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il BE BN IE 8 A L02 AR ABERY 5@ it 40 AT 2 56 5 TR A8 G 2 TG PEAU(ROS) % i . DNA 5453 S At g 1~ 45 4%
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Abstract; Tetrabromobisphenol A (TBBPA) has become one of the most widely used brominated flame retardants.
During the production, application and waste disposal of materials containing TBBPA, TBBPA can enter the envi-
ronment through several ways, and result in the persistent organic pollution, which is harmful to the ecosystem and
human health. In order to explore the potentially toxic effects of TBBPA on human health, L02 selected as model
cells were exposed to TBBPA, and their morphology, survival rate, intracellular reactive oxygen species (ROS) con-

tent, DNA damage and apoptosis levels were detected. The results showed that the cellular morphology was
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changed, the survival rate was reduced significantly by TBBPA at the exposed concentration more than 10 pmol-

L™". And the trailing phenomenon of cell comet experiment was significantly enhanced. The intracellular ROS con-
tent, malondialdehyde (MDA) content and the ratio of oxidized/reduced glutathione (GSSG/GSH) increased with
the concentration of TBBPA in well dose-dependent manner. The intracellular ROS content, MDA content and

GSSG/GSH ratio increased by 3.1, 3.3 and 7.5 times, respectively, at the exposed concentration of 40 wmol-L™".

The apoptosis rate increased by 3.2 and 4.8 times at the exposed concentration of 20 wmol-L™" and 40 wmol-L™,

respectively. It is speculated that the increase of TBBPA concentration induce the increase of ROS level which en-

hanced the DNA damage and eventually leaded to the increase of apoptosis rate. The results presented in this study

will provide basic data for evaluating the toxic effects and health risk of TBBPA.

Keywords: TBBPA; human normal hepatocytes; oxidative stress; apoptosis

DU A(TBBPA )2 H Hif ™ it fie K A IR & FH
BAFR , H T R AT A BELAAR | Tt Rk BRSO AL, T2 N
TGS, MR R R E SRR g
T A, TBBPA A B IE sk FEARIA B i 1, [ e
AT LAB 1 38 0 A b4 R R Be™ . TBBPA W] 43 R U
TINALFN RN H 2 Fh2EHS Hoh s in BRI BT i 1k
S DR I R SR RS i A R R A BEL
BRLY , I A5 e U S MRS & X s &
J7 A AR, (AR R A 1Y TBBPA & B
RIS, 7R TBBPA (1977 5 AR 7 il FH %
J 2 T M SR B B e A A B A R
TBBPA il i) 15 & | & 3% % ik 2 i A3 5, TBBPA
HEAREE G FEAN A 22 AT ek, R
AR KRR K E R TR g 3
TBBPA 15 4RI AHGE . Yu Al Hu® 7 by )3
H 37T 4+ 3 I fS TBBPA WEE N 1.4 ~ 1.8 pg
g \(THE), SIESESIIR A, R T E B £
HeRE A TBBPA MR JE 1 (25.2+2.7) ng- g™’
Oberg S5M7E 22 4b FI T B /K DR HE Y 3P 116
ANTGURRE S I 5E Y TBBPA B & F7E 220 ng-g '3
Rl PN 5 T 32 4 L I 9 RT3t o - 18 v TBBPA 15
YLK, oMk B ik 780 ng-g7' . HLF R IR
W A5 TBBPA R I W v T4 I 48 (0 5 0
BTl DX A S5 G KPR Y 2 W L [l
Tl 37 i 2 3 26 1 [X. TBBPA 1y 3 8ok JEF .k
FREE TBBPA (175 LRI AT 1R 2 i , Watanabe
2011983 4EAE H A Neya 1] A K6 H T TBB-
PA, AR 1.8 ~20 ng-g '(TH), Chu SF"E
TSR FE KA B A th TBBPA % i, Hlw
FEl A 2.1 ~28.3 ng-g ' (T #); Saint-Louis il Pelle-
tier™ M %E T N4 K Saint Lawrence Ji[Ji&J¢ ' TBBPA
T, M 300 ng- g (FHE), FEHEL, BR T AL

SN, HA K R ARSI 2 /) TBBPA ) %35 <10 ng
L7 EVAL RIS K R TBBPA Y B #5 f , 2eRAs
W/KFEh TBBPA & £ fie fmi , 8 5 T IR /K B Y 4>
BT KA T TBBPA 2R I8 T vy 777
(R LE P2 R Al . Takigami 256NN 5 T 78 H AL 8
SRR 2 NENKALFEA, o TBBPA & 43l
449 ng-g”' M52 ng-g”' , EHNESH ) TBBPA 4
HH12 ~20 pg-m>F18 ~10 pg-m™ , FHIA I H 4>
G895 pg-m” M 7.1 pg-m”, TEHE TG —A4
FL 2 40 T Aol 56 I 38 19 TBBPA. 19 ¥R J3 1 34 {EL
4 82 850 pg-mP! Yu F1 Hu®' & T M P [ —A4>
IVAZERTEEAL MR E RN B 4 A KR,
TBBPA #1247 18.9 ~39.6 ug-g™' . TBBPA &%}/
Yok it B MG % . Herzke 55U SRAE 31T T #0 L 6 Fh
AP 528 1Y 5 28 v LA BELAR R0 9 vk B2 KO-, 8 A
FE i R TBBPA H 5 290 13 pg-g ™ (I H);
Law S50 1 e [ ) 68 NI K 1D A i, I
H 18 ANFE S G HE ) TBBPA M 6 ~35 ng-g ™
(), fxit AMAP] TBBPA & AU IE F B4
FEREZLAN MR FE A, Shi S5 Ar 1 rp [ 24 41 B
FURE SR IRE S Ho ) A R FIZK P TBBPA
FRISF-24 B i 43 0k 263 194 1738 pg-g ' (TR ), B
F.vh TBBPA &+ 4 5 124 pg-g ' (I5E), %2 )Li#
7L A H TBBPA [ A &8 320 ~ 37 240 pg-
kg™, 5 094 pg-keg ™ (KR HE), A H %A TBB-
PA [ F-FIE N 256 pg-kg ' (IRHE), S~ fod A
A TBBPA (1) 2R,

TBBPA n] it B2 k42 i | IoF 5 R £ 550 12
ANAEPIFNKP  TBBPA Xt A= 914 AR 58 A 75 1 %
ANE B T3 I W o B VU B K6 O 2o o | o
Bk B R, ST R, TBBPA 78 E 4 RN &L
200 i PR s o A P R I T R R R
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PEM S W TR AT R W], TBBPA 2 ME %75 3 h
S/ Y2 3h 17 ,0.1 mg-kg™' A1 S mg kg™
FI A AL B v AR LT B 2H A T 8 ) R A T
FPT | WFFEFEM, 24 TBBPA ¥ #<1.5 wmol - L™
i, S BT fa 2, P O A SR RT3
RN, {HJE TBBPA X A T 25 M A AF 52 i HL
AJE X TBBPA YA 2 P 438 41 24 A B, R Xt
HRT LRI EAT BARDESE . 5300, R AR 322
PN B B, T LAGE I 22 A il 1 A g 1 Xof
HEAMRPY B SN REE P AT BR . 898 TBBPA
{18 B X PP 6 A A i o 1) 2 Ak HL A -
SYEERE X,

FEABFFE T, F 102 20 AR A A2 PRASE I R A 5
TBBPA -4t 25 P | IF 9815 4 i 4 7% 1 0 (ROS)
AR 20 ML DNA 505 R0 20 MR T AR Ak B
TBBPA X} 102 4l Jfd 1% 41 it =5 14 4 B AR SC AL,
PE—2E 4 98 T TBBPA # VR 5% 94538k, IF 4 #H 2%
IR FR L 2R S

1 ## 57 % (Materials and methods)
1.1 LO02 4ifi KI5

NARHT40 Mg HL-7702 (1L02) 40 il 2 Wy [ = B
2B B A0 PR 2R R B SR Wy D b O (BT R D
1.2 LO2 20 it S Foi ik #

OGTESCIU) 240 A, 35 % v O R A4 it %8 R 38 3
70% ~80% , IR 2z vh 7 W (PBS) VR A 4H it 2 1K,
THALJE A DMEM 3555 3141 155 20 B2, KU i
TR 6 fLiirh, BfLINA 2 mL,7E 37 C 5%
CO, M FI5F% 15 h, 7% LIH W, FH PBS PR
2 W, IMAEA 5,10 .20 F140 wmol-L™" TBBPA 1
BEFE B T an 528 s N REZH 75 0.1% 1 2
TA(DMSO) 58 4 3 37 4k, B W FE ik 3 P47,
1£37 °C 5% CO, FIFHE 48 h )5, B HAR I £
FeHE, JH PBS 18 UE R AHME 2 IR,

1.3 102 4tk

A B oAb B[R] 1.2 43, 7 B AR B RBE
(IX71-F22RC,OLYMPUS, H A)(200 x) F M 2%, It
E{SDiicH
1.4 102 20 i Sy

oth 3 200 O ¥ Ak BRI 1.2 343, n A 2.5.5.10 .
20 .40 .80 .100 #1200 wmol-L™"' i) TBBPA #47/HHif
SCG L TE 37 °C 5% CO, MYZF T 4kek i 37 24 48
FI72 h, HFLIIA 20 WL MTT (5 g-L7"), 4k &L

£ 4 h, 5L B, mEAFLEMA 170 pL DM-
SO, £ 37 C &% 15 min, F B #x 1% (EIx808,
BIOTEK, 3% [&) 6 I %5 4~ FL7E 490 nm &b MO BEAE
(OD), 48X (1) T+ 4 B AR XS J7
RAC=(OD; ~OD 2 }(OD 4y ~OD .- )X 100% (1)

A . RAC 41 MIAH XF 16 77(% ) 5 OD e S 52 505 21 T
JEHEAH ; OD o R IR 2R WG FE AR 5 OD S % BEZH
WO RETH
1.5 102 4t ff P S Ak I SR B 1 0

AN SE AL B S IR 1.2 384y, £ 37 °C 5%
CO, FWFHE 12 h J5 , X AuMEaEA T i L T IS B 1 150
.1 200 remin™ B0 5 min, 725 EIER, W
21 0 s R AE T JC 1L T 8% 37 O B ) DCFH-DA
W 7E 37 CANMEIEFRAA NI E 15 min, HEHFI 40
Feor i, R I Al AR ROS, W& I K R
488 nm, K G KK 525 nm, {#FRE L S0 E
TRF BT (MDA & i, K AN A 7R B 0
B B R, AR DB RO I MDA, FAE A
ELDE RS K T ORI 30 min J5, #E1T 0K
B LA 532 nm 1 600 nm #WGBE W4 40
JiFFH PBS Vi 2 K. 4ot EE TR B T &2
412 nm, M= 7E 412 nm 4 30 s A1 150 s (0% G R
(A1 FI A2), -l bR 2R, ), R i IO
JEGIAFREZE A, 155 0.1 g 4HMIFE i TPk i
RIZ B H IR(GSH) B A LA B H R(GSSGYI 5
1.6 LO02 ZHffi DNA #5453 i &

A FAL PRSI 1.2 34y, B AR s Ak T
TSI, 1 200 remin™ B0 5 min, 75 |
THI, PBS BRI 2 W, Bl A i AT 2 i
Ve BRI R BT AR 4 CRYBME R TR, S
HLPK i PL, 35 3¢ Fr, 280 W 7 R (Eclipse 801, NI-
KON, HAY) T 1B (% & B K 530 nm, ML
£:>630 nm), H CASP EI1& 53 M 4 53 b7 & 2 K]
1% A S2E R R #B DNA 1 43 & (Tail DNAY% )fE
Shy o e Al R L AR R R
1.7 LO2 4HAEIE =437

AN AE AL B S R 1.2 3B 4% W40 i Ak 0T
FEB O IAE 1200 r-min” B0 5 min, JH L0
OSSR AE B O v, B0 R 3R 25 BT G A B
PBS, H 24, RO F LW A A S L 1Y
FITC-Annexin V } PI %43, il T RSG5 ~ 10
min, 7E 1 h P O = 48 Jf S0 A7 A DU, &5 SR fe 11
FACSDiva 4.1 445347 .
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AL TR R 1 R R TP 8 A R
2 W8 2, BHE S0 1t o B R A AL B OF 2
SPSS18.0(SPSS, Chicago, IL, USA), Gt/ #7172
777243 MT (analysis of variance, ANOVA), %K} H
Origin 8.0 #{4:(OriginLab, Northampton, MA, USA),
L F KR P<0.05 Fl P<0.01 S B2,

2 Z55 (Results)
2.1 TBBPA XJZifIE 2550

TBBPA 43 L02 4ififd 48 h J5 HIE &4k an
1 i, B ATHL IEH L02 4Hudis £, i A
AL R B4, L02 41 A BA R IFRIE,
I HINGAE MW A 52, TBBPA 4b3H 48 h )5,
EXFREAA L, 5 wmol - L™ FHH 2 L02 40 il &R
NEILSF A4, B TBBPA Wk RIS N,
L02 4Ry 5k HAg 42k SET- gk it £ |, 40
TR, - HLICHS o0 20 M0 1) 728 i | A8 /N1 A
B, 49 EEIAF] 10 wmol- L™ I, L02 4 % i %
UL AR BEAARFRAR /N 5 20 A B AR
THS 75 40 pmol - L' 5 417455 48 h J& , LSS
AR, I ELWGRE A P 25 8 F e -, W BE 40 sk 2D
TR PR 0 B O 5 A R R B ARG, X R
Y, TBBPA Xt L02 T4 54 dit:,

DMSO

Control 5 pmol-L™!

10 pmol-L! 20 pmol-L~! 40 pmol-L!

1 L02 HpamEsE
11 : DMSO 7R — I BE IV VAT 4
Fig. 1 Morphological changes of L02 cells
Note: DMSO means dimethyl sulfoxide solvent control.

2.2 TBBPA X 4175 J1 6952

T WF5E TBBPA X LO2 4 Jifd 1% 4 1) 52 i, FH
ANTA]5 5 A TBBPA Ab3H L02 40 fitd 24 48 172 h
J& , MTT 200 5 4 i A7 05 %, an il 2 iR, B &
TBBPA 7 12 Fl 38 B (B A 34 1, L0241 A 36 7 FAIG

2 BE ARl TBBPA ¥ i 5.10,20,40,80,100
F1200 wmol-L™" A ,48 h % & fiff 40 3% 71 vk BE AR
##7  E FRAR(P<0.05),, WK 2.5 wmol - L™ A
R ER AT, YR EE T 5.10.20 F140
pumol-L™" TBBPA 48 h J& , WLEFI| B ik i i i sE T (&
2). TBBPA ¥4 40HUTE J1 53 IR 2 82.2% +1.05% |
80.7% +0.63% 723% +0.89% 1 57.5% +0.79% , 45
U, TBBPA fEMS I E FEAIX LO2 41L& 1,

b2 [ J24h

1.0p 72 h

Ed

0.8}

0.6}

0.4f

AL/ %%
Cell viability rate/%

0.2}

0.0—==0"D 25 5

10 20 40 80 100 200
TBBPA/(umol-L-")

2 2.5~200 pmol-L™' MUiZXNFE A(TBBPA) &5
24 .48 #0172 h j5%F L02 40 A 5E A 5 0
T B RN A {E AR R 22 n=6 ;D 3/ DMSO 5% B4 ;
* P<0.05 ** P <0.01,5 DMSO XfIRAIAH .,
Fig. 2 Effects of 2.5 ~200 pmol-L™" tetrabromobisphenol
A (TBBPA) on the proliferation of the LO2 cell after
24, 48 and 72 h exposure
Note: All data were expressed as mean+S.E.M, n=6; D represents
DMSO solvent control; * P<0.05, * * P<0.01,
compared with DMSO control.

2.3 TBBPA X2 i PN S A0 R 33 ) 5 e

TEAR S8 v 3d 3 28 G #R 1 DCFH-DA i Ul
LO2 4N Y ROS K-, 45 - an &l 3 i, & 3
W E BB S 2 78 DCF 1 9¢ Y65 B, I e 4 Jf Y
ROS W& FE , 9\l 2= 7= X 7 40 i i %5 &t . TBBPA
Ab3E 02 M 12 h SIS ROS ¥ FE 52 71 5 O
PERE I, W& 4 Fras,5.10.20 il 40 wmol - L™
TBBPA Kb g N ROS #& 5 DMSO X IR £ 4
JOAH EE , 435048 i 2= DMSO X} BEZH Y 1.26 £%.1.63
% 251 f5M13.07 £%, 5 wmol-L™" TBBPA &4
ROS %5 DMSO X MR Z & A B EMHER,
20 wmol-L™' 140 pmol-L™" TBBPA # &4+ ROS
g5 DMSO X BRAH b 22 57 il 25 (P<0.05), B
# TBBPA FIHE I, ROS AYF= B3N, E7iE )
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816F 822F 769
600
600 600} ]
I M4 ' M4
I 6.84% | M4 400} 9.46%
400 400 7 51
200} 200} 200}
0 L A o O L AL L 0 1 A 'Y
10¢ 105 10° 107 10 104 10° 100 107 108! 10%3 10 10° 107 108
Control DMSO 5 pmol-L™!
476
536} 642[
400F
400} } 300
M4
300 12.27% 300F 400 M4
» 3000 23.03%
200} 200]
100} 100F 100}
0 - * O . 4. 10 5 6 7 t 8. I-J
13 4 8 12135 12 4 6 8 10 121 lOo* 10° 10 10 10°
10 pmol-L-! 20 umol-L-! 40 pmol-L!

=3

XA S 7 L02 4HAaiE S (ROS) K F

Fig. 3 Analysis of reactive oxygen species (ROS) levels in L02 cells by flow cytometry

DCFZ¢ Yo J&
DCF fluorescence

0 D 5 10 20 40
TBBPA/(umol-L-')

B4 TBBPA Xf L02 42N # ROS 7k F#I#0T
TE B R S P L REIR 22 n=6;* P<0.05 * * P<O01,
5 DMSO X HE41A I
Fig. 4 Effects of TBBPA on cellular ROS level in L02 cells

Note: All data were expressed as mean+S.E.M, n=6;

* P<0.05, ** P<0.01, compared with DMSO control.

TBBPA n] Ja3 L02 £ fifd )™ A= K i) ROS, I 4
e ke AR

W# 1 iz~ , TBBPA S8 MDA & i 1,
5 DMSO %} fE41# L ,20 pmol - L™ 1 40 wmol - L™
TBBPA #5520 1 MDA & #5256 B2y 2.6 £%

33 £5(P<0.05), SE5 45 R KW TBBPA A 14 i
LO2 4 il ) MDA 7 12, 5 2040 Ak T S A0 D JCIR
A, WFE 1 PR, TBBPA 51N F GSH
FEfEL, 5 DMSO Xf FE41 4 EE,20 pmol - L™ FlI
40 wmol - L' TBBPA Z& #5411 GSH % &k =
DMSO X BRZ 1) 0.38% 1 0.29% (P<0.05), XM,
TBBPA AJ F:%( L02 4 it N GSH % & [ {1\ ; TBBPA
T2 GSSG K- WETHE . 5 DMSO X BZAH I,
20 wmol - L™" il 40 wmol - L™' TBBPA #t 7% 41 1Y
GSSG & T i DMSO X BE41 1Y 1.89 15 F11 2.18
f5(P<0.05), X F M, TBBPA ] 2 L02 40 ¢
FALRE TR,
2.4 TBBPA X} DNA #i{J; B350

DNA FZAFfE TR Y i VB R A
MR R AT e E B 717 T
SRR AR DNA 204 A X & AR A S5 F8 b
KA 43 BT DNA $0FERE , 48 5,10 .20 F140 pwmol
-L™' TBBPA 4bFRJ5 , & B 3L &5 DNA 4345 (A% &
9K 91.8% £0.25% .89.7% £0.43% .82.6% +
1.09% F1 69 4% +3.37% (&1 5 F1E 6), B DNA 43
A AR B 23 N 8 2% +0.25% 10.3% +0.43% |
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PLINN O P16 &

17 4% +1.09% F1 30.6% +3.37% (& 5 FEl 6), WE
TBBPA ¥ & 3 N, £ 2 335 DNA 5 2 B B BEAIK,
FE# DNA #8300, 40 pmol- L™ TBBPA 4bF 4]
YL )2 #B DNA (Y AH X &t & DMSO X FZH 1 6.5
i, X FW B TBBPA W RN, 1 R L4 /&
JIEH {2 DNA 5 52 B 2 M b it
2.5 TBBPA XJ 21 L8 1= (52

A 20 M R 3@ 3 Annexin V/PI B8 54T
TBBPA X} L02 4 T sz i, & 7 Hpif =X & ik
IR AR I V(Annexin VB GEA5EG IR EE I\
WEER PI LG 9¢ YE58 . Annexin V BHE: H PI
Bt R~ e A T 40 i, Annexin V BH4% H. PI FH
PERIR R M oA, o A 45 2R U, TBB-
PA ] LAMR BE AR PR M 175 LO2 4f At 4 T (P<0.05)
(F1'8), LO2 #ii Jifg 43 ) 48 5.10.20 Al 40 pmol - L™
TBBPA 4b#H 48 h Ji5 4 i 4 - %53 58 12.63%
15.11% .30.69% F142.88% , TEALHL 25 X R4
H1 DMSO X I8 41 2 B8] W 52 21 G2 11 2 18 35 1 (P<
0.05), 4niEl 8 Fiw, MMM T %% TBBPA ¥ FEE 1)
R nmig i, 5 DMSO X} HR41AH H,20 wmol - L™ Al
40 wmol-L™" TBBPA AbHiZH 408 TR 43 5138 fin T
321548 1% 755 L02 A A JH T BRI 5

3 1118 ( Discussion)

JEF I 2 AR 32 22 1 A RN i g 28 1, AT U
Z P %) L, KR AR PN 1 S5 5 PR ) o R A T
B, BEEH 9 TBBPA il i £ Fp ik 72 E A AR
J& , FEERE AR 82 388 him P ) 4 Qi 67 $E I X A A4
JERE A0 . AT B 45 2R 7k, TBBPA il L02
YU FE , 50T R4 LR, B %5 TBBPA ¥ i 9 3
fin,L02 4 ks e B s/ SET gk s 2, 4
WS AS | A B AAFR AR /)N | 58 il AR i, e 2 Y 2K 5 I
BEA M /D, 5 T B A 25 . MTT SEgnsh R

7, TBBPA fgAN[a] 72 B2 i B I LO2 4 e i) 7% 4 , X
L02 40 il Bk, TBBPA I LA vk BE AR M Pk Hiigs 5
LO2 40T, Tada %" W55 %], TBBPA AbFH
/0N B T A0 B O TR B I R T R4, Nakaga-
wa ZVESE T TBBPA X JEAC K BRI 40 i % 1, &
PR TBBPA 1 L7554 M 03 732 177 s i - D e a4 .

~ » » N

: v y
SIS G S N
SR &
6% D » ®
Bs5 ZEXWMIERA (200x)
Fig. 5 Photographs of Comet assay by
fluorescence microscopy (200x)
1207 \ N
g /EFDNA SABDNA .
100 Tail DNA Head DNA *
inalnalaal .
o< 80r .
=
« g 60f )
P
o 40k
20F
0
0 D 5 10 20 40

TBBPA/(umol-L™)

Eo6 ZMAELEFIEES DNA XS E
TE B RR A P e bRk iR 2 n=6;* P<0.05
*% P<0.01, 5 DMSO Xt JR4IH L,
Fig. 6 Relative content of DNA in the head and tail of cells
Note: All data were expressed as mean+S.E.M, n=6; * P<0.05,

** P<0.01, compared with DMSO control.

F1 LO2ARAHEE(MDA) EEESHEK(GSH) ML EASBHEK (GSSH) &=

Table 1

Contents of malondialdehyde (MDA), reduced glutathione (GSH) and

oxidized glutathione (GSSH) in LO2 cells

DMSO(0.1%) 5 wmol-L™' TBBPA

10 wmol-L™" TBBPA 20 pmol-L™' TBBPA 40 wmol-L™' TBBPA

MDA /(nmol-mg™") 103220071 140320079
GSH/(pg-mL™") 22113489 189.99+102
GSSG/(ug-mL™") 150.98+6.6 1887113 4

1.972+0.254 2.619+0275* 3.298+0.726*
127.18+11.6 8491+162%* 63.65+£9.6*
23721+138 28571+123* 328.82x17.6*

T BE LR N EBE PR IETR 22 5% P<0.05 . * * P<0.01,5 DMSO X} FRZAH L .
Note: All data were expressed as mean+S.E.M; * P<0.05, * * P<0.01, compared with DMSO control.
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The percentage of cell apoptosis/%

TBBPA %72 1l 75 5 Kk 5/)N i 00kE 41 i 0 Fn K BR g
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