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In the aging process, mitochondrial function gradually declines with an increase of mutations in
mitochondrial DNA (mtDNA) in tissue cells. Some of the aging-associated mtDNA mutations have been
shown to result in not only inefficient generation of ATP but also increased production of reactive oxygen
species (ROS) such as superoxide anions (O2

U−) and hydrogen peroxide (H2O2) in the mitochondria of aging
tissues. Extensive studies have revealed that such an increase of oxidative stress is a contributory factor for
alterations in the expression and activities of antioxidant enzymes and increased oxidative damage to DNA,
RNA, proteins, and lipids in tissues and cultured cells from elderly subjects. Recently, we observed that gene
expression of several proteins and enzymes related to iron metabolism is altered and that aconitase is
extremely susceptible to oxidative damage in senescent skin fibroblasts and in cybrids harboring aging-
associated A8344G mutation of mtDNA. Of great importance is the perturbation at the protein and activity
levels of several enzymes containing iron–sulfur clusters in skin fibroblasts of elderly subjects. Taken
together, these findings suggest that cellular response to oxidative stress and oxidative damage elicited by
mitochondrial dysfunction and/or mtDNA mutations plays an important role in human aging.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Reactive oxygen species (ROS) including superoxide anions
(O2

U−), hydrogen peroxide (H2O2), and hydroxyl radicals (HOU) are
produced in tissue cells as byproducts of aerobic metabolism. In
human tissue cells, more than 90% of the oxygen is consumed by
mitochondria and about 1–2% of the O2 is transformed to O2

U− by
electron leakage from Complex I and Complex III of the electron
transport chain [1]. At low concentrations, ROS can serve as
signaling molecules in the regulation of cell proliferation and
other cellular functions [2]. However, they may damage cellular
constituents, including DNA, RNA, proteins, and lipids at high
concentrations. To keep the ROS in check to prevent increase in
oxidative stress elicited by aerobic metabolism, mammalian cells
have developed a sophisticated defense system constituting low-
molecular-weight antioxidants and various antioxidant enzymes
such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), and glutathione reductase (GR) to dispose of
endogenous and exogenous ROS to minimize the damaging effects
[3]. However, this defense system can be altered by intrinsic and
extrinsic factors, such as aging, so that a fraction of the ROS may
886 2 8264843.

ll rights reserved.
escape destruction and get transformed to the far more reactive
and deleterious HOU [4].

2. Oxidative damage to mitochondria, mtDNA mutation and aging

Decline in mitochondrial function and increase in ROS production
have been hypothesized to be major contributory factors in aging.
Oxidative stress induces mitochondrial protein damages in a non-
random manner [5] and some mitochondrial enzymes such as
aconitase, adenine nucleotide translocase, and cytochrome c oxidase
(COX) have been shown to suffer oxidative modification under
oxidative stress in aging [5–8]. Moreover, mitochondrial membrane
phospholipids are extremely susceptible to ROS-induced lipid perox-
idation because they have a very high content of unsaturated fatty
acids [9], whose peroxidative products may cause damage to not only
lipids but also proteins and mtDNA [10]. Although a number of
proteins can bind with mtDNA [11], which is not well protected or
repaired as is nuclear DNA and is continually exposed to ROS
generated by mitochondrial respiratory chain. It was reported that
alterations in mtDNA repair may also contribute to the accumulation
of oxidative damage and mutation of mtDNA in aging [12]. These
peculiar properties have rendered mtDNA vulnerable to oxidative
damage and the mutation rate of the mtDNA was found to be
significantly higher than that of nuclear DNA [4]. Indeed, several
studies demonstrated that mtDNA is inflicted with much more
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oxidative damage and consequently attain greater genetic diversity as
compared with nuclear DNA in mammalian cells [13,14].

A wide spectrum of mtDNA mutations, including point mutations
in tRNA or protein-coding genes as well as deletion and duplication of
mtDNA have been found to accumulate in a variety of tissues during
aging [15]. Particularly, accumulation of the pathogenic mutation of
mtDNA in the tissues from normal elderly subjects substantiates the
crucial role of mitochondrial dysfunction in the aging process. Most of
these mtDNA mutations start to occur at mid-thirties and accumulate
with age in post-mitotic tissues of the human [16–18]. Although some
argued that the proportion of mutant mtDNAs is too low to cause a
significant impact on the function ofmitochondria in aging tissues, the
observed or detectable mutations may be just the tip of iceberg of the
aging-associated alterations of mtDNA [19]. Moreover, whole tissues
were used in most of previous studies to screen for mtDNA mutations
rather than individual cells. The mutated mtDNA molecules may be
unevenly distributed and can accumulate clonally in certain cells,
causing a mosaic pattern of respiratory chain deficiency in tissues
during aging. More interestingly, specific point mutations in the D-
loop region of mtDNA have been reported to accumulate with age in
human tissues and cultured skin fibroblasts [18,20]. However, no
similar mutation was identified in another parallel study [21], and
discrepancies existed in the nucleotide position and proportion of the
mutated mtDNA in different species or animals [22,23]. The
characteristics of sequence diversity in the D-loop region of mtDNA
may account for the initiation and accumulation of the high level point
mutations in mammalian mtDNA.

Several studies showed that the amount of mtDNAwith large-scale
deletions increased significantly with age and was correlated with the
decline of respiratory chain function [24–26]. These observations have
led to the suggestion that the mtDNA deletions are somatic and
clonally expanded in aging human tissues. Although the mechanisms
of mtDNA deletions have remained unclear, oxidative damage-
associated single- or double-stranded DNA breaks might be involved
in their formation. It has been shown that the proportion of mtDNA
with deletions correlates well with the extent of oxidative damage
(i.e., 8-OHdG content) of mtDNA [27]. In addition, it has been
demonstrated that treatment of human skin fibroblasts with sub-
lethal dose of oxidative insult results in the formation and accumula-
tion of the 4977 bp deletion in mtDNA [28]. The proportion of mtDNA
with 4977 bp deletionwas found to increase by environmental insults
that enhance the production of ROS [29]. These studies have provided
solid evidence to support the contention that ROS and free radicals
generated by aerobic metabolism and environmental insults are
Fig. 1. Imbalance in the expression of antioxidant enzymes may lead to the overproduction a
SOD is overexpressed with no corresponding increase in catalase (CAT) or glutathione p
mitochondria and cytoplasm) can be converted to the far more reactive and deleterious H
clusters of mitochondrial enzymes such as aconitase. Oxidized glutathione (GSSG) can be red
condition, various biological molecules in the affected cells in aging tissues may be damage
involved in the formation and accumulation of mtDNA mutations in
human tissues during the aging process [30].

The causal role of mtDNAmutation in aging was substantiated by a
study on the phenotype of mice expressing a mitochondrial DNA
polymerase with a defective proof-reading catalytic subunit [31].
These mutant mice displayed aging signs and had much shorter life
span compared with the wild-type mice. Strikingly, large-scale
deletions and a wide spectrum of point mutations in the D-loop
region and the cytochrome b gene of mtDNA, respectively, were found
to accumulate in the brain, heart, and muscle tissues of these mice.
Kujoth et al. used these mutator mice to investigate the molecular
mechanism of premature aging contributed bymtDNAmutations [32].
They demonstrated that accumulation of mtDNA mutations was
correlated with the induction of apoptotic markers in the absence of
increased ROS production or oxidative stress as has been postulated by
the free radical theory of aging [33] or mitochondrial “vicious cycle”
theory of aging [34]. Similar results were obtained from comparative
studies on other mitochondrial mutator mice [35–37]. Although
defective mtDNA polymerase γ has a potential role in premature
aging, it is still unclear as to how the mtDNA mutations occur in
normal aging and cause the aging phenotype. A more recent study of
Loeb et al. [38] revealed that the premature aging phenotype of the
mutator mice is driven by mtDNA deletions and clonal expansion of
mtDNA mutations [39].

3. Redox disturbance due to imbalanced expression of antioxidant
enzymes

A fine balance between the expression levels of free radical
scavenging enzymes is important for cellular resistance to oxidative
stress (Fig. 1). In previous studies, we demonstrated that the
expression profile of antioxidant enzymes is altered and oxidative
damage is increased in skin fibroblasts harboring large-scale deletion
or point mutation of mtDNA that are associated with disease and
aging [40–42]. In addition, a number of groups reported significant
changes in antioxidant enzymes in human cells harboring aging-
related mtDNA mutations [43–46]. The up-regulation of Mn-SOD was
apparently induced by the increased production of ROS in affected
cells through protein kinase C (PKC) signaling cascades [47], which
was supported by the observation that induction of Mn-SOD and PKCδ
could be brought about by treatment of cells with H2O2 [48].

Furthermore, the cells that overexpressed Mn-SOD were found to
accumulate more intracellular H2O2 (due to an imbalance between
SOD and catalase) and resulted in the increase of mRNA level of
nd accumulation of H2O2 in the human cells bearing defective mitochondria. When Mn-
eroxidase (GPx), the H2O2 accumulated inside the intracellular compartments (e.g.,
OU via Fenton reaction, which was catalyzed by ferrous iron released from iron–sulfur
uced back to GSH by the enzyme glutathione reductase (GR). Under such oxidative stress
d by hydroxyl radicals.



Table 1
Age-related changes in the antioxidant enzyme system.

Type of study Biopsy Mn-SOD Cu/Zn-SOD CAT GPx Reference

Human Blood + − [53]b

Blood − 0 0 [54]b

Blood − [55]b

Blood − [56]b

Blood − [57]b

Muscle + − 0 0 [58]b

Muscle + 0 0 0 [59]b

Skin fibroblast + − − − [60]a,b

Rat Muscle + − + [61]a,b

Muscle + 0 + + [62]a,b

Brain − − − − [63]b

Heart + − + [64]b

Mouse Brain − − − [65]b

Brain + 0 [66]b

Brain − − − 0 [67]b

+, increase; −, decrease; 0, no change. Mn-SOD, manganese-dependent superoxide
dismutase; Cu,Zn-SOD, copper/zinc-dependent superoxide dismutase; CAT, catalase;
GPx, glutathione peroxidase. The superscripts a and b indicate the changes at the mRNA
and activity levels, respectively.
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matrix-degrading metalloprotease-1 (MMP-1), which plays a major
role in the cytoskeleton remodeling and clearance of tissue damage
[49]. By using cDNA microarray and RT-PCR, we discovered that
increased expression of Mn-SOD in skin fibroblasts harboring A8344G
mutationwas associated with a dramatic increase in the expression of
several MMPs such as MMP-1, MMP-3, and MMP-9 [50]. One of the
most conspicuous features of the mitochondria in skin fibroblasts
from old donors was the striking disarrangement of mitochondrial
network, which serves as a dynamic vehicle for transmission of energy
through the cytoskeleton in normal human cells. We believe that the
gross morphological change of mitochondria in the skin fibroblasts
harboring mtDNA mutation is a result of activation of MMPs triggered
by enhanced oxidative stress. This notion is supported by a report that
Fig. 2.Mitochondrial dysfunction and alteration in mitochondrial proteins in senescent skin fi

exposed to 250 μMH2O2 for 90min. After H2O2 treatment, the cells werewashed twicewith p
medium for different periods of time as indicated. We found an increase of β-galactosidase
oxygen consumption rate. (C) COX activity was decreased in H2O2-induced senescent skin fib
H2O2 induced senescence. (E) In senescent skin fibroblasts, the expression levels of proteins r
results from Fig. 2E. The numbers of the vertical axis represent the fold of increase relative
MMP-1 gene expression is highly induced in human skin fibroblasts
after treatment with H2O2 [51]. It is probable that oxidative stress is
involved in the degradation and deterioration of the structural
proteins of affected tissue cells in individuals carrying pathogenic
mtDNA mutations. Thus, functional decline of antioxidant enzymes
and the resultant increase of oxidative stress may also play an
important role in eliciting oxidative damage and mutation of mtDNA
during the aging process and the progression of age-related diseases
[4,52]. Numerous studies on aging human and animal tissues have
revealed aging-related alterations in the activities of antioxidant
enzymes in vivo (Table 1) [53–67].

4. Mitochondrial dysfunction during stress-induced premature
senescence

It has been well-established that sub-lethal stress can retard the
cell growth and trigger cellular senescence in proliferative cell lines
including human lung and skin fibroblasts, melanocytes, endothelial
cells, retinal pigment epithelial cells, and erythroleukemia cells
[28,68]. After exposure to sub-cytotoxic oxidative stress such as
H2O2 [69], tert-butylhydroperoxide (t-BHP) [70], UV-irradiation [71],
organic peroxides [72], ethanol [73], and hyperoxia [74], human cells
may undergo stress-induced premature senescence (SIPS) [75,76].
Similar to what was observed in replicative senescence, many
senescence-related biomarkers appear during SIPS, which include
enlarged and flattened cell morphology, irreversible growth arrest,
sharp decrease of DNA synthesis, lack of response to mitogenic
stimuli, changes in gene expression, and an increase in the proportion
of cells staining positive for the senescence-associated β-galactosidase
activity [77]. It was shown that increased ROS production caused by
specific respiratory inhibitors (i.e., oligomycin or antimycin A) could
trigger cellular senescence, which indicates that defective mitochon-
dria are a causal factor of oxidative stress-induced cellular senescence
[78]. By treatment of human skin fibroblasts with 250 μM H2O2 for
broblasts induced by H2O2. (A) When growing to about 80% confluence, CCD cells were
hosphate-buffered saline (pH 7.3) to removeH2O2 and re-cultured in the fresh complete
positive cells on day 3 to day 7. (B) The H2O2-induced senescent cells exhibited lower
roblasts. (D) Bothm-aconitase and c-aconitase were inactivated in skin fibroblasts after
elated to ironmetabolismwere altered as revealed by immunoblotting. (F) Quantitative
to control. ⁎Pb0.05; ⁎⁎Pb0.01; ⁎⁎⁎Pb0.005 by 2-tailed Student's t-test (n=3).
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90 min, we were able to trigger cellular senescence and about 40% of
cells were β-galactosidase positive under this condition (Fig. 2A). In
these H2O2-induced senescent skin fibroblasts, oxygen consumption
rate was decreased to about 39% and COX activity was decreased to
33% of the controls, respectively (Fig. 2B and C). It is of importance to
note that the H2O2-induced senescent cells switched from aerobic
metabolism to glycolysis for production of most ATP to support cell
functions.

5. Mitochondrial dysfunction accompanied with iron
accumulation in aging

In eukaryotic cells the two major forms of iron are heme [79] and
iron–sulfur (Fe–S) clusters [80], which are essential for the normal
assembly and function of respiratory enzyme complexes in mitochon-
dria [81]. Mitochondria are established to play a particularly
important role in biosynthesis of iron-containing proteins and iron
homeostasis. The majority of Fe–S clusters are synthesized within
mitochondria and the synthesis of cytosolic Fe–S clusters are
dependent on mitochondrial function [82]. Besides, several critical
steps of heme synthesis take place in the mitochondrial matrix where
δ-aminolevulinate synthase (ALAS) and ferrochelatase are located
[83]. To maintain cellular iron homeostasis, iron regulatory proteins
(IRP1 and IRP2) regulate the expression of some mRNAs, which are
translated to proteins essential for mitochondrial function (aconitase,
ALAS, succinate dehydrogenase, etc.) and for cytosolic iron metabo-
lism such as transferrin receptor (TfR1) and ferritin, through binding
to iron-responsive elements (IREs) on the target mRNAs [84–87].

Two aconitase isozymes are present in mammalian cells. The
mitochondrial aconitase (m-aconitase) functions in the TCA cycle to
facilitate the dehydration–hydration reaction that reversibly converts
citrate to isocitrate. Another isozyme is the bifunctional IRP1 that has
c-aconitase and IRE binding activities, respectively. Thus, the iron-
dependent regulation of m-aconitase via IRP1 and the dependence of
mitochondria on iron metabolism provide regulatory links between
iron homeostasis and energy metabolism. It is easily rationalized that
a disturbance in iron homeostasis may lead to mitochondrial
dysfunction and oxidative stress in aging and age-related diseases
[88]. There have been many studies showing that the accumulation of
mitochondrial iron contributes to the mitochondrial dysfunction over
time [89–92]. Schipper and Cisse [93] first demonstrated the age-
associated sequestration of mitochondrial iron by immunohistochem-
ical staining. It has been suggested that superoxide anions and H2O2

generated by defective mitochondria can disrupt iron homeostasis to
increase labile iron and lead to further oxidative stress [94]. The
oxidant-mediated Fe2+ overload may initiate a vicious cycle that
ultimately results in cellular damage or tissue injury. In addition, iron-
mediated oxidative stress has also been shown to increase the
susceptibility to opening of the mitochondrial permeability transition
pores, which can potentially lead to cellular senescence and tissue
degeneration. Furthermore, an increasing number of studies sub-
stantiated that iron accumulation is involved in aging-related
disorders including Alzheimer's disease [95], Parkinson's disease
[96], type 2 diabetes [97], and cardiovascular disease [98]. It was
recently demonstrated that mitochondrial damage by excessive
cellular iron is an intrinsic factor contributing to the permeability
pore transition and bioenergetic function decline of mitochondria,
which are associated with neuromuscular disorders, degenerative
diseases, and age-related dysfunction of tissue cells [99–103].

6. Proteins containing iron–sulfur clusters are targets of ROS in
aging

The mitochondria in tissue cells are under higher oxidative stress
in elderly subjects. We reason that the exposure of mitochondrial
proteins and enzymes to higher oxidative stress and inefficient repair
for damaged molecules in mitochondria is one of the major
contributory factors to the accumulation of oxidative damage to
mitochondria in somatic tissues of aged individuals. Since a number of
Fe–S cluster-containing enzymes have been known to be quite labile
when exposed tomolecular oxygen (e.g., succinate dehydrogenase) or
under oxidative stress (e.g., NADH dehydrogenase), we contend that
the Fe2+ ions released from the damaged enzymes of this kind will
cause further oxidative damage through the Fe2+-catalyzed Fenton
reaction [104]. It has been established that aconitase is a preferred
target of ROS and can be inactivated by superoxide anions, H2O2 or
other pro-oxidants that cause disassembly of the Fe–S clusters [105].
Thus, it is conceivable that oxidative damage to proteins or enzymes
containing Fe–S clusters may be associated with, or responsible for,
the decline of many biochemical and physiological functions in aging
tissue cells.

In mammalian cells, there are more than 120 distinct types of
proteins containing Fe–S clusters, which are involved in awide variety
of biological functions such as intermediary metabolism, electron
transfer, DNA damage repair, regulation of iron metabolism and gene
expression [82]. Aconitase is one of the Fe–S proteins containing a
[4Fe–4S] cluster, and the enzymatic reaction catalyzed by aconitase
involves substrate coordination to a specific iron atom in this Fe–S
cluster [106]. Due to the sensitivity of Fe–S clusters to H2O2, which can
readily form HOU via Fenton reaction, aconitase is quite susceptible to
oxidative damage. Bothm-aconitase and c-aconitase are disassembled
upon exposure to oxidants including superoxide anions, H2O2, NO,
and ONOO−, and the liberation of Fe2+ ions from aconitases may
further induce oxidative damage of other cellular constituents. The
fact that Fe–S clusters are vulnerable to oxidative stress may be crucial
for Fe–S proteins to participate in redox sensing and signaling
reactions [107].

It has been reported that mitochondrial aconitase is one of the
major targets of oxidative damage during aging [108,109]. Oxidative
inactivation of aconitase has been associated with a decrease in life
span of Drosophila melanogaster [8,110]. In addition, many studies of
the protein profile of mitochondria in the brain, heart, and skeletal
muscle tissues of old rats by 2D-PAGE revealed age-dependent
decrease of aconitase protein expression [111–113]. Gannon et al.
[114] found that the phosphorylated aconitase protein in the skeletal
muscle of 30-month-old rats was more abundant than that of 3-
month-old rats. The age-related inactivation of aconitase is attribu-
table to the sensitivity of the enzyme to oxidative stress and iron
availability to tissue cells in the aging process. In addition, oxidative
modification of aconitase could cause an aging-associated increase in
carbonylation of proteins [110], which were preferentially degraded
by mitochondrial Lon protease [115]. Further studies demonstrated
that deficiency of Lon protease and aconitase was associated with
oxidative stress and aging [108,116]. Functional decline of these
multifunctional proteins may be involved in the gradual decrease of
the function and integrity of mitochondria in aging [117].

It has been shown that an active [2Fe–2S] cluster is required for
mammalian ferrochelatase, the terminal enzyme of heme biosynth-
esis, to catalyze the insertion of Fe2+ into protoporphyrin IX [118,119].
Interestingly, it has been observed that nitric oxide (NO) reacts with
ferrochelatase, inactivating the enzyme probably by destruction of its
[2Fe–2S] cluster [120,121] although the cluster was suggested to be
redox-inactive [122]. It was thus suggested that the regulation of
ferrochelatase activity is linked to intracellular signaling pathways
[123]. On the other hand, similar effects of NO on the activity of γ-
aminobutyric acid aminotransferase (GABA-AT), which also contains a
[2Fe–2S] cluster [124], has been reported in the rat brain [125]. In
addition, as for the DNA repair enzyme nuclease III homolog I (NTH1),
which contain a [4Fe–4S] cluster, was reported to be essential for the
active structure of the enzyme but probably does not participate
directly in catalysis [126]. Nevertheless, it has been postulated that
damage to the Fe–S clusters of these enzymes may be responsible, at



Table 2
Age-related changes of iron–sulfur cluster-containing proteins.

Iron–sulfur proteins Type of study Activity Protein
content

Reference

Fe–S proteins in metabolism
Ferrochetalase Human lung

fibroblast (IMR90)
+ [129]

DNA glycosylase
(endonuclease III homologue 1)

Rodent retina − [130]
Mouse brain − [131]

GABA aminotransferase Rat cerebrum + [132]
Rat cerebrum − [133]
Rat amygdala − [134]
Rat thymus − [135]

Dihydropyrimidine
dehydrogenase

Rat liver 0 [136]

Tryptophanyl-tRNA synthetase Rabbit liver 0 [137]

Fe–S protein involved in the regulation of gene expression
Iron regulatory protein 1 Human skin

fibroblast and SIPS
− 0 This

study

GABA, γ-aminobutyric acid; SIPS, stress-induced premature senescence. +, age-related
increase; −, age-related decrease; 0, no age-related change.

Fig. 4. Decrease in the aconitase activity in the cybrids harboring A8344G mtDNA
mutation. Wild-type (W) or mutant (M) cybrids were treated with 50 μM H2O2 for
5 min with or without 3-h pre-treatment of 500 μM NAC. Relative to the control, there
were 28.1% vs. 68.3% reduction in m-aconitase activity and 27.6% vs. 53.4% reduction in
c-aconitase activity for wild-type and mutant cybrids, respectively. The H2O2-induced
decrease in the activity of m-aconitase (but not c-aconitase) was attenuated by pre-
treatment of mutant cybrids with NAC (the rightmost two bars). ⁎Pb0.05; ⁎⁎Pb0.01 by
2-tailed Student's t-test (n=3).
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least partly, for oxidative inactivation of the enzymes in vivo, which is
followed by intracellular degradation [127]. Moreover, it was demon-
strated that the Fe–S cluster N2 in mitochondrial respiratory enzyme
Complex I is the site in situ of superoxide anions production [128].
Some age-related changes in the activity or content of Fe–S cluster-
containing proteins or enzymes other than aconitase have been
reported and are summarized in Table 2 [129–137].

Recently, we found that both m-aconitase and c-aconitase were
significantly inactivated in H2O2-induced senescence of human skin
fibroblasts by using in-gel analysis described previously [138]
(Fig. 2D). The decrease in the protein content of m-aconitase
indicated a translational repression by IRP1, of which IRE binding
activity was suggested to be activated by disassembling of its Fe–S
cluster (Fig. 2E and F). It was also probably, to some extent, a
consequence of oxidative damage and a result of protein degrada-
Fig. 3. Decrease in aconitase activity in skin fibroblasts from old donors. (A) As compared wi
(O1, O2, and O3) had amore β-galactosidase positive cells. (B) The increase in the percentage
in the activities of m-aconitase and c-aconitaes in skin fibroblasts from elderly subjects co
proteins related to iron metabolism was revealed by immunoblotting. SDHB: Iron–sulfur su
tion by specific proteases [116]. In addition, H2O2 was found to
inhibit the c-aconitase activity of IRP1 and gradually down-
regulated the expression of TfR1 (Fig. 2E and F). Thus, the decrease
of TfR1 may be a consequence of iron overload in response to H2O2.
However, direct binding analysis is required to determine whether
the IRE binding activity of IRP1 is activated by H2O2. Moreover, Fe–S
proteins such as the iron subunit of Complex II were found to be
selectively damaged and/or their steady-state levels of protein
expression were decreased upon treatment of skin fibroblasts with
H2O2 (Fig. 2E and F). Separately, we also detected significant
increase of senescence marker in primary skin fibroblasts of normal
th the skin fibroblasts from young donors (Y1 and Y2), skin fibroblasts from old donors
of β-galactosidase positive cells in skin fibroblasts from the old donors. (C) The decrease
mpared with those from young donors. (D) The alteration in the expression levels of
bunit of Complex II. ⁎Pb0.05 by 2-tailed Student's t-test (n=3).
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elderly subjects (72–81 years old) compared with those of young
donors (13 and 18 years old) (Fig. 3A and B). We noted that the
activity of m-aconitase in skin fibroblasts of normal elderly subjects
was lower than that of young donors, which confirmed that
aconitase inactivation plays a role in human aging (Fig. 3C). This
kind of inactivation was associated with decreased protein expres-
sion or increased oxidative damage to aconitase, or both, in aging
(Fig. 3D). However, an increase in the expression of TfR1 in skin
fibroblasts from normal elderly subjects suggests a concurrent
inactivation of c-aconitase and activation of IRE binding of IRP1 by
which the mRNA of TfR1 was stabilized.

On the other hand, we found that both m-aconitase and
c-aconitase were inactivated in human cybrids harboring a high
proportion (N95%) of A8344Gmutated mtDNA. It is of interest to note
that both m-aconitase and c-aconitase in the mutant cybrids were
more sensitive to the treatment with 50 μM H2O2. Relative to control,
there were 28.1% vs. 68.3% reduction in m-aconitase and 27.6% vs.
53.4% reduction in c-aconitase for wild-type and mutant cybrids (Fig.
4). Furthermore, m-aconitase in the MERRF cybrids was more
sensitive to H2O2 than that of the wild-type cybrids. The loss of m-
aconitase activity upon the treatment of themutant cybrids with H2O2

could be partially prevented by the N-acetyl L-cysteine (NAC), which is
a precursor of glutathione that acts as the first-line intracellular
antioxidant. These findings suggest that human cells harboring age-
related mutations (e.g., A8344G or A3243G transition) [139,140] of
mtDNA are more sensitive to H2O2-elicited oxidative stress, and that
aconitase is a sensitive biomarker of oxidative damage to mitochon-
drial proteins. Taken together, we thus conclude that oxidative
modification and deterioration of some proteins and enzymes
containing Fe–S clusters also play an important role in the process
of aging.

7. Conclusion

Accumulating evidence support the notion that respiratory
function decline and mtDNA mutations are important factors
contributory to aging and age-related diseases. More than one
hundred mtDNA mutations have been found in aging human tissues,
but the molecular mechanism underlying the aging process is still
poorly understood. It remains a mystery as to how the low abundance
of mtDNA mutations can manifest aging phenotypes. While the
classical role of mitochondria in the generation of ATP by aerobic
metabolism has been established for more than six decades, the other
face of mitochondria in the production of ROS, which may lead to
apoptosis, has received little attention. Biochemical defects in
mitochondria result in not only decreased production of ATP but
also generation of more ROS and free radicals via electron leakage
from the respiratory chain. Due to inefficient disposal of ROS in
mitochondria [26,42] and shortage of energy supply to repair or
eliminate damaged biomolecules, the damages to cellular macro-
molecules are accumulated with time in somatic tissues. Long-term
exposure of cells to ROS may initiate a vicious cycle to result in a
decrease in the capacity of stress response, decrease in ATP synthesis,
and further increase of ROS production of the affected cells [29,141].
These will in turn elicit more serious consequences of enhanced
oxidative damage and cell death in affected tissues when ROS reach a
threshold.

On the other hand, the assembly and disassembly of Fe–S
clusters are involved in the regulation of IRP1 and act as sensors of
iron, molecular oxygen, superoxide anions, and NO in the redox-
dependent regulation of gene expression. Importantly, m-aconitase
responds to oxidative stress within organelle through its Fe–S
cluster. Disturbance of other Fe–S proteins or heme proteins may be
a secondary effect of age-related iron deficiency or increased
oxidative stress [90]. It is of importance to note that some iron-
containing molecules may serve as signaling molecules [142]. The
regulatory signals may be sent from mitochondria to the nucleus (or
vice versa) via the crosstalk between various regulatory factors or
signaling pathways [47,107,143,144]. Deficiency in such kind of iron-
containing regulatory proteins was found to affect the lifespan or
the oxygen-sensitive phenotype of laboratory animals [145,146].
Progressive accumulation of oxidatively damaged mtDNA and
proteins in aging is thought to be a consequence of incomplete
turnover of mitochondria [147], which are associated with a
decrease in the specific activities of the damaged proteins
[116,117]. The “mitochondrial-lysosomal axis theory” of aging [148]
champions that diminished autophagy of post-mitotic cells and
accumulation of cellular lipofuscin are positively correlated with
oxidative stress and mitochondrial damage in aging. Thus, the
accumulation of defective mitochondria or other organelles may
perturb cellular metabolism and result in decreased ATP production.
In-depth studies of the changes in the structure and function of
mitochondria, oxidative damage to mitochondrial Fe–S proteins, and
qualitative and quantitative alterations of mtDNA in cellular
response to oxidative stress are warranted to shed new insights in
understanding the molecular and cellular biology of aging.
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