mtDNA damage is not clear. There are several mitochondrial disorders which have a
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CNS-dysfunction component, but the levels of heteroplasmy are variable. Additionally, there
are several neurodegenerative disorders that are characterized by mitochondrial dysfunction,
many with mutated or damaged mtDNA, and some with generalized oxidative damage. In
the next sections, we will be discussing neurodegenerative diseases and disorders that have a
mtDNA component in the pathogenesis, and how the mtDNA mutations may affect ROS
levels.

Biochemical consequences of mitochondrial DNA mutations

There are over 330 pathogenic point mutations that have been identified in the human
mtDNA in the last 30 years [6]. These mutations are located across the mtDNA molecule. A
number of these point mutations lead to mitochondrial encephalopathies (Fig. 1). The
generation and consequences of such mutations are still being investigated.

Leber’s hereditary optic neuropathy (LHON) was the first reported inheritable mtDNA
disease, and is thought to be one of the most prevalent of the mitochondrial diseases [60].
There are a number of mutations leading to LHON, but the three most common mutations in
European populations are: G11778A in ND4, G3460A in ND1, and T14484C in ND6; these
mutations tend to present as homoplasmic mutants (Fig. 1) [60-62]. There are, however,
other point mutations which lead to a more severe Complex | deficiency, which present as
heteroplasmic mutants, including G14459A or G14600A, both in ND6 (Fig. 1) [63,64].
Cybrid cells, cell lines generated from LHON patientderived platelet mitochondria fused
with human p? (mtDNA-less) cells, have revealed Complex | deficiencies, Site I respiration
defects, reduced ATP production, increased sensitivity of the mitochondrial permeability
transition pore, and increased ROS production [65].

Neuropathy, ataxia, and retinitis pigmentosa (NARP) is a mitochondrial disorder which most
commonly originates from the point mutation T8993G/C in ATPase 6 (Fig. 1) [16,66]. When
the levels of the mutant mtDNA population is high, infants present with Leigh syndrome
(LS), a subacute neuronal degeneration of structures in the basal ganglia [67]. Patient-
derived cells with 50% heteroplasmy or homoplasmic for the T8993G mutation showed
increases in ROS (via H,0,) through CMH,-DCFDA measurements, and mitochondrial
SOD (MnSOD/SOD2), but cytoplasmic SOD (CuSOD/SOD1) [1]. A negative correlation
between ATP synthesis and increasing T8993G mutation load has also been reported [2,68].

Mitochondrial myopathy, encephalomyopathy, lactic acidosis and stroke-like episodes
(MELAS) is a mitochondrial disorder where about 80% of patient cases are caused by the
point mutation A3243G in the mitochondrial tRNALEUUUR) gene (Fig. 1) [6,69,70]. Patient
cybrids with 90% of the A3243G mutation showed increased ROS through MitoSOX Red,
which was reduced upon incubation with CoQ or Riboflavin [71].

Compared to other mitochondrial diseases, LS is unique in that is associated with both
mutations in the mtDNA and the nDNA [72-74]. LS mtDNA mutations have been found in
genes encoding for Complexes I, 1V, and V, as well as tRNAs, and are commonly found in
heteroplasmy [75,76]. Many of the point mutations associated with LS are found in
Complex I genes: G3697A in ND1, T10191C in ND3, and G13513A in ND5, while some
are also found in other genes including T9176C in ATPase 6, T8993G/C in ATPase 6 (also
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associated with NARP) (Fig. 1) [77-79]. Patient-derived cells with the three Complex | point
mutations described above showed increased ROS by CMH,-DCFDA as well as decreased
SOD?2 protein expression [80].

There are three common phenotypes associated with large mtDNA deletions: Pearson
syndrome (PS), chronic progressive external ophthalmoplegia (CPEO), and Kearns-Sayre
syndrome (KSS), all of which are multisystemic disorders [81,82]. Of the large deletions
that are seen in patients, the most common is a 4977 bp deletion (A4977) known as the
common deletion (Fig. 1) [83]. Cybrid cells harboring 99% of A4977 mtDNA showed an
increase in ROS using the dye HPF [84]. Although cybrid studies with certain pathogenic
mtDNA mutations suggest an increase in ROS, there are no compelling reports showing
oxidative damage as a prominent pathological finding in mitochondrial encephalopathies
[85].

Mitochondrial DNA defects and ROS in ageing and age-related

neurodegeneration

Ageing

MtDNA damage, mutations and deletions have been reported to increase in an age-
dependent manner in both the human and rodent CNS. Whether the accumulation of mutated
mtDNA has a causal role in ageing, it has been suggested that mutated mtDNA can serve as
a biomarker of ageing, independent of the lifespan of the organism [86]. The levels of
mutant mtDNA often vary substantially between different cells in the same tissue of an
affected patient [87]. There are reports which show the levels of deleted or mutated mtDNA
is variable in different regions of the adult human brain, with the highest levels in the
substantia nigra, putamen and cerebral cortex [87]. While the levels of these damaged
mtDNA molecules is very low in normal ageing, around 1%, in patients with
neurodegenerative diseases such as Parkinson’s disease (PD; reviewed in more detail below)
can have higher levels of the mutant mtDNA species [88].

Oxidative damage has been associated with CNS ageing as well, however, the link between
oxidative damage and age-related mtDNA damage is still poorly understood [89,90].

Parkinson’s disease

Parkinson’s disease is the second most common neurodegenerative disorder, affecting about
1% of the population over the age of 60 [91]. PD is characterized by rigidity, tremor and
postural instability, as well as bradykinesia. Histology studies done in postmortem brain
slices show that, while there is neuronal loss in many brain areas, the dopaminergic neurons
of the substantia nigra (SN) pars compacta are preferentially depleted [22,92]. Another
histological hallmark of PD is seen in the surviving neurons where there is an accumulation
of a-synuclein aggregates [93]. The A53T a-synuclein mutation in humans is associated
with familial PD, and impairs vesicular dopamine storage, leading to increased cytosolic
dopamine, which interacts with iron, generating ROS [94,95].
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While the etiology of PD is still unknown, mitochondrial dysfunction, particularly
dysfunction of Complex | has been proposed as a contributing factor [96]. Rotenone and 1-
metyl-4phenyl-1,2,3,6-tetrahydropyridine, both Complex I inhibitors, promote PD like
symptoms and the formation of a-synuclein containing protein aggregates [97]. Two
provocative studies in 2006 showed that dopaminergic neurons of aged humans have high
levels of mtDNA deletions [22,24]. This has been further observed in early-stage PD
patients [98]. These observations suggested that dopaminergic neurons are close to a
threshold for a biochemical defect and cell death.

Complex | defects have been reported in different tissues of PD patients [99]. Additionally,
relatively high levels of mtDNA deletions have been found in the substantia nigra of ageing
patients and PD individuals. These relatively high levels (40-60%) of mtDNA deletions
were associated with a cytochrome ¢ oxidase (COX) deficiency in individual neurons
[22,24]. These studies have been confirmed and extended to rodent models [100-102]. It
was reported that mtDNA levels are also decreased in PD [103]. Moreover deficiency in
maintaining the wild-type mtDNA pool, but not the deleted one, suggested that
dysregulation of mtDNA homeostasis is an important process in the pathogenesis of
neuronal loss in PD [100].

Other age-related neurodegenerative diseases linked to mitochondrial dysfunction and
oxidative damage

In the case of other age-associated neurodegenerative diseases there are associations
between disease progression and elevated ROS, suggesting mitochondrial dysfunction.
However, there is no clear link between damaged or mutated mtDNA (particularly the
common deletion and disease pathogenesis.

In Alzheimer’s disease (AD), the most common late-onset progressive neurodegenerative
disorder, defects in cytochrome ¢ oxidase have been implicated in the progression of the
disease [3]. Amyloid beta (ApB) fragments form cytotoxic plaques, which are more
commonly found in the cortex and hippocampus [104,105]. Mitochondrial function is
negatively affected by Ap fragments, suggesting that the mitochondrial dysfunction is a
consequence of AP toxicity [106-108]. The ‘mitochondrial cascade hypothesis for AD’
suggested that an individual’s genes for the proteins which make up the respiratory chain
determines the inherent ROS production, which would then govern the severity of oxidative
damage. Furthermore, it was suggested that with this accumulation of oxidative mtDNA
damage, which would in turn lead to decreased ATP levels, increased oxidative stress, and
finally Ap toxicity, which would then cycle back to ultimately lead to neurodegeneration
[109]. While studies in AD patients have not shown a causative mtDNA mutation that would
link to the disease pathogenesis, an increased aggregate burden of individually rare point
mutations has been seen in AD patients compared to young controls, but not age-matched
controls [110]. As with PD, the concern in assessing for mtDNA damage in patients is the
late-stage of AD disease progression, where the neurons with high levels of mtDNA damage
may have already been lost. When assessing early-stage AD patients, an increase in mtDNA
mutation frequency was seen in the hippocampus; however, these mutations were found to
be due to replication errors, and not oxidative damage [111]. Numerous studies into the
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prevalence of the common deletion in AD patients and age-matched controls were
inconclusive. Additionally, studies done looking at different mtDNA haplogroups as risk
factors for AD are controversial [112].

Amyotrophic lateral sclerosis (ALS) is an adultonset neurodegenerative disorder
characterized by the loss of motor neurons in the motor cortex, brainstem and spinal cord
[113]. Mutations in the gene superoxide dismutase 1, SOD1, have been identified as an ALS
gene, so there are potential implications for oxidative damage of mtDNA [114]. Numerous
studies have shown increased oxidative damage to proteins in ALS postmortem samples
compared to controls, as well as increased protein carbonyl levels in the motor cortex [115].
In a transgenic mouse model of ALS which expresses mutant human SOD1 (G93A), there
was increased oxidative damaged to proteins, lipids and DNA,; interestingly one of the most
oxidized proteins was the mutant SOD1 itself [116,117]. Histology in ALS patient spinal
cords showed a specific neuronal decrease in COX activity [118]. Patients with ALS were
found to only have slightly higher levels of the common deletion in muscle and the motor
cortex compared to age-matched controls, but not in other brain regions [113,119]. Because
the levels of the deletion are still relatively low, there is no causative link between the
common deletion and ALS. Studies on the association of mtDNA haplogroups and ALS are
also controversial [120].

Multiple sclerosis (MS) is a chronic, inflammatory disease caused by the loss of myelin and
gliosis [121,122]. Though the etiology of MS remains elusive, mitochondrial defects are
increasingly recognized to play a role in disease pathogenesis. In patient brains, there is a
reduction in the activities of Complexes | and I11, and a decrease in COX/SDH staining in
neurons compared to age-matched controls [121,122]. Multiple groups have reported on the
presence of mtDNA deletions (not necessarily the common deletion) and mutations in
patients in with MS [123]. There is not a single mtDNA mutation or deletion associated with
MS, so the direct role of mtDNA in disease pathogenesis is still up for debate [124].

Mouse models of mitochondrial DNA damage in the central nervous system

As described previously, mtDNA changes have been implicated in several human
neurodegenerative diseases as well as normal ageing. Mouse models serve as viable options
to study the mechanisms behind these pathologies. Unfortunately, there are no robust
techniques to manipulate the mtDNA. Moreover, even when an endogenous mutation is
identified, it is a technically challenging endeavour to create a mouse model of specific
mtDNA damage as the mutations or deletions may not pass down to the progeny, due to the
‘bottleneck effect’ during fertilization, and the segregation of the pathological mtDNA
molecules in different tissues. One of the first mouse models of mtDNA dysfunction was the
mitoMouse, reported in 2000, which contains a large ageing-derived mtDNA deletion [125].
However, due to mtDNA segregation during development, the predominant phenotype is
renal failure, along with low body weight, lactic acidosis, ischaemia, myopathy, heart block,
deafness and male infertility with no evidence of oxidative damage [126,127].
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Double-strand breaks in mitochondrial DNA do not induce reactive oxygen species in the
central nervous system

One of the first models of mitochondrial DNA damage is the mitoPsfl mouse, which
expresses a mitochondrial-targeted restriction endonuclease, Psd [128]. MitoPsAl expression
can be induced with doxycycline in a tissue-specific manner depending on the promoter that
controls transgene expression [129]. In the mouse mtDNA, there are two recognition sites
for Pst, so mitoPsA would create double-strand breaks in the mtDNA at these two specific
sites, primarily leading to the depletion of mtDNA, and in rare cases the formation of a
smaller deleted mtDNA (DmtDNA) molecule. Double-strand breaks could serve as the
mechanism behind the generation of age-related mtDNA deletions.

When mitoPsAl was expressed in neurons (under the control of the CamKlla promoter) the
phenotype was different depending on the age of induction, as well as the intensity of the
induction. When mitoPsfl was strongly expressed from birth, the mice developed a limb-
clasping behaviour at 2 months, indicative of a neurodegenerative disorder [130]. When
mitoPstl expression was repressed until P21, then induced for adulthood, the mice did not
develop this limb-clasping behaviour, but did progressively become less active, and died
before P100. These mice also showed decreased COX activity in the forebrain, but not in the
cerebellum, consistent with CamKIla expression patterns. Southern blot analyses of the
different brain regions only showed mtDNA depletion, and did not show significant amounts
of a AmtDNA molecule, so the depletion accompanied by the low levels of the AmtDNA
molecule contributed to this neurodegenerative phenotype. When mitoPsd was not expressed
as strongly, induced mice were able to survive up to 16 months (we now have evidence that
these mice can survive up to 24+ months), with no obvious phenotype until 6-8 months of
age and a specific, progressive neurodegeneration in the striatum and cortex [131].

The mitoPsAl mouse has also been crossed with a mouse model of AD which shows AB
plaques forming in the cortex and hippocampus. When mitoPsd was induced for 2 months,
starting at 4 months of age, 6 month old mice showed a reduction in the amyloid plaques
[56,132]. As discussed above, the amyloid plaques were associated with oxidative damage,
and the decreased plaque formation with mitoPsd expression indicates the depletion of
mtDNA was not associated with increased ROS. Because there is a depletion of mtDNA
with mitoPsAl expression, the steady-state level of the OXPHOS complexes decreases,
leading to a decrease in ROS formation.

Increased reactive oxygen species in a mouse model of Leber’s hereditary optic
neuropathy does not lead to decreased ATP production

A mouse model of LHON was created by Lin et al. in 2012 [133]. These mice are
homoplasmic for the mtDNA mutation G13397A in ND6 which causes the amino acid
substitution P25L. This is the same amino acid substitution seen in a family of patients with
optic atrophy and LS. The ND6 G13397A P25L mouse exhibited reduced retinal response,
axonal swelling of retinal ganglion cells, loss of the smallest axons in these RGCs, abnormal
mitochondrial morphology and proliferation RGC axons, and reduced Complex I activity in
isolated synaptosomes. The authors found that synaptosomes have increased ROS
production, while energy levels remained constant. As discussed previously, there is also an

FEBS Lett. Author manuscript; available in PMC 2020 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nissanka and Moraes Page 11

increase in oxidative damage seen in patients with LHON that is not accompanied by a
decrease in ATP, which this mouse model is able to readily recapitulate.

Increased reactive oxygen species production is not always detected in models of
deficient mitochondrial DNA maintenance

Because Polg knockout mice are embryonic lethal, two different groups created
exonuclease-deficient Polg mouse models, known as the ‘mutator’ mouse [50,51]. As the
mutator mouse has impaired proofreading capability, these mice accumulate mtDNA point
mutations and deletions in different tissues. While they did exhibit a premature ageing
phenotype, reduced lifespan, kyphosis, alopecia, weight loss, decreased fertility,
osteoporosis and reduced fat content, these mice did not show obvious signs of
neurodegeneration [50]. Interestingly, when studying the mtDNA point mutation and
deletion load in the mutator mouse, deletions correlate well with the premature ageing
phenotype [52,53]. Later studies showed that point mutation in protein coding genes also
correlated well with the phenotype [134]. Next generation sequencing done on brain mtDNA
from the mutator mouse showed the accumulation of a mutant species of mtDNA with an
abnormal D-loop structure, termed control region multimers (CRMs). These CRMs might
reflect disrupted mtDNA replication, but the functional consequence is not known [135].
While, several studies have been done and concluded that there is no evidence of oxidative
damage in the mutator mouse [134,136], the Suomalainen group has found the neural stem
cell population was reduced in the mutator mouse [137]. This reduction could be rescued
with the antioxidant NAC, suggesting that alterations in ROS affect the viability of neural
stem cells [137].

The Twinkle mouse was made with A360T amino acid substitution or an in frame amino
acid duplication at position 353-365, which are seen in patients with PEO [138]. These
mutant Twinkle mice are known as the ‘deletor’ mice as they have multiple mtDNA
deletions, along with progressive respiratory dysfunction and late-onset mitochondrial
disease. The multiple deletions seen in the deletor mouse have been attributed to replication
pausing or stalling, but this can also lead to mtDNA depletion, which is seen in PEO patients
[10,139]. Furthermore, there was no evidence of oxidative damage or increased ROS in the
deletor mouse [10,138].

From these studies, there is no evidence of increased ROS production, as a consequence of
the increased mtDNA mutations in the mutator mouse and deletion loads in the deletor
mouse, giving further strength to the mitohormesis theory (Fig. 2C) [10,134,136,138].

Mitochondrial DNA mutations and oxidative damage in the CNS: what is the
relationship?

Mitochondria are essential organelles which provide most of the cellular energy through
oxidative phosphorylation. Mutations and deletions in the essential genes that are encoded
by the mtDNA can dramatically disrupt cellular function. When these pathogenic defects
occur in the CNS, neurons are particularly affected due to their high energy quota.
Mitochondrial ROS have been suggested to increase mtDNA mutations, but recent studies
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suggest that ROS have a more important signalling role rather than a harmful one. Therefore,
increases in ROS are not necessarily associated with increases in mitochondrial dysfunction
or increased mtDNA mutation load in the CNS.

Mitochondrial diseases stemming from mtDNA point mutations and deletions present a wide
clinical spectrum of phenotypes. Patient-derived cell lines have been used to better
understand the biochemical features associated with these defects. In many cases, the
pathogenic mutations were associated with increases in ROS levels in cultured cells, while
oxidative damage was not clearly documented in patients. Damage to mtDNA, including
point mutations and deletions have also been reported to increase in ageing, but the
correlation between accumulating mutated mtDNA as a cause of ageing has not been
confirmed. In aged patients, the levels of damaged mtDNA molecules are very low, around
1%, but higher levels can be seen in specific brain regions, such as the substantia nigra, or in
neurodegenerative diseases, like Parkinson’s. However, still, the increased frequency of
mutated mtDNA is not associated with increased oxidative damage. Although there is strong
evidence for oxidative stress in age-related neurodegenerative disorders, particularly PD and
AD, it is unclear how this relates to mtDNA alterations.

The current knowledge in the field leads us to the conclusion that certain mtDNA alterations,
such as the ones associated with reduced mitochondrial protein synthesis (e.g. tRNA
mutations or deletions) are commonly associated with a decrease in the steady-state levels of
OXPHOS complexes and reduced ROS (Fig. 2C). In contrast, mtDNA changes that result in
normal levels of OXPHOS complexes with altered biochemistry (e.g. LHON or NARP
mutations), are more likely to increase ROS beyond physiological concentrations, causing
neuronal injury (Fig. 2C). In either case, the levels of ROS could have different
consequences depending on the cell type and effective concentration, as stated by the
mitohormesis theory.

The role of mtDNA damage and ROS in neurodegeneration is far from clear, but recent
evidence changed our negative perception of ROS. At the same time, it shed light on the
complexity of mitochondrial genetics and its relationship with ROS-induced signalling and
damage. We expect that experiments with /7 vivo models will help resolve some of the
remaining questions.
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Schematic representation of human mitochondrial DNA. The figure represents the 16 569 bp
human mtDNA. The regulatory region, also known as the D-loop containing OH is depicted
in teal; Complex I genes in red; Complex Il gene in green; Complex IV genes in orange,
Complex V genes in yellow; tRNAs in grey and rRNAS in purple. Mutations and deletions
and their associated disorders which are discussed in the text are annotated with red text.
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Fig. 2.

Sc%ematic representation of the oxidative phosphorylation system and downstream
consequences. (A) The respiratory chain is composed of four complexes (I-1V) and the
ATPase, which together transfer electrons in a step-wise manner to reduce O, to H,O. This
electron transfer is coupled with creating a proton gradient across the mitochondrial inner
membrane, and this electrochemical gradient drives ATP synthesis as protons re-enter the
mitochondrial matrix through ATP synthase. One consequence of oxidative phosphorylation
is the production of ROS, which occurs at Complexes | and I11. (B) When ROS generation is
low, there it can serve as a physiological signalling molecule or in response to low levels of
cellular stress, however, when ROS generation becomes too great, there are pathological
consequences of ROS, including signalling apoptosis. (C) Different mtDNA defects have
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different downstream consequences which affect OXPHOS activity, OXPHOS protein levels,
ATP production, membrane potential, and ROS generation.
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