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Abstract

Background A reduction in the skeletal muscle mass worsens the prognosis of patients with various cancers. Our
previous studies indicated that cisplatin administration to mice caused muscle atrophy. This is a concern for human
patients receiving cisplatin. The insulin-like growth factor 1 (IGF-1)/phosphoinositide 3-kinase (PI3K)/Akt pathway
stimulates the rate of protein synthesis in skeletal muscle. Thus, IGF-I can be a central therapeutic target for preventing
the loss of skeletal muscle mass in muscle atrophy, although it remains unclear whether pharmacological activation of
the IGF-1/PI3K/Akt pathway attenuates muscle atrophy induced by cisplatin. In this study, we examined whether
exogenous recombinant human IGF-1 attenuated cisplatin-induced muscle atrophy.
Methods Male C57BL/6J mice (8–9 weeks old) were injected with cisplatin or saline for four consecutive days. On
Day 5, quadriceps muscles were isolated. Mecasermin (recombinant human IGF-1) or the vehicle control was
subcutaneously administered 30 min prior to cisplatin administration. A dietary restriction group achieving weight loss
equivalent to that caused by cisplatin administration was used as a second control. C2C12 myotubes were treated with
cisplatin with/without recombinant mouse IGF-1. The skeletal muscle protein synthesis/degradation pathway was
analysed by histological and biochemical methods.
Results Cisplatin reduced protein level of IGF-1 by about 85% compared with the vehicle group and also reduced
IGF-1/PI3K/Akt signalling in skeletal muscle. Under this condition, the protein levels of muscle ring finger protein 1
(MuRF1) and atrophy gene 1 (atrogin-1) were increased in quadriceps muscles (MuRF1; 3.0 ± 0.1 folds, atrogin-1;
3.0 ± 0.3 folds, P < 0.001, respectively). The administration of a combination of cisplatin and IGF-1 significantly
suppressed the cisplatin-induced downregulation of IGF-1/PI3K/Akt signalling and upregulation of MuRF1 and
atrogin-1 (up to 1.6 ± 0.3 and 1.5 ± 0.4 folds, P < 0.001, respectively), resulting in diminished muscular atrophy.
IGF-1 showed similar effects in cisplatin-treated C2C12 myotubes, as well as the quadriceps muscle in mice.
Conclusions The downregulation of IGF-1 expression in skeletal muscle might be one of the factors playing an
important role in the development of cisplatin-induced muscular atrophy. Compensating for this downregulation with
exogenous IGF-1 suggests that it could be a therapeutic target for limiting the loss of skeletal muscle mass in
cisplatin-induced muscle atrophy.
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Introduction

Cisplatin (also known as cisplatinum and cis-
diamminedichloroplatinum(II); CDDP) combination chemo-
therapy is the basis of treatment of many cancers. Skeletal
muscle is a very important tissue for human well-being and
health.1 Clinically, a loss of skeletal muscle mass deteriorates
the prognosis of patients with various cancers such as
ovarian cancer,2 melanoma3 and hepatocellular carcinoma.4

Recently, Caan et al. indicated that sarcopenia occurred in
one-third of new breast cancer patients, and similar to fat
mass, it was a more robust predictor of death than the body
mass index.5 On the other hand, two muscle-specific ubiqui-
tin E3–ubiquitin ligases have been discovered: muscle ring
finger protein 1 (MuRF1) and atrophy gene 1 (atrogin-1)/
muscle atrophy F-box.6,7 Both MuRF1 and atrogin-1 are
crucial components of the ubiquitin–proteasome proteolysis
pathway and are significant mediators of protein degradation
in skeletal muscle cells.8 Under conditions of muscle atrophy,
the expression levels of MuRF1 and atrogin-1 are significantly
increased, and mice deficient in either gene are partially
resistant to the development of skeletal muscle atrophy.8

These results suggest that both molecules play a crucial role
in muscle atrophy. MuRF1 and atrogin-1 are thus considered
as specific markers of skeletal muscle atrophy (i.e. they are
atrogenes).

Our previous studies indicated that cisplatin administration
caused muscle atrophy in mice and that expression of MuRF1
and atrogin-1 is significantly increased under this condition.9

In general, it is concerning for patients that cisplatin causes
muscle atrophy, although the mechanism of cisplatin-induced
muscle atrophy has not been fully elucidated. Thence,
understanding the pathogenic mechanism of cisplatin
itself-induced muscular atrophy and identifying new mea-
sures to prevent or reverse this effect are very important
and urgent.

Muscle proteins constantly turn over by degradation and
synthesis.10 The balance between the rates of synthesis and
degradation of muscle proteins (net muscle protein balance)
determines the amount of protein in the muscle. Signalling
pathways involving insulin-like growth factor 1 (IGF-1) and a
cascade of intracellular components mediating its effects play
major roles in regulating skeletal muscle growth.11 IGF-1
enhances protein synthesis in skeletal muscle. When IGF-1
binds to its receptor, the complex phosphorylates the
intracellular adapter protein, insulin receptor substrate 1
(IRS-1). This, in turn, phosphorylates phosphoinositide
3-kinase (PI3K), followed by Akt phosphorylation.

The PI3K/Akt signalling plays an important role in myotube
hypertrophy,12 and the activation/phosphorylation of Akt
prevents atrophy induced by denervation in skeletal muscle
of rat.13 Mammalian target of rapamycin (mTOR) is activated
in downstream target of PI3K/Akt signalling. The IGF-1/PI3K/
Akt/mTOR pathway is indispensable in promoting muscle

hypertrophy, and this boost in muscle mass improves the
functional capacity of skeletal muscle.14,15 mTOR, raptor,
mLST8, PRAS40 and deptor compose mTOR complex 1
(mTORC1).16 mTORC1 controls protein synthesis by activat-
ing/phosphorylating p70S6 kinase and inhibiting 4E-binding
protein 1 (4E-BP1). By associating mRNA, p70S6 kinase and
4E-BP1 regulate the initiation and progression of translation
and regulate the rate of protein synthesis. The IGF-1/PI3K/
Akt/mTOR pathway ultimately increases the rate of protein
synthesis via p70S6 kinase and p90 ribosomal S6 kinase while
suppressing proteolysis primarily by its inhibitory effect on
proteasome and lysosomal proteolysis.17 IGF-I can be a
central therapeutic target for preventing or reversing the
reduction of skeletal muscle mass in muscle atrophy.15

However, it remains unclear whether pharmacological
stimulation of IGF-1/PI3K/Akt/mTOR signalling suppresses
muscular atrophy induced by cisplatin. We determined
whether exogenous IGF-1 could attenuate the muscle
atrophy induced by cisplatin in this study.

Methods

Animals

Male C57BL/6J mice (8–9 weeks old, 23–27 g) were used in all
animal experiments. The present study was conducted in
accordance with the Guiding Principles for the Care and Use
of Laboratory Animals, Hoshi University, as adopted by the
Animal Research Committee of Hoshi University (Tokyo,
Japan).

Administration schedule for cisplatin and
mecasermin

Mice were administered once daily with cisplatin (3 mg/kg,
intraperitoneally, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) for 4 days using saline (vehicle) as a control.
Because weight loss is caused by the suppression of food
intake by cisplatin administration, we used dietary restriction
(DR) as another control by performing pair feeding. Only 2, 2,
2 and 1.5 g meals were given to DR mice at Days 0–1, 1–2,
2–3 and 3–4, respectively. Mecasermin is a recombinant
human IGF-1 designed for use as replacement therapy in
severe primary IGF deficiency. Mecasermin (5 mg/kg,
Somazon®, OrphanPacific, Inc. Tokyo, Japan) was subcutane-
ously injected 30 min before cisplatin. Twenty-four hours
after the final injection of cisplatin (Day 3), animals were
sacrificed under deep anaesthesia with overdose isoflurane
inhalation, the femoral quadriceps muscles were removed,
and their wet weights were measured.
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Cell culture

C2C12 myoblast cells, derived from mouse striated muscle
(RIKEN BRC, Ibaraki, Japan), were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% foetal calf
serum, 0.1 mg/mL streptomycin and 100 U/mL penicillin at
37°C in an atmosphere of 95% air and 5% CO2. When the cells
reached 80% confluence, fusion and differentiation were
initiated by replacing the medium with Dulbecco’s
modified Eagle’s medium supplemented with 2% horse
serum, 100 U/mL penicillin and 0.1 mg/mL streptomycin
(differentiation medium). Cells were maintained in differenti-
ation medium for 8 days prior to further experiments and
were treated with cisplatin (5 or 15 μM) for 24 h in the pres-
ence or absence of 10 or 30 ng/mL IGF-1 (recombinant murine
IGF-1, PeproTech, Rocky Hill, NJ, USA). The BCA protein assay
(Protein Assay BCA Kit, Nacalai Tesque, Inc., Kyoto, Japan) was
used for quantitation of protein concentration in the medium.
Trichloroacetic acid (TCA) was then added to the medium to a
final concentration of 15%. The TCA precipitation samples of
medium were used for western blot. Cell Count Reagent SF
(Nacalai Tesque, Inc.) was used to determine cell viability
after being treated with 5 and 15 μM cisplatin for 24 h.

Western blots

The preparation of protein sample homogenate solutions and
western blot analyses were performed as previously
described.18 The following primary rabbit antibodies were
used: anti-IGF-1 (1:1000 dilution; PeproTech), anti-IGF-1R beta
chain (1:1000 dilution; Proteintech Group, Inc., IL, USA),
anti-MuRF1 (1:1000 dilution; ECM Biosciences, Versailles, KY,
USA), anti-atrogin-1 (1:1000 dilution; ECM Biosciences),
anti-Foxo3a (1:1000 dilution; Cell Signaling Technology,
Danvers, MA, USA), anti-Akt (1:1000; Cell Signaling Technol-
ogy), anti-phospho-Akt (1:1000; Cell Signaling Technology),
anti-phospho-Foxo3a (1:1000; Cell Signaling Technology),
anti-Smad2 (1:1000; Cell Signaling Technology) anti-
phospho-Smad2/Smad3 (1:1000; Cell Signaling Technology),

and anti-phospho-Smad2 (1:1000; Cell Signaling Technology).
The horseradish peroxidase-linked secondary antibodies used
were goat anti-rabbit IgG (Cell Signaling Technology). In the
examination of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) protein levels, protein level of GAPDH relative to
Ponceau-S staining was investigated.

Determination of IGF-1 levels

Murine IGF-1 levels were measured by a commercial Murine
IGF-I Standard ABTS ELISA Development Kit according to the
manufacturer’s instructions (PeproTech).

Quantitative real-time polymerase chain reaction

For quantitative real-time polymerase chain reaction
(qRT-PCR), quadriceps muscles were removed, washed with
cold saline and stored in TRI Reagent™ (Sigma-Aldrich, St. Louis,
MO, USA) at�80°C. The mRNA levels of various genes were ex-
amined using qRT-PCR as previously described.18 Briefly, total
RNA was extracted from femoral quadriceps muscles using a
one-step guanidinium–phenol–chloroform extraction proce-
dure with the TRI Reagent™ cDNAs prepared from total RNA
(1.0 μg) using the ReverTra Ace qPCR RTMaster Mix with gDNA
Remover (Toyobo, Osaka, Japan). The diluted reaction mixture
(2 μL) was subjected to PCR (50-nM forward and reverse
primers, Fast SYBR Green Master Mix; Thermo Fisher
Scientific, Waltham, MA, USA) in a final volume of 10 μL. 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) anneal-
ing for 30 s at 60°C. PCR amplification was performed for 45
cycles. Data are presented as expression relative to GAPDH
mRNA as a housekeeping gene using the 2�ΔΔCT method.

Histology

Haematoxylin and eosin staining and diameter measure-
ments of the myofibres in quadriceps muscle were

Table 1 PCR primers used in the present study

Accession no. Primers Product size (base pairs)

GAPDH NM_008084.2 Forward CCTCGTCCCGTAGACAAAATG 100
Reverse TCTCCACTTTGCCACTGCAA

Atrogin-1 NM_026346.3 Forward AGAAAAGCGGCAGCTTCGT 100
Reverse GCTGCGACGTCGTAGTTCAG

MuRF1 NM_001039048.2 Forward ACACAACCTCTGCCGGAAGT 103
Reverse ACGGAAACGACCTCCAGACA

IGF-1 NM_010512.4 Forward GACAGGCATTGTGGATGAGTGT 100
Reverse GATAGAGCGGGCTGCTTTTG

IGF-1Ea (ref. 21) NM_001111275.1 Forward CTGACATGCCCAAGACTCAGAAGGA 72
Reverse AGGTCTTGTTTCCTGCACTTCCTCTAC

IGF-1Eb (ref.21) NM_184052.3 Forward GCCACACTGACATGCCCAAGA 123
Reverse CCGTTACCTCCTCCTGTTCCCC
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performed as previously described.18 For each animal, at
least 70 fibres were measured.

Immunohistochemistry

The quadriceps muscle was dissected out and post-fixed in
4% PFA in phosphate-buffered saline (PBS) for 1 h at 4°C.
Samples were immersed in 30% sucrose/PBS overnight at
4°C and embedded in OCT compound (Sakura Finetek USA,
Inc., Torrance, CA, USA). Frozen sections were cut with a
cryostat (Leica Microsystems, Tokyo, Japan) at 10 μm and
mounted onto MAS-coated glass slides (Matsunami Glass,
Osaka, Japan). Sections were washed with PBS and blocked
with blocking solution (PBS containing 3% serum and 0.1%
Triton X-100) for 1 h; subsequently, sections were incubated
overnight at 4°C in a mixture of primary antibody and rabbit
anti-laminin (Sigma-Aldrich, 1:200). After washing three
times with PBS, sections were reacted with secondary
antibody (Alexa Fluor 488 anti-rabbit immunoglobulin G
[IgG], Invitrogen Corp., Tokyo, Japan, 1: 300) at room
temperature for 1 h. After washing with PBS, sections were
reacted with 4,6-diamidino-2-phenylindole (DAPI) solution
(Dojindo Laboratories, Kumamoto, Japan, 1: 2000) in PBS at
room temperature for 30 min, washed three more times with
PBS and then coverslipped with Vectashield (Vector
Laboratories, Burlingame, CA, USA). Immunostained sections
were observed under the fluorescence microscope FSX100
(Olympus Corporation, Tokyo, Japan) to measure the
myofibre diameter of quadriceps muscles.

Statistical analyses

Data are presented as means ± standard deviation. The
statistical significance of differences was determined using
an unpaired Student’s t-test or one-way analysis of variance
with the Bonferroni/Dunn post hoc test. A P < 0.05 was
considered significant.

Results

Effects of cisplatin on the expression of IGF-1 in
mouse quadriceps muscles

The body weights of mice were significantly reduced to the
same degree by the administration of cisplatin (3 mg/kg,
intraperitoneally) and DR (Figure 1A). Under this condition,
cisplatin treatment significantly decreased quadriceps muscle
mass compared with that in the vehicle and DR groups
(Figure 1B). To examine the expression of the IGF-1 gene in
cisplatin-induced muscle atrophy, we performed qRT-PCR.
The IGF-1 mRNA level in quadriceps muscle was significantly

decreased by the administration of cisplatin compared with
the vehicle and DR groups (Figure 1C). The IGF-1 protein is
produced by different pre-propeptides, whereas two
different promoters and differential splicing of the IGF-1 gene
create several IGF-1 isoforms, which differ in the N-terminal
signal peptide and the C-terminal extension peptide (E-peptide
Ea or Eb; IGF-1Ea or Eb).19–21 The IGF-1 primer used in this
study amplifies both isoforms. The IGF-1Ea and IGF-1Eb gene
expressions were examined using isoform-specific primers.
The gene expressions of both isoforms were also significantly
decreased by the administration of cisplatin compared with
the vehicle and DR groups (Figure S1). Because the gene ex-
pression of IGF-1 was downregulated by cisplatin, we exam-
ined its protein level with western blotting. The protein level
of IGF-1 in quadriceps muscle was significantly decreased by
the administration of cisplatin compared with both the vehicle
and DR groups (Figure 1D and 1E). Furthermore, there was
a positive correlation between the quadriceps muscle
mass and expression of IGF-1 protein (r = 0.803, P < 0.01;
Figure 1F). We examined the plasma concentration of IGF-1.
As a result of measuring plasma IGF-1 concentrations, no dif-
ference was observed among all groups (Figure 1G). Examina-
tion of IGF-1 levels in the quadriceps relative to the plasma
IGF-1 concentrations showed a significant decrease with cis-
platin administration compared with the vehicle and DR
groups (Figure 1H). The protein levels of IGF-1 receptor
(IGF-1R) were not changed by DR and cisplatin (Figure 1I and
1J). GAPDH was used as a housekeeping or normalization
protein, because we showed that GAPDH was not changed
by DR or cisplatin in muscle (Figure S2).

Effects of exogenous IGF-1 on the cisplatin-induced
upregulation of MuRF1 and atrogin-1 in C2C12
myotubes

Although IGF-1 expression was decreased by cisplatin
administration in vivo, whether cisplatin directly acted on
skeletal muscle to cause this effect was unclear. We next
examined the effect of cisplatin on IGF-1 expression in
C2C12 myotubes. In these myotubes, the IGF-1 mRNA level
was decreased by treatment with 15 μM cisplatin for 24 h
compared with the vehicle group (Figure 2A), without alter-
ing cell viability (Figure S3). Similar to the qRT-PCR results,
IGF-1 secreted into the medium was also significantly
decreased in a concentration-dependent manner by cisplatin
treatment compared with the vehicle group (Figure 2B). We
investigated IGF-1 levels relative to Ponceau-S stained
protein in medium or protein concentration of medium. In
these studies, cisplatin also suppressed secreted IGF-1 in a
concentration-dependent manner (Figure S4). In contrast,
the expressions of the MuRF1 and atrogin-1 atrogenes were
increased by cisplatin treatment. We investigated whether
exogenous IGF could attenuate the cisplatin-induced
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Figure 1 Cisplatin-induced downregulation of insulin-like growth factor 1 (IGF-1) expression in the quadriceps muscles of mice. Effects of 3 mg/kg
cisplatin (Cis) and dietary restrictions (DR) on body weight (A) and quadriceps muscle mass (B). Effects of DR and cisplatin on mRNA levels of IGF-1
in quadriceps muscle (C). Representative photographs of western blot protein bands for IGF-1 and GAPDH (D). Data are summarized in (E). Correlation
between muscle mass and protein levels of IGF-1 in quadriceps muscle (F, r = 0.803, P < 0.01). Effects of DR and cisplatin on plasma concentration of
IGF-1. IGF-1 concentration in plasma was not changed by DR and cisplatin (G). (H) IGF-1 levels in quadriceps muscle relative to IGF-1 concentration in
plasma. Representative photographs of western blot protein bands for IGF-1 receptor (IGF-1R) and GAPDH (I). Data are summarized in J. Each column
represents the mean ± SD from four mice per group. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control (vehicle). #P < 0.05, ##P < 0.01 and
###

P < 0.01 vs. DR.
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upregulation of MuRF1 and atrogin-1 mRNAs and found
that the changes induced by cisplatin treatment were
significantly inhibited by exogenous IGF-1 treatment in a
concentration-dependent manner (Figure 2C and 2D).
Similarly, the cisplatin-induced increased in MuRF1 and

atrogin-1 proteins was also attenuated by exogenous IGF-1
treatment (Figure 2E–G). GAPDH was also used as a house-
keeping or normalized protein because it was shown that
GAPDH was not altered by cisplatin or cisplatin + IGF-1 in
the C2C12 myotube. (Figure S5A–C).

Figure 2 Effect of recombinant murine insulin-like growth factor-1 (IGF-1) on cisplatin-induced downregulation of IGF-1 expression in C2C12
myotubes. Effects of cisplatin (5 and 15 μM; Cis5 and Cis15, respectively) on IGF-1 mRNA levels (A) and secreted IGF-I protein levels (B) in C2C12
myotubes. Each column represents the mean ± SD from three independent experiments. *P < 0.05 and ***P < 0.001 vs. vehicle control (vehicle).
Effects of IGF-1 on the mRNA levels of MuRF1 (C) and atrogin-1 (D) in C2C12 myotubes. Representative photographs of western blot bands for MuRF1,
atrogin-1 and GAPDH proteins (E). The data are summarized in (F) and (G). Each column represents the mean ± SD from three independent
experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. vehicle control (vehicle). #P < 0.05, ##P < 0.01 and ###P < 0.001 vs. Cis15.
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Effects of exogenous IGF-1 on cisplatin-induced
changes of phosphorylation in C2C12 myotubes

The phosphorylation levels of Akt (Figure 3A and 3B), p70S6
kinase (Figure 3A and 3C) and Foxo3a (Figure 3D and 3E)
were decreased by cisplatin. In contrast, Smad2/Smad3 and
Smad2 phosphorylation was increased by cisplatin (Figure
3D and 3F). The reduction in Akt phosphorylation levels and
the changes in Foxo3a and Smad2 phosphorylation levels by
cisplatin treatment were suppressed by IGF treatment in
concentration-dependent manners (Figure 3D–F).

Effects of mecasermin on cisplatin-induced muscle
atrophy in mice

Mecasermin (recombinant human IGF-1) was administered
to mice once daily for 4 days, 30 min before cisplatin
treatment (Figure 4A). The body weight was not changed
by mecasermin administration (Figure 4B). However,
mecasermin significantly attenuated the cisplatin-induced
loss of quadriceps muscle mass (Figure 4C). We then
conducted a morphometric analysis of the quadriceps
muscle with haematoxylin and eosin staining and

Figure 3 Effect of insulin-like growth factor-1 (IGF-1) on cisplatin-induced changes in IGF-1/Akt/mammalian target of rapamycin and Smad signalling in
C2C12 myotubes. Representative photographs of western blot bands for phospho-Akt, total-Akt, phospho-p70S6 kinase, total-p70S6 kinase and
GAPDH (A). The data are summarized in (B) and (C). Representative photographs of western blot bands for phospho-Foxo3a, total-Foxo3a,
phospho-pSmad2/pSmad3, phospho-pSmad2, total-Smad2 and GAPDH (D). Data are summarized in (E) and (F). Each column represents the
mean ± SD from three independent experiments. **P < 0.01 and ***P < 0.001 vs. vehicle control (control). #P < 0.05 and ###P < 0.001 vs. Cis15
(cisplatin 15 μM).

1576 H. Sakai et al.

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 1570–1581
DOI: 10.1002/jcsm.12760



Figure 4 Effect of mecasermin (recombinant human insulin-like growth factor 1 [IGF-1]) on cisplatin-induced muscle atrophy in mice. Schedule for
administration of the saline vehicle (intraperitoneally or subcutaneously), cisplatin (Cis3; 3 mg/kg, intraperitoneally) and mecasermin (Meca; 5 mg/kg,
subcutaneously) (A). Effect of mecasermin on cisplatin-induced weight loss (B) and quadriceps muscle mass (C). Haematoxylin and eosin staining of
quadriceps muscle in the Saline + Saline (D), Meca + Saline (E), Saline + Cis3 (F) and Meca + Cis3 (G). Bar scale = 100 μm. Effect of cisplatin and/or
mecasermin on myofibre diameter (H). Effect of mecasermin on the cisplatin-induced upregulation of MuRF1 (I) and atrogin-1 (J) mRNA levels in
mouse quadriceps muscle. Representative photographs of western blot bands for MuRF1, atrogin-1 and GAPDH (K). Data are summarized in (L)
and (M). Each point and column represent the mean ± SD from four or five mice per group. *P < 0.05 and ***P < 0.001 vs. vehicle control
(Saline + Saline). ##P < 0.01 and ###P < 0.001 vs. Saline + Cis3.
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immunohistochemistry (Figures 4D–G and S6A–D). The
decrease in myofibre diameter induced by cisplatin was
significantly restored by mecasermin treatment (Figures 4H
and S6E). Furthermore, the upregulation of MuRF1 and
atrogin-1 mRNAs was also attenuated by mecasermin (Figure
4I and 4J). At the protein level, mecasermin showed similar
effects (Figure 4K–M).

Effects of mecasermin on the cisplatin-induced
changes of phosphorylation in mouse quadriceps
muscle

The phosphorylation levels of Akt (Figure 5A and 5B), p70S6
kinase (Figure 5A and 5C) and Foxo3a (Figure 5D and 5E) in
the quadriceps muscle were decreased by cisplatin. In
contrast, Smad2/Smad3 and Smad2 phosphorylation was
increased by cisplatin (Figure 5D and 5F). The reduction in
Akt phosphorylation levels and the changes in Foxo3a and
Smad2 phosphorylation by cisplatin treatment were sup-
pressed by mecasermin administration (Figure 5E and 5F).

Discussion

In this study, we demonstrated that cisplatin treatment de-
creased IGF-1 levels and IGF-1 signalling in skeletal muscle
and C2C12 myotubes. Under this treatment, the expression
of MuRF1 and atrogin-1 was markedly increased. In this study,
it was also shown that the administration of exogenous IGF-1
suppressed the cisplatin-induced upregulation of MuRF1 and
atrogin-1, resulting in suppressed muscular atrophy.

In the IGF-1/PI3K/Akt pathway, the binding of IGF-1 to its
receptor leads to the activation of its intrinsic tyrosine kinase
and autophosphorylation, generating docking sites for IRS-1,
which is also phosphorylated by the IGF-1 receptor.
Phosphorylated IRS-1 then acts as a docking site to recruit
and activate PI3K, which phosphorylates membrane phos-
pholipids, generating phosphoinositide-3,4,5-trisphosphate
from phosphoinositide-4,5-bisphosphate. Phosphoinositide-
3,4,5-trisphosphate acts, in turn, as a docking site for two
kinases, phosphoinositide-dependent kinase 1 and Akt, and
the subsequent phosphorylation of Akt at serine 308 by
phosphoinositide-dependent kinase 1, activates Akt. All these
steps take place at the inner surface of the plasma
membrane.

The IGF-1/PI3K/Akt/mTOR pathway is the primary driver of
protein synthesis. Two biochemically and functionally distinct
mTOR complexes exist: mTORC1 and mTORC2.22

Downstream of mTORC1, two key proteins are activated to
regulate muscle mass. A previous study has shown that
mTORC1 signalling must both activate (phosphorylate) the
p70S6 kinase and inhibit 4E-BP1 for an optimal amount and

quality of muscle mass during hypertrophic remodelling.23

Akt inhibits protein degradation by phosphorylating, and
repressing, transcription factors of the Foxo family and
stimulates protein synthesis via mTOR and glycogen synthase
kinase 3β.11,24 Foxo factors are required for the transcrip-
tional regulation of the ubiquitin ligases, MuRF1 and
atrogin-1, leading to the ubiquitylation of muscle proteins
and their subsequent degradation via the 26s proteasome,
inducing muscle atrophy.11

We previously reported that IGF-1 gene expression in
quadriceps muscle was decreased by cisplatin administration
compared with vehicle control.9 In the current study, this
effect was confirmed and extended by showing that IGF-1
expression gene was significantly decreased by cisplatin
administration compared both with the vehicle control and
DR groups. Concomitant with the downregulation of IGF-1,
the phosphorylation of Akt, p70S6 kinase and Foxo3a was
decreased by cisplatin in mouse quadriceps muscle. These
finding are also consistent with our previous study.9 In
another study, we found that the cisplatin-induced decreases
in these phosphorylated forms in quadriceps muscle were at-
tenuated by exercise loading with treadmill training and that
this effect may be mediated by increased IGF-1 expression.25

When Foxo factors, chiefly Foxo3, are phosphorylated,
they cannot translocate into the nucleus, and the expression
of their target genes, MuRF1 and atrogin-1, is suppressed. It
has been reported that when the IGF-1 expression decreases,
Akt activity is suppressed and Foxo factors become dephos-
phorylated and translocate to the nucleus, increasing the ex-
pression of MuRF1 and atrogin-1 and enhancing protein
degradation in skeletal muscle.26–28

The phosphorylated Smad2 or Smad3 can form a
heterotrimeric complex with another Smad2 or Smad3 and
a Smad4, and the resulting complex translocates into the
nucleus to regulate gene transcription by associating with var-
ious transcription factors.29 The activation of Smad signalling
is reportedly sufficient to decrease protein synthesis, possibly
by promoting atrogin-1-mediated degradation of ribosomal
proteins and translation initiation factors or via the inhibition
of signalling through the Akt/mTORC1 pathway.30,31 Interest-
ingly, cisplatin-induced downregulation of Smad2 phosphory-
lation was also attenuated by IGF-1. Studies with cancer cells
have shown that the PI3K/Akt pathway and Smad signalling
directly interact to isolate Smad3 outside the nucleus.32

However, it has not yet been determined whether the same
mechanism exists in skeletal muscle.

IGF-1 was previously thought of as a circulating growth
factor that is produced primarily by the liver and mediates
the effects of growth hormone on body growth. However,
subsequent studies indicated that IGF-1 was also locally and
significantly expressed in many tissues, including skeletal
muscle, suggesting that autocrine/paracrine effects of local
IGF-1 expression can be a crucial mechanism controlling
tissue growth. To examine the effects of local IGF-1 produced
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by muscle cells, a transgenic construct was generated in
which the expression of a human IGF-1 cDNA was driven by
the avian skeletal α-actin gene.11,33 The resultant transgenic
mice developed skeletal muscle hypertrophy.33–35 In the
transgenic mice, IGF-1 overexpression was not sufficient to
prevent the decrease in muscle mass induced by hind-limb

unloading.34 However, glucocorticoid-induced muscle atro-
phy was prevented by IGF-1 overexpression via electropora-
tion in adult rats.36 This was consistent with the results of
the current study showing that cisplatin-induced muscle
atrophy was improved by exogenous IGF-1. However, admin-
istration of IGF-1 to cancer patients is contraindicated in

Figure 5 Effect of mecasermin on cisplatin-induced changes in insulin-like growth factor 1 (IGF-1)/Akt/mammalian target of rapamycin and Smad sig-
nalling in mouse quadriceps muscle. Representative photographs of western blot bands for phospho-Akt, total-Akt, phospho-p70S6 kinase, total-p70S6
kinase and GAPDH (A). Data are summarized in (B) and (C). Representative photographs of western blot bands for phospho-Foxo3a, total-Foxo3a,
phospho-pSmad2, total-Smad2 and GAPDH (D). Data are summarized in (E) and (F). Each column represents the mean ± SD from four or five mice
per group. **P < 0.01 and ***P < 0.001 vs. vehicle control (Saline + Saline). #P < 0.05 and ###P < 0.001 vs. Saline + Cis3 (cisplatin 3 mg/kg).
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clinical practice, because IGF-1 can exacerbate cancer. In
addition, Jeon et al.37 have shown that IGF-1 counteracts
the anti-neoplastic effect of cisplatin. Unfortunately, the
findings in this study cannot directly link to clinical therapy,
and systemic administration of IGF-1 is likely to exacerbate
cancer. In the study of Duchenne muscular dystrophy,
therapeutic studies using adeno-associated virus (AAV)
vectors are being actively conducted.38–40 Similarly, integra-
tion of a skeletal muscle-specific promoter into an AAV vector
enhances expression of IGF-1 in skeletal muscle. This
technique may suppress cisplatin-induced muscle atrophy,
although a lot of preliminary research is needed. In addition,
the search for new factors and methods that locally activate
PI3K/Akt/mTOR signalling in only skeletal muscle may
become new therapeutic targets for the treatment of
cisplatin-induced muscle atrophy in the future.

In conclusion, the downregulation of IGF-1 expression in
skeletal muscle might be one of the factors playing an impor-
tant role in the development of cisplatin-induced muscular at-
rophy in mouse. The ability to compensate for this loss by the
administration of exogenous IGF-1 suggests that this could be
a therapeutic approach for preventing or reversing the loss of
skeletal muscle mass in cisplatin-induced muscle atrophy.
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Figure S1. Effects of DR and cisplatin on mRNA levels of
IGF-1Ea (A) and IGF-1Eb (B) in quadriceps muscle of mouse.
Each column represents the mean ± SD from four mice per
group. *P < 0.05 and ***P < 0.001 vs. vehicle control
(Vehicle). ##P < 0.01, and ###P < 0.01 vs. DR.

Figure S2. Effect of dietary restrictions, cisplatin (3 mg/kg),
mecasermin (5 mg/kg) and their combination on the protein
levels of GAPDH in quadriceps muscle. A and D show repre-
sentative Ponceau-S staining. B and E show representative
immunoblot for GAPDH. M.M.; molecular weight marker. C
and F show expression levels of GAPDH relative to
Ponceau-S staining. Each column represents the mean ± SD
from four mice per group. GAPDH expressions were not
changed among all groups.

Figure S3. Effects of cisplatin (5 and 15 μM for 24 hr) on the
cell viability in C2C12 myotubes. Each column represents the
mean ± SD from six independent samples.

Figure S4. Effect of cisplatin (5 and 15 μM) on the IGF-1 levels
in trichloroacetic acid (TCA) precipitation of proteins from
medium of C2C12 myotubes. A shows representative
Ponceau-S staining. M.M; molecular weight marker. B shows
representative immunoblot for IGF-1. C shows the levels
IGF-1 relative to Ponceau-S staining. The levels of IGF-1 rela-
tive to each protein concentration are shown in D. Each col-
umn represents the mean ± SD from three independent
samples per group. The protein levels of IGF-1 were not
changed among all groups.

Figure S5. Effects of cisplatin (5 μM) + IGF-1 (10 or 30 ng/mL)
on the protein levels of GAPDH in C2C12 myotubes. A shows
representative Ponceau-S staining. B shows representative
immunoblot for GAPDH. M.M; molecular weight marker. C
and F shows expression levels of GAPDH relative to
Ponceau-S staining. Each column represents the mean ± SD
from three independent samples per group. The protein
levels of GAPDH were not changed at all groups.

Figure S6. Effects of cisplatin and mecasermin on the
myofiber diameter. Immunofluorescence staining for laminin
of quadriceps muscle in the Saline + Saline (A), Meca +Saline
(B), Saline+ Cis3 (C), aBMD Meca + Cis3 (D). Bar
scale = 100 μm. The diameter is shown in E. Each point and
column represent the mean ± SD from three mice per group.
**p < 0.01 and ***P < 0.001 vs. vehicle control (Saline +
Saline). ###P < 0.001 vs. Saline + Cis3.
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