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Over the last decade, accumulating evidence has suggested a causative link between mitochondrial dysfunction
and major phenotypes associated with aging. Somatic mitochondrial DNA (mtDNA) mutations and respiratory
chain dysfunction accompany normal aging, but the first direct experimental evidence that increased mtDNA
mutation levels contribute to progeroid phenotypes came from the mtDNA mutator mouse. Recent evidence
suggests that increases in aging-associated mtDNA mutations are not caused by damage accumulation, but rather
are due to clonal expansion of mtDNA replication errors that occur during development. Here we discuss the
caveats of the traditional mitochondrial free radical theory of aging and highlight other possible mechanisms,
including insulin/IGF-1 signaling (IIS) and the target of rapamycin pathways, that underlie the central role of

mitochondria in the aging process.

Introduction

The exact reasons why we age are poorly understood. Aging is
thought to be a degenerative process caused by accumulated dam-
age that leads to cellular dysfunction, tissue failure, and death.
A number of aging theories have been proposed (1-5), and the
mitochondrial free radical theory of aging (MFRTA) has taken
center stage for several decades (1). According to this theory,
ROS are considered to be unwanted toxic byproducts of aerobic
metabolism that induce oxidative damage to various cellular mac-
romolecules due to their high chemical reactivity. The respiratory
chain (RC), located in the inner mitochondrial membrane, is a
main production site of superoxide, an abundant ROS in the cell
formed at the level of complexes I and III during electron trans-
port (Figure 1). The superoxide anion is converted to hydrogen
peroxide by SOD. Although hydrogen peroxide itself is not a free
radical, it can be converted to the highly reactive hydroxyl radical
in the presence of transition metals through the Fenton reaction
(Figure 1). The hydroxyl radical is considered to be the most dam-
aging form of ROS, as it is highly reactive and causes oxidative
damage to virtually every molecule type in the cell, including lip-
ids, proteins, and nucleic acids.

The MFRTA theory is based on several observations: (a) mito-
chondrial ROS production increases with age because of a decline
in mitochondrial function, (b) activity of several ROS-scavenging
enzymes declines with age, (c) mutations of mitochondrial DNA
(mtDNA) accumulate during aging, and (d) a vicious cycle occurs
because somatic mtDNA mutations impair RC function, which in
turn results in a further increase in ROS production and accumu-
lated oxidative damage to proteins, lipids, and DNA (6-8). Accord-
ing to the MFRTA, mitochondria play a crucial role in mediating
and amplifying the oxidative stress that drives the aging process.

Although a wealth of correlative data support the MFRTA and
a role for increased ROS production and oxidative damage in dif-
ferent types of age-associated diseases (9-12), more recent data
cast doubt on this model of aging. Here we discuss the role of
mitochondria in aging, with specific emphasis on: (a) the role for
mtDNA mutations as a driving force in aging, (b) the role for mito-
chondrial ROS in aging, and (c) the link between mitochondrial
function and signaling pathways reported to regulate longevity.
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Mitochondrial function declines with age

Mitochondria regulate a multitude of different metabolic and sig-
naling pathways and also play an important role in programmed
cell death. The primary function of mitochondria is to produce
ATP through the process of oxidative phosphorylation, which is
conducted by the four RC complexes (complexes I-IV) and the
ATP synthase (complex V), all located in the inner mitochondrial
membrane (Figure 1). Mitochondria are unique among the cel-
lular organelles, as they contain their own genetic information,
mtDNA, a double-stranded circular molecule of 16.5 kb encoding
13 proteins, 22 transfer RNAs (tRNAs), and 2 ribosomal RNAs in
mammals. The 13 mtDNA-encoded proteins are all components
of the RC or the ATP synthase, and oxidative phosphorylation col-
lapses in the absence of mtDNA expression (13).

Mitochondrial function has long been recognized to decline dur-
ing aging concomitant with the appearance of mitochondrial mor-
phological alterations, e.g., abnormally rounded mitochondria in
aged mammals (14). The number of mitochondria decreases with
age in liver cells of mice (15), rats (16), and humans (17, 18), con-
current with a decrease in mtDNA copy number and mitochon-
drial protein levels (19). Additionally, RC capacity is reduced up
to 40% in rat liver mitochondria of old animals (24 months) in
comparison with juvenile animals (3-4 months) (19). A similar
decline of RC function has been reported in the spleen, whereas
mitochondrial function in the brain was not reported to change
with age in rats (19). The RC capacity has also been reported to
decline with age in human liver, heart, and skeletal muscle (20,
21). Some of these changes may be secondary, as RC function is
inducible, e.g., in response to hormones, and may depend on phys-
ical activity (22). In addition to a general decline of mitochondrial
mass and overall function, the activity of specific RC complexes
and certain nuclear-encoded mitochondrial proteins, including
acylcarnitine transferase and adenine nucleotide translocase,
declines as mammals age (23-27). The activity of complexes I and
IV decreases with age in liver, brain, heart, and kidney of mice and
rats (25-27), whereas, interestingly, the activity of complexes II, III,
and V remains mostly unchanged (28). The reasons for these par-
tially contradictory differences in age-related decline in RC func-
tion are currently unknown, and reduced expression of mtDNA as
well as elevated levels of mtDNA mutations have been suggested
as potential causes (27). However, it is important to note that the
cell type composition likely changes in aging organs, e.g., due to
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Figure 1

Schematic model of the oxidative phosphorylation system and the production of ROS. (A) ATP is generated by oxidative phosphorylation con-
ducted by the four RC complexes (CI-CIV) and ATP synthase (CV) located in the inner mitochondrial membrane. Energy released by the electron
transfer from NADH and FADH, to O, is used to pump protons (H*) via Cl, Clll, and CIV. The proton gradient across the inner mitochondrial
membrane drives ATP production via ATP synthase. The proton gradient can be dissipated by re-entry of protons to the mitochondrial matrix
through uncoupling proteins (UCPs), which leads to uncoupling of respiration and ATP synthesis. (B) ROS are formed as a byproduct of oxidative
phosphorylation. Superoxide is an abundant ROS in the cell and is generated by Cl and ClII. Cells protect themselves from oxidative damage by
expressing a variety of antioxidant enzymes that convert ROS into less harmful byproducts. Superoxide anion is converted to hydrogen peroxide
by manganese SOD. Hydrogen peroxide is then converted to water by glutathione peroxidase, the most abundant peroxidase in the cytosol and
mitochondria. Even though hydrogen peroxide is not substantially harmful for the cell, it can be converted to the highly reactive hydroxyl radical

(OH") in the presence of transition metals via the Fenton reaction. CytC, cytochrome C; CoQ, coenzyme Q10.

fibrosis or changes in vascularization, and therefore a difference
in mitochondrial function in tissue homogenates from young and
old individuals may be hard to interpret. Additional factors, such
as differences in the applied methodology (29) and difficulties
in finding suitable controls to aged patient cohorts (22), further
complicate this type of comparison.

While aging is associated with a decline in mitochondrial func-
tion, this observation alone does not imply causality because
age-associated changes in mitochondrial function might be sec-
ondary to other mechanisms (30). More recent genetic models
suggest that mtDNA mutations promote aging phenotypes and
create RC dysfunction (see further discussion below). However,
when considering the contribution of mitochondrial dysfunc-
tion to aging, it is important to note that mitochondrial bio-
genesis is controlled simultaneously at many different levels.
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For instance, hormones such as thyroid hormones, estrogens,
and glucocorticoids not only play important roles in cell growth
and differentiation, but are also important regulators of mito-
chondrial biogenesis (31-35). Therefore, age-related decline in
RC function may at least partly be caused by other age-related
changes, e.g., decline in hormonal levels or peripheral insulin
resistance. In agreement with this suggestion, physical activity
and caloric restriction (CR) can reduce oxidative damage and
improve mitochondrial function (36, 37).

Somatic mtDNA mutations increase with age

There is solid evidence that the amount of mtDNA mutations
increases with age in humans; for example, deletions in mtDNA
have been observed in the aged human central nervous system,
skeletal muscle, and hepatocytes (38-40), whereas mtDNA point
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Figure 2

Model for mtDNA mutations in the stem cell hypothesis of aging. Data
from the mtDNA mutator mice suggest that increased mtDNA muta-
tions that arise during development may, by affecting mitochondrial
bioenergetic capacity, ROS production, or redox status of the cell,
contribute to deregulated stem cell homeostasis and premature aging
phenotypes. OXPHOS, oxidative phosphorylation.

mutations accumulate in aging colonic crypts (41). In general,
mutations of mtDNA may arise as a consequence of unrepaired
DNA damage, for example, damage caused by ROS, or by repli-
cation errors during normal mtDNA synthesis (42). It is intuitive
to assume that the de novo mtDNA mutations observed during
aging are due to accumulated, unrepaired damage, but some evi-
dence actually suggests that replication errors may be the more
important culprit (43-45). A human somatic cell typically con-
tains thousands of copies of mtDNA, whereas an oocyte contains
approximately 10° copies. The replication of mtDNA occurs inde-
pendently of the cell cycle, and a particular mtDNA molecule may
therefore be replicated many times or not at all as a cell divides
(46). Furthermore, a single cell can contain mtDNA of more than
one genotype, a condition termed heteroplasmy. In the case of
heteroplasmy for a pathogenic mutation, the levels of mutated
mtDNA will determine whether or not RC dysfunction occurs.
The threshold level when mutated mtDNA impairs RC function
is typically high but also depends on the type of mutation. Large
single deletions of mtDNA cause RC dysfunction if the level of
mutated mtDNA exceeds approximately 60% (47), whereas certain
pathogenic mitochondrial tRNA mutations only cause dysfunc-
tion if present at levels above 95% (48, 49). The relaxed replication
of mtDNA creates mitotic segregation with uneven distribution
of wild-type and mutated mtDNA molecules between different
tissues and even between different cells of the same tissue (50, 51).
This apparently random segregation can create a mosaic RC dys-
function (42) even if the absolute levels of mutated mtDNA are
low within the affected tissue. The mitotic segregation explains
how the low levels of mtDNA deletions and point mutations
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found in aging frequently accumulate in individual cells to cause
mosaic RC deficiency, as seen in brain, heart, skeletal muscle, and
colon (40, 41, 50, 52-57). Although it has been known for more
than two decades that mutations of mtDNA can cause disease and
that somatic mtDNA mutations increase with age, experimental
data supporting a role for mtDNA mutations in aging were only
recently obtained by the generation of mtDNA mutator mice.

Are mtDNA mutations a driving force in aging?

The first experimental evidence that accumulation of mtDNA
mutations can lead to a premature aging phenotype was
obtained by the creation of mtDNA mutator mice (58, 59). The
mtDNA mutator mice are homozygous for a knock-in mutation
that leads to the expression of a proofreading-deficient catalytic
subunit of mtDNA polymerase (PolgA™mut). The expression of
PolgAmut causes extensive mtDNA mutagenesis with the for-
mation of three different forms of mtDNA mutations: random
point mutations, linear molecules with large deletions, and, in
certain tissues, molecules containing multimers of the control
region (an area of the mitochondrial genome that contains
noncoding mtDNA) (58, 60, 61). Furthermore, a single report
has argued that a fourth type of mtDNA mutation, consisting
of circular mtDNA molecules with large deletions, is prevalent
and even drives the premature aging phenotype (60). However, a
number of studies have subsequently refuted this claim (reviewed
in ref. 62), indicating that the very low levels of circular mtDNA
molecules with large deletions are unlikely to have any pheno-
typic consequences in mtDNA mutator mice.

The mtDNA mutator mice display a range of phenotypes remi-
niscent of naturally occurring aging, including kyphosis, anemia,
hair loss, alopecia, graying of the hair, hearing loss, cardiomyop-
athy, reduced fertility, and weight loss, and have a shortened life
span. Experimental evidence strongly suggests that the high num-
ber of mtDNA point mutations in mtDNA mutator mice leads to
the synthesis of RC subunits with amino acid substitutions that
cause instability of the RC complexes (63). The mtDNA deleter
mouse, which expresses a mutant-dominant version of twinkle,
the replicative DNA helicase in mitochondria, display an accumu-
lation of low levels of large-scale mtDNA deletions in postmitotic
tissues. Although the mtDNA deleter mice show progressive RC
dysfunction and late-onset mitochondrial myopathy, they do not
display a progeroid phenotype and have a normal life span, thus
suggesting that accumulation of mtDNA deletions and progres-
sive RC dysfunction may not be sufficient to accelerate aging (64).

Recently, the progeroid phenotype of the mtDNA mutator mice
has been, at least partly, attributed to embryonic-onset dysfunction
of somatic stem cells (65). Ahlqvist and coworkers demonstrated
that development of neural and hematopoietic progenitor cells of
the mtDNA mutator mice is already affected during fetal develop-
ment, and that neural stem cells showed decreased abundance in
vivo as well as reduced self-renewal in vitro (65). Their data suggest
that mtDNA mutagenesis affects the quality and quantity of stem
cells and interferes with the maintenance of the quiescent state,
which is important for reconstitution capacity and long-term sus-
tenance of somatic stem cells (Figure 2). Although RC dysfunction
was observed in postmitotic tissues of the mtDNA mutator mice,
itappeared late in life, when the progeroid phenotypes already had
started to be evident. The early onset of dysfunction of somatic
stem cells is thus an early event in the mtDNA mutator mice and
may drive important premature aging phenotypes.
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The observation that most somatic mutations in mtDNA
mutator mice occur as replication errors during development
and do not result from damage accumulation during adult life
(45) lends further support to the stem cell hypothesis. It is cur-
rently unclear how the increased mutation rate in mtDNA muta-
tor mice results in early-onset dysfunction of somatic stem cells.
The observation that treatment with the antioxidant N-acetyl
cysteine restores the self-renewal ability of neural progenitor cells
in mtDNA mutator mice (65) implies that subtle changes in cel-
lular redox state or ROS levels are important for the regulation
of somatic stem cell function (Figure 2). The mtDNA mutator
mice have little or no increase in levels of ROS production and
oxidative damage even though oxidative phosphorylation capac-
ity is severely affected (59, 66). This finding argues against the
concept of a vicious cycle in which decline of RC function leads
to increased ROS production, which in turn would supposedly
increase mtDNA mutation levels to cause further deterioration
of RC function and accelerated ROS production.

Free radical theory of aging: dead or alive?

Another relevant piece of information that casts a doubt on the
causal role of oxidative damage in the aging process is the absence
of a clear correlation between efficacy of antioxidant defenses and
longevity. According to the MFRTA, life span is determined by the
rate of free radical damage at the cellular and tissue levels. Cells
protect themselves from oxidative damage by expressing a variety
of non-enzymatic and enzymatic antioxidant defenses that convert
ROS into less harmful byproducts (Figure 1). Thus, equilibrium
between oxidants and antioxidants is essential to prevent cellu-
lar functional impairment. From this perspective, lowering ROS
levels by increasing cellular antioxidant defenses should slow the
progression of age-related alterations and eventually result in the
life span prolongation. In contrast to expectations, genetic manip-
ulations of antioxidant defense genes in animal models show no
clear correlation between oxidative damage and life span regula-
tion (67-77). For instance, overexpression of mitochondrial anti-
oxidant enzymes did not extend life spans in different species and
even resulted in the shortening of life spans in some cases (68-72,
78). While there are reports that dietary supplementation with
antioxidants may improve cellular functions, decrease oxidative
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Figure 3

Model for the effects of impaired 1IS and CR on mitochondrial function
and aging. Mitochondrial metabolism plays an important role in medi-
ating longevity promoted by nutrient-sensing pathways like the IIS, the
TOR pathway, and CR. Impaired IS leads to reduced availability of
intracellular glucose and consequently to an elevated cellular AMP/
ATP ratio that activates AMPK. In its turn, AMPK activates PGC-1a and
increases mitochondrial metabolism and respiration rate, which con-
sequently results in transient ROS production. The transient increase
in ROS levels activates the expression of scavenging enzymes, e.g.,
SOD and catalase, resulting in decreased ROS levels, increased stress
resistance, and extended life span. Furthermore, current findings sug-
gest that the beneficial effect of CR on longevity is at least partly medi-
ated by improved mitochondrial function mediated through activation
of SIRT1 and PGC-1a. The activity of PGC-1a is tightly controlled via
glycogen synthase kinase-3f (GSK3p), which acts via phosphorylation
to prime PGC-1a for ubiquitinylation and degradation.

stress, and reverse age-related decline in antioxidant defenses in
rodents (79, 80), numerous human intervention studies suggest
that dietary antioxidant supplementation with vitamin E, beta car-
otene, or vitamin A has no beneficial effect in prevention of age-re-
lated diseases and may even lead to an overall increase of mortality
(81-84). Thus, in contrast to the popular notion that increased
intake of antioxidants like vitamin C and vitamin E will have ben-
eficial effects on health and life span, these studies suggest that
antioxidants should be used with care as therapeutic tools. How-
ever, it is important to note that the discrepancies between animal
and human studies may be explained by differences in the timing
of antioxidant treatment, as some human studies were begun only
after subjects had clinical symptoms. In addition, the efficacy of a
given antioxidant might also depend on the presence of the other
antioxidants or on certain physiological conditions. Certainly
the use of mitochondrial-targeted antioxidants is a step toward
understanding whether antioxidants can be efficient preventive or
therapeutic tools against age-related diseases (reviewed in ref. 85).

Similar to what has been reported concerning antioxidant
defense status, the rate of ROS production also does not clearly
correlate with species-specific life span. For instance, interspecies
comparisons between insect, avian, and mammalian species with
very different life spans suggests a positive correlation between
mitochondrial hydrogen peroxide production and longevity,
potentially implicating ROS levels as a determining factor for
life span regulation (86, 87). However, important exceptions cast
doubt on the generality of this rule. For example, naked-mole rats
are the longest-living rodent species, with a maximum life span of
approximately 25-30 years, but they have similar mitochondrial
ROS production as mice, which show a maximum life span of
about 3-4 years. In addition, naked-mole rats do not show age-de-
pendent variations in terms of antioxidant enzyme expression (88),
whereas they have strongly increased levels of oxidative damage
with age (89). The findings in naked-mole rats are consistent with
the recent observation that increased ROS levels even may result
in life span extension in worms, flies, and mice (90-92), suggesting
that ROS are not simply unwanted byproducts of oxygen metab-
olism but that they also act as important signaling molecules to
promote longevity (refs. 93-95 and Figure 3). This possibility is
further emphasized by a number of recent studies suggesting that
March 2013
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ROS are important regulators of cell cycle progression, cell sig-
naling, and apoptosis, among other processes (reviewed in refs.
96-98). Thus, physiological levels of ROS are likely essential for
the maintenance of cellular homeostasis, while an increase in ROS
production above a certain level has a detrimental effect on cellular
physiology. In this respect, it is interesting to note that exercise-in-
duced increase of ROS production and oxidative stress in human
skeletal muscle ameliorate insulin resistance and improve glucose
metabolism (99), thus suggesting that increased ROS levels might
not be the sole determinant of age-related functional alterations.

In summary, the age-related increases in oxidative damage and
ROS production are relatively small and may not explain the
rather severe physiological alterations occurring during aging.
Consistent with this hypothesis, the absence of a clear correlation
between oxidative stress and longevity also suggests that oxidative
damage does not play an important role in age-related diseases
(e.g., cardiovascular diseases, neurodegenerative diseases, diabetes
mellitus) and aging. Experimental results from mtDNA mutator
mice suggest that mtDNA mutations in somatic stem cells may
drive progeroid phenotypes without increasing oxidative stress,
thus indicating that mtDNA mutations that lead to a bioenergetic
deficiency may drive the aging process. There is as yet no firm evi-
dence that the overall low levels of mtDNA mutations found in
mammals drive the normal aging process. One way to address this
experimentally would be to generate anti-mutator animal models
to determine whether decreased mtDNA mutation rates prolong
their life span.

The signaling role of mitochondria in aging

Though primary mitochondrial dysfunction affects aging, dif-
ferent cellular and metabolic alterations also contribute to the
aging process by promoting secondary changes in mitochondrial
energy production or mitochondrial biogenesis (Figure 3). There-
fore, aging-associated phenotypes have been linked not only to
mitochondrial dysfunction but also to aberrant mitochondrial
biogenesis caused by impaired retrograde signaling regulated by
nuclear genes and factors dependent on mitochondrial metabo-
lism (e.g., ATP, Ca?*, ROS, NO, NAD*/NADH) (100). Numerous
studies have shown that mitochondrial metabolism is important
in mediating longevity through nutrient-sensing pathways and
dietary restriction (101-104). Insulin/IGF-1 signaling (IIS) and
target of rapamycin (TOR) signaling pathways are the two main
nutrient-sensing pathways that have been linked to the regulation
of life span. Impaired IIS and inhibition of TOR activity extend life
span in worms, flies, and mammals (101, 103, 105-110). Reduced
nutrient availability, also termed CR, extends life span in species
ranging from yeast to mammals and improves the health status of
rodents and primates (111-113). The effects of CR on longevity
are very complex and include many organs and different pathways.
Still, the exact underlying mechanisms are unknown. For instance,
CR decreases the incidence of cardiovascular diseases in animals,
and it has been suggested that the anti-aging effect of CR is prop-
agated through a reduction of metabolic rate and oxidative dam-
age, which consequently inhibits signaling pathways regulated by
mitochondria-derived ROS (114). Additionally, a number of stud-
ies also show that CR in mice and rats increases mitochondrial
biogenesis and respiration through activation of sirtuin 1 (SIRT1),
which further activates its downstream effector, PPARY coactiva-
tor-1a (PGC-1ay) (refs. 115, 116, and Figure 3). There is evidence
that PGC-1a (117-119) and SIRT1 (120) are involved in the regu-
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lation of mitochondrial metabolism and life span (refs. 121-123
and Figure 3). However, it should be noted that PGC-1a does not
regulate basal mitochondrial biogenesis, but rather is involved in
increasing mitochondrial function on demand by activating the
expression of certain nuclear genes in different tissues such as
heart, brain, and skeletal muscle (124). In summary, current find-
ings suggest that the beneficial effects of CR on longevity are, at
least partly, mediated by improved mitochondrial function.

It is important to note that both nutrient-sensitive pathways
TOR and IIS activate the common downstream effector ribo-
somal protein S6 kinase 1 (S6K1), which plays a key role in the
regulation of aging in worms and mammals (110). S6K1 knockout
mice display ameliorated age-related pathology, life span exten-
sion, and gene expression changes similar to those observed under
CR. Interestingly, the loss of S6K1 increases AMPK activity (110),
which further controls the activity of the mammalian homolog
TOR complex 1 (TORC1) (125). In addition, it has been shown
that impaired IIS in C. elegans causes an elevated cellular AMP/ATP
ratio that activates AMPK, which in turn induces a metabolic shift
characterized by increased respiration and transiently increased
ROS production, resulting in life span extension (93). Though
this mechanism has not been addressed in other model organ-
isms besides worms, it is tempting to speculate that impaired IIS
and CR share a common mechanism through AMPK, in which
ROS at physiological levels act as signaling molecules to trigger
a health-promoting metabolic state by inducing mitochondrial
metabolism (ref. 93 and Figure 3). Thus, TOR kinase and AMPK,
which are major upstream regulators of mitochondrial metab-
olism, and the RC itself may all have crucial roles in mediating
longevity (Figure 3). However, there is a clear need for future exper-
imental studies to determine whether the contribution of mito-
chondrial dysfunction to different age-related diseases is explained
by a cellular bioenergetic deficiency or by changes in mitochon-
drial ROS production affecting oxidative damage and signaling.
There is also a need to develop novel experimental strategies to
interfere with ROS production in a selective way, for example,
to reduce oxidative damage without affecting cell signaling. An
increased basic understanding of the role for ROS in different cel-
lular processes should make it possible to substantially improve
the design of human intervention studies aimed at reducing the
oxidative damage associated with disease and aging.

Concluding remarks

A number of recent studies have significantly advanced our under-
standing of mitochondrial dysfunction in disease and aging.
These studies link mitochondrial function to signaling pathways
that regulate life span and to the aging process. The MFRTA has
largely been refuted, and new efforts have been made to reconcile
a unifying aging theory. It is apparent that ROS cannot be the ini-
tial cause of the aging process and that mitochondria can cope
with physiological levels of oxidative damage. In contrast, genetic
mouse models have shown that somatic mtDNA mutations can
cause progeroid phenotypes in mammals without increasing oxi-
dative stress. However, it remains unclear how mtDNA mutations
accumulate and how they are relevant to aging, as mtDNA muta-
tions are present at relatively low overall levels in normal aging
tissues. Numerous studies have shown that clonal expansion of
somatic mtDNA mutations creates mosaic RC dysfunction in
aging tissues and thereby leads to functional impairment. Thus,
an important future goal in understanding the role of mtDNA
Number3  March 2013 955
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mutations in the aging process is to investigate whether decreased
mtDNA mutation levels have beneficial effects on health and life
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span. Furthermore, the beneficial effects of CR on longevity are at

least partly mediated by improved mitochondrial function. There-
fore, important challenges in the future include the development
of therapeutic strategies to improve mitochondrial function as a
possible means to delay the onset of age-related diseases.
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