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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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[6] cAMP responsive element-binding protein 

(CREB) peroxisome proliferator-activated receptor γ (PPARγ)

β
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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. 

  



 7 

[ ] β3
 

 

1.  
UCP1

UCP1

) [12, 14, 15]

UCP1

UCP1 )

) [15]

DNA [14, 

15]

) [14]  
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2.  
2.1  

C57BL/6J 23 12 07:00-19:00

10

12

1 10 1-5 5- -2′-

(EdU) EdU (50 mg/kg, 2 ; Invitrogen, 

Carlsbad, CA, USA) 19:00 7:00 1 10

24 β3 CL316,243

CL 0.1 mg/kg, 1 1 ; Sigma-Aldrich, St. Louis, MO, USA 1-5 10:00

β β1

5 mg/kg, 1 2 ; Sigma-Aldrich

β3 SR59230A 1 mg/kg, 1 2 ; 

Sigma-Aldrich 19:00 7:00 1 10

24 :

4%

)

± DNA )

)

)

13-0218

 

2.2  

) ± BSA, 10 mg/ml, Sigma-Aldrich

2.5 mM 1 mg/ml, WAKO Pure Chemicals, 

Krebs-Ringer bicarbonate HEPES KRBH, pH 7.4 1

37 90 cycle/min

200 µm 200×g 2

25 µm 200×g 2
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BSA KRBH 3

± )  

 

2.3 ±  
Tris-EDTA 10 mM Tris, 1 mM EDTA, pH 7.4

800×g 20 4

) RIPA (

) 30 )

(15,000×g 15 4 )

2.5 µg 30 µg SDS-

SDS-PAGE 13.5 % PVDF ImmobilonTM, 

Millipore, Bedford, MA, USA ± 150 mM 

NaCl, 20 mM Tris-HCl, pH 7.5 0.1 % Tween20 5 %

± ± 1 :

1 ±

5,000 Horseradish peroxidase (HRP) (Zymed Laboratories, 

South San Francisco, CA, USA) 1 : Chemiluminescent 

HRP Substrate, Millipore : Image Quant LAS 500 GE , 

Fairfield, CT, USA Image J )  

 

2.4  
5µm 100%

100 90 80 70%

PBS 5 3 2.5% Triton X-100 30

PBS 5 3 Ki67

pH 6.0 ±(105 15

) PBS 5 3 10%

1 : ) 1

4 : 2

) PBS 5 3 200 Alexa Fluor 488

594 (Life Technologies, Gainthersburg, MD, 
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USA) (Thermo Fisher Scientific, Rockford, IL, USA)

2 : PBS 5 3

DAPI ProLong Gold Antifade with DAPI, Life 

Technologies )

Ki67

 

2.5 EdU  
EdU Click-iT EdU Imaging Kits (Invitrogen) )

2.4 0.05 w/v % Trypsin-EDTA 20

 

 

2.6 DNA  
DNA bisbenzimidazole Hoechst no.33258 )

Tris-EDTA

2 M NaCl 2 mM EDTA 50 mM

bisbenzimidazole :

Fluoroskan Ascent; Thermo Fisher Scientific ) 360 nm

460 nm ) DNA

DNA )  

 

2.7  
±

) Scheffe’s post hoc-test )  
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1. ± )  

  

UCP1  

( ) 

WB: 5,000  

IHC: 300  

p44/p42 MAPK (ERK) 

(Cell Signaling Technology, Beverly, MA, USA) 

WB: 5,000  

phospho-ERK 

(Cell Signaling Technology) 

WB: 5,000  

phospho-Histone H3 

(Cell Signaling Technology) 

WB: 1,000  

proliferating cell nuclear antigen (PCNA) 

(Santa Cruz Biotechnology Santa Cruz, CA, USA) 

WB: 5,000  

Actin 

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

WB: 5,000  

Ki67 

(Abcam, Cambridge, MA, USA) 

IHC: 200  

monocarboxylate transporter 1 (MCT1) 

(Merck Millipore, Billerica, MA, USA) 

IHC: 200  

(WB: ± ; IHC: ) 
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3.  
3.1  

UCP1

1 (monocarboxylate transporter 

1: MCT1) [20] ) ( 1) MCT1

( 1 a, c, d ) ) DAPI

) )

UCP1

MCT1 ( 1 a, b )

: ) UCP1 ) )

 

8

UCP1 ( : ) MCT1 
( : ) DAPI ( )

: MCT1 UCP1
( :a, c, d) MCT1
UCP1 ( :a, b)

 
  

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  

Ki67 23

Ki67 ( 2 )

MCT1 1

( 2 )

± UCP1 ) )

)

( 3) Proliferating cell nuclear antigen (PCNA)

PCNA

)

PCNA  
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2 d  
Ki67 ( : ) MCT1 ( :

) DAPI ( ) :

Ki67  
 
 
 
 

5 957 KCK p

(BAT) (G-WAT)
(SV) (adipo)

PCNA UCP1 Actin ±

 
 

 

  

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  

(10 ) 1, 3, 5

23

3 3 5

( 4 A) 3

5

( 4 B) DNA

1 5 )

( 4 C) UCP1

PCNA M

H3 ERK

) 1 (

4 D) 1

 

Ki67 ) Ki67

( 10%) 1 ( 27%) 5

) ( 26%) ( 5 A) 1 Ki67

Ki67 7.2% ± 0.4% 1

25.6% ± 1.8% ( 5 B)

5 (21.8% ± 1.7%)

Ki67 19.6% ± 2.3%

1 5 42.1% ± 8.3%

 

)  

Ki67 )

DNA (S )

EdU DNA EdU (50 mg/kg 1

2 ) 1 6 A EdU
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Ki67

EdU ( 6 B ) ( 6 B )

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
U 9

23 ( )  (10 :1 3 5 )
(BAT) HE (A) (B) DNA (C)

UCP1 ±

 (D) 4
(p<0.05)  

?��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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U 9 2 d  
(23 : )  (10 :1 3 5 )

Ki67 ( : ) MCT1 ( : )
DAPI ( : ) :

(A) 1 )

Ki67 (B) 4
(p<0.05)  

 

50µm�

DAPI�

A�

B�

ÌÐÆÇ�
ÊÈÎË�
ÍÉÏÄ�

Ki67#

?��j#(10Ó)�

@l� 1V� 3V� 5V�

*�
*�

�°£���ò"
Ki67´J°£��ò�%�

@l� 1V� 3V� 5V�

?��j#(10Ó)�

(%
)�

0�

10�

20�

30�

40�

50�

60�

@l� 1V� 3V� 5V�

?��j#(10Ó)�

(%
)�

0�

10�

20�

30�

40�

50�

60�

��������ò"
Ki67´J������ò�%�

*� *� *�

+5Ô?��jñúýKi67´J��ò4�"
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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U 9 957 ,10

EdU(50 mg/kg 1 2 ) (10 ) 1
EdU ( : ) MCT1 ( : )

DAPI ( : ) EdU ( )
EdU ( ) ( ) :

 
  

6 EdU
EdU(50#mg/kg 1 2 ) 	 (10 ) 1

EdU#( :	 ) MCT1#( :	 ) DAPI#( :	
) EdU ( ) EdU ( ) (
)# 	

EdU DAPI EdU,#MCT1,#DAPI

EdU
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3.4 β
 

β

β1 ( : 5 

mg/kg) β3 (SR59230A: 1 mg/kg) 1 2

(10 ) 1 β1

β3

( 7 A) β3

)  

Ki67 )

Ki67 ß1 ß3

) ( 7 B)

Ki67

β1

β3

 ( 7 C) Ki67

β3

β1  

β3

β1 )
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7 β1 β3

 
( ) β1 (β1AR) (5 mg/kg 1

2 ) β3 (β3AR) (1 mg/kg 1 2 )
(10 1 (23 )

HE (A) Ki67 ( : 
) MCT1 ( : ) DAPI ( : )

: (B) 1
) Ki67

(C) 4 (p<0.05)
 

A
1 (10 )

HE

β1AR β3AR

B β1AR β3AR

1 (10 )

C

7 β1 β3 .
( ) β1 (β1AR) (5#mg/kg 1 2 ) β3 (β3AR)

(1#mg/kg 1 2 ) 	 (10 ) 1 (23 )
HE (A)# Ki67#( :# ) MCT1#( :#	 )

DAPI#( : ) 	 (B) 1
Ki67 (C) 4

(p<0.05)

*
*

.
Ki67

0

10

20

30

40

50

β1AR# β3AR#

1 (10 )

(%
)* *

.
Ki67

0

10

20

30

40

50

β1AR# β3AR#

1 (10 )

(%
)
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3.5 β3  
β3 )

β3 CL316,243 (CL; 0.1 

mg/kg/day) 1, 3, 5 CL 1

( 8 A) CL

5 ( 8 B)  

Ki67 )

Ki67 CL 1

Ki67 ( 8 C)

Ki67 6.5% ± 1.2% CL

1 24.4% ± 1.1% ) CL 5 )

(27.6% ± 2.2%)( 8 D) Ki67

( : 17.7% ± 2.5% CL 1 : 16.9% ± 1.8% 3 : 17.2% 

± 1.6% 5 : 14.6 ± 1.2%)  

β3

)  
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β E H L9  
( ) CL316,243(CL: 0.1mg/kg/day) 1, 3, 5
(BAT) HE (A) (B) 

Ki67 ( : ) MCT1 ( : )
DAPI ( : ) : (C)

1 )

Ki67 (D) 4
(p<0.05)  

A�

B�

(m
g)
�

0�

20�

40�

60�

80�

HE�

ÅÃÒÑ�

BAT¬®�

s»� 1V� 3V� 5V�

CLO��

CLO��

s»� 1V� 3V� 5V�

+8Ôβ3ăđĚĒĘĜ$=�	��CL316,243òO�ñúý������ò5�"
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�

D�
(%

)�

*�

*�
*�

0�

10�

20�

30�

40�

s»�1V� 3V� 5V�

CLO��

��������ò"
Ki67´J������ò�%�

0�

10�

20�

30�

40�

(%
)�

s»� 1V� 3V� 5V�

CLO��

�°£���ò"
Ki67´J°£��ò�%�

ÌÐÆÇ�
ÊÈÎË�
ÍÉÏÄ�

ÊÈÎË�

ÌÐÆÇ�

ÅÃÒÑ�

CLO��

s»� 1V� 3V� 5V�C�
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4.  

) UCP1 Ki67

Ki67 β3

β3

β3

 

β3

) β1

) ) in vitro[21] in vivo[22]

) Ki67

1 5

3 )

β3

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] )

in vitro )

[31]

)

) )

 

Ki67

40% 20%

Ki67 DNA 1.4

Ki67
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DNA (S ) EdU )

) EdU

Ki67

(M ) H3

M

 

)

76.9% ± 0.6%

)

) ) Géloën

46.5%, 44%, 9%, 0.5% ) [16]

Ki67

Ki67

11% 22%

) [32]

) )  

)

- -β3

)  
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5.  
UCP1

)

) 6

C57BL/6J 23 ( ) 10 ( ) 5

Ki67

) Ki67 UCP1

( 7.2% ± 0.4%) UCP1

Ki67 ( 19.6% ± 2.3%)

Ki67 1 (25.6% ± 

1.8%) 5 ) (21.8% ± 1.7%)

Ki67 5

(42.1% ± 8.3%) β3 Ki67

β1

Ki67 β3

5 Ki67 1

5 Ki67

 

β3

)
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[ ]  
 
1.  

) [1, 33]

[34, 35]

[14, 15, 36] )

)

)

[37-40]  

3

)

[41, 42] )

) myogenic 

factor-5 (Myf5)

) Myf5 PR domain containing 16 PRDM16

[43, 44] Myf5

) α

(PDGFRα)

)  [45]

) PDGFRα [46]

PDGFRα

[47]

2 )

)  

)
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) ) )

DNA

[48-50] in vitro :

) [51, 52]

 

) :

G1 (Gap1) S (synthesis)

G2 (Gap2) M (mitosis and cytokinesis) 4

: (CDK)

: CDK /

(Cip/Kip) CDK 1B(p27; p27Kip1

Kip1) CDK E-CDK2

D-CDK4 G1

S [53-55] p27

[56-59] p27 (WT)

[60, 61] p27

) )

 

) aP2

p27 : p27 (Tg)

)  
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2.  
2.1  

aP2-p27 Tg  )

5.4-kb aP2 β-globlin

p27 cDNA 

(GenBank; NM_009875.4) A DNA

C57BL/6J

(WT)

23 12 07:00

19:00

β3 CL316,243 CL 0.1 

mg/kg; Sigma-Aldrich 10:00 24

:

4%

) RNA later Invitrogen RNA

) ±

DNA ) )

09-0039 13-0218

 

 

2.2  
VitalView Data Acquisition System Mini Mitter Co., Sunriver, OR, USA

) : 75 mg/kg

1 mg/kg PDT-4000 Mini Mitter Co.

7

1

: ER-4000 Mini Mitter Co.

1

4 1  

1 g/kg

5 mm )
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1mm

37

: 37

CL316,243 0.1 mg/kg 30

 

 

2.3 ±  
±

2  

 

2.4  
MEF 16.5

: -EDTA

0.25 % 15 45 37

[10% Fetal calf serum FCS, Trace Scientific Ltd., Melbourne, 

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

Pure Chemicals, )] 200 µm

200×g 5

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

pH7.4 25 µm 200×g 5

MEF MEF

) 100%

0.5 mM isobutylmethylxanthine (IBMX, Sigma–Aldrich) 1 

µM dexamethasone (Dex, Sigma–Aldrich) 2

10 µg/ml insulin (Sigma–Aldrich) 50 nM 3,3’,5 

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

2 6

:  

HB2
100% FCS ) DMEM-high glucose

Green fluorescent protein (GFP) p27

AD-GFP AD-p27 100 MOI : 10 



 30 

mg/ml insulin 50 nM T3 2 6

:  

 

2.5  

4

: PBS 5 3 IgG

1 : PBS 5 3

1 :

PBS 5 3 100 ml Tris pH 

7.6 DAB ± Wako Pure Chemicals 1 1%

1/1000 10 :

10 10 70 80 90

95 100% ) 100% EUKITT

O. Kindler, GmbH, Freiburg, Germany

Ki67

 

 

2.6  
WT Tg MEF

: PBS 2 10% -PBS

20 PBS 3 5% -PBS 5

: PBS 3 5% 10

-20 : PBS 3

8%BSA PBS  1 : 800 UCP1

4 : PBS 3 200 Alexa Fluor488

: PBS 5 3 DAPI

ProLong Gold Antifade Life Technologies )
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2.7 real-time PCR mRNA  
RNA later ) mRNA

RNA Trizol Invitrogen ) 2 µg RNA

(dT)15- M-MLV Invitrogen

cDNA 3 SYBR Green (Fast 

Start Essential DNA Green Master, Roche Diagnostics) ) real-time PCR

(LightCycler system, Roche Diagnostics)

β-actin  

 

2.8 DNA  
DNA  

 

2.9  
±

) Scheffe’s post hoc-test ) 2

Student’s t-test )  
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2. ± )  

  

UCP1  

  ( ) 

WB: 5,000  

IHC: 800  

aP2 

  (Cell Signalling Technology) 

WB: 5,000  

caspase9 

  (Cell Signalling Technology) 

WB: 5,000  

phospho-pRb 

  (Cell Signalling Technology) 

WB: 5,000  

Actin 

  (Sigma-Aldrich) 

WB: 5,000  

p57 

  (Sigma-Aldrich) 

WB: 5,000  

p27 

  (BD Biosciences) 

WB: 5,000  

pRb 

  (BD Biosciences) 

WB: 5,000  

PCNA 

  (Santa Cruz Biotechnology) 

WB: 5,000  

IHC: 300  

Ki67 

  (Abcam) 

IHC: 200  

monocarboxylate transporter 1 (MCT1) 

  (Merck Millipore) 

IHC: 200  

(WB: ± ; IHC: ) 
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3. real-time PCR )  

gene name (gene symbol) : gene bank ,  

Forward  

Reverse  

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.  
3.1 p27  

p27 : (

p27 : Tg ) 12

WT Tg 8.7 ± 0.1 cm 8.6 ± 0.0 cm 23.2 ± 0.6 g  

20.6 ± 0.7 g ) ( 9 A, B)  

Tg  ( 9 C)

WT 5 ( 9 D)

( 9 C) ( 9 D) )

HE

) ) WT

Tg ) ) ( 9 E) p27

± Tg

WT 2.7 2.1

5.4 ( 9 F) Cip/Kip

p57

 

p27

 

 

 

  



 35 

 

 

 

 
3 p B d
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3.2 p27
 

mRNA

UCP1 PGC-1α

iodothyronine deiodinase 2 (Dio2)

Cytochrome c oxidase subunit  (COX ) UCP1

) Cide-A WT Tg )

PRDM16

WT Tg ( 10 A) mRNA

UCP1 WT Tg )

( 10 B ) UCP1 Tg WT

27.5% ( 10 B ) DNA

Tg 5 1 ) (

10 C)  

Tg

 

Tg 4

WT 37.6°C ± 

0.3°C Tg 37.5°C ± 0.3°C ) ( 11 A)

WT 60

Tg ) 60

1.0°C ± 0.2°C β3 CL (0.1 

mg/kg)

) ) CL

( 11 B) WT Tg

Tg

 

Tg

WT

)  
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	 3 p B d

(WT) p27 (Tg)
WT Tg

mRNA (A) UCP1  (B) DNA (C)
5 WT

(p<0.05)  

3 p B i

(WT) p27 (Tg)
WT Tg (4 ) 1

(A) WT Tg ( ) β3
CL316,243(CL: 0.1 mg/kg) 30

(B) 5 (A) 4 (B)
WT (p<0.05) † WT-CL vs Tg-CL

(p<0.05)  
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3.3 p27
 

p27 )

WT Tg

PCNA Ki67 ( 12 A)

PCNA Ki67 WT Tg )

Tg PCNA

Tg WT 3 1 )

( 12 B) ± ) PCNA WT

Tg ( 12 C)

(pRb) WT Tg

) pRb WT

) caspase9 WT

Tg ) Tg

) )

p27-Tg

 

3 p B 957

(WT) p27 (Tg)
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3.4 p27
 

p27 )

WT Tg (MEF) in vitro

WT Tg MEF ) ) 4

aP2 ( 13 A) p27

WT MEF ) )

Tg MEF aP2 4

p27 8 MEF

) Oil red-O

) ) ( 13 B) aP2

COX4 mRNA ) UCP1

PRDM16 mRNA WT MEF Tg MEF  ( 13 C)

UCP1 Tg MEF UCP1

 ( 13 D)  

p27

) GFP (AD-GFP) p27 (AD-p27)

(HB2) :

Oil red-O (0 ) 6

p27 ) ( 14 A) p27

mRNA GFP p27

5 ) ( 14 B) aP2 UCP1 mRNA GFP

p27 ) )

 

p27 : )
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3 p 6 9L

4

16.5 (WT) p27 (Tg)
(MEF) 10% FCS DMEM-high glucose

100% 0.5 mM IBMX 1 µM Dex
2 10 µg/ml insulin 50 nM T3

10 µM Tro 2 6
(0 2 4 6 8 ) p27 aP2

± (A) 8 )

Oil red O  (B) aP2 COX4 UCP1 PRDM16 mRNA
real-time PCR (C) UCP1 (D)

4 WT MEF (p<0.05)
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3 p 6 9L4

HB2 ) GFP(AD-GFP) p27(AD-p27)
: 100 MOI FCS DMEM-high glucose

6 10 µg/ml insulin 50 nM T3 10 µM Tro
2 6

Oil red O (A) 6
p27 aP2 UCP1 mRNA real-time PCR (B) 3

(Pre) 5 (AD-GFP AD-p27)
(p<0.05)  
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3.5  p27 β3
 

p27 :

)

) Tg

( 11 A) β3 (CL: 0.1 mg/kg)

 

CL :( 11 B) 1

WT Tg ( 15 A)

Tg β3

Ki67 )

WT )

CL Ki67 ( 15 B) Tg

) CL

Ki67 WT

) Ki67 9.0% ± 0.7% CL

21.7% ± 0.7% ) ( 15 C) Tg )

Ki67 1.6% ± 0.1% CL

0.9% ± 0.2% ) Ki67

(WT : 18.4% ± 1.3% WT CL : 

19.0% ± 1.5% Tg : 17.3% ± 0.8% Tg CL : 17.6 ± 1.0%)  

p27 β3
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3 p B 957 β E H

d 9L4  
(WT) p27 (Tg) ( )

CL316,243 (CL: 0.1mg/kg/day) 1 24
HE (A) ) Ki67 ( : ) MCT1 ( :
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4 WT (p<0.05)
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4.  
)

p27 : (Tg )

 

Tg ) Tg

DNA )

p27

WT

) UCP1 β3

) )  

Tg

) β3

Tg β3 )

WT β3

Ki67 Tg Tg
β3 )

β3
 

Tg aP2 p27 :

Tg MEF ) ) aP2 ) p27

p27

) WT Tg

MEF in vitro : aP2

)
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UCP1 mRNA Tg MEF UCP1 WT

MEF Tg MEF ) Tg MEF

PRDM16 mRNA ) PRDM16 UCP1

 [62] Tg MEF UCP1

p27

HB2

p27 : UCP1 mRNA

p27 )

in vivo ) Tg PRDM16 mRNA

Tg

)  

Tg

)

 [48-50] Tg

WT )

) ) ) PCNA

)

) Myf5

)

[43, 44] ) )

 

)

)

)

:
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5.  

: p27 :

(Tg) Tg )

WT )

Tg WT

UCP1

WT

UCP1 WT )

WT Tg

β3

Tg

Tg

)

 

p27 ) WT Tg

MEF : Tg MEF UCP1

aP2

COX mRNA

HB2 ) p27 GFP

: aP2 UCP1 mRNA

p27

)  

β3

Tg Tg

β3 (CL; CL316,243) Ki67

CL

β3

Tg Ki67

WT ) WT CL

Ki67 Tg

Ki67 CL
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β3

)  
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[ ] 
 

2

UCP1

) UCP1 β
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-

UCP1

)

) )

)

) )
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) 1

Ki67 Ki67

Ki67

) β3

) β1 β3
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p27 :

(Tg) ) ) Tg

WT

Tg WT

Tg MEF p27 : HB2

) p27

) Tg β3

Ki67

β3

)  
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) )

β3

)  
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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. 

 


