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Effects of Mycophenolic Acid on Oleic Acid-
induced Rat Vascular Smooth Muscle Cell Pro-
liferation

Hyung Joon Ahn, MD.", Jehyun Park, Ph.D2 Jae Sook
Song, M.S.2 Man Ki Ju, MD." Myoung Soo Kim, M.D.,
Ph.D."*, Hunjoo Ha, Ph.D.>, Ki Ho Song, M.D. Ph.D*. and
Yu Seun Kim, M.D."?

Purpose: Vascular smooth muscle cell (VSMC) proliferation
plays an important role in the development and progression
of chronic allograft vasculopathy. Mycophenolic acid (MPA)
inhibits various mesenchymal cell proliferation, and reactive
oxygen species (ROS) are involved in the anti-pro-liferative
effect of MPA. In this study, we investigated the effects of
MPA on oleic acid (OA)-induced VSMC proliferation and also
the role of ROS in these processes.

Methods: Primary cultured rat VSMCs from Sprague-Dawley
were stimulated with OA 100 M. MPA 0.1~10 «M and
N-acetylcystein (NAC) 5 mM were administered 1 hour
before adding the OA. Cell proliferation was measured by
Methylthiazoletetrazolium (MTT) assay, proliferating cell
nuclear antigen (PCNA) expression by Western blot analysis,
and dichlorofluorescein (DCF)-sensitive cellular ROS by flow
cytometry.

Results: OA at 100 .M significantly increased MTT level by
1.6-fold as well as PCNA expression at 48 hours in rat
VSMCs. OA also induced DCF-sensitive cellular ROS by
1.6-fold at 5 minutes and the increment of cellular ROS
remained for up to 1 hour. MPA at above 1 M inhibited
OA- induced VSMC proliferation and cellular ROS in a dose-
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dependent manner. NAC 5 mM also inhibited OA-induced
rat VSMC activation.

Conclusion: These results suggest that MPA inhibits
OA-induced VSMC proliferation partially through the inhibition
of cellular ROS. (J Korean Surg Soc 2007;72:171-176)

Key Words: Mycophenolic acid, Oleic acid, Cell prolifera-
tion, Reactive oxygen species
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1990\t FRHEE] ALS-E] 7] AJZHeE ek W
1 mycophenolic acid (MPA)= A& & o] 11, W] 74 A & 9l 2§
inosine monophosphate dehydrogenase (IMPDH) &
Yo ZAL AR W ool W Py
ATA E 3 7&“] S HHET A ZAME FA A&
FE AU JaL,(4-6) B & WS A Y JdAEHE
ZRA AL Qo] EA g o] AN FHFo JP S AAE &
Je AAAAAZ B4 9] tide] =i ok

HA AR A ] ZE o]F 1 A+ calcineurin A A A
(calcineurin inhibitor, CNI)= ©]24] & FA AFukg-9] Uix
2 ZolA o) % vyl 4E8 9 3
Jel ONIS) 41K AP B ol RAFE §
£ ARAAE F srfol], £ FWEE wAYE
o) WA ol BB PUEL
e zAD B o4 F 1A
ok o] AlAl HAZo go] APL o &

A5 Felth(2)

U BETATD 54 L W ULl ok 5
3 940 52 718 39 Sz Bu A5} e
¥ HHZAH EE fatty streak) Eé*j o =8
. Al nonesterified fatty acids (NEFA)= &2 7 315 o
FTas EAAR A4 ot 53] L 4Holeic acid,
OA, 18-carbon lipid with one double bond in the cis position
(18:1 [cis]))2 Pl A 7} =& T2 EA|sh= A4t
o2 g B2 A Fo A angiotensin II,(7) endothelin-1,(8)
2 insulin-like growth factor-1(9)2] growth promoting activity
£ F7HFITE OAE 9 dis™ d# FEITAE9
protein kinase C (PKC)-2]&4 o extracellular signal-regu-
lated kinase (ERK)-2]<4] mitogenic responseS &= 3Hoh=
AR o] Gel A 1o, (10) FZoll= PKCO| &3t &ALt
Z~Z:(reactive oxygen species, ROS)2] A4 2 ERK 9| 4] 3}
o e YA AsHEE Bl 4B FR2AX ol
o =x8.(1])

ROSE %710l W8 40] & 5AEAR 21450} gto
L}, platelet-derived growth factor (PDGF)]| ¢]3F d A=
Ao FA A Fa3 d8E Fho] HiH o]F Alx
AT AExz2 PAalo] H=x5 o] gt} (12) £3], superoxide
anion¥} hydrogen peroxide (ZH2+sl454) = A ZZ 21 A X
B A oz e AEA Gl 24 7
Moz Q451 9k OAdl oI B@ FP2 AT 2
43} o]FolE ROS7F Pei@hh(10) MPAL & 7oA
IMPDHe]| 9JE2|Ql 207 A F45 A THS)
Ao o2 IMDPHe] Walo] e @ §a= AXolA
= IMPDH ¢ &7 xi n]o|£2 ¢ 7 = & PDGFd| ¢]3}d]

FET ROS 2 319 ATARAE olAlsl] AE 243
AZ71A o g AADTU319

B Aol 240 MPAZL A 4ke) U5 OAR HEF
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AT AGA ZA OAel 9t FaE+= X Y ROS 37}
o mAE aF%E FEIIYY

H} By

Ao &g Ak 7= wE AAE A 2 gk 7t
Z} Sigma Chemical Company (St. Louis, MO, USA)<} Nalge
Nunc International (Naper Ville, IL, USA)oll A +< 3} t}.

2) Mz HHe

F57 200~250 g9] Sprague-Dawley Al 7 S HE &+
sfol HAAT F 2ok ol AF AARE BEL =
F2FH dsHs ghgst et AEE s ™S penicillin
(100 U/ml)3} streptomycin (100 mg/ml)o] $HfF 1 AkZ=ol
(phosphate buffered saline, PBS)ol| Ho} tjxmWo 2 HE X
W Z22 31 g 58 A A3 thL, collagenase (Worthington
Biochemical Co., Greehold, NJ, USA)7} $Hf-% Eagle’s min-
imum essential medium (EMEM) Hjj 2kl of] 231 37°Col| 4] 30
T ¢ WS AIATT tls ™ o 9 ha) U uhE dissecting mi-
croscope (Olympus SZ 40, Olympus Optical Co., Tokyo, Japan)
sloll A vkela & 24 Zsk. AHES collagenase?} 3
¥ EMEM ujjeklo] Y11 37°Coll A} 1~1.5A7F St gk A
Z1 T 1,000 rpmell A 53 G4 22l st dS5 A2 e

T A &= collagenase”} E§HE o] YA & EMEMO
ARGAR oEl® B9 S 29 WA T, A4 2
shof Agole Wali, de AEE 10% 8ol R el
bovine serum, FBS)©| &% EMEM¥} 3H7| vk & 7)o &
T3t 370C, 5% CO, vl F7]ellA] v 3t et v ke Al
+ anti- ¢ 1-actin antibody (DAKO Japan Co., Kyoto, Japan)E
o] &g A xA st AM S At d HET AEY
< gQlstsih

3 °f= Fof

2 FE717F FS o P u) Al EMEM Hjj oFo ©

ASA 7} WjOFEle] Al EARS =89
olF NE LS ﬁﬁﬂﬂxﬂ HH okl o 2 w3EHA| vehicleZ o
3ta] uf 2%3FH k. MPA, N-acetyl-
cystel (N AC)l_ OA —,—03] 1A Aol EoJd9th. NACY
o v dudgoes 243

}11

[

4) Methylthiazoletetrazolium (MTT)

A3 FE F MTT | mg/mls 3 7hske] Al 2l 7] o) 4]
2A1 7t &2t ¥F-8-A) 7] & extraction buffer (20% SDS, 50% N
N-dimethylformamide, pH 4.7)5 # 7}3Stc}. 24413 A3 &
microplate reader (SpectraMax 340, Molecular Devices Co.,
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CA, USA)E ©o]-&3t4 562 nmo| Al MTT %45 7834t
5) Flow cytometry

AEZ PBSE 28 AlH3 & o] WG 5-(and-6)-
chloromethyl-2’, 7°-dichlorodihydro-fluorescein diacetate (DC-
FH-DA; Molecular probe, Eugene, Oregon, USA) 5 M-S
7Fete] 202 &3 A X v gFT]ol A st AE Y2 d8
£ FAMAY FUEA &2 G55 AHs AR $
FACS (Becton Dickinson Immunocytometry system, Mountain
View, CA, USA)Z & (excitation, 485 nm; emission, 530
mm)S 348k

6) Western blot £41

Ago] TRE ATE YARD PBSE 15 AT F
lysis buffer (20 mM Tris, pH 7.0, 137 mM NaCl, 5 mM EDTA,
1% Triton X-100, 10% glycerol, 0.2 mM PMSF, 1 pg/ml apro-
tinin, 20 M leupeptin, 1 mM Na3VO4, 10 mM NaF, 1 mM
EGTA, pH 8.0, | mM pyrophosphate, 1 mM S3-glyceropho-
sphate)S il I folA 1023 ¥HEAIZH. AEZE
12,000 rpm, 4°Col A 15-3F 944 228t F5A& FHst
o Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA)<
ALg-3le] TS A 2kl 9Tl A B sample buffer (12 mM
Tris-HCI, pH 8.0, 0.5% glycerol, 0.4% SDS, 2.88 mM 2-
mercaptoethanol, 0.02% bromophenol blue)9} Z 3}
95°Coll A} 58 F<t 7= 3t Tt SDS-polyacrylamide gel
electrophoresis (SDS-PAGE)ol| A Z7| £2|3h
lulose &2+ (Bio-Rad)ol] o] Al At}
cular markerE AR&-3to] 7)<} Zdo] éE% E}‘ﬂé}%‘it}
&A= 5% non fat dry milk blocking & ol @11

Al 1A FoF vk A AT 0.1% Tween 208 ¥ &
ST Ao 23] AH3 & LA} FAR 247 T W
7] & 1584 43] A& 319t} Proliferating-cell nuclear anti-
gen (PCNA) A= B-actin FA 2 HASIG L oA} A
(HRP-conjugated anti-mouse IgG; Santacruz, Santacruz, CA,
USA)E ol A 1A17F B9t w8 A7) 1584 43) A4
3}tk Enhanced chemiluminescence (ECL; Amersham, Buck-
inghamshire, UK) kit& ©]-§-sto] o]zt &A1& AEstAch
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7) SHXe|
ZE A¥Ae FHA = “¥ 7 (mean) T F L X (stan-
drd o2, AR 28, el 7 9] SAHA ol
= ANOVAR, T 7 719 EAEZAQ vl Student’s
Test Aste] Pilel 005 B2 4 9ol 2140l 2

Aoz WS

Z ot
1) MPAZ} OAO|| 2|5t IF| Hat W& M=o S4 0

oAl e

OA9 $E5 T2 AA3}7] 935l OA 50, 100, 200 M
% Eosta 48417 Foll Al ZF4S MTTE 33k
A 507} 200 pM2 f-ojet "3 HET Mxe TS F
%} A ZE A AT, OA 100 pME t 7ol Hlste] 3
HEg2 MEZ2AS 1.610.18) Z7HAZth(Fig. 1A, P<
0.05) =gk OA 100 uM o] F 48A]7Fe] M EZF2 9] T2
A3 PCNA Fdo| frolstAl F7h= AthEFig. 1C). MPA
=01, 1, 10uME 435l OAV} Y= 73 g Fo=
ERete A¥sAtt MPA 104M o3t 7| AGES

l-ﬂ

)

MTTo)| ¢3ke m A LLoan dH HEZ AME =
Aol Qth MPA 1uM o]AL OAd] 93te] Gxd
MTT(Fig. 1B, P<0.05) @ PCNA ¥ & (Fig. 1C) 5715 %

JEH oz FaAA

2) MPA7} OAO| ofslf &l et H&2 M=z A
Z L§ ROSO|| OX|= g

o o

AZ U] ROSE OA 100 M o] & 5HEE gizFo|
ko] 1L.630.18) F7hahdar, & A7k ol 2o Wi
sted B9 8kl A 45 2 th(Fig. 2A, P<0.05). MPA 1M o]
32 OA 100 M Fof F 53¢ 713 Al¥ W ROSE &
ZojEA o2 A5, F4reA Q) NAC 5 mM Ee
o3 A EaTE B YrhFig. 2B, P<0.05).

3) NACo| oJst &t Het2 M=Ze| M= Lf ROSH|
OlXl= P&t

Al Wl ROS7HOA] 2f3te] frieel At 2 A2
SA HAE 9T FEE] Y5t FAkstAI”] NAC
5 mME OA Fo & A7t 7ol F4351¢th NAC 5 mM
OA 100 Mol ¢J3le] g FAFE xﬂzgl MTT$}
PCNA £AZ7Fe FrelstAl oAl8H4 thFig. 3).
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HAEE T o] Al FAFE o4
T E HA7A g o] A4 BAFo] A
tetetar T S-S 3 EA 7= ofAl o AN 3t
o] t}. Rapamycin¥} mycophenolate mofetil (MMF)& ©]

BEEE Z7HA1713 B ol 44 RAF o2 Y
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Fig. 1. Effects of MPA on OA-induced rat VSMC proliferation.
(A) Dose response of OA on MTT level. (B) Effects of
MPA on OA-induced MTT level. Data are presented as the
mean +SE of five experiments. (C) Effects of MPA on
OA-induced PCNA expression. Data are presented as
representative Western blot. *P<0.05 vs. control; p<
0.05 vs. OA alone.

A FASS 2 5 de AP890E ARSI A=
gol AL e AAAE B Fste Aolth(2) B
AA ) Z7HE o] F 1 = CNIE ¢ £33 14 dF
RS doA oA HAT Ae] Arh(y) A 3
7IZF CNIe| =2 wf o4 F w704 Ex sl 24
A ol AA FATE S 5 vk o] 4] wheA
Q&AL TFT AR BHIE SANA M E

DCF-sensitive ROS

DCF-sensitive ROS

Fig.
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OA1OOHM

2. Effects of MPA on OA-induced cellular ROS in rat
VSMCs. (A) Time response of OA on cellular ROS. (B)
Effects of MPA on OA-induced cellular ROS. Data are
presented as the mean +SE of five experiments. *P < 0.05
vs. control; TP<0.05 vs. OA alone.

Fo| Tzt A AEM} A E}E H o o) A A 2.9
2] Fol7} B Q3irh(23) HE AN AME-E 7] Al

rapamycin& mTORZ} 2 §3te] W oA 2H8-8 3=
2A G354 Bt lo] T AR RS9 WAl HE

2 AES FBUYAATY F4L qAstE T} Qe

o, YA 7 oAl R
A

N

Az AL oA

ol A3 Itk 3 Y o 44 B AZe] Et G
Aoz 47 MMFY &4 E 29 MPA= IMPDHO| ¢} 7|

e

%3} de novo purine DNA 34 = guanosinegl Y A=
FAsts Ao 7 A4 A Yrh() T2 A3 o)A MMF/}

B AL 44 AAdel At 242 oA E
e Bt Ehes) E AFAAE o4 F £3) w4l
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Fig. 3. Effects of NAC on OA-induced rat VSMC proliferation.
(A) Effects of NAC on OA-induced MTT level. Data are
presented as the meantSE of five experiments. (B)
Effects of NAC on OA-induced PCNA expression. Data
are presented as representative Western blot. *P <0.05 vs.

control; TP<0.05 vs. OA alone.
nAGF] B FUF L WA ol44 RuFomel
B 4715 AR Agsa, Ao fEd
o BHZ ALY Z4 0 th 3k MPAS] oA 71l 3k
ZALSHATE 2 AFAE OA 100 M2 E3 F&
S AST AFHR o] BN ¢ FE2A
24 2 AE ) ROSTH Z7hsHT 3 MPAS] A}

OAd &3t MEZAL QFojEAOZT EAFHOR
AstAct. 2 AFAA AMEE MPAS] T
o7 ARgo] JbEatm AEEAdol fle WF ol
71E =we 1#ES Fakbe] gRlet o (26-29)
Fr&del g A48 £ o 29T Fo= A4S
. Hauser 5(29)-2 B Z 21 ALEA] AT A X E AME-
A& oA MPA7} HZF o427 guanosine /‘g*é o A
Tl AE F24E JAg T B g vk 9L, Gu 5(30)
& MPA9| 93t hematopoietic cell®] A EAPE 7)Ao A
guanine nucleotide ¢ #l| o] ¢]%F ERK, Akt, ~12] 17 mammalian
target of rapamycin (mTOR) W& AT Y AT HAGAE
Ag-e Bt Lu 52 X2 OA| o3 d# Hg
= Al 9] FA o4 ROS7F # A 3Hg A A&t Th(10) £ A
TAME OAE 559 AlX W ROSE U2 F7AIFH L,
60 7HA] EH7F A &E Ak MPA 17} 10 pMell A B A1 A4
O 2 frofatAl OAel Jate] F7HE 3 HE A xe]
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fo mu rot TL o2 ¥0 ol Jo oo P = 8 wel XN
i) ml”

ROS AL 724X AT, 3AF8IA Q1 NAC 3+ GALSH &
2 JeEh ek AlE U ROSY| th3k MPAS] FrE S 5=
da J&2 Az S48 JAss ade AR =
oA FAAE T} o] AL MPAQ] d4k3)l 2H8o] o] & T}
o144 BAZe Wil Aeldge B FB Axe
28 A= d Fasicta 7FEE 4 At OAdl 9
3 B2 AlZ] ROS Aol gk MPAS] kst
e E AT Axi AsH 740111] A E m ROS]|
1

i

=

< ol s 7A4°i mmq MPA7} OAoﬂ AHL
o P2 AT F43 A X Y ROSE AdAstE 71A
T} IMPDH & A A Q1 tiazofurin(37)¥} ribavirin(32)¢] o
7] PDGFel| ]38 3 & A 22| ROS S7HE o
A = dos 7NE =R IHAA FE2F B 5 Q)
JEdos IMPDH oAE Eaa wA® AE U
guanosine 49| ZHAE thkd AlE W AT ALGA 9 oAk
< %23}, 53] small G T o] AF9I rac, ras L thog]
gAs fdae FdHo R Ao UH33)

o rlo met 2 S o ok oy

2 =

B Ao Azt MPA7E OAd] 9ste] f=d 3 &
T PG N E Z2L A5, MPAY] 28 ROS A
¥ o]o o

7h B BEZ A AAFHA J)do] F 3l
JAFetar gl
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