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Abstract

Mitochondria are the major intracellular source and target sites of reactive
oxygen species (ROS) that are continually generated as by-products of aerobic
metabolism in animal and human cells. It has been demonstrated that mito-
chondrial respiratory function declines with age in various human tissues and
that a defective respiratory chain results in enhanced production of ROS and
free radicals in mitochondria. On the other hand, accumulating evidence now
indicates that lipid peroxidation, protein modification and mitochondrial
DNA (mtDNA) mutation are concurrently increased during aging. On the
basis of these observations and the fact that the rate of cellular production of
superoxide anions and hydrogen peroxide increases with age, it has recently
been postulated that oxidative stress is a major contributory factor in the aging
process. A causal relationship between oxidative modification and mutation
of mtDNA, mitochondrial dysfunction and aging has emerged, although some
details have remained unsolved. In this article, the role of mitochondria in the
human aging process is reviewed on the basis of recent findings gathered from
our and other laboratories.

two decades, the free-radical theory of aging has been
widely tested and gained great support from molecular

Aging is a multifactorial biological process, which is
accompanied by a general decline in biochemical and
physiological functions that leads to the decreased ability
of an individual to respond to a wide range of stresses or
challenges and increased susceptibility to age-associated
diseases and death.

In 1956, Harman [20] first proposed that free radicals
are likely the key factor involved in the aging process. The
main concept was that the accumulation of free-radical-
elicited oxidative damage to macromolecules is a major
contributor to aging. Subsequently, he extended the idea
to suggest that mitochondria are the major target of free-
radical attack that leads to human aging [19]. In the past

and cellular biological research of aging. Miquel et al. [38,
39] provided great support to this notion by showing that
mitochondrial DNA (mtDNA) damage and lipofuscin
pigment formation in animal tissues are concurrently
increased during aging. In light of the fact that mitochon-
dria are the major intracellular source and vulnerable tar-
get of reactive oxygen species (ROS) and free radicals [10,
43], Linnane et al. [37] further hypothesized that accumu-
lation of somatic mutations in mtDNA is a major contri-
butor to human aging and degenerative diseases. This
modern hypothesis of aging focused on enhanced produc-
tion of ROS and accumulation of mtDNA mutations in
mitochondria of postmitotic cells upon human aging.
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Fig. 1. Mitochondrial theory of aging and age-related degenera-
tive diseases. The electron transport system in the mitochondrial
inner membrane, which is composed of mtDNA-encoded protein
subunits and nuclear DNA-encoded subunits, is actively involved in
the adenosine-triphosphate-synthesis-coupled respiration that con-
sumes about 95% of the oxygen uptake of the tissue cells. A fraction
of the oxygen is incompletely reduced by l-electron transfer (mostly
via ubisemiquinone) to generate ROS and organic free radicals,
which may cause oxidative damage and mutation of the nearby
mtDNA molecules that are attached, at least transiently, to the inner
membrane. The oxidatively modified and mutated mtDNA are tran-
scribed and translated to produce defective protein subunits that are
assembled to form defective respiratory enzymes. The impaired elec-
tron transport chain not only works less efficiently in adenosine tri-
phosphate synthesis, but also generates more ROS, which will further
enhance the oxidative damage to various biomolecules in mitochon-
dria. This vicious cycle operates in an age-dependent manner and
results in the widely observed age-related accumulation of oxidative
damage and mutation of mtDNA, which ultimately leads to a pro-
gressive decline in the bioenergetic function of tissue cells in the
aging process. On the other hand, free-radical scavenger systems,
DNA repair systems and mitochondrial turnover for removal of the
oxidative damages by ROS and free radicals become less efficient in
the aging process. Therefore, the accumulation of oxidatively dam-
aged and mutated mtDNA and defective mitochondria and pertur-
bation of mitochondrial turnover act synergistically to cause the gen-
eral decline of biochemical and physiological functions of tissue cells
in the aging process of the human.

In this article, we review recent findings of the oxida-
tive-stress-elicited oxidative damage and mutation of
mtDNA and mitochondrial function decline during hu-
man aging and then discuss the pivotal role of mitochon-
dria in the aging process.

Oxidative Stress and Aging

Mitochondria are the intracellular organelles responsi-
ble for adenosine triphosphate synthesis through the cou-
pling of oxidative phosphorylation to respiration in hu-
man and animal cells [48, 50]. Under normal physiologi-
cal conditions, about 1-5% of oxygen consumed by mito-
chondria is converted to superoxide anions, hydrogen
peroxide and other ROS [10, 51]. It has been established
that several sites of the respiratory chain are involved in
the generation of ROS [61, 70], and that ROS and free
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radicals (e.g. ubisemiquinone and flavosemiquinone) are
continually generated and maintained at a relatively high
steady-state level in mitochondria. It was recently esti-
mated that one normal rat liver mitochondrion can pro-
duce about 3 x 107 superoxide anions in a day [10]. In
fact, within a certain concentration range, ROS assume
important physiological functions such as oxygen burst of
neutrophils and smooth muscle relaxation. In addition,
ROS and free radicals have been demonstrated to act as a
secondary messenger to activate the transcription factors
including NF-xB and AP-1 {32, 54]. However, an excess
of ROS is harmful to cells [51, 68]. To cope with the ROS,
human cells express antioxidant enzymes including man-
ganese superoxide dismutase (MnSOD), copper/zinc su-
peroxide dismutase (Cu/ZnSOD), glutathione peroxidase
and catalase. MnSOD and Cw/ZnSOD convert superox-
ide anions to hydrogen peroxide, which is then trans-
formed to water by glutathione peroxidase or by catalase.
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Although these enzymes, together with other antioxi-
dants, can dispose of ROS and free radicals, a fraction of
them may escape these cellular defense mechanisms and
cause damage to cellular constituents including DNA,
RNA, proteins and lipids [4, 51]. In fact, the concentra-
tion of 8-hydroxy-2’-deoxyguanosine (8-OH-dG), a spe-
cific product of oxidative damage to DNA, has been
shown to increase with age in the tissues of mammals and
insects [2, 17, 52, 57]. Agarwal and Sohal [2] demon-
strated that hyperoxia and X-ray irradiation result in a
substantial increase in the level of 8-OH-dG in the
exposed body site of houseflies. Moreover, it was ob-
served that the specific contents of 8-OH-dG in the flies
overexpressing Cu/ZnSOD and catalase were much lower
than those of the wild-type flies [56]. Furthermore, caloric
restriction was demonstrated to extend the average and
the maximum life spans and to concurrently decrease the
age-related accumulation of 8-OH-dG in various tissues
of the mice [57]. These observations suggest that oxida-
tive damage to DNA plays an important role in aging.

On the other hand, aging-associated accumulation of
inactivated or modified proteins, such as enzymes that
are partially denatured, oxidized and catalytically inac-
tive, has been demonstrated in living organisms including
nematodes, flies and humans [58, 63, 64]. The accumula-
tion of protein carbonyls and the loss of glucose-6-phos-
phate dehydrogenase activity, used as indicators of pro-
tein oxidative damage, have been observed to increase
with age [56, 58, 64]. The intracellular levels of proteolytic
enzymes that hydrolyze oxidatively modified proteins are
insufficient for effective disposal of the aging-associated
increase to aberrant proteins [64]. In the muscle of Dro-
sophila melanogaster, the induction of heat shock protein
(hsp) 70 was shown to be responsive to aging [71]. The
same muscle-specific induction of hsp70 was also ob-
served in young flies with mutations in the Cu/ZnSOD or
catalase gene. hsp70 1s normally induced in response to
heat and other stresses, and apparently functions to pro-
mote renaturation and folding of proteins, prevent further
protein aggregation and denaturation and facilitate pro-
teolysis of degraded proteins [36, 71). Several lines of
research have suggested that aging-specific hsp70 expres-
sion may be a result of oxidative damage to proteins [36].
On the other hand, it was shown that the activities of pro-
teases involved in the degradation of aberrant proteins is
markedly decreased in aged animal tissues [33]. It has
long been proposed that perturbation of proteolysis is
involved in the formation of lipofuscin and possibly in the
manifestation of animal aging [30, 31]. In fact, lipofuscin
and lipofuscin-like secondary lysosomes are accumulated
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in various animal tissues with age [24, 30]. The fluores-
cent pigments are thought to result from cross-linking
between oxidatively modified proteins and lipid peroxi-
dation products, which are concurrently increased during
aging [38, 39]. These observations, together with the
recent findings of wide-spread aging-associated mtDNA
mutations [34, 68, 74], have led us to propose that oxida-
tive damage to cellular constituents and their accumula-
tion with age are the major contributors to the aging pro-
cess (fig. 1).

It has also been observed that the fruit flies with homo-
zygous mutations in either the Cu/ZnSOD or catalase
gene exhibit increased sensitivity to oxidative stress and
have a reduced viability and life span [18, 49]. Because
glutathione peroxidase is absent in D. melanogaster, Cu/
ZnSOD and catalase thus provide the major enzymatic
antioxidant defenses [59]. Flies that overexpress Cu/
ZnSOD alone or in combination with the overexpression
of catalase were found to exhibit increased resistance to
oxidative stress and have significantly less oxidative dam-
age to proteins and a longer life span [44, 45, 56]. It is
generally accepted that the activities and capacities of
antioxidant systems of tissue cells are declining with age,
leading to the gradual loss of pro-oxidant/antioxidant bal-
ance and accumulation of oxidative damage in the aging
process. These observations provide further support of
the notion that oxidative stress plays an important role in
the aging process.

Oxidative Damage to Mitochondria in Aging

Since mitochondria are the major intracellular source
of ROS, they are thus subjected to direct attacks of ROS
in animal and human cells. It has been recently demon-
strated that the rate of production of superoxide anions
and hydrogen peroxide in mitochondria increases with
age in several mammalian and insect tissues [51, 60-63].
The increase in hydrogen peroxide production of D. mela-
nogaster under aging-elicited oxidative stress was demon-
strated to be related to the oxidative damage to mtDNA
and membrane lipids of mitochondria [60]. Sohal et al.
[63] further demonstrated that the average life span of
dipteran flies is inversely correlated with the rate of mito-
chondrial production of superoxide anions and hydrogen
peroxide and with the level of protein carbonyls in the
tissue cells. Moreover, the age-related increase in the rate
of generation of mitochondrial hydrogen peroxide was
observed to decrease by 40% in the fruit flies overexpress-
mg Cuw/ZnSOD and catalase as compared with the wild-
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type flies [56]. Therefore, the rate of hydrogen peroxide
release by mitochondria is an important determinant of
the oxidative damage sustained by mitochondria. Ames et
al. [4] first demonstrated that oxidative damage to
mtDNA is much more extensive than that to nuclear
DNA. The specific content of 8-OH-dG of mtDNA was
about 16 times higher than that of nuclear DNA in the
liver of 3-month-old rats. Furthermore, the 8-OH-dG
content in liver mtDNA of the 24-month-old rat was 3
times higher than that of the 3-month-old rat [17]. More-
over, the levels of oxidative stress and oxidatively modi-
fied proteins and lipid peroxides in mitochondria have
been shown to increase with age [3, 7, 28, 58]. In addition,
the 8-OH-dG contents in the mtDNA of human dia-
phragm, heart muscle and brain tissues were found to
increase in an age-dependent manner [21, 22]. It has also
been found that mitochondrial glutathione is markedly
oxidized with aging in the rat and mouse [6]. The ratio
between the oxidized and reduced glutathione rises with
age in the liver, kidney and brain of these animals. In the
same study, the 8-OH-dG content of mtDNA was also
found to increase with age in the rat and mouse. Addition-
ally, oral administration of antioxidants protected against
both glutathione oxidation and mtDNA damage in rats
and mice. These observations suggest a close relationship
between oxidative stress, indicated by glutathione oxida-
tion, and mtDNA damage during the aging process.

Mitochondrial DNA Mutations in Human Aging

Each human and animal cell contains several hundred
to more than a thousand mitochondria, each carrying 2—
10 copies of mtDNA. Human mtDNA is a 16,569-bp cir-
cular double-stranded DNA molecule {5]. This extrachro-
mosomal genome contains genes coding for 13 polypep-
tides involved in respiration and oxidative phosphoryla-
tion and 2 ribosomal RNA and a set of 22 transfer RNA
(tRNA) that are essential for protein synthesis in mito-
chondria [5, 50]. mtDNA is a naked compact DNA mole-
cule without protective histones and replicates rapidly
without efficient proofreading and DNA repair systems
[12, 14]. It is transiently attached to the mitochondrial
inner membrane, in which a considerable amount of ROS
is continually produced by the respiratory chain [27, 28].
These characteristics have rendered mtDNA vulnerable
to attacks by ROS and free radicals generated by the elec-
tron leak of the respiratory chain of mitochondria [46, 67,
68].
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In the past 8 years, a number of point mutations, dele-
tions and tandem duplications of mtDNA have been
found in various tissues of aged individuals [13, 15, 29,
34, 35, 42, 69, 72, 74, 77, 78]. These mutant mtDNAs
usually coexist with the wild-type mtDNA within a cell
(heteroplasmy), and the degree of heteroplasmy often var-
ies in different tissues of the same individual [34, 77, 79].
It has been well established that many of these mtDNAs-
mutations accumulate with age in postmitotic tissues of
the human [15, 34, 35, 68, 72, 77]. Some of these aging-
associated mtDNA mutations were originally observed in
the affected tissues of patients with mitochondrial dis-
eases. The most common mtDNA mutation is the 4,977-
bp deletion, with a 13-bp direct repeat flanking the 5’- and
3-end breakpoints at nucleotide position (np) 8,470/
8,482 and np 13,447/13,459, respectively [55, 74]. This
mtDNA deletion was first observed in the muscle of
patients with mitochondrial myopathies, including
chronic progressive external ophthalmoplegia, Kearns-
Sayre syndrome and Pearsons’ syndrome [25, 55]. Multi-
ple large-scale deletions of mtDNA have also been found
in various tissues of elderly subjects [67, 68, 72, 77, 79].
Two point mutations at np 3,243 and np 8,344 of
mtDNA, which are, respectively, associated with mito-
chondrial myopathy, encephalopathy, lactic acidosis and
stroke-like episodes (MELAS) syndrome and myoclonic
epilepsy and ragged red fibers (MERRF) syndrome [66]
have been also detected in the muscle of aged individuals
[42, 78]. Additionally, 6 different types of tandem dupli-
cations were found in the D loop region of mtDNA from
the brain, muscle, liver and skin tissues of normal sub-
jects; the incidence and abundance of these tandemly
duplicated mtDNA are increased with age [35, 69].

It is important to note that the proportions of these
mutant mtDNAs in aging human tissues rarely exeed 1%
[15, 34, 35, 68, 72, 77]. The type and relative proportion
of the aging-associated mutant mtDNA are usually deter-
mined by the choice of primers and PCR conditions.
Recently, a more detailed detection system was designed
for extensive screening of mtDNA deletions in human tis-
sues [23, 75]. By using 180 kinds of PCR primer pairs, this
system enables one to detect all the possible mtDNA with
deletions over 500 bp. Hayakawa et al. [23] applied this
system to analyze mtDNA from normal hearts of human
subjects of various ages. They observed an extensive frag-
mentation of mtDNA into minicircles with different
sizes. The incidence and abundance of the mutant
mtDNA were found to increase with age and to correlate
well with the oxidative damage to mtDNA [23, 75]. It is
worth mentioning that the aforementioned mutation and
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oxidative damage of mtDNA represent only the tip of the
iceberg of all the mtDNA damages occurring in the aging
process [68].

Although the proportion of the mutant mtDNA was
found to correlate with the 8-OH-dG content of mtDNA
[22, 75], it is poorly understood how oxidative stress or
ROS cause mtDNA mutations. Adachi et al. [1] have
recently demonstrated that ROS may cause large-scale
deletion of mtDNA in animals. They detected a 4-kb dele-
tion of mtDNA in the heart of Balb/c mice that had
received chronic intraperitoneal injection of doxorubicin,
which is known to induce cardiomyopathy and elicit pro-
found lipid peroxidation of heart mitochondria [1]. More-
over, they found that administration of coenzyme Qo (a
free-radical scavenger) to the mice could effectively pre-
prevent the mtDNA deletion and decrease the lipid per-
oxide contents of the heart mitochondria. This finding
provides first direct evidence to support the notion that
ROS and free radicals are involved in the large-scale dele-
tion of mtDNA. Although it remains to be established
how mtDNA mutations are initiated or promoted by ROS
and free radicals, recent molecular biological studies have
provided useful information to better understand the
mechanisms of mtDNA mutations.

Sequence analysis of the reported deletions of human
mtDNA revealed that they occurred more frequently
between the origins of replication of the H and L strands
[55, 69] and caused a loss or truncation of genes encoding
tRNA and mRNA that are essential for the proper func-
tioning of mitochondria [68]. The breakpoints of many of
these mtDNA deletions are flanked by direct-repeat se-
quences. Slipped mispairing during DNA replication be-
tween direct repeat sequences [55], homologous replica-
tion [76] and topoisomerase II cleavage [8] have been
suggested to be the possible mechanisms for mtDNA dele-
tions. Presumably due to their stem loop structures, the
mitochondrial tRNA genes are thought to be hot spots for
point mutations [66]. Indeed, more than 10 different
point mutations have been found in the tRNALeu(UUR)
gene [53]. On the other hand, the start sites and the inser-
tion sites of the tandem duplications in the D loop region
of mtDNA have been found to be localized in the regions
containing either a poly C run or a direct repeat sequence
[35, 69]. Moreover, certain regions of mtDNA have been
demonstrated to be particularly sensitive to oxidative
insult of ROS and are prone to mutation [26]. The puta-
tive hot spots for oxidative modification and mutation of
mtDNA could be near or at the unusual structures includ-
ing bent, antibent and non-B DNA sequences in human
mtDNA [26]. These observations suggest that the unusual
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structure and/or nucleotide sequence of human mtDNA
are the important factors involved in aging-associated
mtDNA mutations. In addition, it was hypothesized that
genotoxic intermediates of lipid peroxidation may play a
role in eliciting age-associated DNA mutations [28]. The
region of mtDNA that is attached to the ROS-generating
sites in the mitochondrial inner membrane should be
more susceptible to oxidative damage, strand breakage
and mutation [28]. Furthermore, ROS-induced mutagen-
esis has been observed to be DNA polymerase specific
[16]. Thus, it is possible that the frequency of occurrence
and the type of mtDNA mutation are determined, at least
in part, by the interaction between mitochondrial DNA
polymerase and the DNA molecules that bear the ROS-
induced oxidative damage during DNA replication.

In addition, several mtDNA mutations have been
reported to occur more frequently in sun-exposed skin at
relatively high levels [47, 72]. This observation suggests
that free radicals generated by environmental insult (e.g.
sunshine, air pollutants and cigarette smoke) may also
play an important role in the induction of mtDNA muta-
tions during the aging process.

Mitochondrial Respiratory Function Declines
with Age

It was first demonstrated in 1989 that the respiratory
function of mitochondria gradually declines with age in
the human liver [73] and skeletal muscle [65], respective-
ly. This phenomenon has been confirmed by several
investigators [48]. The respiratory control, oxidative
phosphorylation efficiency, the rates of resting (state 4)
and adenosine-diphosphate-stimulated (state 3) respira-
tion and the activities of the respiratory enzyme com-
plexes all decline with age in various human tissues [48,
65, 73]. In addition, the number of skeletal and heart mus-
cle fibers deficient in cytochrome ¢ oxidase was found to
increase with age [40, 41]. Since the age-dependent de-
cline of the glutamate-malate-supported respiration was
found to be more dramatic than that of the succinate-sup-
ported respiration, we conjectured that mutation(s) in the
7 genes of NADH dehydrogenase encoded by mtDNA
may be involved in this aging-associated respiratory func-
tion decline. We quickly confirmed this idea by showing
that both the frequency of occurrence and abundance of
the 4,977-bp deleted mtDNA increases with age in the liv-
er [34, 74] and many other tissues [15, 34, 69, 72]. It was
recently observed that the extent of mtDNA mutation
strongly correlates with the progressive decrease in cyto-
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chrome ¢ oxidase activity in aging human muscle [48].
Because mtDNA has very little redundancy and high
information density, the large-scale deletions often cause
the removal or truncation of multiple structural genes and
tRNA genes and thereby lead to multiple respiratory-
chain deficiencies. In addition, we recently found several
tandem duplications in the D loop of human mtDNA [35,
69], which contains the replication origin Oy and two
transcriptional promoters for each strand of mtDNA [5,
11]. The D loop region is the only and most important
control region in human mtDNA. Therefore, any type of
mutation in the regulatory elements in the D loop of
mtDNA can cause alterations of mtDNA replication and
transcription. In addition, oxidative modification to the
nucleobases could also elicit the errors of mtDNA replica-
tion and gene expression. Therefore, accumulation of oxi-
datively damaged and mutated mtDNA may contribute
to the age-dependent progressive decline of respiratory
function especially in postmitotic cells [4, 39, 48, 67, 68].
On the other hand, it has been reported that the steady-
state levels of mitochondrial transcripts are significantly
reduced during aging of D. melanogaster; these changes
correlate very well with the life span of the insect [9]. This
decline in the expression of mitochondrial genes might be
in part caused by damage to mtDNA. Interestingly, it was
recently found that not only cytochrome ¢ oxidase, which
contains subunits encoded by the mitochondrial genome,
but also glutamate dehydrogenase, a nuclear DNA-en-
coded enzyme present in the mitochondrial matrix, grad-
uvally lose enzymatic activity during the aging of D. mela-
nogaster [9]. These observations suggest that although
mtDNA is more vulnerable to oxidative damage, some
age-related defects in the nuclear genome may also be
involved in aging.

However, it is important to note that the proportions
of the age-related mtDNA mutations in various human
tissues are not so high as those seen in the target tissues of
patients with mitochondrial myopathies [67]. It thus ap-
pears difficult for us to comprehend any significant dele-
terious effect on mitochondrial functions exerted by such
low proportions of the mutant mtDNA in human tissues.
The age-dependent decline of mitochondrial respiratory
function may also be due to the direct ROS damage to
proteins, aside from the deleterious effects of mutation or
oxidative damage to mtDNA. Moreover, it is possible
that all the mutations and oxidative damages to mtDNA
impair, in a synergistic manner, the function of the elec-
tron transport chain and elicit a profound increase in the
rate of ROS generation. A broad spectrum of oxidative
damage and mutation of mtDNA may be effected through
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arecently proposed vicious cycle in the aging process [68].
However, it is worth noting that a clear causal relation-
ship between oxidative modification and mutation of
mtDNA, mitochondrial dysfunction and aging remains to
be established.

Concluding Remarks

Mitochondria are responsible for the supply of meta-
bolic energy and are also the main intracellular source and
target of ROS and free radicals, which are generated as
by-products in the respiratory chain. In the mammalian
cells, the proper assembly and function of mitochondria
are effected through the coordination between gene prod-
ucts encoded by mitochondrial and nuclear genomes [50].
Communication between the nucleus and the mitochon-
drion is essential for delicate regulation of the synthesis of
proteins in the cytosol and their import into mitochon-
dria. ROS and some metabolites that regulate the activa-
tion of specific transcription factors, which may exert
their functions in the nucleus, have been proposed to be
the signals for communication between the mitochon-
drion and the nucleus [50, 76]. Besides the effects of the
nuclear genome on the expression of mitochondrial genes,
the mitochondrial genome can also affect the expression
of nuclar gene-encoded mitochondrial proteins [50]. Oxy-
gen concentration, exercise and hormone levels have been
demonstrated to be able to regulate the mRNA level of
cytochrome ¢ oxidase in the mammal [50, 51]. Therefore,
mitochondria may act as a sensor in regulating energy
metabolism and the release of ROS in response to extra-
cellular stimuli. Moreover, within a certain concentration
range, ROS and free radicals may act as a secondary mes-
senger in some signal transduction pathways [32, 54].
Normally, the overproduced ROS can be scavenged by
enzymatic and nonenzymatic antioxidant systems to pre-
vent deleterious oxidative damage. However, as a result
of an aging-associated increase in ROS generation in the
respiratory chain and a decrease in the intracellular con-
centrations of antioxidants and activities of free-radical-
scavenging enzymes, the age-related elevation of ROS and
oxidative stress is harmful to the cell [51]. As the major
intracellular source of ROS, mitochondria are particularly
vulnerable to oxidative damage. Experimental data from
our and other laboratories have provided ample evidence
to support the notion that mutation and oxidative damage
to mtDNA and mitochondrial respiratory function de-
cline are important contributors to human aging [68].
Although a causal relationship between oxidative modifi-
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cation and mutation of mtDNA, mitochondrial dysfunc-

tion and aging has emerged, the detailed mechanism by

which these molecular and biochemical events cause
aging remains to be established. Understanding of the
age-dependent changes of the structure and function of
mitochondria in the aging process should be of prime
importance in unraveling the molecular basis of aging in

the coming years.

Acknowledgments

Part of the work described in this article was supported by

research grants from the National Science Council (NSC86-2314-

B010-090) and the Department of Health, Executive Yuan, ROC.
Y.-H.W. wishes to express his appreciation of considerable financial
support from the National Science Council in the course of studying
mitochondrial role in human aging.

References

Adachi K, Fujiura Y, Mayumi F, Nozuhara A,
Sugiu Y, Sakanashi T, Hidaka T, Toshima H.
A deletion of mitochondrial DNA in murine
doxorubicin-induced cardiotoxicity. Biochem
Biophys Res Commun 195:945-951;1993.
Agarwal S, Sohal RS. DNA oxidative damage
and life expectancy in houseflies. Proc Natl
Acad Sci USA 91:12332-12335;1994.

Agarwal S, Sohal RS. Differential oxidative
damage to mitochondrial proteins during
aging. Mech Ageing Dev 85:55-63;1995.
Ames BN, Shigenaga MK, Hagen TM. Oxi-
dants, antioxidants, and the degenerative dis-
eases of aging. Proc Nat! Acad Sci USA 90:
7915-7922;1993.

Anderson S, Bankier AT, Barrell BG, De
Bruijn MHL, Coulson AR, Drouin J, Eperon
IC, Nierlich DP, Roe BA, Sanger F, Schreier
PH, Smith AJH, Staden R, Young IG. Se-
quence and organization of the human mito-
chondrial genome. Nature 290:457-465;1981.
Asuncion JGDL, Millan A, Pla R, Bruseghini
L, Esteras A, Pallardo FV, Sastre J, Vina J.
Mitochondrial glutathione oxidation correlates
with age-associated oxidative damage to mito-
chondrial DNA. FASEB J 10:333-338;1996.
Bandy B, Davison AJ. Mitochondrial muta-
tions may increase oxidative stress: Implica-
tions for carcinogenesis and aging. Free Radic
Biol Med 8:5213-5239;1990.

Blok RB, Thorburn DR, Thompson GN, Dahl
HHM. A topoisomerase Il cleavage site is asso-
ciated with a novel mitochondrial DNA dele-
tion. Hum Genet 95:75-81;1995.

Calleja M, Pena P, Ugalde C, Ferreiro C, Mar-
co R, Garesse R. Mitochondrial DNA remains
intact during Drosophila aging, but the levels of
mitochondrial transcripts are significantly re-
duced. J Biol Chem 268:18891-18897;1993.
Chance B, Sies H, Boveris A. Hydroperoxide
metabolism in mammalian organs. Physiol
Rev 59:527-605;1979.

Clayton DA. Replication of animal mitochon-
drial DNA. Cell 28:693-705;1982.

Clayton DA, Doda JN, Friedberg EC. The
absence of a pyrimidine dimer repair mecha-
nism in mammalian mitochondria. Proc Natl
Acad Sci USA 71:2777-2781;1974.

Mitochondrial Role in Aging

13

20

21

22

23

24

Cortopassi GA, Arnheim N. Detection of a spe-
cific mitochondrial DNA deletion in tissues of
older humans. Nucleic Acids Res 18:6927-
6933;1990.

Driggers WJ, Grishko V1, LeDoux SP, Wilson
GL. Defective repair of oxidative damage in
the mitochondrial DNA of a xeroderma pig-
mentosum group A cell line. Cancer Res 56:
1262-1266;1996.

Fahn HJ, Wang LS, Hsieh RH, Chang SC, Kao
SH, Huang MH, Wei YH. Age-related 4,977 bp
deletion in human lung mitochondrial DNA.
Am J Respir Crit Care Med 154:1141-1145;
1996.

Feig DI, Loeb LA. Oxygen radical induced mu-
tagenesis is DNA polymerase specific. J Mol
Biol 235:33-41;1994.

Fraga CG, Shigenaga MK, Park JW, Degan P,
Ames BN. Oxidative damage to DNA during
aging: 8-hydroxy-2’-deoxyguanosine in rat or-
gan DNA and urine. Proc Natl Acad Sci USA
87:4533-4537;,1990.

Griswold CM, Matthews AL, Bewley KE, Ma-
haffey JW. Molecular characterization and res-
cue of acatalasemic mutants of Drosophila me-
lanogaster. Genetics 134:781-788;1993.
Harman D. The biological clock: The mito-
chondria? J Am Geriatr Soc 20:145-147;1972,
Harman D. The aging process. Proc Natl Acad
Sci USA 78:7124-7128;1981.

Hayakawa M, Torii K, Sugiyama S, Tanaka M,
Ozawa T. Age-associated accumulation of 8-
hydroxydeoxyguanosine in mitochondrial
DNA of human diaphragm. Biochem Biophys
Res Commun 179:1023-1029;1991.
Hayakawa M, Hattori K, Sugiyama §, Ozawa
T. Age-associated oxygen damage and muta-
tions in mitochondrial DNA in human heart.
Biochem Biophys Res Commun 189:979-985;
1992.

Hayakawa M, Katsumata K, Yoneda M, Tana-
ka M, Sugiyama S, Ozawa T. Age-related exten-
sive fragmentation of mitochondrial DNA into
minicircles. Biochem Biophys Res Commun
226:369-377,1996.

Hayashida M, Yu BP, Masoro EJ, Iwasaki K,
Ikeda T. An electron microscopic examination
of age-related changes in the rat kidney: The
influence of diet. Exp Gerontol 21:535-553;
1986.

25

26

27

28

29

30

31

32

33

34

35

36

37

Holt 1J, Harding AE, Morgan-Hughes JA. De-
letions of mitochondrial DNA in patients with
mitochondrial myopathies. Nature 331:717-
719;1988.

Hou JH, Wei YH. The unusual structures of
the hot-regions flanking large-scale deletions in
human mitochondrial DNA. Biochem J 318:
1065-1070;1996.

Hruszkewycz AM. Evidence for mitochondrial
DNA damage by lipid peroxidation. Biochem
Biophys Res Commun 153:191-197;1988.
Hruszkewycz AM. Lipid peroxidation and
mtDNA degeneration. A hypothesis. Mutat
Res 275:243-248;1992.

Ikebe S, Tanaka M, Ohno K, Sato W, Hattori
K, Kondo T, Mizuno Y, Ozawa T. Increase of
deleted mitochondrial DNA in the striatum in
Parkinson’s disease and senescence. Biochem
Biophys Res Commun 170:1044-1048;1990.
Ivy GO, Roopsingh R, Kanai S, Ohta M, Sato
Y, Kitani K. Leupeptin causes an accumula-
tion of lipofuscin-like substances and other
signs of aging in kidneys of young rats: Further
evidence for the protease inhibitor model of
aging. Ann N'Y Acad Sci 786:12-23;1996.

Ivy GO, Schottler F, Wenzel J, Baudry M,
Lynch G. Inhibitors of lysosomal enzymes: Ac-
cumulation of lipofuscin-like dense bodies in
the brain. Science 226:985-987;1984.

Lander HM. An essential role for free radicals
and derived species in signal transduction. FA-
SEBJ 11:118-124;1997.

Lavie L, Reznick AZ, Gershon D. Decreased
protein and puromycinylpeptide degradation
in livers of senescent mice. Mutat Res 275:
217-225;1992.

Lee HC, Pang CY, Hsu HS, Wei YH. Differ-
ential accumulations of 4,977 bp deletion in
mitochondrial DNA of various tissues in hu-
man ageing. Biochim Biophys Acta 1226:37-
43;1994.

Lee HC, Pang CY, Hsu HS, Wei YH. Ageing-
associated tandem duplications in the D-loop
of mitochondrial DNA of human muscle.
FEBS Lett 354:79-83;1994.

Lindquist S, Craig EA. The heat-shock pro-
teins, Annu Rev Genet 22:631-677;1988.
Linnane AW, Marzuki S, Ozawa T, Tanaka M.
Mitochondrial DNA mutations as an impor-
tant contributor to ageing and degenerative dis-
ease. Lancet 1:642-645;1989.

J Biomed Sci 1997;4:319-326

325



38

39

40

41

42

43

44

45

46

47

48

49

50

51

Miquel J. An integrated theory of aging as the
result of mitochondrial DNA mutation in dif-
ferentiated cells. Arch Gerontol Geriatr 12:99-
117;1991.

Miquel J, Economos JE, Johnson JE Jr. Mito-
chondrial role in cell ageing. Exp Gerontol 15:
575-591;1980.

Miiller-Hocker J. Cytochrome-c-oxidase defi-
cient cardiomyocytes in the human heart- and
age-related phenomenon. A histochemical ul-
tracytochemical study. Am J Pathol 134:1167-
1173;1989.

Miiller-Hécker J. Cytochrome ¢ oxidase defi-
cient fibers in the limb muscle and diaphragm
of man without muscular disease: An age-relat-
ed alteration. J Neurol Sci 100:14-21;1990.
Miinscher C, Rieger T, Miiller-Hécker J, Kad-
enbach B. The point mutation of mitochon-
drial DNA characteristic for MERRF disease is
found also in healthy people of different ages.
FEBS Lett 317:27-30;1993.

Nohl H, Hegner D. Do mitochondria produce
oxygen radicals in vivo? Eur J Biochem 82:
563-567;1978.

Orr WC, Sohal RS, Effects of Cu-Zn superox-
ide dismutase overexpression on life span and
resistance to oxidative stress in transgenic Dro-
sophila melanogaster. Arch Biochem Biophys
301:34-40;1993.

Orr WC, Sohal RS. Extension of life-span by
overexpression of superoxide dismutase and
catalase in Drosophila melanogaster. Science
263:1128-1130;1994.

Ozawa T, Sahashi K, Nakase Y, Chance B.
Extensive tissue oxygenation associated with
mitochondrial DNA mutations. Biochem Bio-
phys Res Commun 213:432-438;1995.

Pang CY, Lee HC, Yang JH, Wei YH. Human
skin mitochondrial DNA deletions associated
with light exposure. Arch Biochem Biophys
312:534-538;1994.

Papa S. Mitochondrial oxidative phosphoryla-
tion changes in the life span. Molecular aspects
and physiopathological implications. Biochim
Biophys Acta 1276:87-105;1996.

Phillips JP, Campbell SD, Michaud D, Char-
bonneau M, Hilliker AJ. Null mutation of cop-
per/zinc superoxide dismutase in Drosophila
confer hypersensitivity to paraquat and re-
duced longevity. Proc Natl Acad Sci USA 86:
2761-2765;1989.

Poyton RO. Crosstalk between nuclear and mi-
tochondrial genomes. Annu Rev Biochem 65:
563-607;1996.

Richter C, Gogvadze V, Laffranchi R, Schlap-
bach R, Schnizer M, Suter M, Walter P, Yaffee
M. Oxidants in mitochondria: From physiolo-
gy to disease. Biochim Biophys Acta 1271:67-
74;1995.

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Richter C, Park JW, Ames BN, Normal oxida-
tive damage to mitochondrial and nuclear
DNA is extensive. Proc Natl Acad Sci USA 85:
6465-6467,1988.

Schon EA, Hirano M, DiMauro S. Mitochon-
drial encephalomyopathies: Clinical and mo-
lecular analysis. J Bioenerg Biomembr 26:291-
299;1994.

Sen CK, Packer L. Antioxidant and redox regu-
lation of gene transcription. FASEB J 10:709-
720;1996.

Shoffner JM, Lott MT, Voljavec AS, Soueidan
SA, Costigan DA, Wallace DC. Spontaneous
Kearns-Sayre/chronic  progressive external
ophthalmoplegia plus syndrome associated
with a mitochondrial DNA deletion: A slip-
replication model and metabolic therapy. Proc
Natl Acad Sci USA 86:7952-7956;1989.

Sohal RS, Agarwal A, Agarwal S, Orr WC,
Simultaneous overexpression of copper and
zinc-containing superoxide dismutase and cat-
alase retards age-related oxidative damage and
increases metabolic potential in Drosophila
melanogaster. J Biol Chem 270:15671-15674;
1995.

Sohal RS, Agarwal S, Candas M, Forster M, Lal
H. Effect of age and caloric restriction on DNA
oxidative damage in different tissues of
C57BL/6 mice. Mech Ageing Dev 76:215-224;
1994.

Sohal RS, Agarwal S, Dubey A, Orr WC. Pro-
tein oxidative damage is associated with life
expectancy of houseflies. Proc Natl Acad Sci
USA 90:7255-7259;1993.

Sohal RS, Arnold L, Orr WC. Effect of age on
superoxide dismutase, catalase, glutathione re-
ductase, inorganic peroxides, TBA-reactive
material, GSH/GSSG, NADPH/NADP* and
NADH/NAD* in Drosophila melanogaster.
Mech Ageing Dev 56:223-235;1990.

Sohal RS, Dubey A. Mitochondrial oxidative
damage, hydrogen peroxide release, and aging.
Free Radic Biol Med 16:621-626;1994.

Sohal RS, Ku HH, Agarwal S, Forster MJ, Lal
H. Oxidative damage, mitochondrial oxidant
generation and antioxidant defenses during
aging and in response to food restriction in the
mouse. Mech Ageing Dev 74:121-133;1994.
Sohal RS, Sohal BH. Hydrogen peroxide re-
lease by mitochondria increases during aging.
Mech Ageing Dev 57:187-202;1991.

Sohal RS, Sohal BH, Orr WC. Mitochondrial
superoxide and hydrogen peroxide generation,
protein oxidative damage and longevity in dif-
ferent species of flies. Free Radic Biol Med 19:
499-504;1995. .
Stadtman ER. Protein oxidation and aging.
Science 257:1220-1224;1992.

Trounce I, Byrne E, Marzuki S. Decline in skel-
etal muscle mitochondrial respiratory chain
function: Possible factor in ageing. Lancet i
637-639;1989.

326

J Biomed Sci 1997;4:319-326

66

67

68

69

70

71

72

73

74

75

76

77

78

79

Wallace DC. Diseases of the mitochondrial
DNA. Annu Rev Biochem 61:1175-1212;
1992.

Wei YH. Mitochondrial DNA alterations as
ageing-associated molecular events. Mutat Res
275:145-155;1992.

Wei YH. Oxidative stress and mitochondrial
DNA mutations in human aging. Proc Soc Exp
Biol Med 1997, in press.

Wei YH, Pang CY, You BJ, Lee HC. Tandem
duplications and large-scale deletions of mito-
chondrial DNA are early molecular events of
human aging process. Ann N 'Y Acad Sci 786:
82-101;1996.

Wei YH, Scholes CP, King TE. Ubisemiqui-
none radicals from the cytochrome b-c; com-
plex of mitochondrial electron transport chain
- demonstration of QP-S radical formation.
Biochem Biophys Res Commun 99:1411-
1419;1981.

Wheeler JC, Bieschke ET, Tower J. Muscle-
specific expression of Drosophila hsp70 in re-
sponse to aging and oxidative stress. Proc Natl
Acad Sci USA 92:10408-10412;1995.

Yang JH, Lee HC, Wei YH. Photoageing-asso-
ciated mitochondrial DNA length mutations in
human skin. Arch Dermatol Res 287:641-648;
1995.

Yen TC, Chen SH, King KL, Wei YH. Liver
mitochondrial respiratory functions decline
with age. Biochem Biophys Res Commun 65:
994-1003;1989.

Yen TC, Su JH, King KL, Wei YH. Ageing-
associated 5 kb deletion in human liver mito-
chondrial DNA. Biochem Biophys Res Com-
mun 178:124-131;1991.

Yoneda M, Katsumata K, Hayakawa M, Tana-
ka M, Ozawa T. Oxygen stress induces an
apoptotic cell death associated with fragmenta-
tion of mitochondrial genome. Biochem Bio-
phys Res Commun 209:723-729;1995.
Zeviani M. Nucleus-driven mutations of hu-
man mitochondrial DNA. J Inherit Metab Dis
15:456-471;1992.

Zhang C, Baumer A, Maxwell RJ, Linnane
AW, Nagley P. Multiple mitochondrial DNA
deletions in an elderly human individual.
FEBS Lett 297:34-38;1992.

Zhang C, Linnane AW, Nagley P. Occurrence
of a particular base substitution (3243 A to G)
in mitochondrial DNA of tissues of ageing hu-
mans. Biochem Biophys Res Commun 195:
1104-1110;1993.

Zhang C, Liu VWS, Nagley P. Gross mosaic
pattern of mitochondrial DNA deletions in
skeletal muscle tissues of an individual adult
human subject. Biochem Biophys Res Com-
mun 233:56-60;1997.

Lee/Wei



