
 

Instructions for use

Title 褐色脂肪細胞の新規増殖機構とその組織形成における役割

Author(s) 深野, 圭伍

Citation 北海道大学. 博士(獣医学) 甲第12620号

Issue Date 2017-03-23

DOI 10.14943/doctoral.k12620

Doc URL http://hdl.handle.net/2115/68636

Type theses (doctoral)

File Information Keigo_Fukano.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


�

�

�

! ��7��2"����	�����1
���0��

�

�

�

�

�

�

�

�

��	
 � ��

�

�#��
�



 1 

[ȳǖ] 
 

ȳǖ�������������������������������� 1 

Ȥʼ�ʭ������������������������������ 3 

ɭʱ�������������������������������� 4 

 

ɑ�ɐ̲ŃÔàȃ+<? β3Ff�g��ăĿ­C¡� ʦʐʀɻɟɾ-ĬǛ 

1. şƤ������������������������������ 7 

2. ƽƦ(ƩǨ 

2.1 ļ̧ìȏ�������������������������� 8 

2.2 ƀȌʀɻɟɾ(̀ˊɟɾ-ö̐���������������� 8 

2.3 IK\_�±�beʰǅ������������������� 9 

2.4 ʦʐʀɻɡɱ-ʝÈÉȧɡɱïĸǉʐ������������� 9 

2.5 EdU ǉʐ��������������������������10 

2.6 DNA č˹ �������������������������10 

2.7 ɥʲʰǅ��������������������������10 

3. ɣǈ 

3.1 ʦʐʀɻɟɾ(̀ˊɟɾ-˃Ý����������������12 

3.2 ʦʐʀɻɡɱ�'ĬǛ�?ɟɾɊ-˃Ý�����������13 

3.3 ŃÔàȃ�ʦʐʀɻɟɾ-ĬǛ+��?ŧ̗����������15 

3.4 ß Ff�g��ăĿ­-̅ľ�ŃÔàȃ+<?ʦʐʀɻɟɾ-ĬǛ+

��?ŧ̗�������������������������19 

3.5 ß3 Ff�g��ăĿ­àȃ�ʦʐʀɻɟɾ-ĬǛ+��?ŧ̗��21 

4. ɵń������������������������������23 

5. ŊƏ������������������������������25 

 

ɑ�ɐ̲ʀɻɟɾ-ĬǛ-ƈß�ʀɻɡɱŦƀ+��?ŧ̗ 

1. şƤ������������������������������26 

2. ƽƦ(ƩǨ 

2.1 ļ̧ìȏ��������������������������28 

2.2 ­Ǽ(ɡɱǼŠ-ǽĻ��������������������28 

2.3 IK\_�±�beʰǅ�������������������29 



 2 

2.4 {I\ɽ¢ȟǁɮɨʒɟɾ-ʾʤ�<1ɟɾĦ̤��������29 

2.5 ʦʐʀɻɡɱ-Éȧɡɱïĸǉʐ���������������30 

2.6 {I\ɽ¢ȟǁɮɨʒɟɾ-ʝÈÉȧǉʐ�����������30 

2.7 real-time PCRǨ+<? mRNAȬȘ˹-Ļ˹�����������30 

2.8 DNAč˹��������������������������31 

2.9 ɥʲʰǅ��������������������������31 

3. ɣǈ 

3.1 ʀɻɟɾȑȦȯ* p27 -˦äȬȘ�ʀɻɡɱ+��?ŧ̗����34 

3.2 ʀɻɟɾȑȦȯ* p27-˦äȬȘ�ʦʐʀɻɟɾ-ȍȜțǔɿ+ 

��?ŧ̗�������������������������36 

3.3 ʀɻɟɾȑȦȯ* p27-˦äȬȘ�ʦʐʀɻɟɾ-ĬǛ+ 

��?ŧ̗�������������������������38 

3.4 ʀɻɟɾȑȦȯ* p27-˦äȬȘ�ʀɻɟɾ-Øï+ 

��?ŧ̗�������������������������39 

3.5 ʀɻɟɾȑȦȯ* p27-˦äȬȘ� β3Ff�g��ăĿ­àȃ+<?

ʦʐʀɻɟɾ-ĬǛ+��?ŧ̗���������������42 

4. ɵń������������������������������44 

5. ŊƏ������������������������������46 

 

ɫƏ��������������������������������48 

˂˒��������������������������������50 

ŢȝƤȕ������������������������������51 

ʔƤƇ˻������������������������������57 

  



 3 

[Ȥʼ�ʭ] 
 

BAT: brown adipose tissue 

BSA: bovine serum albumin 

CDK: cyclin dependent kinase 

CL: CL316,243 

COX �: cytochrome c oxidase subunit � 

CREB: cAMP responsive element-binding protein 

DAPI: 4',6-diamidino-2-phenylindole 

Dex: dexamethasone 

Dio2: iodothyronine deiodinase 2 

DMEM: Dulbecco's modified Eagle medium 

EdU: 5-ethynyl-2´-deoxyuridine 

FCS: fetal calf serum 

GFP: green fluorescent protein 

HRP: horseradish peroxidase 

IBMX: 3-isobutyl-1-methylxanthine 

KRBH: Krebs-Ringer HEPES buffer 

MCT1: monocarboxylate transporter 1 

MEF: murine embryonic fibroblast 

Myf5: myogenic factor 5 

PBS: phosphate buffered saline 

PCNA: proliferating cell nuclear antigen 

PDGFRα: platelet-derived growth factor α 

PGC-1α: PPARγ coactivator-1α 

PPARγ: peroxisome proliferator-activated receptor γ 

pRb: retinoblastoma protein 

PRDM16: PR domain containing 16 

T3: triiodothyronine 

Tro: troglitazone 

UCP1: uncoupling protein 1 

WAT: white adipose tissue 
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[ɭʱ] 
 

� ƬƼC.�9(� ÇˠˀĞ+�)&�ŵʋȨ;ìʁȾïȩ.ǙĚ-�«C

÷9&�>�˔Ś�-Ĭè�ı�*ɂ§ė̞(*#&)?��-üĚ(*?ɹ

Ǿ�̩ʞɚ�̩ʞğ�ʀˊȦŖȩ-
"ɹǾCč9 ʥƢ-ù̉ĚĶCƐ$ȓ

ž.~_y�bRZ�f��}(�&Ļɴ�@��-ƶı-�\RrER_�

'�?ɹǾ-Ȩžʰǅ(Ņɔ�Ǥ9=@&)?�Kj�Q�Ǵˇ-¿̖�=-

ɹǾŅɔ-_�Ube(�&ǪȳC̏9&)?-�ʦʐʀɻ'�?� 

� oeCč9&ĕ�ìȏ+.Ȯʐ(ʦʐ- 2Ɋ̠-ʀɻɡɱ��?[1, 2]��ɶ

.ķĠˮ«;Ŧž�Ȧ*>�Ȯʐʀɻ.ȱ�;ÏʋĐě+ķĠ��¯ä-Kj

�Q�C�źʀɻ(�&ɟɾÏ+ʘ��Ŷʧ+ŷ�&ʀɻ˴(�&Ëˎ+³ɤ

�?Kj�Q�-ˆʙ(Ɵ×-ˮ«'�?�ʦʐʀɻ.ɺȠ̨̀*)+ķĠ��

ʀɻ˴C�@ʌˎ'˴ïØʰ�&ȍCȜț�?Kj�Q�-Ǵˇ(ơˡ-ˮ«

'�?��-<
*�ʀɻɟɾ-ȵĀ�?ǔɿØƍ.��@�@-ʀɻɟɾ-

˭¨ĶȬȘ;¤˂n_���ʞɖ;Ʉɢƞ˰-˩)*)+<#&ÎȘï�@&

)?��-�':ȑ+˷ʧ*-��ʦʐʀɻ+ȑȦȯ+ȬȘ��ȍȜțCƍ


ʂÍŨ_�nRˊ 1(uncoupling protein 1; UCP1)'�?[3, 4]� 

� UCP1.ʦʐʀɻɟɾ-|eV�f�FÏʊ+ķĠ��t�e�a�j�(�

&-ǔɿCƷ�?�|eV�f�F'.ĒĎ˼+<#&°=@?t�e�-ȅ

Ší˰CÞȝ�& ATP�Ĉƀ�@&)?��UCP1�ǭźï�?( ATPĈƀC

©B�+t�e�ȅŠí˰�ʰǴ�@�ɣǈȯ+Kj�Q�.ȍ(�&ơˡ�

?�UCP1 -t�e�a�j�ǭź.�˛Ŗ. ADP *)-t��iR�Maf

+<#&ƈß�@&)?��ʦʐʀɻ+Ł+ƉŇ�?�ŽɄɢ�ǭźï�?(

ƈß�ʰ̇�@?��*B"��ŽɄɢɠƻ�=Øǧ�@?k�Kqjr��

�ʦʐʀɻɟɾʊ�- β Ff�g��ăĿ­+°ȝ�?(�ɟɾÏ'.x��

�Žăź�n�^�ǭźï�@�ɟɾÏ�źʀɻ�Øʰ�@&ʀɻ˴�ˤ̐�

?��-ʀɻ˴.ȍȜțħˊ(*?(ĉƳ+�UCP1+ȴƖ°ȝ�&t�e�a

�j�ǔɿCǭźï�?[5]�ŭ#&��ŽɄɢǭì��ˠ�?<
*țșȯǀ

¦'.ʦʐʀɻ-UCP1ɛ+<?ȍȜț(Kj�Q�Ǵˇ)�Ĭ�?�(+*?� 

� �-<
+�UCP1-ǭźï+.�ŽɄɢź-àȃ�Ŷ̚'�?��k�Kq

jr��-Ɛɧȯ*àȃ.�UCP1-ȬȘ:Ĭè�:?�UCP1˭¨Ķ-t��

�_�̛ĥ+.�ʦʐʀɻɟɾȑȦȯ+k�Kqjr��'ǭźï�@?K�
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l�X�̛ĥ�ķĠ�[6]�ˏÑĚĶ cAMP responsive element-binding protein 

(CREB)�ǌÏăĿ­ peroxisome proliferator-activated receptor γ (PPARγ)�Ƞȓʈ

x���ăĿ­*)-ɣĈ̛ĥ�č6@?�βăĿ­�àȃ�@?(�Fdh�

˴ZR��^;t�cH�Pg�^ A ()# ˳ɞ�ǭźï����˴ï�@

 CREB �ˏÑĚĶ(�&ǔɿ�?�CREB .ȴƖ UCP1 ˭¨Ķt���_�

+ɣĈ�?!�'*���=+ǒ	*˭¨ĶȬȘC¡�&̀Ɩȯ+ UCP1 ȬȘ

CĬè�:?(ɵ�=@&)?���-�$+ PPARγ coactivator-1α (PGC-1α)�

�?[7]�PGC-1α .VFRav�_�(�& PPARγ ;Ƞȓʈx���ăĿ­(

ʥĈ­CŦƀ�?�('UCP1˭¨ĶȬȘCʻŉ��Ý-ˏÑĚĶ'�? nuclear 

respiratory factor(ɣĈ��|eV�f�F-ĬțC·�&ʦʐʀɻɟɾ-ȍȜ

țɿC̩9?� 

� �-<
+k�Kqjr��-àȃ.�UCP1 Cǭźï�?(ĉƳ+�UCP1

-ȬȘ˹CĬè�:?�('ʦʐʀɻɟɾ-ȍȜțɿCĬè�:?�ʦʐʀɻ

Cǭźï�?ƶ:Ťç'�$țșȯ*àȃ�ŃÔàȃ'�?�ŃÔȚī'-­

ǼɨƐ+�-ɢˍ-ǭźï�Ŷ̚'�?�(.�k�Kqjr��;Kqjr

��CȜț'�*)f�n|� β of�PZ��^Ǖƚ{I\[8]; β Ff�g

��ăĿ­-Ë&-X±_Ht(β1, β2, β3)CǕƚ�: β-less{I\[9, 10]��

�& UCP1Ǖƚ{I\[11, 12]�ŃÔ�ɷź'�?�(�=:Ư=�'�?�6

 ��-ɢˍ.Óȷìȏ�ʬ˵�?̍-­Ǽ�ƭ+:Ŷ̚'�?�(�Ø�#

&)?[1]� 

� ʦʐʀɻ.ȍȜț-ħˊ(�&ʀɻKj�Q�CǴˇ�?-'�ʦʐʀɻC

ǭźï�?(ɹǾC�̄6 .ʰǴ'�?�(�ìȏļ̧+<>ʵƯ�@&�

 �oe-ĩĈ�ʦʐʀɻ.ŜŋƸ6'.˅ł+ķĠ�?��ƀ˾+©)˗ɰ

��ƀ�+.ʦʐʀɻ�ķĠ�*)(�@&� ��˔Ś�ƀ�+:ǔɿȯ*

ʦʐʀɻ�ķĠ�?�(�Ĩď�@ [13]�Ȫ:ģ-�+.ʦʐʀɻ�į�ķĠ

��­ʀɻ˹(ʦʐʀɻ˹.˙ȵ́Cɀ��(�=�ƀ�+�)&:ʦʐʀɻ

�­ʀɻ˹-ʾɗ+́B?(Ɨń�@?��Ʃ'�è̬+©)ʦʐʀɻ-ǎ×

̝Š.Ǻŋ��ĀŅ+ɹǾ-�\R.è̬+©)Ĭè�? 9�oeʦʐʀɻ

CKj�Q�Ǵˇ-¿̖�=-ɹǾŅɔ-_�Ube(�? 9+.�ǭźï

�?ƩǨ+è�&�ʦʐʀɻCĬ;�ƩǨCɵ�?Ŷʧ��?� 

� ŃÔàȃCɦɧ�?( UCP1 -ȬȘ˹�Ĭè�?((:+ʦʐʀɻɟɾ�-

:--Ƣ�Ĭè��ɡɱ�Ĭț�?�(�Ⱥ=@&)?�ʦʐʀɻɟɾ-Ĭè
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+è�&�ŃÔàȃ+<>ʞɖÏȱɟɾ-ĬǛ:ǭȬï�&ʞɖƨț�ʻŉ�

@�ʦʐʀɻɟɾ�Ȝț�?ȍCëȗ<�Ëˎ+ơˡ�:?[14]��ʏ+�ʀɻ

ɟɾ-Ƣ.á̦ɟɾ-ĬǛ(�@=-Øï�Fze�Z\+<?ɟɾǙ-̱$

-˦ɉ-m��\+<>ʪĻ�@?(ɵ�=@&)?��- 9�ŃÔàȃ+

<?ʦʐʀɻɟɾƢ-Ĭè.á̦ʦʐʀɻɟɾ-ĬǛ(Øï�ʻŉ�@? 9

(ɵ�=@&)?��ȴƖȯ*ʵƯ.�@6'+Ĩď�*��Øï� ʦʐʀ

ɻɟɾ�-:--ĬǛ+́�&.˄ʿ�ˠD')*)���'�ƼȻɍ-ɑ�

ɐ'.�ŃÔàȃʻŉź-ʦʐʀɻɡɱĬț+�)&�)-<
*Ɋ̠-ɟɾ

�ĬǛ�?-�Cʾ3�Øï� ʦʐʀɻɟɾ�ĬǛ�?ĄɿźCʩ×� �

��'�ɑ�ɐ'.Øï� ʀɻɟɾ-ĬǛCƈß� {I\Cȝ)&�ʀɻ

ɟɾ-ĬǛ�ɡɱŦƀ+�)&)-<
*ŧ̗C��&)?�ǎʳ� � 

� *���@=-Ȼɍƀǈ-�ˮ.�¥�-üʖʿƤ(�&Ìʡ� � 

 

Fukano, K., Okamatsu-Ogura, Y., Tsubota, A., Nio-Kobayashi, J., Kimura, K. (2016). 

Cold exposure induces proliferation of mature brown adipocyte in a β3-adrenergic 

receptor-mediated pathway. PLoS One. 11(11): e0166579. 
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[ɑ�ɐ] ŃÔàȃ+<? β3 Ff�g��ăĿ­C¡� ʦʐ
ʀɻɟɾ-ĬǛ  
 

1. şƤ  
� ìȏ�ŃÔȚī+�=�@?(�ʦʐʀɻ'. UCP1 �ǭźï�&ȍCȜț

�?�ŃÔàȃ�˾Ƹ+ǻ?(�UCP1ȬȘ˹�Ĭè�?((:+ʦʐʀɻɟɾ

-Ƣ�Ĭè��ʦʐʀɻɡɱ�Ĭț�?�(�Ⱥ=@&�>�Ëˎ-ȍȜțɿ

C̩9&­ǼCɨƐ�? 9-˫ŷĀŷ(ɵ�=@&)?[12, 14, 15]�ʦʐʀɻ

ɡɱ. UCP1 CȬȘ�?ʦʐʀɻɟɾ+è��á̦ʀɻɟɾ�<1ʞɖÏȱɟ

ɾ*)- UCP1 CƐ *)̀ˊɟɾ'Ǒƀ�@?��ŃÔàȃ+<?ʦʐʀɻ

ɟɾƢ-Ĭè+á̦ʀɻɟɾ-ĬǛ(Øï�́B?�(�ɀ�@&)?[15]�²

�/��be+ƟŇźĉ«­'�v�� a|[�CƉ��ŃÔàȃC��?

(�ɟɾØʢ+Çɏ#&DNA+a|[�CĂ>˓D!ɟɾ-åĈ�Ĭè�?[14, 

15]�̒Ķ̟ű˽'-ʯń+ħ%�ɟɾɊCÜÝ�?(�a|[�Ă>˓7.ʦ

ʐʀɻɟɾ2(Øï�?á̦ɟɾ(ŻĻ�@?̀ʕɛɟɾ+ʺ9=@�ŃÔà

ȃ-ƬƢC˖
�(+�ŋ˹-ʀɻȂCč8ƺȌ*ʦʐʀɻɟɾ���&ƀȌ

ʦʐʀɻɟɾ-̙'Ĭè�?�(�Ĩď�@&)?[14]� 

� ʦʐʀɻɡɱ-Ĭț.�ŽɄɢ-k�Kqjr��-ɢˍC¡�&)?�ʦʐ

ʀɻɡɱCƞ˰�?�ŽɄɢCÙ̇�?(�ŃÔàȃ+<>a|[�CĂ>˓

8ʦʐʀɻɟɾ-Ƣ�Ǻŋ��k�Kqjr��-Ɖ�+<>ęŰ�?[16, 17]�

6 �Û¤Ħ̤� {I\á̦ʦʐʀɻɟɾ+�)&:k�Kqjr��àȃ

+<? DNA˹-Ĭè.ʩ=@? [18]�Ff�g��ăĿ­-
"�á̦ʦʐʀ

ɻɟɾ+. β1ăĿ­�ȬȘ�&�>�Øï+©) β3ăĿ­�ȬȘ�?-'[19]�

k�Kqjr��� β1Ff�g��ăĿ­C¡�&á̦ɟɾ-ĬǛCʻŉ�?

(ɵ�=@?�����ʦʐʀɻɟɾ+: β1ăĿ­.ȬȘ�&�>�ʦʐʀɻ

ɡɱ-Ĭț+́B#&)?Ąɿź��?��Øï� ʦʐʀɻɟɾ-ĬǛ;�

-ßůǔǑ+́�&.�@6'+�6>˄ʿ�@&)*)� 

� ��'Ƽɐ'.�ŃÔàȃ+<#&Øï� ʦʐʀɻɟɾ�Øʢ�?�Č��

�=+ʦʐʀɻɡɱ-Ĭț+́B#&)?�Cʾ3? 9�ɡɱĸȯ*ʰǅC

ʟ# � 
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2. ƽƦ(ƩǨ  
2.1 ļ̧ìȏ  
� C57BL/6J {I\. 23��Ʋİ 12 Ƴ̀XHR�̭ƯƸ̲07:00-19:00̮Țī�

't�\abRT�[+&ʌȟƜ̡ÿ1ʌȟ̢Ǣ'̣ɼ� �ļ̧+. 10˟̬

�= 12˟̬-̎{I\C±ȝ� �ŃÔàȃļ̧'.�{I\Ct�\abR

T�[+ 1ñ�$Ê@�ĽǼ 10�' 1-5Ƭ̀öỤ̏ɼ� �5-Kah�-2′-dM

PZI�[�(EdU)Ă>˓7ļ̧'. EdU (50 mg/kg,̰Ƭ 2 ę; Invitrogen, 

Carlsbad, CA, USA)C 19:00( 7:00+ȱ�Ɖ���1ęȳ-Ɖ�ȴū�=ĽǼ 10�

' 24Ƴ̀öỤ̏ɼ� �β3Ff�g��ăĿ­°ìʛƉ�ļ̧'. CL316,243

̭CL 0̲.1 mg/kg, 1Ƭ 1ę; Sigma-Aldrich, St. Louis, MO, USA C̮ 1-5Ƭ̀�10:00

+ȱ�Ɖ�� �β Ff�g��ăĿ­̅ľãƉ�ļ̧'.�β1 Ff�g��

ăĿ­̅ľã'�?~et����̭5 mg/kg, 1Ƭ 2ę; Sigma-Aldricḫ:��

. β3 Ff�g��ăĿ­̅ľã'�? SR59230A̭1 mg/kg, 1 Ƭ 2 ę ; 

Sigma-AldricḫC 19:00 ( 7:00 +ȱ�Ɖ���1 ęȳ-Ɖ�ȴū�=ĽǼ 10�

' 24Ƴ̀öỤ̏ɼ� �{I\Cȇ˴O\'ĹǏǙ�:�ɺȠ̨̀ʦʐʀɻɡ

ɱ(țǛĘĐěȮʐʀɻɡɱCƕĂ��˷˹CǽĻ� �ɡɱ-�ˮC 4%n�

x�}F�dof'ĝĻ��Éȧɡɱïĸǉʐ+ȝ) �ǚ>-ɡɱ.˜;�

+ǵ­Ɏɞ�'Õɣ��IK\_�±�beʰǅ; DNA č˹-ǽĻ+ȝ) �

�ˮ-ļ̧'.�ƕĂ� ɡɱCƀȌʀɻɟɾ(̀ˊɟɾ-ö̐+ȝ) �ļ

̧ƃƆ*=1+ìȏ-ĂƄ).�Ë&ðǲ˧ıĸ-ļ̧ìȏĵĔ§-ƅʺ�̭ ƅ

ʺȥĆ 13-0218̮'ļƪ� ��

 

2.2 ƀȌʀɻɟɾ(̀ˊɟɾ-ö̐  
� {I\�=ƕƽ� ɺȠ̨̀ʦʐʀɻɡɱ(țǛĘĐěȮʐʀɻɡɱCɟÙ

��ˤ̐ʀɻ˴Cč6*)IZʞǹF�±|�̭BSA, 10 mg/ml, Sigma-Aldricḫ

( 2.5 mM S�V�\�V�Ug�^̭1 mg/ml, WAKO Pure Chemicals, ı̮̃

Cè� Krebs-Ringer bicarbonate HEPESɯʠǵ̭KRBH, pH 7.4̮�' 1Ƴ̀�

37�-H�P�v�_�' 90 cycle/min'ƒȲ�*�=Ǵï� �Ǵï� ɟɾ

-ſȄǵC 200 µm-gH��rG�_�+˛��200×g' 2Ø̀�ĽǼ+&˪

ŵØ̐� �Ǳˤ� ɟɾCƀȌʀɻɟɾ(�&ęā� �w�beCſȄ�

 ū+ 25 µm-gH��rG�_�+˛��200×g' 2Ø̀�ĽǼ+&˪ŵØ̐

� �Ů=@ w�beC̀ˊɟɾ(�&ęā� �ƀȌʀɻɟɾ(̀ˊɟɾ
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.V�Ug�^( BSACĂ>̇� 9+ KRBH' 3ęǬǯ� �ęā� �ɟ

ɾ.IK\_�±�beʰǅ+ȝ) � 

 

2.3 IK\_�±�beʰǅ  
� Õɣ� ɡɱ+ Tris-EDTAmbrE�̭10 mM Tris, 1 mM EDTA, pH 7.4̮C

è��zb_�ģx�UgHY�+<>ôØ+Ģˊï� ��@C˪ŵØ̐

̭800×g�20 Ø�4�̮��ƺȽȼɡɱ;ǌCč8w�be(�ŏ-ʀɻŏCč

6*)<
�̀ŏCęā� �ö̐� ɟɾ.�RIPAmbrE�(gN�Hc\

R��˯)Cè�&qwbcG�S+<>ȁʰ��ǣ�+ 30Ø̀ɲ) ū�˪ŵ

Ø̐(15,000×g�15 Ø�4�)�&�ǹCęā� ��Ļ˹-_�nRˊ̭ʦʐʀ

ɻ. 2.5 µg�Ȯʐʀɻ. 30 µg̮C SDS-z�FR��F|fU�̒ǡǫì

̭SDS-PAGE�13.5 %z�FR��F|f +̮<>ØȢ��PVDF ʊ̭ ImmobilonTM, 

Millipore, Bedford, MA, USA̮+ˏÑ� ��-ʊC±�bP�Sȁǵ̭150 mM 

NaCl, 20 mM Tris-HCl, pH 7.5+ 0.1 % Tween20( 5 %\P}|�RCč8̮'�

ƴ±�bP�S��±�bP�Sȁǵ+&Ŕ˶� �ǖƊ­( 1 Ƴ̀Āŷ�:

 �±ȝ� Ɗ­(Ŕ˶¼ȗ.ʡ 1 +ɀ� ��-ū�±�bP�Sȁǵ+&

5,000¼+Ŕ˶� Horseradish peroxidase (HRP)Ǔ˃�ǖƊ­(Zymed Laboratories, 

South San Francisco, CA, USA)( 1Ƴ̀Āŷ�:�ïĸȬÈħˊ̭ Chemiluminescent 

HRP Substrate, Millipore̮(Āŷ�:& Image Quant LAS 500̭GEu�\TF, 

Fairfield, CT, USA̮'ǎ×� �ǎ×� m�f. Image JCȝ)&Ļ˹� � 

 

2.4 ʦʐʀɻɡɱ-ʝÈÉȧɡɱïĸǉʐ  
� n�rG�îĤ� ʦʐʀɻɡɱC 5µm+ʚÙ� �ʚÙǓƼC 100%PZ�

�+ǳ�&ʂn�rG���100�90�80�70%K_k���ʗȣǢ-̙+ǳ�

&ʮǢïCʟ# �PBS' 5Ø̀ 3ęǬǯCʟ# ū�2.5% Triton X-100+ 30

Ø̀ǳ�&ǳ˚ïCʟ# �PBS' 5Ø̀ 3ęǬǯ� �Ki67Cǉʐ�?ĩĈ

+.ǳ˚ïū�RK�˴ɯʠǵ̭pH 6.0̮+ǳ�&M�eR��±(105��15

Ø)�&�Ɗü-ˉǭïÖșCʟ# �PBS' 5Ø̀ 3ęǬǯ� ū�10%�Q

ǘŖʞǹ( 1 Ƴ̀Āŷ�:&̕ȑȦĀŷ̅ľCʟ)�ʡ 1 +ɀ�¼ȗ'Ŕ˶�

 �ǖƊ­( 4�'�ƴ�Āŷ�: �į˷ǉʐ-̍.�2Ɋ-Ɗ­-ǷĈǵC

ȝ) �PBS' 5Ø̀ 3ęǬǯ� ū�200¼Ŕ˶� Alexa Fluor 4886 .

594 'ʝÈǓ˃�@ ƊIXQ�ǖƊ­(Life Technologies, Gainthersburg, MD, 
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USA)6 .Ɗh�e��ǖƊ­(Thermo Fisher Scientific, Rockford, IL, USA)(Ľ

Ǽ' 2 Ƴ̀Āŷ�: �PBS ' 5 Ø̀ 3 ęǬǯ� ū�[F|[krJh�H

�f��̭DAPI̮čƷ-ņÊã̭ProLong Gold Antifade with DAPI, Life 

Technologies̮Cȝ)&ņÊ��ʝÈ̟ű˽'ʯń� �6 �ćǓƼ�=Ɲŧ

� ÑȶCȊ°ȉ+ʥƢǇˬƋ�&ʯń��ʦʐʀɻɟɾ(̀ˊɟɾCòÝ�

&Ƣ���-ʲǽ½-řĢ�=ć»­- Ki67̊źɟɾ-åĈCɕ×� ��

 

2.5 EdUǉʐ  
� EdUǉʐ. Click-iT EdU Imaging Kits (Invitrogen)Cȝ)&ʟ# �ǳ˚ïÖș

6'. 2.4(ĉ�ƩǨ'ʟ# �0.05 w/v % Trypsin-EDTA'ĽǼ+& 20Ø̀ˉ

ǭïÖșC� ū�Pbe-t�eV��+ŭ#&ǉʐCʟ# � 

 

2.6 DNAč˹  
� DNA č˹. bisbenzimidazolḙHoechst no.33258̮Cȝ) ʝÈĻ˹Ǩ+<>

ǽĻ� �Õɣ� ɡɱ+ Tris-EDTA mbrE�Cè��zb_�ģx�Ug

HY�+<>ôØ+Ģˊï� ū+�2 M NaCl( 2 mM EDTACč8 50 mM�

�˴mbrE��' bisbenzimidazole(Āŷ�: �{HR�t��eʝÈÈŠ

ʲ̭Fluoroskan Ascent; Thermo Fisher Scientific̮Cȝ)& 360 nm-êˌrG�_

�( 460 nm-ĎārG�_�Cȝ)&ʝÈŤŠCǽĻ� �ćX�t�- DNA

č˹.XTəĶ- DNA�=Ů=@ ǎ˹ɮCȝ)&ɕ×� � 

 

2.7 ɥʲʰǅ  
� ļ̧d�_CřĢ½±ǓȀʽœ'ɀ� �řĢ½̀-ƷżœǎĻ.�Æ˰ɲØ

ơØǅǨ+<>ʟ)��ūǎĻ+. Scheffe’s post hoc-testCȝ) � 
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ʡ 1. IK\_�±�be�<1ʝÈÉȧǉʐ+ȝ) �ǖƊ­(Ŕ˶¼ȗ 

Ɗ­ Ŕ˶¼ȗ 

Ɗ UCP1IXQʞǹ 

� � (�˯ıĸǥȞȋ̎ƠƓ<>³�) 

WB: 5,000¼ 

IHC: 300¼ 

p44/p42 MAPK (ERK) 

� � (Cell Signaling Technology, Beverly, MA, USA) 

WB: 5,000¼ 

phospho-ERK 

� � (Cell Signaling Technology) 

WB: 5,000¼ 

phospho-Histone H3 

� � (Cell Signaling Technology) 

WB: 1,000¼ 

proliferating cell nuclear antigen (PCNA) 

� � (Santa Cruz Biotechnology Santa Cruz, CA, USA) 

WB: 5,000¼ 

Actin 

� � (Sigma-Aldrich, St. Louis, MO, USA) 

WB: 5,000¼ 

Ki67 

� � (Abcam, Cambridge, MA, USA) 

IHC: 200¼ 

monocarboxylate transporter 1 (MCT1) 

� � (Merck Millipore, Billerica, MA, USA) 

IHC: 200¼ 

(WB: IK\_�±�be; IHC: ʝÈÉȧǉʐ) 
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3. ɣǈ  
3.1 ʦʐʀɻɟɾ(̀ˊɟɾ-˃Ý  
� ʦʐʀɻɡɱ-ɡɱÙȎ�'ʦʐʀɻɟɾ(��@¥Į-̀ˊɟɾC˃Ý�

? 9+�ʦʐʀɻɟɾ-|eV�f�FȑȦȯ+ķĠ�? UCP1(ʦʐʀɻ

ɟɾ-ɟɾʊ+̩ȬȘ�?�kN�y�˴ˑ˘­ 1 (monocarboxylate transporter 

1: MCT1) [20]+Ņ�?Ɗ­Cȝ)&ÉȧǉʐCʟ# (Ĝ 1)�MCT1'ǉʐ�@

 ɟɾʊC:$ɟɾ(Ĝ 1 a, c, dȹø).�Ş)ɟɾˊ̛ĥC:"�DAPI'ǉʐ�

@ ÐŦ'ı�)ǌ�ɟɾʊ�=̐@&ķĠ�?()
ȑų�ʺ9=@ �ɟ

ɾˊ̛ĥ+ UCP1�ǎ×�@?�(�=��@=-ɟɾCʦʐʀɻɟɾ(Ļɴ

� ��Ʃ�MCT1̊źɟɾ-̀̌+ķĠ�?ɟɾ(Ĝ 1 a, bȹ̜).�ɟɾˊ̛

ĥ�:6��Ƃř*ǌCƐ$()
ȑų��# �UCP1CȬȘ�&)*)�(

�=��@=-ɟɾC̀ˊɟɾ(Ļɴ� � 

@ �� b_^ZU\8heU\�d7�

{I\�=ƕƽ� ʦʐʀɻɡɱ�=ʚÙǓƼC°ʤ��UCP1 (ɬ:�ǜŒ)( MCT1 
(ˋ:�ǜ�Ĳ)CʝÈÉȧǉʐ+<>ǉʐ� �ǌC DAPI (̔)'ǉʐ� �Ë&-ʐC
˷,ĈB: ǉʐÃC�ǜą+ɀ��MCT1̊ź-ɟɾʊ'ʨB@ ı�* UCP1̊ź
-ɟɾˊ̛ĥCƐ"�ÐŦ-ǌ(ȹø:a, c, d)CƐ$ɟɾCʦʐʀɻɟɾ(Ļɴ��MCT1
̊ź-ɟɾʊ-̀̌+ķĠ�? UCP1̈ź'Ƃř*ǌCƐ$ɟɾ(ȹ̜:a, b)C̀ˊɟɾ
(Ļɴ� � 
  

25#um�

a� b�

c�
d�

UCP1,#DAPI� MCT1,#DAPI� MCT1,#UCP1,#DAPI�

a� b c� d�

+1Ô������ï°£��ò¢�"
ĖąċÛûRZãè������Ûû��_Yā	MãÕUCP1(�)ïMCT1(¤)ā��P�eñú
ü[�ãèÖ]āDAPI(·)î[�ãèÖMCT1´Jò���î�Āþè6ÝðUCP1´Jò��£¹
0āQêÕ�Eò](�":a,#c,#d)āQì��ā������ï:�ãÕMCT1´Jò���ò°µ
ñ9,äýUCP1³JîNCð]āQì��(�º:a,#b)ā°£��ï:�ãèÖ�

Ki67,#MCT1,#DAPI�Ki67,#MCT1#�Ki67,#DAPI�

25#um�

+2ÔKi67´J��ò^�"
ĖąċÛûRZãè������Ûû��_Yā	MãÕKi67(�)ïMCT1(¤)ā��P�eñ
úü[�ãèÖ]āDAPI(·)î[�ãèÖ�"óKi67´Jò������ā�äÖ�
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3.2 ʦʐʀɻɡɱ�'ĬǛ�?ɟɾɊ-˃Ý  
� ʦʐʀɻɡɱ�')-<
*ɟɾ�ĬǛ�?�Cʾ3? 9+�ɟɾĬǛ{

�N�'�? Ki67CʝÈÉȧǉʐǨ+<>ǉʐ� �ĽǼ 23�-Țī'̣ɼ�

 {I\-ʦʐʀɻɡɱ'.�ŝ$�- Ki67̊źɟɾ�ʺ9=@ (Ĝ 2Œ)�

ɟɾɊC˃Ý�? 9+MCT1(-ÍǉʐCʟ
(�4(D)-ɟɾ�Ĝ 1'

Ļɴ� ʦʐʀɻɟɾ'�?�(�B�# (Ĝ 2ą)�ʦʐʀɻɟɾ'-ĬǛ{

�N�-ȬȘCȿʺ�? 9�ʦʐʀɻɡɱCʀɻɟɾ(̀ˊɟɾ+Ø̐�&

IK\_�±�beʰǅCʟ# �UCP1.ʀɻɟɾȢØ+�)&ȬȘ�&) 

�̀ˊɟɾȢØ'.ǎ×�@���ɟɾ�ǘȿ+ØȢ'�&)?�(�ȿʺ�

@ (Ĝ 3)�ĬǛ{�N�'�? Proliferating cell nuclear antigen (PCNA).ʀɻɟ

ɾȢØ(̀ˊɟɾȢØ-�Ʃ'ǎ×�@ �ʀɻɟɾȢØ'ǎ×�@ PCNA

˹.̀ˊɟɾȢØ'-ǎ×˹<>į��ʀɻɟɾȢØ2-̀ˊɟɾ-ǷÊ+<

?Ąɿź.¬)(ɵ�=@ �ʦʐʀɻɡɱ(.Ņȋȯ+�țǛĘĐě-Ȯʐ

ʀɻɡɱ'.�PCNA.̀ˊɟɾȢØ'-7ǎ×�@ � 
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@ �� �2	
 idU\�K5  
{I\�=ƕƽ� ʦʐʀɻɡɱ�=ʚÙǓƼC°ʤ��Ki67 (ɬ:Œ)( MCT1 (ˋ:�
Ĳ)CʝÈÉȧǉʐ+<>ǉʐ� �ǌC DAPI (̔)'ǉʐ� �Ë&-ʐC˷,ĈB:
 ǉʐÃCą+ɀ��ȹø. Ki67̊ź-ʦʐʀɻɟɾCɀ�� 
 
 
 
 

@ �� ^ZU\5!�heU\957#AM*KCK�pQ�

{I\�=ʦʐʀɻɡɱ(BAT)(țǛĘĐěȮʐʀɻɡɱ(G-WAT)CƕĂ��V�Ug
�^Ǩ+<>ɟɾCö̐�&�̀ˊɟɾȢØ(SV)(ʀɻɟɾȢØ(adipo)+Ø̐� ��
@�@-ȢØ+��? PCNA( UCP1�Actin-_�nRˊȬȘCIK\_�±�be
Ǩ+<>ʾ3 � 
 

 

  

25#um�

a� b�

c�
d�

UCP1,#DAPI� MCT1,#DAPI� MCT1,#UCP1,#DAPI�

a� b c� d�

,1×������ò³¦��õ¥�"
ęĈĎÞþS[æë������Þþ��aZĄ
NæØUCP1(�)òMCT1(§)Ą��Q	gôý
ÿ]�æëÙ_ĄDAPI(º)ñ]�æëÙMCT1·Kõ���ñ ăāë7àóUCP1·Kõ��¦¼
1ĄRíØ�Fõ_(�#:a,#c,#d)ĄRï��Ą������ò;�æØMCT1·Kõ���õ³¸
ô:-çĀUCP1¶KñODó_ĄRï��(�½:a,#b)Ą³¦��ò;�æëÙ�

Ki67,#MCT1,#DAPI�Ki67,#MCT1#�Ki67,#DAPI�

25#um�

,2×Ki67·K��õ`�"
ęĈĎÞþS[æë������Þþ��aZĄ
NæØKi67(�)òMCT1(§)Ą��Q	gô
ýÿ]�æëÙ_ĄDAPI(º)ñ]�æëÙ�#öKi67·Kõ������Ą�çÙ�

UCP1�

PCNA�

Ac<n�

SV�adip�
BAT� GCWAT�

SV�adip�

,3×����Ýý÷³¦��ôÝâĀ5cęĠĊĠõ{r"
ęĈĎÞþ������(BAT)òuc)(+|�����(GCWAT)ĄS$æØČĚċĕĠďg
ôýÿ��Ą"¹æðØ³¦��x�(SV)ò����x�(adipo)ô�¹æëÙéāêāõx�
ôÝâĀPCNAòUCP1ØAc<nõ�|¦{rĄĈĉĎĐğėĞđēgôýÿ¤ùëÙ�
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3.3 ŃÔàȃ�ʦʐʀɻɟɾ-ĬǛ+��?ŧ̗  
� Ɛɧȯ*ŃÔàȃ.�ɟɾƢ-ĬèC©
ʦʐʀɻɡɱ-ĬțCŢ�ˌ���

�@Cȿʺ�? 9�{I\+ŃÔàȃ(10�)C���1, 3, 5Ƭ̣ɼ� �ĽǼ

23�'̣ɼ� Ņȋ{I\-ʦʐʀɻɡɱ'.�ʦʐʀɻɟɾ�-įƁźʀɻ

Ȃ-XH].ŃÔàȃ˿Ĵ�= 3Ƭȳ6'Ǻŋ�?Áċ��>�3Ƭȳ( 5Ƭȳ

'.ĉɉŠ'�# (Ĝ 4 A)�ɡɱ˷˹.ʀɻȂ-Ǻŋ+�ʍ�&ŃÔàȃ 3Ƭ

ȳ6'Ŭ	+Ǻŋ�?Áċ�ʺ9=@�5Ƭȳ+.Ņȋ(ĉɉŠ6'ęŰ� 

(Ĝ 4 B)�ɟɾƢ-ƑǓ(�&ʦʐʀɻɡɱ�- DNAč˹CǽĻ�?(�ŃÔ

àȃC˿Ĵ�& 1Ƭȳ�=Ʒż+Ĭè��5Ƭȳ6'Ŭ	+Ĭè�&)�Áċ�

ʺ9=@ (Ĝ 4 C)�UCP1_�nRˊ-ȬȘ˹.ŃÔàȃ-ƬƢ+´ķ�&Ĭ

è� �ĬǛ{�N�'�? PCNA;�ɟɾĐƸ-MƸ+ȑȦȯ+ǎ×�@?

��˴ïo\e� H3�ɟɾ-țķ;ĬǛ+́B?ZSg�¨˨ɢˍ- ERK-

��˴ïrL�}-_�nRˊȬȘ˹.)�@:ŃÔàȃ 1Ƭȳ+Ĭè� (Ĝ

4 D)��@=-ɣǈ�=�ŃÔàȃ 1Ƭȳ+.ɟɾĬǛ�ʻŉ�@?�(�B�

# � 

� Ɗ Ki67Ɗ­Cȝ)&ʝÈÉȧǉʐCʟ# (�A�Ki67̊źɟɾ.Ņȋ':

ʺ9=@ �(ɜ 10%)�ŃÔàȃ 1Ƭȳ+.æȯ+Ĭè�(ɜ 27%)�5Ƭȳ+�

)&:Ņȋ<>:į�# (ɜ 26%) (Ĝ 5 A)�Ĝ 1(ĉǒ-Ļɴ+<> Ki67̊ź

ɟɾCʦʐʀɻɟɾ(̀ˊɟɾ+òÝ�&Ļ˹ï� �ʦʐʀɻɟɾ-
"

Ki67̊źɟɾ-åĈ.�Ņȋ'. 7.2% ± 0.4%'�# -+Ņ��ŃÔàȃ 1Ƭ

ȳ'. 25.6% ± 1.8%+Ĭè� (Ĝ 5 B)��-ū�ʓŘǺŋ�?Áċ�ʺ9=@

 :--�ŃÔàȃ 5Ƭȳ6'Ņȋ+Ǡ3Ʒż+̩�# (21.8% ± 1.7%)��Ʃ�

̀ˊɟɾ-
" Ki67̊źɟɾ-åĈ.�Ņȋ'. 19.6% ± 2.3%'�# -��

ŃÔàȃ 1Ƭȳ�=Ŭ	+Ĭè��ŃÔàȃ 5Ƭȳ'ƶ:̩��42.1% ± 8.3%(

*# � 

� �@=-ɣǈ�=�ŃÔàȃ.ʦʐʀɻɟɾ(̀ˊɟɾ-�Ʃ-ĬǛC·ˠ

�?��ʦʐʀɻɟɾ'.àȃū˜;�+ĬǛ�ʻŉ�@�̀ˊɟɾ'.Ŭ	

+Ĭè�&)��(�B�# � 

� Ki67.ɟɾĐƸ-Ş)ɘě'ȬȘ�?ĬǛ{�N�'�?�ŃÔàȃ+<>

ʦʐʀɻɟɾ� DNAĈƀƸ(SƸ)+ˠʟ� :-Cʾ3? 9�a|[�-̠

ª­'�? EdU- DNA2-Ă>˓7Cʾ3 �{I\+ EdU (50 mg/kg�1Ƭ

2ę)Cȱ�Ɖ��&ŃÔàȃC 1Ƭ�� (�A�Ĝ 6 A+ɀ�<
+ EdUC
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Ă>˓D!ɟɾ�ȿʺ�@ ��-Ƣ. Ki67̊źɟɾ-Ƣ<>ŋ*�# :-

-�EdU-Ă>˓7.ʦʐʀɻɟɾ(Ĝ 6 Bȹø)(̀ˊɟɾ(Ĝ 6 Bȹ̜)-�Ʃ

'ȿʺ�@ � 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
@ �� D4UN9!#b_^ZVY�B=�

{I\CĽǼ 23�(Ņȋ):��. ŃÔàȃ(10�:1Ƭ�3Ƭ�5Ƭ)C��&̣ɼ� �
ʦʐʀɻɡɱ(BAT)- HEǉʐÃ(A)�˷˹(B)�<1 DNAč˹(C)Cʾ3 �ʦʐʀɻ
ɡɱ{�N�'�? UCP1�<1ĬǛ́˞_�nRˊ-ȬȘ˹CIK\_�±�be
Ǩ+<>ʾ3  (D)�½. 4²-řĢ½�ǓȀʽœCɀ��̯.Ņȋ(-̀+Ʒż*œ
(p<0.05)��?�(Cɀ�� 

?��j#(10Ó)�

@l� 1V� 3V� 5V�

HE�

A�

50µm�
B�

*� *�
*�

(m
g)
�

(μ
g#
/#<

ss
ue

)�

0�

25�

50�

75�

100�

@l� 1V� 3V� 5V�

?��j#(10Ó)�

@l� 1V� 3V� 5V�

?��j#(10Ó)�

0�

200�

400�

600�

+4Ô?��jñúý������ò5�"
Ėąċā;f23Ó(@l)ùãÞóÂ?��j(10Ó:1VÕ3VÕ5V)ā�Ùí¼�ãèÖ������òHE
[�
(A)Õ¬®(B)ÚúôDNA&®(C)ā¡öèÖ������Ėĝćĝî×ýUCP1Úúô4a±§�
z£òyp®āąĆċčĜĔěĎĐeñúü¡öèÂ(D)Ö�ó4
òC.�±_h Bā�äÖĠó@l
ïò°ñXKðB(p<0.05)Ü×ýàïā�äÖ�

C�

UCP1�

PhosphoCERK�

@l� 1V� 3V� 5V�

PCNA�

Total#ERK�

PhosphoCHistone#H3�

?��j#(10Ó)�

BAT¬®� DNA&®�

D�
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@ �� D4UN9!# �2	
 idU\�A;  
{I\CȊàȃ(23�: Ņȋ):��. ŃÔàȃ(10�:1Ƭ�3Ƭ�5Ƭ)C��&̣ɼ�
 �ʦʐʀɻɡɱ�=ʚÙǓƼC°ʤ��Ki67 (ɬ:�ǜ)( MCT1 (ˋ:�ǜ)CʝÈÉȧ
ǉʐ+<>ǉʐ� �ǌC DAPI (̔:�Ĳ)'ǉʐ� �Ë&-ʐC˷,ĈB: ǉʐÃ
C�ǜ+ɀ�(A)�ǉʐ� ɟɾCĜ 1'Ļɴ� ƩǨ+ŭ)ʦʐʀɻɟɾ(̀ˊɟɾ
+òÝ�&Ƣ���@�@- Ki67̊źɟɾ-åĈCɕ×� (B)�½. 4²-řĢ½�
ǓȀʽœCɀ��̯.Ņȋ(-̀+Ʒż*œ(p<0.05)��?�(Cɀ�� 
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Ėąċāk�j(23Ó:#@l)ùãÞóÂ?��j(10Ó:1VÕ3VÕ5V)ā�Ùí¼�ãèÖ������Ûû
��_Yā	MãÕKi67(�)ïMCT1(¤)ā��P�eñúü[�ãèÖ]āDAPI(·)î[�ãè(A)Ö[�ã
è��ā+1î:�ãèUeñIØ°£��ï������ñ �ãíSÙÕæþçþòKi67´J��
ò�%ā��ãè(B)Ö�ó4
òC.�±_h Bā�äÖĠó@lïò°ñXKðB(p<0.05)Ü×ýà
ïā�äÖ�
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@ 	� D4UN9!#b_^ZVY957# ,10 >"f �

{I\+ EdU(50 mg/kg�1Ƭ 2ę)Cȱ�Ɖ���ŃÔàȃ(10�)C 1Ƭ�� �ʦʐʀ
ɻɡɱ�=ʚÙǓƼC°ʤ��EdU (ˋ:�ǜŒ)( MCT1 (ɬ:�ǜą)CʝÈÉȧǉʐ+
<>ǉʐ� �ǌC DAPI (̔:�ǜ�Ĳ)'ǉʐ� �EdU-ǉʐ-Ë­ÃCɀ�(�ǜ)�
EdUCĂ>˓D!ʦʐʀɻɟɾ(ȹø)(̀ˊɟɾ(ȹ̜)Cɀ��Ë&-ʐC˷,ĈB:
 ǉʐÃC�ǜą+ɀ�� 
  

/6àD��sýćĊ¦¡����ýæëĊEdU&ĉ°Ą�
ħđĚýEdU(50#mg/kgá1]2-)č�	
U�ïáD��s(10ß)č1]�åôâ¦¡����çĈ£�g
`č�SïáEdU#(®:	
jG)ûMCT1#(�:	
j()č¥���c¡ýćĉc¡ïôâečDAPI#(Á:	
j�
;)úc¡ïôâEdUÿc¡ÿ�
�č�ð(�j)âEdUč&ĉ°Ďõº­��(�Ä)û¦¡����(�
%)#č�ðâ�ùÿ¡č¶þ)Čñôc¡�č	
j(ý�ðâ�
Ü�

ÏÍÞÛ�

EdU� DAPI� EdU,#MCT1,#DAPI�

EdU�
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3.4 βFf�g��ăĿ­-̅ľ�ŃÔàȃ+<?ʦʐʀɻɟɾ-Ĭ
Ǜ+��?ŧ̗  
� ŃÔàȃ+<?ʦʐʀɻɟɾ-ĬǛ+�βFf�g��ăĿ­�)-ɉŠ́B

?�Cʾ3? 9+�{I\+ β1Ff�g��ăĿ­̅ľã(~et����: 5 

mg/kg)6 . β3Ff�g��ăĿ­̅ľã(SR59230A: 1 mg/kg)C 1Ƭ 2ęȱ�

Ɖ��&�ŃÔȚī(10�)' 1Ƭ̣ɼ� �ț̡Ɖ��<1 β1Ff�g��ă

Ŀ­̅ľãƉ�'.ŃÔàȃ+<>ʦʐʀɻɟɾ�-ʀɻȂ-XH].Ŋ��

*# ��β3Ff�g��ăĿ­̅ľãƉ�'.ŃÔàȃ+<?ĭï.ʺ9=

@*�# (Ĝ 7 A)��-�(�= β3Ff�g��ăĿ­̅ľã.ŃÔàȃ+<

?ʀɻØʰ�0)&.ȍȜțC̅ľ�?(ɵ�=@ � 

� Ɗ Ki67Ɗ­Cȝ)&ʦʐʀɻɡɱCʝÈÉȧǉʐ� (�A�ŃÔàȃ+<

>ț̡Ɖ�'. Ki67̊źɟɾ�Ĭè� ��ß1�<1 ß3Ff�g��ăĿ­

̅ľãƉ�'.̊źɟɾƢ�ŋ*)Áċ�ʺ9=@ (Ĝ 7 B)���'�ʦʐʀ

ɻɟɾ(̀ˊɟɾ+òÝ�&Ƣ�?(�Ki67̊ź-ʦʐʀɻɟɾƢ.�ț̡Ɖ

��<1 β1Ff�g��ăĿ­̅ľãƉ�'.ŃÔàȃ+<>Ʒż+Ĭè� 

��β3Ff�g��ăĿ­̅ľãƉ�'.ŃÔàȃ+<?Ĭè.ʺ9=@��

Ņȋ(ĉɉŠ!#  (Ĝ 7 C)��Ʃ'�Ki67̊ź-̀ˊɟɾƢ.�ț̡Ɖ��

<1 β3Ff�g��ăĿ­̅ľãƉ�'.ŃÔàȃ+<>Ʒż+Ĭè� ��

β1Ff�g��ăĿ­̅ľãƉ�'.ŃÔàȃ+<?ĭï�ʩ=@*�# � 

� �@=-ɣǈ�=�ŃÔàȃ+<?ʦʐʀɻɟɾ-ĬǛ. β3Ff�g��ă

Ŀ­C¡�&�̀ˊɟɾ-ĬǛ. β1Ff�g��ăĿ­C¡�&ˌ�&)?�

(�B�# ��
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Ĝ 7� β1�<1 β3Ff�g��ăĿ­̅ľã-Ɖ�+<?ŃÔàȃƳ-ʦʐʀ

ɻɡɱ-ĭï  
{I\+țș̡ĪǢ(ț̡):��. β1Ff�g��ăĿ­(β1AR)̅ľã(5 mg/kg�1Ƭ
2ę)�β3Ff�g��ăĿ­(β3AR)̅ľã(1 mg/kg�1Ƭ 2ę)Cȱ�Ɖ���ŃÔà
ȃ(10��C��& 1Ƭ̣ɼ� �Ȋàȃ(23�)'ț̡Ɖ�� {I\CŅȋ(� �ʦ
ʐʀɻɡɱ- HEǉʐÃCɀ�(A) �ʦʐʀɻɡɱ�=ʚÙǓƼC°ʤ��Ki67 (ɬ: �
ǜ)(MCT1 (ˋ: �ǜ)CʝÈÉȧǉʐ+<>ǉʐ� �ǌC DAPI (̔:�Ĳ)'ǉʐ� �
Ë&-ʐC˷,ĈB: ǉʐÃC�ǜ+ɀ�(B)�ǉʐ� ɟɾCĜ 1'Ļɴ� ƩǨ
+ŭ)ʦʐʀɻɟɾ(̀ˊɟɾ+òÝ�&Ƣ���@�@- Ki67̊źɟɾ-åĈCɕ
×� (C)�½. 4²-řĢ½�ǓȀʽœCɀ��̯.Ņȋ(-̀+Ʒż*œ(p<0.05)
��?�(Cɀ�� 

ÏÍÞÛ�

A�
Ev�

D��s1](10ß)�

HE�

β1AR¼A�� β3AR¼A��}Å�

ÏÍÞÛ�

B�

ÖÚÐÑ�
ÔÒØÕ�
×ÓÙÎ�

ÔÒØÕ�

ÖÚÐÑ�

β1AR¼A�� β3AR¼A��}Å�Ev�

D��s1](10ß)�

C�

/7àβ1æćāβ3ďĠīġĩĭ'B
¼A�ÿU�ýćĊD��s^ÿ¦¡����ÿ9".
ħđĚý}{Å6m(}Å)ĆïêĀβ1ďĠīġĩĭ'B
(β1AR)¼A�(5#mg/kgá1]2-)áβ3ďĠīġĩĭ'B
(β3AR)¼A�
(1#mg/kgá1]2-)č�	
U�ïáD��s(10ß)č�åù1]Æ�ïôâu�s(23ß)ú}ÅU�ïôħđĚčEvûïôâ¦
¡����ÿHEc¡�č�ð(A)#â¦¡����çĈ£�g`č�SïáKi67#(�:#�j)ûMCT1#(®:#	
j)č¥���c¡ý
ćĉc¡ïôâečDAPI#(Á:�;)úc¡ïôâ�ùÿ¡č¶þ)Čñôc¡�č	
jý�ð(B)âc¡ïô��č/1ú?�ï
ô\nýOäº­��û¦¡����ý#�ïùZåáòċóċÿKi67¾P��ÿ�)č��ïô(C)â�Ā4�ÿI2�
ÝgqªHč�ðâıĀEvûÿºý_QüH(p<0.05)èãĊìûč�ðâ�

*�
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3.5 β3Ff�g��ăĿ­àȃ�ʦʐʀɻɟɾ-ĬǛ+��?ŧ̗  
� ʦʐʀɻɟɾ-ĬǛ+ β3Ff�g��ăĿ­�́B#&)?�(Cȿʺ�?

 9+�β3Ff�g��ăĿ­ȑȦȯ*FWh\e'�? CL316,243 (CL; 0.1 

mg/kg/day)C 1, 3, 5Ƭ̀�ȱ�Ɖ�� �CLCƉ��?( 1Ƭȳ�=ʦʐʀɻ

ɟɾÏ-ʀɻȂ-XH]�Ŋ��*>(Ĝ 8 A)�CLƉ�+<>ʦʐʀɻɡɱ-

ʀɻØʰ(ȍȜț�ǭźï� (ɵ�=@ �6 ��@+£̋�&ʦʐʀɻ

ɡɱ-˷˹:Ǻŋ� ��5Ƭȳ+.ț̡Ɖ�(ĉɉŠ6'ęŰ� (Ĝ 8 B)� 

� Ɗ Ki67Ɗ­Cȝ)&ʦʐʀɻɡɱCʝÈÉȧǉʐ� (�A�ț̡Ɖ�'.

Ki67̊źɟɾ.4(D)ʩ=@*�# -+Ņ��CLƉ�'. 1Ƭȳ�=æȯ

+ Ki67̊źɟɾ-Ƣ�Ĭè� (Ĝ 8 C)�ʦʐʀɻɟɾ(̀ˊɟɾ+òÝ�&Ƣ

�?(�Ki67̊ź-ʦʐʀɻɟɾ-åĈ.ț̡Ɖ�- 6.5% ± 1.2%+Ǡ3�CL

Ɖ� 1Ƭȳ'. 24.4% ± 1.1%(Ʒż+̩)½Cɀ��CLƉ� 5Ƭȳ6'̩)½

CɨƐ� (27.6% ± 2.2%)(Ĝ 8 D)��Ʃ'�Ki67̊ź-̀ˊɟɾ-åĈ+ĭì

.*�# (ț̡Ɖ�: 17.7% ± 2.5%�CLƉ� 1Ƭȳ: 16.9% ± 1.8%�3Ƭȳ: 17.2% 

± 1.6%�5Ƭȳ: 14.6 ± 1.2%)� 

� �@=-ɣǈ�=�β3Ff�g��ăĿ­CȑȦȯ+àȃ�?(�ʦʐʀɻ

ɟɾ-ĬǛ�ʻŉ�@?�(�̀ˊɟɾ-ĬǛ.ʻŉ�@*)�(�B�# � 
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@ �� β� $E,)H-?C23<a ����	���� HL9!#b_^ZVY�B=  
{I\+țș̡ĪǢ(ț̡):��. CL316,243(CL: 0.1mg/kg/day)C 1, 3, 5Ƭ̀ȱ�Ɖ�
� �ʦʐʀɻɡɱ(BAT)- HEǉʐÃ(A)�˷˹(B) Cʾ3 �ʦʐʀɻɡɱ�=ʚÙ
ǓƼC°ʤ��Ki67 (ɬ:�ǜ)( MCT1 (ˋ:�ǜ)CʝÈÉȧǉʐ+<>ǉʐ� �ǌC
DAPI (̔:�Ĳ)'ǉʐ� �Ë&-ʐC˷,ĈB: ǉʐÃC�ǜ+ɀ�(C)�ǉʐ� 
ɟɾCĜ 1'Ļɴ� ƩǨ+ŭ)ʦʐʀɻɟɾ(̀ˊɟɾ+òÝ�&Ƣ���@�@-
Ki67̊źɟɾ-åĈCɕ×� (D)�½. 4²-řĢ½�ǓȀʽœCɀ��̯.ț̡Ɖ
�ɳ(-̀+Ʒż*œ(p<0.05)��?�(Cɀ�� 
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Ėąċñsq»2d(s»)ùãÞóCL316,243(CL:#1mg/kg/day)ā1,#3,#5V°|�O�ãèÖ������
òHE[�
(A)Õ¬®(B)Âā¡öèÖ������Ûû��_Yā	MãÕKi67(�)ïMCT1(¤)ā��P
�eñúü[�ãèÖ]āDAPI(·)î[�ãè(C)Ö[�ãè��ā+1î:�ãèUeñIØ°£��ï
������ñ �ãíSÙÕæþçþòKi67´J��ò�%ā��ãè(D)Ö�ó4
òC.�±_h
 Bā�äÖĠós»O��ïò°ñXKðB(p<0.05)Ü×ýàïā�äÖ�
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4. ɵń  
� Ƽɐ'.�Øï� ʦʐʀɻɟɾ�ØʢɿCƐ$�Č�Cʾ3? 9+�ɡ

ɱĸȯʰǅCʟ)�UCP1CȬȘ�?ʦʐʀɻɟɾ-�ˮ�ĬǛ{�N�Ki67

CȬȘ�&�>�̊źɟɾ-Ƣ.ŃÔàȃ+<>Ĭè�?�(Cɀ� ��-

ŃÔàȃ+<? Ki67̊ź-ʦʐʀɻɟɾ-Ĭè. β3Ff�g��ăĿ­̅ľ

ãƉ�+<>ƈß�@�β3Ff�g��ăĿ­°ìʛƉ�':Ĭè�?�(�

=�ʦʐʀɻɟɾ. β3Ff�g��ăĿ­-àȃ+<>ĬǛ�?�(�Ư=�

+*# � 

� �@6'�ŃÔàȃ+<?ʦʐʀɻɟɾ-Ƣ-Ĭè.á̦ʀɻɟɾ-ĬǛ(

Øï+<?(ɵ�=@&� ��ƼȻɍ'.Øï� ʦʐʀɻɟɾ:ĬǛ�?

�(CÛ9&Ư=�+� �ʦʐʀɻɟɾ-ĬǛǔǑ. β3Ff�g��ăĿ­

C¡�?Ȉ'̀ˊɟɾ(.Ë�Ȧ*#&) �̀ˊɟɾ-ĬǛ� β1ăĿ­C¡

�?()
ɣǈ.��@6'+Ĩď�@&)? in vitro[21]�<1 in vivo[22]-Ⱥ

ʩ(�ʍ� �6 �ʦʐʀɻɟɾ(̀ˊɟɾ'.ŃÔàȃ+<>ɟɾĬǛ�

ʻŉ�@?ƳƸ+˩)�ʺ9=@ ��*B" Ki67̊źɟɾƢ.ʦʐʀɻɟɾ

'.ŃÔàȃ 1Ƭȳ�=Ʒż+Ĭè��5Ƭȳ6'ɨƐ�@ -+Ņ��̀ ˊɟ

ɾ'.Ŭ	+Ĭè��3Ƭȳ¥̆'Ʒż*Ĭè(*# ��-<
*˩)�ț�

 șȟ.�Ư!��ʦʐʀɻɟɾ'.k�Kqjr��+<? β3Ff�g��

ăĿ­-àȃ+<>�ɟɾĬǛ�ȴƖʻŉ�@?-+Ņ��̀ˊɟɾ-ĬǛ.

k�Kqjr��-àȃ+<>̀Ɩȯ+ʻŉ�@?Ąɿź��?�ŃÔàȃ+

<>ʦʐʀɻɡɱ'. Insulin-like growth factor 1 [22, 23]; Vascular endothelial 

growth factor A [24-26]�Nerve growth factor [27, 28]�Fibroblast growth factor 2 [29, 

30]*))�$�-ĬǛĚĶ-ȬȘ˹��ƭ�?�(�Ⱥ=@&�>��@=-

ĚĶ. in vitro+�)&á̦ʀɻɟɾ;ʞɖÏȱɟɾCč8̀ˊɟɾ-ĬǛCʻ

ŉ�?[31]�k�Kqjr��+<?̀ˊɟɾ-ĬǛ-ʻŉ��@=-ĚĶ-Ȭ

ȘC¡�&)? 9�ɟɾĬǛ-ʻŉ+ƢƬ̀Cʧ� Ąɿź�ɵ�=@?�

�@�@-ɟɾ')-<
*ĚĶ�ĬǛCʻŉ�&)?�+$)&. ū:Ȼ

ɍ�Ŷʧ'�?� 

� ƼȻɍ'.�ĬǛ{�N�Ki67-ȬȘCƑǓ+ɟɾ-ĬǛCʶµ� �ŃÔ

àȃ+<>̀ˊɟɾ-
"ɜ 40%-ɟɾ��ʦʐʀɻɟɾ-
" 20%¥�-ɟ

ɾ� Ki67̊źCɀ� ��ɟɾƢ-ƑǓ(*? DNAč˹.ɜ 1.4¼!# �

Ki67.ɟɾØʢĐƸ+Ê#&�=ɠB?6'Ë&-˦ɉ'ȬȘ�?{�N�'
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�?�DNAĈƀƸ(SƸ)+ˠʟ� ɟɾƢCȿʺ�? 9�EdUCȝ)&ǎʳ

� �ŃÔàȃ+<>�ʦʐʀɻɡɱ+�)& EdUCĂ>˓D!ɟɾ.�ĻƢ

ʺ9=@ :--��-Ƣ. Ki67̊źɟɾƢ<>ŋ*�# �6 �ŃÔàȃ

+<>ɟɾØʢƸ(MƸ)ȑȦȯ+ȬȘ�?��˴ïo\e�H3-_�nRˊȬ

Ș˹:Ĭè�&�>�MƸ+ˠʟ� ɟɾƢ�Ĭè� (ɵ�=@?��@=

-ɣǈ�=�ŃÔàȃ+<>ɟɾØʢĐƸ+ˠʟ�&�ˮ.ļ̍+Øʢ�&ɟ

ɾƢ-Ĭè+ŀ�� (ɵ�=@?� 

� ʦʐʀɻɟɾ(̀ˊɟɾ-�@�@�ŃÔàȃʻŉź-ʦʐʀɻɡɱĬț+

)-ɉŠŀ��?�.�Ư'�?��@CƯ=�+�? 9+.ɡɱÏ+ķĠ

�?ʦʐʀɻɟɾ(̀ˊɟɾ-åĈCɕ×�*�@/*=*)�ƼȻɍ'.�

ɡɱÙȎ�-ʦʐʀɻɟɾ-åĈ.Ņȋɳ'. 76.9% ± 0.6%'�# �����

ʦʐʀɻɟɾ-XH].̀ˊɟɾ<>:ʖ��ı���6 �@�@-Öɲ+

<?ʀɻȂč˹-ĭì+©)ı��ĭï�? 9�ɡɱÙȎ+ķĠ�?ʦʐʀ

ɻɟɾ-åĈ.ļ̍-ɡɱ�-åĈCĀư�&)?(.ɵ�̑)�Géloën=.

ʞɖÏȱɟɾ�ʦʐʀɻɟɾ�̀ʕɛśɟɾ�á̦ʀɻɟɾ-åĈC�@�@

46.5%, 44%, 9%, 0.5%(ǐɕ�&)?[16]��-åĈCþɵ+�ƼȻɍ-ɣǈ�

=Ů=@ ŃÔàȃƳ-Ki67̊ź-ʦʐʀɻɟɾ�<1̀ˊɟɾ-åĈCƔ�

?(�ʦʐʀɻɡɱ+ķĠ�?Ëɟɾ-
"�Ki67̊ź-ʦʐʀɻɟɾ�<1

̀ˊɟɾ-åĈ.�@�@ɜ 11%(ɜ 22%(*?�̀ˊɟɾ-
"�ĬǛ� 

á̦ʀɻɟɾ.ʦʐʀɻɟɾ2(Øï���-ɣǈ�ʦʐʀɻɟɾ-Ƣ-Ĭè

(ɡɱË­(�&-ȍȜțǔɿ-�ˠC: =���Ʃ'�ŃÔàȃ.̀ˊɟ

ɾ-
"-ʞɖÏȱɟɾ-ĬǛ:·ˠ�?�ʞɖ.ʦʐʀɻɡɱ2-˴ɞ-˥

ƛ(Ëˎ2-ȍ-˥ƛ+˷ʧ'�>�ʞɖƨț:6 ʦʐʀɻɡɱ-ǔɿ�ˠ

+ŀ��&)?[32]� ū.�@�@-ɟɾ�)-<
+ʦʐʀɻɡɱ-Ĭț+

ŀ��&)?�CƯ=�+�&)�Ŷʧ��?� 

� 6(9?(�Ƽɐ'.ʦʐʀɻɟɾ+.Øïū'�#&:ɟɾØʢ�?()


ƨʪ-ĬǛǔǑCʩ×� �ŃÔàȃ.�ŽɄɢ-k�Kqjr��-β3Ff

�g��ăĿ­C¡�&ʦʐʀɻɟɾ-ĬǛCʻŉ���-ĬǛǔǑ�ŃÔà

ȃʻŉź-ʦʐʀɻɡɱĬț+ŀ��&)?(ɵ�=@ � 
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5. ŊƏ  
� ìȏC˾Ƹ̀ŃÔàȃ�?(�UCP1ȬȘ˹�Ĭè�?((:+ʦʐʀɻɟɾ

-Ƣ�Ĭè��ʦʐʀɻɡɱ�Ĭț�?�(�Ⱥ=@&)?�ʦʐʀɻɡɱC

Ǒƀ�?)-Ɋ̠-ɟɾ�ɡɱ-Ĭț+ŀ��&)?�Cʾ3? 9�6˟̬-

C57BL/6J{I\C 23�(Ņȋ):��. 10�(ŃÔàȃ)' 5Ƭ̣̀ɼ��ʝÈÉ

ȧǉʐǨ+<>ʦʐʀɻɡɱ�-ɟɾĬǛ{�N�'�?Ki67-ȬȘCʰǅ�

 �ʎđǶ)�(+�Ņȋɳ' Ki67CȬȘ�? UCP1̊ź-ʦʐʀɻɟɾ�ʩ

=@(Ëʦʐʀɻɟɾ�- 7.2% ± 0.4%)�ĉǒ+ UCP1̈ź-á̦ʀɻɟɾCč

8̀ˊɟɾ+:Ki67CȬȘ�?:-�ʩ=@ (Ë̀ˊɟɾ�- 19.6% ± 2.3%)�

Ki67̊ź-ʦʐʀɻɟɾ-åĈ.�ŃÔàȃ 1Ƭȳ�=Źȃ+Ĭè�(25.6% ± 

1.8%)�5Ƭȳ6'Ņȋɳ(Ǡ3Ʒż+̩)½Cɀ� (21.8% ± 1.7%)��Ʃ'�

Ki67̊ź-̀ˊɟɾ.ŃÔàȃ+<>Ŭ	+Ĭè��5Ƭȳ'�ȥ̩½Cɀ�

 (42.1% ± 8.3%)�β3Ff�g��ăĿ­̅ľãȑȦȯ+�ŃÔàȃ+<? Ki67

̊ź-ʦʐʀɻɟɾ-Ĭè�ƈß�@�β1Ff�g��ăĿ­̅ľãȑȦȯ+

ŃÔàȃ+<? Ki67̊ź-̀ˊɟɾƢ-Ĭè�ƈß�@ ��=+�β3Ff�

g��ăĿ­°ìʛC 5Ƭ̀Ɖ��?(�Ki67̊ź-ʦʐʀɻɟɾ�Ɖ� 1Ƭ

ȳ�= 5Ƭȳ6'Ņȋɳ(Ǡ3Ʒż+Ĭè� ��Ki67̊ź-̀ˊɟɾ-åĈ

+.ĭï�*�# � 

� �@=-ɣǈ�=�ʦʐʀɻɟɾ.ŃÔàȃ+ŷ�& β3Ff�g��ăĿ­

C¡�&ĬǛ�?�(�B�# �á̦ʀɻɟɾ-ĬǛ(ĉǒ+�ʦʐʀɻɟ

ɾ-ĬǛ:ŃÔàȃ+<?�ŽɄɢ´ķź-ʦʐʀɻɡɱ-Ĭț+ŀ��&)

?(ɵ�=@?� 
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[ɑ�ɐ] ʀɻɟɾ-ĬǛ-ƈß�ʀɻɡɱŦƀ+��?ŧ̗  
 
1. şƤ  
� ĕ�̠+.ʦʐʀɻɟɾ(Ȯʐʀɻɟɾ-�Ɋ̠-ʀɻɟɾ�ķĠ���@

�@Kj�Q�-ˆʙ(Ǵˇ()
ǘĀŅ-țșȯŨåCƐ$[1, 33]�ŭ#&�

�ʀɻɟɾ-Ƣ-ßůǔǑCșʰ�?�(.�Kj�Q�¤˂ʾɗ;�-Ƚɪ

+<?ɹǾȩ�~_y�bRZ�f��}ŅɔCɵ�?�'˷ʧ'�?��ʀ

ɻɟɾ-Ƣ.�țșȯȓǦ+<>æȯ+ĭï�?[34, 35]��@6'+˕3 <


+�ŃÔȚī+Ƶ̓�@?(ʦʐʀɻɡɱ'.ɟɾØʢ�·ˠ�@&ɡɱ-

Ĭț�ˌ�?[14, 15, 36]��Ʃ�Ȯʐʀɻɟɾ-Ƣ.ƀȌƸ¥̆ĭB=*)(�

@&) ��ɹǾìȏ'.Ȯʐʀɻɟɾ-XH]�ı��*?((:+ʀɻɟ

ɾƢ:Ĭè�?�('Ȯʐʀɻɡɱ-ĿɌ�Ĭı�?�(�Ư=�+*#&)

?[37-40]� 

� �ʏ+�ʀɻɟɾ-Ƣ.�á̦ʀɻɟɾ-ĬǛ��@=-ƀȌ�Øï���

&ƀȌʀɻɟɾ-Fze�Z\+<?ɟɾǙ- 3 $-˦ɉ-m��\+<>ʪ

Ļ�@?(ɵ�=@&)?�ʀɻɡɱ+.ʥƢ-ɟɾɊ2-ØïɿCƐ$śɟ

ɾ�ķĠ�[41, 42]�á̦ʀɻɟɾC³ɤ�&)?�ʦʐ�<1Ȯʐʀɻɟɾ.

(:+ʀɻCʘ�?ʀɻɟɾ(�&Í˛-ǔɿCƐ$:--��@�@Ȧ*?

á̦ʀɻɟɾ�=Øï�?(�@&)?��*B"�Ȭț-˦ɉ' myogenic 

factor-5 (Myf5)˭¨ĶCȬȘ�?̀ʕɛɟɾ.ɒɟɾ2Øï�?�(�Ⱥ=@&

)?��Myf5̊źɟɾ.ˏÑʾɗĚĶ PR domain containing 16̭ PRDM16̮-ß

ůCă�&ʦʐʀɻɟɾ2(Øï�?[43, 44]��Ʃ�Ȯʐʀɻɟɾ.Myf5̈ź

ɟɾ+ȟǁ�?��-<
+�ʦʐʀɻɟɾ.Ȯʐʀɻɟɾ(.Ȧ*?ɟɾˌ

ǿCƐ#&)?��Ʃ'�ʀɻɡɱ�+ķĠ�?ʞŊǄȟǁĬǛĚĶ α ăĿ­

(PDGFRα)CȬȘ�?̀ˊɟɾ.�ʦʐ(Ȯʐ-�Ʃ-ʀɻɟɾ+Øï�?Í˛

-á̦ʀɻɟɾ'�?Ąɿź:ɀĖ�@&)? [45]�{I\+ŃÔàȃC��

?(ʦʐʀɻɡɱ+�)& PDGFRα ̊źɟɾ�ʦʐʀɻɟɾ2(Øï�[46]�

̩ʀɻ̡C��?(Ȯʐʀɻɡɱ+ķĠ�? PDGFRα ̊źɟɾ�Ȯʐʀɻɟɾ

2(Øï�?�('[47]�Ȯʐ(ʦʐʀɻɡɱ-Ĭț+ŀ��?��-<
+�

2Ɋ̠-ʀɻɟɾ-ˌǿ+.�ƯȈ�į):--�á̦ʀɻɟɾ-Øʢ(�@=

-Øï.ʦʐ�<1Ȯʐʀɻɡɱ-Ĭț+ŀ��&)?(ɵ�=@?� 

� �Ʃ�ɑ�ɐ+�)&�Øï� ʦʐʀɻɟɾ�ØʢɿCƐ"�ŃÔàȃ+
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<?ɡɱĬț+́B?�(Cʩ×� �6 �Øï� Ȯʐʀɻɟɾ:Øʢɿ

CƐ$Ąɿź�)�$�-Ĩď+<>ɀĖ�@&)?�²�/��be+�)

&�̩ʀɻ̡ɤ̥+<>Ȯʐʀɻɡɱ�Ĭț�?̍+�ƟŇɮĉ«­'Ǔ˃�

 a|[�- DNA 2-Ă>˓7.̀ˊɟɾŏ!�'*�Øï� Ȯʐʀɻɟ

ɾŏ':ȿʺ�@?[48-50]�6 �Û¤Ħ̤+<> in vitro'Øï�: Ȯʐʀ

ɻɟɾ-ØʢÃ��Ŧžĸȯʯń;_H}�t\Ɲŧ+<?ɦƳȯ*ʯń+<

>ɀ�@&)?[51, 52]��-<
+�ƀȌʀɻɟɾ:6 ØʢɿCƐ"�ɡɱ

Ŧƀ;țșȯ*àȃ+<>ʻŉ�@?ʀɻɡɱ-Ĭț+́B?Ąɿź��?��

)-ɉŠŀ��?�.�Ư'�?� 

� XHR��.ȶǌțȏ-ɟɾ+�)&�ɟɾĐƸCɈʟ�:? 9-K�[

�(�&Â�_�nRˊ-�$'�?�ɟɾ. G1 (Gap1)Ƹ�S (synthesis)Ƹ�

G2 (Gap2)Ƹ�M (mitosis and cytokinesis)Ƹ- 4Ƹ�=*?ɟɾĐƸC̙+ˠʟ�

:?�('ĬǛ�?��XHR��ÿ1XHR��´ķźPg�^(CDK)�ʥĈ

­CŦƀ�&ɟɾĐƸCˠʟ�:?�CDKȵ�°ȝ_�nRˊ/Pg�^̅ľ_

�nRˊ(Cip/Kip)rE|��+Ŏ�?CDK̅ľȏˊ 1B(p27; ÝĊ p27Kip1:��

. Kip1).ÏĠź- CDK̅ľȏˊ'�>�XHR�� E-CDK2:��.XHR

�� D-CDK4 ʥĈ­(ɣĈ�?�('ǭźC̅ľ��ɣǈȯ+ɟɾĐƸ- G1

Ƹ�= SƸ2-ɈʟCƈß�?[53-55]�p27-˦äȬȘ.ǒ	*ɟɾ'ɟɾØʢ

Cƈß�[56-59]�p27 CǕƚ� {I\.˸țģ(WT){I\(Ǡ3­Ǎ�ı�

��Ȯʐʀɻɡɱ-XH]:Ĭı�?[60, 61]�� �#& p27.ʀɻɟɾCč

8ǒ	*ɟɾ+�)&�ɟɾØʢ-ßů+�)&țșȯ+˷ʧ*ŨåCƐ$(

ɵ�=@?� 

� Ƽɐ'.Øï� ʀɻɟɾ-Øʢ�ʀɻɟɾ-Ƣ-ßů+)-ɉŠ́B#&

)?�Cʾ3? 9+�Øï� ʀɻɟɾȑȦȯ+ȬȘ�? aP2 -t���_

�-�Ǯ' p27C˦äȬȘ�: �ʀɻɟɾȑȦȯ p27˦äȬȘ(Tg){I\Cȝ

)&ǎʳC��*# � 
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2. ƽƦ(ƩǨ  
2.1 ļ̧ìȏ  
� aP2-p27˦äȬȘ̭Tg̮{I\.�Ųőıĸ ̃�ƠƓ<>³�) !�±ȝ

� �Ƽ{I\.�5.4-kb-{I\ aP2t���_�-�Ǯ+IXQ β-globlin

-H�e��-K�l�X�̛ĥCɡ7˓7��-�Ǯ+{I\ p27 cDNA 

(GenBank; NM_009875.4)(oeƀ˾x���-z�A˰ÚCɡ7˓D!DNAC

{HR�H�[JRZ��Ǩ+<>ăə� C57BL/6J{I\-úǞɟɾ+ŉÊ

�&Ů=@ ɛɥ'�?�uc�ƖĈ­{I\(�&ɨƐ��ĉʇ-˸țģ(WT)

{I\CŅȋ(�&±ȝ� �{I\. 23��Ʋİ 12Ƴ̀XHR�̭ ƯƸ̲ 07:00


19:00̮Țī�'t�\abRT�[+&ʌȟƜ̡ÿ1ʌȟ̢Ǣ'̣ɼ� �

�ˮ-{I\+. β3Ff�g��ăĿ­°ìʛ'�? CL316,243̭CL̲0.1 

mg/kg; Sigma-AldricḫC 10:00+ȱ�Ɖ���24Ƴ̀ū+X�t��SCʟ#

 �{I\Cȇ˴O\'ĹǏǙ�:�ǒ	*ʀɻɡɱ̭ɺȠ̨̀ʦʐʀɻɡɱ

(̫ũˮ�țǛĘĐě�ʃĐě�ūʇʊ�ʆ̀ʊȮʐʀɻɡɱ̮CƕĂ��˷

˹CǽĻ� �ɡɱ-�ˮC 4%n�x�}F�dof'ĝĻ��Éȧɡɱïĸ

ǉʐ+ȝ) �ɡɱ-�ˮC RNA later̭ Invitrogen̮�+¸ķ��e�_� RNA

-ƌ×+ȝ) �ǚ>-ɡɱ.�˜;�+ǵ­Ɏɞ�'Õɣ��IK\_�±

�beʰǅ; DNAč˹-ǽĻ+ȝ) �ļ̧ƃƆ*=1+ìȏ-ĂƄ).�Ë

&ðǲ˧ıĸ-ļ̧ìȏĵĔ§-ƅʺ�̭ƅʺȥĆ 09-0039�<1 13-0218̮'

ļƪ� � 

 

2.2 ­Ǽ(ɡɱǼŠ-ǽĻ  
� ­Ǽ. VitalView Data Acquisition System̭Mini Mitter Co., Sunriver, OR, USA̮

Cȝ)&ʬ˵�'{I\CƎƿ:�+ǽĻ� �Ĵ9+�T_|� 75 mg/kg(

~de|[� 1 mg/kg̪˱�'e��\|b_�̭PDT-4000̮̭ Mini Mitter Co.̮

CʇʄÏ+Ĥ9˓D!�Ĥ9˓7- 7Ƭū+�{I\-­˷�ęŰ� �(C

ȿʺ��ǖ-˛>ǽĻCʟ# �t�\abRT�[+ 1ñ-{I\CɈì�

:�T�[-�+˰ɲ� �Z�m�̭ER-4000̮̭ Mini Mitter Co.̮+<>e�

�\|b_��=-ZSg�Că¹� �ĽǼ+& 1Ƴ̀­ǼCǽĻ� ū�

T�[C 4�-ˮō+Ɉ�& 1Ƴ̀­ǼCǽĻ� � 

� ɡɱǼŠ-ǽĻ.�{I\+I�_�̭1 g/kg̮CʇʄÏƉ���̪˱�'ɺ

Ƞ̨�ˮ-ȱʉC 5 mmɉŠÙ˿� �ʁɖǑ˝(ɄɢɮɨCÀ$�*)<
+�
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ʦʐʀɻɡɱ(�-�ˮ-ɒɸ-̀+�t�\abRV�e�@ ȴũ 1mm-

X�|\_�Cʴɲ� �ȴʆÏ+:X�|\_�Cʴɲ� �{I\C 37�

+Ǽ9 xbet��e�+�:�ȴʆ-ǼŠ� 37�£˔'ĹĻ� ū+�

CL316,243̭ 0.1 mg/kg̮:��.țș̡ĪǢCʇʄÏƉ���30Ø̀-ǼŠĭï

CǽĻ� � 

 

2.3 IK\_�±�beʰǅ  
� IK\_�±�beʰǅCɑ�ɐ(ĉ�ƩǨ+<>ʟ# �±ȝ� �ǖƊ

­(Ŕ˶¼ȗCʡ 2+ɀ�� 

 

2.4 {I\ɽ¢ȟǁɮɨʒɟɾ-ʾʤ�<1ɟɾĦ̤  
� {I\ɽ¢ȟǁɮɨʒɟɾ̭MEF̮.ɽț 16.5Ƭ̬-ɽ¢�=ʾʤ� �ɽ

¢CƧ̜+<>ĹǏǝ�: ū�ʇʄÏ-ʋĘĊý� �e�tZ�-EDTA

̭0.25 % �̮'ɟÙ��15Øǟ+qwbcG�S�*�= 45Ø̀ 37�'H�P

�v�e� �Ħ̤Ħġ[10% Fetal calf serum̭ FCS, Trace Scientific Ltd., Melbourne, 

Australia̮ čƷ Dulbecco’s modified Eagle’s medium (DMEM)-high glucose (Wako 

Pure Chemicals,ı̃)]Cè�&qwbcG�S+<>ɟɾCſȄ��200 µm-g

H��rG�_�+˛� ȆǵC 200×g' 5Ø̀�ĽǼ+&˪ŵØ̐� �w

�beCȁʞmbrE�̭150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, 

pH7.4̮'ſȄ� ū�25 µm-gH��rG�_�+˛� ȆǵC 200×g' 5

Ø̀�ĽǼ+&˪ŵØ̐� �Ů=@ w�beCMEF(� �MEF.V��

U�V�edGbZ��'Ħ̤ĦġCȝ)&Ħ̤��ɟɾŁŠ� 100%+*# 

(�A'Ħ̤Ħġ+ 0.5 mM isobutylmethylxanthine (IBMX, Sigma–Aldrich)( 1 

µM dexamethasone (Dex, Sigma–Aldrich)Cè� ØïʻŉĦġ' 2Ƭ̀Ħ̤� �

�-ū+�Ħ̤Ħġ+ 10 µg/ml insulin (Sigma–Aldrich)( 50 nM 3,3’,5 

triiodothyronine (T3, Sigma–Aldrich)�10 µM troglitazone (Tro, Sigma–Aldrich)Cè�

 ØïɨƐĦġ' 2Ƭǟ+ĦġCĭ�*�= 6Ƭ̀Ħ̤�&ʀɻɟɾ2(Øï

�: � 

� á̦ʦʐʀɻɟɾǋ'�? HB2ɟɾ.Ħ̤Ħġ'ɨƐ��ɟɾŁŠ�
100%+*# (�A'�Ħġ+ FCSCč6*) DMEM-high glucoseĦġ+�ƙ

��Green fluorescent protein (GFP):��. p27CȬȘ�?FdkIH�\

̭AD-GFP( AD-p27̮C 100 MOI-çµ'Žǉ�: �Žǉū�Ħ̤Ħġ+ 10 
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mg/ml insulin( 50 nM T3CǸè� Ħġ' 2Ƭǟ+ĦġCĭ�*�= 6Ƭ̀Ħ

̤�&ʀɻɟɾ2(Øï�: � 

 

2.5 ʦʐʀɻɡɱ-Éȧɡɱïĸǉʐ  
� ʦʐʀɻɡɱ-ʝÈÉȧǉʐ.ɑ�ɐ(ĉǒ-ƩǨ'ʟ# �Éȧɡɱïĸ

ǉʐ'.��ǖƊ­Āŷ6'ɑ�ɐ(ĉǒ+ʟ# ��ǖƊ­( 4�'�ƴĀŷ

�: ū�PBS' 5Ø̀ 3ęǬǯ��pMa�Ǔ˃ƊIXQ IgGƊ­̭ha�

H�ǂ�̮(ĽǼ+& 1Ƴ̀Āŷ�: �PBS' 5Ø̀ 3ęǬǯ��\e�t

eFp[�Ǔ˃w�MPZ`�^̭ha�Ḫ(ĽǼ�' 1Ƴ̀Āŷ�: �

PBS' 5Ø̀ 3ęǬǯū�[F|kv�[[�ǵ 100 ml ̳TrismbrE�̭pH 

7.6̮+ DAB_±�bḙWako Pure Chemicals̮1˺ǷĈ��1%˦˴ïǢɞC

1/1000˹Ƿē� :-̴( 10Ø̀Āŷ�:�ƊüŌĠˮ«CĄʫï� ��-

ū�u{ePZ��' 10ɇ̀ǉʐ��ǮǢ' 10Ø̀Ǭǯ� �70�80�90�

95�100%K_k��'̙+Ǭǯ�ʂǢCʟ)�100%PZ��'˚Ŵ� �EUKITT

̭O. Kindler, GmbH, Freiburg, Germany '̮ņÊ��Èĸ̟ű˽'ʯń� �6 �

ćǓƼ�=Ɲŧ� ÑȶCȊ°ȉ+ʥƢǇˬƋ�&ʯń��ʦʐʀɻɟɾ(̀

ˊɟɾCòÝ�&Ƣ���-ʲǽ½-řĢ�=ć»­- Ki67̊źɟɾ-åĈC

ɕ×� � 

 

2.6{I\ɽ¢ȟǁɮɨʒɟɾ-ʝÈÉȧǉʐ  
� WT�<1 Tg{I\<>ʾƣ� MEFCa��m�\�Hf'Ħ̤��ʀ

ɻɟɾ2(Øï�: �Øïū�ɟɾC PBS' 2ęǬǯ��10%x�{��-PBS

Cè� 20Ø̀ĽǼ+&ĝĻ� �PBS' 3ęǬǯ��5%S�Z�-PBS( 5Ø

̀Āŷ�: �PBS' 3ęǬǯ��5%˲˴CǸè� K_k��+ǳ�& 10

Ø̀�-20�'Āŷ�:&ʊ˚˦ÖșCʟ# �PBS' 3ęǬǯ��ĽǼ+&

8%BSACč8 PBS( 1Ƴ̀Āŷ�:�800¼+Ŕ˶� Ɗ UCP1ʞǹCè�&

4�'�ƴĀŷ�: �PBS' 3ęǬǯ��200¼+Ŕ˶� Alexa Fluor488Ǔ

˃�ǖƊ­(ĽǼ+&�Ƴ̀Āŷ�: �PBS' 5Ø̀ 3ęǬǯ� ū+ DAPI

'ǉʐ��ProLong Gold Antifade ̭Life Technologies̮Cȝ)&ņÊ�&ʝÈ̟

ű˽'ʯń� � 
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2.7 real-time PCRǨ+<? mRNAȬȘ˹-Ļ˹  
� RNA later�+¸ķ� ɡɱCȝ)& mRNAȬȘ˹-Ļ˹ïCʟ# �e�_

� RNA-ƌ×. Trizolʷʛ̭ Invitrogen C̮ȝ)&ʟ# �2 µg-e�_� RNA

CM�W(dT)15-F`t_�t�H{�(M-MLV˙ˏÑ˳ɞ̭Invitrogen̮+&

˙ˏÑ��țƀ� cDNA(ʡ 3+ɀ� t�H{��<1 SYBR Green (Fast 

Start Essential DNA Green Master, Roche Diagnostics)Cȝ)&�real-time PCRǨ

(LightCycler system, Roche Diagnostics)+<>ȬȘ˹CĻ˹� ��@�@-ȬȘ

˹C β-actin-ȬȘ˹+&ʣǘ� � 

 

2.8 DNAč˹  
� DNAč˹Cɑ�ɐ(ĉ�ƩǨ+<>ǽĻ� � 

 

2.9 ɥʲʰǅ  
� ļ̧d�_CřĢ½±ǓȀʽœ'ɀ� �řĢ½̀-ƷżœǎĻ.�Æ˰ɲØ

ơØǅǨ+<>ʟ)��ūǎĻ+. Scheffe’s post hoc-testCȝ) �2ɳ-řĢ

½̀-ƷżœǎĻ+. Student’s t-testCȝ) � 
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ʡ 2. IK\_�±�be�<1ʝÈÉȧǉʐ+ȝ) �ǖƊ­(Ŕ˶¼ȗ 

Ɗ­ Ŕ˶¼ȗ 

Ɗ UCP1IXQʞǹ 

  (�˯ıĸǥȞȋ̎ƠƓ<>³�) 

WB: 5,000¼ 

IHC: 800¼ 

aP2 

  (Cell Signalling Technology) 

WB: 5,000¼ 

caspase9 

  (Cell Signalling Technology) 

WB: 5,000¼ 

phospho-pRb 

  (Cell Signalling Technology) 

WB: 5,000¼ 

Actin 

  (Sigma-Aldrich) 

WB: 5,000¼ 

p57 

  (Sigma-Aldrich) 

WB: 5,000¼ 

p27 

  (BD Biosciences) 

WB: 5,000¼ 

pRb 

  (BD Biosciences) 

WB: 5,000¼ 

PCNA 

  (Santa Cruz Biotechnology) 

WB: 5,000¼ 

IHC: 300¼ 

Ki67 

  (Abcam) 

IHC: 200¼ 

monocarboxylate transporter 1 (MCT1) 

  (Merck Millipore) 

IHC: 200¼ 

(WB: IK\_�±�be; IHC: ʝÈÉȧǉʐ) 
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ʡ 3. real-time PCR+ȝ) t�H{� 

gene name (gene symbol) : gene bankȭ˻ȥĆ, ĬŗXH] 

Forwardt�H{�˰Ú 

Reverset�H{�˰Ú 

Ucp1: NM_009463.3, 197 bp 

For: 5’- GTG AAG GTC AGA ATG CAA GC -3’ 

Rev: 5’- AGG GCC CCC TTC ATG AGG TC -3’ 

Cox��	
  NM_009941.3, 252 bp 

For: 5’- TGA GCC TGA TTG GCA AGA GA-3’ 

Rev: 5’- CGA AGC TCT CGT TAA ACT GG-3’ 

Cidea: NM_007702.2, 222 bp 

For: 5’- CTT ATC AGC AAG ACT CTG GAT G-3’ 

Rev: 5’- GAA GGT GAC TCT GGC TAT TC-3’ 

Pgc1a: NM_008904.2, 214 bp 

For: 5’-GTG TGG AAC TCT CTG GAA CT -3’ 

Rev: 5’- GCG TAC AAC TCA GAT TGC TC-3’ 

Dio2: NM_010050.3, 130 bp 

For: 5’- CAG TGT GGT GCA CGT CTC CAA TC -3’ 

Rev: 5’- TGA ACC AAA GTT GAC CAC CAG -3’ 

Prdm16: NM_001291029.1, 183 bp 

For: 5’- GAC ATT CCA ATC CCA CCA GA -3’ 

Rev: 5’- CAC CTC TGT ATC CGT CAG CA -3’ 

b-actin: NM_007393.5, 174 bp 

For: 5’- AAG TGT GAC GTT GAC ATC CG-3’ 

Rev: 5’- GAT CCA CAC AGA GTA CTT GC-3’ 

ap2: NM_024406.2, 280 bp 

For: 5’- AAG ACA GCT CCT CCT CGA AGG TT-3’ 

Rev: 5’- TGA CCA AAT CCC CAT TTA CGC-3’ 

p27: NM_009875.4, 156 bp 

For: 5’- TCT CAG GCA AAC TCT GAG GA -3’ 

Rev: 5’- TTC TTC TGT TCT GTT GGC CC-3’ 
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3. ɣǈ  
3.1 ʀɻɟɾȑȦȯ* p27-˦äȬȘ�ʀɻɡɱ+��?ŧ̗  
� ʀɻɟɾ-ĬǛ-ƈß�ʀɻɡɱ+)-<
*ŧ̗C��?�Cʾ3? 9�

ɟɾĐƸ-ˠʟCƈß�? p27CʀɻɟɾȑȦȯ+˦äȬȘ�: {I\(ʀɻ

ɟɾȑȦȯ p27˦äȬȘ{I\: Tg{I\)-źȓCʰǅ� �12˟̬-ƳȈ'�

WT�<1 Tg{I\-­˾. 8.7 ± 0.1 cm ( 8.6 ± 0.0 cm�­˷. 23.2 ± 0.6 g( 

20.6 ± 0.7 g'�>��{I\-̀+˩).*�# (Ĝ 9 A, B)� 

� ʀɻɡɱCʾ3?(�ʦʐʀɻɡɱ. Tg{I\'XH]�Ŋ�� (Ĝ 9 C)�

ɡɱ˷˹.WT{I\-ɜ 5Ø-̰!# (Ĝ 9 D)�̫ũˮ�<1țǛĘĐě-

Ȯʐʀɻɡɱ'.ɸȸÃ(Ĝ 9 C)�<1˷˹(Ĝ 9 D)+�ɳ+˩)�ʩ=@*�

# �ʦʐʀɻɡɱ(̫ũˮ�<1țǛĘĐěȮʐʀɻɡɱ- HEǉʐÃCǠː

�?(�)�@-ʀɻɡɱ+�)&:ʀɻȂ�<1ʀɻɟɾ-ı��.WT(

Tg{I\-̀+˩).*��Ŧžĸȯ*˩).ʺ9=@*�# (Ĝ 9 E)�p27

-_�nRˊ˹CIK\_�±�beǨ+<>ʰǅ�?(�Tg{I\-̫ũˮ

�<1țǛĘĐě-Ȯʐʀɻɡɱ'.WT{I\- 2.7¼�<1 2.1¼�ʦʐʀ

ɻɡɱ'. 5.4¼+Ĭè� (Ĝ 9 F)�6 �ĉ� Cip/KiprE|��+Ŏ�?

p57-ȬȘ˹.�{I\'ĉɉŠ'�>�¤Äȯ*ȬȘ-ĭì.ʺ9=@*�#

 � 

� ¥�-ɣǈ�=�ʀɻɟɾ+��? p27-˦äȬȘ.�Ȯʐʀɻɡɱ+.ŧ

̗C���+ʦʐʀɻɡɱ-ŦƀC̅ľ�?�(�B�# � 
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@ �� ^ZU\ORT 3�
 g:pQ*B'�^ZVY�dP�

˸țģ(WT){I\(ʀɻɟɾȑȦȯ p27˦äȬȘ(Tg){I\-źȓCǠː� �WT(
Tg{I\-ɸȸÃ(A)(­˷(B)Cɀ��ƕƽ� ʦʐʀɻɡɱ(̫ũˮ�<1țǛĘĐ
ěȮʐʀɻɡɱ-ɸȸÃ(C)(˷˹(D)�HEǉʐÃ(E)Cɀ��ʦʐʀɻɡɱ(̫ũˮ�
<1țǛĘĐěȮʐʀɻɡɱ�+ȬȘ�? p27( p57-_�nRˊ˹CIK\_�±�
beǨ+<>ʾ3  (F)�½. 5²-řĢ½�ǓȀʽœCɀ��̯.WT{I\(-̀
+Ʒż*œ(p<0.05)��?�(Cɀ�� 
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3.2 ʀɻɟɾȑȦȯ* p27-˦äȬȘ�ʦʐʀɻɟɾ-ȍȜțǔɿ
+��?ŧ̗  
� ʦʐʀɻɡɱ-ȍȜț+́B?ĚĶ- mRNA-ȬȘ˹CǽĻ� �ȍȜțC

ƍ
 UCP1;��-˭¨ĶȬȘC·ˠ�? PGC-1α�Ƞȓʈx���-ǭźï+

́B? iodothyronine deiodinase 2 (Dio2)�|eV�f�F-ĒĎ˼-ǑƀĚĶ'

�?Cytochrome c oxidase subunit � (COX �)�<1UCP1(ȵ�°ȝ�?�(

�Ĩď�@&)? Cide-A-˭¨ĶȬȘ+.�WT( Tg{I\-̀+˩).ʩ=

@*�# ��á̦ʀɻɟɾ-ʦʐʀɻɟɾ2-Øïßů+́B? PRDM16-

ȬȘ˹.WT{I\+Ǡ3 Tg{I\'¬�# (Ĝ 10 A)�mRNAȬȘ˹(�ʍ

�&��Ļ_�nRˊ˹� >- UCP1˹:WT( Tg{I\-̀+˩).*�

# (Ĝ 10 BŒ)�����ɡɱË­+č6@? UCP1č˹. Tg{I\'.WT

{I\- 27.5%!# (Ĝ 10 Bą)�ɟɾƢ-ƑǓ(�&ɡɱ�- DNAč˹Cǽ

Ļ� (�A�ɡɱ˷˹+�ʍ�& Tg{I\'.ɜ 5Ø- 1+Ǻŋ�&) (Ĝ

10 C)� 

� �@=-ɣǈ�=�Tg{I\+��?ʦʐʀɻɡɱ-Ǻŋ.�ʦʐʀɻɟɾ

-Øï˦ɉ2-ŧ̗'.*��ɟɾƢ-Ǻŋ+<?(ɵ�=@ � 

� ��'�Tg{I\+��?ʦʐʀɻɡɱ-ǔɿCʾ3? 9�ĽǼ 4�-Ń

ÔȚī'-­Ǽ-ĭïCʾ3 �ŃÔàȃá-­Ǽ.�WT{I\'. 37.6°C ± 

0.3°C�Tg{I\'. 37.5°C ± 0.3°C'�>��{I\'˩).*�# (Ĝ 11 A)�

ŃÔàȃC��?(�WT{I\'.­Ǽ+ĭï.*��60Ø̀45�Ļ+ɨ

Ɛ�@ ��Tg{I\'.ŃÔàȃū�7;�+­Ǽ�¬��&)��60Øū

+. 1.0°C ± 0.2°C-Ǻŋ(*# �ǖ+ β3Ff�g��ăĿ­°ìʛ CL (0.1 

mg/kg)Cȱ�Ɖ��&ʦʐʀɻɡɱ-ȍȜțɿCǭźï� ̍-­Ǽ�<1ʦ

ʐʀɻɡɱ-ǼŠCǽĻ� �­Ǽ(ɡɱǼŠ.)�@-{I\+�)&: CL

Ɖ�ū�7;�+�ƭ� (Ĝ 11 B)�WT{I\+Ǡ3&�Tg{I\-Ʃ��

ƭ.ɯ;�!# :--�Tg{I\-ʦʐʀɻɡɱ�ȍȜțɿCƐ$�(�B

�# � 

� �@=-ɣǈ�=�Tg{I\'.ʦʐʀɻɟɾ-Ƣ-Ǻŋ+<>ɡɱ¬Ŧƀ

Cɀ��WT{I\+Ǡ3&Ëˎ�v�'.ʦʐʀɻɡɱ-ȍȜțǔɿ�¬��

&)?:--�ǚķ�?ʦʐʀɻɟɾ.ǘŖ*ǔɿCƐ$(ɵ�=@ � 
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@ �	
 � ^ZU\ORT 3�
 g:pQ*B'�b_^ZVY�dP�

˸țģ(WT){I\(ʀɻɟɾȑȦȯ p27˦äȬȘ(Tg){I\-ʦʐʀɻɡɱ-źȓC
Ǡː� �WT( Tg{I\�=ƕƽ� ʦʐʀɻɡɱ�-ʦʐʀɻɟɾ-ǔɿ+́˞
�?˭¨Ķ- mRNAȬȘ˹(A)�<1ɡɱ�- UCP1_�nRˊč˹ (B)�DNAč˹(C)
Cʾ3 �½. 5²-řĢ½�ǓȀʽœCɀ��̯.WT{I\(-̀+Ʒż*œ
(p<0.05)��?�(Cɀ�� 

@ ��� ^ZU\ORT 3�
 g:pQ*B'�b_^ZVY�i]�

˸țģ(WT){I\(ʀɻɟɾȑȦȯ p27˦äȬȘ(Tg){I\-ʦʐʀɻɡɱ-ȍȜț
ǔɿCǠː� �WT( Tg{I\CŃÔȚī(4�)+���1Ƴ̀-­ǼĭïCǽĻ�
 (A)�WT( Tg{I\+țș̡ĪǢ(ț̡):��. β3Ff�g��ăĿ­°ìʛ
CL316,243(CL: 0.1 mg/kg)C̪˱�'ʇʄÏƉ���30Ø-ȴʆǼŠ(ʦʐʀɻɡɱ-
ǼŠĭïCǽĻ� (B)�½. 5²(A)�<1 4²(B)-řĢ½�ǓȀʽœCɀ��̯.
WT{I\(-̀+Ʒż*œ(p<0.05)��?�(Cɀ��† .WT-CL vs Tg-CL-̀+Ʒ
ż*œ(p<0.05)��?�(Cɀ�� 
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3.3 ʀɻɟɾȑȦȯ* p27-˦äȬȘ�ʦʐʀɻɟɾ-ĬǛ+��
?ŧ̗  
� p27-˦äȬȘ�ʦʐʀɻɡɱ+��?ɟɾĬǛ+)-ɉŠŧ̗C��&)

?�Cʾ3? 9+�WT�<1 Tg{I\-ʦʐʀɻɡɱ-ʚÙÙȎC°ʤ��

ĬǛ{�N�'�? PCNA( Ki67-ȬȘCÉȧǉʐǨ+<>ʾ3 (Ĝ 12 A)�

PCNA�<1 Ki67̊źɟɾ.WT( Tg-�{I\+�)&:ǎ×�@ ��

�-Ƣ. Tg{I\'ŋ*�# �Ëɟɾ+Ņ�? PCNÅź-ɟɾ-åĈCʾ

3?(�Tg{I\-ʦʐʀɻɡɱ'.WT{I\-ɜ 3Ø- 1+¬��&) 

(Ĝ 12 B)�IK\_�±�be+�)&:�PCNA-ȬȘ˹.WT{I\+Ǡ3

& Tg{I\'.ʖ��¬�# (Ĝ 12 C)�6 �ȫƈß˭¨Ķ'�>�ɟɾĬ

Ǜƈßź-ɩʊʒɟɾʅ_�nRˊ(pRb).WT( Tg{I\-�Ʃ'ĉɉŠȬ

Ș�&) ���ǭźģ-��˴ï pRb.WT{I\'-7ǎ×�@ ��Ʃ�

Fze�Z\́˞_�nRˊ(�&Ⱥ=@&)? caspase9.WT{I\+Ǡ3

Tg{I\'.ȬȘ˹�¬)Áċ�ʺ9=@ -'�ŋ*�(: Tg{I\+�

)&Fze�Z\�ˠʟ�&)?(.ɵ�=@*�# ��@=-ɣǈ�=�

p27-Tg{I\+��?ʦʐʀɻɡɱ-¬Ŧƀ.Fze�Z\+<?:-'.*

��ɟɾĬǛ-ƈß+<?(ɵ�=@ � 

@ ��� ^ZU\ORT 3�
 g:pQ*B'957#b_^ZVY0�AMU\

I�B=�

Éȧǉʐ+<>˸țģ(WT){I\(ʀɻɟɾȑȦȯ p27˦äȬȘ(Tg){I\-ʦʐʀ
ɻɡɱ�+ȬȘ�?ɟɾĬǛ{�N�PCNA�<1 Ki67-ȬȘCÉȧǉʐǨ+<>ʾ
3 (A)�ʦʐʀɻɡɱ�-Ëɟɾ+Ņ�? PCNÅźɟɾ-åĈCɕ×� (B)�ʦʐ
ʀɻɡɱ�- PCNA(ɩʊʒɟɾʅ_�nRˊ(pRb)�Fze�Z\́˞_�nRˊ-
ȬȘ˹CIK\_�±�beǨ+<>ʾ3 (C)�½. 4²-řĢ½�ǓȀʽœCɀ��
̯.WT{I\(-̀+Ʒż*œ(p<0.05)��?�(Cɀ�� 
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3.4 ʀɻɟɾȑȦȯ* p27-˦äȬȘ�ʀɻɟɾ2-Øï+��?
ŧ̗  
� p27-˦äȬȘ�ʦʐʀɻɟɾ2-Øï+ŧ̗C��&)?�Č�Cʾ3?

 9�WT( Tg{I\�=ɽ¢ɮɨʒɟɾ(MEF)Cʾƣ��in vitro'-ʀɻɟ

ɾ2-ØïɿCʾ3 �WT�<1 Tg-MEF-)�@+�)&:Øïʻŉū 4

Ƭȳ�=ʀɻɟɾØï{�N�'�? aP2-ȬȘ�ʺ9=@ (Ĝ 13 A)�p27_

�nRˊ.�WT-MEF'.Øïáū-)�@+�)&:ȬȘ�ʺ9=@*�

# ��Tg-MEF'. aP2-ȬȘ�ȿʺ�@ Øïʻŉ˿Ĵū 4Ƭȳ¥̆'

p27�ǎ×�@ �Øïʻŉ˿Ĵū 8Ƭȳ+MEF�)-ɉŠ-ʀɻȂCʘ�&

)?�C Oil red-Oǉʐ+<>ʾ3 (�A��ɳ(:+ĉɉŠ+ǉʐ�@  

9�ʀɻč˹+˩).*)(ɵ�=@ (Ĝ 13 B)�aP2�<1|eV�f�FƢ

-ƑǓ'�? COX4- mRNA˹.�ɳ̀'˩).*�# ��UCP1�<1

PRDM16-mRNAȬȘ˹.WT-MEF+Ǡ3Tg-MEF'¬�#  (Ĝ 13 C)�

UCP1_�nRˊ-ȬȘCʝÈÉȧǉʐ+<>ʾ3?(�Tg-MEF'. UCP1

̊ź-ɟɾƢ�ŋ*�#  (Ĝ 13 D)� 

� p27-˦äȬȘ�ʦʐʀɻɟɾ-Øï+)-ɉŠŧ̗C��?�C<>ʸ�

�ʾ3? 9�FdkIH�\Cȝ)& GFP (AD-GFP):��. p27 (AD-p27)C

á̦ʦʐʀɻɟɾǋ(HB2) '˦äȬȘ�: ��ɟɾ-Øï˦ɉ+��?ʀɻ

č˹C Oil red-Oǉʐ+<>ʾ3?(�Øïʻŉá(0Ƭ)�= 6Ƭȳ6'ĉɉŠ+

ǉʐ�@�p27-ȬȘ.ʀɻč˹+ŧ̗�*)�(�B�# (Ĝ 14 A)�p27-

mRNAȬȘ˹. GFPȬȘɟɾ'.Øïʻŉá(ĉɉŠ'�>�p27˦äȬȘɟ

ɾ'ɜ 5¼+Ĭè�&) (Ĝ 14 B) �aP2( UCP1- mRNAȬȘ˹. GFP˦ä

ȬȘɟɾ( p27˦äȬȘɟɾ(:+Øï+©)Ĭè��Øïū-�ɟɾ'˩)

.*�# � 

� �@=-ɣǈ�=�p27C˦äȬȘ�:&:ʀɻɟɾ2-Øï+.ŧ̗�*)

(ɣʿ%� � 
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@ ��� ^ZU\ORT 3�
 g:pQ6[1XW`U\�^ZU\��6=9L

4#Fj�

ɽ̬ 16.5Ƭ-˸țģ(WT){I\(ʀɻɟɾȑȦȯ p27˦äȬȘ(Tg){I\�=ɽ¢ɮ
ɨʒɟɾ(MEF)Cʾƣ�&Ħ̤� �10% FCS čƷ DMEM-high glucosḙ Ħ̤Ħġ̮'

Ħ̤��ɟɾŁŠ� 100%+*# ƳȈ'Ħ̤Ħġ+ 0.5 mM IBMX( 1 µM DexCè�
 ØïʻŉĦġ' 2Ƭ̀Ħ̤� ��-ū�Ħ̤Ħġ+ 10 µg/ml insulin( 50 nM T3�
10 µM TroCè� ØïĦġ' 2Ƭǟ+ĦġC�ƙ�*�= 6Ƭ̀Ħ̤��ʀɻɟɾ2
-ØïCʻŉ� �Øïʻŉɢ˦ƬƢǟ(0�2�4�6�8Ƭ)- p27( aP2-_�nRˊ
ȬȘ˹CIK\_�±�beǨ+<>ʾ3 (A)�Øïʻŉ˿Ĵū 8Ƭ-ɟɾCȝ)&�
ʀɻȂč˹C Oil red OǉʐǨ+<> (B)�aP2�COX4�UCP1�PRDM16- mRNAȬ
Ș˹C real-time PCRǨ+<>(C)�UCP1_�nRˊȬȘCʝÈÉȧǉʐǨ+<>(D)ʰ
ǅ� �½. 4²-řĢ½�ǓȀʽœCɀ��̯.WT MEF(-̀+Ʒż*œ(p<0.05)
��?�(Cɀ�� 
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@ ��� 3�
 g:pQ69kb_^ZU\J �
� U\�6=9L4#Fj�

HB2ɟɾ+FdkIH�\Cȝ)& GFP(AD-GFP):��. p27(AD-p27)C˦äȬȘ�
: �ŽǉçµC 100 MOI(� FdkIH�\Cč8 FCS �č DMEM-high glucose
' 6Ƴ̀Ħ̤� -"+�10 µg/ml insulin( 50 nM T3�10 µM TroCè� ØïĦġ'
2Ƭǟ+ĦġCĭ�*�= 6Ƭ̀Ħ̤��ʦʐʀɻɟɾ2-ØïCʻŉ� �Øïʻŉ
ɢ˦ƬƢ�(-ʀɻȂč˹C Oil red OǉʐǨ+<>ʾ3 (A)�Øïʻŉ˿Ĵū 6Ƭȳ
+��? p27�aP2�UCP1- mRNAȬȘ˹C real-time PCRǨ+<>ʾ3 (B)�½. 3
²(Pre)�<1 5²(AD-GFP�<1 AD-p27)-řĢ½�ǓȀʽœCɀ��̯ .ɳ̀+Ʒż

*œ(p<0.05)��?�(Cɀ�� 
 
  

A� B�

Pre#(���A¯7�)�
ADCGFP+���A#(6V)� ADCp27+���A#(6V)�

Day0� Day2# Day4# Day6#
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0#

1#

2#

aP2# UCP1#

*�
*�

*�
*�

0#

2#

4#

6#

8#

p27#

(fo
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*
*

+14Ôp27¨�ypÜ�¾������\HB2��ò��ñ�ÙýF¸"
HB2��ñăďēąĄęċāuØíGFP(ADCGFP)ùãÞóp27(ADCp27)ā¨�ypâåèÖL[��ā100#
MOIïãèăďēąĄęċā&øFCS#	
&DMEMChigh#glucoseî6W°1½ãèòêñÕ10#µg/ml#insulinï
50#nM#T3Õ10#µM#Troā�Ùè��1-î2Vbñ1-ā5ÙðÜû6V°1½ãÕ������õò
��ā�AãèÖ���A�¨VSáïò��i&®āOil#red#O[�eñúü¡öè(A)Ö���A¯
7H6V}ñÚßýp27ÕaP2ÕUCP1òmRNAyp®ārealC<me#PCReñúü¡öè(B)Ö�ó3
(Pre)Ú
úô5
(ADCGFPÚúôADCp27)òC.�±_h Bā�äÖĠó�°ñXKðB(p<0.05)Ü×ýàïā
�äÖ�

�

mRNAyp®�
���A�¨VS#
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3.5ʀɻɟɾȑȦȯ*  p27-˦äȬȘ� β3Ff�g��ăĿ­àȃ
+<?ʦʐʀɻɟɾ-ĬǛ+��?ŧ̗  
� ��6'-ɣǈ�=�ʀɻɟɾȑȦȯ+ p27C˦äȬȘ�: {I\'.ʦ

ʐʀɻɡɱ-Ŧƀ�̅ľ�@?�(�B�# �� �#&�ʦʐʀɻɟɾ-

ĬǛ.ɡɱŦƀ+�Ļ-ŀ�C�&)?(ɵ�=@ �ŃÔàȃ+ŷ� ɡɱ

Ĭț+:́��?�Č�CƯ=�+� )(ɵ� ��Tg{I\.ŃÔ�ɷź

'�?�(�=(Ĝ 11 A)�β3Ff�g��ăĿ­°ìʛ(CL: 0.1 mg/kg)2-ŷɓ

Cǎʳ� � 

� {I\+ CLCƉ��?(��7;�+­ǼC�ƭ�:(Ĝ 11 B)�1Ƭū+.

WT�<1Tg{I\-ʦʐʀɻɟɾ�-ʀɻȂ-XH].Ŋ��*>(Ĝ 15 A)�

Tg{I\-ʦʐʀɻɟɾ. β3Ff�g��ăĿ­-àȃ+Ņ�&ǘŖ+ŷɓ

�?�(�ȿʺ'� �Ɗ Ki67Ɗ­Cȝ)&ʦʐʀɻɡɱCʝÈÉȧǉʐ�?

(�WT{I\+�)&ț̡Ɖ�'.̊źɟɾ.4(D)ʩ=@*�# -+Ņ

��CLƉ�'.æȯ+ Ki67̊źɟɾ-Ƣ�Ĭè� (Ĝ 15 B)��Ʃ�Tg{I

\+�)&.ț̡Ɖ�( CLƉ�-�ɳ'̊źɟɾ.4(D)ʩ=@*�# �

Ki67̊źɟɾCʦʐʀɻɟɾ(̀ˊɟɾ+òÝ�&Ƣ� (�A�WT{I\

+�)& Ki67̊ź-ʦʐʀɻɟɾ-åĈ.ț̡Ɖ�- 9.0% ± 0.7%+Ǡ3�CL

Ɖ�ɳ'. 21.7% ± 0.7%(Ʒż+̩)½Cɀ� (Ĝ 15 C)�Tg{I\+�)&

Ki67̊ź-ʦʐʀɻɟɾ-åĈ.ț̡Ɖ�- 1.6% ± 0.1%+Ǡ3�CLƉ�'.

0.9% ± 0.2%(ĭï�7=@*�# ��Ʃ'�®-{I\+�)&: Ki67̊ź

-̀ˊɟɾ-åĈ+ĭì.*�# (WTț̡Ɖ�: 18.4% ± 1.3%�WT CLƉ�: 

19.0% ± 1.5%�Tgț̡Ɖ�: 17.3% ± 0.8%�Tg CLƉ�: 17.6 ± 1.0%)� 

� �@=-ɣǈ�=�ʀɻɟɾȑȦȯ* p27-˦äȬȘ. β3Ff�g��ăĿ

­àȃ+<?ʦʐʀɻɟɾ-ĬǛC̅ľ�?�(�B�# � 
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@ ��� ^ZU\ORT 3�
 g:pQ*B'957# β� $E,)H-?C23<

a ����	���� cEd�b_^ZU\�AM9L4#Fj  
˸țģ(WT){I\(ʀɻɟɾȑȦȯ p27˦äȬȘ(Tg){I\+țș̡ĪǢ(ț̡):��
. CL316,243 (CL: 0.1mg/kg/day)C 1ęȱ�Ɖ�� �24Ƴ̀ū+ƕƽ� ʦʐʀɻɡ
ɱ�=ʚÙǓƼC°ʤ��HEǉʐÃ(A)Cʾ3 �ǖ)' Ki67 (ɬ:�ǜ)( MCT1 (ˋ:
�ǜ)CʝÈÉȧǉʐ+<>ǉʐ� �ǌC DAPI (̔:�Ĳ)'ǉʐ� �Ë&-ʐC˷,
ĈB: ǉʐÃC�ǜ+ɀ�(B)�ǉʐ� ɟɾCĜ 1'Ļɴ� ƩǨ+ŭ)ʦʐʀɻ
ɟɾ(̀ˊɟɾ+òÝ�&Ƣ���@�@- Ki67̊źɟɾ-åĈCɕ×� (C)�½.
4²-řĢ½�ǓȀʽœCɀ��̯.WTț̡Ɖ�(-̀+Ʒż*œ(p<0.05)��?�
(Cɀ�� 

C�

*�

*�*�

�°£���ò"
Ki67´J°£��ò�%�

��������ò"
Ki67´J������ò�%�
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+15Ô����nw{p27¨�ypĖąċñÚßýβ3ăđĚĒĘĜ$=�	��CL316,243�AJò�
�����ò4añ�ÙýF¸"
­s/(WT)Ėąċï����nw{p27¨�yp(Tg)Ėąċñsq»2d(s»)ùãÞóCL316,243(CL:#

1mg/kg/day)ā1)|�O�ãèÖ������Ûû��_Yā	MãÕHE[�
(A)ā¡öèÖKi67(�)
ïMCT1(¤)ā��P�eñúü[�ãèÖ]āDAPI(·)î[�ãè(B)Ö[�ãè��ā+1î:�ãèU

eñIØ°£��ï������ñ �ãíSÙÕæþçþòKi67´J��ò�%ā��ãè(C)Ö�ó
4
òC.�±_h Bā�äÖĠóWTs»O�ïò°ñXKðB(p<0.05)Ü×ýàïā�äÖ�

WT� Tg�WT�

ÅÃÒÑ�
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4. ɵń  
� ɑ�ɐ'.�{I\+ŃÔàȃC��?(ʦʐʀɻɡɱ+�)&̀ˊɟɾ+

è�&Øï� ʦʐʀɻɟɾ-Øʢ�ʻŉ�@?�(�Ư=�(*# ��@

=.ŃÔàȃʻŉź-ɡɱĬț+́B?(ɵ�=@?��=+Ƽɐ'.�Øï

� ʀɻɟɾ-ĬǛ�ɡɱŦƀ+ŀ��?�CƯ=�+�? 9+�ɟɾØʢ

Cƈß�? p27CØï� ʀɻɟɾȑȦȯ+˦äȬȘ�: {I\(Tg{I\)

Cʰǅ� � 

� Tg{I\.ʦʐʀɻɡɱ-ʖ�)¬ŦƀCɀ� �Tg{I\-ʦʐʀɻɡɱ

'.ĬǛ{�N�-ȬȘ�¬��&�>�DNAč˹:Ǻŋ�&) �(�=�

p27+<>ʦʐʀɻɟɾ-ĬǛ�ƈß�@�ɟɾƢ-Ǻŋ+<>ɡɱXH]�Ŋ

��*# (ɵ�=� ��Ʃ'�ɡɱ�-ʦʐʀɻɟɾ-Ŧž+.WT{I

\(-̀+˩).ʺ9=@��UCP1-ȬȘ:ǘŖ!# �β3Ff�g��ă

Ŀ­°ìʛ+ŷɓ� ȍȜț-Ĭè(ʀɻȂč˹-¬�:ȿʺ�@  9�ɟ

ɾƢ-Ǻŋ+<>ɡɱ.Ŋ��*# :--�ǚķ�?ʦʐʀɻɟɾ.ǘŖ'

�?(ɵ�=@ ��@=-ɣǈ�=�ɑ�ɐ'ʩ×� ʦʐʀɻɟɾ-Øʢ

()
ƨʪĬǛɢˍ.�ʦʐʀɻɡɱ-Ŧƀ+:ŀ��&)?(ɵ�=@ � 

� ɡɱŦƀ+è�&�ŃÔàȃ+<?ɡɱĬț2-ŀ�CƯ=�+�<
(ʷ

7 ��Tg{I\.ʦʐʀɻɟɾƢ-Ǻŋ+<>ŃÔȚī�'­ǼCɨƐ'�

�ŃÔ�ɷź'�#  9�ŃÔàȃ-ŧ̗Cʾ3?�(�'�*�# �ɑ

�ɐ+�)&�ʦʐʀɻɟɾ-ĬǛ. β3Ff�g��ăĿ­àȃ+<#&ʻŉ

�@?�(�Ư=�+*# -'�Tg{I\+ β3ăĿ­°ìʛCȝ)&ʦʐʀ

ɻɟɾ-ĬǛ2-ŧ̗Cʾ3 �WT{I\'ʩ=@? β3°ìʛƉ�+<?

Ki67̊ź-ʦʐʀɻɟɾ-Ĭè� Tg{I\'.Ǵĳ� �(�=�Tg{I\
'. β3ăĿ­C¡� ʦʐʀɻɟɾ-ĬǛ�ĺË+̅ľ�@&)?�(�B�
# ��@=-ɣǈ+<>�β3ăĿ­-àȃ+<>ʦʐʀɻɟɾ-ɟɾĐƸ�
ˠʟ�&ØʢĬǛ�?�(�Ť�ƞƐ�@ � 

� Ƽ Tg{I\'.�Øï� ʀɻɟɾ'ȬȘ�? aP2-�Ǯ' p27CȬȘ�:

&�>�ļ̍ Tg-MEFCȝ) ʰǅ+�)& aP2-ȬȘ+©) p27�ȬȘ�

?�(�ȿʺ'�  9�p27-ȬȘ�ʦʐʀɻɟɾ-ʀɻɟɾØï+ŧ̗� 

Ąɿź.¬)(ɵ�=@?�ȿʺ- 9+WT�<1 Tg{I\�=ʾƣ� 

MEFC in vitro'ʦʐʀɻɟɾ2(Øï�:?(�ĉɉŠ-ʀɻč˹�<1 aP2

ȬȘ˹Cɀ��ʀɻɟɾ2-Øï+˩).ʺ9=@*�# �ʦʐʀɻɟɾȑ
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Ȧȯ UCP1- mRNAȬȘ˹. Tg-MEF'¬��UCP1ȬȘɟɾ-Ƣ:WT-

MEF+Ǡ3& Tg-MEF'ŋ*)�(�B�# ��Ʃ'�Tg-MEF'.

PRDM16- mRNA�Ǻŋ�&) �PRDM16.ʦʐʀɻɟɾ-Øï; UCP1Ȭ

Ș-ʻŉ+́B?ĚĶ-�$'�> [62]�Tg{I\-MEF'ʩ=@ UCP1

̊źɟɾ-Ƣ-Ǻŋ� p27+<?ʦʐʀɻɟɾØï˦ɉ-̅ľ+<?Ąɿź:

ɵ�=@ ���'�Øï2-ŧ̗CȴƖʾ3? 9+ʦʐʀɻɟɾǋ HB2+

p27CȬȘ�:&ǎʳCʟ# ��UCP1 mRNAȬȘ˹+ŧ̗.ʺ9=@*�#

  9�p27-ȬȘ.ʦʐʀɻɟɾ-Øï+ŧ̗C��*)(ɣʿ%� ���

��in vivo+�)&: Tg{I\-ʦʐʀɻɡɱ'- PRDM16- mRNAȬȘ˹

-¬��ʺ9=@? 9�Tg{I\-ʦʐʀɻ-¬Ŧƀ+®=�-́B>��

?Ąɿź��?��-Ȉ+$)&.� ū-ǎʳ�Ŷʧ!(ɵ�=@?� 

� Tg{I\'.ʦʐʀɻɡɱ-Ŧƀ�̅ľ�@ :--�Ȯʐʀɻɡɱ+ȦŖ

.ʩ=@*�# �̩ʀɻ̡ɤ̥+<?ɹǾ�d�{I\'.�Ȯʐʀɻɟɾ

-XH]+è�&Ƣ�Ĭè�&ɡɱ-Ĭț�ˌ�?��-Ĭț+.á̦ʀɻɟ

ɾ-ĬǛ�́B?(ɵ�=@&)?�Ʃ'�Øï� Ȯʐʀɻɟɾ:ĬǛ�?

Ąɿź�ɀĖ�@&�  [48-50]�Tg{I\-Ȯʐʀɻɡɱ-XH];˷˹�Ȯ

ʐʀɻɟɾ-XH]+�WT{I\(˩).ʺ9=@*�#  9�Ȯʐʀɻɟ

ɾ+:Øïū-ØʢǔǑ�ķĠ�?(�&:�Ȯʐʀɻɡɱ-Ŧƀ+.́B#

&)*)�(�B�# ��-ɣǈ.�ɑ�ɐ+�)&Ȯʐʀɻɡɱ�- PCNA

-ȬȘ�̀ˊɟɾŏ'-7ǎ×�@�ʀɻɟɾŏ'.ʺ9=@*�# ɣǈ+

�ʍ�&)?�Øïū-ĬǛ-ƈß�ɡɱŦƀ+��?ŧ̗��Ȯʐʀɻɟɾ

(ʦʐʀɻɟɾ'Ȧ*?șȟ+$)&.�Ư'�?���ʀɻɟɾ�Myf5̈ź

�<1̊źɟɾ()
Ȧ*?ˌǿɟɾ+ȟǁ�?�(+́¶��?Ąɿź�ɵ

�=@?[43, 44]�ɹǾ+©
ɡɱ-Ĭț2-́�+$)&.� ūǎʳ�&)

��Ļ'�?� 

� ȘĠ�ɹǾŅɔ-_�Ube(�&-ʦʐʀɻ-Ȼɍ.�ʦʐʀɻɟɾ-ǔ

ɿCǭźï�?ƩǨ;�á̦ʀɻɟɾ-ĬǛ;ØïC·ˠ�?ƩǨ+$)&-

Ȼɍ��­(*#&)?�ƼȻɍ'ʩ×� ʦʐʀɻɟɾ-ƨʪĬǛɢˍ+$

)&�ǭźï�?ĚĶ;~Nh]}�Ư=�+*@/�ƫķ-ʦʐʀɻǔɿ-

ǭźïĚĶ+<?ɹǾŅɔǨ(-ɡ7ĈB:+<>�ȵ�ȯ*ëǈCƸŪ'�

?ɹǾŅɔǨ-˿Ȭ+$*�?Ąɿź��?��=*?Ȼɍ�ƸŪ�@?� 
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5. ŊƏ  
� Øï� ʀɻɟɾ-ĬǛ�ʀɻɡɱ-Ŧƀ;Ĭț+)-ɉŠŀ��?�CƯ

=�+�? 9�ɟɾĐƸC¾Ǘ�:? p27CʀɻɟɾȑȦȯ+˦äȬȘ�:

 e��\[JhbR(Tg){I\Cʰǅ� �Tg{I\+�)&�Ȯʐʀɻɡ

ɱ.WT{I\(-̀+Ưȿ*˩).ʺ9=@*�# ��ʦʐʀɻɡɱ.ɟ

ɾƢ-ǺŋC©
¬ŦƀCɀ� �Tg{I\-ʦʐʀɻɡɱ+.WT{I\(

ĉɉŠ+ʀɻȂCʘ�?ǘŖ*ŦžCƐ$ʦʐʀɻɟɾ�ķĠ�&�>�UCP1

ȬȘ˹+:WT{I\(ĭï.*�# ��ɡɱË­-ɟɾƢ�Ǻŋ�  9

ɡɱť >- UCP1č˹.WT{I\+Ǡ3&ʖ��Ǻŋ�&) ��-ɣǈ

+�ʍ�&�ŃÔàȃC��?(WT{I\.­ǼCɨƐ�?-+Ņ�& Tg{

I\-­Ǽ.Ŭ	+¬���ŃÔ�ɷźCɀ� ��Ʃ'�β3Ff�g��ă

Ŀ­°ìʛ+ŷɓ�&ɡɱǼŠ��ƭ�  9�Tg{I\+ǚķ�?ʦʐʀɻ

ɡɱ.ȍȜțɿCƐ$�(�ȿʺ'� �¥�-ɣǈ�=�Tg{I\'.ʦʐ

ʀɻɟɾ-Ƣ�Ǻŋ� �(+<>ɡɱ�Ŋ��*# ��ķĠ�&)?ʦʐ

ʀɻɟɾ.ǔɿȯ'�?�(�B�# � 

� p27�ʦʐʀɻɟɾ-Øï+ŧ̗C��&)?�ǎʳ�? 9�WT( Tg{

I\�=ʾƣ� MEFCʦʐʀɻɟɾ2(Øï�: �Tg-MEF'. UCP1

ȬȘ˹�¬�� :--�Øï� ʀɻɟɾ'ȬȘ�? aP2�<1|eV�f

�F˹-ƑǓ(*?COX �-mRNAȬȘ˹;ʀɻč˹+œ.ʩ=@*�# �

ʦʐʀɻɟɾǋ'�?HB2ɟɾ+FdkIH�\Cȝ)& p27:��.GFPC

˦äȬȘ�:��ɟɾ-Øï˦ɉCǠː� ɣǈ�aP2�<1 UCP1- mRNA

ȬȘ˹;ʀɻč˹+œ.*�# ��@=-ɣǈ�=�p27.ʦʐʀɻɟɾ-Ø

ï+ŧ̗C��*)(ɣʿ%� � 

� ƶū+�ɑ�ɐ'ʩ×�@ ŃÔʻŉź- β3Ff�g��ăĿ­C¡� ʦ

ʐʀɻɟɾ-ĬǛ� Tg{I\'ƈß�@?�ǎʳ� �Tg{I\�ŃÔ�ɷ

źCɀ� 9�β3Ff�g��ăĿ­°ìʛ(CL; CL316,243)CƉ��&�Ki67
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     There are two types of adipose tissue in mammals. One is white adipose tissue 

(WAT) that accumulates large amounts of triglyceride for storage of excess energy and 

liberates fatty acids into the circulation when necessary. The other is brown adipose 

tissue (BAT) specified for metabolic heat production. This BAT thermogenesis is 

important for maintaining body temperature in cold circumstances, particularly in small 

rodents, and activated by the sympathetic nerve system (SNS): norepinephrine (NE) 

released from nerve endings activates the β-adrenergic receptor (β-AR) on brown 

adipocytes to induce lipolysis. Liberated fatty acids activate uncoupling protein 1 

(UCP1) which exclusively exists in BAT and uncouples oxidative phosphorylation in 

mitochondria to dissipate the electrochemical gradient as heat. Fatty acids from BAT 

are also used as substrates for the thermogenesis.       

     In both humans and rodents, cold exposure induces the hyperplasia of BAT and 

increases the whole-body thermogenic capacity. BAT is composed of several types of 

cells, including UCP1-expressing differentiated mature brown adipocytes and 

stromal-vascular (SV) cells consisting chiefly of preadipocytes, interstitial cells, and 

vascular endothelial cells. Among these, preadipocytes are suggested to be responsible 

cells for BAT hyperplasia, because undifferentiated preadipocytes are able to grow and 

differentiate mature adipocytes in vitro. In contrast, differentiated mature adipocytes are 

precluded any possibility of contribution, although a few days of cold stimulation 

increases thymidine incorporation into both adipocytes and SV cells. Thus, to elucidate 

the possibility that mature brown adipocytes proliferate upon cold exposure and 

contribute to BAT hyperplasia, I examined the cell proliferation of UCP1-exprressing 

differentiated brown adipocyte from mice given cold exposure. 
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     In the chapter 1, immunohistochemical analysis using a cell proliferative marker 

Ki67 was performed on the BAT from 6-week-old C57BL/6J mice housed at 23°C 

(control) or 10°C (cold) for 5 days. Interestingly, in the control group, Ki67 signal was 

detected in the nuclei of UCP1-positive mature brown adipocytes (7.2% ± 0.4% of total 

number of brown adipocytes), as well as in SV cells (19.6% ± 2.3% of total number of 

SV cells) including preadiopocytes. The percentage of Ki67-positive brown 

assdipocytes increased to 25.6% ± 1.8% at Day 1 after cold exposure and was 

significantly higher than the non-cold acclimated control until Day 5 (21.8% ± 1.7%). 

On the other hand, the percentage of Ki67-positive SV cells gradually increased by a 

cold exposure and peaked to 42.1% ± 8.3% at Day 5. In addition, the β3-AR antagonist, 

but not β1-AR antagonist, attenuated the cold exposure-induced increase in the number 

of Ki67-positive brown adipocytes. Injection of a β3-AR agonist for continuous 5 days 

increased the number of Ki67-positive brown adipocytes even at Day 1, but not that of 

SV cells. These results suggest that differentiated brown adipocytes proliferate 

immediately after cold exposure in a β3-AR-mediated pathway. As BAT hyperplasia is 

suppressed by the denervation of sympathetic fibers to BAT and is reproduced by an 

injection of NE, taken together, it is the most probably proliferation of mature brown 

adipocytes as well as preadipocytes in SV cells contribute to SNS-mediated BAT 

hyperplasia. 

     In the chapter 2, I examined the role of cellular proliferative potential of 

differentiated brown adipocytes in the histogenesis by analyzing aP2 promoter-driven 

mature adipocyte-specific cell-cycle arrested mice (aP2-p27 transgenic mice; Tg mice). 

In the Tg mice, p27 protein is expressed in differentiated adipocyte, not in preadipocyte, 

and acts as a cyclin-dependent kinase inhibitor, resulting in preventing cell cycle 

progression only in the mature adipocyte. There were no apparent differences in WAT 

between wild-type (WT) and Tg mice. However, BAT in Tg mice was much smaller 

than that in WT mice, although it in Tg mice showed normal cellular morphology and 

UCP1 expression. The DNA content of the BAT in Tg mice was significantly lower 

than that in WT mice, suggesting that the smaller size of BAT in Tg mice might be due 

to reduced number of adipocytes. Furthermore, the effects of over-expression of p27 

were also examined in vitro. Cultured mouse embryonic fibroblasts prepared from both 

WT and Tg mice were differentiated into adipocytes with comparable amounts of lipid 
droplets and expression of aP2 and Cox4, an index of the mitochondrial number. In 
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addition, pre-brown adipocyte HB2 cell line infected with adenovirus carrying the p27 

gene was differentiated to adipocytes and expressed aP2 and UCP1 in a similar fashion 

to those infected with control adenovirus. Thus, it was unlikely p27 expression affected 

the differentiation process of adipocyte. Cell proliferation markers were detected on 

UCP1-positive brown adipocytes as aforementioned, but the number of proliferating 

brown adipocyte significantly decreased in Tg mice. Moreover, injection of a β3-AR 

agonist for 1 day increased the number of Ki67-positive brown adipocytes in WT mice 

but not in Tg mice. These results suggest that differentiated mature brown adipocytes 

retain their proliferative potential especially in WT mice and the characteristic feature 

contributes in the BAT histogenesis. 

     In conclusion, we demonstrate that brown adipocytes retain their proliferative 

ability even after differentiation and that this unique feature of brown adipocyte is 

involved in BAT hyperplasia induced by cold exposure and histogenesis. Because BAT 

contributes to the regulation of body fat through its energy-dissipating activity and is a 

therapeutic target for the treatment of obesity, my findings may provide new insights 

into the development of agents that control BAT amount. 

 


