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Absiract

Objective: To study the relationship between the change in the number of steps taken and brachial-ankle pulse wave velocity
(baPWV) during a long-term pedometer-based physical activity program in healthy older adults.

Methods: Sixty older adults participated in this 17-week program. Each subject was provided with a pedometer and was given a goal
to walk a set number of sieps/day. After five subjects were excluded because of insufficient step data, data from 55 subjects (19 men
and 36 women; age range: 65-79 years, mean age: 71.3+3.7 years; mean body mass index {BMI]: 24.1+8.8 kg/m?) were analyzed.
Subjects were checked before and after the study. Each subject was informed of his or her vascular age, calculated from baPW'V, at
the start of the study. ;

Resulgs: Subjects were divided into four groups based on the results of baPWV. The group in which baPWV improved above a
selected cut-off value (1,700 cm/s) revealed the largest increase in steps/day among groups. This increase (4837.7+1868.7 steps) was
larger than in groups in which baPWV remained low (1406.7+2402.1 steps, p=0.036) and high (1678.2+:2871.4 steps, p=0.059). In
any group, age or initial steps/day did not influence the change in steps. Subjects classified as having an older vascular age than the
actual age on the basis of initial baPWV walked further.

Conclusion: An increase in steps/day might improve baPW'V. Although walking is a low intensity physical activity, it can have an

anti-atherosclerosis effect.

KEY WORDS: walking, atherosclerosis, arterial stiffness, baPW'V, aging

Introduction

Pulse wave velocity has been used as an indicator of
atherosclerosis and arterial stiffness . Recent studies have
focused on the use of brachial-ankle pulse wave velocity
(baPWV) as a clinical tool for screening atherosclerosis »; this
variable was recognized in 2009 as a tool for the measurement
of arterial stiffness in guidelines for the diagnosis of
hypertension by the Japanese Society of Hypertension
(JSH2009) .Habitual Physical activity has been reported
to effectively prevent atherosclerosis ¥ even when begun
at an older age >, This emphasizes the importance of
appropriate physical activity programs for older people. Such
physical activity programs should be effective, safe and easy,
and walking is one activity suitable for older people 7. A
quantitative increase of physical activity has been reported
to prevent atherosclerosis 8. Accordingly, an increase in the
number of steps taken may improve baPWV. However, most

previous studies assessed the effectiveness of physical activity
programs on baPWV either using resistance training *' or
exercise at special facilities '*'%, Such exercise programs
are difficult for older people to complete at home without
supervision. We are not aware of any investigation the
relationship between the number of steps taken and baPWV
among older adults.

In the present study, we established a long-term pedometer-
based physical activity program for healthy older adults and
analyzed the relationships between change in steps/day and
change in baPWV. We hypothesized that the change in steps/
day would lead to an improvement in baPWV.
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Methods

1. Subjects

A total of 60 healthy older adults (65 years old or older),
living in the central district of S City, Hokkaido participated in
this study. Subjects were recruited either from the city news of
S City or bulletin boards in the city center (the Central Health
Center or the M Community Development Center). During
analysis, four subjects were excluded because of insufficient
step data during the study period and one subject missed the
final checkup for personal reasons and was excluded from the
study. Therefore, data from a total of 55 subjects (19 men and
36 women; age range: 65-79 years, mean age: 71.3£3.7 years;
mean body mass index [BMI]: 24.1+8.8 kg/m?) were included
in the analyses. All subjects provided written informed consent.
The present study was approved by the Ethics Committee of the
Graduate School of Education at Hokkaido University.

2. Pedometer-based physical activity program

The procedures of the physical activity program are
described elsewhere '*). Briefly, the program consisted of
pedometers and newsletters. Each subject was provided a
pedometer (Walking Style HJ-720IT, Omron Healthcare Co.

Ltd., Ukyo-ku, Kyoto) and instructed to walk everyday during '

the study. Each subject was given a goal to walk a set number
of steps/day. At least once a month, subjects were instructed to
bring their pedometers to the assigned center. Step data were
entered by health nurses or staff into a personal computer using
BI-Link Professional Edition 2.0 software (Omron Healthcare
Co. Ltd., Ukyo-ku, Kyoto). Newsletters were delivered to each
subject’s house every four weeks. Newsletters for each subject
showed the average steps/day achieved for the current month as
well as the goal number of steps/day for the upcoming months,
determined based on the individual’s average steps/day in the
current month using the following criteria. Step goals for each
month were decided as follows: increase of 1,000 steps/day for
subjects below 5,000 '), increase to 7,500 steps/day for 5,000-
7,500 '), increase to 10,000 steps/day for 7,500-10,000 ), and
maintenance steps/day over 10,000 '®’. In step data analysis,
the average steps/day for the first week (Week 0) of the study
were treated as baseline data for “start of the study”. Only
data obtained during a wearing period of >12 hours per day
was included in analysis. This excluded low steps/day data if a
subject forgot to wear his or her pedometer.

3. Measurements of anthropometrics, blood pressure
and baPWVv

Each subject was given a medical checkup before and after
the study, after an overnight fast. Anthropometrics, systolic
blood pressure (SBP) and diastolic blood pressure (DBP)
were measured before the program was started; baPWV was
measured separately on a different day during 0900-1500 h at
rest using an automatic oscillometric device (form PWV/ABI;
Omron Colin Co. Ltd., Bunkyo-ku, Tokyo). The validity and
reproducibility of baPWV measurements have been described
elsewhere 19,

4. Estimation of vascular age from baPWV

The instrument used in the study is calibrated so that
vascular age can be calculated from baPWV !9, At the
beginning of the study, each subject was informed of his or her
vascular age via mail. When a subject’s calculated baPWV was

within the range average io average + ¥ standard deviation (SD)
of the standard baPWV ' for their actual age, their vascular
age was set as equal to their actual age. If baPWV differed
by more than average + % SD from the standard, his or her
vascular age was calculated from the value average +% SD.
The subjects were divided into two groups to analyze the effect
of differences between estimated vascular age and actual age;
subjecis were allocated to a vascular age-older group if vascular
age was estimated as >2 years older than actual age; otherwise,
the subject was enrolled into the vascular age-younger group.

5. Statistical analysis

All data were expressed as mean+SD, and p<0.05 was
considered statistically significant. Statistical tests were
performed using SPSS for Windows Ver. 15.0 (SPSS Inc.,
Chicago, IL, USA). Differences within groups were estimated
by paired #-test or Wilcoxon’s signed rank test. The differences
between groups were estimated using one-way ANOVA,

ANCOVA and the X?-test. Dunnett’s test was used to compare
weekly average steps/day (Week 1-16) with baseline steps/ -

day (Week 0). To estimate the effect of increasing steps/day
during the study, Asteps/day was calculated using the following
formula?®;

Asteps/day = Y {(steps/day at Week X) — (steps/day at Week 0)}
#(X=1-16)

To evaluate change in baPWV, we set a cut-off baPWV =
1,700 c¢m/s. Although there is no clear cut-off value of baPWV
that defines organ disorders "), this value is a predictor of
several health disorders such as all mortality %, type 2 diabetes
mellitus 2!, cerebral ischemic small vessel disease ?*! and acute
coronary syndrome **'. Each subject was categorized as either
‘high’ or ‘low’ according to his or her starting baPWV above or
below the cut-off value.

At the end of the study, subjects were divided into four
groups: the high-high (HH) group remained above the cut-off
value baPWV throughout the study; the low-low (LL) group
remained below the cut-off value; and the low-high (LH) and
high-low (HL) groups showed a change in baPWV across the
cut-off value.

Results

Characteristics of the subjects

Fifty-five subjects completed the study. At the start of the
study (baseline), actual age, SBP, DBP and baPWV of the HH
group was higher than other groups (p<0.05) The average steps/
day in the first week (Week 0) and the sex ratio was similar in
all groups (Table I).

Change in steps/day (Asteps/day)

The change in number of steps/day (Asteps/day) in each
group is shown in Fig. 1. The HL group (4837.7£1868.7
steps) changed more than the LL group (1406.7+2402.1 steps,
p=0.036) and tended to be larger than HH group (1678.2+2871.4
steps, p=0.059). The difference between groups in Asteps/
day was unchanged after age and steps/day at baseline were
adjusted using ANCOVA. This indicates that neither age nor
steps/day at baseline affected Asteps/day among groups.



Table I  Characteristics of the subjects at baseline
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LL (a=22) LH (n=4) HL (a=6) HH (p=23) p -value post-hec
Male sex (No.) 5 3 3 8
Weight (kg) 56.2 + 7.0 61.1 + 115 60.1 = 9.4 60.8 = 9.6 0.323
BMI (kg/m?) 232 + 21 241 = 29 237 = 18 247 = 2.5 0.203
Waist circumference (cm) 86.0 = 6.3 828 + 100 889 + 25 904 = 79 0.097
Hip circumference (cm) 959 %= 52 96.1 + 2.6 97.6 = 4.2 984 = 4.7 0.371
SBP (mmHg) 1327 + 142 1358 = 14.6 141.7 + 18.0 154.6 = 19.0 0.001 LL<HH
DBP (mmHg) 763 % 74 762 = 34 792 % 8.6 829 + 121 0.019 LL<HH
baPWV (cm/s) 15209 = 1219 1,666.8 = 14.3 1,793.8 = 94.0 2,068.7 + 284.7 0.000 LL<HL<HH
Steps/day at week 0 (step) 10,1142 * 3,062.9 9,509.2 + 3,882.3 8,506.1 = 2,303.6 8,801.0 = 3,940.4 0.573
Values are Means = SD.

10.000 -
p=0.036
| p=0.059

1L (8=22)

LH (n=d)

HL (n=6) HH (0=23)

Fig. 1. Comparison of the change in stepe/day among four groups based on the cut-off value of baPWV

Error bars show SD.

Change in anthropometrics and resting blood
pressure

The changes in weight, waist circumference, hip
circumference, SBP and DBP are shown in Table 2. Weight,
waist circumference and hip circumference decreased in all
groups except the LH group (p<0.05, Table 2).

Change in baPWV

The baPWV of the two groups above or below the baseline
cut-off value are compared in Fig. 2. The change in baPWV
tended to be larger in the LH group than the LL group (p=0.083)
but there was no significant difference in change in baPWV
between the HH and HL groups.

Difference in steps/day between vascular age-older
and age-younger groups.

The average steps/day in the age-older group increased
every week except week 1 and 2 (p<0.05, Fig. 3a); in the
vascular age-younger group, the average steps/day only
increased in week 5-9 and 13-14 (p<0.05, Fig. 3b).

Discussion

The present study examined whether change in baPWV
was related to the number and change in number of steps/day.
We found the HL group (indicating baPWV changed from
high level at the start of the study to low level at the end of the
study) exhibited greatest increase in steps/day. This implies that
subjects with a higher initial baPWV who increased steps/day
tended to decrease baPW'V by the end of the program.

1t is important to note that this program consisted of daily
walking and all subjects were older adults. As far as we know,
the effect of walking alone and quantitative investigation
of physical activity on baPWV have not been previously
reported. Most previous studies '-'*) measured the effect of
supervised physical activity sessions using exercise facilities.
For older people, visiting exercise facilities appears more
difficult than walking. Given that walking is easily included in
everyday routine, the results in the present study are clinically
meaningful.

BaPWYV is strongly influenced by SBP 2°). However,
when the baPWV was adjusted for baseline SBP the change of
baPWYV in the HL group was greater than that in the LH group.
As Asteps/day in HL group was the largest of the four groups,
the result suggests the improvement in baPWV was related to
the increase in steps.
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Table 2  The change in anthropometrics, blood pressure and baPWV in each group

LL (®=22)  p -value LH (n=4) p -value HL (n=6) p -value HH (8=23) p -value
Weight (kg) ~1.6 £ 2.1 0.002 ** 0.6 = 2.1 0.583 ** -2.3 + 1.8 0.026 * -18 * 1.6 0.000 ***
BMI (kg/m?) 0.7 = 09 0.002 ** -03 * 0.8 0.553 *¢ 09 = 0.6 0.023 * -0.7 £ 0.6 0.000 ***
Waist circumference (cm) ~24 £ 3.6  0.005 ** 22 = 21 0.126 ** ~34 = 40 0.090 ~1L7 + 39 0.043 *
Hip circumference (cm) -36 £ 5.1 0.003 *+ 0.5 + 53 0.854 ** =53 = 35 0.014 * -3.0 = 335 0.001 **
SBP (mmHg) -11.4 % 133 0.001 **= 8.8 = 17.6 0394 #*= -11.7 £ 13.6  0.090 ~27 % 168 0450
DBP (mmHg) —4.4 * 7.6 0.014 * 8.0 = 69 0.104 * 6.0 * 4.1 0.016 * 29 + 12.0 0258
baPWV (cm/s) 462 * + 103.6 0.056 * -134.0 £ 70.1 0.005 ** -69.5 £ 2119 0.130

87.6 0.022 * 157.5

Values are Means = SD. * p <0.05, **p <0.01, ***p <0.001 vs. baseline.

p=0.083 ( |

LL (2=22) LE (a=4) HL (o=6) HH (2=23)

Fig. 2. Comparison of the change in baPWV among four groups based on the cut-off value of baPWV

Error bars show SD.

20,000 - *

Stepe/day (step)
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;

8,000 e e e e B R S A S o ]
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Fig. 3a. The average steps/day of vascular sge-older group during the study
“p<0.05 compared with week 0. Error bars show SD.
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Fig. 3b. The average steps/day of vascular age-younger group during the study
#p<0.05 compared with week 0. Error bars show SD.

There is a dramatic, exponential *’! increase in baPWV
with increasing age >*%. In the present study, the average
baPWV of the subjects at baseline (men, 1,820.1£321.5 cm/s;
women, 1,774.7+323.7 cm/s) was slightly higher than previously
reported 2%, Previous studies found PWV increased 7.5-11.8
cm/s per year * and the decrease of 46.0 cm/s found in the
present study (data not shown) is equivalent to an Anti-Aging
effect of approximately 4-6 years. This demonstrates the
potential of programs that encourage older people to increase
daily steps to prevent atherosclerosis.

However, the physical activity level of the subjects at
baseline may also affect the results. Subjects in the present
study were highly active; the average steps/day at baseline was
9,389.1+3,412.1, markedly higher than that reported in other
studies of men and women in their 60s (7,961 for men and 6,666
steps for women) 3*'. Further study needs to explore the effects
of physical activity in more sedentary people.

Further, the steps/day of subjects in the two groups based
on vascular age assessed by baPWV differed. The vascular
age-older group (indicating vascular age > actual age at start
of the study) exhibited greatest increase in steps/day, although
there was no difference between the two groups at the start
of the study (Fig. 3a,b). That is, subjects whose vascular age
was diagnosed >2 years older than actual age, walked more
during the study. This result suggests that informing subjects of
their vascular age encouraged the age-older group to increase
physical activity. Previous studies have also suggested that
telling subjects their cardiovascular age > or lung age %
yielded better results than traditional therapies. Similarly, it was
reported that interventions that used a pedometer and provided
a goal induced an increase in steps/day >*'. Taken together,
showing older people simple indexes such as “goal steps/day” or
“yascular age” may be an effective tool for increasing physical
activity among the elderly.

The limitation of the present study was that we could not
show any relationship between baPWV and other indicators
except steps/day. This may be a result of small sample size or
individual differences. However, previous studies reported
that higher baPWV is related to slower walking speed
among older people ** and an increase of 100 cm/s baPWV
increases sarcopenia risk among older people by 1.14 times 3.
Higher PWV may affect other physical measures other than

atherosclerosis. These facts imply the decrease of PWV in
this study may improve health and physical functions of older
people.

Conclusions

The present study examined the effects of a 17-week
pedometer-based physical activity program for healthy older
adults and the relationship between change in steps/day and
change in baPWV. The findings are:

1. BEven low intensity physical activity such as walking may
decreased baPW'V.

2. A group, in whom baPWV was above 1,700 cm/s at
baseline and decreased baPW 'V during the study, showed the
largest increase in steps/day during the study

3. A group, in whom vascular age at baseline was diagnosed
older than his/her actual ages, increased steps/day during the
study.

These findings suggest that high individual baPWV may
be decreased by increasing number of steps/day although no
dose-response relationship was found between number of steps/
day and baPWV. Providing simple indicators such as vascular
age and target number of steps can encourage older people to
increase physical activity.
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High-intensity physical activity reduces the risk of future onsets in poor psychological
well-beings Japanese adolescents :
Longitudinal study in university health-related physical education

Koji Yamatsu?, Shinich Inoue?, Atsushi KuriharaV

Abstract
PURPOSE: To determine whether physical activity and/or sedentary behavior reduces the risk

for future onsets in poor mental health across a 6~month period among university students.
METHOD: Participants (N=559) completed the International Physical Activity Questionnaires
short version (Murase et al., 2002), the exercise self-efficacy (Oka, 2003), and the General
Health Questionnaires 12 items (Honda et al., 2001) in the May of 2010 (baseline data) and
October of 2010 (follow-up data).

RESULTS: Among 559 university students, 27.0% (male: 21.2%, female: 33.3%) of them had a
poor mental health at baseline. Using logistic regression analyses that controlled for several
covariates, we found that high levels of high~intensity physical activity significantly reduced
the risk for future developments of poor mental health in males (OR [Odds Ratio]=0.487, 95%
CI [confidence interval] . 0.247-0.962). Also, high levels of exercise self-efficacy significantly
reduced the risk for future developments of poor mental health in males (OR=0.510, 95% CI .
0.261-0.996). However, there were not significant relationships between them in females. No
predictive effects were for total physical activity and sedentary behavior time in both males
and females.

CONCLUSIONS: These results suggested that increasing high~intensity physical activity and/or
exercise self-efficacy reduce the risk for future developments of poor mental health among

university students.

X—7—F ! GEEH. A5 VAR, GLEREFIREE, WS
Key Words : Physical activity, Mental health, Psychological well-being, Longitudinal study
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level was lastingly elevated in sedentary young and old subjects, but returned rapidly to preexercise levels in
the DNA of physically active individuals independent of age. 8-OxoG levels in DNA were inversely correlated

Keywords: with the abundance of acetylated OGG1 (Ac-OGG1), but not with total OGG1, apurinic/apyrimidinic
Aging endonuclease 1 (APE1), or Ac-APE1. The actual Ac-OGG1 level was linked to exercise-induced oxidative stress,
DNA damage/repair as shown by changes in lipid peroxide levels and expression of Cu,Zn-SOD, Mn-SOD, and SIRT3, as well as the
Sirtuins balance between acetyltransferase p300/CBP and deacetylase SIRT1, but not SIRT6 expression. Together these
Antioxidants data suggest that that acetylated form of 0GG1, and not OGG1 itself, correlates inversely with the 8-oxoG level
8-OxoG in the DNA of human skeletal muscle, and the Ac-OGG1 level is dependent on adaptive cellular responses to
0GG1 physical activity, but is age independent.
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ree radicals

Age-associated increases in levels of reactive oxygen species
(ROS), especially during the last quarter of life, result in excessive
oxidative damage to macromolecules, including DNA [1-5]. Among
DNA and RNA bases, guanine is predominantly prone to oxidation
because of its lowest reduction potential [6]. It is modified primarily
by hydroxyl radicals at or near diffusion-controlled rates (reviewed in
[7-9]). More than 20 oxidation products of the guanine base have
been identified [10] and among them one of the most abundant is
8-oxo0-7,8-dihydroguanine (8-oxoG) [7-9]. In DNA, the 8-0x0G level
increases upon radiation, ischemia/reperfusion, acute exercise, and
aging [4,11-14]. 8-0Ox0G is excised from DNA by formamidopyrimidine-
DNA glycosylase (Fpg) in Escherichia coli and by its functional homolog
8-oxoguanine-DNA glycosylase (OGG1) in mammals in the base ex-
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E-mail address: radak@mail.hupe.hu (Z. Radak).

0891-5849/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
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cision repair (BER) pathway [15-18]. Whereas Fpg is well known to
excise 4,6-diamino-5-formamidopyrimidine (FapyA), 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapyG), and 8-oxoG with nearly
similar excision kinetics [18,19], the mammalian and yeast OGG1 is
specific for 8-oxoG and FapyG, but not FapyA [20,21]. When 8-0xoG is
not repaired, it is mutagenic, as it has been shown to pair with adenine
(A) instead of cytosine (C) and thereby induces G:C— T:A transversions
[15,22].

It is documented that in covalent modifications of DNA repair
proteins, e.g., by acetylation, phosphorylation plays a significant role,
particularly in their repair activity, which consists of the removal/repair
of oxidative base lesions [23,24]. In fact, it has been shown that 0GG1
and human apurinic/apyrimidinic endonuclease 1 (APE1) activities are
primarily regulated by p300/CBP-mediated acetylation reactions,
processes that significantly influence their repair activities and hence
cell fate [23-25). The role of sirtuin family deacetylases has gathered
considerable attention [26], as SIRT1 and SIRT6 have been shown to be



418 Z Radak et al. / Free Radical Biology & Medicine 51 (2011) 417-423

involved in DNA repair [27-29]. An increased deacetylase activity of
sirtuins may lead to a decrease in acetylation levels of proteins, which, in
turn, would result in a decline in enzymatic activities, including those of
OGG1 and APE1.

Although it is well documented that acetylation increases 0GG1
activity in cell cultures and in vitro assays, the existence of acetylated
0OGG1 (Ac-0GG1) and APE1 (Ac-APE1) under in vivo conditions is still
unknown. The goals of this investigation were (a) to determine
changes in Ac-OGG1 and Ac-APE1 in human skeletal muscle, (b) to
study the effects of aging and acute as well as regular physical
conditioning on acetylation levels of these DNA repair enzymes, and
(c) to evaluate the possible roles of SIRT1, SIRT3, and SIRT6 in the
adaptability of human skeletal muscle. This report shows that the
level of acetylated OGG1 changes as a function of age, and exercise
training increases this posttranslational modification independent of
age in human muscles.

Materials and methods
Subjects

Forty-eight healthy men volunteered to participate in this study. A
written informed consent was signed by all participants regarding
their participation after they were told 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 ethics
committee of the University of Thessaly.

Participants were assigned to one of four groups according to a
cross-over, repeated-measures design: (a) young sedentary (YS;
26.03-4.5 years), (b) young physically active (YA; 30.2 4 7.9 years),
(c) old sedentary (0S; 63.4 £ 4.7 years), and (d) old physically active
(OA; 62.4 4 2.9 years). Subjects were exposed to a single bout of the
exercise protocol and muscle biopsies were taken. Participants were
assigned to the young or old sedentary group based on a maximal
oxygen uptake (VOpmax) of below 25 mi/kg/min for old participants
and below 35 mli/kg/min for young participants, and the young and
old physically active groups were based upon the ACSM description
[30], VOymax Over 45 ml/kg/min for young participants and over
35 mi/kg/min for old (YS, 35.94+4.7; 0S, 25.1+3.0; YA, 51.8+7.9;
OA, 37.1 £ 2.9 ml/kg/min).

Participants visited the laboratory on three occasions. During their
first visit, participants were examined by a trained physician for
limiting health complications; in their second visit, participants had
their body height/weight and skin-folds measured and underwent a
Graded Exercise Testing (GXT) to evaluate their VOpmay. During their
third visit, a week later, participants underwent a submaximal
exercise bout to exhaustion on the treadmill, and muscle biopsies
were collected before and after exercise.

Measurement of peak oxygen uptake (VOzpeqr)
VO,pearc Was determined during a GXT on a treadmill to voluntary
exhaustion as previously described [31].

Exercise protocol

A single bout of exercise included initially 45 min of running on a
treadmill at 70-75% of the subject's VOamay. After 45 min, the speed
increased to 90% of VOynma, and exercise was terminated at
exhaustion [32].

Muscle biopsy sampling
Participants had been instructed to refrain from physical activity

and caffeine consumption for 48 h before exercise. Both muscle
specimens (pre- and postexercise), of approximately 100-120 mg

each, were obtained from the vastus lateralis of the same leg of each
participant by using the needle biopsy technigue [33]. The first biopsy
was obtained approximately 20 cm away from the midpatella of the
right (dominant) leg with the application of suction [34].

Assessment of malondialdehyde levels

Blood samples were collected from an antecubital arm vein into
evacuated tubes containing ethylenediaminetetraacetic acid. Plasma
was separated by centrifugation (1500g, 4 °C, for 15 min). Samples
were stored at — 80 °C. Malondialdehyde (MDA) levels were measured
by reverse-phase, high-performance liquid chromatography (HPLC)
with fluorimetric detection (excitation 532 nm and emission 550 nm)
as described [35].

Real-time quantitative RT-PCR

Total RNA from skeletal muscle samples (~30 mg) was extracted
with NucleoSpin RNA/protein (Macherey-Nagel, Diiren, Germany)
according to the manufacturer’s protocol. Analyses of the real-time
quantitative PCR data were performed using the comparative
threshold cycle (C;) method, as suggested by Applied Biosystems
{User Bulletin 2). The primers used are listed in Table 1.

Fluorescence imaging and quantification

At optimal cutting, temperature-fixed, paraffin-embedded muscles
were sectioned into 5-pm sections. The measurernent of 8-oxoG levels in
nuclear DNA of muscles was assessed by quantitative microscopic
imaging, as we previously described [23,36]. Briefly, sections were
deparaffinized, air-dried, and fixed in acetone:methanol (1:1), rehy-
drated in PBS for 15 min, and then sequentially treated with RNase
(100 pg/mil) for 15 min followed by 100 pg/ml pepsin in the presence of
0.1 N HQA for 30 min at 37 °C. The sections were washed and then
incubated with affinity-purified, noninmune IgG (100 pg/ml) for
30 min and washed in PBS containing 0.5% bovine serum albumin and
0.1% Tween 20 (PBS-T). After incubation with anti-8-oxoG antibody
(Trevigen, Gaithersburg, MD, USA; 1:300 dilution) {37] for 30 min, the
sections were washed for 15 min three times with PBS-T and then
binding of primary antibody was detected with conjugated secondary
antibedy.

Table 1
Primers used in RT-PCR.
Primer sequence
Reference gene
B-Actin ' Forward: 5'-GCTCGTCGTCGACAACGGCTC-37
B-Actin Reverse: 5-CAAACATGATCTGGGTCATCTTCT-3"
RP28S Forward: 5'-AGCCGATCCATCATCCGCAATG-3"
RP285 Reverse: 5'-CAGCCAAGCTCAGCGCAAC-3'
Target gene
0GG1 Forward: 5'-GTGGACTCCCACTTCCAAGA-3'
0GG1 Reverse: 5-GAGATGAGCCTCCACCTCTG-3/
EP300 Forward: 5’-TCATCTCCGGCCCTCICGGC-3!
EP300 Reverse: 5'-GCTCTGTTGGGCCTGGCTGG-3/
SIRT1 Forward: 5-TGCGGGAATCCAAAGGATAATTCAGTGTC-3/
SIRT1 Reverse: 5'-CTTCATCTTTCTCATACTTCATGGCTCTATG-3/
SIRT3 Forward: 5'-GTCGGGCATCCCTGCCTCAAAGC-3!
SIRT3 Reverse: 5'-GGAACCCTGTCTGCCATCACGTCAG-3"
SIRT6 Forward: 5'-GAGGAGCTGGAGCGGAAGGTGTG-3'
SIRTS Reverse: 5'-GGCCAGACCTCGCTCCTCCATGG-3
SoD1 Forward: 5'-AGGGCATCATCAATTTCGAG-3'
S0D1 Reverse: 5'-ACATTGCCCAAGTCTCCAAC-3/
SOD2 Forward: 5'-GCAGAAGCACAGCCTCCCCG-3/
SOD2 Reverse: 5'-CCTTGGCCAACGCCTCCTIGG-3!
XRCC6 (Ku70) Forward: 5'-CTGTCCAAGTTGGTCGCTTC-3'
XRCCB (Ku70) Reverse: 5'-CTGCCCCTTAAACTGGTCAA-3
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0OGG1 and Ac-0GG1 levels were also determined via quantitative
microscopic imaging [36,38] Purified mouse anti-OGG1 antibody
(human OGG1 reactive) generated against a synthetic peptide (C-
DLRQSRHAQEPPAK-N) representing the C-terminus of 0OGG1 was
acquired from Antibodies-Online {Atlanta, GA, USA). The immunogen
affinity-purified, human-reactive rabbit polyclonal antibody to Ac-0GG1
was generated against an Ac-Lys-containing peptide (PAKRRAKG
G™MKGPEC) [23] obtained from AbCam (Cat. No. ab93670) [23,36].
Antibody reactive with human APE1 [39] and rabbit anti-Ac-APE1
antibody were characterized previously [40]. Binding of primary
antibodies was visualized with fluorochrome-labeled secondary anti-
bodies. Confocal microscopic evaluations were performed on a Zeiss
LSM510 META system using the 488-nm line of the argon laser for
excitation of FITC and the helium-neon 543-nm line for excitation of
rhodamine, combined with appropriate dichroic mirrors and emission
band filters to discriminate between green and red fluorescence. Images
were captured at a magnification of 60 (60x oil immersion objective;
numerical aperture 1.4). To objectively quantify fluorescence intensities
morphometric analyses were done by using MetaMorph software
version 9.0r (Universal Imaging Corp., Downingtown, PA, USA) as we
have described [38]. Specifically, images were obtained from >15 fields
per muscle section containing 160-180 nuclei and reassembled using
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the montage stage stitching algorithm of the Metamorph software [41].
Colocalization was visualized by superimposition of green and red
images using MetaMorph software version 9.0r.

Statistical analyses

Statistical significance was assessed by three-way ANOVA (age x
physical activity status x time), followed by Tukey's post hoc test. The
significance level was set at p<0.05.

Results

Changes in 8-0x0G level in DNA as a function of age and physical activity
in human skeletal muscle

DNA glycosylase/apurinic/apyrimidinic (AP) lyase activity of
OGG1 declines with age [42-44]. Here, first we investigated the
association between abundance of 8-oxoG in DNA and OGG1, as well
as Ac-OGG1 in nuclei of skeletal muscle of OS and YS individuals.
Results from quantitative flucrescence intensity analysis showed that
there was a significant (p<0.01) increase in genomic 8-oxoG
(8-ox0dG; Fig. 1A) and total 0GG1 (p<0.01) levels in skeletal muscle
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Fig. 1. 8-0x0G, OGG1, and Ac-0GG1 levels in skeletal muscle (SkM) before and after single exercise bout (SEB). (A) Increase in 8-0x0G level in genomic DNA of aged muscles and in
response to SEB. (B) Total 0GG1 level in SkiMl of sedentary and physically active subjects. In (A) and (B), sections were stained and fluorescence intensities were analyzed using a
montage stage stitching algorithm of the MetaMorph software (Materials and methods). (C) Representative fluorescence images of 0GG1 and Ac-0GG1 in sections from the muscles
of young individuals. Top: original magnification 69x. Bottom: original magnification 196x. Lefamost images are DAP, the rightmost images are the superimposition of the 0GG1-
and Ac-OGG1-mediated fluorescence images. (D) Representative fluorescence images of 0GG1 and Ac-OGG1 in muscle sections of old volunteers. Top: original magnification 69x.
Bottom: original magnification 196x. Leftmost images are DAPI-stained, the rightmost images are the superimposition of 0GG1- and Ac-OGG1-mediated fluorescence images.
(E) Changes in Ac-OGG1 levels in skeletal muscle of young and elderly subjects in response to SEB. (F) The relative expression of 0GG1 mRNA is shown. DAPI, 4',6'-diamino-2-
phenylindole; YS, young sedentary; YSSE, young sedentary after a single bout of exercise; YA, young active; YASE, young active afier a single bout of exercise; 0S, old sedentary; OSSE,
old sedentary after a single bout of exercise; OA, old active; and OASE, old active after a single bout of exercise. Values are means -+ SE for six subjects per group. *p<0.05, **p<0.01.
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of elderly compared to young participants (Fig. 1B). This paradoxical
observation suggests an increase in oxidative stress and/or decrease in
OGG1 activity; the latter may be due to altered OGG1 posttransla-
tional modification(s), such as acetylation [23]. The acetylated form of
OGG1, compared to the unacetylated form, shows an approximately
10-fold increase in repair activity [23}]. Immunohistochemical analysis
shows that the level of Ac-OGG1 was significantly higher in the
skeletal muscle of young individuals (Fig. 1C, top and bottom)
compared to that of older subjects. Ac-OGG1 was nearly undetectable
in the skeletal muscle of the elderly (Fig. 1D, top and bottom). As
calculated from fluorescence intensities, only 5.1 4+ 2.5% of total OGG1
was acetylated in the old, whereas 24.5 4+ 6% of total OGG1 reacted
with anti-Ac-OGG1 antibody in the young individuals (Fig. 1E). APE1
is a multifunctional and abundant protein [39] and has been shown to
stimulate 8-0x0G repair initiated by 0GG1 during BER {45]. Because of
APE1's abundance, it was not surprising to observe that its level was
not different in the muscle of the young and old groups (data not
shown). Ac-APE1 [46] levels were substantially higher only in skeletal
muscle of YS individuals compared to that of OS subjects (Fig. 2A); not
the APE1 level but the Ac-APE1, together with Ac-0GG1, plays arole in
the repair of 8-0x0G. These results support the hypothesis that an
increase in the genomic 8-0x0G level is associated with an inability of
aged skeletal muscle to posttranslationally modify OGG1 [25).
OGG1’s acetylation level is altered by the activity of acetyltransferase
p300/CBP [23,25] and deacetylases such as sirtuins [27]. Our results
show that expression of p300/CBP is increased (p<0.01) in skeletal
muscle of OS subjects compared to that in younger counterparts
(Fig. 2B). On the other hand, expression of SIRT1 and SIRTS (Figs. 2C and
E) was not affected by age, whereas SIRT3 expression was significantly
lower in the OS compared to the YS group (Fig. 2D). In controls, there
were no differences in the expression of Ku70 (binds directly to free
DNA ends) in the muscles of young and old individuals (Fig. 3A), an

indication that the repair efficiency of 8-0x0G is unaffected by age and
level of unrepaired AP sites, and DNA single-strand breaks are not
sufficient to alter the expression of Ku70.

Oxidative stress induced by physical activity mediates an adaptive
response for efficient oxidative DNA damage repair

Old and young physically inactive and active individuals were
subjected to a single exercise bout (SEB). SEB-induced changes in
oxidative stress levels were determined indirectly by measuring the levels
of the lipid peroxidation product MDA in plasma (YS, 0.176 + 0.02; YSSE,
026240.03% YA, 0.1434£001; YASE, 0.181+0.02; 0S, 0.2544+0.04;
OSSE, 0.3384:0.06°; OA, 0.188+0.03; OASE, 0.23340.03 pmol/L;
*p<0.05). It is obvious that the MDA level was significantly increased
only in the plasma of physically inactive old and young subjects. Although
we recognize the limitations of MDA measurements [47], the strong
match between MDA and 8-0x0G (p = 0.001) levels suggests that indeed
aging and SEB elevate the level of oxidative damage. These results are
supported by the observed increase in the expression of CuZn-SOD
(Fig. 3B) in the musdle of physically inactive (old and young) subjects.
Mn-SOD expression is increased in response to SEB only in young subjects
(Fig. 3C). Surprisingly, Mn-SOD expression was not affected by SEB in
active/trained old and young individuals (Fig. 3C). Together these data
imply an adaptive response of the skeletal muscle to SEB in trained/active
individuals.

An increase in MDA level predicts enhanced genomic 8-oxoG
levels upon exercise. Thus we asked if regular physical exercise-
induced antioxidant responses protect guanine from oxidation in the
DNA from muscle biopsies of sedentary vs trained and young vs old
subjects. In response to a SEB, the 8-0x0G level was doubled in the
muscle of all individuals regardless of whether they were sedentary or
physically active. Importantly, whereas 8-0xoG levels returned to
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Fig. 2. Ac-APE1 level and expression of p300/CBP, SIRT1, SIRT3, and SIRT6 before and after physical exercise in skeletal muscle. (A) Level of Ac-APE1 as assessed by fluorescence
imaging (analyzed as for Fig. 1A). (B-E) Expression at the mRNA level of (B) p300/CBP, (C) SIRT1, (D) SIRT3, and (E) SIRT6. RNA was isolated from muscle biopsies excised before and
24 h after SEB. Quantitative RT-PCR was undertaken as described under Materials and methods. YS, young sedentary; YSSE, young sedentary after a single bout of exercise; YA, young
active; YASE, young active after a single bout of exercise; 0S, old sedentary; OSSE, old sedentary after a single bout of exercise; OA, old active; and OASE, old active after a single bout

of exercise. Values are means -+ SE for six subjects per group. *p<0.05, **p<0.01.



