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- Abstract -

Background: The induction of vascular inflammation via the proinflammatory cytokine/
nuclear factor (NF)-kB pathway is one of the key mechanisms in the development and
progression of atherosclerosis. Accumulating evidence suggests a recently identified che-
mokine, fractalkine, is involved in arferial inflammation and atherogenesis; however, few
studies have examined the effects of pharmacological agents on this process. The pur-
poses of this study were to determine if alpha-lipoic acid (ALA) inhibits the expression of
tumor necrosis factor (TNF)-a-stimulated fractalkine in vascular smooth muscle cells (VSMCs).
Methods: Rat VSMCs were isolated and cultured. Northern and Western blot analyses were
performed to evaluate the effects of ALA on the expression of TNF-a-stimulated fractalkine
in VSMCs. A gel shift assay was performed to examine the mechanism by which ALA
inhibits the expression of fractalkine.

Results: TNF-a markedly induced the expression of fractalkine in primary cultured VSMCs.
ALA inhibited the expression of TNF-a-stimulated fractalkine in cultured VSMCs. The result of
the gel shiftf assay suggested the inhibitory effects of AS-6 on the expression of TNF-a
-stimulated fractakine were mediated via the NFkB pathway.

Conclusion: This study has shown that ALA has anti-inflammatory effects on VSMCs, which
are mediated by the inhibitoin, af least in part, of the NFxB dependent inflammatory
signal-stimulated expression of fractalkine. Our data suggest the possibility that antioxidants,
such as ALA, inhibit the NF-kB pathway, which may be used to prevent the development
and progression of atherosclerosis (J Kor Diabetes Assoc 29:409~417, 2005).
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93 od3kS 3= AARIZ} nuclear factor (NF)-kBE &
A EE X5 (vascular cell adhesion mole-
cule, VCAM-1), AE7--224 (intercellular adhesion mo-
lecule-1, ICAM-1) 3 clallL 8143 912} (monocyte che-
moattractant protein |, MCP-1) 5] W& 27171
A o APHLETAEE F58 FAA = At
HE AlEAR] Z7HE wwo g welA Hok e s
v A IREEIAEE FEA), odekHl (elastin),
Fe|ZAm| =Fel 7} (glycosaminoglycan) E3F 72 A|E]
714& Askslo] 547334k (atheromatous plaque) @] F-7]
5 v18 SR wleba, haEe] d5n-g-2 vk
Fad, w9 2" ol Akl SR
o] Whalel] 93 Hlejaie]o]ck
2T odol] ofs, HubAEe] SEREgol fractalkine
olgli= chemokineo| F8&F A8 ghrhe Zlo] YA
A FAEusZe] wWelell o] fractalkines] 3ol
o3l o7} ghilks] 28 Folrk fractalkine-> CX3C Al
ol] 43)i= chemokine 22" BTN AE, AF)AE, AH
AE g AT A vkeE]o] chemoattractant®] 7[5
ut o)z} A|FEHAEA] (adhesion molecule)?] )5S 7t
AP, "apriA)e] ol oehH fractalkine- 27] 4
731% WhlelA Hslo] TR chemokine B AENAHE
Wsp o FeAskze) Al S8 ©2hg s Ao
oA Qle}*P. T Chandrasekar 52 HIE1A|E
ol FFRARIAAsilol] 2]8F NF-kB ZAdel] 2]zl fract-
alkine 2] W&lo] &A1¥|31 Z7}5 fractalkine o] ks o g &
PR FAo] fEHS HelPrl”. Eel Les-
nik 3} Comadiere -2 fractalkine <~&) (CX3CR1)7}
knock out® vk FARE HAlo] A Harslgla
29 Moatti S-2 fractalkine $~82|9] $-%12} cFaido] gl
= Al sbdEaldgte] wage] Aashe B sl
o}, wlela], HAlEeA fractalkine @S fAIY 4
P obie ) dFUSE HEAYLZN FI5
AsZel WA ol 4 98 Aew Ass
ols}.2) A} (alpha-lipoic acid)-2 thiol Aldel &sl= &
AR Fiogziape] BxA7EFe] X g4z de
Ags)5n gek ", Qo el FEARS S5 S Thej (hydroxyl
radical), &jo)3Eo}ed A4k (hypochlorous acid)¥} w3}t A
4= (singlet oxygen)-& AASHH 2, Felgat ZAgelo] Zal
o|E 3}HE-2 AR, weak dolg) EARS Aol ¥
o] 3Rl cslege]EAH (dihydrolipoic acid, DHLA)
o= wiahdo] T 7Ed PAEIE 7hx)u), DHLAR:
slo)| Foled A} Ak} o)t (peroxyl radical) 28]
SEEA e AV Rk opeh, the kI
E34/% (tocopherol), o}2~F EHIA (ascorbic acid), EF

E}E]-2- (glutathione), thioredoxing- $-43d o 2 H3IA|A &

ox
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3 ZoHE 27 A7 o) ATl oebn Yul-g]
AR ghaks) 2hg ol ARRAE | zof] ofsl EAI3kE
AJ01A} NF-kBE olAlslo] VCAM-1, ICAM-1 3 MCP-
9] wbeg gAsle] FPAFEA AFHEE W3} =
Aog A gep.
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1. M=

Sractalkine 34 W SAAAZY ZopslAelA ok
R&D system (Minneapolis, MN)ol|4] 151932, NF-kB
oA A|A)Q] pyrrolidine dithiocarbamate (PDTC)2} 3lacting}
A= Sigma (Saint Louis, Mo)ol|4] drabbit = Amers-
ham Biosciences (Little Chalfnot, UK)ol|4] —*1s}3ict #b
A FA Z&AA) (radiolabelled probe, [a-"PJdCTP, [p
P)dATP):= Amersham Bioscienceol| 4] Fl3lic). A%
of] ALxl s8] EARS Viatris GmbH & Co. KG (Fra-
nkfurt, Germany) 2] 7]Zo) A8}

2. M= HHeF

AL E=  Sprague-Dawley  WBA] (280~320g)2]
ER =l EegJsle] 20% fetal bovine serum (FBS;
Gibco, Grand Island, NY)-& 23}t Dulbecco’s modified
Eagle’s medium (DMEM; Gibco)ol|4] sljoks}gict. Q3
A E] Bold a-actin THFUFE A (Sigma)FE 334
slod Elsiolek B Aol 5~83] Alo]z Al whelst
HNPATAES Agsigick viekEl siErAlzot 100
mm ZZajelg Alol] 800114 90% 7}k A}5kS- o) 0.5% FBS
DMEM ljxlof|A 24 X]7HE]} wieksle] AlEEE FA7IE
Sol7HAl siiek. FSARIA LT} (5 ng/mL)E X 2|5}7]
A 1A B bl EAE Aulsial 7 Ajlel Hadt

2718 o] fractalkine W& W3S HAsigic

3. NF-xB decoy?| M=t

ZAIRIAF NF-kB2| DNA ZdH9] (RER2 3ADE 23
3= NFKB decoy A]92 23} #r}l. NF-kB decoy,
5’-GGATCCCGGGGACTTTCCCGCACAAAAGTGCGG
GAAAGTCCCCG-3’; Mismatched NF-kB decoy, 5’GGA-
TCCCTATAACTTTCCCGCACAAAAGTGCGGGAAAG
TTATAG-3". Z}2+e] oligoS Sol] 91 & 80°CallA] 587
7hedgt $- AlollA] 2417k F]F W|slodch o] % T, ligase

£ Wil overnight ligation A]ZIc} Ligationo] EU+AE
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A5 slol &RIskar ligationo] 90%o]4 Elglom
phenol/chloroform ©.2 #3510 oligoE 3]slo] Ad3}

ko] =il =91 5 Algel] Ahgeioick
4. =8 E= (Northern blot analysis)

B HZo] A8 fractalkineol] thdl BIAA FA] 44
AR [0-"PlACTPE: o] 83} Ql9] Zajolm] abulhih] (Ame-
rsham, Arlington Heights, IL) 2 A|Zs)l9d
A A &A12= NAP-5 Z+] (Pharmacia, Uppsala, Swe-
denyo & AAlsldct =¥l H-3ol| A8%] RNAY RNeasy
RNA #Z 7)E (Qiagen, Hilden, Germany)Z A-&slo] &
2l5l9dck 10 uge] RNAE 1% ZEdslo|E-olrlas A
A A7|dEe Al & JUE o & o] Ak
UE =hg WA FA 421719} 37 Express Hyb' ' -g-o8
ollA 2417k E9F 65 CellA] HekAd (hybridization)A)7} &
mRNA -8 YT A1Z7] (densitometer) & 0] 8-slo] FA4
sl3ict

ol A

5. YIAE B2 (Western blot analysis)

IPH =29} (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5
mM EDTA, 1% NP-40, 100 uM PMSF), 1 ug/mL chula
Haflfid oAlAl, | mM DTTE ARgslo] x| chias
wepigieh 7 A2 AR 2ol Mol 587 Hal 3
g3 $oll4 Algck Sodium dodecyl sulfate polyacryla-
mide 7oA A7]edEsle] 7R Helglk & Immobilon-
P transfermembrane (Millipore, Billerica) & #7|& o]&
slod &Zdck =t 9429l (blocking buffer) 0.8 Xpghks)ar
gHractalkine &HAlollA #H2A)Zl %, horseradish peroxi-
dase-conjugated ol &4 (dgoat Aol WRSAZITE ECL
plus (Amersham Biosciences, Little Chalfnot, UK)& AR
sto] whijd WS #Qlelgirk. Membraneg- dactin 31|
o) £hA) A7 Qe o] Kbl e ABlgheA Gl

OFaA-T.

&

A X|od BAMH (Gel mobility shift assay)

G EZAETL 800l|4] 90% o g WiokE 9l w)
A7 PBS gole g = Wl AP F AIEE Bitth o A
F 55 400 uL2] ice-cold buffer A (10 mmol/L HEPES, 10
mmol/L. EDTA, | mmol/L DTT, 0.5 mmol/L PMSF, 101
g/uL aprotinin 3! 10 ug/uL. leupeptin)oil 4] #43}+ A7 3
A5 flollA 158 5 WX|sldck o] AIEE NP-40 25 UL
Z X*] 3| buffer B (20 mmol/L. HEPES, 0.4 mol/L
NaCl, 1 mmol/L EDTA, 1 mmol/L PMSF)el] Yol 105
ERF 12,000 g0 & FEE sisivk ARe 3 A
o WA FHEE SN WA B oS g

=2
4 7]E (Bio-Rad, Richmond, CA)& ZAs}¢ichk

Moo

NF-xBol| thgt Wbt FA 2212} (5-AGTTGAGGG-
GACTTTCCCAGGC-3")%= [7-"P]ATPS} T4 polynucleoti-
de kinaseE o]8slo] Alzkslodct P A 44121 NAP-
5 ZdollA] AAIglem thilA-DNA HHS-2 208 E<h
Aol AlEslee). WSR-S $AREE 6 g, poly
(dI:dC) 100 pg/mL, Tris/HCI (pH 7.5) 10 mmol/L, NaCl
50 mmol/L, EDTA 0.5 mmol/L, DTT 0.5 mmol/L, MgCI2
1 mmol/L, 4% glycerol®} 60,000 cpm *°P-2}4] €% DNA
£ Agslslel w58 A7l 3 A1EE 0.5xTRIS-borate-
EDTA buffer Holl4] 4% %o Zelolelohito]= Aol
3 3 150 EEl|A] 2A]7F B3 AVodES AJHRr ¥ B

7. SHANzI

(]

Ay A EFeAn BAUsln weel pAe
Duncan’s test& ARE3}ich PZro] 0.05m]gle] 7-2-
Aom geleln Paasler] 2E Ay Sy

2 33] ol AJele] SAKE ik

fo o ¢

2 o

1. BMO| HEMHEIMZNAM fractalkine EHYZIO|
i)

w2 o] YA o) Fok ARl HelslA)
252 AHlollA fractalkine whiAe] w2 ofF okslA] 2
A=t Sk ARIAA) (5 ng/mL)E H2lstar A7
W fractalkine thAel w2 243 3} fractalkine
chitd w2 Tk ARzl dulol] gl A)7to] Wy
& Z7ksISlc (Fig. 1A). 58k S et EollA] fractal-
kine GhulZ o] HiE-S- Zokv]Aelx-Qlulol] GakelEHo g
Z7Fslode) (Fig. 1B).

2. Tl-2|ZA0| fractalkine mRNA 2Fs 9 CieHE|
20 DIkl =2t

dzh-g| EAlo] wia o] AT ZH|FollA fractalkine ¥
Yol m|x]& AHE dotiy] S8l = 55 249 s
Y BER EAE Ak 94 A e] el Eo
obst- AR 2] ohE R R 17 B AXRE
Pl S ARG5S ng/mL) & Helslo] fractalkine
A WIS sIgich. i e] W kAol Us)-g)
AR AXARE A FpARIA- Yol o fex
fractalkine mRNA 2] Wley} chizlo] uleo] S8k oA
o8 Zhasigivt (Fig. 2 & 3).
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Fig. 1. TNF-a-induced fractalkine expression in primary cultured VSMCs. A, Western blot
analysis of the time-course expression of fractalkine in TNF-a stimulated VSMCs.
VSMCs were incubated for the indicated times with TNF-a (5 ng/mL) after serum
starvation for 48h. B, Western blot analysis of the dose response expression of
fractalkine in TNF-a stimulated VSMCs. VSMCs were incubated with the indicated
amounts for 24 h after serum starvation for 48h. Data are expressed as mean + SEM
of 3 separate measurements (lower). Statistical significance was determined as *P <
0.05, **P < 0.01 and *P < 0.005 compared with basal expression.
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Fig. 2. Effect of a-lipoic acid on TNF-a stimulated fractalkine mRNA expression. Northern blot
analysis of fractalkine mRNA expression. VSMCs were incubated with TNF-a (5
ng/mL) for 24 h with or without pretreatment with a-lipoic acid at the indicated dose
for 1 h. Data are expressed as the mean + SEM of 3 separate measurements (lower).
Statistical significance was determined as *P < 0.05, **P < 0.01 and P < 0.005
compared with TNF-a only.
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Fig. 3. Effect of a-lipoic acid on TNF-a stimulated fractalkine protein expression. Western blot
analysis of fractalkine protein expression. VSMCs were incubated with TNF-a (5
ng/mL) for 24 h with or without pretreatment with a-lipoic acid at the indicated dose
for 1 h. Data are expressed as the mean = SEM of 3 separate measurements (lower).
Statistical significance was determined as *P < 0.05, **P < 0.01 and *P < 0.005
compared with TNF-a only.
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Fig. 4. TNF-a-stimulated fractalkine expression is mediated by NF-kB pathway. Western blot
analysis of VSMCs treated with either NF-kB inhibitor or decoy ODN. VSMCs were
incubated with TNF-a (5§ ng/mL) for 24 h in the presence of either PDTC (P, 100
mol/L), NF-kB decoy ODNs (D, 100 nmol/L) or mismatched NF-kB decoy ODN (MD,
100 nmol/L). Data are presented as the mean = SEM of 3 separate measurements
(lower). Statistical significance was determined as *P < 0.005 compared with basal
expression and **P < 0.005 compared with TNF-a only.
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Fig. 5. Effect of a-lipoic acid on TNF-a stimulated NF-kB DNA binding activity. Typical gel
shift assay of a-lipoic acid treated VSMC lysates. VSMCs were treated with TNF-a (5
ng/mL) for 24 h with or without pretreatment of the indicated dose of a-lipoic acid for

1 h. Data are presented as the mean

SEM of 3 separate measurements (lower).

Statistical significance was determined as *P < 0.005 compared with control, **P <
0.05, *P < 0.01 and ¥P < 0.005 compared with TNF-a only.

3. BUn|AlCIX}-glnlo] NF-«kB #AME S8t frac-
talkine sl

Foka|Aoix-slol] ofel] FHE fractalkine BHo] A
AV NFkBS] 248 F3) ol A% ok 91s)
NF-kB 2#|#l¢l PDTC (100 umol/L)?} NF-kB decoy®
NFkB2] 248 oJAlslgick Fig. 4ol4] Ei nle} 7ol
PDTCS} NF-kB decoyls Zaku|}elzl-okslel] )8l Szl
fractalkine ThlAQ] wial-g 7|#Hx FFoz AAIgict
Balx] NF-kB decoy] 7% ZajAQlzl-aslol] o3}
fractalkine ¥Fol] o}52l &arl gigduk

4. etul-2|ZEA| NF-xB EM0| 0|Xl= sut

Stol-2lE ke fractalkine Ao} A] 337} Fop AR
oIsjoll olall Z7h NEKB B4 olallo] olFolx
2 BT SAa A BARE Aielet Sokla
Q1A-235} (5 ngimLy'= NF-kBS] DNA 23528 93]
ST Yo P EAS NFKB] DNA AR5 S 8%
gEAoz AR Fig 5). NExBo] tidh WA4S
EARA %S ZAAE A0 WhAP SULDNA
247E NEBol ol Sol el Bhlelgiet (Fig 9)

vk, ki, TelgH W TARE Sol ofd) S4B
o
=

£ ZARIAL NFkBe] #4lo] Fa3t sz dedAm A
FEEWsse] ke 3l ASkaEdAE E99 F
Alofl NF-kB9] 2445 A% 4= e oFAlell gt <17}
whol Au|m Q™. Aee B A7E B3] P
W3kate] MAguEe] (eAlE AeET e gl
Fibo| 7|Ee) gAl Akt Aol Hsted HARQIAH NF-
& AAlsle] o] HPHATA|ENA fracta-
lkine 8] Wl RN ERjlsle] sl ito] e
733kEe] of} B2 X goll A8H 7heAe] YgE Kt
= olu.

Z]of] kA= fractalkine-S CX3C chemokineol] <58}
4% il 27 FAA oo} e A5 Aol
E7lelel] ofa) ko] Zopohe Ao iR 9.
ubA 0 & chemokineo] A|EA 2314 H4 (soluble mo-
lecule) ® Fulslo] AFAEE BT BoE 758 3Rl
fractalkine X2 MCP-13} 7Z+-8- chemokine]&] o]&]d} che-
motaxis2] 7]50] 9lo] fractalkine 4=8-#|Q] CX3CR1-S |+
= odslL TA)E, natural killer cell5-g E¢]Xo} o

Zuho-o- oukslr) w3l fractalkine-2- thE- chemokine b=

O

=
o]
o
)
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2| SRRAE, ERFETAE, AAE 9 ABAE
SOl AlEatel] Hxbgl HellZ EAlso] fractalkine -8
A9l CX3CR1E Fgsh= AlES} Zgsto 24 VCAM-1
ot} ICAM-14]8d A|E722%HE4 (adhesion molecule)2] 7]
T VA QhA) Q5 nlet 7o) fractalkine & o
S AARIARI NFkBE 84 A7l AelEFRld
ZFARIA-LT, JEF 9 AElEIE-F) Sl 2
dido] Z7kEle Aow dHA . e Al
G 3ol 4] fractalkine 2] WHlo] NF-kBel] &3l =l
W2 PDTCS} o] vlBolH o g NF-kBE <Allsh= of
AE B3l GRS ¥ NFkBE 23 JAlkh= A4S
F3l FE vhs Yok B odqtol|A & fractalkineo] Zokx)
ARIAR-stol] o3l ko] ZF7lek-g ghelsla NF-kB <A
Aol PDTC %t olu@} NF-kB decoyE Alg3lo] NF-kB
= A3 AARE 3 Sk ARIA- ATl o1 fractalkine 2
d aapt sbds] xekds sEtslsich daiA] odtoll
ofshr Ul 2| EALL- HukA|FollA] HARIZF NFkBS] &
A& AARsle] AT FeiFaa) e LA
Qof*?) HIHAZAFol] thh AFE wlFg Ao
ok ololl AAER B QATE B4 daEA|EalAE
U] Eito] Fof|ARIR-Udutol] &l 2H4E NF-kB-
DNA Z3r53& AR delslgieh wgh B odtollA
= 71&e] 4R dzkg|EAe] VCAM-1, ICAM-1 =l
MCP-1 g3} 7t FakedFuliieiabe] A Azl F7tst
o] fractalkine WHl-g AAlsl= T} S-S delslick
Tl Veld dub-e] Ak fractalkine AA|EIRE
7180l Husl gul-g|EAke] geiZgte] 7|Hy) FUd|
Al FEARIA- UL NF-xB 848 Z7RI71E 43S
zpekslo] o] FA Aoz Algxir).

Zhang G- B4AQ1 S50 el FARE 7 Folst

Lo}

N

E A4lslar ICAM-1, VCAM-1 8] E-selectin®] w8 o
Aghg Bol Fef”. sl glEAbe] opEelEshy oA
ol ospd delld] F2 ABE= £82) 600 mgS vl
Y Foith 49 8% F5 50004 60 pmol/Lell Tdsl=
Aoz A i B deliE o|AE Fre] ol
2| ZALS SN LA fractalkine ¥HE-S lAls}A]
Fahe 2o velgrl AR AgellA] bdAe) i
% =k ALADIN III Q174 73+& s 1800 mg-
g3 797 Q" FAA R AL A ok} ] =
< ol e ¢ AN B odfolA] Vet dukelE
Aro] fractalkine ¥Fs 4] 3315 Holx= 888 EAbH o
2 oldollA AgEls &5} ol 2 £89]e Eglo]
ek AREe HA dgf-elE2AAE W) o

slo] A AAA EaE Bsisied], Skl

X
o
4
E
g

25 mg/kgollAl Aier Aol A7l 2193 100 mg/kgollA]
AU Ado] sl A AP, aeln 1
S bl EAbllA] 58 HAkg-2 A=A sic).
et TEAY ATE 2R AgtelA] A8 4 glon
2 el 2Ae AbdolAl AT s9s 7S ol A
Eo| el SATWHHRGE Y deAle} g
o] Folol mE Aol tith W A7k Aaslolok
% Soleh. obgel, 2 Ll ABHE WAl 9
8l sirolimust} paclitaxel®} 722 oFE-2 FHE]3l AHIE
(drug-eluting stent)7} -8&Fe] kg HA FARE glo]
Far o W ool Adslo] £ 4HS vel HY
2 7iksto] shel RS olefdh WHloz L4 Wy
A Aok Y =9 welslolol ¥ Aoz A
e

oldel AatE qoksly duhelEAR wixe] dasgsd

1S HEH R AAleldeh WA BRHBTATA
ZWI AR5z A7} NF-kBS] 42 54 fract-
alkine WH1S ZIIAL okl LAe FohniArelz - o
stol] o)) 2718 AR NFkBe] $4S olaligich
WA shelEAo] fractalkined) WS Aok 719
& Aol AARIAR] NF-kBe| B4l ol Ao
2 A9 8 v whel, 18 9 wA8E S
o] S ze] TRTE iR okl 2]
SEA3} X5 Srielelet AREH ololl djgt 4l
7 es Aoz Amc

0

rO

2 %

TR HaEe] A FAEWAEYE &
23k Weelofck 2t oAl Sfsl, Az 3t
2ol| fractalkineo]2}= chemokinee| 3%+ d8hg 3lo)
Harwjo] SAsA s Welzlol] 9lo] fractalkine 2]
Aol o3t A7} ksl 23y Folr} ARG Uulg
224bo] HPHAAEANA] fractalkine ] BHo]] m]x] &= &
g Gobi izl 2 AE AsPsigich

2 Aol AL FagEaAlEE WY oigel
A Felste] iekslgdct. Yul-elEAto] fractalkine] Wh
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