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Abstract

The mitochondrial theory of aging, a mainstream
theory of aging which once included accumulation
of mitochondrial DNA (mtDNA) damage by reactive
oxygen species (ROS) as its cornerstone, has been in-
creasingly losing ground and is undergoing extensive
revision due to its inability to explain a growing body of
emerging data. Concurrently, the notion of the central
role for mtDNA in the aging process is being met with
increased skepticism. Our progress in understanding
the processes of mtDNA maintenance, repair, damage,
and degradation in response to damage has largely
refuted the view of mtDNA as being particularly sus-
ceptible to ROS-mediated mutagenesis due to its lack
of “protective” histones and reduced complement of
available DNA repair pathways. Recent research on mi-
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tochondrial ROS production has led to the appreciation
that mitochondria, even /n vitro, produce much less
ROS than previously thought, automatically leading to
a decreased expectation of physiologically achievable
levels of mtDNA damage. New evidence suggests that
both experimentally induced oxidative stress and radia-
tion therapy result in very low levels of mtDNA muta-
genesis. Recent advances provide evidence against the
existence of the “vicious” cycle of mtDNA damage and
ROS production. Meta-studies reveal no longevity ben-
efit of increased antioxidant defenses. Simultaneously,
exciting new observations from both comparative biol-
ogy and experimental systems indicate that increased
ROS production and oxidative damage to cellular mac-
romolecules, including mtDNA, can be associated with
extended longevity. A novel paradigm suggests that
increased ROS production in aging may be the result of
adaptive signaling rather than a detrimental byproduct
of normal respiration that drives aging. Here, we review
issues pertaining to the role of mtDNA in aging.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The notion of reactive oxygen species (ROS)
-mediated accumulation of mutations in mitochondrial
DNA (mtDNA) as a driving force behind aging is increas-
ingly losing ground forcing a revision of the Mitochon-
drial Theory of Aging. While mitochondrial involvement
remains in the center of attention of aging research, the
focus is shifting from mtDNA mutations to mitochondrial
physiology. The positive effect of increased ROS produc-
tion on longevity is increasingly viewed as evidence that
increased ROS production in aging may be adaptive
rather than maladaptive. This novel paradigm explains
failure of antioxidants to delay aging in clinical trials.
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INTRODUCTION

While there is no universally accepted definition of the
aging process, it is often defined as changes (mostly det-
rimental) that occur in organisms during their lifespan.
Most researchers agree that aging is: (1) universal; (2)
intrinsic (Ze., “built-in”); (3) progressive; (4) deleterious;
and (5) irreversible. The universality of the aging process
suggests the existence of an equally universal mechanism
or mechanisms that govern it. Over time, different aging
theories proposed a variety of such basic mechanisms.
Perhaps the most popular of these theories was (and, ar-
guably, remains) the Free Radical/Mitochondtial Theory
of Aging (henceforth MTA) first proposed by Harman'"
in 1956. Initially, this theory simply postulated that aging
results from the accumulation of oxygen free radical [re-
active oxygen species (ROS)| damage to cellular compo-
nents, including nucleic acids". Over the years, the theory
was refined by, first, the identification of mitochondtia as
both the source and the target of the ROS™. and, then,
the identification of mitochondrial DNA (mtDNA) as
a tally-keeper for the damage. The latter concept was in-
troduced by Fleming ez al” and Miquel ez al*?) and is of
particular importance because it provided an answer to
critics who questioned the capability of other mitochon-
drial macromolecules such as lipids, proteins, or RNA
to accumulate longitudinal damage over an organism’s
lifetime. Unlike damage to other macromolecules, dam-
age to mtDNA can be converted to point mutations and
deletions, which can be transmitted to and accumulated
in daughter molecules through the process of replication,
enabling deterioration of the integrity of hereditary in-
formation over time. It is this damage-sustaining capacity
of mtDNA that makes it central to discussions of aging,
and it is this property that will be the focus of the cur-
rent review. Over the years, the MTA underwent many
revisions to accommodate new experimental evidence,
and thus, there are almost as many versions of it as there
are investigators. As Jacobs observed more than a decade
ago, “opponents of the hypothesis (MTA) tend to define
it in such a narrow and extreme way that it is almost self-
evidently falsified by generally accepted facts. Conversely,
its proponents are liable to state the theory in such a
vague and general way that it is virtually unfalsifiable
experimentally”. Here, we review our current knowl-
edge of mtDNA maintenance as it pertains to the MTA,
which consists of the following basic tenets: (1) Mito-
chondria are a significant source of ROS in the cell; (2)
Mitochondrial ROS inflict damage on mtDNA; (3) Oxi-
dative mtDNA damage results in mutations; (4) mtDNA
mutations lead to the synthesis of defective polypeptide
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components of the electron transport chain (ETC); (5)
Incorporation of these defective subunits into the ETC
leads to a further increase in ROS production, initiating a
“vicious” cycle of ROS production, mtDNA mutations,
and mitochondrial dysfunction (Figure 1). This tenet ap-
pears to be the most controversial, and is no longer rec-
ognized as a part of the MTA by many researchers; and
(6) Eventually, mtDNA mutations, ROS production and
cellular damage by ROS reach levels incompatible with
life.

Some recent experimental evidence has called into
question the validity of the MTA, prompting its reevalu-
ation (see ¢g.,). Here, we present a historical perspective
of our views on the role of mtDNA in aging and update

. .. . L8
our earlier critical review of the topic®.

MTDNA

MtDNA (Figure 2) in mammals is a circular molecule that
encodes 37 genes, including 2 rRNAs, 22 tRNAs, and
13 polypeptides. All 13 polypeptides are components of
the oxidative phosphorylation (OXPHOS) system. They
are encoded using a non-standard genetic code, which

requires its own translational machinery separate from
that of the nucleus. Two rRNAs and 22 tRNAs involved
in this mitochondrial protein synthesis are also encoded
by mtDNA. Mitochondrial DNA is densely packed into
nucleoids, each containing as few as 1-2 mtDNA mol-
ecules™.

A significant body of indirect evidence implicating
mtDNA in longevity was contributed by studies on the
inheritance patterns of longevity, which suggested pos-
sible cytoplasmic (mitochondrial) inheritance"”, and from
studies which revealed the association of some mtDNA
variations with longevitym’m. However, other studies
indicate that these associations are weak!". The latest
large-scale study on mtDNA and aging suggests that the
relationship between mtDNA variants and longevity may
be much more complex, and that while mutations in the
OXPHOS complex I may beneficially affect longev-
ity, the coincidence of mutations in complexes [ and
Il as well as the simultaneous presence of mutations in
complexes [ and V are detrimental. These more com-
plex relationships escape detection by haplogroup analy-
sis and require sequencing of complete mitochondrial
genomes' . Overall, these findings indirectly support the
idea that mtDNA variations may contribute to longevity.

MITOCHONDRIA ARE A SIGNIFICANT
SOURCE OF ROS IN CELLS

ROS generation by mitochondria

In the course of their migration through the respira-
tory chain, electrons can “escape” and participate in
the single-electron reduction of oxygen resulting in the
formation of the superoxide radical (Oz2* Eq. 1). The de-
tailed overview of this process is presented elsewhere™"”.
While the exact magnitude of ROS production i vivo re-
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Figure 1 “Vicious cycle” of reactive oxygen species production, mito-
chondrial DNA damage, mitochondrial DNA mutagenesis and further reac-
tive oxygen species production. The cycle implies an exponential growth of
reactive oxygen species (ROS) production and mitochondrial DNA (mtDNA)
mutagenesis.

mains debatable, we and others repeatedly argued[s’m that
the values of 1%-2% of total oxygen consurnption[1 ¥ fre-
quently cited in the literature are not reflective of physi-
ological conditions and that the real rates are much lower.

ROS are produced by multiple sites in mitochon-
dria”. Sites other than complexes I and Il are rarely
mentioned in the context of aging. However, recent data
suggest that some of these sites may have higher ROS
production capacity than respiratory chain complex I,
which is often viewed as a major source of matrix su-
peroxide production[zm. Moreover, it was argued that the
endoplasmic reticulum and peroxisomes have a greater
capacity to produce ROS than mitochondria do®". An-
other important consideration is that Oz°- produced by
the mitochondrial respiratory chain inactivates aconitase,
thus suppressing the Krebs cycle and reducing supply
of NADH and FADH: to the respiratory chain. This
can reduce electron flow through ETC, lower the reduc-
tion of ETC complexes, and diminish the production of
O22-%! Thus, Oze- production by ETC may be regu-
lated by a negative feedback loop. Finally, actively respir-
ing mitochondria rna}[fzzgonsume more ROS than they are

capable of producing™.

Mitochondrial ROS neutralization

ETC-generated ROS are detoxified through a two-step
process. First, Oze- is converted to H2Oz either spontane-
ously, or with the help of superoxide dismutases (Eq. 2).
Two superoxide dismutases were described in mitochon-
dria: SOD2 in the matrix and SOD1 in the intermembrane
space. Interestingly, there is evidence of SOD1 activation
by Oze-"J, The relative stability and membrane perme-
ability of H20: ensure its ready access to mtDNA, yet like
Oze- this ROS is unable to efficiently react with DNA".
Only when H2O2undergoes Fenton chemistry in the pres-
ence of transition metal ions (Eq. 3) is it converted to the
extremely reactive hydroxyl radical. This ROS can effi-
ciently damage mtDNA and other mitochondrial compo-
nents”"", At the second step, H2 Oz in the mitochondtrial
matrix is detoxified by peroxiredoxins Il and V (PrxIl
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and PrxV, Eq. 4 and 5, respectively™) and by glutathi-
one peroxidase 1 (GPx1, Eq. 6). Of the eight known
GPx isoforms, this one is targeted to the mitochondrial
matrix””. Another isoform, GPx4, is involved in detoxifi-
cation of the mitochondrial membrane hydroperoxides™
and is relevant due to the close association between mtD-
NA and the inner mitochondrial membrane. Prx I is
about 30-fold more abundant in mitochondria than GPx
1P T is generally believed that catalase does not localize
to mitochondtia””. Therefore, GPx 1, and Prx Il and V
appear to be the main contributors to H202 detoxification
in the mitochondrial matrix.

O2+e — O (Eq. 1)
202+ 2H — H20: + O2 (Eq. 2)
Fe*" + Hx0:— Fe'" ++OH + OH (Eq. 3)

H20:2 + 2PexIll (SH)2 — 2H20 + Prx Il (SH)-S-S(SH)Prx

i (Eq. 4)
02 + PrxV (SH)2 — 2H20 + PrxV (S-S) (Eq. 5)
H202 + 2GSH — GS-SG + 2Hz0 (Eq. 6)

Remarkably, the thioredoxin/peroxiredoxin system
is capable of detoxifying extramitochondrial H20: in a
respiration-dependent manner, providing evidence that
mitochondrial OXPHOS is involved not only in the pro-
duction of ROS,; but also in their detoxification, and rais-
ing the question of whether mitochondria 7 vivo are a net

source or a net sink of ROS™,

MTDNA DAMAGE BY ROS

The reaction of O:ze- with non-radicals is spin forbid-
den™". In biological systems, this means that the main
reactions of Oze- are with itself (dismutation) or with
another biological radical, such as nitric oxide. There-
fore, direct reactions of Oze- with mtDNA are unlikely.
This ROS is far more likely to undergo dismutation to
H202 (Eq. 2). As indicated above, H202 in the presence
of transition metal ions, in particular Fe’" and Cu’, can
undergo Fenton chemistry to form the extremely reac-
tive *OH. Mitochondria are rich in iron, as many mito-
chondrial enzymes possess heme groups and iron-sulfur
clusters in their active centers, and this abundance of
iron may favor *OH production™. Therefore, it has been
argued that mitochondtia may be particulatly susceptible
to *OH -mediated oxidation, which plays a major role in
DNA oxidation"™. In this respect, it is important to note
that mitochondrial iron is not free, but chelated (bound).
Some experimental evidence does support the availability
of chelated iron for Fenton-type reactions**!!, and it is
also true that iron chelators like desferrioxamine can ef-
ficiently suppress DNA mutagenesis by Fenton chemistry
in vitrd™. However, there is still a need for studies that
could directly assess the ability of the iron bound in mi-
tochondrial heme- and Fe-S proteins to promote genera-
tion of *OH.

Is mtDNA more sensitive to damage?
The mitochondrial genome accumulates germline muta-
tions approximately one order of magnitude faster than
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Figure 2 The map of human mitochondrial DNA. OH and OL: Origins of
heavy and light strand replication, respectively; ND1-ND6: Subunits of NADH
dehydrogenase (ETC complex 1) subunits 1 through 6; COX1-COX3: Subunits
of cytochrome oxidase subunits 1 through 3 (ETC complex IV); ATP6 and ATP8:
Subunits 6 and 8 of mitochondrial ATPase (complex V); Cyt b: Cytochrome b
(complex Il); ETC: Electron transport chain.

nuclear DNA (nDNA)*™*. To evaluate relative accumu-
lation of somatic mutations in nDNA »s mtDNA, we
used 6 X 10™ per nucleotide per cell division as an upper
estimate for the rate of nDNA mutagenesis (8). Consid-
ering that the number of cells in the human body is 3.72
X 10" (9), which roughly corresponds to 45 cell divisions
starting with a fertilized egg, we artive at 6 X 45 X 10° =
2.7 X 10° mutations per base pair for the somatic nDNA
mutation burden in an aged human, provided that there
is no further nDNA mutagenesis after reaching adult-
hood. The somatic mtDNA mutation burden has been
recently estimated to be 1.9 X 107 (10), which is less than
1 order of magnitude higher than the 2.7 X 10° just cal-
culated for nDNA. mtDNA is turned over with half-lives
of 10-30 d in different tissues (11), and therefore the dif-
ference in the rates of spontaneous somatic mtDNA mu-
tagenesis between mtDNA and nDNA on per doubling
basis may be even smaller than 1 order of magnitude [be-
cause in a 70-year-old human mtDNA has replicated on
average (assuming a half-life of 30 d) at least 12/2 X 70
+ 45 = 465 times compated to 45 times for nDNA, not
counting repair synthesis]. Therefore, somatic mutations
may accumulate at the same per doubling rate in nDNA
as they do in mtDNA, while the cumulative burden of
mutations in mtDNA may be one order of magnitude
higher than that in nDNA in a 70-year-old individual.

In the literature, three properties of the mitochon-
drial genome are frequently cited as responsible for this
faster rate of mtDNA mutagenesis: (1) Its proximity to
the source of ROS (ETC); (2) Its lack of “protective”
histones; and (3) A limited repertoire of DNA repair
pathways available in mitochondria.

It has been argued, however, that proximity to the
source of ROS, by itself, is unable to explain the higher
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mutation rate of mtDNA, and that some available ex-
perimental evidence directly contradicts the notion of the
protective role of histones!”. Observations that mtDNA
is covered by TFAM" and that at least some prominent
oxidative DNA lesions are repaired more efficiently in
mitochondria than they are in the nucleus*” also contra-
dict the above arguments.

Moreover, mitochondria evolved a unique way to deal
with excessive or irreparable damage: a pathway for deg-
radation or abandonment of damaged molecules (Figure
3)*%) This pathway is enabled by the high redundancy
of mtDNA (hundreds to thousands of copies per cell).
MtDNA degradation has been reported in response to

5052 . 019 to enzymatically-induced

both oxidative stress
abasic sites”™. It also has been suggested that substrates
for the Nucleotide Excision Repair pathway, which has
not been detected in mitochondria, are also mitigated
through mtDNA turnover” 7,

If three of the above mentioned rationales in sup-
port of mtDNA’s higher susceptibility to (oxidative)
damage and mutagenesis are not satisfactorily supported
by experimental evidence, what then is the basis for the
frequently cited higher (compared to nDNA) suscepti-
bility of mtDNA to oxidative stress? Here, one ought
to make a distinction between damage to DNA bases-
which may lead, upon replication, to point mutations-
and damage to the sugar phosphate backbone. The first
report comparing the content of the oxidative DNA
base lesion, 8-oxodG, in nDNA »s mtDNA indicated that
mtDNA may accumulate up to 15 times higher levels of
this DNA oxidation productm. However, it was later es-
tablished that this dramatic difference was a technical ar-
tefact””. Independent studies since confirmed that levels
of 8-0x0dG are similar in nDNA and mtDNAP ™ As
far as sugar-phosphate backbone damage is concerned,
Yakes and Van Houten®" reported that in mouse embry-
onic fibroblasts exposed to H202, mtDNA accumulates
more polymerase-blocking lesions than nDNA. These le-
sions are predominantly single- and double-strand breaks
(SSB and DSB) as well as abasic sites with minor contri-
bution from base modifications such as thymine glycolm.
However, sugar-phosphate backbone damage may induce
mtDNA turnover, thus preventing mutagenesis, rather

than inducing e

CAN MITOCHONDRIAL ROS INDUCE
RELEVANT LEVELS OF MTDNA
MUTATIONS?

Experimental evidence in support of the mutagenicity
of mitochondrially produced ROS remains scarce. There
are more studies attempting to assign oxidative stress as a
cause of the observed mtDNA mutations than there are
studies of mutations induced in mtDNA by experimental
exposure of biological systems to oxidative stress. We

were unable to detect a statistically significant increase in
the level of mtDNA mutations in cells chronically treated
with rotenone, which induces ROS production by inhibit-
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Figure 3 Consequences of unrepaired DNA damage in the nucleus and in
the mitochondria. Oxidative damage induces lesions in both nDNA (left) and
mtDNA (right). Both nuclei and mitochondria possess DNA repair systems to
deal with these lesions. However, cellular consequences of unrepaired damage
to nDNA and mtDNA are different. While persistent damage in nDNA results in
the activation of cell cycle checkpoints, growth arrest, senescence and death.
In contrast, mtDNA molecules with unrepairable damage are simply degraded
and new molecules are synthesized using intact molecules as templates. This
figure uses Servier elements available under Creative Commons license (155).

ing ETC complex [, and in cells repeatedly exposed to
damaging levels of extracellular H202"", which suggests
that mtDNA is fairly resistant to ROS-induced muta-
genesis. Similarly, recent studies indicate that mtDNA
mutagenesis is not increased in flies with inactivated
SOD and OGG1, an enzyme involved in the repair of
oxidatively damaged DNA", In aqueous environments,
ionizing radiation induces DNA-damaging ROS: most
importantly, the highly reactive *OH. With this in mind,
Guo ¢t al” evaluated 44 DNA blood samples from 18
mothers and 26 children. All mothetrs underwent radia-
tion therapy for cancer in their childhood, and radiation
doses to their ovaries were determined based on medical
records and computational models. Sequencing of the
entire mitochondrial genome in these patients revealed
that the mother’s age at sample collection was positively
correlated with mtDNA heteroplasmy, a condition in
which the cell possesses more than one mtDNA variant
(the mitochondrial equivalent of nuclear heterozygos-
ity). However, Guo ¢f al™ failed to detect any significant
difference in single nucleotide polymorphisms between
mother and offspring. Also, there was no significant cor-
relation between radiation dose to the ovaties and the
level of heteroplasmic mtDNA mutations among moth-
ers and children. Therefore, radiation therapy-induced
ROS do not appear to contribute, in a substantial way,
to mtDNA mutagenesis[“]. This finding is significant
because radiation therapy, by design, produces levels of
ROS that are much higher than those observed under
physiological conditions and therefore have a higher
potential to overwhelm cellular antioxidant defenses and
produce oxidative damage.

PROPERTIES OF AGING-ASSOCIATED
MTDNA MUTATIONS

It is of note that even though age-associated mtDNA
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mutations are randomly distributed around the genome,
there is some bias for the type of mtDNA mutations
observed in aging in mitotic #s post-mitotic tissues. In mi-
totic tissues, most common type of mtDNA mutations
identified is base substitutions. In contrast, large-scale-
deletions are more commonly identified in post-mitotic
tissues*’. Among point mutations in dividing cells, transi-
tions dominate the spectrum (90%) with the remaining
fraction of mutations almost equally divided between
transversions and small deletions. The frequency of non-
synonymous (65.4%) and frameshift/premature termina-
tion codons (16.5%) in aging cells is significantly elevated
as compared with variants found in the general popula-
tion (34% and 0.6%, respectively). Also, the predicted
pathogenicity of aging-associated mtDNA mutations
is higher than that of mutations in the general popula-

tion™

. This suggests that human somatic cells, unlike
germline cells™ lack mechanisms to protect them from
the accumulation of deleterious mutations.

The advent of Next Generation Sequencing enabled
cost-effective interrogation of large numbers of mtDNA
bases for mutations. These analyses revealed a minimal
contribution of G > T transversions to the spectrum of
aging-associated mutations. G > T transversions can be
induced by 8-oxodG, a frequently used measure of oxida-
tive DNA damage. This has led some investigators to con-
clude that oxidative damage does not contribute to aging-

64,66 ;
4% " Some observations,

associated mtDNA mutagenesis
however, caution against this interpretation: (1) The most
frequent base substitution induced by oxidative stress is
a G > A transition. This is the most prominent base
change observed in mtDNA from aged tissues (2
8-0x0dG in mammalian cells can also induce G > A tran-

sitions'®”, and therefore the available evidence does not al-
low for the complete exclusion of the contribution of this
lesion to mtDNA mutagenesis in aging; (3) Cumulative
evidence suggests that oxidative stress can induce all pos-

68 .
1 caution-

sible base substitutions, both 7 vitro and in vivo
ing against basing a conclusion regarding the involvement
of oxidative stress in age-related mtDNA mutagenesis
solely on an increase in the frequency of G > T transver-
sions. Therefore, in the absence of studies that determine
the mutational signature of ROS in mtDNA, any muta-
tion can be interpreted as resulting from oxidative stress.
And, conversely, no particular mtDNA mutation can be
used, with confidence, as evidence of oxidative stress; (4)
It has been shown that oxidative DNA damage does not
necessarily lead to an increase in G > T transversions. For
example, in DNA oxidatively damaged 7 vitro and passed
through bacterial cells, the frequency of G > C transver-
sions was increased, whereas the frequency of G > T
transversions was actually decreased as compared to that
of untreated DNA™. In an almost identical experiment,
the frequency of base substitutions at A/T pairs in oxida-
tively damaged DNA was elevated, whereas the frequency
G > T transversions remained unchanged after passing
damaged DNA through mammalian cells"?; and (5) The
specific spectrum of oxidative-damage induced DNA
mutations is determined, to a great extent, by the particu-
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lar properties of the experimental system used (reviewed
inm). At present, we lack a precise understanding of how
oxidative mtDNA lesions are processed by mitochondria
to produce mutations. Therefore, no definitive conclu-
sion regarding the contribution of oxidative stress to the
spectrum of aging-associated mtDNA mutations can be
drawn from the absence of an increase in G > T transvet-
sions.

WHAT IS THE FUNCTIONAL
SIGNIFICANCE OF AGING-ASSOCIATED
MTDNA MUTATIONS?

Given that mtDNA mutations accumulate with aging,
are they a cause of (1) mitochondrial dysfunction and/or
(2) aging? It is well established that mitochondrial func-
tion is only compromised when the fraction of cellular

copies of a given mtDNA-encoded gene affected by a
given mutation exceeds a certain threshold specific to the
mutation (and tissue). This threshold phenomenon can
be mediated, at least in part, by intra- and intermitochon-
drial Complementationm73]. It is usually accepted that this
threshold is 60% to 70% of mutant mtDNA in chronic
progressive external ophthalmoplegia and may be close to
95% 1n the syndromes of mitochondrial encephalopathy,
myopathy, lactic acidosis, and stroke-like episodes, and
myoclonic epilepsy with ragged red fibers”!. Therefore,
generally, more than 60% of cellular copies for a given
mitochondrial gene have to be affected by a pathogenic
mutation in order to observe phenotypic manifestation
of the mutation. In aging, mtDNA mutations are ran-
dom, which brings about two caveats. First, not all aging-
associated mutations are detrimental. Because of the
degeneracy of the genetic code, 25% of mutations will
not alter the amino acid sequence of the encoded protein
(68.8% of mtDNA encodes for proteins), and others,
while causing an amino acid or nucleotide substitution,
will not negatively affect the function of the encoded
protein or RNA molecule. Second, these mutations are
not localized to a particular gene, but rather are randomly
distributed among 37 mitochondrially-encoded genes.
This means that in order to affect 60% of cellular cop-
ies of the largest mtDNA-encoded polypeptide MT-
ND5 (which spans 11% of the mitochondrial genome),
each mtDNA molecule has to carry on average 0.6/0.11
= 5.45 mutations. For smaller genes, this number will
be proportionally higher. Since there is no experimental
evidence that supports a selective advantage for deleteri-
ous point mutations, both of these caveats suggest that
the presence of several aging-associated mutations per
mtDNA molecule is required before impairment of mi-
tochondrial function can be observed. These levels are
indeed achieved in tissues of mtDNA mutator mice”*”,
but not in naturally aged tissues of experimental ani-
mals or humans. Based on the reported frequency of
mtDNA mutations, it can be calculated that in mice aged
24-33 mo, mutations affect as little as 20% of mtDNA

78 .. . .
molecules™, Similar calculations using reported values
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for humans aged 75-99 years' suggest that only about
32% of mtDNA molecules are affected by mutations.
Therefore, it is highly unlikely that the relatively low mu-
tation loads observed in naturally aged tissues™"* can
account for the observed age-related measurable decline
in mitochondrial function and, by extension, cause aging,
provided that these mutations are maintained in a hetero-
plasmic state. Intriguingly, though, some studies indicate
that the fraction of respiratory chain-deficient colono-
cytes in aging mammalian tissues increases after 35 years,
and by 70 years of age, up to a third of colonocytes
can be respiration-negative. This can be explained by a
random genetic drift model. According to this model,
multiple rounds of replication may result in the clonal
expansion of random mtDNA molecules, leading to a
loss of heteroplasmy[su. In humans, this model predicts
that clonal expansion may take decades to occur. There-
fore, random drift may provide a satisfactory explanation
for the mechanism of respiratory dysfunction observed
in aged tissues provided that it can be demonstrated that
cell types other than colon epithelium accumulate simi-
lar levels of clonally expanded mutations. The random
genetic drift in colon epithelium, the tissue in which this
phenomenon is best understood, however, appears to
be highly heterogeneous, and its extent does not cor-
relate well with chronological age between individuals.
For example, a 75-year-old individual may have a lower
percentage of respiration-deficient crypts than a 45-year-
old™. This heterogeneity is inconsistent with the steady
and relatively uniform process of aging, and, therefore,
argues against random genetic drift being the sole or even
a major driving force of aging. It is also unclear whether
clonally expanded somatic mtDNA mutations can drive
aging in short-lived species. For example, in human colon
such mutations are not detectable until about 30 years of
age[SZ]. Can clonally expanded mtDNA mutations explain
aging in Caenorhabditis. elegans whose lifespan is only 2-3
wkr It is implausible that mtDNA in this organism turns
over so much faster to allow for clonal expansion com-
parable to that observed in humans. Therefore, clonally
expanded mtDNA mutations are more likely to be a con-
tributing, rather than driving, factor of aging.

IS THERE EVIDENCE FOR THE EXISTENCE
OF THE “VICIOUS” CYCLE?

As noted above, “vicious” cycle is the most contentious
part of the MTA. The main premise of the “vicious”
cycle hypothesis is the existence of a feed-forward cycle
of ROS production and mtDNA mutation. That is: (1)
increased ROS production in aging leads to increased
mtDNA mutagenesis; and (2) increased mtDNA muta-
tion loads result in increased mitochondrial dysfunction
and ROS production. The first part of this premise ap-
pears intuitive and plausible. Indeed, no antioxidant de-
fense or DNA repair system works with 100% efficiency,
and an increase in ROS will inevitably lead to an increase
in mtDNA damage and mutagenesis, however little. The
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second part of this premise, however, is more conten-
tious. While observations in patients with mitochondrial
disease may partially support the notion of increased
ROS production in response to increased mtDNA muta-
tion loads, these observations, paradoxically, also refute
this notion. First, while some pathogenic mtDNA muta-
tions result in increased ROS production™*, this is not
a universal property of mutations in mtDNA. This point
is best illustrated by observations made in “mito-mice”
(mice that age prematurely due accumulation of random
mtDNA mutations): these mice accumulate mtDNA
mutation loads exceeding those observed in normal
aging by more than one order of magnitude, and still
this increase does not result in elevated levels of ROS
production”®"™!. Thus, the majority of mtDNA point
mutations will not affect mitochondrial ROS production
regardless of their levels. Second, no accelerated aging
or increase in mtDNA mutagenesis rates were reported
in patients with mitochondrial diseases which are charac-
terized by increased ROS production. Therefore, while
increased ROS production is expected to increase the
rate of mtDNA mutagenesis, this increase may not be
physiologically relevant or experimentally detectable. This
second point is relevant to the discussion above regarding
threshold levels of mtDNA mutations.

Moraes ¢ a/* argued that if a “vicious” cycle played
an important role in the accumulation of mtDNA de-
letions in somatic tissues, patients with compromised
OXPHOS should accumulate mtDNA deletions at an
accelerated rate. Their experiments did not support this
prediction, leading Moraes ¢ a/*” to the conclusion that
a “vicious” cycle is not likely to play an important role in
the accumulation of age-related mtDNA deletions™,

To reconcile MTA with the new evidence, Gustavo
Barja has put forward a new version of it that does not
include the “vicious” cycle. Barja argues that the damage
amplification step provided by the “vicious” cycle is un-
necessary for the validity of the MTA!".

ROS PRODUCTION AND LONGEVITY
It is predicted by the MTA that higher ROS production

should lead to increased cellular oxidative stress, which

should result in increased damage to cellular macromol-
ecules including mtDNA, and ultimately lead to reduced
longevity. Conversely, all other conditions being equal, low-
er ROS production and oxidative stress are expected to be
associated with increased longevity. Since the principal con-
tribution of the mtDNA to the aging process, within the
framework of the MTA, is through the effects of mtDNA
instability on cellular ROS production, it follows that an ex-
amination of the role of ROS in aging would be informa-
tive. Indeed, the lack of unequivocal evidence establishing
a causative role for ROS in aging makes alterations in mtD-
NA, which are purportedly induced by ROS and contribute
to aging by increasing ROS production, irrelevant.

Evidence from animal models
Early on, comparative biology studies established a posi-
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tive correlation between body size and longevity. More
detailed biochemical studies revealed an inverse cor-
relation between mitochondrial ROS production and
mtDNA damage on one hand and longevity on the
other, across different biological taxa (reviewed in ref ]),
which is in agreement with the MTA. Unexpectedly, and
conflicting with the predictions of the MTA, antioxidant
defenses also correlated negatively with longevity[w.
Perhaps not surprisingly, an extension of this analysis to
other species revealed that in many species, long lifespans
defied explanation by the tenets of the MTA. One of the
most striking examples in this category is that of the na-
ked mole-rat. These animals, about the size of mice, live
almost 8 times longer than mice®™, Strikingly, these ani-
mals have very unremarkable antioxidant defenses: their
glutathione peroxidase levels are 70 times lower than in
mice, resembling those of knockout animals®™. In the ab-
sence of compensatory upregulation of other antioxidant
systems, this, predictably, leads to higher levels of oxida-
tive damage in these animals: at least 10-fold higher levels
of urinary isoprostanes (a marker of oxidative stress),
cightfold increased levels of 8-oxodG (increased DNA
damage) in the liver accompanied by reduced urinary
excretion of 8-oxodG (reduced DNA repair), and high
cellular (especially, mitochondrial) protein carbonyls were
reported in this study[sg]. The fact that naked mole-rats
live longer than mice despite this increased oxidative bur-
den (especially in mtDNA and mitochondrial proteins)
strongly argues against the role of oxidative damage as a
key determinant of longevity.

Another line of evidence against the MTA comes
from studies on C. elegans. This organism has five genes
encoding different isoforms of the SOD, an enzyme cat-
alyzing the first step in the detoxification of superoxide
(Eq. 2). Inactivation of the SOD isoforms in this organ-
ism either individually or in groups of three (including
inactivation of all mitochondrial isoforms), failed to de-
crease the lifespan”™. Instead, inactivation of s0d-2 led to
increased longevity, which was associated with increased
oxidative damage to proteins. Moreover, an sod-2 muta-
tion further increased lifespan of long-lived clk-1 mu-
tants. Finally, the same group has recently inactivated all
five sod genes in C. elegans and demonstrated that while
animals completely lacking any SOD activity are more
sensitive to multiple stressors, they have normal longev-
itym. Similatly, inactivation of the major mitochondrial
antioxidant system by mutating Prx Il (Eq. 4) decreased
overall fitness in this organism, but failed to affect the
lifespan'.

In the fruit fly, somatic mtDNA mutagenesis was
not affected by inactivation of SOD either alone, or in
combination with OGG1, an enzyme involved in repair
of oxidative DNA damage, even though lifespan was af-
fected™. These observations suggest a minimal contribu-
tion of oxidative stress to age-related somatic mtDNA
mutagenesis.

Mclk1™" mice heterozygous for the key enzyme in
the biosynthesis of ubiquinone, an electron transporter
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and mitochondtial membrane antioxidant, demonstrate
extended longevity. This genetic defect is accompanied
by an impairment of the ETC and by increased mito-
chondrial, but not cytoplasmic, oxidative stress””. Inac-
tivation of the homologous gene ¢/&-7 in C. elegans also
resulted in increased longevity. This led the authors to
hypothesize that an increase in the generation of mito-
chondrial ROS might accompany aging not because ROS
play a causal role in this process but rather because ROS
stimulate protective and restorative processes that help to

counteract age-dependent damagem’%].

Track record of antioxidant-based life-extending
strategies

It is predicted by the MTA that reducing intracellular
ROS production should reduce damage to macromol-
ecules, including mtDNA, and ultimately increase longev-
ity. As a result, numerous interventional studies have been
performed in both vertebrate and invertebrate models.
Treatments in these studies typically included either life-
long supplementation with nonenzymatic antioxidants or
genetic manipulation of intracellular levels of enzymatic
antioxidants. These studies produced inconclusive results:
while in some instances it was possible to achieve a mod-
est increase in longevity, many studies revealed the lack
of correlation, or even a negative correlation, between
antioxidant defenses and lifespan (reviewed in ref™). In
some instances, these studies produced different results in
different species. For example, mitochondrial expression
of catalase was reported to have no effect on the longev-
ity of drosophila[%], but resulted in a modest (17%-21%)
lifespan extension in mice””. In contrast, in C. elegans,
a fivefold increase in longevity was reported for animals
carrying two mutations (daf-2 and clk-T) in nDNA™. This
suggests that nuclear genes play a pivotal role in deter-
mining longevity. To date, no manipulation of mtDNA
or the systems involved in its replication, maintenance,
or repair has produced comparable extension of the life-
span.

Howes" ™ reviewed the results of antioxidant studies
which involved more than 550000 human subjects, and
concluded that “not only have antioxidants failed to stop
disease and aging but also they may cause harm and moz-
tality, which precipitated the stoppage of several large
studies”. Recent meta-studies support his findings: Bjela-
kovic ez al"™ analyzed the results of 78 studies between
1977 and 2012, involving a total of 296707 participants,
and concluded that antioxidant supplements neither re-
duce all-cause mortality nor extend lifespan, while some
of them, such as beta carotene, vitamin E, and higher
doses of vitamin A, may actually increase mortality!™,
The most direct interpretation of these findings in the
context of the MTA as it pertains to mtDNA is that
reduced oxidative damage to mtDNA does not extend
longevity.

Caloric restriction (30%-40% reduction in caloric
food intake without malnutrition) is frequently cited as
the most reliable means of extending lifespan across
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diverse taxa and is frequently employed as a means to
investigate the mechanisms of aging. Its effect is widely
attributed to reduced ROS production and mtDNA
damage“oﬂ. However, in a recent survey of 41 laboratory
mouse strains, 40% caloric restriction shortened lifespan
in more strains than in which it lengthened it""”. Similarly,
a recent study by the National Institute of Aging revealed
no beneficial effect of caloric restriction on longevity in

primates[m’m]

CONCLUSION

Recently, there has been an emergence of experimental
data challenging many aspects of the MTA as defined
in the Introduction. This, in turn, has resulted in both a
growing skepticism towards the role of mtDNA muta-
tions in aging, and in the transformation of some of our
views on mtDNA, ROS, and aging, Thus, the increased
susceptibility of mtDNA to ROS-induced strand breaks
(but not to oxidative base damage) is now viewed as a

component of the mitochondria-specific mechanism for
the maintenance of mtDNA integrity through abandon-
ment and degradation of severely damaged mtDNA
molecules, rather than as a mechanism for accelerated
mtDNA mutagenesis (Figure 3). Also, we have begun to
appreciate that increased ROS production in aging may
represent evidence for adaptive signaling aimed at miti-
gating detrimental changes, rather than constituting an
unwanted but unavoidable byproduct of respiration.

Even though its current status is controversial, it
is the MTA that stimulated the research that advanced
our understanding of aging and clarified the place of
mtDNA in this process. While it is no longer plausible
that mtDNA is either the sole or the main determinant
of aging, epidemiological studies do still suggest a con-
tribution of mtDNA wvariation to longevity“()]. Also, it is
becoming increasingly obvious that maternally transmit-
ted low levels of germline mtDNA mutations can have a
significant impact on health and lifespanmsl. The random
genetic drift theory{sﬂ has the potential to reconcile the
observed mitochondrial dysfunction in aged organs with
the low average levels of mtDNA mutations in some tis-
sues. These and other findings demonstrate that despite
dramatic advances, our understanding of the role of
mtDNA in aging remains incomplete. This incomplete
understanding persists in large part due to our limited
ability to manipulate mitochondria in a meaningful way.
The lack of approaches to introduce defined base lesions
into mtDNA impedes our progress in understanding the
specifics of mitochondrial processing of oxidative DNA
damage. This, in turn, limits our ability to deconvolute
and interpret the spectrum of mtDNA mutations ob-
served in aging.

In the near future there is great promise for further
advances in our understanding of mtDNA’s contribution
to aging. The advent of Duplex Sequencing methodology
now makes it possible to determine the mutational sig-
nature of oxidative stress in mitochondria, which is one
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of the most important next steps in mtDNA research.
The dire need for reliable markers of oxidative mtDNA
damage is becoming increasingly obvious. Despite con-
certed efforts! """ detection of the widely used matker
8-0xodG remains variable between labs, which has re-
sulted in contradictory reports: both a 20-fold increase!”
and no Change[wg] in 8-oxodG content in the mtDNA of
OGGT1 knockout animals have been reported. The devel-
opment of methods for the determination of both the
identity of mitochondrial ROS generated in vivo and the
rates of their production would greatly aid in evaluating
the interactions between mtDNA and ROS. Finally, a bet-
ter understanding of the incidence, kinetics, and extent
of random intracellular drift of mtDNA heteroplasmy in
different tissues is needed for an accurate determination
of its possible contribution to mitochondrial dysfunction

in aging,
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