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1)� Ĳɖ 

�BȄȝ&,ƙĭȄȝ'Ɵɦ�%ǘ)=ƒķ+Ig�N�¡ɘAǬ�'�


�'�:�Ǩ;>%�= 1-4)��ȫǠ*��BȄȝ&,Ʌǽǿ+�ɳ8s�b�

X��ʃþɣ+�ɳ��;*ʃÜǠ��ʃÜ+ª�AǬ� 1-4)��>;ƙĭȄȝ

'�BȄȝ+¡ɘ+ɺ�,��BȄȝ*��%ʃÜǠ��ʃÜ�ƕȞ�Ä*ʓ

<�¡¾Ǡ*ɅǽǿA�ɳ�=�'&�+ƕȞ�ÄAȼ#%�=7+'ȕ�;

>%�= 1)�ɫİ�+ƒ)�BȄȝ*ǈŅǠ)Ig�N�¡ɘAƓǠ'�%ŪĤ

ȍŏëŋAʨ6=�&�ÛƉǠ)�B+ŪĤȍČŏÛƉA´�ųƥ���$�

Ĉõ�>%�=�����ƙĭȄȝ'�BȄȝ*��=Ig�N�¡ɘ+ɺ�

�­ū�ŪĤȍŏëŋ*ĽʝA��=+���+Å¬Ǡ)yLeYx,ßË*

Ʌŷ�>%�)�� 

3��Ʌǽǿ*ʌ�%��-�ď�+�BȄȝ*��=ǈŅ'�%Ʌǽ+�

ɳ�ėă��ʃÜǠ��ʃÜ:<7Ʌǽǿ*²ė� Ig�N�ǒǑVX`x

Aŝ$��Ǩ;>%�=����p�PÛƉ'�%Ǩ;>=�+ǎɚ,�â©

ŸʋĻ <+P�S�Xê<ɪ4ʆ+ČÙ8�ʃȂ�ėă�=*7ʌ@;�Ʌ

ǽǿ*:< ATP ǒǑAȸ
'�
ǈŅAǬ� 5)��BƤǜ*��=ŪĤȍǂĤ

,�o��~WL�+ǒǑ*:=ȄȝʖĠA�+ƕĲ'�%�<�P�\^K

�(GSH))(+^K��ÜðǇ��o��~WL�*:=Ǒ¬ŧ¼+µń*ʌ�

�=��Ǩ;>%�= 6)�� �#%�^K��¡ɘA��% 

ʃÜXb�XɑǞŋȄȝʖĠAČĺ�=ȳÕ,ŪĤȍ*:=řȡǛÛƉAČ

ĺ�='ȕ�;>= 7,8)�Ʌǽǿ,P�\^K�WX�oEc�]O\�Z+�

�= GSH ǒǑ*ňɀ) NADPH +ǒǑ*Ʊ�ʌ@#%�=��Ǩ;>%�=�

ɅǽǿAʏĠ�=ȳÕ+¸ȼ'�% 2-deoxy-D-glucose (2DG)�ş�;>=�2DG

,P�S�X 6 ��ʃ¢ʐ+èŉAʏĠ��P�S�XƖ�'¨ ÛƉAǬ�
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��; 9,10)�2DG AǓ�=�'&�BȄȝ*ǈŅǠ)ēƠǠɅǽǿAƓǠ'��

Ʌǽǿ�ʏĠ�>='�NADPH +Ɗƴ�ɟ��ȄȝÆ+ GSH �ª���ŪĤ

ȍČŏÛƉAĸ�ɟ����ƀĿ�>=�Ĝʕ�Lin;,lb+Ėğʟ�B HeLa

ȄȝAǓ� Ćʣǿ*��%�2DG AÉǏŀ�ŪĤȍAǂĤ�=�'&�Ȅȝ

ÆȌP�\^K�ʆ+Ƶħ�Ȅȝƞŋ);.*ŪĤȍČŏÛƉAĈõ�%�=

11)�3 �ȱȖ+àƐɖů&7Ĉõ� ��vGXìȠŕį�ǡǝ SCCVIIȄȝ

AǓ� 2DG' XȍǂĤA¯Ǔ�=�& in vivo);.* in vivo*��% 2DG*

:=ŪĤȍČŏÛƉ'ȡǛŒʊŗÒ�Ɂ;> 12)��>;+ȈƉ,Ig�N�

¡ɘAµʢ�=�&�ȄȝÆ+řʃÜȞ+čÜAɯ�%�Ȅȝ+ŪĤȍŏëŋ

Ač�=�'�&�=�'AǬ�%�=� 

Ɨ*�ɯĭ+Ig�N�¡ɘ*��%�ɀ)ľ×AƉ �wbS�c�D*

ǧǣ�='�wbS�c�D*$�%,Ʌǽǿ¢�*Ȅȝƚ'+ʌɲ��=�

'�Ǩ;>%�=�±�-�ŪĤȍǂĤ*:<Bcl-2oCw��\�kOɝ+ɑ

ĥAɯ�%�wbS�c�D�;^bO��xc8Smac/DIABLO)(Aɶʘ��

ATPėă�&Dub�VX�ɟ�=�'13)�3 �Ogura;+ǪǷ*��%ŪĤ

ȍǂĤ*:<wbS�c�D�;ƪŋʃȂ�Ǒ��wbS�c�D�;+^b

O��x�+ɶʘ�ĸ�ʇ')<��ƫ+LXk�Z+ƪŋÜ*:<Dub�

VX�ɟ�=�')(�Ĉõ�>%�=13)��+:
*ŪĤȍǂĤA��%wb

S�c�D'Ȅȝƚ,Ʊ�ʌ@#%�=�14)�;�wbS�c�DƕȞAIg�

N�¡ɘ+ƾ�;µʢ�=�&�ȄȝƚAÒŃ&�=��ȕ�;>=�3 �

lbďǞŋʦʧȡIM-9Ȅȝ8�ƚÜvGXȜm5sȄȝ*XȍǂĤŭŸʋŀ*�Ȅ

ȝÆ+ƪŋʃȂǲ(ROS)�ČÙ�15,16)��+ČÙ� ȄȝÆROSʆ,wbS�c

�D�;+ƺÊ*ġ��%�=17)'�
Ĉõ���$�)�>%�=��+ƒ)

XȍǂĤŀ+ȄȝÆROSʆ+ČÙ,�żɫ�Yamamori;*:#%ƍÜȍȋȭȄ
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ȝǿ(NIH3T3Ȅȝ)!�&)�ďǲďƒ)�BȄȝǿ(lbșȣ�BA549Ȅȝ�l

bĖğʟ�BHeLaȄȝ�lbȚ�BMKN45Ȅȝ�lby~h�vMeWoȄȝ)

&7Ĉõ�>%�<�ŪĤȍ*:<ɑĥ�>=wbS�c�DʙĖ¦ɹǿƕȞ

+�ɳ8wbS�c�Dʆ+ČÙ�wbS�c�DǕƆROSʆ+ČÙ*ġ��


='�
��Ǭû�>%�=18)�ɫİ+ǪǷ�;�ŪĤȍǂĤŀ*��=Ȅȝ

ÆROSʆ+ČÙ��jFX\�]�ÛƉ19,20)�ɽ¦Ė�ęěŋ15,21-23)���%D

ub�VX17,24,25))(+��$�+ǑǇĘǠ)®ǓAŝ$'�
�7Ĉõ�>

%�=� 

�>;+ǨɁ�;�ȱȖ,wbS�c�DǕƆROS+ɷÖ)ȲǵA�BȄȝ

*ɟ���=�*:#%ŪĤȍ*ģ�=ŏëŋAČĺ�ł=+&,)��'£

ɔAǸ% ����)�;�ď�+�BȄȝ*��=Ig�N�¡ɘ,�Ôɬ

+ƒ*ʃȂėă�*7ʌ@;��wbS�c�D�¥ƘǉŐ*�=ƿwbS�

c�DʙĖ¦ɹǿ*:=ʃÜèŉ:<ēƠǠɅǽ*²ė�%�<1-4)�ROS+Ǒ

Œ�ŗÒ�>%�='ȕ�;>=��BȄȝ*��=�+ƒ)ÒʑAÂž�=

 6*�pyruvate dehydrogenase kinase (PDK)AŗÒ�=�&n�m�ʃalc�

Rd�ZAƪŋÜ�=WO��ʁʃ(DCA)�wbS�c�DƕȞAƙĭÜ�=

 6*Ǔ�;> �ɲ+ǪǷ�Ĉõ�>%�=26-32)��ɉ+ƒ*DCA,150 ]�

b�Ǳ+Ħ�)ËĖ&�<�ƽĴ²ėǠ*PDKAʏĠ�=ȳÕ&�=26)� 

 

WO��ʁʃ (DCA) 

�+DCA,PDKAʏĠ�=�'&��BȄȝ&,PDK+®Ǔ*:<ĺ�ʏĠ�

>%�=pyruvate dehydrogenase (PDH)AƪŋÜ�=��Ǩ;>%�=�ƪŋÜ�
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 PDH*:#%�n�m�ʃ�;Acetyl-CoA/+¡ɘA�ɳ����>¢ʐ+w

bS�c�D*��=TCAþɣ8ʃÜǠ��ʃÜ��ɳ�=�'&wbS�c

�DƕȞ�ƪŋÜ�='ȕ�;>%�=�DCA,�+:
)ȳǏ®Ǔ�;�l

b+Ȩı&,í��;�ŀđǠ�=�,ÀđǠ)�ʃŋDVc�VX�Ňǹȵ

ȷ8Ň�Ä��;*ÀđǠ)wbS�c�DǙŌ+Ƥǜȳ'�%°Ǔ�>%�

=35,36)�Bonnet;*:#%�BȄȝ&,DCAÉǏ� ʜĦȄȝș�BA549Ȅȝ

+ȄȝÆ+ATPʆ�ʃȂƯɛ�wbS�c�DROSʆ+ČÙ*:<ȡǛŒʊ+ŗ

Ò'Dub�VX+ɑĥAɟ����Ĉõ�>%�=27)�ñƒ+ȡǛŒʊŗÒ*

ʌɲ�=Ĉõ����B28)���ȧ�B29)�ɤǰŋ��B27,30)�ȈȢ�B31)�Ô

Ǹȣ�B32)�ĖğÆȤ�B33)��=�,Ǯȇȥȡ34)Aô5ď�+ǘ)=�BȄȝ

ǿ&7)�>%�=��;*�Cao;,PC3ȄȝAǓ�%DCAÉǏ'XȍǂĤ+

¯ǓÉǏ*:<�Dub�VX8G1ȄȝöƀºƘ+ČĺA�� ǥ�Ǡ)Ȅȝ

ƚ+ɑĥ�ɟ�=�Aŷ;�*�%�=32)��>;+ȈƉ�;�wbS�c�D

¡ɘAƓǠ'� ȳÕ��BȄȝ*��=ŪĤȍČŏÛƉAɑĥ�
='�


��Ǭû�>=�Ĝʕ*ȱȖ+àƐɖů&7�DCAAǓ�%wbS�c�DȤ

ʙ©+ČÙ'wbS�c�DǕƆROSǒǑ+�Ŷ)(+wbS�c�DƕȞA

�ɳ�=�&ŪĤȍČŏÛƉ�ŷ;�')#%�=12)��+ɏȄ)yLeYx

,²ǁ'�%ŷ;�')#%�)��3 ��+DCAAǓ� ŪĤȍČŏÛƉ

,�àƐɖů&+ǪǷAɯ�%��$�+ýʠƾ�ėă�%�=�*ȱȖ,Ơ

 � ��ƾǣ,DCA*��=ŪĤȍČŏÛƉAǬ�+*,�ƙĭȄȝ+Ȁ40ʪ

AȄȝƚ*ĥ�'�
ʨ�ȄȝƞŋAŝ$ʨ�DCAƽĴ�ňɀ&�=�&�<�

�ƾǣ,�+®ǓƕĲ�;PDK'PDH'�
ħ)�'7�$+ʂȂƪŋ*²ė

�%�3
�&��BȄȝ+ǲʡ*:#%,�>;+ʂȂ+ƪŋÜ+ǱĴ*²

ė�%ŪĤȍ+ČŏÛƉ�Ħ��îȞŋ�ėă�=�&�=� 
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��&�DCA'ñƒ*wbS�c�DƕȞA:<ǤŢǠ*ƪŋÜ�=ųƥ,

)��'ȕ��ŲɂwbS�c�D¡ɘ+ƪŋÜȳÕ3-y^�n�m�ʃ(MP)

*ǧǣ� ��*Ǭ�ƒ)Ƒɱ&�MP,�+ȟɝŋ�;ʨ�ȤɮɷŋAŝ"�

n�m�ʃ:<TCAþɣ+ćɝ')<8����Ĉõ�>%�=37,38)��  

� � � � � � � � � � � � � �  

3-y^�n�m�ʃ (MP) 

ƂǪǷ&,�lbʜĦȄȝș�BA549Ȅȝ�vGXìȠŕį�ǡǝSCCVIIȄ

ȝ��;*^{Fe�YixX\�șȍȋȭǕƆV79ȄȝAǓ�%�MP�wb

S�c�DƕȞA�ɳ�ł=+��3 �ŪĤȍČŏÛƉAɑĥ�
=+�(


�+ɍ³Aȸ# �3��MP�Ȅȝ+ŪĤȍŏëŋ*��=Ľʝ*$�%S

�e�ļŒƥ*:<ɍ³� �Ɨ*�MP�ȡǛȄȝ&7Ĝʕ*wbS�c�D

AƪŋÜ&�=�ó�*$�%�wbS�c�DȤʙ©);.*ATPǒǑʆAŞ

Ɠ*ɍ³� ��;*�MP�wbS�c�DǕƆ+ƪŋʃȂǲ (ROS)+ǑŒ*

ģ�%(+:
*Ľʝ�=+�A�+ǈǘǠȶÁq��pAǓ�%o��TF

by�\�*%ƶě� �3 �ɷÖ)wbS�c�DÆROSʆ'Ȅȝƚ+ʌ

ɲŋAɕ0=ƿ*�ŪĤȍǂĤŀ+Ȅȝ*ģ�%řʃÜǇɝ&�=m\w�ʰ

(vitamin C)ÉǏ+ÛƉAČƜƚ+Ʉƾ�;7ɕ0 � 
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2) ƄŰ'ųƥ 

2-1 Ɏȳ 

Tetramethylrhodamine methyl ester (TMRM)'MitoSOXTM Red (MSR),Invitrogen 

(Carlsbad, CA, USA):<ɞÃ� �MSR,DMSO&ƹɅ�5 mM+stock solution'

�%ɕȽ� �MSR+ȅƽĴ�5 µM')=:
*ĆĄ*�+stock solutionAƲÙ

� �TMRM,ĆĄ*ǤŢƹɅ�20 mM*ɕȽ� �ȅƽĴA20 nM')=:


*ĆĄ*ƲÙ� �ATP assay kits,TOYO B-Net Co. (Tokyo, Japan):<ɞÃ� �

MP�vitamin C (L-ascorbic acid sodium salt)��+��ȫɎȳ,ùÁȁȳĪƐ);

.*ñ�ÜĘǪǷŔ(ǃƂ):<ɞÃ� �MP);.*vitamin C,ɠȁơ&1 M*

ɕŮ��ĆĄ*ǤŢƹɅ�Ĭʄ�%°Ǔ� � 

 

2-2 Ȅȝƍç.Ćʣųƥ 

lbșȣ�BǕƆA549Ȅȝ+Ćʣ,�RPMI 1640ĆĄ(Invitrogen) (10ʪǆț�

ȷƳ[FBS]�0.66 g/l NaHCO3�105 U/l seV��GL�Gx[ȰŽȽȳ�Ƈ�]�

0.1 g/l Xb�qbvFV�[ŷƤȽȯʭƇ�])�vGXìȠĳŕį�ǡ�BǕƆ

SCC�Ȅȝ'^{Fe�YixX\�șȍȋȭǕƆV79Ȅȝ+Ćʣ,αMEMĆ

Ą(Invitrogen) (10ʪǆț�ȷƳ[FBS]�0.66 g/l NaHCO3�105 U/l seV��GL�

Gx[ȰŽȽȳ�Ƈ�]�0.1 g/l Xb�qbvFV�[ŷƤȽȯʭƇ�])*%�>�

>ȸ��GJ�\�W{Q_bķF�M|r�\�(BNA-111; \jFIXs_

O�Ƈ�)*%37°C�5% CO2+ƅ¤�&ȋŝ� � 

 

2-3 ȳÕÉȑŀ+ïȄȝ*��=S�e�ļŒƥ*:=ČƜƚ+ɍ³ 

ģŭČƜƀ*�=A549ȄȝA10%FBSôŽRPMI 1640*�3 SCCVIIȄȝ);

.*V79ȄȝAαMEM*Çƭɶ��6 cmq~X^_OV{���*Ţǧ�� �
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�+ʕ�żȅǠ*�$+V{��*10�;100¶+S�e��&�=:
*ȍʆ

*ŉ�%ȄȝAŨǲ� �Ćʣư,Ȍʆ�3 ml')=:
*Ù� �6ŸʋF�

M|r�V}��%Ţǧ�� Ȅȝ,�MPÉȑ&,24Ÿʋ��>�>ĆĄ1.5 ml

�&ȳÕÉǏ� �V{��Aïȍʆ+XȍǂĤŀǤ"*PBS(-)&2þƨƬ��

ŲʩĆĄA5 mlÙ�%4�;10ŴʋĆʣ� �vitamin C+ǑėŻȍ*ģ�=ÛƉ

Aɕ0=Ĝʥ&,�XȍǂĤǤŀ*vitamin CAĆĄ*Ù� (ȅƽĴ;A549&,1 

mM�SCCVII&,500 µM)�ȄȝAvitamin Cėă�&Ćʣ� �Ćʣȅ�ŀ�Ć

ʣưAŠ%%y\h��&V{��AƨƬ��Ç.y\h��AÃ>%10Ëʋ

ȄȝAāě� �āěŀ�y\h��AŠ%%1Ÿʋ�Ǆ�� �Ɨ*2%NxU

ƋȬư(0.01 M NaH2PO4�0.01 M Na2HPO4)A3 mlÃ>ʭ1Ÿʋ¢�ƋȬ� ŀ��

Ǆ�� �ƋȬ�> Ȅȝ+S�e�ŭAɇƶ��ǑėǍAƢ6 �ƔɥAȍ

ʆʫGyʬ�Ȏɥ*ǑėǍʫǑėǍʯS�e�ļŒŭ/ŨǲȄȝŭ×ʱ1/PE �̡PE,

plating efficiency+�&�<�ʜǂĤ+ģǂȓ+S�e�ļŒÛǍAǬ��ʬAq

�_b� �)��S�e�ŭ+ɇƶ+ʕ*,�50¶¢�+Ȅȝȓ�;)=7

+AS�e�'ěȔ� �ǑėŻȍ,Origin Pro 7 data analysis software (OriginLab 

Co., Northampton, MA, USA)AǓ�%ȍļ�Ɨza�*ɼð� � 

 

2-4 XȍǂĤ 

XȍǂĤ*,�XȍǞǑȻȑPANTAK HF-320ʫĩƩȽ®Ŕ��ʀʬA°Ǔ� �

ĆʣȄȝ&+Ĝʥ*��%,�ÊØ200 kV�20 mA�ȍƷɢʘ590 mm&�1.0 mm 

AloE�\�A°Ǔ��\��`�p�AǓ�%þɤ��)�;ȍʆǍ2.55 

Gy/min&ǂĤ� � 
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2-5wbS�c�DȤʙ©(Δψm)'wbS�c�DǕƆ ROSǒǑ+ƶě 

wbS�c�DȤʙ©+ƶě+ƿ*�ǈǘǠȶÁq��p&�= TMRM39)A

3 �wbS�c�DǕƆ ROS ǒǑ+ƿ* MSR 39,40)A�>�>Ǔ� �6 cm

*Ũǲ� ģŭČƜƀ+ȄȝAǓ� �ȄȝAMP& 24ŸʋÔÉǏ�%��>

�; PBS& 2þƨ�ŲʩĆĄAÙ� �XȍǂĤAȸ# Ȅȝ, 6�12�24Ÿ

ʋ�>�>Ćʣ� �Ćʣŀ�ȄȝAb�qV�ÉǏŀþé�%�20 nM +

TMRM�=�, 2 µM+MSRAô5ĆĄ& 30Ëʋ 37�&ƋȬAȸ# �ƋȬ

ŀȄȝA PBS(-)& 2þƨƬ��ȄȝAþé�% 1,500 rpm�4°C*% 5ËʋɻŇ

� �1 ml +ȷƳAÙ�%�)�ĆĄ*Çƭɶ��%o��TFby�\�*

:<Ʌƈ� ��>�>+T�q�+įąȶÁĺĴ,S�b���+įąȶÁ

ĺĴ&ƓƸÜ� � 

 

2-6 ȄȝÆATPʆ+Ʌƈ 

ȄȝÆATPʆ+ƶě,�t\��VoH~�ZǞÁƥAÑǓ� ATPǞÁƶě

M_b(TOYO B-Net Co.)AǓ� �ȄȝA50 mM+MPÉǏâǊ�10 Gy+Xȍ�

=�,50 mM MP'XȍAǂĤ�%�24ŸʋF�M|r�b� �ïÉǏŀȄȝ

Ab�qV�ÉǏ*:<þé��10%FBSAô5ĆĄAƲÙ��ȄȝA5�104¶

/ml*)=:
*ɕŮ� �10 mM HEPES (pH 7.75)*ƹɅ� 1 mM ATPƹưA

FBSAô3)�ĆĄ&Ĭʄ��10-4~10-10 M+ĬʄǿÍA®Œ���>AƏʆȍǓ

ƓƸT�q�'� �96Ƕq��b+ïGH�*�Ȅȝư�:.ATPƹưA100 

µlËƧ��ATPƶěɎȳAï100 µlƲÙ� ��+ŀ96Ƕq��bA1Ëʋũś��

ŹŔ*%25��30Ëʋʛȑ� ŀ�25�*Ɋě� Luminometer 

(Luminescencer-JNR; ATTO, Ƈ�)&â©ŸʋĻ <+ǞÁʆAƶě� � 
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2-7 ȉɇɅƈ 

a�\,įą¹�ƓƸɓī&ȹǬ��ħ)�'73þ+ǊǸ� ĜʥAȸ# �

Student’s t-Əě*:<ƏěAȸ# �p < 0.053 ,p < 0.01+ĉð�+ī�ŽŎ

&�='Ïű� � 
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3) ȈƉ 

3-1 �BȄȝ*��=S�e�ļŒƥ*:=MP+Ȅȝƞŋ'ŪĤȍČŏÛƉ 

+ɍ³ 

3��MP+ A549Ȅȝ' SCCVIIȄȝ*ģ�=ȄȝƞŋAɕ0=ƿ*S�e

�ļŒƥAǓ�%ɍ³Aȸ# �ïȄȝ+ȳÕƁÉǏŸ*ł;>=S�e�ļ

ŒǍ&�= plating efficiency (PE)AƏɈ� '�?�A549 Ȅȝ&, 85%3 

SCCVIȄȝ&, 95%&�# ���%�ïƽĴ+MPÉȑ 24Ÿʋŀ+S�e�

ļŒǍAƏɈ���+ PE¹&ȼƙ��ǅģŭP~o*ȹ��&�MP*:=Ȅ

ȝƞŋAɕ0 �Ā 1A'Ā 1B*Ǭ�ƒ* 15 mM+MP,�Ȅȝ*ģ�%Ä�

ȄȝƞŋAǬ�)�# �30 mM+MP+ǑƛǍ, A549Ȅȝ& 16±7%�SCCVII

Ȅȝ& 21±2%&�# ��;* MP+ƽĴA�� 50 mM+ MP+ǑƛǍ,�

A549Ȅȝ& 12±1%�SCCVIIȄȝ& 27±4%&�# �a�\*,Ǭ�%�)�

� 15 mM+MP,ŽŎ)ŪĤȍČŏÛƉAǬ�)�# ����)�;�Ā 1C

'Ā 1D*Ǭ�ƒ*XȍɑĥȄȝČƜƚ*ģ�=MP+ÛƉ*$�%ɍ³� '

�?�XȍâǊ&ł;> ǑėŻȍ*ģ��MP+ÉǏ*:<ŷ;�)ǑƛǍ+

ƵħAǬ� ��;�ƽĴ²ėǠ) MP *:=ŪĤȍ*:=ČƜƚ+Čĺ�Ɂ

;> �3 �XȍǂĤâǊÉȑ' 50 mM+MP' XȍǂĤ+¯ǓÉȑ+ʕ*

S�e�ļŒǍ� 10%')= 10%ǑėǍȍʆ(D10)+Ɵ�;ČŏƟ(Enhancement 

ratio)AɇǺ� '�?�A549Ȅȝ&, 1.30�SCCVIIȄȝ&, 1.28'�
¹�

ł;> ��>;+ȈƉ�; MP ,ȡǛȄȝ+ŪĤȍŏëŋAČĺ�=��Ǭ

�> � 
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3-2 ʜȡǛȄȝ*��=S�e�ļŒƥ*:=MP+Ȅȝƞŋ'ŪĤȍČŏÛƉ

+ɍ³ 

Ɨ*�ʜȡǛȄȝ&�=^{Fe�YixX\�V79 șȏȋȭȄȝAǓ�%

ȡǛȄȝ'+ MP *ģ�=ÛƉA A549 Ȅȝ8 SCCVII Ȅȝ'ñƒ*ƏɈ� �

3��ȳÕƁÉǏŸ*ł;>=S�e�ļŒǍ&�= PEAƏɈ� '�?�92%

&�# ���%�ïƽĴ+MPÉȑ 24Ÿʋŀ+S�e�ļŒǍAƏɈ���

+ PE¹&ȼƙ�ǅģŭP~o*ȹ��&�MP*:=ȄȝƞŋAɕ0 ��+

ȈƉ�Ā 2A�;ŷ;�)ƒ* 15 mM)�� 30 mM+MP,Ä�ȄȝƞŋAǬ

�)�# ��;*MP+ƽĴA�� 50 mMÉǏ&,�8±1%+@��)Ȅȝ

ƞŋ��Ǭ�)�# �3 �Ā 2 B�;ŷ;�)ƒ* 50 mM+MPAǓ�%

7Ôɬ+ȡǛȄȝ'ǘ)<�V79Ȅȝ&,Ä�ŪĤȍČŏÛƉAǬ�)�# � 

 

3-3 MP*:=XȍǂĤȄȝ+wbS�c�DȤʙ©*ç2�Ľʝ 

Ā 1C'Ā 1D�;ŷ;�*)# :
*MP&ÉǏA� ïȡǛȄȝ&,Ž

Ŏ)ŪĤȍČŏÛƉAǬ��'�ŷ;�')# ����)�;��+ƙĭȄ

ȝ:<wbS�c�DƕȞ�ª��%�='Ɇ@>=ȡǛȄȝ& MP �wbS

�c�DƕȞA�ɳ��
=+�(
�*$�%,�ŷ&�=���&�ȡǛ

Ȅȝ&7 MP *:<wbS�c�DƕȞ��ɳ�%�=+�(
�*$�%�

wbS�c�DȤʙ©AŞƓ'�%ƏɈAȸ# 39)�wbS�c�DȤʙ©,�

�+ǈǘǠȶÁq��p&�= TMRM (20 nM)AǓ�%�Xȍ'MP+¯ǓÉǏ

Ȅȝ*ģ�%o��TFbyb��*:<ɍ³� �Ā 3A,�50 mM+ MP�

10 Gy+ XȍǂĤ���%¯ǓÉǏ 24Ÿʋŀ+ A549Ȅȝ�;ł;> o��

TFbyb��+q�oCF�AǬ�%�=�Ā 3A*Ǭ�:
*ƁÉǏ+Ȅȝ

'Ɵɦ�%�MP âǊÉǏ� Ȅȝ&, TMRM +ȶÁĺĴ*ĽʝA��)�#
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 ��X ȍâǊÉǏ*:<@��*ȶÁĺĴ+ČÙ�ŷ;�')# �X ȍ'

MP +¯ǓÉǏA� Ȅȝ&,�X ȍâǊÉǏ'Ɵɦ�%ŽŎ) TMRM +ȶÁ

ĺĴ+ČÙAɑĥ� �3 �A549 Ȅȝ' SCCVII Ȅȝ*��%ǀÉȑ+Ȅȝ

*��=įąȶÁĺĴA 1 '� ʕ+ MP âǊ�X ȍâǊ��:. X ȍ' MP

¯ǓÉǏ*:= TMRM +ȶÁĺĴ+ȇŸǠčÜAɍ³� �Ā 3B *Ǭ�:


*�A549 Ȅȝ*��% MP âǊÉǏ,��>+ȇɷŸʋ&7 TMRM +ȶÁĺ

Ĵ*�3<ĽʝA��)�# ��X ȍÉǏâǊ&,ÉǏ 12 Ÿʋ�:. 24 Ÿ

ʋŀ*ŽŎ) TMRM +ȶÁĺĴ+ČÙ�ɄĢ�> ��;*�A549 Ȅȝ*�

�%Xȍ'MP+¯ǓÉǏ 6Ÿʋŀ*��%ŽŎ) TMRM+ȶÁĺĴ+ČÙ�

ɄĢ�>�24Ÿʋŀ&, XȍÉǏâǊ'Ɵɦ�%Ȁ 1.4·ǱĴ+ŽŎ) TMRM

+ȶÁĺĴ+ČÙ�ɄĢ�> �SCCVIIȄȝ&,Ā 3C+Ǭ�:
*�MPâǊ

ÉǏ�=�,XȍâǊÉǏ,��>+ȇɷŸʋ&7TMRM+ȶÁĺĴ*ĽʝA

�3<��)�# ��X ȍÉǏ 24 Ÿʋŀ&,@��*ČÙ½ò�Ɂ;> �

SCCVII*��% Xȍ'MP+¯ǓÉǏ,�12Ÿʋ¢ʐŽŎ) TMRM+ȶÁĺ

Ĵ+ČÙ�4;>�24Ÿʋŀ&, XȍÉǏâǊ'Ɵɦ�%Ȁ 1.4·ČÙ� (Ā

3C)��>;+ȈƉ�;�MP' Xȍ+¯ǓÉǏ, A549Ȅȝ�:. SCCVIIȄȝ

+wbS�c�DƕȞA�ɳ�=�&wbS�c�DȤʙ©�ČÙ� �'A

Ǭ�%�=� 

 

3-4 MP*:=XȍǂĤȄȝ+ȄȝÆATPǒǑ*��=ÛƉ 

Ā3B'Ā3C�;ŷ;�*)# :
*�MP'XȍǂĤ+¯ǓÉǏ*:<w

bS�c�DȤʙ©+ČÙ�Ɂ;> ��+¯ǓÉǏ*:=wbS�c�DȤ

ʙ©+ČÙ���;*wbS�c�D+Ig�N�ǒǑAƪŋÜ�%�=�(


�AƏɈ�= 6*�50 mM+MPâǊÉǏ�10 Gy+XȍâǊÉǏ���%�
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Ȗ+¯ǓÉǏ24Ÿʋŀ+Ȅȝ*��=ȄȝÆATPʆAƶě� �Ā4A'Ā4B*

Ǭ�ƒ*�ƁÉǏ+Ȅȝ'Ɵɦ�%�MPâǊÉǏ&,ȄȝÆATPǒǑ*ģ�%

ĽʝA��)���XȍǂĤâǊÉǏ&,A549Ȅȝ);.*SCCVIIȄȝ*��

%ȄȝÆATPʆ+ŽŎ)ČÙ�Ǒ� ��;*��Ȅȝ*��%MP'Xȍ+¯

ǓÉǏ&,XȍâǊÉǏ'Ɵɦ�%�ŽŎ)ATPʆ+ČÙ�ɄĢ�> ��>;

+ȈƉ�;�MP,XȍǂĤȄȝ*��=wbS�c�DATPǒǑA´ɳ�=�

�Ǭ�> � 

 

3-5 MP*:=XȍǂĤȄȝ+wbS�c�DǕƆROSǒǑ*ç2�Ľʝ 

wbS�c�D*:=Ig�N�¡ɘ+ɷÖ)ƪŋÜ��wbS�c�D+

ʙĖ¦ɹǿ�;ʙĖ+ƺÊAĸ�ɟ���ʃȂ+�ʙĖɾ¿A��%ƪŋʃȂ

ǲ+X�k�KMVcDeK�~WL�(O2
-ʳ)+ǑŒAɑĥ�=��Ǩ;>%

�=40)ƿ�A549Ȅȝ�.*SCCVIIȄȝ+wbS�c�DǕƆO2
-ʳʆAwbS�

c�DǕƆ+ƪŋʃȂǲ*ǈǘǠ)ȶÁq��p&�=Mito SOXTM Red (MSR)

AǓ�%�o��TFbyb��*:<ƶě� �Ā5A,�50 mM+MP�10 Gy

+XȍǂĤ���%¯ǓÉǏ24Ÿʋŀ+A549Ȅȝ�;ł;> o��TFby

b��+q�oCF�AǬ�%�=�Ā5A*Ǭ�:
*ƁÉǏ+Ȅȝ'Ɵɦ�

%�MPâǊÉǏ� Ȅȝ&,MSR+ȶÁĺĴ�ČÙ��XȍâǊÉǏ&7ñƒ

*ȶÁĺĴ+ČÙ�ŷ;�')# �Xȍ'MP+¯ǓÉǏA� Ȅȝ&,�MP

âǊÉǏ);.*XȍâǊÉǏ'Ɵɦ�%ŽŎ)MSR+ȶÁĺĴ�ČÙ� �3

 �A549Ȅȝ'SCCVIIȄȝ*��%ǀÉȑ+Ȅȝ*��=įąȶÁĺĴA1'

� ʕ+MPâǊ�XȍâǊ��:.MP'Xȍ¯ǓÉǏ*:=MSR+ȶÁĺĴ+

ȇŸǠčÜAɍ³� �MP'Xȍ+¯ǓÉǏA24Ÿʋ� Ȅȝ&,�XȍâǊÉ

Ǐ'Ɵɦ�%wbS�c�DǕƆROSǒǑʆ�A549Ȅȝ&,Ȁ1.5·�SCCVII
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Ȅȝ&,Ȁ1.6·*3&ŽŎ*ČÙ� (Ā5B'Ā5C)��>;+ȈƉ�;�MP'

Xȍ+¯ǓÉǏ,wbS�c�D+Ig�N�¡ɘAɷÖ*ƪŋÜ���BȄȝ

*��=wbS�c�DǕƆ+ROSǒǑA�ɳ�=��Ǭ�> � 

 

3-6 A549Ȅȝ�.*SCCVIIȄȝ*��=�MPɑǞŪĤȍČŏÛƉ*ģ�=řʃ

ÜǇɝvitamin C+ÛƉ 

MPɑǞŪĤȍČŏÛƉ*��=MP+ROSǒǑ+ľ×Aŷ;�*�= 6*�

řʃÜǇɝ&�=vitamin CAǓ�%MPɑǞŪĤȍČŏÛƉ*ģ�=ĽʝAɕ0

 �ȄȝAXȍǂĤŀ*vitamin CÉǏAȸ���>�;S�e�ļŒƥAǓ�%

ČƜƚAɍ³� �Ā6A*Ǭ�:
*�XȍâǊÉǏA� A549Ȅȝ*ģ�%

vitamin CÉǏ,ǑėǍ*ģ�%Ä�ĽʝA��)�# ��MPɑǞŪĤȍČŏ

ÛƉAĚÄ*ŗÒ� ��ų�Ā6B*Ǭ�:
*SCCVIIȄȝ&,vitamin CÉǏ

,MPɑǞŪĤȍČŏÛƉ+�ɿËAŗÒ� �Ɨ*�MPėă�*��=Xȍǂ

ĤAȸ# �BȄȝ+wbS�c�DǕƆROSǒǑ�vitamin CÉǏ*:<ƵĹ

��=+�Aǫɐ�= 6*�A549Ȅȝ'SCCVIIȄȝ*��=wbS�c�D

ǕƆO2
-ʳʆAǈǘǠȶÁq��p&�=MSRAǓ�%ƶě� �Ā6C'Ā6D*

Ǭ�>=:
*�vitamin CÉǏ,�Ȅȝ*��%MPâǊÉǏ);.*Xȍ'MP

¯ǓÉǏ*:=wbS�c�DǕƆROSǒǑAŽŎ*ŗÒ� ����)�;�

XȍÉǏ*:=wbS�c�DǕƆ+ROSǒǑ+ČÙ*,ĽʝA��)�# �

�>;+ȈƉ�;�MPɑǞŪĤȍČŏÛƉ,ħ)�'7ɿËǠ*�wbS�c

�DǕƆ+ROSǒǑ+ČÙ*ɟÿ�='�
��Ǭû�> � 

 

 



A A549 

C A549 

B SCCVII 

D SCCVII 

�1: A549HNcSCCVIIHNvhi}MPw(�KT��43w���0d�
(A) A549HNt(B) SCCVIIHNwMPv{}HN5#dLVvHN>�<c2VvMP8�tkpd�
(C) A549HNt(D) SCCVIIHNwMPtXK:�w�@�0dLVv>�<c2VvXKKWtkpd 
      ■: XK:��;, ●: XK:��;+ 30 mM MPc^▲: XK:��;+50 mM MP�RldI0x��_17U^ 
      �(S.E.)sRGkpdMPs
=E!)kf��v�'kcMP���sX:��QqpdA549x10*Xc 
      SCCVIIHNx4*X�\kpd�
�

17 �



V79 

0.1 

1 

0 10 20 30 40 50 

A�

B�

�2: V79HNvhi}MPw(�KT��43w���0d�
(A) MPv{}HN5#dLVvHN>�<c2VvMP8�tkpd�
(B) MPtXK:�w�@�0dLVv>�<c2VvXKKWtkpd  
 ^^^^^▲ : XK:��;, ■ : XK:��;+ 50 mM MP�RldI0x��_17U�(S.E.)sRGkpd 
      MPs
=E!)kf��v�'kcMP���sX:��Qf7*X�\kpd�

18�

Dose (Gy)�
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A A549 

B A549 

C SCCVII 

�3: A549HNtSCCVIIHNvhi}MP�;
=cXK:��;
=u|yvMPtXK:�w�@
=w���b 
bbb ���OZ�v�l}�0d�
(A) A549HN�9
=McMP���e}fx[���sXK:�
=24+X� ���¢�� kc20 nMw

TMRMs37`c30�
=kpYv"|~p��¢���w������dC: 9
=; �����¢:50mM     
       MP�;
=; �¢����: 10 Gy XK:��;
=; ]: 10 Gy XK:�
=+ 50 mM MP
=d^�
(B) A549HNt(C) SCCVIIHNx9
=cMP�;
=cXK:��;
=h{yMPtXK:�w�@
=kcnb 
      ~o~6c12c24+Xw� ���¢�� �Qqpdnw!cHNxTMRMs
=kp!v��¢������¢ 
      s�/kpdI0x9
=HNvhi}������w��P����1tkpYwF�D��P���tkr 
      Gkpd��¢�t�¢x��_17U�(S.E.)�Gld9
=Mv�l},$�xc*¤p<0.05c**¤p<0.01cz 
      pXK:��;
=Mv�l},$�x#¤p<0.05sGkpd�
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A A549 

B SCCVII 

�4: A549HNtSCCVIIHNvhi}MP�;
=cXK:��;
=u|yvMPtXK:�w�@
=wHN 
        	ATPWv�l}�0d�
(A)A549HNt(B) SCCVIIHNx9
=cMP�;
=cXK:��;
=u|yvMPtXK:�w�@
=� 
bbn~o~24+X� ���¢�� �Qqpd
=!HNxATP6��Qfc"|~p�����¢�B�Wwb 
bbF�D�
tkrGkpd����t�¢x��_17U�(S.E.)sRGkpd9
=Mv�l},$�xc 
bb*¤p<0.05c**¤p<0.01czpXK:��;
=Mv�l},$�x#¤p<0.05sGkpd�

#�
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A A549 

B A549 

C SCCVII 

�5: A549HNtSCCVIIHNvhi}MP�;
=cXK:��;
=u|yvMPtXK:�w�@
=w��� 
         ���A.ROSv�l}�0d^�
(A) A549HN�9
=McMP���u|yv[���sXK:��Qqpd:�!c24+X� ���¢�� kc

5 mMwMSRs37`c30�
=kpYv"|~p��¢���w������dC: 9
=; �����¢:50mM 
MP�;
=; �¢����: 10 Gy XK:��;
=; ]: 10 Gy XK:�
=+ 50 mM MP
=d^�

(B) A549HNt(C) SCCVIIHNx9
=cMP�;
=cXK:��;
=h{yMPtXK:�w�@
 
      =�n~o~6£12£24+X� ���¢�� �QqpdHNxMSRs
=kp!v��¢������¢s�/b 
bb^kpdI0x9
=HNvhi}������w��P����1tkpYwF�D��P����Gkpd�   
      �¢�t�¢x��_17U�(S.E.)�Gld9
=Mv�l},$�xc*¤p<0.05c**¤p<0.01czpXK: 
     ��;
=Mv�l},$�x#¤p<0.05�Gld�



A A549 

C A549 

B SCCVII 

D SCCVII 

�6: A549HNtSCCVIIHNvhi}vitamin CwMPTB(�K�%�0tROS?>v�g}�0d�
(A) A549HNt(B) SCCVIIHNwMPtXK:�w(�K�%�0v�l}vitamin Cw�0dLVv>�<c2
VvXKKWsGkpda: XK:��;,□: vitamin C + XK:�, ▲: XK:�+ MP, ○: XK:�+MP + 
vitamin C�RldI0x��_17��(S.E.)sRGkpdn~o~wHNxcMP���sX:��Qf:
�E!vA549x1 mMwvitamin C�
=k10*XczpSCCVIIHNx500 mMwvitamin C�
=k4*X�
\kc���¢� &jmpd�

(C) A549HNt(D) SCCVIIHNwMPtXK:�w��� ���A.ROS?>v�l}vitamin C(A549HNx1 b 
      mMcSCCVIIHNx500 µM)w�0d�HNx24+Xvitamin C
=kp!vMSR�@fp��¢������¢  
      s�/^kpdI0x9
=HNw������w��P����1tkpYwF�D��P���tkrGk 
      pd����t�¢x��_17U�(S.E.)sRGkpd 
      JSD,$�xvitamin C-
=Mv�krc*¤p<0.05c**¤p<0.01sGkpd�
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4) ȕĢ 

ƂǪǷ&,�lbĦȄȝșȣ�BA549Ȅȝ);.*vGXìȠŕį�ǡ�B

SCC�ȄȝAǓ�%�wbS�c�D+ƪŋÜ*:=Ig�N�¡ɘ+µʢ�Ū

Ĥȍŏëŋ*ç2�Ľʝ*$�%+ƏɈAȸ# ��BȄȝ&,ƙĭȄȝ'ǘ

)<�ēƠǠɅǽ+�ɳ'wbS�c�DƕȞ+ª�'�
���p�PÛƉ

'�%Ǩ;>=ǈŅǠ)Ig�N�¡ɘAȸ#%�=1~4)�3 �wbS�c�

D'Ȅȝƚ,Ʊ�ʌ@#%�=��Ǩ;>%�=11-13)�ŪĤȍŏëŋ'wbS�

c�D'+ʌɲŋAǬ���$�+Ĉõ��&*)�>%�=�wbS�c�

D+ėă�ŪĤȍŏëŋ*ĽʝA��=ǤŢǠ)Ɍŷ'�%�ρ0Ȅȝ'ø->=

wbS�c�DDNA+ƖĔ� ȄȝƍAǓ� ǪǷ���$�Ĉõ�>%�=

41-43)��>;+ǪǷ,ρ0Ȅȝ,ƙĭȄȝ'Ɵɦ�ŪĤȍŚřŋAǬ��ČƜƚ�

ŗÒ�>=�AĈõ�%�<�wbS�c�D+ėă�ŪĤȍŏëŋAʨ6%

�=�AǬû�%�<��+�,¥ƘǉŐ*�=�BȄȝ+wbS�c�Dƕ

ȞAƪŋÜ�=�'*:<��BǈǘǠȄȝƚAČĺ&�=îȞŋAǬ�%�

=�ɫİ��BȄȝ+�+ƒ)Ig�N�¡ɘAƓǠ'� ��B+ƤǜœǗ

�ƧǣAʗ6%�=� 

MP�Ȧȧ~�R�i�XβȄȝ+wbS�c�D*��=TCAþɣ+:�ć

ɝ')<ł=��Ǭ�>%�=�8�+ȟƹŋ+ʨ��;wbS�c�D*Ǥ

Ţê<ɪ3>�:<ǤŢǠ*wbS�c�DƕȞAƪŋÜ�=38,39)'+Ĉõ��

=��;�ƂǪǷ&,MPA�BȄȝ+wbS�c�D+Ig�N�¡ɘAµʢ

�=ȳÕ'�%Ǔ� �Ā3�Ā4);.*Ā5&Ǭ�> :
*�XȍǂĤ� 

A549Ȅȝ);.*SCCVIIȄȝ*��%MP+ÔÉǏ*:<wbS�c�DȤʙ

©�ȄȝÆATPʆ���%wbS�c�DǕƆROSʆ+ČÙAĸ�ɟ����ŷ
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;�')# �Ȫ÷Ʊ��*��Ȅȝ*��%MPâǊ&,ĭ*�>;wbS�

c�D¡ɘ*ʌ@=k~y�\�+ČÙAĸ�ɟ���,)�# ��+ǎɚ

+ǏǕ'�%,�ǎƝʔ&,ƙǫ)ɔŷA�=�,�îȞ&�=��ȕ�ł=

îȞŋ'�%,��BȄȝ*��%MP¢Ď*XȍǂĤ*:#%ƪŋÜ�=�,

ɑĥ�>=ƁǨ+ÿĖ�Ig�N�¡ɘǿ*ėă���>�ēƠǠɅǽ�;w

bS�c�D+ʃÜǠ��ʃÜ/+¡ɘ+ɤŦ*ňɀ'�>=�;&,)��

'ȕ�;>=�3 �Ā2�;ʜȡǛȄȝ&�=^{Fe�YixX\�V79ș

ȏȋȭȄȝǿ+S�e�ļŒƥ�;ł;> ǑėŻȍ+10%ȩƚȍʆ+SER�

Ȁ1.05&�=��A549Ȅȝ);.*SCCVIIȄȝ+2$+�BȄȝ&,�SER�

A549Ȅȝ&,1.30�SCCVIIȄȝ&,1.28'�
¹�ł;> �ä"ʜȡǛȄȝ

&,�BȄȝ'Ɵɦ�%MPɑǞŪĤȍČŏÛƉ�,=�*Ħ��ȈƉ�ɄĢ

�> ��+ȈƉ,�MP��BȄȝǈǘǠ*XȍǂĤ*:#%ČŏÛƉAɑĥ

&�=îȞŋAǬ�%�=� 

�&*�ŪĤȍǂĤŀ+ROSʆ+ČÙ�wbS�c�D�;+ROS+ƺÊ*:

<ĸ�ɟ��>=��Indo;*:#%Ĉõ�>%�=17)�3 �Yamamori;*

:<ȍȋȭȄȝǿ8ď�+�BȄȝǿ*��%ŪĤȍǂĤŀ+ȄȝÆ+ROSʆ

+ČÙ�wbS�c�D+ʙĖ¦ɹǿ+ƕȞ+�ɳ'wbS�c�Dʆ+ČÙ

+ȈƉ*:<Ǒ�=�18)�Ĉõ�>%�=�3 �superoxide dismutase 2 (SOD2)

AvGXɱȷÔʤȄȝ&�=32D cl 3Ȅȝ8lbȘǝHLEȄȝ*ɷÖǞǎ��=

'ŪĤȍ*:=Dub�VX);.*ČƜƚ�ģǂȄȝ'Ɵɦ�%�Ƶħ�=

'�
�'7Ǭ�>%�=43,44)�żɫ�Chen;,lb'ixX\�+iFp�_

cȄȝAǓ�%�ŪĤȍ+ǂĤ*:<ɑĥ�>=wbS�c�DǕƆ+ƪŋʃ

Ȃǲ�ɫ»+Ȅȝ+DNA�ƂʉÌű+åÿ+�$&�<��@9=jFX\�

]�ÛƉ+�$+ÿĖ&�=�'AĈõ�%�=45)��>;+�Ĝ,�wbS�
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c�D�;Ǒ�=ƪŋʃȂǲ�ŪĤȍ*:=Ȅȝƚ+ɑĥAµʢ�%�=�'

AǬ�%�=�Wang);.*Yi 46)3 �Laurent;,47) �BȄȝ*��=Ȅȝ

ÆROS*$�%�	ROSʎ¹ɔ
'�%Ǩ;>=Ų )£ɔAťü�%�=��

+£ɔ*Ł�-��=ǱĴ+ROSʆ,Ȅȝ+Ǒė*ňʞ&�=��ʨƽĴ+ROS

ʆ*ɹ�='Ȅȝƚ+ĸ�ʇ')='ȕ�;>%�=��ų��BȄȝ*��

=ROSʆ,ƙĭȄȝ'Ɵɦ�%ǥģǠ*ʨ�ơƸ*�='ȕ�;>%�=�Ł

#%��+£ɔ&,�;)=ROSʆ+ČÙA� �ĎǠÓƼ�Ù@='�ƙĭ

Ȅȝ'Ɵɦ�%:<ŵ��BȄȝ+ȄȝƚAɟ��ROSʆ+ʎ¹Aɡ��Ȅȝ

ƚ��BȄȝ*ǈǘǠ*ɑĥ�>='�
ȕ�ų&�=�ƂǪǷ&,�+£ɔ

�;�ō�>=ɯ<�Ā1'Ā2*Ǭ�>=:
*MP+ÔÉǏ*:<A549Ȅȝ)

;.*SCCVIIȄȝ+2$+�BȄȝǿ*��%ŪĤȍŏëŋ+Čĺ�ɟ�<�ʜ

�BȄȝ&�=V79Ȅȝ&,ŪĤȍČŏ�1'B(ɑĥ�>)�'�
ȈƉ&

�# ��;*�Ā6*Ǭ�>=:
*�+MPɑǞŪĤȍČŏÛƉ�řʃÜǇ

ɝ&�=vitamin C+ǂĤŀʊƀʋ+ÉǏ*:<ŽŎ*ŗÒ�>��BȄȝ&,X

ȍ'MP+źʚ*:=Ȅȝƚ*,ROSʆ*ɟÿ�=Ȅȝƚ��ɿô3>=�7ŷ

;�')# �����SCCVIIȄȝ&,MPɑǞŪĤȍČŏÛƉ�ʨƽĴ+

vitamin C(1 mM)ÉǏ&7ŗÒÛƉ�Ħ����A549Ȅȝ&,:<ªƽĴ+

vitamin C(500 µM)&7ĚÄ*ŗÒ�> ��;MPɑǞŪĤȍČŏÛƉ*ġ��

=ROS+ǱĴ,�B+Ȅȝ+ǲʡ*ĺ�²ė�%�='ȕ�;>=�� �#

%�>;+ȈƉ�;�SCCVIIȄȝ*��=MPɑǞŪĤȍČŏÛƉ,�ɬ+

	ROSʎ¹ɔ
*Ù�%�Ð+ŷ;�*)#%�)�ƁǨ+yLeYx*:#

%Ǒ�%�=îȞŋ�Ǭû�>=� 

�+ƁǨ+yLeYx+�$'�%MP*:=wbS�c�D+ƪŋÜ�D

ub�VXAɑĥ�%�=+&,)��'ȕ�;>=��&*�wbS�c�
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DƕȞAƪŋÜ�=ȳÕ'�%Ǔ�;>%�=DCA,âǊÉȑ&ĖğÆȤ�B

RL952Ȅȝ8șȍ�BA549Ȅȝ*��%�Dub�VXAĸ�ɟ���'�Ĉ

õ�>%�=48,49)�� �#%�wbS�c�DƕȞ+ƪŋÜ'�
Ʉƾ�;

DCA'ñƒ)®ǓAǬ�'ȕ��MP*:=Dub�VX+ɑĥ*$�%7ƏɈ

� ����)�;�ƂǪǷ&Ǔ� A549Ȅȝ);.*SCC�Ȅȝ&,DCAÉ

ȑŀ48Ÿʋ3&ɄĢ� ��âǊÉȑ!�&)�Xȍ¯ǓÉȑ&7Dub�VX

,Ä�ɄĢ�>� (a�\ƁŤɧ) �S�e�ļŒƥ*:<ɍ³� ČƜƚ+4

�ɄĢ�> �Ð+îȞŋ'�%Xb�XƪŋÜ\�kOɝMd�Z(SAPKs)

8K�boCW�+ʌ��ȕ�;>=�Benhar;50,51),ɫİ�SAPKs);.*

ROS�VXq~^�(CDDP)�De[vFV����%ȃĎȍ(UV)*źʚ�> 

�BȄȝ+Dub�VX*:=Ȅȝƚ*ʅɀ)ľ×AƉ �%�=�AĈõ�

%�=��>;+ǪǷ&,��ɷŋ�$ª�r�+SAPKƪŋ8ROSʆ�AP-1+

:
)ŽǾËȺ*ʌ@=VPd�AƪŋÜ�=�*:#%Ȅȝ+ČƜA´ɳ�

=��ŝȊǠ�$ʨ�r�+SAPKƪŋ8ROSʆ��BȄȝ*��=Dub�V

X+ČĺAĸ�ɟ����Ĉõ�>%�=�Ĝʕ*�Inanami;,lbǟȷǚ

MOLT-4Ȅȝ*��%XȍǂĤŀ*ŝȊǠʨ�r�+SAPKƪŋ�ČÙ��ơƹ

ŋvitamin Eʡ¨Ǉɝ&�=TroloxAŪĤȍǂĤŀÉǏ�=�&�ŽŎ*ŪĤȍɑ

ǞDub�VXAŗÒ�=�AĈõ�%�=24)�3 �wbS�c�D�;Ǒ�

=ɷÖ)ROSǒǑ��[[�x+ȤɮɷŋA�ɳ����[[�x+q�`D

�ZAŪÊ���K�boCW�Aĸ�ɟ��'+Ĉõ7ėă�=52-54)�Chui

;,XǂĤ'wbS�c�DȤ*ėă�=Dae�fO�K^cɨɭ¬AƓǠ

'�=ŊŋǟȷǚƤǜȳ'�%Ǔ�;>=�lʃ+¯Ǔ��lbÔǸȣ�B

PC-3Ȅȝ+âǊÉǏ'Ɵɦ�%ƤǜÛƉAʨ6=�AĈõ�%�=52)��;*�

�+¯ǓÉǏ,�>�>+âǊÉǏ'Ɵɦ�%ñ�Ȅȝǿ*��%K�boC
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W�+ɑĥAď�§��3 ROSǒǑ7Čĺ�=52)��>;+Ĉõ�;�ROS

+ʌ�*Ù�%SAPK�=�,K�boCW���BȄȝ*��=MPɑǞŪĤ

ȍČŏÛƉ*ʌɲ�%�=�7�>)�'ţĢ�>=��BȄȝ+MPɑǞŪĤ

ȍČŏÛƉ*��=SAPK8K�boCW�+ƙǫ)ʌ@<Aƣě���+ÛƉ

AĚÄ*ǏɅ�=ƿ*�;)=Ĝʥ��ŀňɀ')='ȕ�;>=� 

ƂǪǷ&,�in vitro+ĆʣȄȝ&MP*:#%wbS�c�DƕȞA�ɳ��

=�'*:#%�ŪĤȍČŏAɟ����ÊƆ=�AǬ� �Ɨ+Ɲʔ'�%�

�+ƒ)wbS�c�DAƓǠ'� ųƥ*:#%in vivo&7ŪĤȍČŏAɑ

ĥ&�=���ȨıŉǓ*ò� ǪǷ'�%ʅɀ&�=�����Saito;55)*

:<SCCVIIǰƎza�&�n�m�ʃ+Ř�*:<wbS�c�D+ēƠǠ¡

ɘA�ɳ��='��BȆȐ�ªʃȂÜ����#%ŪĤȍ*ģ�%ŚřŋA

Ǭ���ɫİĈõ�>%�=��ȫ*ʃȂËĖ,ŪĤȍǂĤ*:#%Ǒ� o

��~WL�'èŉ��µń�îȞ)s�KMV�~WL�AļŒ�=�'*

:#%ȆȐ+Îƀŧ¼AāěÜ�=��+ 6�ȆȐ*��=ʃȂƽĴ,ŪĤ

ȍŏëŋ*Đ�)ĽʝA��=��ȫǠ*�ŪĤȍŏëŋ,�BȄȝ+ʃȂƽ

Ĵ�ʨ�'Đ���ʃȂƽĴ�ª�'Ħ����>AʃȂÛƉ'���ɯĭ�

BȄȝ+ʃȂËĂ�Ȁ3 mmHg¢�+ȆȐ*ģ�%ŪĤȍŚřŋ�ĺ�Ǒ�=

��Ǩ;>%�=�� �#%�in vivo&ŪĤȍČŏAɟ���= 6*,ȡǛ

+wbS�c�D¡ɘ��ɳ�%�=ǉŐ&,�=��ªʃȂǉŐ&,)�ǉ

Ő+\Fw�P&ǂĤ�=��ňɀ&�=�ȱȖ,ŪĤȍǂĤ+\Fw�P+

żɼÜ*$�%MP'ʡ¨+®ǓAŝ$DCAAǓ�%�ƒ�)DCAŘ�ŀ+ǂĤ

+\Fw�PA��%�SCCVIIǰƎza�&ȡǛŒʊ*ç2�ÛƉAƏɈ�%

�%�=(ȈƉ,Ǭ�%�)�)��+ȈƉ�DCAÉȑ1Ÿʋŀ+XȍǂĤ&,�X

ȍǂĤâǊ:<��#%ŒʊɰĴ�ŵ�)=½òAǬ� ��DCAŘ�10Ÿʋ
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ŀ+XȍǂĤ&,XȍâǊǂĤ'Ɵɦ�%�ȡǛŒʊɰĴ+ŽŎ)ɵĶ�ɄĢ�

> ��+�,�wbS�c�DA�ɳ��=ȳÕ+Ř�'ǂĤ+\Fw�P

AżɼÜ�=�&�ČŏÛƉAɑĥ&�=�AŎ÷�%�=�ǎă3&+'�

?�MP&+ñƒ+ƏɈ,3!ȸ#%�)���ȨıŉǓ+ƿ*,Ř�ȇɣ�Ř

�ʆ�ɼǓ&�=ȡǛ+ǲʡ��;*,ǂĤ+\Fw�P)(�;)=�ŀ+

ƏɈ�ňɀ&�=� 

ƂǪǷAɀȀ�='�Ā7*Ǭ�:
*XȍǂĤ'MP+¯ǓÉǏ*:#%Ȥʙ

©+�Ŷ8ATP+ČÙ�;ŷ;�)ƒ*wbS�c�DƕȞ��ɳ�=��;*

�+ƪŋÜ*:#%�wbS�c�DǕƆ+ROS+ČÙ�ɟ�<��>��ɿ

ʌ��%ȄȝƚAɟ��'�
yLeYxAƂǪǷ&Î6%ŷ;�*�=��

&� �3 ��
� MP*:=Čŏ®Ǔ,ȡǛ*ǈǘǠ*ɟ�=�7Ǭû�

> �ƂǪǷ*:#%��>;+ȈƉ,MP,�BȄȝ*��=Žſ)ČŏÕ'

�%°Ǔ&�=îȞŋAŝ$�AǬ�%�=� 

  



Mitochondria+++ Acetyl0CoA+

TCA+cycle+

Oxida5ve+phosphoryla5on+

Lactate++

Glucose++

pyruvate+

Cell death 

O2
¡0+(ROS)+

O�

O

O�

CH3� CH3�

Radiosensi5vity++

Methyl0pyruvate+(MP)+

+7: MP�/7-���(20, 
PDH���
�!�#�#�$9��Acetyl-CoA��&5�%8	���':� 
��$�"�����TCA*6�9)3"$9)�%8
���� ��$�"�
�04�1.)
���

�

29�

PDH 
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5) ȌŜ 

�BȄȝ+ǈŅǠ)Ig�N�¡ɘAƓǠ'� �B+ƤǜœǗ��ɫİď

�+ƧǣAʗ6%�<��B+¡ɘAµʢ�=ƿ*ƑǼ�> Ⱦŭ+ȳÕ�ƻ

ăǠ)ř�BÕ'�%ƏɌ�>%�=����)�;�ǎă3&ř�BÕ'Ū

Ĥȍǜƥ+¯ǓÛƉAƏɈ�=ƿ*ȸ@>%�=ǪǷ,1'B(ėă�)��

ƂǪǷ&,��BȄȝ+ŪĤȍɑǞȄȝƚ*��=wbS�c�DǕƆƪŋʃ

Ȃǲ(ROS)+ľ×Aɍ³�=ƿ*�3y^�n�m�ʃ(MP)+ÛƉAɕ0 �MP

,wbS�c�D+Ig�N�¡ɘAƪŋÜ�=�'�ÊƆ=Ȥɮɷŋ+n�

m�ʃɑĥ¬&�<�lbĦȄȝșȣ�B A549Ȅȝ'vGXìȠŕį�ǡǝȄ

ȝ SCCVIIȄȝ*��=ÛƉ*$�%ƏɈAȸ# �ȄȝAMP&ÔÉǏ� ŀ

X ȍǂĤAȸ
�&��Ȅȝ*��%ŪĤȍɑǞȄȝƚ�ŽŎ*Čĺ�>�3

 wbS�c�DȤʙ©�ȄȝÆ ATPʆ���%wbS�c�DǕƆ ROSʆ+

ČÙ�ɑĥ�> �A549Ȅȝ&,�MPɑǞŪĤȍČŏÛƉ� vitamin C&ĚÄ

*ŗÒ�> ��ų SCCVIIȄȝ&,�+ŗÒÛƉ,ŽŎ&,�# �ɿËǠ&

�# �� �#%�>;+ȈƉ�;�MP,�BȄȝ*��%ɷÖ)wbS�

c�DǕƆ ROSǒǑA��%ŪĤȍČŏÛƉAɑĥ�=��Ǭû�> � 
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6)� ɘɩ 

� ƂǴAȅ�=*Ļ <�ǪǷɴȸ+ƿ*ȅĕŃőÌ)ŞĥAɜ<3� ÝƮ

ɸĐĘĐĘʒǌÞĘǪǷǯǐċǌÞǯĘɗĵŪĤȍĘŬĞ�ǳƦµŬš*Ʊ�

ŏɘ� �3��3 �ƂɖůA�ƌʍ���3� ƂǪǷǯǐċǌÞǯĘɗ

ĵƞŋĘŬĞ�ǩĊǦǕȒŬš�ƂǪǷǯɋűƤǜĘɗĵȨıËĖǑǇĘŬĞ�

«ȴȗĒÈŬš);.*ƂǪǷǯǐċǌÞǯĘɗĵŪĤȍĘŬĞ�ĨǢņÈŬ

š*Ʊ�ŏɘ� �3��żŀ*�ƂǪǷ+ɴȸ*ʕ�ȅĕďĐ)ŃÚɆ);

.*ŃáØ� !�3� ƂǪǷǯǐċǌÞǯĘɗĵŪĤȍĘŬĞę�ãĝÚ

Ŭ);.*ŬĞï©*əB&�ǭǖ���3�� 
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Considerable interest has recently been focused on the special characteristics of cancer 

metabolism, and several drugs designed to modulate cancer metabolism have been 

tested as potential anticancer agents. To date, however, very few studies have been 

conducted to investigate the combined effects of anticancer drugs and radiotherapy. In 

this study, to evaluate the role of mitochondria-derived reactive oxygen species (ROS) 

in the radiation-induced cell death of tumor cells, we have examined the effect of 

3-methyl pyruvate (MP). MP is a membrane-permeable pyruvate derivative that is 

capable of activating mitochondrial energy metabolism, on human lung carcinoma 

A549 cells and murine squamous carcinoma SCCVII cells. Pretreatment with MP 

significantly enhanced radiation-induced cell death in both cell lines, and also led to 

increases in the mitochondrial membrane potential, intracellular adenosine triphosphate 

content, and mitochondria-derived ROS production following the exposure of the cells 

to X-rays. In A549 cells, MP-induced radiosensitization was completely abolished by 

vitamin C. In contrast, it was partially abolished in SCCVII cells. These results 

therefore suggest that the treatment of the cells with MP induced radiosensitization via 
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the production of excess mitochondria-derived ROS in tumor cells. 

 


