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Abstract : The proliferation of mesangial cells has been associated with the development of diabetic
nephropathy. The cell proliferation has been regulated by diverse growth factors. Among them, insulin like
growth factors(IGFs) are also involved in the pathogenesis of diabetic nephropathy. However, it is not yet
known about the effect of high glucose on IGF-I and IGF-II secretion and the relationship between high
glucose-induced secretion of IGFs and PKC or oxidative stress in the mesangial cells. Thus, we examined
the mechanisms by which high glucose regulates secretion of IGFs in mesangial cells. High glucose(25
mM) increased IGF-I and IGF-II secretion. High glucose-induced increase of IGF-I and IGF-II secretion
were blocked by taurine(2×10−3 M), N-acetyl cystein(NAC, 10−5 M), or GSH(10−5 M) (antioxidants),
suggesting the role of oxidative stress. High glucose-induced secretion of IGF-I and IGF-II were blocked
by H-7, staurosporine, and bisindolylmaleimide I(protein kinase C inhibitors). On the other hand, high
glucose also increased lipid peroxide (LPO) formation in a dose dependent manner. In addition, high glucose-
induced stimulation of LPO formation was blocked by PKC inhibitors. These results suggest that PKC is
responsible for the increase of oxidative stress in the action of high glucose-induced secretion of IGF-I
and IGF-II in mesangial cells. In conclusion, high glucose stimulates IGF-I and IGF-II secretion via PKC-
oxidative stress signal pathways in mesangial cells.
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� �

Insulin-like growth factors(IGFs)� IGF-I� IGF-II� �

��� ���� ��� �� ��� ���� ���

����� �� ����, �� ����� ����

��� ���� �� [5, 45]. �� ��� IGFs� �

�� ��� �� ����� ���� ���� ��

������ �	 ��
 ��� ���� ��� �

�
 �� ��� ���� �� [28, 25]. �� ���

�� IGFs� ��� �� � ����� ���� ��

� ��� �� [13]. ��� ��� mesangial ����

� IGF-I � IGF-II �� ���� ��� �� ���

� ��� �������� 2002�� ��������(KRF-2002-003-E00159)� ��� ��� ������ �� �� ����.
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�� � ��� ��� ��� �� ��� ���� �

� [4, 40]. 

���� ��	 ������� ��� ��� ��

��� ���� �� �� ��� ��� �� ���

� ��	 ��� ��� ��� ��� �� [36, 42].

��� ���� ��	 ����� �� ��� ��

� ��� ��� �� ��� ��� ���� [33, 36],

���� ��� mesangial ���� � ��� ��


���� �� ��� ���� �� [34]. �� ���

� ��� ��� IGF-I ���� IGF-II� ���� �

�� ���� �� [14, 43]. ��� IGFs� ��� �

��� mesangial ���� ��� ���� �� ��

�� ���� ���� �� ��. 

���� ��� ��� ����� ��� ��


��� ���� �� [12, 31]. ��� � mesangial �

���� ��� ���� ��� ����� [7]. ��

1� � 2� ��� ��� �
��� � �����

PKC� ��� ���� ��� �� �� �� [21, 22].

��� ���	 ��� � PKC � ��� �����

��� ��
 ��� �
 �� �� ��. ��� �

��� �� IGFs� ������ PKC � ��� ��

���� ���� �� 	�� �� ����� ��

�� ��. ��� � 	�� mesangial ���� ��

��� IGF-I � IGF-II ��� 	�� 
�� � ��

� PKC � ��� ������ ���
 ��� ��

� �����. 

�� � ��

��

Dulbecco's Modified Eagle's Medium(D-MEM)/

Ham's nutrient mixture F-12(D-MEM/F-12)� Class IV

collagenase� Life Technologies(Grand Island, NY, USA)

��� �����. D-glucose, staurosporine, H-7, N-

acetyl cystein(NAC), glutathione(GSH), taurine � TPA�

Sigma Chemical Company(St. Louis, MO, USA)��� �

����. Bisindolylmaleimide I	 Calbiochem(La Jolla,

CA, USA)���� �����.

��������� ��� ����

��� ��� �� Spague-Dawley ��(180~210 g)

� 24�� ���� � pentobarbital sodium(1 ml/kg)


�� �� ���� ���� �� ���� isolated 3

claps method� ���� ��
 ����, ���
 �

�� streptomycin� penicillin(100 U/ml)� �	� 30 ml

� Hanks' balanced salts solution(HBSS)
 ��� ��

�� ��
 ��� ��� � HBSS� 
	� ���

� 	��� �
�
 ������ �����. ��

� 
� ��
 ��� ��� �� HBSS� 	� 30

mesh � 60 mesh� ���� � �� ��� ��� 20

mesh� ���� HBSS�� �����. ���� 	


�� �� HBSS� �� �
 120×g�� 30�� ��

���� ����
 ���� �� 1000×g�� 1��

�� ��� � ��� ���
 �����. ��� �

�� RPMI 1640(Sigma) ��� ���� ��� ��

1000×g�� 1�� ���� ���. ��� ��� 


	
 ���� ��� collagenase(750I U/ml)(Sigma)�

37oC�� 15�� ��� ����� ��� �� ��

� RPMI 1640 ��� 3
 �����. �� �	 ��


 ��� 	�� ��� ���
 ���� ��� 500

���/cm2� ��� ��� �� D-valine�� ���

Minimum Essential Media Eagle(Sigma)� ���� 5%

CO2, 95% O2� CO2 ����� ���� ��� ��

�� 72�� �
 �����. �� D-valine ����

HEPES(15 mM), streptomycin(100 U/ml), penicillin(100

U/ml), fungizon(0.25%), insulin(0.013 µg/ml) ��� 20%

fetal bovine serum
 	
��� ��, �� CO2 ���

� �����. 
� �� ��� 5 mM� ���
 	


� DMEM/F-12� �����. 

��� � ��

�� � IGF�	 ��� Insulin-like growth factor

binding proteins(IGFBPs)� ��� ��� 	����

IGFBP��� IGFs
 ���� ��� acid-ethanol [9]

� formic acid [6] �� ��
 �����. IGF-I� �

�� �� 200 µl� acid-ethanol(2 M HCl:ethanol=1:7)

800 µl� ���� 	�� �� ���� 30�� ��

�� 
��� ���
 �����. � � 4oC�� 30

�� ����(3000 rpm)�� 
� IGF-I
 	
�� �

�� 500 µl� 0.855 M trizma base� 200 µl �� ��

� �����. IGF-II� ��� �� 50 µl� 0.5%

Tween 20
 	
�� 8.0 M formic acid 100 µl� ��

	��� 350 µl acetone
 �����. � � 4oC��

15�� ����(3500×g)�� ��� 200 µl� 1.75 M

trisma base 85.7 µl� �� ��� �����. ��

formic acid-acetone ����� IGFBPs��� IGF-II�

���� ��� �����. 

	
���	
�
	� 		� ��� ��

Chloramin-T �� [26]
 �� ���� ������

� ��
 ��� ���� ��� ��. 0.2M sodium

phosphate buffer (pH 7.4) 10 µl� rhIGFs 1 µg
 ��
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� � [125I] (Amersham Life Science, ILL, USA) 1 mCi

� ���� 0.04 mg/ml� chloramin-T� ��� ��

� 	�� � cellulose CF-ll column (Bio-Rad, CA, USA)

� 	��
 �� �� barbital buffer� column
 ��

���. � � 12% bovine serum albumin(BSA)�� �

����, IGF-II� sephadex G-25(Pharmacia LKB.,

Biotechnology AB, Sweden) column
 ��� 0.2M

sodium phosphate buffer(0.2% BSA �	)� ���� �


 ���(20 drops)� 
�� gamma counter(Packard,

ILL, USA)� cpm
 ���� ���� 3×106 cpm�

��� �� ���� -70oC� ���� ���.

	
�� ���� ���

�� � IGFs ��� [125I]-IGFs� polyclonal anti-IGFs

� ��� ���� ���(radioimmunoassay, RIA)


������, ���� ��� ��. IGFs RIA ���

�� 0.5% BSA, 0.12 M NaCl, 0.1% sodium azide� 	


� 0.04 M �� ���(pH 7.4)
 �����. IGFs

�	�� ��� 1,000� ���� polyclonal anti-IGFs

50 µl
 ���� ���� 1�� ���� � ���

���� [125I]-IGFs(20,000 cpm/100 µl)
 ���� 4oC

�� 18�� �����. � � horse serum 50 µl� 12%

polyethylene glycol #8000 (PEG) 1 ml� ���� 4,000×
g�� 30�� �� ���� ���� ����
 �

���� ���� ���
 gamma counter� ��

���.

����� �������� ��

Confluent� mesangial ���� LPO ��	 Ohkawa

� [32]� ��� �� malondealdehyde� ��� ��

����, ��� ���� ��� ��. ���
 ��

� � ���� ��� �	� �, ���� [8% SDS

100 µl, 0.8% 2-thiobarbituric acid (TBA) 200 µl, 20%

acetic acid 200 µl]
 �	 � 95oC�� 60�� ���

��. ��, ���� ��� �� �� �, �����

�� ��� ���� ��� n-butanol-pyridine 	��

(15:1, v/v)
 ��� � 4,000×g�� 10�� ����

�� ���
 �����. � ��� spectroflurometry

(emission �� 553 nm, excitation �� 515 nm)� ��

�� nmol/mg protein�� �����. 

����

����� �
��� Student's t test � Analysis of

Variance(ANOVA)� ����, P 
<0.05� 
�� �

�� �
� ���, ����� ��	 means�S.E�

���. 

� �

����� 	
�
	 � 	
�
		 ��� ��� ��

IGF-I ��� �� ����� ��� ���� ��

�, mesangial ��� ��� ��(0~72 hr) � ��(5~50

mM)� ���
 ��� � IGF-I ����� ����

�. Fig. 1A��� �� 25 mM ���
 8�� �� �

� � IGF-I ��� 
�� �� ������ 48��

���� ��� ���. �� 	 �� �� ��	 �

��� �
�. 15 mM ��� ��� ���� ���

� �� 
�� �� �� ��
 ���� 25 mM �

��� ��� ��	 	�	 �
�� ����(Fig.

1B). ��� � ����� ���� ��
 
���

��� 25 mM ���
 72�� �����. �� ��

��� IGF-II ��� ��� 
�
 	���� ���


�. ���� ���� �� � IGF-II ��� ���

� ��� ����(Fig. 2). ��� ����� ��

IGF-II ����� IGF-I ����� ��� ��
 �

Fig. 1. Dose course (A) and time response curve (B) of
high glucose on IGF-I secretion. Mesangial cells were
incubated with different dosage of glucose (5 to 50 mM)
or 25 mM glucose at different time intervals (0 to 72 h).
Values are means±S.E. of 12 separate experiments performed
on 4 different cultures. *p<0.05 vs. control.
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��. 

����� �� 	
�
	 � 	
�
		 �� ��� �

�� ������ ���

����� �� IGF-I �� ��� ��� ����

� ������ ���� ��� ��� ����

H2O2(10−5 M)� mesangial ��� 72�� �����. �

��� IGF-I � IGF-II ��� ���� ��� 
��

�� �����(Fig. 3). �� �
�� ����� �

� IGF-I � IGF-II �� ��� ��� ����� �

� ���� �� ���� ��� ����� NAC

(10−5 M), GSH(10−5 M) �� taurine(2×10−3 M)
 25 mM

��� �� 30� �� �� ���. ���� �� �

����
 � ����
 � ����� �� IGF-I �

IGF-II �� ��	 ���� ��� ����. ���

�� mesangial ��� 25 mM ���
 ���� ��

��� LPO ��
 ��� ��, 4�� ���� LPO

��	 ���� �� 
�� �� ����
 ���

� ����� 15 mM ��� ��� �� � ����

��� ����(Fig. 4).

����� �� 	
�
	 � 	
�
		 �� ��� ���

�� ���

����� �� IGF-I �� ��� PKC� ����

�� ���� ��� PKC ���� TPA(100 ng/ml)�

72�� ����
 � IGF-I � IGF-II ��� ����

��� 
�� �� �����(Fig. 5). �� �
��

����� �� IGF-I � IGF-II �� ��� PKC�

�� ���� �� ���� ��� PKC ����

staurosporine(10−8 M), H-7(10−4 M) � bisindolylmaleimide

I(10−6 M)
 25 mM ��� �� 30� �� �����.

�� �� PKC ����	 ����� �� IGF-I �

IGF-II �� ��
 
�� �� �����. �� PKC

� ��� ������ ���
 ���� ��� PKC

����
 � ��� � 25 mM ���
 ����

Fig. 2. Dose course (A) and time response curve (B) of
high glucose on IGF-I secretion. Mesangial cells were
incubated with different dosage of glucose (5 to 50 mM)
or 25 mM glucose at different time intervals (0 to 72 h).
Values are means±S.E. of 12 separate experiments performed
on 4 different cultures. *p<0.05 vs. control.

Fig. 3. Involvement of oxidative stress on high glucose-
induced stimulation of IGF-I (A) and IGF-II (B) secretion.
Mesangial cells were incubated with NAC (10−5 M), GSH
(10−5 M), taurine (2 mM) for 30 min prior to the treatment
of 25 mM glucose or were incubated with 25 mM glucose
alone or together with hydrogen peroxide (10−5 M) for 72
hr. Values are means ±S.E. of 9 separate experiments
performed on 3 different cultures. *p<0.05 vs. control,
**p<0.05 vs. 25 mM glucose. 
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LPO ��
 �����. 25 mM ���� �� LPO �

� ����	 staurosporine, H-7 � bisindolylmaleimide

I �� � 
�� �� �����.

� �

� ���� mesangial ��� ���� �� � IGF-

I ��� 
�� �� �����. ��� ���

streptozotocin�� 
�� 1� ��� �
 ��� ��

��� IGF-I� ������ �� [29] � 2� ���

�
� Non-Obese Diabetic(NOD) mouse�� ���

mesangial ���� IGF-I� ����� �� [12]��

�����. � ���� � ���� �� IGF-I ��

�� ��� ���
 8�� �� �� � ���� �

�� ��, mesangial ��� ����� ��� �	 �

� �� IGF-I� �� ��
 ���� ���� ��

� ��� ��� � ��
 ��� �� ��. ���

��� ���� �� ��� ��� IGF-I� ����

��� ��� 
���� ��� ����� [16]. �

� ��� mesangial ��� IGF-I
 ����
 � �

� ��� ��� 
����� ���� ���� �

� [15].

II � ��� Goto-Kakizaki(GK) �� �� �
��

��� IGF-II ��� ���� �� �
� �����

� [19], �� ��� 1� ��� �� ���� IGF-II

��� ������ ��� �� [10]. Spranger � [37]

	 ��� ��� IGF-II� ���� �	�� ����

� ������, Heo � [18]	 IGF-II� ���� �

�� ��� ��� ��
 � ��� �����. �

�, ���� ��� � IGF-II� ����
 � � �

�� 
��� ��� �� ���� ������ IGF-

II �	� ���� � ��� ��� [32]. ��� �

����� ���� �� � IGF-I � IGF-II �� �

��� ��� ����. ��� ��� 4� �
 ��

��
 ��� ���� IGF-I � -II ��� �� 
�

Fig. 4. Time (A) and dose (B) response of high glucose
in lipid peroxide formation. Mesangial cells were incubated
with 25 mM glucose at different time intervals (0 to 72 hr)
or different dosage of glucose (5 to 50 mM). Values are
means ±S.E. of 9 separate experiments performed on 3
different cultures. *p<0.05 vs. control.

Fig. 5. Effect of PKC inhibitors on high glucose-induced
stimulation of IGF-I (A) and IGF-II (B) secretion. Mesangial
cells were incubated with staurosporine (10−8 M), H-7
(10−4 M), or bisindolylmaleimide I (10−6 M) for 30 min
prior to the treatment of 25 mM glucose or were incubated
with 25 mM glucose alone or together with TPA (100 ng/
ml) for 72 hr. Values are means ±S.E. of 9 separate
experiments performed on 3 different cultures. *p<0.05 vs.
control, **p<0.05 vs. 25 mM glucose.
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��� ��� ����� ��� ����� [18]. �

�� ��� ���� ��� �
����� ���

������� ���� ���� �
�. 

��� ����� ���� ��� ��� ���

���
� �� ��� [27], STZ� �� 
�� ��

� �� � ��� ��� ��� ����� ��� �

� 
�� ���� ��� �� �� �� [44]. � �

���� ����
 ����
 � ������ ��

�� ��� ����. ��� ���	 mesangial ��

� ���� �� � malondialdehyde(MDA)� ���

glutathione(GSH) 	�� ��� ��� ��� ���

�� [7]. Abou-Seif & Youssef [1]� ��� ����

���� LPO ��� ����� �� � IGF-I� �

	� ���� ��� �� ����� �� ��� �

���� ��� � ��
 �����. � �����

�� ���� ��� ��� ��� ��� �� IGF-

I � IGF-II� �� �� ��� ��� ����� �

��� ��
 ���� ��. ��� ��� ����

�� � IGF-I � IGF-II� �� �� ��� ��� �

���� ���� ��
 ��� �� 	 ����.

PKC� ����� �� ���� ��� ��� �

�� ��
 ���� ��� ���� �� [11]. � �

��� PKC� ����� �� IGF-I � IGF-II ��

��
 ����� ��� ����. ��� ����

� �� PKC� ����� ����� ����� DAG

��� ��� ��� ��� [3]. Craven � [8]� ��

���� ��� ���� ����
 ����
 �

DAG� ��� ����� ���. �� � �����

PKC� isoforms�� ���� ���� �
�� ��

� ��� ��� ���� PKC β� ��� 
���

[23] � PKC-β� ��	��� ���� ��� ���

����� �� [41]� 	�� � � PKC-β� ���

��
 � ��� ����. 

� ���� ��� ����� ��� PKC ���

�� ���� ��� ��� �� mesangial � ���

��� ����� �� ����� ��	 PKC �	

���� ��� ����� [17, 20]. �� mesangial

���� ����� �� PKC ���� ��� ��

��� �� ����� Nuclear Factor subunit� ��


 ���� ��� ���� ���� �� [24]. ��

�, ��� ����� ��� PKC� ��� �� �

��� ��� ����� ����� � � �� [30,

39]. � ����� �� �� ��	 �� ���� �


� ��� ��� ��� �� ��� ��� �� �


�� cross-talk �
� �
� ��� ���� ��.

� ����� PKC� �� ���� ��� ����

� ��� IGF-I � IGF-II� ��� ������ �


���� �����. ��� Kurzawa � [25]	 mouse

� ���� ��� ���� �� � IGF-I � IGF-II�

��� ������ ���� � ����� 
�� �


 ������ ����� ���
 ����� ��

�. � ����� ����� ��� ��� ����

� PKC� �� ��� ���� �� ��� ��� �

�� �� ��� IGF-I � IGF-II �� ��� ����

� �
 �� ����� �����. �����, ��

��	 PKC ����� �� ��� ����� ���

�� IGF-I � IGF-II ��� ����� ��� ���.

� �

Insulin-like growth factor(IGF)� ���� ��� �

Fig. 6. Effects of antioxidants (A) and PKC inhibitors (B)
on high glucose-induced increase of lipid peroxide formation.
Mesangial cells were incubated with NAC (10−5 M), GSH
(10−5 M), taurine (2 mM), staurosporine (10−8 M), H-7
(10−4 M), or bisindolylmaleimide I (10−6 M) for 30 min
prior to the treatment of 25 mM glucose or were incubated
with 25 mM glucose alone or together with hydrogen
peroxide (10−5 M) or TPA (100 ng/ml ) for 72 hr. Values
are means ±S.E. of 9 separate experiments performed on 3
different cultures. *p<0.05 vs. control, **p<0.05 vs. 25
mM glucose.
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� ��� ��� ��
 �� ��� ��� ��. �

� � 	���� mesangial ��� ���� �� �

IGF ��� 	�� 
�� � ��� ��� ��� �

��� � PKC�� ���
 ���
�. ��� ��

� ��. ����	(>15 mM) IGF-I � IGF-II ���


�� �� ������ ��� ��	 �����

(taurine, NAC, GSH)
 �����
 � �����

�, ����� ����
 ���� ��� ���

� ��� LPO ��
 ��� �� ���� ��


�� �� ��� � � ���. ��, PKC�� �

��
� ��� �� ����� �� IGF-I � IGF-

II �� �� ��	 PKC ����(staurosporine, H-

7, bisindolylmaleimide I)
 �����
 � ����

��� ����. ��� PKC ����	 �����

�� ��� ���� �� ��
 
�� �� ���

� ��� �� ��� ����� ������ ��

�� ��� ����. ��� ��� � � mesangial

���� ����	 PKC-��� ���� �
�� �

�� ��� IGF-I � IGF-II ����
 ����� �

�� ���.
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