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Abstract: Recent deep sequencing data has provided compelling evidence that the spectrum of
somatic point mutations in mitochondrial DNA (mtDNA) in aging tissues lacks G > T transversion
mutations. This fact cannot, however, be used as an argument for the missing contribution of
reactive oxygen species (ROS) to mitochondria-related aging because it is probably caused by the
nucleotide selectivity of mitochondrial DNA polymerase γ (POLG). In contrast to point mutations,
the age-dependent accumulation of mitochondrial DNA deletions is, in light of recent experimental
data, still explainable by the segregation of mutant molecules generated by the direct mutagenic
effects of ROS (in particular, of HO· radicals formed from H2O2 by a Fenton reaction). The source
of ROS remains controversial, because the mitochondrial contribution to tissue ROS production is
probably lower than previously thought. Importantly, in the discussion about the potential role of
oxidative stress in mitochondria-dependent aging, ROS generated by inflammation-linked processes
and the distribution of free iron also require careful consideration.
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1. Introduction: The Mitochondrial Theory of Aging and Recent Controversial Findings

The central principles of the mitochondrial theory of aging are that (i) mitochondrially produced
reactive oxygen species (ROS) can damage mitochondrial DNA (mtDNA), and (ii) ROS-induced lesions
in mtDNA can lead to somatic mutations that accumulate, affect the integrity of respiratory chain,
and cause mitochondria-dependent aging [1]. More recent data seem to indicate that mtDNA might
be more resistant to oxidative damage than previously thought. Instead, many have suggested that
the origin of somatic mtDNA mutations is associated with the fidelity of the mtDNA polymerase
γ (POLG) [2,3]. Additionally, there seems to be little experimental support for the vicious cycle
theory, which attempts to explain the age-dependent accumulation of mutations by proposing
a mutation-dependent increase of mitochondrial ROS production that, in turn, would result in elevated
oxidative mtDNA damage [1,4]. Rather, the age-dependent increase in the somatic mutation load of
mtDNA reported by many groups [5–7] can be explained sufficiently by the replicative segregation of
mitochondrial mutations [8]. This theory has been supported by evidence that individual cells of aged
persons accumulate high levels of only one specific mutation [9,10]. Additionally, the effect of mtDNA
mutations on mitochondrial ROS production has been reported to be strongly mutation dependent.
Only certain mutations that affect the activity of Complex I and Complex V have been convincingly
shown to increase mitochondrial ROS production [11,12], while random mtDNA point mutations do
not seem to be associated with elevated oxidative stress [13–15].
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One of the most important issues relating to the mitochondrial theory of aging is the very low
frequency of somatic mutations detected in the mtDNA in tissue samples from older individuals.
Obviously, the mitochondrial genome is present in multiple copies (approximately 10 copies per
mitochondrium), and it is a well-established fact that intact mtDNA can complement for mutated
genomes. Therefore, it is difficult to imagine how minor changes in the mitochondrial genome
could lead to functional effects on the cellular level. Only a mosaic distribution of mutated genomes,
resulting from preferential accumulation of mutants in certain cells, can explain the occurrence of
such functional effects in these cells. To cause a functional effect within a cell, a pathogenic point
mutation must typically exceed 85–90% heteroplasmy, while deletions appear to cause functional
effects at heteroplasmy levels above only 60% [16]. This threshold concept has been validated in tissue
samples from numerous patients with mitochondrial diseases harboring pathogenic point mutations or
mtDNA deletions, which contain a mosaic of cells with defects in oxidative phosphorylation (OxPhos)
that are usually detectable by testing for missing cytochrome c oxidase (COX). Similar mosaics of
cells that do not have COX have been reported in postmitotic tissues, such as skeletal muscle [17,18],
heart muscle [19], or the brain [9,10] However, the number of cells lacking COX in these cases is
much lower than that reported in cases of mitochondrial diseases. First attempts have been made
to clarify the potential physiological impact of low amounts of cells lacking COX on intact tissues.
In research studying such effects on mouse hearts, compelling evidence has been provided that if
the frequency of deletions in a small number of individual heart cells exceeds the abovementioned
threshold, then arrhythmia [20]—a typical symptom of age-related heart disease—may develop.
Similarly, it is easy to imagine that individual neurons with impairment of OxPhos, which have been
detected in many central nervous system (CNS) disorders and in the aging brain [9,10], can affect the
function of complex neuronal networks. However, this hypothesis [21] remains to be investigated and
further substantiated.

In light of the above challenges of the mitochondrial theory of aging, we would like to critically
address the issue of the role of oxidative stress in mtDNA-dependent aging in the present review.

2. Sources of Reactive Oxygen Species: Mitochondria versus NAD(P)H Oxidase

The mitochondrial respiratory chain is a well-known source of ROS [22]. Respiratory chain
Complexes I (its flavin (FMN) moiety, [23]) and III (the complex-associated semiquinone radical, [24])
are able to transfer an electron from one of their redox centers to molecular oxygen resulting in
superoxide production. The formed membrane impermeable superoxide anion is rapidly converted
by superoxide dismutases (SOD2 in the matrix and SOD1 in the intermembrane space) to H2O2.
Direct quantitative in vitro measurements with Amplex red-based assays show that isolated rat
brain mitochondria can generate (mainly via energy-dependent reverse electron flow reaction) at
a rate of not more than 800 pmol H2O2/min/mg mitochondrial protein, which corresponds to
approximately 1.6% of the maximal oxygen consumption [23]. It remains doubtful, however, if the
mitochondrial superoxide generation, which approaches the high levels mentioned above only under
conditions of energy-dependent reverse electron flow, is the only relevant source of ROS, because it
is known that under direct-electron-flow conditions the mitochondrial rate drops to about 40 pmol
H2O2/min/mg of mitochondrial protein [23]. One has also to consider that the NAD(P)H-oxidase
of neuronal debris-activated microglial cells can generate up to 45 pmol H2O2/min/mg of cellular
protein in phagocytosis-associated oxidative bursts [25]. This value is very similar to the maximal ROS
production measured in isolated rat brain mitochondria under conditions of energy-dependent reverse
electron flow, taking into consideration that microglial cells contain about 0.05 mg mitochondrial
protein. Clearly, this microglia-generated extramitochondrial H2O2 could also potentially contribute to
mitochondrial ROS-induced damage in neighboring neurons. This is consistent with the observation
that intact tissues, such as the perfused liver (a tissue rich in peroxisomes), can generate between 50 and
490 nmol H2O2/min/g wet weight [22]. Because 1 g liver contains only about 50 mg mitochondrial
protein, this high rate cannot be explained by assuming ROS production only by mitochondria.
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However, the amount of the extramitochondrial contribution to overall ROS production is obviously
tissue-dependent and might be substantially lower in mitochondria-rich cells, like cardiomyocytes.
Moreover, even other mitochondrial ROS generators that are not constituents of the respiratory chain,
such as monoaminooxidase, α-glycerophosphate dehydrogenase, or α-ketoglutarate dehydrogenase,
might substantially contribute to the overall ROS production in a tissue-specific manner [26,27].

H2O2 is membrane permeable via aquaporin channels [28]; however, similar to poor membrane
permeable superoxide, hydrogen peroxide is not able to produce significant oxidative damage to
biomolecules in the absence of free Fe2+. In the presence of this cation, H2O2 is reduced to the highly
reactive HO·radical by Fenton chemistry:

Fe2+ + H2O2 → Fe3+ + HO• + OH−

It is well known that the mitochondrion is an important hub for cellular iron metabolism
and that transport of iron into the mitochondria is directly coupled to uptake of the metal at the
cell membrane [29]. This is due to the fact that the biosynthesis of iron-sulfur clusters and heme
groups is localized in the mitochondrial matrix space. Even though most free iron ions in the
mitochondrial matrix are bound to frataxin and a mitochondrial ferritin, which is similar to the
cytosolic H-ferritin [30], low concentrations of free iron in the matrix can initiate a Fenton reaction.
The presence of free iron ions (chelatable iron) was shown in mitochondria (12–16 µM) [31,32] and
cytosol (6 µM) [33] of rat hepatocytes. Interestingly, the brain area with the highest detectable
level of mtDNA mutagenesis—the substantia nigra from aged individuals [10] and from individuals
with Parkinson’s disease (PD) [9,34]—appears to contain the highest levels of iron [35]. Therefore,
apart from the vicinity of superoxide generating sites in respiratory chain, the distribution of iron
also supports a theory of ROS-induced preferential damage of biomolecules, such as DNA, in the
mitochondrial compartment.

3. Effects of ROS on Mitochondrial DNA

Preparations of human mtDNA are known to contain a large fraction of supercoiled DNA,
while linearized and nicked forms of the nucleic acid are considered to be a result of the damage
caused by ROS, other intracellular effectors, or the isolation procedure. The complexity of mtDNA
molecules isolated from human skeletal mitochondria can be visualized by atomic force microscopy
(see Figure 1). Molecules 1 and 2 represent the classical supercoiled mtDNA having a contour length of
5 µm (which corresponds to about 16 kb canonical double stranded DNA), while molecule 3 is linear
mtDNA of the same length. The smaller DNA molecules are either mtDNA fragments occurring as
result of isolation-related damage or contaminating nuclear DNA fragments.

In vitro experiments show that the oxidative damage of mtDNA is seen in various cell culture
models only at rather high concentrations of ROS (depending on cell type and medium composition).
This low sensitivity to ROS is probably related to the coating of mtDNA with Tfam (mtTFA)—the
mitochondrial histone [37]. While H2O2 and the superoxide anion cause no direct damage to
the DNA [38], the HO· radical formed from H2O2 by the Fenton reaction (see above) shows
strong mutagenicity [39] through the formation of thymine glycol (from pyrimidine bases) and
7,8-dihydro-8-oxo-2′-deoxyguanosine (8-oxodG, from guanine) [40,41]. An additional mutagenic
effect of the hydroxyl radical is the formation of single-strand breaks and more rarely, double-strand
breaks, affecting the entire integrity of mtDNA. Usually H2O2 concentrations above 1 mM are required
to obtain clearly detectable effects. A typical Southern blot experiment showing the effects of H2O2

on HEK293 cells is presented in Figure 2. The effect on the DNA is clearly visible at the very early
stage of the process. Thirty min treatment of the cells with 1mM H2O2 leads to disappearance of the
supercoiled mtDNA and appearance of open circles and linearized mtDNA molecules (Figure 2).
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Figure 1. Atomic force microscopy (AFM) image of mitochondrial DNA (mtDNA) isolated from 
human skeletal muscle (essentially as described by [36]) by phenol extraction. The DNA molecules 
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Figure 1. Atomic force microscopy (AFM) image of mitochondrial DNA (mtDNA) isolated from human
skeletal muscle (essentially as described by [36]) by phenol extraction. The DNA molecules (0.6 ng/mL)
were deposited on freshly cleaved mica in 4 mM HEPES-K (pH 7.4), 2 mM MgCl2, and 10 mM NaCl for
5 min. The surface was rinsed with ultrapure distilled water and dried by blowing nitrogen gas. AFM
imaging was performed on a Solver PRO AFM system (NT-MDT, Moscow, Russia), in a semicontact
(tapping) mode, using Si-gold-coated cantilevers (NT-MDT) with a resonance frequency of 80–110 kHz.
Molecules 1 and 2 are supercoiled and molecule 3 is linear mtDNA, all having a contour length of 5 µm.

This result is in accordance with previous pioneering work [39], showing that the primary effect of
H2O2 is due to damaging of mtDNA by a hydroxyl radical formed by a Fenton reaction. In addition
to the earlier-reported creation of nicks in the strands of the DNA circle, a considerable amount of
linearized mtDNA is present shortly (30 min) after exposure of the cells to H2O2 (Figure 2). At later
time-points, the recovery of circular mtDNA at the expense of linear and nicked mtDNA species is
visible. This relatively fast recovery can be explained by the repair of the DNA (re-ligation of linearized
mtDNA molecules and repair of single-strand breaks by base excision repair) as well as by de novo DNA
synthesis, because the added hydrogen peroxide is rapidly degraded under cell culture conditions [42].
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Figure 2. Southern blot showing the time course of native mtDNA damage caused by 1 mM H2O2

and followed by the DNA repair by HEK293 cells. M: molecular weight marker; 0: control DNA
(from untreated cells); The cells were exposed to 1 mM H2O2 and harvested after 30 min, 2 h, 4 h, 6 h,
24 h, respectively. 1 µg of total DNA was loaded on a 0.6% agarose gel prepared in tris-borate-EDTA
(TBE) buffer and was run in the presence of 0.5 µg/mL ethidium bromide overnight at 40 V. After
alkaline treatment and re-neutralization of the gel, the DNA was blotted to a Zeta-Probe membrane
(Bio-Rad, Hercules, CA, USA) and immobilized by baking at 80 ◦C for 30 min. The blot was hybridized
with a MT-ND6 probe.
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4. Somatic Mitochondrial DNA Mutations in Aging: Free Radical Related Mutagenesis versus
POLG Errors?

The well-documented ROS-induced modification of the DNA bases has been considered to
be one of the main reasons for ROS-induced mutagenicity. 7,8-Dihydro-8-oxo-2′-deoxyguanosine
(8-oxodG) formed as a result of ROS, triggers the mispairing of 8-oxodG with adenine, leading to G > T
transversion mutations [43]. Thymine glycol, which is also formed by DNA exposure to oxidizing
agents or radiation-generated free-radicals, is not mutagenic but causes a strong replication block [44].
However, much evidence has been obtained that the somatic mitochondrial point mutation spectrum
of aged individuals is characterized by a strong G > A transition mutation preference and that the DNA
contains only a very low percentage of G > T transversion mutations [45,46]. This is not only valid for
humans but has also been shown for Drosophila melanogaster [13]. This is apparently not in line with
the mitochondrial theory of aging, because the amount of ROS-related 8-oxodG associated mutations
in mtDNA is low and age-independent [3]. However, this apparent contradiction can be solved by
taking into account the fact that the specific nucleotide selectivity of POLG sufficiently prevents the
fixation of G > T transversion mutations even after abundant formation of 8-oxodG [47]. According
to this work, the incorporated 8-oxodG causes an approximately 95% replication blockade, but the
remaining insertion of nucleotides occurs in the order dCTP >>> dATP > dGTP > dTTP, such as in the
case of unmodified dG. Due to this fact, the selectivity of POLG allows it to cope with high 8-oxodG
levels in the mitochondrial genome making the 8-oxodG positions less mutagenic. Therefore, the low
abundance of somatic G > T transversion mutations in the mtDNA of aged individuals or individuals
with Alzheimer’s disease (AD) as observed in [45,46] cannot be used as an argument against potentially
relevant oxidative mtDNA damage in the aging process [45]. Because the contribution of 8-oxodG
to oxidative damage-related mutagenicity is low, other, less abundant base modifications, such as
nucleotide deamination, still might contribute to the age-related point mutation spectrum of mtDNA.

As an alternative explanation for the increased somatic mtDNA point mutation load in the
aging process, the limitations in fidelity of POLG have been widely discussed [2,3,48]. This seems,
at least qualitatively, to correlate with in vitro data that the nucleotide discrimination factor for the
misinsertion of dT opposite to dG (leading to a G > A transition mutation) is fivefold lower than
for misinsertion of dA (causing a G > T transversion mutation) [47]. However, according to this
work, an approximately 30-fold difference of the nucleotide discrimination factor would be required
to explain the high frequency of G > A transition mutations in relation to the low abundant G > T
transversion mutations detected in tissue samples [45,49]. Other data for human POLG fidelity [50]
indicate a closer match to the measured nucleotide-specific point mutation frequencies.

The following experimental evidence suggests that mtDNA point mutation loads are associated
with the aging process: (i) increased levels of somatic point mutations in aged individuals [5,6]
(the observed spectrum of somatic point mutations [45,46] roughly corresponds to the spectrum of
point mutations detected in the human phylogeny with a high prevalence of G:C > A:T transition
mutations); (ii) lack of the proofreading activity of POLG that results in high loads of somatic point
mutations in mtDNA, causes accelerated aging in mice [14,15]; and (iii) apart from the findings on
humans and mice, mtDNA mutations also appear to be relevant to replicative senescence in yeast,
because budding yeasts lose their functional mtDNA late in life [51].

For mice, accelerated aging appears to be exclusively related to the point mutation load, because
mice with wild type POLG, which inherited only the increased mtDNA point mutation load, also
have a considerably reduced life span [52,53]. However, even though these mice have a phenotype
reminiscent of accelerated aging, there are the following differences to observations in aged human
individuals: (i) The point mutation load in these mice (about tenfold higher than in age-matched
control mice) is one order of magnitude higher than that observed in tissue samples from aged
individuals [54]; (ii) Heterozygous p.D257A POLG mice, which also have considerably elevated point
mutation loads (fivefold higher than in the control animals), show no premature aging phenotype [14];
and (iii) The distribution pattern of point mutations appears to be different with respect to aged human
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subjects. While aged human tissue samples show approximately 10-fold higher mutation loads in
the D-loop region, in mutator mouse tissues, higher point mutation loads have been detected in the
coding region [14]. Moreover, mutator mouse tissues show substantially elevated levels of A:T > T:A
transversions compared to aged subjects [55]. This corresponds to the alterations of the somatic mtDNA
point mutation spectrum observed in yeast mutants lacking the mtDNA polymerase γ proofreading
activity, which show increased levels of transversion mutations, in particular of A:T > T:A type [56,57].
The contribution of the increased point mutation load in the mutator mouse to ROS production
is discussed controversially. In vitro experiments conducted on mutator mouse tissues showed no
increased ROS production [58] or signs of oxidative damage [14,15] apparently contradicting the free
radical theory of aging [59,60]. On the other hand, overexpression of mitochondrial catalase [61],
treatment with N-acetyl cysteine [62], endurance exercise [63], or treatment with the mitochondrially
targeted antioxidant SkQ1 [64] delayed the onset of aging in this mouse model. This discrepancy can be
explained assuming a very moderate effect of point mutation load on mitochondrial ROS production.
The level of ROS reached in the mitochondria might be not high enough to cause damage; however, it
is sufficient to affect pro-apoptotic and pro-inflammatory redox signaling pathways [65].

5. Somatic Mitochondrial DNA Deletions

One of the key observations promoting the idea that mitochondrial dysfunction plays a role in
aging was the increased frequency of respiratory chain-deficient cells in the aged human heart [19].
This phenomenon was also confirmed in other postmitotic tissues, such as skeletal muscle and the
brain [17,66]. In colon crypts [67] and liver [68], COX-negative regions representing a single stem
cell-derived cluster of cells have been described in aged individuals. Analysis of the mtDNA in
single COX-negative cells revealed mainly high amounts of single or multiple mtDNA deletions and,
less frequently, potentially pathogenic point mutations [69–71]. This suggests that accumulation of
mtDNA deletions is at least as relevant in aging-related mitochondrial dysfunction as point mutations.

In aging individuals, a broad spectrum of multiple deletions (a few percent of the total mtDNA)
are present in postmitotic tissues. Some of these deletions, distributed between cells in a highly
heterogenic manner, cause respiratory deficiency in a small fraction of cells. It has been demonstrated
on mouse hearts that, in a complex functional network of cells, even a small number of dysfunctional
units can lead to arrhythmia and, as result, to heart failure [20]. In these experiments mutant Twinkle
helicase was used to generate aged-dependent accumulation of deletions in the mtDNA of the animals
and to mimic the situation in aged humans.

It is a generally accepted observation that in patients carrying single mtDNA deletions, deletion
breakpoints often are flanked by direct-sequence repeats. Replication slippage has been hypothesized
to be responsible for this phenomenon [72]. Another pathway that may play an essential role in
generating deletions in mtDNA is associated with the repair of double-strand breaks in the damaged
mtDNA [73]. The first and, up to now, only experimental evidence that mtDNA damage can
create deletions was obtained in a mouse model in which double-strand breaks were introduced by
a mitochondrial-targeted endonuclease, mitoPstI [74]. Linearization of mtDNA led to the generation of
deletions with one breakpoint located close to the original cleavage site and the other in the vicinity of
the D-loop. Interestingly, similar combinations of the breakpoints have been described in the sclerotic
hippocampus [49,75], leading to the hypothesis that mtDNA double-strand breaks, possibly generated
by oxidative damage, play a role in this pathological process. To find the common denominator
between double-strand break repair and the presence of repeat-associated breakpoints, it has been
suggested that homologous recombination or microhomology-mediated end joining is the underlying
mechanism [73,76]. However, in several cases the majority of breakpoints are not associated with
direct repeats, as observed in different tissues of the mitoPstI mouse [74,77] or deficiencies of the
mitochondrial replication machinery [78,79]. This might point to the existence of alternative pathways
of deletion generation, such as ligase III-mediated non-homologous end-joining of the free ends of
linear mtDNA molecules.
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As noted above (paragraph 3), the ROS attack on mtDNA leads preferentially to the formation of
single-strand breaks, increasing the fraction of nicked circular mtDNA molecules (Figure 2). However,
a substantial increase in the amount of linear mtDNA molecules can also be observed 30 min after
treatment with H2O2 (Figure 2). Linearized mtDNA molecules can be either degraded [77,80] or
re-ligated. The latter reaction, if occurring after partial resection of the free DNA ends, can yield
deleted mtDNA molecules (detailed mechanisms of deletion formation after double-strand breaks
are discussed in [73]). Thus, ROS-induced formation of mtDNA double-strand breaks seems to be
a suitable mechanism for the generation of somatic mtDNA deletions. Because deletions are abundant
in iron rich areas of the brain, such as the substantia nigra [9,10], and preferably detected under
conditions of elevated oxidative stress, such as in inflammatory CNS disorders [49,81], ROS-induced
mtDNA deletion formation followed by their segregation-dependent accumulation appears to be
a valid mechanism to explain the age-dependent decline of oxidative capacity in individual cells.

The most intensively investigated mouse model of mtDNA-related aging is the mutator mouse,
in which a mutation of the replicative DNA polymerase POLG diminishes the exonuclease activity
of the enzyme [14,15]. As discussed earlier, the effect of the acceleration of somatic point mutation
accumulation in mtDNA has been extensively studied in this model. Whether mtDNA deletions
also influence the phenotype of the mutator mouse is still not sufficiently addressed in the literature.
Importantly, the presence of linear and rearranged mtDNA species have been demonstrated in the
mutator mouse [60,82]. While in humans the presence of individual respiratory deficient cells is
a hallmark of mtDNA-related mitochondrial dysfunction in disease and aging, aged or mutator mice
display very few respiratory deficient fibers in their skeletal muscle. This makes it difficult to guess
about the relative contribution of point mutations to the phenotype in comparison to other types of
mtDNA alterations.

6. Somatic Mitochondrial DNA Mutations in Neurodegenerative Diseases

In PD mitochondrial abnormalities in brain samples, including a severe Complex I deficiency,
have been reported by many groups [83]. In particular, in substantia nigra neurons of PD patients,
elevated levels of mtDNA deletions have been detected [9,84]. Similarly, elevated deletion loads in this
iron-rich brain area of aged individuals [10] were reported. Importantly, the level of heteroplasmy of
individual mtDNA deletions observed in single neurons was above the threshold level (see paragraph
1), which is sufficient to explain the lack of cytochrome c oxidase activity staining [10]. It was shown
recently [84] that in addition to higher deletion levels in individual substantia nigra neurons of PD
patients compared to healthy individuals, the wild type mtDNA copy number is also decreased,
resulting in a gradual takeover by deleted mtDNA molecules. In apparent contrast to earlier work [10],
recent ultradeep sequencing analysis of single substantia nigra neurons showed that they contain,
in addition to a single highly abundant deleted mtDNA species, a complex spectrum of deletion
species [85]. Another study [34] reported elevated somatic point mutation loads in the substantia nigra
neurons of early PD patients with about a threefold increase of G > T/C > A transversions, while in late
PD patients the somatic point mutation spectrum was apparently not different to controls. Based on
these results, in support of the assertion that ROS is a potential mutagenic factor, it was suggested that
neurons with high mutation levels degenerate and thus are absent in late stage PD tissues [34].

In AD, the most common late-onset neurodegenerative disorder, mitochondrial function is
negatively affected by Aβ fragments, suggesting that the mitochondrial dysfunction is a consequence of
Aβ toxicity [86–88]. Additionally, for AD, several groups have reported increased point mutation loads
of mtDNA, particularly in the hippocampal formation [46,89]. Again, the point mutation spectrum
is comparable to that detected in normal aging with a high prevalence of transition mutations [46].
The low content of G > T transversions has been interpreted to be inconsistent with a canonical mutation
signature of oxidative damage to mtDNA and, thus, nucleotide deamination or POLG-associated
replication errors have been suggested to be a potential reason for these somatic mutations [46,90].
However, as previously noted, the low level of G > T transversions might be a consequence of the
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specific nucleotide selectivity of POLG [47,91] and do not necessarily implicate a low 8-oxodG content
in AD brain tissue samples.

Mitochondrial abnormalities have been also reported for conditions of selective
neurodegeneration, such as in the case of temporal lobe epilepsy with Ammons horn sclerosis
(AHS) [92], where a selective death of pyramidal neurons in the hippocampal formation takes place.
Here, the molecular basis for the mitochondrial dysfunction is related to both mtDNA depletion [93]
and accumulation of mtDNA deletions [49]. Interestingly, the accumulation of deletions in AHS
appears to be closely related to the presence of immune cells, pointing to oxidative stress as a potential
cause for deletion formation under these particular circumstances. The putative mutagenic effect of
ROS is visible in the somatic point mutation spectrum of the hippocampus of AHS patients, in which
at least a slight elevation of G > T transversions has been observed [49].

Similarly to AHS, in multiple sclerosis (MS)—a chronic, inflammatory disease caused by the loss
of myelin and gliosis—mitochondrial abnormalities have been detected. In patient brains, a reduction
of activities of Complexes I and III, as well as a decrease in COX staining of neurons compared to
age-matched controls has been described [94,95]. In the choroid plexus of MS patients, substantially
elevated levels of mtDNA deletions have been observed [81,96]. Here, similarly to AHS, the somatic
mutations of mtDNA seem to be closely linked to ROS generated by immune and microglial cells.

7. Conclusions and Future Directions

Although there is compelling evidence that the somatic point mutation spectrum of aging tissues
lacks G > T transversions, it cannot be used as an argument for the missing contribution of ROS to
aging because this is likely related to the nucleotide selectivity of POLG. In contrast to point mutations,
the age-dependent accumulation of mtDNA deletions is still compatible with the direct mutagenic
effects of ROS. Linearized mtDNA, the prerequisite for deletion formation, can be generated by the
attack of HO· radicals formed from H2O2 by a Fenton reaction. The source of mtDNA-damaging ROS
remains less clear because the mitochondrial contribution to tissue ROS production seems to be lower
than previously thought. Importantly, the ROS generation by inflammation-linked processes and the
distribution of free iron also require careful consideration and future investigations.

Acknowledgments: This work was supported by grants of the Deutsche Forschungsgemeinschaft (KU 911/21-1,
KU 911/21-2 to W.S.K. and ZS 99/3-1, ZS 99/3-2 to G.Z.), BONFOR (to V.P.) and Israel Science Foundation,
no. 1589/14 (to A.K.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alexeyev, M.F. Is there more to aging than mitochondrial DNA and reactive oxygen species? FEBS J. 2009,
276, 5768–5787. [CrossRef] [PubMed]

2. Szczepanowska, K.; Trifunovic, A. Origins of mtDNA mutations in ageing. Essays Biochem. 2017, 61, 325–337.
[CrossRef] [PubMed]

3. Kauppila, T.E.S.; Kauppila, J.H.K.; Larsson, N.G. Mammalian mitochondria and aging: An update. Cell Metab.
2017, 25, 57–71. [CrossRef] [PubMed]

4. Wiesner, R.J.; Zsurka, G.; Kunz, W.S. Mitochondrial DNA damage and the aging process: Facts and
imaginations. Free Radic. Res. 2006, 40, 1284–1294. [CrossRef] [PubMed]

5. Corral-Debrinski, M.; Horton, T.; Lott, M.T.; Shoffner, J.M.; Beal, M.F.; Wallace, D.C. Mitochondrial DNA
deletions in human brain: Regional variability and increase with advanced age. Nat. Genet. 1992, 2, 324–329.
[CrossRef] [PubMed]

6. Soong, N.W.; Hinton, D.R.; Cortopassi, G.; Arnheim, N. Mosaicism for a specific somatic mitochondrial
DNA mutation in adult human brain. Nat. Genet. 1992, 2, 318–323. [CrossRef] [PubMed]

7. Nekhaeva, E.; Bodyak, N.D.; Kraytsberg, Y.; McGrath, S.B.; Van Orsouw, N.J.; Pluzhnikov, A.; Wei, J.Y.;
Vijg, J.; Khrapko, K. Clonally expanded mtDNA point mutations are abundant in individual cells of human
tissues. Proc. Natl. Acad. Sci. USA 2002, 99, 5521–5526. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1742-4658.2009.07269.x
http://www.ncbi.nlm.nih.gov/pubmed/19796285
http://dx.doi.org/10.1042/EBC20160090
http://www.ncbi.nlm.nih.gov/pubmed/28698307
http://dx.doi.org/10.1016/j.cmet.2016.09.017
http://www.ncbi.nlm.nih.gov/pubmed/28094012
http://dx.doi.org/10.1080/10715760600913168
http://www.ncbi.nlm.nih.gov/pubmed/17090418
http://dx.doi.org/10.1038/ng1292-324
http://www.ncbi.nlm.nih.gov/pubmed/1303288
http://dx.doi.org/10.1038/ng1292-318
http://www.ncbi.nlm.nih.gov/pubmed/1303287
http://dx.doi.org/10.1073/pnas.072670199
http://www.ncbi.nlm.nih.gov/pubmed/11943860


Genes 2018, 9, 175 9 of 13

8. Coller, H.A.; Khrapko, K.; Bodyak, N.D.; Nekhaeva, E.; Herrero-Jimenez, P.; Thilly, W.G. High frequency
of homoplasmic mitochondrial DNA mutations in human tumors can be explained without selection.
Nat. Genet. 2001, 28, 147–150. [CrossRef] [PubMed]

9. Bender, A.; Krishnan, K.J.; Morris, C.M.; Taylor, G.A.; Reeve, A.K.; Perry, R.H.; Jaros, E.; Hersheson, J.S.;
Betts, J.; Klopstock, T.; et al. High levels of mitochondrial DNA deletions in substantia nigra neurons in
aging and Parkinson disease. Nat. Genet. 2006, 38, 515–517. [CrossRef] [PubMed]

10. Kraytsberg, Y.; Kudryavtseva, E.; McKee, A.C.; Geula, C.; Kowall, N.W.; Khrapko, K. Mitochondrial DNA
deletions are abundant and cause functional impairment in aged human substantia nigra neurons. Nat. Genet.
2006, 38, 518–520. [CrossRef] [PubMed]

11. Koopman, W.J.; Verkaart, S.; van Emst-de Vries, S.E.; Grefte, S.; Smeitink, J.A.; Nijtmans, L.G.;
Willems, P.H. Mitigation of NADH: Ubiquinone oxidoreductase deficiency by chronic Trolox treatment.
Biochim. Biophys. Acta 2008, 1777, 853–859. [CrossRef] [PubMed]

12. Menzies, K.J.; Robinson, B.H.; Hood, D.A. Effect of thyroid hormone on mitochondrial properties and
oxidative stress in cells from patients with mtDNA defects. Am. J. Physiol. Cell Physiol. 2009, 296, C355–C362.
[CrossRef] [PubMed]

13. Itsara, L.S.; Kennedy, S.R.; Fox, E.J.; Yu, S.; Hewitt, J.J.; Sanchez-Contreras, M.; Cardozo-Pelaez, F.;
Pallanck, L.J. Oxidative stress is not a major contributor to somatic mitochondrial DNA mutations.
PLoS Genet. 2014, 10, e1003974. [CrossRef] [PubMed]

14. Trifunovic, A.; Wredenberg, A.; Falkenberg, M.; Spelbrink, J.N.; Rovio, A.T.; Bruder, C.E.; Bohlooly, Y.M.;
Gidlöf, S.; Oldfors, A.; Wibom, R.; et al. Premature ageing in mice expressing defective mitochondrial DNA
polymerase. Nature 2004, 429, 417–423. [CrossRef] [PubMed]

15. Kujoth, G.C.; Hiona, A.; Pugh, T.D.; Someya, S.; Panzer, K.; Wohlgemuth, S.E.; Hofer, T.; Seo, A.Y.; Sullivan, R.;
Jobling, W.A.; et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging.
Science 2005, 309, 481–484. [CrossRef] [PubMed]

16. Wallace, D.C. Diseases of the mitochondrial DNA. Annu. Rev. Biochem. 1992, 61, 1175–1212. [CrossRef]
[PubMed]

17. Müller-Höcker, J. Cytochrome c oxidase deficient fibres in the limb muscle and diaphragm of man without
muscular disease: An age-related alteration. J. Neurol. Sci. 1990, 100, 14–21. [CrossRef]

18. Wanagat, J.; Cao, Z.; Pathare, P.; Aiken, J.M. Mitochondrial DNA deletion mutations colocalize with
segmental electron transport system abnormalities, muscle fiber atrophy, fiber splitting, and oxidative
damage in sarcopenia. FASEB J. 2001, 15, 322–332. [CrossRef] [PubMed]

19. Müller-Höcker, J. Cytochrome-c-oxidase deficient cardiomyocytes in the human heart—An age-related
phenomenon. A histochemical ultracytochemical study. Am. J. Pathol. 1989, 134, 1167–1173. [PubMed]

20. Baris, O.R.; Ederer, S.; Neuhaus, J.F.; von Kleist-Retzow, J.C.; Wunderlich, C.M.; Pal, M.; Wunderlich, F.T.;
Peeva, V.; Zsurka, G.; Kunz, W.S.; et al. Mosaic deficiency in mitochondrial oxidative metabolism promotes
cardiac arrhythmia during aging. Cell Metab. 2015, 21, 667–677. [CrossRef] [PubMed]

21. Khrapko, K.; Turnbull, D. Mitochondrial DNA mutations in aging. Prog. Mol. Biol. Transl. Sci. 2014, 127,
29–62. [CrossRef] [PubMed]

22. Sies, H.; Berndt, C.; Jones, D.P. Oxidative stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]
23. Kudin, A.P.; Bimpong-Buta, N.Y.; Vielhaber, S.; Elger, C.E.; Kunz, W.S. Characterization of

superoxide-producing sites in isolated brain mitochondria. J. Biol. Chem. 2004, 279, 4127–4135. [CrossRef]
[PubMed]

24. Malinska, D.; Kulawiak, B.; Kudin, A.P.; Kovacs, R.; Huchzermeyer, C.; Kann, O.; Szewczyk, A.; Kunz, W.S.
Complex III-dependent superoxide production of brain mitochondria contributes to seizure-related ROS
formation. Biochim. Biophys. Acta 2010, 1797, 1163–1170. [CrossRef] [PubMed]

25. Claude, J.; Linnartz-Gerlach, B.; Kudin, A.P.; Kunz, W.S.; Neumann, H. Microglial CD33-related Siglec-E
inhibits neurotoxicity by preventing the phagocytosis-associated oxidative burst. J. Neurosci. 2013, 33,
18270–18276. [CrossRef] [PubMed]

26. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [CrossRef]
[PubMed]

27. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS
release. Physiol. Rev. 2014, 94, 909–950. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/88859
http://www.ncbi.nlm.nih.gov/pubmed/11381261
http://dx.doi.org/10.1038/ng1769
http://www.ncbi.nlm.nih.gov/pubmed/16604074
http://dx.doi.org/10.1038/ng1778
http://www.ncbi.nlm.nih.gov/pubmed/16604072
http://dx.doi.org/10.1016/j.bbabio.2008.03.028
http://www.ncbi.nlm.nih.gov/pubmed/18435906
http://dx.doi.org/10.1152/ajpcell.00415.2007
http://www.ncbi.nlm.nih.gov/pubmed/19036942
http://dx.doi.org/10.1371/journal.pgen.1003974
http://www.ncbi.nlm.nih.gov/pubmed/24516391
http://dx.doi.org/10.1038/nature02517
http://www.ncbi.nlm.nih.gov/pubmed/15164064
http://dx.doi.org/10.1126/science.1112125
http://www.ncbi.nlm.nih.gov/pubmed/16020738
http://dx.doi.org/10.1146/annurev.bi.61.070192.005523
http://www.ncbi.nlm.nih.gov/pubmed/1497308
http://dx.doi.org/10.1016/0022-510X(90)90006-9
http://dx.doi.org/10.1096/fj.00-0320com
http://www.ncbi.nlm.nih.gov/pubmed/11156948
http://www.ncbi.nlm.nih.gov/pubmed/2541614
http://dx.doi.org/10.1016/j.cmet.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25955204
http://dx.doi.org/10.1016/B978-0-12-394625-6.00002-7
http://www.ncbi.nlm.nih.gov/pubmed/25149213
http://dx.doi.org/10.1146/annurev-biochem-061516-045037
http://www.ncbi.nlm.nih.gov/pubmed/28441057
http://dx.doi.org/10.1074/jbc.M310341200
http://www.ncbi.nlm.nih.gov/pubmed/14625276
http://dx.doi.org/10.1016/j.bbabio.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20211146
http://dx.doi.org/10.1523/JNEUROSCI.2211-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24227736
http://dx.doi.org/10.1042/BJ20081386
http://www.ncbi.nlm.nih.gov/pubmed/19061483
http://dx.doi.org/10.1152/physrev.00026.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987008


Genes 2018, 9, 175 10 of 13

28. Henzler, T.; Steudle, E. Transport and metabolic degradation of hydrogen peroxide in Chara corallina: Model
calculations and measurements with the pressure probe suggest transport of H2O2 across water channels.
J. Exp. Bot. 2000, 51, 2053–2066. [CrossRef] [PubMed]

29. Levi, S.; Rovida, E. The role of iron in mitochondrial function. Biochim. Biophys. Acta 2009, 1790, 629–636.
[CrossRef] [PubMed]

30. Gao, G.; Chang, Y.Z. Mitochondrial ferritin in the regulation of brain iron homeostasis and neurodegenerative
diseases. Front. Pharmacol. 2014, 5, 19. [CrossRef] [PubMed]

31. Petrat, F.; Weisheit, D.; Lensen, M.; de Groot, H.; Sustmann, R.; Rauen, U. Selective determination of
mitochondrial chelatable iron in viable cells with a new fluorescent sensor. Biochem. J. 2002, 362, 137–147.
[CrossRef] [PubMed]

32. Rauen, U.; Springer, A.; Weisheit, D.; Petrat, F.; Korth, H.-G.; de Groot, H.; Sustmann, R. Assessment of
chelatable mitochondrial Iron by using mitochondrion-selective fluorescent iron indicators with different
iron-binding affinities. Chem. Bio. Chem. 2007, 8, 341–352. [CrossRef] [PubMed]

33. Petrat, F.; de Groot, H.; Rauen, U. Subcellular distribution of chelatable iron: A laser scanning microscopic
study in isolated hepatocytes and liver endothelial cells. Biochem. J. 2001, 356, 61–69. [CrossRef] [PubMed]

34. Lin, M.T.; Cantuti-Castelvetri, I.; Zheng, K.; Jackson, K.E.; Tan, Y.B.; Arzberger, T.; Lees, A.J.; Betensky, R.A.;
Beal, M.F.; Simon, D.K. Somatic mitochondrial DNA mutations in early Parkinson and incidental Lewy body
disease. Ann. Neurol. 2012, 71, 850–854. [CrossRef] [PubMed]

35. Genoud, S.; Roberts, B.R.; Gunn, A.P.; Halliday, G.M.; Lewis, S.J.G.; Ball, H.J.; Hare, D.J.; Double, K.L.
Subcellular compartmentalisation of copper, iron, manganese, and zinc in the Parkinson’s disease brain.
Metallomics 2017, 9, 1447–1455. [CrossRef] [PubMed]

36. Reichert, M.; Schaller, H.; Kunz, W.; Gerber, G. The dependence on the extramitochondrial ATP/ADP-ratio
of the oxidative phosphorylation in mitochondria isolated by a new procedure from rat skeletal muscle.
Acta Biol. Med. Ger. 1978, 37, 1167–1176. [PubMed]

37. Guliaeva, N.A.; Kuznetsova, E.A.; Gaziev, A.I. Proteins associated with mitochondrial DNA protect it against
the action of X-rays and hydrogen peroxide. Biofizika 2006, 51, 692–697. [PubMed]

38. Halliwell, B.; Aruoma, O.I. DNA damage by oxygen-derived species. Its mechanism and measurement in
mammalian systems. FEBS Lett. 1991, 281, 9–19. [CrossRef]

39. Henle, E.S.; Luo, Y.; Gassmann, W.; Linn, S. Oxidative damage to DNA constituents by iron-mediated Fenton
reactions. The deoxyguanosine family. J. Biol. Chem. 1996, 271, 21177–21186. [CrossRef] [PubMed]

40. Bohr, V.A. Repair of oxidative DNA damage in nuclear and mitochondrial DNA, and some changes with
aging in mammalian cells. Free Radic. Biol. Med. 2002, 32, 804–812. [CrossRef]

41. Wang, D.; Kreutzer, D.A.; Essigmann, J.M. Mutagenicity and repair of oxidative DNA damage: Insights from
studies using defined lesions. Mutat. Res. 1998, 400, 99–115. [CrossRef]

42. Pletjushkina, O.Y.; Fetisova, E.K.; Lyamzaev, K.G.; Ivanova, O.Y.; Domnina, L.V.; Vyssokikh, M.Y.;
Pustovidko, A.V.; Alexeevski, A.V.; Alexeevski, D.A.; Vasiliev, J.M.; et al. Hydrogen peroxide produced
inside mitochondria takes part in cell-to-cell transmission of apoptotic signal. Biochemistry 2006, 71, 60–67.
[CrossRef] [PubMed]

43. Freudenthal, B.D.; Beard, W.A.; Perera, L.; Shock, D.D.; Kim, T.; Schlick, T.; Wilson, S.H. Uncovering the
polymerase induced cytotoxicity of an oxidized nucleotide. Nature 2015, 517, 635–639. [CrossRef] [PubMed]

44. Minetti, C.A.; Remeta, D.P.; Iden, C.R.; Johnson, F.; Grollman, A.P.; Breslauer, K.J. Impact of thymine
glycol damage on DNA duplex energetics: Correlations with lesion-induced biochemical and structural
consequences. Biopolymers 2015, 103, 491–508. [CrossRef] [PubMed]

45. Kennedy, S.R.; Salk, J.J.; Schmitt, M.W.; Loeb, L.A. Ultra-sensitive sequencing reveals an age-related increase in
somatic mitochondrial mutations that are inconsistent with oxidative damage. PLoS Genet. 2013, 9, e1003794.
[CrossRef] [PubMed]

46. Hoekstra, J.G.; Hipp, M.J.; Montine, T.J.; Kennedy, S.R. Mitochondrial DNA mutations increase in early stage
Alzheimer disease and are inconsistent with oxidative damage. Ann. Neurol. 2016, 80, 301–306. [CrossRef]
[PubMed]

47. Graziewicz, M.A.; Bienstock, R.J.; Copeland, W.C. The DNA polymerase γ Y955C disease variant
associated with PEO and parkinsonism mediates the incorporation and translesion synthesis opposite
7,8-dihydro-8-oxo-20-deoxyguanosine. Hum. Mol. Genet. 2007, 16, 2729–2739. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/jexbot/51.353.2053
http://www.ncbi.nlm.nih.gov/pubmed/11141179
http://dx.doi.org/10.1016/j.bbagen.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18948172
http://dx.doi.org/10.3389/fphar.2014.00019
http://www.ncbi.nlm.nih.gov/pubmed/24596558
http://dx.doi.org/10.1042/bj3620137
http://www.ncbi.nlm.nih.gov/pubmed/11829750
http://dx.doi.org/10.1002/cbic.200600311
http://www.ncbi.nlm.nih.gov/pubmed/17219451
http://dx.doi.org/10.1042/bj3560061
http://www.ncbi.nlm.nih.gov/pubmed/11336636
http://dx.doi.org/10.1002/ana.23568
http://www.ncbi.nlm.nih.gov/pubmed/22718549
http://dx.doi.org/10.1039/C7MT00244K
http://www.ncbi.nlm.nih.gov/pubmed/28944802
http://www.ncbi.nlm.nih.gov/pubmed/749453
http://www.ncbi.nlm.nih.gov/pubmed/16909848
http://dx.doi.org/10.1016/0014-5793(91)80347-6
http://dx.doi.org/10.1074/jbc.271.35.21177
http://www.ncbi.nlm.nih.gov/pubmed/8702888
http://dx.doi.org/10.1016/S0891-5849(02)00787-6
http://dx.doi.org/10.1016/S0027-5107(98)00066-9
http://dx.doi.org/10.1134/S0006297906010093
http://www.ncbi.nlm.nih.gov/pubmed/16457620
http://dx.doi.org/10.1038/nature13886
http://www.ncbi.nlm.nih.gov/pubmed/25409153
http://dx.doi.org/10.1002/bip.22680
http://www.ncbi.nlm.nih.gov/pubmed/25991500
http://dx.doi.org/10.1371/journal.pgen.1003794
http://www.ncbi.nlm.nih.gov/pubmed/24086148
http://dx.doi.org/10.1002/ana.24709
http://www.ncbi.nlm.nih.gov/pubmed/27315116
http://dx.doi.org/10.1093/hmg/ddm227
http://www.ncbi.nlm.nih.gov/pubmed/17725985


Genes 2018, 9, 175 11 of 13

48. DeBalsi, K.L.; Hoff, K.E.; Copeland, W.C. Role of the mitochondrial DNA replication machinery in
mitochondrial DNA mutagenesis, aging and age-related diseases. Ageing Res. Rev. 2017, 33, 89–104.
[CrossRef] [PubMed]

49. Volmering, E.; Niehusmann, P.; Peeva, V.; Grote, A.; Zsurka, G.; Altmüller, J.; Nürnberg, P.; Becker, A.J.;
Schoch, S.; Elger, C.E.; et al. Neuropathological signs of inflammation correlate with mitochondrial DNA
deletions in mesial temporal lobe epilepsy. Acta Neuropathol. 2016, 132, 277–288. [CrossRef] [PubMed]

50. Lee, H.R.; Johnson, K.A. Fidelity of the human mitochondrial DNA polymerase. J. Biol. Chem. 2006, 281,
36236–36240. [CrossRef] [PubMed]

51. Dunn, D.C. Running on empty: Does mitochondrial DNA mutation limit replicative lifespan in yeast?
Bioessays 2011, 33, 742–748. [CrossRef] [PubMed]

52. Ross, J.M.; Stewart, J.B.; Hagström, E.; Brené, S.; Mourier, A.; Coppotelli, G.; Freyer, C.; Lagouge, M.;
Hoffer, B.J.; Olson, L.; et al. Germline mitochondrial DNA mutations aggravate ageing and can impair brain
development. Nature 2013, 501, 412–415. [CrossRef] [PubMed]

53. Ross, J.M.; Coppotelli, G.; Hoffer, B.J.; Olson, L. Maternally transmitted mitochondrial DNA mutations can
reduce lifespan. Sci. Rep. 2014, 4, 6569. [CrossRef] [PubMed]

54. Khrapko, K.; Kraytsberg, Y.; de Grey, A.D.; Vijg, J.; Schon, E.A. Does premature aging of the mtDNA mutator
mouse prove that mtDNA mutations are involved in natural aging? Aging Cell 2006, 5, 279–282. [CrossRef]
[PubMed]

55. Pickrell, A.M.; Huang, C.H.; Kennedy, S.R.; Ordureau, A.; Sideris, D.P.; Hoekstra, J.G.; Harper, J.W.; Youle, R.J.
Endogenous Parkin preserves dopaminergic substantia nigral neurons following mitochondrial DNA
mutagenic stress. Neuron 2015, 87, 371–381. [CrossRef] [PubMed]

56. Foury, F.; Vanderstraeten, S. Yeast mitochondrial DNA mutators with deficient proofreading exonucleolytic
activity. EMBO J. 1992, 11, 2717–2726. [PubMed]

57. Vanderstraeten, S.; Van den Brule, S.; Hu, J.; Foury, F. The role of 3′-5′ exonucleolytic proofreading and
mismatch repair in yeast mitochondrial DNA error avoidance. J. Biol. Chem. 1998, 273, 23690–23697.
[CrossRef] [PubMed]

58. Hiona, A.; Sanz, A.; Kujoth, G.C.; Pamplona, R.; Seo, A.Y.; Hofer, T.; Someya, S.; Miyakawa, T.; Nakayama, C.;
Samhan-Arias, A.K.; et al. Mitochondrial DNA mutations induce mitochondrial dysfunction, apoptosis and
sarcopenia in skeletal muscle of mitochondrial DNA mutator mice. PLoS ONE 2010, 5, e11468. [CrossRef]
[PubMed]

59. Loeb, L.A.; Wallace, D.C.; Martin, G.M. The mitochondrial theory of aging and its relationship to reactive
oxygen species damage and somatic mtDNA mutations. Proc. Natl Acad. Sci. USA 2005, 102, 18769–18770.
[CrossRef] [PubMed]

60. Vermulst, M.; Wanagat, J.; Kujoth, G.C.; Bielas, J.H.; Rabinovitch, P.S.; Prolla, T.A.; Loeb, L.A. DNA deletions
and clonal mutations drive premature aging in mitochondrial mutator mice. Nat. Genet. 2008, 40, 392–394.
[CrossRef] [PubMed]

61. Dai, D.F.; Chen, T.; Wanagat, J.; Laflamme, M.; Marcinek, D.J.; Emond, M.J.; Ngo, C.P.; Prolla, T.A.;
Rabinovitch, P.S. Age-dependent cardiomyopathy in mitochondrial mutator mice is attenuated by
overexpression of catalase targeted to mitochondria. Aging Cell 2010, 9, 536–544. [CrossRef] [PubMed]

62. Ahlqvist, K.J.; Hamalainen, R.H.; Yatsuga, S.; Uutela, M.; Terzioglu, M.; Gotz, A.; Forsstrom, S.; Salven, P.;
Angers-Loustau, A.; Kopra, O.H.; et al. Somatic progenitor cell vulnerability to mitochondrial DNA
mutagenesis underlies progeroid phenotypes in Polg mutator mice. Cell Metab. 2012, 15, 100–109. [CrossRef]
[PubMed]

63. Safdar, A.; Bourgeois, J.M.; Ogborn, D.I.; Little, J.P.; Hettinga, B.P.; Akhtar, M.; Thompson, J.E.; Melov, S.;
Mocellin, N.J.; Kujoth, G.C.; et al. Endurance exercise rescues progeroid aging and induces systemic
mitochondrial rejuvenation in mtDNA mutator mice. Proc. Natl Acad. Sci. USA 2011, 108, 4135–4140.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.arr.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27143693
http://dx.doi.org/10.1007/s00401-016-1561-1
http://www.ncbi.nlm.nih.gov/pubmed/26993140
http://dx.doi.org/10.1074/jbc.M607964200
http://www.ncbi.nlm.nih.gov/pubmed/17005554
http://dx.doi.org/10.1002/bies.201100050
http://www.ncbi.nlm.nih.gov/pubmed/21826691
http://dx.doi.org/10.1038/nature12474
http://www.ncbi.nlm.nih.gov/pubmed/23965628
http://dx.doi.org/10.1038/srep06569
http://www.ncbi.nlm.nih.gov/pubmed/25299268
http://dx.doi.org/10.1111/j.1474-9726.2006.00209.x
http://www.ncbi.nlm.nih.gov/pubmed/16842501
http://dx.doi.org/10.1016/j.neuron.2015.06.034
http://www.ncbi.nlm.nih.gov/pubmed/26182419
http://www.ncbi.nlm.nih.gov/pubmed/1321035
http://dx.doi.org/10.1074/jbc.273.37.23690
http://www.ncbi.nlm.nih.gov/pubmed/9726974
http://dx.doi.org/10.1371/journal.pone.0011468
http://www.ncbi.nlm.nih.gov/pubmed/20628647
http://dx.doi.org/10.1073/pnas.0509776102
http://www.ncbi.nlm.nih.gov/pubmed/16365283
http://dx.doi.org/10.1038/ng.95
http://www.ncbi.nlm.nih.gov/pubmed/18311139
http://dx.doi.org/10.1111/j.1474-9726.2010.00581.x
http://www.ncbi.nlm.nih.gov/pubmed/20456298
http://dx.doi.org/10.1016/j.cmet.2011.11.012
http://www.ncbi.nlm.nih.gov/pubmed/22225879
http://dx.doi.org/10.1073/pnas.1019581108
http://www.ncbi.nlm.nih.gov/pubmed/21368114


Genes 2018, 9, 175 12 of 13

64. Shabalina, I.G.; Vyssokikh, M.Y.; Gibanova, N.; Csikasz, R.I.; Edgar, D.; Hallden-Waldemarson, A.;
Rozhdestvenskaya, Z.; Bakeeva, L.E.; Vays, V.B.; Pustovidko, A.V.; et al. Improved health-span and lifespan
in mtDNA mutator mice treated with the mitochondrially targeted antioxidant SkQ1. Aging 2017, 9, 315–339.
[CrossRef] [PubMed]

65. Logan, A.; Shabalina, I.G.; Prime, T.A.; Rogatti, S.; Kalinovich, A.V.; Hartley, R.C.; Budd, R.C.; Cannon, B.;
Murphy, M.P. In vivo levels of mitochondrial hydrogen peroxide increase with age in mtDNA mutator mice.
Aging Cell 2014, 13, 765–768. [CrossRef] [PubMed]

66. Itoh, K.; Weis, S.; Mehraein, P.; Müller-Höcker, J. Cytochrome c oxidase defects of the human substantia nigra
in normal aging. Neurobiol. Aging 1996, 17, 843–848. [CrossRef]

67. Taylor, R.W.; Barron, M.J.; Borthwick, G.M.; Gospel, A.; Chinnery, P.F.; Samuels, D.C.; Taylor, G.A.; Plusa, S.M.;
Needham, S.J.; Greaves, L.C.; et al. Mitochondrial DNA mutations in human colonic crypt stem cells.
J. Clin. Invest. 2003, 112, 1351–1360. [CrossRef] [PubMed]

68. Fellous, T.G.; Islam, S.; Tadrous, P.J.; Elia, G.; Kocher, H.M.; Bhattacharya, S.; Mears, L.; Turnbull, D.M.;
Taylor, R.W.; Greaves, L.C.; et al. Locating the stem cell niche and tracing hepatocyte lineages in human liver.
Hepatology 2009, 49, 1655–1663. [CrossRef] [PubMed]

69. Khrapko, K.; Bodyak, N.; Thilly, W.G.; van Orsouw, N.J.; Zhang, X.; Coller, H.A.; Perls, T.T.; Upton, M.; Vijg, J.;
Wei, J.Y. Cell-by-cell scanning of whole mitochondrial genomes in aged human heart reveals a significant
fraction of myocytes with clonally expanded deletions. Nucleic Acids Res. 1999, 27, 2434–2441. [CrossRef]
[PubMed]

70. Fayet, G.; Jansson, M.; Sternberg, D.; Moslemi, A.R.; Blondy, P.; Lombès, A.; Fardeau, M.; Oldfors, A. Ageing
muscle: Clonal expansions of mitochondrial DNA point mutations and deletions cause focal impairment of
mitochondrial function. Neuromuscul. Disord. 2002, 12, 484–493. [CrossRef]

71. Payne, B.A.; Wilson, I.J.; Hateley, C.A.; Horvath, R.; Santibanez-Koref, M.; Samuels, D.C.; Price, D.A.;
Chinnery, P.F. Mitochondrial aging is accelerated by anti-retroviral therapy through the clonal expansion of
mtDNA mutations. Nat. Genet. 2011, 43, 806–810. [CrossRef] [PubMed]

72. Shoffner, J.M.; Lott, M.T.; Voljavec, A.S.; Soueidan, S.A.; Costigan, D.A.; Wallace, D.C. Spontaneous
Kearns-Sayre/chronic external ophthalmoplegia plus syndrome associated with a mitochondrial DNA
deletion: A slip-replication model and metabolic therapy. Proc. Natl. Acad. Sci. USA 1989, 86, 7952–7956.
[CrossRef] [PubMed]

73. Krishnan, K.J.; Reeve, A.K.; Samuels, D.C.; Chinnery, P.F.; Blackwood, J.K.; Taylor, R.W.; Wanrooij, S.;
Spelbrink, J.N.; Lightowlers, R.N.; Turnbull, D.M. What causes mitochondrial DNA deletions in human
cells? Nat. Genet. 2008, 40, 275–279. [CrossRef] [PubMed]

74. Srivastava, S.; Moraes, C.T. Double-strand breaks of mouse muscle mtDNA promote large deletions similar
to multiple mtDNA deletions in humans. Hum. Mol. Genet. 2005, 14, 893–902. [CrossRef] [PubMed]

75. Guo, X.; Popadin, K.Y.; Markuzon, N.; Orlov, Y.L.; Kraytsberg, Y.; Krishnan, K.J.; Zsurka, G.; Turnbull, D.M.;
Kunz, W.S.; Khrapko, K. Repeats, longevity and the sources of mtDNA deletions: Evidence from ‘deletional
spectra’. Trends Genet. 2010, 26, 340–343. [CrossRef] [PubMed]

76. Tadi, S.K.; Sebastian, R.; Dahal, S.; Babu, R.K.; Choudhary, B.; Raghavan, S.C. Microhomology-mediated
end joining is the principal mediator of double-strand break repair during mitochondrial DNA lesions.
Mol. Biol. Cell 2016, 27, 223–235. [CrossRef] [PubMed]

77. Fukui, H.; Moraes, C.T. Mechanisms of formation and accumulation of mitochondrial DNA deletions in
aging neurons. Hum. Mol. Genet. 2009, 18, 1028–1036. [CrossRef] [PubMed]

78. Wanrooij, S.; Luoma, P.; van Goethem, G.; van Broeckhoven, C.; Suomalainen, A.; Spelbrink, J.N. Twinkle
and POLG defects enhance age-dependent accumulation of mutations in the control region of mtDNA.
Nucleic Acids Res. 2004, 32, 3053–3064. [CrossRef] [PubMed]

79. Nicholls, T.J.; Zsurka, G.; Peeva, V.; Schöler, S.; Szczesny, R.J.; Cysewski, D.; Reyes, A.; Kornblum, C.;
Sciacco, M.; Moggio, M.; et al. Linear mtDNA fragments and unusual mtDNA rearrangements associated
with pathological deficiency of MGME1 exonuclease. Hum. Mol. Genet. 2014, 23, 6147–6162. [CrossRef]
[PubMed]

80. Moretton, A.; Morel, F.; Macao, B.; Lachaume, P.; Ishak, L.; Lefebvre, M.; Garreau-Balandier, I.; Vernet, P.;
Falkenberg, M.; Farge, G. Selective mitochondrial DNA degradation following double-strand breaks.
PLoS One 2017, 12, e0176795. [CrossRef] [PubMed]

http://dx.doi.org/10.18632/aging.101174
http://www.ncbi.nlm.nih.gov/pubmed/28209927
http://dx.doi.org/10.1111/acel.12212
http://www.ncbi.nlm.nih.gov/pubmed/24621297
http://dx.doi.org/10.1016/S0197-4580(96)00168-6
http://dx.doi.org/10.1172/JCI19435
http://www.ncbi.nlm.nih.gov/pubmed/14597761
http://dx.doi.org/10.1002/hep.22791
http://www.ncbi.nlm.nih.gov/pubmed/19309719
http://dx.doi.org/10.1093/nar/27.11.2434
http://www.ncbi.nlm.nih.gov/pubmed/10325435
http://dx.doi.org/10.1016/S0960-8966(01)00332-7
http://dx.doi.org/10.1038/ng.863
http://www.ncbi.nlm.nih.gov/pubmed/21706004
http://dx.doi.org/10.1073/pnas.86.20.7952
http://www.ncbi.nlm.nih.gov/pubmed/2554297
http://dx.doi.org/10.1038/ng.f.94
http://www.ncbi.nlm.nih.gov/pubmed/18305478
http://dx.doi.org/10.1093/hmg/ddi082
http://www.ncbi.nlm.nih.gov/pubmed/15703189
http://dx.doi.org/10.1016/j.tig.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20591530
http://dx.doi.org/10.1091/mbc.E15-05-0260
http://www.ncbi.nlm.nih.gov/pubmed/26609070
http://dx.doi.org/10.1093/hmg/ddn437
http://www.ncbi.nlm.nih.gov/pubmed/19095717
http://dx.doi.org/10.1093/nar/gkh634
http://www.ncbi.nlm.nih.gov/pubmed/15181170
http://dx.doi.org/10.1093/hmg/ddu336
http://www.ncbi.nlm.nih.gov/pubmed/24986917
http://dx.doi.org/10.1371/journal.pone.0176795
http://www.ncbi.nlm.nih.gov/pubmed/28453550


Genes 2018, 9, 175 13 of 13

81. Campbell, G.R.; Kraytsberg, Y.; Krishnan, K.J.; Ohno, N.; Ziabreva, I.; Reeve, A.; Trapp, B.D.; Newcombe, J.;
Reynolds, R.; Lassmann, H.; et al. Clonally expanded mitochondrial DNA deletions within the choroid
plexus in multiple sclerosis. Acta Neuropathol. 2012, 124, 209–220. [CrossRef] [PubMed]

82. Bailey, L.J.; Cluett, T.J.; Reyes, A.; Prolla, T.A.; Poulton, J.; Leeuwenburgh, C.; Holt, I.J. Mice expressing
an error-prone DNA polymerase in mitochondria display elevated replication pausing and chromosomal
breakage at fragile sites of mitochondrial DNA. Nucleic Acids Res. 2009, 37, 2327–2335. [CrossRef] [PubMed]

83. Franco-Iborra, S.; Vila, M.; Perier, C. The Parkinson disease mitochondrial hypothesis: Where are we at?
Neuroscientist 2016, 22, 266–277. [CrossRef] [PubMed]

84. Dölle, C.; Flønes, I.; Nido, G.S.; Miletic, H.; Osuagwu, N.; Kristoffersen, S.; Lilleng, P.K.; Larsen, J.P.;
Tysnes, O.B.; Haugarvoll, K.; et al. Defective mitochondrial DNA homeostasis in the substantia nigra in
Parkinson disease. Nat. Commun. 2016, 7, 13548. [CrossRef] [PubMed]

85. Nido, G.S.; Dölle, C.; Flønes, I.; Tuppen, H.A.; Alves, G.; Tysnes, O.B.; Haugarvoll, K.; Tzoulis, C. Ultradeep
mapping of neuronal mitochondrial deletions in Parkinson’s disease. Neurobiol. Aging. 2017, 63, 120–127.
[CrossRef] [PubMed]

86. Sheng, B.; Wang, X.; Su, B.; Lee, H.G.; Casadesus, G.; Perry, G.; Zhu, X. Impaired mitochondrial biogenesis
contributes to mitochondrial dysfunction in Alzheimer’s disease. J. Neurochem. 2012, 120, 419–429. [CrossRef]
[PubMed]

87. Du, H.; Guo, L.; Yan, S.; Sosunov, A.A.; McKhann, G.M.; Yan, S.S. Early deficits in synaptic mitochondria
in an Alzheimer’s disease mouse model. Proc. Natl. Acad. Sci. USA 2010, 107, 18670–18675. [CrossRef]
[PubMed]

88. Mossmann, D.; Vögtle, F.N.; Taskin, A.A.; Teixeira, P.F.; Ring, J.; Burkhart, J.M.; Burger, N.; Pinho, C.M.;
Tadic, J.; Loreth, D.; et al. Amyloid-β peptide induces mitochondrial dysfunction by inhibition of preprotein
maturation. Cell Metab. 2014, 20, 662–669. [CrossRef] [PubMed]

89. Lin, M.T.; Simon, D.K.; Ahn, C.H.; Kim, L.M.; Beal, M.F. High aggregate burden of somatic mtDNA point
mutations in aging and Alzheimer’s disease brain. Hum. Mol. Genet 2002, 11, 133–145. [CrossRef] [PubMed]

90. Nissanka, N.; Moraes, C.T. Mitochondrial DNA damage and reactive oxygen species in neurodegenerative
disease. FEBS Lett. 2018, 592, 728–742. [CrossRef] [PubMed]

91. Hanes, J.W.; Thal, D.M.; Johnson, K.A. Incorporation and replication of 8-oxo-deoxyguanosine by the human
mitochondrial DNA polymerase. J. Biol. Chem. 2006, 281, 36241–36248. [CrossRef] [PubMed]

92. Kunz, W.S.; Kudin, A.P.; Vielhaber, S.; Blümcke, I.; Zuschratter, W.; Schramm, J.; Beck, H.; Elger, C.E.
Mitochondrial complex I deficiency in the epileptic focus of patients with temporal lobe epilepsy. Ann. Neurol.
2000, 48, 766–773. [CrossRef]

93. Baron, M.; Kudin, A.P.; Kunz, W.S. Mitochondrial dysfunction in neurodegenerative disorders.
Biochem. Soc. Trans. 2007, 35, 1228–1231. [CrossRef] [PubMed]

94. Dutta, R.; McDonough, J.; Yin, X.; Peterson, J.; Chang, A.; Torres, T.; Gudz, T.; Macklin, W.B.; Lewis, D.A.;
Fox, R.J.; et al. Mitochondrial dysfunction as a cause of axonal degeneration in multiple sclerosis patients.
Ann. Neurol. 2006, 59, 478–489. [CrossRef] [PubMed]

95. Campbell, G.R.; Mahad, D.J. Mitochondrial changes associated with demyelination: Consequences for
axonal integrity. Mitochondrion 2012, 12, 173–179. [CrossRef] [PubMed]

96. Campbell, G.R.; Ziabreva, I.; Reeve, A.K.; Krishnan, K.J.; Reynolds, R.; Howell, O.; Lassmann, H.;
Turnbull, D.M.; Mahad, D.J. Mitochondrial DNA deletions and neurodegeneration in multiple sclerosis.
Ann. Neurol. 2011, 69, 481–492. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00401-012-1001-9
http://www.ncbi.nlm.nih.gov/pubmed/22688405
http://dx.doi.org/10.1093/nar/gkp091
http://www.ncbi.nlm.nih.gov/pubmed/19244310
http://dx.doi.org/10.1177/1073858415574600
http://www.ncbi.nlm.nih.gov/pubmed/25761946
http://dx.doi.org/10.1038/ncomms13548
http://www.ncbi.nlm.nih.gov/pubmed/27874000
http://dx.doi.org/10.1016/j.neurobiolaging.2017.10.024
http://www.ncbi.nlm.nih.gov/pubmed/29257976
http://dx.doi.org/10.1111/j.1471-4159.2011.07581.x
http://www.ncbi.nlm.nih.gov/pubmed/22077634
http://dx.doi.org/10.1073/pnas.1006586107
http://www.ncbi.nlm.nih.gov/pubmed/20937894
http://dx.doi.org/10.1016/j.cmet.2014.07.024
http://www.ncbi.nlm.nih.gov/pubmed/25176146
http://dx.doi.org/10.1093/hmg/11.2.133
http://www.ncbi.nlm.nih.gov/pubmed/11809722
http://dx.doi.org/10.1002/1873-3468.12956
http://www.ncbi.nlm.nih.gov/pubmed/29281123
http://dx.doi.org/10.1074/jbc.M607965200
http://www.ncbi.nlm.nih.gov/pubmed/17005553
http://dx.doi.org/10.1002/1531-8249(200011)48:5&lt;766::AID-ANA10&gt;3.0.CO;2-M
http://dx.doi.org/10.1042/BST0351228
http://www.ncbi.nlm.nih.gov/pubmed/17956319
http://dx.doi.org/10.1002/ana.20736
http://www.ncbi.nlm.nih.gov/pubmed/16392116
http://dx.doi.org/10.1016/j.mito.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21406249
http://dx.doi.org/10.1002/ana.22109
http://www.ncbi.nlm.nih.gov/pubmed/21446022
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction: The Mitochondrial Theory of Aging and Recent Controversial Findings 
	Sources of Reactive Oxygen Species: Mitochondria versus NAD(P)H Oxidase 
	Effects of ROS on Mitochondrial DNA 
	Somatic Mitochondrial DNA Mutations in Aging: Free Radical Related Mutagenesis versus POLG Errors? 
	Somatic Mitochondrial DNA Deletions 
	Somatic Mitochondrial DNA Mutations in Neurodegenerative Diseases 
	Conclusions and Future Directions 
	References

