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Mitochondria, Cellular Stress Resistance, Somatic Cell Depletion and

Lifespan
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Abstract: The causes of aging and determinants of maximum lifespan in animal species are multifaceted and complex.
However, a wealth of experimental data suggests that mitochondria are involved both in the aging process and in
regulating lifespan. Here we outline a somatic cell depletion (SCD) model to account for correlations between:
(1) mitochondrial reactive oxygen species and lifespan; (2) mitochondrial antioxidant enzymes and lifespan;
(3) mitochondrial DNA mutation and lifespan and (4) cellular stress resistance and lifespan. We examine the available
data from within the framework of the SCD model, in which mitochondrial dysfunction leading to cell death and gradual
loss of essential somatic cells eventually contributes to the decline in physiological performance that limits lifespan. This
model is useful in explaining many of the mitochondrial manipulations that alter maximum lifespan in a variety of animal
species; however, there are a number of caveats and critical experiments outstanding, and these are outlined in this review.
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INTRODUCTION

Amongst animal species, a vast range in maximum
lifespans (MLS) is observed, from several weeks to greater
than 100 years. The determinants of animal lifespans and
mechanisms of aging have been the focus of recent
research and substantial progress has been made toward
their understanding. While it is clear that multiple
mechanisms contribute to aging and therefore limit
lifespan, a common theme that has emerged from
numerous studies is the involvement of mitochondrial
oxidative metabolism. The exact nature of this involvement
remains elusive, perhaps in part because it is cell type and
organism specific. Nonetheless, a mitochondrial theory of
aging based on the production of oxygen radicals continues
to provide a cornerstone for much research in the field. In
this review, we critically examine aspects of mitochondrial
biology that may influence the MLS potential of animal
species. We begin by examining some of the implicit
assumptions regarding how aging occurs that have
informed experimental design and interpretation. We
examine the hypothesis of somatic cell depletion (SCD)
that has been implicit in many studies of aging, and use
this hypothesis to reconcile disparate observations
regarding the relationships between animal size, cellular
stress resistance, and lifespan. We then explore specific
aspects of mitochondrial biology that are known to affect
cell viability. We conclude by summarizing the evidence
for mitochondrial-mediated SCD. In developing our basic
approach, we omit to include the potential role of cell
replacement by resident stem cell populations. While such
progenitor cell populations exist within most tissues (for
example, see [2] for a review in heart), it seems that their
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capacity for replacing lost cells in adult tissues is rather limited
under normal circumstances.

If we confine our focus to a single class, Mammalia, a
strong correlation can be identified between species size and
maximum lifespan (Fig. 1). It is interesting in this context to
note that a particular animal species becomes larger by
proliferating more cells during development, and not by
simply having larger cells. Horse hepatocytes are
approximately the same size as those of mice [1]. This is true
also for cardiomyocytes [2] and probably most cell types,
despite vast differences between species in organ size.
Therefore, within a particular tissue or organ, cell number is
typically greater for larger and longer-lived animals. In many
tissues, physiological decline associated with aging can be
related to a reduction of cell number due to the apparent loss
of irreplaceable (or unreplaced) cells (egs. [3-6]) (see also
Table 1). In particular cases, such as in the substantia nigra of
the brain (see below), there are clear thresholds of cell loss that
can be tolerated before tissue function is compromised. This
being so, it is logical to hypothesize that having more cells
might provide a greater time until that threshold is reached and
fatal failures occur, therefore increasing MLS. This aspect of
organism size may be one important determinant of species
MLS.

However, in many cases species of similar size (and
therefore presumably similar cell numbers for a given tissue or
organ) have greatly disparate lifespans. For example, MLS of
the naked mole rat (Heterocephalus glaber), or the little brown
bat (Myotis lucifugus), are almost 10-fold greater than that of
similarly sized mice (Mus musculus) [7,8]. Even within an
individual species (e.g. M. musculus), longevity is a malleable
trait, influenced by diet and genetics [9]. This indicates that,
within a given animal size (and therefore constant cell
number), there are mechanisms for extending lifespan. A
common theme that has emerged from studies within-species,
or between species of similar body mass, is that cellular
resistance to stress correlates well with longevity. Cellular
stress resistance is typically measured as resistance to death
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Fig. (1). Positive correlation between species MLS and average adult body mass in mammalian. Data plotted are for approximately one

thousand mammalian species taken from AnAge build 10 [186].

induced by exogenous toxins. The correlation between this
property and lifespan can therefore be understood from
within the paradigm of cell loss (SCD) and tissue
functional thresholds, as resistance to cell death may
postpone the time to reach critical thresholds of cell loss in
specific tissues. And, given the central role of
mitochondria in apoptotic cell death, this provides a
potential link between mitochondrial function and
longevity. Below, we begin by reviewing the literature on
stress resistance and lifespan, and then relate this to
specific aspects of mitochondrial function.

Table 1. Somatic Cell Depletion and Aging in Mammals
Tissue/Cell Type Observation Ref.
. Cell loss in left ventricle or
Cardiomyocyte rats from 11 to 20 months (73]
. Cell loss in both ventricles
Cardiomyocyte throughout rat lifespan [164]
. Cell loss in aging human
Cardiomyocyte hearts [3]
. Cell death in aging human
Cardiomyocyte hearts [165]
Skeletal muscle motor Cell loss in aging rats [169]
neurons
Retinal ganglion cells Cell loss in aging mice [5]
Substantia nigra Cell loss in aging humans
; . . . [170]
dopaminergic neurons (review; see ref therein)
Pre-optic hypothalamus Cell loss in aging mice; [171]
cells reduced by caloric restriction
Urethral rhabdosphincter | Age dependent loss of cells in [166]
myocyte humans
Skeletal muscle myocyte Age dep en-dent loss of cells in [167]
various muscles
Age-related cell losses
Skeletal muscle myocyte (review: see refs therein) [168]

Animal Stress Resistance and Lifespan

Data collected from a variety of experimental models
suggest that extended animal longevity occurs concurrently
with enhanced stress resistance (summarized in Table 2). This
was first noted in experiments with Drosophila melanogaster
and Caenorhabditis elegans, in which selective breeding of
individuals resistant to stressors including desiccation,
starvation and heat exposure produced populations with
increased mean and maximum lifespans [10,11]. These
experiments indicated a genetic control of lifespan. More
recently, intracellular signaling pathways regulating gene
expression to confer the long-lived phenotype have been
identified [9].

Prolonged reduction in signaling through the
insulin/insulin-like growth factor-1 (IGF-1) pathway is
associated with increased longevity in worms, flies and
mammals. The mechanistic steps in this pathway have been
elucidated in a number of experimental models and for the
purposes of this review will not be discussed further (see [12]
for review). Manipulation of insulin/IGF-1 signaling as a
means of promoting stress resistance and extending lifespan
has been studied extensively in C. elegans. A loss of function
mutation in daf-2, which encodes an IGF-1 receptor
orthologue [13,14], doubles lifespan in C. elegans [13].
Similar lifespan extension is observed following a loss of
function mutation in the age-1 gene of C. elegans, which is
also involved in this pathway [15]. These long-lived mutants
display an enhanced resistance to a broad range of exogenous
stressors, including the chemical superoxide generator
paraquat [16], extreme heat [17] and heavy metal toxicity [18].
Disruption of the insulin/IGF-1 signaling pathway has also
been shown to have an effect on the lifespan of D.
melanogaster, in which a loss of function mutation in an
insulin receptor homologue, InR, extends lifespan by up to
80% [19].

Similar studies of stress resistance in mammals are limited;
however, research conducted using M. musculus suggests that
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Table2. Whole Organism and Cellular Stress Resistance in Animal Models of Longevity
Change in Stress Resistance
Comparison Source of Data Reference
Increase Decrease
C. elegans age-1 mutant Whole animal Paraquat, H,0,, cadmium Unknown [16,15,18]
Calorie restricted Drosophila Whole animal Unknown Paraquat [30]
melanogaster
IGF-1"" mice Whole animal Paraquat Unknown [21]
P66 mice Whole animal Paraquat Unknown [23,24]
Snell dwarf vs. wild type mice Whole animal Unknown Acetaminophen [48]
Snell dwarf vs. wild type mice Dermal fibroblasts Paraquat, H,0,, heat, UV light, cadmium, Tunicamycin, [37.42.45-
methyl methanesulfonate, rotenone, low glucose thapsigargin 48]
Ames dwarf mice Dermal fibroblasts Paraquat, H,O,, UV light Cadmium [45]
Growth hormone null mice Dermal fibroblasts Paraquat, H,O,, UV light Cadmium [45]
Comparative §tudy bereen 8 Dermal fibroblasts Paraquat, H%OZ, ten—bgtyl hydriogen peroxide, Unknown 36]
mammalian species sodium arsenite, alkaline pH
Comparative study between 8 UV light. paraquat
rodents, one species of bat and Dermal fibroblasts Heat, cadmium, H,0,, rotenone, low glucose &ght, paraquat, [471]
. methyl methanesulfonate
laboratory mice
Dermal fibroblasts Paraquat, heat, cadmium, methyl HzOz, Uy exposure, - [39]
Naked mole rat vs. mouse methanesulfonate tunicamycin, thapsigargin
Cultured arteries H,0,, heat Unknown [40]
. . . Liver Clofibrate Unknown [172]
Calorie restricted mice
Lens epithelial cells H,0, Unknown [173]
Cardiac myocytes H,0,, UV light Unknown [69]
. Embryonic .
5 adenylyl cyclase null mice fibroblasts H,0,, UV light Unknown [69]
Dermal fibroblasts H,0,, UV light unknown [69]

the connection between stress resistance and lifespan
observed in C. elegans and D. melanogaster is also present
in mammals. In mice, complete deletion of the IGF-1
receptor gene is lethal [20], but heterozygous null mice live
up to 26% longer than their wildtype littermates [21]. They
are also more resistant to oxidative stress induced by
intraperitoneal injection of paraquat [21]. Interestingly,
deletion of the insulin receptor exclusively in white
adipose tissue similarly extends the lifespan of mice,
although the ability of this mutation to enhance systemic
stress resistance is unknown [22]. Deletion of the p66°™
gene in mice, which encodes a critical insulin adapter
protein, also extends lifespan, and similarly imparts
enhanced resistance to apoptosis and organism death
induced by paraquat injection [23,24]. Thus, these data
indicate that mutations rendering mice longer-lived also
appear to impart resistance to stress-induced organism
death.

Caloric restriction (also termed dietary restriction), a
reduction in calorie intake without malnutrition, is a well
known intervention that has been demonstrated to increase
lifespan in a variety of animals ([25]; also see [26]).
Consistent with the hypothesis that models of extended
longevity display enhanced resistance to stress, calorie
restricted organisms are more resistant to both oxidative
and non-oxidative stressors than their fully fed
counterparts. Dietary restricted C. elegans are both longer-
lived and more stress resistant than fully fed worms

[27,28]. Similar effects are observed in D. melanogaster
[29,30] and mice [31-33]. In many organisms, caloric
restriction induces a quiescent state, such as torpor, concurrent
with an in increase in lifespan and stress resistance [34,35].

Cellular Stress Resistance and MLS

There is considerable evidence that the superior stress
resistance of longer-lived animals can be traced to cellular
properties that are altered by genetic or dietary manipulations.
Indeed, even within the paradigm of correlated lifespan and
body mass, cellular stress resistance is seen to correlate
positively with lifespan. Much of the experimental data
examining relationships between lifespan and cellular stress
resistance in mammals has employed cultured fibroblasts.
Kapahi er al. [36] revealed a positive correlation between
maximum species lifespan and resistance to stressors including
paraquat, hydrogen peroxide, tert-butyl hydroperoxide, sodium
arsenite and alkaline pH, in cultured primary dermal
fibroblasts derived from eight mammalian species. Similarly,
primary dermal fibroblasts isolated from eight rodents, the
little brown bat and a laboratory mouse strain, and exposed to
a series of six different stressors revealed a positive correlation
between lifespan and resistance to cadmium and hydrogen
peroxide that remained significant following regression
analysis for traits such as body size and phylogeny [37].
Within rodents, however, there was no significant correlation
between lifespan and resistance to UV irradiation or paraquat
in the examined species [37].
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Data gathered from models of extreme longevity are of
particular interest for their potential insight into the
mechanisms responsible for limiting lifespan. The naked
mole rat is similar in size to a mouse, but has a maximum
recorded lifespan of 28.3 years - the longest reported in a
rodent (see [38] for review). Dermal fibroblasts and
vascular endothelial cell cultures established from the
naked mole rat appear more resistant than mouse cells to
some stressors [39,40]. Dermal fibroblasts of the naked
mole rat are more resistant to cell death induced by
paraquat, cadmium, heat and DNA methylating agents than
mice; however, they show a heightened sensitivity to
hydrogen peroxide stress and UV irradiation [39]. In
contrast, vascular tissue of the naked mole rat is more
resistant than mouse vascular tissue to apoptotic cell death
induced by hydrogen peroxide [40]. The discrepancy in
stress resistance between these two different cell types is
interesting, and may suggest tissue-specific variations in
the mechanisms which impart animal stress resistance.

Cross species comparisons of longevity inevitably
suffer the same shortcomings, in that correlation of a
multifaceted response, such as cellular stress resistance to
lifespan, will always be confounded by extraneous factors
that are not controlled for. Cellular mechanisms relating to
animal longevity have been explored by comparing dermal
fibroblasts from the long lived Snell and Ames dwarf mice
to those of their normal littermates, eliminating some of
these concerns. In Snell dwarf mice, a mutation in the gene
encoding the transcription factor Pit-1 results in an increase
in lifespan accompanied by a reduction in body size and
altered hormonal levels [41]. Dermal fibroblast cultures
derived from dwarf mice have been used extensively to
demonstrate the relationship between cellular stress
resistance in vitro and organism lifespan. Increased
resistance to cellular stressors in fibroblasts of dwarf mice
is apparent from cells taken from adult mice and evidence
of enhanced stress resistance is stable for several
population doublings. Dermal fibroblasts from Snell dwarf
mice are resistant to a variety of disparate stressors
including paraquat, hydrogen peroxide, UV irradiation and
cadmium [42]. In addition to resistance to acute stressors,
it appears that fibroblasts derived from Snell dwarf mice
are also more resistant than fibroblasts of their normal
littermates to the chronic negative effects of atmospheric
oxygen exposure in culture. At atmospheric oxygen (20%),
mouse embryonic fibroblasts (MEFs) undergo replicative
senescence more readily than when cultured at more
physiological conditions of 3% oxygen [43]. The increase
in senescence at 20% oxygen is believed to be related to a
state of oxidative stress in these cells. Fibroblasts from
Snell dwarf mice are resistant to growth arrest observed at
20% oxygen, suggesting that they are more resistant to the
damaging effects of chronic oxygen exposure [44].
Increased stress resistance is not unique to fibroblasts of
the Snell dwarf mice, and is also observed in dermal
fibroblasts derived from other mouse models of longevity.
Dermal fibroblasts of Ames dwarf mice and mice null for
growth hormone receptor are resistant to stress induced by
hydrogen peroxide, UV irradiation and paraquat, but not to
cadmium [45].

An interesting observation is that fibroblasts of some
long-lived organisms are also resistant to metabolic

Current Aging Science, 2009, Vol. 2, No. 1 15

stressors. Dermal fibroblasts from Snell dwarf mice are more
resistant than cells of their wildtype littermates to glucose-
deprivation stress, and the effects of rotenone [46]. Lifespan in
eight rodent species, the little brown bat and a laboratory strain
of mice also correlates positively with resistance to rotenone
[47]. Resistance to stressors targeted to disrupt oxidative
phosphorylation may reflect a change in the metabolic profile
of these cell types. However, we have observed no differences
in the apparent aerobic or anaerobic metabolic capacity of
Snell dwarf mouse fibroblasts, relative to those of their normal
littermates [unpublished observations].

One criticism of the above studies is their heavy reliance
on dermal fibroblasts. As mentioned above, in the naked mole
rat differences in stress-specific resistance are observed
between cell types, which cautions against the use of any
single cell type in developing an understanding of the
relationship between cellular stress resistance and longevity.
For example, Snell dwarf mice, although longer lived, are
more sensitive than their wild type littermates to the harmful
effects of the liver toxin acetaminophen [48]. A second caution
is that within interspecies comparisons there is limited
commonality in the specific stressors long-lived animals are
resistant to. This may imply that the factors imparting cellular
stress resistance are unique amongst different species, and this
should be considered in the search for specific cellular
mechanisms capable of increasing stress resistance and
extending lifespan. Thirdly, data derived from cell culture
experiments must account for possible artifacts attributed to
conditions employed in standard cell culture protocols. For
example, standard culture conditions employ atmospheric
oxygen conditions of 20%, which result in a hyperoxic growth
medium [49]. Hyperoxic conditions may be sufficient to
induce an oxidative stress on the cells, and this may change the
cellular response to subsequent stress [50]. In the context of
the SCD theory, it is perhaps most important to extend the
observations made with fibroblasts to other cell types, in
particular post-mitotic cells such as in the heart and brain, as it
is loss of these cell populations that will determine the
functional decline of the soma.

Nonetheless, if we accept that, with the above caveats,
stress resistance at the level of the whole organism and
individual cells appears to correlate with animal longevity, it
becomes interesting to investigate molecular mechanisms
conferring this property. The relationship between resistance
to cell death and longevity provides a framework to understand
the potential role of mitochondria in longevity, because this
organelle is a direct mediator of cell death. A common
correlate of aging is the accumulation of oxidative damage
within critical macromolecules. With this in mind, longevity
has been related both to differences in the production of
oxidants and to differences in the ability to withstand the
adverse effects of oxidants. Below, we will examine both
properties.

Mitochondrial Reactive Oxygen Species Production and
MLS

It is estimated that 0.1-0.5% of all molecular oxygen within
the respiratory chain prematurely reacts with electrons that
leak from complexes I and III of the electron transport chain,
producing superoxide anions (reviewed in [51]). Superoxide
anions react readily with nitric oxide to produce the highly
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reactive species peroxynitrite. Superoxide anions are also
spontaneously or catalytically converted to hydrogen
peroxide which can be further converted to the extremely
reactive hydroxyl radical causing damage to DNA, proteins
and lipids.

Comparative studies have typically reported that
mitochondrial reactive oxygen species (ROS) generation is
inversely related to MLS in mammals [52-56] (see Table 3
for a summary of relevant studies). Recently many of these
studies have been criticized on the grounds of limitations
inherent to the number and independence of data points
(species) and statistical analyses employed [57]. However,
in some instances these confounding factors have been
appropriately controlled for (e.g. [56]), and the originally
reported inverse correlation between lifespan and
mitochondrial ROS production has been confirmed. This
trend has been shown for a variety of tissues: isolated liver
sub-mitochondrial particles [52], and isolated mitochondria
from liver, heart, and kidney [53-56]. However, there are
also exceptions to this trend. For example, while hydrogen
peroxide production from isolated heart, brain and kidney
mitochondria was found to be significantly lower in the
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long-lived (MLS = 25y) little brown bat (M. lucifugus)
compared to the short-lived (MLS = 2y) short-tailed shrew
(Blarina brevicauda), it was lower still in the white-footed
mouse (Peromyscus leucopus), which has an intermediate
lifespan (MLS = 8y) [8]. Also, Lambert et al. [56] found that
the rate of ROS production of isolated heart mitochondria from
the long-lived naked mole rat (H. glaber) is similar to that of a
mouse.

With respect to the above studies, it is important to note the
following limitations inherent in the methods used. Firstly, the
measurements are made in mitochondria respiring in
atmosphere saturated medium (~21% O,), which is at least an
order of magnitude greater than these organelles encounter
within cells in vivo [49,58,59]. Secondly, the rather vigorous
process of tissue homogenization used to isolate mitochondria
can introduce artifactual oxidative damage. Silva et al. [60]
have shown that differences in mitochondrial antioxidant
enzyme activities can make mitochondria more or less
susceptible to oxidative damage in vitro. Thirdly, conditions of
mitochondrial respiration in vitro are likely far removed from
those in vivo, particularly with respect to rate of ADP
phosphorylation and saturation of respiratory substrates. These

Table 3. Mitochondrial and Cellular ROS Production in Long-Lived Animal Species
Comparison Source of Material ROS Measured Relationship Ref.
Pigeon vs. Rat Heart mitochondria H,0, Higher rates in shorter-lived species [174]
Parakeet vs. Canary vs. Mouse Heart mitochondria H,0, ProgreS§ ively lower rates in longer lived [175]
species (mouse> parakeet>canary)
Naked mole' rat vs. Damara mole rat vs. Carotid arteries (endothelial cells 0, and H,0, No relationship with lifespan [40]
Guinea pig vs. Mouse and smooth muscle cells)
Little brown bat vs. white-footed mouse Brain, heart and kidney whole . P
vs. short-tailed shrew tissue homogenates H:0: No relationship with lifespan [8]
. Aortas Oy . . . X
White-footed mouse vs. House mouse Higher rates in shorter-lived species [181]
Heart mitochondria H,0,
Sub-mitochondrial particles from oy
. 2
White-footed mouse vs. House mouse brain and heart Higher rates in shorter-lived species [182]
Brain and heart mitochondria H,0,
Correlative study (5 Mammalian species, Sub-mitochondrial particles from . . . . .
1 Insect) liver and flight muscles (Insecta) 0O, Highest rates in shorter-lived species [52]
i i i Liver mitochondria or
Correlative study (6 Mammallan species, . v . . H,0, Highest rates in shorter-lived species [53]
2 Insect species) Flight muscle mitochondria
Correlative study (6 Mammalian species) Sub-mitochondrial particles from 0O, and H,0, Higher rates in shorter-lived species [54]
heart and kidney
Correlative study (12 Marpmahan species, Heart mitochondria H,O, Higher rates in shorter-lived species [56]
2 Avian species)
Correlative study (5 Insect species) Flight muscle mitochondria 0O, and H,0, Higher rates in shorter-lived species [183]
CR rats vs. ad libitum fed rats Heart mitochondria H,O, Lower rates in CR rats fed rats [179]
CR rats vs. ad libitum fed rats Isolated hepatocytes H,0, No difference detected [185]
0, 0, ihi
8.5% CR, 25% CR;;;S vs. ad libitum fed Liver mitochondria H,0, No difference detected [180]
Methionine restricted rats vs. ad libitum Heart mitochondria H,0, Lower rates in methionine restricted rats (178]
fed rats Liver mitochondria H,0, Lower rates in methionine restricted rats
N o . -
40% and 80% Mfathlonlne restricted rats Liver mitochondria H,0, Lower rates in methionine restricted rats | [184]
vs. ad libitum fed rats
Cells cultured in serum from ad libitum HeLa cells 0, and H,0, Lower rates in cells cultured in CR (63]
fed vs. CR rats serum
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caveats have been addressed by studies using intact
isolated or cultured cells to make similar measurements of
mitochondrial ROS production.

ROS production from isolated hepatocytes appears to
be greater in older mammals [61,62]. However, Lambert
and Merry measured ROS production in hepatocytes
isolated from calorie restricted (55% of control diet) rats
and fully fed controls, and found no difference. In contrast,
Lopez-Lluch et al. [63] showed that when rat hepatocytes,
HeLa cells or FaO cells were grown in serum from calorie
restricted or fully fed rats, ROS production was greater in
the latter. It is difficult to reconcile these observations
given the differences in experimental approaches used. The
apparent contradictions between these studies and those
described above suggest the need for experiments with
isolated intact cells from a variety of tissues, to determine
whether lifespan-related differences in mitochondrial ROS
metabolism are confined to particular cell types or more
globally manifested.

Genetically manipulated mice also offer insights into
the relationship between mitochondrial ROS production
and lifespan. p66," is a splice variant of p525h°/P465h°,
which functions in signal transduction [23]. p66™™’" mice
are resistant to oxidative stressors (e.g. paraquat) and live
up to 30% longer than wildtype mice. p66™™” mice appear
to provide a link between cellular oxidative stress and the
mitochondrial apoptotic pathway, and this may relate
directly to its role as a determinant of lifespan [24]. MEFs
from p66™°" are resistant to oxidant-induced cell death
because they do not as readily undergo mitochondrial
permeability transition and membrane dePolarization.
Thus, the results from studies of p66™™ mice are
consistent with the hypothesis that mitochondria modulate
lifespan via their role in cell death and subsequent SCD.

If this hypothesis is correct, it becomes important to
understand how differences in the ability of mitochondria
to directly detoxify ROS might relate to species longevity.
Differences in the expression of mitochondrial antioxidant
enzymes could explain between-species differences in
ROS production that have been determined using isolated
mitochondria. If elevated mitochondrial antioxidant levels
protect the organelles from oxidative damage during
isolation, this may affect subsequent measurements of
respiratory ROS production in vitro. Also, increased
mitochondrial antioxidant capacity could alter the rates of
ROS production measured in intact isolated cells, if ROS
are immediately detoxified within mitochondria. Thirdly,
increased mitochondrial antioxidant capacity in cells
cultured from longer-lived animals might explain their
apparent increased resistance to apoptotic cell death.

Mitochondrial Antioxidant Capacity and MLS

In most animal tissues, mitochondria contain several
antioxidant enzymes that detoxify ROS produced as a
byproduct of respiration. Manganese-dependent superoxide
dismutase (MnSOD) is the only superoxide dismutase
(SOD) in the mitochondrial matrix. A portion of MnSOD
is associated with the inner membrane [64], which is
interesting given that this is the site of virtually all
respiratory superoxide production. CuZnSOD is primarily
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a cytosolic enzyme. However, almost 3% of this enzyme can
be found in the mitochondrial inter-membrane space (IMS) in
rat liver [64]. Despite the low overall proportion of total
CuZnSOD that is mitochondrial, the enzyme is likely highly
concentrated within the IMS, given the small volume of this
compartment relative to cytosol. Mitochondria generally lack
the ability to detoxify H,O, via catalase. Though this enzyme
has been reported in the organelles isolated from heart tissue
[65], other studies have failed to demonstrate this [66]. At least
two isoforms of glutathione peroxidase (GPx1 and Gpx4)
localize to mitochondria (reviewed in [67]) where they can
also detoxify H,0,. In addition GPx4 can neutralize
phospholipid hydroperoxides and a variety of other lipid
hydroperoxide substrates. Thus, mitochondrial detoxification
of ROS produced either within the matrix or in the IMS during
respiration relies primarily on MnSOD, and GPx, and probably
to a lesser extent on CuZnSOD.

MnSOD positively correlates with lifespan in some animal
models of longevity. For example, it is elevated in long-lived
daf-2 mutant C. elegans [68], and type 5 adenylyl cyclase
knockout mice [69]. MnSOD is the only antioxidant enzyme
activity that is appreciably higher in liver tissue of the naked
mole rat [70]; it is approximately twice that of size-matched
mice. In cultured dermal fibroblasts from a range of
mammalian species, MnSOD levels are positively correlated
with MLS [71]. Transgenic overexpression of this enzyme in
mice prevents mitochondrial membrane permeability transition
and cell death [60] and generally confers increased cellular
stress resistance (reviewed in [72,73]). Resveratrol, which has
been associated with lifespan extension, upregulates MnSOD
activity in human skin fibroblasts and in mice [74,75]. In
contrast, MnSOD ablation is lethal and knockdown reduces
lifespan in most animal species [e.g. 76].

There is, however, a number of exceptions and caveats
related to these observations, and representative results from
C. elegans, D. melanogaster and M. musculus will be
discussed in this context below. For example, while Honda and
Honda [77], Murphy et al. [78] and Yang ef al. [68] identified
mitochondrial SOD as a downstream target of the longevity-
conferring transcription factor daf-16 in C. elegans, Yang et
al. [68] observed no effect of RNAi mediated SOD-2
knockdown on daf-2 lifespan. Unfortunately, none of the data
regarding MnSOD mRNA or protein levels have been
corrected for mitochondrial abundance, though in several
animal models of increased longevity, significant
mitochondrial proliferation is observed. Thus, increased levels
of exclusively mitochondrial enzymes such as SOD-2 may
simply reflect a greater abundance of the organelle in long-
lived strains. In C. elegans, interpretation of the results
regarding mitochondrial SOD may also be confounded by the
unusual existence of two mitochondrial SOD isoforms [79],
SOD-2 and SOD-3, that share 88% sequence identity [80]. The
two isoforms clearly elicit different effects on both stress
resistance and lifespan in C. elegans. Whereas abolishing
SOD-2 significantly reduced stress resistance and the lifespan
extension phenotype of daf~2 mutants, sod-3 mutants showed
no effect on stress resistance or increased lifespan [81].
Finally, in the wildtype genetic background, double knockout
of the two mitochondrial SOD isoforms significantly reduced
resistance to paraquat, but an apparent 13% reduction in MLS
was not significant. Thus, the role of mitochondrial SOD
activity in regulating longevity of C. elegans remains unclear.
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In this organism, with only ~1000 somatic cells, it would
seem that a strong correlation between an anti-apoptotic
function and increased longevity should be evident if the
SCD theory is correct.

One of the major problems in interpreting the effect of
transgenic MnSOD overexpression is the potential for
interfering with redox modulated signaling pathways,
particularly during development. Sun et al. [82] over-
expressed MnSOD conditionally in adult D. melanogaster.
In this study transgenic MnSOD overexpression, over a
range of MnSOD levels, correlated well with lifespans
[82]. CuZnSOD expression in adult D. melanogaster can
provide a similar outcome of lifespan extension [83],
though the extent to which this is caused by IMS
CuZnSOD is not known and apparently has not been
considered. CuZnSOD is also found within the IMS of
yeast (Saccharomyces cerevisiae, [84]) and in various
mammalian tissues [85], suggesting that this may be a
common or even ubiquitous characteristic of its
intracellular distribution in eukaryotes. In any case, despite
the ability of SODs to extend lifespan in D. melanogaster,
there is apparently no evidence that long-lived mutants or
dietarily restricted flies have elevated levels of either
enzyme [86]. However, these measurements employed
spectrophotometric assays of crude homogenates, which
can be problematic [87,88].

In mice, MnSOD is critical for survival, and Sod2™”
mice live only 10-18 days [74,89]. Surprisingly, Sod2""
mice have normal lifespans [90], despite reduced
mitochondrial respiratory control ratios (RCR) and
increased susceptibility of isolated mitochondria to
permeability transition [91,92]. Apoptotic cell death is
elevated in cardiomyocytes from Sod2"” mice compared to
wildtype, but only in old mice and those treated with
oxidants. The Sod2"" mice are also more sensitive to an
intraperitoneal injection of paraquat [90]. These
observations are difficult to reconcile with the SCD theory
of aging, but a more complete study of cell loss with age in
these mice might be informative.

The results summarized above provide evidence
(though somewhat equivocal) that dismutation of
superoxide in the matrix or IMS may promote increased
longevity, possibly via amelioration of SCD. Greater SOD
activities would be expected to reduce steady state levels
of superoxide. This in turn will affect redox signaling
pathways as well as potentially nitric oxide (NO) signaling,
particularly in tissues where this is an important pathway.
Mathematical models predict that elevated mitochondrial
SOD activities will increase H,O, flux when the
superoxide source is the respiratory chain [93]. H,0, also
participates in a number of reactions, including those
capable of inducing apoptotic cell death. Therefore,
concomitant detoxification of this molecule may be
important.

A mechanism for the protective effect of mitochondrial
GPx isoforms has been presented by Imai and Nakagawa
[67]. These authors suggest that it is the specific protection
of the unique inner membrane phospholipid cardiolipin
from peroxidation that is responsible for resistance to cell
death. Cardiolipin maintains an important electrostatic
interaction with cytochrome c in the IMS that is disrupted
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by peroxidation of the phospholipid. This leads to cytochrome
c release, providing a second condition, formation of an outer
membrane pore, is also met. Thus, GPx1/4, and perhaps other
mitochondrial antioxidants, may enhance cellular stress
resistance by preventing cytochrome c release and subsequent
apoptotic cell death.

Recently, transgenic  mice  overexpressing  the
mitochondrial isoform of the enzyme GPx (GPx4) have been
produced, and these provide insight into the role of GPx4
specifically in this organelle. The GPx4 overexpressors are
protected from loss of mitochondrial and tissue function due to
ischemia-reperfusion injury [94]. The effect of this global
GPx4 overexpression on lifespan has not yet been assessed in
these mice. However, Ran er al. [95] reported that GPx4
knockout heterozygous mice, with reduced GPx4 levels in all
major tissues, did not have reduced lifespan. This contrasts
with a report from [96], in which transgenic mice expressing a
mitochondrial-targeted catalase did live significantly longer. It
is difficult to understand the significance of mitochondrial
H,0, from these studies. While they demonstrate that
mitochondrial H,O, detoxification is clearly protective from
the toxic and apoptotic effects of oxidants, and the potential
for attenuation of SCD is clear, more empirical evidence of an
effect on lifespan is required.

mtDNA Damage/Mutation and MLS

While ROS can react with all cellular constituents, causing
damage to lipids, proteins and nucleic acids, accumulation of
mtDNA damage may be particularly harmful, due to its
potentially permanent interference with transcription and
replication. ROS mediated damage occurs in both nuclear and
mitochondrial genomes, however, mtDNA is believed to be
particularly susceptible to damage, in part due simply to its
proximity. One element of a mitochondrial theory of aging
suggests that accumulated damage and mutations in mtDNA
cause an aberrant ROS production that further damages the
organelle. This has been termed the “vicious cycle of
mitochondrial ROS production” [97]. In this scenario, the
accumulation of mutations in mtDNA decreases oxidative
phosphorylation efficiency, which in turn increases ROS
production and damage leading to cellular ATP crisis and
ultimately cell death [98]. The order and prevalence of these
events remain controversial, and are yet to be demonstrated
experimentally, while recent evidence refuting the theory has
accumulated. In any case, validation of the existence of the
vicious cycle of mitochondrial ROS production requires that
mitochondrial dysfunction in cells with high levels of mtDNA
mutation be concurrent with increased rates of ROS
production. This idea has been the premise of some excellent
recent studies and these are discussed below. However, we
first briefly review the relevant background on mtDNA
damage, repair and mutation.

Mitochondria possess a genome of approximately 16k base
pairs, which in mammals encodes 13 protein subunits of the
electron transport chain as well as 22 tRNAs and 2 rRNAs
necessary for their production. Despite the relatively few
proteins encoded in mtDNA, these are absolutely necessary for
oxidative phosphorylation and mitochondria lacking DNA are
not capable of synthesizing ATP [99]. mtDNA is thought to be
susceptible to damage and mutation for a number of reasons,
including: (1) its close proximity to the electron transport
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chain, the primary site of ROS generation in many cells.
(2) the absence of protective histones [100]. Mitochondrial
single stranded DNA-binding protein and transcriptional
factor A have been observed to co-localize with mtDNA,
the latter in sufficient amounts to possibly coat the
genome, but the protective abilities of these structures has
not been fully explored [101]. (3) the absence of introns,
which increases the probability that damage will affect
protein coding regions of the genome. (4) multiple copies
of mtDNA exist within every mitochondrion, and replicate
even in post-mitotic cells. Continual degradation and
resynthesis of mtDNA may act as a mechanism to repair
damage, but has the potential to increase mutation rate,
especially in highly metabolic tissues where mtDNA is
quickly synthesized and degraded [100]. For example, the
average lifetime of a mtDNA molecule in a rat brain cell is
estimated to be approximately 2-4 weeks [102], and this
high rate of turnover is important to understanding how
mtDNA mutations can expand with age.

Oxidative DNA damage has been well characterized.
Oxidative stress may result in oxidative lesions, abasic
sites, strand breaks and base modifications [see 103 and
references therein]. However, the oxidative adduct 8-
oxodeoxyguanine (8-0xodG) is commonly measured as an
indicator of overall oxidative damage in mtDNA. The syn
conformation of 8-oxodG has the potential to induce GC-
TA transversion mutations, as well as the mis-
incorporation of 8-oxodGMP opposite adenine [104].
Oxidative damage to mtDNA (8-oxodG) appears to
correlate positively with age, and negatively with lifespan
[105, 106]. Unfortunately, however, methodologies for
measuring the presence of 8-oxodG vary greatly between
research groups, and substantial differences between
measurements question the validity of this technique [107].

mtDNA accumulates high levels of oxidative lesions
under normal physiological conditions [108] and
mitochondria were once believed to lack the ability to
repair damaged DNA [109]. The absence of mitochondrial
DNA repair was subsequently disproved by demonstration
that mitochondria are able to conduct base excision repair
(BER), the pathway responsible for the removal of most
types of oxidative damage [110-112]. A long list of DNA
repair enzymes have now been observed in isolated
mammalian mitochondria. These include, but are not
limited to, DNA glycosylases [112-114], thymine glycol
glycosylase (nth1) [115] and a homologue of E. coli MutY
glycosylase (MYH) [116]. The BER pathway is
responsible for the removal of base adducts and abasic
sites in DNA and is thus an important defense against
oxidative damage. Generally, BER involves four sequential
steps: (1) the altered base is removed by a damage-specific
glycosylase (2) the sugar backbone remaining at the abasic
site is cleaved by an endonuclease to produce a free
3’hydroxyl group (3) the subsequent nucleotide gap is
filled by polyermase y and (4) the synthesized strand is
annealed by a DNA ligase [111]. The importance of BER
in removal of oxidative DNA lesions in mitochondria has
been investigated within several mutants in whom the
genes encoding the enzymes that catalyze the first two
steps of this pathway have been deleted or overexpressed.
Below, we will discuss mammalian models, which
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evaluate the physiological effects of mtDNA repair, damage
and mutation.

It is generally hypothesized that extensive oxidative
damage to mtDNA will result in mitochondrial dysfunction,
increased ROS production and oxidative stress. 8-oxoguanine
DNA glycosylase (OGG1) is a nuclear encoded enzyme
responsible for the majority of 8-oxodG removal in
mitochondria. In an in vitro assay, mitochondrial homogenates
from the OGGI null mice are unable to incise a substrate
containing 8-oxodG [117], suggesting the absence of back up
activities. However, in contention with the idea that elevated
levels of mtDNA damage lead to cellular ATP crisis,
examination of respiratory function in mice null for OGGlI
revealed that in spite of having levels of the 8-0xodG lesion at
least 20-fold higher than that observed in wildtype mice [117],
these mice display a normal phenotype [118]. Respiratory
complex activities and respiratory properties of isolated
mitochondria are not different from wildtype mice [119]. It
may be that alternative pathways for 8-0xodG repair do exist
in vivo, and that the ability to incise 8-oxodG by these
enzymes was not addressed under the experimental conditions
utilized. A second possibility is that the accumulation of this
oxidative lesion and subsequent mutation is insufficient to
affect mitochondrial bioenergetic function. In any event, the
above studies suggest that OGG1 does not play a critical role
in defense of mtDNA integrity.

Uracil that arises from the deamination of cytosine in
mtDNA is efficiently removed by uracil-DNA glycosylase
(UNG) [120]. In addition, UNG removes several forms of
damage caused by uracil oxidation and is upregulated in
response to oxidative stress [121,122]. As with OGG1, protein
extracts from mitochondria lacking UNG are unable to incise
uracil from oligonucleotides, indicating the absence of backup
mechanisms for uracil removal [122,123]. However, similar to
observations made in the absence of OGG1, deficient removal
of wuracil does not appear to have a negative effect on
mitochondrial function in several experimental models.
Inhibition of uracil removal in mtDNA does not lead to
increased mutation or mitochondrial dysfunction in
immortalized human breast epithelial cells [124]. Activities of
mitochondrial respiratory complexes I and IV in whole tissue
homogenates of liver, heart and brain from mice lacking the
ability to remove uracil are not different from activities in
wildtype mice. This lack of difference is evident even when
mice are maintained on a folate deficient diet (M.M. Page et
al., unpublished data), which promotes uracil incorporation
and mtDNA mutation [125]. This suggests that the activity of
uracil-DNA glycosylase may not be required to maintain
mitochondrial bioenergetic function in mammalian cells.

It is interesting that although the activities of individual
glycosylase enzymes can be inactivated without apparent
consequence to mitochondrial function, overexpression of
these enzymes has been shown to confer cellular stress
resistance. Transfection of HeLa cells with a vector containing
the sequence of human OGG1 with a mitochondrial targeting
sequence effectively increases OGGI activity in mitochondria
of these cells. Concurrent with the increase in OGGI1 activity,
these cells become more resistant to cell death than controls
when exposed to the redox cycling drug menadione [126].
Targeting human OGG1 to mitochondria in HeLa cells also
increases their resistance to the chemical apoptosis inducer 2-
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methoxyestradiol, supposedly by reducing mtDNA damage
[127]. Similar observations are made when human OGG1
is targeted to oligodendrocytes [128,129]. Alternatively,
there is evidence to suggest that overexpression of DNA
glycosylases may lead to increased sensitivity to stressors
[130,131]. These contradictory observations may be related
to differences in the intracellular concentration of the
transgenic protein and the mechanisms of expression in
each experiment. As in many biological systems, balance
between the components of the BER pathway appears to be
important to it’s functioning.

AP endonuclease (APE1) is responsible for the second
step in the BER pathway and is implicated in the repair of
oxidized damage, abasic sites as well as in the repair of
some single strand breaks [132]. Removal of this enzyme
has severe consequences on animal and cell viability. In
addition to its DNA repair activity, APE1 also acts as a
red/ox regulator of transcription factor activities in
mammalian cells [for review, see ref. 133]. APEl is
present in both the nucleus and mitochondria in fairly high
concentration [134,135]. This enzyme is critical to a
number of repair systems, and may represent a bottle neck
for many DNA repair substrates. Furthermore, it seems that
there are no alternative enzymes able to compensate for a
loss of AP endonuclease [132]. Deletion of the apel gene
in mice is embryonic lethal [136], and both activities of the
enzyme are required for life in mammals [137]. Due to the
lethality of the APEl gene deletion, characterization of
oxidative stress and mitochondrial function in mammalian
mutants lacking APE is impossible. A transgenic mouse
has been created that is heterozygous for the gene encoding
AP endonuclease [138]. Embryonic fibroblasts derived
from this mutant are highly sensitive to oxidative stress
induced by chemicals such as paraquat. Markers of
oxidative stress, such as lipid peroxidation and
isoprostanes are also elevated in the mice, suggesting that
reduced APEIl activity makes them more sensitive to
oxidative stress [138]. However, it is important to note that
in this study, the participation of APEl’s two distinct
activities in response to oxidative stress was not explored.
It may be that a decrease in mtDNA repair enhances
sensitivity to stress induced by chemical oxidants;
however, it is also possible that decreased red/ox
regulatory function has a negative impact on other
important intracellular pathways mediating cell death. The
contribution of each of APE1’s activities in cellular stress
resistance requires further exploration.

Elevated APE!L activity in cultured cells increases the
ability of Chinese hamster cells to resist the negative
effects of DNA alkylating agents [139], and to protect
neuronal cells from exogenous oxidative stress [140]. In
contrast, overexpression of APEI has also been shown to
have a negative effect on cell survival in breast cancer cells
treated with a chemical stressor [141]. A recent study
demonstrated that targeting human APEI to mitochondria
in cultured human umbilical vein endothelial cells showed
an increased resistance to oxidative stress and reduced
apoptosis in the transgenic cells [142]. Increased stress
resistance was observed when the transgenic APE1 was
targeted to the mitochondria, possibly suggesting mtDNA
damage is critical to apoptosis in response to oxidative
stress. It will be important to develop approaches to isolate
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the mtDNA repair function of APEI so that the importance of
this activity with respect to mitochondrial function and
lifespan can be ascertained.

Enhanced expression of enzymes which participate in the
BER pathway seems to protect cultured cells from acute
oxidative stress. However, the impact of overexpressing DNA
repair enzymes on whole animal physiology has not yet been
determined. It is critical to determine if increased expression
of these enzymes provides protection from endogenous levels
of stress, and if this manipulation is of any benefit to the whole
animal. With this in mind, the absence of pathological
phenotypes in mice deficient in BER but producing
physiological concentrations of ROS is extremely interesting,
as it questions the importance of mtDNA damage repair as a
determinant of lifespan.

The physiological relevance of mtDNA mutations has been
addressed in a series of experiments using transgenic mice
expressing a mutant form of polymerasey(polg) (mutator
mice), the only known polymerase identified in mammalian
mitochondria [143]. The engineered polg possesses a
substitution mutation that eliminates its ability to proofread
DNA. Polg transgenic mice therefore accumulate mtDNA
point mutations and deletions with increasing age, first
estimated to be 3- to 11-fold greater than observed in wildtype
mice [144,145]. Although the transgenic mice are apparently
healthy at birth, with increasing age they demonstrate severe
symptoms similar to those associated with advanced aging in
humans and their lifespan is only ~60% that of wildtype
controls [144,145]. Mitochondrial respiratory complex
activities are substantially reduced in polg mutant mice,
presumably due to mutations in regions of mtDNA encoding
critical subunits [144,145]. Interestingly, although these mice
display elevated levels of mtDNA mutation, and a near 90%
reduction in oxygen consumption in some tissues, no signs of
oxidative stress are observed. Mitochondrial protein
carbonylation, isoprostane levels and accumulation of 8-
oxodG were unchanged between the polg mutant mice and
wildtype controls [144,145]. The activity of aconitase, a citric
acid cycle enzyme frequently used as a proxy of matrix
oxidative stress, was also unchanged in the mutant mice [146].
Therefore, high levels of mtDNA point mutations do not
increase oxidative stress. Direct measurement of ROS
production in mutator mouse cells similarly reveals no
increase in the rate of ROS production. Generation of
superoxide from polg mutant embryonic fibroblasts is not
different from the controls [146] and measurements of
mitochondrial hydrogen peroxide production from a variety of
tissues are also similar to those observed in the wildtype
control [145]. Finally, embryonic fibroblasts from polg mutant
mice do not display a decrease in resistance to hydrogen
peroxide, suggesting that although they have a substantial
accumulation of mtDNA mutation, their ability to withstand an
oxidative stress is unaltered. A compensatory response to
increased ROS was also tentatively ruled out by Trifunovic
and colleagues, as mRNA levels of antioxidant enzymes were
unchanged between mutator and control mice [146]. Taken
together, these results offer no support for the ‘vicious cycle’
theory of mitochondrial involvement in aging and lifespan.

In the mutator mice, accelerated aging was not attributed to
oxidative stress, but rather to an elevated level of cell death.
The mtDNA mutator mouse shows a significant increase in
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cleaved caspase 3, a marker of apoptosis, in skeletal
muscle at 9 months of age when compared to controls
[145], suggesting that increased mtDNA mutation load is
associated with increased death in some cell types. The
impact of increased mutations in specific tissues was
further addressed in a transgenic mouse expressing an error
prone polg specifically in heart tissue [147]. Experiments
with these transgenic mice revealed that the error prone
polg increases cardiac cell apoptosis, associated with
cardiomyopathy  [148]. Cardiovascular disease is
frequently associated with increasing age, and it is
therefore very interesting that the accumulation of mtDNA
mutation has the potential to increase apoptosis and lead to
organ dysfunction under conditions of normal
physiological stress. These studies provide a link between
mtDNA mutation and aging, but also suggest that this link
is not ROS production. The precise mechanism(s) whereby
mtDNA mutation appears to promote cell death and curtail
lifespan remains to be determined.

The mutation load in polg mutant mice was initially
estimated to be approximately 3- to 11-fold that observed
in wildtype mice. However, a reappraisal of this value
using the random mutation capture method [for a
description of this method see ref 149], found that the polg
mutant mice harbor a point mutation load approximately
2500-fold greater than wildtype mice. In addition, in spite
of this substantial increase in mutation load, the mice were
healthy at the time of the measurement, suggesting that the
endogenous mtDNA point mutation load does not
contribute to aging phenotypes [150]. Mice that are
heterozygous for the error-prone polymerase harbor
considerably fewer mtDNA point mutations (500-fold
wildtype values) and experience no decrease in lifespan
[150]. It is therefore unlikely that wildtype mice would
accumulate such dramatic levels of mtDNA point
mutations with age as to limit lifespan. In polg mutator
mice the negative effects of accumulating mutations
throughout development are unknown, and the systemic
accumulation of mtDNA mutations may not be
representative of the normal pattern of mutation
accumulation with age. It is also possible that other types
of mutation may be a basis for mitochondrial dysfunction
in aging.

Interestingly, mtDNA mutations in the form of
deletions are commonly observed in the elderly, those
suffering Parkinsonism and patients with chronic
mitochondrial disorders [151]. The mechanisms that
contribute to the formation of these deletions may be
related to mutations in nuclear genes that encode enzymes
involved in mtDNA replication and maintenance but can
also arise spontaneously. mtDNA deletions have been
proposed to occur during repair, when double strand breaks
in the genome occur leaving the single strands able to
anneal with other regions of the genome, and this may
explain their prevalence in tissues with high mtDNA
turnover [for review see ref 152]. Deletions may occur in
protein-coding genes of the mitochondria, or within the
tRNA and rRNA genes, which pose a substantial threat as
mutations in these regions have the potential to severely
affect all mtDNA encoded genes. mtDNA mutations
accumulate differentially with age across tissue types, and
are commonly found in skeletal muscle [153-155]. The
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physiological threat posed by systemic accumulation of large
scale deletions was investigated using transgenic mice
harboring a mutant form of the twinkle gene, which encodes a
pivotal mitochondrial helicase. Although these mice
accumulate substantial levels of mtDNA mutations, they
display only mild respiratory deficiencies and do not suffer
symptoms of severe accelerated aging [156]. The systemic
accumulation of mtDNA mutation in these mice may not be
sufficient to lead to mitochondrial dysfunction and
pathological phenotype.

mtDNA deletions have been characterized in brain tissue of
aged humans [157]. In the context of Parkinson’s disease and
Parkinsonism, which are characterized by the progressive loss
of dopaminergic neurons of the substantia nigra, the
mechanisms behind neuronal cell death are of extreme
importance in understanding the molecular basis and
progression of the disease. The role of mitochondrial
dysfunction in the acquisition of Parkinsonism has been
addressed in a transgenic model termed the MitoPark mouse.
In these mice, disruption of mitochondrial transcription factor
A specifically in dopaminergic neurons greatly reduces the
efficiency of oxidative phosphorylation [158]. This mutation
leads to an age-dependent onset of Parkinson’s symptoms, and
is strong evidence for deficiency in oxidative phosphorylation
having a primary role in the death of dopaminergic neurons
[158]. mtDNA is hypothesized to be responsible for the
decline in respiratory function observed in Parkinsonism.

The types of mtDNA mutation responsible for respiratory
chain deficiencies that occur in Parkinsonism have been
investigated. Two groups independently examined mtDNA
deletions in individual neurons of the substantia nigra, and
found a high percentage of large scale deletions within these
cells [159,160]. Neurons that contain mtDNA deletions of over
60% show a dramatic reduction in cytochrome c oxidase
activity, a critical enzyme in oxidative phosphorylation with
mtDNA encoded subunits, suggesting that high levels of
mtDNA deletions have a negative affect on energy production
via oxidative phosphorylation [159,160]. Examination of
mtDNA mutation in other neurons of the brain does not yield
similar patterns of mutation accumulation, suggesting that this
mutation rate is unique to neurons in the substantia nigra
[159,160]. Although the experiments by Bender et al. [159],
and Kraytsberg et al. [160] represent an important finding in
Parkinson’s research, their studies contained a limited number
of subjects and expansion of this in the future would be of use
in confirming their results.

The precise reason why mitochondria of the substantia
nigra are particularly susceptible to accumulating mtDNA
deletion mutations is unknown. These neurons are present in a
highly oxidative environment that results from dopamine
metabolism, and the increased oxidative stress may have an
important role in the accumulation of these mutations. It may
be that the turnover of mtDNA is very fast as a result of the
oxidizing conditions surrounding these neurons, and this high
rate of turnover allows for rapid expansion of the mutated
mtDNA molecules [151], followed by ATP crisis and cell
death. If this is the case, antioxidants targeting specifically to
this region of the brain may be of significant use in the
treatment of Parkinson’s disease. In this context, the ability of
resveratrol to elevate MnSOD levels in brain tissue [75] is
interesting.
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Recognition of the prevalence of large scale deletions
within mitochondria of the substantia nigra was due to
laser capture technique, a method in which individual
neurons can be examined. This method of examining
individual cells represents an important technological
advance and has revealed interesting observations about
the relationship between individual mitochondrion and the
overall functioning of a cell. Multiple copies of mtDNA
exist within every mitochondrion, and multiple
mitochondria within every cell. Mutated mtDNA are
therefore able to coexist with wildtype mtDNA, termed
heteroplasmy. Wild type mtDNA are able to compensate
for the defects in mutated mtDNA, and the resulting
complementation between genomes prevents respiratory
deficiency and ATP crisis [161]. The ratio of wildtype and
mutated mtDNA is critical to determining if a defect in
mitochondrial activity will be observed. Respiratory
deficiency is generally observed when the percentage of
mitochondria containing mtDNA deletions surpasses 60%
[162]. Many investigations probing for changes in
mitochondrial function use whole tissue homogenates or
suspensions of many cells to perform their measurements.
This has the potential to obscure their measurements by
portraying a homogeneous pattern of mitochondrial
mutations, when in reality there is a mosaic pattern of
respiratory deficient cells within every tissue. This may
also overlook localized areas of energy deficiency in
regions of critical tissues as brain and heart.

Thus, from the data summarized above, it appears that
mtDNA mutations, in particular deletions, can negatively
impact mitochondrial function to the extent that cell death
and SCD ensue. Many of the observations made with
respect to mtDNA deletion mirror those made during
aging, suggesting that accumulation of this type of
mutation could limit lifespan, or at least impair tissue
functions, under normal physiological conditions.
Mechanisms of its formation and repair in mitochondria
are unclear, and it would be of great interest to determine if
interventions that could decrease the occurrence of mtDNA
deletions specifically would have a positive effect on MLS.
Repair of oxidative damage to mtDNA is capable of
protecting against acute cellular stress in vitro, and it will
be important to develop models to investigate the ability of
enhanced mtDNA repair to protect against cell death and
prolong lifespan in vivo. However, data from the mutator
mice refutes the “vicious cycle of mitochondrial ROS
production”, as mitochondria containing a high mutation
burden show no evidence of increased oxidative stress, nor
do they produce high levels of ROS. It may be, however,
that mitochondrial dysfunction ultimately culminates not in
wide spread oxidative stress, but rather the death of
individual cells, and this may not be obvious in
measurements of heterogenous tissue samples. Improving
our understanding of cell specific events related to aging
should lead to a better understanding of the determinants of
MLS.

CONCLUSIONS

Mitochondria are centrally positioned in the life and
death of animal cells, and a mitochondrial theory of aging
remains viable as a partial explanation for the effects of
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aging in some animal tissues. Recently, our understanding of
the role of mitochondrial ROS as a mediator of aging and thus
a regulator of lifespan has been refined. ROS can damage
mtDNA, but conclusive experimental evidence linking
oxidative mtDNA damage to aging and lifespan is still
awaited. The ‘vicious cycle’ theory, wherein mtDNA
damage/mutation and ROS production interact in both
directions, has not been supported experimentally, at least at
the level of whole tissue function and organism aging. mtDNA
oxidative damage and subsequent mutation is likely involved
in some cell loss and tissue degeneration. However, this may
be a one-way street, with oxidative stress damaging mtDNA
leading to deletions, energetic failure, cell death and SCD, but
no increase in ROS production due to accumulation of
deletions. Oxidative damage to mitochondrial membranes is
important in initiating apoptosis via disruption of interactions
between cardiolipin and cytochrome c, prompting its release
into the cytosol. Cells that are resistant to this oxidant-induced
apoptosis are generally stress resistant. Reduced endogenous
mitochondrial ROS production and elevated antioxidant
enzyme activities probably all confer stress resistance via this
mechanism. In any event, cell death via oxidative stress or
other mechanisms will contribute to the loss of irreplaceable
(or very slowly replaced) cells in critical tissues, ultimately
leading to the physiological declines and organ failures that
characterize aging and limit lifespan. The SCD hypothesis
connecting mitochondrial dysfunction with aging and lifespan
via their role in cell death provides a good framework for
understanding one way in which these organelles influence
lifespan. This hypothesis is not exclusive of other determinants
of MLS; for example, the role of cancer is not accounted for,
nor is it excluded. Similarly, it is unclear to what extent lost
cells are replaceable by tissue resident progenitor cells. It will
be interesting to investigate the possible contribution of
mitochondrial-mediated cell death in populations of progenitor
cells to animal aging and lifespan.
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