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Abstract
In this study, we investigated age- and tissue-dependent changes in the DNA base excision repair
(BER) of oxidative lesions in mitochondrial and nuclear extracts by measuring single-nucleotide
(SN)- and long-patch (LP)-BER activities in five tissues isolated from 4, 10 and 20 month old mice.
Age-dependent SN-BER and LP-BER activity was increased in the mitochondria of liver, kidney
and heart, but generally decreased in skeletal muscles. In contrast, no significant changes in repair
activity were observed in nuclear extracts of the same tissues, except for quadriceps, where the SN-
BER activity was higher in the old animals. Moreover, the BER activities in both the nucleus and
mitochondria were significantly lower in skeletal muscles compared to liver or kidney of the same
mice. The protein level of three antioxidant enzymes, Mn and Cu/Zn superoxide dismutases (SOD)
and catalase, was also significantly lower in skeletal muscle compared to liver or kidney. In addition,
we found higher levels of protein carbonylation in the mitochondria of skeletal muscle relative to
other tissues. Thus, it appears likely that mouse skeletal muscle is highly susceptible to oxidative
stress due to deficiency in both repair of oxidative DNA damage and antioxidant enzymes,
contributing to age-dependent muscle loss.
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1. Introduction
Progressive decline in physiological function associated with accumulation of somatic damage
is considered the primary cause of biological aging. Among the various etiological agents
causing somatic damage, reactive oxygen species (ROS) are generally believed to be the major
contributor, and the mitochondria are the predominant source of endogenous ROS
(Kowaltowski et al., 2009 and references therein). Age-associated decline in skeletal muscle
mass and strength, a condition known as sarcopenia, is strongly associated with elevated
oxidative stress. The rate of muscle loss in physically active human subjects has been estimated
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at 1–2% annually past the age of 50 (Hughes et al., 2002), and both loss of mtDNA and
accumulation of oxidative damage in the mitochondrial genome of human skeletal muscle have
been observed during aging (Short et al., 2005). In addition, the overall number of quiescent
satellite stem cells, whose activation is mainly responsible for replacing damaged skeletal
muscle cells, decreases with age (Charge et al., 2002). Heart failure, positively correlated with
age, is also associated with loss of cardiomyocytes, a typical postmitotic cell type, possessing
only limited regenerative capacity (Nadal-Ginard et al., 2003). Thus oxidative stress is
proposed to play a role in the decrease of tissue regenerative capacity with age.

Cellular protection against oxidative damage includes elimination of ROS by antioxidant
molecules and ROS-inactivating antioxidant enzymes, removal of damaged macromolecules
and the repair of oxidatively damaged DNA. ROS induce a variety of DNA lesions leading to
altered cellular signaling, mutagenesis, senescence and cell death. The nuclear and
mitochondrial genomes of eukaryotic cells conserve the base excision repair (BER) pathway,
the major process for repairing ROS-induced lesions, including oxidatively modified bases and
single-strand breaks in DNA. Details of the BER pathway have recently been reviewed
(Almeida and Sobol, 2007; Fortini and Dogliotti, 2007; Hegde et al., 2008). Briefly, repair of
damaged or abnormal bases is initiated with their excision either by a monofunctional DNA
glycosylase or by a bifunctional DNA glycosylase associated with intrinsic AP lyase activity.
In the former case, e.g., uracil, abasic endonuclease 1 (APE1) cleaves DNA strand 5’ to the
abasic (AP) site generated by monofunctional uracil-DNA glycosylase (UDG). For oxidized
bases, bifunctional glycosylases such as 8-oxoguanine-DNA glycosylase (OGG1) cleave the
DNA strand after base excision to generate 3’ phosphoribose or 3’ phosphate, which is removed
by APE or PNK, respectively. In both cases, the 3’ OH terminus acts as a primer for DNA
polymerase. Subsequent gap-filling by DNA polymerase and nick-sealing by DNA ligase can
proceed via two subpathways: single-nucleotide (SN)-BER, in which only the damaged base
is replaced, or long-patch (LP)-BER, where 2–6 additional nucleotides at the 5’ terminus of
the damage are removed. In contrast to the nucleus — where distinct DNA polymerases, DNA
ligases and other proteins are assigned to LP- or SN-BER — in the mitochondria DNA
polymerase γ and DNA ligase 3 are involved in both replication and repair of mtDNA (Pinz
and Bogenhagen, 1998). Unlike the nucleus, in which LP-BER activity has been documented
(Frosina et al., 1996), only SN-BER activity has been reported in mitochondrial extracts
(Stierum et al., 1999). Recently, we and others independently discovered LP-BER activity in
mammalian mitochondria, significantly increasing the number of mutagenic lesions which
could be efficiently repaired (Szczesny et al., 2008; Akbari et al., 2008; Liu et al., 2008).
Moreover, BER is the only well characterized repair pathway in the mitochondria for repair of
oxidized and alkylated bases, uracil and AP sites, and also single strand breaks in DNA.

Although several studies have investigated age-dependent changes in activity of specific BER
enzymes, few have measured the impact of aging on overall BER capacity. In most cases,
irrespective of tissue, species or strain, BER activity was generally lower in aged animals.
Decreased uracil- and 8-oxoG-initiated BER in nuclear extracts of old mouse brain, liver and
testes have been reported (Cabelof et al., 2002). Such changes have been posited to be partially
due to lower activity of nuclear DNA polymerase β (Intano et al., 2003). Significant age-
dependent decreases in the activity of the mitochondrial glycosylases OGG1, UDG and NTH
were observed in various brain regions; however, age- or region-specific changes in
uracilinitiated total BER activity were not found (Imam et al., 2006). Furthermore, the activities
of three nuclear and mitochondrial DNA glycosylases in young mice showed tissue specificity,
and activity was generally lower in the mitochondria relative to the nucleus (Karahalil et al.,
2002). We have proposed that, during mouse aging and in senescent human fibroblasts, the
intracellular distribution of key BER proteins is altered, compromising BER capacity
(Szczesny et al., 2004; Szczesny and Mitra, 2005; Szczesny et al., 2003). Moreover, differential
regulation of two DNA glycosylases activity, OGG1 and UDG, in both nucleus and
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mitochondria, of red and white skeletal muscles in old rats was shown (Radak et al., 2007).
Increased activity of OGGI in nuclei and mitochondria of red fibers after training was shown
in rats (Radak et al., 2007) and human skeletal muscles (Radak et al., 2003). However,
comprehensive analysis of mitochondrial SN-and LP-BER during aging has not been
conducted.

In the present report, we measured age- and tissue-specific changes in activity in both BER
subpathways in the mouse. The mitochondrial and nuclear BER activity were determined by
analyzing the total repair synthesis using duplex oligonucleotides containing uracil or
tetrahydrofuran (THF), specific lesions for SN- and LP-BER, respectively. We explored
possible correlations between DNA repair, oxidative damage and the level of antioxidant
enzymes in liver, kidney, heart and skeletal muscle of mice. We conclude that repair of
oxidatively damaged DNA is significantly lower, together with antioxidant capacity, in skeletal
muscle relative to the liver or kidney. Thus, it appears that skeletal muscles are particularly
susceptible to oxidative insult. These results could provide the molecular mechanism for age-
associated muscle fiber loss, known as sarcopenia.

2. Materials and Methods
2.1. Materials

Young (3–5 months), middle-aged (10–12 months), and old (20–22 months) BALB/c male
mice were purchased from the National Institute on Aging (Bethesda, MD). The maximum
lifespan of this strain is 26–27 months (Goodrick, 1975). All animal experiments were
performed according to the NIH Guidelines for Care and Use of Laboratory Animals and
approved by the UTMB Animal Care and Use Committee (# 09-02-006). Reverse-phase
HPLC-purified oligonucleotides were purchased from the Midland Certified Reagent
Company, and the sequence of each oligonucleotide is presented in Table 1.

2.2. Preparation of the whole cell, mitochondrial and nuclear extracts
Total cell extracts were prepared from fresh tissues by homogenizing in 20 mM Tris-HCl pH
8.8, 100 mM NaCl, 1 mM EDTA, 0.5 % Nonidet P-40, 12 mM Na-deoxycholate, followed by
clean-up centrifugation at 20,000×g for 10 min. Mitochondrial extracts were prepared from
fresh mouse tissue by differential centrifugation using a Mitochondrial Isolation Kit for Tissue
(PIERCE) according to manufacturer’s recommendations. To remove externally adhering
contaminants, intact mitochondria (1 mg/ml) were treated with trypsin (10 µg/ml) for 20 min
at room temperature, followed by the addition of an equivalent amount of bovine trypsin
inhibitor (Invitrogen) to stop proteolytic activity of trypsin (Gordon et al., 2001; Schulke et
al., 1999). Pelleted at 8,000×g, mitochondria were washed twice in buffer containing 20 mM
HEPES-KOH, pH 7.4, 250 mM sucrose and 1 mM dithiothreitol and finally lyzed in 20 mM
HEPES-KOH pH 7.4, 1 mM EDTA, 1 mM DTT, 300 mM KCl, 5 % glycerol and 0.5 % Triton
X-100. This procedure allows us to obtain pure mitochondrial extracts as we have previously
shown (Szczesny et al., 2003; Szczesny and Mitra, 2005; Szczesny et al., 2008). Nuclear
fractions isolated from fresh mouse tissues were obtained by homogenization in 10 mM HEPES
pH 7.6, 10 mM KCl, 1.5 mM MgCl2, 2 mM DTT, 0.1 mM EDTA, 0.1 EGTA and 0.1 % NP-40
containing protease inhibitor cocktail (ROCHE), followed by centrifugation at 20,000×g for
1 min and two additional washes with the same buffer. Nuclear proteins were precipitated using
a high salt buffer containing 20 mM HEPES pH 7.6, 0.42 M NaCl, 1 mM EDTA, 0.1 mM
EGTA, 2 mM DTT, 20 % glycerol and a protease inhibitor cocktail (ROCHE) for 1 h at 4°C
with continuous shaking. After centrifugation at 20,000×g for 30 min, the supernatant
containing nuclear proteins was used for further studies. Protein concentration was determined
using a Bio-Rad kit with bovine serum albumin as the standard.
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2.3. DNA repair assay
DNA repair assay was carried out as described earlier with slight modifications (de Souza-
Pinto et al., 2004). Briefly, the assay mixture (20 µl) contained 40 mM HEPES pH 7.6, 0.1
mM EDTA, 5 mM MgCl2, 0.2 mg/ml BSA, 50 mM KCl, 1 mM DTT, 2 mM ATP, 3 % glycerol,
radiolabeled [α-32P]dCTP for SN-BER or 20 µM of each unlabeled dNTPs and 4 µCi of the
[α-32P]-dATP for LP-BER; mitochondrial (15 µg) or nuclear (5 µg) protein extract and duplex
DNA substrate (oligo1 or 2 for SN- and LP-BER, respectively; see Table 1). After incubation
at 37°C for various times, the reaction was inhibited by addition of 90 % formamide (10 µl),
and the substrates and products were separated by electrophoresis in 20 % acrylamide/7M urea
gel. The radioactivity in the bands was quantitated by PhosphorImager (Molecular Dynamics)
using ImageQuant software. Preliminary enzyme assays were carried out to ensure linearity of
the reaction with respect to both time and amount of extract.

2.4. AP-endonuclease activity assay
The APE activity was determined as described earlier (Szczesny and Mitra, 2005) with slight
modification. Oligo3 (Table 1) was labeled at the 5’-end with [γ-32P]-ATP and T4
polynucleotide kinase (New England BioLabs) as previously described (Izumi and Mitra,
1998). We measured strand cleavage 5’ to a tetrahydrofuran (THF, a stable AP analog) residue
in a 43-mer oligodeoxynucleotide duplex in which the 5’-32P-labeled strand contained THF
annealed with an equimolar amount of the complementary oligo with C opposite the THF
residue. The enzyme reaction (20 µl) was carried out in 50 mM Tris-HCl pH 8.6, 50 mM KCl,
2mM MgCl2, 0.2 pmol 32P-labeled oligo3, 50 nM unlabeled oligo3 substrate and 2 µg of
mitochondrial extract. After incubation at 37°C for 10 min, 10 µl of loading solution (90 %
formamide, 0.05 % bromophenol blue and 0.05 % xylene cyanol) was added to the assay
mixture, which was then electrophoresed in 20 % polyacrylamide gel containing 7 M urea to
separate denaturated substrate and product (32P-labeled 43 and 30-mer, respectively).
Radioactivity was then quantitated by PhosphorImager (Molecular Dynamics) using
ImageQuant software. Preliminary enzyme assays were carried out to ensure linearity of the
reaction with respect to both time and amount of extract.

2.5. Western blot analysis
Western blot analysis was performed as described previously (Ramana et al., 1998). After
electroblotting, the membranes were sequentially probed with antibodies against MnSOD, Cu/
ZnSOD (Upstate), Catalase (Abcam), GAPDH (Cell Signaling), the 70kDa subunit of complex
II and the β subunit of complex V (Molecular Probes). The primary antibodies were quantitated
by chemiluminescence using a horseradish peroxidase (HRP)-conjugated secondary antibody
(anti-mouse or anti-rabbit IgG-HRP; Amersham). The membranes were washed and incubated
in ECL reagent (Amersham) and visualized and analyzed using Gel Logic 2200 (Kodak) and
Kodak Molecular Imaging Software (Kodak) for quantification, respectively.

2.6. Measurement of protein carbonylation
The amount of protein carbonyl groups was determined using the slot blot technique and an
OxyBlot Protein Oxidation Detection Kit (Millipore), according to manufacturer’s
recommendation. To ensure equal loading, whole-cell or mitochondrial extract was separated
by SDS-PAGE and analyzed by Western blot using an antibody against GAPDH (Cell
Signaling) for whole-cell extract or a 70kDa subunit of complex II (encoded in nuclear genome)
and β subunit of complex V (encoded in mitochondrial genome) (Molecular Probes) for
mitochondrial extract. The obtained signals were used as an internal control for equal protein
loading. Preliminary experiments ensuring linearity in amount of analyzed proteins extracts
were performed.
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2.7. Activity of Citrate Synthase
The specific activity of citrate synthase was analyzed using a Citrate Synthase Assay Kit
(SIGMA) according to manufacturer’s recommendations. Briefly, citrate synthase catalyzes
the reaction between acetyl coenzyme A and oxaloacetic acid to form citric acid, thus formed
thiol group of acetyl coenzyme A react with DTNB to form TNB (5-thio-2-nitrobenzoic acid)
which was measured spectrophotometrically at 412nm. The results obtained were used to
calculate the total mitochondrial volume in tissues of all ages (Holloszy et al., 1970). Calculated
mitochondrial volumes were used throughout manuscript as normalizing factor for activities
of APE, SN and LP-BER in mitochondria as well as for protein level of MnSOD (defined as
arbitrary units).

2.8. Statistical analysis
At least six animals from each age group were used for experiments carried out in duplicate.
The results are presented as mean ± standard deviation. Obtained results from middle-aged and
old animals were compared individually to young animals, and differences between ages were
tested for statistical significance with student t-test (p<0.05, indicated by asterisks). For tissue-
specific changes in young animals, the results from kidney, heart, pectorals and quadriceps
were compared individually to liver, and the differences between ages were tested for statistical
significance with student t-test (p<0.05, indicated by asterisks).

3. Results
3.1. Age-dependent changes in DNA base excision repair pathway

Total DNA BER capacity in mitochondrial and nuclear extracts of five tissues and three mouse
age groups were analyzed to evaluate changes in repair activity during aging. Total repair
synthesis, rather than activity of individual BER enzymes, reflected the age- and tissue-specific
changes in coordinated DNA repair. We measured total repair activity using a duplex
oligonucleotide containing uracil opposite guanine (Oligo1, Table 1) and incorporation of
[α32P]-dCMP for SN-BER or duplex oligonucleotide containing tetrahydrofuran (THF)
opposite cytosine (Oligo2, Table 1) and incorporation of [α32P]-dAMP for LP-BER, as
reported earlier (Szczesny et al., 2008). As a control, non-damage containing oligonucleotide
was used (data not shown) as reported before (Szczesny et al., 2008). For objective comparison,
we normalized the repair activity to that in the corresponding tissue of young mice (set as 1)
to show age associated changes in particular tissue.

Mitochondrial BER—Fig.1A shows a representation of total repair activity with
mitochondrial extracts from young, middle-aged and old mouse livers using uracil containing
oligo indicating SN-BER. A representative gel of age-dependent changes in LP-BER activity
of kidneys’ mitochondrial extracts with THF containing oligo is shown in Fig.1B. The increase
of 52nt long radioactive signal indicates an increase in total repair activity with age. The
presence of the faster migrating band (31nt) indicates the intermediate unligated product of
repair synthesis. In order to normalize activities of mitochondrial BER, we measured specific
activity of citrate synthase, a normalizing factor used to correct for variations in mitochondrial
volume (Holloszy et al., 1970;Karahalil et al., 2002). Tissue- and age-dependent changes in
the activity of citrate synthase are shown in Fig.1C. The highest mitochondrial volume was
detected in the heart, which had 10 times the specific activity of the liver and kidney.
Furthermore, the activity of citrate synthase in the heart decreased with age, in contrast to the
liver, kidney and quadriceps, where no significant changes were detected (Fig.1C). The only
tissue in which mitochondrial volume increased with age was the pectorals (1-fold increase).
Therefore, in order to normalize the obtained radioactive signals for SN-and LP-BER we use
the calculated mitochondrial volume as the normalizing factor and for easier comparison, set
result of each young tissue as 1. An age-dependent increase in mitochondrial SN-BER activity
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was apparent, with 70–100 % increase in the liver and kidney and 4- and 2.5-fold increase in
the heart and quadriceps, respectively (Fig.1D). In contrast, a 70 % decrease in activity was
observed in the pectorals. Different results were obtained with the same extracts using a THF-
containing oligonucleotide, a common substrate for measuring LP-BER activity (Oligo2, Table
1). We observed with age a slight increase in activity in the liver, and 6- to 10-fold increase in
the kidney and heart (Fig.1E). However, mitochondrial LP-BER activity decreased in both the
pectorals and quadriceps (Fig.1E). Interestingly, in liver, kidney and heart, the highest increase
was observed in middle-aged animals, suggesting that repair capacity peaks in middle-age and
then declines. Generally, in most tissues, an age-dependent increase in both mitochondrial BER
pathways was observed, except in skeletal muscle where BER decreased with age, with the
exception of SN-BER in quadriceps.

Nuclear BER—In contrast to the mitochondria, nuclear SN- and LP-BER activity showed
no significant age-dependent change in most tissues, except for pectorals and quadriceps, where
we observed 30 % decrease and 100 % increase in SN-BER activity, respectively (Fig.1F). We
also observed 20 % increase in nuclear LP-BER in the heart (Fig.1G). It needs to be mentioned
that oligonucleotide containing THF based assay for nuclear extracts favor LP-BER activity
with DNA polymerase beta since the replicative DNA polymerases will require PCNA, for
which plasmid based assay is necessary. These results suggest that mitochondrial and nuclear
BER networks are differentially regulated. Interestingly, in skeletal muscles, similar trends of
changes during aging of mitochondrial and nuclear SN- and LP-BER pathways were observed.

APE activity in mitochondria—APE1, a key component of BER, is believed to be rate-
limiting in the repair of oxidative DNA damage (Moore et al., 2000; Fan et al., 2003). We
tested this possibility by analyzing age-dependent changes in specific APE activity in
mitochondrial extracts using duplex [γ32P] 5’ labeled oligo3 (Table 1) as previously described
(Szczesny and Mitra, 2005). As an example, the APE activity in six mitochondrial extracts of
young pectorals is shown in Fig.2A. To show age-dependent changes in individual tissue, the
APE activity was normalized to specific activity of citrate synthase, and the obtained results
in young tissue were set as 1 for easier comparison. Mitochondrial-specific APE activity
increased in the liver (4-fold), kidney (3.5-fold) and heart (6-fold) during aging, but not in
skeletal muscles, where it decreased (Fig.2B). Moreover, we compared mitochondrial-specific
APE activity with total BER activity in an age-dependent manner. Mitochondrial APE activity
was positively correlated with SN-BER in most tissues except for quadriceps, where we found
increased SN-BER but decreased APE activity (Fig.1D and Fig.2B). In addition, mitochondrial
LP-BER positively correlated with the activity of mitochondrial APE in young versus middle-
aged animals in all tissues. However, decreased mitochondrial LP-BER activity in old relative
to middle-aged mice was observed in the liver, kidney and heart, which did not correlate with
increasing APE activity. This finding suggests that even an increase in APE1 activity could
not increase total LP-BER repair capacity in the mitochondria, and together with the different
relative rates of age-dependent change in APE and total BER activity, these results indicate
that APE1 is not the rate-limiting factor for mitochondrial BER pathways.

3.2. Tissue-specific changes in mitochondrial and nuclear BER and levels of antioxidant
enzymes in young mice

We also compared tissue-specific BER activity in young mice. Normalized to citrate synthase,
mitochondrial BER and APE activity revealed the highest SN- and LP-BER and APE specific
activity in the liver (Fig.3A). SN- and LP-BER specific activity in the mitochondria of the
heart, pectorals and quadriceps was more than 10-fold lower than in the liver. Similarly, the
activity of mitochondrial APE was highest in the liver, but differences with other tissues were
smaller: 50 % less in the pectorals and 40 % less in the kidney and quadriceps (Fig.3A). Specific
APE activity in young heart was 10-fold lower than in the liver, due to higher mitochondrial
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volume in this particular tissue as measured by activity of citrate synthase (Fig.1C). Those
results further support the observation that mtAPE is not a rate limiting factor for mtBERs.
Activity of the nuclear BER pathways in young mice showed a different pattern (Fig.3B).
Nuclear SN-BER activity was very similar in the liver and kidney, and 50 % lower in the heart.
The lowest activity was found in both skeletal muscles (Fig.3B). Similar results were obtained
for nuclear LP-BER; however, the highest activity was measured in the kidney (40 % higher
than in the liver, Fig.3B). We also compared protein levels of antioxidant enzymes by Western
blot analysis; the highest level of all three enzymes was found in the liver and kidney (Fig.3C,
D). The level of MnSOD was normalized to activity of citrate synthase and Cu/ZnSOD and
catalase to the level of GAPDH, since they localized in mitochondria and cytoplasm,
respectively. The lowest level of all three enzymes was again found in the heart and the skeletal
muscles (Fig.3D). In summary, skeletal muscle contains the lowest level of nuclear and
mitochondrial BER activity and the lowest level of antioxidant enzymes.

3.3. Age-dependent changes in proteins level of antioxidant enzymes
Cellular defense against oxidative damage is provided by antioxidant enzymes, which convert
the highly reactive ROS to less reactive or non-reactive species. The few reports of age-
dependent changes in the level and activity of antioxidant enzymes have produced inconsistent
results (Cristiano et al., 1995; Rikans et al., 1991; Carrillo et al., 1992). Despite the large amount
of data published on the expression, activity and level of antioxidant enzymes, we investigated
the possibility that low BER activity, especially in skeletal muscle, could be partially
compensated for by an age-associated increase in the level of antioxidant enzymes and
compared protein levels of MnSOD, CuZn-SOD and catalase in whole cell extracts by age
(Fig.4). As a control, we used GAPDH, one of the housekeeping proteins, whose expression
does not change in tissue during aging (Raue et al., 2007; Chua et al., 2007; Touchberry et al.,
2006). In addition, since MnSOD are mitochondrial proteins, we normalized the level of
MnSOD by the specific activity of citrate synthase. In the liver, kidney and heart, protein levels
of most of the analyzed antioxidant enzymes increased with age; however, no change or even
decrease (MnSOD in quadriceps) was detected in both skeletal muscles (Fig.4). These results
indicate that the mitochondria, especially in skeletal muscles, are more vulnerable to oxidative
stress because of low BER activity as well as low levels of SODs and catalase.

3.4. Protein carbonylation and aging
Carbonylation of proteins is a hallmark of oxidative stress; therefore, we measured the level
of total protein carbonyls, normalized to that in the young liver, to evaluate the state of oxidative
stress in various tissues (described in Materials and Methods). We detected no significant age-
dependent changes in the level of carbonyl groups in the liver, kidney, pectorals or quadriceps
(Fig.5A). However, 3-fold more carbonyl groups were observed in the heart of old animals.
Because the mitochondria are not only the source of ROS, but also their immediate target, we
analyzed oxidative damage to mitochondrial proteins. With aging, oxidative damage to
mitochondrial proteins increased in all tissues (Fig.5B). The level of carbonyl groups in the
mitochondrial extracts of skeletal muscles, particularly pectorals, was about 8–10-fold higher
compared to mitochondrial extracts from the liver, kidney and heart (Fig.5B), further
supporting our observation of low levels of antioxidant enzyme in mitochondrial extracts,
particularly in skeletal muscles.

4. Discussion
We here investigated age-dependent changes in the mitochondrial and nuclear BER activity in
several mouse tissues. To the best of our knowledge, this is the first such comprehensive
analysis of repair capacity including separate measurement of SN- and LP-BER activity for
oxidative damage in the mitochondria and nucleus of mouse tissue and their age-dependent
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modulations. When comparing changes between different tissues, several considerations need
to be taken into account. Comparing mitochondrial BER activity is relatively straightforward,
and citrate synthase can be used as an internal control and to measure total mitochondrial
volume (Holloszy et al., 1970). Levels of antioxidant enzymes were compared after
normalization to that of a housekeeping protein, GAPDH, commonly used in studies of age-
dependent changes (Raue et al., 2007; Chua et al., 2007; Touchberry et al., 2006).

Activities of both BER pathways increased with age in mitochondrial extracts of the liver,
kidney and heart, in contrast to skeletal muscle, where reduction in both activities was observed.
On the other hand, analysis of the nuclear extracts indicated no significant age-dependent
changes in most tissues analyzed, with the exception of quadriceps, which showed significantly
increased SN-BER activity. Although the activity of several proteins involved in BER during
aging have been analyzed previously, few studies have measured age-dependent changes in
total repair activity in mitochondrial or nuclear extracts. We could not detect any significant
age-dependent changes in BER in nuclear extracts of mouse liver, in contrast to the
observations of others (Intano et al., 2003; Cabelof et al., 2002). This discrepancy could be
explained by a difference in methodology in assessing DNA repair activity. It is well known
that repair of uracil may occur through two pathways: SN- and LP-BER (Akbari et al., 2004).
Therefore, we performed separate assays for SN-BER in the presence of only one nucleotide
instead of all four, to measure true SN-BER instead of total BER. We measured the activity of
LP-BER using a reduced AP site, THF, due to the inability of DNA polymerase β or γ to
catalyze the lyase reaction, which requires the presence of deoxyribose aldehyde (Hegde et al.,
2008). However, while the SN-BER pathway can repair most base damage, the LP-BER may
be important in repairing oxidized AP-sites. Thus, analyzing SN- and LP-BER separately
should provide a better estimate of changes by age and tissue type. The AP site and its oxidation
products are the most abundant producers of genotoxic damage, and approximately 50,000–
200,000 AP sites can be generated in a single mammalian cell per day (Nakamura and
Swenberg, 1999). In fact, more than 70 % of these could be oxidized AP sites, which are LP-
BER substrates (Sung and Demple, 2006). Mitochondria are considered the major cellular
source of ROS. Although the number of oxidized AP sites in the mitochondrial genome has
not been quantitated, it is likely very high because of the amount of ROS. Therefore,
mitochondrial LP-BER, which we (Szczesny et al., 2008) and others (Akbari et al., 2008; Liu
et al., 2008) recently discovered, could be crucial for maintaining mitochondrial genome
fidelity in the face of a large burden of oxidized AP sites.

Our studies showed that mitochondrial BER activity generally increased with age in all tissues,
with the exception of skeletal muscle. We used two different skeletal muscles, pectorals and
quadriceps, because of their aerobic vs anaerobic physiological characteristics. The pectoral
is an adductor, internal rotator and flexor of the shoulder; its fibers, which are slow twitch (type
I), have high myoglobin levels to improve oxygen delivery and high mitochondrial content;
they are primarily red muscle and highly aerobic. On the other hand, the quadriceps contain
predominantly fast-twitch type II fibers with fewer mitochondria and less myoglobin. The large
stores of glycogen and high levels of glycolytic enzymes enable these fibers to respire
anaerobically (Choksi et al., 2008). In fact, the specific activity of citrate synthase reflecting
mitochondrial volume in old animals was significantly higher in pectorals vs quadriceps, which
further supports this observation. A low BER capacity in terminally differentiated muscle cells
has been previously reported by analyzing BER activity in nuclear extracts of mouse skeletal
muscle cell line during the process of differentiation (Narciso et al., 2007). Our results detail
the differences in nuclear and mitochondrial BER pathways in fully differentiated skeletal
muscle and their direct comparison to other tissues together with age-dependent modulation.

Oxidative stress occurs in a variety of conditions, causing increased ROS production or a
decline in antioxidant activity. Tissue-specific changes in the level of antioxidant enzymes
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during aging have been previously reported (Cristiano et al., 1995; Muradian et al., 2002;
Sinitsyna et al., 2006). However, most of these studies measured age-dependent changes in
particular tissues. Our results showed low levels of MnSOD, Cu/ZnSOD and catalase in
skeletal muscle, compared to liver or kidney. In muscle cells after injury, satellite cells are
stimulated to replace dead cells by division, but this reservoir may be depleted with aging or
pathological conditions (Marzetti and Leeuwenburgh, 2006; Hawke and Garry, 2001). During
aging, ROS production may dramatically increase because of altered function of the respiratory
chain and insufficient cellular antioxidant defenses. Such oxidative insult, combined with a
less efficient BER system which enhances oxidative stress, could play a key role in both the
age-related decrease of muscle performance and mass (sarcopenia), and disorders associated
with free radical overproduction. It has become clear, from studies at our laboratory and
elsewhere, that DNA repair could be crucial in this regard, particularly that of the mitochondrial
genome. In fact, susceptibility to apoptosis in skeletal muscle has been proposed (Chabi et al.,
2008), and our results could explain the molecular mechanism of this process.

We speculate that a low level of mitochondrial DNA repair, together with a low level of
antioxidant enzymes (which results in higher oxidative damage mainly to mitochondrial
proteins) could explain the observed age-dependent decline in mitochondrial activity,
particularly in the skeletal muscle. Several studies have shown that mitochondrial DNA in
skeletal muscle accumulates oxidative damage in an age-dependent manner (Hayakawa et al.,
1991; Katayama et al., 1991; Lee et al., 1993, Herbst et al., 2007). The persistence of this
damage would be expected to cause a high mutation rate in the mitochondrial genome. Thus,
it is not surprising that mitochondrial mutations such as deletions, duplications and point
mutations have been shown to accumulate in an age-dependent manner, leading to a mosaic
pattern of respiratory chain deficiencies in pre- and post-mitotic tissues. It was recently
proposed that progressive accumulation of oxidative damage in the mitochondrial genome of
skeletal muscles during aging could result in loss of muscle fibers (Hiona and Leeuwenburgh,
2008). In summary, low levels of BER activity and antioxidant enzymes, particularly in skeletal
muscles, are likely to contribute to age-associated muscle loss and emphasize the importance
of DNA repair, particularly in the mitochondrial genome.
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Fig.1.
Age-dependent changes in BER activity in the mitochondria and nucleus of mouse tissue.
(A) A representative radiogram of total SN-BER activity assayed with three mitochondrial
extracts of 4-, 10-, and 20-month old mouse liver using uracil containing oligo. M, marker (52
and 30nt). (B) A representative radiogram of total LP-BER activity assayed with two
mitochondrial extracts of 4-, 10-, and 20-month old mouse kidney using THF containing oligo.
M, marker (52 and 30nt). (C) Age-dependent changes in citrate synthase activity in extracts
of mouse liver, kidney, heart, pectorals and quadriceps. (D) and (E) Age-dependent changes
in SN-and LP-BER activity, respectively, in mitochondrial extracts of mouse liver, kidney,
heart, pectorals and quadriceps. (F) and (G) Age-dependent changes in SN- and LP-BER,
respectively, in nuclear extracts of the same mouse tissue. Extracts from 6–7 animals were
used. The activity in each 4-month-old mouse tissue was set as 1 for easier comparison. Activity
of mtBER pathways were normalized to activity of citrate synthase. Error bars represent
standard errors, and asterisk denotes p<0.05 relative to young mice (4-month old).
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Fig.2.
Age-dependent changes in mitochondrial APE activity. (A) A representative mitochondrial
APE activity assay performed by cleavage of 5’-end labeled oligo3 containing THF using six
different mitochondrial extracts from the pectoral muscle of a 4-month old mouse. Pc, positive
control, reaction with recombinant APE1. Nc, negative control, reaction without protein. (B)
Age-dependent changes of mitochondrial APE activity in mouse liver, kidney, heart, pectorals
and quadriceps. Extracts from 6–7 animals were used except for heart, where 9 animals were
used. Activity in the 4–month old mouse was set at 1. Activities of mtAPE were normalized
to activity of citrate synthase. Error bars represent standard errors, and asterisk denotes p<0.05
relative to young mice (4-month old).
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Fig.3.
Comparison of mitochondrial and nuclear BER and protein levels of antioxidant enzymes in
young mouse tissues. (A) Normalized to citrate synthase, activities of SN-, LP-BER and APE
in mitochondrial extracts isolated from young mice. (B) SN- and LP-BER activities in nuclear
extracts of a 4-month old mice. (C) A representative Western blot with protein level of all three
antioxidant enzymes. Total cell extracts of two young animals are presented. (D) The relative
protein levels of the antioxidant enzymes MnSOD, Cu/ZnSOD and catalase were quantified
in young mice tissue. Extracts from 6–7 animals were used. For easier comparison, repair
activity and protein levels in the young mouse liver were set at 1. The level of MnSOD was
further normalized to activity of citrate synthase. Error bars represent standard errors, and
asterisk denotes p<0.05 when compared to young (4-month old) mice.
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Fig.4.
Age-dependent changes in the level of antioxidant enzymes in mouse tissue. Total cell extracts
of 4-, 10-, and 20-month-old mouse liver (A), kidney (B), heart (C), pectorals (D), and
quadriceps (E) were immunoblotted against the antioxidant enzymes MnSOD, Cu/ZnSOD,
and catalase; GAPDH was used as the control (upper panels). Lower panels show the quantified
level of antioxidant enzymes normalized to GAPDH, with each young tissue set at 1, except
for MnSOD where mitochondrial volume was used. Extracts from 6–7 animals were used. The
level of MnSOD was normalized to activity of citrate synthase. Error bars represent standard
errors, and asterisks denote p<0.05 when compared to young (4-month old) animals.
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Fig.5.
Age-dependent changes of oxidatively damaged proteins in the total and mitochondrial extracts
of mouse tissues. The levels of carbonyl groups in total (A) and mitochondrial extracts (B)
from 4-, 10-, and 20-month old mouse liver, kidney, heart, pectorals, and quadriceps are shown.
Extracts from 6–7 animals were used with the exception of heart where 9 animals were used.
Results for the 4-month old mouse liver were set at 1 for easier comparison. Amount of carbonyl
groups in mitochondrial extracts were normalized using 70kDa subunit of complex II and
subunit β of complex V as described in Materials and Methods. Error bars represent standard
errors, and asterisk denotes p<0.05 when compared to young (4-month old) animals.
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Table 1

Oligonucleotides used in this study.

Oligol

5'-GAT CTG ATT CCC CAT CTC CTC AGT TTC ACT U AGT GAA GGC ATG CAC CCT TCT-3’

3'-CTA GAC TAA GGG GTA GAG GAG TCA AAG TGA G TCA CTT CCG TAC GTG GGA AGA-5'

Oligo2

5'-GAT CTG ATT CCC CAT CTC CTC AGT TTC ACT THF AGT GAA GGC ATG CAC CCT TCT-3’

3'-CTA GAC TAA GGG GTA GAG GAG TCA AAG TGA C TCA CTT CCG TAC GTG GGA AGA-5'

Oligo3

5' GAT CTG ATT CCC CAT CTC CTC AGT TTC ACT THF CTG CAC CGC ATG 3'

3' CTA GAC TAA GGG GTA GAG GAG TCAAAG TGA C GAC GTG GCG TAC 5
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