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Abstract

The purpose of this study was to outline the timelines of mitochondrial function, oxidative stress and cytochrome c oxidase
complex (COX) biogenesis in cardiac muscle with age, and to evaluate whether and how these age-related changes were
attenuated by exercise. ICR/CD-1 mice were treated with pifithrin-m (PFTm), sacrificed and studied at different ages; ICR/CD-1
mice at younger or older ages were randomized to endurance treadmill running and sedentary conditions. The results
showed that mRNA expression of p53 and its protein levels in mitochondria increased with age in cardiac muscle,
accompanied by increased mitochondrial oxidative stress, reduced expression of COX subunits and assembly proteins, and
decreased expression of most markers in mitochondrial biogenesis. Most of these age-related changes including p53
activity targeting cytochrome oxidase deficient homolog 2 (SCO2), p53 translocation to mitochondria and COX biogenesis
were attenuated by exercise in older mice. PFTm, an inhibitor blocking p53 translocation to mitochondria, increased COX
biogenesis in older mice, but not in young mice. Our data suggest that physical exercise attenuates age-related changes in
mitochondrial COX biogenesis and p53 activity targeting SCO2 and mitochondria, and thereby induces antisenescent and
protective effects in cardiac muscle.
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Introduction

Cardiac muscle undergoes a significant remodeling with age,

and is mostly characterized by a significant loss of cardiac

myocytes, reactive hypertrophy of the remaining cells and

increased connective tissue. Cardiac muscle also undergoes a

hypertrophic remodeling with strength training or regular

endurance exercise that is known to increase muscle mass or

promote cardiac functional capacity. Age-related cardiac remod-

eling really contributes to cardiac dysfunctions and even diseases

in old animals. Cardiac dysfunction partly results from the

progressive impairment of mitochondrial biogenesis and function

with age [1]. Mitochondrial reticulum was dynamic, sensitive and

plastic in response to oxidative stress [2], mitochondria contrib-

uted to cardiac dysfunction and myocyte apoptosis via a loss of

metabolic capacity and by the production and release of reactive

oxygen species (ROS) [3]. Mitochondrial oxidative stress appears

to play a central role in cardiac aging. Cardiac aging in mice is

accompanied by accumulation of mitochondrial protein oxidation,

increased mitochondrial DNA(mtDNA) mutations and deletions,

increased mitochondrial biogenesis, increased ventricular fibrosis,

enlarged myocardial fiber size, decreased cardiac sarco(endo)plas-

mic reticulum Ca2+-ATPase(SERCA2) protein, and activation of

the calcineurin-nuclear factor of activated T-cell pathway. All of

these changes with age are attenuated by overexpressing catalase

targeted to mitochondria [4,5]. The application of mitochondrial

antioxidants or nutrients is hoped to delay cardiac aging, prevent

ROS-related cardiovascular diseases, diabetes, Alzheimers’ dis-

ease, immune dysfunction, and prolong median lifespan of people

[6,7,8].

On the other hand, chronic ROS production and oxidative

stress is necessary for cell insulin signaling and mitochondrial

biogenesis. Chronic ROS production by mitochondria may

contribute to the development of insulin resistance, a primary

feature of type 2 diabetes, but mice lacking glutathione peroxidase

1 were protected from high-fat-diet-induced insulin resistance.

The studies provide causal evidence for the enhancement of

insulin signaling by ROS in vivo [9]. Probably, it is the degree of

ROS generation and the context that determines whether ROS

enhance or suppress insulin sensitivity. Exercise practitioners often

take vitamin C supplements because intense muscular contractile

activity can result in oxidative stress, but Vitamin C supplemen-

tation prevented the exercise-induced expression of cytochrome C

(a marker of mitochondrial content) and of the antioxidant

enzymes. The adverse effects of vitamin C may be due to its

capacity to reduce the exercise-induced expression of key
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transcription factors involved in mitochondrial biogenesis [10].

Despite vitamin C prevents increases in skeletal muscle mitochon-

drial biogenesis and antioxidant enzymes with exercise training,

high-dose antioxidant vitamin C supplementation does not

prevent acute exercise-induced increases in markers of skeletal

muscle mitochondrial biogenesis [11]. These data suggest chronic

ROS production and subtle oxidative stress is necessary for

mitochondrial biogenesis, it is not always reasonable for aging and

ROS- related diseases to decrease ROS production no matter

what happens. Transient ROS produced by physiological stimuli

such as exercise may be beneficial, sustained mitochondrial ROS

generation may be pathogenic.

Cytochrome c oxidase (COX, complex IV) biogenesis is a part

of mitochondrial biogenesis. COX consists of thirteen subunits. Of

which, the largest subunits, COX I–III, are encoded by the

mtDNA and activated in transcriptional level by mitochondrial

transcription factors Tfam and TFB2M. TFB1M and TFB2M are

necessary for basal transcription of mammalian mitochondrial

DNA. Both TFB1M and TFB2M interact directly with mito-

chondrial RNA polymerase, allowing flexible regulation of

mtDNA gene expression in response to the complex physiological

demands of mammalian metabolism [12]. The largest subunits

constitute the catalytic core of the enzyme; the rest of the smaller

subunits are encoded by nDNA and activated in transcriptional

level by nuclear transcription factors NRF-1, NRF-2, Sp1, YY1

and MEF2A. Most of these transcription factors are downstream

effectors in peroxisome proliferator-activated receptor gamma(P-

PARc), estrogen-related receptor alpha(ERRa), PPARc coactiva-

tor alpha(PGC-1a) signaling cascades, members of which are often

considered as the markers of mitochondrial biogenesis. The COX

biogenesis relies on a number of assembly proteins, including

cytochrome oxidase deficient homolog 1, 2 (SCO1, SCO2),

COX11, COX15, Surf1p, COX17 and SURF1, which are

essential for the correct assembly and stability of this complex.

SCO1, SCO2 and COX17 are also responsible for delivery of

copper ions to the mitochondrion and for insertion of these ions

into the enzyme and maintenance of cell copper homeostasis [13].

Of these assembly proteins, SCO2 is a p53-targeted gene that

modulates the balance between mitochondrial respiration and

glycolytic pathways [14]. Mutations in SCO2 results in infantile

hypertrophic cardioencephalomyopathy and a severe COX

deficiency in striated muscle [15]. Structural and histochemical

studies indicates that the cardiomyopathic phenotype was

associated with compound heterozygosity (E140K with another

nonsense mutation) in the SCO2 gene [16]. These intriguing data

prompted us to hypothesize that p53-targeted SCO2 and COX

biogenesis may be induced by exercise.

Generally, nuclear p53 functions as a transcription factor for

target genes regulating apoptosis, cell cycle, cell respiration and

metabolism. This mechanism can reason that cancer cells lacking

p53 expression due to p53 mutation are inclined to proliferation

and glycolytic pathways, and cells and mice overexpressing p53

are prone to apoptosis, senescence and mitochondrial respiration.

We hypothesized that the homeostasis of p53 expression may be

prolonged by exercise. Alternatively, p53 is also distributed into

mitochondria and regulate apoptosis and oxidative stress by a

transcription- independent pathway. This cell death did not

require the transcription of p53 target genes and was preceded by

the translocation of p53 into mitochondria. p53 accumulation in

mitochondria was the critical factor for eliciting p53-dependent

but transcription-independent apoptosis [17]. p53 translocation to

mitochondria precedes its nuclear translocation and targets

oxidative defense protein manganese superoxide dismutase

(MnSOD), a p53-regulated gene that is a vital antioxidant enzyme

localized in mitochondria. In the mitochondria, p53 interacts with

MnSOD, consistent with the reduction of its superoxide

scavenging activity, and a subsequent decrease of mitochondrial

membrane potential [18]. MnSOD deficiency enhances adriamy-

cin and paclitaxel-induced p53 levels in heart mitochondria [19].

Mitochondria can regulate p53 activity, and assaults on the cell

that affect mitochondrial ROS production and mitochondrial

function can influence p53 activity [20]. In the autophagic process,

contrasting with the fact that nuclear p53 induces autophagy

through transcriptional effects, the cytoplasmic p53 acts as a

master repressor of autophagy in multiple experimental settings

[21]. We hypothesized that subcellular distribution of p53 may be

changed by exercise, and play a role in exercise-induced cardiac

adaptation.

Therefore, the first aim of this study was to outline the timelines

of mitochondrial function, oxidative stress and COX biogenesis in

cardiac muscle with age. We further investigated whether and how

endurance exercise, known to successfully promote cardiac

functional capacity, exerts an effect on COX biogenesis. We

determined changes in mtDNA content and expression of COX

subunits and assembly proteins, and mitochondrial biogenesis

markers with endurance exercise. The multiple roles of p53 in

ROS homeostasis [22], mitochondrial-dependent apoptosis, and

COX assembly and mitochondrial respiration, prompted us to

hypothesize that regular exercise would regulate p53 expression

and distribution, and maintain the cross-talk homeostasis between

mitochondrial ROS and p53 activity in older mice, thereby

potentially delaying cardiac aging.

Results

1. Mitochondrial ROS production and oxidative stress
As shown in Fig. 1, ROS production does not increased

markedly until the oldest age (P,0.05), exercise training decreased

ROS production in young mice (P,0.05), but not in old mice.

Mitochondrial membrane potential decreased at 8,9-month-old

and the oldest age (P,0.05), exercise training increased mem-

brane potential in old mice (P,0.05), but not in young mice.

MDA level increased (P,0.01), and GSH/GSSG ratio and Mn-

SOD activity decreased at the oldest age (P,0.05). As a biomarker

of mitochondrial function, ATP synthase activity does not

decreased markedly until the oldest age (P,0.05), exercise training

increased ATP synthase activity in old mice (P,0.05), but not in

young mice.

2. mtDNA markers content
The replication of mtDNA is a central marker of mitochondrial

biogenesis. mtDNA encodes 37 genes including 2 rRNAs, 22

tRNAs, and 13 polypeptides. Of the 13 proteins, cytochrome

b(Cytb) is an important part of complex III, ubiquinol-cyto-

chrome-c reductase. AK140265 is an inserted and noncoding

sequence located at ChrM:70-852 in adult male mice (http://

genome.ucsc.edu). As shown in Fig. 2, the gene copies of Cytb

decreased significantly at 8,9-month-old (P,0.05) and the oldest

age (P,0.01), exercise training increased the copies of Cytb in old

mice (P,0.05). Unexpectedly, we found that the copy number of

AK140265 decreased significantly at 8,9 months of age (P,0.05

vs. 2-month-old), but was reelevated at the oldest age (P,0.05 vs.

8,9 -month-old). Exercise training increased the copies of

AK140265 in old mice (P,0.01), but not in young mice.

3. COX subunits and assembly proteins
The COX enzyme activity and subunits expression are usually

depressed in copper-deficient and hypertrophic cardiac disease
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[23,24,25]. Of the COX subunits, SCO1 and SCO2 are metal Cu

chaperones; that are essential for the assembly of the catalytic core

of COX. Cu can restore COX activity that is depressed in

hypertrophic cardiomyocytes, and COX plays a determinant role

in Cu-induced regression of cardiomyocyte hypertrophy [26]. A

study suggests that a mitochondrial pathway for the regulation of

cellular copper content that involves signaling through SCO1 and

SCO2, perhaps by their thiol redox or metal-binding state [27].

We asked whether the induction of oxidative stress by exercise in

cardiac muscle is also accompanied by the regulation of genes of

COX subunits and assembly factors. As shown in Fig. 3, the

increase in age reduced the transcription of several COX subunit

genes, including cytochrome c oxidase complex subunit II, IV,

Vb(COXII, COXIV, COXVb) and some genes involved in the

Figure 2. mtDNA markers content in cardiac muscle. All data are
presented as mean 6 SEM (n = 8) and displayed as arbitrary units
relative to b-actin, nuclear DNA marker. A: mtDNA markers content from
mice at different age. The statistical significance of differences was
calculated by using one-way ANOVA. #P,0.05, ##P,0.01 vs. mice at
2 months of age, $ P,0.05 vs. mice at 6 months of age. B: mtDNA
markers content from exercised mice. The statistical significance of
differences was calculated by students’ t test. *P,0.05, **P,0.01 vs. OS
mice.
doi:10.1371/journal.pone.0021140.g002

Figure 1. Mitochondrial function and oxidative stress in
cardiac muscle. All data are presented as mean 6 SEM (n = 7,9)
and displayed as percent of mice at 2 months of age (YS mice). A:
Mitochondrial ROS production, membrane potential and ATP synthase
activity from mice at different age. The statistical significance of
differences was calculated by using one-way ANOVA. *P,0.05,
**P,0.01 vs. mice at 2 months of age. B: MDA level, GSH/GSSG and
Mn-SOD activity in mitochondrial fractions from mice at different age.
The statistical significance of differences was calculated by Student’s t-
test. *P,0.05, **P,0.01 vs. mice at 2 months of age. C: Mitochondrial
ROS production, membrane potential, ATP synthase activity in cardiac
muscle from exercised mice. The statistical significance of differences

was calculated by students’ t test. *P,0.05, **P,0.01 vs. OS mice,
#P,0.05 vs. YS mice.
doi:10.1371/journal.pone.0021140.g001
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regulation of COX assembly, including SCO1 and SCO2

(P,0.05). The data bar also showed us that the downregulation

of these genes did not emerged at the same age. Exercise training

increased the transcription of COXII, COXIV, SCO1 as well as

SCO2 (P,0.05), did not affect COXVb expression.

4. Transcription cascade involved in mitochondrial
biogenesis

To identify the transcription cascade responsible for the

regulation of COX subunits, we focused on the markers of

mitochondrial biogenesis, since activation of these transcription

factors and coactivators by exercise is known to contribute to

mitochondrial biogensis in skeletal muscle [28,29]. Tfam, TFB1M

and TFB2M are essential for mtDNA replication and transcription

of COXI, COXII and COXIII [30], the coordinate regulation of

nuclear-encoded mitochondrial transcription factors by NRFs and

PGC-1 family coactivators is essential to the control of

mitochondrial biogenesis [31]. The two initiation factors, Tfam

and TFB2M, and two promoters, LSP and HSP1, are required to

drive transcription of the mitochondrial genome [32]. As shown in

Fig. 4, except ERRa, mitochondrial biogenesis-related genes

expression in the transcription cascade were almost depressed in

the oldest mice vs. 2,4 months of age (P,0.05). These reductions

in gene expression were not linearly correlated with age. In old

mice, exercise training upregulated the expression of genes in the

transcription cascade (P,0.05), except PGC-1a. In young mice,

Figure 3. Gene expression of COX subunits and assembly proteins in cardiac muscle. A: Gene expression of COX subunits and assembly
proteins from mice at different age. Data are presented as mean 6 SEM (n = 8) and displayed as fold changes vs. mice at 4 months of age. The
statistical significance of differences was calculated by using one-way ANOVA. *P,0.05 vs. mice at 4 months of age, #P,0.05 vs. mice at 2 months of
age. B: Gene expression of COX subunits and assembly proteins from exercised mice. Data are presented as mean 6 SEM (n = 8) and displayed as fold
changes vs. YS mice. The statistical significance of differences was calculated by students’ t test. *P,0.05, **P,0.01 vs. OS mice, #P,0.05, $ P = 0.064
vs. YS mice.
doi:10.1371/journal.pone.0021140.g003
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these inductions of exercise are also marked in expressions of

PGC-1a, TFB1M and TFB2M (P,0.05). We did observed that

exercise training depressed the expressions of PPARc and Tfam in

cardiac muscle of young mice (P,0.05).

5. p53 expression and p53 protein content in
mitochondria

As a pivotal transcription factor, p53 is not considered as a

biomarker of mitochondrial biogenesis in transcription cascade.

However, the fact that p53 regulates mitochondrial respiration by

SCO2 and TIGAR makes it convinced that p53 is essential for

mtDNA maintainance and replication [33,34], and has a direct

positive effect on mitochondrial biogenesis and function [35,36].

p53 has an exciting role in maintaining mitochondrial genetic

stability through its ability to translocate to mitochondria and

interact with mtDNA polymerase gamma (pol gamma) in response

to mtDNA damage induced by exogenous and endogenous insults

including ROS [37]. We therefore asked whether the responses of

oxidative stress and mitochondrial biogenesis to exercise in cardiac

muscle is also accompanied by the regulation of p53 expression

and mitochondrial translocation. As shown in Fig. 5, expression

level for p53 gene increased significantly at 8,9-month-old and

the oldest age (P,0.05, Fig. 5A), exercise training significantly

lowered expression level for p53 as compared to control mice

respectively (P,0.05, Fig. 5B). Western blot analysis confirmed

that protein level for p53 in mitochondrial fractions was higher in

the oldest heart muscle as compared to 2,4 months of age

Figure 4. Mitochondrial transcription cascade in cardiac muscle. A: Mitochondrial transcription cascade from mice at different age. Data are
presented as mean 6 SEM (n = 8) and displayed as fold changes vs. mice at 4 months of age. The statistical significance of differences was calculated
by using one-way ANOVA. *P,0.05 vs. mice at 4 months of age, #P,0.05 vs. mice at 2 months of age. B: Mitochondrial transcription cascade from
exercised mice. Data are presented as mean 6 SEM (n = 8) and displayed as fold changes vs. YS mice. The statistical significance of differences was
calculated by students’ t test. *P,0.05, **P,0.01 vs. OS mice, #P,0.05 vs. YS mice.
doi:10.1371/journal.pone.0021140.g004
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(P,0.05, Fig. 5A, C). Exercise training decreased protein level for

p53 in old mice (P,0.05, Fig. 5B, C), but not in young mice.

6. p53 activity as a transcription factor targeting SCO2
Aging and exercise-induced adaptation have been associated

with widespread changes at the gene expression level in multiple

mammalian tissues. Age-related induction of p53-related genes

was observed in multiple tissues, but oxidative stress does not

induce the expression of these genes. These observations support a

role for p53-mediated transcriptional program in mammalian

aging and suggest that mechanisms other than ROS are involved

in the age-related transcriptional activation of p53 targets [38]. To

Figure 5. p53 mRNA expression and p53 protein content in mitochondria. Data are presented as mean 6 SEM and displayed as arbitrary
unit (A.U.) vs. b-actin (mRNA, n = 8) and COXIV (protein, n = 4). A, C: Effects of age on p53 mRNA level and protein content in mitochondria. The
statistical significance of differences was calculated by using one-way ANOVA. *P,0.05 vs. mice at 4 months of age, #P,0.05 vs. mice at 2 months of
age. B, C: Exercise decreased p53 mRNA level and p53 translocation into mitochondria in older mice. The statistical significance of differences was
calculated by students’ t test. *P,0.05, **P,0.01 vs. OS mice, #P,0.05 vs. YS mice.
doi:10.1371/journal.pone.0021140.g005
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identify the role of p53 as a transcription factor targeting SCO2 in

COX biogenesis during exercise, Chromatin immunoprecipita-

tion(ChIP) assays was used to quantify the SCO2 promoter copies

immunoprecipitated with p53 antibody(Table S2, Fig.S1). In

agreement with the above data that the increase in age depressed

SCO2 expression since 8,9 months old, we observed that the p53

binding to the SCO2 promoter was higher in young mice as

compared to the old mice (P,0.05, Fig. 6).We also observed that

exercise training increased the p53 binding to the SCO2 promoter

in young and old mice (P,0.05, Fig. 6).

7. Blocking p53 mitochondrial translocation increases
mitochondrial COX biogenesis in old mice

To identify the role of p53 mitochondrial translocation on

mitochondrial COX biogenesis, and support the effects of exercise,

pifithrin-m was used as an inhibitor of p53 binding to

mitochondria. Because pifithrin-m shuts down only the p53-

mitochondrial pathway without affecting the transcriptional

functions of p53, it is superior to pifithrin-a. As shown in Fig. 7,

we found that PFTm increased mtDNA content in older mice, but

not in young mice (P,0.05, Fig. 7A, B). Meanwhile, PFTm
increased the expression of genes including mitochondrial

biogenesis markers, COX subunits and assembly proteins in older

mice, but not in young mice (P,0.05, Fig. 7C, D).

Discussion

The main objective of this study was to find a correlative

evidence that exercise would regulate oxidative stress and COX

biogenesis via p53 activity targeting SCO2 and mitochondria,

based on the fundamental role of p53 in ROS homeostasis and

mitochondrial biogenesis. This study has generated three addi-

tional lines of information regarding the effects of exercise on p53

expression and COX biogenesis in cardiac muscle, and proposed a

novel correlation that p53 activity may be implicated in exercise-

induced cardiac COX biogenesis.

First, we demonstrated that mRNA expression of p53 and its

protein levels in mitochondria increased with age, accompanied by

increased mitochondrial oxidative stress, reduced expression of

Figure 6. Exercise altered the SCO2 promoter copies binded
with p53 antibody. Data are presented as mean 6 SEM (n = 7) and
displayed as arbitrary unit (A.U.) vs. input DNA. The SCO2 promoter
copies were detected by real-time PCR using +ve primers. The statistical
significance of differences was calculated by students’ t test. *P,0.05,
vs. OS mice, #P,0.05 vs. YS mice.
doi:10.1371/journal.pone.0021140.g006

Figure 7. Blocking p53 mitochondrial translocation increases
mitochondrial COX biogenesis in the older mice (10,11-
month-old). A, B: mtDNA content. C, D: Gene expression of COX
subunits and assembly proteins, and the transcription cascade involved
in mitochondrial biogenesis. Data are presented as mean 6 SEM (n = 8)
and displayed as fold changes vs. control mice (treated with saline). The
statistical significance of differences was calculated by students’ t test.
*P,0.05, **P,0.01 vs. Saline.
doi:10.1371/journal.pone.0021140.g007
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COX subunits and assembly proteins, and decreased expression of

most markers in mitochondrial transcription cascade of mice

cardiac muscle. Mitochondrial dysfunction and oxidative stress

contribute to cardiac aging, a decline in mitochondrial function

coupled with the accumulation of oxidative damage to mitochon-

dria may be causal to the decline in cardiac performance with age

[5,39,40,41]. The results presented here showed that the decline in

mitochondrial membrane potential(Dy) was marked in heart

muscle of mice at 8,9 months of age, when ROS production was

not increased significantly and ATP synthase activity was not

impaired. Until the oldest age, we observed that cardiac oxidative

stress increased in all markers and resulted in the impaired

mitochondrial function. Our data confirmed that mitochondrial

dysfunction and oxidative stress were involved in the early phase of

cardiac aging that appeared to be a progressive process, with an

asynchronous change of oxidative stress markers during the age

frame shown here.

Our findings at the oldest age showed that the increase in age

decreased the expression of mtDNA-encoded COXII, nDNA-

encoded COXIV and COXVb, and PPARc/PGC-1a, b
transcriptional cascade. COX is a specific intra-mitochondrial

site of age-related deterioration. A study on drosophila showed

that COX activity declined progressively with age by 33%,

western blot analysis showed that the abundance of the COX

subunits IV, Va, Vb, VIb, VIc, VIIc, and VIII decreased ranging

from 11% to 40% during aging [42]. Upon synaptic mitochondria,

COX activity is currently considered an endogenous marker of

neuronal oxidative metabolism; changes of mitochondrial ultra-

structure and metabolic competence may contribute to the age-

related alterations of neuronal performances [43]. The levels of

COXIV and COXII proteins in the cerebellar Purkinje cells were

reduced in age-matched controls relative to young controls, and in

the Alzheimer’s disease group relative to both age-matched and

young controls. Results suggest that irregular distribution of COX

subunits is causal to aging and Alzheimer’s disease [44]. Our data

supported that impaired COX biogenesis also occurred in the

heart of older mice, which maybe had an adverse impact on

mitochondrial physiology during the early phase of aging. A

challenging study found an increased mitochondrial and nuclear

gene expression of COX subunits I and IV in neuronal aging, the

findings sustained that gene expression of COX subunits I and IV

was not to be involved in the well-documented time- related

mitochondrial decay [45]. Furthermore, age-related reductions of

mtDNA copy number occurred in skeletal muscle and liver, but

not in the heart. mtDNA levels are preserved in the aging heart

muscle, presumably due to its incessant aerobic activity [46]. Our

data disagreed with the author’s findings and proposed a paradox.

The content of mtDNA marker Cytb was shown to decline with

age. Surprisingly, the copy number of AK140265, an inserted and

noncoding sequence, was initially decreased and then increased

during the age frame shown here. These findings suggest that the

copy number of one sequence of mtDNA cannot really indicate

the copy number of mtDNA. We surmise that the accumulation of

mtDNA damages during aging contains not only the decreased

copy number of mtDNA encoding sequences, but also the

increased copy number of mutated, inserted and noncoding

sequences. Taken together, it is reasonable to suppose that any

alteration of the copy number of mtDNA- encoded gene, gene

expression of COX subunits and assembly proteins reported to

occur in cardiac muscle of old mice may significantly affect the

proper assembling of the COX and its activity. The proper

functioning of COX depends on several factors that can affect

mitochondrial metabolic competence in the aging cell. Mitochon-

drial COX function relies on the overall balance among various

determinants that can be differently damaged by aging and

represent causative events responsible for the age-related func-

tional decline of selected mitochondrial populations [45]. There-

fore, the present study provides an evidence that COX biogenesis

has been impaired in the early phase of cardiac aging via PPARc/

PGC-1a, b transcriptional cascade, known to be the most

important pathway to mitochondrial biogenesis.

Second, our data in older mice demonstrated that endurance

exercise decreased mRNA expression of p53 and its protein levels

in mitochondria of cardiac muscle, accompanied by changes in

expression of COX subunits and assembly proteins, and markers

in mitochondrial transcription cascade. The data presented here

showed that exercise increased mitochondrial Dy and ATP

synthase activity in older mice, but did not affected ROS

production. Hearts of old mice contain a subpopulation of

myocytes with reduced mitochondrial stress-tolerance that is

attributed to an age-dependent reduction of cellular ROS defence

capacity [47]. Our data suggest that, to a certain extent,

endurance exercise can attenuate age-related changes in cardiac

mitochondria, thus to maintain their capacity to produce ATP.

The fact that exercise increased mitochondrial content and

biogenesis in skeletal muscle was repeatedly confirmed

[28,48,49,50,51,52,53]. PPARc/PGC-1a, b transcriptional cas-

cade plays a central role in mtDNA replication and transcription

[29,30]. However, little attention was focused on mitochondrial

biogenesis in cardiac muscle, presumably due to the higher

distribution of mitochondria in cardiac myocyte and the lower

sensitivity in response to exercise. It is inferred that chronic

exercise exerts a whole-body beneficial effect that exceeds muscle

adaptation, likely through mechanosensitive afferent nerves and

beta-endorphin release to brain and plasma that promote

mitochondrial biogenesis in distant organs [54]. This inference

prompts us to hypothesize that mitochondrial biogenesis in distant

organs during or after exercise may be promoted through

endocrine and intercellular signaling, instead of mechanical stimuli

on cells. To identify whether exercise promoted COX biogenesis

in cardiac muscle, thus to improve cardiac function, our results

clearly demonstrated that, in older mice, exercise increased

mtDNA content and expression of COX subunits and assembly

proteins, and mitochondrial biogenesis markers. It was only

expression of COXVb and PGC-1a that was unchanged. There is

a pattern of increasing mitochondrial and nuclear gene expression

for OXPHOS enzymes in developing cardiac tissue and

decreasing OXPHOS gene expression in the aging heart [55].

We concluded here that, at least to a certain degree, exercise could

increase cardiac COX biogenesis and prevent the decreasing

COX gene expression in the older mice. The mRNA levels of

some COX genes were increased 2.0,5.0 folds by exercise, and

even surpassed their mRNA levels at young age. In response to

exercise, the mRNA expression of these genes of older mice

showed more responsive than that of younger animals.

Third and the most important, p53 expression and its activity

targeting SCO2 transcription and mitochondria were evaluated in

this study. p53 expression and its activity play a double-edged role

in cell metabolism, apoptosis and aging. Lack of p53 causes

inhibited mitochondrial respiration, reduced mtDNA mainte-

nance and increased oxidative stress [14,33,34]. It has been

revealed that p53 regulates energy metabolism, oxidative stress,

and amino acid metabolism through balancing glycolysis and

oxidative phosphorylation (OXPHOS) as well as the autophagy

pathway. p53 is activated by metabolic stress through AMPK and

mTOR signaling pathways. p53 regulates OXPHOS through a

p53 response element in the promoter of the gene of SCO2, an

important protein directing the assembly of the COX complex of
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the electron transport chain [14,56,57]. ChIP assays presented

here that the increase in age reduced the SCO2 promoter copies

binded with p53 in cardiac muscle, and exercise increased the p53

binding to the SCO2 promoter in young and old mice. Meanwhile

we also found that the increase in age reduced the SCO2 mRNA

level, and exercise increased SCO2 expression in young and old

mice. These results lead us to a conclusion that p53 activity

targeting SCO2 transcription plays a role in age-related cardiac

mitochondrial COX decay and effects of exercise.

P53 can also affect ROS production in mitochondria and

balance cellular oxidative stress. p53-null cells exhibit a disruption

of cellular ROS homeostasis and mtDNA maintenance, charac-

terized by mtDNA depletion, reduced mitochondrial and cellular

superoxide levels and increased cellular hydrogen peroxide [34].

Mitochondrial antioxidant enzyme MnSOD is regulated by p53

through transcription-dependent pathway, and this regulation is

important for controlling ROS production in mitochondria. In

turn, mitochondrial ROS affect p53 transcriptional activity and

subcellular loaction [20]. Cellular generation of ROS is central to

redox signaling, p53 is a redox-regulated transcription factor that

binds specifically to DNA and activates transcription of target

genes, including SCO2 and MnSOD. In addition to being a

transcription factor, p53 can regulate oxidative stress and

apoptosis through transcription-independent pathway. p53 direct-

ly targets mitochondria to decrease mitochondrial Dy and increase

apoptosis [58,59,60]. p53 interacts with MnSOD in mitochondria,

and this interaction correlates with diminished MnSOD enzyme

activity [18]. Consequently, p53 activity targeting mitochondria

may increase mitochondrial ROS production and oxidative stress.

In turn, mitochondrial-generated ROS may also induce p53

translocation to mitochondria and stimulate mitochondrial

oxidative stress, leading to an increase in apoptosis. Recent studies

have revealed that cellular concentration and distribution of p53

has a distinct cellular function, and that ROS act as both an

upstream signal that triggers p53 activation and a downstream

factor that mediates apoptosis [22]. There may be an important

and entangled cross-talk or feedback between mitochondrial ROS

production and p53 activity in cardiac muscle, leading to a global

homeostasis or change in cellular activity.

Our data showed that the increase in age decreased mitochon-

drial Dy and increased mitochondrial ROS production, accom-

panied by an increased protein content of p53 in mitochondria of

cardiac muscle. The present data suggest indirectly that p53

translocation to mitochondria and its effects on mitochondrial

ROS production play an adverse role in the early phase of cardiac

aging. Our results provided a new evidence for exercise to prevent

cardiac aging that exercise increased mitochondrial Dy and

decreased p53 protein content in mitochondria of old mice, but

not in young mice. To testify the role of p53 translocation to

mitochondria by which exercise affected COX biogenesis, we

found here that PFTm, an inhibitor blocking p53 translocation to

mitochondria, increased COX biogenesis in older mice, but not in

young mice. These effects of PFTm on COX biogenesis only in the

older mice made it more convincing that exercise increased

mitochondrial function and COX biogenesis via inhibiting p53

translocation to mitochondria.

In summary, we demonstrated that age-related changes were

attenuated more or less by exercise in mitochondrial activity,

COX biogenesis and p53 activity targeting at SCO2 and

mitochondria. The decreased p53 binding to the SCO2 promoter

and the increased p53 mRNA and its translocation to mitochon-

dria during the early phase of aging, were attenuated or reversed

clearly in older mice by exercise. This study provided a correlative

evidence that endurance exercise was able to prolong the

equilibrium state of p53 expression and distribution relative to

age-related changes, thereby delaying mitochondrial COX decay

in aging cardiac muscle.

Materials and Methods

Upon approval by the local government, all experiments were

performed in accordance with the guidelines for the use of

laboratory animals published by China Ministry of Health (No.55

order, ordained on 25 Jan, 1998). All experimental procedures

were approved by the Experimental Animal Care and Use

Committee at East China Normal University (ECNU 2006-05).

1. Animals
Male ICR/CD-1 mice were purchased from Sino-British

Sippr/BK Lab Animal Ltd., CO (Shanghai, China) at 4,5 weeks

of age or 8,9 months of age, and were housed at East China

Normal University until sacrifice at different age (2, 4, 8,9

months old or the oldest), respectively. The oldest mice derived

from the animals at 8,9 months old and were fed until the natural

mortatity was more than 50%, finally the number of the oldest

group was 9. The second groups of male ICR/CD-1 mice at 1 or

8,9 months of age were also purchased, one week after arriving at

our facility, mice were randomly assigned to one of four groups: (1)

young sedentary (YS), (2) old sedentary (OS), (3) young with

treadmill running (YEx) and (4) old with treadmill running (OEx).

A performance test to determine the maximum running capacity

for each mouse was performed firstly by running the mice for

5 min at 13 m/min and then increasing the speed 1 m/min per

minute until exhaustion. The young mice’s maximum capacity

was determined averagely to be 42 m/min, and the old mice’s

maximum capacity was 33 m/min. YEx and OEx mice were

accustomed to a 4-week treadmill running at 65% of that speed at

which the mice reached exhaustion for 1 h, 6 days/wk. Thus, the

young mice were run at 28 m/min, and the old mice were run at

22 m/min. All animals were housed in a temperature (2162uC)

and light-controlled (12:12 h light-dark cycle) environment, and

were provided diets and water ad libitum. Body weights of all mice

were recorded weekly.

2. Pifithrin-m administration
Pifithrin-m (PFTm, Sigma, CAS#: 64984-31-2), an inhibitor of

p53 binding and anti-apoptotic, which directly inhibits p53

binding to mitochondria, was dissolved in DMSO and saline.

The mice (young and older) received intraperitoneal injection of

pifithrin-m (3 mg/kg body weight/2 day) for 3 weeks. As a control,

the vehicle (0.5% DMSO in saline) was injected to the control

mice.

3. Tissues extraction and mitochondrial isolation
Upon sacrifice, cardiac muscle was removed, rinsed in PBS

solution, dried with filter paper, a part of fresh tissue was used for

mitochondrial isolation. The rest was frozen in liquid nitrogen.

Mitochondria were prepared using differential centrifugation as

described previously [61]. For mitochondrial isolation, fresh tissues

were rinsed with PBS and put into ice-cold isolation buffer

(0.075 M sucrose, 0.225 M sorbitol, 1 mM EGTA, 0.1% fatty

acid-free bovine serum albumin (BSA), and 10 mM Tris–HCl,

pH 7.4). Tissues were sheared carefully to mince, rinsed to get rid

of residual blood, and then homogenized in 1 ml isolation buffer

per 100 mg tissue. The homogenate was centrifuged at 1000 g for

5 min at 4uC using a Beckman centrifuge (Avanti J-26XP); the

resulting supernatant was decanted and saved. The pellet was

washed once with isolation buffer. The supernatant were
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combined and centrifuged at 9,000 g for 10 min at 4uC. The

mitochondrial pellet was washed and centrifuged twice at 15,000 g

for 2 min at 4uC with isolation buffer. Mitochondrial protein

content was assayed using BSA as a standard according to

Bradford.

4. Assays of mitochondrial function and oxidative stress
The dichlorofluorescin diacetate (H2-DCFDA) was used as a

probe to detect mitochondrial ROS generation as described

previously [62]. JC-1, the fluorescent, lipophilic and cationic

probe, was employed to measure the mitochondrial membrane

potential (Dy) according to the manufacturer’s directions as

described previously [63]. ATP synthase activity was measured in

isolated and freeze-thawed mitochondria as oligomycin-sensitive

ATPase activity using an assay coupled with pyruvate kinase

which converts the ADP to ATP and produces pyruvate from

phosphoenolpyruvate. To assay lipid peroxidation (LPO), MDA

derived from polyunsaturated fatty acid peroxides was evaluated

by MDA assay kit (Nanjing Jiancheng Biotech, Nanjing, China).

GSH/GSSG ratio and Mn-SOD activity was measured by

colorimetric analysis with the Assay Kits (Nanjing Jiancheng

Biotech, Nanjing, China).

5. Quantitative real-time PCR(qPCR) and mtDNA content
assay

Total RNA was prepared from ,100 mg of frozen tissues using

TRIzol (Invitrogen, Chromos, Singapore) and purified according

to the instructions included. Double-stranded cDNA was synthe-

sized from ,1 mg of total RNA using ReverTra AceH qPCR RT

Kit (TOYOBO, Osaka, Japan). Real-time PCR reactions were set

up using the SYBR-Green PCR kit (TOYOBO, Osaka, Japan)

and were cycled in StepOneTM Real-Time PCR System (Applied

Biosystems, CA, USA). In brief, RNA concentration were

estimated by measuring the absorbance at 260 nm, and purity

was assessed by 260 nm/280 nm absorbance ratio. Total RNA

was denatured at 65uC for 5 min, cooled immediately on ice, and

reverse transcribed. The reaction was assessed at 37uC for 15 min

and at 98uC for 5 min. PCR was performed in a fluorescence

temperature cycler containing 4 pmol of each primer, 2.06
Master SYBR Green I (contains Taq DNA polymerase, reaction

buffer, dNTP mix, SYBR Green I dye, and 10 mM MgCl2), and

2.0 ml template in a total volume of 20 ml. The amplification

occurred in a three-step cycle (denaturation at 95uC for 15 s,

annealing at 61uC for 30 s, extension and data collection at 72uC
for 45 s) for 40 cycles. The fluorescence signal was plotted against

cycle number for all samples and external standards. The

abundance of target mRNA was normalized to that of b-actin.

Mitochondrial DNA content was also determined by qPCR.

Briefly, total DNA was extracted and purified from cardiac

muscle. 10 nanograms of DNA was used to quantify mitochon-

drial and nuclear DNA markers. b-actin was also used as a nuclear

DNA marker. AK140265 and Cytb were used as mtDNA

markers. PCR was performed as stated above. Primer pairs were

designed based on GenBank reference sequences and listed in

Table S1.

6. Western blotting analysis
For assays of p53 protein level in isolated mitochondria, equal

amounts of mitochondrial protein were run on 10% SDS-

polyacrylamide (120V; Bio-Rad, Hercules, CA). After electropho-

retic separation, proteins were transferred (1 h, Criterion blotter;

Bio-Rad) to PVDF membranes. After Ponceau S staining and

destaining, membranes were blocked in 5% nonfat dry milk

powder (Shanghai Sangon, China) in Tris-buffered saline

containing 0.1% Tween 20 (TBST) for 1 h at room temperature.

Thereafter, a dilution of the primary specific antibody in 5%

TBST was added and incubated overnight at 4uC on a shaker.

After the membranes were washed 3 times for 10, 10, 10 min in

5% TBST, the membranes were incubated with a 1:2,000 dilution

of the horseradish peroxidase-conjugated secondary antibody in

5% TBST for 1 h at room temperature. Thereafter, the

membranes were washed 3 times in TBST for 10, 10, 10 min

[64]. Finally, the BeyoECL Plus chemiluminescent/fluorescent

substrate (Beyotime, China) was applied, and the chemilumines-

cent signal was captured with an Alpha Innotech Fluorchem SP

imager (FluorChem FC2, San Leandro, CA). The digital images

were analyzed using Alpha Innotech software. Density of the

target band was normalized and expressed in arbitrary optical

density units. Western blot analysis was performed using the

following antibodies and dilutions: p53 (sc-71819, Santa Cruz

Biotechnology, 1:200), COXIV (sc-58348, Santa Cruz Biotech-

nology, 1:200).

7. Chromatin immunoprecipitation (ChIP) assay
ChIP assay was performed using a kit from Upstate Cell

Signaling Solutions as described previously [65]. In brief, diced

tissues (,100 mg) was cross-linked in DMEM containing 1%

formaldehyde for 10 min at 37uC and lysed on ice in 500 ml SDS

lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, 0.5 mM

PMSF, and protease inhibitors). Chromatin was sheared to

fragments by 8,10615 s bursts of sonication. Following centri-

fugation (13000 g for 10 min at 4uC), 100 ml of supernatant,

containing chromatin fragments, were diluted 10-fold in a buffer

(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM

TrisHCl, and 167 mM NaCl), precleared with salmon sperm

DNA/protein A agarose (Upstate #16-157), and centrifuged again

(1000 g for 1 min at 4uC). The resultant supernatant, referred to

as input sample, was immunoprecipitated with p53 antibody and

protein A agarose. Following centrifugation, the protein A

agarose/antibody/histone complex was washed for 3–5 minutes

on a rotating platform with 1 ml of each of the buffers listed in the

order as given below: Low Salt Immune Complex Wash Buffer;

High Salt Immune Complex Wash Buffer; LiCl Immune Complex

Wash Buffer; 16TE (two washes). The pellet were eluted in a

buffer consisting of 1% SDS and 0.1 M NaHCO3 and reverse

cross-linked by adding 5 M NaCl followed by incubation at 65uC
for 4 h. The coimmunoprecipitated DNA was purified by phenol-

chloroform extraction and resuspended in 20 ml H2O. A 208 bp

fragment corresponding to nucleotides 127 to 334 of the mouse

SCO2 promoter, containing the p53 binding site, were amplified

and quantified by qPCR as described above using the following

primers (+ve primers): 5-GAGCAGCTCCTCTTGCTCTC-3

(forward); 5-TCTTTGGATTAGCGGACAGG-3 (reverse). A

pair of primers (-ve primers) specific to a region ,1.6 kb

downstream from the SCO2 start site was used as a negative

control for nonspecific binding of chromatin to the immuno-

precipitation antibody: 5-CTCATCGGGGCAAATATCAG-3

(forward); and 5-AGGGCTGAGAAGGAACA GTG-3 (reverse).

Purified DNA from input sample that did not undergo immuno-

precipitation was PCR amplified and used to normalize signals

from ChIP assays. The DNA content in these control reactions

was 1% of those used in parallel immuno-precipitation reactions.

A PCR reaction using equal genomic DNA was also run with each

set of PCR reactions to allow comparison between different

experiments.
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8. Statistical analysis
All data are reported as mean 6 SEM. Statistical analysis was

performed using SPSS 15.0 software. Statistical differences

between treatments were determined using a one-way ANOVA

or a Student’s t-test as appropriate. For all tests the significance

level was set at P,0.05.

Supporting Information

Figure S1 Scheme of mouse chr15:89202068-89204249.
Description: Mus musculus SCO cytochrome oxidase deficient

homolog 2 (yeast) (Sco2), nuclear gene encoding mitochondrial

protein. Entrez Gene: 100126824 PubMed on Product: protein

SCO2 homolog mitochondrial precursor Stanford SOURCE:

NM_001111288.

(TIF)

Table S1 Gene primers sequences for real-time PCR (59

to 39).
(DOC)

Table S2 The cycle threshold values (Ct) of all samples
displayed on the PCR System in the ChIP assays. Cross-

linked chromatin was sheared and immunoprecipitated with

nonspecific antibody and anti-p53 antibody. After reversal of

cross-links, immunoprecipitated DNA fragments, input DNA

sample, no-template control (NTC) were all detected by real-time

PCR using primers (+ve: flanking the p53 sites in the mouse SCO2

promoter; -ve: flanking a region ,1.6 kb downstream from the

SCO2 start site). The cycle threshold values (Ct) those displayed

on the PCR System are presented as mean 6 SEM (n = 28) or

‘‘Undetermined’’ in the Table. ‘‘Undetermined’’ means that the

Ct value is much more than 40 cycles, and that the targeted DNA

fragments is very little. All these data confirmed the specificity of

the ChIP assays.

(DOC)

Acknowledgments

We acknowledge the support of Dr. Tajamul Hussain and Omar Al-Attas,

Center of Excellence in Biotechnology Research, King Saud University.

We acknowledge the excellent technical assistance of Prof. Lu Jian, Qiu

Linli and the other members in our group.

Author Contributions

Conceived and designed the experiments: ZQ LJ SD MQ. Performed the

experiments: JH YS QH JL LY. Analyzed the data: ZQ JH YS.

Contributed reagents/materials/analysis tools: LJ SD OA-A. Wrote the

paper: ZQ TH. Revised the figures and syntax: OA-A TH.

References

1. Ljubicic V, Menzies KJ, Hood DA (2010) Mitochondrial dysfunction is

associated with a pro-apoptotic cellular environment in senescent cardiac

muscle. MECHANISMS OF AGEING AND DEVELOPMENT 131: 79–88.

2. Jezek P, Plecita-Hlavata L (2009) Mitochondrial reticulum network dynamics in

relation to oxidative stress, redox regulation, and hypoxia. Int J Biochem Cell

Biol 41: 1790–1804.

3. Lesnefsky EJ, Moghaddas S, Tandler B, Kerner J, Hoppel CL (2001)

Mitochondrial dysfunction in cardiac disease: Ischemia-reperfusion, aging, and

heart failure. JOURNAL OF MOLECULAR AND CELLULAR CARDIOL-

OGY 33: 1065–1089.

4. Dai DF, Santana LF, Vermulst M, Tomazela DM, Emond MJ, et al. (2009)

Overexpression of Catalase Targeted to Mitochondria Attenuates Murine

Cardiac Aging. CIRCULATION 119: 2779–2789.

5. Dai DF, Rabinovitch PS (2009) Cardiac aging in mice and humans: the role of

mitochondrial oxidative stress. Trends Cardiovasc Med 19: 213–220.

6. Hao JJ, Shen WL, Tian C, Liu ZB, Ren JM, et al. (2009) Mitochondrial

nutrients improve immune dysfunction in the type 2 diabetic Goto-Kakizaki rats.

JOURNAL OF CELLULAR AND MOLECULAR MEDICINE 13: 701–711.

7. Liu JK, Shen WL, Zhao BL, Wang Y, Wertz K, et al. (2009) Targeting

mitochondrial biogenesis for preventing and treating insulin resistance in

diabetes and obesity: Hope from natural mitochondrial nutrients. ADVANCED

DRUG DELIVERY REVIEWS 61: 1343–1352.

8. Liu JK, Ames BN (2005) Reducing mitochondrial decay with mitochondrial

nutrients to delay and treat cognitive dysfunction, Alzheimer’s disease, and

Parkinson’s disease. NUTRITIONAL NEUROSCIENCE 8: 67–89.

9. Loh K, Deng HY, Fukushima A, Cai XC, Boivin B, et al. (2009) Reactive

Oxygen Species Enhance Insulin Sensitivity. CELL METABOLISM 10:

260–272.

10. Gomez-Cabrera MC, Domenech E, Romagnoli M, Arduini A, Borras C, et al.

(2008) Oral administration of vitamin C decreases muscle mitochondrial

biogenesis and hampers training-induced adaptations in endurance perfor-

mance. AMERICAN JOURNAL OF CLINICAL NUTRITION 87: 142–149.

11. Wadley GD, McConell GK (2010) High-dose antioxidant vitamin C

supplementation does not prevent acute exercise-induced increases in markers

of skeletal muscle mitochondrial biogenesis in rats. JOURNAL OF APPLIED

PHYSIOLOGY 108: 1719–1726.

12. Falkenberg M, Gaspari M, Rantanen A, Trifunovic A, Larsson NG, et al. (2002)

Mitochondrial transcription factors B1 and B2 activate transcription of human

mtDNA. Nat Genet 31: 289–294.

13. Chen JQ, Cammarata PP, Baines CP, Yager JD (2009) Regulation of

mitochondrial respiratory chain biogenesis by estrogens/estrogen receptors

and physiological, pathological and pharmacological implications. BIOCHI-

MICA ET BIOPHYSICA ACTA-MOLECULAR CELL RESEARCH 1793:

1540–1570.

14. Matoba S, Kang JG, Patino WD, Wragg A, Boehm M, et al. (2006) p53

regulates mitochondrial respiration. SCIENCE 312: 1650–1653.

15. Freisinger P, Horvath R, Macmillan C, Peters J, Jaksch M (2004) Reversion of

hypertrophic cardiomyopathy in a patient with deficiency of the mitochondrial

copper binding protein Sco2: Is there a potential effect of copper? JOURNAL

OF INHERITED METABOLIC DISEASE 27: 67–79.

16. Vesela K, Hulkova H, Hansikova H, Zeman J, Elleder M (2008) Structural

analysis of tissues affected by cytochrome C oxidase deficiency due to mutations

in the SCO2 gene. APMIS 116: 41–49.

17. Arima Y, Nitta M, Kuninaka S, Zhang DW, Fujiwara T, et al. (2005)

Transcriptional blockade induces p53-dependent apoptosis associated with

translocation of p53 to mitochondria. JOURNAL OF BIOLOGICAL

CHEMISTRY 280: 19166–19176.

18. Zhao YF, Chaiswing L, Velez JM, Batinic-Haberle I, Colburn NH, et al. (2005)

p53 translocation to mitochondria precedes its nuclear translocation and targets

mitochondrial oxidative defense protein-manganese superoxide dismutase.

CANCER RESEARCH 65: 3745–3750.

19. Daosukho C, Noel T, Lien YC, Chen YM, St Clair D (2005) Manganese

superoxide dismutase (MnSOD) deficiency enhances adriamycin (ADR) and

paclitaxel (Taxol)-induced p53 levels in heart mitochondria. FREE RADICAL

BIOLOGY AND MEDICINE 39Suppl. 1: S150–S151.

20. Holley AK, Dhar SK, St CD (2010) Manganese superoxide dismutase versus

p53: the mitochondrial center. Ann N Y Acad Sci 1201: 72–78.

21. Tasdemir E, Maiuri MC, Morselli E, Criollo A, D’Amelio M, et al. (2008) A

dual role of p53 in the control of autophagy. AUTOPHAGY 4: 810–814.

22. Liu B, Chen YM, Clair D (2008) ROS and p53: A versatile partnership. FREE

RADICAL BIOLOGY AND MEDICINE 44: 1529–1535.

23. Johnson WT, Anderson CM (2008) Cardiac cytochrome c oxidase activity and

contents of subunits 1 and 4 are altered in offspring by low prenatal copper

intake by rat dams. JOURNAL OF NUTRITION 138: 1269–1273.

24. Johnson WT, Newman SM (2007) Hearts in adult offspring of copper-deficient

dams exhibit decreased cytochrome c oxidase activity, increased mitochondrial

hydrogen peroxide generation and enhanced formation of intracellular residual

bodies. JOURNAL OF NUTRITIONAL BIOCHEMISTRY 18: 97–104.

25. Kuo WW, Chu CY, Wu CH, Lin JA, Liu JY, et al. (2005) The profile of cardiac

cytochrome c oxidase (COX) expression in an accelerated cardiac-hypertrophy

model. JOURNAL OF BIOMEDICAL SCIENCE 12: 601–610.

26. Zuo XA, Xie HQ, Dong DY, Jiang NG, Zhu HM, et al. (2010) Cytochrome c

Oxidase is Essential for Copper-Induced Regression of Cardiomyocyte

Hypertrophy. CARDIOVASCULAR TOXICOLOGY 10: 208–215.

27. Leary SC, Cobine PA, Kaufman BA, Guercin GH, Mattman A, et al. (2007)

The human cytochrome c oxidase assembly factors SCO1 and SCO2 have

regulatory roles in the maintenance of cellular copper homeostasis. CELL

METABOLISM 5: 9–20.

28. Hood DA (2010) Mitochondrial biogenesis in skeletal muscle: Effect of exercise

and age. BIOCHIMICA ET BIOPHYSICA ACTA-BIOENERGETICS

1797Suppl. S: 106–107.

29. Ljubicic V, Joseph AM, Saleem A, Uguccioni G, Collu-Marchese M, et al.

(2010) Transcriptional and post-transcriptional regulation of mitochondrial

biogenesis in skeletal muscle: Effects of exercise and aging. BIOCHIMICA ET

BIOPHYSICA ACTA-GENERAL SUBJECTS 1800: 223–234.

30. Scarpulla RC (2008) Transcriptional paradigms in mammalian mitochondrial

biogenesis and function. PHYSIOLOGICAL REVIEWS 88: 611–638.

Exercise Regulates p53 Activity Targeting SCO2

PLoS ONE | www.plosone.org 11 July 2011 | Volume 6 | Issue 7 | e21140



31. Gleyzer N, Vercauteren K, Scarpulla RC (2005) Control of mitochondrial

transcription specificity factors (TFB1M and TFB2M) by nuclear respiratory

factors (NRF-1 and NRF-2) and PGC-1 family coactivators. MOLECULAR

AND CELLULAR BIOLOGY 25: 1354–1366.

32. Litonin D, Sologub M, Shi YH, Savkina M, Anikin M, et al. (2010) Human

Mitochondrial Transcription Revisited ONLY TFAM AND TFB2M ARE

REQUIRED FOR TRANSCRIPTION OF THE MITOCHONDRIAL

GENES IN VITRO. JOURNAL OF BIOLOGICAL CHEMISTRY 285:

18129–18133.

33. Park JY, Wang PY, Matsumoto T, Sung HJ, Ma W, et al. (2009) p53 improves

aerobic exercise capacity and augments skeletal muscle mitochondrial DNA

content. Circ Res 105: 705–712, 11–712.

34. Lebedeva MA, Eaton JS, Shadel GS (2009) Loss of p53 causes mitochondrial

DNA depletion and altered mitochondrial reactive oxygen species homeostasis.

Biochim Biophys Acta 1787: 328–334.

35. Donahue RJ, Razmara M, Hoek JB, Knudsen TB (2001) Direct influence of the

p53 tumor suppressor on mitochondrial biogenesis and function. FASEB J 15:

635–644.

36. Saleem A, Adhihetty PJ, Hood DA (2009) Role of p53 in mitochondrial

biogenesis and apoptosis in skeletal muscle. Physiol Genomics 37: 58–66.

37. Achanta G, Sasaki R, Feng L, Carew JS, Lu W, et al. (2005) Novel role of p53 in

maintaining mitochondrial genetic stability through interaction with DNA Pol

gamma. EMBO J 24: 3482–3492.

38. Edwards MG, Anderson RM, Yuan M, Kendziorski CM, Weindruch R, et al.

(2007) Gene expression profiling of aging reveals activation of a p53-mediated

transcriptional program. BMC Genomics 8: 80.

39. Judge S, Jang YM, Smith A, Hagen T, Leeuwenburgh C (2005) Age-associated

increases in oxidative stress and antioxidant enzyme activities in cardiac

interfibrillar mitochondria: implications for the mitochondrial theory of aging.

FASEB J 19: 419–421.

40. Terman A, Dalen H, Eaton JW, Neuzil J, Brunk UT (2004) Aging of cardiac

myocytes in culture: oxidative stress, lipofuscin accumulation, and mitochondrial

turnover. Ann N Y Acad Sci 1019: 70–77.

41. Judge S, Leeuwenburgh C (2007) Cardiac mitochondrial bioenergetics, oxidative

stress, and aging. Am J Physiol Cell Physiol 292: C1983–C1992.

42. Ren JC, Rebrin I, Klichko V, Orr WC, Sohal RS (2010) Cytochrome c oxidase

loses catalytic activity and structural integrity during the aging process in

Drosophila melanogaster. Biochem Biophys Res Commun 401: 64–68.

43. Bertoni-Freddari C, Fattoretti P, Giorgetti B, Solazzi M, Balietti M, et al. (2004)

Cytochrome oxidase activity in hippocampal synaptic mitochondria during

aging: a quantitative cytochemical investigation. Ann N Y Acad Sci 1019:

33–36.

44. Ojaimi J, Masters CL, McLean C, Opeskin K, McKelvie P, et al. (1999)

Irregular distribution of cytochrome c oxidase protein subunits in aging and

Alzheimer’s disease. Ann Neurol 46: 656–660.

45. Fattoretti P, Bertoni-Freddari C, Giorgetti B, Balietti M (2004) Increased

mitochondrial and nuclear gene expression of cytochrome oxidase subunits I and

IV in neuronal aging. Ann N Y Acad Sci 1030: 303–309.

46. Barazzoni R, Short KR, Nair KS (2000) Effects of aging on mitochondrial DNA

copy number and cytochrome c oxidase gene expression in rat skeletal muscle,

liver, and heart. J Biol Chem 275: 3343–3347.

47. Dyachenko V, Rueckschloss U, Isenberg G (2006) Aging aggravates heteroge-

neities in cell-size and stress-intolerance of cardiac ventricular myocytes. Exp

Gerontol 41: 489–496.

48. Holloszy JO (1967) Biochemical adaptations in muscle. Effects of exercise on

mitochondrial oxygen uptake and respiratory enzyme activity in skeletal muscle.
J Biol Chem 242: 2278–2282.

49. Holloszy JO (2008) Regulation by exercise of skeletal muscle content of

mitochondria and GLUT4. J Physiol Pharmacol 59 Suppl 7: 5–18.
50. Hood DA (2009) Mechanisms of exercise-induced mitochondrial biogenesis in

skeletal muscle. APPLIED PHYSIOLOGY NUTRITION AND METABO-
LISM-PHYSIOLOGIE APPLIQUEE NUTRITION ET METABOLISME

34: 465–472.

51. Vina J, Gomez-Cabrera MC, Borras C, Froio T, Sanchis-Gomar F, et al. (2009)
Mitochondrial biogenesis in exercise and in ageing. ADVANCED DRUG

DELIVERY REVIEWS 61: 1369–1374.
52. Wright DC, Han DH, Garcia-Roves PM, Geiger PC, Jones TE, et al. (2007)

Exercise-induced mitochondrial biogenesis begins before the increase in muscle
PGC-1alpha expression. J Biol Chem 282: 194–199.

53. Garcia-Roves PM, Huss J, Holloszy JO (2006) Role of calcineurin in exercise-

induced mitochondrial biogenesis. Am J Physiol Endocrinol Metab 290:
E1172–E1179.

54. Boveris A, Navarro A (2008) Systemic and mitochondrial adaptive responses to
moderate exercise in rodents. Free Radic Biol Med 44: 224–229.

55. Marin-Garcia J, Ananthakrishnan R, Agrawal N, Goldenthal MJ (1994)

Mitochondrial gene expression during bovine cardiac growth and development.
J Mol Cell Cardiol 26: 1029–1036.

56. Corcoran CA, Huang Y, Sheikh MS (2006) The regulation of energy generating
metabolic pathways by p53. Cancer Biol Ther 5: 1610–1613.

57. Zhang XD, Qin ZH, Wang J (2010) The role of p53 in cell metabolism. Acta
Pharmacol Sin 31: 1208–1212.

58. Charlot JF, Pretet JL, Haughey C, Mougin C (2004) Mitochondrial translocation

of p53 and mitochondrial membrane potential (Delta Psi m) dissipation are early
events in staurosporine-induced apoptosis of wild type and mutated p53

epithelial cells. Apoptosis 9: 333–343.
59. Nemajerova A, Wolff S, Petrenko O, Moll UM (2005) Viral and cellular

oncogenes induce rapid mitochondrial translocation of p53 in primary epithelial

and endothelial cells early in apoptosis. FEBS Lett 579: 6079–6083.
60. Liu J, St CD, Gu X, Zhao Y (2008) Blocking mitochondrial permeability

transition prevents p53 mitochondrial translocation during skin tumor
promotion. FEBS Lett 582: 1319–1324.

61. Fernandez-Vizarra E, Ferrin G, Perez-Martos A, Fernandez-Silva P, Zeviani M,
et al. (2010) Isolation of mitochondria for biogenetical studies: An update.

MITOCHONDRION 10: 253–262.

62. Ding H, Jiang N, Liu HJ, Liu XR, Liu DX, et al. (2010) Response of
mitochondrial fusion and fission protein gene expression to exercise in rat

skeletal muscle. BIOCHIMICA ET BIOPHYSICA ACTA-GENERAL SUB-
JECTS 1800: 250–256.

63. Chen K, Zhang QY, Wang J, Liu FJ, Mi MT, et al. (2009) Taurine protects

transformed rat retinal ganglion cells from hypoxia-induced apoptosis by
preventing mitochondrial dysfunction. BRAIN RESEARCH 1279: 131–138.

64. Koopman R, Zorenc A, Gransier R, Cameron-Smith D, van Loon L (2006)
Increase in S6K1 phosphorylation in human skeletal muscle following resistance

exercise occurs mainly in type II muscle fibers. AMERICAN JOURNAL OF
PHYSIOLOGY-ENDOCRINOLOGY AND METABOLISM 290:

E1245–E1252.

65. Smith J, Collins M, Grobler LA, Magee CJ, Ojuka EO (2007) Exercise and
CaMK activation both increase the binding of MEF2A to the Glut4 promoter in

skeletal muscle in vivo. AMERICAN JOURNAL OF PHYSIOLOGY-
ENDOCRINOLOGY AND METABOLISM 292: E413–E420.

Exercise Regulates p53 Activity Targeting SCO2

PLoS ONE | www.plosone.org 12 July 2011 | Volume 6 | Issue 7 | e21140


