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Fig. 3. Effect of SEB on expression of (A) Ku70, (B) Cu,Zn-superoxide dismutase (SOD), and (C) Mn-SOD. RNA was isolated from muscle biopsies excised before and 24 h after SEB.
Quantitative RT-PCR was carried out 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.

preexercise levels in physically active individuals, both OA and YA, its
level in DNA remained high in sedentary young and old subjects after
a 24-h recovery period (Fig. 1A). For example, 8-0xoG levels were
approximately four times higher in untrained older (Fig. 1A)
- compared to younger individuals without SEB (Fig. 1A). Importantly,
there was no change in genomic 8-0xoG levels in muscle biopsies of
OA individuals after SEB (Fig. 1A).

The subphysiological level of genomic 8-0xoG in physically active
subjects suggested an efficient repair of DNA. We observed that 0GG1
levels did not significantly change in younger subjects, but they
increased in the older subjects in response to SEB (Fig. 1B). In contrast,
Ac-0GG1 levels were significantly increased in younger individuals,
whereas in the older subjects no significant change was observed in
response to SEB. Ac-OGG1 level was approximately threefold higher
in active compared to older, sedentary individuals (Figs. 1E and C).
SEB did not change Ac-APE1 (Fig. 2A), which was similar to APE1
levels (data not shown), suggesting that neither Ac-APE1 nor APE1 is
limiting in the repair of 8-0xoG.

In response to SEB, the expression of p300/CBP increased
approximately fivefold in the younger subjects, but unexpectedly, it
significantly decreased in older subjects (Fig. 3A). If indeed p300/CBP
is the acetyltransferase in muscle, these results are in line with the
levels of Ac-OGG1 (Figs. 1C and E). In physically active subjects SEB
did not significantly alter p300/CBP levels (Fig. 2B). Expression of the
deacetylase SIRT1 showed a significant increase only in younger
sedentary subjects in response to SEB (Fig. 2C). The expression of
SIRT3, which has no deacetylase activity, was the highest in muscle
biopsies of active, younger subjects (Fig. 2D), and its expression did
change upon SEB (Fig. 2D). SIRT6 expression-(Fig. 2E), along with
Ku70 (Fig. 3A), decreased in both young and old muscles after SEB.
Together these data suggest that a physically active lifestyle induces

an adaptive response by generating mild oxidative stress and prevents -

the age-associated increase in genomic 8-0xoG levels possibly due to
the age-independent increase in 0GG1's acetylation.

Discussion

Age-related and physical exercise-associated changes in DNA
damage levels in skeletal muscle of experimental animals have been
reported previously [13,14,48]. This study analyzed levels of 8-oxoG
in DNA and the abundance of rate-limiting BER enzymes in human
muscle biopsies before and after a single exercise bout. We also
examined expression of acetyltransferases and deacetylases linked to
DNA repair pathways and antioxidant genes that could reflect on
cellular redox conditions. We show that the genomic 8-oxoG level is
lastingly elevated in sedentary young and old subjects, but it returned
rapidly to preexercise levels in physically active individuals indepen-

dent of age upon a single exercise bout. The 8-0xo0G level in DNA
inversely correlated with the abundance of Ac-OGG1, but not with
total 0GG1, APE1, or Ac-APE1. Importantly, our data also demonstrate
a physical activity-dependent increase in the acetylated forms of
OGG1 in human skeletal muscle. Accordingly, it is possible that an
exercise-induced acetylation pathway would enhance OGG1 activity,
not only in muscles, but in other tissues, and thereby exercise may
decrease the incidence of various pathological conditions, such as
inflammation, that have been linked to carcinogenesis, cardiovascular
diseases, strokes, or Alzheimer disease.

8-0x0G is arguably one of the important forms of DNA base damage
induced by ROS, and it has been proposed to play a role in the aging
process and is also linked to age-associated diseases [1-3,5]. This
hypothesis is consistent with the severalfold increase in 8-ox0G (and
possibly of other oxidized bases) content in nuclear and mtDNA from
aged tissues [1-3,5]. A single bout of exercise has been shown to cause
mild oxidative stress [32,49,50], and thus we applied a SEB and
determined cellular oxidative states, changes in 8-oxoG levels, and
abundance of selected repair enzymes. Because of a limited amount of
muscle biopsies, we used quantitative fluorescence analysis [36,38,41]
to assess 8-0x0G levels, as the quantity of DNA isolated did not allow us
to use HPLC with electrochemical detection [7,8], which would provide a
better estimates. By using a highly specific, anti-8-oxodG-specific
antibody, we observed significantly higher levels of genomic 8-0xoG
in human skeletal muscle of sedentary, older individuals compared to
the levels in younger subjects, in line with previous observations
[13,14,43,44]. In response to SEB-induced ROS, 8-0x0G levels increased
further and were not repaired, even after a 24-h period, in sedentary
individuals, independent of age. In contrast, 8-0xoG levels returned to
preexercise levels in physically active individuals, a finding that may
mean regular physical activity could prevent accumulation and/or
increase repair efficacy of 8-oxoG and possibly other bases in DNA
human skeletal muscle.

The observed increase in 8-0x0G levels in sedentary individuals
points to a possible age-dependent decrease in levels of OGG1. In
contrast, our data show a significantly increased OGG1 level in elderly
subjects and, interestingly, SEB furthered its level. Unexpectedly, the
8-0x0G level was also enhanced. These paradoxical observations
suggested to us that 0GG1 may have a low DNA glycosylase/AP lyase
activity or that BER activities are significantly lower in aged human
muscle. Indeed, a recent publication documents decreased overall BER
activities in both the nuclei and the mitochondrial extracts from
skeletal muscles, compared to those from liver or kidneys of the same
mice [51]. Although decreased overall BER activity could be a
possibility, our data also imply that a lack of or delayed repair of
8-0x0G could be linked to a deficiency in posttranslationally modified
0OGG1 in aged muscles. Indeed, OGG1's glycosylase/AP-lyase activity is
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modulated via acetylation, phosphorylation, and redox [23,25]. For
example, OGG1 is acetylated on lysines 338 and 341 and has an
approximately 10-fold increase in its 8-oxoG excision activity
compared to unacetylated OGG1 [23]. To explore this possibility we
show that approximately one-fifth of OGG1 is in an acetylated form in
younger individuals and, importantly, Ac-OGG1 was nearly undetect-
able in the sedentary elderly. This observation is a feasible possibility,
as 8-ox0G level in DNA was inversely correlated with levels of
Ac-OGG1 in muscles of young and old individuals.

Repair of 8-0oxoG is initiated by OGG1 during the BER pathway,
followed by APE1-mediated cleavage of the DNA strand at the abasic
site. After removal of this 3'-blocking group, the single-nucleotide gap
is filled in by a DNA polymerase, and DNA ligase seals the nick to
restore DNA integrity [17]. It has also been shown that OGG1 remains
tightly bound to its AP product after base excision, and APE1 prevents
its reassociation with its product, thus enhancing OGG1 turnover {45].
Accordingly, APE1 is considered to be rate-limiting in the BER of 8-
0x0G [17,39]. However, neither APE1 nor Ac-APE1 showed significant
changes with aging and/or physical activity. Therefore, it may be
proposed that the Ac-OGG1 is limiting in the repair of 8-0xoG lesions
in human skeletal muscle during BER processes. As modification by
phosphorylation substantially alters the incision activity of only 0GG1
[24], our earlier observations of an exercise-induced increase in OGG1
activity in skeletal muscles of human and experimental animals
[14,43] may be atiributed to Ac-OGG1.

Acetylation levels of OGG1 and APE1 are dependent on the level/
activity of the acetyltransferase p300/CBP [23,25] and possibly on a
deacetylase(s) such as some of the sirtuins [52]. Results from our
studies show that p300/CBP's expression was increased in young
individuals by SEB, independent of whether they were sedentary or
active. However, we were not able show such consistency in the
elderly. SIRT1, a NAD-dependent histone deacetylase [53], has been
shown to interact with p300/CBP to regulate its acetyltransferase
activity [52]. SIRT1 levels increased in both young and elderly muscles
in response to exercise. These observations are in line with the general
role of SIRT1 in the DNA damage response and maintenance of
genomic integrity, as it promotes proper chromatin structure and
DNA damage repair foci formation for repair of DNA base lesions
[27,28]; however, the patterns of change in SIRT1 expression in young
vs old or sedentary vs physically active suggest an inverse correlation
between SIRT1 and the level of Ac-OGG1.

Among sirtuins, only SIRT3 expression correlates with the life span
of humans [54]. Interestingly, SIRT3 expression was increased with
physical fitness level only in young subjects in this study. SIRT3 has
two isoforms with different molecular masses (44 and 28 kDa), which
are localized in mitochondria and nucleus, respectively [55]. The
translocation of SIRT3 from the nucleus to the mitochondria has been
shown to be induced by oxidative stress [55]. SIRT3 is also a
modulator of apoptosis [56]. Recent findings also indicate that SIRT3
is a downstream target of PGC-1at and one of the regulators of
mitochondrial ROS production [57].

Exercise has been shown to cause mild oxidative stress [32,49,50,58].
Although the 8-0x0G level is a documented measure of such an oxidative
insult [ 14], MDA levels and expression of superoxide dismutase(s) were
used to evaluate further SEB-induced oxidative stress. An increase in
MDA levels in plasma correlated with genoric 8-oxoG level in both
young and old subjects in response to SEB. Interestingly, only the
expression of Cu,Zn-SOD showed age-independent and exercise-
associated changes, and Mn-SOD expression was increased only in the
younger sedentary group. Based on these observations, it appears that
Cu.Zn-SOD expression is a better measure of an adaptive response to ROS
than that of mitochondrial Mn-SOD. These data also imply a decline in
adaptive response with age at the level of Min-SOD. These observations
are in line with those showing that the adaptive capability of an
organism to withstand oxidative stress challenge(s) is markedly
decreased as a function of age [59,60]. Based on our data, however, we

propose that adaptive responses to ROS are not age dependent, but
decided by the physical status of an individual.

In conclusion, this investigation offers insight into interactions
between aging processes, exercise, and regulation of the repair of
oxidized DNA base lesions in human skeletal muscle. We show for the
first time that (1) acetylated forms of OGG1 and APE1 are present in
human tissues, but (2) only Ac-OGG1 seems to be rate limiting in the
BER processes of 8-oxoG, and (3) repair of 8-0x0G seems to be
independent of age, but (4) is dependent on the physical state of
muscles. Qur data also irnply that regular exercise induces an adaptive
response that involves an improved, more efficient antioxidant and
DNA repair machinery.
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Abstract

Adenosine monophosphate-activated protein kinase (AMPK) has been proposed to stimulate mitochondrial biogenesis and fat and
glucose metabolism in skeletal muscle. Nicotinamide adenine dinucleotide—dependent histone deacetylase sirtnin 1 (SIRT1) is also thought
to play a pivotal role for such metabolic adaptations. The purpose of the present study was to examine the effect of AMPK activation with the
administration of AMPK activator 5-aminoimidazole-4-carboxamide-1-g-p-ribofuranoside (AICAR) to rats on skeletal muscle SIRT1 protein
expression as well as peroxisome proliferator activated receptor y coactivator—1a (PGC-1a) and glucose transporter 4 (GLUTA4) protein
expression and hexokinase activity. The AICAR promoted the phosphorylation of AMPK o-subunit (Thr'”?) and acetyl-coenzyme A
carboxylase (Ser’) without any change of total AMPK o-subunit or acetyl—coenzyme A carboxylase protein levels in both the slow-twitch
soleus and fast-twitch extensor digitorum longus (EDL) muscles. The SIRT1 protein expression increased at 24 hours after administration of
AICAR in the EDL muscle but not in the soleus muscle. The PGC-1a protein expression increased in both the soleus and EDL muscles and
GLUT4 did in the EDL muscle at 24 hours after an administration of AICAR. The hexokinase activity increased at 18 and 24 hours in the
soleus and at 12, 18, and 24 hours in the EDL after an AICAR treatment. These results suggest that short-term AICAR treatment to rats
promotes skeletal muscle AMPK phosphorylation and then coincidently increases the SIRT1 protein expression. In addition, such treatment
also enhances the PGC-1c and GLUT4 protein contents and hexokinase activity in skeletal muscle.

Crown Copyright © 2011 Published by Elsevier Inc. All rights reserved.

1. Intreduction tolerance and survival in mice fed high-fat diet [5,6].

SIRT1 can promote mitochondrial biogenesis and fatty acid

Silence information regulator 2 (Sir2) proteins are the
nicotinamide adenine dinucleotide—dependent acetylases
that regulate longevity in Caenorhabditis elegans [1] and
Saccharomyces cerevisiae [2] in response to caloric
restriction. In mammals, the Sir2 ortholog, sirtuin 1
(SIRT1)/Sir2e plays an important role in various biological
processes via functionally interacting and deacetylating
several proteins [3]. SIRT1 controls both energy homeo-
stasis and metabolic adaptations [4]. The activation of
SIRTI with its activator resveratrol improved the glucose

* Corresponding author. Tel.: +81 22 304 5599; fax: +81 22 304 5591.
E-mail address: suwa-m@tohtech.acjp (M. Suwa).

oxidation in skeletal muscle cells via deacetylation and
functionally activating the peroxisome proliferator activated
receptor y coactivator—la (PGC-1a) [7-9]. This metabolic
role of SIRT1 is assocjated with 5’-adenosine monopho-
sphate—activated protein kinase (AMPK), which is also a
key regulator of energy metabolism [4].

5’-Adenosine monophosphate—activated protein kinase is
a heterotrimer consisting of 3 subunits: o, B, and y [10].
Two isoforms exist for both the a-subunit (1 and o:2) and
B-subunit (B1 and §2) and 3 for the y-subunit (y1, y2, and
73). The o-subunit contains the catalytic domain. The B
subunit mediates the assembly of the heterotrimeric AMPK
complex [11] and glycogen binding [12]. The y-subunit
binds the AMP and following phosphorylation of threonine

0026-0495/$ - see front matter. Crown Copyright © 2011 Published by Elsevier Inc. Al rights reserved.
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172 in the a-subunit and kinase activation [13]. The AMPK
functions as an energy sensor and is activated when the
cellular AMP to adenosine triphosphate ratio is increased
[10]. The phosphorylation of threonine 172 in o-subunit
strongly correlates with the AMPK activity [14]. The AMPK
phosphorylation is mainly regulated by an upstream kinase
LKB1 in skeletal muscle [15]. Skeletal muscle AMPK is
activated by exercise [16], adipocytokines including
leptin [17] and adiponectin [18], and antidiabetic drug
metformin [19,20]. The activation of AMPK by ifs
activator S5-aminoimidazole-4-carboxamide-1-g-D-ribofura-
noside (AICAR) stimulates both glucose uptake and fatty
acid oxidation in skeletal muscle cells [21] and increases
insulin-stimulated glucose uptake, insulin signaling such
as phosphatidylinositol 3-kinase and protein kinase B
activities, glucose transporter 4 (GLUT4) protein expres-
sion, hexokinase activity, and mitochondrial oxidative
enzyme activities in skeletal muscle [22-24]. The
activation of AMPK by AICAR also increases the PGC-
la expression in skeletal muscle [25], which controls
mitochondrial biogenesis and glucose metabolism [25,26].
The AMPK is indirectly phosphorylated by SIRT1 through
LKBI1 deacetylation [27]. In addition, AMPK promotes
SIRT1 activation by enhancing the transcription and activity
of nicotinamide phosphoribosyltransferase [28].

The skeletal muscle SIRT1 protein expression [29] and
activity [30] have been observed to increase with endurance
exercise in rat skeletal muscle. Endurance exercise has a
great impact on the skeletal muscle metabolic characteristics,
including mitochondrial biogenesis and GLUT4 expression
[31], while also activating AMPK [16]. The activation of
AMPK with AICAR also induces such metabolic adapta-
tions in skeletal muscle [23,24], thus suggesting that the
activation of AMPK mediates the effect of endurance
exercise training on metabolic characteristics. It is hypoth-
esized that AMPK regulates SIRT1 expression. The purpose
of the present study was to investigate whether the activation
of AMPK with short-term AICAR treatment to rats induced
the expression of SIRT1 protein as well as the expression of
PGC-l1oc and GLUT4 protein and also the hexokinase
activity in slow- and fast-twitch skeletal muscles.

2. Miaterials and methods
2.1. Animals

Male Wistar rats that were 4 weeks of age and with a body
weight of 70 to 90 g (Kyudo, Tosu, Saga, Japan) were used
for the current study. All rats were handled daily for at least 5
days before beginning their experiment regimen. All rats
were housed in a temperature- (22°C + 2°C) and humidity-
(60% =+ 5%) controlled room with a 12-hour light (7:00 Am-
7:00 pM) and 12-hour dark (7:00 pM-7:00 aM) cycle. Food
and water were provided ad libitum. All experimental
procedures were strictly conducted in accordance with the
Nakamura Gakuen University Guidelines for the Care and

Use of Laboratory Animals and were approved by the
University Animal Experiment Committee.

2.2. AMPK and acetyl-coenzyme A carboxylase
phosphorylation study

The rats were randomly assigned to pre (n = 12) and
AICAR treatment (n = 36) groups. The rats of AICAR
treatment group were then given a subcutaneous ingestion
of AICAR (Toronto Research Chemicals, North York,
Ontario, Canada; 1 mg/g body weight). The rats were
anesthetized with pentobarbital sodium (60 mg/kg body
weight IP), and the slow-twitch soleus and fast-twitch
extensor digitorum longus (EDL) muscles were rapidly
dissected out at 1 (n = 12), 2 (n = 12), and 4 (n = 12) hours
after the AICAR treatment. The rats of the pre group were
also anesthetized, and the soleus and EDL muscles were
dissected out. The muscles were frozen in liquid nitrogen
and stored at —80°C until determinations of phosphorylated
and total AMPKa and acetyl-coenzyme A carboxylase
(ACC) protein expression were performed.

A lysis buffer was used to inhibit phosphatases and
determine the phosphorylated AMPK and ACC protein
levels as well as total AMPKa and ACC (50 mmol/L
HEPES, 0.1% Triton X-100, 4 mmoV/L EGTA, 10 mmoV/L
EDTA, 15 mmol/L Na,P,0,, 100 mmol/L. f-glyceropho-
sphate, 25 mmol/L NaF, 5 mmol/L NazVQy,, and 1 tablet per
50 mL Complete Protease Inhibitor Cocktail Tablets [Roche
Diagnostics, Tokyo, Japan], pH 7.4). The muscle specimens
were homogenized in ice-cold lysis buffer (1:10 wt/vol) with
a Polytron-type homogenizer operating at maximum speed
for 30 seconds. The homogenate was centrifuged at 15 000g
(4°C) for 25 minutes. The protein concentration of the
supernatant was then determined by use of a protein
determination kit (Bio-Rad, Richmond, CA). The muscle
protein homogenate was solubilized in sample loading buffer
(50 mmoV/L. Tris-HCI, pH 6.8, 2% sodium dodecyl sulfate
(SDS), 10% glycerol, 5% B-mercaptoethanol, and 0.005%
bromophenol blue).

2.3. SIRT1, PGC-la, and GLUT4 proteins and hexokinase
activity study

The rats were randomly assigned to pre (n = 12), AICAR
treatment (n = 48), and saline treatment (n = 12) groups. The
rats of AICAR treatment group were then given a
subcutaneous ingestion of AICAR (1 mg/g body weight).
The rats were anesthetized with pentobarbital sodium (60
mg/kg body weight IP); and then the soleus and EDL
muscles were rapidly dissected out at 6 (n = 12), 12 (n = 12),
18 (n =12), and 24 (n = 12) hours after the AICAR
treatment. The rats of pre group were also anesthetized, and
the muscles were dissected out. In the rats of saline treatment
group, a comparable volume of saline was administered
subcutaneously. The rats were anesthetized, and the muscles
were dissected out at 24 hours after the saline injection. The



396 M. Suwa et al. / Metabolism Clinical and Experimental 60 (2011) 394—403

muscles were frozen in liquid nitrogen and stored at —80°C
until analyses were performed.

The frozen samples were homogenized with homogenizer
in ice-cold homogenizing buffer (1:10 wt/vol) (25 mmol/L
HEPES, 250 mmol/L sucrose, 2 mmol/L EDTA, 0.1% Triton
X-100, and 1 tablet per 50 mL Complete Protease Inhibitor
Cocktail Tablets [Roche Diagnostics], pH 7.4). The
homogenate was centrifuged at 15000¢g (4°C) for 25 minutes.
The protein concentration of the supernatant was determined
by the use of a protein determination kit (Bio-Rad). The
muscle homogenate was used for Western blotting to
determine the SIRT1, PGC-1a, and GLUT4 protein contents
and hexokinase activity. For Western blotting, the muscle
protein homogenate was solubilized in sample loading buffer
as described above.

2.4. Gel electrophoresis and Western blotting

The proteins (20 ug) of these homogenates were
separated by SDS polyacrylamide gel electrophoresis

250 .

200

100 =

Phospho-AMPKa/ug protein (% of Pre) .

>

Pre ih 2h 4h

200
180

PR 4 3 G o8y 3 e R iy

160
140
120

AMPKa/ug protein (% of Pre)

C Pre 1h 2h 4h

using 5% (phospho- and total ACC), 7.5% (SIRT1 and
PGC-1a), and 10% (GLUT4 and phospho- and total
AMPKo) resolving gels. The proteins separated by SDS
polyacrylamide gel electrophoresis were then electropho-
retically transferred onto the polyvinylidene difluoride
membrane. The membrane was incubated with a blocking
buffer of casein solution (SP-5020; Vector Laboratories,
Burlingame, CA) for 1 hour at room temperature. The
membrane was reacted with affinity-purified rabbit poly-
clonal antibody to phospho-AMPKa (Thr'’?; 1:500 dilu-
tion, #2532, Cell Signaling, Beverly, MA), total AMPKa
(1:1000 dilution, #25318, Cell Signaling), phospho-ACC
(Ser”; 1:500 dilution, #3661, Cell Signaling), total ACC
(1:500 dilution, #3662, Cell Signaling), Sir2 (1:1000
dilution, #07-131, Upstate Biotechnology, Lake Placid,
NY), PGC-la (1:500 dilution, AB3242, Chemicon Inter-
national, Temecula, CA), or GLUT4 (1:8000 dilution,
AB1346, Chemicon International) ovemight at 4°C and
then was incubated with biotinylated anti-rabbit/mouse
immunoglobulin G (1:1000 dilution, BA-1400, Vector
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Fig. 1. Phospho- and total AMPKa protein expression in the soleus and EDL muscles before and 1, 2, and 4 hours after AICAR treatment. A and B, Phospho-
AMPKa in soleus and EDL muscles, respectively. C and D, Total AMPK« in soleus and EDL muscles, respectively. Values are the means + SE; n = 12 muscles

per group. *P < .05 vs pre.
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Laboratories) for 30 minutes. The band on the membrane
was visualized by avidin and biotinylated horseradish
peroxidase macromolecular complex technique (PK-6100,
Vector Laboratories). The band densities were determined
using the Image 1.62 software package (National Institute
of Health, Bethesda, MD).

2.5. Hexokinase activity

The hexokinase activity was measured spectrophotomet-
rically. The enzymatic assay was carried out at 30°C using
saturating concentrations of substrates and cofactors as
determined in preliminary analyses. The hexokinase activity
was measured at 340 nm by following the production of
reduced form of beta-nicotinamide adenine dinucleotide
phosphate (NADPH) for 3 minutes. The extinction coeffi-
cient for NADPH, which is a reference of the hexokinase
activity, was 6.22. For the hexokinase assay, 100 mmol/L
Tris-HC, 0.4 mmol/L beta-nicotinamide adenine dinucleo-
tide phosphate (NADP), 5 mmol/L. MgCl,, 700 U/mL
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glucose-6-phosphate dehydrogenase, 1 mmol/L glucose
(omitted for the measurement of nonspecific activity), and
5 mmol/L adenosine triphosphate (omitted for the measure-
ment of nonspecific activity), pH 7.0, were used.

2.6. Statistical analysis

All data are expressed as the means + SE. To estimate the
time course of the protein expressions and hexokinase
activity with AICAR treatment, we used the 1-way analysis
of variance. Dunnett post hoc test was conducted if the
analysis of variance indicated a significant difference. The
unpaired ¢ test was used to compare the saline and AICAR
groups. A value of P < .05 was considered to be significant.

3. Results
3.1. AMPK and ACC protein phosphorylation

Fig. 1 shows the change in the phosphorylated and total
AMPKa protein expression after an AICAR treatment. In the
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Fig. 2. Phospho- and total ACC protein expression in soleus and EDL muscles before and 1, 2, and 4 hours afier AICAR treatment. A and B, Phospho-ACC in
soleus and EDL muscles, respectively. C and D, Total ACC in soleus and EDL muscles, respectively. Values are the means + SE; n= 12 muscles per group. *P <

.05 vs pre.
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Fig. 3. SIRT! protein expression in the soleus (A) and EDL (B) muscles
before and 6, 12, 18, and 24 hours after AICAR treatment. Values are the
means + SE; n = 12 muscles per group. *P < .05 vs pre.

soleus muscle, the phosphorylated AMPKoa protein in-
creased at 1, 2, and 4 hours after the AICAR injection from
the preinjection period (Fig. 1A; +32%, +59%, and +36%,
respectively, from pre; P < .05). In the EDL muscle, the
phosphorylated AMPKa protein also increased at 1, 2, and 4
hours after the AICAR injection from the preinjection period
(Fig. 1B; +150%, +151%, and +150%, respectively, from

‘pre; P < .05). Total AMPKo protein expression did not

change in the soleus or EDL muscles (Fig. 1C, D).

The effect of AICAR was further examined on the
phosphorylation of ACC, a downstream target of AMPK
controlling the entry of fatty acids into mitochondrial matrix
in skeletal muscle [21]. Fig. 2 shows the change in the
phosphorylated and total ACC protein expression after an
AICAR treatment. In the soleus muscle, the phosphorylated
ACC protein increased at 1 and 2 hours after the AICAR
injection from the preinjection period (Fig. 2A; +178% and
+101%, respectively, from pre; P < .05). In the EDL muscle,
the phosphorylated ACC protein also increased at 1, 2, and 4
hours after the AICAR injection from the preinjection period
(Fig. 2B; +178%, +392%, and +173%, respectively, from
pre; P <.05). Total ACC protein expression did not change
in the soleus or EDL muscles (Fig. 2C, D).

3.2. SIRTI protein expression

Fig. 3 shows the change in the SIRT1 protein expression
after an AICAR administration. In the soleus muscle, no
changes were observed after the treatment (Fig. 3A). In the
EDL muscle, the SIRT1 protein increased (+24%) at 24
hours after the treatment from the pretreatment period -
(Fig. 3B, P <.05). In addition, the SIRT1 protein expression
in the EDL muscle at 24 hours afier the AICAR treatment
was significantly higher than that in the saline treatment
(Table 1, P < .05).

3.3. PGC-la protein expression

Fig. 4 shows the change of the PGC-la protein
expression afier an AICAR administration. The PGC-1a
protein increased at 24 hours after an AICAR administration
from the pretrial period in both the soleus (Fig. 4A) and EDL
(Fig. 4B) muscles (+21% and +26%, respectively, from pre;
P < .05). In addition, the PGC-1a protein expression in both
the soleus and EDL muscles at 24 hours after the AICAR
treatment was significantly higher than that in the saline
treatment (Table 1, P < .05).

3.4. GLUT4 protein expression

Fig. 5 shows the change in the GLUT4 protein expression
after an AICAR administration. In the soleus muscle, no
changes were observed after the treatment (Fig. 5A). In the

Table 1
Skeletal muscle protein expression and hexokinase activity 24 hours afier either saline or AICAR administration
Soleus muscle EDL muscle

Saline AICAR Saline AICAR
SIRT1 (% of saline) 100.0+ 1.8 104.1+25 100.0 £ 6.2 117.6 £ 2.1*
PGC-1a (% of saline) 100.0 + 6.0 1163 +3.4* 100.0 £ 6.7 1220 + 8.1*
GLUT4 (% of saline) 100.0 + 4.1 1025+ 5.9 100.0 + 6.9 137.0 + 5.8%
Hexokinase activity (umol L™ g™* min™") 2.02 £0.07 2.33£0.07* 249 = 0.07 345+0.11*

Data are expressed as the mean + SE; n = 12 muscles per group.
* P < .05 vs saline-treated group.
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EDL muscle, the GLUT4 protein increased (+38%) at 24
hours after the treatment from the pretreatment period
(Fig. 5B, P < .05). In addition, the GLUT4 protein
expression in the EDL muscle at 24 hours after the AICAR
treatment was significantly higher than that in the saline
treatment (Table 1, P < .05).

3.5. Hexokinase activity

Fig. 6 shows the change in the hexokinase activity after an
AICAR administration. In the soleus muscle, the hexokinase
activity increased at 18 and 24 hours after an AICAR
administration from the pretrial period (Fig. 6A; +12% and
+12%, respectively, from pre; P < .05). In the EDL muscle,
the activity increased at 12, 18, and 24 hours after an AICAR
administration from the pretrial period (Fig. 6B; +24%,
+36%, and +30%, respectively, from pre; P < .05). In
addition, the hexokinase activity in both the soleus and EDL
muscles at 24 hours after the AICAR treatment was
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Fig. 4. PGC-1a protein expression in the soleus (A) and EDL (B) muscles
before and 6, 12, 18, and 24 hours after AICAR treatment. Values are the
means + SE; n = 12 muscles per group. *P < .05 vs pre.

GLUT4/ug protein (% of Pre)
8
A

A Pre 6h 12h i8h 24h

GLUT4/ug protein (% of Pre)
-l
8
1
Ly

20 -

B Pre 6h 12h 18h 24h

Fig. 5. GLUT4 protein expression in the soleus (A) and EDL (B) muscles
before and 6, 12, 18, and 24 hours afier AICAR treatment. Values are the

" means + SE; n = 12 muscles per group. *P < .05 vs pre.

significantly higher than that in the saline treatment
(Table 1, P < .05).

4. Discussion

The current study demonstrated that the activation of
AMPK with AMPK activator AICAR treatment in vivo
increases the SIRT1 protein expression in the rat EDL
muscle. The AMPK phosphorylation level in human
hepatoma cell line HepG2 is associated with the SIRT1
protein level [32]. Incubation of HepG2 cells in a high-
glucose medium (25 mmol/L) decreases the phosphorylation

- of AMPK and its downstream target ACC with parallel

decline of SIRT1 protein level in comparison to that in low-
glucose medium (5 mmol/L). In contrast, incubation of
HepG2 cells with pyruvate (0.1 or 1 mmol/L) increases the
phosphorylation of AMPK and ACC and SIRT1 protein
content. These results suggest that AMPK controls SIRT1
protein content.
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The effects of AICAR treatment to animals seem similar
to those of endurance exercise training with regard to glucose
uptake, mitochondrial fatty acid oxidation, and mitochon-
drial and GLUT4 biogenesis in skeletal muscle [10]. The
endurance exercise increased the skeletal muscle SIRTI
protein expression [29]. Consequently, the results regarding
SIRT1 in the current study further suggest that the AICAR
treatment mimics the benefits of endurance exercise. In
skeletal muscle cells, SIRT1 plays an important role in
metabolic adaptations including mitochondrial biogenesis,
fatty acid oxidation, and glucose homeostasis through
deacetylation of PGC-1a [7-9]. Collectively, these observa-
tions raise the possibility that the AMPK-SIRT1-PGC-1a
pathway may, in part, contribute to the metabolic adaptations
with endurance exercise training in skeletal muscle.

However, AMPK may not be the only way to regulate the
SIRT1 expression with exercise. The ablation of the AMPK
activity experiments using AMPK dominant negative or
AMPKa2 knockout mice models demonstrates that AMPK
is not always essential for the regulation of downstream
targets including ACC, fatty acid oxidation, mitochondrial
biogenesis, or the glucose metabolism [33-35], thus

suggesting that the redundant signaling pathways cooperate
with AMPK in many kinds of adaptations and that signaling
other than AMPK may compensate for such metabolic
characteristics in the AMPK ablation state. To elucidate the
mechanisms, other than AMPK, which regulate the SIRT1
expression with exercise, further experiments using AMPK
ablation animal models subjected to various types of exercise
are thus called for.

The mechanisms underlying the increase of SIRTI
protein content with AICAR treatment are unclear at present.
One potential mechanism for this phenomenon is that nitric
oxide synthase (NOS) mediates the SIRT1 expression after
an AICAR treatment. The AMPK-induced skeletal and
cardiac muscle glucose uptake depends on NOS [36]. In
addition, AMPK seems to enhance the NOS activity and
phosphorylation of endothelial NOS at Ser'!”” [36,37]. The
level of expression and phosphorylation of endothelial NOS
is associated with SIRT1 expression in endothelial cells
[38,39]. Furthermore, long-term treatment of NOS inhibitor
NS-nitro-L-arginine-methyl ester decreases the skeletal
muscle SIRT1 protein content (M Suwa and S Kumagai,
unpublished observation). Overall, it is likely that increasing
SIRT]1 protein expression with AICAR treatment is mediated
by NOS. However, other studies have demonstrated that
NOS inhibition does not affect the AICAR- or confraction-
induced glucose uptake in rat skeletal muscle [40,41].
Further studies are necessary to clarify the mechanisms in the
increase of skeletal muscle SIRT1 dependent on NOS after
AMPK activation.

In the current study, the SIRT1 protein expression in the
EDL muscle increased with AICAR treatment but not in the
soleus. In addition, other characteristics examined in this
study indicate inconsistent results between EDL and soleus
muscles. The GLUT4 protein expression significantly
increased with AICAR in the EDL muscle but not in the
soleus muscle. In the hexokinase activity, AICAR treatment
also seems more effective to the EDL than soleus muscle.
The increase of AMPK phosphorylation level with AICAR
in the EDL (~+150% from pre) seems greater than that in
soleus (+32%-59% from pre) as well as ACC phosphory-
lation level (EDL, +173%-391%,; soleus, +89%-179%; from
pre), raising the possibility that such difference in the effect
of AICAR against the AMPK phosphorylation partially
causes the different results between soleus and EDL muscles.
Another potential cause for such differences in regard to
AICAR treatment is the difference in the AMPK subunit
isoform distribution between muscle fiber types. The soleus
muscle possesses dominantly slow-twitch type I fibers (type
I, 84%; type IIA, 7%,; type IIX, 9%; type 1B, 0%), whereas
EDL muscle possesses dominantly fast-twitch type II fibers
(type I, 4%; type LIA, 20%; type IIX, 38%; type 1IB, 38%) in
rats [42]. In rodents, the y3-subunit of AMPK is dominantly
expressed in the fast-twitch muscle in comparison to the
slow-twitch muscle [43]. The y3-containing AMPK com-
plexes contain only o2- and f2-subunits [43], thus suggest-
ing that a2/$2/73 heterotrimer preferentially expressed in the
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fast-twitch muscle. Because a2- and f3-subunits play an
important role for metabolic and contractile properties in
skeletal muscle [44-46], it is likely that the different effects
between soleus and EDL muscles on AMPK activation
observed in this study are, at least in part, atiributable to such
differences in the subunit expression pattern between muscle
fiber types. -

The current study demonstrated that short-term AICAR
treatment to rats promotes the skeletal muscle SIRT1 protein
expression. On the other hand, a previous study has shown
that long-term AICAR treatment to rats for 5 successive days
decreases (white gastrocnemius and red and white tibialis
anterior muscles) or fails to change (heart and red
gastrocnemius muscles) the SIRT1 protein expression [47].
In addition, AICAR treatment for 14 successive days does
not alter the SIRT1 protein expression in the rat red and
white gastrocnemius muscles (M Suwa and S Kumagai,
unpublished observation). These observations suggest that
the effect of AICAR treatment on SIRT1 protein expression
may thus differ depending on the treatment period. The
SIRT1 transcription is regulated by the transcriptional factors
E2F transcriptional factor 1 and hypermethylated in cancer 1
[48]. SIRT1 binds to these transcriptional factors, and the
complexes repress its transcription [49,50]. This negative
feedback loop in SIRT1 regulation might be at least partially
associated with the inconsistent results observed among the
different treatment period.

Although several previous studies have demonstrated
that long-term AICAR treatment enhances the PGC-1a and
GLUT4 protein expression and hexokinase activity in the
skeletal muscles of rodents in vivo [23,24], the present
study is the first to demonstrate that short-term adminis-
tration of AICAR to rats also promotes them. These results
suggest that only a single AICAR treatment is sufficient to
promote such phenotypes. Previous studies have demon-
strated that short-term endurance exercise augments the
PGC-loc and GLUT4 expression and the hexokinase
activity and expression [51-53]. These shori-term exer-
cise—induced changes may be at least partially associated
with AMPK.

Several observations may explain the mechanisms in
such changes with AICAR treatment. The PGC-la and
hexokinase II genes have a cyclic AMP-response element,
and their transcription is thought to be controlled by the
transcriptional factor cyclic AMP-response element bind-
ing protein [54-56]. The GLUT4 transcription is regulated
by the transcriptional factors myocyte enhancer factor 2
and GLUT4 enhancer factor [57,58]. All these transcrip-
tional factors are phosphorylated and/or transcriptionally
activated by AMPK [55,59]. Presumably, such mechanisms
are the possible causes for the increase in PGC-la and
GLUT4 expression and hexokinase activity with short-term
AICAR treatment.

SIRT1 is associated with insulin sensitivity [7], insulin
[60] and adiponectin [61] secretion, mitochondrial biogen-
esis, fatty acid oxidation [9], protection of neurodegenerative

disorders, [62], and longevity [7]. The current study
contributes to the understanding of the role of AMPK in
the regulation of SIRT1 protein expression and further
supports the strategies aimed to activate AMPK as a means
of improving the outcome of chronic diseases.

In summary, these results show that short-term AMPK
activator AICAR treatment to rats enhances the skeletal
muscle AMPK and ACC phosphorylation and then coinci-
dently increases the SIRT! protein expression. The PGC-1a
and GLUT4 protein expression and hexokinase activity also
increases with AICAR treatment. Some of these changes
preferentially occur in fast-twitch EDL muscles. Therefore,
the observations in this study may provide new insights into
the mechanisms of SIRT1 regulation and thereby help in
both the prevention of and therapy for some chronic diseases
including insulin resistance, type 2 diabetes mellitus,
metabolic syndrome, and neurodegenerative disorders.
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BlEIC b ARRORE L REMOEN A
AV AN RIZRIFTHE

Effects of differences in level of knee pain and affected side on
mental health in elderly

ERAEX BHIER mREREE HE K
HFLUEE REHFHER HHEZIE BHHk=

TAKAFUMI SAITOY, MASAHIRO SAKITA?, ERI MAaTUO®, YU NOFUI®
YOSHIHIKO MORIYAMA®, Mayumi NAGANO?, TakaMasa KoGa®, SHUZO KUMAGAP

By (B8] X0 ENE, BEEFEOEFEICOVWTHEEL, SLICERBOMKE
CRBHOBCHERA I VAV ALLRRTEBIIOWTRETAZLTH A, [HE] &
WFgiE, 65N LD B BMEBET0BEMNRE L, BB, AV F VAR (5D, quality of
life(QOL) B & UFaBMIitak), EEBh#eE, BEEES L UHKEHWEREAELL. 2L
T, BEOHWELRBENOBV DO L HFELBRXCHEBRE L. [B2] Ko,
FRBAEFRECHHLLBL TPEE~-BEOFIEEICHEN QOL B X URARED
BEMEP ok, BEDIZ, BEOMELEBEMOE VTS DOFEMRETH 5 CES-
DHERABREZRIROON 2 d oz, [GHR] KUHREBEOBELBBAOBNTA VY
WANWANDEBH R, B EBEIRBR I N,

F-U—F I BE, BEM, AvILALR

Abstract: [Purpose] This study explored the characteristics of elderly patients with knee pain and
examined the effects of differences in the level of knee pain and affected side on patients’ mental
health. [Methods] The study examined knee pain, mental health (depression, quality of life (QOL),
cognitive functioning), physical functioning, smoking habits, and socioeconomic factors involving
750 elderly subjects aged over 65. The obtained characteristics were compared between male and
female subjects. [Results] Female patients with moderate to severe knee pain showed significantly
lower physical QOL and cognitive function scores. No significant correlation was observed between
the CES-D score and differences in the level of knee pain and affected side in both genders. [Con-
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clusion] The results suggest that the level of knee pain and affected side have different effects on the

mental health of female patients.

Key weords: Knee pain, affected side, mental health
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SERME L FERE, R (UANRE), SfE0d s ke, *p<0.05
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— 75
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<0.01) OBEIFE,o, BREDIC, BEOME
ERBAOENCTCESDBRICAEZEIZEDLLE
oz (3, 4).
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F3 BURICBITIRBOME L BBEOE 55 &7 O LB

b3 ERRE

R~ R R P PERE M 8 P
n 19 17 18 25
i (&) 75.5 (6.7) 73.8 (6.9) 70.5 (4.6) 73.9 (6.3) *c)
BEE (F) @ 12.2 (2.1) 12.1 (2.0) 12.2 2.2) 12.1 2.1)
BMI® 23.2 (2.4) 24.6 (2.6) 23.0 (1.9) 23.8 (3.6)
VAS (m) ® 63.6 (18.2) 30.7 (17.3) w0 60,4 (17.2) 29.4 (17.0) )
FEEQOL (H) @ 3.6 (0.3) 3.5 (0.5) 3.3 (0.4) 3.5 (0.4)
CES-D (&) » 3.5 (1.0~10.0) 3 (1~7) 8.5 (2.0~14) 4 (2~10)
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BTF»o0irb L) (E) » 19.3 (8.1) 19.2 (8.1) 19 (6.2) 19.1 (5.3)
5 mAATHE (B) @ 2.9 (0.7) 2.7 (0.6) 2.8 (0.6) 3.0 (1.2)

BREE | PHRE~REE  PI9E43.9 (REEE125.3) mbll, §65 ; TI{E43.9 (BEEEZ2125.3) mkil

R | RSB~ TR | V404 (FRIEEE24.0) mblE, 8BF,; FHE40.4 REREE24.0) mkiF

BMI; Body mass index, QOL; Quality of life, CES-D; the Center of epidemiologic studies depression Scale

IADL: Instrumental activity of daily living, ©¥3{E +HHEE, v (WOAUHEE), odE0d 5 1i&E, »p<0.05 *+p<0.01

B4 KECBITLRFEORE L BAROE DL A0 LK

A R

P~ A R P P~ AR PR P
n 40 51 29 32
£ (&) 74.3 (6.4) 73.3 (6.2) 73.7 (6.3) 72.5 (6.6)
HEFE () 0 11.1 (2.0) 12.1 (2.0) 11.2 2.1) 12.1 (2.1)
BMI® 23.5 (3.8) 22.3 (2.9) 24.5 (2.6) 24.7 (3.7)
VAS (mn) 9 66.7 (17.6) 30.2 (16.8) ##e) 71.6 (19.2) 35.7 (18.3) #35)
H1E89 QOL (&) 3.4 (0.6) 3.7 (0.5) *2) 3.4 (0.4) 3.4 (0.5)
CES-D (&) 8 (3~12) 6 (3~11) 12. (3 ~15) 7 (2~12)
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IADL (#) » 13 (13~14) 13 (12~15) 13 (12~15) 12 (12~14)
BFLoaIbEND (H) » 15.8 (4.2) 18.2 (5.7) 16.1 (6.1) 16.9 (5.5)
5 mBIHEE (B) @ 3.6 (1.3) 3.3 (L.0) 3.7 (1.5) 3.2 (0.7

GRS PHE~REE | TI90640.4 (REEZ123.3) mbl b, B8 FHE40.4 GFEEEL23.3) mkH

R | AR AR TI9ME45.2 (REEEEL29.0) mbll, T8, FHE45.2 (BREBEEL229.0) mkiH

BMI; Body mass index, QOL; Quality of life, CES-D; the Center of epidemiologic studies depression Scale, IADL: Instrumental activity of daily living
IPHE L RERE, “PRE (WSUER), SWE0d S tIRE, IWilcoxon DIEMFIRE, *p<0.05 *#p<0.01
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