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89-:;<�
3=>?@A !"BCDEFG�Na2SeO3�HI�J���KLM NSYNFO�P:;Q�RS
-�TUV�QWX insulinYZ3[\]^_�`abc�3d:?@.7eIfcg_�`abc�3d�hi&'
(-:; Na2SeO3Imethylseleninic acidjkl seleno-L-methionine (SeMet)3 nicotinamide/streptozotocinm�n
op���NFOKLM30q;rs:?-7tISeMet uvwxq_�abc�3f�67-uyz{|?@7�
c�HI}~�j�6 !"�f�- glutathione peroxidase 1 (GPX1) mRNA�
��[\IROS����-IQ
WX�����B�FFA�jkl HbA1CYZ�RSg{l� adiponectinYZ[\�k67-ud�]|?@7�_
�`ab/0123rs:?-7tISeMetHI3T3-L1�����P:;IGPX1 �
������� ROS���
��k6 insulin receptor substrate�E"B&��3�:; phosphatidylinositol-3-kinase3�n&:Iglucose�
��3���67-ud]|?@�?IHepa 1-6 ���jq;IFFA-:;� palmitate���k� insulin��n
u��:?#$�j�6��� glycogen  ¡�P�6 SeMet �+,�¢q;rs:?£�ISeMet H FFA �k6
glycogen��RS3¤¥!¦M�e§¨]^67-u©5:?@�?ISeMet���k>; Hepa 1-6��� GPX1
�
�u��:?@7|{�£�ª{ISeMetHI����jkl«���P�6 GPX1�¬�&�k6��� ROS
�����3�:? insulin signal­®¯3��]^67-�k>;Iinsulin��n3ab�67-ud�]|?@ 

 

�
������°���The objective of this study was to investigate the effect and its mechanisms of various 

selenium status and/or ingestion of selenocompounds on the development of diabetes mellitus. The 

supplementation of sodium selenite (Na2SeO3) resulted in the decrease of blood glucose and the increase of plasma 

insulin after oral glucose tolerance test in type 2 diabetes model NSY mice. As the possible candidates effective for 

glucose torelance, Na2SeO3, methyl seleninic acid and seleno-L-methionine (SeMet) were administered to 

streptozotocin/nicotinamide-induced short-term diabetic mouse model, and the results indicated that SeMet was 

most effective against glucose intolerance. The effect is presumably related to increased selenium content and 

glutathione peroxidase 1 (GPX1) mRNA expression and suppressed ROS production in pancreas, and decreased 

free fatty acid (FFA) and HbA1C levels and increased adiponectin level in plasma. SeMet accelerated glucose 

uptake by phosphatidylinositol-3-kinase activation through the suppression of ROS production that was linked to 

the control of insulin receptor substrate phosphorylation in 3T3-L1 adipocytes. The glycogen storage lowered by 

treatment of palmitate as FFA in Hepa 1-6 cells was recovered by SeMet until the normal level. These results 

suggest that SeMet exhibits the improving effects against insulin resistance by promoting insulin signaling in 

adipocytes and hepatocytes through the suppression of ROS production because the selenocompound 

predominantly enhances GPX1 expression in both cells. 
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 »¼½¾ ¿¼½¾ '¶ À 

2008�Z 900,000 270,000 1,170,000 

2009�Z 800,000 240,000 1,040,000 

2010�Z 800,000 240,000 1,040,000 

2011�Z 800,000 240,000 1,040,000 

Á¶ À 3,300,000 990,000 4,290,000 
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¶ �J�������Ý-:;IÞEÔÍMßà½á�â�Iã

EäÍåæ"Iprotein kinase C (PKC)gçuèé>;q67-

uêëª{ìí]|;q6@]{�I7|{��Ý�H�nBî

ï(ROS)�k6B&9OD!Ouð�gñ-g>;q67-uò

ó{|6@ôõI�ö��H���e��]|? ROS3÷ø�6

?z�B&9OD!Où�¯uúé>;q6@ !"HI7�k

�gB&9OD!Où�¯3û�ôü����n(ý-:;ð�

gþ�3��;q6@.�1`�ß�9gw�-:;ISe�f�

îe�6 glutathione peroxidase 1 (GPX1)% thioredoxin 

reductase 1 (TR1)u�6@7�k��I !"HB&9OD!O

ù�¯�¬�&���ª{�J����	ù�ð�gþ�3��

;q6
`nuòó{|6uI����Ç9�
�g�ö�YZ

���H�z;�q?zI7|�e����%��	ù�?z�

��9����0]|;Hqgq@-��Iéu�eH����

�k6�n3� :I !"u��i!"#���9��0]|

;Hqgq�u
#e�6@:ª:gu{Ix$%%&'(%�

)Ç*+�jq;I.�QX !"YZuRS:;q67-%I

u,(%-�¥%�QX !"YZ-�¿�-ÀÇ9�f./u

yz{|;q67-ª{I	¥9� !"01-g>;q623

u4��67-uòó{|I.|�k6��+,u56]|6@ 
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��������� !"���+,-.�/012345�

67-389-:;I�789���J���KLMNFOe�

6 NSY NFO30q;rs3=�@<NFOKLM��$��

1:HI};<���j�6 insulinÂ=1:�è*�6 ATP>

?n K+-channeljkl@¹A4n Ca2+-channel�B¥�CÝ�

6 insulinÂ=`DE-IinsulinF9GH� insulin?Iö�>

?n�RS�k6w�-]|IJD� 2J������12-�

z;KL:;q6@.7eI !"�01#$ª{Mx0���

#$�e�Nï !"#$� NSY NFO3/O:I !"#$

-�J�����%�#��=-�èün�¢q;rs�6@�

géPINSYNFO� !"01QR�?HS¥QR3*ó6-

-w�IFM9g !"&'(-:;A !"BCDEFG

�Na2SeO3��fTRU3Vp�é?�NYZWe8X��]^I

NGHX !"�f�3Y´�6-ww�IZ[\Q�]%ãM

^ÍOTU\Q�]g{l� GPX1 % TR1 gç� !"�f�

î�n%NGHX� ROS���gç3ìF-:;I�J����

��P�6 !"�fcn3rs�6@ôõINSYNFOHI48

_$e`���au 100 %�®�6?zIVp¿�rs3
�-

�6@.7eIR0�� STZ�bc§)*-I.�F9-g6}

;<��ede:%�q nicotinamide 3f0)*�67-�k

�Iêë� STZm�n���KLM-HBg6�J����KL

M�gqI:ªwop¿ers
`gNFOKLM3:h�6@

.��óeI !"�fcg&Çig{l�vj���35{ª

��6@¢k�I !"�k6�J�����	ù�/0123

45�689eI !"uB&9OD!Où�¯�¬�&�k6

insulin Â=�ab�k6w�ªI�6qH !"&'(8ö�

insulinl/0�wk6�ª35{ª��6@.�?zI�7NF

OÐ"OEÑÍN MIN6 ��30qIinsulin ��jkl.�Â

=�P�6 !"&'(�+,�¢q;rs�6@ !"&'(

HI���KLMNFO30q?rs�k>;5{ª�g>?f

cg !"&'(30q6@�?IinsulinF9GH-:;��j

kl«~3m´:INFO 3T3-L1����jkl Hepa1-6«n

��30q; insulin ?IöS�åãCM­®¯�P�6 !"

&'(�+,�¢q;rs3=�@7|{�rs�k>;I !

"�k6�J�����	ù�/01235{ª��67-38

9-�6@ 
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(1) NSYNFO�_�`RS�P�6 !"#$�+, 

p  !"��qr�sq�k6GHX !"�f� 

01!¦Mª{tÂ����!¦Me !"3��]^?-u

�Nï !"#$� NSY NFO3/O�6��?�I�7IS

¥�vw0vR3*ó6qrS�j�6NFO� !"��!¦

M3rs�67-�k>;I����xtÂ����!¦M�N

ï !"#$3/O�6?z���]^6 Na2SeO3 �fTRU

�YZ3y´:?@�géPI !"01vR��W�jq;H

TRUX� Na2SeO3YZ3 0�Se-deficient diet-feeding control 

group�DC W�I1.4�Se-deficient diet-feeding low selenium 

group�DLW�jkl 7.0 mg/L �Se-deficient diet-feeding high 

selenium group�DHW��y´:?@�?IS¥vR��W�

jq;H Na2SeO3YZ3 0�Normal diet-feeding control group�

NCW�I1.4 �Normal diet-feeding low selenium group�NLW�I

2.8�Normal diet-feeding middle selenium group�NM W� j

kl 7.0 mg/L�Normal diet-feeding high selenium group�NH

W��y´:?@ 

¶ S¥vR��W� NSY NFOH !"���!¦M�èzg

�GHX� !"#$HtÂ�xª>?@ôõI !"01vR

��W�NFOHIQWjkl«~�jq;01#$ª{tÂ�

xq#$�e�Nï !"#$e�>?@:ª:gu{I}~�

jq;HIDCWH !"01#$e�>?uIDHWHQWjk

l«~k�wRq !"#$jkl DLWH DCW- DHW�X

¿� !"#$e�>?@7|{�7-ª{INSYNFO�S¥

vR�6qH !"01vR--w�INïYZ� Na2SeO3�f

TRU3��]^67-�k>;I01#$ª{tÂ�xq#$

�e�Nï !"#$� NSY NFO3/O�67-u
`e�

>?@ 

{ Z[\jkl�TUV�j�6Q�]jklQWX insulinY

Z�P�6 !"#$�+, 

01#$ª{tÂ�xq#$�e�Nï !"#$� NSY N

FOu|{|?�eINSYNFO�_�`RS�P�6 !"#

$u���+,3rs�6?zIS¥vR�6qH !"01v

R--w�NïYZ� Na2SeO3�fTRU3 6I8jkl 12_¿

��]^? NSY NFO�Z[\jkl�TUV�j�6Q�]

jklQWX insulinYZ3Y´:?@ 

�TUVQ�]3Y´:?£�IS¥vR��Wjkl !"

01vR��W-w�I��p¿�A4:;�TUVQ�]H[

\:?@S¥vR��W��TUV�Q�]HIq7|���p

¿�jq;w !"#$�+,3?�gª>?@:ª:I !"

01vR��W��PIDC W��TUVQ�]Hq7|�)*

p¿�jq;w NCWk�[\:?@7� DCWeyz{|?x

qQ�]HIDLIDHW- !"���u�}�6�¢|;RS

�67-uyz{|?@ 

¶ ~�IZ[\jkl�TUV�QWX insulin YZ�P�6 

!"#$�+,3rs:?@�TUV�QWX insulin YZ3Y

´:?£�IS¥vR��Wjkl !"01vR��W-w�I

��p¿�½�\¿�A4:;�TUV�QWX insulin YZH

[\:?@S¥vR��W��TUV�QWX insulin YZHI



Q�]-�l� NSY NFO� !"#$�èzg�f.g��

Hyz{|gª>?@:ª:gu{I !"01vR��W�Q

WX insulin]HI)* 8jkl 12_¿V�jq;I !"#$

�[\�A4:;�}:?@�?I7�-u� DLjkl DHW

��TUV�QWX insulinYZH NLjkl NHWk�wxª

>?@ 

� }~�j�6B&9OD!Ojkl.�ù�¯�P�6 !

"#$�+, 

¶ NSYNFO�}~X GPX4jkl TR�n3Y´:?-7tI

q7|��nw�z;Rq]e�>?@.7eINSYNFO�}

~�j�6B&9OD!Ojkl.�ù�¯�P�6 !"#$

u���+,3rs�6?zI}~X TBA-RS]IGPX1�nj

kl GSH��3Y´:?@ !"01vR��W�j�6 GPX1

�nHIq7|���Wjkl��p¿�jq;wI7�vR�

��×Ø�k�wf.�RS:?@�?I.��nH !"#$

��}�A4:;§¨�67-uyz{|?@7�7-HI !

"01vR��W� NSY NFO�}~�jq;HI !"#$

�[\�k>; GPX1u¬�&]|67-3d�:;q6@ 

~�IGSH�f�3Y´:?£�I !"01vR��W�}

~X GSH �f�HIq7|���p¿�jq;w)*�-��

:;���RS:?@�?I !"����sq�k6}~X

GSH�f��f.g��Hyz{|gª>?@.�?zI !"

01vR3��]^?-u� !"#$� NSY NFO�}~e

H GSH �f�uRS:IGPX1 uB&9OD!Où�¯-:;

tÂ�1`:;qgq
`nud�]|?@ 

¶ NSYNFO�}~�jq;IB&9OD!O�k>;�}�6

�B&�ý�Â4�(e�6TBA-RS]u !"#$�k>;ç

�k��+,3?�6ª�¢q;rs:?@ !"01vR��

WeHIDCW�}~X TBA-RS]H)*p¿�A4:;x�g

>?uI7�x TBA-RS]H !"����P��6 !"#$

�A4:;RS�6��3d:?@7�7-HI !"01vR

3��]^? NSY NFO�}~�jq;B&9OD!Ouâ�

:I !"����P��6 !"#$�[\�k>;7|u�

�]|67-3d:?@ 

 

(2) opm����NFOKLM�_�`RS�P�6 3 ï� 

!"&'(�+, 

p op���NFOKLM��� 

���	ù�P:;fcg !"�&Çi35{ª��6?zI

����(KLM�_�`RS�P�67|{ 3ï� !"&'

(�+,�¢q;rs3=>?@NSYNFO30q?�'I2J

���389���6�e��$��=u�q?zIVp¿�r

su
�e�6@.�?zI���m��-:;�0]|;q6

STZ3)*�67-�k>;Iop¿e���3���6���

�(KLM3/O:;rs�67-�:?@�7I��gqrS

������NFOKLM3/O�6?zISTZ�P�6>?n

u��9xq¯--òó{|;q6 C57BL/6 NFOjkl ICR

NFO30qINA/STZ)*V��\Q�]3½_9�Y´:?@

.�£�I�¯-�NFO-w� NA/STZ)*�k>;I)*×

Ø�k�wvwp¿�A4:;Q�]u[\:?@7|{�¯-

�NFO�Q�]3��:?-7tIICRNFO�õu C57BL/6

NFOk�wQ�]u[\:%��INA/STZ)* 5_¿V�Q

�]H 200 mg/dL�[wx�g>?@7�-u� ICRNFO�

QWX insulin YZH C57BL/6 NFO�� 1/5 �]e�>?@

NA/STZ)* 5_¿V� 2000 mg/kg glucose�½�)*�k6_

�`Q�3=>?£�IQ�]H C57BL/6 jkl ICRNFO-

w��TU 60ÂV��Í��®:I.�V���RS:?@7�

Q�]�[\aHIICR NFO�õu C57BL/6 NFOk�wf

.�xq7-ª{I�%3.�KLM�(��0�67-�:?@ 

{ opm����NFOKLM�_�`RS�P�6Na2SeO3�

MSAjkl SeMet�+, 

¶ ���	ù�P:;fcg !"�&Çi3rs�6?zIo

pm����NFO30qI��9 !"�f�î������

auxq-òó{|6 Na2SeO3IMSAjkl SeMet3hi&'

(-:;I7�NFO�_�`RS�P�6����!¦M� 

!"&'()*�+,3rs:?@�géPI6 _$��n ICR

NFO� NAjkl STZ3)*:?VI !"01vR--w�

158 µg�2 µmol�Se/kg Na2SeO3IMSA�6qH SeMet�N 

!"&'(3 5_¿ �½�)*:I)*p¿¡¢V�}~X 

!"�f�3Y´�6--w�I)*p¿X�öðjkl�\Q

�]jkl)*p¿¡¢V��TUVQ�]3Y´:?@ 

¶ opm����NFO�N !"&'(�)* 5_¿V�N)

*W�j�6}~X� !"�f�3Y´:?£�IN !"&

'(�)*W�}~X� !"�f�HINA/STZ )*�èzg

�f.��}:?@�?ISeMet3)*:?�'�.��}aH

vw��e�>?@7�£�ª{I3 ï� !"&'(��P

SeMetuIopm����NFO�}~�j�6 !"#$3v

wxz67-ud�]|?@ 

~�Iopm����NFO�_�`RS�P�6+,3rs

�6?zIN !"&'(�)*p¿X�jq;�\Q�]3Y

´�6--w�IN !"&'()* 5 _¿V�j�6 glucose

½�TU�k6_�`Q�3=>?@NA/STZ ¸£)*W�j�

6NFO�Q�]HI)*�k�w����}:INA/STZ )*

1 _¿Vª{ !"01vR���P¤W��¥;f.�[\:

?@NA/STZ+Na2SeO3f0)*W�Q�]HINa2SeO3)* 2x

4_V�jq; NA/STZ¸£)*Wk�wf.�RS:?uI7

�f.gRSH)* 5 _¿V�H¦§�67-uyz{|?@

NA/STZ+MSA f0)*W�Q�]HINA/STZ ¸£)*W-¨

� ��!¦ Mef. /Hyz {|gª >?@ô õI

NA/STZ+SeMet f0)*W�Q�]HISeMet )* 4 _¿�©

� NA/STZ¸£)*Wk�wf.�RS�67-uyz{|?@ 

.7eI7|{ !"&'(�)* 5_¿V� glucose½�T

U�k6_�`Q�3=>?£�Iq7|� !"&'(wI.

�¸£)*�k>;�TUV�Q�]H !"01vR��3�

�]^?P¤W-��!¦Me�>?@ôõINA/STZ ¸£)*

W��TUVQ�]H !"01vR��3��]^?P¤Wk

�wf.��}:?@�?I7�Q�]HINA/STZ+SeMetf0

)*W�jq;��I�TU 90jkl 120ÂV� NA/STZ¸£

)*Wk�wf.�RS�67-uyz{|?@ 

 

 (3) SeMet�k6opm����NFOKLM�_�`abc�

�P�6}~�B&9OD!Où�¯IinsulinÂ=jklF9G

H�� insulin/0-�èün 

p opm����NFOKLM�}~�j�6B&9OD!O

ù�¯jkl insulin ¡�P�6 SeMet�+, 

¶ opm����NFOKLM�rs�jq;ISeMetuvwx

q_�`abc�3d:?7-ª{I}~�j�6B&9OD!

Où�¯jkl insulin ¡�P�6 SeMet)*�+,3rs:

?@�géPISeMet3 158 µg�2 µmol�Se/kg�)*�e 5_

¿)*:?VI}~X GPX1IGPX4jkl TR1 mRNA�
�

jkl GSH�f�I};X 8-OHdG���jkl insulin ¡

�3Y´:?@�7I}~X GPX1IGPX4 jkl TR1 mRNA

�
�3Y´:?£�I}~X GPX1 mRNA�
�HINA/STZ

)*�èzg� SeMet)*�k>;f.��}:?@ôõI}~

X GPX4 jkl TR1 mRNA �
�HINA/STZ jkl SeMet

)*�ªªé{7f.g�&Hyz{|gª>?@7|{�7-

ª{Iopm����NFOKLM�}~�j�6 GPX1IGPX4

jkl TR1 mRNA �
���PIGPX1 mRNA �
���u

SeMet)*�k>;�}�67-uyz{|?@ 

B&9OD!O�NÍªÍe�6 8-OHdG3ìF-:;I};

X 8-OHdG ���3Y´�6?zIHematoxylin-Eosin�HE�

«¬jkl� 8-OHdG�ö�k6­)«¬3=>?};�«¬®

3 HE«¬e*¥?£�ISeMet)*�èzg�INA/STZ)*

�k>;};�¯°u�±]|?@ôõI8-OHdG3r²�6?

z�­)«¬3=>?£�Iq7|�)*Ww��³� 8-OHdG

ur²]|?@7|�}ó;INA/STZ ¸£)*Wjkl



NA/STZ+SeMet f0)*W�jq;HI��³�´µ¶�w

8-OHdGur²]|?@7|{�«¬®30qI·®4¸�k>

;};¹ö�º��P�6 8-OHdG»n¶Â�º��3};�j

�6 8-OHdG���-:;�:?£�ISeMet¸£)*W�jq

;HI !"01vR��3*ó?P¤Wk�w 8-OHdG���

uf.�RS:?@7|�P:;INA/STZ ¸£)*W�};�

j�6 8-OHdG���HI !"01vR��3��]^?P¤

W��¥;f.��}:?@:ª:gu{I7|� SeMet3f0

)*:?�'INA/STZ¸£)*W-�¥; 8-OHdG���Hf

.���]|?@7|{�£�ª{I !"01vR���jk

l NA/STZ )*�k>;};�j�6 ROS ���u�}:I

8-OHdG ���u�}:;q67-uòó{|?@�?ISeMet

)*�k>;}~� GPX1 u¬�&:IGPX1/GSH ¯uB&9

OD!Où�¯-:;1`:?£�I};� ROS���u¼½:

; 8-OHdG��u��]|67-uòó{|?@ 

~�I};X� insulin  ¡�3¾¿�6?zI�GH��

insulin�ö�k6­)«¬3=>?£�I !"01vR��3

��]^?P¤Wjkl SeMet¸£)*W�jq;HI};¹ö

� insulin ur²]|?@.|�P:;INA/STZ ¸£)*Wj

kl NA/STZ+SeMetf0)*W�jq;HIinsulinH};�ô

¶��r²]|?@7|{�«¬®30qI·®4¸�k>;}

;¹ö�º��P�6 insulin»n¶¹�º��3};X insulin

�f�-:;�:?£�I !"01vR��3��]^?P¤

Wjkl SeMet¸£)*W�¿�HI};X insulin ¡��f

./Hyz{|gª>?@:ª:gu{INA/STZ ¸£)*W�

};X insulin  ¡�HI !"01vR��3��]^?P¤

W�� 55 %e��ISeMet �f0)*�k>;w7�]H�}

:gª>?@7|{�£�k�I};X insulin ¡�H NA/STZ

)*�k>;RS�6uI7|H SeMet)*�k>;§¨:gq

7-uyz{|?@ 

{ opm�n���NFOKLM�Q��QX HbA1c�QWX

insulin�FFAjkl adiponectin�P�6 SeMet�+, 

SeMet H}~�j�6 GPX1/GSH ¯�¬�&3�:;};3

B&9OD!Oª{ù��67-ud�]|?uI7�B&9O

D!Où�/0-NA/STZ)*�k6_�`RS�P�6SeMet

�abc�-�èünHRq7-ud�]|?@.7eISeMet

�k6_�`abc�-QWX insulin YZ-�èün�¢q;

rs�6?zI158 µg�2 µmol�Se/kg SeMet )* 5_¿V�o

pm����NFOKLM�QX HbA1c]IQWX insulinIFFA

jkl adiponectinYZ3Y´:?@�7ISeMet3 5_¿)*

:?�'��ø�`�9gQ�#$3��ìF-g6 HbA1c ]

3Y´:?£�IQ�]-�l�ISeMet¸£)*�k>;QX

HbA1c]H�&^7I !"01vR��3��]^?P¤W-

�!¦Me�>?@ôõINA/STZ¸£)*W�QX HbA1c]HI

 !"01vR��3��]^?P¤Wk�w����}:?uI

7|H SeMet �f0)*�k>;f.�RS�67-uyz{

|?@7�7-k�ISeMetHopm����NFOKLM�P

:;Q�©S/03f�67-u�y]|6--w�I7�/0
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Scheme 1. ¶ Proposed mechanism of insulin signal in 

adipocytes and hepatocytes, and the improvement 

action of SeMet against insulin resistance 

IRS: insulin receptor substrate 

GS: glycogen synthase¶ ¶  

GSK3β: glycogen synthase kinase-3β 

PDE3: posphodiesterase3 

JNK: c-Jun N-teminal kinase 

Akt: AKT8 virus oncogene cellular homolog 

pY: phosphorylated tyrosine 612 

pS: phosphorylated serine 307 
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