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Abstract

Exercise has been shown to modify the level/activity of the DNA damage repair enzyme 8-
oxoguanine-DNA glycosylase (OGG1) in skeletal muscle. We have studied the impact of regular
physical training (8 weeks of swimming) and detraining (8 weeks of rest after an 8-week training
session) on the activity of OGGL1 in the nucleus and mitochondria as well as its targeting to the
mitochondrial matrix in skeletal muscle. Neither exercise training nor detraining altered the
overall levels of reactive species; however, mitochondrial levels of carbonylated proteins were
decreased in the trained group as assessed by electron spin resonance and biochemical approaches.
Importantly, nuclear OGG1 activity was increased by daily exercise training, whereas detraining
reversed the up-regulating effect of training. Interestingly, training decreased the outer-membrane-
associated mitochondrial OGGL1 levels, whereas detraining reversed this effect. These results
suggest that exercise training improves OGG1 import into the mitochondrial matrix, thereby
increasing OGG1-mediated repair of oxidized guanine bases. Taken together, our data suggest that
physical inactivity could impair the mitochondrial targeting of OGG1; however, exercise training
increases OGG1 levels/activity in the nucleus and specific activity of OGG1 in mitochondrial
compartments, thereby augmenting the repair of oxidized nuclear and mitochondrial DNA bases.
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Reactive oxygen species (ROS) generated both endogenously and exogenously induce
oxidative DNA damage, along with oxidation of lipids and proteins. Whereas oxidized lipids
and proteins are degraded by cellular processes, organisms repair DNA damage. Nearly all
ROS-induced DNA lesions (except double-strand breaks) are repaired via the DNA base
excision repair (BER) pathway [1,2]. BER processes are initiated by the excision of the
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damaged base by a specific DNA glycosylase, followed by cleavage of the DNA strand at
the abasic site (s). Major mammalian DNA glycosylases for repair of oxidized bases include
8-oxoguanine (8-0xoG) DNA glycosylase (OGG1), NTH1 (the functional counterpart of
Escherichia coli Nth, an endonuclease 111 homolog), and the E. coli MutY homolog MYH
[3,4]. OGG1 primarily removes oxidized purines (8-oxoG and FapyG) from DNA. NTH1
preferentially removes oxidized pyrimidines, and MYH excises the misincorporated A
opposite 8-0xoG during DNA replication [5].

8-Oxoguanine is one of the most frequently generated oxidative base lesions within DNA,
owing to guanine’s lowest redox potential among the nucleic acid bases. When 8-0xoG
lesions are not removed they have the potential to mispair with adenine, resulting in a G:C to
T:A transversion [6]. OGGL1 level/activity is thought to be differentially regulated in the
nuclear and mitochondrial compartments, and nuclear OGG1 activity has been shown to stay
the same or decrease, whereas mitochondria-associated OGG1 activity actually increases,
during aging in liver [7]. The OGGL1 gene encodes two major alternatively spliced mRNA
forms (based on their last exon) that encode OGG1la (nuclear form) and OGG1B
(mitochondrial form) [8].

Recent studies have revealed that aging causes impairment of OGG1p targeting into the
mitochondrial matrix and that a transfer complex of outer-membrane-associated OGG1p is
also isolated with purified mitochondria [9,10]. These findings suggest that overall levels of
OGG1p activity could include outer mitochondrial membrane-associated OGG1p and
OGG1 that internalized into the matrix for repair of mitochondrial DNA (mtDNA) [9,10].
Recently, we have shown that the activity of OGGL1 is different in red and white skeletal
muscle and that exercise training decreases the activity of OGG1p in the mitochondrial
matrix, whereas it increases the activity of OGG1la [11]. We also showed decreased 8-0xoG
content in the nuclear and mitochondrial DNA of hepatocytes, whereas the activity of OGG1
was different in these cell compartments [12].

Mitochondria are essential organelles in ATP synthesis and by default generate significant
quantities of ROS owing to the escape of electrons during oxidative phosphorylation [13—
16]. It has been shown that the oxidative damage to mtDNA is higher than that observed for
nuclear (n) DNA, partly owing to its close proximity to the site of ROS generation and lack
of protecting histones [17-19]. It is also possible that a less efficient DNA repair system in
mitochondria contributes to a greater accumulation of oxidatively damaged bases of mtDNA
compared to nDNA, as documented previously [20-22]. Exercise, especially acute/sudden
physical activity, has long been known to increase the levels of tissue ROS and the
abundance of oxidized proteins, lipids, and DNA bases, as well as inducing the expression
of shock/stress proteins [23-28].

In this study, using a rat model we have tested the effects of regular daily exercise training
on tissue ROS levels by electron spin resonance (ESR) spectroscopy and molecular
approaches. We determined nuclear and mitochondrial OGG1 activities in rat skeletal
muscle tissue as a function of exercise and mitochondrial targeting of OGG1p. Our data
show that daily exercise results in adaptation to increased oxidative stress and a more
efficient matrix targeting of OGG. for repair of 8-0x0G in both the nuclear and the
mitochondrial compartments.

Materials and methods

Animals

Twenty-one male Wistar rats (13 months of age) were used in the study and were cared for
according to the Guiding Principles for the Care and Use of Animals based upon the
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Helsinki Declaration of 1964. The study was approved by the Animal Welfare Committee of
Semmelweis University. Seven rats were randomly assigned to each of three groups: control
(C), exercise trained (ET), and exercise trained/detrained (DT). ET and DT rats were
subjected to swimming exercise for 8 weeks. Water temperature was maintained at 32°C and
swimming duration was 60 min per day, 5 days a week for 4 weeks. For the remaining 4
weeks of exercise the duration was increased to 120 min a day for 5 days a week. After 8
weeks of exercise training the DT group was detrained for an additional 8 weeks. At the
time of death, the ET group was 15, the C group 16, and the DT group 17 months of age.
Importantly, we allowed 48 h to elapse between the last training session and sacrifice for the
animals in the ET group to be able to exclude the effects of the final exercise session. Thus,
we were able to study the impacts of regular daily exercise, rather than the acute effects of a
single exercise. The animals were killed by decapitation and the red part of the quadriceps
muscle was quickly removed and stored at —80°C.

Assessment of lipid peroxides and glutathione level

Malondialdehyde (MDA) concentrations from cytosolic and mitochondrial fractions of the
skeletal muscle samples were assessed by using a commercial kit (Bioxytech MDA 586;
Oxis International, Foster City, CA, USA) according to the manufacturer’s
recommendations. Data were normalized to the protein concentration. Total glutathione
(GSH and GSSG) was measured in 100-pl samples gained from supernatants and
mitochondrial extracts by recording the formation of 2-nitro-5-thiobenzoic acid at 412 nm
(25°C) in a spectrophotometer (Genesys I1) in the presence of 0.25 mM 5,5'-dithiobis-(2-
nitrobenzoic acid), 0.4 mM NADPH, and 2 U type |11 glutathione reductase (Sigma, St.
Louis, MO, USA). GSSG was determined by derivatizing 150-ul samples of supernatant
with 3 pl of undiluted 2-vinylpyridine and assaying 100-pl aliquots of the derivatized
sample as described for total GSH. Measured concentrations of GSH and GSSG were
expressed per gram of wet tissue weight and as GSH:GSSG ratio.

Electron paramagnetic resonance

The electron paramagnetic resonance (EPR) measurements were carried out as previously
described by [29]. In brief, the measurements were conducted with an X-Band computer-
controlled EPR spectrometer constructed by Magnettech GmbH (Berlin, Germany).
Approximately 100 mg of muscle was frozen into a rod-shaped form and spectra of the
samples were recorded at 77 K using a quartz finger Dewar flask filled with liquid nitrogen.
Instrument settings were 100 kHz modulation frequency, 0.7050 mT modulation amplitude,
18 mW microwave power, 1 min scan time, and 20.63 mT field sweep. For evaluation, a
method of double integration of the EPR signals with Mn/MnO as an internal standard was
used, and the data were expressed in arbitrary units.

Preparation of nuclear and mitochondrial fractions

The samples of the red portion of the quadriceps muscle were homogenized in buffer (HB)
containing 20 mM Tris (pH 8.0), 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM spermidine,
0.5 mM spermine, 50% glycerol, and protease inhibitors. The nuclear and mitochondrial
fractions were separated by differential centrifugation. To prepare nuclear fractions, the hom
ogenate was centrifuged at 1000 g for 10 min at 4°C, and the pellet was suspended in HB
and recentrifuged. Then, the pellet was resuspended in HB with 0.5% NP-40 and
centrifuged. Next, the pellet was washed twice in HB. After centrifugation, the final nuclear
pellet was rocked for 30 min after the addition of a 1/10 (vol/vol) volume of 2.5 M KCI and
centrifuged at 14,000 rpm for 30 min. The supernatant was divided into aliquots and stored
at —80°C. The protein levels were measured using the BCA method. For the isolation of
mitochondria, the supernatant from the first centrifugation was recentrifuged at 14,000 g for
30 min at 4°C. Then, the pellet was resuspended in HB (containing 200 mM sucrose and 50
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mM mannitol) and recentrifuged three times. The pellet was suspended in 0.5 ml HB. The
final mitochondrial pellet was suspended in HB containing 0.5% Triton X-100 and was kept
on ice for 20 min. Protein concentrations were determined using the BCA method.

8-Ox0G excision assay

The assay was carried out according to the protocol described by [30]. In brief, 20 pmol of
synthetic substrate containing 8-oxodG (Trevigen, Gaithersburg, MD, USA) were labeled
with 32P at the 5’end using polynucleotide T4 kinase (Boehringer Mannheim, Mannheim,
Germany). For the nicking reaction, protein extract (2 pg) was mixed with 20 ul of reaction
mixture containing 0.5 M N-(2-hydroxyethel) piperazine-N’-(ethanesulfonic acid), 0.1 M
EDTA, 5 mM dithiothreitol, 400 mM KCI, purified BSA, and labeled probe (approximately
2000 cpm). The reaction was carried out at 30°C for 15 min and stopped by placing the
mixture in ice. Next, 30 ul chloroform was added, samples were centrifuged, and 15 ul of
the aqueous layer was mixed with loading buffer (90% formamide, 10 mM NaOH, and 10%
blue-orange dye). After 3 min heating at 95°C, samples were chilled and loaded into
polyacrylamide gel (20%) with 7 M urea and 1x TBE and run at 400 mV for 2 h.
Radioactive signals of the cleavage product of the labeled substrate were quantified using a
STORM bioimaging analyzer (Molecular Dynamics, Sunnyvale, CA, USA) loaded with
ImageQuant software. The OGG1 8-oxodG-repair activity was determined and expressed as
a percentage of the substrate cleaved [11,31].

Trypsin treatment of mitochondria and Western blots

Purified mitochondria (1 mg/ml) were resuspended in a buffer containing 10 mM Hepes—
KOH (pH 7.4), 250 mM sucrose, 0.5 mM EGTA, 2 mM EDTA, and 1 mM DTT and treated
with trypsin (10 pg/ml) for 20 min at room temperature, followed by the addition of an
equivalent amount of bovine trypsin inhibitor to stop proteolysis [9]. Then the trypsin- and
mock-treated samples were lysed and equal amounts were loaded into SDS—polyacrylamide
gel, electrophoresed, and then transferred to PVDF membranes. Membranes were probed by
anti-OGG1 antibody (Ab; Alpha Diagnostic, San Antonio, TX, USA). The binding of
primary Abs was detected with horseradish peroxidase-conjugated secondary Ab (1:2000;
anti-mouse or anti-rabbit 1gG—horseradish peroxidase; Amersham Pharmacia, Arlington
Heights, IL, USA). Subsequently, membranes were washed and incubated in ECL reagent
(Amersham Pharmacia). Chemiluminograms were analyzed by using IMAGEQUANT
software (Molecular Dynamics). The oxidative modification of amino acid residues of
mitochondria was measured by the level of carbonyl derivatives using Western blot as
described previously [31].

Statistical analyses

Results

The statistical significance between groups of animals was expressed as meanzstandard
deviation (SD), calculated using one-way analysis of variance, followed by Scheffe’s post
hoc test. Significance level was set at p<0.05.

Physical activity without prior training enhances cellular oxidative stress levels and,
consequently, levels of oxidatively damaged molecules including proteins, lipids, and DNA
bases [17-21]. Here we tested whether regular daily exercise will result in tissue adaptation
to oxidative stress at the level of activity and targeting of the repair protein OGG1. Our
results show that 16 weeks of daily physical exercise did not significantly alter the overall
levels of ROS in the skeletal muscle of animals, as assessed by ESR (Figs. 1A and B).
Oxidative stress levels were similar to those of the control group and of the trained animals
whose exercise was terminated for 8 weeks. To confirm the data generated by ESR, we
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determined the level of malondialdehyde as well as the GSH:GSSG ratio in lysates of
muscle tissue. As shown in Figs. 2A and B, there were no significant differences in
oxidative damage to lipids and the GSSG:GSH ratio did not change among controls and
groups of animals subjected to daily physical exercise or detraining.

Because overall levels of ROS in a tissue do not ultimately mean that the free radical level is
unaltered in the cellular compartment, we determined changes in the GSSG:GSH ratio,
MDA, and protein carbonyl levels of mitochondrial lysates. Significant differences were not
found in the level of MDA or GSSG:GSH ratio (Figs. 3A and B); in contrast, data from
Western blot analysis showed that mitochondrial levels of carbonylated proteins were higher
in control and detrained animals (8 weeks after physical exercise was terminated) compared
to those adapted by daily exercise (trained). Especially, proteins in the low-molecular-
weight range accumulated less oxidative damage in mitochondria from animals trained daily
(Figs. 4A and B). These data are in line with previous publications documenting that acute
exercise increased oxidative stress levels and induction of shock/stress proteins [23-25].
Whether decreased levels of protein carbonyl in the adapted exercise group mean efficient
removal of damaged molecules or less generation of ROS is the focus of future
investigations.

8-Ox0oG is one of the most frequently generated oxidatively damaged DNA base lesions;
therefore it is a sensitive measure of oxidative overload of cells/tissues. Here we determined
whether OGG1 activity (8-0xoG repair assay) was different in nuclei and mitochondria from
the muscle of trained, detrained, and control animals. Our data in Figs. 5A and B) showthat
daily training of animals resulted in a statistically significant increase in OGGL1 activity in
the nuclear lysate (p<0.05). Eight weeks after the training was terminated (detrained group)
there was no significant difference in OGGL1 activity in the nucleus compared to control (no
physical exercise). Surprisingly, total OGG1 activity was decreased in mitochondrial lysates
from animals subjected to daily physical exercise/training (p<0.05). In contrast, a higher
total OGG1 activity was observed in the mitochondrial lysates isolated from muscle of
animals subjected to rest for 8 weeks (detrained) and in controls (Figs. 6A and B).

It has been shown that elevated levels of ROS (such as occur during the aging process)
result in impaired transport of OGG1p into the mitochondrial matrix [13,14]. Thus, we
asked whether the higher overall mitochondria-associated OGG1 activity was due to
increased levels of outer-membrane-attached OGG1. As we expected, trypsin treatment of
mitochondrial suspensions lowered levels of OGGL1 in the untrained (control) and in
detrained animals (lacking training for 8 weeks) compared to those animals subjected to 16
weeks of daily training (Fig. 7A). These observations indicate that significant amounts of
OGG1 were attached to the outer membranes of the mitochondria from physically inactive
animals. These findings suggest that daily physical exercise training improved the import of
OGGL1 into the mitochondrial matrix. To test this hypothesis, we assayed lysates of
mitochondria +/— trypsin treatment for their 8-0xoG incision activity. We found that OGG1
activity in the mitochondrial lysate frommuscles of animals trained dailywas significantly
higher than that of control or detrained animals (Fig. 7B). How daily physical exercise
lowers levels of OGG1 in parallel with increased mitochondrial OGG1 activity is the focus
of our present investigation.

Discussion

Physical exercise augments the generation of reactive species in skeletal muscle, resulting in
oxidative stress. ROS modulate gene expression via redox-sensitive transcription pathways,
which has been suggested to be involved in the processes of training adaptation [26].
Adaptation of musclesT antioxidant defense against oxidative stress conditions represents a
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potential mechanism responsible for skeletal muscle tolerance of exercise-induced oxidative
damage and altered signaling. Here, we show data on adaptive responses at the level of
activity of the DNA repair system and cellular processes that target OGG1 to the site of
DNA damage. The data from this study show that regular daily physical exercise increases
the incision activity of OGG1 in the nucleus and mitochondria. Remarkably, daily exercise
led to a decrease in OGG1 level in the mitochondria without sacrificing efficient 8-oxoG
repair. Although these data are seemingly contradictory, they are in accordance with our
previous studies [11,12]. Thus our data suggest that training adaptation exists at the level of
base excision DNA repair that ensures the sequence fidelity of DNA during exercise-
induced stress conditions in muscle.

We have evaluated the impact of regular daily exercise on the oxidative status of muscle
tissue. To our surprise, at the tissue level there were no significantly increased ROS levels
detectable by ESR. Furthermore, we found that exercise training actually decreased the
accumulation of protein carbonyls in mitochondria. These results are only partly in line with
the accumulation of mitochondrial protein carbonyls, demonstrated earlier [32]. The extent
of oxidative damage of proteins is higher than that of lipids and DNA [33], suggesting that
mitochondrial proteins may serve as a buffer against ROS and protect DNA.

Our previous studies provide evidence that exercise decreases the level of 8-0xoG in nDNA
and this is associated with increased OGGL1 activity [12,31]. In contrast, our present data
show that acute physical exercise decreases the level of OGGL1 in the mitochondrial lysates.
These observations were unexpected, because 8-0xoG levels in nDNA and mtDNA were
decreased in liver tissue as a result of exercise training [12]. One may speculate that nuclear
and mitochondrial OGG1 activities are similarly altered in liver and skeletal muscle by
physical exercise training, thus the levels of 8-oxoG in mtDNA and nDNA change similarly.
Despite the similar responses in liver and skeletal muscle to exercise-induced adaptation to
oxidative challenge, an equivalence between these findings cannot be drawn, owing to a
possible tissue-specific adaptive profile. It is straightforward that lower nuclear 8-oxoG
content is associated with increased OGG1 activity, whereas it is difficult to envision how
low levels of mtDNA damage (in liver) are accompanied by decreased activity of OGGL1 in
the mitochondria.

Intriguing observations showing delayed transport of OGG1 into the mitochondrial matrix in
aged cells [9] encouraged us to use a similar approach to study the possible adaptation by
exercise training at the level of OGG1Ts import into mitochondria. Therefore, we applied
mild trypsin digestion to cleave those proteins that were attached to the outer membrane of
mitochondria. Our data showed that, indeed, exercise training improved the import of OGG1
into the mitochondrial matrix and suggest that physical inactivity (control and detrained
animals) delays the mitochondrial import of OGG1. The relative activity (OGG1 level
before vs after trypsin digestion) of OGG1 demonstrates that exercise training increases,
whereas physical inactivity decreases, the matrix level of mitochondrial OGG1. The fact that
exercise improves protein transfer into mitochondria has been published previously [34].

Mitochondria contain several hundred proteins, of which only 13 are encoded by the
mtDNA. All other proteins are encoded by the nuclear DNA and targeted to various
mitochondrial compartments [34]. Protein import may depend on molecular mass and
structure, among other things, and the intensity of cell signaling required for
posttranslational modifications of proteins. An unsolved question is how daily exercise
increases OGG1 import. It is possible that lower levels of damage to proteins may facilitate
efficient targeting of OGG1 to the mitochondrial matrix. Aerobic exercise training, as was
used in the present study, is known to enhance mitochondrial biogenesis so it is also possible
that the membranes of newly formed mitochondria are more accessible for transport than
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those of “aged” mitochondria. Alternatively, exercise training may induce specific changes
in mitochondrial transport systems or in OGG1 polypeptide by posttranslational
modifications for efficient targeting to matrix.

In summary, data suggest that the levels of free radicals and adaptive capabilities of the
subsarcolemmal and intermyofibrillar subpopulations of mitochondria in skeletal muscle are
differently regulated [35-37]. Hence, it cannot be excluded that OGG1 import and activity
could differ in the mitochondrial subpopulations, but the clarification of this issue needs an
independent investigation. Taken together, our data show that regular exercise training
induces adaptation to oxidative overload at the level of the DNA repair enzyme OGG1,
although with different characteristics in nuclear and mitochondrial extracts. It is intriguing
that this adaptation response took place at the level of protein targeting into the
mitochondrial matrix and it is reversed by detraining (8 weeks after exercise was
terminated).
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Fig. 1.

Free radical levels in skeletal muscle. (A) A typical ESR spectrum taken ex vivo at 77 K
showing steady-state basal ROS levels in the red muscle tissue of rats. Spectrum contains
two Mn/MnO signals as internal standards, indicated by arrows. The signal observed
between the two signals of standards was double integrated for evaluation. (B) Graphical
illustration of ESR data shows no change in overall ROS levels in the skeletal muscle of
experimental animals after adaptation to physical exercise. Values are means+SD for six
animals per group. *p<0.05 vs control.
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Fig. 2.

(A) Overall levels of lipid peroxides and (B) GSSG:GSG ratios are unaltered in muscle.
Malondialdehyde levels and GSSG:GSH ratios were assessed in muscle tissue lysates from
trained (T), detrained (DT), and control (C) groups of animals as described under Materials
and methods. Data are expressed as the means£SD for six animals per group.
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Fig. 3.

(B) The levels of lipid peroxidation and (C) GSSG:GSH ratios are not changed in the
mitochondrial lysates of skeletal muscle. (A) The purity of mitochondrial and nuclear
extracts was evaluated by the concentration of the nuclear envelope marker lamin A (Abcam
133A2, Cambridge, UK). Malondialdehyde levels and GSSG:GSH ratios were assessed
from mitochondrial lysates from trained (T), detrained (DT), and control (C) groups of
animals as described under Materials and methods. Data are expressed as the means+SD for
six animals per group.
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Fig. 4.

Decreases in mitochondrial protein carbonyl levels in animals adapted to exercise. (A) A
representative image showing the abundance of protein carbonyls in individual control (C),
trained (T), and detrained (DT) animals. (B) Graphical illustration of changes in protein
carbonyl levels from densitometry of autoradiograms (N=6). The levels of protein
carbonylation were similar in control and detrained animals. The trained group showed
significantly less damage, especially in low-molecular-weight proteins. *p<0.05.
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Fig. 5.

Exercise increases the activity of OGGL1 in the nucleus. Two micrograms of nuclear extract
was mixed with 20 pmol of 32P-labeled synthetic substrate containing 8-0xoG in 20 pl of
reaction buffer and incubated at 30°C for 15 min. Incision products were separated by
polyacrylamide (20%) with 7 M urea gel and the gels were analyzed using a STORM
bioimaging analyzer (Materials and methods). The OGG1 8-oxoG-repair activity was
determined and expressed as a percentage of the substrate cleaved [24,15]. (A) Image
showing increased nNOGG1 activity as a result of exercise training, whereas detraining did
not alter the activity. Fpg, formamidopyrimidine DNA glycosylase. (B) Graphical
illustration of densitometric data obtained from six animals for each group as described
under Materials and methods. Assays were run three times and representative data for three
animals from each group are shown in (A). S, substrate; P, product. *p<0.05 vs control.
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Fig. 6.

Exercise decreases the activity of mitochondria-associated OGG1. The activities of OGG1p
in mitochondrial lysates were determined as described for Fig. 4. (A) Image illustrating the
changes in OGG1p activity in mitochondrial lysates of individual animals, trained (T),
detrained (DT), and controls (C). Fpg, formamidopyrimidine DNA glycosylase. Assays
were run three times and a representative gel is shown. (B) Graphical illustration of
densitometric data obtained from six animals for each group as described under Materials
and methods. S, substrate; P, product. *p<0.05 vs control, #p<0.05 vs trained.
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Fig. 7.

OGG1p level and activity in mitochondrial lysates before and after trypsin digestion. (A)
Purified mitochondrial suspensions from control (C), trained (T), and detrained (DT) groups
of animals were subjected to mild trypsin digestion or mock treatment and OGG1p levels
were assessed as described under Materials and methods. Trypsin treatment resulted in
significantly decreased OGG1p levels in control and detrained groups, suggesting that
OGG1p was attached to the outer membrane. (B) Mitochondria-associated OGG1p activity
is decreased by trypsin digestion in C and DT groups compared to T animals. OGG1 activity
was determined as for Fig. 4. *p<0.05 vs control, #p<0.05 vs detrained.
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