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ABSTRACT

Hepatic antioxidant defense systems were examined in rats treated with tetrabromobisphenol-A (TBBPA), a
brominated flame retardant, at the doses of 0, 250, 500 and 1,000 mg/kg for four weeks. Hepatic ratio of gluta-
thione disulfide to glutathione (GSH) and levels of malondialdehyde, oxidative stress markers were not changed
in rats treated with TBBPA. Hepatic expression of antioxidant enzymes including GSH peroxdiase-1 (GPX-1)/
GSH reductase (GR), alpha-, mu- and pi-class glutathione-S-transferase (GST) and gamma-glutamylcysteine
ligase catalytic subunit was determined using immunoblot analysis. Alpha-class GSTs, GPX-1 and GR levels
were significantly decreased in rats treated with TBBPA at the dose of 500 or 1,000 mg/kg. These results show
that TBBPA results in down-regulation of hepatic expression of antioxidant enzymes related with GSH, sug-
gesting the liver in TBBPA-treated rats may be more sensitive to oxidants.
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(tetrabromobisphenol-A) 5-2] A &7{7F dlzA¢l
BE3) dedA 2 AHg-E 9o} PBBsE ou] 1970
Ao e ks hSA el SelEe] Abge] F
A5l 2 BaEe] o5ty PBDESS] 7o
= 5T Aol dozle] wegon, A
E5HA 0l ook o2 A<l POPs(persis-
tent organic pollutants) 2 =111 g)o} (Kemmleina
et al., 2003).

> 2004 89 159 HE| PBDES i A
penta-BDE, octa-BDE 2% sl AFg 2 Hvj3-
A5 AFHL, e Aol A e 3}
A Aldstar sloh webs, dA ks el
449 4 9 g3 A 2x TBBPAZ & 4
Stk =ellA TBBPA:= 7FAAIE, 221714, A%
N H A Z=taE el Z4Em, Azt
4=g2ko] 20039 7]Fo= 30,000E0} H} A
Al BgshdadA 48] 46,0005 wFo]
W Bg3} edAle] 65% A =7} TBBPAY S o
AUk FRHAE dAez s A
7ke] o} mfelr] TBBPAZF & o] B
=gl om (Thomsen et al., 20023, b), 2 A=A <
3|4 wjFo) International Programme on Chemical
Safety 2} World Health Organizationol| A= TBBPA
o EAATE g vt ok 2 A3 g4,
554, A 52l 712 dTelr= TBBPA
bR Aoz waEgont H2 Jde) A7
Azhs-e TBBPAS) A4 7 414 3 W54
7PsAE& AAIE 9lek(Canes et al., 2005). oz}
A, TBBPAS] F2A7]of W3t SAJod3F 7} 9l =}

B 4

I
5
Jo}. =), shete el ejgh =4
2% A< akshiolAA el TBBPA

3}k ulo] A A) (antioxidant defense system):= %]
wae] askEAdn Gastase A= A5
HEAE FE3hAR ApAre] A ez
glutathione (GSH)E- w]&3}e] vitamin C¢} E, biliru-
bin, hypotaurine 5-0] glen gAlsl& 44 = super-
oxide dismutase, GSH peroxdiase-1 (GPX-1)/GSH
reductase (GR), glutathione-S-transferase (GST), cata-
lase 02 FAFIH E3], GSHe GSHE 7|A =
o] §-3l:= GPX/GR, GST 52 3HAtshilei] 4]
A A]-S A1’} (Kim and Novak, 2007). =3+ GSH
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A 2=Z2ANAS Zu)jsl= ganma-glutamate-
cysteine ligase2] catalytic subunit (GCLC)2 Alk3}A
&4l o3 f=¥1 GSHO| FAHE A8
F 4 o]tk (Kim et al., 2004).

B oA glmAel BE3} Felzel TBBPA
=d 3gtE= o]gste] TBBPAZE =4 77|
oA ALsel A Aol wA: dske B}

Joieh. o5 91she] Ymo) 477 TBBPAS uHs

o3t 7He AFsE F 7oA GSHE w7l =3tk

spAksl 40 e 32 immunoblot analysiss
salo] Wrlelglon] mak ALE sede] 7|

2 GSH disulfide (GSSG)/GSH2] 143} malon-

dialdehyde(MDA)2] Wl3}2 =35},

o, o,

4

JERT

SAwdA Al ¢ Sprague-Dawley#] =% A

£ aE TES FHSER Rk elE

2] 83t Had 15 ojAte] &3

e AA AHEBIT 58S AR AV

= 23+3°C, A= 40~60%E 48t 150~
300Luxe] =2 12A17H4 woks zA43sl9lt)

2. Al o

TBBPA, GSH, NADPH, GR, Tris-HCI, thiobarbi-
turic acid, O-phthalaldehydes} 7]€} A|¢F-2 Sigma
Aldrich (St. Louis, MO)el|A] #3333}t Immuno-
blot analysis® ]38} 3 = GCLC, GR, glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) 1.2
I GPX-12] 3}Ad|= Lab frontier (Seoul, Korea)el|
Al FYsteiet. GST apha, mugl pi class A=
Detroit R& D (Detroit, MI)el| A 3] 8}91 o}

3. 3 F

ERL

Sprague-Dawley Al = (3}, 4)& F3ked
A7 F 2 2Rl A A F 18YE 2847 1Y
13] HbE- B8t F 58S RS 7|2 A7
B0]) ]3] TBBPA<2] NOAEL Zko] 250 mg/kg/day
2 37}= 9o} (Darnerud, 2003). ek NOAEL 3
& AEgHFgTLor AAIYoH, TS 500
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mg/kg/day, 77822 1,000mg/kg/day 2 T3}
o} == diethyl ether2 w}F A 7|2 27} A7)
slo] AZ2¥ 7o) 3u] £2ke] homogenizing buffer
AmMe] EDTAS 50mMe] TrisHCI-g =3 st=
0.154M KCI £}, pH 7.4) 5 7}5e] $21% ¥ 4°C,
10,000 geil 4] high speed centrifuge (Model J2,-MC,
Beckman Instruments Inc., California, USA) 2 20+
7 QST A5e Fshelch 4E5e 4°C,
104,000 ge|l A 1A]7F =<t ultracentrifuge (Model
L 80, Beckman Instruments Inc., California, USA) 2
=d4elsted 45NE Agich 452 oytoso
sample=. ¢]-8-3}m, cytosol sample A FHA|71A]
—70°C o|3}2 A== deep freezer (Model ULT-
1490, Revco., Asheville, NC)ol] B 3}o]c). gl
9] »xx= BCA™ Protein Assay Kit2 3] =43}
At

4. GSHe} MDA =X

GSHe} MDAE a7 914 oF 1go] 7+e 7t
7} ice-cold 1M perchloric acid === 1.15% KCI £
Hof| Al ) 3F3A ). Total GSHe} GSSGe| ek
GSH reductaseZ  ©]£-3t enzyme recycling ¥ -S-
A}+&-3193 ). Eppendorf tubesel] 0.3mM NADPH £-
o] 0.7mL, 6mM 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB) £ 0.1mL, 74 == GSH ZZ 0.2
mLe Zhele] & A F AbeelA 487 we
Q. vk-&lo] 12 unitsmL %=°] GSH reductase
2 bt & A F 4120mell N of 2%3F E%
x9] W3tz =A3}e] lineardt 127+ 7]27] W
shg Fotm APHo=RE GSHe Hxg A
393t} MDAX thiobarbituric acidz2 8= 33} 2
4712719} C18 WYL AT HPLCE Ahgsh
o =) 2 A3l (Kimetal., 2005).

5. Immunonlot anlalysis

g}Aksl & 4¢] immunoblot analysiss $], 7+
cytosol (loading A] 20 uge] protein) 10% sodium
dodecyl! sulfate-polyacrylamide gel electrophoresis=-
o] 88}l nitrocellulose membraneel] transfers}o]
0.05% Tween 20= =3}t phosphate buffered saline
(PBST)®l] 5% milk powderZ 3]4{3}e] blockings}
43}, Immunodetectiong- $]3] 12} 3A| 24| anti-
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GST apha(1:80,000, 5% milk= ¢l PBSTZ 3]
A]), anti-GST mu (1: 60,000, 5% milk= 391 PBST
2 3]4), anti-GST pi (1: 1,000, 5% milkS =
PBST= 3]4]), anti-GCLC (1: 9,000, 5% milk=
9l PBST= 3]4)), anti-GR (1: 2,000, 5% milk=
9] PBST= 3]4)), anti-GPX-1(1: 2,000, 5% milk=
=9l PBSTZ 3]4) 712]12 anti-GAPDH (1: 1,000,
5% milkg ¢l PBSTE 3]4)2 h-3-A|Zch Whg-
% PBST= washinggt ¥ 2x} 34| 4] horseradish
peroxidase (1: 10,000, 5% milk=S *=<¢] PBSTZ 3]
A)E A2elA 2417 g3t wEeA17]a ECL 8-
o7 WPAZel A2 chemiluminescenceE o]
43} “ChemiDoc XRS’ digital imaging systemo &
detectiond}¢d 2] densitometryE ©]-4-3F Quantity
One Software (Bio-Rad Laboratories) 0. & =) 2k3}1%]
o},

ol
=
-
=
hl

6. Sz

AR Abele] BAH 2ol andysisof variance
(ANOVA) % Dunnett'stest2. 7 Al =& Al

1. TBBPAJ} Fo{El HEO|AM Ab5lH

X|ZEe| H#H3al

TBBPA7} Ag]¥l =h=e] 7t A} GSH, GSSG,
GSSG/GSHe} DMAS] &eke =33leic)(Table
1). GSH: ¢fx o7 712 EX3} non-protein thiol
2 A ZAAH MM F== EA)3 GSHE 2A
A EA T vEaH o HhEdte] FE3A|Z W
Tt ohje} GSTe} GPX2] 7|A =AM aixo= 2
AAAREAT B44k4%S A7 8 (Lu, 2009).
53], 7ke] GSHE % GSHe| FHHde= 7]53)
o] 217 5 o2 A7) & 53 GSHE 37
ghoth(Lu, 2009). GPXe] 7"z ARg-He] Abstsl
GSH<l GSSG= GRell 2]3l] ghel=e] GSH= A
AEAY Az FA4E 7] 8 8 =5 &
%oz WA=t (Ly, 2009). AF3}A AR GSHE)
AR5 $7M7)a GSSG A S F7Hs stk
melA] GSSG/GSH:= Ashd &£41e] Az= AL
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Table 1. Hepatic total GSH, GSSG, GSSG/GSH and MDA levelsin rats treated with TBBPA

Control TBBPA TBBPA TBBPA

(250 mg/kg) (500 mg/kg) (1,000 mg/kg)

Total GSH (umol/g liver) 34+0.7 42+04 6.5+ 0.6** 41+0.9
GSSG (nmol/g liver) 45+10 54+18 59+5 42+10
GSSG/GSH (%) 1.38+0.17 1.30+0.36 0.93+0.02 1.06+0.07
MDA (nmol/g liver) 39.5+4.9 374+34 38.4+4.6 353+24

Rats were treated with TBBPA at the doses of 0, 250, 500 or 1,000 mg/kg for four weeks. Data are mean+ SD for three rats. **significantly
different from the animals treated with vehicle only at p<<0.01 (ANOVA followed by Dunnett’s multiple range test)

Ha glek 2 AgellM GSHe| g2 500mglkg
4-5F2] TBBPA®) 2J3f dlz<el w3l of 191%=
Z7}stelcl (Table 1). ¥bd GSSGe] =i £
gk TBBPAC| 93] diz div] ¢F 131%=
7kl ot folAde AR sk GSSG/
GSHE] v &2 txFeA] 1.38+0.17%% o
TBBPA2] Aol o3 o]l W3s BelA
ket AA e ks AlEA ST &
5] LAshy HELeAJAE=Z MDA, 4-hydroxynone-
nal, organic peroxides S-o] XA Et} o5 B
A3 S AR A os Be A
23le] A= ek A A AL YA ES
Wb 2o Amea BYelsted gt A
3 sedre gpdow wrgaln 2@ by
4] 9o} &3] thiobarbituric acide} |27 spec-
trophotometers o]£3led MDAE =A &= ubs
> adehydes 55 wW|R3 o EA 7oz
] A&Aol #4171 315k (Volpi and Tarugi, 1998).
JFo| A= MDA} thiobarbituric acide] v
AES Cl8 Z¥e] Aad HPLC= Ee|3tx ¥
A&7z AEdezxa LS Hassidt A
723} TBBPA2] A& 7oA MDA?S] zxo
W3ls s Atk B AdAAE A &
Abo] 2):#9] GSSGIGSH 7183 MDA®] sx7} 4
F7} wtE-Eolxl TBBPAC] 93 oJ3kg whx] ¢k
onf webr] AbsHA 43S TBBPAC] 23] A
347 9kgke-g Atk

>

o o o rig 2 r

2. TBBPAY} F0{El B}HEA Tit

W st

o
ol
>
o

TBBPAZS A2]8 = 7t cytosolol| A FFAkE}
&40 W 3lE Bt (Figs. 1, 2). Immuno-

blot analysisol| 4] whulze] |oading control 2 A}-&-
g GAPDH: TBBPA2] Xe]of od3ka 4] st
o} (Fig. 1A). GSTs:= 2 zF 2o w3shy 2
AAAEAT} GSHe Zamtee w/s el o}
Yz} FAks4=4, organic peroxidesl] o 3t selenium-
independent peroxidase &A1-2- 7}x|= Akl &4
o]} (Sun et al., 1996; Ketterer, 1998; Townsend and
Tew, 2003; Casalino et al., 2007). €3], apha-class
GST2} mu-class GSTE Ztel|A] & 3l= o3¢l
GSTz 7rlA sl a3} Byl Fe3 o
& 33t} Cytosole| Za)3}= GSTs:= homo-
= heterodimeric £42 Z2)3} 7l A] alpha
class GSTA1L, A2, 78]3 A3 subunit 283 mu-
classGSTM 13} M27} = -3 sk} (Mannervik et
al., 1985). = Algoj|x] TBBPA o= mu class
GSTe] 3l wsts fEskA] % 3ok (Fig.
1B). ¥ alphaclassqel GSTAL2¢} GST3/52] Wt
e 500mgkg &=ko =z E|¥ TBBPAC] <]
felg oz zkaseld(Fig. 1C, 1D). eixte] 7hs
ZHbol| A W= pi-class GSTE & A doA] 7
Z3H7 elsloler TBBPA Azldl fJsir= HZE
%] kot (datanot shown). o] Az}= TBBPA~Z}
GST isoformel] Aelx o=z Wawsls 413e
A|AFgte) sk 71e] =2 GST+ alphaclass GST
o) Frat TBBPAZH WAAYEAS) EFurs o
peroxidese] F53158& AstA 7S A4}
gt

Gamma-glutamate-cysteine ligase (GCLC)+= GSH
AP £=AADAE So)she aoe D4
< 7}X|= heavy subunit, & GCLC%} zA7]|%%
7}A+= light subunite 2 T4 %o} (Lu, 1999; Servid-
dioet al., 2004). GCLC2] W&l ALs}A] £=a)of 9]
3 fF=Ew o] AN AEH AEH A HS3)
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Fig. 1. Hepatic expression of GAPDH, GST mu and GST aphain rats treated with TBBPA. Rats were treated with TBBPA
at the doses of 0, 250, 500 or 1,000 mg/kg for four weeks. Expression levels are expressed as percentage of control
rats treated with vehicle only. Data are mean+ SD for three rats. *,**significantly different from the animals treated
with vehicle only at p< 0.05 or p< 0.01, respectively (ANOVA followed by Dunnett’s multiple range test).

7] $18k Fa3t A olct. AbstA AEH 2o o3
GCLC?] s =7}1= NF-E2-related factor2, AP-1
2 AARIALe 711k (Kim et al., 2008). 2 <
TolA] GCLCe] 3l TBBPA®] oJ3ks ] ¢
ket (Fig. 2A). webr] TBBPAS] 2]t GSH A4
AAYFAE wilse GCLCO] Wtz Ad 4
At

GPX/GR& #}Ak3}4 5 peroxided] 5312
uj7fels AN ELZ peroxideE FAA7|E= A
o4 48 GSSGE NADPHZRE §415 A
FHH= GRell 98 T4 GSH= #HdElo). wehn

GPX ¢} GRe| W3h= Abshy AE2of widh A
2o A3dE AAs= F23 2409 (Sun et
al., 2009). TBBPA®] xj&]&= 500 mg/kg -4-aFl A
GRe| W& dj=79] oF 79% F o= FHAAIF
o &35 1,000mgkgez ZF7HAIA 75 £-2
Aoz GRe W] 7+43}d)(Fig. 2B). GPX:
selenocysteines 43591l =33t glom At
Shpae]ol] wreFst F-x2] hydroperoxides =3}
A)ZIe} (Ursini et al., 1995; Brigelius-Flohe, 1999).
2742 4714 isoforme] WAE o T ZFo
A GPX-1Z A= el de] x5l HAs A
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Rl s ———— | = vl 2oz AAsle] ubsAlo] AFat kst
o | 20 [ 50 [ 100 AEA<l hydroxyl radical 52 AAS oA g}
T =3 5 AHE el Fod s} mae
= 1201 B 715] 9]} (Takebe et al., 2002). TBBPAS] A z|=
£ 1009 500 mg/kg 87l A f-olx o=z GPX-19] Wil
5 80 ZH2 A3 (Fig. 2C). o] AFel|A] TBBPAS] Az
ejl 60 7} GPX/GRS £3} peroxide®] T-=31528 74
Q40 AZ& AlAFEIEL
QO
204
0.
0 250 500 1,000 zd =
TBBPA (mg/kg) = =

140
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Fig. 2. Hepatic expression of GCLC, GR and GPX-1in rats
treated with TBBPA. Rats were treated with TBBPA
at the doses of 0, 250, 500 or 1,000 mg/kg for four
weeks. Expression levels are expressed as percent-
age of control rats treated with vehicle only. Data
are mean= SD for three rats. *significantly different
from the animals treated with vehicle only at p<
0.05 (ANOVA followed by Dunnett’s multiple range
test).

TBBPAE: =X oz Algo] ZA|HAAY} A

17 9]+ PBBs, PBDEs¢} 22| Alvjd o= =
°l W ez BuHET gin T2y I o

°d-? 5 TBBPAS) 1% 7k, *M} E
A5AE Zﬂ’\lffb— At B AFelME Bgs
o3 A (brom| nated flame retardants) 2 3+ 9] 6}71]
TBBPAS wHEHoz 4%7 Ad H=9 el
A Sakshtel A A o] WEks dEsilet AP AT
47718 ulEx]g)= 7he|A] MDA, GSSG/GSH2)
v&S Z7HA71A] gskem Wi totd GSHE
=% 500mglkg &FellA Felxes Frskalth
GSHe| A3} diatel] Fefsh= &4o] W33}
= 97}3t A7} GST Zoj|A] aphaclass GST, GR/
GPX-1¢] Wo] frojxjoz zhasiget o A3}
= TBBPAS] #2]7} o3 &aks} o] wale
A Aoz A EA gk A 2]
S S/ 2 22 AARH
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ZAre 2

2 QT 20084 % A FFERAR H4E
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