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Program-Like Aging and Mitochondria:
Instead of Random Damage by Free Radicals
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Abstract As recently suggested, the target of rapamycin (TOR) pathway, rather than molecular damage by free
radicals, drives aging and diseases of aging. But may mitochondria nevertheless contribute to aging? Here, I discuss
aimless program-like aging (versus altruistic program), conflict between the cell andmitochondria, cellmurder (versus cell
suicide) and the role of mitochondria in aging. In particular, life-long selection among mitochondria may yield ‘‘selfish’’
(malignant) mitochondria resistant to autophagy. And TORmay create an intra-cellular environment that is permissive for
such selfishmitochondria. In theory, pharmacologic inhibitors of theTORpathwaymay reverse accumulationof defective
mitochondria, while also inhibiting the aging process. J. Cell. Biochem. 102: 1389–1399, 2007. � 2007 Wiley-Liss, Inc.
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There are two views on the aging process.
First, aging has no purpose (non-programmed)
and results from random molecular damage
mainly caused by mitochondrial free radicals.
Second, aging is an altruistic genetic program
that is executed by the same mitochondrial free
radicals. Here, we will discuss an alternative
view that aging is neither altruistically pro-
grammed nor a random damage but a quasi-
program, a purposeless continuation of devel-
opmental programs. And this quasi-program
may exaggerate the conflict between cell and
mitochondria.

THE MITOCHONDRIAL CONFLICT

‘‘Cooperation is possible wherever interests
coincide. But interests are seldom identical. So
cooperation gives rise to potential conflict.
When conflict arises within a game of coopera-
tion it arises at the margins, for that is where
interests diverge. Even small margins can
generate heated disagreement. Thus, wherever

wesee cooperationweshould bepreparedalso to
see conflict [Cronin, 2006].’’

Mitochondria are former free-living eubacte-
ria. Ancient invasions by eubacteria more than
a billion years ago initiated the evolution of the
eukaryotic cell [Dyall et al., 2004].Mitochondria
have their own genomes. Although ‘‘interests’’
of mitochondrial and nuclear genes strongly
coincide, they are not identical. In sexual
reproduction, mitochondria go to the next
generation only via eggs, not via sperm; so they
propagate through the female line. On the other
hand, mitochondria can reproduce independ-
ently from nuclear genes. When cells do not
proliferate, mitochondria may ‘‘wish’’ to repli-
cate and to grow further. Thus, ‘‘the ancient
arrangement with mitochondria was a recipe
for conflict [Cronin, 2006].’’

Let us consider the unicellular organism S.
cerevisiae. Yeast undergo replicative aging,
meaning that each cell can form a limited
number of daughter cells. With each division,
the mother cell becomes larger [Zadrag et al.,
2006]. In asymmetric division, daughter and
mother cells receive an entirenumber of nuclear
genes. Yet, a smaller cell receives less mito-
chondria (and less mitochondrial genes),
whereas themother cell accumulatesmitochon-
dria. A large yeast cell with high mitochondrial
DNA (mtDNA) content is destined to die, thus
discarding mitochondrial genes. Interestingly,
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multicellular organisms discard mitochondria,
selectively destructing male mitochondria in
the fertilized oocytes [Sutovsky et al., 1999].

Perhaps, mitochondrial ancestors invaded the
ancestral cells [Dyall et al., 2004]. Or maybe
ancestral host cells predated on eubacteria,
which in turn fought back.Maybe pre-mitochon-
dria and their host cells actually attacked one
another [Esteve and Gaju, 1999; Dyall et al.,
2004; Kutschera and Niklas, 2005]. In fact,
apoptotic processes spread from the cell to
mitochondria and back [Blackstone and Green,
1999; Green and Evan, 2002; Ravagnan et al.,
2002; van Loo et al., 2002; Jin and El-Deiry,
2005]. For example, cellular proteins Bid and
Bax cause mitochondrial membrane depolyme-
rization (the host attacks). In return, mitochon-
dria releases cyctochrome C, activating cellular
caspases, as well as apoptosis-inducing factor-1
(AIF-1) and endonuclease G, which degrades
nuclear DNA (mitochondrial counter-attack)
(Fig. 1). The apoptotic process can be viewed as
an ‘‘exchange of blows’’ between the cell and
mitochondria (Fig. 1). When cells are induced to
undergo apoptosis in the presence of caspase
inhibitors, cells may survive while mitochondria
disappear from the cells [Tolkovsky et al., 2002].

After a billion years of evolution, almost per-
fect symbiosis between cells and mitochondria
has evolved. The ability of mitochondria to
initiate cell killing is now used productively to
eliminateunwantedand/or damaged cells for the
benefit of the multicellular organism [Black-
stone and Green, 1999]. Yet the apoptotic
potential of mitochondria can be exploited by

‘‘hostile creates.’’ For example, microbes subvert
mitochondria-dependent apoptosis to destroy
microbe-specific T-lymphocytes [Jendro et al.,
2002; Schnaith et al., 2006]. Mitochondria-
dependent apoptosis is not necessarily beneficial
to the multicellular organism. For example,
apoptosis is responsible for damaging effects
caused by radiation and anti-cancer drugs in
mammals [Komarova etal., 2004;Christophorou
et al., 2006; Strom et al., 2006]. Also,
acidosis cause mitochondria-dependent apopto-
sis [Kubasiak et al., 2002]. In fact, yeast undergo
mitochondria-dependent apoptosis caused by
harsh conditions such as acidosis [Fabrizio
et al., 2004; Madeo et al., 2004; Pozniakovsky
et al., 2005; Tal et al., 2007].When conditions are
harsh,mitochondriamayatavistically attack the
yeast cell in a futile attempt to escape. This
scenario is not utterly allegorical. Even in
human cells, mitochondria are more dynamic
than previously considered: mitochondria or
mtDNA can move between cells [Spees et al.,
2006]. Thus, in theory, mitochondria-induced
cell death may be a manifestation of the conflict
between the cell and mitochondria.

CELL SUICIDE OR CELL MURDER

It is often assumed that apoptosis is cell sui-
cide. Yet, it may be not only a suicide but also a
murder. The mitochondrial deadly potentialcan
be manipulated and abused by other organisms.
Plants, marine animals, and microorganisms
produce poisons that activate mitochondria-
dependent apoptotic pathways, causing death

Fig. 1. Mitochondria-dependent cell death. Apoptosis could be depicted as an exchangeof blows between
mitochondria and the cell. Pro-apoptotic proteins Bid and Bax get inserted in mitochondrial outer
membrane. Mitochondria release cytochrome C, which activates caspases, AIF, and endonuclease G. All
together cause apoptosis. Caspase-dependent cascade also damage mitochondria. In addition, cellular
lysosomes eat mitochondria (autophagy). [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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of their competitors and predators [Blagos-
klonny, 2005]. Many of natural poisons such as
paclitaxel and doxorubicin are used as anti-
cancer drugs [Blagosklonny, 2005]. Obviously,
cancer cells do not commit altruistic suicide in
order to benefit the plant that produces pacli-
taxel for instance. Cells contain apoptotic path-
ways for other purposes. In mammalian cells,
caspases have many non-death functions from
survival to proliferation [Newton and Strasser,
2003]. In yeast, caspases may not be intended to
cause cell suicide at all. In a simple analogy,
an electric toastermay set a home onfire butwas
not intended for that purpose.
The plant antifungal antibiotic osmotin indu-

ces apoptosis in yeast [Narasimhan et al., 2001].
Definitely, this is not an example of altruistic
yeast suicide. Similarly, in growth limiting
conditions, yeast produces high levels of pher-
omones, which can induce apoptosis by engag-
ing mitochondria [Pozniakovsky et al., 2005]
(this is not much different from mitochondria-
dependent apoptosis caused by antibiotic, for
instance). After 90–99% of the yeast die, a small
apoptosis-resistant subpopulation survives and
regrows [Fabrizio et al., 2004]. Importantly,
yeast ATP-binding cassette (ABC) proteins
pump out pheromones. These ABC-proteins
also pump exogenous pheromones and
toxins [Jungwirth and Kuchler, 2006]. There-
fore, yeast that secrete pheromones may be
simultaneously resistant to pheromones, thus
killing non-secreting yeast, without killing
themselves.

CAN AGING BE ALTRUISTICALLY
PROGRAMMED?

To explain the origin of programmed aging, it
was suggested that the population can benefits
from the death of individuals [Longo et al.,
2005]. The strongest argument for ‘‘altruistic’’
programmed aging is that unicellular organ-
isms such as yeast undergo aging and pro-
grammed cell death [Skulachev, 2002; Longo
et al., 2005; Pozniakovsky et al., 2005; Skula-
chev and Longo, 2005]. For example, in growth-
limiting conditions most yeast (‘‘altruistic
yeast’’) die, while a few apoptosis-resistant
(‘‘selfish’’) yeast survive and regrow [Fabrizio
et al., 2004]. In the absence of ‘‘altruistic’’ yeast,
the entire population went extinct [Herker
et al., 2004]. So populations with ‘‘altruistic’’
members (members who undergo apoptosis)

regrow, while populations lacking such mem-
bers go extinct [Longo et al., 2005]. If all yeast
were altruistic, the population would go extinct
too. Nevertheless, death of most members can
prevent extinction of the population in certain
conditions [Skulachev, 2002; Skulachev and
Longo, 2005]. However, it is selfish (resistant
to apoptosis) yeast that actually survived
[Fabrizio et al., 2004]. So even if altruism may
prevent the extinction of the population, only
selfish yeast will survive. As a related example,
somatic cells in the multicellular organism
must be utterly altruistic. Only by keeping the
organism alive, somatic cells can pass their
genes via germ linage. Yet, even somatic cells
can ‘‘cheat’’ to acquire unrestrictedproliferation
and immortality (cancer). Such a selfish cell can
kill the organism and terminate itself. Second,
yeast aging and yeast death may not be an
altruistic suicide but rather a murder. In
order to survive crowded conditions, selfish
yeast secrete pheromones to activate mitochon-
dria-dependent apoptotic pathways in other
yeast. As we discussed, yeast that producemore
pheromones could be more resistant to pher-
omones. Thus, such resistant yeast can kill
other cells. Third, mitochondria may initiate
atavistic killing of their host cell in harsh
conditions. This is consistent with the view that
aging as a mitochondria-mediated atavistic
program [Skulachev and Longo, 2005]. There-
fore, there are several explanations why yeast
die. Altruistic motives are difficult to prove, if
other explanations are possible.

Still, altruistic aging is an attractive concept
because it implies a program, which could be
switched off, thus extending our life span.
However, it does not specify the program.
Instead, it focuses on the execution phase,
namely on mitochondria, which produce free
radicals or reactive oxygen species (ROS).
Remarkably, non-program theories of aging
also suggest that aging is simply a decline due
to random damage caused by ROS.

COULD FREE RADICALS CAUSE AGING?

There is no compelling evidence that symp-
toms of aging can be attributed to free radicals.
Life span can be extended dramatically without
reducing ROS levels indicating that ROS does
not limit life span [Seto et al., 1990; Van
Remmen et al., 2003; Parker et al., 2004;
Andziak et al., 2005, 2006; Buffenstein, 2005;
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Corona et al., 2005]. Antioxidants failed numer-
ous clinical trials [Howes, 2006; Bjelakovic
et al., 2007]. DNA damage in adult cells is so
insignificant that normalmice have been cloned
from adult skin cells [Li et al., 2007]. Data that
support the ROS theory have alternative
explanations, supporting the target of rapamy-
cin (TOR) theory of aging (Blagosklonny, Aging:
ROS or TOR, in preparation). Even if ROS-
induced damage may eventually kill organism,
this does not mean that ROS actually kills it,
because the organismmayfirst die fromanother
cause. To be precise, humans and laboratory
animals die from uniform age-related diseases
(e.g., atherosclerosis, neurodegeneration, can-
cer, diabetes, hypertension, and organ failure)
that are manifestations of the aging process.
TOR is involved in age-related diseases [Bla-
gosklonny, 2006a; Tsang et al., 2007]. And TOR
inhibitsmitophagy (autophagy ofmitochondria).

MALIGNANT MITOCHONDRIA AND
PERMISSIVE INTRACELLULAR

MICROENVIRONMENT

In a lifetime, mutations in mtDNA accumu-
late in tissues of mammals [Wallace, 2005]. A
high proportion of cells in tissues (as diverse as
buccal epithelium and heart muscle) contains
high proportions of clonal mutant mtDNA
expanded from single initial mutant mtDNA
molecules [Nekhaeva et al., 2002]. During
aging, muscle fibers are taken over by one or
only a few types of mtDNA mutants. Mutants
accumulate faster in post-mitotic cells than in
dividing cells. Cell division can rejuvenate the
mitochondrial population, consistent with data
that post-mitotic tissues accumulate mitochon-
drial damage faster than proliferating tissues
[Kowald andKirkwood, 2000].Why do defective
mitochondria accumulate?

Mutations in mtDNA may provide selective
advantage. Like any self-replicating units, mito-
chondria undergo natural selection (Fig. 2).
Selection among the replicating mitochondria
may favor fast replicating variants, even if they
are deleterious to the cell in which they reside
[Taylor et al., 2002] (in analogy with malignant
somatic cells, the term malignant mitochondria
may be appropriate). Aging is associated with
accumulation of predominantly large defective
mitochondria because they are poorly autopha-
gocytosed [Terman et al., 2003; Terman et al.,
2004]. From the cell’s perspective, aging is

associated with defective mitochondria. But
from the mitochondrial point of view, mitochon-
dria that do not produce ATP but instead
replicate its DNA and resist autophagy are not
defective at all. They are the fittest survivors
that have out competed normal mitochondria.
These are malignant, egoistic mitochondria.

There are cellular mechanisms to prevent
accumulation of ‘‘malignant’’ mitochondria.
Autophagy plays an important role in the
degradation of excess or injured mitochondria
[Mijaljica et al., 2007]. In fact, autophagy can be
envisioned either as a process of mitochondrial
quality control or as an ultimate cellular
response triggered when cells are overwhelmed
with damaged mitochondria [Priault et al.,
2005]. Yet, if autophagy is inhibited that might
create a permissive environment for accumu-
lation of large, giant, non-active, malignant
mitochondria. Cardiacmyocytes, skeletalmuscle
fibers, and other long-lived post-mitotic cells
show age-related clonal expansion of defective
mitochondria. Suchmitochondria are not prone
to autophagy because of (a) mitochondrial
enlargement, (b) weakened respiration, and

Fig. 2. Selection for ‘‘malignant’’ mitochondria. As any self-
replicating unit, mitochondria may undergo selection for fitness
such as resistance to autophagy.Mutations followed by selection
render malignant mitochondria that may be large, resistant to
autophagy, easily initiate apoptosis, produce less ATP and more
ROS than is produced by normal mitochondria. TOR inhibits
autophagy and creates permissive intracellular environment.
[Color figure canbe viewed in theonline issue,which is available
at www.interscience.wiley.com.]
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(c) heavy lipofuscin loading of lysosomes [Ter-
man and Brunk, 2004]. Inhibition of autophagy
in cardiac myocytes with 3-methyladenine
resulted in accumulation of mitochondria
within cells, loss of contractility, and reduced
cell survival [Termanet al., 2003].With advanc-
ing age, lipofuscin-loaded lysosomes and defec-
tive ‘‘giant’’ mitochondria occupy increasingly
larger parts of long-lived post-mitotic cells
(e.g., cardiac myocytes, skeletal muscle fibers)
[Terman, 2006].
Aging is associated with a decrease in mito-

chondrial autophagy [Massey et al., 2006]. For
example, in aging rats, there is accumulation
of DNA-damaged mitochondria, which would
otherwise be autophaged selectively [Cavallini
et al., 2007]. The antilipolytic agent (3,5-
dimethylpyrazole (DMP)) stimulates autoph-
agy and rescued older cells from the accumu-
lation of defectivemitochondria [Cavallini et al.,
2007].
So why is autophagy insufficient with aging?

Does this imply a certain program? Aging looks
like a program [Skulachev, 2002; Longo et al.,
2005; Prinzinger, 2005; Skulachev and Longo,
2005]. Furthermore, aging is genetically con-
trolled from yeast to mice that would be
expected if aging were programmed. Yet, aging
cannot be programmed [Williams, 1957; Par-
tridge and Gems, 2002; Kirkwood, 2005a,b].

QUASI-PROGRAM INSTEAD OF
ALTRUISTIC PROGRAM

But the program is not the only alternative to
non-programmed molecular damage. Another
alternative is a quasi-program, an undirected
and non-intended continuation of a program.
Like a program, it can be switched off. Unlike a
program, it has no altruistic or any other
purpose.

TOR-DRIVEN QUASI-PROGRAM FOR AGING

In the wild, multicellular organisms die from
external causes (infections, predators, starva-
tion, etc.). In the wild, 90% of mice die during
their first year of life from infections, cold,
starvation, predators. Theywouldnot live longer
(in the wild), even if they were ‘‘immortal’’
[Williams, 1957; Partridge and Gems, 2002].
There is no need in post-developmental program
for aging, because on the average organisms do
not live so longanyway.For similar reason, there

is no need to switch-off developmental programs.
When animals do not die from external causes
and live long enough, then a continuation of
the developmental program becomes harmful
over time [Blagosklonny, 2006a].

Unlike a program, a quasi-program has
neither purpose nor altruistic meaning nor
any meaning at all. If aging has no adaptive
purpose, natural selection will select against
the onset of aging as long as aging would not
limit longevity ofmost individuals. In fact, most
mice die in the wild before aging occurs. At first
glance, Pacific Salmon is an exception. As a
famous example, Pacific Salmon die from aging
after first reproduction. It was considered as an
exceptional program contrasting with ‘‘non-
programmed’’ decay in other species [Austad,
2004].

The Pacific Salmon example is used by both
advocates and opponents of programmed aging.
Advocates consider Salmon as an illustration of
programmed aging, whereas opponents con-
sider it as an exception that emphasizes the
rule: non-programmed aging in other species.
Yet this example was misunderstood because of
inaccurate assumption that Pacific Salmon die
invariably shortly after their reproductive epi-
sode (spawning). In reality, Pacific Salmon
almost invariably die before reproduction from
accidental death. Each female produces about
2,000 eggs. If each of them would survive until
reproduction and die fromaging, then therewill
be 2,000� 2,000¼ 4 million eggs in the next
generation, and so on. Actually 99.9% fish must
die before reproduction (at different ages and
reasons, including of being cooked for us) and
only 1 out of 1,000 die after reproduction from
aging. Similarly, mice (and most other species)
rarely die from aging in the wild. Thus, Pacific
Salmon are not exceptional. Like other animals,
most Pacific Salmon die from accidental death
and a few survivors die from aging. Aging plays
a negligible role in the wild not only formice but
also for Pacific Salmon. This quasi-programmed
aging is revealed only when accidental death is
eliminated (humans, domesticated and labora-
tory animals).

As an unintended continuation of the devel-
opmental program, quasi-program is not very
precise. This is exactly in agreement with
observations that ‘‘if genes program aging, they
do so only very loosely.’’ This is in sharp contrast
to the developmental process, which is so pre-
cisely regulated [Kirkwood, 2005b]. In animals
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from worm to mice, knockout and mutations in
numerous genes can slow down aging and
extend life span [Tatar et al., 2003; Vellai
et al., 2003; Kapahi et al., 2004]. These genes
can be arranged in one single pathway [Blagos-
klonny, 2006a]: namely, theTORpathway.TOR
links environmental clues and nutrients to cell
growth [Beck and Hall, 1999; Schmelzle and
Hall, 2000; Crespo et al., 2002; Long et al., 2002;
Jia et al., 2004; Kaeberlein et al., 2005; Inoki
and Guan, 2006; Powers et al., 2006]. As
recently discussed, TOR is involved in cell
senescence, organism aging and diseases of
aging [Blagosklonny, 2006a,b; Blagosklonny,
2007]. But how can mitochondria be linked to
this quasi-program?

TOR AND MITOCHONDRIA

TOR inhibits autophagy and rapamycin (TOR
inhibitor) promotes autophagy [Paglin et al.,
2005;Kawai et al., 2006;Ravikumar et al., 2006;
Williams et al., 2006]. For example, inactivation
of TOR (by serum withdrawal) promoted
autophagy of mitochondria with deleterious
mtDNA mutations but spared their normal
counterparts. Autophagy of dysfunctional mito-
chondria was prevented by IGF-1 [Gu et al.,
2004], which activates the TOR pathway. I
conclude that by inhibiting autophagy, TOR
allows defective mitochondria to accumulate.

Also, the TOR pathway regulates mitochon-
drial biogenesis. For example, TOR induces
hypoxia-inducible factor-1 (HIF-1alpha) [Ber-
nardi et al., 2006]. In turn, this increases
production of nitric oxide (NO) [Semenza,
2002]. Chronic increases in NO levels stimulate
mitochondrial biogenesis [Nagy et al., 2004]
which is associated with aging [Nisoli and
Carruba, 2006]. TOR and HIF-1 stimulate iron
accumulation [Fukuda et al., 2002; Treins et al.,
2002; Lee and Andersen, 2006]. And iron
accumulation is associated with cellular sen-
escence [Killilea et al., 2004] and may be
involved in neurodegenerative disorders [Zecca
et al., 2004; Lee and Andersen, 2006]. Iron
inhibits lysosomes [Eaton and Qian, 2002] and
thus may inhibit autophagy. In fact, autophagy
is inhibited in neurodegenerative diseases
[Rubinsztein, 2006]. Also, the TOR pathway
regulates mitochondrial activity [Schieke et al.,
2006]. In turn, mitochondria regulate the TOR
pathway [Desai et al., 2002; Giannattasio et al.,
2005; Schieke and Finkel, 2006].

ROS AND TOR

Hydrogen peroxide (H202) results from mito-
chondrial respiration. Levels of peroxide are
regulated by production and degradation.
Hydrogen peroxide has important roles as a
signalingmolecule in the regulation of a variety
of biological processes. What is important for
our discussion is that hydrogen peroxide acti-
vates PI3-K/TOR/S6kpathway [Bae et al., 1999;
Huang et al., 2002; Liu et al., 2006].UV-induced
activation of TOR/S6K also involves hydrogen
peroxide [Zhanget al., 2001;Huang et al., 2002].
And vice versa the PI3K/mTOR pathway seems
to increase production of ROS [Tuñón et al.,
2003; Kim et al., 2005] and sensitizes the whole
organism to oxidative stress [Patel and Tam-
anoi, 2006]. Thus, a positive feedback loop
between TOR and H202 may amplify TOR-
driven aging (Fig. 3).

HOW ‘‘MALIGNANT’’ MITOCHONDRIA
CONTRIBUTE TO AGE-RELATED DISEASES

Intriguingly, human stem cells have low
mitochondrial numbers [Cho et al., 2006]. In
aging cells, in contrast, mitochondrial mass is
increased [Lee et al., 2002]. Senescent cells
have elongated giant mitochondria [Yoon et al.,
2006]. Large mitochondria are difficult to
autophage and therefore they accumulate.
Large size can be a problem by itself. For
example, mitochondria should be small enough

Fig. 3. Positive feedback between ROS and TOR. Via PI3-K
peroxide stimulates TOR, which in turn inhibits autophagy of
defective mitochondria, potentially increasing peroxide. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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to fit in neuronal dendritic and axon terminals
[Chan, 2006]. I suggest that enlargement of
mitochondria may contribute to synaptic
defects in age-related neurodegenerative dis-
eases. Second, increased mitochondrial mass is
associated with respiratory defects [Wallace,
2005]. Third, increased mitochondrial mass
renders cells sensitive to apoptosis [Petrovas
et al., 2006]. Increased susceptibility to apopto-
sis has been shown inmanymodels ofmitochon-
drial defects [Aure et al., 2006]. Rapamycin
enhances clearance of mitochondria and pro-
tects cells against pro-apoptotic insults in
Drosophila [Ravikumar et al., 2006]. In patients
with mtDNA disorders, apoptosis occurred in
muscle fibers with mitochondrial proliferation.
Thus, large size and propensity to apoptosis can
contribute to some age-related diseases. In
contrast, ROS may be irrelevant. Thus, in
mtDNA mutator mice the amount of ROS
produced is normal, despite respiratory chain
dysfunction [Trifunovic et al., 2005]. In Droso-
phila and C. elegans, partial disruption of
mitochondrial machinery results in life span
extension, despite a mild increase in their ROS
leak rate [Rea, 2005; Ventura et al., 2006].
Mitochondrial alterations are characteristic

of several neurodegenerative human disorders:
Parkinson’s, Alzheimer’s, and Huntington’s
diseases [Calabrese et al., 2001; Chan, 2006].
Also, mitochondrial dysfunction and mtDNA
mutations are associatedwith age-related hear-
ing loss [Fischel-Ghodsian, 2003; Pickles, 2004;
Yamasoba et al., 2007]. Calorie restriction
attenuates age-related cochlear degeneration
and decreases quantity of mtDNA deletions in
the cochlea ofmammals [Yamasoba et al., 2007].
Thus, accumulation of defective mitochondria
probably contributes to some age-related dis-
eases.
Mice expressing a proof reading-deficient

version of the mtDNA polymerase gamma
(POLG) accumulate mtDNA mutations and
display features of accelerated aging [Kujoth
et al., 2005]. Noteworthy, there was no increase
in ROS production. Instead therewas increased
apoptotic rate, particularly in tissues charac-
terized by rapid cellular turnover [Kujoth et al.,
2005]. Yet, the levels of mutations in the
mutator mice are more than an order of
magnitude higher than typical levels in aged
humans [Khrapko et al., 2006] and 500 times
higher than inmice [Vermulst et al., 2007].Most
of the aging-like features in the mutator mice

are not specific to features of normal aging. For
example, inmutatormice, aging was associated
with weight loss, reduced subcutaneous fat,
hair loss, curvature of the spine, osteoporosis,
anemia, reduced fertility and heart enlarge-
ment. The mitochondrial syndrome is charac-
terized by the widespread apoptosis [Trifunovic
et al., 2004]. Yet, this does not resemble regular
mammalian aging. Apoptosis is not a significant
characteristic of normal aging.

CONCLUSIONS

Mitochondria replicate DNA and acquire
mutations. Therefore, they inevitably undergo
‘‘Darwinian’’ selection inside the cell in long-
lived organism. ‘‘Darwinian’’ selection among
mitochondria yields ‘‘malignant’’ mitochondria,
characterized by a giantmorphology, resistance
to autophagy, and decreased ATP production.
Due to increasedmass,malignantmitochondria
may be inclined to initiate apoptosis. This may
be manifested as age-related apoptosis in
neurons and auditory cells. Malignant mito-
chondria can contribute to age-related diseases,
when apoptosis is involved (hearing loss).
‘‘Malignization’’ of mitochondria depends on a
permissive intracellular environment that is
TOR-dependent. TOR inhibits autophagy, thus
potentially allowingmalignant mitochondria to
accumulate and clonally expand.

We can envision two therapeutic approaches.
First, malignant mitochondria could be tar-
geted directly by mitochondria-directed agents
[Skulachev and Longo, 2005]. The second

Fig. 4. Therapeutic approach to target both TOR and mito-
chondria. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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approach is to re-activate autophagy by inhibit-
ing TOR. In addition, inhibitors of TOR would
stimulate autophagy of aggregation-prone and
damaged proteins, inhibit cell hypertrophy,
cellular iron and lipid consumption andperhaps
protect cells from ROS, if ROS play some role in
aging. Two approaches (re-activation of autoph-
agy and direct targeting mitochondria) can be
combined (Fig. 4). For example, mitotropic
drugs can be combined with inhibitors of the
TOR such as rapamycin and metformin.
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