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1.1 èĢĪ�ĞĜ 
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Fig. 1-1 Schematic image of  

tissue engineering3 
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Fig. 1-2 Schematic image of muscle tissue engineering using iPS cells for Regenerative therapy. 
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2.1 Ǵș*$�% 

 

2.1.1 Ǵș+Ǖǆ'ĿÒ 
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2.1.2 Ǵș+Ɛɧ'Ɩȝ 
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Fig. 2-1 A top-down view of skeletal muscle structure. 



ǲ 2ǰ ŲŁ+Ǣǭ 

8 
�  
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Fig. 2-2 Interaction of actin with myosin filament. 
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*

);�äȑ�ɕ�<ʖFig. 2-3ʗ� 



ǲ 2ǰ ŲŁ+Ǣǭ 

9 
�  

 

Fig. 2-3 Molecular mechanism of muscle contraction. 
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2.2.1.1� ʈǆ¡žŮ@£# �ĬǴș 
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Fig. 2-4 Contraction of rubber artificial muscle with air pressure11. 
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Fig. 2-5 View of motor unit (left) and artificial muscle arm (right)12. 
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Fig. 2-6 Schematic diagram of application for bio-actuator. 

 

2.2.2� ȮÏTL}�a�M/+ōǈ 

 

� �ĬǴȆȓ,�ǴǏŐ8Öʕ*9<ǴÔ �)(*ŹØ)ȮÏ@šȃ�< 

6+ȮÏTL}�a�M/+ōǈ7źŃ�=%�<��=3&�ȮÏTL}�

a�M8ŹØŏɆ¥&,ÙƽĞʑ�ȱ?=�rET8|Z^)(+õ�ʋÙƽ

��*ǈ�:=%� ����)�:�ÿ¼&, 1980Ĳ�ńÝ*ĒŚÛǼô

u�I��ÛǼô�+7+@Ùƽ*£ǈ�%ȱ
Ğʑ@ĸƙ��2011Ĳ*ȥǦ

Ǣǭř&+ÙƽĞʑ@ĸƙ� ��:*ĒŚʍŮu�I�&, 2010Ĳ*Űȸ

ô+ɻǕ*��<ÙƽĞʑ@ĸƙ��ȸô*í3=<ŖÃ+ŹØŏ+ƎɅ@g



ǲ 2ǰ ŲŁ+Ǣǭ 

13 
�  

^+ĆʎȄȜ@ǈ�%ȱ#%�<�ÿĐ*��%7�Ǻÿ& 2007Ĳ*ĒŚu

�I�2Ǧ�ÙƽŒɍ/+ɽŋ+ʓ3;@æ��ÙƽĞʑ+ĸƙ@ȱ# ��

:* EU&, 1990Ĳ��ɾ�ÙƽĞʑ�Ɲʁǖ*å;Ȏ3:=�2013Ĳ*Ù
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� �+9
)²ì�:�ȄȜĆʎ*9< in vitro&+Ğʑ,�ÙƽĞʑ�ŷƥ'

�%Źǈ)Śƥ&�<'Ȗ�:=<�ʒƊǴ+µ')<ǴȪȄȜ@ǴǏŐrE

T�:ÃʅĆʎ��®įrETǉƁ+ǴȪȄȜ'ƞɝ�<ǴǏŐv]~,�&

*ĉð�=%�<ʖFig. 2-7ʗ16�ȳŴȄȜǉƁ+ C2C12ȄȜ*�ȴ�=<rE

TǴȪȄȜƇ,�čƜƝʁ&,12ƺɿ*čƜ��ȄȜ�ʓĤķ*)# ƿŔ
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Fig. 2-7 Primary myoblasts derived from muscle disease patient16. 
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*ĆʎȄȜ�:�ĬǴȆȓ@¢ȸ

��ȮÏTL}�a�M@ȱ
'�
RT\t@Çǈ�<�'&�ÙƽĞʑ@

ȱ
�')�ȮÏ@ɇʑ�<�'�èȝ')<��+ 6��ĬǴȆȓ+ȮÏ
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TL}�a�M/+ōǈ,�ǴǏŐ8Öʕ*�
ǴƖȝ �*ŹØ)ȮÏ)(

+šȃ*Ē��ɑǁ&�<7+&�<'Ȗ�:=<ʖFig. 2-8ʗ� 

Fig. 2-8 Schematic diagram of application for drug testing system. 

 

2.2.3� ǴȪȄȜ+Ȥĵōǈ 

 

� ŽƁ�ǆ¡+Ǵș*,�ǴȒȋ@ƐŖ�<ǴȄȜ+�*�Ǵ½ǆ*ɽ��<

ǴȳŴȄȜ�ęā�%�<��+ȄȜ,ŶƝ,�ǞƿŔ&�ǴŦ±� ʂ*Ʃ

ŏÛ�=%čƜ��Ŧ±� ȄȜ@ȷ
ĿǛ@Ŝ#%�<�ɜķ+ǴŦ±&�

=-�ǆ¡¼&ǴȳŴȄȜ+čƜ'ÃÛ*9#%Ƥǔ�<�'�èȝ&�<

��ȠǒÄʀ8ɵķ+ǴŦ±*9#%ĒɱÃ+ǴșȆȓ@Ŧĕ� Ċê�Ǵȳ

ŴȄȜ*9<ªň��èȝ')<Ċê��<� 

� �=3&*�ǴȪȄȜ@ǏŐ+ƤǓ*ǈ�:= ¤'�%�ŋμ+eDfT

ŚȲń�ŋƖȝ �@ǥ� Őȗ*ĥ�%ȥġǉƁ+ʒƊǴȪȄȜ@ǩƍ�<

'�
ĒȼƓ)ȤĵǢǭ�{��Zf&ȱ?= ����)�:��+Ȉƃ
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,�ŋǴ+ɫÙƖȝ+Ūøķ'�
�ƘG�_qD�^*��%�Ūø�Ȼ:

=)�# �'�ĉð�=%�<ʖTable 2-1ʗ17, 18��+9
)ǴȪȄȜ+Ȥ

ĵōǈ&,�ɵǸ)Őȗ�ĥɎ'�=%�;�ǩƍȄȜ+ƴ°źɼ+ǡȑ)

(���$�+ɋʊ�ƛ�=%�<� 

 

Table 2-1 Efficacy data from the MAGIC study18. 

 

2.3� ½ǆÜǓĞǃ*ì� ĬĚǖBl��Y 

 

2.3.1� ȄȜR�^ĬĚ 

 

� ÍǶ&ɡ0 9
*�ȄȜ�+7+@ǩƍ�%7ƤǓØƃ�ņ:=)�Ċê

��<���&ȄȜR�^ĬĚ&,�ȄȜ@Ēɷ*Ćʎ��ɇʑǵ¼&R�^

ƿ+Ȇȓ¡@ƐǷ�%��=@ǩƍ*ǈ�<Řǌ@å#%�<�ưķœæŏq

}r�&�<q} NDVl�i~BL}~Bs_ʖPNIPAmʗ@Ćʎǘ)(+

ćɔžŮ*`cu�^~�m~&þĝÛ�<�'*9#%eDH`cD�W�

jFDT@¢ȸ���+ćɔ�&Ćʎ� ȄȜ�:ưķďÛ@Çǈ�ǹ¦*Ȅ
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ȜR�^@¢ȸ�<ȆȓƐǷƥ, Okano:*9#%ǣǯ�= 19�PNIPAm,

32ºC��&ȿơŏ�32���&ǎơŏ@ǥ���+ŏɔ@Çǈ��PNIPAm@

M|j^� Ćʎǘ&ȄȜ@Ćʎ� ŵ�ɥį+Ćʎưķ&�< 37ºC&,�

ǎơŏ@ǥ� PNIPAmɹ��äȑ� 33&�< 6�ȄȜ,Ćʎǘ*Ţǟè

ȝ')<��ű&�32ºC&,ȿơŏ@ǥ�% PNIPAmɹ�ơÃĘ'Ȉê�)�

:�ɺ�< 6�ȄȜ,Ćʎǘ*Ţǟ&��ȄȜɼŢǟ@¨Ş� R�^ƿ&

Ðʅ�<ʖFig. 2-9ʗ��+Śƥ@ǈ�%�ŋǴȄȜR�^+¢ȸ8çȟ¼�Ǘ

ȄȜR�^@ǈ� ǩƍǈ�ĬɀȢ+¢ȸ*ŖÕ�%�<� 

Fig. 2-9 Schematic diagram of adhesion and detachment of a cell sheet to poly (N-

isopropylacrylamide) grafted surface. 

 

� ǃā��+śȲ@Çǈ� ½ǆÜǓ+Ǣǭ�ǽÔǖ*ɩ6:=%�;�ǀǯ

ȱūƥ�ǄÛĚǢǭř'ºǙɐüƥ�¶ǱÜǓŠȦɐü�»ë&ȱ#%�<

�ƶÂĄÖʕʔŭďŏ*ĥ�<ȥġ iPSȄȜǉƁȌȢȩȂ�ǗR�^ǩƍ*ɽ

�<ȤĵǢǭ	'�
ɂǊ�Ÿ7ɩA&�<�ȽÔ&ɵȹ)ĿÒ@Ŝ
ȌȢ

,�ȽȄȜ@í5œȾȌȢ'ȌȢȩȂ�ǗʖRPEʗ�:ƐŖ�=%�<�Öʕ

ʔŭďŏ,�ȌȢ+�ŋ*ęā�<ʔŭɱ'ò-=<ɱÃ*Ǎį)Ȱǵ�Űǆ

��RPE*ʃĠ�ǆ�ʔŭɱ+Ɩȝ� ��%�<ƿŔ&�<� 

� �+ɂǊ&,�ƶÂĄÖʕʔŭďŏ+Őȗ�: iPSȄȜ@ƕǯ� ń�RPE

ȄȜ*ÃÛɉħ��ǩƍǈ+ RPER�^@¢ȸ�<ʖFig. 2-10, ǄÛĚǢǭř
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o�tn�S9;Ĺǈʗ��+ń�Őȗ+ʃĠ+�< RPE@ʀã�%�Őȗ

iPSȄȜǉƁ RPEȄȜR�^@ǩƍ��ĝźƎƆ*9;ě¹ŏ+ǣɈ8ȽƖȝ

*ĥ�<ŹØŏ@Ɇ¥�<7+&�< 20��+ȤĵǢǭ,�ǃƝʁ&+ iPSȄ

Ȝ@ǈ� ½ǆÜǓ+Ÿ¶Ǳ&�;��ń+½ǆÜǓǢǭ+ɩĩ*��%ɵȹ

)Ǣǭ&�<'Ȗ�:=<� 

Fig. 2-10 Fabrication of RPE-cell sheet from iPS cells. 

ǄÛĚǢǭřo�tn�S9;Ĺǈʖhttp://www.riken.jp/pr/topics/2013/20130228_1/ʗ 

 

2.3.2� eDHl}�W� 

 

� ɟĲ�l}�W�+ßÊśȲ+Ǖĩ*9;�D�L@ȄȜƭêƬ*ȕ�ť�

 eDHl}�W�+Ǣǭ�ǚA*ȱ?=%�<��:* 2Dl}�^!�&

)��ȄȜ@ǯ¡ǖ*l}�^�< 3Dl}�W�*9#%�3ƘµȄȜȆȓ

+¢ȸ�ɇ4:=%�<��=:+eDHl}�W�,�ȄȜ8Ȇȓ¡+ɗĊ

žŮ@�ő+ȄȜŬ8Ƹķ&ƚǣ*ÉŇ��Ȇȓ¡@¢ȸ&�<'�>*�<

21��+9
) 3Dl}�\C�MśȲ,�eDH\Lc�S�8ÜǓÃɶ&+

ōǈ�źŃ�=%�<ʖFig. 2-11ʗ� 
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Fig. 2-11 The common approaches currently used to bio-print tissue, are laser-assisted, inkjet-

based and extrusion-based robotic dispensing techniques21. 

 

� 3 ��+�*ƾŊǖ) 3DeDHl}�\C�MśȲ'�%,�dD_�

N~)(+ɗĊžŮ+�?;*�ȄȜÀʄċʖTjF�D_ʗ@Îī*Ë�Ƒ

*ǵƿƐɧ@ƐǷ�<űƥ�ĉð�=%�< 22��+Śƥ,�TjF�D_�

ćŽžŮ')#%�< 6��ȧǖ) 3Dl}�\C�M&ǈ�:=<ɗĊž

Ů*B�~K�ƽɔ�í3=%� Ċê��=:@úɰ&�<�'�Çƹ'�

%ş�:=<�ǃā�+Ǣǭ&,��ĬɣƂǈ+ē�Ȱǵ@�Őȗȥɘ+ȄȜ

�:¢ȸ��ǩƍ�<�'@Ǜƒ'�%ɩ6:=%�<ʖFig. 2-12ʗ� 

Fig. 2-12 Main components of the 3D biopringing platform. (A) Aseptic hood containing the 

assembling line: a plate storage magazine (far left), followed by two feeding magazines and a 
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plate transportation line toward the mobile arm (far right) and an imaging system (red light). (B) 

Cell spheroid imaged within its feeding plate’s well. (C) Top view of a completed cell construct 

and the tips of supporting microneedles. (D) Fluid-immersed Kenzan holder. (E) Nozzle 

aspirating a spheroid. (F) Nozzle depositing a spheroid onto a needle. (G) Three types of 

kenzans (with 9�9 regular and hollow, and with 26�26 needles); note the needle-perforated 

plastic bases. (H) A virtual double-layered tube created with the ‘‘Bio 3D Designer’’ program. 

(I) An actual spheroid construct awaiting postprinting maturation22. 

 

2.3.3� Ǥŏ`c\Lc�S� 

 

� ƖȝŏǤŏ`cǻĘʖMagnetite cationic liposome; MCLʗ@ǈ� ȆȓƐǷƥ

� Ito:*9#%ŤƋ�= 23�MCL, 10 nm+ǤŏǻĘ&�<rMbWD^

ʖFe3O4ʗ@ƚʆȫȞɔȢ&Úą� 7+&�<�MCL@ĆĂ�*ƮÖ�%Ć

ʎ�<�'&�MCL+ƚʆȫ'ȄȜȢ+ɏʆȫ�ʇʆƠǖ*îǟ��G�_Q

D^�RT*9#%rMbWD^�ȄȜ¼*å;ɞ3=<��+MCL&ǤƠ

ƒɌ� ȄȜ'ǤÔ@ǈ�%Ȇȓ@¢ȸ�<űƥ,Mag-TEʖMagnetic force 

based-tissue engineeringʗ'ò-=%�<��=3&*�Mag-TEƥ*9;�ŋ

ǴȄȜR�^ 24 �g^ɀÛȄȜR�^ 25+¢ȸ�ĉð�=%�;�ɟĲ�

Yamamoto:*9#%ǴȪȄȜƇ C2C12ȄȜ�:ǅƿ+�ĬǴȆȓ+¢ȸ7ĉ

ð�= ʖFig. 2-13ʗ6� 

� ǤÔ@ǈ�<Çƹ'�%�ȄȜ@ĆʎĶʉ*ǜŢĈǬ�< 6�ȄȜ@ʓĤ

ķ)ǴȆȓ�ɉħ�=<�'�źŃ&�<�ǴȆȓ¼+ȄȜĤķ@ʓ��<�

'�&�=-�ǴÃÛɉħŵ*ȄȜȯê�ɕ�;8��);�ǴÃÛ�§ɩ�

=<'Ȗ�:=<���&ŽǢǭ&,�Mag-TEƥ@ǈ� ȆȓƐǷƥ*9#

%�ĬǴȆȓ@¢ȸ�<�'*� � 
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Fig. 2-13 Schematic image of Mag-TE technique. 

 

2.4� ʒƊǴȄȜĆʎ*ɽ�<ŸŰ+Ùì 

 

2.4.1� ǴȪȄȜ+ɯ�ĘŪď  

 

� �=3&*�ǴȪȄȜ/Ƒ�)ɯ�Ę@ħ¸���+ʓƖȝÛ+ŖÕ¤�ĉ

ð�=%�<�Uchinaka:, elastinɯ�Ę@ǴȪȄȜ/ħ¸��elastin@ɬÑ

Ǖǃ����+ȄȜ�:¢ȸ� ȄȜR�^@ŋǴƌČv]~rET*ǩƍ�

<'�
Ğʑ@ȱ# ��+Ȉƃ�ɯ�Ęħ¸@ȱ#%�)�ȄȜR�^@ǩ

ƍ� Ċê'ƞɝ�%�ɺźǖ*ƤǓØƃ@ȋŞ�<�'*ŖÕ�%�< 26� 

� 3 �Goudenege:,ǴƾǍǖɚ¾ûĘ&�<MyoDɯ�Ę@ ESȄȜ' iPS

ȄȜ*ħ¸��ǴȪȄȜ/ÃÛɉħ� ń�ǴST^�jC�v]~rET

ʖmdxrETʗ*ǩƍ�<Ğʑ@ȱ# ��+Ȉƃ�ɯ�Ęħ¸@ȱ?�*Ã

Ûɉħ� ESȄȜ' iPSȄȜ, mdxrET*1'A(ǆǟ�)�# ��

MyoDɯ�Ę@ħ¸� 7+,�mdxrET+Ǵș*ǆǟ�%�<�'@ų:

�*� 27�� �  



ǲ 2ǰ ŲŁ+Ǣǭ 

21 
�  

� Sato:,�ȮÏɉħĄ+ɯ�ĘǕǃRT\t@Çǈ��ʒƊǴ+Ŗɺ8ÃÛ

*ɵȹ)ĿÒ@ƃ �%�< Insulin-like growth factor-IʖIGF-Iʗɯ�Ę@ǴȪ

ȄȜ&Ǖǃ�� �ĬǴȆȓ@¢ȸ��ʆƠËƷ*ō�%ǆ�<äȑÔ@Ʊĝ

�<�'&�ĬǴȆȓ+Ɩȝì�+Ɇ¥@ȱ# ��+Ȉƃ�ɯ�ĘǕǃ@ɉ

ħ�%�)�ǴȆȓ'ƞɝ�% IGF-Iɯ�ĘǕǃ@ɉħ� 7+,�äȑÔ�

Ȁ 1.7¬ì�� 28�3 ëƟ:,�ȄȜ+Bq^�RT+ɵȹ)ÉŇûĘ'

�%Ǡ:=< B-cell lymphoma 2ʖBcl-2ʗɯ�Ę*$�%7�ëƑ+Śƥ&�Ĭ

ǴȆȓ@¢ȸ�äȑÔ@Ʊĝ�%�;�Ȁ 2¬äȑÔ@ì���<�'*ŖÕ

�%�<ʖFig. 2-14ʗ29� 

Fig. 2-14 Contractile properties of the artificial skeletal muscle tissue constructs. (A) A 

representative peak of the twitch force generated by the muscle bundles (left) and the fusion of 

tetanus of the muscle bundles (right) after 7 days of culture in the differentiation medium. (B) 

Maximum twitch (left) and tetanus (right) forces of the muscle bundles. The data are expressed 

as the means ± SD of three bundles. *P < 0.05 and **P < 0.05 versus normal C2C12 bundles 

and C2C12/IGF (Dox−) bundles, respectively29. 
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2.4.2� �ĬǴȆȓ+ʆƠËƷĆʎ  

 

� �ȧǖ*,�Ǵș*ƽǄǖ)ɏȫ@��<�'&�^��a�M@ȱ��Ǵ

șɷ@čĒ��<�'�Ǡ:=%�<����)�:�in vivo&,�Ƅǧȇǿ

�:ɫÙǧȇȄȜ@��%�Ǵș*ʆƠǖ©é���:=<��in vitro&+�

ĬǴȆȓ+Ćʎ&,�ǧȇȄȜ,ęā�)� 6�Ǵǵ+Ǖɭ,ɿǋ��<'

�=%�< 30-33���&ɟĲ�ıʉĆʎ+Ǵǵ8ǴȆȓ*ʆƠËƷ@��<�

'&�ʓƖȝÛ�ɇ4:=%�<�Fujita:,�ıʉ&Ćʎ�%�<Ǵǵ*ĥ

��ʆƠËƷ@��<�'&�Q~OuBƐɧ+Ǖɭ@ǣɈ�%�< 34�3 

Donnelly:,�ǴȆȓ+ʆƠËƷĆʎ@ȱ
�'&�2¬+äȑÔ@ǆ4Â�

�'*ŖÕ� 35�3 ŗ�+Ǣǭğ&,�ǤÔ@ǈ� �ƘµȆȓƐǷƥ*

9#%¢ȸ� �ĬǴȆȓ*��< 6+ʆƠËƷƀ×ʖßÖʆĀ�f~T

İ�ñƦŬʗ+ƎɃ@ȱ��0.3 V/mm�4 ms�1 Hz+ʆƠËƷ@�ĬǴȆȓ*

��%Ćʎ�<�'&�ʆƠËƷ@��%�)�Ċê'ƞɝ�%�Ȁ 5¬+ä

ȑÔļÛ*ŖÕ�%�<ʖFig. 2-15ʗ36� 

Fig. 2-15 Contractile properties of artificial skeletal muscle tissue constructs using a culture 

system with EPS. (A) Contractile twitch force of EPS-treated artificial tissue constructs (day 7), 

using a single electric pulse (voltage, 0.83 V/mm; width, 10 ms). The maximum twitch force 

generation was observed for tissue constructs applied the EPS culture of 0.3 V/mm, 4 ms and 1 

Hz. (B) Relationship between %Pt and the contractile force36. 
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2.4.3� g^ iPSȄȜ�:ǴȪȄȜ/+ÃÛɉħ �  
 

1.1.2&7ǹÞ*ɡ0 ��ǴÃÛ*��<MyoDɯ�ĘǕǃ+ɵȹŏ,�

Davis:*9<rETǉƁȒȋȪȄȜƇ+XD�L^}l�M|s�M*9#

%ų:�*�= �ŀ:,�MyoDɯ�Ę@ȒȋȪȄȜƇ/ħ¸�<�'&�

ǴƾǍǖW�fLɔ&�<sHR�ɵɹʖMHCʗ@Ǖǃ�<ǴȪȄȜ@ɉħ�

<�'*ŖÕ�%�<ʖFig. 2-16ʗ37� 

Fig. 2-16 Myosin Staining of Different Cell Lines Transfected with the MyoD Expression 

Vehicle lmmunostained myosin heavy chain-positive colonies: C3H10T1/2 (A), NIH 3T3 (B), 

Swiss 3T3 (C), Swiss 3T3-clone 2 (D), L cells (E), 3T3-Ll adipocytes (F), 3T3-F442A 

adipocytes (G), and TAl adipocytes (H)37.  
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� 3 ɟĲ Tanaka:,�MyoDɯ�Ę@ȮÏɉħĄɯ�ĘǕǃmLW�*Ȇ4

ɞ4�g^ iPSȄȜ/ħ¸�<�'&��9� 90%+Øǂ&ǴȪȄȜ/ɉħ�

<Śƥ�ĉð�=%�< 5��:*��+ǴȪȄȜɉħƥ@ǈ�<�'&�Ȅ

Ȝ+ȢW�fLɔ+�ǫ&�<STjF}�+ǍįǑ'�%Ǡ:=<�ĖĄǴ

ST^�jC�ǏŐŐȗǉƁ+ iPSȄȜ�:ǴȪȄȜ@¢ȸ��in vitro&ȄȜ

Ȣ½ǆ�Ļ�)<'�
ǐŔ@½ǃ�<�'*ŖÕ�%�<ʖFig. 2-17ʗ5��

=3&�iPSȄȜ8 ESȄȜ)(�:țȬ¡ʖEBʗľŖ@ȇ%ǴȪȄȜ@ɉħ

�<Śƥ,ĉð�=%� ��ǴȪȄȜ3&ɉħ�<źɼ�ɺ��Tanaka:+

ɻǕ� Śƥ*9#%Ȁ 2ɨɼ*ǡȑ�<�'�èȝ')# 38�iPSȄȜ/

ɯ�Ę@ħ¸��Ǜǖ+ȄȜ@ɉħ�<śȲ,ɵȹ&�<�ű&�ɉħ+½ǃ

ŏ�ɋʊ')#%�<� 

 

Fig. 2-17 Modeling Miyoshi Myopathy (MM) by patient derived-hiPSCs. Entry of FM1-43 

green fluorescent dye into differentiated myofibers from MyoD-MM #5 (left), rescued MyoD-

MM #5 with DYSF expression (middle), or control MyoD-hiPSC clone B7 #9 (right), before (0 

s) and 20 s after (20 s) two photon laser-induced damage of the sarcolemmal membrane (arrow). 

Scale bars = 20 mm5.  
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� �+ɋʊ@Ɂƣ�< 6*�Uchimura:,ŅƁ3&+ǴÃÛɉħƥ@ŪȨ

��ÃÛɉħ+ɤ�&ȄȜ@úä��½ķŨǫ�<}l��\C�Mƥ@ɻǕ

� 39��+Śƥ&,�ÃÛɉħ day33&ŅƁɥ;+ 6EF~l��^8 10 

cm]CZRy&ȄȜ@Ćʎ� ń�ɳȂÁǄ*%ȄȜ@Ðʅ��96EF~l

��^8 384EF~l��^*½ķŨǫ�<ʖFig. 2-18Aʗ��+Śƥ*9;�

ǜŢ 96EF~l��^*Ũǫ� Ċê'ƞɝ�%�ȄȜ@�=�=+EF~

&ă�*ÃÛ��<�'*ŖÕ�%�<ʖFig. 2-18Bʗ��=,�ÓȮTL}�

a�M*Ƣ6:=<�m~+ÃÛØǂ'ěĝŏ�ņ:=%�;�ǴǏŐ+ƤǓ

ȮɻǕ/+ōǈ�źŃ�=%�<� 

 

 

Fig. 2-18 Skeletal muscle differentiation of hiPSCtet-MyoDmC in 96 multi-well plate by replating 

method. (A) A schematic diagram of the replating for skeletal myogenic differentiation of 

hiPSCtet-MyoDmC. (B) A total number of cells are compared between direct plating and replating 

methods at day 9 39. 
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2.5� Žǰ+3'6 

 

� 2.1Ƕ&,�Ǵș�(+9
)ȄȜ�:ÃÛ�Ŗ;ǯ#%�<+��3 �

Ǵș+�)Ɩȝ'�%Ǡ:=<äȑ�Đ*(+9
)ĿÒ@Ş#%�<+�@

ɡ0 �2.2Ƕ&,�ǴȪȄȜ8�Ĭǖ*¢ȸ�= Ǵș+ōǈ¤@ǥ� �

2.3Ƕ&,�½ǆÜǓ+Ğǃ*ì� Bl��Y*$�%Ǣǭ¤@ǥ�)�:

Ɋų� �2.4Ƕ&,�ǴȄȜ+Ɩȝì�*ģ�� ŲŁ+Ǣǭ@ǥ���Ĭ

ǴȆȓ+ƖȝļÛ�9.äȑƩŏɆ¥*��%�ŽǢǭ&ɇ4<0�Bl��

Y@ųǣ*� � 
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3.1 āĔ 

 

Å÷��	üĊ��ĲÝ§/����-���*-ß<BZ<�	̂ čî�J

?R\ C ���ñ+.��-0<9YJ\Ħ/�ĲÛb�Ü�à����	-

���*-	üĊ�©³	z�)Òċ"�ªį/Ě#�� 

ß�	3FY5]�õ�©³�^���,	ĵÝàl�+kÝàl�õ��-

Číî�3FY5]��-�%�	ßÒī/f��íĮ)dĠÒī�¦�ç�+

.��-�æà�î��	üĊ�ßù�<BZ<Çg_��+�.�Á�ß;V

@6?\H6ĝ (HSP) �z�;UN[\���üĊ/qĜ�-�'�íã�

-*��	ß�	æä�î�ªį/(�$� 40��+�	 ß<BZ<�	Ýß

ìÙ�ñ+.��-*��	Ï��ë±�¡�-ä�ìÙ�¦�ç�+.��

-�%�	ß�àäî��À�nç�ċ��,	o	 	°ÝÐ��Ĳï/ėą

�-���	<BZ</¹Āî��	-����
-��Ĭ�	ß<BZ</�

	-���	IBĴÌúďüĊ)Q2<úďüĊË C2C12üĊ�Ĉ�����

����.��- 41� 

^¾�	úć�´ĩ
*!r­��	úćýĄ/Î´�-üĊ�QBX@6<

��-9W]8\��´�`�Ó��- 42, 43�9W]8\�	ǖǨǥǩƀǑǊǨ

ƵƼǦ>ƕċ�:ƫFƃƓ ų ®ŖƙǖǨƺǪǤƹǩƕƇƓďĢ`Ɯ3ÈƆ

ƨŸƌƙ~ŸďĢ`ƔǖǨƺǤǪƹǩǘǖǅǄǪǁƘƤƑƓ­āƙ��ƙ

ƭǝǎŒƀ4�ƆƨƓǉǨǛƺǤǪƹǩƕƗƦŸ0ŢƇƓěĖƫ�ƦŸƆƥƘƺ

ǤǪƹǩ3f+žƤƛ3f`Ɣ³¿ƀįƪƨƧƅƕƔI�ƆƨƧ����

¯M[=<�	M[X\�IC[4;Y��.-Ĭ�	Ĥs}���0<9YJ

\Ħ�īa�-���+	9W]8\�æ�´��0<9YJ\Ħ�®ı��

-��+�	0<9YJ\Ħ�	Ú���b�Ĩ���pġ)ĉØĦ��´	0
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CZDX\�æ´����ælw�Ï���¯��		úćb�ê�àĝ��

-cĦ�zē�pġ�(īa���- 44�Åòö��	e£úýĄ�Òċ¨�/

ðº��	ß<BZ</a	-�v�	��î�0<9YJ\Ħ�ę¢l��-

L-0<9YJ\ĦX\Ħ3<AYQ7F;2S� n ×�à(AscP)/Ü��-�

��*,	Q2<úďüĊË C2C12�
�-�Õ�z�
*!	mĒ��úý

Ą�íæ~�¡�-ªį/Ě#�� 

 

3.2� �ĳÆ¼
*!¾Ù 

 

3.2.1� Q2<úďüĊË C2C12üĊ��Ĳ 

 

ǜưƾăĨďĢ¶ C2C12 ďĢƚŀé�døĀ�ſƥ��ƆƨƎƢƙƫ�èƇƎŹ

]ÂYVƚ DMEMǬDulbecco’s modified Eagle’s medium; GibcoǭƘưƼġ'ĮÓ

ǬFetal Bovine Serum, FBSǭƫ 10%Ò:ƇƎƢƙŸ3>ĽmYVƚ�ÞĮÓǬCSǭƫ

2%Ò:ƇƎƢƙƫ�èƇƎŹƞƎŸAscPǬWakoǭƚ 0, 50, 100, 200, 400 µMƙÚvƔ

:ŽƎ 43, 44ŹƖƐƥƙYVƢ 100 unit/mlǘǌƼǥǩŸ100 µg/mlƾǉǧǖǉǜƯƼǩŸ3.7 

mg/ml ÛŒÆĎǋǉǥưǞƫÒ:ƇƎŹ]ÂYŮƚ 37ºC, 5%CO2 ƯǩƵǢǗǪǃ+Ɣ

įŻŸ50ǯ80%ƺǩǔǦƲǩǉƘƗƑƎƥǥǩŒęİæäŭ\ÆǬPBSǭƔ 2QÌÎƇŸ

0.25%ǉǥǖƼǩ-EDTA ƫèŻƓďĢƫƚƀƇƓ 1/8 ſƥ 1/16 ƘqœƆƨƎďĢjv

ƔĔ�ƇƎŹƞƎŸ3>ĽmYŮƚ 6 well ǖǧǪǉǬGreinerǭƘďĢƫ 5.0×105 cells 

/wellƔ�ýƇŸ2¢Ś]ÂYVƔŸ37ºC, 5%CO2ƯǩƵǢǗǪǃ+ƔYŮƫįƑƎ~Ÿ

3>ĽmYVƘ_ŽŸ7¢ŚYŮƫįƑƎŹÝƾǉǧƾA:ƚ 37, 39źƧŻƚ 41ºCƘ

ĹhƇƎ 5%CO2ƯǩƵǢǗǪǃ+ƔYŮƉƧƅƕƔįƑƎŹ 
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3.2.2� uéĐtÊĎ 

 

ďĢƫ PBS ƔÌÎƇŸ4%ǐǤǙǦǞƭǦǈǑǊǬPFAǭLª PBS Ɣ 15 3ŚShƇ

ƎŹƆƥƘ 0.2% Triton-X 100ƫLƠ PBSƔ 153ŚÏƇƎ~ŸPBSƔ 3QÌÎƇŸ1%

ưƼĮÓƭǦǕǝǩǬBSAǭƫLƠ PBS Ɣ 30 3ŚǕǨǆƵǩƸƇƎŹÁƘ 1 Á��Ɣ

źƧ� αƭƷǅǌǩ��ǬSigmaǭƫ 1%BSALª PBSƔ 800�qœƇƎØÐƔ 453

ŚC�ƆƋƎŹPBSƔ 3QÌÎƇŸ2Á��ƔźƧ Alexa Flour 488ǬInvitrogenǭƕǔƬ

ǨƯƽǩǬAlexa Flour 546 phalloidin, InvitrogenǭžƤƛ DAPIǬRocheǭƫ 1%BSALª

PBS Ɣ 1000�qœƇƎØÐƔ 453ŚC�ƆƋƎŹC�~ŸPBS Ɣ 3QÌÎƇŸĬ

%ū�ŗǬBZ-9000, ƵǪƲǩƾǭƔĵkƇƎŹ 

 

3.2.3� ß;V@6?\H6ĝ
*!9W]8\�ģh�íãēÈ 

 

� ß<BZ<Çg_�
�-	ß;V@6?\H6ĝ
*!9W]8\�ģh

�íã/��ħî�ēÈ�-�'� RT-PCR/đ���%�	C2C12üĊ/�Õ

��� 2¿Ī�Ĳ�	z�ę¢��� 7¿Ī�Ĳ/đ���Ô�	RNA¸y4

@BĶRNAiso plus, Takaraķ/ç��	Total RNA/¸y����
	»mµİ�

Ē�M[B9]Y�¬���¸y�� Total RNA / oligo-dT MW1Q]�

ReverTra AceĶToyoboķğĞxĥû/ç��ğĞx�	cDNA/�´����B-

Crystallin	HSP47	HSP72	HSP90
*!	Type I collagenģh��íãēÈ�

�'�	G-taq DNAPXTW]>ĶCosmo Genetechķ/ç�� PCR/đ���

PCR�¯�	95°C 2zĪ�{Äēĭ«	95°C 20ôĪ	60°C 10ôĪ��¥�¯

/ 30:16Yđ�	Â«� 72°C 5zĪ�iĩ�¯/đ���9\B[]Y��

�G2<4]K\7ģh���- GAPDH/Ģ·�	�ģh���¥��	�ģ

h��¡�-áèî�MW1Q]/ç��ĶTable 3-1ķ� 
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Table 3-1 Primer sequences for RT-PCR 

Gene  Primer sequences 
Product 

size 

ŵB-Crystallin 
FW 5Ŷ- TCAGAGGCGAAGGCAACAGTC -3Ŷ 

151 bp 
RV 5Ŷ- AACCTTGACTTTGAGTTCCTCCG -3Ŷ 

HSP 47 
FW 5'- GATGGGGCACTGCTTGTGAA -3' 

168 bp 
RV 5'- TCTCCTTCTCGTCGTCATAGTAGTTG -3' 

HSP 72 
FW 

RV 

5'- TGGAGGAGTTCAAGAGGAAGCA -3' 

5'- GCGTGATGGATGTGTAGAAGTCG -3' 
170 bp 

HSP 90 
FW 

RV 

5'- TGGACGAGAAATCCTGATGACAT -3' 

5'- CTTGGGACAAAAAGAAGGGC -3' 
145 bp 

Type I collagen 
FW 

RV 

5'- TCAGAGGCGAAGGCAACAGTC -3' 

5'- GCAGGCGGGAGGTCTTGG -3' 
119 bp 

GAPDH 
FW 

RV 

5'- CTACCCCCAATGTGTCCGTC -3' 

5'- GCTGTTGAAGTCGCAGGAGAC -3' 
150 bp 

 

3.2.4� 23<?\L[@BĶSDS-PAGEķ 

 

7 ¢Ś3>ĽmYŮƫƇƎďĢƫǥǩŒęİæäŭ\ÆǬPBSǭƔ 2 QÌÎƇŸ

0.25%ǉǥǖƼǩ-EDTAƫèŻƓďĢƫ6ţƇƎŹ/ēĭĶ1äĐ�~ƘŸ15000 rpmŸ

4°CƔ 53Śŏ�ƫįŻŸ�ÓƫQDƇƎŹÁƘ BCAÉƘƤƦHƻǩǖǦƙėǃǩǐ

ƷŁÚvƫÖhƇƎŹBicinchoninic Acid SolutionǬBCA, Sigmaǭƕ copperǬIIǭ sulfate

ǬSigmaǭƫ 50Ǯ1ƙ7IƔÑIƇƓ BCAĻĪƫ�ĲƇƎŹÃŞqœƇƎHǃǩǐƷŁ
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ƻǩǖǦ 50 µlƘlƇƓ BCAĻĪƫ 500 µlƊƒ:ŽƓ 37ºCƔ 1¥ŚƯǩƵǢǗǪ

ǉƇƎ~ŸÇ�Ɣ�.ƇƎŹÁƘŸSmart Spec 3000 (Bio-Rad) ƔÊŘ 562 nm ƔƙM

%vƫÖhƇŸƻǩǖǦÚvƫą2ƇƎŹƗžŸ¹ŕĘƘƚÚv¡õƙǃǩǐƷŁƔ

źƧ BSA (Bovine Serum Albumin) ØÐ (Sigma) ƫèŻƎŹƌƇƓƻǩǖǦƙǃǩǐ

ƷŁÚvƀ 1.5 µg/µl ƘƗƧƤżƘ PBS ƫèŻƓľĲƇƎŹ©~Ƙ 3×BufferǬ195 mM 

Tris-HClǬpH6.8ǭŸ9% SDSŸ30%ƸǥǀǨǪǦŸ15% 2-ǟǦƴǖǉƲǃǎǪǦŸ0.075% 

BPBǭƫ:ŽƓ 100°CƔ 53Ś:ÕƇƎ~ŸÇ�Ɣ.ƣƇŸƅƨƫË<èƻǩǖǦƕƇ

ƎŹMyosin heavy chainǬMHCǭžƤƛ Myosin heavy chain fast (MHC fast) ƘƒŻƓ

ƚ Lower gelƫ 7.5%ŸMyosin heavy chain slow (MHC slow), Akt, pAkt, Myogeninž

Ƥƛ GAPDH ƘƒŻƓƚ Lower gel ƫ 10%Ɣľ�ƇƎŹË<¥ŚƚŸMHC žƤƛ

MHC fastƚ 2¥Ś 153ŸAkt, pAkt, MHC slow , MyogeninŸžƤƛ GAPDHƘƒŻ

Ɠƚ 1¥Ś 453ƕƇŸƌƨƍƨhŤT 100 VƔË<ƇƎŹ 

 

3.2.5� 23<?\L[@BĶ¶�¶l�¯ķ 

 

SDS-PAGE Đ�~ƙƹǦƫ 15 3üvǉǤǩƾǔƬǪǏǆǔƬǪǬ25 mM TrisŸ192 

mM ƸǥƼǩŸ0.1% SDSŸ20% ǟǃǎǪǦǭƘÏƇƓžŻƎŹǔƮǦǃǪǐǆǊŸƩč

ǬBio-radǭŸǌǉǨǀǦǨǪƾǟǩǕǧǩǬAmershamǭƢJ½ƘǉǤǩƾǔƬǪǏǆǔƬǪ

ƘÏƇƎŹƹǦƕǟǩǕǧǩƫ 2 ±ƙƩčƔƚƆƟŸƌƙ�ſƥƆƥƘǔƮǦǃǪǐǆǊ

ƔƚƆƟŸǉǤǩƾǔƬǪèıĝƘǀǆǉƇƎŹ350 mAŸ1 ¥ŚƔƹǦſƥǟǩǕǧǩƜ

ǃǩǐƷŁƫŅ-ƇƎŹŅ-Đ�~ŸǟǩǕǧǩƫ TBS-TǬ25×TBSǬpH7.4ǭ20 mlŸ

Tween20 250 µl ƘĩëÆƫ:ŽƓ 500 ml ƕƉƧǭƔÌŻŸ3ǯ5%ƙƾƵǞǝǦƷƫ�

èƇƓŸ�¦ 4ºC ƔǕǨǆƵǩƸƫįƑƎŹ�Á��Ƙƚǜưƾ� Myogenin ��

ǬAbcamǭŸưƻƶ�MHC��ǬSanta Cruz BiotechnologyǭŸǜưƾ�MHC-fast��
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ǬSanta Cruz BiotechnologyǭŸǜưƾ�MHC-slow��ǬSanta Cruz BiotechnologyǭŸ

ưƻƶ� Akt ��ǬCell Signaling TechnologyǭŸưƻƶ� pAkt ��ǬCell Signaling 

TechnologyǭŸưƻƶ� GAPDH��ǬCell Signaling Technologyǭƫ�èƇŸMyogenin

ƚqœ�âƫ 1Ǯ200 Ɣ 1 ¥ŚC�ƆƋŸMHCŸGAPDH ƚqœ�âƫ 1Ǯ1000 Ɣ 1

¥ŚC�ƆƋŸAktŸpAkt ƚqœ�âƫ 1Ǯ1000Ɣ 1¦C�ƆƋƎŹƞƎ 2Á��ƚ

ƌƨƍƨŸMyogenin ƕ MHC-fast ƕ MHC-slow ƀǡƶ�ǜưƾ��ǬSanta Cruz 

BiotechnologyǭŸMHC ƕ Akt ƕ pAkt ƕ GAPDH ƚǡƶ�ưƻƶ��ǬSanta Cruz 

Biotechnologyǭƫ�èƇŸqœ�âƚ)Ɠ 1Ǯ5000 Ɣ 1 ¥ŚC�ƆƋƎŹ��ƫqœ

ƉƧšƘŸ¹2�vƫ�ƄƧƎơƘ CangetsignalǬToyoboǭƫ�èƇƎŹ2 Á��C�

Đ�~ŸECL Plus Western Blotting Detection Reagent Solution A ƕ BǬGE Healthcareǭ

ƫÑIƇƎƢƙƫ PVDF ĥƘ×ōƗƂſƃƓ 5 3ŚťĝƇƎŹƌƙ~ŸǟǩǕǧǩƫ

mini cameraǬAmershamǭƘǀǆǉƇƓ�{ƫįƑƎŹ 

 

3.2.6� Magnetite Cationic Liposome (MCL)�mĒ 

 

Ċf} 10 nm ƙǜƸǍǃƯǉǬFe3O4; �éoºǭƫŃČÆƔÌÎƇŸ�3ƗƯƳǩ

�3ƫ?3ƘŝŻƎ~Ÿ1 ¥ŚŃŨÊ1äƘƤƦ3�ǜƸǍǃƯǉÐƫ�ƎŹÁƘŸƷ

ǨǨǙǦǞƘØĶƆƋƎĤŁǬTMAG; ó	ĪoŸDLPC; SigmaŸDOPE; Sigmaǭƫƌ

ƨƍƨßŁŕÄ 1:2:2ƙđ�ƔÑIƆƋŸǋƾWǔǤƾƺƘ(ƨƓǨǪǃǥǪƲǏǛǧ

ǪǃƔQŅƆƋƗƀƥMÅƇŸǔǤƾƺ+^ƘĤŁĥƫ�ĲƇƎŹ10 mg/ml ƘľĲƇ

Ǝ3�ǜƸǍǃƯǉÐƫƌƙǔǤƾƺƘ:ŽŸǚǦǇǆƷƾ��ƉƧƅƕƘƤƦǜƸǍǃƯ

ǉƫĤŁƔ=XƇƎŹ 

 

3.2.7� MCL�*- C2C12üĊ�óÖÑě  
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C2C12 ďĢƫúÅ¾ĿƇŸú8ƘƤƑƓďĢƫűjvƘYŮuŧƘŢþƆƋƓ�

Á#đĜƫ¼ĈƉƧƎơƘŸMCL ƫèŻƓúÅ¾ĿƇƎŹ80%ƺǩǔǦƲǩǉƙǈƮ

ǆƼǢƙďĢƫQDƇŸķ�ƫįƑƎ~Ƙ 100 pg/cell ƙÚvƘƗƧƤżƘľĲƇƎ

MCL(ƦYVƕYV
�ƇŸ8¥ŚYŮƉƧƅƕƔ C2C12ďĢƘúÅ¾ĿƇƎŹ 

 

3.2.8� åâúýĄ�mĒ�úz�ę¢ 

 

8¥ŚúÅ¾ĿƇƎ C2C12ďĢƫQDƇŸ1.0×106 cells/ 50 µlƔ DMEMǬGibcoǭ

Ƙ FBS ƫ 10%Ò:ƇƎYVƘ�ÙƇƎŹ0.3 %Type I ƺǤǪƹǩǬ�éǁǤǅǩǭŸ

10×DMEMŸ,¼�èęİÐǬ0.05N ÆŒ>ǋǉǥưǞØÐ 100 mlƘlƇŸÛŒÆĎ

ǋǉǥưǞ 2.2 gŸHEPES 4.77 g ƫØſƇƎƢƙǭŸǜǉǥƹǦǬBD BiosciencesǭŸFBSŸ

ďĢ�ÙÐƫƌƨƍƨ 56Ǯ7Ǯ7Ǯ15Ǯ15Ǯ50ƙ7IƔÑIƇƎÑIØÐƫľĲƇƎŹÑ

IØÐƚŸƺǤǪƹǩBƛǜǉǥƹǦƀƌƨƍƨ©ĐÚv 0.5 mg/ml Bƛ 0.8ǯ1.2 

mg/ml ƕƗƧƤżƘľĲƇƎŹ��ƚÇ�ƔįƑƎŹ 

ÁƘŸ��ô� 24ưƱǦǖǧǪǉƙ��ƘƸǥǪƾƫèŻƓò} 12 mmƙƼǥƺǩ

µƫĹĝƇŸƅƨƫ 4000 Gƙú÷ƙ�ƘĹĝƇƎŹưƱǦƕƼǥƺǩµƙŚƘƔƁƎŠ

ŚƘŸ�ĲƇƎÑIØÐƫ 1 wellzƎƦ 150 µlƊƒ�ýƇƎŹ 

åáăđĜƫ 12 ¥Ś]ÂYVƔYŮƇƎ~ƘŸåáăđĜƫEƦ`ƇŸīǓǩƫ

èŻƓåáăđĜƫƼǥƺǩǤǏǪ�ƘShƇƎŹƼǥƺǩǤǏǪƘƒŻƓƚŸ35 mm 

dish ƢƇƂƚ 6 well plateƙưƱǦ+ƘĹĝƇƎŹƞƎŸīǓǩƕīǓǩƙŚşƘƒŻƓ

ƚ 6 mm ƕƇƎŹƌƙ~Ÿ3>ĽmYVƕƇƓŸDMEMƘĮÓƙ�¨ßƕƇƓõƥƨƧ

Ultroser GǬPallǭƫ 0.4ǫLƠYVƫ:ŽŸ5ǫCO2ƯǩƵǢǗǪǃ+Ɣ 7 ¢Ś3>Ľ

mYŮƫįƑƎŹƅƙšŸCO2 ƯǩƵǢǗǪǃƙĹhÕvƫ_ŽƧƅƕƔŸÝƾǉǧƾƫ

A:ƇƎŹƞƎŸAscPƚ 200 µM ƙÚvƔ:ŽƎŹ 
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3.2.9� åâúýĄ��ă~Þ� 

 

Ų 4 laneYŮǖǧǪǉǬNalgen Nunc Internationalǭƙ�ŧƘ 18 mmƙŚşƔÛĎŤ»

ƫĹĝƇŸ3>Ľm¥Ƙ�èƇƓŻƎ DMEMƘ 0.4 %ƙ Ultroser GƫLƠYVƫ(

ƨƎ~ƘŸÛĎŤ»ŚƘĽmƇƎ�oăđĜƫĹĝƇƎŹÁƘŸăđĜƫShƇƓ

ŻƎǓǩſƥEƦ`ƇŸx8_�Pƙ$ƘĹĝƇƎīǓǩƘShƇƎŹƌƙ~ŸA:

ŤT 15 VŸǐǦƾs 10 ms ƙŤÅǐǦƾƫ�ŽŸLabView ǂǔǉưƱƭǬNational 

InstrumentsǭƫèŻƓDĚ�ĄƙĶ°ƫįƑƎŹ 

 

3.2.10� ÿĕēÈ  

 

� Q\O1@BE]İj�Í�/ç��ÿĕēÈ/đ�	P < 0.05�Á	Ã²�

¤��-�|½��� 

 

 

3.3� �ĳþÉ
*!Ć  
 

3.3.1� �ĲÝ§�úďüĊ�a	-ªį 

 

Ų ÁƘŸ3>Ľm¥ƘYŮÕvƫ_ŽƧƅƕƔŸÝƾǉǧƾƫ:ŽƧƅƕƘƤƧăĠbƕ

3>ģƜƙ;²ƫ¹ĺƇƎŹYŮÕvƚŸ37, 39, 41ºCƙ 3¯�ƕƇŸ37ºCƫƺǩǉǨ

ǪǦŸ39ºCƫÿƣſƗÝƾǉǧƾƫ:ŽƎ[IŸ41ºCƫyŻÝƾǉǧƾƫ:ŽƎ[Iƕ

ƇƎŹƞƎŸ3>Ľm 7 ¢ñƘ&í´ħƫįƑƎǬFig. 3-1AǭŹα ƭƷǅǌǩĬ%´ħ

ê"ƕ DAPI´ħê"ſƥ3>âǬ3>ƇƎďĢƙ·�/ėďĢ·�ǭƕăĆƙcƆƫ

ÖhƇƎǬFig. 3-1BǭŹƗžŸα ƭƷǅǌǩƕ DAPI ƘƤƑƓŸ3>ƇƎăĆƕ·ƀ´ħ
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ƆƨƧŹē²ŸHYŮÕvƔ3>âƚ_ƪƥƗſƑƎƀŸƺǩǉǨǪǦǬ37ºCǭƕÄŇƇ

Ɠ 39ºCƘžƃƧYŮƔƚăĆƀĠbƇŸ41ºCƘžƃƧYŮƔƚăĠbƚłƅƥƗſ

ƑƎŹƅƨƘƤƦŸÿƣſƗÝƾǉǧƾƀăĠbƫĽmƉƧƅƕƀ3ſƑƎŹ 

 

Fig. 3-1 Effects of heat stimulation on myogenic differentiation. (A) Fluorescence microscopic 

images of myotubes on day 7. C2C12 cells were cultured at 37, 39, or 41°C for 7 days in 

differentiation medium. Green, α-actinin-positive myotubes; blue, DAPI-stained nuclei. (B) 

Quantitative image analysis of the number of nuclei (left), differentiation rate (center), and 

myotube width (right) on day 7. The data are expressed as mean ± SD (n=3). *P < 0.05.  

 

3.3.2� �ĲÝ§�úďüĊ�ß;V@6?\H6ĝģh�íã�a	-ªį 

Ų  

Ų Ýƾǉǧƾ¯��ƘžƃƧă3>Ľm�ƙÝƼǣǆƷǃǩǐƷŁƙïãƫľƝƧƎơ

ƘŸŵB-ƷǥƾǃǥǩŸHSP47ŸHSP72ŸHSP90 ƙő�fïãǧǗǦƫ RT-PCR ƘƓ@

A 

B 
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hŕðƘĶ°ƫįƑƎŹƌƙē²ŸÝƼǣǆƷǃǩǐƷŁƙïãƚŸ39ºC ƢƇƂƚ 41ºC

ƙÝƾǉǧƾƘƤƑƓĽmƆƨƧƅƕƀƪſƑƎǬFig. 3-2ǭŹ 

 

 

Fig. 3-2 Effects of heat stimulation on heat shock protein gene expression. Semiquantitative RT-

PCR analysis of HSP gene expression at 37, 39, or 41°C on day 1. 

 

3.3.3� Ă)��ß<BZ<���ÁĪ�ÍĖ 

 

ÁƘŸÝƾǉǧƾƫA:ƉƧ«Śƙ{ũƘƒŻƓƢľƝƎŹ37 žƤƛ 39ºC Ɣ 7 ¢Ś

3>ĽmYŮƇƎ[IǬFig. 3-3; ¯� i, iiǭƕ 39ºC Ɣ 1 ¢Ś3>ĽmYŮƇŸƌƙ

~Ÿ37ºC Ɣ 6 ¢Ś3>ĽmYŮƇƎ[IǬFig. 3-3; ¯� iiiǭƙ 3 ¯�ƕƇŸǬiǭƫƺ

ǩǉǨǪǦŸǬiiiǭƫÿƣſƗÝƾǉǧƾƫö«ŚA:ƇƎ[IŸǬiiǭƫÿƣſƗÝƾǉǧ

ƾƫŘ«ŚA:ƇƎ[IƕƇƎŹ3>Ľm 7 ¢ñƘ&í´ħƫįŻŸα ƭƷǅǌǩĬ

%´ħê"ſƥăĆƙcƆƫÖhƇƎŹƺǩǉǨǪǦǬiǭƕÄŇƇƓŸ39ºC Ɣ 1 ¢ŚY

ŮƇŸƌƙ~Ÿ37ºC 6¢ŚYŮƇƎ[IǬiiiǭƚª�ƘăĆƀĠbƇƎŹƞƎŸ39ºCƔ

7¢ŚYŮƇƎ[IǬiiǭƕÄŇƇƓŸ39ºCƔ 1¢ŚYŮƇŸƌƙ~Ÿ37ºCŸ6¢ŚYŮ
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ƇƎ[IǬiiiǭƚJĂƘĠbƇŸ·�ƙÔnƚĴƥƨƗſƑƎŹ 

 

Fig. 3-3 Effects of heat stimulation on myogenic differentiation. Effects of heating period on 

myogenic differentiation. Time schedule (top) indicates heating periods: (i) incubation at 37°C 

for 7 days; (ii) incubation at 39°C for 7 days; and (iii) incubation at 39°C for 24 h and subsequent 

incubation at 37°C for 6 days. Quantitative image analysis of the number of nuclei (left), 

differentiation rate (center), and myotube width (right) on day 7. The data are expressed as mean 

± SD (n=3). *P < 0.05. 

 

3.3.4� 0<9YJ\ĦÜ��úďüĊ�a	-ªį 

 

ƅƨƞƔƙē²ſƥŸÝƾǉǧƾƘƤƑƓăĠbƀłƅƧƢƙƙŸ3>âƙ�£ƚĴ

ƥƨƗŻƅƕƀƪſƑƎŹ� Ÿǒǃǝǩ C Ľm�ƔźƦŸŘ«ŚÍ�ƀĖ�ƆƨƧ

AscP ƫ3>ĽmYVƘÒ:ƉƧƅƕƘƤƦűŻ3>�ŋ;²ƀ�ƥƨƧƕZNƀź

Ƨ 43ŹƌƅƔŸÝƾǉǧƾƫ:ŽƧƕƕƢƘŸAscPƫÒ:ƉƧƅƕƘƤƦŸăĠbƇŸƆƥƘ

3>âƀ�£ƉƧƙƔƚƗŻſƕĞŽƎŹƞƊŸC2C12ďĢƙ3>ƘŐƇƎ AscP ƙ
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Ò:Úvƫ¹ĸƉƧƎơƘŸ50, 100, 200, 400 µMƙAscPƫ3>ĽmYVƘÒ:ƇŸ

3>ģƜƙ;²ƫ¹ĺƇƎŹƞƎŸƺǩǉǨǪǦƕƇƓŸAscP ƫÒ:ƇƓŻƗŻ3>Ľ

mYVƔƢJ½Ƙ3>ĽmYŮƫįƑƎŹ3>Ľm 7 ¢ñƘ&í´ħƫįŻŸα ƭ

Ʒǅǌǩ´ħê"ƕ DAPI´ħê"ſƥ3>âƕăĆƙcƆƫÖhƇƎǬFig. 3-4ǭŹē

²ŸÒ:Úv 50 µMſƥ 200 µMƞƔƚŸÒ:Úvƀ�£ƉƧƘƒƨŸ3>âƀ�

£ƉƧ KƀƟƥƨŸƺǩǉǨǪǦǬAscP Ò:ƗƇǭƕÄŇƇƓŸ200 žƤƛ 400 µM 

Ɣª�Ƙ3>âƀ�£ƇƎŹ� ƔŸăĆƙcƆƘƒŻƓƚŸAscP ƙÒ:Ɣª�Ɨ

pƚĴƥƨƗſƑƎŹƅƨƥƙƅƕſƥŸ�ŜƙiůƔƚ AscP ƙÒ:Úvƫ 200 µM 

ƕƇƎŹ 

 

Fig. 3-4 Effects of AscP concentration on myogenic differentiation. Quantitative image analysis of the 

differentiation rate (left) and myotube width (right) on day 7. The data are expressed as mean ± SD 

(n=3). *P < 0.05 vs. 0 µM. 

 

3.3.5� ß<BZ<�0<9YJ\ĦÜ��*- 

� � � � C2C12üĊ�9W]8\ģh�íã"�ªį 
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Ų ÁƘŸă3>ƘžƃƧƭƾƺǦǒǩŒƙ|7ƘƒŻƓľƝƧƎơƘŸÝƾǉǧƾƕƭ

ƾƺǦǒǩŒƫ:ŽƓYŮƇƎ C2C12ďĢƙǃƯǖ I ƺǤǪƹǩƙő�fïãƫ@h

ŕðƘĶ°ƇƎŹƌƙē²ŸÝƾǉǧƾƘƤƑƓƺǤǪƹǩƙïãƚĽmƆƨƗſƑƎ

ƀŸƭƾƺǦǒǩŒÒ:ƙ¯��ƔƚƖƙYŮÕvƔƢŸƺǤǪƹǩƙïãƫĽmƇ

ƓŻƧƅƕƀƪſƑƎǬFig. 3-5ǭŹ 

 

Fig. 3-5 Semiquantitative RT-PCR analysis of type I collagen expression in myogenic differentiation 

with (+) or without (−) AscP supplementation. Time schedule indicates heating periods: (i) incubation 

at 37°C for 7 days; (ii) incubation at 39°C for 7 days; and (iii) incubation at 39°C for 24 h and 

subsequent incubation at 37°C for 6 days. 

 

3.3.6� ß<BZ<�0<9YJ\ĦÜ��*- C2C12üĊ�úz�"�ªį 

 

Ų ÁƘŸYŮÕvƫ_>ƆƋƧƕ*ƘŸAscP ƫ3>ĽmYVƘÒ:ƉƧƅƕƘƤƧŸ

ăĠbƕ3>ģƜƙ;²ƫ¹ĺƇƎŹYŮÕvƚŸƺǩǉǨǪǦƔźƧ 37ºC ƕŸAscP

ƫÒ:ƇƓŻƗŻ3>ĽmYVƔăĠbƀùļƆƨƎ 39ºC ƙ 2 ¯�ƕƇƎŹƞƎŸ

3>Ľm 7 ¢ñƘ&í´ħƫįƑƎǬFig. 3-6AǭŹƌƙ~Ÿα ƭƷǅǌǩ´ħê"ƕ

DAPI ´ħê"ſƥ3>âƕăĆƙcƆƫÖhƇƎǬFig. 3-6BǭŹē²ƕƇƓŸƺǩǉǨ

ǪǦƕÄƝƓ 39ºC ƘžƃƧYŮƔƚŸAscP ƫÒ:ƇƎ3>ĽmYVƕŸÒ:ƇƓŻ
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ƗŻ3>ĽmYVƙ�¯�Ɣª�ƘăĠbƀƟƥƨƎŹƞƎŸAscP ƫÒ:ƇƓŻƗ

Ż3>ĽmYVƕÄƝƓŸAscP ƫÒ:ƇƎ3>ĽmYVƔƚŸ3>âƀ�£ƇƎŹ

ƅƙƅƕſƥŸAscP ƫÒ:ƉƧƅƕƘƤƦ3>ģƀ�£ƉƧƅƕƀ3ſƑƎŹƅƨƥƙē

²ſƥŸ39ºC ƙÝƾǉǧƾƕ AscP ƙÒ:ƫđƟIƪƋƧƅƕƔŸăĠbƕ3>âƙ�

 ƫK�ƆƋƧƅƕƘ�9ƇƎŹ 

Fig. 3-6 Combined effects of mild heat stimulation and AscP supplementation on myogenic 

differentiation. (A) Fluorescence microscopic images of myotubes on day 7. C2C12 cells were 

cultured at 37 or 39°C for 7 days, with (+) or without (−) AscP supplementation in differentiation 

A 

B 
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medium. Green, α-actinin-positive myotubes; blue, DAPI-stained nuclei. (B) Quantitative image 

analysis of the differentiation rate (left) and myotube width (right) on day 7. The data are 

expressed as mean ± SD (n=3). *P < 0.05. 

 

3.3.7� ÝƾǉǧƾƕƭƾƺǦǒǩŒÒ:ƘžƃƧ C2C12ďĢƙǃǩǐƷŁïãƙ_> 

 

� �+�	39ºCƘžƃƧYŮƕ AscPÒ:ƙđƟIƪƋƙăǃǩǐƷŁƙïãƙ_

>ƫưƲƾǃǩǕǨǆǉÉƘƤƦĶ°ƇƎǬFig. 3-7ǭŹƆƥƘŸ�ƥƨƎǏǩǊƫ ImageJ

ǬNIHǭǂǔǉưƱƭƔ��>ƇŸïãŕƫÄŇƇƎŹăĠbƚŸƼƸǋǦ�ŎßŁƔź

Ƨ AktƀǥǩŒ>ƆƨƧƅƕƘƤƦłƅƧƅƕƀõƥƨƓŻƧŹƌƅƔŸAkt ƕǥǩŒ> Akt

ǬpAktǭƙïãƫľƝƎƕƅƩŸƺǩǉǨǪǦǬ37ºC, AscP Ò:ƗƇǭƕÄƝŸ39ºC Ɣ

AscPƙŦgU�ƔŸpAktƙïãƀ 3.2��£ƇƎŹƞƎŸ39ºCƔ APSƫÒ:ƇƎY

ŮƔƚŸpAkt ƙïãƀƺǩǉǨǪǦƕÄŇƇƓŸ6.8 �]:ƇƓŻƧƅƕſƥŸAkt ƙǥ

ǩŒ>ƀ�ŋƆƨŸăĠbƀłƅƑƎƕĞŽƥƨƧŹ3>âƙ�£ƘƒŻƓŸă3>

ǜǪƴǪƔźƧ myogenin ƕMHCƙïãƫľƝƎƕƅƩŸ39ºCƔ AscP ƫÒ:ƇƎ[

IŸƺǩǉǨǪǦƕÄŇƇƓŸmyogenin ƚ 2.7 �ŸMHC ƚ 2.2 �ïãŕƀ]:ƇƎŹ

ƞƎŸ�ĦðƘăğƚŌăƕŉăƘ3ŬƆƨƧŹăWƘƒŻƓľƝƎƕƅƩŸŌăě

ĖƘžŻƓïãŕƀaŻMHC slowƙïãŕƚŸƺǩǉǨǪǦƕÄƝƓ 39 ºC ƔƙY

ŮƘžŻƓŸAscP ŦgU�Ɣ 2.7 �ŸAscP Ò:¯�Ɣ 3.5 ��£ƇƎŹƅƙƅƕſ

ƥŸ39ºC Ɣ3>ĽmYŮƫƇƎšƘŸ�ĕðƔÿƣſƗÝƾǉǧƾƘƤƦŐvƗŘ«

ðǉǧǪǌǩƸƔĽmƆƨƧŌăƘƼǔǉƇƓŻƧGģ�ƀûOƆƨƎŹ 
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Fig. 3-7 Western blot analysis of myogenic differentiation proteins in C2C12 cells cultured at 37 or 

39°C, with (+) or without (−) AscP supplementation for 7 days. 

 

3.3.8� ß<BZ<�0<9YJ\ĦÜ��*-e£úýĄ"�ªį 

 

ÝƾǉǧƾƙA:ƕƭƾƺǦǒǩŒÒ:ƙđƟIƪƋƘƤƧăđĜƙDĚ8Ɯƙ;

²ƫ¹ĺƉƧƎơƘŸåáăđĜƫ�ĲƇƎǬFig. 3-8AǭŹFig. 3-8B �ƙYŮƾƵǪ

Ǟƙ3>Ľm¯�ƔYŮƫįŻŸ3>Ľm 7 ¢ñƘDĚ8ƙÖhƫįƑƎǬFig. 3-

8BǭŹƭƾƺǦǒǩŒƫÒ:ƇƓŻƗŻYŮǬAscP-ǭƕÄŇƇƓŸƭƾƺǦǒǩŒƫÒ:

ƇƎYŮǬAscP+ǭƔƚŸJƈÕv¯�ƘžŻƓǬ¯� iƙAscPŴŸ¯� iiƙAscPŴŸ

¯� iii ƙ AscPŴƙÄŇǭŸª�ƗpƚĴƥƨƗſƑƎƀŸDĚ8ƀ]:ƉƧ KƘ

źƑƎŹ 

ƞƎŸ39ºCƔ 7¢ŚYŮƇƎ[IŸ37ºC Ɣ 7¢ŚYŮƇƎ[IƕÄŇƇƓǬ¯� i

ƙ AscP-ƕ¯� iiƙ AscP-Ÿ ¯� iƙ AscP+ƕ¯� iiƙ AscP+ƙÄŇǭŸDĚ8ƚÔ

nƇƎŹ�oăđĜƙ�ĲƘžŻƓŸ39ºCƔ 7¢ŚYŮƇƎăđĜƚŸ37ºCƔYŮ
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ƇƎđĜƘÄƝƓŸ3>ĽmYŮň�Ɣ4ƨƓƇƞżƢƙƀaſƑƎŹtŧYŮƙď

Ģ·�ƙē²ƘžŻƓŸ39 ºCŸ7 ¢ŚƙÝƾǉǧƾƔďĢ·�ƀÔnƇƎƤżƘŸå

áăđĜƘžŻƓƢďĢƜƙǄǟǪƽƀźƑƎƢƙƕ�ÖƆƨƧŹ 

� Ÿ39ŷƙÝƾǉǧƾƫ3>Ľmřeſƥ 1 ¢Ś�:ƇƎăđĜǬ¯� iiiǭƚ

37ºCƔ 7¢ŚYŮƇƎăđĜƕÄŇƇƓǬ¯� iƙ AscP-ƕ¯� iiiƙ AscP-Ÿ ¯� i

ƙ AscP+ƕ¯� iii ƙ AscP+ƙÄŇǭDĚ8ƀª�ƘK�ƇƎŹƅƨƘƤƦŸö«Śƙ

ÝƾǉǧƾƙA:ƕAPSÒ:ƘƤƦŸ�oăđĜƙDĚ8ƀK�ƉƧƅƕƀ3ſƑƎŹ 

Fig. 3-8 Combined effects of mild heat stimulation and AscP supplementation on bioengineered 

skeletal muscle tissue constructs. (A) Macroscopic observation of a tissue construct fabricated by the 

Mag-TE technique. The tissue construct is indicated by the arrow. (B) Contractile properties of skeletal 

A 

B 
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muscle tissue constructs. Time schedule (top) indicates heating periods: (i) incubation at 37°C for 7 

days; (ii) incubation at 39°C for 7 days; and (iii) incubation at 39°C for 24 h and subsequent incubation 

at 37°C for 6 days. (left) Representative peaks of the twitch force generated by skeletal muscle tissue 

constructs on day 7. (right) Maximum twitch forces of the skeletal muscle tissue constructs. The data 

are expressed as mean ± SD (n=3). *P < 0.05. 

 

3.4� Å÷�%�' 

 

Å÷��	ß<BZ<�J?R\ C ę¢l��-0<9YJ\ĦÜ��*-

e£úýĄ�Òċ¨�/Ę&��ÿƣſƗÝƾǉǧƾƫ:ŽƧƅƕǬ39ºC ƘžƃƧY

ŮǭƔăĠbƉƧƅƕƀƪſƑƎŹƅƙšŸÝƼǣǆƷǃǩǐƷŁƔźƧŵB-ƷǥƾǃǥǩŸ

HSP47ŸHSP72ŸHSP90 ƙő�fïãǧǗǦƙ�£ƀùļƆƨƎŹƭǛǉǪƼƾƘ�

5ðƘ!ƂƕƆƨƧ HSP72ƙïãŕƚŸ37ºCƙYŮ¯�ƕÄƝƓ 39ºCƔ 1.8��£

ƇƎŹÝƾǉǧƾƘžŻƓ HSP72 ƚŸǃǩǐƷŁƙ�r�Ė�ƘŔĳƗ|7ƫ�ƑƓ

žƦŸăƽƾǉǨǔƮǪǠǈǦǜưƾƫèŻƎøĀƔƚŸăğ+Ɣ HSP72 ƙïãƫ]

yƆƋƧƅƕƔŸăƽƾǉǨǔƮǪƙî�ƀņÔƆƨƧƅƕƀZNƆƨƓŻƧ 45, 46ŹƇſƇ

ƗƀƥŸǜưƾăĨďĢ¶ C2C12ďĢƘ HSP72 ƫy5ïãƆƋƎƏƃƔƚŸăĆƙ

cƆƢ3>âƢ�ŋƆƨƗŻƕŻżZNƀźƧƅƕſƥŸăďĢƙĠb>ƀłƅƧƎơ

ƘƚŸÝƼǣǆƷǃǩǐƷŁƙïãƏƃƔƚ?3ƔƚƗŻƅƕƀĞŽƥƨƧ 47Ź� Ÿ


ƙăĠbƙǟƴǌƿǞƕƇƓŸC2C12ďĢƘžŻƓŸƴǦƼưǞƯƳǩ�gðƗƴǦƼ

ǌǢǪǥǩƼƸǋǦ�ŎĒńƙÍ�>ƀăĠbƕăěĖWƙƼǔǉƫwƁłƅƉƅƕ

ƀZNƆƨƓŻƧ 48Ź®øĀƘžŻƓƢŸÿƣſƗÝƾǉǧƾƘƤƧ MHC-slow ƙǃǩ

ǐƷŁïãƙ]yƀùļƆƨƎŹƅƨƚŸÝƘƤƑƓďĢ+ƙƴǦƼưǞƯƳǩƀ]

:ƇƎƅƕƔŸƴǦƼưǞƯƳǩ�gðƗƼƸǋǦƀÍ�>ƆƨƎƎơŸăĠbƀĽ

mƆƨƎƕĞŽƥƨƧ 49, 50Ź 



ø 3÷� ß<BZ<�0<9YJ\ĦÜ��*- 
� � � � � � � � � � � � � � � � � � � � � �  e£úýĄ�Òċ¨� 

45 
 

ƞƎŸăďĢƚƺǤǪƹǩƙI�Ƙ�ŪƕƗƧǒǃǝǩ C ƫæçƉƧƅƕƀƔƁƗŻ

ƅƕſƥŸǒǃǝǩ C Ľm�ƔźƧƭƾƺǦǒǩŒǬAscPǭƫŰ¸ăďĢƙ3>Ľm�

ƘÒ:ƉƧƅƕƚªèƔźƧƕĞŽƥƨƧ 51ŹišƘŸC2C12 ďĢƙ3>Ľm�Ƙƭ

ƾƺǦǒǩŒƫÒ:ƉƧƅƕƔ3>ģƀ�£ƇŸăàìðŅ-RfƔźƧ myogenin

ƙïãŕƀ]:ƇƎŹƅƙǟƴǌƿǞƚ¬ƏƘ¤ƥſƘƗƑƓŻƗŻƀŸăďĢƙ�

Üƣă3>ľćő�fƘƕƑƓŸƺǤǪƹǩƗƖƙďĢ`ǜǉǥǆƷƾƙI�Í�>

ƀ�ĳƔźƧƕŻżƅƕƘśŊƇƓŻƧƕĞŽƥƨƧ 52Ź 

ƌƇƓŸtŧYŮƘžŻƓ3>ĽmYVƘƭƾƺǦǒǩŒƫÒ:ƇŸÿƣſƗÝƾ

ǉǧƾƫ:ŽƧƅƕƔăĠbƕ3>ģƫ�£ƆƋƧƅƕƘ�9ƇƎŹƞƎŸƅƙYŮÉƔ

�ĲƇƎăđĜƀŸÝƾǉǧƾƕƭƾƺǦǒǩŒƙŻƊƨƢ:ŽƓŻƗŻƺǩǉǨǪǦƕ

ÄƝƓŸƤƦyŻ8ƫïæƉƧƅƕƀ3ſƑƎŹƅƨƥƙē²ſƥŸYŮÕvƫ_§Ɖ

ƧƕŻżĉ�Ɨ�ÉƔ�oăđĜƙÀģƫy>ƉƧƅƕƀƔƁŸƆƥƘƭƾƺǦǒǩŒ

Ò:ƫđƟIƪƋƧƅƕƔŸDĚ8ƫ�ŋƔƁƧƅƕƀûƆƨƎŹ 
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Ǆ 4ǃ Ȝ�ñĆôƬĭŷ=Ơ	� 
� � � � � � � � � � � �ĆǆǒǛ*ťǤĒÅ 
 

4.1 ǘǹ 

 

� �:0%*�ĆǆǒǛ*ťǤĒÅ)Ȩ�9Ƶǀ%+�ţ�(Ȝ�ñ=āª�

9�&%�ǆǪǑǣ*ťǤÔ��Ǿ17:$�� 28, 29��
�(�7��*ÃŘ

+®ƞÆƪ5ǭ¼SJ}�b�K�@J[xE�Y-*ġƠ-í��őĘ�ĳ

$96
(ťǤĒÅ&(!$	9&+ǹ	ȴ	��ĆǆǒǛ=÷ȱ)ġƠ�9

�3)+��7(9ťǤĒÅ)ŐƠ(Ȝ�ñ=ǆǪǑǣ-&āª��68Ʉ	ť

Ǥ=Ő�9�ĆǆǒǛ*�Ǵ�ų37:9� 

� {��\g%+ǆǠȣ�êÂ��Ƙ5ǝ('*ùƥ�Ƴ7:$	����*

6
(ùƥ*Ȝ�ñ=ȁ.9&�Myostatin Ȝ�ñ)ţ�(ëƧ�ƫǶ�:$�

8�2005Ď)+MyostatinȜ�ñëƧ=ĳ"ƣ©4çÖ�:$	9��*ƣ©*

ǆǠ+�ńƞ©*ȼ
7Ǩ�ƫȘ�$�8�5 Ũ% 3 kg *Z�m~=ĳ ��

9�&�%�� 53��
�$�Myostatin +ɃŞǆȣêÂ=Į¹�9�&�ŉ7


&(!�� 

� Myostatin+ɃŞǆƚƧƬ)ƫƜ�9 TGF-βj?±}�´ñ%�8�1997Ď)

McPherron 7)6!$J��b�K�:� 54�ǆRS_�jA�*Ŷƪ&�$�

�* Myostatin =į Myostatin į�%ȩø�9�&%�ɃŞǆȣ=�ŅȁǊ�9

īƦ�Ǿ17:���E�`qB�_%�9ĚĭǆÀšŚ5ǆ MRIšŚ)�	

$Őĥ(ĿÜ+17:(
!� 55��*�)4Myostatin=ȩø�9īƦ&�$�

�ǻ�ì)4	;	;(ĭŪ�ǟ�7:$�8�¿ǭƵǀ�ȕă�$	9��*

�*�"%�9 Follistatin + Myostatin )ƯķǓÒ��Ǒǣǧ�)óá�$	9

ǧȆȒä TGF-β I äÎú�& TGF-β II äÎú�-*ǓÒ=ȩø�9 56��:7

*�&
7��ĆǆǒǛ*ťǤĒÅ)�	$�FollistatinȜ�ñāªǆǪǑǣ=

Ơ	9�&+ŐÃ(ĭŪ%�9&ǟ�7:9� 
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� 0��ņĖ*Ƶǀ%Ȑ.�6
)�Ito 7+�ĆǆǒǛ)ȵŰºƍ��$åɁ

�9�&%�ǎ 5¤*ÌǚÀĒÅ)ĩÁ�$	9 36���%ŒƵǀ%+�Follistatin

Ȝ�ñāª)Â�$�ȵŰºƍåɁ=ǒ1Ò<�9�&%��ĆǆǒǛ*ō(9

ťǤĒÅ=Ǿ1�� 

 

4.2� ÷ɂœł�6,Ņŷ 

 

4.2.1� rCSǆǪǑǣŜ C2C12Ǒǣ*åɁ 

�  

� rCSǆǪǑǣŜ C2C12Ǒǣ+Ȅơ�ðƵǀĬ
7���:�4*=�Ơ�

��C2C12 Ǒǣ*êũåâ&�$��K~N�S DMEMɆDulbecco’s modified 

Eagle’s medium ; GibcoɇÒĩåâ) 10%CQǢ�ǰƅɆFetal Bovine Serum , FBSɇ�

įƞƙȇɆ100 unit/mlm�R~nbQ}�G}CtɆWakoɇ�100 µg/mlS_�

l_rBQ�ƶȡéɆWakoɇɇ�25 mM HEPESɆÓ�Åôɇ�3.7 mg/mlƑȡűǐ

a_}CtɆWakoɇ=ƄÂ�$�Ơ���0��´ÅȀāåâ+�10%FBS=Ƅ

Â�9�<8) 2%�ƘǰƅɆCSɇ=ƄÂ��4*=Ơ	��êũåɁ+ 37ºC� 

5%CO2B�Ixm�Y­%Ǳ	�50Ɋ80%N�j~E�_)(8ŧǄ�}�ȡǙ

ǲƞƝɀéűɆPBSɇ% 2ÝŻž��0.25%_}lQ�-EDTA=Ơ	$Ǒǣ=½

ȳ��2000 cells/cm2*Ǒǣüđ%Ǖ����0��́ ÅȀāåɁ+ 5000 cells /cm2

%Ļƽ��2Ňȧêũåâ%�37ºC, 5%CO2B�Ixm�Y­%åɁ��N�j

~E�_)(!�ę�´ÅȀāåâ)ë��7ŇȧåɁ=Ǳ!�� 

 

4.2.2� h_Ǣ©ǥǑǣƢŕǑǣŜ 293FTǑǣ*åɁ 

 

� CB~SƞƟǑǣ&�$ 293FTǑǣ=Ơ	��293FTǑǣ*åâ&�$�10% 

FBS�0.1 mMȸĠȾ@±dȡɆNEAA, Invitrogenɇ�25 mM HEPESɆÓ�Åôɇ�

įƞƙȇɆ100 unit/mL m�R~nbQ}�G}Ct�0.1 mg/mLS_�l_r
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BQ�ƶȡéɇ�6, 3.7 g/L Ƒȡűǐa_}Ct=ƄÂ��ɄK~N�S

DMEM =Ơ	��0��åɁæœ&�$N|�M�N�_^A\QxɆIwakiɇ

=�Ơ��37°C�5% CO2B�Ixm�Y­%åɁ��� 

 

4.2.3� l|S±`mJY�ÍĜ*�3*ľ� 

 

4.2.3.1� íǦǫN�i]�_U~*ȁǴ 

 

� ŒƵǀ%+�Inoue 7*ĭŷ=4&)�N�i]�_U~*�Ǵ=Ǳ!� 57�

LBýîåâɆ1%q}nl_��1%NaCl�0.5%ȠŬEIS�2%@H�ɇ�)ǫ

�=èĉ��êũ��N�b�= 3 ml* LBåâ)ŠǕ��37°C%�Ōĵƭå

Ɂ���ǞŇ�1 ml*»åɁƁ= 30 ml*ń�( LBåâ)ƄÂ��åɁƁ*Ǝ

đ� OD600 = 0.5)(90% 37°C%ĵƭåɁ����*ę�3,000 × g�10´ȧ�

4°C%șğ´ȳ���ƅ=ȫÉ���Ŵƌ��ǫ�n�\_= 10 ml*_|�S

jF�u�Qz�f\j?�Ɇ10 mM PIPES�15 mM CaCl2�2H2O�250 mM KCl�

MnCl2�4H2O�pH6.8ɇ%®ĨƎ��Ų�% 10´ȧȷǜ����7)�3,000 × g�

10´ȧ�4°C%șğ´ȳ=Ǳ	��ƅ=ȫÉ��7%DMSO=Õ2 2.4 ml*_|

�SjF�u�Qz�f\j?�%ĨƎ��100 µl�"´Ź����*ę�Ɓ�

ǂǐ=Ơ	$Ȕȧ±Ǔ���-80°C%£ó��� 

 

4.2.3.2� ĔȇȋĹ 

 

� Ğȣșğ[x�k) 10 µl*l|S±` DNAƊƁ&íǦǫN�i]�_U~

100 µl=ƃ��ƿ5
)in\_%ĽĲ��ę�Ų�% 30´B�Ixm�_�

��42°C*h�_k�\J% 45ƻȧÂƕ²Ɲ=Ǳ	�®,Ų�% 5´ȧB�I

xm�_���ŧ)�1 ml* LBåâ (1% q}nl_��1%NaCl�0.5ɅȠŬ

EIS) *ª!�Ǿɂǉ)«ȣ=Ƽ��37°C % 1 ŊȧĵƭåɁ����*ę�
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åɁƁ 100 µl= LBýîl��_ (LBåâ�2% @H��S) )&8�N�|�

Rş=Ơ	$ãǅ)è8ď��37°C *B�Ixm�Y­%�ŌåɁ��N�b

�=Ĕĩ���� 

 

4.2.3.3� ĂSL�~l|S±` DNAı³Ɇ@~G}ŷɇ 

 

� Ğȣșğ[x�k)íǦǫ*åɁƁ 1 ml=&8�6,000 × g�1´ȧ*șğ´ȳ

ę��ƅ=ȫÉ��ǫ�=ÝÌ���100 µl*}X[�tÕŐK~N�SƊƁ (50 

mM K~N�S�25 mM Tris-HCl (pH 8.0)�10 mM EDTA�2 mg/ml}X[�t)

=Â��6�ĨƎ���ŧ)�200 µl*@~G}-SDSƊƁ (0.2 N NaOH�1ɅSDS) 

=Â��Ğȣșğ[x�k=ƿ5
)ŀÝËȋ��150 µl * 3 M ȟȡG}Ct 

(pH 4.5) =Â��Ğȣșğ[x�k=ƿ5
)Ëȋ����:) 450 µl*jDd

�~-J��o~tƃƁ=Â��6�ƃØ��ę�12,000 × g�5´ȧ�4°C %ș

ğ�9�&)68�DNA=Õ2űĄ&ŵĄ=´ȳ��� 

� DNA=Õ2�Ą=ń�(Ğȣșğ[x�k)Ƽ��300 µl*BWl�gd�

~=Â��6�ƃØ���12,000 × g�10´ȧ�4°C%șğ´ȳ��DNAn�\

_=Ŵū����ŧ)��ƅ=ȫÉ��200 µl *° 70%EYd�~=Â�$�

20,000 × g�5´ȧ�4°C%șğ´ȳ�9�&)68 DNAn�\_=Żž��ę�

�ƅ=Ķ$�Ɔà�Ɩ��20 µl*ȊǏű)Ɗ³��� 

 

4.2.3.4� ¹ȪȠǐ=Ơ	� DNA*µŃ 

 

� l|S±`*¹ȪȠǐ)69µŃ+�l|S±` (50~200 ng) &¹ȪȠǐ�Ê

,¹ȪȠǐ)Ț�9f\j?�=Ğȣșğ[x�k)&8�ƊƁ=ƃ��Ȍ�ș

ğ�$ (ŀƻȧ) Ğȣșğ[x�k*Đ)Ȳ3�37°C%�1ŊȧËġ���� 

 

4.2.3.5� @H��SM~ȵŰźÄ)69 DNAŃƗ*Ʒǿ�6,ǍǴ 
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� ¹ȪȠǐ%µŃ�� DNAƊƁO�l~=@H��SM~)@l|B���%

)f�`OBT�´
!$	9r�G�  (λ-HindIII-digested 0�+  φX174-

HincII-digested marker) &ÓŊ)źÄ�9�&%O�l~*f�`*Ȧ�=Ʒǿ

��� 

� @H��SM~ȵŰźÄę�E[RCtk�rB`=Ơ	$@H��SM~

�* DNAŃƗ=řǩ���UVƔĀ�%ƮƬf�`ȝ´*@H��SM~=µ

8³��Ǒ
�S|BS��1.5 mlrBJ�[x�k)Ƽ����*ę�DNAǍ

ǴI\_ (MagExtractor-PCR & Gel Clean Up-, Toyobo) =Ơ	$�DNAŃƗ=Ǎ

Ǵ���(�ľ�+I\_)�Ȯ�9l�_N�~)ě!�� 

 

4.2.3.6� l|S±` DNA*íȣı³ 

 

� ƮƬ*l|S±` DNA=Ő�9íǦǫ= LBåâ 3 ml% 8Ŋȧ»åɁ���

*åɁƁ 80 µl=ń�( LBåâ 40 ml)Â��12ŊȧåɁ����*ę�6,000 

× g�15´ȧ�4°C%șğ´ȳ���Ƌ1=õ«)ȫÉ���ŧ)�l|S±`

ı³I\_ (QIAfilter Plasmid Midi Kits, Qiagen) )68l|S±`*íȣı³=

Ǳ!�� 

 

4.2.4� FollistatinȜ�ñ=āª�� C2C12Ǒǣ*�Ǵ 

 

4.2.4.1� �_�CB~SmJY�ƞƟƠl|S±`*Ţǋ 

 

� C2C12Ǒǣ-*Ȝ�ñāª*�3)�MSCVm�S*�_�CB~SmJY

�=Ơ	��0���_�CB~SmJY�) Tet-OnQS]tɆClontechɇ=

ǒ1Ȏ2�&%�FollistatinȜ�ñ*ƫƜȀā=Ǳ!���_�CB~SmJY

�ƞƟ*�3)�}f�S]_|OBJ}�¹ĝĢ_|�SżĢÅÞñ

Ɇreverse tetracycline-dependent transactivator; rtTAɇ*ƫƜyb\_=N�`�9
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�_�CB~SmJY�ƞƟƠl|S±`=�Ơ���pQMSCV/EGFP-CMV-

rtTA-WPRE+�`IQOBJ}�ɆDoxɇ)6!$żĢÅ��9 rtTA*ŢȓƬ

ƫƜyb\_=N�`�9�� � � � � � �  

� pQMSCV/EGFP-TREtight-Follistatin-WPRE+�]_|OBJ}�ġǇȞ¶

Ɇtetracycline-responsive element; TREɇ& FollistatinȜ�ñ
7Ţĩ�:9ƫƜ

yb\_=N�`�9�FollistatinȜ�ñ*ƫƜ+�żĢÅ�:� rtTA)6!

$Ȁā�:9��:7*l|S±`+�CB~SÀ *ƈö*�3*�q�Y

�Ȝ�ñ&�$�CB~S LTRl�v�Y�*¹ĝ�) Enhanced green 

fluorescent proteinɆEGFPɇȜ�ñ=Ő�9�pQMSCV/EGFP-CMV-rtTA-WPRE

+ą¦ƺŋů
7ȃƇ�$Ȼ	� 58�0��Follistatin* cDNA+ FollistatinȜ

�ñ=Õ2l|S±` pCMV-SPORT6ɆClone ID: LIFESEQ95153976, Open 

Biosystemsɇ=Ȥä)�$ǳ 2-1)ƹ�l|Br�=Ơ	$ PCRŷ)68êČ

��¹ȪȠǐ BamHI%ƀÅ�� FollistatinȜ�ñ* DNAŃƗ=�BamHI%µ

Ń�� pQMSCV/EGFP-TREtight-WPRE&ǓÒ���pQMSCV/EGFP-TREtight- 

Follistatin -WPRE=�Ǵ��� 

�

Table 4-1 Primer sequences for cloning of follistatin gene. 

Gene Primer sequences Enzyme 

Follistatin 
FW 5'- AAGGATCCACCATGGTCCGCGCGAG-3' BamHI 

RV 5'-GCGGATCCTTACCACTCTAGAATAGAAGATATAGGAAAG -3' BamHI 

 

4.2.4.2� �_�CB~SmJY�*ƞƟ�6,Ǒǣ-*Ħř 

 

� CB~SmJY�+�Hotta7*Ņŷ)æ#	$ƞƟ��� 59�Ȝ�ñāª*

»Ň)�293FTǑǣ=N|�M�N�_^A\Qx) 6.5×104 cells/dish%Ļƽ��

ǞŇ�Ǒǣüđ� 90Ɋ95%)(!�Ŋƒ% pQMSCV/EGFP-CMV-rtTA-WPRE 0
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�+ pQMSCV / EGFP- TREtight- Follistatin- WPRE �6, pcDNA4/gag-pol�

pLP/VSV-G=}qjDJQz�Ǿǭ Lipofectamine 2000ɆInvitrogenɇ=Ơ	$�

ȗĢ%N_|�SjDJQz����_|�SjDJQz�
7 48 Ŋȧę)

293FTǑǣ*åɁ�ƅ=ÝÌ���ÝÌ��åɁ�ƅ+��ƅ�*Ǒǣ=ȫÉ�

9�3)òė 0.45 µm*U~��S@U]�_jA~Y�ɆAdvantecɇ=Ơ	$

Ɛȗ�$ÝÌ��Ɓ�ǂǐ=�Ơ�$±Ǔę�-80°C%£ó���CB~SÀ 

*ƈö+ C2C12 Ǒǣ=»Ň) 24 well plateɆThermo Fisher Scientificɇ) 1×104 

cells/well%Ļƽ��DMEMɆ8 µg/mLq}k��ɆSigma-Aldrichɇɇ%ŪȭĊȢ

��CB~SƊƁ=Â��48 Ŋȧę)j��OB_u_}�)69ƈö=Ǳ!

��CB~SĦř*�3)�C2C12Ǒǣ= 100 mmǑǣåɁ^A\QxɆThermo 

Fisher Scientificɇ) 2.5	105 cells/dish*Ǒǣŀ%Ļƽ���ǞŇ�åɁ�ƅ=Í

8ȫ��MOIɆMultiplicity of infectionɇ� 5 )(96
)CB~SÀ =ȁŁ

Ɇ2.5×106 IU/mLɇ��8 µg/mL q}k��=Õ2ń�(åâ=Â���Ǒǣ=

37°C% 6ŊȧåɁ��åâ=®đ�Ĺ��� 

 

4.2.5� FollistatinȜ�ñ*ƫƜǸŖ 

 

� FollistatinȜ�ñ*ƫƜȣ=ÇöȣƬ)ǸŖ�9�3) RT-PCR=Ǳ!��0

��FollistatinȜ�ñāª C2C12ǑǣɆ�� C2C12/FSTǑǣɇ=êũåâ% 2Ň

ȧåɁ��́ ÅȀāåâ% 7ŇȧåɁ=Ǳ!��ŧ)�RNAı³I\_ɆRNAiso 

plus, Takaraɇ=Ơ	$�Total RNA=ı³���(��ľ�ĭȽ+ǴÙl�_N

�~)ě!��ı³�� Total RNA= oligo-dTl|Br�&ReverTra AceɆToyoboɇ

ȑȋ¯Ƞǐ=Ơ	$ȑȋ¯��cDNA =Òĩ���Follistatin Ȝ�ñ*ƫƜǸŖ

*�3)�G-taq DNAq}u|�VɆCosmo Genetechɇ=Ơ	$ PCR=Ǳ!��

PCRËġ+�95°C 2´ȧ*·őǸȳę�95°C 20ƻȧ�72°C 10ƻȧ*êČËġ

= 30OBJ~Ǳ	�ŏę) 72°C 5´ȧ*�ȦËġ=Ǳ!��N�_��~&�
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$eCSI�i�KȜ�ñ%�9 GAPDH=țİ��ÑȜ�ñ*êČ)+�ÑȜ

�ñ)ÿ�9ƚƧƬ(l|Br�=Ơ	�ɆTable 4-2ɇ� 

 

Table 4-2 Primer sequences for RT-PCR 

Gene  Primer sequences 
Product 

size 

Follistatin 
FW 5�- TGGACCGAGGAGGATGTGAAC -3� 

155 bp 
RV 5�- GCAGCGGGGTTTATTCTTCTTGT -3� 

GAPDH 
FW 5'-CTACCCCCAATGTGTCCGTC-3' 

150 bp 
RV 5'-GCTGTTGAAGTCGCAGGAGAC-3' 

 

4.2.6� ¨ƨǯ§řǩ 

 

� ´ÅȀāę*ǆǉ=Ƿþ��ĔħôƬ)ǽ Ɇǆǉ*ï��ȹƾ�´Åƛ*ö

ȣɇ�9�3)¨ƨǯ§řǩ=Ǳ!��C2C12 Ǒǣ�6, C2C12/FST Ǒǣ= 6 

wellǑǣåɁl��_ɆThermo Fisher Scientificɇ) 5.0×104 cells/well*Ǒǣŀ%

Ļƽ��êũåâ% 80�90%N�j~E�_)(90%åɁ��ę�´ÅȀā

åâ)µ8Ŏ��Ŋƒ=´ÅȀā 0 ŇƮ&�$�7 ŇȧŭŇåâ�Ĺ=Ǳ!��

´ÅȀā 7ŇƮ)�O�l~=}�ȡǙǲƞƝɀéűɆPhosphate buffered saline; 

PBSɇ%Żž��4%g|o~t@~^h`ɆPFAɇ=Õ2 PBS% 15´ȧßö�

���*ę�O�l~+ 0.2% Triton-X 100ɆWakoɇ=Õ2 PBS % 15´ȧſ�

��PBS% 3ÝŻž��ę�1 %CQǰƅ@~k±�ɆBSA, Wakoɇ=Õ2 PBS

% 30´ȧk�\I�K���ŧ)�ŧį�%�9į α@J[b�į�ɆSigmaɇɈ

1% BSAÕŐ PBSɉ1Ɉ1000*¾Ò%ƃÒ��ƊƁ=O�l~) 45´ȧſ���

PBS% 3ÝŻž���ŧį� Alexa Flour 488ɆInvitrogenɇɈAlexa Flour 546 phalloidin

ɆInvitrogenɇɈDAPIɆRocheɇɈ1% BSAÕŐ PBSɉ1Ɉ1Ɉ1Ɉ1000*¾Ò%ƃÒ
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��ƊƁ=O�l~) 45´ȧſ���PBS% 3ÝŻž��ǯ§ȿĞȥɆBZ-9000, 

I�E�Sɇ%Ƿþ���1 well)"� 5ŗ*¯Ʊ=ļ8�ÑŔ�% 3 well�"�

Ǻ 15 ŗ*¯Ʊ
7 Image J Wj_CD@ɆNIHɇ=�Ơ�$ α @J[b�ȬĢ

*ǆǉ*ï�&ȹƾ=Ǻƈ��«ŝŀ&ǆǉ�)óá�9ŝŀ*¾Ò
7´Å

ƛ=ǈ³��� 

 

4.2.7� ȵŰºƍġǇĢǆǉ*ÌǚČǺƈ 

 

� C2C12Ǒǣ�6, C2C12/FSTǑǣ= 5×104 cells/dish*Ǒǣŀ% 35 mmǑǣå

Ɂ^A\QxɆCorningɇ)Ļƽę�êũåâ% 2 ŇȧåɁ��´ÅȀāåâ)

�Ĺ�$ 7ŇȧåɁ=Ǳ!���*ȱ�C2C12/FSTǑǣ)+ Dox=´ÅȀāå

â�) 1 µg/ml%ƄÂ��Ǒǣ&�Ůȍÿȅ&�$ȸƄÂ*4*=Ơĥ����

*ę�^A\Qx=ȵŰºƍåɁ[w�f�­ɆC-Dishɇ)Ǽǜ��ƯŽȵƉ=

Ơ	$ C-dish
7Ǒǣ)ȵŰºƍ=Â���ÈÂȵàɆ0.3 V/mmɇ�g~SČɆ4 

msɇ�×ŸŀɆ1 Hzɇ*Ŕ�%ȵŰºƍ=���&�*ǆǉ*ÌǚȖÄ=ȿĞȥ

ɆBZ-9000, I�E�Sɇ% 24ƻȧļĕ���*ÄƤ=Ä�ǸŖWj_CD@%

ǸŖ��ǆǉ*ÌǚČ=ƈö��� 

 

4.2.8� Magnetite Cationic Liposome(MCL)*�Ǵ 

 

� 3.2.6)ǻȐ��ĭŷ&Óţ)�$MCL=ȁǴ��� 

 

4.2.9� �ĆǆǒǛ*�Ǵ  

 

� ƸÀ)6!$Ǒǣ=Ʉüđ)åɁĐȹ)Ȳƾ����ŧ¦ǒǛ=Ţǋ�9�

3)�MCL =Ơ	$Ǒǣ=ƸŰŤȂ���80%N�j~E�_*^A\Qx*

Ǒǣ=ÝÌ��Ǒǣŀ=Ǻƈ��ę) 100 pg/cell *Əđ)(96
)ȁǴ��
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MCLÕŐåâ%åâ�Ĺ=Ǳ	�4ŊȧåɁ�9�&% C2C12Ǒǣ=ƸŰŤȂ

��� 

� �*ę�ƸŰŤȂ�� C2C12Ǒǣ=ÝÌ��1.0×106 cells/ 50 µl*Ǒǣüđ%

10%FBSÕŐ DMEMåâ)ĨƎ���0.3 %Type IN|�M�ɆńơV|[�ɇ�

10×DMEM�®ŢĩƠǙǲƁɆ0.05N űȡÅa_}CtƊƁ 100 ml)ÿ��Ƒȡ

űǐa_}Ct 2.2 g�HEPES 4.77 g =Ɗ
��4*ɇ�r_}M~ɆBD 

Biosciencesɇ�FBS�ǑǣĨƎƁ=�:�: 56Ɉ7Ɉ7Ɉ15Ɉ15Ɉ50*¾Ò%ƃÒ

��ƃÒƊƁ=ȁǴ�����$�Ȋ�ķƲĢ 24 wellåɁl��_* well*�

ğ)ɄƱǁƠK}�SɆCorningɇ=Ơ	$Ưė 12 mm*q}G�pc�_ś=

ķƲ���:= 4000 G*Ƹƴ*�)Ǽǜ���well&q}G�pc�_ś*ȧ

)%��Ȱȧ)��Ǵ��ƃÒƊƁ= 1 wellē�8 150 µl�"Ļƽ��� 

 

4.2.10� �ĆǆǒǛ*´ÅȀā&ȵŰºƍåɁ(EPS)  

 

� �ĆǆǒǛ= 12Ŋȧêũåâ%åɁ��ę)�Q}N�|f�= 35 mm dish

4��+ 6 welll��_* well­)ɄƱǁƠK}�S=Ơ	$ķƲ����Ć

ǆǒǛ=Í8ì��Ǯi�=Ơ	$�ĆǆǒǛ=Q}N�|f��)ßö���

0��Ǯi�&Ǯi�*ȧȯ)"	$+ 7 mm&����*ę�´ÅȀāåâ&

�$�ǰƅ*�Ŏƙ&�$Ƴ7:9 Ultroser G = 0.4ɅÕ2 DMEM åâ=Ơ	

$�5ɅCO2B�Ixm�Y­% 7Ňȧ´ÅȀāåɁ=Ǳ!��0��ȵŰºƍ

åɁ=Ǳ!�Ŕ�)"	$+�4Ňȧ´ÅȀā=Ǳ!�ę��ĆǆǒǛ=ȵŰº

ƍåɁ[w�f�­ɆC-Dishɇ)Ǽǜ���ƯŽȵƉ=Ơ	$�C-dish
7�Ć

ǆǒǛ)ȵŰºƍ=Â���ÈÂȵàɆ0.3 V/mmɇ�g~SČɆ4 msɇ�×ŸŀɆ1 

Hzɇ=g|u�Y�&��Ŕ��%´ÅȀā7ŇƮ0%ȵŰºƍåɁ=Ǳ!��

0��FollistatinȜ�ñƫƜ=Ȁā�9Ŕ�)"	$+�čȹåɁ&Óţ)�´

ÅȀā 0ŇƮ
7 1 µg/mL*Əđ% Dox=åɁƁ�)ƄÂ��� 
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4.2.11� �ĆǆǒǛ*ÌǚÀƈö  

 

� 3.2.9)ǻȐ��ĭŷ&Óţ)�$�ĆǆǒǛ*ÌǚÀƈö=Ǳ!�� 

 

4.2.12� FollistatinȜ�ñāªǆǒǛ*¨ƨǯ§řǩ)69Ƿþ  

 

� �ĆǆǒǛ*ǆǉ=Ƿþ��ȵŰºƍåɁ& FollistatinƫƜ)69ťǤÔ�u

GbTt*ƝǸ=Ƃ39�3)¨ƨǯ§řǩ=Ǳ!��C2C12/FST Ǒǣ=Ơ	

$�ĆǆǒǛ=�Ǵ��ę�´ÅȀāåâ)µ8Ŏ��Ŋƒ=´ÅȀā 0 ŇƮ

&�$�7 ŇȧŭŇåâ�Ĺ=Ǳ!���*ȱ�ȵŰºƍåɁ=Ǳ!�Ŕ�+�

´ÅȀā 4ŇƮ
7 7ŇƮ0%* 4ŇȧǱ	�FollistatinƫƜ=Ȁā��Ŕ�+�

ǭ¼=´ÅȀā�* 7 ŇȧƄÂ����*ę��ĆǆǒǛ= PBS %Żž��

4%PFA=Õ2 PBS% 15´ȧßö���ǖ	$�0.2% Triton-X 100=Õ2 PBS

% 15´ȧſ��PBS% 3ÝŻž��ę�1 %BSA=Õ2 PBS% 30´ȧk�\

I�K���ŧ)�ŧį�%�9į α@J[b�į�Ɉ1% BSAÕŐ PBSɉ1Ɉ

1000*¾Ò%ƃÒ��ƊƁ=O�l~) 45´ȧſ���PBS% 3ÝŻž���

ŧį� Alexa Flour 546ɈDAPIɈ1% BSAÕŐ PBSɉ1Ɉ1Ɉ1000*¾Ò%ƃÒ�

�ƊƁ=O�l~) 45´ȧſ���PBS% 3ÝŻž��¬Ɠƒ��P�ȿĞȥ

ȿĞȥɆFlouview FVi10, OLUMPUSɇ%Ƿþ=Ǳ!�� 

 

4.2.13� ǔǺǸŖ  

 

� r�oB\_b�Ƚ×Øšö=Ơ	$ǔǺǸŖ=Ǳ	�P < 0.05*Ŋ�Őĥ)

Ĉ��9&¸Ń��� 
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4.3 ÷ɂǓŘ�6,ǟþ 

 

4.3.1� FollistatinȜ�ñ=āª�� C2C12Ǒǣ*�Ǵ 

 

Follistatin Ȝ�ñ=ǭ¼Ɇ`IQOBJ}�, Doxɇ%ȀāƫƜ��9�3)�

Tet-onQS]t=ǒ1Ȏ>��_�CB~SmJY�=C2C12Ǒǣ)Ħř���

C2C12/FSTǑǣ=�Ǵ���FollistatinȜ�ñ*ƫƜ=Ʒǿ�9�3�C2C12/FST

Ǒǣ=êũåâ% 2ŇȧåɁ��´ÅȀāåâ% 7ŇȧåɁ��ę�RT-PCRǸ

Ŗ)68�ÇöȣƬ) FollsitatinȜ�ñ*ƫƜȣ*Ʒǿ=Ǳ!�ɆFig. 4-1ɇ��

*ǓŘ�DoxƄÂɆDox+ɇ*Ŕ�% FollistatinȜ�ñ*ƫƜ�Ʒǿ�:�� 

Fig. 4-1 Follistatin expression of C2C12/FST cells at day7 in the presence (Dox+) or absence 

(Dox-) of doxycycline (Dox) for 7 days. 

 

4.3.2� FollistatinƫƜ)��9 C2C12ǆǉ*ĔħôƬǽ  

 

� C2C12ǆǉ*ĔħôƬ(ǽ =Ǳ
�3)�C2C12Ǒǣ�6, C2C12/FSTǑ

ǣ=êũåâ% 2ŇȧåɁę�́ ÅȀāåâ)�Ĺ�$ 7ŇȧåɁ��C2C12Ǒ

ǣ=ǆǉ-&´Å�����*ę�¨ƨǯ§řǩ)68ǆǉ&Ǒǣŝ= α @J

[b�ɆȈǩɇ�6, DAPIɆȶǩɇ%ǯ§ŤȂ��ȿĞȥ%Ƿþ=Ǳ!�ɆFig. 
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4-2ɇ��*ǓŘ�DoxƄÂ% Follistatin=ƫƜ�� C2C12/FSTɆDox+ɇǑǣ+�

DoxȸƄÂ* C2C12/FSTɆDox-ɇǑǣ&Ůȍ�$�ǆǉ�ï�(!$�8�ǆǉ

üđ4Ʉ�(!$	9�&�Ʒǿ�:��ŧ)�ImageJWj_CD@=Ơ	$�

öȣƬƤ¥ǸŖ=Ǳ	�α@J[b�ǯ§řǩƤ¥& DAPIřǩƤ¥
7�´Å

ƛɆǆǉ�*ŝŀ/Ǘŝŀɇ�6,ǆǉ*ï�=ƈö��&�;�C2C12 Ǒǣ�

6,DoxȸƄÂ*C2C12/FSTɆDox-ɇǑǣ&Ůȍ�$�Dox=ƄÂ��C2C12/FST

ɆDox+ɇǑǣ+�´Åƛ�6,ǆǉ*ï��Őĥ)�ň�$	�ɆFig. 4-2ɇ��

:7*�&
7�C2C12Ǒǣ)�	$ Follistatin*ƫƜ��ǆǉ-*´Å*ȱ)

ǆǉǡíÅ=¢��´Åƛ=�ň��9�&�<
!�� 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-2 (A)Fluorescence microscopy images of α-actinin-positive myotubes (red) of C2C12/FST 

cells at day 7 in two-dimensional (2D) culture. Nuclei were stained using DAPI (blue). 

C2C12/FST cells were cultured in the presence (Dox+) or absence (Dox-) of doxycycline (Dox) 

A 

B C 
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for 7 days. Scale bars, 200 µm. (B) Quantitative image analysis of myotube differentiation rate at 

day 7 in 2D culture. The data are expressed as mean ± SD of triplicate experiments. *P < 0.05 vs. 

Dox-. (C) Quantitative image analysis of myotube width at day 7 in 2D culture. The data are 

expressed as mean ± SD of triplicate experiments. *P < 0.05 vs. Dox-. 

 

4.3.3� FollisatatinƫƜ� C2C12Ǒǣ*ÌǚżĢ)��9ĕȺ 

 

C2C12Ǒǣ�6, C2C12/FSTǑǣ=êũåâ% 2ŇȧåɁ��´ÅȀāåâ

% 7 ŇȧåɁ��ę�ȵŰºƍ)ġ�$Ìǚ�9ǆǉ*ÄƤ=ļĕ��Ä�Ǹ

ŖWj_CD@)$ǆǉ*ÌǚČ=ƈö��ɆFig. 4-3ɇ� 

�*ǓŘ�FollistatinȜ�ñ=ƫƜ��ǆǉǑǣɆDox+ɇ*ÌǚČ+�Follistatin

=ƫƜ�$	(	ǆǉǑǣɆDox-ɇ&Ůȍ�$�Őĥ)ÌǚČ�êÂ����:

)68�Ǒǣ*ĔħôƬ(ǽ )69ťǤĿÜ��%(��ȖÄťǤ&�$Ìǚ

Č�êí�$	9�&
7�FollistatinƫƜ C2C12Ǒǣ=Ơ	9�&%�ɄťǤ

(�ĆǆǒǛ*�Ǵ�őĘ%�9� 

Fig. 4-3 Contractile movement of myotubes in 2D culture. Electrical pulse stimulation (EPS; 

voltage, 0.3 V/mm; width, 10 ms) was applied at 1 Hz, and the displacement of a single point was 
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analyzed within the myotubes on day 7. Quantitative analysis of displacement was performed. 

The data are expressed as mean ± SD of triplicate experiments. *P < 0.05 vs. Dox-. 

 

4.3.4� FollisatatinƫƜ&ȵŰºƍåɁ��ĆǆǒǛ*ÌǚÀ)��9ĕȺ 

 

� Follistatin ƫƜ)��9�ĆǆǒǛ*ťǤƚĢ-*ĕȺ=ȁ.9�3)��Ć

ǆǒǛ*�Ǵ=Ǳ	��*�ĆǆǒǛ=ȵŰg~S%ºƍ���*ȱ)ƫƞ��

ÌǚÀ=ƈö���0��C2C12/FSTǑǣ)ťǤĢƸĢadǌñ%�9MCL=

Í8Ȏ0�9�&%ƸŰŤȂ����7)�ƸÀ=Ơ	$Ǒǣ=q}G�pc�

_ś& 24 well l��_*Ȱȧ)Ʉüđ)Ȳƾ��9�&%�Ǒǣüđ�Ʉ��

ȞÔĢ*�9�ĆǆǒǛ*�Ǵ)ĩÁ���ŧ)��*�ĆǆǒǛ=´ÅȀāå

â% 7ŇȧåɁ=Ǳ!�ę�1 V/mm�g~SČ 10 ms*ȵŰg~S=��9�

&%ÌǚȖÄ����*&�*ÌǚÀ=ƈö��ɆFig. 4-4ɇ��*ǓŘ�Follistatin

ƫƜ(�%ȵŰºƍåɁ=Ǳ!$	(	�ĆǆǒǛɆDox-�EPS-ɇ&Ůȍ�$�

FollistatinƫƜǑǣ%�Ǵ���ĆǆǒǛɆFST+�EPS-ɇ+�ÌǚÀ�ǎ 9¤Ô

����0��ȵŰºƍåɁ*1)69�ĆǆǒǛɆDox-�EPS+ɇ*ÌǚÀÔ

�+ǎ 4.8 ¤&(!���7)�Follsitatin ƫƜ&ȵŰºƍåɁ=ǒ1Ò<�$

ĒÅ���ĆǆǒǛɆDox+�EPS+ɇ*ÌǚÀ+�ǎ 17¤Ô�����:7*Ǔ

Ř
7�C2C12Ǒǣ)FollistatinȜ�ñ*āª&�ȵŰºƍåɁ*ǒ1Ò<�+�

]A\QxE�Rb@}�K%�Ǵ���ĆǆǒǛ*ťǤÔ�)ȸċ)ŐÃ%

�9�&�<
!�� 
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Fig. 4-4 The force generated by tissue-engineered skeletal muscle tissue constructs on day 7. 

Constructs were cultured with (EPS+) or without (EPS-) continuous EPS at an amplitude of 0.3 

V/mm, width of 4 ms, and frequency of 1 Hz during tissue culture. The data are expressed as 

mean ± SD of three constructs. *P < 0.05 vs. EPS- Dox-. 

 

4.3.5� FollistatinȜ�ñāª�ĆǆǒǛ*ĔħǷþ 

 

� C2C12/FSTǑǣ=Ơ	$�ĆǆǒǛ=�Ǵ��ę�ǭ¼)68 FollistatinȜ�

ñ*ƫƜ=Ȁā���7)ȵŰºƍåɁ&ǒ1Ò<�9�&%��ĆǆǒǛ*Ì

ǚÀ=êĒ�9�&)ĩÁ�����%��ĆǆǒǛ*ťǤÔ�uGbTt*Ǹ

ŉ�3)ĔħǷþ=Ǳ!��0��C2C12/FST Ǒǣ=Ơ	$�ĆǆǒǛ=�Ǵ

��´ÅȀāåɁ�&ÓŊ)ǭ¼)68 FollistatinȜ�ñƫƜ=Ȁā����7

)´ÅȀā 4 ŇƮ
7 7 ŇƮ0%ȵŰºƍåɁ=Ǳ!�ę��ĆǆǒǛ=¨ƨ

ǯ§řǩ)68ǯ§ŤȂ���ǆǉ+ α@J[b�ɆȈǩɇ�Ǒǣŝ+ DAPIɆȶ

ǩɇ*ǯ§ŸȦ=¬Ɠƒ��P�ȿĞȥ)68Ƿþ�9�&%�ǒǛ­*ǑǣĔ

ħ*Ƿþ=Ǳ!�ɆFig. 4-5ɇ��*ǓŘ�Follistatin=ƫƜ���ĆǆǒǛɆFig. 

4-5Ð��ǆǉė 29.2�2.8 µmɇ+�Ȝ�ñƫƜ(��ȵŰºƍåɁ(�*N�

_��~ɆFig. 4-5ć��ǆǉė 14.1�1.4 µmɇ&Ůȍ�$ǆǉ*ï��êÂ�
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9�&�<
!���:+�čȹåɁ)��9 C2C12/FST Ǒǣ*¨ƨřǩ*Ǔ

Ř&ưȨĢ��9&	�9�0��ȵŰºƍåɁ=Ǳ!��ĆǆǒǛɆFig. 4-5

ć��ǆǉė 27.9�2.7 µmɇ*ǆǉ+�ƫȘ��O~Nu@Ţȓ=Ő�$	9�

&�<
!���*6
(ƫȘ��O~Nu@Ţȓ+�ȵŰºƍåɁ=Ǳ!$	

(	Ŕ�ɆFig. 4-5ć�ɇ%+Ʒǿ³ŕ(
!��&
7�ȵŰºƍåɁ)69

�ĆǆǒǛ*ÌǚÀêĒ+�O~Nu@Ţȓ*ƫȘ)Ȩ¡�$	9�&�ƹÚ

�:���Ņ%�Dox*ƄÂ)69 FollistatinƫƜ*1*Ŕ�ɆFig. 4-5Ð�ɇ)

�	$4�ȵŰºƍŔ�/'%+(	��O~Nu@Ţȓ*Ĕĩ�Ʒǿ�:��

čȹåɁ)�	$�Follistatin *ƫƜ+ǆǡí&´Å' 74¢ȕ�:$	9�

&
7��ĆǆǒǛ)�	$4�ǆ´Å)�!$O~Nu@Ţȓ�Ĕĩ�:�&

ǟ�7:9�0��ȵŰºƍåɁ& FollistatinƫƜ=ǒ1Ò<��Ŕ�ɆFig. 4-5

Ð��ǆǉė 40.8�9.4 µmɇ%+�FollistatinƫƜ)6!$ǆǉ�ǡíÅ���*

ǆǉ�)óá�9O~Nu@�ȵŰºƍåɁ)6!$ƫȘ�9�&��Ćǆǒ

Ǜ*Ǭ�	ťǤÔ�)û��$	9&ǟ�7:9� 

 

Fig. 4-5 Fluorescence microscopy images of α-actinin-positive myotubes (red) in the C2C12/FST 

tissue constructs at day 7. Nuclei were stained by DAPI (blue). Muscle tissue constructs were 
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cultured in the presence (Dox+) or absence (Dox-) of doxycycline, and cultured with (EPS+) or 

without (EPS-) continuous EPS at amplitude of 0.3 V/mm, width of 4 ms, and frequency of 1Hz. 

Sarcomere structures were indicated by white arrows. Scale bars, 50 µm. 

 

4.4� Œǃ*0&3 

 

� ȏĎ�ģĪ*Ŧĺȝ×5ǒǛ*ťǤ�«)ÿ�9ŶƪŅŷ&�$®ƞÆƪ�

ŹƮ�:$�8��*ŶƪŅŷ=÷Ɯ�9�3)]A\QxE�Rb@}�K

�ĸÛ�:���%4�ĆǆǒǛ*�Ǵ+�ɃŞǆ®ƞÆƪ*�3*ǒǛƼŠ5

ǆƩĤ)ÿ�9ǭ¼SJ}�b�K�0�@J[xE�Y*ÄÀƉ('-*ġ

Ơ�őĘ�:$	9��Ņ%�ÌǚȖÄ)�ǳ�:9�ĆǆǒǛ*ťǤ+ƞ�ǒ

Ǜ&Ůȍ�$Ǭ������*ĿÜ+�ĆǆǒǛ*ġƠ=ƮĴ�)��8Ġǵ

�ÏŦ%�9&ǹ�9� 

� ��%Œǃ%+��ĆǆǒǛ*ɄťǤÅ=ƮƬ&�$�Ȝ�ñĆôƬ(@l�

�[&ÀôƬ(@l��[)69ťǤĒÅ=Ǿ1��0��C2C12ǑǣŜ- Tet-

on QS]t=ǒ1Ȏ>��_�CB~SmJY�=Ơ	$ Follistatin Ȝ�ñā

ª=Ǳ	�åɁƁ�* DoxƄÂ%Ȝ�ñ=ƫƜ�9 C2C12/FSTǑǣ=ÍĜ���

ŧ)�FollistatinȜ�ñ*ƫƜ=Ʒǿ�9�3)�RT-PCRǸŖ)68 Follistatin

Ȝ�ñ=ÇöȣƬ)ǸŖ��DoxƄÂ)68 FollistatinȜ�ñ=ƫƜ�9�&=

Ʒǿ���ǖ	$�Follistatin ƫƜ�´ÅȀāę*ǆǉ*Ĕħ)��9ĕȺ=ȁ

.9�3)�̈ ƨǯ§řǩ=Ơ	$ α@J[b�& DAPI*ǯ§=Ƿþ��ǆǉ

*ï��´Åƛ=Ǻƈ����*ǓŘ�Follistain*ƫƜ)6!$�ǆǉ*ï��

6,�´Åƛ��ň����7)�Follistatin *ƫƜ�ǆǉ*ÌǚȖÄ)��9

ĕȺ=ȁ.9�3)�ȵŰºƍ=��9�&%Ìǚ�9ǆǉ*ÄƤ=ļĕ��Ä

�ǸŖWj_CD@=Ơ	$�ǆǉ*ÌǚČ=ƈö����:)68 Follistaitn

*ƫƜ+ǆǉ*ÌǚČ=Őĥ)�ň��9�&�Ʒǿ�:��ŧ)�Follistatin=

ƫƜ�9Ǒǣ=Ơ	$�ĆǆǒǛ=�Ǵ��ę�Follistain ƫƜ%ǑǣťǤ=Ē
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Å��ȵŰºƍåɁ=�Ơ�9�&%��ĆǆǒǛ*ÌǚÀ=Ǭ��Ô���9

�&)ĩÁ����:)68�Follistatin *ƫƜ�ȵŰºƍ)69�ĆǆǒǛ*

_��b�KÃŘ=¢ȕ�9ÏǤĢ�ƹÚ�:����*�&
7�FollistainȜ

�ñāª&ȵŰºƍåɁ*ǒ1Ò<�+�ĆǆǒǛ*ťǤĒÅ)ŐƠ%�9&

ǟ�7:9�0��FollistatinȜ�ñāª&ȵŰºƍåɁ)69�ĆǆǒǛ*ť

ǤĒÅuGbTt*Ǹŉ*�3)�ĆǆǒǛ=¨ƨřǩ��¬Ɠƒ��P�ȿ

Ğȥ%ǆǒǛ*Ƿþ=Ǳ!���*ǓŘ�ȵŰºƍåɁ)6!$ǆǉ*O~Nu

@Ţȓ�ƫȘ��Follistatin *ƫƜ%ǆǡí�$	9�&�Ʒǿ�:�ȵŰºƍ

åɁ& Follistain ƫƜ*ǒ1Ò<�)69�ĆǆǒǛ*ÌǚÀÔ�+�ǆǡí&

O~Nu@Ţȓ*ƫȘ)ȉÞ�9&ǟ�7:9� 
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ƅ 5Ƅ ƇƮƑƥ,¾Ɲŋć>­ũ�! 
� � � � � � � � Ư±PHuz_yIƍ,ĸƌ 
 

5.1 ƚƼ 

 

� č
,źƂè'-�Ũ�Ƈơ�ē%šă>Ļ��:!4+�Mag-TEŇ>­

ũ�&�ðƇƓƞ,�ƶ>Ƴ$&�! 6, 28, 29, 36	�ƶ�!|Ľ��ðƇƓƞ

-�Ƒƥ�ǻê÷+ãÐ��{ĠÄ+ǚÄ�!ƇƊ>ǅí�:�(�'�!	

�ƶ�!|Ľ��ðƇƓƞ�űŨ�!³-Ũ�Ɠƞ�űŨ�:³,=��

0.5Δſ÷'-
$!5,,�Ǯń¯Ř+Ćƈ�!¾Ɲ>Ž�!�(�8�Ũ�

Ƈơ(ÃĹ,�¾Ɲ�&³>űĘ�:�(�$!ļƦć>5$&�:�(�Ĥ

8�+*$!	Ũ�Ƈơ(ÃĹ,ļƦć>ē$!|Ľ��ðƇƓƞ+-Û�,

Ćũ�Ơ�8;:���'5 in vitro'ƇļƦ>Øù�:Ư±>ĕƐ�:,+ĩ

µ*Yzv(*:,'-*��(Ơ�!	 

� {Ġ'�EeOD`ZAXH*Ù·>5!8��©âƯ±,ő´+79ƇƮ

ƑƥĴ,Ƈ©·��ǔ�;!(,ÕÆ�
: 60-70	EeOD`ZAHP(-

DNAǚ«,Ù·>�=��þÝŲ*×Ƿ+79ǘ�âűť�®ā�;Ƙē�;

:�Ɠ2,�('
:	�'5�cP\yƨ@QWv·ǜƏǽHDACǾ-¹*

:ƨ@QWv·ǜƏ(�&"�'*��Ƒƥ¥'Ǎ§ǆƋ+Ǥ=:UybHǊ

(ƷÂ�>úČ�:�(+79�ŶĵŨŠ,ǘ�âűťǆƋ+ŏ�Ǥ=:�(

��Ĥ8�+*$&�! 71	HDAC-Ǎ§ǆƋ>-�4�ÛĹ*ƑƥļƦ+Ǥ

��:	�!�$&�HDAC>ǥé�:�(+79�ǘ�âűť6ƑƥļƦ>

Ù·��:�(�'�:	HDAC(�&�;1'+ 11ƀǵ,UybHǊ�Ã

æ�;&�9��;8,UybHǊ-HtPŁ+©ǵ�:�(�'�: 71	¢

ǌ+sdGUP+ãÐ�: HDACHtP I� ��+ĄƩ6ǺĶƇ+ãÐ�:

HDACHtP II,�+HtP III� �HtP IV�ãÐ�:	HDACǥé±-�

,ĸǒ,Ǘ�+7$& 4UBg+©ǵ'�:��c]xGLnǝUBg,\u
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KPUWy AǽTSAǾ�ŹǠƧƣǝUBg,avgxǝ^\uCnǽVPAǾ(

Ǜǝ^\uCnǽSBǾ�ŧŢZ\tigW]UBg,@eNOyǽAPIǾ*)

�
:	�;8, HDACǥé±-�+ HDACI¼. HDACII>ǥé�:	

HDACǥé±,�+�EeOD`ZAXH*Ù·>5!8�Ư±(�& DNA

ƨoWv·±, 5@MNWOyǽ5ACǾ�
:	DNA�oWv·
:�-ƨo

Wv·�;:�(+79�×Ôǚ«ĈÕƫ�+-Ù·*�ǘ�âűť,Fy/F

f�ª9ħ=:���;-�Ƒƥĵ¥+��:ǘ�â,gxpzUzǲÒ+o

WvÔ��´�;:(gxpzUz-�ŋć(*9ǘ�â,Ǎ§�Đ®�;:

�(+7:5,'
:	�*=#�Ƒƥ-oWvÔ,ŷƨ(��EeOD`Z

AXH*ļõ+79ƀ
*ǘ�â,šŮŲ*űť(�,Đ®>ÀƦ+�&�

9�ƇƮƑƥ,©·Ʀ�}�$!(��ÕÆ5
: 10, 66	 

� ��'ĭƄ'-�EeOD`ZAXH*Ù·>5!8� 5ƀǵ,�©âƯ±

>p[vƯ±(�& C2C12Ƒƥ,©·Ʀ(ƇƢÜ+��:ûǰ>ǆ0!	��

&�Mag-TEŇ'�ƶ�!�ðƇƓƞ�Ũ�:¾Ɲ³6óǯÓǸ',¾Ɲò*

),¾Ɲŋć>Ĕĺ(�&Ư±,ƇļƦÄ}µĲ>ǆ0:�('Ư±ĕƐYz

v(�&,ĩũć>ķǁ�!	 

 

5.2� çǹĮĝ�7.ĠŇ 

 

5.2.1� lCPƇƮƑƥūİƑƥĴ C2C12Ƒƥ,ÓǸ 

 

� lCPƇƮƑƥĴ C2C12Ƒƥ-ǈŪ�ßźƂĎ�8���;!5,>�ũ�

!	ØĿÓÑ- DMEMǽDulbecco’s modified Eagle’s medium ; GibcoǾ+CNƤ

�ƲŒǽFetal bovine serum: FBSǾ> 10Δő´�!5,�©·ǅíÓÑ-�şƲ

ŒǽCalf serum: CSǾ> 2Δő´�!5,>�ũ�!	ÓÑ�ė,Ǫ+�Ư±>

Å3ÓÑ>�ũ�:�('Ư±ő´>Ƴ$!	�©âƯ±- TSA�VPA�SB�

API�7. 5AC, 5ƀǵ(��Ư±Ł+ 3%,Ś÷į�'ķǁ�!	�,Ǫ�
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Ư±>ő´�*� C2C12Ƒƥ>Ky\xzv(�!	ġã,ÕÆ'-�©·ǅ

í 1Ģ°+Ư±>ő´�&�:gx\Kzv�Û�$!��ĭźƂ'-©·ǅ

í 4Ģų+Ư±>ő´�& day71'©·ǅí>Ƴ$! 60-65	1!�Ĝţ�>»

Ơ+�TSAǽWakoǾ- 0.1 µM�VPAǽWakoǾ- 1 mM�SBǽWakoǾ- 5 

mM�APIǽEnzoǾ- 0.1 mM�5ACǽWakoǾ- 10 µM ,Ś÷>ÔŖ(�&�10

©, 1Ś÷�7. 10�Ś÷'ő´�! 60-70	 

)#8,ÓÑ5 100 unit/mli_Nuy�100 µg/mlP\wg\lBNy�3.7 

mg/mlśǝŅƏ^\uCn>ő´�!	ØĿÓǸ- 37��5ΔCO2ByGrh

zU¥'Ƴ��50Ȁ80ΔKyfvEy\+*$!8uyǝƛƴŨŦǶ×Ņ

ǽPBSǾ' 2ËŊō��0.25Δ\ugNy-EDTA>ũ�&+79Ƒƥ>-��

& 1/8�8 1/16,Ƒƥê÷'Ɨ��!	1!�©·ǅíÓǸ- 24 well plate

ǽCorningǾ+Ƒƥ> 5.0�104 cells/well'ęƀ��2ĢǣØĿÓÑ'�37��

5ΔCO2ByGrhzU¥'ÓǸ>Ƴ$!þ�©·ǅíÓÑ+Ù��7Ģǣ�

5ΔCO2ByGrhzU¥'Ƴ$!	 

 

5.2.2� ¡ůƱ ĳƭ 

 

©·ǅíþ,ƇƊ>ƺë��úĊäŲ+ǂ�ǽƇƊ,Þ��©·Ť,æǟǾ

�:!4+ 4.2.7+ƿǐ�!ďŇ(ÃĹ+�&¡ůƱ ĳƭ>Ƴ$!	 

 

5.2.3� MCL,�ƶ 

 

� 3.2.6+ƿǐ�!ďŇ(ÃĹ+�&MCL>ǆƶ�!	 

 

5.2.4� ƇƮƑƥ,żńĺǇ 
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� ż³+7$&Ƒƥ>ǻê÷+ÓǸöǯ+ǫƁ��&|Ľ�Ɠƞ>ĸƌ�:!

4+�MCL>ũ�&Ƒƥ>żńĺǇ�!	Ƒƥě>ƽŔ�!þ�80%Kyfv

Ey\,[AXNr,Ƒƥ+ 100 pg/cell,Ś÷+*:7�+ǆƶ�!MCLÅ

ĩÓÑ'ÓÑ�ė>Ƴ��4ĥǣÓǸ�:�(' C2C12Ƒƥ>żńĺǇ�!	 

 

5.2.5� żńĺǇƑƥ(KtzJyJvŐÂŗŎ,ǆƶ 

 

żńĺǇ�! C2C12Ƒƥ>Ë¾��1.0×106 cells/ 50 µl,Ƒƥê÷' 10%FBS

Åĩ DMEMÓÑ+ċř�!	0.3 %Type IKtzJyǽğŪRtWyǾ�

10×DMEM�¦ĸČũƛƴŎǽ0.05N Ņǝ·^\uCnŗŎ 100 ml+ì��ś

ǝŅƏ^\uCn 2.2 g�HEPES 4.77 g>ŗ��!5,Ǿ�l\uJvǽBD 

BiosciencesǾ�FBS�ƑƥċřŎ>�; ; 56ǿ7ǿ7ǿ15ǿ15ǿ50,²Â'Ő

Â�!ŐÂŗŎ>ǆƶ�!	 

 

5.2.6� �ðƇƓƞ,�ƶ�7.©·ǅí  

 

� �ðƇƓƞ> 12ĥǣØĿÓÑ'ÓǸ�!þ+�NuKytaz> 35 mm 

dish5��- 6 wellgwz\, well¥+ǻŶƃũIuzP>ũ�&Ėŷ�!	

�ðƇƓƞ>¿9Ú��ưey>ũ�&�ðƇƓƞ>NuKytaz}+Îæ

�!	1!�ưey(ưey,ǣǩ+%�&- 7 mm(�!	�,þ�©·ǅ

íÓÑ(�&�ƲŒ,�ħŠ(�&Ÿ8;: Ultroser G> 0.4ΔÅ3 DMEMÓ

Ñ>ũ�&�5ΔCO2ByGrhzU¥' 7Ģǣ©·ǅíÓǸ>Ƴ$!	1!�

Ǯń¯ŘÓǸ>Ƴ$!į�+%�&-�4Ģǣ©·ǅí>Ƴ$!þ��ðƇƓ

ƞ>Ǯń¯ŘÓǸWqyaz¥ǽC-DishǾ+ǀƟ�!	ŴŌǮŕ>ũ�&�C-

dish�8�ðƇƓƞ+Ǯń¯Ř>´�!	º´ǮÏǽ0.3 V/mmǾ�bvPòǽ4 

msǾ�Çňěǽ1 HzǾ>btozUz(�!į�~'©·ǅí 7Ģų1'Ǯń

¯ŘÓǸ>Ƴ$!	 
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5.2.7� �ðƇƓƞ,¾Ɲ³Ŕæ 

 

3.2.9+ƿǐ�!ďŇ(ÃĹ+�&�ðƇƓƞ,¾Ɲ³Ŕæ>Ƴ$!	  

 

5.2.8� ������
��$��
�� 

 

� C2C12Ƒƥ> 5×104 cells/dish,Ƒƥě' 35 mmƑƥÓǸ[AXNr

ǽCorningǾ+ęƀþ�ØĿÓÑ' 2ĢǣÓǸ��©·ǅíÓÑ+�ė�& 7Ģ

ǣÓǸ>Ƴ$!	�,Ǫ�©·ǅí 4Ģų+�©âƯ±>ő´�!	�,þ�

[AXNr>Ǯń¯ŘÓǸWqyaz¥ǽC-DishǾ+ǀƟ��ŴŌǮŕ>ũ�

& C-dish�8Ƒƥ+Ǯń¯Ř>´�!	º´ǮÏǽ0.3 V/mmǾ�bvPòǽ4 

msǾ�Çňěǽ1 HzǾ,į�'Ǯń¯Ř>��!(�,ƇƊ,¾ƝǕ¶>ǴĂ

ǡǽBZ-9000, GzEyPǾ' 24žǣĚû���,¶Ŭ>¶�ƻıSf\CD

@'ƻı��ƇƊ,¾Ɲò>Ŕæ�!	 

 

5.2.9� u@vUBn PCR+7: Follistatin���$���� 

 

� ÔŖŚ÷, 5ƀǵ,�©âƯ±>ÓǸŎ�+ő´�©·ǅíþ�Ƒƥ>Ë¾

�!	�,þ�RNAđ¨GX\ǽRNAiso plus, TakaraǾ>ũ�& Total RNA>

đ¨�!	đ¨�! Total RNA> oligo-dTgtBlz( ReverTra Ace

ǽToyoboǾǑǍ§ǜƏ>ũ�&ǑǍ§��cDNA>ÂČ�!	ÂČ�! cDNA

>Zygwz\(�&ũ��THUNDERBIRD SYBR qPCR RT SetǽToyoboǾ>

�ũ�&u@vUBn PCR>Ƴ$!	gtBlz-�GAPDH+%�&-�

Table 4-2+ƿǐ�!5,>�ũ��Follistatin+%�&-�QuantiTect Primer 

AssaysǽCat# QT00105483, QiagenǾ>�ũ�!	1!�PCR½Ć+%�&-�

LightCycler1.5ǽRocheǾ>ũ�& 95°C 5ž�56°C 20ž�72°C 30ž> 1LBH
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v(�&�40LBHvƳ$!	½Ćƒ�þ�GAPDH,HxXNyIkBy\

>ÔŖ(�&�		CTŇ+79ÁƯ±ő´+��: Follistatinűťǟ>Ɖ¨�

!	 

 

5.2.10� Ɩƽƻı  

 

� lyjBX\_zǱ�Èķæ>ũ�&Ɩƽƻı>Ƴ��P < 0.05,ĥ�ĩĉ+

ñ�
:(¬Ğ�!	 

 

5.3� çǹƕĲ�7.Ơë 

 

5.3.1� �©âƯ±� C2C12Ƒƥ,©·Ʀ+��:ûǰ 

 

� C2C12Ƒƥ,©·ǅíĥ+ 5ƀǵ,�©âƯ±>�; ;ő´�:�(+7

9��©âƯ±� C2C12Ƒƥ,©·Ʀ(ƇƢÜ+��:ûǰ>ķǁ�!	ƇƊ

�'�á4:,-©·ǅí 3Ģų�8 4Ģų'
9�©·ǅí 4Ģų+�©â

Ư±>ő´�:(�©·ǅí 1Ģ°+Ư±>ő´�:,(ÃĹ+©·�ŻǄ'

�!	©·ǅí 7Ģų+-�Ƒƥ>Îæ�&¡ůĳƭ>Ƴ��@HW_yƱ 

ĳƭŬ�( DAPIƱ ĳƭŬ��8Ƒƥĵě©·Ť(ƇƊ,Þ�>Ŕæ�!

ǽFig. 5-1AǾ	 

� ƕĲ(�&��©âƯ±>´�*�Ky\xzv+Ń0&��©âƯ±>´

�!ÖÂ+-ƙĵě�œï�!�(�8��©âƯ±+-Ƒƥłć�
:(Ơ

�8;:ǽFig. 5-1BǾ	ƙĵě-�1/10Ś÷�ÔŖŚ÷�10�Ś÷,�#�10

�Ś÷+*:+%;&œï�:�Ä+
$!	�©âƯ±>ő´�!�'�

VPAǽ0.1 mMǾ,ƙĵě�{ŭÛ�$!�(�8�Ƒƥłć���$!�(�

Ơ�8;:	Ƒƥľ�š+@k\zNP�Ƈ©·>�ǔ�:(�$!ÕÆ�


:�(�8�Ƒƥľ�ą��5Êǳ+*:(-Ǧ8*�(Ơ�8;: 63	 
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� 1!�©·Ť>Ɖ¨�!(�<�TSAǽ0.01 µM�7. 0.1 µMǾ�VPAǽ1 

mMǾ�SBǽ5 mMǾ�APIǽ0.1 mMǾ�5ACǽ10 µM� 100 µM�7. 1000 µMǾ

+��&ĩĉ*©·Ť,Ä}�28;!ǽFig. 5-1CǾ	ĭźƂ'-�Ĝţ'�ũ

�;&�:Ư±Ś÷>�Ą+��,Ś÷, 1/10�7. 10�Ś÷'ķƾ>Ƴ$

!��Ư±Ś÷�Ĩ5ǻ�į�'-©·Ť��~�:�Ä�
$!	�;1'

+ API> C2C12Ƒƥ+ő´�&©·µŤ�7.ƇƢÜ/,ûǰ>ǆ0!ÕÆ

-*�$!��API�©·ŤÄ}(ƇƢÜ>ø�ǋ���(�=�$!ǽFig. 

5-1C�7. DǾ	API-ƑƥÇīBycdUz'
: P21ǘ�â6JvTuy

,Ǎ§ŋć>ǅí�:(��ÕÆ�
:�(�8�©·ǅí>ø�ǋ��!(

Ơ�8;: 65	API-��?,ņŰƯ(�&5ŉų>ǫ4&�:!4�ƪôĆ

ũ�īý�;:Ư±'
:	�, HDACǥé±'
: TSA�VPA�SB>ő´

�! C2C12Ƒƥ5ÃĹ+�©·Ť�Ä}�!	�;8,ƕĲ-�cP\y�8

@QWvÔ>¿9ǧ�ǜƏ,ŋć>à�:�(+7:ǘ�âűťKy\xzv

�Ƴ=;:�('�C2C12Ƒƥ,©·Ť�}ģ�!(Ơ�8;:�(�8��

;8,�©âƯ±��ƇƮƑƥ,©·ǅí+ĩũ'
:�(�ŽÉ�;!	 

� Ky\xzv+Ń0�š+ǻ�©·Ť�Ž�;!,-�TSAǽ0.1 µMǾ'


9©·Ť- 2�+}ģ�!	TSA,ő´>©·ǅí°+Ƴ$&�:Ĝţ(Ń0

&5ÃƆ,©·Ť"$!�(�8�©·ǅí 4Ģų'
$&5ƇƮƑƥ,©·

>�ǔ�!(Ơ�8;: 60, 61	5AC>ő´�! C2C12Ƒƥ-�ÔŖŚ÷�1/10

�Ś÷�10�Ś÷,�0&+��&©·Ť�ĩĉ+}ģ�!	ÔŖŚ÷+Ń0

& 10�Ś÷'-�66©·Ť��~�&�:5,,�Ky\xzv(Ń0&

1.7�+}�$&�:!4�5AC- DNAƨoWv·±(�&EeOD`ZAX
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Fig. 5-1 Effects of epigenetic drugs on the myogenic differentiation of C2C12 cells in two-

dimensional culture. (A) Fluorescence microscopy images of myotubes at day 7. C2C12 cells were 

treated with trichostatin A (TSA, 0.1 µM), valproic acid (VPA, 1 mM), sodium butyrate (SB, 5 mM), 

apicidin (API, 0.1 mM) or 5-azacytidine (5AC, 0.01 mM) at day 4. Red, α-actinin-positive 

myotubes; blue, DAPI-positive nuclei. Scale bar, 200 µm. (B) Quantitative image analysis of number 

of nuclei. (C) Quantitative image analysis of myotube differentiation rate. The data are expressed as 

mean ± SD. *P < 0.05 vs. control. (D) Quantitative image analysis of myotube width. The data are 

expressed as mean ± SD of triplicate experiments. *P < 0.05 vs. control. 
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Fig. 5-2 Effects of epigenetic drugs on force generation of tissue-engineered skeletal muscle 

constructs. (A) Fluorescence microscopy images of α-actinin-positive myotubes (red) in the 

tissue-engineered skeletal muscle tissue constructs at day 7. Nuclei were stained using DAPI 

(blue). Tissue-engineered skeletal muscle tissue constructs were treated with trichostatin A 

(TSA; 0.1 µM), valproic acid (VPA; 1 mM), sodium butyrate (SB; 5 mM), API (0.1 mM) or 5-

azacytidine (5AC; 0.01 mM) at day 4. Scale bars, 50 µm. (B) Quantitative image analysis of 

myotube width in tissue-engineered skeletal muscle tissue constructs. The data are expressed as 

mean ± SD of three constructs. *P < 0.05 vs. control. (C) The force generated by tissue-

engineered skeletal muscle tissue constructs on day 7. The data are expressed as mean ± SD of 

three constructs. *P < 0.05 vs. control. 
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Fig. 5-3 Effects of epigenetic drugs on the contractile activity of C2C12 myotubes in two-

dimensional culture. (A) Contractile movement of myotubes. C2C12 cells were treated with 

trichostatin A (TSA; 0.01, 0.1 or 1 µg/ml) on day 4. Electrical pulse stimulation (voltage, 0.3 

V/mm; width, 10 ms; frequency, 1Hz) was applied, and the displacement of a single cell within 

the myotubes was analyzed. (B) Quantitative analysis of the range of displacement. The data are 

expressed as mean ± SD of triplicate experiments. *P < 0.05 vs. control. 
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Fig. 5-4 Effects of epigenetic drugs on the contractile activity of C2C12 myotubes in two-

dimensional culture. (A) Fluorescence microscopy images of myotubes at day 7. C2C12 cells were 

treated with small molecular drugs on day 4. (B) Quantitative image analysis of the number of 

myotubes with striations. The number of myotubes displaying striations of sarcomeric α-actinin 

was quantified by counting myotubes. The data are the means ± SD of triplicate experiments. 

*P < 0.05 vs. control.  
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Fig. 5-5 Effects of epigenetic drugs on follistatin gene expression. Relative expression level of 

follistatin mRNA. C2C12 cells were treated with TSA (0.1 µM), VPA (1 mM), SB (5 mM), API 

(0.1 mM) or 5AC (0.01 mM) at day 4. Total RNA was isolated on day 7 and real time-PCR was 

performed with primers for follistatin and GAPDH. The data are expressed as mean ± SD of 

triplicate experiments. *P < 0.05 vs. control. 
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