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Effect of Simvastatin on the Migration and
Invasion of U-373-MG Cells
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Abstract Simvastatins are widely used to reduce endogenous cholesterol synthesis and improve hypercholesterolemia.
Also, simvastatin have been shown to induce both angiogenic and angiostatic responses. In this study, It
was attempted to resolve this controversy by studying the effects of simvastatin on the cell migration and
invasion with the proteinases secretion and expression pattern. U-373-MG cells treated with low dose of
simvastatin (0.001~0.5 pM) showed the induction of migration and invasion compared with the addition of a
control buffer. On the contrary, high dose of simvastatin (1~20 uM) showed the reduction of migration and
invasion compared with the addition of a control buffer. It was also showed that simvastatin-regulated migrative and
invasive phenotypes were consistent with the secretion and expression pattern of matrix metalloproteinase-2

(MMP-2), MMP-9 and plasmin.
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Simvastatin HMG-CoA reductase2] AA|ZA] A
o] FH2HEH e} AEAS TAEAI7]7] fl8l ARE AL
T} [1]. HMG-CoA reductase = HMG-CoA-E mevalonate 2
33t o Z#|2HE HAFAQ] famesyl pyrophosphate
(FPP)E 2%+ A7t} [2]. Simvastatin> HMG-CoA reductase
o] A& F3l mevalonate HAZE 3f5te] FPPe} Z¢ 2~
BlE9] IS AL ol2dk S F3l simvastatin
2 o] T Fo] W A8 F3ke] PSS AR
oo A T [3.4].

Aol 7180l EAfehs GHOERE AEE 3
o] AEE FFoFE Y FYolA A o ol
S TR d3Ae] 2T |dAle Al 7S Ealiske
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AZ7} ol FEE PAske Hitgh FFoltt [5]. A
o] Loy ffsire HHIAESY o)Fo] 8T=HE
] ojuf YRR E A7} DAsI) [6]. EAS Thal g
Bl ai2es MMPse ZEj~1o] lth MMPse of<d
2]#4] endopeptidase ZA] AH|3E2]714S Eafsitiar 4
A AT} [7]. ©] T MMP-2+= AgEly B zdE 59
AZ71dE Ealshy F2 FYolu T F99] 1=
Aol A=A YERAT) [8]. MMP-9 (gelatinase B)S 357,
A et AREAAE 55 Ik dFAEA s
Eg4¥ o7 AU} 92 kDao] BP0 2 23k o]
Type 1V, V FEpld} dep2vls faligtt) [9]. A=A &
AR &4 SOl A urokinase-type plasminogen activator
(UPA)E ZEvelS ZEjavlo g A=, 84
ShE ZERale ALY o]F A AlEL]7]Hol| EAjsE 1
BS ZaAg [10].

Simvastatine & 28 E-7 A28 9o R4
A= #FHoJsttiar &# A 9t} Simvastatine RhoA 2]
geranylgeranylation®} membrane localization2] A&
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E3) 2L JAETY [11]. Rho= vascular endothelial
growth factor receptor 2 (VEGFR2)9] tyrosine AH}=
=731t} [12]. Simvastatine B3+ - F=a 9= 2y Q)
o} Simvastatin #2]ol] &J3l] APt Mol o] 74
He Ao Hol ¢ oA 95 A7} simvastatin2]
APt AL 1RY Aoz dHAT [13,14].
T7ke] A3 A} simvastatine] ¥ FEAE T
ABE fFEstal 2 FRoAs /A dAEHE 72
ol gEA o, 1 AE 7Rk HEekA] dnk mEt
A, B AFelXe A AFANAnF AEFEA 7FE
gk olF B & EAS ZaL e U-373-MG AZE A}
25} simvastatin®] AE2] o]F E X[ w|X= &3
of i F s g o] FHlo vx= EHE AT
B Ay Ayl $re FE 9 simvastatin® U-373-MG A|3E
9] o]F % IHS A=t £ $59 simvastatine U-
373-MG Ax9] o5 9 &S A8t 2, simvastatin
o o3t Al o) ¥ HE FHLS FEFOE MMP-2,
MMP-9 3 Zejxrle] FH] 28 oJgh Blole} Als T

MMP-2, MMP-9¢} Z2}~%19] enzyme immunoassay kits
+= R & D System (Minneapolis, MN, USA)2S ZHE 7
39T MMP-2, MMP-9 2 p-€l 3419} MMPs =¥

=+ Cal-Biochem (La Jolla, CA, USA)3} Boehringer
Mannheim (Mannheim, Germany) 225 A3t v A]
9} 8L Life Technology Inc. (Gaithersburg, MD, USA)
298 Tsigon, 18] S5 A5 e Aloke
Sigma (St. Louis, MO, USA) AlZ¥-E F5te] 2183}
Atk U-373-MG HEFE IAET 23| A T3}
10% FBS (v/v) 37} Dulbecco’s modified Eagle’s medium
(DMEM)°lA 5%2] CO,, 37C Ao njokstich

MiZe| M=o OjX|= Simvastatin?| 2t

M|3E2] Aol 1|X|= simvastatin®] E3}+= formazan©l|
i3t 3-(4,5-dimethylthiazol-2-yl-2,5-diphenylate-trazolium
bromide (MTT)<] ¢l o 2 ZAlsIT) [15]. 5,
U-373-MG A1 (10° cells/well)oll ZA1E ko] simvastatin
S 7V & 24AI17F w3 TS phosphate-buffered
saline &2 23] AF3F ¥ MTT (100 pg/0.1 mL)E A%
o A2Jstdtt. o] % 37 CellA 2A13F &< &gt v
100 pL9] dimethyl sulfoxideE %718t formazan 2792
S3IA1Z] & F43=A) (Spectra MAX, Molecular Devices,
Sunnyvale, CA, USA)E ©]-&3}] 570 nmolX FE=E
S

Mze| ol H g &t =A}

AEZe] o]F2 U-373-MG A|ZE 10% FBS (v/v)7} 3
F%¥ DMEM HiAo] well B 1 x 10° Al A=g o)
9z 7hl] HE3 TS, QCM ' 24-well colorimetric A3
o] assay kits (Chemicon, Temecula, CA, USA)E ©]&35
of SAsIATE & BHE 2ARY] YA 8-um B
S 7= ofuto] H2kE Matrigel-coated W (Beckton
Dickinson, Bedford, MA, USA)¢] Akl 1 x 10° AZS
S8k o]F HARpEks X GAS o3 200 uLe| 5
Z 95-gollo] ¥39 well2 27! th, Emax” microplate
reader (Molecular Devices, Sunnyvale, CA, USA)E ©]-8-3]
o 560 nmelX FBEE S8HATH

Enzyme Immunoassay

U-373-MG M EZ 24-well plateol] A L=7}5 x 10%0]
FH=E HEF3 U2, 10% FBS (v/v) 37} DMEM HZ|ollA]
24AX7F Bl oFSE 3 confluentdt U-373-MG Al S F-E3
92 F-phenol red BIA|A] 24A17F 5<F v gsldTh MEE
A2 viRZ MH S O 24589 = simvastatin
= A" ARHE Ak EHlE MMP-2, MMP-9
9 Fepavle] AR Alx3|Ake] ZAlo] W} enzyme
immunoassay kitsZ 43I

Halel 9 §|=H2l Zymography

MMP-22} MMP-9 & Z2}~nie] 714 Raj 848 Az}
gl g 988 zymography S 33t ERISIATE U-373-MG
AZZ 24-well plated] ME D=7} 5 x 10%] HE2 HE
3k T2, 20% FBS (v/v) 37} DMEM HjA]o| A 24A]3F
HjeFetdnt o]%, AlZ& HiAZ M|Z 3 ths confluent$t
U-373-MG AMEE F-33 2 F-phenol red HiAA tz=
=gl = simvastating 223 & 12A4)7F B¢k vk
skt AekE zymographys MMP-2 % MMP-92] 712
0] A2}elS SDS-PAGE®] running geloll #7135+ % 3h
ZANM 71953 S 1% Triton X-100 =844
AHAAAZ T vk -8 (0.05 M Tris-HCI, pH 7.5,
0.02 M NaCl, 5 mM CaCl,, 0.02% Brij-35)°14] 1613}
WA (377C). )3 0.5% Coomassie brilliant blue R250
©0.2 3N GAAIZ] T, 10% acetic acid, 30% ™EHS
BHl|A] Frggt =Tt Uehd wizhx] @A ZTh Sk
9l 42 7= 9BdS HUlste 3129 zymography
£ sk

Western Hybridization

AR a4 AA (10 pg/mL trypsin, 10 pg/mL
aprotinin, 10 pg/mL leupeptin, | mM PMSF, 200 mM
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Na;VO,, 100 mM NaF)7} ¥3hd 83 $589% (50 mM
HEPES, 150 mM NacCl, 10% glycerol, 1% Triton X-100,
1.5 mM MgCl,, | mM EGTA)S.Z M¥Z &ajx)7] o
A2 (14,000 g)oll oJ8l F5ds L2 ¥ BCA protein
assay reagents (Pierce, Rockford, IL, USA)E Al&-3}¢]
chil S gakstdel. A8 10% SDS-polyacrylamide
A Aol A B3 TR, nitrocellulose BFO.E 271 3 2%
skim milk ¥+ TBS ¢Z-&dol|A] o] H|Eold Roj=
< Attt F-8HS AA o 12+ A9 A
w3t & horseradish peroxidase-conjugated 22} A=
*2]3F th3- ECL (Amersham International, Buckingham,
England)2 2AA)ZI T

SHIXz]

AEE H + SDE JEH oY, Fo A4S Student-
Newman-Keuls testoll 23+ one-way ANOVAE ©]-8-3}¢]
ARSI TAH folde P <0055 7IEoE S5t

ot ¥ nF
U-373-MG MIZ2] 0|F U &=20il O|X|= Simvastatin
o| &1}

U-373-MG A|3E2] A=of| v]X]= simvastatin®] &=
g1l Yl MTT A3} assayS 33}k U-373-MG
A Ee] 0.001~10 uM 2] FE=Z simvastatinS- 2447+ 52t
gk A3}, AEE-0] A9 100%S YER simvastatin©]
U-373-MG A= =/3< VFERHA] 9434t (Fig. 1). Medina
5 [16]2 0.5 uM simvastatinol] A 2] FHAA A a3}
simvastatin AFH|2] AEZA] wjFolZial Bl o}, U-373-
MG HIEZE ARESH & Aelxe Alxsd a3 veht
] k=, o]Hgt A= AlE-5olF @olgt oAX
o} [17]. ©]A2] Al A simvastatinS #1%F%E (0.005 pM)
M= dBAS F8kaL, asE (0.5 pM)olM = S
AAE AAlscar deA ok [17,18]. AES] o5} i
< el veRE =8 54tk webA, U-373-MG
A|ZAA simvastatino] A BAS=A15 FRI8laL
2} simvastatin #|2]ol] 2J3F U-373-MG A|¥2] o]F 2 &
58S AT 2 23, 0.01 uM simvastatin©l| A A|3E
9] o}Fo] °F 43% S7HEUS Y 1 uMT} 20 pMelA = HE
o] o)Fo] Z+z} 28%%} 35% AIEAT (Fig. 2(a). =, A
FE9] simvastatine A|¥E 9] o]FS FXsh} IFEe
simvastatin® A|EZ 9] o]%5-S AAIeR= Al §9E B
FJt}. Simvastatin®] U-373-MG A|3Z9] o|Fol a3=
v Zth= A2 simvastatin©] FFoll= FFS v Aol
7Y = Qo weba] Mlze] FFof PIX= simvastatin®]
BHE SRIgH Aa, A|lEY o)Fe vXe B}t YX|EHA

0.001 M simvastatin®| A= 2F 23%, 0.01 M= AAE
Hgol oF 26% Z7H= Tk 28y, 0.1 pM simvastatin
ol M= Alaze] &0l oF 28% AA|EANSH 1 uMellA=
oF 45%7}F AAH AL 10 pMolA = oF 54%7F AA = A
t} (Fig. 2(b)). Simvastatin®] ©]2]3+ ©]F &I} retinal
microvascular endothelial cells (RMECs)2 ©]-83F 19
A= §AFHA YERETE [16]. 18Y HUVECs S o]8-3h
Magomed 5 [19]2] A7ollA= 1~10 uM simvastatin®|A] Al
¥9o] Z23} A3Ado] ZRAEATHE AFE Ho} simvastatin
9] ARG AREShE AlEe FolFQl AR oAAXIh

105
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95 1 1 1 1
0 0.01 0.1 1 10

Simvastatinuhd)

Fig. 1. Effects of simvastatin on the viability of U-373-MG cells.
U-373-MG cells were treated with various concentrations
of simvastatin for 24 h. Viability of U-373-MG cells was
determined by MTT assay and its percentage was
calculated as a ratio of Asz of control cells (treated with
0.05% phosphate-buffered saline vehicle). Data are
mean + SD from three independent experiments. P < 0.05
versus control buffer.
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Fig. 2. Effects of simvastatin on the migration and invasion of
U-373-MG cells. Cells were incubated in 10% FBS (v/v)
DMEM for 20 h. Next, the media were changed to serum-
free DMEM that was amended with control buffer (C)
and various amounts of simvastatin (0.001 to 20 yM).
Cell migration (a) and invasion (b) were examined as
described in Materials and Methods. Bars represent mean
+ SD from three independent experiments. Statistical
significance was tested using one-way ANOVA followed
by the Students t test. P < 0.05 versus control buffer.
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MMP-2 ¥ MMP-92| £H|0]| O|X|= Simvastatin2|

MMPs = %1@ A 271DA ek EaR VAT
. WEFA simvastatin®l] &J3F U-373-MG
8 H3h= FEHoE MMPs2] 4]
Ao 7 oA Simvastatin F=0l
2 MMP-2 ¥ MMP-94 FHES ZARE 29, 0.001 uM
9] simvastatino| A= MMP-22] EH]&Zo] oF 30%7} 57}
H.0m, 0.01 pMAME < 59% Z7HEAAL 0.1 pMollA
= oF 43% Z71EAck 2Ed 10 uMollAlE MMP-29]
Be7} oF 31% A AT 20 pMAME F 60%7F A
= Ak (Fig. 3(a)). MMP-92] 4] 4] 0.001~0.1 pM <]
simvastatin9| A= ¥ 36~60% 7= oY 10 Mol A
B oF 129% AFAI 20 pMOIAE oF 32%7F A
o] MMP-2¢} frAKSH & B3t (Fig. 3(a). 4,
MMP-2 % MMP-92] &4 Ae}el zymographyE 33
3} E}OL] 3t9th. 1 27} enzyme immunoassay 239}t
FAFSHA 0.001~1 uM 2] simvastatinol] A= MMP-2 2
MMP-92] £1] =771 3= 00™ 10 pMI 20 pM oA
£ MMP-2¢} MMP-9 %% HH]7} 24520tk (Fig. 3(b)).
Simvastatin®] =7} 22 w] MMP-2 2 MMP-99] £H]|7}
S71EAL F2 oA RV AEE d42 NIH 3T3
A|ZF} et AEFoIE FUSHA BE= A [20,21].
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Fig. 3. Effects of simvastatin on the secretion of MMP-2 and
MMP-9 in U-373-MG cells. (a) Cells were incubated in
serum- and phenol red-free DMEM for 12 h. Then, the
cells were incubated for 12 h after addition of a control
buffer (C) and various amounts of simvastatin (0.001
to 20 uM), and media were quantitatively assayed by
enzyme immunoassay. Bars represent the mean + SD
from three independent experiments. Statistical significance
was tested using one-way ANOVA followed by the
Students t test. P < 0.05 versus control buffer. (b) Gelatin
zymography of MMP-2 and MMP-9 in culture medium of
U-373-MG cells treated with simvastatin. Equal amounts
of proteins (10 pg/lane) from supernatants were loaded
into each lane. Lane M contains standards of MMP-2
and MMP-9.

iAol ofgh GA2Y o]F F FFoll= Az e]7|H 9]
wolloll 2 agh dhARs| g Ao FH 9 S5 a7
t} Wb simvastatinol] &3] F-E=H AE] o)F L A&
9] A = JAle FEAH o E MMP-29 MMP-99] Tul
ZA&o| 23t Aoz} Alg ) o]l ZA¥l= simvastatin
o] &e] Holg XM=t X7 HHOE 22U F US

7Fs/dE AXshe AEE AR
=otADl 2H|of| O|X|= Simvastating| 1}

Simvastatin®l] 93} U-373-MG A|Xx9] &3} Zep~1
o] Eul7} ATEA7} A=AE &2t} simvastatinoll
oJ3}t Zefarle] BH|UAS enzyme immunoassay 2 A}

3tk 2 A9 0.001 pM 2] simvastatino| A= 2F 36%,
0.01 (MOIATE Sk 76%, 0.1 MOllATE S 50%¢] Sehxnl
o] 2u] 277} UERkom, 1 yMollAlE oF 24%, 10 uM

oAM= oF 72%<] ®8] JAEH7} YERS T (Fig. 4(a)).
ek kvl S 3B zymographyE 91
Sk A¥, enzyme immunoassay 2} FAFHA 0.001~0.1 pM
9] simvastatinol|Al= ZER=T19] ] S7P EE o,
1~20 pMellA= Eek=r1e] #H17F A ATt (Fig. 4(b)).
olggt A= U-373-MG A29] ol Fefrlo] F
Aoz #AAT AYS BAFHal A

@
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Fig. 4. Effect of simvastatin on the secretion of plasmin in
U-373-MG cells. Cells were incubated in serum- and
phenol red-free DMEM for 20 h. Then, cells were
incubated for 12 h after addition of a control buffer (C)
and various amounts of simvastatin (0.001 to 20 uM),
and media were quantitatively assayed by enzyme
immunoassay (a). Data are mean + SD from three
independent experiments. Statistical significance was
tested using one-way ANOVA followed by the
Students t test. P < 0.05 versus control buffer. (b) Fibrin
zymography of plasmin in culture medium of U-373-MG
cells treated with simvastatin. Equal amounts of
proteins (10 pg/lane) from supernatants were loaded
into each lane.
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MMP-2 & MMP-Q EtHiliZlo] MMof| O|Xl= Simvastatin
o| &1}

>

Simvastatin®] MMP-22} MMP-9 gl zlo] AiAdof| m|x]=
BHE AR Y8l U-373-MG A EZS 783 AejollA]
zgsgdo 2 A7 B2t vjksl U2, simvastatine
A2 g £ 20417 B3t vt il AS FESHTh
Western hybridization 2%} 0.001~1 pM<] simvastatin i 4]
+© MMP-29} MMP-9 A37do] S71= 101 10~20 pMol|A]
+© MMP-2¢} MMP-99] A/do] ZHAE| it} (Fig. 5). ©]2]
St A= simvastatin®l] &3 U-373-MG A9 o]F 2
Z, MMP-29F MMP-99] 0] 18|31 FeRvle] 7] 5
o] Az}l FYS 73S HoF+= Aot} o] A= v
F59] simvastatin (0.005 pM)S EHAPE ZRA)7) 2L
=& FE9] simvastatin (0.5 uM)2 A4S A|SH
o= o] o] A Axpet IA|ghtt [17,18]. Al
o]l AAM| o] Hfolle= AR olFI A7l B
of gt chAR g4 FH 2 &3 o] aFH
o} [22]. WA simvastatinol] 23 A|EZ 9] o]F H HH
ZHe BRZAHOZ MMP-2 2 MMP-92] A4 2 1]
ZA) o3t ol Al dn) o]g$t AI= simvastatin
o] 4l ot ko] AS AT 5 U= ABAZ
A9 7Fs/dS ARkl U

Simvastatin(uM)
C 0.001 001 0.1 1 10 20

PMMP-2+ e " 172.0kDa
aMMP-2r S . b W, I 1520 kDa

Fig. 5. Effects of simvastatin on the expression of MMP-2 and
MMP-9. Cells were incubated in serum- and phenol
red-free DMEM for 20 h. Then, cells were incubated for
12 h after addition of a control buffer (C) and various
amounts of simvastatin (0.001 to 20 yM) and the levels
of MMP-2 and MMP-9 expression were determined
by Western blotting with MMP-2 and MMP-9 specific
antibodies. Protein expression levels of B-actin in cell
lysates were used as a control.

o
=

Fo

E Aol M= simvastatin®l] 2]3F U-373-MG A2 o]
2 280 v)x)E g9} T 7Fs3 7)1%) i) ZAkS)
t} U-373-MG A|¥E9] o]5o| H|X]|+= simvastatin®] &3}

i 38 off

golslk Ax} 0.01 uM 2] simvastatinol| = U-373-MG

X

F9] o)5o] oF 43% ZIHANo 1 M} 20 pMelAE
A2} o) Fo] 242} 28%9} 35% AAF AT HES] &
9] 0.001 pM2] simvastatin| A& 23%, 0.01 pMoIAE
26%2] A& S/ BHEEAU, 1 M 10 pMeAE

Az o] 742 45%9) 54%7F JA= ATk 0.001 uM
7} 0.01 pM 2] simvastatin *2]ol] 2]3] MMP-22] EH|ZF
o] 27} 30%%} 59% F7HE e, 10 pM# 20 pM &
simvastatin *]2]ol] &3] MMP-29] En]#2 217} 3199}
60% ZAE AT MMP-9 2 Zef~rle] FHlof| mX|=
simvastatin®] &3% MMP-29l v|X&= a3} AV
t}. Simvastatin®] MMP-29} MMP-9 Tz o] APAJo] ]
A= a9= AR 23} 0.001~1 pM 2] simvastatin ol 4]
= MMP-29F MMP-9 Aol S7F= A2 10~20 M
o] A= MMP-22F MMP-9¢] A/do] ZHAEH Y. o]
AE 2Fe T 9] simvastating SHAAL F-E310
=2 FX9 simvastatine AN S A= A
HojF= 3ot

9120109 39 159, AR 20109 6€ 22
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