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Abstract

Aging results in a significant decline in aerobic capacity and impaired mitochondrial function. We
have tested the effects of moderate physical activity on aerobic capacity and a single bout of
exercise on the expression profile of mitochondrial biogenesis, and fusion and fission related genes
in skeletal muscle of human subjects. Physical activity attenuated the aging-associated decline in
VO2 max (p<0.05). Aging increased and a single exercise bout decreased the expression of
nuclear respiratory factor-1 (NRF1), while the transcription factor A (TFAM) expression showed a
strong relationship with VOonax and increased significantly in the young physically active group.
Mitochondrial fission representing FIS1 was induced by regular physical activity, while a bout of
exercise decreased fusion-associated gene expression. The expression of polynucleotide
phosphorylase (PNPase) changed inversely in young and old groups and decreased with aging.
The A2 subunit of cyclic AMP-activated protein kinase (AMPK) was induced by a single bout of
exercise in skeletal muscle samples of both young and old subjects (p<0.05). Our data suggest that
moderate levels of regular physical activity increases a larger number of mitochondrial biogenesis-
related gene expressions in young individuals than in aged subjects. Mitochondrial fission is
impaired by aging and could be one of the most sensitive markers of the age-associated decline in
the adaptive response to physical activity.
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1. Introduction

Mitochondrial networks have a fundamental importance in energy generation, and play key
roles during myogenesis, fiber maturation, the advancement of neuromuscular pathologies,
apoptosis and natural fiber aging in skeletal muscle. Studies on human and animal muscle
models have demonstrated that mitochondrial dysfunctions are linked to excessive
generation of reactive oxygen species (ROS); metabolic alterations, including changes in
energy metabolism; excitation—contraction coupling; ion homeostasis; and muscle fiber
contraction/relaxation. Proteomic analyses have yielded over 900 distinct mitochondrial
proteins in human muscle and all, except the 13 encoded by mitochondrial DNA, are
imprinted on nuclear DNA (Pagliarini et al., 2008).

In skeletal muscle fibers, the mass of mitochondria is dependent on the muscle subtype. The
number and functions of mitochondria required to maintain fiber homeostasis are
determined by regulatory circuits/programs that are under synchronized regulation between
the mitochondrial and nucleic genes. This regulation is required in order to maintain
respiratory electron transport complexes and proteins that are required for physiological
functions of mitochondrial networks, such as oxidative phosphorylation, ionic homeostasis,
and mitochondrial uncoupling (thermogenesis). Most reports suggest that aging alters the
mitochondrial efficiency and thus cellular metabolism (Kelly, 2011; Sahin et al., 2011).
However, the detailed mechanisms are not completely understood (Bratic and Trifunovic,
2010).

We have recently documented an increased oxidative challenge in human muscle fibers in
response to exercise (Radak et al., 2011). Specifically, we found a sustained increase in
levels of ROS byproducts, lipid peroxidation and intrahelical 8-oxoguanine, and expression
of anti-oxidant enzymes including Cu,ZnSOD and MnSOD in muscles of sedentary young
and old subjects in response to acute physical activity. We also showed an increased activity,
by post-translational modification of 8-oxoguanine DNA glycosylases and apurinic/
apyrimidinic endonuclease-1, key repair proteins for excision and repair of 8-oxoguanine, in
the DNA base excision repair pathways (Radak et al., 2011). Moreover, the SIRT3
expression is increased with physical fitness levels as found in human muscle biopsies of
young but not old subjects. SIRT3 is a downstream target of PGC-1 and one of the regulators
of mitochondrial ROS production (Kong et al., 2010; Qiu et al., 2010) and apoptosis (Bell et
al., 2011). These observations and those by others suggest an oxidative stress response by
mitochondria to acute physical exercise (Davies et al., 1982). Mitochondrial biogenesis is a
very complex multifactorial process that involves nuclear and mitochondrial DNA-encoded
proteins, and requires activation of mitochondrial transcription factor A (TFAM) (Chow et
al., 2007; Scarpulla, 2008); nuclear respiratory factors (Nrfl, Nrf2) (Cartoni et al., 2005;
Chow et al., 2007; Scarpulla, 2008) cyclic AMP-activated protein kinase (AMPK)
(Sriwijitkamol et al., 2007) peroxisome proliferator-activated receptors (PPARS) and

Exp Gerontol. Author manuscript; available in PMC 2016 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bori et al.

Page 3

peroxisome proliferator activated receptor gamma coactivator 1-alpha (PGC-1a) (Arany,
2008; Scarpulla, 2008). Regular physical activity has been suggested to attenuate the
progress of aging, including mitochondrial biogenesis (Safdar et al., 2011). However, data
from human studies are limited. Moreover, age and physical activity dependent activation of
the most important gene expressions in mitochondrial biogenesis need to be investigated, in
order to properly evaluate role pre- and post translation processes. Human studies have a
number of limitations, including the small size of biopsy samples, but the level of gene
expression is important to study the efficiency of signaling pathways and protein synthesis.

The mitochondrial network is a dynamic system which can be altered by outer membrane
mitofusions 1 and 2 proteins (Mfn1 and Mfn2) (Westermann, 2010) and mitochondrial
fission proteins (FIS1 and 2) (Ding et al., 2010; Lee et al., 2007; Romanello et al., 2010;
Twig et al., 2008). Moreover, the activity of uncoupling proteins (UCPs) and polynucleotide
phosphorylase (PNPase) (Wang et al., 2010) also significantly impacts mitochondrial
function. The effect of aging and/or physical activity on the organization of the
mitochondrial network in human tissue is largely unknown. A single bout of exercise brings
about oxidative and metabolic challenge in skeletal muscle, while regular physical activity
result in a well characterized adaption to these challenges (Radak et al., 2009). Mitochondria
are highly dynamic organelles which fuse and divide, and translocate through microtubules
to more efficiently serve crucial cellular processes, such as respiration, heme biogenesis and
apoptosis among others (Otera and Mihara, 2011).

Therefore, in the present study we tested the hypothesis that most of the genes that are
involved in mitochondrial biogenesis and quality control would show decreased expression
with aging. We have postulated that regular physical activity attenuates the age-associated
impairments. Moreover, we suggested that a single bout of exercise would be a useful tool to
test the adaptive capability, which is believed to decrease with aging.

2. Methods

Twenty four apparently healthy men, volunteered to participate in the present study. A
written informed consent was signed by all participants regarding their participation after
being informed of all risks, discomforts and benefits involved in the study. Procedures were
in accordance with the Helsinki Declaration of 1975 and were approved by the ethical
committee of the University of Thessaly. Participants were assigned to one of four groups,
six subjects per group: a) young sedentary (YS, 26.0+4.5 yrs), b) young physically active
(YA, 30.2+7.9 yrs), c) old sedentary (OS, 63.4+4.7 yrs), and d) old physically active (OA,
62.4+2.9 yrs).

The consequences of physical inactivity were determined by: a) maximal oxygen uptake
(VOomax) Values. According to the American College of Sports Medicine Guidelines these
values are at the 20th percentile for their respective population (ACSM, 2005), b) physical
activity scores (<9.0 in the Modified Baecke Questionnaire) (Moorrips et al., 1991), c) which
further include a lower muscle capillarization rate, and d) a lower muscle cytochrome C
protein content. Chronic physical activity was evidenced by: a) VOymax>35 ml/kg/min for
old participants and >45 ml/kg/min for young participants — according to the American
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College of Sports Medicine Guidelines these values are at the 70th percentile of their
respective populations (ACSM, 2005), b) physical activity scores (>over 10.0 in the
Modified Baecke Questionnaire) (Moorrips et al., 1991), c) elevated muscle capillarization
rate compared to control levels, and d) and higher muscle cytochrome C protein content
compared to controls. The value of VO,max IS in a certain degree dependent on genetics
(Levine, 2008) and therefore, cannot definitively show the exact level of physical activity/
inactivity. However, it is one of the most accepted markers of aerobic physical fitness
(Abbott, 1994). Moreover, the inverse relationship between VO,max and mortality caused by
specific pathologies such as cardiovascular diseases and cancer in aging populations, reflects
the impact of VO,max 0N the quality of life and mortality in aged individuals (Ferreira et al.,
2003; Morss et al., 2004; Sawada et al., 2003; Timmons et al., 2010).

The daily physical activity score was measured by the “International Physical Activity
Questionnaire” (IPAQ) described by Craig et al. (2003). The daily step number of the
subjects was evaluated by pedometry (Omron pedometer HJ-720IT-E2 or HJ-720).

All participants were non-smokers, free of musculoskeletal problems and orthopedic/
neuromuscular limitations, had resting blood pressures below 140/85 mm Hg, received no
antihypertensive medications, had no signs of cardiovascular/respiratory complications at
rest and during a progressive diagnostic graded exercise test (GXT), had normal dietary
habits, and did not consume aspirin, antioxidant compounds (including vitamins and
minerals), certain medications (i.e., probucol, nebivolol, and anti-inflammatory agents) and
alcoholic beverages, at least two weeks prior to the study.

Participants visited the laboratory on three occasions. During the first visit, participants were
examined by a trained physician for limiting health complications. Percentage body fat was
calculated from seven skinfold measures (chest, midaxillary, triceps, subscapular, abdomen,
supraliac, and thigh), using a Harpenden caliper (Harpenden, HSK-BI, British Indicators,
UK) on the right side of the body (ACSM, 2005). Subcutaneous skinfold thickness was
measured sequentially, in triplicate, by the same investigator, using a standard technique
(ACSM, 2005). If readings differed by more than 0.2 mm, a third measure was taken and the
mean was recorded.

2.1. Exercise protocol

On the second visit, participants had their body height/weight and skin-folds measured and
also underwent a GXT to evaluate VOomax.

VO2peak was determined during a GXT on a treadmill as previously described (Fatouros et
al., 2004). All subjects completed the protocol. For most old subjects the exercise was
equivalent to intense walking and in some cases light jogging. These subjects were free to
RETIRE if they were tired or if there were signs of cardiac distress (based on EKG
recordings).

On the third visit, a single bout of exercise WAS included, initially, 45-min of running on the
treadmill at 70-75% of VO,max- After 45 min, speed was increased to PRODUCE 90% of
VO5max and exercise was terminated at exhaustion (Michailidis et al., 2007). A single bout
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of exercise to exhaustion was applied to induce significant oxidative and metabolic
challenges, which would allow for the testing of possible changes in the adaptive capacity of
aging and a sedentary life-style.

All subjects were restricted from exercise two days prior to the single bout of exercise test.

2.2. Biopsy sampling

During the third visit, participants underwent a submaximal treadmill exercise bout to
exhaustion. Muscle biopsies were collected before and immediately (about 10-15 min)
following exercise. Two muscle specimens (pre- and post-exercise), of approximately 100—
120 mg each were obtained from the Vastus lateralis of the same leg of each participant
using the needle biopsy technique (Bergstrom, 1962). The biopsies were obtained
approximately 20 cm from the mid patella of the right (dominant) leg with the application of
suction (Terzis et al., 2008a).

2.3. Real time quantitative RT-PCR

The samples were immediately frozen in liquid nitrogen and stored at =70 °C. RNA isolation
was performed using the Nucleospin® RNA/Protein kit in accordance with the
manufacturer’s instructions (Macherey-Nagel, Diiren, Germany). RNA concentration, purity
and integrity (RIN) were measured by Bioanalizer (Agilent Technologies, USA) and RNA
samples were stored at —70 °C. cDNA was synthesized using a cDNA Synthesis kit (Bioline,
Luckenwalde, Germany) in accordance with the manufactures’ instructions. Briefly, the
reaction conditions were as follows: 1 ug of RNA, 1ul of random primers, 0.5 mM dNTP, 1
pl of RNase inhibitor, and 0.25 pl of 200 p/uL reverse transcriptase in a final volume of 20
ul, incubated for 60 min at 42 °C. Based on the principle of the Sybr Green detection
method, EvaGreen® dye (Biotium, Hayward, CA, USA) was used to detect PCR products.

The thermal cycler instrument used was a Rotor-Gene 6000 (Corbett Research, Australia).
ImmoMix™ (Bioline, Luckenwalde, Germany) complete ready-to-use heat-activated 2x
reaction mix was used to amplify the target sequences. Only water, template, EvaGreen®
and primers were added (final volume of 50 L) and then pre-heated to 95 °C for 10 min.
The PCR conditions were as follows: 95 °C for 10 s, 60 °C for 15 s, and 72 °C for 20 s.

Human beta-actin gene served as an endogenous control gene. The validity of the signal was
evaluated by melting analysis and agarose gel electrophoresis. To eliminate the differences
in signal between different PCR runs, three control cDNAs were selected to validate the
samples of each run. The integrity, purity and concentration of the obtained ribonucleic acids
(RNAs) were determined with an Agilent 2100 Bioanalyzer. The absorbance ratio of the
RNAs solution at wavelengths 260 nm/280 nm ranged from 2.01 to 2.27, and at wavelengths
260 nm/230 nm ranged from 1.89 to 2.1. The RNA integrity numbers (RINSs) did not
indicate degraded RNA; RINs ranged from 7.1 to 8.9. The average value of these samples
served as a reference value to normalize all PCR runs. The following primers were used:
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Primers Sequences

H-FIS1-F ACCTGGCCGTGGGGAACTACC
H-FIS1-R AGTTCCTTGGCCTGGTTGTTCTGG
H-LONP1-2-F ATGGAGGACGTCAAGAAACG
H-LONP1-2-R GATCTCAGCCACGTCAGTCA
H-MFN1-F AGCTGGCTGTCTTGTACGTGTGT
H-MFN1-R TGTAGTGACATCTGTGCCTGGACTGT
H-NRF1-F CGCTCTGAGAACTTCATGGAGGAACAC
H-NRF1-R GCCACATGGACCTGCTGCACTT
H-PNPT1-F ACCGCTCTTTCCAGCTGGCTACT
H-PNPT1-R GAGAGGGCTACGGAAGCGCCA

H-PPARGC1A(PGC-1a)-F GTGAAGACCAGCCTCTTTGC
H-PPARGC1A(PGC-1a)-R TCACGTCTCCATCTGTCAGC

H-PRKAA2-F CGCCTCTAGTCCTCCATCTG

H-PRKAA2-R AGCTCGGTAAACTTCAGCCA
H-PRKAB2-F AAAGATTCAAATCCCCACCC
H-PRKAB2-R TCAGCCTTCCAGTCTCAGGT

H-PRKAG1-F CCACAAGCTCCAAATTGGTT
H-PRKAG1-R GCAGACAAGCGGTTTAAAGG
H-PRKAG2-F GAAGCAGAACCTGGATGAGC
H-PRKAG2-R TGCTTCATTTACCACCACCA

H-PRKAG3-F TTGTCATTTCAAGGCTGCTG

H-PRKAG3-R GCACAAGTCTCTTGCCACAA

H-SIRT1-F TGCGGGAATCCAAAGGATAATTCAGTGTC
H-SIRT1-R CTTCATCTTTGTCATACTTCATGGCTCTATG
H-SIRT3-F GTCGGGCATCCCTGCCTCAAAGC
H-SIRT3-R GGAACCCTGTCTGCCATCACGTCAG
H-UCP3-F GAGGAGGAGGGATTCTGGTC

H-UCP3-R CAGGGCTTCTTTAGCACAGG

H-TFAM-F TGCCTCATCCACCGGAGCGA

H-TFAM-R CACAAAACTGAAGGGGGAGCGCA

2.4. Activity assay

Cytochrome ¢ (COX) oxidase activity was measured in muscle homogenates as previously
described (Rooyackers et al., 1996). The activity of citrate synthase (CS) was assessed as
reported earlier (Radak et al., 2000). Measurement of the capillary density (capillaries/mm?)
was performed with an image analysis system (ImagePro; Media Cybernetics, Inc.,
Bethesda, Md.) at a known and calibrated magnification as previously described (Terzis et
al., 2008b).
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2.5. Statistical analyses

Statistical significance was assessed by the General Linear Model — Nested design
ANOVA, followed by Duncan’s post hoc test. The significance level was set at p<0.05.

3. Results

3.1. Physiological data of the subjects

3.1.1. YS vs OS—The body fat content of old sedentary individuals was higher than
that of young subjects (p<0.05). The daily physical activity scores, judged by a questionnaire
specifically designed for this purpose, showed that for aged individuals the rate of physical
activity was decreased significantly (Table 1). Accordingly, the VO,max levels also showed
(p<0.05) lower values for the aged subjects (Fig. 1).

3.1.2. YA vs OA—Regular physical activity increased VO,max levels to a larger degree
in young (p<0.01) than in older age (p<0.05, Fig. 1). However, when the percentage
differences between the sedentary and active groups were evaluated, the aged active
individuals show greater differences from the sedentary values than young subjects. These
differences are due to standard deviation in the groups. These data further suggest that even
in older age VO,max Can be maintained by regular physical activity.

The comparisons of YS to YA and OS to OA revealed that active individuals in both age
groups had decreased body mass and body fat, and increased METS (Table 1). COX activity,
CS activity and the rate of capillarization were all increased in both age groups as a result of
regular physical activity (Table 1).

As expected, old physically active subjects had higher levels of body mass, body fat and
body mass index, but lower levels of daily physical activity, as expressed by the metabolic
equivalent of tasks ((METS) Table 1).

The assessment of VOomax levels showed that regular physical activity increased VOymax in
both age groups (Fig. 1). However, the data also revealed that VOop,x Values are much
lower than those found for athletes or master athletes, underscoring that the load of physical
activity used in this study was moderate.

3.2. Gene expression levels

3.2.1. YS vs OS—Significant differences were not observed in the mRNA levels of
young and old sedentary individuals for SIRT1, PGC-1a, AMPK subunits, TFAM, Fisl,
Mfn1, and Lon protease (Figs. 2-7). On the other hand, aged individuals showed elevated
expression of NRF1 (p<0.01, Fig. 4A) and depressed levels of PNPase and UCP3 expression
(p<0.01, Fig. 6).

3.2.2. YA vs OA—The evaluation of mRNA levels of YA and OA subjects showed no
differences in PGC1-a, AMPK isoforms, NRF1, Fisl, Mfnl, PNPase, Lon protease and
UCP3 (Figs. 1-7). The expression of SIRT1 was elevated in OA compared to YA (Fig. 2A),
whereas the expressions of TFAM (Fig. 4B), and SIRT3 were lower in OA (Fig. 7B).
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Young subjects who were involved in regular physical activity were found to have elevated
NRF1, TFAM, FIS1 and SIRT3 mRNA levels compared to sedentary young individuals
(Figs. 4,5A), while the PNPase expression was decreased in active subjects (Fig. 6A). No
differences were found in the expression of SIRT1, PGC-1a, AMPK, Mfnl and Lon protease
mRNA levels (Figs. 2, 3, 5B and 7A).

3.2.3. YS vs YSSE—For young sedentary subjects, a single bout of exercise increased
the MRNA levels of SIRT1and AMPK subunit2 (Figs. 2A, 3A), had no effect on the levels of
PGC-1a, AMPK subunitB2, PNPase, UCP3 and Lon protease (Figs. 2B, 3B, 6, 7A), but
significantly decreased NRF1, TFAM, Fisl, Mfn1, and SIRT3 expression levels compared to
young physically active control values (Figs. 4, 5, 7B).

3.2.4. YA vs YASE—For young active individuals, a single bout of exercise significantly
increased the expressions of SIRT1, PGC-1a, AMPK subunit A2, B2, maintained the
expressions of TFAM, Fis1, UCP3, Lon protease, SIRT3, and decreased the mRNA levels in
NRF1, Mfnl and PNPase compared to young sedentary controls (Figs. 1-7).

3.2.5. OS vs OSSE—The mRNA levels of old sedentary subjects, after a single bout of
exercise, were found to increase expressions of SIRT1 and AMPK subunit A2 (Figs. 2, 3A),
maintain the levels of PGC-1a, AMPK subunit B2, TFAM, PNPase, UCP3, Lon protease,
SIRT3 (Figs. 2, 3B, 4B, 6, 7) and decrease expression of NRF1, Fisl and Mfnl mRNA
levels (Figs. 4A, 5), compared to those found for old sedentary control subjects.

3.2.6. OA vs OASE—mRNA expression levels for old physically active subjects, after
an acute exercise bout, demonstrated an increase in AMPK subunit A2 and PNPase
expressions (Figs. 3A, 6A), maintained levels of SIRT1, PGC-1a, AMPK subunit B2,
TFAM, Mfnl, UCP3, Lon protease and SIRT3 (Figs. 2, 3B, 4B, 5B, 6B, 7), but decreased
NRF1 and Fisl1 expression levels compared to control values (Figs. 4A, 5A).

4. Discussion

One of objectives of this investigation was to study the effects of regular physical activity on
young and old individuals and to ascertain whether moderate levels of physical activity
could affect physiological parameters and the expression of mitochondrial biogenesis related
genes. The data revealed that regular physical activity decreases body fat, BMI when
compared to sedentary age-matched groups, and increases the level of VOyax in both age
groups. Mitochondrial function closely affects VO,may (di Prampero, 2003), that is the level
is inversely related to mortality in aged individuals (Radak et al., 2010; Timmons et al.,
2010). In the present study a strong correlation between VOomax and TFAM (r=0.7397,
p<0.01) was found and this fits well with previous evidence that elite athletes have a higher
level of TFAM expression than moderately trained individuals (Norrbom et al., 2010),
suggesting that TFAM expression levels could impact aerobic endurance. Interestingly
enough, other measured genes did not show a relationship with VOomax.

Skeletal muscle readily responds to metabolic challenges (exercise/inactivity) and the
plasticity of mitochondria is one of the key factors in this adaptability (Ljubicic et al., 2010).
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Increased numbers of mitochondria could result in an enhanced ATP supply, lower levels of
ROS generation, and a more efficient signaling process (Holloszy, 2008; Koopman et al.,
2010).

Therefore, we studied the expression profile of some key aspects of mitochondrial
biogenesis involved genes as a result of aging. Our finding that aging increases the
expression of NRF1 in human skeletal muscle is in accordance with earlier observations
(Lezza et al., 2001). NRF1 is a proximal promoter of a number of mitochondrial genes
involving some of the oxidative phosphorylation-related components, as well as the
expression of TFAM (Scarpulla, 2008). NRF1, among other targets, activates antioxidant
enzymes, and the Mn-SOD gene has been shown to be upregulated with aging (Radak et al.,
2011). TFAM is also a downstream target of NRF1. However, the expression of TFAM did
not change with aging in the present study, suggesting that this pathway could be attenuated
by aging NRF-1 silencing suppresses target genes to mitochondrial biogenesis (Cam et al.,
2004), although NRF-1 alone is not sufficient to stimulate mitochondrial biogenesis.
Therefore, the decreased activities of COX and CS demonstrate that, with aging,
mitochondrial function is decreased, and this is supported by the lack of simultaneous
induction of NRF1 and TFAM. However, the fact that regular physical activity decreased the
gap in VO2omax and mitochondrial density related protein, such as CS and COX activity,
between young control and aged active groups, implies that regular physical activity could
attenuate the age-associated decline in important physiological functions.

Recent evidence suggests that PNPase plays an important role in mitochondrial biogenesis
by regulating the transport of nuclear DNA coded RNAs into the mitochondrial matrix
(Wang et al., 2010). PNPase is important for the homeostasis of mitochondria (Chen et al.,
2006) and can induce cellular senescence (Sarkar et al., 2005). Ablation of PNPase leads to a
significant drop in enzymatic activities of respiratory complexes and decreased ATP
production, leading to activation of AMPK phosphorylation (Chen et al., 2006). PNPase
knockdown results in impaired mitochondrial membrane potential, which can readily affect
fusion and fission (Chen et al., 2005). Interestingly, over expression of PNPase could also be
harmful to cells, since it can cause increased production of ROS and inflammation (Sarkar et
al., 2004). Thus, both up and down regulation of PNPase could impair cell function
(Hayakawa and Sekiguchi, 2006). In this study we have found significantly lower expression
levels of PNPase in aged individuals. This could be due to the reduction of membrane
potential that occurs with aging (Sastre et al., 2003). However, the very different response of
young and old individuals, in terms of PNPase expression, to exercise bouts or regular
physical activity, complicates the evaluation of these data.

Recent findings suggest that SIRT3 is important to reduce oxidative stress (Kong et al.,
2010; Qiu et al., 2010) and the induction of SIRT3 in young subjects could indicate an
adequate response to exercise-associated oxidative challenge, while the lack of response in
aged groups could indicate that SIRT3 related adaptive response is decreased as a result of
aging. This observation could be in accordance with the fact that SIRT3 gene is implicated
in longevity of humans (Rose et al., 2003).
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Besides measuring important genes in the biogenesis of mitochondria we also measured
genes which are involved in the quality control of the mitochondrial network.

Fisl is one of the key proteins required for mitochondrial fission (Romanello et al., 2010).
Fisl silencing has been shown to result in increased levels of oxidized proteins in the
mitochondria, due to decreased mitochondrial autophagy (Twig et al., 2008). Fis1 mRNA
and protein levels increase readily in skeletal muscle of rats (Ding et al., 2010), in response
to a single bout of exercise. Moreover, it appears that mitochondrial fission could play a
preventive role in cellular senescence by down-regulating mitochondrial elongation (Lee et
al., 2007). Therefore, the present finding that regular physical activity increases Fisl
expression in young but not in old subjects, is important, and points out that aging could
impair the adaptive response of mitochondrial fission to regular physical activity.

Accordingly to our knowledge, this is the first study on the effect of exercise on
mitochondrial fission and fusion in human skeletal muscle. It is important to clarify this
finding by making additional measurements of protein levels.

Aging might impair adaptive capability. Therefore, we monitored how aging and chronic
physical activity influence the adaptive response to mild oxidative challenge as induced by a
single bout of exercise. In young groups, a single bout of exercise increased the expression
of four measured genes (SIRT1, PGC-1a, AMPK A2 and B2 subunits) while in aged
subjects only SIRT1 and AMPK A2 subunits were induced. This finding strongly indicates
that in young individuals the mitochondrial biogenesis-related genes were readily activated,
while with aging, this response was attenuated. NRF1 and Mfn1 genes were decreased in
both age groups by the acute exercise, and in old groups the Fisl expression also decreased.
Fusion enables mitochondria to mix their contents within interconnected mitochondrial
reticula in order to minimize abnormalities. Fission on the other hand segregates
mitochondria from the network, especially abnormal and damaged units, to facilitate their
removal by autophagy (Benard and Karbowski, 2009). Well-coordinated fusion and fission
minimize the formation of giant mitochondria and dysfunctional mitochondria. Indeed, cells
which are unable to remove damaged mitochondria, due to the ablation of Fis1, show
senescence-associated phenotypic changes (Lee et al., 2007). The different responses of Fisl
in young and old individuals to regular physical activity and acute exercise might be
important, and could indicate that the mitochondrial fission-associated quality control is
impaired with aging. Besides the elimination of damaged mitochondrial particles, fission is
important to the adequate distribution of mitochondria, based on the local ATP need (Otera
and Mihara, 2011).

The other striking difference to the response of acute exercise was observed for the PNPase
gene. It has been suggested that oxidative stress decreases the expression of PNPase
(Hayakawa and Sekiguchi, 2006). However, there is a lack of relationship between 8-
oxoguanine levels in DNA (Radak et al., 2011) and PNPase activity expression for these
subjects. Noting the important role of PNPase in mitochondrial function (Wang et al., 2010)
and the enigma of the results for this enzyme, suggests a need for further study to
appropriately define the role of PNPase in aging and its possible link to the quality control
regulators of mitochondrial biogenesis and fusion/fission.
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The data from this study suggest that aging slightly affects the gene expression profile of
mitochondrial biogenesis and quality control genes. Moderate levels of regular physical
activity improve VO,max, decrease body fat and BMI, and increase a larger number of
mitochondrial biogenesis-related gene expressions in young individuals than in aged
subjects.

However, physically active individuals, show similar levels of VOomax, and mitochondrial
density, as judged from the activity of CS and COX, than young inactive subjects,
emphasizing the importance of regular physical activity to decelerate the aging process.
Aging decreases the adaptive response of mitochondrial biogenesis-related gene expression
to regular physical activity and to a single bout of exercise. Mitochondrial fission appears to
be impaired by aging, at least at the level of gene expression, and to be one of the most
sensitive markers of the age-associated decline in adaptive responses to physical activity.
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Fig. 1.

V(g)zmax data for the subjects. Regular physical activity increased the VOymax in both age
groups, and aged subjects have significantly lower levels of VO,max. Values are means+SD
for six subjects per group. * p<0.05, ** p<0.01. YS: young sedentary, YA: young physically
active, OS: old sedentary, OA: old physically active.
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Fig. 2.
MRNA expression of SIRT1 and PGC-1a. A single bout of exercise significantly increased

the expression of SIRT1 in the young sedentary group and tended to show an increase in the
active group. Similarly to SIRT1, PGC-1a only increased in YSSE group and differences
were found between YSSE and OSSE groups. Values are means+SD for six subjects per
group. * p<0.05, ** p<0.01. YS: young sedentary, YSSE: young sedentary with a single
bout of exercise, YA: young physically active, YASE: young physically active with a single
bout of exercise, OS: old sedentary, OSSE: old sedentary with a single bout of exercise, OA:
old physically active, OSSE: old physically active with a single bout of exercise.
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Fig. 3.
Expression of AMP-Kinase A2 (A), B2-subunit (B). Among the measured five isoforms of

AMPK, significant alterations were found only in the expression of A2 and B2 subunits. *
p<0.05, ** p<0.01. Values are means+SD for six subjects per group. YS: young sedentary,
YSSE: young sedentary with a single bout of exercise, YA: young physically active, YASE:
young physically active with a single bout of exercise, OS: old sedentary, OSSE: old
sedentary with a single bout of exercise, OA: old physically active, OSSE: old physically
active with a single bout of exercise.
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Fig. 4.

The mRNA level of NRF1 (A), TFAM (B). NRF1 expression was induced with aging, and
physical activity in the young groups, and down-regulated by a single bout of exercise in
both age groups. TFAM was induced by physical activity in the young group, but this
change was not seen in the aged group. Values are means=SD for six subjects per group. *
p<0.05, ** p<0.01. YS: young sedentary, YSSE: young sedentary with a single bout of
exercise, YA: young physically active, YASE: young physically active with a single bout of
exercise, OS: old sedentary, OSSE: old sedentary with a single bout of exercise, OA: old
physically active, OSSE: old physically active with a single bout of exercise.
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Fig. 5.

mgNA levels of FIS1 and Mfn1 transcription factors. Regular physical activity increased the
expression of FIS1 in young and old groups, while a single bout of exercise decreased the
expression of FIS1 in young active and old sedentary and old active groups. The Mfnl
expressions were decreased by a single bout of exercise in young and old subjects. Values
are means=SD for six subjects per group. * p<0.05, ** p<0.01. YS: young sedentary, YSSE:
young sedentary with a single bout of exercise, YA: young physically active, YASE: young
physically active with a single bout of exercise, OS: old sedentary, OSSE: old sedentary with
a single bout of exercise, OA: old physically active, OSSE: old physically active with a
single bout of exercise.
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Fig. 6.

E)?pression of PNPase (A) and UCP3 (B) in human skeletal muscle. Aging significantly
decreased the expression of PNPase. Moreover, both a single bout of exercise and regular
physical activity decreased the mRNA content of PNPase in the young groups. On the other
hand, the expression levels increased in OA and OASE groups. Significant differences were
not observed in UCP expression among groups. Values are meansSD for six subjects per
group. * p<0.05, ** p<0.01. YS: young sedentary, YSSE: young sedentary with a single
bout of exercise, YA: young physically active, YASE: young physically active with a single
bout of exercise, OS: old sedentary, OSSE: old sedentary with a single bout of exercise, OA:
old physically active, OSSE: old physically active with a single bout of exercise.
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Fig. 7.

Tr?e levels of Lon protease (A) and SIRT3 (B) mRNA. The mitochondria localized Lon
protease MRNA levels were not altered in the examined groups, while the mRNA levels of
SIRT3 increased with regular physical activity in the young group. Values are means+SD for
six subjects per group. * p<0.05, ** p<0.01. YS: young sedentary, YSSE: young sedentary
with a single bout of exercise, YA: young physically active, YASE: young physically active
with a single bout of exercise, OS: old sedentary, OSSE: old sedentary with a single bout of
exercise, OA: old physically active, OSSE: old physically active with a single bout of
exercise.
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Table 1
Young Old
Sedentary Active Sedentary Active
VOamax (Mlfkg/min) 35.9+4.713 51.8+7.904 25.1%3.023 37.1%2.924
Exercise time (min) 47.8+2.01 53.2+1.01 45.8+2,72 48.2+2,42
Capillarization (cap/fiber) 1540213 1.8+0.0624 1.2¢0123 15+0.224
Citrate synthase(umol/min/g) 25.1+2.6L3 39.4+3.3L4 12.3+1.623 26.9+4.724
Cytochrome C oxidase activity (umol/min/g tissue) 8.5+0.7L3 16.2+0.9L4 6.4+0.523 11.9+0.724
Physical activity score (METS/day) 8935+173.603  2951.8+381.414 5257492423  2500.8+315.124
Steps/day 7916.24325.113  16.820.4+895.614  4855.9+414.723  12.365.8+649.124

1 R . .

Denotes significant difference between young sedentary and young active at p<0.05.
2 S . .

Denotes significant difference between old sedentary and old active at p<0.05
3Den0tes significant difference between the two sedentary groups at p<0.05.

4 S . .
Denotes significant difference between the two active groups at p<0.05.
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