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Abstract
Aging is associated with a progressive loss of skeletal muscle mass and strength and the mechanisms
mediating these effects likely involve mitochondrial DNA (mtDNA) mutations, mitochondrial
dysfunction and the activation of mitochondrial mediated apoptosis. Because the mitochondrial
genome is densely packed and close to the main generator of reactive oxygen species (ROS) in the
cell, the electron transport chain (ETC), an important role for mtDNA mutations in aging has been
proposed. Point mutations and deletions in mtDNA accumulate with age in a wide variety of tissues
in mammals, including humans, and often coincide with significant tissue dysfunction. Here, we
examine the evidence supporting a causative role for mtDNA mutations in aging and sarcopenia. We
review experimental outcomes showing that mtDNA mutations, leading to mitochondrial
dysfunction and possibly apoptosis, are causal to the process of sarcopenia. Moreover, we critically
discuss and dispute an important part of the mitochondrial ‘vicious cycle’ theory of aging which
proposes that accumulation of mtDNA mutations may lead to an enhanced mitochondrial ROS
production and ever increasing oxidative stress which ultimately leads to tissue deterioration and
aging. Potential mechanism(s) by which mtDNA mutations may mediate their pathological
consequences in skeletal muscle are also discussed.
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Introduction
With aging a progressive loss of skeletal muscle mass and strength is observed, a condition
termed sarcopenia. On average, aging individuals lose muscle mass at a rate of 1-2% per year
past the age of 50 (1,2). This age-related muscle atrophy is associated with muscle weakness
and can have significant effects on physical function and quality of life as aging commences.
At the cellular level, the aging process can activate stress-associated signal transduction
pathways that may eventually result in the collapse of mitochondrial function, causing
apoptotic cell death. Because the mitochondrion contains its own intron-less and histone-less
∼16-kilobase circular DNA that is located closely to the main ROS source in the cell, the
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mitochondrial ETC, a central role for mtDNA mutations in aging has been postulated (3-5). In
fact, mtDNA mutations have been shown to accumulate with aging in several tissues of various
species (6-11), including skeletal muscle.

Over the past two decades, increasing evidence suggests that mitochondrial dysfunction may
play a causal role in the aging process. The essential role of mitochondria in cellular ATP
production, the generation of reactive oxygen species (ROS), and the induction of apoptosis
suggest a number of mechanisms for mitochondrial pathology. There is strong evidence that
age induces alterations in the mitochondrial genome that lead to defects in mitochondrial
function, especially in post-mitotic tissues with high energy requirements such as the heart,
brain and skeletal muscle (12-14).

It was proposed that during an individual's life span, ROS, by-products of oxidative
metabolism, accumulate and alter cell components (15). Mitochondria, one of the primary
sources of ROS, are particularly affected, leading to changes in their structure as well as in the
genetic information of mtDNA. The observed alterations of mtDNA include oxidative damage
to DNA bases, point mutations and large scale deletions or duplications (6,11,16-23). MtDNA
mutations are known to have deleterious effects on oxidative phosphorylation, especially in
patients with mitochondrial diseases (24,25), and tissues that rely heavily on oxidative
phosphorylation are expected to be more affected.

Special focus on skeletal muscle is given in this review because this tissue is highly dependent
on oxidative phosphorylation and suffers marked age-related degeneration. The information
presented here focuses on the changes that are induced in mitochondrial ETC function as a
result of aging, and the cellular impact of mtDNA mutations, by providing evidence for a causal
role of mtDNA mutations in mammalian aging and sarcopenia. The plausibility of the
mitochondrial ‘vicious cycle’ theory and recent controversial findings on the role of mtDNA
mutations in mammalian aging are also discussed.

Mitochondrial DNA Mutations, Deletions and Electron Transport Chain
Abnormalities in Aging

There is now growing evidence that the accumulation of mtDNA mutations and deletions,
associated with aging, result in tissue dysfunction; impaired respiratory function and oxidative
phosphorylation in muscle fibers is becoming increasingly evident (26,27), and point-
mutations and deletions in mtDNA have been found to correlate with this reduced capacity
(19,28,29). Biochemical analyses of ETC complex activities performed in tissue homogenates
from humans, rhesus monkeys and rodents have, in general, identified age-associated decreases
in the activities of several ETC complexes. Previous cytochemical-immunocytochemical
studies of oxidative phosphorylation enzymes in monkeys (10-25 years of age) showed
complex III, complex IV and complex V defects in skeletal muscles, diaphragm, myocardium
and extraocular muscles of 25-year-old animals. Decreased activity of complex I with age was
also reported in gastrocnemius muscle of mice (30). These defects were randomly distributed
and not associated with a loss of complex II, which is all nuclear encoded (30,31).

Commonly used markers for mitochondrial ETC abnormalities include the loss of cytochrome
c oxidase (COX) activity and the concomitant increase in succinate dehydrogenase (SDH)
activity (COX-/SDH++) (COX-/SDH++ regions, also known as ragged red fibers (RRF)).
Aiken's group has repeatedly demonstrated loss of COX (complex VI) staining combined with
hyperactive SDH staining in aged rat, primate, and human skeletal muscle cross-sections (6,
28,32-36). Interestingly, these segmental ETC abnormalities co-localized with clonal
intracellular expansions of unique somatically derived mtDNA deletion mutations.
Specifically, in rats, they showed that the proportion of ETC abnormal fibers that displayed
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the RRF phenotype increased significantly with age, and there were no ETC abnormal fibers
with the RRF phenotype observed in the 5-month-old muscles, whereas 42% of the total ETS
abnormal fibers in the 38-month-old animals displayed the RRF phenotype. They further
detected shorter than wild type genomes in all of the RRFs, while mtDNA deletion mutations
were not detected in ETS normal fibers from the same sections. Multiple microdissections
along the same RRF amplified identically sized products, supporting the clonal nature mtDNA
deletion mutations (6). Deletions occurred at the major arc of the mtDNA spanning the origin
of replication, and different deletions were observed between the fibers (28). In humans similar
results were obtained; the number of vastus lateralis muscle fibers exhibiting mitochondrial
ETC abnormalities increased from an estimated 6% at age 49 years to 31% at age 92 years
(36). Furthermore, mtDNA-deletion mutations were detected in all ETC-abnormal fibers
(RRF) (36). Deletion mutations were also clonal within a fiber and concomitant to the COX-/
SDH++ region. Quantitative PCR analysis of wild-type and deletion-containing mtDNA
genomes within ETC-abnormal regions of single fibers demonstrated that these deletion
mutations accumulate to detrimental levels (>90% of the total mtDNA) (36). Importantly, in
the areas of the fiber where the mutation abundance surpassed 90% of the total mitochondrial
genomes, the fibers lost COX activity and displayed abnormal morphology, such as, a striking
decrease in cross sectional area indicative of fiber atrophy, fiber splitting and breakage, while
morphologically normal areas of the same fiber contained only wild type mitochondrial
genomes and did not exhibit de-regulation of ETC complex activities (6,33). The same group
also showed that the vastus lateralis muscle, which undergoes a high degree of sarcopenia,
exhibited more ETS abnormalities and associated fiber loss than the soleus and adductor longus
muscles, which are more resistant to sarcopenia, suggesting a direct association between ETS
abnormalities and fiber loss (35). These findings strongly suggest a causal role for age-
associated mitochondrial DNA deletion mutations and mitochondrial dysfunction in
sarcopenia.

Human studies conducted by other groups also provide evidence for an increase in mtDNA
mutations with aging, and a correlation between mtDNA mutations and the occurrence of
skeletal muscle abnormalities with advancing age (19,29,37,38). Muscle biopsies from aged
humans revealed that randomly deleted mtDNA appeared mainly in the oldest subjects (beyond
80 years old), affecting up to 70% of mtDNA molecules, and coincides with a decrease in the
activities of complexes III and IV of the ETC, which contain subunits encoded by mtDNA
(38).

Furthermore, Wang et al., showed that muscle-specific mutations accumulate with aging in
critical human mtDNA control sites for replication; specifically, they demonstrated that most
of 26 individuals 53 to 92 years old, without a known history of neuromuscular disease,
exhibited an accumulation of two new point mutations, i.e., A189G and T408A, at mtDNA
replication control sites in muscle which were absent or marginally present in 19 young
individuals. These two mutations were not found in fibroblasts from 22 subjects 64 to 101
years of age (T408A), or were present only in three subjects in very low amounts (A189G)
(11). The investigators suggested that the striking tissue specificity of the muscle mtDNA
mutations detected, and their mapping at critical sites for mtDNA replication, strongly point
to the involvement of a specific mutagenic machinery and to the functional relevance of these
mutations.

Similar to Aiken's experimental findings regarding mtDNA deletions, Fayet et al. identified
high levels of clonally expanded mtDNA point mutations in cytochrome c oxidase deficient
muscle fibers, from old individuals without muscle disease, while no point mutations were
detected in any of the normal fibers (39). Immunohistochemical experiments showed that the
majority of the cytochrome c oxidase deficient muscle fibers expressed reduced levels of
subunit II of cytochrome c oxidase, which is encoded by mitochondrial DNA, whereas there
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was normal or increased expression of subunit IV of cytochrome c oxidase, which is encoded
by nuclear DNA (39). The authors concluded that mtDNA point mutations are associated with
cytochrome c oxidase deficient muscle fiber segments in aging, the focal accumulation of
which may cause significant impairment of mitochondrial function in individual cells in spite
of low overall levels of mitochondrial DNA mutations in muscle (39). Indeed, although only
a few cells develop COX deficiency, the resultant cellular dysfunction might have substantial
effects, especially if the cell is part of a complex network (40). It is therefore, likely that, in
skeletal muscle of aged individuals, normal mtDNA devoid of deletions or point mutations
may represent a minority of the total mtDNA pool. There is also evidence that the rate of
mitochondrial mutagenesis is faster in mice than humans per unit time (41), a necessary
condition if mitochondrial mutations are causally linked to aging. When taken as a whole, these
studies provide compelling evidence for an important role of mitochondrial DNA mutations
in aging.

Evidence for a Causal Role of mtDNA Mutations in Aging
As discussed above, there is an ever growing body of research that supports an important role
for mtDNA mutations in aging by providing experimental support for an association between
mtDNA mutations, ETC abnormalities and tissue dysfunction, particularly in long-lived post
mitotic cells. However, most of the studies to date are correlative in nature. In particular, until
recently, it has been unclear whether mtDNA mutations are simply associated with aging in
various tissues, or if they actually cause alterations in tissue function.

In 2004, Larsson and colleagues published the first experimental evidence providing a
causative link between mtDNA mutations and mammalian aging (42). In order to test the in
vivo effects of somatic mtDNA mutation accumulation, they constructed knock-in mice that
expressed a proof-reading-deficient version of PolgA, the nucleus-encoded catalytic subunit
of the mitochondrial DNA polymerase γ (POLG mice). The specific mutation in the
exonuclease domain of Polg resulted in increased spontaneous mutation rates in mtDNA in
mice homozygous for the mutation. Specifically, mice with mtDNA mutator phenotype
exhibited a threefold to fivefold increase in the levels of point mutations, as well as increased
amounts of deleted mtDNA (42). This increase in somatic mtDNA mutations was associated
with severely reduced lifespan and premature onset of aging-related phenotypes such as
alopecia, kyphosis, osteoporosis, heart enlargement and sarcopenia. Importantly, they
demonstrated that mtDNA mutations and deletions are responsible for a progressive decline
in respiratory function of mitochondrially encoded complexes, that was evident as early as 12
weeks, resulting in decreased oxygen consumption and ATP production (42,43).

A year later we corroborated Trifunovic's findings regarding the impact of mtDNA mutations
in aging using mice with the same mutation in PolgA (POLG mice)(44). Specifically, in skeletal
muscle of mutant mice, we found profound decreases in mitochondrial O2 consumption during
state 3, and significantly reduced ATP content compared to wild type mice (WT) at ∼11-mo
of age, a time point when the sarcopenic phenotype is also evident in mutator mice (A. Hiona
unpublished data). Interestingly, we showed that the accumulation of mtDNA mutations was
not associated with increased levels of oxidative stress or a defect in cellular proliferation, but
was correlated with the induction of apoptotic markers, suggesting that accumulation of
mtDNA mutations that promote apoptosis may be a central mechanism driving mammalian
aging (44) and age-related phenotypes, such as skeletal muscle loss.

Moreover, Zassenhaus and colleagues studied mice that express a proofreading-deficient Polg
specifically in the heart, and develop cardiac mtDNA mutations, in order to determine whether
low frequency mtDNA mutations are pathogenic. They found that sporadic myocytic death
occurred in all regions of the heart, due to apoptosis as assessed by histological analysis and
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terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL)
staining (45). They also pointed out that cytochrome c was released from mitochondria and
concluded that mtDNA mutations are pathogenic, and seem to trigger apoptosis through the
mitochondrial pathway (45).

Mitochondrial DNA Damage, Mutagenesis, and the Mitochondrial ‘Vicious
Cycle’ Theory of Aging

By far, the predominant kind of insult, to which mtDNA is exposed, is oxidative damage. It is
also well demonstrated that oxidative damage to mtDNA is much greater compared to nuclear
DNA in various species and tissues examined (22,23). This susceptibility of the mitochondrial
genome to oxidative DNA damage may be due to a number of factors including: 1) greater
exposure of mtDNA to reactants: mtDNA is in close proximity to the ETC, whose complexes
I and III are believed to be the predominant sites of ROS production inside the cell, 2) the lack
of protective histones, and 3) the lack of introns and the compactness of its genetic information,
so that damage at any point in the genome will likely occur in a gene. ROS - induced damage
to mtDNA is believed to be the primary source of mutagenesis in mitochondria (46), giving
rise to both mtDNA mutations and deletions. Furthermore, the greater occurrence of point-
mutations and deletions observed in mtDNA compared to nuclear DNA could be due to a less
advanced DNA repair system (47,48). In fact, mitochondria are believed to entirely lack
nucleotide excision repair (NER), which constitutes a major nuclear defense system acting on
various nuclear DNA lesions including pyrimidine dimmers (47,48). Mitochondria also have
other discrepancies and may also have less sophisticated mismatch repair (MMR) system
(48). Like crosslinks between DNA bases (such as thymine dimmers), DNA–protein crosslinks,
or bulky DNA-adducts can cause a stall during mtDNA replication which can induce DNA
double-strand brakes (49,50), contributing to the occurrence of mtDNA deletions with aging,
and as previous research suggests, it is likely for mtDNA containing deletions, to acquire a
replicative advantage over longer wild type mtDNA (28).

Despite the fact that in animal cells mtDNA comprises only 1–3% of genetic material, its
contribution to cellular physiology could be much greater than would be expected from its size
alone (51). For instance, as previously mentioned, (a) it mutates at higher rates than nuclear
DNA; (b) it encodes either polypeptides of ETC or components required for their synthesis,
such as tRNAs and rRNAs, and therefore, any coding mutations in mtDNA will affect the ETC
as a whole; this could affect both the assembly and function of the products of numerous nuclear
genes in ETC complexes; (c) defects in the ETC can have pleiotropic effects because they
affect cellular energetics as a whole (51). The phenotypic implications of mtDNA mutations
are dependent on which gene product is disrupted and one might predict that damage may occur
in those complexes to which the mitochondrial genome makes the greatest contributions.

The mitochondrial ‘vicious cycle’ theory of aging (Figure 1) can be considered as an extension
and refinement of the free radical theory which was first put forward by Harman (4,52). Its
major premise is that mtDNA mutations accumulate progressively during life, as a side effect
of respiration, and are directly responsible for a measurable deficiency in cellular oxidative
phosphorylation activity, leading to an enhanced ROS production (51). In turn, increased ROS
production results in an increased rate of mtDNA damage and mutagenesis, thus causing a
‘vicious cycle’ of exponentially increasing oxidative damage and dysfunction, which
ultimately culminates in death (Figure 1) (51,53).

Challenging the Mitochondrial ‘Vicious Cycle’ Theory of Aging
Bandy and Davison were the first to put forward a mechanistic elaboration of what later became
known as the mitochondrial ‘vicious cycle’ theory (54). While they showed that mtDNA
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mutations may have the same effect on the respiratory chain as small-molecule inhibitors of
respiration, that is, to stimulate the one-electron reduction of molecular oxygen to superoxide
(therefore, increasing ROS production), they also carefully noted that not all mutations
stimulate superoxide production. Specifically, they pointed out that a mutation preventing the
synthesis of cytochrome b would actually abolish any superoxide production at complex III
that normal mitochondria might exhibit, because without cytochrome b in place, complex III
cannot be assembled (54).

Later studies reported that respiration-deficient cells of several tissues, including skeletal
muscle, possessed mutations that would indisputably preclude assembly of both the enzyme
complexes known to be responsible for mitochondrial ROS production, complexes I and III
(55-57). These mutations were large deletions, which eliminated the genes for at least a couple
of respiratory chain subunits, but also removed at least one tRNA gene. There is no redundancy
of tRNA genes in the mtDNA, so the loss of any such gene abolishes the synthesis of all 13
mtDNA-encoded proteins. These findings are highly relevant to the plausibility of the ‘vicious
cycle’ theory in normal aging.

Recently, there is an increasing body of evidence challenging the ‘vicious cycle’ theory of
aging (43,44,58). Kujoth et al. have shown that in ∼9 month old POLG mice, when accelerated
aging has commenced and aging phenotypes are evident, there were no differences in
mitochondrial hydrogen peroxide production, in mitochondrial and cytosolic protein
carbonylation, or in total DNA oxidation in heart and liver tissues, compared to age-matched
WT animals (44). In fact, RNA oxidation measured by the levels of 7,8-dihydro-8-oxoguanine
(8-oxoG) was actually lower in liver RNA of mutant mice (44). Interestingly, in most tissues
examined, including skeletal muscle, apoptosis was evident either by TUNEL staining or by
activation of the effector caspase-3 (44), suggesting that apoptosis may be a central mechanism
of tissue dysfunction associated with the accumulation of mtDNA mutations. It is therefore
possible that the accumulation of mtDNA mutations may be associated with, or instigate
apoptosis, irrespective of elevations in ROS production and oxidative stress in mitochondria
with age. Similarly, Trifunovic et al., further substantiated the oxidative stress findings in
mitochondrial mutator mice, by showing that mouse embryonic fibroblasts (MEFs) from
POLG mice produced normal levels of superoxide and hydrogen peroxide, compared to WT
(43). Furthermore, they also found normal aconitase activity, no differences in protein
oxidation and no up-regulation of manganese superoxide dismutase (MnSOD) and glutathione
peroxidase 1 (GPX1) in the heart and liver of POLG mice compared to age-matched WT mice
(43). Importantly, these experimental observations do not support the idea that mtDNA
mutations contribute to increased ROS production and oxidative stress in mitochondria with
age, placing the mitochondrial “vicious cycle” theory of aging in question.

Zassenhaus and colleagues also tested the hypothesis that the production of reactive oxygen
species causes the pathogenic effects of mtDNA mutations by using transgenic mice that
develop cardiomyopathy due to the accumulation of mitochondrial DNA mutations specifically
in the heart (58). In agreement with the above findings, they have demonstrated no elevations
in protein carbonyls, no differences in mtDNA oxidative damage measured by 8-oxo-7,8-
dihydro-2′-deoxyguanine (8-oxodG) levels, no up-regulation of antioxidant defense systems,
normal ratios of reduced to oxidized glutathione (GSH/GSSG), normal ubiquitination levels
and intact (not oxidatively damaged) iron-sulfur centers in aconitase enzyme in the hearts of
transgenic mice (58). These outcomes provide further support to the notion that the mechanism
of pathogenesis does not involve increased oxidative stress.

In skeletal muscle of ∼11-mo old POLG mice our lab detected mitochondrial dysfunction,
evident by compromised mitochondrial oxygen consumption, significantly lower membrane
potential during both state 3 (phosphorylative state) and state 4 (resting state), and lower ATP
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content. However, this dysfunction was not accompanied by an increase in mitochondrial ROS
production or oxidative damage. In fact, we detected a decrease in the rate of hydrogen peroxide
production by intact POLG mitochondria and no difference in mtDNA oxidative modification
measured by 8-oxodG, compared to WT (A. Hiona unpublished data). This is also in contrast
to the mitochondrial “vicious cycle” theory of aging which suggests that mtDNA mutations
may lead to mitochondrial dysfunction via further increases in mitochondrial ROS production.
Interestingly, we found that POLG mice had reduced mitochondrial protein yield and decreased
protein content of complexes I, III and IV, all of which contain subunits encoded by mtDNA
(A. Hiona unpublished data). This abolishment of ETC complexes in POLG skeletal muscle
appears to be the primary mechanism of the mitochondrial dysfunction associated with the
accumulation of mtDNA mutations in the mutant mice. Furthermore, we detected DNA
laddering and an increase in the amount of cytosolic mono- and oligo-nucleosomes in POLG
mice compared to WT, indicative of apoptosis. The activities of both the initiator caspase-9,
and the final effector caspase-3, as well as, the protein content of caspase-3 were all elevated
in POLG mice suggesting that: a) apoptosis in mutant mice is mitochondrial-mediated, and is
conferred upon mitochondrial dysfunction and b) mutations in mtDNA play a causal role in
sarcopenia, through enhancing apoptosis induced by mitochondrial dysfunction. Based on
these recent experimental data in POLG skeletal muscle we proposed a hypothetical
mechanism for the skeletal muscle loss induced by high load of somatic mtDNA mutations,
that is likely to be operating during normal aging (Figure 2). According to the mechanism,
abrogation of ETC complexes in POLG mice suggests that possibly fewer fully functional
electron transport chains exist per skeletal muscle mitochondrion in POLG mice. If fewer ETCs
assemble per mitochondrion this would leave the mitochondrion at energy deficit, leading to
mitochondrial dysfunction, and ultimately mitochondrial-mediated apoptosis, which would be
responsible for the loss of skeletal muscle (Figure 2).

Similar to the oxidative stress findings in transgenic animal models, Hutter et al. recently
demonstrated that normally aged human skeletal muscle produced less ROS, as assessed by
in situ staining with dihydroethidium, and did not show any increases in protein oxidative
modification, compared to young skeletal muscle (59). Interestingly, in this study the authors
found that mitochondrial respiration was fully preserved with aging in skeletal muscle, a
finding which is not similar to the POLG mice (42,43) (A. Hiona unpublished data).
Furthermore, the extent/accumulation of mtDNA mutations were not assessed in this report
but the investigators identified the accumulation of lipofuscin as a robust marker of human
muscle aging (59). As lipofuscin formation itself may be symptomatic of mitochondrial
damage, further investigation is warranted in order to gain more insight as to the relationship
between lipofuscin deposits and mitochondrial function. The oxidative stress outcomes in this
study have further implications for the ‘vicious cycle’ theory, supporting a model where ROS-
inflicted molecular damage may be continuously removed with age (59).

Taken all together, although chronic accumulation of ROS production and oxidative stress are
undoubtedly important factors contributing to mtDNA damage and mutagenesis over the
course of a lifetime, leading to aging and age-related phenotypes, recent experimental findings
by our group as well as other groups, using transgenic mouse models, provide concrete
evidence against an important part of the mitochondrial ‘vicious cycle’ theory of aging; the
hypothesis that mutagenesis, partly due to chronic ROS insults to mtDNA, leads to further
increases in ROS production and oxidative stress. Hence, it appears that oxidative stress may
not be an obligate mediator of tissue pathology and demise provoked my mtDNA mutations.
In the case of skeletal muscle, it is proposed that respiratory chain dysfunction per se may be
the primary inducer of the sarcopenic phenotype associated with the accumulation of mtDNA
mutations.
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Recent controversy on the role of mtDNA mutations in mammalian aging
Very recently, Loeb's group published experimental work suggesting that mitochondrial point
mutations do not limit the natural lifespan of mice (60). They used a new, highly sensitive
assay to redefine the relationship between mtDNA mutations and age in WT and POLG mice.
In their experiment, they used an adaptation of the random mutation capture (RMC) assay, a
quantitative PCR-based approach that relies on PCR amplification of single molecules for
mutation detection, but is not limited by polymerase fidelity, like other methods. This
methodology allowed for exact determination of mutation frequencies in high-throughput
screens that interrogated millions of base pairs simultaneously (60). The authors found that the
mutational burden in mitochondria of WT mice was more than ten times lower than previously
reported (44), and suggested that this discrepancy was most likely the result of mutations
introduced ex vivo on damaged DNA templates during PCR before cloning steps in
conventional assays, as PCR amplification, prior to application of the RMC assay, increased
the mutation frequency at least 32-fold (60). Moreover, the previously reported mtDNA
mutational rate of three- to eightfold higher in homozygous mutant POLG mice compared with
WT mice, as measured by a standard DNA sequencing approach, was corrected to be ∼2,500-
fold. Since measurements in young POLG mice were equivalent to what was previously
reported (42,44) with conventional assays, the authors attributed this difference solely to the
increased sensitivity of the RMC assay, which allowed for correctly determining a very low
mutation frequency in wild-type mice (60). Importantly, heterozygous POLG mice, with
corrected mtDNA mutational burden up to 500-fold higher compared to age-matched WT mice,
did not show an accelerated aging phenotype, a significant reduction in mean lifespan or a
significant increase in age related pathology, consistent with previous reports (42,44).
Furthermore, because heterozygous mice are born with a 30-fold higher mutation burden than
the oldest WT animals without suffering a phenotype that resembles premature aging, the
authors concluded that the threshold at which mitochondrial mutations become limiting for
lifespan is unlikely to be reached in wild-type mice (60).

Although these data argue against a causal role for mitochondrial mutations in aging, it should
be noted that despite the ability of RMC assay to detect point mutations, large mtDNA deletions
cannot be detected with this method. As mtDNA deletions have been correlated with the demise
of certain specialized tissues such as the substantia nigra (21,61), skeletal muscle dysfunction,
and mitochondrial ETC abnormalities (6,28,33,34,36), these data fail to address the relevance
of large scale mtDNA deletion mutations in the aging phenotype. Furthermore, in the above
study (60), the authors did not find any evidence for clonal expansions during spectrum
analysis, although clonal expansion, especially of deletion mutations has been repeatedly and
very thoroughly demonstrated by other groups in the past (6,33-36). It is also important to point
out that age-induced skeletal muscle dysfunction is associated with a pattern of focal
accumulation of mtDNA mutations within a muscle fiber and a mosaic distribution of mutations
between different fibers (6,28,33,34), a phenomenon that is likely not present in POLG mutant
mice. In light of the above recent findings, the question of whether mitochondrial mutations
cause mammalian aging, or are merely correlated with it, remains unanswered, and it is still
an area of intense debate.

Conclusions
In summary, our review of the literature suggests that: a) aging is associated with an increase
in mtDNA mutations and deletions, coinciding with an increase in mitochondrial abnormalities
in skeletal muscle of several species, including humans, and b) the age-associated accumulation
of mtDNA mutations, leading to mitochondrial dysfunction, may be an important contributor
to sarcopenia.
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It is important to note that aging and aging-associated phenotypes are complex processes that
are likely to have multi-factorial causes. Mitochondrial DNA mutations can arise directly from
sporadic errors during mitochondrial DNA replication (62) or from mtDNA replication errors
resulting from oxidative damage. Besides mtDNA mutations, oxidative stress may also
generate damaged proteins that might be able to directly signal apoptosis through a misfolded
protein response (62,63). Respiratory deficiency could contribute to apoptotic signaling or be
directly responsible for some aspects of tissue dysfunction (62). The limited and sometimes
contradictory evidence available concerning the capacity of pathogenic mtDNA mutations to
start and support the development of tissue dysfunction and demise and the role of ROS
production and subsequent oxidative stress in this phenomenon makes it difficult to reach
general conclusions.

Last, because cells may have hundreds of mitochondria, with each carrying multiple copies of
mtDNA, the contribution of mtDNA mutations and deletions to normal aging and aging
phenotypes, remains a controversial issue. It is clear, however, that progress in this area will
lead to a better understanding of the cause and role of mtDNA mutations in aging, and the
resources available to the cell for compensating and possibly reversing the process leading to
cell death, with potential implications for the therapy of sarcopenia, as well as degenerative
diseases associated with mtDNA mutations.
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Figure 1. The mitochondrial ‘Vicious Cycle’ theory
The theory proposes that chronic ROS generation and increases in oxidative stress can be
damaging to mtDNA. Much of this damage can be mutagenic giving rise to mtDNA mutations
that may accumulate progressively during life. MtDNA mutations in turn, can be directly
responsible for a measurable deficiency in cellular oxidative phosphorylation activity, leading
to an enhanced mitochondrial ROS production, according to the theory. Increased ROS
generation results in further increases in oxidative stress and an increased rate of mtDNA
damage and mutagenesis, thus causing a ‘vicious cycle’ of exponentially increasing oxidative
damage and dysfunction, which ultimately culminates in cell death.
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Figure 2. Proposed mechanism for the skeletal muscle loss induced by accumulation of somatic
mtDNA mutations
Abolishment of ETC complexes in POLG mice (POLG mice with a D257A mutation express
a proof-reading-deficient version of PolgA, the nucleus-encoded catalytic subunit of the
mitochondrial DNA polymerase γ, resulting in the accumulation of somatic mtDNA mutations)
leads to assembly of less functional electron transport chains per mutant mitochondrion. This
can create energy deficits leading to mitochondrial dysfunction, evident by severely
compromised mitochondrial respiration and reduced ATP content in POLG muscle.
Ultimately, this dysfunction results in significant drop in mitochondrial membrane potential
and release of cytochrome c from the intermembrane space into the cytosol. Cytochrome c in

Hiona and Leeuwenburgh Page 14

Exp Gerontol. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the cytosol results in apoptosome formation, activation of caspase-9 and downstream activation
of caspase-3 which ultimately results in apoptotic DNA fragmentation. Apoptosis appears to
be a central mechanism of skeletal muscle loss in POLG mice. Moreover, the observation of
reduced mitochondrial yield in POLG skeletal muscle suggests that mitochondria are
eliminated. The mechanism for their elimination still remains to be determined although up-
regulation of autophagy, down-regulation of mitochondrial biogenesis or both are likely
mechanisms.
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