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Migration of Vascular Smooth Muscle Cells by High Glucose is Reactive Oxygen Dependent

Yong Seong An, Ji Hae Kwon, Yang Ho Kang, In Ju Kim, Yong Ki Kim, Seok Man Son

Department of Internal Medicine, Pusan National University School of Medicine

Abstract
Background: Oxidative stress contributes to vascular diseases in patients with diabetes. As the mechanism of
development and progression of diabetic vascular complications is poorly understood, this study was aimed
to assess the potential role of hyperglycemia-induced oxidative stress and to determine whether the oxidative
stress is a major factor in hyperglycemia-induced migration of vascular smooth muscle cells (VSMCs).
Methods: We treated primary cultured rat aortic smooth muscle cells for 72 hours with medium containing
5.5 mM D-glucose (normal glucose), 30 mM D-glucose (high glucose) or 55 mM D-glucose plus 24.5 mM
mannitol (osmotic control). We measured the migration of VSMCs and superoxide production.
Immunoblotting of PKC isozymes using phoshospecific antibodies was performed, and PKC activity was also
measured.

Results: Migration of VSMCs incubated under high glucose condition were markedly increased compared to
normal glucose condition. Treatment with diphenyleneiodonium (DPI, 10 pmol/L) and superoxide dismutase
(SOD, 500 U/mL) significantly suppressed high glucose-induced migration of VSMCs. Superoxide production
was significantly increased in high glucose condition and was markedly decreased after treatment with DPI
and SOD. High glucose also markedly increased activity of PKC-§ isozyme. When VSMCs were treated with
rottlerin or transfected with PKC-§ siRNA, nitro blue tetrazolium (NBT) staining and NAD(P)H oxidase
activity were significantly attenuated in the high glucose-treated VSMCs. Furthermore, inhibition of PKC-§
markedly decreased VSMC migration by high glucose.

Conclusion: These results suggest that high glucose-induced VSMC migration is dependent upon activation
of PKC-§, which may responsible for elevated intracellular ROS production in VSMCs, and this is mediated
by NAD(P)H oxidase. (KOREAN DIABETES J 32:185-195, 2008)
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Aol AgEl 2FE-2 t}83) ) Dulbecco’s modified
Eagle’s medium (DMEM), D-glucose, nitroblue tetrazolium,
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diphenyleneiodonium, dihydroethidium, superoxide dismutase,
allopurinol, rotenone, indomethacin, L-NAME (Sigma
Co., St MO); fetal
penicillin/streptomycin (Gibco BRL, Grand Island, NY);
rottlerin (Calbiochem, San Diego, CA); antibodies against
PKC-6, and PKC-§ siRNA kit (Santa
Biotechnology, Santa Cruz, CA).

Chemical Luois, calf serum,

actin Cruz

2. IS STHEETME 22(et Hiet

T oiI8hgkAs chamber
Zsto] DMEM ulA]ol]

Sprague-Dawley | (200~250 g)
ofl ol 34X ke iEuE
A et WRlAE5-S AAGE 3 6-well plateol] 22}
Fopoll o] Gz A4S g Y el v g
PAeA| et DU S o] ol Yol Fu
Fdoll A2 FE= Fot 235 AARXFHE 070l 10%
S-eEA (fetal calf serum, FCS), HY4= (100 U/mL)I}
2E=Eulo] ] (100 pg/mL)o] E°19= DMEM< “7}st
o] 5% o|Alekas} 95% 717} FHEIE 37C AT ok
7oA 747 wieFslsict o]% vl ow HRHSTAIE

7} ARRs 2 #R1E $F AA (forceps) 2 thei22& 5

oHiar A|EES] g3to] o] FoiAH Alhuled (subculture)S
33l Al5~83] Al vkt A2 E Adell o]
L3193 dogETA £ el u] 9 Al (myosin) I
Ao sk

GPHLTAEE 60-mm HlFHAlel 10% S}
5.5 mmol/L D-glucose”} 3751 DMEM #lJ#| 2 uljoksl &
70%2] AE 5 (confluent)7} =W 0.1% FelEA=) 5.5
mmol/L D-glucose”} ¥+7-%l DMEM HA|Z v]FFo] 484]
7t B3}t wleksto] AIEE FH-del (quiescence) & HHET
a3 v& 5.5 mmol/L D-glucose, 30 mmol/L. D-glucose,
5.5 mmol/L D-glucose + 24.5 mmol/L mannitol ©] 2z}
235 DMEM #iA| 2 nppo] 72413F 53k Helslgict.
- A&ollA+= protein kinase C delta JA]A|2] rottlerin (3
pmol/L)E 147} 59t AX2lgk & 30 mmol/L D-glucose
7} 23k A2 72A17F wiekslsick

3. SEEETMEO| 0I5 &Z

transwell chamber§= A&}t
1%9] SelEAe sk wliRlollA] 24
AZFERY AR Ea ERAIAE, oF SRS 3
Z Z=A *2]7} # transwell migration chamber (Corning
Life Science, Acton, MA)2] insert Wiol] 1 x 10° cells/
100 pLo] AIE F-Foh3 X7Fslgick Chamber®] 21587
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Fig. 1. Schematic figure of VSMC migration assay.

Culture chamber and Insert membrane

o= 78 DMEM RIS 7bslgom wiek7lellx] 37°C
2 47 % Foaekslgick wieko]l b inserto] WS
HEoF Ho} o] F3A| HIHITA|ZE A e
] o}m&i ol 53t AlEE 5% EFLURI=E A
o} 24 PPHETAEE 4°,6-diamidino- 2-phenylindole
dihydrochloride (DAPI) 2 35}l Zeiss 30|75 o]
Bato] Pl well T 4719] AnlH Alofol] W=
A G5 3t siglet (Fig. 1).
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LH Superoxide 20| AfM

AIE HollA] A== &= FAs7] Sl
3] superoxide 20|20l 23} ethidiume| =™ F3-& U=
EA 7 A3k== dihydroethidium (DHE)E- ©]&3l9ic} &
BHLGZAZoN 10 pmol/L DHES 7}skar xpgalseol|A]
37°CE 3087 vljolst & Zeiss FFn]AS o] gslo] T
25193k (Ex: 488 nm, Em: 574 to 595 nm).

superoxide S°|

5. Superoxide 0|2 MAMO| EH (NBT assay)

“’L"é%]“%/‘ﬂaﬁﬂ/ﬂ superoxide 2o]-22] AAlEke- &
HEZA|EE nitro blue tetrazolium (NBT)Z} L0] njjel
o] 654 nmoll4] blue formazan®] FFES Z43to 2
Aeks)sl9dcl. Formazanol] sk NBT 3Hd (reductlon)«]
o} vtheat 2 FAoE AlkslSi

T W

NBT 21

=A XV /(T x Wt xEXxL)
(picomoles per minute per milligram wet weight of
VSM cells)

A: absorbance
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V: volume of solubilizing solution

T: time of incubation with NBT (min)
Wt: blotted wet weight of the VSM cells
E: extinction coefficient = 0.72 mmol/mm

L: length of light path

Superoxide -Sol&2] AAdel| Hoel= T4
H7] $18ll NAD(P)H oxidase 214421 diphenyleneiodonium
(DPI, 10 pmol/L), ¥3k3} &49l superoxide dismutase
(SOD, 500 U/mL), xanthine oxidase JA|A|Q] allopurinol
(100 pumol/L), N-acetylcystein (NAC, 10 umol/L), "|E
Eelot AzpAZAIL]  AAAR]
NOSAAe] NG-monomethyl-L-arginine (NMA), L-arginine
-methyl ester (L-NAME), indomethacin =] 9J3t superoxide
Lol Ak HiZlE Z2A%9ic) dYE 23S NADPH
(100 pmol/L)<- d71sto] wiekst ¥ superoxide Sol-& A
geke Zgegich

o=

HEE ol

rotenone (100 umol/L),

6. PKC &M3 =X

PKC #A]5+=PKC 34 kit (Upstate Biotech, Charlotteville,
VAYS Aglo] ZAelslel SIEUTAES 5.5 mmol/L
7} 30 mmol/L D-glucose”} 3= iR & 724]7F E<t vl
At 72407 F WiAE APk olloll 9 g
(buffered salt solution) [137 mmol/L NaCl, 5.4 mmol/L
KCl, 10 mmol/L MgCl,, 0.3 mmol/L sodium phosphate,
25 mmol/L f
-glycerophosphate, 5 mmol/L
EGTA, 1 mmol/L CaCl,, 100 pmol/L v’P-ATP, 50 ug/mL
digitonin, 20 mmol/L. HEPES (pH 7.2)]2 d7kslicl
213 100 pLe] 25% TCAE H7lslo] ubg-& FAAIZ

0.4 mmol/L potassium phosphate,
5.5 mmol/L D-glucose,

t} 25 pLo] FEFH (aliquot)= 2 cm QAEZ A ZE]
(phosphocellulose filter, Whatman P81)oll %71 c}&

0.75% <14 (phosphoric acid)2& AM APdslict Ejo
A3 el 7139 MR A AdATIE gt
o] 2433 PKC T4 APFsl et

A=
o=

7. CHll == 8l Western Blot £4
7z F9 RIS 2]-7}—v— phosphate buffered

<

saline (PBS)Z  AAgt 3 el Fad Hatr)
(scraper) 2 A|EE G738}l Triton lysis 2H°8[pH 7.4, 50
mmol/L HEPES, 5 mmol/L EDTA, 50 mmol/L NaCl, 1%
Triton X-100, protease inhibitors (10 pg/mL aprotinin,
1 mmol/L phenylmethylsulfonyl fluoride, 10 pg/mL leupeptin),
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phosphatase inhibitors (50 mmol/L. sodium fluoride, 1 mmol/L
sodium orthovanadate, 10 mmol/L. sodium pyrophosphate)]-&-
o]gzlo] Gl & A FallHa 4TollA] 14,000 g=
1527 A4 Felste] A5ls -70°Cell Bajsiick 3=
¥ 2 Bradford assay] o2 55 292 7
ZAAE- 40 ug® sodium dodecyl sulfate-polyacryamide gel
electrophoresis (SDS-PAGE) & 77| <353l Eelslich
A719E = 74 o] thile 100 EEOA 1A17F B}t
Hybond-ECL YERZAIEZwlol| o] gAIZ ek 2he- o5t
39 4CollA 5% ZAERS) 0.1% Tween 202 TH3k
PBSE *2]&}ick PKC-6, phospho-PKC-82} <HElol] tijgk
12} A2 1A17E 52F WA ¥ 23 0.1% Tween 20
= SH3E PBSE 10427F 33] APMella, 1% 2AER

0.1% Tween 205 33+ PBSol Td-FAbslas
(horseradish peroxidase) 2%} &AE Hol 14|17} 53k HES-
AlZ1 & ECL £ kit (Amersham Life Science Inc)g ©]
S3to] vl HEE NIH Image 1.62 softwares Ahg3}o]

SAsisict.

A

8. EZEETMZNAM PKC-52] RNA Interference

Ablation

HARHLZAEES 6-well platesol] E53F 3 70%2] A

=
571 5w Seldo] gl A48 DMEMOZ ult

X

Normal glucose

100 1
§ *
EE
g .gn ) | | -
s E
X
0
NG HG
Fig. 2. Effect of high glucose on the migration of
VSMCs. Data are shown as the mean *+ SE from 4

High glucose

experiments in each group. * P < 0.01 vs. normal
glucose. NG, normal glucose; HG, high glucose.
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JEZA|EE- Santa Cruz Biotechnologyoll4 Al
Irdel 7]&d HPHO R 80 umols siRNAS] & &
} T]E== PKC-6 siRNA =2 control siRNA2} 100 uL
siRNA 3J5=]] A|<F (transfecton reagent) & 2313l 3 i
oFslsict 37°CollAl 5A17F g1t vt & wiAlE 10% F-
HEd-g 373t DMEM2E vHoic) AlE: humidified
CO; incubatorell4] 37CE 24A17F 59t o wloksigich
PKC-5 Wigle] wWsh= 8} PKC-§ SHAIE Al8-3lo] Western
blotting 2.2 PKC-§ thiAde] uks Aeg Z4sio] A4}
Ak
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A AI= SPSS version 12 (Statistical Package for the
Social Science, SPSS Inc., Chicago, IL)E o]&3lo] EA)
A 2ls et HA £ He] FEeAE £
Alsilar Add7zke] FAE 737l whet Student’s t-testo}
ANOVA testZ A8ato] EAsgc) P < 0,050 739l
AR ool v Aow s

B AdAe
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30 mM D-glucoseol] %% THHFLTAEY o] 52
5.5 mM D-glucoseollA] mieldl g A|Zol| vlslo]

A8 Z7lslgdel (P < 0.01, Fig. 2). AFFA tlzgfos
30 mM L-glucose?] uljekz71o41:= 5.5 mM D-glucose2]
ekl vlazslo] P o] Foll= Htol7t gl
Ack(P = NS).

High glucose
(30 mM glucose)

Normal glucose
(5.5 mM glucose)

Fig. 3. Effect of high glucose on the ROS production in
Dihydroethidium (DHE)
staining for superoxide anion (*100).

vascular smooth muscle cell.
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Normal glucose

Fig. 4. Effect of various inhibitors such as DPI, NAC, SOD, L-NAME, and allopurinol on the superoxide generation in

normal and high glucose-treated vascular smooth muscle cells (VSMCs). Data are shown as mean =+

== L-NAME

High glucose

SE from 4

experiments in each group. * P < 0.05 vs. normal glucose. ¥ P < 0.01 compared with corresponding values in each

vehicle.

[ Normal glucose

35¢ Il High glucose

25k
20

15F
10

Superoxide
(nmol'min’''mg "' protein)

r

I 1.
Veh  DPI

SOD  Alle

Rot NMA IND

Fig. 5. Effects of various inhibitors, such as such as DPI (10 ymol/L), SOD (500 U/mL), allopurinol (Allo, 100 umol/L),

rotenone (Rot, 100 pmol/L), L-NAME (NMA,

10 pmol/L), and indomethacin (IND,

10 pmol/L), NADH-stimulated

superoxide production in normal and high glucose-treated VSMCs. Data are shown as mean + SE from 4 experiments in
each group. * P < 0.01 vs. normal glucose. ¥ P < 0.01 vs. vehicle (veh).
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2. Superoxide S0|2 AMO|

T AR LTAlE

30 mmol/L D-glucose Z71o|4]
9] 24 AIE W superoxide S°]-22] %k 5.5 mmol/L
D-glucose ¥HFZ71T} vlasto] om|giA| Fslict (P <
0.05, Fig. 3, 4). X3k 30 mmol/L D-glucose Hokz710l|A]
NAD(P)H oxidase <JA|A|2] DPI (10 pmol/L)2} NAC (10
umol/L)2& Xl sl9ds wll 2+ v7iA) (vehicle)ollAl &
S8 343 v|astod NBT 3Hdo] oJn|giA| Zazsiict (P
< 0.01, Fig. 4). 2t} SOD (500 U/mL), L-NAME (10 1t
mol/L)$} allopurinol (10 pmol/L)©.Z Ax]2] &1%S w=
NBT M9 ow|9)= 7 HolA] ¢kglrk NADH-A=

L= A
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superoxide S0]2 2341 9] ZHol|A% 5.5 mmol/L D-glucose
Z710l1A] ulgRt HaEAZANER} v]szsle] 30 mmol/L
D-glucose Z710l|A] wljekgt Al W superoxide 5o]-2-2]
ok ou| Al Z7Fstdc} (P < 0.01, Fig. 5). DPI (10
umol/L)®} SOD (500 U/mL)Z AXelstl2 wff 2 ui7iA]|
o} nlasto] Z7EEAY superoxide Sl A4 =FO] 2n]
A 74313 (P < 0.01, Fig. 5). &4 allopurinol (100
umol/L), rotenone (100 umol/L), L-NAME (10 pmol/L)Z}
indomethacin (10 pmol/L) 2.2 HX|2|s}1-&

S3-2 W= superoxide
Sol& AR u|dA FH4A

olok
TSAA
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3. PKC ZMTo| W3}

aRFLAES] PKC 2SS FAE ol 30

mmol/L. D-glucose WkZ71oll4 5.5 mmol/L D-glucose

wiokz71 5} ou| Al F7sledek (P < 0.05, Fig. 6). 45

* A ZTCE 24.5 mmol/L mannitol BJFZEANAE 5.5
mmol/L D-glucose #leFz2717} vlasled om|gls Xjol=

Ak PKC-5 ZAI3lol tist s o] a3E 7

A7 918 BUHBTAES Hol PKC-5 AR

rottlering 1A17F F1F ZA=lsbAY HAl=lgle] 2+ =70l

A 72217k 54b wiekslirk. PKC-69] Q1HR= 5.5 mmol/L

glucose Wik=713} vlaste] WSl S7HE HAlch(P <

400 -

(7%

(=3

(=]
I

—

=3

=]
L

PKC activity
(% of 5.5 mM glucose)
~
=3
(=}

¢ 0.01, Fig. 7). 41892 PKC-6 A rottlerin (3 umol/L)
: . M

e S8 0 M o e 2ERE PRC-5s) QMBI SJulsl
Mannitol 0 24.5 0 (mM)

7819k (P < 001, Fig. 7).

Fig. 6. Effects of high glucose on in vitro PKC activity in 4. Superoxide S0]2 AM0j| CHE} PKC-5 RNA
VSMCs. Results were expressed as a mean percentage of
5.5 mmol/L D-glucose + SE from 4 independent experiments.

Interference Ablation2| &1}

* P < 0.01 vs. normal glucose (5.5 mM). GG LA FAA  superoxide Sol& Aol digt
A B Control siRNA PKC-8 siRNA

phospho-PIC-5{ s— S, S— -— - . v
PKC-5 h o .
v b ;O &

PKC-5 | ™= e
B-actin

Glucose 5.5 30 5.5 30 (mM)
Rottlerin - - + + Glucose 5.5 30 55 30 (mM)

PKC-5 activity

(fold increase)

(=] o b (=]
o tn =) n B
- -

Glucose 5.5 30 55 30 (mM)

Rottlerin - - + +
Fig. 7. Effects of high glucose on in vitro PKC activity and isozyme selective inhibition of PKC-§ in VSMCs. A.
Confluent cultured VSMCs were treated with high glucose condition for 72 h. To verify the efficacy and selectivity of
isozyme specific PKC inhibitor, VSMCs were treated with rottlerin (3 umol/L) for 1 h before incubation with high glucose
for 72 h, lysed and immunoblotted by using PKC isozyme-specific antibodies recognizing phosphorylated forms of PKC-é.
B. Quiescent VSMCs were transfected with PKC-§ siRNA prior to stimulation with high glucose for 72 h. Total PKC
isozymes in the immunoprecipitates were verified by immunoblotting with selective antibodies. The bar graph represents
the mean * SE of three separate experiments. * P < 0.01 compared with normal glucose. ¥ P < 0.01 compared with high

glucose without pretreatment with rottlerin.
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Normal glucose

. [ Vehicle

E=3 PKC-8siRNA

High glucose

Fig. 8. Effect of transient transfections of PKC-8 siRNA on cellular superoxide production in normal and high
glucose-treated VSMCs. Superoxide production was measured by NBT reduction. Results are presented as means + SE for
three independent experiments. * P < 0.05 vs. normal glucose. ¥ P < 0.01 vs. vehicle.

T 100,
=
E
4 8
gt e -
?n-%“ 501 T .
Ed
=
[
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X 0- ry
(& \af
¥ & & &
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Fig. 9. Effect of DPI, selective PKC inhibitor or PKC-8
siRNA on VSMC migration.Quiescent VSMCs were
pretreated with DPI (10 pmol/L), rottlerin (3 pmol/L) for 1
h or transfected with PKC-5 siRNA prior to stimulation
with high glucose. Results are obtained from three
separate experiments and are expressed in the mean + SE.

* P < 0.05 compared with high glucose without treatment.

ol.e
INE

PKC-§ siRNA2] &3715 NBT 3ol oJsl] =43
] 5.5 mmol/L D-glucose ¥%¥=713} H]|25}e] 30 mmol/L

D-glucose #QEZ710NA] 2Ju|A] Z71E superoxide S©]

2 AAERS PKC-§ siRNACE 3MYZ]] (transfection) gk
3 ou| Al FHL=#Aek (P < 0.01, Fig. 8).
5. EZHFHEZMIZES| 0|0l CHst PKC-6 RNA

Interference Ablation2| &1}
PKC-§ 243} g £ 559 vlkz71oA I
HETAES o] 5} Qo] Jh=A ATy S8l 3
LA L] o]E-S Z43]7] Holl PKC-6 siRNAE S
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) AAE PKC-69] HEAAE gk ol 71
HRFLZAEE] ol FAEE Iu|IAl FEAFH (P <
0.05, Fig. 9). 1213 DPI (10 umol/L)$} SODE A42]gk
74-%- 30 mM D-glucoseoll#] S olg AE7} &Ju] A
743193l (P < 0.05, Fig. 9). ol &% 5ol =%
H AR LZAEY] o557 ST WA

HolFrh

ek

a

PSS TEgo R Qlslo] WAl tEuYE

o2 9l Ag-Eo] =t} Diabetes Control and Complication
Trial (DCCT)2] Ztel] ofshid dahiFe] Fa3t <<l

o T8l 1 APl Fesia AAlET e,
SRUTAES] o4 2413} wle iEkEe) e 24
B3z ubale] Fedh adw deld gow Hk Edol
Fulshe] whAollA ol SMHIIAIES o 5L
AGH} F473310] Bgel] e A o B 3

B FEg 27004 WRHRZAE) o] Z7RITE
2 ofE] QTN WA Belt 1 AR HeleA
o = gl

A HellA FabgdhA| o] o]Fo] Yoz 714o]
2 AR kAR 2 3HgeflA] ofe] 7EA] RAR)
I AR G W AEE Ak 99A ek 2 5 "
&3 53] AARIA} (platelet-derived growth factor, PDGF)
7} 7433k Ak dA glew d3t whd ThAlell ] PDGF
= RN o] 53t ok HEE AT ol S AT
o}, GRFBIAE 059 A Al 7] g

A
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ol PDGF7} 223 o|% AFH A A8k A7
7} 9lem'” PDGF, angiotensin-II', IGF-1'" 5-¢] Ao|&
711 AIAe AEe)71 AR, mEoudlza,
Azed Go B-oP) IRFRIAE o5 Xt
e AT WEE FEde] BUHRTAT of
B Z7PIIRE Wt GoieF Y. PAGRIAE o)
o] ST A gHllAE vl 27t dofslet]
phosphatidylinositol 3-kinases, calcium- dependent protein
kinases, Rho-activated protein kinase, p21l-activated
protein kinases, LIM kinase (LIMK), mitogen-activated
protein kinase So| ¥ ZAEg od#x] P,

IEE EEF 271olA] FIFHTAEellA] LA
& Aol STkslH, B AFo| Jagsiaet Jary
s=rle] dxtel] vhk S4o] Fla, Ay dakslol
A GRPETAEL] FAo] FriRte] sl 4kgh &=
Edize darellr] I3hieiAlEe] 7lsAteliel dadd
TAIES] F4, HagA S7F Soll Rofslo] FaA
S s A AiFo] APHBTAE| F
23 DNA Aol Fofshe A eA DAl 2oz 28
o] Hars|sr Qe

AT BA AaSo] diEdEIAIE] ofFe] =4
ol YlofAME Fo3t A5 & Zolet st AT
AL o] Fell B4 AdFo] HofeleAeh o EAYES
A 717e golir] 93l A5 Alfeislct & drellA
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