TN AR A 5
Vol. 15, Nol, 3-11 (ERE264EEE)

[Original Article]

ISSN 13447505

Administration of insulin-like growth factor-1 inhibits the overdevelopment

of chloroquine-induced vacuoles in muscle fibers in experimental rimmed

vacuolar myopathy

Toshihide Kumamoto® %", Kenichiro Nakamura’, Yoshikazu Nakano?, Yuko Kawamura?,

Yasuhiro Aso?, Yusuke Hazama’, and Noriyuki Kimura

2

2

1 Division of Nursing, Department of Nursing and Social Welfare, Kyushu University of Nursing and Social

Welfare, and 2 Department of Neurology and Neuromuscular Disorders, Oita University Faculty of

Medicine

*Reprint request address and correspondence to Dr. Toshihide Kumamoto, Department of Nursing and

Social Welfare, Kyushu University of Nursing and Social Welfare, Tomio 888, Tamana, Kumamoto
865-0062, Japan; E-mail: kumagoro@kyushu-ns.ac.jp

[ABSTRACT]

Objective: We investigated the effect of insulin-like growth factor-1 (IGF-1) on the histological (e.g., rimmed

vacuoles and muscle fiber atrophy) and molecular properties of the denervated muscles of chloroquine-treated

rats. Methods: The left hind-legs of adult male Wistar rats were denervated by ligation of the sciatic nerve.

The rats with and without chloroquine treatment were given saline or IGF-1 intraperitoneally at a daily dose

of either 2 or 8 mg/kg for 8 days. Results: In the denervated soleus muscles from chloroquine-treated rats, the

number of rimmed vacuoles was significantly reduced in response to either low- or high-dose IGF-1. IGF-1

administration did not affect the muscle fiber atrophy. Although proteasome and ubiquitin immunostaining,

and the mRNA levels of muscle-specific ubiquitin ligases and autophagy-related genes were significantly

increased in denervated muscles from both rats, those levels did not change in response to either low or

high-doses of IGF-1. Conclusion: IGF-1 suppressed rimmed vacuolar formation in muscle fibers in an animal

model of chloroquine-induced myopathy.
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INTRODUCTION

The
autophagic protein degradation in the autophagy-

lysosomotrophic drug chloroquine mediates

lysosome system and induces accumulation of
sequestered materials in autophagosomes and lysosomes
by interrupting lysosomal protein degradation!). Skeletal
muscles treated with chloroquine show formation of
rimmed vacuoles and dense granular bodies within
autophagosomes and lysosomes'?)- We previously
demonstrated the presence of rimmed vacuoles in
addition to severe atrophy in denervated muscles from
chloroquine- treate d rats, but not in innervated
muscles from chloroquine-treated rats or innervated

and denervated muscles from the rats without

igi

chloroquine treatment?. Lysosomal cathepsin activity
was increased in atrophic skeletal muscles from
denervated chloroquine-treated rats, suggesting that the
lysosomal autophagic process plays a pathophysiologic
role in this degenerative process®. Further, protein or
mRNA levels of autophagy-related elements (e.g.,
MAP-LC3%), lysosome-related elements (e.g., clathrin,
alpha- and gamma-adaptin, mannose 6-phosphate
receptor [M6PR], and Golgi-zone elements) increased
in proportion to the number of rimmed vacuoles in
these muscles> ©), suggesting that the autophagy-
lysosome system also plays a central role in rimmed
vacuolar formation. In another study, ubiquitin and

proteasome immunostaining and the mRNA levels of
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ubiquitin and ubiquitin ligases (e.g., muscle-specific
Ring finger 1 [MuRF-1], and atrogin-1/muscle atrophy
F-box protein [atrogin-1]) were significantly increased
in denervated soleus muscles from rats without and
with chloroquine treatment when compared with the
contralateral, innervated muscles”).

Further, ubiquitin and ubiquitin ligase mRNA levels
were higher in denervated muscles from
chloroquine-treated rats than from rats without
chloroquine treatment. This suggests that proteasomes
and ubiquitin levels were increased in denervated
muscles from chloroquine-treated rats and that the
the
lysosomal proteolytic pathway may mediate muscle
like

growth factor-1 (IGF-1) is an endogenous hormone

ubiquitin-protease proteolysis pathway and

fiber destruction in this context”). Insulin-
produced by numerous tissues, including skeletal
muscles®19. This hormone, delivered to cells by both
endocrine and paracrine mechanisms, stimulates
normal growth and development but can also stimulate
muscle growth in pathologic states®: - 12, Muscle IGF-1
levels increase in response to injury and ~ mechanical
overload, along with formation of new fibers or growth
of existing fibers'? 4. In addition, IGF stimulates
satellites cell proliferation and differentiation during
muscle regeneration and muscle growth!'?, and
stimulates muscle protein synthesis and suppression of
proteolysis in vitro and in vivo ¥ 10 1415 In animal
models, overexpression of IGF-1 induces local skeletal
muscle hypertrophy and attenuates age- related
skeletal muscle atrophy, restoring and improving
muscle mass and strength in mice!0: 10),

These properties of IGF-1 suggest that it has
therapeutic potential in the treatment of muscle wasting
conditions, leading to investigation of the use of IGF-1
in animal models of human motor neuron diseases or
muscular dystrophies® 1417, Indeed, one study reported
that muscle-specific overexpression of the IGF-1 gene
slowed the rate of myofiber atrophy in denervated
muscles, suggesting that IGF-1 is protective!® and
reduces atrophy of denervated myofibrils1?. More
recent studies have demonstrated that IGF-1 activates
the phosphatidylinositol 3-kinase (PI3K)-Akt pathway

and that inhibition of this pathway increased atrogin-1

mRNA expression and proteolysis. Thus, IGF-1 may
induce muscle growth via the PI3k-Akt pathway,
subsequent transcriptional inhibition of atrophy-related
ubiquitin-ligase atrogin-1 and other atrogins (e.g.,
MuAF-1), and by degradation of myofibrillar proteins®:
12,15).

PI3k regulates both autophagy and apoptosis. IGF-1
activates the PI3k-Akt pathway, leading to stimulation
of mammalian target of rapamycin (mTOR) signaling
networks?% 2D, mTOR plays a role in regular autophagy
by inhibiting autophagy- regulated elements (e.g.,
Vsp34 and Beclin-1/Atp6). That mediate autophagosome
formation?%-22). Thus, activation of the PI3k-Akt pathway
by IGF-1 inhibits the formation of autophagosome via

mTOR Vsp 34, and Beclin-120-22),

MATERIALS AND METHODS
Animals. Forty adult male Wistar rats (initial body
weight 200-250 g, 7 weeks of age) were anesthetized
with ether. The rats were denervated by ligation of the
left sciatic nerve midway between the popliteal fossa
sciatic  notch, previously described?.

and as

Chloroquine chloride (50 mg/kg) was injected
intraperitoneally twice daily into 20 rats, beginning the
day after denervation. The remaining 20 rats received
saline injections

instead of chloroquine (i.e.,

non-myopathic rats). Non-myopathic rats and
chloroquine- treated rats were assigned to either
untreated or IGF-1-treated groups. Treated rats were
given IGF-1 (Somatomedin C, Astellas Pharma, Tokyo,
Japan) intraperitoneally twice daily at a daily dose of
either 2 mg (low-dose) or 8 mg/kg (high-dose).
Untreated rats were given an identical volume of saline
instead of IGF-1. The soleus muscles were obtained
from the right (innervated) and left (denervated) legs
from all animals 8 days after of IGF-1 or saline
treatment. Muscles were then rapidly frozen in
isopentane cooled in liquid nitrogen and then stored at
-80°C until use.

All experiments were performed in accordance with
the guideline for animal care and use of animals of Oita
University (permission No. K017001). Rats were kept
in an

under standardized laboratory conditions



air-conditioned room. Food and water were provided ad
libitum..

Histologic and immunohistochemical studies.
Serial 10-pm thick transverse sections were cut using a
cryostat. Frozen sections were stained using routine and
histochemical methods as described previously?. Using
Nikon Digital Sight DS-Fi-7 (Nikon, Tokyo, Japan) and
Image J software, the number of fibers with rimmed
vacuoles and dense granular bodies, and the diameter
of muscle fibers at the light microscopic levels were
determined in 200 muscle fibers per each muscle on
hematoxyline-cosin-prepared specimens.

Immunofluorescence analysis for 20S proteasome
and ubiquitin were performed as described previously?.
Images were captured using a Carl Zeiss LSMS5
Pasal-V3.2 confocal laser scanning microscope (Carl

Zeiss, Oberkochen, Germany).

Real-time reverse transcription polymerase chain
reaction (RT-PCR). Total RNA was isolated from
each specimen using acid guanidinium thiocyanate
buffer (Isogen, Nippon Gene, Tokyo, Japan), according
to the manufacturer’s instructions?®. Complementary
DNA (cDNA) was synthesized from 1 pg of total RNA
using 200 units of Moloney murine leukemia virus
reverse transcriptase (Gibco BRL, Rockville, MD,
USA) and 1 pg of oligo-(dT) 12-18 primer (Invitrogen,
Tokyo, Japan). Gene-specific primers for real-time PCR
were purchased from Takara Bio Inc. (Shiga, Japan) or
Sigma-Aldrich Japan (Tokyo, Japan). The nucleotide
sequences of the primers used in this study were as
follows: the MuRF-1 mRNA (Accession No. NM
080903; sense, 5’-GGG AAC GAC CGA GTT CAG
ACT ATC-3’; antisense, 5-GGC GTC AAA CTT GTG
GCT CA-3’); rat atrogin-1 32 mRNA (Accession No.
NM 133521; sense, 5’-AGT GAA GAC CGG CTA CTG
TGG AA-3’; antisense, 5-TTG CAA AGC TGC AGG
GTG AC-3’); rat ubiquitin-C mRNA (Accession No.
NM 017314; sense, 5°-GGG CAT GCA GAT CTT TGT
GAA-3’; antisense, 5-ACC TCC AGG GTG ATG GTC
TTG-3’); rat MAP1-LC3alpha mRNA (Accession No.
RAO021649; sense, 5-GCA GCT GCC TGT CCT GGA
TAA-3’; antisense, 5’-CAT AGA TGT CAG CGA TGG
GTG TG-3’); the rat MAP1-LC3beta mRNA (Accession
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No. RA019913: sense, 5’-AGC TCT GAA GGC AAC
AGC AAC A-3%; antisense, 5’-GCT CCA TGC AGG
TAG CAG GAA-3’); the rat mTOR mRNA (Accession
No. RA009998; sense, 5’-GCT TAT CAA GCA AGC
GAC ATC TCA-3’; antisense, 5’-TCC ACT GGA AGC
ACA GAC CAA G-3%); rat Vps34 mRNA (Accession
No. 16191; sense, 5’-CAG TTC ATC CAG TCA GTT
CC-3’; antisense, 5-TCA CAC AGT AGC CAG CAC
AG-3’; antisense, 5’-TCA CAC AGT AGC CAG CAC
AG-3"); and the rat glycerol aldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA (Accession No. NM
017008; sense, 5>-GAC AAC TTT GGC ATC GTG
GA-3’; antisense, 5-ATG CAG GGA TGA TGT TCT
GG-3’). Quantitative real-time RT-PCR was performed
using a LightCycler 2.0 instrument (Roche Diagnostics,
Mannheim, Germany) and software version 4.0. The
reaction mixture consisted of 1:50 diluted cDNA (5 pl),
0.2 uM of each primer, 2 pl of LightCycler FastStart
DNA Master SYBR Green I mix (Roche Diagnostics)
and 4 mM of MgCl2 in a total volume of 20 pl. Because
the target sequences of these primers were located on
different exons, only a proper RT reaction resulted in
the amplification of a PCR product of the correct
fragment size. Formation of expected PCR product was
confirmed by agarose gel electrophoresis (2%) and
melting curve analysis. The relative amount of mRNA
expression was calculated by measuring the threshold
cycle of each PCR product against that of GAPDH
mRNA. All PCR runs were performed in triplicate.

Statistical analysis. Differences between control
specimens and experimental specimens were evaluated
using a two-way analysis of variance. Multiple
comparisons were conducted using Turkey’s honestly
significant difference test. A p-value of < 0.05 was

considered statistically significant.
RESULTS

Histologic study. Histologic findings of the inner-
vated and denervated soleus muscles from non-myopathic
rats and chloroquine-treated rats following an 8-day

course of treatment with saline or IGF-1 administration

are shown in Fig. 1. Briefly, most of the innervated
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soleus muscles from all animals appeared normal, while
denervated muscles showed moderate to severe muscle
fiber atrophy. However, marked accumulations of
rimmed vacuoles and dense granular bodies were
observed in chloroquine-treated denervated muscles
(either after saline treatment or IGF-1 treatment) but not

in denervated muscles from rats that were not treated

)

e
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with chloroquine.

IGF-1 treatment appeared to result in asignificantly
decreased proportion of fibers with rimmed vacuoles
and dense granular bodies in chloroquine-treated dener-
vated muscles (18.8 + 3.6 % with 2 mg/kg IGF-1, 17.6 +
9.9 % with 8 mg/kg IGF-1, 35.7 = 5.3 % in rats given an

identical volume of saline instead of 2 mg/kg IGF-1; and

B

Fig.1.Cross-sections of denervated soleus muscles from rats without (a,c) and with (b,d) chloroquine treatment after

administration of either saline (a, b) or IGF-1 (c, d). Arrowheads indicate rimmed vacuoles, H.E. staining, Bar=50pum.

g

Fig. 2. (a) Frequency of muscle fibers with rimmed vacuoles and dense granular bodies in innervated and denervated

soleus muscle from without and with chloroquine treatment after administration of either saline or IGF-1. (b) The

mean diameters of the fiber in innervated and denervated soleus muscles from rats without and with chloroquine

treatment after administration with either saline or IGF-1. Number of rats per group = 5:0, saline administration

(identical volume of saline instead of 2 mg/kg IGF-1);d (dark gray), low-dose (2 mg/kg/day) IGF-1 administration;

] (light gray), saline administration (identical volume of saline instead of 8 mg/kg IGF-1);®, high-dose (8

mg/kg/day) IGF-1 administration. *p < 0.05.



38.7+ 14.5 % in rats given that instead of 8 mg/kg IGF-1)
(Fig. 2a).

The mean diameters of muscle fibers in the dener-
vated muscles of the rats without and with chloroquine
treatment rats on day 8 (139.3 £5.5 um and 130.6 2.5 n
m, respectively) were significantly smaller than those in
the innervated muscles (192.5 £ 4.9 um and 190.9 + 3.6
pum, respectively (Fig. 2b).

On immunohistochemistry, 20S proteasomes and
ubiquitin immunostaining were minimal in innervated
muscles from rats without and with chloroquine
treatment on all test days, whereas denervated muscles
from both groups showed progressively stronger stain-
ing. Neither proteasomes nor ubiquitin immunostaining
changed in the denervated muscles of saline- and
chloroquine-treated rats after IGF-1 administration,
although staining activity did tend to decrease in
muscles from IGF-1-treated rats when compared with

muscles from untreated rats.

Messenger RNA levels of ubiquitin, ubiquitin ligases
and autophagy-related genes.

Ubiquitin ligase atrogin-1 and MuRF-1 mRNA levels
were significantly elevated in the denervated soleus
muscles of rats without and with chloroquine treatment
after saline treatment when compared with the contralat-
eral, innervated
muscles [4.3-fold and 3.5-fold in non-myopathic rats;
5.3-fold and 4.0-fold in chloroquine-treated rats] (Figs.
3a, b).

Treatment with low-dose IGF-1 resulted in signifi-
cantly decreased atrogin-1 mRNA levels in the inner-
vated and denervated soleus muscles of non-myopathic
rats (0.4-fold in innervated muscles, 0.4-fold in dener-
vated muscles) relative to muscles from animals treated
with saline instead of IGF-1. In the denervated muscle of
both rat groups, treatment with low-dose IGF-1 did not
result in changes in atrogin-1 mRNA levels. Treatment
with high-dose IGF-1 resulted in increased atrogin-1
mRNA levels in the denervated soleus muscles of
non-myopathic rats (1.6-fold) relative to muscles from
rats treated with saline instead of IGF-1. However,
atrogin-1 mRNA levels tended to decline in the dener-

vated muscle from chloroquine-treated rats compare
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with that in denervated muscle of non-myopathic rats,
but these differences were not statistically significant
(Fig. 3a).

In the innervated and denervated muscles from rats
without chloroquine treatment, treatment with low-dose
IGF-1 resulted in a significant decrease in MuRF-1
mRNA levels (0.6-fold in
innervated muscle, 0.6-fold in denervated muscle)
relative to those muscles from rats treated with saline
(Fig. 3b). In the innervated and denervated muscle of
chloroquine-treated rats, treatment with low-dose IGF-1
tended to decrease MuRF-1 mRNA levels, but this
difference did not reach the level of statistical signifi-
cance. In chloroquine-treated rats, treatment with high-
doses IGF-1 did not result in a significant change in
MuRF-1 mRNA levels in denervated muscles but did
result in a significant decrease in MuRF-1 mRNA level
in innervated muscles.

Ubiquitin mRNA levels were also significantly higher
in the denervated muscles of rats without and with
chloroquine treatment (2.6-fold in non-myopathic rats,
2.6-fold in chloroquine-treated rats) when compared
with the contralateral, innervated muscles of both
groups (Fig. 3c¢).

Treatment with low-dose or high-dose IGF-1 did not
result in any significant change in ubiquitin mRNA
levels in the innervated or denervated muscles of rats
without or with chloroquine treatment (Fig. 3c).

Messenger RNA levels of autophagy-related
genes (e.g., LC3alpha, LC3beta, mTOR and Vps34) were
also elevated in denervated soleus muscles of rat groups
without and with chloroquine treatment when compared
with contralateral, innervated muscles, being 2.4 (p <
0.05), 4.2 (p < 0.0001), 2.2 (p < 0.05) and 2.5-fold (p <
0.05) in non-myopathic rats, and 2.8 (p < 0.01), 4.8 (p <
0.05), 2.8 (p < 0.05) and 4.6 (p < 0.0)-fold in
chloroquine-treated rats, respectively, increased relative
to innervated muscle from non-myopathic rats.

Treatment with low-dose or high-dose IGF-1 did not
result in any significant change in the mRNA levels of
LC3alpha, LC3beta, mTOR and Vps34 in the innervated
or denervated soleus muscles of rats without or with

chloroquine treatment.
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Effects of IGF-1 on changes in atrogin-1/MAFbx (a), MuRF-1 (b), and ubiquitin (¢c) mRNA levels in

innervated and denervated soleus muscles from rats without and with chloroquine treatment after administration of

either saline or IGF-1. Number of rats per group = 5.0, saline administration (identical volume of saline instead of 2

mg/kg IGF-1); @ (dark gray), low-dose (2 mg/kg/day) IGF-1 administration; [ (light gray), saline administration

(identical volume of saline instead of 8 mg/kg IGF-1);®, high-dose (8 mg/kg/day)IGF-1 administration. *p < 0.05.
g/Kg g g/kg/day p

DISCUSSION

The present study demonstrated that the appearance of
rimmed vacuoles and dense granular bodies in the
denervated muscle fibers from chloroquine- treated rats
but not in the denervated muscle from rats without
chloroquine treatment. This occurred despite the
presence of severe muscle fiber atrophy in denervated
muscles from both types of rats, as previously
reported?. Furthermore, protein and/or mRNA levels of
ubiquitin, proteasomes, and muscle specific ubiquitin-

ligases (e.g., MuRF-1, atrogin-1) were upregulated in
denervated soleus muscle from rats without and with
chloroquine treatment when compared with contralat-
eral, innervated muscles. The increase in proteasomes
and ubiquitin in denervated muscles from chloroquine-

treated rats, suggests that the ubiquitin-proteasome
proteolysis pathway and the lysosomal proteolytic

pathway may mediate muscle fiber destruction in the

context of this myopath

A previous study demonstrated that IGF-1 decreased
the expression of the ubiquitin ligases, atrogin-1 and
MuRF-18 15 24 resulting in suppression of the
ubiquitin-proteasome proteolytic pathway. This effect
may contribute to the antiproteolytic action of IGF-1 in
muscle, which is supported by the fact that IGF-1
induced a time- and dose-dependent reduction of
atrogin-l mRNA in the present study. However, the
degradation rate of atrogin-1 mRNA was not affected by
IGF-1 in denervated muscles of both rats, suggesting that
the IGF-1 -induced reduction of atrogin-l mRNA may
occur at the transcriptional level. Indeed, an IGF-1
-dependent reduction in transcription of the atrogin-1
gene has been demonstrated in an in vitro model of
muscle atrophy. This phenomenon involved inactivation
of Foxo transcriptional factors by phosphorylation
through the PI3k/Akt pathway!> 24,

In the present study, the mean of diameter of fibers in



innervated and denervated muscle did not change in
response to low-dose or high-dose IGF-1 treatment.
Further, atrogin-1 and MuRF-1 mRNA levels in the
denervated muscles from rats without chloroquine
treatment significantly decreased in response to
low-dose IGF-1 treatment but did not in response to
high-dose IGF-1 treatment. In chloroquine-treated
denervated muscles rats, atrogin-1 and MuRF-1 mRNA
levels tended to decrease in response to low-dose IGF-1,
but this difference did not reach the level of statistical
significance. In contrast, atrogin-1 and MuRF-1 mRNA
levels tended to increase in response to high-dose IGF-1
administration in denervated muscles from all animals.
The one exception to this was a de acrease in MuRF-1
mRNA levels in the denervated muscles from
chloroquine-treated rats. These results suggest that
low-dose IGF-1 downregulates ubiquitin ligase, whereas
high-dose IGF-1 has no effect on ubiquitin ligase. The
mechanisms underlying this phenomenon remain
unclear. Regardless, low-dose of IGF-1 over a period of
8 days may be insufficient to produce an effect in
atrophic fibers in the denervated muscles from either rat
type. Longer periods of IGF-1 treatment may be neces-
sary to downregulate atrogin-1 and MuRF-1 expression
in this myopathy, which is supported by studies that have
reported that an 8-week course of IGF-1 protected
against muscle fiber atrophy in dystrophic mice® 4.

Interestingly, our study demonstrated that in dener-
vated muscles from chloroquine-treated rats, the number
of muscle fibers with rimmed vacuoles and dense granu-
lar bodies was significantly decreased after IGF-1
administration when compared with saline-administrated
animals. These results suggest IGF-1 administration
may inhibite autophagosome formation or the lysosomal
system.

Previous reports suggest that IGF-1 inhibits mTOR-
mediated autophagy through the PI3k-Akt and Foxo
pathway, thereby suppressing atrogin-1 and MuRF-1
transcription!> 24 23), Activation of mTOR result in
inhibition of autophagy-associated protein, such as
Beclin-1 (Apg6), Apgl4d and Vps34, and leads to
decreased autophagosome formation20-22.25),

In the present study, mRNA levels of autophagosome-
related genes, such as, mTOR, LC3alpha, LC3beta, and
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Vps34, were significantly increased in the denervated
muscles of rats without and with chloroquine treatment
relative to the contralateral, innervated muscles of either
rat type. However, mRNA levels of those genes did not
change in the denervated muscles of either rat type in
response to IGF-1 treatment. That may be because IGF-1
affects these pathways at the transcription level or because
accumulation of autophagosomes in the denervated,
chloroquine- treated rats may be due to inhibition of
autophagosome recycling related to a compromise in
lysosomal formation.

In conclusion, these data suggest that IGF-1 treatment
may suppress rimmed vacuole formation in the muscle
fibers of some rimmed vacuolar myopathies, especially
chloroquine myopathy and
therefore has the therapeutic potential to delay clinical

progression of such disease.

Acknowledgments: This research was supported in part
by the Ministry of Education, Science, Sports and
Culture, Grant-in-Aid for Scientific Research(C), No.
20591005 and No. 23591251; by Research on Intractable
Diseases, Health and Labor Sciences from the Ministry of
Health, Labor and Welfare; and by Kimi Imai Foundation
for Research of Inclusive Neuromuscular Diseases. We
are grateful to Ms. Y. Hida, Ms. M. Ono, and Ms. K.

Hirano for technical assistance.

REFERENCES

1. Stauber WT, Hedge AM, Trout JJ, Schottelius BA.

Inhibition of lysosomal function in red and white skeletal
muscles by chloroquine. Exp Neurol 1981;71:295-306.

2. Kumamoto T, Araki S, Watanabe S, Ikebe N, Fukuhara N.
Experimental chloroquine myopathy: morphological and
biochemical studies. Eur Neurol 1989;29:202-207.

3. Kumamoto T, Ueyama H, Watanabe S, Murakami T, Araki S.
Effect of denervation on overdevelopment ofchloroquine-
induced autophagic vacuoles in skeletal muscles. Muscle
Nerve 1993;16:819-826.

4. Kimura N, Kumamoto T, Kawamura Y, Himeno T, Nakamura
KI, Ueyama H, et al. Expression of autophagy-associated
genes in skeletal muscle: an experimental model of

2007;7

chloroquine-induced myopathy. Pathobiology.



muscle fibers in experimental rimmed vacuolar myopathy

169-176.

Kumamoto T, Nagao SI, Sugihara R, Abe T, Ueyama H, Tsuda
T. Effect of chloroquine-induced myopathy on rat soleus
muscle sarcoplasm and expression of clathrin.Muscle Nerve
1998;21: 665-668.

Masuda T, Ueyama H, Nakamura K, Jikumaru
M,Toyoshima I, Kumamoto T. Skeletal muscle expression of
clathrin and mannose 6-phosphate receptor in experimental
chloroquine-induced myopathy. Muscle Nerve 2005;31:
495-502.

Kimura N, Kumamoto T, Oniki T, Nomura M, Nakamura
K, Abe Y, et al. Role of ubiquitin- proteasome proteolysis in
muscle fiber destruction in experimental chloroquine-
induced myopathy. Muscle Nerve 2009;39:521-528.

Dehoux M, Van Beneden R, Pasko N, Lause P, Verniers J,
Underwood L, et al. Role of the insulin-like growth factor I
decline in the induction of atrogin-1/MAFbx during fasting
and diabetes. Endocrinology 2004;145: 4806-4812.
Gregorevic P, Plant DR, Lynch GS. Administration of
insulin-like growth factor-I improves fatigue resistance of
skeletal muscles from dystrophic mdx mice. Muscle Nerve
2004;30:295-304.

Lynch GS, Cuffe SA, Plant DR, Gregorevic P. IGF-I
treatment improves the functional properties of fast- and
slow-twitch skeletal muscles from dystrophic mice. Neuro-
muscul Disord 2001;11: 260-268.

Florini JR, Ewton DZ, Coolican SA. Growth hormone and
the insulin-like growth factor system in myogenesis. Endocr
Rev 1996;17:481-517.

Singleton JR, Feldman EL. Insulin-like growth factor-I in
muscle metabolism and myotherapies. Neurobiol Dis
2001;8:541-554.

De Luca A, Pierno S, Camerino C, Cocchi D, Camerino DC.
Higher content of insulin-like growth factor-I in dystrophic
mdx mouse: potential role in the spontaneous regeneration
through an electrophysiological investigation of muscle
function. Neuromuscul Disord 1999;9:11-18.

Gregorevic P, Plant DR, Leeding KS, Bach LA, Lynch GS.
Improved contractile function of the mdx dystrophic mouse
diaphragm muscle after insulin-like growth factor-I admin-
istration. Am J Pathol 2002;161:2263- 2272.

Sacheck JM, Ohtsuka A, McLary SC, Goldberg AL. IGF-1
stimulates muscle growth by suppressing protein breakdown

and expression of atrophy-related ubiquitin ligases, atrogin-1

20.

22.

23.

24.

25.

Administration of insulin—like growth factor-1 inhibits the overdevelopment of chloroquine—induced vacuoles in

and MuRFl. Am J Physiol Endocrinol Metab 2004 ;
287:E591-E601.

. Grounds MD. Reasons for the degeneration of ageing

skeletal muscle: a central role for IGF-1 signalling

Biogerontology 2002;3:19-24.

. Lepore AC, Haenggeli C, Gasmi M, Bishop KM, Bartus RT,

Maragakis NJ, et al. Intraparenchymal spinal cord delivery
of adeno-associated virus IGF-1 is protective in the

SODI1G93A model of ALS. Brain Res 2007;1185: 256-265.

. Shavlakadze T, White J, Hoh JF, Rosenthal N, Grounds

MD. Targeted expression of insulin-like growth factor-I
reduces early myofiber necrosis in dystrophic mdx mice.

Mol Ther 2004;10:829-843.

. Shavlakadze T, White JD, Davies M, Hoh JF, Grounds MD.

Insulin-like growth factor I slows the rate of denervation
induced skeletal muscle atrophy. Neuromuscul Disord
2005;15:139-146.

Backer JM. The regulation and function of Class III PI3Ks:
novel roles for Vps34. Biochem J 2008; 410: 1-17.

. Sobolewska A, Gajewska M, Zarzynska J, Gajkowska B,

Motyl T. IGF-I, EGF, and sex steroids regulate autophagy in
bovine mammary epithelial cells via the mTOR pathway.
Eur J Cell Biol 2009;88:117-130.

Wu YT, Tan HL, Huang Q, Kim YS, Pan N, Ong WY, et al.
Autophagy plays a protective role during zZVAD- induced
necrotic cell death. Autophagy 2008;4:457-466.
Chomczynski P, Sacchi N. Single-step method of RNAiso-
lation by acid guanidinium thiocyanate-phenol- chloroform
extraction. Anal Biochem 1987;162: 156-159.

Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E,Picard
A, et al. Foxo transcription factors induce the atrophy-
related ubiquitin ligase atrogin-1 and cause skeletal muscle
atrophy. Cell 2004;117: 399-412

Kandarian SC, Jackman RW, Intracellular signalingduring

skeletal muscle atrophy. Muscle Nerve2006;33:155-165.



JUINFE FE R AR R B ISSN 1344-7505
Vol. 15, Nol, 3-11 (FRk264EE)

[ 3
A LAY AARBRK T -1 (I6F-1) [$REBRA) 7 1 v & 2y
ZEf X AT — DOFFHRHEC 1T D 22N ORI AL 2 il 45

REAPRTS 2, AR — RIS, AREFZRn2, AT -2, BREZRILZ, 18 #hAT2, ARRPRkE?

(2 E]

HAY : HARRRAEL 7= nu o # 5T v MEOFFEAT RS X OIS 320 Floxkd 5
IGF-1D A et LTz,

JilE . TOEMOLFEMRE RS (B Lizd vy Morzaesr, SN REK (4
BK) BHAEE L (K2008) , 205 bifi7 » hOK10LIZHEHIGE (2 mg/kg, 8 mg/kg, %5
PB) 285 L, 220D OF10ILIZICR-1OMh v IC[AEO AR K ZS A, MEMENIZES LT,

R 7o 5T FORMRE LIt T XA TOBLSEOBKELY 28 (rimmed vacuole)
RO, PEBLIOKEDICF-1#EIC L Vrimed vacuoleZ A4 5 MR A E A LT,
IGR- IR ME D ZERF 1T RIT R o Tz, T uT TV —AB L X F o OREieta, kR
e F o ) H—BR LA — N7 7 U= E T OmRNA L~ U3 7 v o 3 Ui hds JOYER
5 (BRAKES) OB CHERBICHEM LR, PEBLORKEOIGF-1#5 TIIWTNb AR
AN | A Ay

fham o IGF-1%, 7 v o X Ui I AT — 0T T VO ZEMFING Lanas, fifiER o
rimmed vacuole DAL & il 45,

F—TJ—F: sopxys4/8F—, rimed vacuole, LEXF >, FOFF7Y—L, 16F-1, BifE

RPIWIIE ok e e o e e e S N N Vs S R



