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Abstract In the present study, bioaccumulation and biotransformation of decabromodiphenyl
ethane (DBDPE) in tissues of zebrafish (Danio rerio) were investigated after administered DBDPE to
zebrafish via the diet. The experiment consists of a 28-day of uptake period and a 77-day of
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depuration period. Bioaccumulation constants, including the assimilation efficiency (a), depuration
rate constants (ky), half-life (#,,), and biomagnification factor (BMF), for DBDPE in tissues of
zebrafish were calculated. Biotransformation products of DBDPE were screened in serum of
zebrafish using ultra-high performance liquid chromatography coupled with quadrupole time-of-
flight mass spectrometry (UPLC-QTOF-MS), and was confirmed by the MS2 spectrum. Similar
absorption curves were found for DBDPE in muscle, liver, brain, and ovary of zebrafish, with o in a
range of 10.1% + 1.34% to 18.3% = 3.78%. Depuration of DBDPE in zebrafish tissues followed a
pseudo first-order kinetics, with k4 values ranged from (3.66 + 0.16) x 10>d" to (4.69 + 0.06) x
10>-d™', and ¢;,, values ranged from (14.8 + 0.19) d to (19.0 + 0.83) d, respectively. The BMF of
DBDPE in zebrafish tissues were (0.72 = 0.04) d to (1.12 £ 0.23) d, indicating a potential
bioaccumulation capacity of DBDPE in fish, which was also significantly correlated to the functions
and fat content of individual tissues. Four debromination, three hydroxylation, one methoxy, and two
methylsulfonyl products of DBDPE were identified in serum of zebrafish. The results of this study
demonstrated that DBDPE had obvious biotransformation processes in zebrafish, which affected its
bioaccumulation potential in fish.

Keywords DBDPE, zebrafish, bioconcentration, biotransformation.

VT Ak, Bl 25+ 1 B 2K i# ( decabromodiphenyl ether, Deca-BDE) 19 & 2 28 H, + 1R — K 2 ke
(decabromodiphenyl ethane, DBDPE; fb2# 45 44 ULIE 1) 4F Ry H: B R AR ™ i, A2 r= i A i SR B 4F T
=R R, BB Bl A R BT B TR AR B R 57 (novel brominated flame retardants, NBFRs) ! =2,
DBDPE £ A —Fh ¥ in 8 NBFRs, A5 77 i = A A 2 4 A, DR AE 2B 7= L i TRl 45 o F rh il &
JilCE JE A B O ik 1, DBDPE i HAT W 7E 1 N 43 W TR RN, AR5 & B #E PR DL K 0 2
S, PR XA WA A s Bl A B a3 . 3R B /E i DBDPE A= 7= F il FH G, HEBRER 15 Y [n] 81 D K p 1E s
R 1) 8 (B IXUBS: AN 25 2000 8 WF 98 B, 6T N Tl ¥5 /K Ab B DBDPE J2& 3= 22114 i A BH AR 7 286
(HFRs) V5 444 2 —, H 52 B2 AF 328 18 1 #a 350, 2638 B AR VLR Wi K AR i DBDPE 12 46 A = 5 4y
Y, 5 HFRs S 64%". X tk, DBDPE ¥ 7 114 2435 il 5 JXURS: 7] R 75 | Ak /=7 2 = 4.
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1 DBDPE k#4544
Fig.1 Chemical structure of DBDPE

DBDPE i PE 4w CGEBE- e R B0 1g Koy = 111U, BAFEK A A P 0 & SR FRCR 1938 . H
Hij 5% T DBDPE A 9 S Rp Ak A AH ST 50 3 4 v T P A ik e A, LT ST 45 ROF A —E0 xR
VLR 1 % 3 fh R £ 45 3 bt SR G BF ST 45 SRR W], DBDPE W] LL7E i fA Ay (i 35 5 4R 1. C TR [E
9 P S K A W I A I 31, DBDPE HLAT B A A= W R A FH UL SR T AR WK Sk A s g v
DBDPE Y #F5¢ 451 .75, DBDPE 308 R M BRI R . BRT5 Jedy A S i BRALPE BT Ah, 15 e WITE A )
TR DAY E8 R WA R A 38 B Ak 25 o 2 52 o G A AR R Y B I R R T, H R D R ST RGE T
DBDPE (4= Y% {1 2. 5 DBDPE %8z Kt & 0 JIRJI6 )5, 7ER i P A6 7 Fbal B A4 IR A5 H .
PAK SR04, 28 111 % #% DBDPE J5 toAG it 7 A 0. 3 i IF e TURR - /K -Je IR 2 2 S 90 45
R I, DBDPE 7E MR 1A N A9 A= Wy Ak 3= 2O IR G 7207, DL WP 5245 SR 3% W], DBDPE AR ¥ & 4R RHIE
ATHSRAFAE AR, 1A= WU P A4 2 Al i A BAT W e i W b 22 5. H T4 DBDPE 75 fi A A B A= 1) e 4



4 11 IR 4, HIR 2K 2% ( DBDPE ) TEBE SR N B AE ¥ & S A1 A= W4k 1087

PAK A=A i i = TRAGAIR, HAT AW AL # X% DBDPE A=) & 5 i ma AT fr it — A2 B

2k Bk, AWFSE ABE B a4y 52 W), JF e % I DBDPE TR % 8% 525, #8137 DBDPE 7E LA |
JEFIE A AR 255 AN [ ZHL 2 PN 9 A 0 s B R AR s X 22 8 LK 1ML T Hh DBDPE T8 78 14 A W 56 1k 7 ) ik
A 0 A R, e AT BE 19 2R W e AL B A2, E T PPA A2 0% A X DBDPE A=) & AR FRIE 19 52 ). 2 2L
H 2 #%5 DBDPE 1 £ 2 R i 20 ZURE A4 23 AR iE, L& DBDPE 78 3 B #1143 1 A= W) e AL RAIE. AH
KAMFTEEE AT B TR AN DBDPE RO REEAT Ry AU A | V0 DAl L A 2 A 45 (R XU, 2 fHE R 274K
¥, BA HE R L.

1 MRS 7 (Materials and methods)

1.1 SRR ARSI

A 2% . M 833 -5 3 BE JH AY ( GC-MS, 7890N-5977A; Agilent, 35 [H ) 4 % # DB-5HT( 15 mx
0.25 mmx0.1 pm; Agilent, 3% [¥ ), 8 = 2808 A €335 - V0 A% AT - € A7 5[] J5 3% Bk H X (UPLC-QTOF-MS,
1290-G6545; Agilent, 3% [# ), RRHD Eclipse Plus95-C18 {434 (3 mmx150 mm, 1.8 pm; Agilent, &),
L>HL(Sigma, 5 [E ), AL (Organomation, 32 [ ), ¥ 7R T ML (JL a1 B RS AL A A PR A F], ),
By P VAN (LI S SR A R D, IR EHR % # (Troemner, 36 ), HLF K- (MR EIFE
GIEZ/NTIE: i B

#E4f: CNWBOND HC-C18 SPE ##} (40—63 um), CNWBOND PSA QuEChERS % i i i H Rl
(40—63 pm), 10 mL F1 15 mL 3 385 e 35 250045, 1 mL JoR % 51 5t 8%, 27K PTFE £ g %5 (0.22 um)
(B2 SRR A BR ), D, A DRk (524 T s in e G BRA w], D), JeoK s R A (BT hr T 4E
ARHE A w], W E), Supelco Florisil® ENVI [E A1 £ U (SPE) 41 (500 mg, 3 mL; Merck, £ % ), [ #i 7= 45
(Witeg Labortechnik Gmb, 4% ).

SEES AT R o Gk 4l 4046 1 2 % (HEX), N (ACE), — & H %:(DCM), HIiE(MeOH), Z 1
2T (EtAC) Fl 552t (12235 S0 B A BR A &, D 5 ARG 4l FF e (BT hr T 2B AR R A #), R
FrifE 4245 DBDPE, OH-BDESS, BDE128 #11 BDE181(> 99.0%, AccuStandard, 3% [H ).

ZARA W) M CAMEY: BE I 4 ( Brachydanio rerio, AB FREFA: 7 4 F v R 22 BE K AR A= W0k oE Br )
1.2 B o fn B 38 S LA K A e i A4
1.2.1 B fifa] 5%

HF PR B2 1 BE 5 f0 (/R4 (4.012£0.16) cm, 1A (0.65+0.21) g) F25 T 15 L KRB HEEHL N (n =
40) ; FRFE K S 28 3 AR 1 e 2 6 1 A R K (pH = 7.420.2; 7K (28+0.5) °C; Y%l 14 hi10 b)),
R YRR DA AR TE 2% T FERE D fai Ny 14 d J5FF IR R SC 8, TS24 mT 5 d 452 1 E
122 ZEE5HE

P I £ e 55 S0 06 2 % 42 A 2H 41 (Organization for Economic Co-operation and Development; OECD) #i
TEM AL F ) o R A ) AR IS R S 2, faT R an s B BE D £ (n = 200) BEHLA LT 5 4~ 15 L BEEK
TEAR T CREEL 40 25)1E R 288 215 5 ML 50 54 Ry S xt RE2H . 5% 58 57 5 2 7% 3 [ 48 g b DX 3 ¥ e A
At FF DBDPE V2% i (1995 ng-g ' dw) ), H5 Y3 0 & i 1151 & 2000 ng-g ', LAYl DBDPE 7 52 B
BT A e R 75 %o REZE oK G B A AH ) 0 B R A T SR,

TR R, DARTIR IR FR AT, A K N fa B IR B . R 22 4 7R 28 d ), # HFE 2 T K %
FEARZETT R 40 77 d el S0, VAl 0 oR T OR e 3 1 f IR SR SEgmak #rh, B9 2 R 1 IRESESR K
. A3 T 2B 7. 14, 21, 28 d, LA K& BRI 7. 21, 35, 49, 63, 77 d PEATHURE; AR HURE, AR
T TR AR GRS P REHLE R 4 I £, Jit 20 BB, I i g 4% f i (R RN IR i 7 R UL, i i) o 5 R
PERE R L R AL PR A 22, I SR A A U IBURE (4 IV A 5 — SRR, B840 (4000 romin !,
10 min) J& AR L35 s LA . AR AR 25 D00 43 50Ks S B2 i Xk 7 L G 3 —ANRESR (n = 4) . BRIMLTE Ab,
A W RE S FE G T RS A R T AR BRI, BEML KT BRZ i 5 BT o fh, 45 AU By K
TR A
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1.3 SR
1.3.1  FES AT

B FBE I fa 21 2R A B 22 SRR 9 D7 vR S 20, NGE M Ak, TR R AERR AR
B AR SO B T T Y BERS B0 A YR R TS IAGE = TOK B N . 3 mL HEXCACE 1R A
WHRN(1:1, v/V) . NARA TR 20 uL(BDE128, 1000 ng-mL "), it B i3 7% . #f dh 4088 A5 2B ( 100 kHz, 15 min,
35 C) . B0 (4000 r'min”', 10 min) 5, BT 2 T4 09 10 mL 355 25045 A L+ 2K 0L
AR 2, A IFAEBOR . B 1 mL 26 BORH T g 7 & i, J6 4 AR BOR (8 mL) & Wk vk 45 235 T,
HEX & %2 1 mL. ¥ 48 % A Florisil [# #0258 (SPE) (500 mg, 3 mL) 43 & 4k ; SPE AKX H 6 mL
EtAC Il 6 mL HEX ik {st; EREJS, F 10 mL HEX: DCM IG5 (1:1, v/v) AT M. 396 Md T 0 e ik
AFFIE T, A 180 pL S=E 4 Fl 20 pL A #4575 ¥ (BDE181, 1000 ng-mL™"), WA HEIR & 345) f5 i 2 it
R, B T-20 °C WO AE, B AL,

BE Sy £ LV FE b AT 5% Chen 482 AR EE T 2%, FFXHAE TR AL HERFREE 5 I A9 I0L7E (—100 pL)
FEM T 2 mL B0, iTA 100 pL MeOH F1 20 L R, LA K 20 uL AR (OH-BDESS, 1000 ng'mL™),
IR 2) )5 # & 15 min; I A 200 uL MeOH:ACE ( 1:1, V/V), % i€ i€ &) (1800 r-min™', 2 min) ; &5 .0
(8000 r'min", 10 min) J5 U _FIEHR & T .08 s R ABCEER 3 Ik, & LIEW; BURIMA 5 mg
PSA Fll 5 mg C18 [ A ; i ji€ (1800 r-min™, 2 min) . & .» (8000 r-min"', 10 min) J&5 B I %5 ; i 3% /K
PTFE #1208 2% (0.22 pm), A 1T T, A 100 uL MeOH & ¥, i gl & ¥4 5 ## EERE 2 mL
B F 20 °C R ERIAAE, T DBDPE Fiiyi r= i 25 7347
132 AXARS T

DBDPE /& {8 2% Tang 52" $}38 (9% J7 %, 0 B #s A Agilent GC-MS(7890N-5977A) ; B 14
Ak B B IR (ECNID) , SRR £ 3 A A 2 (SIM) . 8RN R 2B S0, TVBe o I B A0 (@i ke R
FH DB-5 HT 40454 (15 mx0.25 mm, 0.10 um; Agilent). DBDPE 13 5 1~ m/z 79 F1 81. FHERF: ¥

AR R 110 °C, 4%3F 5 min; LA 20 °C-min™' 7+ & 200 °C, {535 4.5 min; A 10 °C-min™ F} & 310 °C, {##F
Smin. SR A IERE, SERERFRCA 1 pl. B4 . SERE O RTES IR IR B 43 5 R 280 °C L 290 C..
250 °C. HbAh, R 2434 (SCAN) R 43 M B 2 £ 20 21 K il 7 ' DBDPE F B TRAR 6 7= 4.

22 Wang S5 38 1 5 vk, (8 e 540 1 = 250 A €035 - DU AR A - R AT s [R] B % (UPLC-QTOF-
MS; Agilent 1290-6465) XJ i & 1 1fil i ' DBDPE (14 i 7™ ¥y #E 47 0 £ 43 #7. Sk 1] RRHD Eclipse Plus95-
C18 (%% #F (3 mmx150 mm, 1.8 um) 73 &5, #E ¥ 40 °C; PEAEIRF 4 uL; Wish4H A B2, B &
0.05%(V/V) F IR B AB 2t K, VeI BE WL 1, 3iE3 4 0.3 L-min ', SR HLM$ 25 2 7 U5 1E ©1 (ESI+1 ESI-)
PR AR AR B B S50 B SRR F 3 (Auto MS/MS) FITHE ] ( Targeted MS/MS)
FRAHZS G5 $348 Bar b (m/z) 50—1200 Z [8]; &40 % H K : 3500V (ESI-) /4000V (ESI+) 5 flf 4 fig 15 - 5.
10 DL 2 20 eV; SR H . MS Hy 2.5 spectra-s™', MS/MS 4 4 spectra-s™'; S AR #: 9 L-min™!, S AKIE .
325 °C; #HA L 11 L-min™', 85 RLE: 350 °C; HEFLHLE: 65 V.

& 1 UPLC-QTOF-MS 43#7 it AR YL BB 1
Table 1 Gradient elution of mobile phases for UPLC-QTOF-MS analysis

i ] /min ZIEA) 0.05 %H1i/K(B)
Time Acetonitrile 0.05 % Formic acid
0 15 85
12 45 55
15 45 55
19 98 2
21 98 2
21.1 15 85

25 15 85




4 11 IR 4, HIR 2K 2% ( DBDPE ) TEBE SR N B AE ¥ & S A1 A= W4k 1089

1.3.3 i da il 5 &8s

IR e A K B TR 100 PR B D £ UL PR PR Dy B, SR T 5 R AR R AR, 0 BT 3 (n = 3)
FEFINAR (n=3) . 25 F (n=3) LA ZS AR (n = 3) % 4 41474 5. DBDPE BB Ins . 25 sl
53K 109%+14.8% Fil 84.2%:+5.60%, A XS AR 22 (RSD) /N T 20%. SLgit # vy, it 16 4~
PIRE i, B 2 AR A5 FURE (AT EES3, DAAS DN S 36 2ok A8 rh mT e = AR I 75 i 4. B s e o
/b & DBDPE £ i1, Jf 76 iz 1 v B B g AR By 1) 25 (AR GE . 58 it B (LOQ) & N F2 JF 25 H A b v
DBDPE ¥ FE¥I{E I - 3 f5Anififii 22, 24 2.90 ng g™ Iw(JEEE ). T A B &, IR (BDE 128) 19 [l 3
87.5%+8.92%. IMLIFFF it LI 40y 9L FR vy, 0B AR P 25 AR i, ARG DU SE 30 i A b 2 5 77 AR 1 5
154, BRP 25 FURE S R A H DBDPE, Xof HE ZH A it 2 Jo 0] B, ARG I 2 5 Sy BXE 5 £ 1) B 3 i AR 1Y
AR
134 HfEabs

2% (OECD) #fE#2 1 fb 24 it fR A= W s 4R U ma % - 12 24, 11459 DBDPE 78 Bt 5 f {4 [N 11 4=
Yre AL

F AL B AR 41 4L DBDPE BV B2 AR fb R HIHE— 9 8h 7 2 A AL &

C, = Cy xexp(—kyt)
K, Co B C, 00 5 R TE BRI R (1= 0) B i BRINHE] ¢ i}, f Rk ZH 219 DBDPE FUHR I 5 ky M T B B R 0 8k
(depuration rate constant) . K 315 Z A~V AL B[] 5 19 kg, ¥ DBDPE ¥k B 19 X5 B0 -5 ¥ AL B[] i 47 2 1
AR, kg RN AL RBRAE, B
_ In(Cy) - In(C))
t
DBDPE 7 fa &R 21 23w 19 A= 421 2230 (half-life, ¢,) 8 28 LL ARG TE
In(2)
kq
K Bt DBDPE #[R) 4L %% K (assimilation efficiency, ) K LA T AT G
Co = aFCiooa/kg[1 —exp (—kqt) ]

K, FoRRE LG (B Y)/g BESfh/d, BEIALIE ) ; Crog NEE S 2021 DBDPE UM EE.

H Wi K FL 7 (biological magnification factor, BMF) 1154/ 3 K .

Fxa
kq

K SPSS21.0 X % 5 24 5% MAH IR | IR E . AR UK E 1 22 726 BHAA W32 Rk T
AR 7 22001 (one-way ANOVA), g EPEFRIEL &N P <0.05, 22 KK H Origin 2017.
1.3.5 DBDPE JB 1™ i) 45

DBDPE U ¥ % e 4T - (1) MR 4 AH 5 B SCRRARE 72 729 LA & Biotransformer 3.0 {4 Fi il
H AR ™= ¥, 932 Hf ChemDraw Ultra 20.0 #4246 & W0 454, #4: PCDL ds E A 25 (2) 4% MS %X
5 5 A Profinder i 17 it 5t kb B, P 1 2 T B8 09 7 RS 0 o F o S W R E] (3) 3 i Auto
MS/MS & Targeted MS/MS #5215 3R BUIT A3 7] BE 19 77 P 1) — 3% 141, 1 MS/MS %4 5 A Qualitative
Analysis iz F“Find by Auto-MS/MS” 5 # “Find by Targeted-MS/MS & #4b-& 9, IF 45 F LA cef #% 5K
S () B, B cef XA MSC 38T, W FTIAA 2219 PCDL £ 2 sl 3 i B — SLAE L b &5 )
%45 2 (PubChem 5% ChemSpider) #F4TVCEE, AR+ 55 A5 15 B M 7~ M) i) — R 454

2 5 5418 (Results and discussion)

kq

typ=

BMF =

2.1 HEKF
TEHEASZIGWIA], K & A A0 T I 4 H 255 41 FIF IR 20 B 05 £ 4 A RN A B 458 52 56 T 4 iy
A G (B AH 2 TC 3% 22 5 (one-way ANOVA, P> 0.05). Kt A= K # B4 F X fa.4K * DBDPE ¥ J&
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FISZ IR /0N, Xk BE 24 B £ 2 2R 7 AN 2 b DBDPE RYHR EE 41/ F LOQ, %8 DBDPE 1915 & T4l
VL7200 . B I £ 2% /% iAs £ & b DBDPE A9 52 PR v B 1995 ng-g ™', WEAIR T 7 H & 4 (2000 ng-g ™), 1f
AE 5 BC i IR fe 3 A AR BV R L B0 & 3 B2 b DBDPE (4% &, LA R 265 Y 78 £ 20 A0 3% 588 0 9 1o % o 461 2 25
A K T A Y SR B, LSS (Y f £ o DBDPE ¥R JE A ifE.
2.2 DBDPE /)& £ i B

JHFRE A= Ak N B2 RO B, LR e R B AE 20 20, Wi 2 23 D) Rt it v 5 A 26 v v B T g
Js [l isE, ph B S A AR S /N, O IR A5 HAh 2 SR B 43 B a0 B i KA JE LA R S 56 43
L, AHF5E 222508 T DBDPE 7E5E S LA, JFIE | 1 R RN 4 o 280 20 b i) R SRS o el . 2R iR
7d )5, Bt AU 54 DBDPE K, FLWC 26 AL, 357 555 300 il 2% 0 o) [i) B K 7 2o 14 b . 2
#2245 (28 d) B, 45 4141 h DBDPE 1Y ¥k J& 24 35 31 W AE, W& 52 43 0 R BFIE (1740 ng-g' 1w) > P R
(1490 ng-g ™" Iw)> JULIA (1200 ng g™ Iw)> i%i (885 ng g™ lw); 2 &% 11 /6], DBDPE 7£ i Ib £ 2 £ P i W i
A BE AT )RR S (8] 2).

B e . " .
2000~ Uptake : Depuration a. i Liver 1000 — %%)Lt&ak% ' ﬁgﬁ%ﬁﬁ on. b. il Brain
—e—DBDPE _
=~ z
z = 800 !
- 1500 1 'eg |
o ! & 1
20 ! £ 1
£ [ ¥ 600 F |
£ 1000 : g '
.% i 1 "5 :
1 b=
£ . E 400} !
3 , 2 |
£ s00] . . :
&) : 200 |
! |
1
T N T R | L Il 1 1 i | 0 TR B : L L 1 1 1 1
7 14 21 ?8 35 49 63 77 91 105 7 14 21 2|8 35 49 63 77 91 105
! vd : vd
R | e W e
1600~ Uptake . Depuration c. % Gonad [ Uptake  Depuration d. JJLPg Muscle
1200 :
z i B |
= 1200 ! = 1000 F !
20 . 20 !
g ! 2 soof :
1%} 1221 1
£ 800} : g |
g , £ 600t !
= 1 =
= = !
5 1
: : S 400} ;
3 400 |- . 8 :
. 200 H !
! 1
0 ! | i )

714 212835 49 63 77 91 105 7 14 212835 49 63 77 91 105
id t/d

B2 ZEY SRS AN, L, YEIRAKZA 2 DBDPE B MO Bk Hh 26

Fig.2 Absorption and clearance of DBDPE in muscle, liver, gonad, and brain of exposed zebrafish

AL, B £0 45 2 41N DBDPE B9k B 35 52 S T [ () i 34 e v AL B 45 R, 414
DBDPE {5 B % 348 1 90%. DBDPE 78 B 5 1 45 20 21 i G BR AT & i — 28 D124 07 R, R 2 i
TH BRI (k) A1 (1) . FARECR (o) FIA PR I F (BMF) 64 91 4 O TR 45 R
Nz 2 PR,

DBDPE 7 B 5 i1 It H Y [ Ak % 3R B 5 18.3%3.78%, 1l BE 5 AT IE & 75 Yy 22 B M i W s i
SEUTRR B8 B A7 P LR JE R IR 14.6%+0.53% FIAILIA) 12.8%+1.94%, Mk 41 21 H £ fik 10.1%+1.34%. A
KA T 45 R B, Z2 58 (PCBs) [l &) 1g Ko, > 7 W, A G W RILSCRBEE 1g Ky, [T
5 11 AR ACBHF5E i DBDPE 1 1g Koy, = 1.1, 80T 3 B AR BE - £0 {4 3 9 R AL30R A, B 5 0 45 2
21 DBDPE R 75 4 3 R 5 BN (3.6620.16) x1072d ™" & (4.69+0.06) x1072-d”", W B 2K =W/ T (14.8+
0.19)d F1(19.0+0.83)d( 2). i th DBDPE A9 BR B 3 o . A= 90  W1 J; mT e 5 I g 4G s 2
REA D10 PR I AH Lb FCAth 20 20, T AN 1) 19 e 1 1 e T UL R A A R O A, IR L UL P
DBDPE 5 B 55 ORIk AEY kR (R 2).
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% 2 DBDPE 7E 5 D AN FH L P A s S04
Table 2 Bioaccumulation constants for DBDPE in tissues of zebrafish

AL IIDBDPEMR B2 (5 SR X EUH AL ) RS T R
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