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Abstract

Statins and exercise reduce cardiovascular disease incidence. We investigated whether endurance exercise in mice induces
mitochondrial adaptation in skeletal muscle and muscle injury during administration of atorvastatin, a member of the statin
medication class. Male C57BL mice were assigned to one of three groups: control (Con), statin (Statin), or statin and exercise
(Statin + Ex). Atorvastatin was administered, and exercise performed on a treadmill for 8 weeks. The levels of mitochondria-
associated proteins, PGC-1a, and respiratory chain complex, (COX) I-V, in the quadriceps femoris, and serum creatine
kinase, a muscle injury marker, were measured. PGC-1a and COX I-V were upregulated in the Statin 4+ Ex group compared
to those in the Statin and Con groups; serum creatine kinase levels were similar. Endurance training in mice induced mito-
chondrial adaptation in skeletal muscle without causing muscle injury, during atorvastatin administration.
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Introduction

Statins [3-hydroxy-3-methyl-glutaryl coenzyme A reductase
(HMG-CoA reductase) inhibitors] are cholesterol-lowering
drugs [1] and have been reported to prevent cardiovascular
mortality and events [2]. Exercise has also been reported
to reduce cardiovascular disease incidence [3]. Therefore,
it would seem advisable for statin users to also engage in
exercise. However, the effects of exercise on statin users are
not clearly understood. In addition, exercise is suggested
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to exacerbate muscle injury during statin administration.
Hence, the safety of daily exercise for statin users is unclear.

Endurance exercise is well known to stimulate metabolic
adaptation, such as enhancement of oxidative phosphoryla-
tion in skeletal muscle [4]. However, it is not clear whether
exercise has adaptive effects during statin administration
because statins can potentially induce mitochondrial dys-
function [5]. Southern et al. have reported that exercise
increases activities of mitochondrial enzymes such as cit-
rate synthase and f-hydroxy acyl-CoA dehydrogenase in
the skeletal muscle of mice administered statins [6], and
they indicated that exercise induces mitochondrial adapta-
tion during statin administration. In contrast, Mikus et al.
demonstrated that statins impair exercise-induced meta-
bolic adaptation in humans [7]. Thus, it is unclear whether
exercise has adaptive effects on metabolic factors related to
mitochondria during statin administration.

There are also possible safety concerns for statin users
concerning the performance of daily exercise because exer-
cise may result in muscle injury during statin administration.
Exercise has been reported to exacerbate injury in the gas-
trocnemius, extensor digitorum longus, and psoas muscles
of mice administered cerivastatin (1 mg/kg) [8]. However,
in that study, the quadriceps femoris of all the mice that did
not engage in exercise were reported to be damaged. Hence,
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exacerbation of muscle injury does not appear to be due to
only exercise but also cerivastatin, which is not currently
prescribed owing to its strong side effects. In another study,
lovastatin increased levels of creatine kinase (CK), which
is a marker of muscle injury, with architecture disruption
and plasma membrane damage during downhill treadmill
walking, which is known as eccentric exercise [9]. Eccentric
exercise was shown to induce muscle injury, with necrotic
fibers [10] accompanying muscle soreness [11]. Patients
who are administered statins usually do not perform such
injurious exercises as part of their daily exercise regimen.
Moreover, exercise increases the expression of heat shock
proteins (HSPs) [12], which may potentially protect muscle
from injury [13]. Therefore, it is unclear whether exercise
induces muscle injury during statin administration.

The purpose of this study was to investigate whether
exercise exerts adaptive effects on mitochondria and induces
muscle injury during statin administration. Levels of per-
oxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a) and respiratory chain complex (COX)
I-V, which are mitochondrial-associated proteins, were
measured to determine the resulting adaptive effects of exer-
cise. Moreover, serum CK activity levels were measured
and skeletal muscle tissues were observed by microscopy
to verify muscle fiber disruption as an indication of muscle
injury. In addition, HSP25 levels were measured because
they are increased by endurance exercise and have a protec-
tive effect against stress.

Methods
Animals

Eighteen male C57BL mice (8 weeks old) were housed in
a temperature-controlled room maintained at 22 °C under a
12-h light—dark cycle and allowed free access to food and
water. The mice were randomly divided into three groups
consisting of six animals per group as follows: control
(Con), statin (Statin), and statin and exercise (Statin + Ex).
The study was approved by the Institutional Animal Care
and Use Committee of Osaka Prefecture University.

Atorvastatin treatment

Mice in the statin treatment groups were treated with a
dose of 10 mg/kg/day of atorvastatin calcium salt trihy-
drate (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan)
for 8 weeks. The dose of atorvastatin calcium salt trihy-
drate was determined according to a previous study [14].
The suspension of atorvastatin was prepared in 0.5% w/v
methyl cellulose 400 solution (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) and administered to the mice in the
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statin treatment groups orally using a feeding needle, daily
for 8 weeks. The 0.5% w/v methyl cellulose 400 solution was
given to the mice in the control group for 8 weeks.

Exercise protocol

The exercise protocol was determined based on a previous
study [15]. The mice in the Statin + Ex group ran on a motor-
driven treadmill (Muromachi Kikai Co., Ltd., Tokyo, Japan)
at 15 m/min for 60 min. The exercise was performed once a
day, 5 days a week for 8 weeks.

Serum and tissue sampling

The mice were deeply anesthetized with isoflurane at 24 h
after the last exercise treatment, and blood was collected
from the heart. The quadriceps femoris muscles were col-
lected. Blood was centrifuged at 1200xg for 10 min at 4 °C,
and then the serum was collected. The muscles were imme-
diately frozen in isopentane cooled with liquid nitrogen, fol-
lowed by storage at — 80 °C until further analysis.

Biochemical analysis

The serum level of total cholesterol, LDL cholesterol, and
CK was measured with a 7180 automatic analyzer (Hitachi,
Tokyo, Japan), using L-type Wako CHO M (Wako Pure
Chemical Industries Ltd., Osaka, Japan), Cholestest LDL
(Sekisui Medical CO., Ltd., Tokyo, Japan), and L-type Wako
CK (Wako Pure Chemical Industries Ltd.).

Western blotting

The muscles were homogenized in ice-cold extraction
buffer (20 mM Tris—HCI, pH 7.4; 25 mM KCl; and 1%
Triton X-100) containing a complete protease inhibitor
cocktail (Roche Diagnostics, Tokyo, Japan). Homogenates
were centrifuged at 12,000Xg for 10 min at 4 °C, and ali-
quots of supernatants were used for subsequent analyses.
The protein concentrations of the aliquots were measured
using a Coomassie Protein Assay Kit (Thermo Fisher Sci-
entific K.K., Yokohama, Japan). The absorbance was read
at 595 nm using a microplate reader (Model 680; Bio-Rad
Laboratories, Inc., CA, USA) to determine the total protein
concentrations. The aliquots were diluted with extraction
buffer, and EzApply (ATTO, Tokyo, Japan) was added to the
diluted aliquots. The final protein concentration of the sam-
ples for western blot analysis was adjusted to 2 pg/ul. For the
detection of PGC-1a and HSP25, the samples were boiled
for 5 min; in contrast, for the Total OXPHOS Rodent WB
antibody (Abcam, Cambridge, UK), they were not boiled.
The samples were applied to a 12.5% polyacrylamide gel
(ATTO), and electrophoresis was performed at a constant
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current of 20 mA/gel for 60 min. The separated proteins
were then transferred to PVDF membranes (ATTO) at a
constant current of 2 mA/cm? for 60 min via the semi-dry
blotting method. The membranes were stained with Pon-
ceau-S staining solution (Beacle, Inc., Kyoto, Japan) for
5 min and the background was destained by 1% acetic acid
for 2 min. The membranes were scanned and destained with
0.1 M NaOH for 20 s. The membranes were blocked with
EzBlock Chemi (ATTO) for 1 h at room temperature and
subsequently incubated overnight at 4 °C with the follow-
ing primary antibodies: anti PGC-1a (1:5000; Santa Cruz
Biotechnology, Santa Cruz, USA), Total OXPHOS Rodent
WB antibody Cocktail (1:10,000; Abcam), and anti-HSP25
(1:5000; Stressgen Biotechnologies, Victoria, Canada). Fol-
lowing incubation, the membranes were washed 3 times for
10 min/wash in EzWash (ATTO) containing 0.1% Tween 20
(TTBS) and reacted for 1 h at room temperature with the fol-
lowing secondary horse radish peroxidase-conjugated anti-
bodies: anti-mouse IgG (1:20,000; Nacalai Tesque, Kyoto,
Japan) for Total OXPHOS, and anti-rabbit IgG (1:25,000;
Nacalai Tesque) for PGC-1a and HSP25. Following this
incubation, the membranes were washed 3 times for 10 min/
wash in TTBS and reacted with ECL Prime Western Blot
Detection Reagent (GE Healthcare UK Ltd., Buckingham-
shire, England) for 5 min at room temperature, and the
protein bands were obtained using LumiCube (Liponics,
Inc., Tokyo, Japan). The protein bands were analyzed using
JustTLC software (Sweday, Sondra Sandby, Sweden). The
45-kDa bands from the Ponceau-stained membranes were
used as protein loading controls [16]. The data were normal-
ized to the Con value.

Histochemical stain

Muscles were sliced into 10-pm-thick cross-sections using
a cryostat at —20 °C. Sections were dried at room tempera-
ture for 30 min, fixed in 10% formalin solution for 15 min
at 4 °C, and then stained with hematoxylin—eosin (H&E).
Stained sections were observed under a microscope, and
images were obtained using a digital camera.

Statistical analysis

Comparisons among the three groups were performed using
one-way analysis of covariance (ANOVA). Fisher’s least
significant difference post hoc test was performed to deter-
mine significant differences between the groups, based on
one-way ANOVA. Statistical analyses were performed using
Ekuseru-Toukei 2008 (Social Survey Research Information
Co., Ltd., Tokyo, Japan), and statistical significance was set
at p<0.05.

Results
Body weight

Body weight data are shown in Table 1. There were no
significant differences among the three groups in both the
initial and final body weights of the mice.

Cholesterol concentration

To verify the effect of statin on serum cholesterol con-
centrations, total cholesterol and low-density lipoprotein
(LDL) cholesterol levels were measured. The cholesterol
concentrations detected in the different mouse treatment
groups are shown in Table 1. Total cholesterol levels
decreased in the Statin and Statin + Ex groups compared
to those in the Con group (p=0.011 and p=0.029, respec-
tively). LDL cholesterol levels also decreased in the Statin
and Statin + Ex groups compared to those in the Con group
(»p=0.0063 and p =0.0025, respectively).

PGC-1a content

To verify mitochondrial adaptation by exercise during
atorvastatin administration, the level of PGC-1a, which
regulates oxidative phosphorylation [17], was measured
by western blotting. The PGC-1a content in the different
groups is shown in Fig. 1. The PGC-1a content was sig-
nificantly higher in the Statin 4+ Ex group than in the Statin
group (210% of that in the Statin group, p=0.021). How-
ever, there was no significant difference in PGC-1a con-
tent between the Con and Statin groups (p =0.44). These
results indicate that endurance exercise increases PGC-1a
content during atorvastatin administration.

Table 1 Body weights and cholesterol concentrations in the three
groups

Con Statin Statin + Ex
Initial body weight (g) 220+0.5 224+1.0 22.8+0.6
Final body weight (g) 26.6+0.6 264+09 27.3+0.6
Total cholesterol (mg/dl)  93.8+3.8  78.0+4.1" 80.5+3.9"
LDL cholesterol (mg/dl) 102+1.7 55+03"  4.8+03"

Values are presented as the mean + SE. n=6 per group
LDL low-density lipoprotein, Con control, Statin + Ex statin and exer-
cise

*p <0.05 and **p <0.01 vs the Con group
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Fig. 1 Expression levels of peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha (PGC-la) in the quadriceps femo-
ris. The expression pattern and protein concentrations of PGC-la
in the quadriceps femoris in the three groups are shown. Values are
expressed as the mean+SE. n=6 per group. *p <0.05 vs the Statin
group. Con control group, Statin+ Ex statin and exercise group
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Fig.2 Expression levels of respiratory chain complex (COX) I-V in
the quadriceps femoris. The expression pattern and protein concentra-
tions of COX I-V in the quadriceps femoris in the three groups are
presented. Values are expressed as the mean+SE. n=6 per group.
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COX |-V content

To verify mitochondrial adaptation in response to exercise
during atorvastatin administration, the level of COX I-V,
which is associated with ATP production in mitochondria,
was measured by western blotting. The COX I-V content in
the different groups is shown in Fig. 2. The content of COX
I, 11, II1, and IV was significantly higher in the Statin +Ex
group than in the Statin group (219% of Statin; p=0.032,
169% of Statin; p=0.019, 200% of Statin; p=0.013 and
265% of Statin; p =0.0036, respectively). However, there
was no significant difference in the content of COX I, II, III,
and IV between the Con and Statin groups (p =0.28, 0.86,
0.33, and 0.44, respectively).

The COX V content was significantly higher in the
Statin + Ex group than in the Statin group (207% of Sta-
tin, p =0.0003). Although there was no significant dif-
ference between the Con and Statin groups, COX V lev-
els tended to be lower in the Statin group than in the Con
group (p=0.058). These results indicate that endurance
exercise increases COX I-V content during atorvastatin
administration.
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Fig.3 Creatine kinase (CK) level in serum. Values are expressed as
the mean+ SE. n=6 per group. Con control group, Statin + Ex statin
and exercise group

Serum CK levels

To verify muscle injury, serum levels of CK, which is a
marker of muscle injury, were measured. The CK level is
shown in Fig. 3. There was no significant difference in CK
level among the three groups (one-way ANOVA, p=0.82).
The results indicate that endurance exercise did not induce
muscle injury during atorvastatin administration.

H&E stain

To verify muscle fiber injury, quadriceps femoris sections
stained by H&E were observed by microscopy (Fig. 4). In
images of the muscle stained by H&E, necrotic and regen-
erative muscle fibers were not observed in any of the groups.

HSP25 content
The level of HSP25, which is increased by exercise and is

expected to protect muscle from injury, was measured by
western blotting. The HSP25 levels in the different treatment
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Fig.5 Expression levels of heat shock protein 25 (HSP25) in the
quadriceps femoris. The expression pattern and protein concentra-
tions of HSP25 in the quadriceps femoris in the three groups are
shown. Values are expressed as the mean+SE. n=6 per group.
*p<0.05 vs the Con group; #p<0.05 vs the Statin group. Con con-
trol, Statin + Ex statin and exercise group

groups are shown in Fig. 5. HSP25 content was significantly
higher in the Statin+ Ex group than in the Statin group
(197% of Statin, p=0.021). These results indicate that
endurance exercise increases HSP25 content during atorv-
astatin administration.

Discussion

The purpose of this study was to investigate whether
endurance exercise induces adaptations in mitochondrial-
associated proteins and muscle injury during atorvasta-
tin administration. The major findings in this study were
as follows: (1) endurance exercise increased the level of

Statin+Ex

Fig. 4 Hematoxylin and eosin (H&E)-stained cross-sections of the quadriceps femoris. Scale bar=50 pm. Con control, Statin + Ex statin and

exercise group
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mitochondria-associated proteins such as PGC-1a and COX
[-V during atorvastatin administration; and (2) endurance
exercise did not induce skeletal muscle injury during atorv-
astatin administration. These findings suggest that endurance
exercise has adaptive effects on mitochondria-associated
proteins in skeletal muscle during atorvastatin administra-
tion, without causing muscle injury.

Endurance exercise increased the protein levels of
PGC-1a and COX I-V in the quadriceps femoris muscles
of mice during atorvastatin administration, suggesting that
endurance exercise has adaptive effects on mitochondria in
skeletal muscle during statin administration. Consistent with
our results, Southern et al. reported that mitochondria in
the skeletal muscles of mice adapted to wheel running dur-
ing simvastatin treatment [6]. PGC-1a is known to regulate
oxidative phosphorylation genes in skeletal muscle [18].
Overexpression of PGC-1a has been reported to upregulate
mRNA of COX II and COX IV in C2C12 myoblasts and
myotubes [19] and in skeletal muscles of mice [20]. Moreo-
ver, Wu et al. also reported that COX IV protein level was
increased in C2C12 myoblasts and myotubes overexpress-
ing PGC-1a [19]. In this study, exercise during atorvasta-
tin administration increased the protein level of PGC-1a,
thereby upregulating COX I-V proteins.

In contrast, simvastatin has been reported to impair exer-
cise training adaptation in humans [7], which contradicts our
findings. These differences may be due to variations in the
dose and type of statin administered. Although the mecha-
nisms underlying statin-induced mitochondrial dysfunction
are unclear, the decrease in the levels of ubiquinone, which
is produced by the mevalonate pathway, is thought to be one
of the causes of mitochondrial dysfunction. Previous stud-
ies have reported that a high dose of simvastatin (80 mg/kg)
decreased ubiquinone levels [21]; however, a low dose of
simvastatin (20 mg/kg) did not reduce ubiquinone levels in
human skeletal muscle [22]. In addition, Schick et al. [21]
reported that simvastatin (80 mg/kg) decreased ubiquinone
levels, whereas atorvastatin (40 mg/kg) did not have such an
effect on human skeletal muscle. These findings suggest that
whether or not mitochondrial dysfunction occurs depends on
the dose and type of statin administered. In the present study,
PGC-1a and COX I-V levels did not decrease in the mouse
quadriceps femoris upon atorvastatin administration. These
results suggest that the dose of atorvastatin used in our study
did not induce mitochondrial dysfunction in skeletal mus-
cle. However, cases in which a higher dose of atorvastatin
or other statins were used, which can induce mitochondrial
dysfunction, were associated with impaired mitochondrial
adaptation caused by endurance exercise.

Total and LDL cholesterol levels in serum were
decreased by atorvastatin administration (10 mg/kg/day).
It has been reported that serum cholesterol level is not
related to treadmill exercise performance in humans [23].
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Southern et al. reported that simvastatin administration
did not affect mice running capacity [6]. These reports
indicate that serum cholesterol level does not affect exer-
cise performance. Therefore, we also think that, in this
study, the low cholesterol level induced by atorvastatin
administration did not affect endurance exercise capacity
and mitochondria.

In our study, we found that endurance exercise did not
induce muscle injury during atorvastatin treatment, given
that the serum CK level did not increase and necrotic and
regenerating muscle fibers, that have central nuclei, were
not observed in H&E-stained tissues. Moreover, the absence
of apparent difference in body mass either at the initial or
final stage of the exercise protocol may indicate a main-
tained muscle mass without injury during the administra-
tion of atorvastatin. It has been suggested that exercise may
exacerbate muscle injury during statin administration [24];
however, we did not observe such an effect in our study. Two
reasons may underlie this difference. First, the increase in
the level of HSP25 induced by endurance exercise might
protect skeletal muscles from mechanical stress during
atorvastatin administration. Exercise increases HSP levels
in skeletal muscle [12], and the produced HSPs are expected
to protect muscle tissue from injury [13]. A higher level
of HSP25 was also observed in the quadriceps femoris in
the Statin+ Ex group compared to that in the Statin group,
which is consistent with the results of a previous study [12].
Therefore, endurance exercise increased the level of HSP25,
preventing muscle injury from mechanical stress during
atorvastatin administration. Second, the intensity of exercise
was not strong enough to induce muscle injury during ator-
vastatin administration. Athletes with statin treatment have
a higher prevalence of myopathy (75%) than statin users
who perform exercise (25%) [24]. Athletes are expected to
perform high-intensity exercise, resulting in a high preva-
lence of myopathy. Therefore, it is possible that the exercise
intensity was not high enough to induce muscle injury dur-
ing atorvastatin treatment.

There are some limitations to this study. First, the higher
statin dose and type of statin used have the potential to
impair mitochondrial adaptation and affect the endurance
exercise-induced muscle injury. Second, a higher intensity
of exercise than that used in our study may induce mus-
cle injury during statin administration. However, our study,
along with several other reports, suggests that endurance
exercise can have adaptive effects on mitochondria-associ-
ated proteins in skeletal muscle during atorvastatin admin-
istration, without causing muscle injury.

Endurance exercise upregulated protein levels of PGC-1a
and COX I-V in skeletal muscle of mice during atorvastatin
administration. In addition, there was no evidence of skeletal
muscle injury, such as increased CK activity and necrotic
or regenerating muscle fibers. Taken together, our findings
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indicate that endurance exercise induced mitochondrial
adaptation in skeletal muscle without muscle injury.
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