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ABSTRACT

The aim of the current study was to evaluate the transport system in EMT-6 cell for the uptake of "the
" methylmercury(MeHg). Several inhibitors were used to test which potential transport system might be involved in
MeHg uptake. Probenecid was used to test the organic transport system, valinomycin for testing the effect of the
membrane potential, cytochalasin B for testing the facilitated diffusive D-glucose transport system and colchicine for
testing the microtubule system. Ouabain for evaluating active transport system, 4',4-diisothiocyano-2',2-stilbenedisulfonic
acid(DIDS) the CI ion transport system and verapamil for the Ca?* transport system. Significantly, MeHg decreased the
synthesis of nitric oxcide(NO) and intracellular ATP in EMT-6 cells. In the condition of ouabain containing with MeHg,
intracellular ATP level and NO production was not decreased. But other inhibitors containing with MeHg decreased the
production of NO and intracelluar ATP. In the treatment of inhibitors, ouabain showed protective effect against
" cytotoxicity of MeHg but other inhibitors not showed protective effects. The protective effects of ouabain against the
cytotoxicity of MeHg depended on the concentration of added ouabain to the culture medium for EMT-6 cells. These
result showed that the uptake of MeHg might be involved in the active transport system. Active transports system seems
to share similarities with the transport systems for the uptake of MeHg when using MeHg and MeHg-, glutathlone
- complex.
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GGTe= NEe] $1%)3le] GSHE Felsle &4
FH olicAke MEQRSR o[ FAATE AYE 3}
=, B9 cysteind MEGFCZ o]FAIY w| -SH
groupe] AFE S HEQLLE FIATE Al
odeix] gk AlAF LR GGTY] S L= A
AT 22] A E 2FF o] FRidhe Al
Harse] Qo0 =gk o] AlE S Ca¥,
Mg, Na, CI 8} 22 AlEfigle] o] 2= gl o1 A4
o]l wle} zpojr} e Ao BAE o] QJrh o] &
o= ME=fe] ElgE7]2ke] active transport system,
membrane potential, microtubule, cystein-facilitated
transport system, amino acid transport system'-'23}
Cl' ion transport system, Ca®* channel™& F3A] Al
Eekez fEval HaEar gARE f7)e2 Al
I o) SRS B e A oA o
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2 E (macrophage)’ | SHEZ FolA v} F4&
A & = cytokine®] A& Wl nitric oxide(NO)
= AAsle] Azples wiEs =, AEdelA
L-arginine 34| guanidino nitrogene] AF3}sted D-
citrulline?} 552 NO7} A== Aoz =iz gl
TR NOE 4549 ARE] ofe] foM 25
A AAEEE, ol HoMENA A interleukine-
1(IL-1)°]} interferon-yIFN-y)¢} 72 cytokine®] R}=
£ k2 inducible nitric oxide synthase(iNOS)2| EAx
8o 23] AAEE AL2H ) WM 2 NOA
HE MEA WA EAETH A EE QAL gl
o189 2} NO: ¥i7)7h 53] gl ARSE 4
A Rt Brbesh] wiiel gl 2 gakeal
nitrite @ nitrateS S s}e] NO2| BAIS Hqo=
g ol 2 eE Barwe] gloh 0 it whes
2] fAdellA] 71998 BMT6 Al E5E AlTA oA
%3l WA E Ze] IL-1, INEy 5% 22 cytokine
2] AFLE NOE A= 54 7N sle] o
wAo 2 WANZ gt I FFE] 547
AL 33 AR o)dg 9l ZoE RF
o] ok ?

2 delr= Mzet BdpdA s 7)15s Welishe
A 3A] (inhibitor)E-& o831 71922 M2 F4
Z\A-e e Az EApgAE w8t sl
M E A25EA 9] AsAl= organic anjon transport
system?] Hlall3l= probenecid, membrane potentialS-
A AlF)=  valinomycin, facilitated  diffusive D-
glucose transport system2] A &A| <] cytochalasin B,
microtubule system®] 7]%-& A3}A]7]%& colchicine,

Na“K"-ATPase®] *s§AZA] active transport systemrs
uhsl5}1%= ouabain, Cl ion transport systemrS Wefd)}=
4' 4-diisothio-cyano-2',2-stilbenedisulfonic acid(DIDS),
Ca* transport systemrs HHel8l= verapamits- ]85}
%o}, EMT6 A2 wjekzriel] #7192 (CHHeCh
GSH ¥ Alze BA44A0] 7)%5-S wslislis AsA
52 o] Adzges BAAY} s AsiAES
A2 & F {73 GSHE Arlsle] wiekst #,
AM)ZEY| adenosine triphosphate(ATP)e] A=k} wiof
Ao NOZE SAsle] f719ee] AXEA Wsgs
FaAgro 2y 7] AEY 9713 E Wl
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1. EMT-6 M=2| X{g|

FBS(Gibco, N.Y, USAYE ¥33F DMEM(Sigma, St.
Louis, MO, USA) 10.5m/ell DMSO(Sigma, St. Louis,
MO, USA) 1.2ml ¥ FBS 325 mi= &3tsl FauoF
Aeflel] AESTE 3x10%) Aej R FARAE] EME
6 NEZ 37-38°C] ZollA 7R&3leth. WA e}
E9 AEEFelS 20m/ DMEMSE 23] A4 A3}
A, 10% FBSE X33 DMEM(10% FBS-DMEM)o|
Sof gl wioRH A 2-33] Avijekat o2 24 well
plates]] 1X10° cell/well2] W= wjksoich.

D) f7192 9 AEAlS] SEA7) wekeAl
Y2 ez IL-1(Sigma, St. Louis,
Missouri), IFN-Y(Sigma, St. Louis, Missouri)$]dl]+=
AhEo] gl AgEA e 7|2 wjefelle] 48417} )
oFsldct. 7192 (CH;HeCl ; Kanto, Japany- 0.5,
1, 2, 4uME wiefelo] A7Fsl A, colchicine
valinomycin(Sigma, St. Louis, Missouriy2 ZFzF 0.025,
0.05, 0.1, 0.2uME A7I8}8 3, verapamil, ouabain,
probenecid,  4'4-diisothio-cyano-2',2-stilbene-disulfonic
acid(DIDS), cytochalsin B(Sigma, St. Louis, Missouri)
= f715es) 7o) 22t 05, 1, 2, 4uME ko)
H7Vste] 484121 ORI .
D) #7198, GSH 2 A A7) wlepen
= AR D S P IR P i B ) s T
714 4uMZ colchicine 0.2 uM, valinomycin 0.1
UM, verapamil, ouabain, probenecid, DIDS Z}Zf
41M, cytochalasin B2 uMe} Al 22k £A137}
Blod 484)7F wiokslsde}. w3t GSH(Sigma, St. Louis,
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=Y F 919l
sl s AN 48]

Missouri) 4 uM#} 5He] f7]52S
Tt ke AsAE
7k whefsiedt.

3) Al A vk

Colchicine 0.2 uM, valinomycin 0.1 puM, verapamil,
ouabain, probenecid, DIDS 77+ 4 uM, cytochalasin
B2uMe| ASAE HFH7IEte] 244 7F ks F
4pMe] 719 B2 ) GSH EgE Rl
So] Hrhe sl o mese] 48A17F wjekshet,
W22 7R i gEZ o2 24470 wioksl - 7))
o ] wESE F 48A1%F vikle] ARt B
3.

AR iz APHALE 163)(16 plaex 4
well/group)3Act.

3. HjgelLl NO, o H2

Hibbs 5(1987a)°] W& Fxsle] vhgs} 7ol &
Aslaet. wioke 50 uA-S 28] microtiter plates]
713 100 ui®] Griess reagents(l:] mixture of 0.1%
N-1-naphthylethylenediamine dihydrochloride in 60%
acetic acid, and 1% sulfonilamide in 30% acetic
acid)E  E3Pslodmicrotiter platee) EF3F T
microplate reader(Dynatech, USA)E- o] ale] 543
el M FRES SABEIL, Ao FAS ez
sodium nitrate(NaNO,Y& 1-100 uM-/] HeloA] TR
2 2310 WlEeln) EFFA (standard curve)S o]4-

3led wjetAe] nitrite F=F AAkset

4. ATP M

vioFst Al EE g o AHIAE Bl ulod
S oA AAZ T, 6% trichloroacetic acid(TCA)
200 WiE- A718l =29-3247) (ultrasonicator)E ©]-8-
Bl MlERRE HAAZ] oHE 4°C, 1200 ipmoE 10
7t AR 22 A 20 ik 100 mM
glycine 80 pio} E318 vl 0.1% luciferase 100 pi&-
A7kt ¥ luminometer(Berthold, Germany)Z ©|-8-3}
o luciferase?} ATP2] H}g-<l| u}E WA EE =243}
AL, 0.1-10 uMe] HES] BFEFAE of-B3jed ATP
k& Axkstdet

5. SHXE

fi7le- 537t 4 Aelgsge] ATP 9 NO9
Z}o)Z w)El7] ¢sled Student's t-test2} ouabain
2ol b ATP Y NO9 AJo|Z nlmslr] $)s}ed
ANOVA ZAubgS- o]-8sigit).

. & =}

L 2 ¥ M=t S22 Abinlel ci=d
7HA NO2t ATP daZe| #s}

EMT-6 Aol 71928 5371 wiokzzleln
NO, 3 ATP a2 @7}5} 7224 ‘&%h’l
Vs S or FRAsglti(Table 1)
Colchicine<- 0.2 uM, valimomycin-> 0.1 UM, cytoc-
halasin®-  2uM, verapamil, ouabain, ~probenecid,
DIDS:= E-5F 4uM o]%MW NO; 3 ATP A ege]
7} R pEo2 SAHSITHTable 1),

2. W2 B W2 W GSHe} MIER EX2S

A Malim[2} SAIHZIA NO, oF ATP Hao| Ha}
EMT-6 AHXEe] {7]52s
verapamil, ouabain, probenecid, DIDS, cytochalasin

colchicine, valinomycin,

90 D Control MeHg

l Inhibitor+MeHg fl  Inhibitor — MeHg

F Y

80 b -

70

NO2-(uM)

60

50

Control MeHg Col Val Ver Qua Pro DIDS CytB
inhibitors

Fig. 1.Effects of inhibitors or inhibitor-pretreatment against
methylmercury(MeHg) on the production of NO, in
EMTI-6 cells. The EMT-6 cells cultured for 48 hours
were incubated at 37°C for 48 hours in only 4 uM
MeHg() or 4uM MeHg containing with 0.2 uM
colchicine or 0.1 uM valinomycin or 2 UM cytochalasin
B or 4 uM verapamil, ouabain or probenecid compound
(I). Or the cells cultured for 48 hours were incubated
at 37°C for 24 hours in 0.2 uM, colchicine or 0.1 uM
valinomycin, or 2 tM cytochalasin B or 4 UM verapamil,
ouabain or probenecid. The cells were further incubated
at 37°C for 48 hours in 4 uM GSH(%). Values are
expressed as mean+S.D.

*Significantly different from the corresponding MeHg
group value at p<0.01 by t-test.
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B2] AsAlel 24z} TA A7t wikEAlelA NO; 2
ATP AJFE ouabain®] AsiAl HelelAgte] H7]4
oo BEHINR Tl Wlsl] BAP ETE<0.05)
s} vjs3t 3o 14—5}‘;}__31 ouabains- A<
O AR AT 1S BREAT 25
B3 $£E08 VePddhFig 1, 2).

Fi7le23 $92 GSHE &3 ¥ colchicine,
valinomycin, verapamil, ouabain, probenecid, D[DS,
cytochalasin BQ] AAZ AL FA AR Wik

oAl NO,; 2 ATP AAJRE- ouabain®] A sAl|ell M &
e %%7@7}“& ol st A w2
(p<0.05) W& v)&3 $EoR VERgTh(Fig 3,
4). Colchicine, Probenecid DIDS, cytochalasin BE
A AN NO; AL 4715 E B}
gt 3 H]s2gF £CE e, valinomycin,
verapamils: 713 A F710E e DA 2

Hr} @x3A B lﬁrﬁ‘rﬁu}(pm.os, Fig. 3). ATP A}

15 |

[ Contral MeHg
) [ InhibitorsMeHg Inhibitor - MeHg

10}
s
=
2
<

5M

0 i ] N [ L . 3
Control MeHg Col Val Ver Oua Pro DIDS CytB
i inhibitors

Fig. 2. Effects of inhibitors or inhibitor-pretreatment against
methyl mercury(MeHg) on the production of APT in
EMT-6 cells. The EMT-6 cells cultured for 48 hours
were incubated at 37°C for 48 hours in only 4 pM
MeHg() or 4uM MeHg containing with 0.2 uM
colchicine or 0.1 UM valinomycin or 2 p{M cytochalasin
B or 4uM verapamil, ouabain or probenecid
compound(l). Or the cells cultured for 48 hours were
incubated at 37 C for 24 hours in 0.2 uM, colchicine or
0.1 uM valinomycin, or 2 uM cytochalasin B or 4 uM
verapamil, ouabain or probenecid. The cells were
further incubated at 37°C for 48 hours in 4 pM GSH
(). Values are expressed as mean+S.D,
*Significantly different from the corresponding MeHg

group value at p<0.01 by t-test.

AJ#& colchicing®} valinomycines- 71 vjokzzo]
R o R LR R
(p<0.05), verapamil, probenecid, DIDS, cytochalasin
BS 713t vlekERAd S fr)4es =R 7
I} vl SEoE veRdthFg. 4).

3. Mps=zat %’é—?—%ﬁl Xetdlel FAE| £ FEHE2

EE /7172 % GSHAIHE HH%#_’F..?JOIIH | NO,2t
ATP UMs ”12}
Colchicine,  valinomycin,  verapamil,  ouabain,

probenecid, DIDS, cytochalasin BE Axjg] F §7)¢
=& ARk iAo M NO; 9 ATP AJAd -
ouabaing A g wjkEA MR} S

AR 2ol wEkd @xEp] Ea1(p<0. 05) FH;‘:V"—‘Jr
Hl=gE o Yo, oE As
£ FEAE T3 ujss)t fFow L}E}‘;%D}(Flg 1
2). Ouabaing 5417t wietzzdBe} Ax=at WioF

90 ¢ ] Cantrol MeHg ‘
P nhibitor+MeHg g Inhibitor - MeHg
1 '
(1]

80 H .

Control MeHg Col Val Ver Oua Pro DIDS CyiB

inhibitors i

Fig. 3. Effects of inhibitors or inhibitor-pretreatment against
MeHg-GSH on the production of NO, in EMT-6 cells.
The EMT-6 cells cultured for 48 hours were incubated
at 37°C for 48 hours in 4 M MeHg or 4 (M MeHg-
GSH containing with 0.2 uM colchicine or 0.1 uM
valinomycin or 2puM cytochalasin B or 4uM
verapamil, ouabain or probenecid compound. Or the
cells cultured for 48 hours were incubated at 37°C for
24 hours in 0.2 uM, colchicine or 0.1 pM valinomycin,
or 2 UM cytochalasin B or 4 pM verapamil, ouabain or
probenecid. The cells were further incubated at 37°C
for 48 hours in 4 pM MeHg-GSH. Values are expressed
as mean+S.D.
*Significantly different from the corresponding MeHg

group value at p<0.01 by t-test.
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Fig. 4. Effects of inhibitors or inhibitor-pretreatment against
MeHg-GSH on the production of APT in EMT-6 cells.
The EMT-6 cells cultured for 48 hours were incubated
at 37°C for 48 hours in only 4 UM MeHg or 4 pM
MeHg-GSH containing with 0.2 uM colchicine or
0.1 uM valinomycin or 2 pM cytochalasin B or 4 pM
verapamil, ouabain or probenecid compound. Or the
cells cultured for 48 hours were incubated at 37°C for
24 hours in 0.2 UM, colchicine or 0.1 uM valinomycin,
or 2 UM cytochalasin B or 4 uM verapamil, ouabain or
probenecid. The cells were further incubated at 37°C for
48 hours in 4 pM MeHg-GSH. Values are expressed as
mean 3 S.D.

*Significantly different from the corresponding MeHg
group value at p<0.01 by t-test.

F2M NOy ¥ ATP A= = A Jeidst
Fig. 1, 2).

AER} BASEA MAAS 22 DA F 4]
Ses) GSHE $A6 A7k wjekERie|A] No;
ATP A% HA] ouabaing “AAE] 3t wiekzAlel Mt
e SRl 3 wEs ael B
(P<0.05) HEF $Zoz JeldohFig 3, 4).
colchicine, probenecid, DIDS, cytochalasin BE %132
T kI NOs2 7] 5371t 25t ]
53 o E i, vahnomycm verapamil® A
A F wRAdAE f7)ees =R w3t
vl Zsled VASA 241 vHp<0.05, Fig. 3). ATPE=
colchicine, verapamil, probenecid, DIDS, cytochalasin

BE AAF F w2 s SR 2
B3t RO vehgon, vahnomycw e
3 A 715E BEASIR T )
o] BR8] s (p<0.05, Fig. 4).

100

—O— Ouabain+MeHg ol 0uabnin+MeHg+GSH
---[}--- Quabain Pretreatment --MF--- Ouabain Pretreatment
~» MeHg — AeHg+GHS
90
-
[ 4
I

80 |

NOz- (uM)

70 | T
*
1
60 " . . . L
& e 0.5 1 2 4
ol + QOuabain Concentration(uM)

Fig. 5. Effects of ouabain against MeHg or MeHg-GSH on the
production of NO, in EMT-6 cells. The cells cultured
for 48 hours were incubated at 37°C for 48 hours in
only 4 UM MeHg or MeHg-GSH containing with 0.03,
1.2 or 4 uM ouabain. Or the cells cultured for 48hours
were incubated at 37°C for 24 hours in 0.5, 1, 2 or 4 pM
ouabain. The cells further incubated at 37°C for 48
hours 4 uM MeHg or MeHg-GSH. Values are expressed
as mean= S.D. The difference between the MeHg group
and ouabain-treated groups was tested by ANOVA.
*p<0.05

4. Ouabain Mz2l0ll 2I8t F7I5-29| MESY W3l

EME6MEs] 0.5, 1, 2, 4 M) ouabaing 7152
T H715E 2 GSHY BA1A71EE vkl B
2] ouabaing HAEF F fr|r= f7)5E o
GSHE #7138t wiofxAdelMe] NO, A wRe $A14
718k vk s AA=]st vk 25 ouabain®] %
Z7} NS SRl E w2 okko® )
5o, FAIAZ) AR} ouabain A3lE] AlEo]
o &4 JehitkFig 5). ATP A 94 NO, A
A viE AR BAAESE e 2AE AYE
oA ouabian®] FIel Wl S)EH R Zolsle|
NEzT s S VERIAT A1) AE
T3 AAE AgTlels FElE Aol E HolA] st
}H(Fig. 6).

.o &
AFEARFAN ehte 715 25 4 AF

g S 710 AT idra}— #9712
S WA AIo] Ik $23kIE) AE) 797
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15
—O— Ouabain+MeHg ™ @~ Ouabain+MeHg+GSH
-~[F~ Ouabain Pretreatment ---Jik-— Ouabain Pretreatment
— MeHg — MeHg+GSH
T
*
w}l |
=
=
B 1
=]
- *
st l
Py ! ) ) s L L
0.5 1 2 4
{\69\ ‘&&%
<& Ouabain Concentration¢iM)

Fig. 6. Effects of ouabain against MeHg 4 uM or MeHg-GSH
. 4uM on the production of APT in EMT-6 cells. The
cells cultured for 48 hours were incubated at 37°C ffor
48 hours in 4 UM MeHg or MeHg-GSH containing
with 0.05, 1.2 or 4 M ouabain. Or the cells cultured for
48 hours were incubated at 37°C for 24 hours in 0, 0.5,
1, 2 or 4 UM ouabain. The cells further incubated at
37°C for 48 hours 4 pM MeHg or MeHg-GSH. Values
are expressed as mean=S.D. The difference between
the MeHg group and ouabain-treated groups was tested
by ANOVA.
#p<0.05.

AL e A7l M o2 7R AZE AAEHA
SUXeF GSH siARRA = A 2=} EdegAle] 25t #
A7 ez gokgl). GSHel| &3 2313 Ee] Al

L AR 9 23tEe] Gshet A%
slo] B2 AT o] B} GSHAAERE &
of MEHZ FdHe A= Huse] §JusH
Zalupsg2] QATHE w|E3} L) AFESEE
in vivo AFE F3led GSH tiAlFge] Aol 2%t
T2 Al EXeke] WaleA f971AE
k3| gl W= rat®] erythrocyteol] Al E=F E
AsgA 2] MsfAle} GSH-MeHg B35 Sl A
7¥sted AsAlel whe Fr1p-2e] Al flwke] W
25 BHA FUAZE ARSI

AFAA eE3RrEe] F371AE AXBIAL Sl 9
FEoM GSHel| 3t 4-28] Al A
o] F77)3] AAAHES B3l BEA glore 5
0] BAo| kg Wi WYME T UE 249 Al
Fol| A3t AL 3SR AR, AT
B diFEo] F7158 AR Qo] AAelM =

Ao) o 7ska AEHE f9le] o WA ehie
f719ee] f171AEe B2 debd sFsAE v
ASA F& S ook Wi T 2Ale] AES 2e
slo] 1A Mok A S o8t A7 409 f15
20) AEY] SAe 24 SaMs 1mM oA
o] ¥L T2 Eoalol sl AR WP ES o4
8 AES] 71520 SAgde] ] wEe] A7k
o] 23} Zokelr] wRel] BAsleE W ojeigol
w=A Fo) B AT heldzal daHEe) 72
EAL 7HAA 9= EMTHES) §7)98e ===
152w GSHSh A ER BASSA L] AAE A
3] EAAES] NO Aot AE ATPRe) W
BALO RN AT $715e ST 23}

| T 47)5229) AT F3714L 88l TA} 319
o 47192 10 Mol Ake) EelA wjebH| £ A
Ego] Wolx)7| W] B AT} o] EAXEES o]
Sa1= AR AZAYEEo] YA FRIHEA
AZEA o] W3Rl §7]15-29) FRelA o] Fo{A o}
sio). A Fel NOSH ATP: 7)900] AlEz
Sy o]of o] 7] whie] MENEEe] o
e A8k A0 Nogh ATPS] AR 7ia
1§15 AT el il Ao A7t
& 4 gl mebd ¥ ATelA 54X Eel Nogt
ATPS) AAERe AT 439 471929 k& 74
Aoz e AR o4 4 g Ao AR
o] f71pee] AT FYIAE Bl AEEE
2 ol gsieleh. o
7192 AAHAME SH-groupte] 738k A2
o2 GSHe ¥l MeHg-GSH E3HAE 3A3P)
A Eo] AR AF FATHME o)Al EER
MeHg-GSH 352 908 7FsAle] o 21, 47
220] oleAbElE GSH WAMAEZ $UE 51917
W Fo] AEn EASEAE Fafo] 44E 9 o)A
Be} MeHg GSH B/l Az b=A vepg 5
giet. gk BS540 AslE A A 718
3} AR FE e} AAE we] Axe g o) &
71528 A1 o) 71529 AT 3]
A VP 4 gl o AlesEd B AT o
23t 754S slshaa) A WAR f7)Re s TE
W)k oA GSHe H71528 A Ee) Fo
s17] 12412k Aol mle) £ Fol Frhe F 7
o] wjepEA SR re] el ¥ HAZ AsiA|
9} 7150 B Arkhe wiekaas A
24A17F Aste] wjee ¥ §7190-2 Arhelelwe
2R 02 o] §71529) Zr1A ee} Al

g

u

N
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T A g 2g8led APE s

71725 DAV wiEElelA NOsgt ATPY
ARFFLE F7152 0.5-4 pMollA] H7FsE 4229 ofe]
5713l wel NOgt ATPEo] 7hassle] NEEA) &
7hslant. Aol vieh A ot IAe f715e-
4 uMe| FEAAE HEAEEo] 95%01 S FAIHES
3L 5 uMel el sel A AE-go] 2kaslr] Alat
3te] 10 uM o] Al HFEAEEo] 80% °)etz 7t
A8he 722 vepde e 2 dlA e
o] A1 A AFE AEAAEEo] FAHTA A
EEA o] Ve 4uME Folsigict. AEet Bl
A9 AAE AR Wk 2SS
ol A3} colchicine 0.2 uM, valinomycin- 0.1
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