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ABSTRACT

Epidemiologic studies have showed a close correlation between arsenic exposure and heart disease such as,
cardiovascular problem, ischemic heart disease, infarction, atherosclerosis and hypertension in human. It may
increase the mortality of high risk group with heart disease. Regarding the mechanism studies of heart failure,
blood vessel, vascular smooth muscle cells and endothelial cells have long been focused as the primary targets
in arsenic exposure but there are only a few studies on the cardiomyocytes. In this study, the generation of
oxidative stress by low dose of arsenic trioxide was investigated in rat cardiomyocytes. By direct measurement
of reactive oxygen species and fluorescent microscopic observation using fluorescent dye 2, 7'-dichlorofluo-
rescin diacetate, reactive oxygen species were found to be generated without cell death, where cells are treated
with 0.1 ppm arsenic for 24 hours. With the induction of reactive oxygen species, GSH level was decreased by
the same treatment. However, DNA damage did not seem to be serious by DAPI staining, while high dose of
arsenic (2 ppm for 24 hrs) caused fragmentation of DNA. To identify the molecular biomarkers of low-dose
arsenic exposure, gene expression was also investigated with whole genome microarray. As results, 9,022 genes
were up-regulated including heme oxygenase-1 and glutathione S-transrerase, which are well-known biomarkers
of oxidative stress. 9,404 genes were down-regulated including endothelial type gp 91-phox gene by the
treatment of 0.1 ppm arsenic for 24 hours. This means that biological responses of cardiomyocytes may be
altered by ROS induced by low level arsenic without cell death, and this alteration may be detected clearly by
molecular biomarkers such as heme oxygenase-1.
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Zl o)} (Lawson ef al., 2001; Mandal et al., 2002; Tsai
et al., 2003). QIZFE- 7], 45, B AlE B2
A2e Fo vlae] A&Hos wEI0 gt
F A was} sk sk 29t 9 g 2
ohet wype Il Fcge] A wo @Bl 9
24 A=A (Hughes et al., 1995; Mandal ef al.,
2002; Ari et al., 2004; Shi et al., 2004; Xia et al.,
2004). =3k, 9L 7|2k Q1% § opA|ol A HE
Aoz 5 Atxal A3 vla e )
blackfoot disease7} Z = o] vjiAo wWx¥
T Aol 23] fEEE Aoz BuH
3 Qe vl Haesd s} Fse
ollE vlaet AEAA A AR A3t
H7hE A= GeksA o] FelA o gleh 1
v A AP RS fdshs WA o
A= ohekst A7 nHel = (Lee ef al., 2001) B¢
Sk ol s FHEA ke Aeols o
Fub A3, Ak $o) AR AP

oft

Hlash AT Y 4AY A7 o
= g A77} B o

goz Abs
FolA 3 gled Yoz wiel o) A4
v zejetege) falatgel Fo A 2

HEo] g5 BE T ¢t (Banu et al., 2001; Ari
et al., 2004; Shi et al., 2004; Valko et al., 2006). *]
= %2] Reactive Oxgen Species (ROS, EAIALAE)
T o 22 QREAe Agle dhEk A
QA Weluhe-& wEie] AEA Hulgel
Fo23 98 e AR 545 5 87
o] N3l ohakgl e dEald ofs MAEE=
529 ROSE HMzZo £4HE F= AlZEAY
22 288k (Valko er al., 2006) o] 74-¢d)
hydroxyl radical-> DNAZS 2% 37 sle] A
zAFEE 23 Ao Ad#A o (Kitchin er
al., 2003; Shi et al., 2004; Valko et al., 2006). =3},
vlat AAeAel SHole ATehe Aoz el
A sl FEEAL SHo 9 Aested Babe)
XS taAFlozy Aoz Az ROSH
55 ASAINE Aoz AZE I 95 (Pulido er
al., 2003; Jason et al., 2006). d¥lH oz A3}l ~
EYAg fiusle SAEAL2 A zJeAM ROSE
AAgste] AzAbdS f=dhs oz dHA <l
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o 71218 Aeeleh
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t AFE 259 HaE Andzd Adsde
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1. Mz=4d

HoC; cell line2 3tA| 2 32-8) 0 7 HE| Hopit
o} 10% FBS (Fetal Bovine Serum, & #)&§-3}+=
DMEMH| A& o] 23te] CO, wjof7]olx A ul
okalod}. B4 (As:03)E 1 mM NaOHe| £-3) A 7]
T o|R& HEFAT PBSE I Hate xeq]
o A2 EEE A0 Asgkez AAbslgo
(Turner et al., 1998). At #j<kst HyC; cell g E
xloz xelsted 343t & FBS-free mediaz. 23]
M &8, 96 well platesel] 23} 37°C, 5% CO;
v f71o| Al 24A17F b BAA Y. As,05F 7
Fewa Helsla 27 24, 48,72, 96A17H =E
A7l & 2mg/mLe] MTT (3-[4, 5-dimethylthiazol-
2-y1]-2, 5-diphenyl tetrazolium bromide)8-24-& well
% 40uLA Pol wjFrIel A 4AIZE A uESA
Ao platesl] 9= ASAL AA}T DMSO
(Dimethyl Sulfoxide)Z welltd 150 uLA o &
% 302 A= /PEA EE] F 540nmel| A F
F5E SANAT 4 =T 4 welly 33] o)A
Algslgon zbzke]l 0.DZS dz+e 0.Dz
v wsle] W2E 2 F A5} (Zhang et al., 2003).

2. ROS =X

Az ROS &24& 93] A E£Z 12 well plateo]]
2% 10° cells/mLZ 2338+ 5 244)7F F<b kA A
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7131 0.1 ppm H|A&Z 4, 8, 12, 24X 7t St A8}
i} o] % PBS (Phosphate Buffered Saline) 2 A3
&l DCF-DA (2’,7’-Dichlorofluorescin diacetate)Z
74k % 30% 5k HRSAIFY 9A] PBSE M)A
3 & I M NaOHE welld 400 ULy o] A=z &
B A 7|22 DA 22 96 well black plate & 2. 7
480 nm (Ex.) ¥ 530 nm (Em.)ol|A] &g =3
F A ug)d FEEE 2 HEgE
Rl it ROSE) A Al 2ol W7t & Fo]u]=] A
2+S- 23] 8 chamber slideel] HoCs cell & 2 x
103cellsi Bk vas Add F AL
v gt & DCF-DAE 30% 59t WA A o] %
PBSZ AAT T YBArIFoz AR
(Yang et al., 2004; Elbekai et al., 2005; Fotakis et
al., 2005).

3. GSH &4

A M ZE 6 well platest] 1x 10°cells/mL =
2 B & 2427 F<b A FAIF Y 0.1 ppm
H)4 4,8, 12, 2447 F<t X F Efjilow
Ag)ste] NEAHE 4> F PBSE 13] A3}
I 1% perchloric acid2 A E£Z &)AZc} d-2
el 1087F 9kx)8F 3, KH,POJ/EDTAZ 3A
8} 1 mg/mL2] orthophthaldehydeE g7, 2057}
Al 2o A wr2A|AT 350 nm (BEx)Z} 420 nm (Em)

A AL ST F dzdd A o
vl ol o (Fotakis et al., 2005).
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4. DAPI staining

A ZAHZZ 8 chamber slides)] 2x 10°cellsz &
F3 & 24A17F E<F kA3 A17)a2 0.1 ppm2] H)

48 27 12270 9 24417054 wioFstelch PBS
2 M HsF1, 4% paraformaldehyde & @ 31 587}
FAANZ] F A PBSE M)A stde) 0.1% Triton
X-100& ##lsla, PBSZ 3 W o A3 & 3
DAPI (4, 6-diamidino-2-phenylindole) solution (0.4
pg/mL)e2 A ste] Az 2] wofE FPFHnA
o 2 #9359t} (Ceschini er al., 2006).

5. Microarray

v 4ol 23t AZA ZeAA 2] FAA W EkE
2AS 9 A FH_%—T’—JJr 0.1 ppm H] 5 24X)7F
xZFA7 ArFogHE RNAE FE39d+

DNA chip& Apphed Biosystems Rat Genome Survey
Arrays (35K)E AH8-3tadeh. 323 RNAe] ds)
Applied Biosystems Chemiluminescent RT-IVT La-
beling Kit-& 0]-9-'3}0:] Digoxigenin-11-UTP labeled
cRNAE A3 =
g} Applied Biosystems 1700 Chemiluminescent

Chemiluminescent Detection Kit

Microarray Analyzer$ ©]-£-&}od hybridization, che-
miluminescence detection, image acquisition % d]
B EAE el

6. FHA &

Az viaAz ez E 323 RNAE
RT-PCRE Al3)sle] 78 31219 Wl & #hels)
9o} RNA 1 ugell oligo dT, reverse transcriptase %!
nucleotide7} &31% uk-g-o 20 uL=Z 42°Ceolir] 60
B7b HEe-Al# cDNAE 92 % Taq polymerase
9 nucleotide E¢] &35 &) Hlo] ool (A, 3
9] PCR premix tubeell Z+7k2] A=l primerg}
RT-PCReIA 92> ¥RSAAE 1uLE ¥l 95°C

Table 1. Primer sequences for RT-PCR of oxidative stress related-genes

Gene name GB No. Primer sequences
u 1 102722 1 F:5-GGTCCTGAAGAAGATTGCGCA-3’
eme Oxygenase ' R : 5-TCTGTGAGGGACTCTGGTCTT-3
. F:5-CTGCAGCTGGAGTAGAGTTT-3’
Glutathione S transferase AF111160.1 R: S-TTGTATTTGGTGGCAATGTA-3
. . F: 5-GTAGATTAGCCAAGTCACCG-3’
Thioredoxin reductase AF 108213.1 R : 5-GTCAGATGGCTTAGTAGAGC-3
F:5- TCA -3’
NADPH dehydrogenase 1 J02679.1 R S"GGACATGAACGTCATTCTCT-3

: 5-TTGGAGCAAAGTAGAGTGGT-3
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A 30%, 55°Co|A 30&, 72°CollA 3024 303
AR BT g o Fel T2°CNA 1582
o FEAZH 2F¢ 53 AAE S ES
ethidium bromide (10 mg/mL)& 43} 1.5% o}
7tz A Aol A TAESEZ-8-4 & AMg-8te] A7
Foae S0A 25l A5 §4 primere]
714142 Table 1) A A 5}93E}
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B] w|ekslA]gt BEAH oz uiglE M EZEA o]
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Fig. 1. Effect of arsenic on viability of HoC, cell lines in
vitro. Cells were treated with the indicated concen-
tration of arsenic for 24, 48, 72, 96 hr. Cell viability
was assessed by MTT assays. Data is presented as
percent control. Results represent means of three
independent experiments, and error bars represent
the standard error of the mean. Arsenic caused cyto-
toxicity after 48 hr-exposure (0.05 ppm; p<0.05,
and 0.1, 0.2, 0.4 ppm; p<0.01).
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ERA] eksket (d) ol el A A, 7] 28] QA3 ATNE
B duboz Axe] FRe wel o 549
717} v ¢ g2, RA 2 0.1~ 500 uM $Feol| A
EX o] W=} (Pulido ef al., 2003). A1 A o)
9t v)Ae] oS WFsY] ] B ArelA
ARSEE ¥lAL] TR V)80 dTelM AR
=9} vlms] B3 o vlwy G fFEelglon,
ol Aol AHEE Hy=<l 0.4ppmellA FHa
24217 Blelle ATMES AR} AbEEA)e]
yeldA] oskel & deiM e ole) 2 AEE
A Az} 7S HEg] A7 AHEE FEE
aesled Hlho] g AZM EAAY AbSA A
Eda dHA =g Yrisr] H8 FrATY] 5
=Z 0.1ppmez ZAA3s}t}
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AZAH x| AZ5AE ez g ujad
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Fig. 2. Effect of arsenic on ROS production in cardio-
myocytes. Cells grown in confluent were pretreated
with arsenic (0.1 ppm for 4, 8, 12 and 24 hr, respec-
tively), washed with phosphate buffered saline, and
then incubated with 40 pM DCF-DA. At the end of
DCF-DA incubation, the cells were lysed with
NaOH and fluorescence of aliquot was measured.
Results represent means of three independent
experiments, and error bars represent the standard
error of the mean. Asterisks indicate a statistically
significant difference (*: p<0.05) from control

group.
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MAaE 47 Ex 847 B Asle WE 129 2447 A A ATes onjsie
ROS 440 FAAcz oud Z/ltdne  $odd Ed& BAE + Ao ME 24
2 4 gliort 12407 o] £HE ROS AAo] = o} AEA §3% mE REAr)ne AUD AT
A7) Azkslel 24417k Foll Az Zosklct 4o Wslolw 3ol el @k (Fig 3 left
(Fig. 2). 9147 ®@m7oe Az yejebs Wzt panel). 12} DCF-DAE Azjsje] HtainAe

2715 Aol #AHAR EAMZAS 0.1ppm F BHFF Az ws] 0.1 ppme] B|AE
2 2

Fig. 3. Qualitative characterization of ROS generation by DCF-DA staining using fluorescence microscopy. Cells were
cultured in the absence or presence of arsenic, washed with PBS, and then loaded with 40 uM DCF-DA in HBSS.
After washing with PBS, cells were visualized by fluorescent microscopy (x40, in right panel). Images of phase
contrast microscope ( X 100) are shown in left panel. (A): control, (B): 0.1 ppm for 12 hr, (C): 0.1 ppm arsenic for 24
hr.
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2 BFEGE g szl Blsl 0.1 ppme] ¥
25 747 12412 = 2447 AEE Fe ¥
o] Z71gE & 4 gt & Hlie] 93 ROS
Aol Z71819deS HdFE A o]t} (Fig. 3 right
panel). ROS:= dubd o=z A 738 Ak}
EAel GSH So] 9 7t4=x=d wke} Au
GSH7} 2zte 7% M =z9) guzd aAztee F
28] "Wolx]A Hc} Fig. 4= A=z GSH7} v]&
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Fig. 4. Determination of intracellular GSH in arsenic treat- .

ed-cardiomyocytes. Cells were exposed to 0.1 ppm
arsenic for 4, 8, 12 and 24 hr, respectively. Cellular
GSH level was assessed using orthoph-thaldehyde
and expressed as percent of control value. Results
represent means of three independent experiments,
and error bars represent the standard error of the
mean. Asterisks indicate a statistically significant
difference (*: p<0.05) from control group.
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% 3J=h GSHE M| 29 redox stateE 3| 5= v
£ Za8 E22A GSHY Zay F33xe= A
3}A 2edag 2 He A F dEA
At olet. vl &l o8 AMEA AE#H AL Z7)E)
A Hd XAk, A WA g mEE s}
£t o8 MlEAPE w dgle] $ouE £ gl
ow AblA EApsl= A ZAbE U Az kst
Aol Fedsl= ThoFst AARRlAl AP-1, NF-kB, p53
58 f=3e Aoz dA 9lek(Chen er al.,
2002).

3. DNA 240 st XL ua-Ee A

dutd oz AZW ROS F7H= AZW i,
WA 5ol TaAS A o ES T15E A
she Aoz el qloh 53], AlzAbEs #s)
of ROS¥= DNAe°] whg3te 24 &8 FA
o8] Ao QA 21358 AAH Ardubs-g e
W}, (Kitchin et al., 2003; Shi et al., 2004; Valko et
al., 2006). = Ao A] DAPI Aol 93 o] »
¥+ ¥AFH A3} 0.1 ppmez 2447 =FAY
Ae FATHos o) ok AP Ase 2
T dsovt A Azl vjE] #e] 3Fe]
Qofuk A} Blefst ALk} AR Tt
FEQ 2ppmez 24A17F AEg A$- 3o §
23} o] Yelthw] DNAZH RHo= 2ahss
AE B3] FAF & A (Fig. 5). ol T
How was AESH hgel ATAE|H

e o

K

Table 2. Partial list of up-regulated genes by arsenic treatment in cultured cardiomyocytes

Gene ID GB No. Gene name Fold
rCG34806 AF369384.1 mitogen-activated protein kinase kinase 6 339
rCG39158 1027221 Heme oxygenase 1 4.1
rCG43530 AF111160.1 glutathione S-transferase, alpha 1 3.6
rCG62860 - nucleophosmin/nucleoplasmin 2 3.6
rCG55954 U46118.1 cytochrome P450 3A9 22
rCG31886 AF115249.1 sphingosine 1-phosphate receptor 3.4
rCG57835 AJO01713.1 myosin IXA 33
rCG35904 AF345445.1 potassium channel interacting protein 4 31
rCG38427 AYO034073.1 calcium-responsive transcription coactivator 2.9
rCG59338 D38492.1 contactin 1 29
rCG59292 AB181297.1 adrenomedullin 2 29
rCG60498 AB028862.1 betacellulin 29
rCG38572 M62752.1 statin-like i 2.8
rCG27994 AJ277957.1 aldose reductase-like protein 22
rCG40798 X56600.1 superoxide dismutase 2 21
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Fig. 5. Effect of arsenic on apoptosis using DAPI staining in cultured cardiomyocytes. Cells were exposed to arsenic and
fixed with 4% paraformaldehyde, permiabilize with 0.1% triton X-100, then incubated with DAPI for the observation
by fluorescent microscope. (A): control, (B) 0.1 ppm arsenic for 24 hr, (C) 2 ppm arsenic for 24 hr as positive control

where nuclear condensation and DNA fragmentations are shown.

Table 3. Partial list of down-regulated genes by arsenic treatment in cultured cardiomyocytes

Gene ID GB No. Gene name Fold
rCG30398 J05509.1 cytochrome P450,family 7, subfamily a -10.4
rCG42239 AF298656.3 endothelial type gp91-phox gene -6.5
rCG21136 D31873.1 LIM motif-containing protein kinase 1 =52
rCG62174 AY574276.1 neuron-glia-CAM-related cella dhesion molecule =51
rCG20330 783868.1 MAP/microtubule affinity-regualtin kinase 1 —-4.2
rCG54748 AF058795.1 G protein-coupled receptor 51 —4.0
rCG30182 BC070902.1 sodium channel, nonvoltage-gated, type 1 —-3.6
rCG36417 AF102853.1 membrane-associated guanylate kinase-interactin protein —3.3
rCG56400 AF205193.1 - glutamate receptor interacting protein 2 -3.2
rCG57012 U12336.1 acetylcholine receptor alpha 9 subunit (nAChR) -3.2
rCG50571 U78167.1 cAMP-regulated guanine nucleotide exchange factor 1 =31
rCG25019 L00088.1 fast myosin alkali light chain -3.0
rCG24049 AF105329.1 serine (or cysteine) proteinase inhibitor, clade B ~-3.0
rCG44089 - prolactin-like protein H -3.0
rCG54356 AF368269.1 cytochrome P450 monooxygenase CYP2T1 —-29
rCG32102 BC061977.1 seminal vesicle protein, secretion 2 -29
rCG33241 J05210.1 ATP citrate lyase -2.8
rCG29344 U39206.1 cytochrome P450 4F4 -2.8
rCG37899 D64085.1 fibroblast growth factor FGF-5 —2.8
rCG50311 X57999.1 deiodinase, iodothyronine, type 1 —2.8
rCG45324 M94454.1 mitogen-activated protein kinase kinase kinase 8 —-2.79
rCG46964 J02942.1 calcium/calmodulin-dependent protein kinase IT -25
rCG35426 U08259.1 glutamate receptor, ionotropic, NMDA2C —2.4
rCG29398 L34542.1 megakaryocyte-associated tyrosine kinase —24
rCG28418 U10303.1 endothelial differentiation sphingolipid G-protein-coupled receptor -23
rCG47979 AF308611.1 mammary cancer associated protein RMT-1 -23
rCG25653 - laminin receptor 1 =23
rCG21241 J03170.1 transcription factor 1 —-2.3
1CG46294 114284.1 N-acetylglucosaminyltransferase V —-22
rCG27378 AJ245642.1 interleukin 1 alpha -22
rCG22182 AB023133.1 activation-inducible lymphocyte immunomediatory molecule —-2.2
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Con 12hr 24hr
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(B)

©
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Fig. 6. Effect of arsenic on the induction of oxidative stress
-related genes. Cells were treated with the 0.1 ppm
arsenic for 12, 24 hr. mRNA transcription was de-
tected by RT-PCR analysis using respective primers
described in Table 1. (A): heme oxygenase-1, (B):
glutathione § transferase, (C): thioredoxin reductase,
(D): NADPH dehydrogenase 1.

&gt ZlolAt £ Aol AR 0.1 ppme] A
TEAME AZAFEE 8 Az Hhge] v
Ehix s kg ojulsie MzaAbd g fodsie
9 SE e ROS7E HEel] &35 efokyt
ZFsstete A& Hnde 2 A7 AgEy
1ppm °]42] BI&E i 2447 J= A2 A
¥ ROS9] HAg F7keh 37 FAA ] dHo
A= E e Felaldnt (d ofel mAA].

4. MSk HiAkEofl of FHAL L@zt

ROSE AAHAT AZzAde] dojubA: 9=
Az vavt =5"1 AZAMY {32 4F
Wake Hristaat M Ee] 0.1 ppme] ®|&E
2417159t xelsle] RNAE £2]sl3 ABI chip
< o[43le] microarray® AAIFIGT. 1 Ad
Table 2¢ll49} Zro] heme oxygenase-1, glutathione
S transferase 5 ROSHH §-1x}2) W3lr} 335
2} o) &jel = Thioredoxin, catalase, SOD & A}3}
A sed s} F[R AR DR o] Folsle
Aoz #Egrt =3t cytochrome P450, endo-
thelial type gp91-phox gene, MAP/microtubule affi-
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nity-regulatin kinase 1, G protein-coupled receptor
515 o4 Az do] JAEE e Faly
A} (Table 3). o5 §ALe] Walo] AExs] 1]
aof s F7b = dAEHNE A ek 2
b Az olm@ S on FHYA o
AN oF) FHH 2EE A Toh o}
ojzZ=z e o] Z1gE T3 Z7Hd KA 3 heme
oxygenase-1 5 AFE}A QAbshe}l AW YR 44
A18] PCR %743 Fig 60 vrehigict

Hlay AN Y Asdag U
olol weh xAUspAsh bl 3 DNA &4
(4 =t 293h 58 2 =28 2=
o} AAE g RIS f=shied o 29
AxE AREAY == gege 34 25
AFeME vlad AT AR} fAst A
IR =E 3D} QoA g A 450
He) ATAZel e Alsd ssdag o
7Fstzzl stgdek 2 At 0.1ppm o|3te] HE=
A 23N A5 AEEA0] ehta] o
ol FalF . T2t Y =E25FelM A
Moz §2)9) ROS £7hsh o}el GSH st
Hehhe Aol #elsglon) DAPI g4 oz el
¥ DNA &4 w)$ mlepa) Aoz Besgis
PAYEHR AmdTe] YsozA 299 vlo|
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st AAHe e 1 Bl tad 4
A9} 47k SABAH BF OB AW FHA]
A3t 2 QAR A7 $8E A o)L v
2ol FF FAYEIH Aw=z ¥4 by
4o} 9l Aoz Aed}.
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