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Abstract; The widespread production and use of brominated flame retardants (BFRs) can cause ecological and
health risks. BFRs have been commonly detected in environmental media and organisms. BFRs and their metabo-
lites may induce neurotoxicity, genotoxicity, developmental toxicity and endocrine disrupting effects. Hence, more
attention should be paid on the environmental and health risks of BFRs. Computational toxicology has been applied

as an effective and economic method to analyze the microscopic mechanisms. The molecular mechanisms of toxici-
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ty for BFRs have been studied by computational toxicology. On the one hand, computational toxicology, as a vi-

brant analytical method, has been used to give a theoretical study on the environmental behavior and fate of BFRs.

On the other hand, it also has been applied to illustrate the toxicity mechanisms of BFRs and their metabolites. The

techniques of computational toxicology include Analogue Markov Chain Monte Carlo (AMCMC), the quantum

chemistry calculation, molecular docking, molecular dynamics (MD) simulation and quantitative structure-activity

relationship (QSAR) model, etc. Based on reviewing relevant researches, it was found that the environmental be-

havior and toxic effects of BFRs were correlated to their structures. The ecological and health risks of BFRs were

evaluated to better understand the toxicity mechanisms and provide the development prospects of BFRs.

Keywords: brominated flame retardants (BFRs); toxicological effect; computational toxicology; risk assessment
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A ST o (8] A0 A BAE F T8 7 15 QL ) i
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Fig. 1 Environmental behavior and toxic effect of

brominated flame retardants (BFRs)

1 IRE4725 ( Environmental behavior)
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PR, TRIE T4 H 8 £ PBDEs H 2K 3R 1 [ I 17 e b
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Fig. 2 Reaction pathway of BDE-15 with hydroxyl radicals

Note: modified after reference [38].
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AtomMRScore J& T ALogP 7y T i it 5 % %,
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pa 3 SRR FEEF KNG — HE R A, TR fk
SN
2.2 YR
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A% T MeO-PBDEs, HO-PBDEs H (1) 5 3L RE % 5
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fii, Butt Al Stapleton'' 3@ i 431 X} # #F 5¢ HO-PB-
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YEHT, % BT U 32 ) 50 ANz 8 5% i) HO-PBDESs
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2.3 HikSHEEN
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1 FE, Tan P58 i 4y F XHEE— B AR ST T R
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GG BEALE M GRET) . RBUCE S D,
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DLYR O 3 B0 i B¢ /0 1) BDE-47 iy {4, BDE-47 5
HSA 1 Ser202 F& E:[MJE 1l H 5, 55 HAth 2 KL 2 5%
JE Trp214 .Phe211 Leu347 £ Pha206 i i 5> T N1k
SEHERN AR R e F R i TR T B 1) 3
Jin,PBDEs 5 HSA 5RITE AL H 5 /5 14 BRI AR AL/
BEA AN AH 25— A~ 7 B 56 (BDE-47 il BDE-
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PBDEs 5 HSA $RFL45A 0 s AL, 1fii BDE-153
F5Z 6 MRIEFHUREAYR N, 5 HSA 3RS A0
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H (455 REREE 73 i g K

Cao 5PVl I 43 2 ) 2 B 5% & B0, IR
FRIE B R 2 52 0 HO-PBDEs 5 FUIR I 25 7 15 /%
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A (B 2 Ak 22 R KR ik FT HO-PBDEs) 5 TTR
25 G 2R T DA R 25 A RR BEXT TTR S5 M58 e P Y
s, DRI B fL 2R R X TTR (0455
SEFN T TAHRE () HO-PBDEs, i3t 4> F 3l 1 245
A — 2L AT 5 F R, TTR 5 PBDEs 14
S TR MR E PRI o, T RERE AR T DU SRR 1 4
PR B R RS S B e R B A
B AE 2 PBDEs U 7E TTR 59 HARBR 2 (T4) 7
MAEE A ER T
2.4 WERZIK

PBDEs KA 7™ 4 i 0 13017 sl 410 i A O 3
R ARG OF A F2 32 R (ARR)PY A de X 3z 4k
(PXR)P HUARBRIER 52 A (TR0 I R =2 Ak
(AR)P*“VHIMER R SZ IR (ER) I EN R INE S5 =
B2 41, PBDEs JRBEMS i i 1 F 141 56 1 2k 2
F, R R o W R0 . Li A58 2 43 7 Xt
AT R, SR 5 /K AH ELAF & PBDEs il AhR
A EEIR N 1, AN TR A S5 F RFAE 2 5% i PBDES
AT PR/ NEE TR I 5 AR 25425y, @ ad
AT AR R4S 5053 B (CoMSIA ) # 37, 3D-QSAR
KR B4 b A B T PBDEs [0 EEMEVE HIFLH, Gu
G5 IT 3D-QSAR A AUHF 5 & B, PBDEs 4B 3 Al
TR Ve Ry =1 B A s (A A L
AhR 5 PBDEs %54 3% 171, Zhang 2553 i 52
Ao Y 1 PCR 2 A I S I R 9 7 S AUF 5T, 1
£ 7 BDE-99 X BE &b AhR2 il PXR E A 5 %5
W), 330 3 43 F 30 1 2 4y T XHERFSE T BDE-99
5 AhR2 LBD W45 G, & I A B & BDE-99 5
AhR2 T HiHa e B A Sh A i S, 1t m-m HERLE
MIBE K AE ] 2 F4 %F BDE-9 5 PXR & & 45 #
)R

Li %P i) 43 F % 4% e 48 T HO-PBDEs X
ARAFFLR TR0 0 A5 S AN B A B A
FH #0488 4 H 2 52 ) HO-PBDEs 5 TRB-LBD
&6 . ST /> 7R R 4T, #57 QSAR 4
RIZEHE T HO-PBDEs 5 TRB-LBD [f] (A HAEF
Li %R AT CoMSIA Jrik it ot & 3, & i AR A
H 52 HO-PBDEs 5 TRB-LBD AH H.1E H 1Y 56
B Harju 250 1 255 KUK PEAL (FIRE) 74 41 i 25
PR IR AR A FH O 5/ — 3R vk sy T2 F
MEB R FEBUAE QIR 7R 1) QSAR 7Y IFAl
T BFRs 1Y N 43 W T L8 MR R sl 32, i 9R 3%

W TR A B8 et R 52 1) PBDES A A 18 % £
R FE AR A L] /5 57 B2 A AR 3 A IR TR AR A
PBDEs [ & B R s 8T, 5 AR 45 & e
JieEsR, TR R, il BRI & 8T BDE-
17 HA SR HER R A5 DU 1M 2,37 4,47 -P0BLER
K Hik(BDE-66) F H5 BT /E 55 . Li 4 °Y 3 i 2%
B T IRSR BRI & B, 22 PO [ 1R B R
() HO-PBDEs 5t i & 2 /& (ERo) 25 & SE M 1 47
S, PRI T AR AR &R LR HO-
PBDEs 5 ERa-LBD #9454 77 =058 e AN a], $fER
[) g PR AR A 2 3 3F 5% 1 HO-PBDESs 1443 1 K/ ik
1T AN [ P ) fE 38 3R T 800, IR 1R/ HO-
PBDEs =81 H i3 23 14 , 11 =5 1R & HO-PBDEs %
IR A R R A
2.5 RH

4> BFRs 235 MR 22 2 1 A0 9 4 O A 22 PRI
FeRS - R FEEOCE 15y X Bl T 2R
WF5% BDE-47 5 p53-DNA [8] 52 & ¥ (0 45 & A 5 F
MHEAEFH T, % B BDE-47 385 i 1Y - HEFH
YERI LAY RS I U454 p53-DNA, Wang 45 i
PRI 2t S il LRI B 1) e 28 B0 52 360 T B, LV BB AR ik
IREGWI(DE-T1) M 7] R eR L S g tah = 5
P2 B WA G JE K] (£218 , shha FI wntl) Fl1#f 2550
TEAS &8 AH G I 35 1 (B A B8 1k £ 11 MBP | 28 fith 2
F Ila SYN2a) 3R I8 1, i B B 5 £0 1R ity i) b 28
B, @ FREEE T DE-71 R FE R Y
547 4 40 o 2k K I (FGFS) il it 0 i A2 14
(HTRIB)WZ5 & fig, @it Hr s A B R R, 7K
O3 F AR TR O B S R AR I (R B i SRR 1 A
227 44°.5,6° FNTRIEJK i (BDE-154)5 FGF8 Z &
Yle) BAT = 4k A 8 /1, BDE-47 5 HTRIB £ 4
Yrlal st £ m-m A AUE - B AR A
AEEAEVER

3 RBEiESH (Risk assessment)

VAR BRI LAY BFRs (NI EFEALAT R
FBEPEAE ML 09 ZE 6l |, 455 BFRs X A= ¥4 1y
BEPEBCHE AV A T 2% 1 A DG 5T, AT PE AL BFRs 1Y
B (@R XS . 1T BFRs | iZ 0 T4 Fh BT
FAA IR, T A PEAlG BFRs 1Y PR35 AU, 25
A5 FHT I 2 A o DU 3k R T G ) 480 0 ) o PR K
i, 255 7% 1 BFRs L 57 AR G 5% 55 1 019 2
PERLONE DA 285 IR R IXURS: 2 A4 5 T 2R A7 42 T
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Ak K M PBDEs A9 & B X6 7K A A 0 1 AR 2
JRUBS: , 2R FH T £ TG 5% Wi ¥ 5 (PNIEC ) 1 BELJA 751 7K 44
W %) DRSS R P (RQ)X 8 [ S )T 1 A 2 XU i A 7
PEAG, & BRY5 7K b PBDESs X 53T Tl A i 75 7K HE
T H A B EIE(RQ:3.3 ~57) JKFE(RQ:3.6 ~62) il
J(RQ:3.8 ~ 65 FFAEA A M | [5] 0} A F§ PBDEs
(LR Wi 4 R EU(BCF)YE A B PR A B B 4R
AR AR (GA) B B R AR G TH B B A PP AL
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WFFE & B, AN B 563 K A B PBDESs 15 /8.
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)26 A~ RN T 37 32 i e 2 556 A B2 il i 4
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T E T BFRs A& S T Re A TS e W T it
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fb 2 FpREEEAR, BLAN, JE T 1 % 5 0 e XU
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BFRs"", [R] 76 A A A I 375 202 AEE A 2L 72220 o
K% PBDEs # TBBPA %5, ¢F BFRs 4> 4i i
W58 R B, HAE A T e B 43 A A7 7E W i i) b da 2
5o BN, TR AR R )\ R A i R R S
AR R e B A RO i X RN b 56 Ml XA AR e i 2
], BDE-47 7 18 K ) W Kz Hov 1 it A A I 8 e
JE L R ae v

AEIR I 2% 5 75 BFRs %t AR (14 5% i 2 i R
[, B ILIEATREMMEREARKAME T
SR B ARITRE 1 A5, TEEAR I IR BT 5 Y, AR
532 B BB AR ™ 3T LI S5 B
HAE I R sh 2 A B 2R 0T 5% & B, 16 A0 [R] PR 6%
L3 BN EL AT B e 01 R e T R AT
Toms ZF7°\iF 5% & $W, BFRs 7 JL 3 1K P B9 e B2 5 11
BN 4 ~ 5 A5, % )L A B 3 1l v 7 19 N s
IEAh  Martin 257 BRI, 1 ~ 3 % 2240 L Ez ik PB-
DEs Bk 2 i 5 ] ARk e V5 shipy nl #5232 1 i 46
KRB BRI EE KO 8 R 2 R B R

REFATHRAIIR R, AMKF T PBDEs 52
AT M R A7 DU | 3 A 46 A i A B |
BEPRI ™ W 28 R R A2 R P 43
THEIAE S BRI P % PBDEs 4334 in 2z 22 i)
[ IR FRAE 2 22 R0 | Gao ZEPOIFSY 2 B3 VS ML X
(L ZR RARBELBR 791 A A= 7 1X) B8 4 B 30 4 P i 375 v
PBDEs Wik & 5 4R F D sE(H &R = 4
DR R LS G U 3T & 0E AL 7 46 ) S22 30 1 A
Kk R, Hd,2,27,3,4,47 -1 R BK 2K fik (BDE-85) .,
BDE-153 22’ 34,4’ .5 6-L IR Bk (BDE-183) %>
AN IRPE I = B XU, , BDE-153 248 i By XU
BDE-28 23 iE AT YRTH] . %% 5% PBDEs FR I 520 4T
PRIA LM AR FE DI RE A1, 38 AT RE RGN 4 15 I iR L AR
XU . BE SR FLT A = Wk B W PBDEs Al B4
5% FACT % B RS AERY . Meijer 5PV TE 2012 4F
Kl 1 55 OyBEEAZE 35 JE I 75 #EAS T A PBDES
S, B EE M TR P2 B 55 B2 3 A H G 6 A
AEBEAR SRR S i, 9T 3 N H A 18 AN A I
BLSEAUARFR R 2R K B, WF5E & B, BDE-154 &
T A 43 D I ek it A ) i RV
BDE-154 X 18 1~ 1 55 B2 0 S ALARFR ™ A AN 52
Goodyer ZEPI 5T & B, 22 1038 1 W A 535 A 25 S
14345 1) PBDEs(BDE-99 .BDE-100 F1 BDE-154)%3
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HABAR SR A AT IR F B, BT AT 1+ BDE-
47 WS LEEE I R AR BT b PR
it TN 2 9 BT 354 38 28 L 43 (Apgar Score) 3¢
I, 7] 3038 AR = 0 ik L B & AP, Lin %A
Song %5 1o 55 7 )% BB ST R R T 5458 PB-
DEs 5 445 53 8% PR 95 (GDM) Fl G L e N & & IR 2%
(TUGR) AR SN , 1) FH AR (0 3- R % (GC-MS) Il <
T AT ORI R A Y I i35 P % PBDEs & JR] &
WIS K & & ¥ GC-MS 1Y 45 5 5 1 4 (4 R
GDM I TUGR FEH R AH Fe 4, % IR 5 #% T PBDEs
REAE T P02 L0 A P 4 280 W 1 4, 348 Jon 2 4T W 30 % PR
5 118 XS , TR] s i i 2 LA K & B IR 2%, 14 in &
TUGR [, He S50 3 28 955 1 X BEBIF 5% T Hp [
T s DX LR AR FR AR D 4L 4 ) PBDEs e 5
FLR R A A U TR DG 2R o DA TR A I ) g g S
BESRINE % Lo PR 7L 53 R W 4L 8L BB & 1 X R 3
I LRI ) 1 8 R [ U A AU A 3, 2 AR LR oA
() KB 55 PBDEs S K 22 % 7] 22 9y 114 v B ) 47 75 1
FHIEOEF . Deodati 555438 1o i A7 %% WF 5 PBDEs
75 55 5 H BUE (premature thelarche, PT) 2 1] #
KZ i3 PBDEs 7E A PN 0y IME W B R KF
AR 2 A7 PP A, & B L 7% PT 55 107 4
[V B 1) PBDEs A X, Meeker ™05 & L, 5
PR FE T &4 BDE-47 .BDE-99 Hl BDE-100 (/)% N
W & FEUR B R LR S R WK R
E NN

4 FEE(Development of BFRs)

TR ZR BELIA TR S A BELAME:  TAERUE PR ok N
PRSI B S5 55 s 45 8032 9 i . PBDEs , TBBPA
ViR fdi i e )32 9 BFRs, 78 45 Fl R 55 A Il (K<L
K UURRYD) AR S NARGE gl iz i, O AR
M ERBER KR @EH, 8T IHRI7 R EoK,
HET BFRs B2 W25 A9 BIR , by il 1 A 7 A 3% o
X BELRR A B 5 K, A 22 3 R e BELA 391 36 7 JE

1R ) BELAA 1) 07 12 ] s i A2 v 80 P BELAFR AR ek A
TRBEFAOR 2 AN TJ7 T ALK il 7 o 7 A 2 i o] 40
) 2ok R T OO PR A AE AR B e /N BT R A RAR
TR REAOATR) 3 22 2 8 7 T RIAS LR IS 2

(LS BEBA TR A B | 22 hin s B R BT, i & il
HCHEBELA R 04 8 FHTEC T, S 301 e v R, AR
U ARG R WESIREE AR YR A BAR T

TR RCRELIASAL s 491 2an , 08 A AR I AN B A RE 1Y
TEOLT A AR ARk % TTATLRELEA A, 92 5 i8] A 45
i AR BELAE BE ; & T Y 1 52 5 BUBHAPAR] , 5
PR RELRATA 040 o 1, 7085 12 v R BELA 1) ] i), S S RHL
WA RE DAY R R BOR . AR K BB Ay 651,
HALZ RS B P BE R T A B 21 7 2k Z2 ALK JZE , A
T B 266 40, (AR N 2 i RN B — 2D 2 0 file
T S5 B RELR SR 5 00 I BELAR ) ) b ] BELIA 42, O
REATK R 5 E) TR TR A D R R TR AR BE
AT, H T R B JH R PR 525055 5

()% T BHAA AL A 3 2 v vl B 7™ A A X
TAHIIHZs | TF I 55 A 2 T % A 50 FHURS 235 590 10 &
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(AL A NP IR SR W N et 7/
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JE 0] e P A B T ), S5 3 BELAA 3R
RRUBS: AR RAS | e RIS -FEE A0 TR

(47 5 35 1) W B R M A AL AR S B BELAA ) DA
Az AT A S B i) A e P B TR RS LA
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