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ABSTRACT

In order to get insight into the mechanism of cadmium (Cd)-induced brain injury, we investigated the effects
of Cd on the induction of COX-2 in bEnd.3 mouse brain endothelial cells. Cd induced COX-2 expression and
PGE; release, which were attenuated by thiol-reducing antioxidant N-acetylcysteine (NAC) indicating
oxidative components might contribute to these events. Indeed, Cd increased cellular reactive oxygen species
(ROS) level and DNA binding activity of nuclear factor-kB (NF-xB), an oxidative stress sensitive transcription
factor. Cd-induced PGE: production and COX-2 expression were significantly attenuated by Bay 11 7082, a
specific inhibitor of NF-kB and by SB203580, a specific inhibitor of p38 mitogen activated protein kinase
(MAPK). These data suggest that Cd induces COX-2 expression through activation of NF-xB and p38 MAPK,
the oxidative stress-sensitive signaling molecules, in brain endothelial cells.
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2 o8] A ZoA Cyclooxygenase-2 (COX-2)&} =
srel2Y A4 FA7IE, AAPE f=
3= 7oz » 73 ¥} ¢} (Romare and Lundholm,
1999; Ramirez and Gimenez, 2003).

COX-2y 2 elawid PAE=E F&3
2 maed ¥R AR e FoT
qEE 3 de Aoz d¥H Yot (ladecola
and Alexander, 2001; Wyss-Coray and Mucke, 2003).
COX-2: HAAME, HoluAx, HEANE 5
ol HAZAAM Gggt AT o8 fr=FHd
(Minghetti, 2004), 5|8 m=x 4174 F3% 54 o2
A3 A¥H A x5 L8 Fol| gle] COX2&
A A COX2E Moz A7 ¢
&4 Axob FA dEtEE ez d¥A dn
(Nogawa et al., 1997; ladecola er al., 2001). &,
COX-29) Hale &yt DAY Do) Q= A
o2 FAHHM QI

AEd vhsh o) FtEFES MEF T 4D
o s el Uk Aoz FAHT glet
HEFE dodle 2871 § 1l AR
o) dhANE olx] FAT 2A ANHT YA
v (Elliott e al., 2000). = F 3 AFe)] gleo]A
COX-25} PG 5¢) zalnlEe) dge w2
g glew =§ sh=Fo] Hekst AlzelA o
Al COX-2 HHE f=3he 7oz wud
u} oleh Jejuh WA WA zeld kel o
ZaAAel vl gl AT ofd B AT
7} ol oiA 917 g Aol 3 AT A A
T 7l=fol HAIM ZAM 2 COX-2 HHE
FEsE ol AZPARA WS YT 4B
Ao] ¢le-g B st v} g} (Seok ef al., 2006). 2
Ao A= F=Fol 28 COX-2 W f-x=9 7
A% AT 47108 AR sEdzd o)
2AHE AsAdAE FAe= Fegozy v}
=gl o8 SEIE HEF 5o HYH APl
el T Al ARABAE s A% 12AA
& it sget
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American Type Culture Collection (ATCC)o|A F
olsled 4.5g/L9) glucose®} 1.5g/L2) sodium bicar-
bonate7} £3&% DMEM (JBI, Seoul, Korea)ol] 10%
FBS, 1% penicillin-streptomycin (100 unit/mL-100
pg/mL, Gibco BRL, Grand Island, NY, USA)e] &
714 WA 2 5% CO./95% air, 37°C 2712 A2l
ok7|of| A vl eFald o) Al 2= 70~80%2] confluent
7t H=% vkt 5 A ol gdldlen sl=F
(CACh)& F% M2 7lste] NE APZ&, COX-2
wE, me bty A4 Sl vA e gEE 7
=3l o] o AzbE Wb Zo| AFHF o2 H,
Aubd el Fhegol] dgk e v, A Este] Al
¥ 27 ggeiglch.

an

2. HZ HEE &F

M E AE8-2 MTT (3-[4, 5-dimethylthiazol-2yl]-
2, 5-diphenyl tetrazolium) assay 2 &7 3}g}. wj#|
o] MTT (5 mg/mL) £-H4& FHZE =57} 0.5mg/mL
o] H=E 7}alaL, 2417 Bt wi<kdt &, solubi-
lization buffer (0.5N HCI 10 mL, acetic acid 6 mL, =
F4= 84 mL, dimethylformamide 100 mL, SDS 40 g
pH 4.7)E 100 uL* Y31 5% COg, 37°C wljoF7] e
8AIZE oA} WRSAIZL &, 595 nmel A9 EFE=E
microplate reader (Molecular Devices, Sunnyvale,
CA, USA)2 &R 31t}

3. Reactive oxygen species (ROS) Xzt

Mz Je 84 A4 242 2, 7-dichlorofluo-
rescein diacetate (DCFH-DA, Invitrogen, Carlsbad,
CA, USA)Z} Al Akl 28] 2/, 7-dichlorofluo-
rescein (DCF)& 3 A131= vl-2-& olgdlgom o
o) 33} EA=E fluorescence plate reader (Lum-
inescence spectrometer-55, Perkin Elmer, Wellesley,
MA, USA)2 ZA3lg B Ader+= HUVEC
A zel] 20 uMe] DCFH-DAS} ®] o] 24 AlA|
20% Pluronic F-127& 7Zro] AHrlsted M =E ol
DCFH7} %3] Sol7te% 3087 4447 %
PBSZ 23] AHalich Aze WA= ZolE ¥
o FI=FE A F AI7HHER 1% triton X-100&
Asted AEE S 31 T& U4 22
= 3o AL AEE ZA R 3he] excitation 450
nm, emission 530 nmol| A 2] &} =E =439}



September 2006 Park et al. :

4. Prostaglandin E; (PGE) ™2

AR AI7F Z<b vljoksl & A& F )] PYAH
PGE»9] ¢}-2 Cayman Chemical (Ann Arbor, MI,
USA)®] Enzyme-linked immunoassay (EIA) kitE
o) gl sl ond, assay P AzAbeA
A 3-8} protocole]] Wt}

5. Western blotting

bEnd.3 Ml Z.Z 6 well tissue culture plateo] 90%
confluentdl =2 wjokst o}-& 2447 %3t serum
starvationg 83t ¥, 7}l=F == GE-E-S x]2]3}
I 37°C, 5% COq vl oF 2713} el A 24417 ST Wl
kst & cell lysate-2 dgiv} 10% SDS-PAGEE 3}
3t ¥, PVDF membrane (Millipore, Bedford, MA,
USA)ell A7|Hez DhiadE o] FAl7]1, COX-2
3} (1 : 600; Santa Cruz Biotechnology, Santa Cruz,
CA, USA)Z A &|3}9c). o] ¥ Horseradish perox-
idase7} AR 23} 343 (11,000 ARGG)YZ =]
3t t}-2 ECL detection reagent (Amersham, Piscata-
way, NI, USA)2 COX-2 A& A7z
LAS (Fuji, JTapan)& ol §3te] olvlx 3 sHasia)
o}.

6. Total RNAS 2] 3! RT-PCR (Reverse
transcription-polymerase chain reaction)

Total RNAYX easy BLUE® (Intron, Seoul korea)
RNA isolation kit AR&-3le] He]sldon £l
RNA pellet& DEPC waterol] ¢l & RP3w 7
(Amersham, Piscataway, NI, USA)E ¢]&-3}s] 260
nmel| A total RNA ¢}& Z33}9 3, 280 nmel| A
293 gte vimstd #x8 2430 AMV
reverse transcriptase (Boehringer Mannheim, Mann-
heim, Germany)Z& o] &3} cDNAE 3HAISH ¥,
3%l cDNAZE template2 3}e] COX-2 primer
{sense: 5'-ACTCACTCAGTTTGTTGAGTCATTC-
3’; antisense: 5-TTTGATTAGTACTGTAGGGTT-
AATG-3) 9 GAPDH primer (sense: 5-GTGAA-
GGTCGGTGTGAACGGATTT-3’; antisense: 5'-
CACAGTCTTCTGAGTGGCAGAGAT-3)E o]&
st} g3t 22 maseld PCRE Fakalch
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COX-2: 94°C 18, 60°C 30z, 72°C 14, 28cycle;
GAPDH: 94°C 30%, 60°C 1%, 72°C 1& 30%,
25cycle. PCR ¥F-$AME-S-2 1.2% agarose geloil A
A7145R % Ao BaPe vlasiach

7. Eectrophoretic Mobility Shift Assay
(EMSA)

NF-xB binding& #3] A}£-% oligonucleotide
probe:= NF-1: 5-AGCTTGGGGACTTTCC-3"; NF-
2: 5-GGAAAGTCCCCAAGCT-3"ojgl o o] %
7B 2] oligonucleotideE 1: 1% annealing 3+ %, [o-
2P] dCTP (3,000 Ci/mol, 25 pCi/25 pL), dNTPs,
Klenow buffer 53 23%3le =AY =A%
probe:= Quick Spin® Column (Boehringer Mannheim,
G-25 Sephadex Column, Bedfrod, MA, USA)o =2
AAsGE Al LS cold PBSZ 23] A3 &
Buffer A (10 mM Hepes-KOH, pH 7.9, 10 mM KCI,
1.5 mM MgCl,, 0.5 mM DTT, 0.5 PMSF, 10 uM
Leupeptin)ol] A&AEst 158 5t A F NP-
40 Lysis buffer (10% NP-40, 0.5 mM DTT, 0.5 mM
PMSF, 0.1 mM EDTA, 0.2 mM NaF, 0.2 mM
Na3VOs, 10 uL protein inhibitor cocktail)& 25 uL
A7Fl 4°C, 15,000 rpmofl A 158 52t YA E23t
o] 3 (nuclei) pelletg Aglet & pellete] Buffer C
(20 mM Hepes-KOH (pH 7.9), 10% glycerol, 420
mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl,, 0.5 mM
DTT, 0.5 mM PMSF 10 UM Leupeptin)& 7}3}12
408 E<F 83 & 14,000 rpmell A 308 E<t
4422 sl rr QGelAl nuclear extractse] whg A

2. BCA protein assay kit o]£3}e] Hakslxr
NF-kB ¢} probeE ZHAFA|Z ) 8% acrylamide
native gel-& 9087} pre-rung ¥+ 5], NF-xB2}
probe®] Hh-g--& A7] ofgstgom Aozl gel
80°CellA 2417 B A=xA|F| —T70°CollA &}
2 E4qt flim (X-OMAT®, Kodak, Rochester, NY,
USA)E 24171 5 A3k

A
a]

8. &4l

EE Aae AZLxFELAE JEidD
Students’ t-test® EA|EAsle] F-oA& HE3)9
o},

AL
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CdCl, (uM) Fig. 2. Cadmium increases cellular ROS level in bEnd.3
Fig. 1. Effect of cadmium on the viability of bEnd.3 cells. cells. Fluorescence intensity of converted DCF was

Cells were incubated in serum free (—serum) or
serum contained media (+serum) with varying
concentration of CdCl, for 24 hours. Cell viability
was assessed by MTT assay as described in the text.
Data represent the mean=+SE of at least triplicate
determinations. CTL: medium only. *p<0.01 vs CTL

2

1. FIER0| HE2hHIMx MES
ojxl= I

vl ¢}3F bEnd.3 cell-& 80~90% A= confluent &
W7hx] wokst F 24417 Bk FRA A NN
A& 5 A2 A2 w3sly Fleig v
2 24X)17F A28 & MTT assay-& o] &3] A

AEEE ZHT A3 Jl=F SuM A
99%, 20 uM H&ZoNME 79.6%, 25 uM =] 2ol
AN 50.4%2 Szl v|ste] Y=go] FHaste]
o} (Fig. 1). 284 2% "F o] 52 wiAlAAME
Ut oMY FYEELE 747 974,95, 81.6%
2 t=gel ofd Alx 5] A8 st
o] AHE vietoz o|Fo] AYL 2% YAo] F
$-2 x|l A 20uMe] Ft=E-E Helshe 27138
oA 3atgdct.

2. 73lE80| MEL ROS MAMo| o|xl= g&

DCF-DA %3 24U& ol 4ste] Az ROS
e 4% A 7h=F A2l & 1A Ho2h
& Bolm oF Fash P wPon 242

measured at excitation 530 nm and emission 540 nm.
Data represent the mean=+SE of triplicate deter-
minations. *p<0.05 vs CTL

AFelE Az Aele HAT 4 glolc
(Fig. 2). k=B AR Bzmzol Hls] 1417kl
120.8+6.3%, 247kl e 115.2+4.98%2 77 &
94 Qe Fhe nen

3. ahArEIE| 2! MAPK XN&j|®[7} PGE, AlM o
COX-2 W#lol| o|A= F&

7t=gel 93 PGE A4 fr=ell slolA AbsHH
AEH 2] AgE Fslr] s FarsA
NAC (10 mM)3} Trolox (10 uM)Z 303 A X2 g
% Jl=§-& A=l PGE; A 2 COX-2 43
S HAEd A, 44 FAEAId NACS
PGE; A& AAlstgler COX-2¢ =3s
mRNA g ozl 3ol A s & 4 9l
Aok (Fig. 3). 28wt A1-4A4] shAksHA| ]l Trolox:
Ft=Fl 23] =5+ PGE;, A B2, COX-2
Walo)] o)Al deke FA Rkt AR &
Ed o] 23] &Xéﬂ% *%11141 Az Ag 44
MAP kinase$) A4
< 73slAl A8 2t (Fig. 3A), COX-2 el =
ME T8 9 Fo. F, p38 AHaA
SB203580-2 COX-2 W& 7}3lA] oA sl o}
ERK A &]4]q] PD98059 % JNK A aj|el SP
600125 AfH oz £ H3Fg FA| Zsigct
(Fig. 3B, C). ¥ AlgzA3lellA] MAPK ]3]0l
o3t N EEAL FAEA] st
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O
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Fig. 3. Cadmium-induced PGE; production and COX-2
expression was inhibited by antioxidant NAC and
p38 MAPK inhibitor. The levels of COX-2 mRNA
and protein were determined by RT-PCR (B) and
Western blotting (C). SB (20 uM): SB203580, a p38
inhibitor; SP (3 uM): SP600125, a JNK inhibitor;
PD (20 uM): PD98059, a ERK inhibitor; trolox (10
uM); NAC (10 mM). Data represent the mean+SE
of triplicate determinations. #p<<0.05 vs control;
*p<0.05 vs cadmium control.

4. FIER = PGE; 44 3! COX-2 o]
ﬂow NF-kB2| iy

AMELAR AEH N6 8 2AFHE e A
AbQIA}Q) NF-kB2) #4-& EMSAEZ o]43] =7
3 A3}, 7b=F #g] 158 ZXE] NF-xB binding
o] Z7tEl e ol 247 7HA] HAEHI Y
< 2l (Fig. 4). 7t=8ol 3 PGE; A4
NF-kB Hsj#]q]l Bayll 70822 HAz]el| oJs] &
23] Az ot = g2 A MG132E &
3|8 7l=® #% PGE A& - oz ZylA]
2t} (Fig. 5A). 7l=F §= COX-2 8 NF-«B
Z A el Bayll 7082 2! PGA,o} ¢js iA)=lgle
1} MG132% 94 COX-283E 748 Fa
& 4 sk (Fig. 5B, C) £ AfeA A2 NF-
kB A Aol & HEZFAE FEEA] Adste
™ A3 NF-«B #3217} 7l=8% = PGE; 44

NF-xB

B
cd e i S S
15 min 30 min 1h 2h  cold

Fig. 4. Cadmium increases NF-xB activity. The activity of
NF-xB was determined by EMSA as described in
the text

(A) 10 w

PGE,
(ng/mg protein)
P

27
0 CTL MGI32 S00nM _ 5uM
Bay 117082
Cd(20 M)
B) m - COX-2
© | L | cox-2

1 2 3 4 5 6 7

Fig. 5. Effects of NF-kB inhibitors on cadmium-induced
PGE; production and COX-2 expression. The levels
of COX-2 mRNA and protein were determined by
RT-PCR (B) and Western blotting (C). Lane 1:
control; Lane 2: Cd (20 uM); Lane 3: Cd+MG132;
Lane 4: Cd+PGA,; Lane 5: Cd+Bay 11 7082 (0.25
uM); Lane 6: Cd+Bay 11 7082 (0.50 uM); Lane 7:
Cd+Bay 11 7082 (5 uM) Data represent the mean +
SE of triplicate determinations. #p<0.05 vs control;
*p<0.05 vs cadmium control.

of WA= oJFFe COX-2 Hdx UHE ol
ALE 4T 4 Ut
o #

FlegL uAzd AV ed, FF = Zg
283} obge] AR AzAl PR A4
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Ho e WEH] g Helgds #E
e d2AQl IAEAEA o) FleE5Adel 9
g He|3dorye FAEH AgANr}t A
A A gla oldex #H7)E Al
o] udI WAHT A=e] glon A7 wF &
Hell oJaf o]ufe] ejmpe] WL [ Aoz
oA qle} (Berglund et al., 2000). 7}=48
YETe #9EE THTIE Aoz By
gl (Elliott et al., 2000), 7}=F<| 2]3} ln]/ﬁ_
Az Apd3 M 27} tight junction) —6«44 R-RE]
(Zimmerhackl et al., 1998) So] ©]|& J3sl=
AYA 2A=zA AN v e 22t HEE
i 1R Fh=F] 287)A A of
2 2 A QA o2 AA otk E AT7ALS ¥
3 WM ZellM 7k=Fo] PGE, & COX-2 A
& frEslH, o) HAI A 2ol M BAREX
WA Aol Adse Bud bt %U}(Seok
et al., 2006). = dFor & J}=Fo] PGE; ¥
COX-2 wralof] mX| & oJgkg M= 4154 A~E
gHlael A3 /‘liﬂ"—i Al2RlE 4oz HE
gozi ¥EFF YAV|HY dE Fd=zZA &
d=

F}=BE-2 Haber-Weiss Bh-2o)| Zrod3lx] ¢ko}l 1
Aale]l A4 ROSE AASIAE H3tAT A2
ROS A& ZF7MAZITE o8 F77F A A 5o
gk} (Stohs er al., 2000). 7}=F-l] €3t ROS A
2 mEEEgo} 7|5 W37 A} (Pourahmad
and O’Brien, 2000) A X1 #}Aks} A|A=le] mek
(Ramirez and Gimenez, 2003; Xu et al., 2003)¢l] 7]
Qshe ez wud vl ook ARz sleg
2 Azl ArE-ge] #39] 938 fxdle P
A 9 A AsAGAI A @Rk do
F)A %} (Ramirez and Gimenez, 2003). Al A 3}AF
A Fodol] o) Ft=F SA4S AAGE B
= glom web Ft=gS ARSEY 71 B
AEZ7)go] qgs & Holgtn FAHHI o
(Stohs et al., 2000). & AFoNA =g HIFH
WMz ROSE Z7HA 3o oA M aelx
9} 7o) PGE; A4 2 COX-2 ¥ fr=3lalt
o] 282 sAbshx||]l NACe! o8 ZFa¥sdont,
84 vit EQ] troloxell 2JsjME J3g BA o
4ok Troloxell 218k ¢jdko] HAER] 4L o] ft
o}z] #Alslx]= 9kor} NACH trolox7t 248449

rﬂ

Vol. 21, No. 3
2ol 2 Hole o FF RIHI 9lov
(Qanungo ef al., 2004), o]= F Bl Nz =}

247e] zlele) 7jQlEhe Aoz FAHT Qe o
3 Az A9 A 2EH A Z7l= COX-
2 W83 PGE, AAE §x3tgeE ol v
(Fang et al., 200008 28] 2 o o] A3}=2 7}
=8| 23 PGE; QA3 COX-2 3ol gle] A
Z AbEY el Pl S-S 7FE
AALSESL Q1

FI=Fe AR AEdze) wizbst Azl 4l
3AY A2 AN o=zN o8 §A2Y
WEe) o3k Fx ez 4R dXueral,
2003; Rockwell et al., 2004). B JFA = F}=F-o]
H8R Mzfe] p38 MAPKE #4337 p3s
MAPK A& Ao <& PGE; A 2 COX-2 2d
°o] AAIFE g ¥l sl o] 9 ERK 2 INKe]|
o °§ Ve F7] oot Ft=Hel #J3 COX-
2§53 p38 MAPKo)| E0]M3lg M y3l v}
31t} (Seok et al., 2006). ¥ dFe)r]x ERK ¥
INK A8 A7} 7t=F §-= PGE: A& A5k
o} COX-2 ol f2Aal g3k 74 48
€ FAF 5 dgEd, ol 7l=F fr= COX-2
W ov} PGE; 4] ERK, INKE 7f3l3 3
t}7] Brl= o]5 MAPK® # &)l PD98059 =
= SP6001257) COX 84S AAH o7 A3}
7108 Ae=w FAHAS Jt=F2 =3 AIFHH
AEH 20 w|7kgE AApelAle]l NF-xBE 843}
A7l Aoz g5 glew (Jeong er al., 2004),
2 A7l = 7t=F M2l 158 F32E NFxB9
A= 271 AE #AE 4 U9 o 2
= 3uM 7k=F XA 147 o] Fel| NF-«xB
bindinge] ZF713tch= o)A 9] BT} ofze] lol
7} 9l=d) (Jeong et al., 2004), o]= A}&-3 Fl=F-
9] Fxzafelo] 7]Qldl= Aow FAHC Jt=F
o] &3t COX-2 &3} PGE; QAo 9leA] NF-
KB} Fto] o R-E <82} NF-xB &A1&
2]gt 23} NF-xBe| <lAbs}E A &3l= Bay 11
7082%= COX-2 mRNAs$} shula wa Za]xw
PGE; A& 25 FrAaAZlovt kB E& o
A= MGIR2E 238 7l=F §% COX-29]
w2 PGE: A4S A3 ZZAZh MG132%:
A EZo] wal COX-2de FVMA7]E HAo=
olelx] ¢lom (Gallois et al., 1998; Laporte et al.,
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2000; Kim et al., 2002), o]= MG1327} NF-xB
proteasome A 3]A S 12| dH ubiquitination-
proteasome 7 2.9] z}gte]] &3] COX-27} f-=%
I PGE; QA o] F71slehs oAl mye} dx]s}
= Azl & £ glod =38 MGI132%& proteasome
A& B3 COX-2 & Z7}A17]:= HSP709)
g Z7H 7 ez A=At (Bush er al.,
1997; Zhang et al., 2003). u}g}r] o]Ale] R IEL
ulFo] £ HEJ |IA EA M MG132e]] ]}
COX2 4 27k o B4 71 Usho] NFxB
A2 BRe] 9lg Aoz FEF 4 U
Ados shmgel ool HFW Ao zeIA
AR AEH AV ZkE T o] P¥Foz p38
MAPK % NF-kB #A 27} &A3¥™ PGE, %
COX2 59 934 A4E FHIIE Aos
229 4 olok o T Aze) 4aA HaA
£ obd SAsA gow gow AW A7E
53] FgEoiot & Al o]t

ol 42 AAEL Jt=Feol A A{AEANA
COX-2 133} PGE; A& FVIZe=zy =3
T 43S dod| o) F F& HEH Ay
T A4S EE VS AAska Qlow, wet
A Fh=gel o8 fEEE HASRe] A, A
29 A7l eI Az WEAe AAsEL Q)
=3

42 £

g Iz M ZAPHM Ft=Hel] 9§t
zzaelzEd QA COX-24wa 2 I Az
AlzAgel WA A7F Y3 A F=FE ¥
i WM A = EH oz AMEAES
do7| 3, AZAPE S U] g AsEedre
A dodle ez IAEUH. =g
Az ROS A& Z7HA1Z e COX-2 e+
PGE; A& F=3191 ol 3ASHAI]] NACe]
s HofHes x5 gl MAP Kinase #5}7)
Al F =gl o8 fEHE COX2%d ¥
PGE, A& #ast A} p38e] Al S
o 4 Ut Ft=ES NFkBE EA3A7 o0
NF-xB9] &4 155 FHE] 212k 744 #-A]5
g)t}. NF-xB 842l Bay 11 7082% 7}=F<] 2]

g COX-2 133} PGE; A& At wetA
AE# WA EAA Fteg o FEHE
COX-2 85} PGE, A& Al ZW Akeld] ~eq
22] =7}, p38 MAP Kinase ¥ NF-xB¢] #Alzl=
AR doidd Fld & UKk

AL 2

2 A7 3R AR 7N EAE]
(Eco-technopia 21 project) @ 77| = Gy ATF
AE|Ated (el st Al ZAbE 2 N EAE)
A0z s=edon) o] A=
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