For personal use only.

348 Journal of Pain & Palliative Care Pharmacotherapy

One plasma sample was excluded from the
pharmacokinetic analysis and was from the patient
received constant subcutaneous infusion at steady
state. Oxycodone concentration of this sample was
132 ng/mL, which indicated more than four-times
higher than the geometric mean concentration
(30.4 ng/mL) after constant subcutaneous infu-
sion at steady state. This is considered because
this patient took voriconazole, a strong CYP3A4
inhibitor, for treatment of complicated fungal in-
fection for a few days before the blood sampling
time.Co-administration of CYP3A4 inhibitor likely
influenced the oxycodone pharmacokinetics in the
patient. Oxycodone is metabolized by CYP3A4 to
noroxycodone and by CYP2D6 to oxymorphone.!:
16=18 Other patients did not take CYP3A4 inhibitors,
CYP2D6 inhibitors!®, and CYP3A4 inducers’
as concomitant medications before or during the
blood sampling time. In this study, the influence
of CYP3A4 inhibitors, CYP2D6 inhibitors, and
CYP 3A4 inducers on oxycodone pharmacokinetics
was not evaluated for noncompartmental analysis
and population pharmacokinetic model analysis
because no patients were co-administered with these
inhibitors and inducers after exclusion of the plasma
sample influenced by voriconazole.

The 115, and CL of oxycodone after bolus in-
travenous administration which were estimated by
noncompartmental analysis was 3.22 hours and 34,2
L/hour, respectively. The value of #/,, is similar but
the value of CL is a little lower than those (48.6 and
45.4 L/hour) estimated in Australian patients with
cancer pain after bolus intravenous administration
reported by Leow et. al.?, ® The difference in CL
is probably because there is difference in body size
(Mean weight: 65.1 and 72.8 kg in Australian pa-
tients, 52.5 kg in Japanese patients) and there are lim-
ited sampling points (7 points) especially in the dis-
tribution phase in this study.

The geometric mean CLs estimated by the concen-
tration at steady state were 24.3 and 29.5 L/hour after
constant intravenous infusion and constant subcuta-
neous infusion, respectively. These values are similar
to the geometric mean CL (30.4 L/hour) in Japanese
patients with cancer pain by Kokubun et. al.® The
geometric mean concentrations of noroxycodone
and oxymorphone at steady state after constant
intravenous infusion were 19.2 and 0.373 ng/mL
and those after constant subcutaneous infusion
were 14.4 and 0.386 ng/mL, respectively. The ratios
of noroxycodone and oxymorphone to oxycodone
concentrations were 0.520 and 0.01 after constant in-
travenous infusion, and 0.474 and 0.01 after constant
subcutaneous infusion, respectively. These values are
similar to the AUC ratios of noroxycodone (0.44) and

oxymorphone (0.01) to oxycodone after intravenous
administration in healthy volunteers by Nieminen et.
al.” and AUC ratio of noroxycodone to oxycodone
(0.45) after intramuscular administration in healthy
volunteers by POYHIA et. al.? The limitation should
be noted regarding the possibility of unreliable
evaluation for concentrations at steady state in this
study due to the limited PK blood samples and dose
titration.

In population pharmacokinetic analysis, one-
compartment model was selected using the plasma
oxycodone concentration profile after constant
infusion. One-compartment model were examined
using the observed plasma oxycodone concentration
profiles after bolus intravenous administration and
constant intravenous and subcutaneous infusion at
first. However, the plasma oxycodone concentration
profile after bolus intravenous administration was
described by bi-exponential phase and the pharma-
cokinetic parameters of the patients who received
bolus intravenous administration were not estimated
to describe overall concentration profiles adequately.

A two-compartment model was also examined but
was not selected as a final model because model pa-
rameters were not estimated precisely for the patients
who received constant infusion. This is probably
due to the limited information in distribution phase.
Infusion-type administration may be more popular
and convenient than bolus administration in a clinical
setting for patients with cancer pain. Therefore, we
selected one-compartment model using the plasma
oxycodone concentration data after constant infusion
for population pharmacokinetic model.

Age, BWT, BSA, sex, and CLcr were found to be
significant covariates on CL of oxycodone, and BSA
was found to be the most important influencing fac-
tor on pharmacokinetics of oxycodone by population
pharmacokinetic model building process. The result
indicates that body size (BWT, BSA) is the most im-
portant factor on pharmacokinetics of oxycodone.
Age and CLcr were not selected at the significant level
of 1%. These factors were not selected as covariates
of CL of controlled-release oxycodone by Charles.'’
However, Age and CLcr could be also important fac-
tors because pharmacokinetics of oxycodone is influ-
enced by hepatic and renal function.! Komatsu et.
al. reported that CL of oxycodone was influenced
by Child-Pugh classification which was used to as-
sess the prognosis of chronic liver disease.?’ Covari-
ate related to hepatic function (AST, ALT) was not
selected because there were little patients with hep-
atic impairment in our study. There were some re-
ports that age did not influence the pharmacokinetic
of oxycodone!'®: 2!722 and other reports that CL of
oxycodone was decreased in elderly people.?*2* CL
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of Oxycodone is influenced by some potential influ-
ence factors. Therefore contribution to influence CL
by each single factor may be small. In our study, only
BSA was selected in the final model because BWT,
sex, and CLcr were highly or partly related to BSA
as body size. Neither demographic nor clinical labo-
ratory test data were selected as significant covariate
on V of oxycodone. This is probably because there
were insufficient data in the distribution phase and
the information on V was limited. Final population
pharmacokinetic model also indicates that lag time in
absorption phase was 0.505 hours in subcutaneous
infusion and there were no pharmacokinetic differ-
ence in CL and V between intravenous infusion and
subcutaneous infusion.

There is the difference between the CL estimated
from the data in bolus administration (34.2 L/hour)
and the CL estimated from the population pharma-
cokinetic model (25.7 L/hour when BSA is 1.53).
These CLs should not be affected by the mode
of administration theoretically (bolus intravenous
administration or intravenous infusion). Possible
explanations for the difference in CL are that con-
centration data in the distribution phase and the
elimination phase over 6 hours after bolus administra-
tion were limited and, therefore, the CL could not be
adequately estimated by noncompartmental analysis.

The pharmacokinetics of oxycodone were evalu-
ated extensively by noncompartmental analysis and
population pharmacokinetic analysis using plasma
concentration data from clinical studies in Japanese
patients with cancer pain after intravenous or subcu-
taneous administration. These pharmacokinetic re-
sults provide the important information for the clin-
ical use of oxycodone hydrochloride injection for the
patients with cancer pain.
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Fatigue is the most common side effect of chemotherapy. However, the mechanisms of “muscle fatigue” induced
by anti-cancer drugs are not fully understood. We therefore investigated the muscle-atrophic effect of cisplatin, a
platinum-based anti-cancer drug, in mice. C57BL/6] mice were treated with cisplatin (3 mg/kg, i.p.) or saline for 4
consecutive days. On Day 5, hindlimb and quadriceps muscles were isolated from mice. The loss of body weight
and food intake under the administration of cisplatin was the same as those in a dietary restriction (DR) group.
Under the present conditions, the administration of cisplatin significantly decreased not only the muscle mass of
the hindlimb and quadriceps but also the myofiber diameter, compared to those in the DR group. The mRNA
expression levels of muscle atrophy F-box (MAFbx), muscle RING finger-1 (MuRF1) and forkhead box 03
(FOXO03) were significantly and further increased by cisplatin treated group, compared to DR. Furthermore, the
mRNA levels of myostatin and p21 were significantly upregulated by the administration of cisplatin, compared
to DR. On the other hand, the phosphorylation of Akt and FOXO03a, which leads to the blockade of the upregula-
tion of MuRF1 and MAFbx, was significantly and dramatically decreased by cisplatin. These findings suggest that
the administration of cisplatin increases atrophic gene expression, and may lead to an imbalance between
protein synthesis and protein degradation pathways, which would lead to muscle atrophy. This phenomenon
could, at least in part, explain the mechanism of cisplatin-induced muscle fatigue.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Chemotherapy compromises the patient's quality of life (QOL), an
important indicator of patient outcome and survival in numerous
cases (Montazeri, 2009). A component of QOL is the patient's perceived
fatigue, which is one of the most common symptoms of cancer (Patrick
et al., 2004). This type of fatigue is reported by cancer patients through
QOL self-assessments and increases with the aggressiveness of chemo-
therapy (Cella et al., 2002; Prue et al., 2010; Stromgren et al., 2002;
Wu and McSweeney, 2004). Over half of patients undergoing chemo-
therapy exhibit cognitive impairment (Jansen et al., 2011), which is as-
sociated with the patient's perceived fatigue (Bender et al., 2006).
Although the documentation of perceived fatigue is useful clinically, it
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is difficult to discriminate this from physiological fatigue. Physiological
fatigue can be divided into two components, central and peripheral.
Central fatigue involves the central nervous system and the inhibition
of neurological reflexes, whereas peripheral fatigue is more likely to
be muscle-specific. Muscle fatigue is defined as a loss of force that can
be reversed with rest, while muscle weakness is an impaired ability to
generate force and is not relieved by rest (Wanner et al., 1990).
Muscle mass is maintained through an interplay between anabolic
and catabolic pathways. The insulin-like growth factor-1 (IGF-1)/PI3K/
Akt/ mammalian target of rapamycin (mTOR) pathway along with the
ubiquitin-proteasome pathway and myostatin (Mstn) pathway main-
tain this homeostasis with the aid of various transcriptional and genetic
factors (Banerjee and Guttridge, 2012). The activation of IGF-1 and Mstn
signaling causes muscle hypertrophy and atrophy, respectively. Skeletal
muscle atrophy is a debilitating consequence of multiple chronic
diseases and conditions that involve starvation. It reduces treatment
options and positive clinical outcomes as well as compromising QOL
and increasing morbidity and mortality (Lynch, 2001; Zinna and
Yarasheski, 2003). While considerable research has been undertaken
to identify the molecular mechanisms that control skeletal muscle
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atrophy, the signaling pathways involved and effective treatments that
are currently available to prevent, attenuate or reverse muscle atrophy
are not clearly defined.

ActRIIB is a high affinity activin type 2 receptor and mediates the
signaling by a subset of TGF-B family ligands including Mstn, activin,
and others (Lee, 2008). Increased signaling by the ActRIIB pathway
has been implicated in many cancers (Costelli et al., 2008; Seder et al.,
2009; Wildi et al., 2001). Zhou et al. (2010) has been demonstrated
that in cancer cachexia models, ActRIIB pathway blockade abolished
the activation of the ubiquitin-proteasome system and the induction
of muscle-specific E3 ubiquitin ligases in muscles.

The discovery of two muscle-specific E3 ubiquitin ligases, Muscle
atrophy F-Box (MAFbx; also known as atrogin-1) and Muscle RING
Finger-1 (MuRF1), prompted renewed interest in identifying muscle-
specific targets for therapeutic manipulation. MAFbx and MuRF1 are
parts of the ubiquitin—proteasome pathway, which is the primary path-
way involved in intracellular protein degradation in skeletal muscle
(Lecker et al., 1999). Consistent increases in their gene expression
have been observed in a wide range of in vivo models of skeletal muscle
atrophy including diabetes, cancer, renal failure, denervation, un-
weighting and glucocorticoid or cytokine treatment (Bodine et al.,
2001; Gomes et al., 2001). The expression of MAFbx and MuRF-1
mRNAs increases dramatically in catabolic states and mice deficient in
either of them are partially resistant to muscle atrophy. Therefore, it is
most likely that MAFbx and MuRF-1 play crucial roles in the loss of muscle
proteins and their mRNAs are now considered to be specific markers of
atrophy.

Chemotherapy generally consists of the administration of anti-
cancer drugs in a standardized treatment regimen, which is specific
for the type of cancer. Cisplatin, a platinum-based anti-cancer drug,
is one of the most effective broad-spectrum anti-cancer drugs used
against cervical, head and neck, prostrate, breast, lung, testicular
and ovarian cancers. However, fatigue, including muscle fatigue, is
the most common side effect of cisplatin after/during treatment.
Damrauer et al. (2008) previously has been reported that the effect
of cisplatin on muscle wasting was mediated through activation of
the NF-«B signaling pathway. However, few reports have addressed
the mechanisms that underlie cisplatin-induced muscle atrophy. In the
present study, we investigated the mechanisms of cisplatin-induced
muscle fatigue.

Methods

Animals. Male C57BL/6] mice (8-9 weeks of age, 23-27 g) were used. All
experiments were approved by the Animal Care Committee at Hoshi
University (Tokyo, Japan).

Treatment protocol. Mice were given a single intraperitoneal injection of
cisplatin (1 or 3 mg/kg) daily for 4 days, with saline (vehicle) used as a
control (Fig. 1A). As the body weight of mice was decreased by the ad-
ministration of cisplatin, we prepared dietary restriction (DR) as anoth-
er vehicle control by carrying out pair feeding. Only 2,2, 2 and 1.5 g meal
and 4, 4, 3 and 3 mL water were given to the DR mouse at Days 0-1, 1-2,
2-3 and 3-4. Twenty-four hours after the final injection of cisplatin
(Day 3), animals were killed under deep anesthesia with isoflurane,
and the femoral quadriceps and hind limb muscles were removed,
and their wet weight were measured. In RT-quantitative PCR (qPCR),
quadriceps muscle and liver were removed, washed with cold saline,
and stored in TRI Reagent™ (Sigma-Aldrich) at — 80 °C. Referred to pre-
vious reports (Fujimoto, 2006; Khasabova et al., 2012), we injected cis-
platin (1,3 and 10 mg/kg) to the mice daily for 4 days in our preliminary
study. As the mouse injected with cisplatin (10 mg/kg), 3 mice in 5 mice
died. We thus determined the given dose as 3 mg/kg, i.p.

Histology. Standard hematoxylin and eosin (HE) staining was per-
formed on quadriceps muscle from cisplatin or its vehicle treated

mice. Briefly, the quadriceps muscle was removed from anesthetized
mice, and then fixates with 10% formalin for paraffin embedding and
sectioning followed by HE staining. To analyze the length of the
longest minor axis (the perpendicular bisector of the major axis) as
diameters of the myofibers, the sections were observed under a light
microscope in quadriceps muscles using the ImagePro Plus (Media
Cybernetics, Silver Spring, MD) as shown Fig. 2A. For each animal at
least 100 fibers were measured.

RT-gPCR. mRNA levels of cytokines and AQPs were examined by real-
time RT-PCR as described previously (Sakai et al., 2013). Briefly, total
RNA was extracted from various tissues with a one-step guanidium-
phenol-chloroform extraction procedure using TRI Reagent™ (Sigma-
Aldrich). cDNAs were prepared from total RNA (1.0 pg) by using
QuantiTect Reverse Transcriptase (Qiagen, Germany) after incubation
with gDNA wipeout buffer at 42 °C for 3 min to remove contaminating
genomic DNA. The reaction mixture (2 pL) was subjected to PCR
(50 nM forward and reverse primers, Fast SYBR Green Mastermix;
Applied Biosystems) in a final volume of 10 pL. The PCR primer sets
used are shown in Table 1. The thermal cycle profile used was 1)
denaturing for 30 s at 95 °C, and 2) annealing for 30 s at 60 °C. PCR
amplification was performed for 40 cycles. Data are expressed as the
expression relative to GAPDH mRNA as a housekeeping gene using the
2~ deltadeltaCT hathod (Sakai et al, 2013). In the case of tissue
distribution of gene expression, data are expressed as the expression
relative to 18 s rRNA as a housekeeping gene using the 2 ~deiradeltact
method.

Immunoblotting. Homogenates of quadriceps muscle were prepared as
follows. In brief, the muscle tissues were removed and immediately
soaked in ice-cold, saline. The tissue was then homogenized in ice-
cold T-PER™ Tissue Protein Extraction Reagent (Pierce). The tissue ho-
mogenate was centrifuged (1000 xg, 4 °Cfor 15 min), and supernatants
were stored at — 80 °C until use. To quantify the phosphorylation of Akt
and forkhead box 3a (FOX03a), Western blotting was performed. In
brief, the samples (10 pg of total protein per lane) were subjected to
10-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The proteins were then electrophoretically transferred to
a PVDF (polyvinylidene difluoride) membrane. After being blocked
with 3% bovine serum albumin, transferred PVDF membranes were in-
cubated with the primary antibodies. Rabbit anti-MuRF1 (1:1000 dilu-
tion; ECM Biosciences), rabbit anti-MAFbx (1:1000 dilution; ECM
Biosciences), rabbit anti-FOX03a (1:1000 dilution; Cell Signaling), rab-
bit anti-Akt (1:1000; Cell Signaling), rabbit anti-phospho-Akt (1:1000;
Cell Signaling), rabbit anti-phospho-FOX03a (1:1000; Cell Signaling),
rabbit anti-Smad2 (1:1000; Cell Signaling) and rabbit anti-phosphor-
Smad (1:1000; Cell Signaling) were used as a primary antibody. The
membranes were then incubated with horseradish peroxidase-
conjugated goat anti-rabbit immunoglobulin (Ig) G (1:5000 dilution;
GE Healthcare), and detection was performed with an ECL system. The
housekeeping gene was detected on the same membrane by using
monoclonal mouse anti-GAPDH (1:5000 dilution; Chemicon Interna-
tional) and horseradish peroxidase-conjugated sheep anti-mouse IgG
(1:5000 dilution; GE Healthcare) to confirm that the same amounts
of proteins were loaded. To normalize the phosphorylated protein con-
tents to the total protein, the ratio of the corresponding phosphorylated
Akt or FOX03a to total Akt or FOX03a were calculated as an index of
phospho-Akt or phospho-FOXO3a. In the level of protein expression, to
normalize the Akt or FOX03a contents to GAPDH, the ratio of the
corresponding Akt or FOX03a to GAPDH was calculated as an index of
Akt or FOX03a.

Statistical analysis. The statistical significance of differences was
determined by an unpaired Student t-test or one-way analysis of
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Fig. 1. Effect of cisplatin on the body weight, food intake and hindlimb and quadriceps muscle mass in the mouse. Schedule for the administration of vehicle (saline), vehicle + dietary
restriction (DR, Days 0-1; 2 g, Days 1-2; 2 g, Days 2-3; 2 g and Days 3-4; 1.5 g) or cisplatin (3 mg/kg, i.p.) (A). Cisplatin or vehicle (saline, i.p.) was administered on Days 0-3.
Twenty-four hours after the final administration of cisplatin or vehicle, experiments were performed. Effects of cisplatin (Cis-1; cisplatin 1 mg/kg, Cis-3; cisplatin 3 mg/kg) and DR on
body weight and food intake (B and C). Effects of DR and cisplatin cisplatin (Cis-1; cisplatin 1 mg/kg, Cis-3; cisplatin 3 mg/kg) on hindlimb (D) and quadriceps (E) muscle mass. Each
point or value represents the mean + S.EM. from 3 to 8 independent mice. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. vehicle control (saline). ##p < 0.01 and ###p < 0.001 vs. DR.

variance (ANOVA) with the Bonferroni/Dunn post hoc-test. A value
of p < 0.05 was considered significant.

Results
Effect of cisplatin on the body weight and food intake

The body weight of mice was significantly decreased by the ad-
ministration of cisplatin (3 mg/kg, i.p.), but not 1 mg/kg, and dietary

restriction (DR) to the same degree (Fig. 1B). Food intake was also sig-
nificantly decreased by the administration of cisplatin (3 mg/kg, i.p.)

and DR groups, and the similar changes are observed in those groups
(Fig. 1C).

Cisplatin-induced muscle atrophy

Under these conditions, the administration of cisplatin (3 mg/kg, i.p.)
significantly decreased the hindlimb and quadriceps muscle mass com-
pared to those in the vehicle and DR groups (Figs. 1D and E). We next
performed a morphometric analysis of the quadriceps muscle in the
vehicle, DR and cisplatin (3 mg/kg, i.p.) groups. The myofiber diameters
were significantly decreased by the administration of cisplatin compared
to those in the vehicle and DR groups (Figs. 2B-E).
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Fig. 2. Cisplatin-induced muscle atrophy. Hematoxylin—eosin staining of quadriceps muscle in the vehicle control (B), DR (C) and cisplatin groups (D). Typical the length of myofiber
diameter (minor axis) is shown in (A). Bar scale: 100 um. Effects of DR or cisplatin (3 mg/kg, i.p.; Cis) on myofiber diameter (D). Each point or value represents the mean + S.E.M.
from 3 to 4 independent mice. *p < 0.05 and ***p < 0.001 vs. vehicle control (saline). ##p < 0.01 and ###p < 0.001 vs. DR.

Effects of DR and cisplatin on the gene expression of MAFbx and MuRF1 in
the muscle

Fasting-induced muscle wasting/atrophy is associated with
increased levels of the E3 ubiquitin ligases MAFbx and MuRF1
(Bodine et al., 2001; Gomes et al., 2001). The expression levels of
MAFbx and MuRF1 were significantly increased in the DR group
compared to the vehicle control, and these levels were further in-
creased by the administration of cisplatin (Figs. 3A and B). Casitas
B-cell lymphoma proto-oncogene b (Cbl-b) and lysine 63-linked
autoubiquitination of TNF receptor associated factor 6 (TRAF6) are
also classified as E3 ubiquitin ligases (Nakao et al., 2009; Paul et al.,

2012). In the present study, there was no difference in mRNA expres-
sion levels of Cbl-b and TRAF6 in quadriceps muscle between DR
and cisplatin (Figs. 3C and D). It has been reported that the transcrip-
tional regulation of MAFbx and MuRF1 occurs via forkhead box O1
(FOXO1) and FOX03 (Sandri et al., 2004; Stitt et al., 2004). The
mRNA expression levels of FOXO1 and FOXO3 were increased by
DR compared to the vehicle control, and the mRNA expression of
FOXO03, but not FOXO01, was further increased by the administration
of cisplatin (Figs. 3E and F). There was no difference in mRNA expres-
sion levels of MAFbx, MuRF1, Cbl-b, TRAF6, FOXO1 and FOXO03 in
quadriceps muscle between vehicle control and cisplatin (1 mg/kg)
groups (Figs. 3A-F).
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Table 1
Primers for current study.
Accession no. Primers Product
size
GAPDH NM_008084.2 Forward CCTCGTCCCGTAGACAAAATG 100
Reverse  TCTCCACTTTGCCACTGCAA
MAFbx  NM_026346.3 Forward AGAAAAGCGGCAGCTTCGT 100
Reverse  GCTGCGACGTCGTAGTTCAG
MuRT1  NM_0010390482 Forward ACACAACCTCTGCCGGAAGT 103
Reverse ACGGAAACGACCTCCAGACA
Cbl-b NM_001033238.1 Forward GGACTAACCAGGTGATGGGATGT 99
Reverse  CCATTCTACTGTGCCTCCCATT
TRAF6  NM_009424.2 Forward GCGTGTACGATCGGGTTGT 102
Reverse  CCAACTATCCCTTCAGCTCCAA
FOXO01 NM_0197393 Forward TCATCACCAAGGCCATCGA 105
Reverse TGTCGCCCTTATCCTTGAAGTAG
FOX03  NM_019740.2 Forward TGTTTGGACCITCGTCTCTGAAC 107
Reverse TGTCTGGTTGCCGTAGTGTGA
IGF-1 NM_0105124 Forward GACAGGCATTGTGGATGAGTGT 100
Reverse  GATAGAGCGGGCTGCTTTTG
Mstn NM_010834.2 Forward AGTAAGCTGCGCCTGGAAAC 109
Reverse  TCTGGACGTCGTACTGATCGAT
p21 NM_007669.4 Forward TACAAGGAGCCAGGCCAAGA 105
Reverse  GCTTTGACACCCACGGTATTC
TNF- NM_013693.2 Forward GGCAGGTTCTGTCCCTTTCA 115
alpha Reverse  GGAGTGCCTCTTCTGCCAGTT
IL-6 NM_031168.1 Forward GACTTCCATCCAGTTGCCTTCT 115
Reverse  AGACAGGTCTGTTGGGAGTGGTA
IL-1beta NM_008361.3 Forward TCGTGCTGTCGGACCCATAT 111
Reverse TGTCGTTGCTTGGTTCTCCTT
Cox2 NM_011198.3 Forward TGAGTACCGCAAACGCTTCTC 105
Reverse  TCGATGTCACTGTAGAGGGCTTT

Effects of DR and cisplatin on the gene expression of proinflammatory
cytokines and Cox2 in the muscle

We also examined the effects of DR and cisplatin on the gene expres-
sion of proinflammatory cytokines and Cox2 in the quadriceps muscle.
There were no changes in mRNA expression levels of proinflammatory
cytokines (TNF-q, IL-6 and IL-1b) and Cox2 in quadriceps muscle
among all groups (Fig. 4).

Effects of DR and cisplatin on the gene expression of IGF-1 and Mstn in
the muscle

We next examined the tissue distribution of IGF-1 and Mstn gene
expression. The IGF-1 gene was found in various tissues (tongue,
bronchus, trachea, liver, aorta, vas deferens, quadriceps muscle, pancreas,
testis and so on) and IGF-1 was expressed mostly in the liver (Fig. 5A).
The gene expression of IGF-1 in the liver was not changed by DR or cis-
platin (3 mg/kg), compared to the vehicle control (Fig. 5B). On the
other hand, IGF mRNA in the quadriceps muscle was decreased by
DR and cisplatin (3 mg/kg) to the same degree, compared to vehicle
(Fig. 5C).

The mRNA expression of Mstn was found in the tongue, esopha-
gus, skin and quadriceps muscle. Among the tissues used in this
study, the mRNA level of Mstn was highest in the quadriceps muscle
(Fig. 6A). The mRNA of Mstn in the quadriceps muscle was signifi-
cantly increased by the administration of cisplatin, compared to the
vehicle control and DR groups (Fig. 6B). It has been documented
that Mstn suppresses muscle cell growth via transcriptional upregu-
lation of the cyclin-dependent kinase (Cdk) inhibitor p21 (Thomas
et al,, 2000). Therefore, we further investigated whether the admin-
istration of cisplatin could influence the expression profiles of p21 in
skeletal muscle. The mRNA expression of p21 was significantly
increased by the administration of cisplatin compared to that in the
vehicle and DR groups (Fig. 6C).

Effects of DR and cisplatin on the expression and phosphorylation of Akt,
FOX03a and Smad-2 in the muscle

Finally, we performed immunoblotting to investigate the protein
expression of MuRF1 and MAFbx, and the phosphorylation levels of
Akt, FOXO03 and the intracellular effector Mad homolog 2 (Smad2) in
the quadriceps muscle among the vehicle control, DR and cisplatin
(3 mg/kg) groups. The expression of MuRF1 and MAFbx proteins corre-
lated with their mRNA expression, and was increased in the DR group
compared to the vehicle control. Furthermore, their expressions were
significantly increased by cisplatin (3 mg/kg) treatment compared to
DR (Figs. 7A-C). Phosphorylated Akt was slightly decreased by DR com-
pared to the vehicle control. Akt phosphorylation was significantly de-
creased by the administration of cisplatin, compared to DR, while
there was no difference in the expression level of Akt among the vehicle
control, DR and cisplatin groups (Figs. 7A, D and E). FOXO3a expression
was increased by the administration of cisplatin, while the phosphory-
lation of FOX03a was at a lower level than that in the DR group
(Figs. 7F and G). Phosphorylated Smad2 was increased by DR compared
to the vehicle control. The phosphorylation of Smad2 was further in-
creased by the administration of cisplatin compared to DR, while there
was no difference in the expression level of Smad among these groups
(Figs. 7A, H and I).

Discussion

Little information is available regarding anti-cancer drug-induced
muscle atrophy. Therefore, in the present study we examined whether
the administration of cisplatin could cause muscle atrophy.

MAFbx and MuRF1 were first identified following transcript profiling
in fasting and immobilization models of rodent muscle atrophy (Bodine
et al,, 2001; Gomes et al., 2001). Consistent increases in their gene ex-
pression have been observed in a wide range of in vivo models of skeletal
muscle atrophy, including diabetes, cancer, renal failure, denervation,
unweighting and glucocorticoid or cytokine treatment (Foletta et al.,
2011). In the present study, we applied dietary restriction (DR) as a con-
trol, rather than fasting, in mice. DR increased the mRNA levels of MAFbx
and MuRF1. Interestingly, the levels of MAFbx and MuRF1 were further
increased by the administration of cisplatin, although body weight and
food intake were at the same levels in these groups. Previous studies
have shown that transcriptional regulation, either by direct or indirect
means, of MAFbx and MuRF1 in mice occurs via the family of FOXO tran-
scription factors (Sandri et al., 2004; Stitt et al., 2004). FOXO1 does not
directly increase the levels of MAFbx or MuRF1, but instead blocks the
insulin-like growth factor [ (IGF-1)-induced inhibition of their upregula-
tion (Stitt et al., 2004). FOXO03a binds directly to the MAFbx promoter in
mouse muscle to increase its transcription (Sandri et al., 2004). Further-
more, Suzuki et al. (2007) demonstrated that FOX0O3a upregulates the
expression of MuRF1 and MAFbx. In the present study, we found that
the expression levels of FOXO1 and FOX03 were upregulated by DR,
while only the FOXO3 level was further increased by the administration
of cisplatin (3 mg/kg) compared to the DR group. These results suggest
that the increased levels of MAFbx and MuRF1 that occur via the upreg-
ulation of FOXO3 by cisplatin may play an important role in cisplatin-
induced muscle atrophy.

Many cell types, including skeletal muscle, respond to IGF-I. IGF-I
promotes growth by binding to and activating IGF-IR. Activation of the
phosphoinositide 3-kinase (PI3K)/Akt signaling pathway by IGF-1/IGF-
1R can induce skeletal muscle hypertrophy. Akt is a serine-threonine
protein Kinase that can induce protein synthesis and block the tran-
scriptional upregulation of key mediators of skeletal muscle atrophy,
MuRF1 and MAFbx, by phosphorylating and thereby inhibiting the
nuclear translocation of the FOXO family of transcription factors. Once
phosphorylated by Akt, FOXOs are excluded from the nucleus, and the
upregulation of MuRF1 and MAFbx is blocked (Glass, 2010). In the
present study, the phosphorylation of Akt and FOX03 was dramatically
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Fig. 3. Effects of DR and cisplatin on the gene expression of MAFbx (A), MuRF1 (B), Cbl-b {C), TRAF6 (D), FOXO1 (E) and FOXO3 (F) in the quadriceps muscle of mice. Each value represents
the mean + SEM. from 4 to 8 independent mice. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. vehicle control (saline). ##p < 0.01 and ###p < 0.001 vs. DR.

reduced by the administration of cisplatin (3 mg/kg), compared to those
in the DR group. These findings suggest that the unphosphorylation of Akt
may augment the expression of MuRF1 and MAFbx through the
unphosphorylation of FOX03.

Myostatin (Mstn), a member of the TGF-3 family, is expressed and
secreted predominantly by skeletal muscle, and functions as a negative
regulator of muscle growth (McPherron et al., 1997). Mstn binds to
ActRIIB, the high-affinity type-2 activin receptor, on muscle membranes
(Lee, 2008). This, in turn, activates the type-1 receptor activin receptor-
like kinase 4 (ALK4) or ALK5 at the plasma membrane (Rebbapragada
et al,, 2003; Rios et al., 2004). The activation of a heteromeric receptor
complex consisting of type I and type I serine/threonine kinase recep-
tors induces the phosphorylation of intracellular effectors Mad homolog
2 (Smad2) and Smad3 (Rebbapragada et al.,, 2003; Rios et al., 2004).
Phosphorylated Smad2 and Smad3 translocate from the cytoplasm to
the nucleus, where they regulate the transcription of specific target
genes. It has been reported that Mstn protein and the Mstn/ActRIIB

signaling pathway are upregulated in disease states involving cancer
to cause muscle wasting (Costelli et al., 2008; Reardon et al., 2001;
Seder et al., 2009; Wildi et al., 2001; Yarasheski et al., 2002). Zhou
et al. (2010) has been demonstrated that in cancer cachexia models,
ActRIIB pathway blockade abolished the activation of the ubiquitin-pro-
teasome system and the induction of muscle-specific E3 ubiquitin li-
gases in muscles. In the present study, the level of Mstn mRNA in the
quadriceps muscle was upregulated by cisplatin, compared to that in
the DR group. We found that cisplatin increased the phosphorylation
of Smad2 compared to DR, thus confirming activation downstream of
the Mstn/ActRIIB signaling pathway.

The present study showed that loss of body weight was similar in DR
and cisplatin treated groups, while muscle mass was less and the
expression of MuRF1 and MAFbx was higher in cisplatin treated
animals. The gene expression of Mstn was significantly increased in
cisplatin treated group compared with DR, although the gene expres-
sion of Mstn is not significantly different between vehicle control and



