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研究成果の概要（和文）：耐糖能異常易発性と抵抗性（Prone系とResistant系）の新規モデルマウスを用いた動
脈硬化巣形成モデル実験系を確立し、Prone系での動脈硬化巣形成の亢進を確認した。さらに、この実験系での
Prone系マウスにおける動脈硬化巣形成が、メトホルミンの投与によって抑制されることを明らかにした。ま
た、耐糖能異常における「血糖値変動の繰り返し」が動脈硬化巣形成に及ぼす影響をより直接的に評価するモデ
ル実験系を構築し、グルコース投与によって血糖値変動を誘発したマウスで動脈硬化巣形成が亢進することを認
めた。以上の結果は、耐糖能異常が生体レベルで動脈硬化巣初期形成を惹起することを明確に示している。

研究成果の概要（英文）：We established an experimental model system for assessing atherosclerotic 
lesion formation in vivo using new impaired glucose tolerance-prone and -resistant mice. We 
confirmed that arteriosclerotic lesion formation is accelerated in the prone mice as compared to the
 resistant mice. In addition, the accelerated lesion formation in the prone mice was suppressed by 
metformin. We also established another experimental model system for evaluating the effect of 
repetitive blood glucose spikes more directly on atherosclerotic lesion formation, and demonstrated 
that oral glucose administration-induced blood glucose fluctuation accelerates the lesion formation 
in mice. These results clearly demonstrate that impaired glucose tolerance actually evokes 
atherosclerotic lesion formation in vivo.

研究分野：糖尿病代謝学

キーワード： 耐糖能異常　動脈硬化　糖尿病　モデルマウス

  １版



Ŝ� ħ� ȟȑȕȝjȠȑȕȝȑȕjȢȑȕȝjȟȡȑȕȝȎÙǥȏ�

ȕȒƐƘǵĎĨßrƸō�
� ƢĘƄsçƼƑèİƃırǱǋpëǻý
ďmt}jŢơmsƢĘƄıƳrēq )�s

�ȍzįƞřą�ƌĽrťýndlu~kƢ
ÁǛƁğq{~çƼƑèİƃıƆƅ©��
rĆċsj
 ăƢĘƄráŦǾmt~ƴƢƺ
ƁğƳq[ulŇqǖx|�jĊ`rƂđƈ
ƐƘrƩŖsjȆĬrǆƢÓ²ŉzƙƽŌǆ
Ƣ{}yÕ�iįǆƟƃır¹űýďmt
~bn�Ɠdlu~k�
� ȆĬȋǆƢsjŬİǰƦ¯ƚƦƖrǩâŽ
żpo�¿dlçƼƑèĜrĩĳ�ÐǨf
~yrnƲw|�ȎĀ 	ȏju`kyrƐƘm
sȆĬrǆƢ²ŉqÈvǰè¯��¬è¤°
�°r²ŉzǆƟÚƉşƺrÊ³zƓc�
lu~kdydjbr{vp���¤°�°
r±ǩƈpĈçzƓc�lu~±ņmjȆĬ
ȋǆƢq{~ǆƢÓĈçȎNSAJLTPJ�YWPRLȏ
rư}ǤdzjēǿrǟĞndlçƼƑèƄ
ĈrǨęqƿ~bn�ƓfżÌȎçŷȏ«¡
ªmrēȊƈƏǌs¸d`jçƼƑèĜĩĳ
rÐǨq[uljĀȕqƓdi{vpÂǘr
¶mēǿqorƨǞz¶įƈpīã�ĺj
lu~rysŊ|ympuk�
�
�
�
�
�
�
�
�
�
�
�
I 	� fah]O$!�Bi`CNnT+?p�)#3

t\>A�sM�*)X/!cmu�

�
� b�wmrƢĘƄnçƼƑèİƃınr
ǷÏqkulrçŷēȊmsj« �­ðĕ
ÌŠľ¤��z ABE Ķ´¤��porƢĘƄ
¤��n�£©£ ¬��­ 4 z �3� ðĕÌ
porǬÇďŠľq{~ȋ�«��¬°ª
ǆƅ¤��nr¼ǯ§�ªz·qžu|�
l^ikdydjb�|ŇĐr§�ªçŷsj
ǨǇdiƢĘƄ§�ªmt}jƙƽŌǆƢy
ǂȋmƻǝÁǛqyƁğ�^idlu~kw
ijȅǂpȋ�«��¬°ªǆƅq{jlç
ƼƑèƄĈyǂd`ǨǇdiŹĲnp~kd
izjljb�|ŇĐr§�ªçŷ�žulj
oƴƢƺƁğȎáƢĘƄŦǾȏnçƼƑèĜ
rßŐĩĳnrǷÏp�ǓÎf~bnsþȃ
mt~k�
� ±ņmjǣġĴlzǫĸ¼ǯq{jlŅi
qƒƛdiƴƢƺƁğŋƆİr ";98L Ƥ¤�
�sj��n÷ŜjĊǬÇďİrƴƢƺƁğ
ƆƅĄƊ�ŏdjǂŊpƙƽŌǆƢr²ŉs
ǖxgjƨñ���ƢǜǁǔȊq[ulƾĢ
²rƴƢƺƁğƳn{`ÉiǆƢĈç�Ɠ
fF HNH9�LZ�HS���9�3PHILZLY�88?LYZ��
�	
Gk

wijǆ¶ƻǝqyȅǂpƁğsǖxgçƼ
ƑèĜrĩĳy²Ǒr§�ªçŷnŧǡd
lǠĤmt~kdizjljƴƢƺƁğŋƆ
İr ";98L Ƥr¤��nhrĖŵndlrţ
ğƴƢƺ�ƭĻf~ #LYPYZH8Z Ƥ¤��sj
ƢĘƄáŦǾndlrƴƢƺƁğzçƼƑ
èĜĩĳrßŐŦǾq´w~ĪȄ�żÌ«
¡ªmǓÎdv~b�wmqpu§�ªç
ŷmt~kēǿjƐƘÁǉƳ|sb�wmq
ǫĸ¼ǯǩƕr¤���žuiǔȊq[u
lj";98L Ƥ¤��q[a~çƼƑèĜĩĳ
z #LYPYZH8Z Ƥ¤��nŧǡdlȅǂq»Ǩ
f~bnǌÝdlu~ȎĀ 
ȏF0YHP�LZ�HS���
0ZOL;9YJSL;9YPY��
�	(Gk�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
I �� YO>aht	�����

� buP,/ Zn��f

ah]Ot���
� buP,/�$Bi`CNnTt_au

#<p+l&)�

�
ȖȒƐƘrƋƈ�
� őƐƘmsjƐƘÁǉƳ|zǣġŅiqƒ
ƛdiƴƢƺƁğŋƆİȎ";98L Ƥȏ[{t
ƴƢƺƁğĹķİȎ#LYPYZH8Z Ƥȏr 
 Ƥƪ
r¤���·qžulj�		çƼƑèĜrĩ
ĳ¯ǨęqívfƴƢƺƁğȎȆĬȋǆƢȏ
rĪȄ�ǓÎf~çŷ§�ªƤ�ƒƛdj
�
	ƴƢƺƁğnçƼƑèĜĩĳnrýŖǷ
ÏȎÍžşģȏ�çŷ«¡ªmŊ|yqf~
nnyqj�(	ƴƢƺƁğq{~çƼƑèĜ
ĩĳÐǨqĖf~Ɩlr¿Ørŏæİ�Ś
ǐf~k�
�
ȗȒƐƘrņū�
�		çƼƑèĜrĩĳ¯ǨęqívfƴƢƺ
ƁğrĪȄ�ǓÎf~çŷ§�ªƤƒƛ�
C ";98L�#LYPYZH8Z µƤƪ¤��rȇƷŐ

ǶȐȇńƝ�ŚǐdjĒǲƈpçƼƑèĜ
ĩĳzÛŻİ{`ĭ|�~ȇƷǔȊœÄ
�ƒƛf~k�

a ƴƢƺƁğq[ulmǆƢÓĈçrư}Ǥ
dnzçƼƑèĜĩĳqívfĪȄ�{}
ƌĽƈqǓÎf~ēȊƤndljǥğ¤�
��žul�ª�°��îĮĶ´f~ē
ȊƤ�ŅiqśƠf~k�

�
�
	ƴƢƺƁğzçƼƑèĜĩĳ�ÐǨf~
Ížşģrçŷ«¡ªmrǎŕ�

活性酸素・窒素種 

AGE/RAGE 

インスリン 
抵抗性 

NFκB 

炎症性サイトカイン・接着分子
発現亢進 

リポタンパク質 
代謝異常 

(脂質異常症） 

糖化物 DAG 

タンパク質・脂質 
修飾（変性） 

FFA 

PKC 

耐糖能異常（食後高血糖） 

動脈硬化巣
形成促進 

0 

10000 

20000 

30000 

40000 

50000 

60000 

SDG-R SDG-P 

�
�

�
�

�
�

�
�

�
�

�
 2

�
� �
�

��	��������

(
0�01)�1�


�.�
�

(

0�0

1)�
1�


�.
�

�



� ²Ǒ�		mśƠdiēȊƤq[uljçƼ
ćrǎŕ�¶įqjor{vpĈèzçƼƑ
èĜrĩĳq×Ǉdlǖx|�~ry�Ś
ǐf~k�
�
�(	ƴƢƺƁğq{~çƼƑèĜĩĳÐǨq
Ėf~¿Ørŏæİ�
� ²Ǒ�		mśƠdiēȊƤq[a~ǆƢǹ
³ǄƝrŏæİȎçƼƑèĵàÍžȏ�Śǐ
djƴƢƺƁğnçƼƑènrǷǦ�ǎŕf
~ixrżÌȎçŷȏ«¡ªmrǓÎƤnd
lrŏžİ�Śǒf~k�
�
ȘȒƐƘĳŖ�
�		çƼƑèĜrĩĳ¯ǨęqívfƴƢƺ
ƁğrĪȄ�ǓÎf~çŷ§�ªƤƒƛ�
C m";98L�#LYPYZH8Z Ƥ§�ªn�
� ";98L�#LYPYZH8Z µƤƪrȁİ¤���ç
ƼƑèǗƆȇńȎ�«��¬°ªȓ�°ªǰ
ùŏȋƻƶȇńȏm 
� ǧǶȎ-s
� ǧȌȏȇ
Ʒf~bnq{jljċçƼĦúÿqĒǲǎ
ŕòƺpçƼƑèĜzĩĳc�j";98L Ƥm
çƼƑèĜz»Ǩdlu~bn�ƒǖdik
wijbrǔȊȇƷœÄmĩĳc�~çƼƑ
èĜrċ^cqsÕ�iÛŻİzt}j
";98L Ƥq[a~çƼƑèĜrĠĂ���s
#LYPYZH8Z Ƥrƥ ) Òmtjik�
a m�ª�°�îĮĶ´§�ªn�
� ȁİ 2
,1��� ¤���žulCn÷Ŝrœ
ÄmȇƷdjhrǔȊȇƷŐǶ�ǥelj�
ª�°�rƨñĶ Ȏ́	 ň 
 üȏ�ƫƬdik
hrƩŖj�ª�°�Ķ´Ĭq±ǩİrǆƢ
Ó²ŉ�ǖxjǔȊȇƷŐǶĬrċçƼĦú
ÿq[a~çƼƑèĜ���sǃſŨ�Ķ
´diĖŵ¤��rƥ ) Òmtjik�ª�
°�Ķ´¤��nĖŵ¤��rǶmjÌǱj
ƻƶƧƯǱǲjõǆŰƻǝ�¨¦°�°Ɲq
sĝ�ǖxpyjibny|jbrm�ª�
°�îĮĶ´§�ªnsjçƼƑèĜĩĳq
[a~ǆƢÓĈçrƌĽƈpÍžrǓÎq
ŏžnƲw|�iȎĀ (ȏk�
�
�
�
�
�
�
�
�
�
�
�
�
�
I �� -7.9/FSr:"')ja@JB#e(o�

$P,/KBiPGe"25)Bi`CNnTt_au

+?p���

�
�
	ƴƢƺƁğzçƼƑèĜĩĳ�ÐǨf~
Ížşģrçŷ«¡ªmrǎŕ�

� ²Ǒ�		arm�ª�°�îĮĶ´§�ªn
q[ulŊ|ypçƼƑèĜrĩĳ�ǖx
puƹǭċçƼć�žuiǬÇďƆŻǎŕ
rƩŖj�ª�°�îĮĶ´¤��mçƼć
ur¤�¬��°�rȀƗzĽƎÞďƱr
ƆŻz²ŉf~bn�ŁĻf~Əǌ�ĭi
Ȏ Ā ) ȏk ÷ Ŝ r Ô ø s á Ǒ �		 C
m";98L�#LYPYZH8Z Ƥ§�ªnr ";98L Ƥq
[ulyǖx|�ik�
�
�
�
�
�
�
�
�
I �� �-7.9/FSr:6071"25)grKB

i#q=i^[kt�

�
�(	ƴƢƺƁğq{~çƼƑèĜĩĳÐǨq
Ėf~¿Ørŏæİ�
� áǑ�		Crm";98L�#LYPYZH8Z Ƥ§�ªn
�žuljçƼƑèĜĩĳqívf¦�¢ª
¥­ræŖ�Śǐdj";98L Ƥ¤��q[a
~çƼƑèĜĩĳz¦�¢ª¥­rĶ´q
{jlĵàc�~bn�ǖxiȎĀ 
ȏk�
�
� �
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
I �� R12748#r:4 ���
��	�����

� ;bdP

,/#Bi`CNnT"E%�os�

�
�
șȒ·pƆǉǚŃƝ�
�
TȂǕǚŃrȎǏȘÄȏ�
C �� HNH9��0�0YHP��7�A[NPOH;H��A�!PRH]H��

5HZ�P8ZHRL�H8K�ZOL�KL?LS9WTL8Z�9M�ZAWL�

� KPHILZLY�� 48K9J;� 9� �
�,	/
�	�
,
�
�
�	
	�ŗǙŏ�
3!8/�	��	
�,�L8K9J;4�49	
���

�

W
at
er
�

Gl
uc
os
e�

Oil.red.O� Macrophage�
P=0.025�

Ao
r*
c,
sin

us
,le
sio

n,
ar
ea
,(μ

m
2 )
�

�!�����!�����!�����!�����!�����!�����!

	
���! �
�����!

W
at
er
�

Gl
uc
os
e�

Oil.red.O� Macrophage�
P=0.025�

Ao
r*
c,
sin

us
,le
sio

n,
ar
ea
,(μ

m
2 )
�

�!�����!�����!�����!�����!�����!�����!

	
���! �
�����!

p=0.03 �

0 

10000 

20000 

30000 

40000 

50000 

60000 

W group G group 

�	
�)����� ��

%
�

�
�

�
!

�
�

�
�

�
�

�
�

!
�

�
2

$
�

�
�

2
$

"
�

#
�

�
 


(
� �
�

%���

��!�

������

��!�

��

������

������

������

	�����


�����

�
����	��� ��
�
�

��������

�)����	�

�(������

���

�
.
�
2
3
5
.
�
�
�
�
0
1
��


� �
�

�4�� �.��03��4�� �.��03�

diabetes may play a crucial role in the pathogenesis of atherosclerosis. In fact, blunting post-
prandial hyperglycemia (by an α-glucosidase inhibitor acarbose) in subjects with IGT resulted
in decreased cardiovascular events in the Study to Prevent Non-Insulin-Dependent Diabetes
(STOP-NIDDM) [17].

Besides the epidemiological results, several laboratory studies have addressed the causal role
of glucose fluctuations in the pathogenesis of atherosclerosis. In cell culture experiments, for
instance, oscillating glucose concentrations have been demonstrated to induce more deleterious
pro-atherogenic changes via increased reactive oxygen species production in endothelial cells
compared to constant high glucose concentration [18–20]. Transient hyperglycemia-induced
oxidative stress and endothelial dysfunction have also been reported in human studies [21–23].

Studies in animal models would be helpful to evaluate pivotal pathways that substantially
contribute to the pathogenesis of atherosclerosis in vivo. However, most of the existing animal
models for investigating the role of hyperglycemia in atherosclerosis are genetically hyper-
cholesterolemic mice (e.g., apolipoprotein E [apoE] or low-density lipoprotein receptor-defi-
cient mice), in combination with streptozotocin-induced pancreatic β-cell destruction or
crossbreeding with genetically obese diabetic mice [24,25]. Since those mice display severe
chronic hyperglycemia, they serve as models for overt diabetes rather than for IGT. In addition,
severe hypercholesterolemia-induced highly accelerated development of atherosclerosis in
these mice often masks the glycemic effect on the atherosclerotic process [26,27]. For example,
similar to the present study, Mita et al. [28] previously reported augmented atherosclerotic
lesion formation with repetitive maltose administration in apoE-deficient mice; however, the
increment in lesion size (~1.5-fold relative to the water-administered control mice) was less
pronounced compared to that in the present study (~4-fold). The overwhelming impact of
hypercholesterolemia in apoE-deficient mice might make it difficult to accurately assess the
glycemic effect on the development of atherosclerosis. Hence, the present approach using wild-
type C57BL/6 mice may be more appropriate to clearly demonstrate the atherogenic role of
glucose spikes than that using genetically hypercholesterolemic mice.

In contrast to the existing animal models, the simple approach of the present study (i.e., repet-
itive oral glucose administration in wild-type mice) successfully induced repetitive glucose spikes
and accelerated atherosclerosis without chronic hyperglycemia and overt hypercholesterolemia.
In addition, since we used wild-type mice in this study, obvious lipid-laden lesion formation was
limited in the aortic sinus, and the size was much less than that in genetically hypercholesterol-
emic mice. Taken together, the present method would be suitable for investigating the effect of

Fig 4. Relative gene expression levels in thoracic aorta.Gene expression levels were normalized to Actb
(β-actin) in each mouse and expressed as relative values to the mean expression levels in W group. Icam1,
intercellular adhesion molecule-1; Vcam1, vascular cell adhesion molecule-1; Sele, E-selectin. Values are
expressed as mean ± SEM of 8 mice for each group.

doi:10.1371/journal.pone.0136840.g004
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