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Abstract Tetrabromodiphenyl ether (BDE-47) is a typical emerging pollutants of international
concern and control due to its high accumulative and multi-toxic characteristics, which poses serious
ecological and health risks. To investigate the effects of 2-hydroxypropy-f-cyclodextrin (HPCD) on
the accumulation, distribution and toxicity of BDE-47, the dynamic differences in the accumulation
and elimination of BDE-47 in digestive gland, gonad, gill and other tissues of blue mussel Mytilus
galloprovincialis exposed to BDE-47 and BDE-47+HPCD, as well as the oxidative stress indicators
and tissue damages, were studied. Molecular docking simulation was used to simulate intermolecular
interactions. Results showed that the accumulation of BDE-47 in M.galloprovincialis was tissue-
specific; HPCD significantly reduced the accumulation, and accelerated the clearance of BDE-47 in
mussel tissues. HPCD reduced the risk of BDE-47 residues in mussels. Changes in GST, SOD, and
CAT activity, GSH and MDA content indicated that HPCD alleviated the oxidative stress of BDE-47
on digestive gland and gonad. The integrated biomarker response (IBR) index was lower in the BDE-
47+HPCD treatment groups than that of BDE-47, and histopathological damage was also less severe.
HPCD reduced the toxicity of BDE-47 to M.galloprovincialis, which may be due to the shielding
effect of HPCD on BDE-47, based on molecular docking results. Results of this study could provide
data to support the application of HPCD in reducing the accumulation and elimination of pollutants
from marine organisms.

Keywords  tetrabromodiphenyl ether (BDE-47), 2-hydroxypropy-S-cyclodextrin (HPCD),

Mytilus galloprovincialis, accumulation, toxicity.

Z IR K2R i (poly brominated diphenyl ethers, PBDEs) J&— |12 W FH 148 N VR 22 BHIR ], n] 2877
i A AE 77 el FH R Ak B TS A AR R S B A v O, R R A KR L L DU . KR S
2 N A K Y. PBDEs IRVA TR, B S TEIR DT H A E B, JHE L g aE ok, AWM &
PECT T EE MR, G B PR S A% R PN 43 W T P00 A5, R VR E R BRI 2009 A, B fEEFR
FENYPRE AT 4—T7 AR F 19 4 Fh PBDEs 81 A S A A HLTS YL 45 5. BDE-47 2T FH PBDEs 1) 3
BRIy, AR, BDE-47 52 AE )R BZ i e O IRV X PBDEs 22—, 245 PBDEs &l i f) 70%, 7E7K
R RN Wy vk BE i (ND—pg-L™'/ND-ng-g "), A= Y714 L H B @ AL PBDESs 5, 1R 25 5 76 D1 2 il #a
PRSIV A v SRR I DU 22485005 YA v & R R 2 1, 6 A i i35 e (8 R A2 9, ASE
TG e I 25 A3 A R AR AR PEVE UYL 98 R B, BDE-47 0] 78 ZFpifg i D1 2R p E R ALIT 5 L i1k
BN IR BDE-47 51 & A 2 R B XU 32 2] )iz e gt o,

2-F5 N 3 -B- RS (2-hydroxypropy-f-cyclodextrin, HPCD) J2&: —Ff -3 1K (5-CD) fii AW, HAA B
IKPEZS RN 2K Ah B SR TH , #3200 T8 b DR | 259 A% 38 BRI T LI A 4R HPCD W] L)
A W AETT S, TS e AR S IR, T DR SR LTS Y A SR A b Sk, (R kAR
KAt /05 e W) 5 AR W ) BV slORs AR WA b 45 5 2505 G W A Wz B Ok, FRARE RV B A FHU. Gl
AR, FRMIRG K AT A= Yt e s I 2 BELRA SR rr, DA i L g ] s gl 2 BELA 500 4 4 1) PR35 HHORE R, RS
YL 1 U BE T BR 7 T & ¥4 T ZAAE A1, BDE-47 {8 2% PBDEs fCIt Y, AL R B TR A v BE S
HPCD L7022,

BT DL EWRSE AT B, AR SEE L) BDE-47 15 4 KUK IR 1Y 56 Tk DL RS X &, L3 HPCD A S
BDE-47 7Eif D25 20 4 rp (1 38 BRI 3 A A8 4k, IF 9155 BDE-47 166 DL & Al 8 b EBURNE bR 1 8l 1225
B, e A AL e FE AR R SR T 0, 456 o3 T XL, LUiE 7R HPCD X BDE-47 AW & R W R
FEEPE RS2
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1 #M¥5 77 (Materials and methods)

1.1 SCEeAr kL
L1 AL 5

— 5 Agilent 7890B A (435 4%, Fid £ WECD £l #% F1 DB-5MS {2 3i% £ (15 mx0.25 mmx0.10 um).
— {3 HS-3345 Jig 5% U] i #L, W & e i A2 sl B £ A5 FR A F] . BDE-47 45 #E i (46 BE >98%, Wellington
Laboratories) M4 [ It 5T HE A AT 5 55 45 B/ 5], BDE-47 ¥ K (>95% ) W [ - 33 5 i A= Wy Bk A PR .
2-F2 TN FE-B- A A (HPCD, >98%) 4 [ At 5t IR L AE ¥ BH B0 A PR v . Captiva EMR-Lipid [ AH %€ BUH:
(6 mL, 600 mg) g H 3 [E Agilent Technologies 23 A]. ZJE . /KA1 — H FL 7 (DMSO) 4634 > HPLC 2
S, W A 92 [E Merck 23 . 8 A AP E AL (SOD) A4 b H IK-S-54 B il (GST) 1 # . 18 S AL 45 ik H ik
(GSH) FIPN % (MDA ) % 2 I 12055 G0 3 R 5t & A= 4 T AR 9T . Bouin®s [ W A b 5t ==
SRS R AT FRAA R AR A AE BB o B ali, W 254 Ak 2l A FRA 7.
1.1.2 4y

TR U RE A LA T BRI SR, K E (12.71.6) g, 71K (5.4 £ 0.62) cm. SLI6 T 4R AT, 78
T K ISR 10 d DA SE80 % 45 0F. SE KR BE (15.2 £ 1.9) °C, pH 7.98 +0.15, 38 37.9% +
21%(M:M) , SRR/ R G RIS 14 h/10 h. H (]S (i) By 8 A<, DR 8 P 5 MG 1 W SR TE 356 9 ( 0.06% 4%
Eb ), B A ] G DUAE T F<1%.
1.2 LRIk
1.2.1 BRI SFARE

7 5% SL G FRHU BDE-47 %5 T DMSO H, BLifil 100 pg-mL™" ) BDE-47 fiff &, SEI0 BT K B 2
JUT T Z0 B B 4 RS B R H RN — R TR DL, BEML 2 B 12 H 3B AR (90 em*60 em*30 cm,
BA S0 LW, BAFRAHAR T 60 H. 12 HIRFEFE 40 4 A Mgk X HRZH | %5500 6 BEZH . BDE-47 b3
20 (10 ng-'mL™") #il BDE-47+HPCD 4t ¥4 (10 ng-mL ™' BDE-47+60 ng-mL "' HPCD, ¥ i fl) & HL 24 1:2),
RHWE 3 ANEE. LA T IR, 4 24 h LSS BB, T &0 58 Fem—2

THBRSLG . B FE L0515 220 D135 4% 3155 140 1 K Hh g Ak 10 d %0 BDE-47 £, Hivh BDE-47+
HPCD 4h 340 4k 22 431 60 ng-mL™" Y HPCD 2 SCI 457
122 FEAHTALEE S AR 50T

TER T IT RIS 0, 1. 3.5, 7. 14, 21, 28 d BAHLEL 12—15 H(BFR5EAE 4—5 F) IR L, fi#
BB E 9 60 PR . SN ERCRIA S NLAET AL, & I A —FRFEAE A SUREAS, kT 5 W B B oK
FHF BDE-47 % & . BDE-47 & 2 & 225 Bk 5 & Ml Komolafe Y 77 12, I AR 4 SEBrfss ol 4k,
EARTT T : dERFREL(0.20 £ 0.01) g #R T8, LA 10 mL ZH5-7/K (80:20, V:V), 1.0 g FALEH I i JiE
30 s, JKIEEAE N S B AE B 10 min, Z2 5 4000 r-min' B.0> 5 min, £ 5 mL T Captiva EMR-
Lipid /MEEHE, INEF B, 40 C AT, ITA 1 mL 1E CRei i, i 0.22 pum JE SRR

LRS- S 3% (GO) BF THR A 100 °C £4£4F 1 min, 20 °C-min' FHEZE 320 °C f£4F 5 min.
PERE R 1 pL, HERE S RO, bRk e i BDE47 S RUTEIT (ngg?).

AR RSO 228 1 28 EUIBR AU TOMAR, LAR i 38 A 20 axh A v o it B3 RORS % F
1.2.3 A0 5 A A8 Al 2

LT 19 S 0 0 4 R, PR HCIR BE 28 d 1Y 6—10 HUIG DL, pK b B fige i) 40 2 9 AL A AR R, LA
L9V )RR LI AGE ¥ A R K 573, 4 °C F 5000 r-min™ 2.0 10 min, BT W00 GST 3% 24
FE SR L3, L GSH ¥ 5 AR A% 7 3 5 s 348 B GSH 5 &80 52 Dl P GSH v] 5 At Rl s
H 2 (DTNB) I, A2 & —Fh 8 €84k &4, FTAE 405 nm R #E4T HE (8 8 00 22 5 SOD 1 P I 5 DA 1 44
ZH SOD Il 52 X6 10 Y il i 26 7~ , CAT i M 2 SR FH AR R £ 7, MDA 5 500 5 i TBA, HLAR I 2
Oy 12 BEAGIR50) & Ul B B AE. 275 SCHk [24] 7k, K TS bR b AT X — AR A, 22 il e o7 bR
B, T2 G A Wy br i W 1 (IBR) 8 25 T DU 195 25 o D0 7 >R FH R /K i 125 (GBY/T 5009.6—2016 £ fiv %
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2 [ bR UE R S BRI R ).
124 ALY R Hl&

PEHOCR R 28 d ) 3—5 HIR L, 543 2 4k 5 2 AR, ¥ T Bouin’s [# € W H [ & 48 h, T
il & LR BRY) B 2B B T OB K, 2R 2R AL 0 3 AR B, RS AL R I B
1 em® Ay, TERERE Y R WL W BUE EA T 3—5 pum (9HI F, 25 G5 B Fr o WG R0 ARG - 41 e
o (H&E Yo i) AP, B Tb2: B F gL,
1.2.5 3 Fxf4E

g3 %4 T4 BDE-47 5 HPCD 7 fig i AH B4 i #525X.. BDE-47 Fil HPCD 1) 3D %544 ] Chem
Bio Office 4%, ¥ BDE-47 & ALK, HPCD 1E A 524K, 75 MMFF94x 7137 N ¥4 FLAR R 52 K 70 F g
e /Mb. X, B TR 518 R F M T E R, AR B 1000 YR, A6 BE I (E Sl 0.01, AR X 2 GE
(S ) R 4.
1.2.6 BB 5WHEER3IJ12E0 0

K Origin 2021 B4 9 — B AR e P 35 R RS2, % - Ak L2 DIy D1 2 207 45 BBURE B (1] 15 7
BDE-47 V-1 & 5 7047 & BANEER Sh J1 2 A 0. B e A (D) H AR 228K, d ).

C,=C,oxe X (D

o, C, 2 IR SL U6 7E ] ¢ I G D120 21 rh BDE-47 & (ng g ), Cog 42 T IR 52 56 TF 1 I %5 7 2H 41
BDE-47 [ & it (ng-g).

P B (2) WAL 1 H , 3153 B AR R 8 (K, mL-g '+d ™)

CxK,

C = x(1 —e’K”) 2

o, C, S E TSI AR I R] ¢ I I D1 20 40 b BDE-47 & # (ng-g™), C J& % §2 ¥ Wi ' BDE-47 Y ¥ &
(ng'mL™).
IR ) IR IEBR =W (10, d):

fip = 112—2 (3)
IR £ T (BCE, mL-g ) # A T (4) 55
BCF, = % @
o, K, T K AR A T3 A5 28 FURIH SR 4 8
A2 (5) TR i 1526 ) ' 42 RAL(BCF,, mL-g ™)
BCF, = g—: (5)
K, Cp I B BSOS R G DL 41 20 BDE-47 -3 & & (ng-g '), Cy, N R TRV F BDE-47 5L ¥k
# (ng-mL™).
1.3 HdiEsrr

AW ST v S 56 B0 9 G2 8 SPSS 20.0 4K, Duncan’s 547 £ & 4%, B3 /KF- P =0.05, LI
I+ SD {H 3%, ffi F Origin 2021 {42141

2 %58 59718 (Results and discussion)

2.1 HPCD %f BDE-47 7E i DU rp & AR . 4041 L BR 9 52 1

F BRI T BR B B, X6 BE 20 A 45 A B2 55008 DL A A RORAS LA, SE TR 38 <1%. LR DUHALE
P VR R S AN D (R ZHZ7) h BDE-47 & - [ 2846 I & 1 7, 804 i 2 AR
THBRBh 122508 T34 1.
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B1 EPURIE R AR b PO IR A ik (BDE-47) 7EIR DUVS AL B4 . PRAR . 8, P FEL. SRR
RO (A L) P& A2
(n=3, LT EITE, H{H+SD)
Fig.1 Changes of tetrabromodiphenyl ether (BDE-47) content in digestive gland, gonad, gill, mantle, adductor muscle and

whole mussel (soft tissue) of blue mussel during accumulation and elimination(#=3, dry weight, mean + SD)

& 1 BDE-47 4L FiiZf il BDE-47+HPCD 4b Bl 14 ¢ i UL 241 U BDE-47 1% BURNEBR 31 1 2% 28K
Table 1 The accumulation and elimination kinetic parameters of BDE-47 in the tissues of blue mussels treated with BDE-47
and BDE-47+HPCD

éii'{) fijie Kyd'  K/(mL-g'd')  #,/d BCF/(mL-g™") BCF,/(mL-g™)
41k 5 %% (digestive gland) 0.2447 720.6 2.83 2944 8 57255
PJi (gonad) 0.2595 580.1 2.67 22355 5032.2
8 (gill) 0.5322 913.2 1.30 1715.9 3587.8
BDE-47
HMER (mantle) 0.1932 257.9 3.59 1334.9 2898.5
4172l (adductor muscle) 0.2363 284.0 2.93 1201.9 2365.2
#% 1 (whole mussel) 0.2152 428.9 3.22 1993.0 3983.4
TH1LE % (digestive gland) 0.2875 579.4 2.41 2015.3 4214.8
PR (gonad) 0.2521 384.0 2.75 1523.2 3693.9
BDE-47 8 (gill) 0.6622 840.5 1.05 1269.3 2646.8
+HPCD SMER (mantle) 0.3718 4233 1.86 1138.5 2329.7
[417¢ L (adductor muscle) 0.2171 203.4 3.19 936.9 2194.7

#% D1 (whole mussel) 0.4892 702.2 1.42 1435.4 3092.7
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(1)BDE-47 & U437

TEFEIFUARJE 1 .d, 2206 D1 43007 34 ] 460 31 BDE-47, [ifi 5% 5% I [B] $E 4, BDE-47 & & YB3 Wil K, &
5 28 KI5 F i K {f ; BDE-47 4bFH4ZH 5 BDE-47+HPCD #bFRZH & Bl #h— 3. 75 52 ¥ BS BDE-47 &
ERFELIG N, 25 28 RANA GRS 6 1, 16 22t DI XT BDE-47 1935 FRLRE 71 #5055 45 HURE sf [) A 1)
S50 U 20 21 BDE-47 & U5 K30k : TH AL E $>ME IR >8> 72 LM AN, 1 1L H % & BDE-47 &
AL AR

TEE BT M BE(1—5 d), HPCD Xf 45015 D1 v BDE-47 (9% FUR JC i % 5, 45 4b BEZH Y BDE-47
T AR R I (R 4E K, BDE-47+HPCD 4b BRAL (1)1 D1 21 41 b BDE-47 & & S & X BDE-47 &b
PHAH, 33— PG AE I AL B B AT B vh B B 5, HPCD 4L T BDE-47 75 4811 U1 4% 2H 27 v (1 25 Rk )3

(2)BDE-47 T4 471

FEIH BRI B A HTH, BDE-47 & i BRSO B 2, 5 13 bR R A R R R B 2% . 283 10 d A9
B3, 4% A BHZH 220 D1 4l 2R P 4TS A — & He ) ) BDE-47 %% B8, BDE-47 AbBHZH 5% B8 5 2 & PR H & HY
20.4%—50.7%, BDE-47+HPCD Ab B4 M 9.0%—20.9%; BDE-47 5% B8 &)l fy: BDE-47 AbBRAH, 4 iR >fifl>
T4 AL E 9> 52 I>5h 4 5 ; BDE-47+HPCD 4h P4, P iR >3 1k 1 28 >H1 42 B> >0 52 L. 4806 DU X
BDE-47 [1)iHBR E J1 44 25, BDE-47 78 28 M DU b A7 75 35 5 1 5k B8 IXURS: . 6 8 R B B LT T A B[] S50
12 1 /& BDE-47 4k P 40 >BDE-47+HPCD 4t 34, HPCD {37k T 45 i D1 %} BDE-47 AU 5. T BRI N
HPCD Jil AJ&, BDE-47 [F{H BRI % K, [EHIE K, B FHER K, (s 4 2 (BCF, A1 BCF,) A%, - HH
A SRR R (R 1), 5806 DU DL (B4 20) v BDE-47 B & BURITH BR 1 3 5 - 41812510,

BDE-47 78 4801 D1 ip A7 75 41 U S B BURITIY B BDE-47 R P4, T4 AL & 9 Ak iR i iy 5
BT HEHL GHLE % 13.4%, PEIR 13.7%, HE HA<8%, LI ), AL H %t 2 DR &
TR, BDE-47 24520 LW 815 78X AP A 4L rp B R, Hoe A MLTs e 76 06 DL b 2 BURI 40 A
() 4 21 25 S BBl E S22, BDE-47 78 ik U1 i v 0 s vk B 3 Rl mT 5 | & D1 2 B0 58 . )& BDE-47
W ST I 5 1 o SRS, 3k g 0 22 A 0 R ) 4 foh =9 T RRURD 2 8 1 ML G BiF9E R W, p-CD Al iE ok 5
S5 e F 2 iR (PFOA) T AL AW, 306 % PFOA 5 1ML 7% & 1 (HSA) 45 A, MU BRI E AL 7 i i A
B-CD sk & F A 1) B-CD A B T4 49 (2-F 3-3- 24 LR, GenX) M\ HAS-GenX & A 4 b #£ 1L
ok, DT G275 LB, 5 [ R BRRIRE AL, HPCD i HLAT B 7K P PN i TN S 7K A BE | 25 5 R K PR 1 35
Yy i AE LA AR I AL A, e IR AT S, BRAR A W08 R0k DA R AP 5 5 HPCD i st
506 D1 rh BDE-47 W45 6, {2k JLACHA BRUS 9 B A: Wy B s it 9¢ 3 W1, HPCD W] BEAR 2 F G HLTS
YL 11 26 L35 175 2R DI AT 15 e 1 () I ), DR I AR 5% e HPCD 7776 T F#AIX BDE-47 & BURIME iF
THBRVEH AT RESE LA 2 I R i 2%

2.2 HPCD %} BDE-47 Z5:R% % i 52 1
2.2.1 HPCD %I BDE-47 I BUA AL 40i 5%

92 %W, BDE-47 28 Al fEVT 2 J0 A HESh B b | el S8 A N O g, JF475 S HILAR A e 2801 7 1 21
RE, DRI AW IR B 52 AR AL 4 2o 0L A E o, 25 R0 28 d I Ak 2 R M A v e AU Ak i PR (GST
SOD #1 CAT) A i i+ 48 4k A= ¥ % i ) (MDA) 1 3E il Bt %2 16 7] ( GSH) ¥ 5% %) BDE-47 #il BDE-47+
HPCD % W52 00, AHOCHS SR T 14 2. 5% HEZH AH L, BDE-47 1 BDE-47+HPCD {3 (P<0.05) 1) il V¥
L H REFNPEM GST i, JF H. BDE-47 Ab FRZH 9 i /5 8K (18] 2A) ; GSH & =72 fbia# 5 GST —3
(I 2B). BDE-47 il BDE-47+HPCD &2 At ¥ ) SOD( & 2C) #il CAT(& 2D) 15 14, MDA (5] 2E) & &
¥ (P<0.05) & T X R4, IF HAT#H MDA & & iE ST mER & TR,

GST J& —Fh SCHd 0y 1 M f 2 W, GSH /2 —FP EE Z 9 JE BT A AL 7). GST i fk GSH 5iF £ 5 f ik
SEW A I KR B, T AMIR AL~ B e SR AR B AR P & HE E R . GST I M BRI
AR IC 1S Y BDE-47 22 58 A # 5 [ )3 Ak e, X 5 2Z 1 ¢ F PBDESs 4575 YL 4% i DL 2 i3 Jifpae
BIBF 5T —3CY. 5 BDE-47 4b 340 41 [, BDE-47+HPCD %2 5% 4b 320 GST 1% P Fl GSH 55 2 [ ARG M 5 42
N, BB JE A E AR A i AR AR, SOD & —Fh S 2 () HT S IE, IO B R A A 3L (07) gl
H,0,, LLH BRI PESE (ROS) , (R HLIAR G52 S AL 45, CAT J2 3 bk H,0, AR, 15 SOD — it fp [\ /E A A%
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P MR e R R 50, EUA B AEHICY. SOD Il CAT 1% M i) 1 3 T+ 5 Ui ] BDE-47 155 O™/ il i
B AR ; MDA 2 A= W) PR 9B AR i AL B 7= 9, MDA & T3 IR S OF IF A BRI bR, i Al
ROS HJFH P43 BDE-47+HPCD AbH4H MDA & i &I T BDE-47 AbFH4H, 0] HPCD Jii%% T BDE-47
AL A /E]. SOD, CAT, MDA /455 5 GST. GSH il & 45 5 —%%.
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Fig.2 Glutathione S-transferase activity (GST, A), glutathione content (GSH, B), superoxide dismutase (SOD, C) and
catalase activity (CAT, D), malondialdehyde content change (MDA, E), integrated biomarker star chart (F-digestive gland,
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G-gonad) in digestive gland and gonad of blue mussel(28 d, n=3, mean + SD, P=0.05)
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