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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-kB), 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-kB and p38 MAPK,
the oxidative stress-sensitive signaling molecules, in brain endothelial cells.
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2 ojg] A x| Cyclooxygenase-2 (COX-2)¢} =
FrelER AAE ST, AR AR
3= 7le =2 B 3% v} 9lu}(Romare and Lundholm,
1999; Ramirez and Gimenez, 2003).

COX-2= zZzxelgstd dA&EEE 831
Zzo #iuA A APIA] gle] FadH
4LE st e Aoz delx 9l (ladecola
and Alexander, 2001; Wyss-Coray and Mucke, 2003).
COX-2& HAZAME, HetuAz, HIFRME 5
o] HMzeM Tpeft AFel S8 f=Ee
(Minghetti, 2004), =8]8 wx 417 T3 =4 g
9% HAW AE54 B Sl 3] COX-2%
AA AU COX-28 -z AAs= 3%
4 A=rb A ke e ez odEA v
(Nogawa et al., 1997; ladecola et al., 2001). =,
COX-2¢] e ¥&4wt AT Ado] A A
oz %ﬂm gk,

£ ule} o] SlEFS HEF Fo| YA
91 ‘f’-&‘f’é# Aol sl Aoz —1‘135]—1— Aot
HEFE dorle H4714 5 1 2 )
of = obx] FHAZ FA7} xﬂx\]ﬂ; WA
olt} (Elliott et al., 2000). &3 A 3lo] g)ojA]
COX-2¢} PG 59 Hd3AAEe] J&2 w5 &
deA Qom wet Fhsgo] oyt AzelA o
Z9]x}¢l COX-2 W3S fxsts 7oz By
u} ek et @ WA Eel A kel o
ZelAl v)AE gl e ob we 47
7} ool QA ke A oleh B AT A ML
FHZ 7t=Fo| HP A EA 2] COX-2 uHalg
st o)y AERARA AR WY AT
Ao 9)&& H 3t B} ¢lv}(Seok et al., 2006). &

AT E =R 23 COX-2d f=of =
A8 Az 2718 A sEd el o)
ZAHE= AZAGA S FAoz Axdoaxn v}
=gl o5 fEHE HEF 5o LY A3
Mol 1 Al AABAE ] A7 7|2AA
<+ 43 -

r-L r“l
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American Type Culture Collection (ATCC)el| A -
3k 4.5g/L2] glucoses} 1.5g/L2] sodium bicar-
bonate”} 2351 DMEM (JBI, Seoul, Korea)el] 10%
FBS, 1% penicillin-streptomycin (100 unit/mL-100
ug/mL, Gibco BRL, Grand Island, NY, USA)e] A
715l ¥R 2 5% CO,/95% air, 37°C =712] A =x)
oF71ol| A wljekaled Tt M= 70~80%2] confluent
b Hwg jopt 5 Aol olgsiglon sleg
(CdCl) 4 == W= Jlsle] Az AEE, COX-2
4, meoek@dd YA Sl vAE Gge A
=ahgie}. o) w) A7 W-g zhe] Avfgo A,
AR Fhegel HE G vlm, AEste] A
Y 22¢ Ashe

M

2. ME MES 57

M2 AEE-L MTT (3-[4, 5-dimethylthiazol-2yl]-
2, 5-diphenyl tetrazolium) assay 2 =#] 3} e} vl %]
o MTT (5mg/mL) 4918 %= %<7} 0.5mg/mL
o] H=5 rfakar, 2417k Ft wiekgt %, solubi-
lization buffer (0.5N HCI 10mL, acetic acid6mL, =

4= 84 mL, dimethylformamide 100 mL, SDS 40g
pH 4.7)2 100uL#® 231 5% CO,, 37°C ujoF7]ql|
BAIZE o] WHEAIZl &, 595 nmel|A 8] FH =S
microplate reader (Molecular Devices, Sunnyvale,
CA,USA)=2 =A3}9it

3. Reactive oxygen species (ROS) Xz

ME N A Aks =32 2, 7'-dichlorofluo-
rescein diacetate (DCFH-DA, Invitrogen, Carlsbad,
CA, USA)7} &A1 AlAol 28l 2, 7'-dichlorofluo-
rescein (DCF)< 3Ad3l= Hhe-2 o83l em o
o 33 &FJxE fluorescence plate reader (Lum-
inescence spectrometer-55, Perkin Elmer, Wellesey,
MA, USA)= Z4&9ic}. 2 Algo A HUVEC
Alxze| 20 uMe] DCFH-DA<®} u] o] A0 AjA|<l
20% Pluronic F-127& zro] #H7}ste] M= ol
DCFH7} ¥3] Eol7les 308z 44417
PBS=z 23] MA3Isich M2 iR 2 ZolE &
o FI=ES 7] & A|7PE=E 1% triton X-100<
Aejstel A EE SoAAT) 45 B WA 2ol
Z 3l o2 A= FA| = 3o excitation 450
530nmef| A 2] FA =g SA s

nm, emission
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4. Prostaglandin E; (PGE) & &

dA AZF B}t wiekst F uiAE FH ke A"
PGE22] ¢} Cayman Chemical (Ann Arbor, MI,
USA)9] Enzyme-linked immunoassay (EIA) kitZ
o] g3te] Aersiolond, assay WS Al EA el A
A 3-8t protocolol| whskc).

5. Western blotting

bEnd.3 == 6 well tissue culture plates]] 90%
confluentdl == wjjokst o}& 24A17F F¢t serum
starvationg- #}dF F, 7l=F == GBS 22]E}
I 37°C, 5% CO, vl oF A5} A] 24X 7F Z9) u)
o3t & cell lysates A3lc}. 10% SDS-PAGES 3}
3} %), PVDF membrane (Millipore, Bedford, MA,
USA)ell A7 o=z ohidg o]FA]7]aL, COX-2
3} (1: 600; Santa Cruz Biotechnology, Santa Cruz,
CA, USA)E x8]3}itt o] & Horseradish perox-
idase} Z3te 22} 4 (1:1,000 ARGG)Z 2]
gt o}-& ECL detection reagent (Amersham, Piscata
way, NJ, USA)Z COX-2 gzl & WA A7) 31,
LAS (Fuji, Japan) & o|-8-3fe] o|m|z]E 239l
o}

6. Total RNAE 2| 2! RT-PCR (Reverse
transcription-polymerase chain reaction)

Total RNA:= easy BLUE® (Intron, Seoul korea)
RNA isolation kit Al-g-3}e] Hajslglom He|¥
RNA pellet-2- DEPC waterol] ¢l & RZ34 x4
(Amersham, Piscataway, NJ, USA)Z o] 85} 260
nmellA] total RNA ¢F& =5} 1, 280 nmel| A]
248 e vlasld €28 24sd AMV
reverse transcriptase (Boehringer Mannheim, Mann-
heim, Germany)E ¢]-4-3}e] cDNAE A3t ¥,
3Al=l cDNAZE template2 3}e] COX-2 primer
(sense: 5'-ACTCACTCAGTTTGTTGAGTCATTC-
3'; antisense: 5'-TTTGATTAGTACTGTAGGGTT-
AATG-3') 2! GAPDH primer (sense: 5'-GTGAA-
GGTCGGTGTGAACGGATTT-3'; antisense: 5'-
CACAGTCTTCTGAGTGGCAGAGAT-3)E o]&
ste] ot e xAselM PCRE s,

COX-2: 94°C 1%, 60°C 30%, 72°C 1%, 28cycle;
GAPDH: 94°C 30%, 60°C 1%, 72°C 1% 30x%,
25cycle. PCR ¥F-2-AE-E5-2  1.2% agarose gelol] 4]
1719458 & 494 B8 vlmsholeh

7. Eectrophoretic Mobility Shift Assay
(EMSA)

NF-kB bindingS ¢]s] AF&-% oligonucleotide
probe= NF-1: 5-AGCTTGGGGACTTTCC-3'; NF-
2: 5'-GGAAAGTCCCCAAGCT-3'o]glom] o] F
71¢] oligonuclectideE 1:1% anneding 3+ &, [a-
¥2p] dCTP (3,000 Ci/mol, 25 uCi/25 pL), dNTPs,
Klenow buffer 53} &3tste] Ao A=
probe= Quick Spin® Column (Boehringer Mannheim,
G-25 Sephadex Column, Bedfrod, MA, USA)e. 2
AA st M £S cold PBSEZ 23] MH3 *
Buffer A (10mM Hepes-KOH, pH 7.9, 10mM KCl,
1.5mM MgCl, 0.5mM DTT, 0.5 PMSF, 10 uM
Leupeptin)el] zj&=sla 15% F<F 4 % NP-
40 Lysis buffer (10% NP-40, 0.5mM DTT, 0.5mM
PMSF, 0.1 mM EDTA, 0.2mM NaF, 0.2 mM
NasVOs, 10 yuL protein inhibitor cocktail)S 25 pL
H7}s] 4°C, 15,000rpmef| A 158 =<l Al2e) s}
o 3 (nuclel) pellete d9ich 3 pelletell Buffer C
(20 mM Hepes-KOH (pH 7.9), 10% glycerol, 420
mM NaCl, 0.2mM EDTA, 1.5mM MgCl;, 0.5mM
DTT, 0.5 mM PMSF 10 uM Leupeptin) = 7}3} 32
408 <} HFxEF & 14,000 rpmel| 4] 30E E<}
KAABE 3kt 9eiR nuclear extracts?] w2l
22 BCA protein assay kit o]-83le] A=ks}r
NF-kB 2} probeE Z3 A7t} 8% acrylamide
native gel-2- 90%-7t pre-rung 3 3|, NF-kB¢}
probec] whg-ol& A7) gstalond dojxl gel
80°Cell A 2A17F Zot AxA|7| —70°CollA] 3}
= =9} flim (X-OMAT®, Kodak, Rochester, NY,
USA)E =247 5 f4batadct.

Students' t-testz EA| A ske] F-2)AE FZF3g]
o,
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g. 1. Effect of cadmium on the viability of bEnd.3 cells.
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 vsCTL

4 o

JlEgo| s @aTME
ojxls e

MEEo

ujj o8+ bEnd.3 cell-& 80~90% A = confluent &
W 7hA] kgt = 24X 7F Fot FEAMA A f-
218 5 Az$ vixE w3ty JleEE v
2 2477 A2’ & MTT assay =S o] -£-3}e] A
z AEES AT A3, 7l=F 5uM A4
99%, 20 UM A 2] Zel A= 79.6%, 25 UM A 2] ol
ME 50.4%= )27 v|ste] AWEFo] 7FAsH
o} (Fig. 1). 28 2% A o] i3 vjAeAME=
TUT FrolMe] AEES 77} 97.4, 95, 8L6%
2 7l=gel o7t Az FAe] AA 8] st
o] A= ulelo g o]Zo AFL 20 FHo| 3
Fr= vl A 20uM 2] TL=E-S A Ehe 2715}
oA Y3}t

0%

2. FIEE0| M= ROS Mdoj ojx|= &

014‘16}‘# A=z ROS
e FAT A 7k=F A= F Az A
& Ho|x o] F Fhdhe HFE Hlem 243

DCF-DA 33 7442

Fig. 2. Cadmium increases cellular ROS level in bEnd.3
cells. Fluorescence intensity of converted DCF was
messured at excitation 530 nm and emission 540 nm.
Data represent the mean+ SE of triplicate deter-
minations. *p< 0.05vs CTL

ool Azeel Aol HAT 4 Al
(Fig. 2). 7h=gAe 28 Hzzo w8 147l
120.8+6.3%, 24| 7ol = 115.2+4.98% = 77zt
4 sl 27he wleh

3. ghitstd| 2 MAPK AN&fiH|7F PGE; Md o
COX-2 dslof ojx|= H&

Ft=goll 98 PGE, A f-x=o aleiA AbzhA
e 20 AFS Folatr] fls] FaksiA| <l
NAC (10mM)=} Trolox (10uM)=S 302 Hxjg] 3t
F 7l=8< AEsted PGE, A4 9 COX-2 43
oFAle 713 Az} 484 FHALEA) NACE
PGE, A4S AAslgon COX-29 uadse
MRNA 2 bl ol A #af3He &l 4 9l
sie} (Fig. 3). 2=} =84 3Hakzkalel Trolox:=
at «1 8 =5+ PGE, 4> E&, COX-2
Wale)] fo)Hal guke FA Zaldeh Absbq &
Ed 2o 4611 ialﬂ—t— Az 45 A" B3l
MAP kinase®] #|s =¥ #x PGE; A4
< 7}HA A5k ok (Fig. 3A), COX-2 8 of| =
Mz ad 94%E FAdo. =, p38 AsfAl
SB203580> COX-2 #al& 7}stA A|shs] ot
ERK =& 4l<l PD98059 = JINK #|&j#|el SP
600125 AdjHe=z Z Q& FA Xl
(Fig. 3B, C). & Algz713}ellAl MAPK A3 Al o
ogt MEzEA-E FAEA] A
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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. FIEE T PGE; MM 3 COX-2 dtsiof
QUo{AM NF-KB2| zzHM

AP e 2o o3 2AEE dEHel A
Apelzkel NF-kBo| &4d-S
3t A3}, 7l=F =] 15% ZHE] NF-kKB binding
°l F7HERem olx 22X 7AA] fAIEAL <

2 Falstlet (Fig. 4). 7h=Hell 2|3t PGE yie
NF-KB A el Bayll 70822 zg]e] )& A
3] Aasigl ot = o2 A<l MG132e &
38 7l=H = PGE S FoJH oz 71
7tk (Fig. 5A). 7l=F §= COX-2 232 NF-kB
#3142l Bayll 7082 %! PGA:ol 2l3] A=
1 MG132= %A] COX-23E& F7HA7E &<l
& 4 3%l (Fig. 5B, C) & AgellA A5l NF-
KB Aa|A| Sol| 93t A EEAL TAFER] 9kgro
™ ZA= NF-kB #3417} 7k=F f= PGE B4

T it 1 1 1 NF-kB
cd -+ -+ -+ -+ +
15min  30min 1h 2h  cold

Fig. 4. Cadmium increases NF-kB activity. The activity of
NF-kB was determined by EMSA as described in
the text
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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
MM); 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 contral;
*p< 0.05 vs cadmium control.

Fl=gL lsAxe} AV|=F qF == Z}
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o] Hhﬂﬂr “‘Xd‘& A o &’liﬂi A7) mg &
el o]3] elufe] o]upe] WS f
s )}t (Berglund et al., 2000). 7t=F< =3t
&5 FHES VM Aoz By b
glom (Elliott et al., 2000), 7}=F< 23t ¥X1A
M=z Apgda MEZ7F tight junctione] B3 §ut
(Zimmerhackl et al., 1998) S-o] o]& JAsl=
AR SARA AAE b sl 28y HEF
frdat A=E =g AE7|He dsirE of
2 deA oA g AA e E A3 o
g3 WM £l 7t=Fo] PGE; ¥ COX-2 A4
fr=3t, o= 1433414141*%13&011*1 o] RAFA}
W z2d3 Aol S-S Hask vh ook (Seok
et al., 2006). & 03—,—01]/\1% Fl=Fo] PGE, ¥
COX-2 8ol w|A|= oJ3ks M=z 41314 ~E
Haol FE 23T An"E Ao A
Fgozn HEF WA dE FA=ZA 3}
A

F7}=F-2 Haber-Weiss uF-2-o]] Fola}r] kol 1
Ztile] AA ROSE A= Z3akAaE Al =2
ROS A& S/ o=l $717F AlAIF ¢
$ko} (Stohs et al., 2000) Fl=Fd] 23 ROS A
< wEZ=g o} 7%5& W3HA7| 7 (Pourahmad
and O'Brien, 2000) Al zu] 3Aks} AJ2Ele] wah
(Ramirez and Gimenez, 2003; Xu et al., 2003)¢]] 7]
= Aoz Ry v 9loh AHA o= Jl=g
2 A=Z A3 #3990 F9 5 fEdhe] 2
FAA 9 AW AsAgasEle] wEke do
7]A =} (Ramirez and Gimenez, 2003). A4 $}Ak
A Feolell o5 Tl=F 54 ST B
= glen tﬂrEW Ft=g-S AR 71dS S
A 275l dgFE £ Aozt FAHT U
(Stohs et al., 2000).—";; AToNA Ft=Fe w3
WM 2= ROSE S7HA 7 om o2 B 6]
9} zre] PGE; A4 ¥ COX-23e f=313.
°l 2hg-2 SPARSEA| Q] NACe o3l 7HAEg) o,
44 vit EQ] troloxe]] oJsiAl: oJgke kx| ok
OH:} Troloxel] 2|8+ 33ko] T|A=E|x] oke o] g
obz] AR = ok o} NACH trolox7} 2H-8-412

o moh X
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AbolE Hely dE FF HRIHIT glow
(Qanungo et al., 2004), o)== = E&e] M= zt
4419] zlelo) 7]Qle e Aoz FAFI Q. ¥
3 A zol|A] 8] AFSHA AEH A0 Frl= COX-
243 PGE, XS fr=dds o|xe] By
(Fang et al., 2000)2 w3 & o o] AF}=2 7}
=l &3 PGE, A3} COX-2 wae] gle Al
=) A 2Ed2ol Fedstm 9lee A
At Sl

Fl=g-o AEA AEg Ao w7ks AlxZy Al
3AY AzEs IIANF RN o FHA]
Wale] e F+ Jez IdHA sl (Xuetal,
2003; Rockwell et al., 2004). £ AFZ = 7l=Fo]
HP3 Az ] p38 MAPKE 431 7] p38
MAPK A&l Aol 2]s] PGE; Al 2 COX-2 utad
o] JAlEE& #<elgt v} g)3 o] u ERK &l INKo|
Lo g 34 ot sh=gel 2% cox-
23 == p38 MAPKe]| Eeo]x¢)g ®B31gt uf
3l (Seok et al., 2006). ¥ < FoAE= ERK
INK A4 7} 7t=f 4= PGE, AL x5t
o1} COX-2 2ol foAql ge 74 e
< I & e, ol 7l=F f= COX-2
W ov} PGE; A4 ] ERK, INKE 7 F313 9l
t}7] B} o]5 MAPKS #3)4]9) PD9I8059 =
= SP6001257} COX A& AHA o=z oA|gle
7N Aow FAHAG. Ff=FL w3 ALEA
zEd 2] vl AARIAR]L NFkBE 243}
A71E Aoz od8A 9lem (Jeong et al., 2004),

2 Q7oA ® Jheg Al 158 FE NFkBS
B} B AL BT+ Ak o) 2
S 3uM Fheg Al 1417 ol Fel NF-B
bindinge] =713t o)A Q] B e} oF7ke] X}e]
7} 9J+=4 (Jeong et al., 2004), o)== A1&3t 7l=F
o] pmajolo] 7Qsl Hew FAYuAT =k
o 23 COX-2 33 PGE; Aol sleiA] NF-
KBE] ko] of¥-Z F<lstarxt NF-kB a4 A
25t A3 NF-kBe] ¢lAkslE Adsl= Bay 11
7082 COX-2 mMRNAS} whalzl uty z2| 3
PGE, A4 & =% ZaAzont 1kBe] #alg o
Ase MGIRE 238 7l=F %= COX-29)
W3 PGE, S A3 FFAIZ . MG132:=
Az mel COX-2 4ae Z7H7= Zom
oz ¢len] (Galois et al., 1998; Laporte et al.,
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2000; Kim et al., 2002), ¢]= MG1327} NF-kB
proteasome A3 A & 322} ubiquitination-
proteasome 7 22] x}gbe]l o8] COX-27}
31 PGEz AJAJ o] 718t oA o] B e}l U3}
= A=t & 4 gl =3 MG132%= proteasome
A& 5 F3 COX-2w3ls F7HA7|E HSPT02
WEE Z7H7)= ez dex9let (Bushetal,
1997; Zhang et al., 2003). wer] o]Ae] B S-S
o] B wf ¥PP WI A EoflA MG132¢]] 2]t
COX-2 18l Z7}= okz E/Hoﬂ 7]qls} NF-kB
A 2T A=) dE FE2g 5 ook
AR o2 FleFol o8 lﬂ]@%ﬂr =) A| Z el A
AbSEA AE AL ZULE S o] ofgFo R p38
MAPK @ NF-kB Az7} 84357 PGE, ¥
COX-2 59 d5<xt S T/H7IE Zle=
FEE 5 U4 o] T AR ARAC] dsiA
E obd] #AlEA] dkom gtozm AAR AFE
B3l g EejoF & A o]

o]Abe] A}EL Fl=Fo| HIFJAZAA
COX-2 33 PGE S /M Fo=zH ¥
I ASHEE o3 o] F F3 w3 AW
s + 8 7bsAdE A 9ler, et
Foll o3l o= A3 FU7)A, A
Toll aleiA A Z3 wekdE AlAkekar 9l

1:1
=
~

A 7
A
o}

2 lﬂ o OIN

4 £

HE{ Mz HEAPDeA Ft=Fel 27
zz 2 elzEkd QAT COX-248 2 1 A=
Az Agt A5 FP3 A Tt=gS
3 WM ZA = oEXHo=z AMEAEE
doF|y, N EAPE S FUeHA] ke A moME
AL dode e A SRS
Azl ROS AAE F7HA%lem COX-2 s
PGE: A& =313 ol 3AISHAIQl NACH
o3 foxlez A H stk MAP Kinase #]3) Al
Az F k=gl o8 f=== COX-2%d |l
PGE, A& #2T A3} p38e] Hofsiar &+
& 4 U= 7=E2 NFkBE 433l e
NF-kBo| @42 158 F5H A2 744 §-A4]5

%ioh. NFkB ]34l ¢l Bay 11 7082% 7}=F-l 9]

k=

|

3 COX-2 183} PGE, A4S <A 3ect. wheba)
HEH WA ZA Ft=Fol o3 fEEE
COX-2'28 3} PGE, A& Al Atsbd ~Ed
2o 27}, p38 MAP Kinase @ NF-kB2] 8432
2 dojdg Feld 4 ok

ZMel 2

T QFE 24 AR A
(Eco-technopia 21 project) & 7Z7|x= A g¥H AT
AEIARS (eFFHsta Al EAFE 243 a4l )
Aoz pAEgon ofs At=uich

it

o E2E
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