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1 KA 10 KI5 ME BRI G . XL 7R R, B ) 242 B & S 80k
BEE, HEMRAEMFIER T HREZ, £ Koudsen 5N (2017) MIHFF
W, R TIR b BB ST R, I 90% 48 25T TR 72 /NI Y AR A
Ek, HA WD SR RIEHEN . KRG 200, IS I HEM A 7R 2H 241
Sz, 72 /N A 70%0 AL . XRFEGLEHHS5.8 K. iR
PERRIMAL 22 S R PBT 4659 R.11 (BRIML S BLR, 2023) , IS KR
G YRERRERE T 4 R, BASCR AR SIS E PEAS A AR A
KRR . M2 R, R DR, BAKGZ 72 MBS, 30%0)
BDE-209 iR EHEH L, KRMEGEEMN 2.12.5 K. FERENE, TR
TR O RTE BRGNS T BE R R T AR T BRI AR AT BT, AT R
B A 5 B A S R IR S . R 5 TOTHAfRAE H 2R TR IR —
HKOKE GREERN 2.7 HEERAFITEK) Ja, HERTHRKRILER . 17£10%M45 25
PR IR, 5£2%35 18 [ IR IR N R 44 B, 3 3% B 3 2 W ke T A
BRI —ARIE . TR A IR BAKER T 38 %, IR 2K LR e
NARWE S AT e A A .

29. CHWEKRY, ARSI NSV A R LS AE N B A B4
b B RFJR R (Zheng 25 N, 2018; Sun % A, 2023a; Sala %5 A,
2022) o WAFRIERM, TRZIROESENER R IFE BHRER, GIk T
NATT UK AR iy B B R AR el ) 550 X — i BRREIMEL A OG0, BN IR G A0 8T
EENYING 5 32 B AR e . OAE NS . BRI, SRR BRATE
H Al 20X M (glan, Zhou %6 N, 2014, Leung %5 A\, 2020, Hammel
N, 2024; Wang % A, 2020b; Wemken %5 A, 2020; Mannetie %5 A,
2013; RawnZE N, 2024; TaoZE N, 2017; Schreder Z£ N\, 2023; Zhao Z A\,
2020b, Salah 25N, 2026) , HIRIEFKEV S T KA KRR A5 (Chen
ZEN, 2019; WangZ5 A\, 2019a)

30.  si@Ent YRR E IR E SR LA B E R, X — s E&E
FHESE. SUEH IR 2K k2 DU AE B 7 BRI LB . VB
BIR. HEENBE KK, Fltn, Qiao A (2023) , Jiang 2 A (2021) ,
Wang 25 N\ (2012) , Wang &5 A\ (2020a) . Wang 25 A (2022a) F Zeng & A
(2025) . WangZ A\ (2019¢) WEH], #5214 Ka, HR-KOkgh 2+
1 88 2%MIR AL AW AL = . IR BB R = A N B IR 2K 2k
FHM RN, (HE R THR RO R E EAR. 2R, aTel&3H
TR, AR IR AR BB AP AR R R 3 n, 5 BDE-209 (1R
Y&k, BDE-209 & —M&itdEE IR, I B2 —F S AREA R
W5 58, AR SRR i A A R, BT A9 A R 5
EFIN (HrE R REEAZ) FIMRIRIL KT

31, WS FIMSCHAT TR, TR R LI AR R AR R
71, BRI A A W SR BER X — il USRS AR, AR AL S
FAF T AEMRERAL, HELPFHBUEFRMEIR . 210, XL T4 ROm
KB IR 7IABASPERIWE St BN R F K T R AR i SR
()AL, B M R 1 KA o SRR A& & PP IR — R L fe i ke

> Knudsen 58 A\ (2018) 5 MAE N 0.02 = 5w/ T3, (HRX LT 2 — ARl %
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(s B K I . (EAEPRACEREZE AT FERERS, KT 1 B E TR &
B AE W TR R BB N VO E AR AE 7oA IS k. A 2 Kb R
ROKOKHEAREMEMRRE )1, BREEEREEHE. A (BFEA
25 AR, PR LA B e AR B R AR RCRAE R . SEsE
JUBURF AR, IR 2R O M AEIBORRE S C AR A B WL Je A
fii, i BDE-209 (FfAMANIG R HEER RS, 2014) « PEESM A
(KR A B R, 20215 de Wit 8N, 2020) . FE8ESALA T (KRpfL
MAEFRR, 2008; de Wit 25\, 2020) Al PCB-153 C(Hff#Eaf/REEAZ), 2001;
Ding &8N\, 2022) . HT XY RS IR 2K 250 AE [F] 1) Se il 7t 4 it AT
TOREE, I A A B IR R e B AR B R TR
PVEdlE o BEAh, AR S Hb 0 ds HE AT I BRI FE LU R B, B Ak 2% 4 EL )R
(2025) Frid, HRZIKLKEHIKRES AN &S AR B R AL, 2%
HoRAE, XL BN A A M SLIe =TT . St R B AR A
WEHE, JER T — BN RCE, IR IR AR A M D AR Bn
#E .

WRIBFIHF D FRERHRE MR RS

32 TRZIRCKERIEDMR YT ZE>5 000, EPTBOR RECRVE TR R E>1.
THEREEI . AR (BRI EEMAZD frzmis, YA
WoR P ERHRRRS, XRH LR RYNZMIR AT S I T D AR RbRitE.
Rt B AEIE R, CRYE (ALZ2itiE M. YAl PRI AnpRE 56D B
= (P E R, 2025) , HTHE R AR G AR R R, R
HANE N R REYI -

IEERHEIBEN
33, MBI CFEMRZIR 04T KSR B B R R 2

Fto RE TR IR OB ZRERAK, (20 HARYIRE, TERizHh 5 )25 S
ORI T X AR . Salamova 5N (2014) ZEAbARET BL/R CURE S RG34
TOROKE, WREREN22 KW R IR /ALK (20122013, n=34, Kt
BiZ (DF) 88%; MURIMKEE) ; Hao &N (20200 il K s 3.5 &
TR IR /S Kk (20142015, n=5, A HE 100%; #5805 SORFE
2%) ; Halvorsen 25 A\ (2020) 2| HIRE & m AN 7.27 KR 2K OKE/AL
JiK (2022, n=26, KEHER 17%; SAE+BRD . Vorkamp 25 A (2019) {EH%
Bz 2% S LA I B (1) IR K LB PRI RN 3.1 B e IR K L5/ ST K
(2014 4EHFH, n=13, MK 100%, SAE-TRD F19.7 & riHIR =K k85T
7K (2016 FEHZE, n=13, KWZE 100%, SAE+HBRD . 2011 EE 2018 4F,
P AR N AR A 2 Al B R IR 2, BORIREEN 0.44-2.1 B2 v IR R 205/
5K (Zhao ZEN, 2020a; n=24/4F, HIZ 94%; Fiki+SAH) .

34, {EHREN PL/R 2 BE S Holtedahlfonna JbAR AR ZE VK )1 4 DKES Aok i 21 -1 —
FOKE, IFRARE 1988 FE LRI IUKS I i N B L ae K, 4
3.5 v/ P oK/, IXREILSE IR (3 Af 4 A , kR4 &r+
RIR e PR B IT#% 22 1Y (Hermanson %6 N, 20100 o KSR I RAFHE £
AT B VT IR LR AR 5 a1 2 R BN AA AR A6 2 40 A BLAb . AR T40#r, oK
BT TR, BRI _EE 34 KINIESSH & 908 6 MAFRIFEA, &
AREARBIARAAFUN 1115 Fro X —IRE R 1953 4E 4 2005 EE . %+
RIROHE (DA AN 18 FsALBEIATD (150 Hr 45 SRR A LA v /T B A

11
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(R RS o JE kR R AL B EA R A Bl B LAUKCES R THI AR (86.6 ~F I JEoK) DL B
IR IS X B B ARy, g R FoRE R (/PR EKAE) « AT
xR isk . A A AT CEAERIG R AT wTREE AR RIS,
BT AN VRO X By, R 9 52.3 K& 59.2 K,  GhE K28 B VR Ak FELBA
FIZ I3, 2958 1900 4E3 1914 4F, IXELPRIZFEA 1) i R BE BRI
FERFRE A PR B Bk B, VKRS B3 34 RIS EWE TiZRE. #
1988-1995 UK 7 FEZ |, IR 2K £ 8 B Hn N 2K T 15 50K BUR K
s 7E 1988-1995 Rk A, HANIEE LN 3.6 [ 5e/ T 7 B K/, FEXT
V. 1995-2005 FEPKER EWMAT 7 RRK (3.4 2 va/ P57 K/

35, MEMNERICHAE LR BT OHEAR PR R ROk, WREREN
0.024 Z45e TR IR e/ T (Meyer &8N, 2011; 2005-2006; ALK M &R
) o 2005 FAE— AT FRIME] TR IR K (0.002 445K 4K
F, RE1L.1-1.75K) , 2006 FAEPAF SN E] 7R IR AKE (0.024 44
R IR OKETE, IREE 0-0.75 K5 0.00092 48— IR Ak, IR
3.2-42K) .

36. Hao%: A\ (2020) fEACARIT FL/R EBE S 1 L3 A I B HIR I Ok, K
FEB N 0.147 [0/ T3 THE (n=10, KHHE 100%) . Xiong %A (2021)
E T MM FE /R BB B ) R A A I B IR R e, R RN 0.19 T+
ROEKLK/ TR TE, WEHEAN 100% (n=7) . K (n=8, KNHR
=100%) FIE#E (n=9, KMAIFR=100%> " AIKFIEEZN 0.10.3 e +HIR —
KR/ T T E (Xiong N, 2021) o £ Dy M 45 5 5 F EE K 500 K
Z 1 ANBRIRERREAT, R IK LR AT RIS 1) R
FE#F (Chen 28N, 2024) .

37.  CORPAEEES (G morhua) HAEH (n=10, FHFE=90%) MEF1+IK_
ROKERFEHREAN 15 Bos TR KOk lEE, E/RERE dbio
At tE (B. saida) &5 (n=1, KHAE=100%) MG TR IR OEIKEHN
25 fow HIR IR Ok T iR E (KLIF, 2013) . 78K H 87 LR RS HIREA
R T YR RS (S, mollissima) FIEIH (n=12, & HHER
=100%) WE 9 125000 TR KO8/ T fli e, fE=RERY (Rissa tridactyla)
RN (n=12, KHHIE=100%) WKEZHKREN 72 WMo HR Kb/ T lRE,
EJEES (L.hyperboreus) M3EH (n=12, & HIHE=100%) HKEHEHN 76 il
AR TR O/ T R lEE (KLIF, 2013)

38. KLIF (2013) 7EHiFL/R R S I BE#ES) (P hispida) MK+ (n=10,
R I AEE=100%) il 2+ 2K C Sl B fe Ny 1 293 floe/ T w iR, fEi%
Hudb M RE (U. maritimus) IL3Z 0 (n=20, £ HHE=95%) &l F|+IR KL
KR i = A 4 300 s/ T 7 AR E . Vorkamp 8 A (2015) 7EARME =S (b
W M BEEZIENI T (n=5, RHMZE=20%) M1 =28 LLek B N
017 Woe TR =R O/ T w IR E, fEVIRE R =8 (bt BIPR B3 g 7
(n=4, FHIE=25%) MIFHIKE IS 0.33 Toe HIR 2K 58/ Tl # .

39.  Vorkamp N (2019) &K, EM&REEE D —AS/NEIER A R4
mifiE (S alpinus) ALAH (n=6, FHEAFE=100%) TR K LG E i =N
59 Woe/ T RE . AT MAS AL WESHFAEF TR K& EREm N
0.561.0 TR K 25/ TR E (n=68, I HMIZH=2533%, 25Tk
EAARTD o MBI R K ORI E: BREENEN (n=6, fuH %
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=50%) , HmE AN 068 fw TR - KLK/ TrREE: BRKZEYN
(P. groenlandicus) AW (n=4, FHAZE=100%) , H&mEmHN 1.6 Fow HR-K
LB/ T R $8¥F5 (E. barbatus) AN, fEN 0.52 e HR K Oki/T
WHEE (n=5, RHEAME=80%) ; R (0. orca) AN (n=11, #H 5=
=9.1%) » AN 041 FoC TR IR L/ T e

40. Sala FF A (2022) W& 7 IERPEFEKZEE (B. physalus) &N RZIK L
Pt Ma R G OL, TR AL 1 a0 b R A7 1 R B A A BT s -
fighlg (n=8, tHHH=62.5%) HFHKEREN 1.61 Mo HR K L/ T s
&, BRI (n=8, & HINR=87.5%) FHKEREAN 97.1 #Mw HR KL
Bt/ T MR o IR IR S AR AE T30 BU /R B S AR I b 1 D R R e A A
N (T8 I <1.6012.9 9450/ 50 AR, n=24, & HAHFE=16%) Fl— K p& 3k figf
(M. novaeangliae) FEARMEN (339 N5/ IRE, n=5, & WHE=20%)
(Lippold & A\, 2022) .

41. #@#. Dungey Ml Akintoye (2007) f#] AOPWIN v1.91 (EEIF{RS,

2012) AT A TR AR RS 53.6 /M (45 K, BER 12 /)b
i, 1.5 x 10°0H/AL KD o & BRERNIL 22 S H R/ R.16 & (KRR
MmE R, 2016b) HRIELL, fFAHBRIRENRE A B (5 x 10°0H/ L5 H
KO, NSRS, N 6.7 Ko BIRITIIN 100%¥5 W Bt T 2= S0k )
(AEROWIN v1.00; EEHFEF, 2012) , FHEHWRFHRIE 4 7] e P KRS EA
tho Bk, HEFH5SMBEEE BN AOPWIN -2 H{ER /T a5 T2
IR IR AR TR, RO IR IR S ke W B T ORI (4 358 43 T R 4 10
A5 B I TR A KA AR IR FE BT 70 328 B9 p YR 4D iz b [XC %) W 0 5O IE 52 T X
— . TR OIEOEMKRERFRZN 4567 K, @7 (WifEef REANZ)

W2 KPR, 3RIHH B I R 3 KA E R R 7T

42, INERMEEA SRR E R PAR (2019 fEHNFRZK A5
PSR, A G AR EE AR LRTP ik T H2 Ak 11 85 E 58 0E 5
(CTD) A2 860 Tk (Wengman %A, 2009) , iZFEEALTHEBRE (5097
ANH, ZEBPOR28MHMALERIEE) o AT SRR (Pov) N277
K, BEBHBE (TE) N 12.7%, =T 2.248% (PCB-28) HIHIEREH. ¥k
g, BRE TR IR R R I BRI X bk . X TmEsEITEn
SEb R, BEARATTRETCVETUN R 2K Lk M S AR B R K, (H B = T
W ST RS R S HAE i 0 X (P AFAER B, SRR 4 & R AT # 1R A
Al DM R S R O T e . IS, TR ASERIAT E M, Bk e
TR, @M RAENHEM. b, @848 T ANy,

TR 2K O AR TR A Fe A

WIBFHF D FRERHREERIBS R

43, CEIZE ORI R R CELanJE A B AR D A R I YR
KLt o FEACRRIMIE < AWDRE AN AG Al LA P A0 ) - SR AR e <5 Al A ok
R R T IR

44, FERIFINAHR IR CRAE SR CRER 12 /M) IR 320N 4.5-6.7
Ko R, T 99.9% MR — K keI it T2 R0R, X ] B =1
INAE 2 S B A B I ) B AR KR R B F7 . IR IR e R
N T (E R RE R L) 2 RAGRiE, R R K ER I
.

13
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24

24.1

45. B2, REACHRATRGIM BRI R W ST A R SR At TR, R
IR IR e ] DUERS 25z B HAT MG HE R IR 13 75, I B B B B A v
R

A TR

46. AWMLY 2EFE AR, MO R B AR S
PER AL (BRINAL 3 S BER, 2024b;  INEE KBS 55 5 A8 k3R i 5=
KIPAI, 2019) o SR, XFEVRREMFAEYFORE, 12+
PEAR G IR AN N SR e ()7 e fE B N B, IR K O S s K Y 1
IR AE RS, FTRERS BAR KA (B A RE IS B Pl (55 28 BY) o X T REMS L Al fAk
BRI, CAiE 7 URAIE-RNKR (Owen AN, 2014) , M+
B AV €Y s 11D 128723 N7 N P 1 PR 8= =18 W 1 p == QUK =S| OBV VAP e
Re 2 BI5E, FraleHERIZE 28 BATIR MW SRR PE RN ik B T &5 & 1 mT B
Yo L, ATUCAK BB E & A IR AR . B e A E X1
IR IR A S e e b T . BLE B A ST T A R KA
RS, WA SO W [ 7K A AR Wik 58 A B B 22 S AR 1l % i 2V . R
— K A AW T IR B L T IR R SR KK VAR, BRI RV TR e A
MREGHR. &4RERWH, EMEAEYRE TR R ORISR S ()
s PRAKHES R SRR . SIEMANUREER S ERIMAEEAER ) 8iE K
Bk ] DA AR S RS R, Wl RE R AR K AE TR RN, OIS KIAEE 5 i AR
AN E K A, 2019) .

X A SR RFERGR R A FI R

47, HT NG SIEEAFAEE TR RRE, AT A 1B £ g HL )
TCo FER 2 BN A b B2 2 AL R, I AT RE A2 U 5 28 14 FROIR R AT
NP RS DILE . MEMFIERGF KA KB MAT AR 2 5
R LN

48.  FRARMEMBMEEYE: BN RE )R (2024b) NSRS S S %
AAAEBAINE R TAEE (2019) MR T P OURE I pI RSN 5T, xR
TR KRB AR EREAT TR R — DU RIS, R AN A RS
DL, A MEER TR IR Ao . [FIFE, 78 H O 5 20 M i e o
R ARRIS T, WA R NER AR RS, BRlie®wa X HR KOk
W NRECE BT J1 0B HE . SR, BEE AR R B % ()
i, AR DL A AR AR i v B = AL wE e, SRR
TIORCIEAKRRERA BUREME . RIEE XBEAFHENIEEE, AR
LA EABRAARNE (IR E R, 2024b; INE RS SRS
FINE KPR, 2019) .

49.  JERESZW: 7 —TUENIEFFE A, {8 Sprague-Dawley K B I #E B B 0+
100~ 320~ 1 000 Z 3¢/ T e R HE IR IR 288 90 K, sl s i35 4
P JFF I B FERE T A R I R DA AR T E IR E AR S B R
FXEA (p<0.05) . KE 28 KJ5, FEEEANSSRAMMLL (Hardy 25
A5 2002) o FFAEARAL BUHRFAE AR R A 2R U R s v Al Gl = et 4D
AR AR R B2 O i R S X AR B AR K Crr ) LA o] Re rh R E R 2D o
FEAT AT I 1) £, e P KRR A BT I o 28 R R B 45 25 A0 2 A2 4k (Hardy %5 A\,
2002) . FEH—HHENFF R (BEHHA TG 443, KRKFE, 2026) , £ FO Al
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F1 4% 7 100, 300 B¢ 1 000 =5 18R 2K £ 5t/ 5o A4 3/ R B A K Bl
W 5% 2 5 71 B AH OC IR 32 TR O R /NI R I AR PR . 6T FO Al
T, IANNIXSTE 1 000 250/ 5o/ R 57 2 K B A oW 22 3811 1) 44 % BT 25 A A
ol 2 (1) BT 2R 28 v 1t HRZELX — 1R A 5%

50.  JLIFEATVEE EF SRR B, TRZIR OB A T RES SR N, SR
VG SRR f 2 1 e 2 R A AR A DA R B ) A RE PR AT B T T g
Wang 25\ (2010) L H 77 20# Sprague-Dawley K FR 48 11 H2il 0 5% 100 Z 3¢
IR IR R/ T e AR R R . AP IR 2 2 KT L I KO
HO13 5 1 444 %, BHFRHR_GEOBRIREN 11.2 995/ wlBE, FFIEHA
177 N5/ iR 5, MR ZH N 549 9o/ iR . iR 2K OB — 2L i i
SHORAE B EA, FYRRER R K 2k AR AR B AR Ak
B, BFEUE. REAERERE (AST) . BME#EEE (AFP) FEMENE
g (TBA) Fhi (p<0.05) , BEFEARY. £ THR_KOEmAd, I
R4 £ 5 P450 (CYP) 3A2 {518 RNA ik THE .

51. ¥ Balb/C /MR H M 0. 5. 20, 100 A1 200 Z 50111 — 2K 258/ T voik
R (B4 n=16) 30 K, HmilE FHFEEESIN, HA SRR 2T
Y0 AR A R 2594k (Sun 25N, 2018) o SXtIEZAAHEL, 200 Z 570/ 50/
RGEZIHINEE 15 KIFUE. 100 =50/ T 5/ KRG ZHMNEE 20 KIFGE. 20 =50/ F 5/
REGZIHMNEE 30 RIFURIMBEK T B 2E T, (HESRAKPRZEM. 7R RT
JUTGUARA 7 At 00 52 280 ifil §% - 50 i R B R KPR A B (Sun 8N, 20145
2020; GaoZ$ A\, 2022; Li% A, 2021) . ffih 20 Z 70/ 5 250/ T il &K &
Hep, NRERZIEELEE (ALT) F1K A% IR ¥ 2B 10 T I 35 M 23 0 . 3% 1
e FEINEMHEN YR CHE PR E (UDPGT)  7-J5A R X
R O-Pi A EEM (PROD) AR R O-FikiilE (EROD) ) K
i PEE R SR R AL BN, R IR 2K 82 0 R T sE A F R i
BEKFER—EME (L 60 B (SunZE N, 2018) . fEHRHEM: Ay AT fith
FF4R B s fo R =28 288 (0. 6.3+ 12.5. 25 Al 50 fve/FH) 96 /N fA 4 sk
B, tUi%Ls] EROD iEPEE N (Nakari A1 Huhtala, 2010) .

52. f§f Sprague-Dawley KB RER — @I Bk 0. 5. 50, 500 Z%/ T8
TR R OkE, F54E 28 K (SunZEN, 20200 o fEHIR IR O hehefb s ol g2
FIHAE A4 . BRI, M T y-2 2 e 7 B A0 ) W K1 s, BLR
ZagE x AR (PXR) A AYEE 2K (CAR) CYP3A1 Ml CYP3A FERFRIET
We 7E 50 Zog R LGEHF, HAEEPPRIAIE, 500 250/ T Ak E/ R
FIE AT G BB REE AR, RIYFRHEZIAN . SPRRIRFEAN 58 14 4t f 32
M. SR, FPAEEEARWER . 50 1 500 =501 IR OB H A —
i (MDA) FIAPEH K (GSH) /K FEZEB N, 1E 500 257 R 2K k=
T, EEAYELLE (SOD) WEPERZEIN. HAE CYP3A1 KI5 RNA K&
TEFTA AR R IR, 10 2 R R B e 52 AR 2058 x SZARTE 50 Fl1 500 =78 7R —
KONt IEARE /R E R RS, CYP3A2 (NAZT R Kb/ T ik s/ R
A Hp B2 PR, 50 A1 500 250/ T i AR AL I - A B SRS E N, ®
AR AE T RS0, 500 2= 50/ 50 1R 2R 205t 40 140 I35 6 460 W /K P48
53, fEHEME Wistar KRBT, L0y 5. 50 B 500 5 iR A L T iR/
RIOFELIOGEE 8 AJa, FFEAKELLM 5 =50/ T 78 FF4h 270 S0 i I 2 1
i (Cui BN, 2025) o FRAEHBIREFALR GHZ O 4ot M 5 =5/ Ttk
EREMEG N RS G, 7N A I 28 BT ok =R
15
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R, R TRENARNE . w5 EE Al T U 40 oy R B R RR S, IX
WE R —2 A MESR EE A Ak, TR — S X4
SLH R MR IE A S BREEASME . FFIF TR BUIEEEE (TC) « HW = (TG) AL
HREENRER A (LDL) M7K-PH BRI A3 m, 50 A1 500 25 R 2R 20T
HENWMHAFEEER, MEEEREEAON 5 2o EHIEREER. %
JEE A (HDL) XAE 5 =7/ T i R4l b B BK. 8RS B N i R iE
KA, JENIERAE (FASN)  dEWYIBEAAIGEY S 2k (PPAR) v
B IE4HEE A FALEE 1 (ACOX1) EEHIN, LDLR CJH [ B4 Rl ) B )
b (Cui EN, 2025) .

54.  Zhou ZEN (2026) FIFEFARIAIFEIERBE AR, 3E— D8R T 24
G 2 /NI B TS 72 /NEHEE 0. 0.25. 0.5 1. 5. 10 Z7a/ TR 2R 2 kel
BDE-209 X B It 4144 (¥ FF IF 520 . BDE-209 A1 — 2K 2 ke 33 R S 30 n] i 2
BT TH, {2 BDE-209 DU 77 208 35 FRAK T A E R LR . N
T VPl VR IR e BE A AR I A R R R e, AE B TR R
f, X —FhHTOE A SR A . 25 24 3 SUH IR i AR AN 26 5
JERE TR, REIERE 2. @ima o Jeairh TR, 58 EH
Fefil IR 2K 2058 3B B B R S B sk A AR AR S, R AR IN i X
WA . FEIEZhRESZ 2P EL OR AR o AR AT, S EL R A (Lima %5
N, 2026) , kAL ATR. AR, M L ZTOJHTR, R IR RS H LR
W T XTI AR AL (ALT) MRKXHMAILERE (AST) %
PE, KRBT PG . BRI ke, ST IhREAE S i R DL &
58 A AL IR R AR S A SR JE N R B 5 ) i o I ol 35k IR 3 0k 1% 2% BH AT
J A B AN AL IR SR AR S T B T R . XU 5K B, BDE-209 Fl-H¥ 2K 24k
KUV AFE R F AL, Hrh BDE-209 X & & M85 K H R, T-HR K 2
BRI 5 B 5 ) R

55. LiZE N (2023) fif p MM BT fa fzfih 1 8% 10 98BS R/ HIR — K 405
28 K, SECEIHAF 74 59 307 A1 398 g IR K 2ok T, Ak
B RJFHATE IR (PHX) #5075 HFIE A RS2, sh7E 28 K
WA B A Z YR . SRHIRAAREL, 1A 10 9 BE R /TR 2K 2 ek fi 4.
I ARTE R (HSD EE D IHIR)E 28 RO FIE T 16.9%F 17.4%, F+
R IR KR E IS T RS AT AR ). RN, B A E R
TR, WEFRIEER (DEG) 53#HE 4N IEBAOR S H iR
. ABC #izEH. MMFET:. DNA SRS 40 s A o A0 T2 iR o
FIATF AR R, Bk 1A 10 GEER/FHIR IR OB S PUELBE S AR N Y
JE oA RN 4 B 384 S A DGt A2, AT HR AR A . KA AR RS AN AR R
JIZ A R 5 2 BB I 43, AT A A7 XU

56.  ZREKRE, DAL REYI IR IR L BT RE 245 WA A S AN S I A
FEhRE, oA AN o A I (e st R AR E o P T 088 1 Bl 3 1 1 ot T
REPEREFUIRARIR (THD BUIBRR, 1242%5¢ x S0/ 4 AR e 32 A1) T P ml RE =
WL R (T4) BUFFARAQH R I — 2P 8 A 2L HOR AR D) BEIGR A Al BETE
57. X EM-FEA-FRER (HPT) SRHEURZM: FEAHR R BTN AR5 L
il AT LR SR 2 I ST, R B R R Lt a S IR R
E WP A
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58.  PRAMYLEIBF AR B, IR ZOREEA nlBE T30 R IR R 32k (THR) Al
G 7K P St IR BRI R AN AR R (B . 7R (5 2 AU IR IR R S Ak
THRo F1 THRP ] HEK293 404 12t 3R Mgk F 2L R Al R e, WLgEE)
TR 2B FERUER, THRo A1 THRP FIEEGNHRIRE (ICso) 23515 0.83
ZZEJR/TIAT 0.40 ZBEJR/TF (CoiZEN, 2026) o fEANFFRckifART, & T fim
(DIO) &M, FEABIMELRIM T4 2 T3 LA T4 FEER 3,3'-T2 [4NAFI R FR
il (O A1 IRD) 223, Al EENHIK RN 160 GHEE R/ 2K
fit (Smythe % N, 2017)

59. fE—UIRAEHLR TG 443 &% CRKARE, 2026) H, ff Sprague-Dawley K
RS IVE B 2k 0. 100, 300 AT 1 000 & 50, 1R 2K 258/ T i AR 5/ R 77
e f A B AL FO BEME R SR AR M2 B MLIE T4 /K-FBS i (H B 2E 38 0 O REZH 1
115%) , 7E 100 255/ F Fo /4 5/ R R4 A FO MEM: K 5 A W22 B4 HFOR BRIR
(TSH) /KFB#MK. 78 F1LEEM R H, #8252 300 8 1 000 25/ T v R 3/ K55 &
RIZNYD I TARS A RGN (0508 119%F1 108%) « HUIRIR AR MEL B A F A8,
SR, 7 HAh AR 3 M 8w 2T BN R R BRI 7T, R 2 AR IR R R
M R (Wang %5 A, 2010; 2019b; Sun% A, 2018) .

60. SunZ¥ A\ (2018) fif Balb/C /NR& L HEefih 0. 5. 20, 100 1200 %2 75 1R
TR KT AR E/RFE, FFEE 30 K (B4 n=16, MR 8 H) , WELF
100 #1200 2 5 7715 N M3 S 2 = AUHFR IR 2R (fT3) BIE =K, 75200
2 E NERRIRE RN, T4 2R, REWRDEEALE.

HOR IR AR 22 2 2 2 B 52384k . Wang S8\ (2019b) {§i 4P Sprague-Dawley
KRE AR 0. 5. 50 A1 500 2 5/ 5o 74 #7715 (1) VR — 2K 2.6 5 BDE-209,

Frel 28 R (4 n=12) , MELH] 7% My AR AR R 2Ry . s o 5
BFE, MR ZIKOEER BDE-209 15, fE 50 fil 500 25l & Mg e —
Bt FFODR AR SR ZURR /KT BRI (p<0.01) 5 7E 500 ZZ 70 578 N HUIR AR B & A
R R B ER (TRHD) Bhn (p<0.05) . [N, FRRARAR T ik b 5 H
R R RS AT IS FE R M5 /8 RNA /KT 2 B E R SR, £ 5 250/
TR E/ RN EH T, WD HURIRH SR 2004, FORBRE RS, 7
500 =5/ T EA T, WEH| LR A0 S i K R v, IR K40 i £
e ~PYIR RIS Wb . BT, SXtRRAMLL, Bk 5 A1 50 2
/T AR E/ R ) BDE-209 8% 1R 3K 25 S BCHLIE T P R X35k . 2okt i
JRANZERLARIE I o BL 500 250/ T e 8 /K BDE-209 B 1R 2K Z bt il & 4
2 )R BRAA P H I T REL TR P B PP 4 R R AR A YA . E T R B () AR A
Wobr Y, Nl (RFEREMB AR B 7KF H B S 0 7] 5 0 P 1
., I I A AL EEE R (Wang 22N, 2019b) . 5 ikl 28 K&
A1 30 KA FCH WL B B MLIE T3 K-FREAKAH &, Wang &8N (20100 WLE2H ML
1B T3 KPR (p<0.05) ; HEM: Sprague-Dawley K 5 F AR $% Al 0 5% 100 =
TR IR O T AR E/RFIE 90 Ka, SXTIRAAALL, g R T4 HBA
SR, T ERN—TEAA-FURIRE (HPT) 2 S pLb 8=, B fu 57 & 1
R SR 5] 8 2 5 M W8 5% 380 1) s 1

61. FE—IINABRE L @AM H (Sun 26N, 2024b) , ZAEBAMIASEAN K E
AR R e R EL AT A AR R FOIR IR AR ES, JRPEREAL F1 A0 F2 J54RH
55 82 Bt — PR B FEREAT . 7E FOAH, £ 0.1 F1 10 g EE IR/ TR
TSRS B ME AR I3 T4 B3N, 7E 1A 10 9495 K/ FHAR FE TR A %2 30 1k £ 1fL ¢ T4
WEEWN, W T3 Bk, 7E F1 U, 78 10 G9BE/R/HKRE FiEER] T3 A1 T4

17
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BETFE, TTE F1 #ikhEa RIRIR IR R B0 . A F1OBEE R 2R
T3 F1 T4 7E 10 GHEE/R/FHREE N BT+, MR F1EEVERIMIE T3 78 0.1 4428
IRIFHREE N BEFK. 76 F2 O, BURIREGKFR AR 8524,
F2 Gk T4 KFEZERN. RERDSHEMZREE 5 RORPFMFESH 5T
T A — T A — R R b A S P 228 R 3% HH B0 7 A AR AR B v AR Ak, 52 31
BE KT8 BHEEs R, F1 LR FR AR TPt 5 2 fh i & 1 BRI
BRI R AL R, T F2 2l it 52 5200 32 2 55 A0 5 5 DR RIS 40 A0 g R 4L
ISR R ALE

62.  Wang SE N (2019¢) KI, MZKE 2 DA EIZRE 6 KM 14 R
(n=4) Hfil 0. 3. 10, 30 100 F1 300 Z4EE/R/TFHIR = 2 he (I BE 1t ik fia
IR AR R T2k, X TFEGHFRIBEMESENS, £ 6 KM 14
RZJG, HRZFEZLHE 30, 100 F1 300 4588 R/ FH45 245201 T3 A1 T4 7KF H 3R
THGI BN LT, SXTRAMEL, M 10 G9BER/THFEE, FHHIRIER
(TTR) HEAEFEWMN, HEFEKBME. R IKLBIEX ST k-1 k-
HORBRFh A G R R R A A T R A G M % R EM M. Wang %%

(2022a) MZLH| T X HUR BRI ER KT AL DR R IE IR A IaE s 7 10
T/ TF n-TiO2 & BRI 2K Z%¢ (0. 1. 10 8K 100 fh5e/FF) X B T £ 4
RIS AETENE, BRI (BN ZRE G 2 & 144 /N (n=3; FHREEAE 300 4440
) o MBI TR AR ET G TR T4 (SGEMARES) ME T3; [FH
i n-TiO2 J5, JMFE— B85, S IRAAEL, soibzfh 100 R/ iR
TR CKE, 5T o2 R FUR BR A DG R R I KPR E T R, 5
Wang Z5 A (2019) #1SunZE N (2024) —%(. LK BEMIIR (syn2a fl al
M EA) K TLE F %Ml 100 25 B R/ THH I 28 288 F n-TiO2 i i 2
Fhde PG REY, HR_IKLKEAT USRS LIRS MR B SR 2
&1 (CRHR1) 1 THRB 456, HAHBAERBARTGES T4 ML, Bt fl-+1
TIORGHER S n-TiO BeA B filids 51 BT 5t 2 ARG Bh I B, PRI R & Y
e XULE R E Sun 5 A\ (2024b) 1 Wang 25 A\ (2019¢) iF B AR — %

63.  HURMEF W R AT R T : AR E R, IR 2K b i iE ik 1
MEEEALTTFH T3, T4 MEREDE (TG-Ab. TPO-Ab) /K-FIHi /0,

(Chen, 2019; Zhao %% A\, 2020b) . Chen 2% A\ (2019) MFG+IR — 2K 2% 1M
TEWREEJO N 3.148 2 54 360 4950/ se R, JUT-F341E M 332.6 4950/ e AR .

Zhao ZE N (2020b) 7E 100% 4 IILIH5 A1 R FEA FRAG I B +HIR — 2K 288, JUF
A S AN 3.69 Woe/ e lEEA 672 T/ wTHE . KE RS HR =R
BB TN BIRAT IR 2245 SR Foii— 2 A FEOHR i vl B 52 2 () sz F 4l | — 4k
FAE

64. UbAk, AE— T B0 BT T e, DR R R LD AR A I R R e R
(n=242) MMEHEIEE (n=239) TPUSEE 1 481 RIS FEA . T il 4L Ax et 4]
IR 2K L LR EE 2 I 47 R 45 gh e/ si IR EE, B A A VR A FELA
FIFIRE = 2D — AN EEH . N EH Logistic [FIHH, HHABFHA
BRI B A, IR 2K 2 e 50 PE RN Lo Ve A 5 3R 00 H FROIR i A AE AR A b
(OR) wE A, HIXMICEH IS MBI HAH (Liv AN,
2022) .

65. LI BAWERE, TR IR INEMNEL. RE I
HEYE Sprague-Dawley K i) E sk FLOAEH LA P2 48145 (Jing ZE AN, 2019;
Gao %5 N\, 2022; Zheng %5 N, 2021) . {EIXUEHFFIA, f# Sprague-Dawley K
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Rl oK 0. 5. 50 B 500 250/ ER TR _IK Ok 28 K (R4
n=12) . OFHNAZEEIR, 50 Fl 500 =58 1R K L5/ T e AR E/ R B i 5 2
PR A ROAZ I N R R TRTBRY R A B 2 R IO v R0 R o 0 2 A T . B s 1
IR 50 F1 500 = /T v AR E A 2Rk A i K RN 2R R RIS HEFI 2L (Jing 5N,
2019; Gao 25N\, 2022) . Jing 25\ (2019) MELH|, 7EHEf 500 =50/ T 7+
REKOEREYH, IEREENEER (LDH) /KFRERIN, [FR N
R E A EAGEE . GHS-OX JE MG, SSH SORE R T A4l /-2 (IL) 1-b.
HAIAA -6 FHREIASEIN F-a B3 L, FIHHBLT SR ARSI JORE
KR, Gao N (2022) Wi%3|, fEBEE (UCP, ZhifANE F&LEes
R BEFEI2 R A) HIKTFAE 5+ 50 F1 500 255/ T 7o/ KR 2K kel b &
PRI TE D (p<0.05) , KEOMEHN=BRRIR T K FAE 500 Z 50/ 78/ K
TR IR Z ot g A 5 0 FRZH AR LGB 25 PR (p<0.05) « 7E 50 A1 500 2 50/ sk
E R AT, 40ME TS (TUNEL FHPESH M) 5 55 8 4% P 4
Bn, MYH6 f1 SERCA2 HIE AR R AT 4R, RO MEFikThie
R T M. 500 25 R TR L A R IR B R T =, 50 A 500 2= 50 4H HDL-
C BHRREAR, o fH R EERH v =B E AR . SxT R b, 5 A P A o
3R RIA (IRS-1. PI3K. p-AKT) &3E />, GLUT2 Fl RXR-a ‘& 33N
(Gao %¥ N, 2022) .

66. Zheng FF N (2021) MELH|, TEHHAM 50 F1 500 =5/ Tk E R K4
Pl , RSO SEMEE M2, FNEA A2 1p M i
MFEISMEAK I E. MEHR_K K (0. 6.25. 12.5. 25, 5011002
JEIRIFE) ALEE 24 /NBF )N LS ) 2 4 (HAEC) Byt —BARSMIF iR B,
IR R AT SRS (ROS) , 1 Had 5] A ML N B2 41
AT CHAIFHE ) NOD BEs24R 5 3 (NLRP3) HIFEETHE) , IHMEHR %2
LA ERZH I M A SE/IMAZH 4> (ASC AR ARE-1)  (Zheng 5N, 2021) &

67. & CER IR IR b nl DRSS R FERELL I K AR KR (L F N,
2025) . f¥i ApoE JE[REFR/NE (8 JAIWSHENME) FRIRZ Mk R oK H 0 B2 100
250/ T RARER R K 2%, BDE-47 5{ BDE-209, M| 6 . 55X
B, B YR A BEL IR 701 1 B 42 A 35 S8 25 388 0 17 /) B 3 2 JhoRR 30 1) B ke T A
ARG T & 5. VR AL BEMA TR 2 3 I B B b (s MR EOKF, FRIRE B I o 1
ICAM-1 HZRIEAKF, M et EVEg i REE . T3 K Lkl ok
W, ZRRIEER (DEG) 7E5 8N A AR ARG ST B EE
. GERRW, B yR A B PR R DA i 1 e 2 i 1 SR A A A A P
FSCRATE 33 20 ik B AR AR A 1) R A R e o B Ay A BEL AR 5] 2 o) ML A PR 57 &4 L 3 Rl 43
FH, HREEARSEMN ICAM-1 W3RIE, Mgt ErampmEE. B—7H
T, FefiRALBR AT 2 FEOE AR ZXEL, imEE4IR+ Ox-LDL & &,
MBI ARG B B (Li %8N, 2025) .

68. AFEFEME WAEF MMM EEN)  E—TU8H 90 K. IR
1000 Z 58/ F 5/ R IR BB A, RN AFH 2% 5 =k e 5
M (Hardy 58N\, 2002) o #FAEERR, —IAAEHL TG 443 KRR,
fEf N 1 000 258/ T3/ RIFAIE T, RWEE| FO 5 F1 AR RIS A, /T
ME B s B BT R I 2 BIA 25 (CREE, 2026) « SR, A HAMHFRE
B R B KBRS /N ORI 8 (1R R0 B BRI R B 3 A SR . B AR
B, fp-HIR R 2 v] DU AR BRI T (5 Tl B O o
EYE IR RS S (GHS) Rymierk . £ KRN RIFR (Li & A,

19
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2021; XueZF A, 2022; Qi%EA, 2025; Shi%E A, 2026) LLK Mt 50 H 50
BB BN ZHARE T R TR

69. MNNEIMIRE uENE: Li A (2021) @SB 7 Y Sprague-
Dawley KR4l 0. 5. 50 A1 500 Z v/ T AR E A& TR K 45E, Frak 28
K (BAH n=12) . RMERNGAXZNERREW; KM, SXRAIIVH
bt, $fil 50 A1 500 250/ T ve MR B IR 0K e I OR BRI 7 AERS R
WEGBRK . FEMHFFIET, MR TR DRGSR, DR
siRL S T N PR R e, R A . IS EES] DNA TS
(TUNEL BHYEZNA) FIgufodd T in. Xue 28N (2022) i 75 Li A
(2021) FH[EIFEFNEARTT S, WELR] 50 A1 500 =& 5/ T ve AR E/ R = 4L
W FIRE R ERRK. A, Brf A ELLRR 715 713K, 50 F1 500 250/ T 7
RE/RFEH RS TE TR M. fE A =R EY, £ 50 F1 500 Z 5/
T v R E 2 R B AR b R AR AR, IR SR B 2k A TR R S AL TR A
B EE A . Bbah, H BT 2Rk 52 4% A T B8 55 5 DL A I 375 1 45 4 A
LDL-C K FEETE. Ao, HRIKZKEED 2 DNA #5105 S8 T Je ik
YU, WD T I 2R 7 (Sohlhl. MILIL. CDK2 Al CyclinA) ATk
SEAMER (SYCP1 il SYCP3) KKk, TR K KFES TR X
&L, R PR SR TR AR AR AN IR T, I BRERS TAL
HARER SRS (XueE A, 2022) .

70.  QiZE AN (2025) JEid DRHE B {F CSTBL/6 T HENE /N FGESE 7 J& A 5 K i
W0, 5850 =/ TR E MR KOk, BRGRHA S K (BHn=6) . 5
XTHERAAAHLE, 5 A 50 2/ T va A4 B R A RS 1 1H B i 34% 0 73%
(p=0.01) , K TR EFEMRBIEE I (p=0.01) o IMLiEF AL P 5
(T KPEHRZROEFEREMERAMEK (a8 p < 0.05 Al
p <0.00) . HXHRAMLIL, 50 23w/ F 50 HIR IR e 4 s 2 3R A o=
(LH) FIET 50%, {RUPfE (FSH) KFERET 29% (p <0.01) o 5Xf
R, IR 2 keeh 2 P S AR B A E R T EE 1 (StARD  (E2 H1[H]
JFR A0 M 7 AR 2 R B R () DGR ) PRI (p < 0.01) o IX AT RESBH (1 52 L[]
SR SR M AR B RS T O I8 2 S N o R B AR - i R 1 i A R 52
R A B 20 P2 D A S R ek P B AR RS (LOEC) A 5 =5/ T3
PR EE, I AR AR AR R R AR B Y I R 1 A R W U R R
50 =55/ (Qi%EAN, 2025)

71.  ShiZE A (2026) MELH|, C57BL/6T /NEE 4 0 A1 0.5 70+ =%
CIE/ T oAk R 12 JB)G, FETREME AL EE T, 2A M
TRELBLER G, R BEAH B AR 740 B KR > . IR IR ki, 2510
i 2 2 A 40 i AR S R SR B A R S b

72, XHEVEAEFEER B RIEEYE: IOBFAL T IR IR 260 B REAE SR AT IR G K B
[R50 . Shi Z5 N (2021) HHFEM (37 KD MM Kumming /) FR I +IR —
K OKE (CEKHEAF 04 0.05. 0.5, 5. 50 flod/ TRk dE/R) 30 K, FiEitix
AL PR AR . VRS NSRBI AR R S B4 B IR S B O A, DR
Ab TR E T R R B B R — IR R DL R R AR HEH (PBE) 1
URREAHAE . B R R S ERN R T, SEREMAIRET. /£ 5
50 B/ TR AR E /R IR IR kg, O REAH A B A XS BR o R R A7
1, SR A S ORIIRAR (PB) o BRI, SRR AR B ) 2L
AR R E REREHEYIR, SBURBKE 7E . A0,
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73.  EH—THET, Shi 2N (2022) HFHEM (37 A i Kumming
N IR A 2 CRKahd 0 88 50 e/ T sedk B/ KD 30 K, IKshW
GNP . fFEE— AR, MEYEEATACRC . IRH B, WEESE R A A
HILHER MR (E 0.5 K) , JFxF 1. 2 1 8 WIRARBEATRAE, 96 /NI JE IR
LRI . TR R O AW S S TR e e, H 3B I R X
(PN) K/Nb e HRZIR BT T A e RNBE A H A2, S8R
/. DNA Hifi . & TRFHBUEH R R KRR D, REASEMHBEER
W o 2R UN M IR AZ AN IR AZ W82 ) DNA Hif (BL y-H2AX 389 in Rk fif
w) , HHEZRNBEAKFEAMG. £ 2 iy, #EVES % B
t, IFFEREL 30 KRG ACHL, JFPE E11.5. E14.5 A1 E18.5 g #l s B kG . 5
STRRAR LG, Befih 3R 2K 2B /N R & P A7 2O B s>, E14.5 F1 E18.5
(PR R P8 I S B A o B X R A AN i VR — K 2B B RO AR 19 F 1 4 R 7=
&6 R, SREMILESZAT NN, Bl R 2K Lk a S EUENE F1NR s
G S IN I B IAL A AT MBI, (EXHHEME F1 /N R I 3G sh At A2 AT MR
AL

74. WIS R B/ RIELEHHA TG414 (1981 GKH) HEAT T HI0
A RIS e A A HAMRTE /BT, PR T TR IR 2B KRR
A7 R /E ], Hardy 28 AN (20100 X Bbfi 7 4. XEEHFR AW &R 5
BUMRIIMEIRE R MR LLB . EAFE F IR AR e Bl e 30 A G W WAL T
s, £ KRB, RMERINT T H AR ks rm, &
400 Z 5/ T o/ RFE T, HIE B R B AR e gt 7 iR
ENE . X — MRS RN RN, BUNTER SR N BA W R
Bl fER T TR, ER AP ERA SR 525 25 S A0 T 8RR I I
PRRAE. 125 F1 400 Z 50/ T a/ KA EHEEH — R R ER™, 1250 =5/ T
SRFNEHE R AR AR 5810, ST ZWEs BRI ERBL, JFA
AR T BERR R IR G, FIARNX —RIEZMEARN . —EFgi¥R
NI SR 1250 Z 50/ T 50/ RS T AR 27 T EEETHE B 1 E 2o m (9 &,
MXTMWAEARN 4 F) . BT XM (56.3%) & SLI0 = s X R yE H
(12.593.8%) W, BFFMTT NIANEARA RN . H 7 & A &7 2= 20 ol 82
P % R E R 7E 400 Z 50/ T 50/ KA EHR 1 R IEG W3] 5
BRSO, BORFIR S A OEREAR. 161 250 250/ AT/ RAF —E 1
PN IR AR TR 83 E Bk 5 WA DR KB A 4. BT ERAEREL, A
PR R W T H AR BIZA Z54H G2 (Hardy 25N, 2010)

75. HEIHEM—IALAEHL TG 443 KRR (RAFE, 2026) fMESF, ff
Sprague-Dawley K FLZ8 [ 5 #ih 0. 100, 300 AT 1 000 =50/ 5 /4 F )+
TR, TEFLH, RMERE| S A AR o 75 TC T 8 S LR A
WS B — Lo 525 2GR MR A S5 R, IEHRH T 545 A S I A AL AT R V43 #t
G, AE 1000 250/ T v 2H 0 1 AR A 28 U0 %2 1T ) A B 4 B 2 S T
., FEHAEREFEREE 13 KI TN R IAKIFE, 100 250/ T w R ER
o R ZH 23005 B 27 S0 T B P A7 AR AR AR BB Al R R I A8/ I T I A4
To BRI E R B ANAE 300 A1 1000 258 K 2t/ T AR B 1) P kEPE
AR IE T4 KPS S CSXTRERTE, 2508 119%F1 108%) « KT K
BRZEEME, SXTHRAML, WERATA 1R K 2w 2R A AR 1 28 06 AR X
PR BN, FEH 300 A1 100 =58 IR 2K £ Se 2R b R A 40 R AR
X BUATR BN . FLAR IR R S I S S B 2 T 2 B8R 10, RN

21
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TEMER 2 A —5, TEEBEZ BA—E, MWRERACNIR/N, B 42355 B 2E A
KE, JEH (8E) BAEEREWTFYREEER. MHARIEEESENELE, &
W78 A 4 5 FE A AT R B BRI AN KN 7K (NOAEL) A 1 000 2
/T R

76. X EREFEAMEEYE: PE AR A o T A A N AR OB A
VAR, B IEME IR E BRI R (GnRH) RO R . Rk A,
LR SERE (T)  MES AR JLAP M5 [E BE (Hara 26 A, 2016; Lima %5
N, 2026) o 2SR KOS5 A .. A6 HRER D 6
I 78 R IS H O i (B2) AISEREHZK-F 028 (Sun ZE A, 20225 Yu s
N> 2026; Choi %8N, 2021) o ZS[h[FEEAR Al A T 3 S5O I 2 Hh e — s A0 52 i
KFFEAL, 5 M- (HPG) ML FRIAMA LA % (Sun 25N,
2022; Yu AN, 20260 . AEFHREAIAMEMRATEEL (GSD 23 +IR — 2%
LRI (YusE N, 2026) , FEfilHIR o8 Qb B D frs 1 i & AR
THEMZI (Yang % A, 2024; Choi %5 A, 2021) .

77.  YuZEAN (2026) @BLIHEAEFRES . WRKE . HIEEAKTE. T EK-1E
A B s TR 3R R0 O SRR U LR AE SR A IR R e AR TR R M. R
PEL A (4 AEY) b o, 1. 10 F1 100 S/ AR K ok, A 21 K (n=
3; MIREEAE 15 &Mifa+15 ) o MEERRIE IR IR O8I K
B R M RAEFRE ) (LEBFINESE ) | MM B A R4
FREON 1 35e/F T 06 2 EHOHIE TR, 7E 100 v/ FHI B35 R R, thah, %
Fefuh 2 A% JE O BRI A (PO LLB3E D, T BN SR Bs BABE BE4H A (LVO) U
B o HEVE PR BRAA P BOR I 3 PR IR AT B AR . X gl LRI R R
LR ETE D B R AR TR FE M . AR TVR R ke 1 e S B ) g8
PR B 2w, RSN AP B K. 100 O/t K L s
TP o o - 0 A - J el SR G TG MR S 2R 10 5 FSORT 2, DT S 3 450 550 M 42 B
S AETERE ST RMN PR A A 5T e - 2 A - il A O 1 LR 25 (A
AL B E D teAl, S5 SRR A T I L R E MR TR R e R A T
Ao SO EPE VR R AR AN AR BT 2 4 A R B, ORSE N IO IR AR AR pR AN
AR AR DA R S H IRAR M R AR T o . 426k E, KRR SN EF
FCEA DN BRI LI BRAIG, S SRR IR 2 T .

78.  SunFEN (2022) FHEMEDE D AR FRIKEE 1 A1 100 4428 /R /R oK
OJe CRFRY %0 0.01%1) VAR , NI 28 Ko 7EMENEBE L fa A v oA
BT MR BE (2 411+ 190 F 4 127 + 547 g5/ T8 SERTFIEY
[ W i 1) B fa 0 B R R 2 K R R KA 2 (Tao 55N
2019) o 7E 1 #1100 GHEE/R/FT IR IR O Hnan 294l A, I e — R0 =2 v B
BIRERAL. 5 - R-TE BRAH G R R RIA R A T oA . AR,
TR IR A e 3 0 ) DK R O 25 R ) R A ) A [ B A I R . AR
1M, 22 DRI 3R TA B4R D K M — e R 2 i /K P BRI R 3 808 Giit 22 = LRI BRie
REAR, R0 828 E 00 B0 555 8 Bk 3508 50 3% 1 5 39 90 55 40 i
(VOO B35 ETHE#H, 5 Yu2EA (2026) —5. HR-FEL M (1 A
10 GNEE/R/FE) H P DN BRAH B kA7 7E, 3 B IR R ke vT e 3 S50 14 B
S EANR .
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79. Choi ZE N (2021) fFMEMER S (n =4, FIRELMSIULMESA) BEfb
0. 0.031. 0.31 1 3.1 TUEE/R/FTR-AKOEE ERR2E 0.1% 1 = H &
MO, A 14 R (BG4 204, ARUMELD o AL, ERAPER AL
gif AR CBP H295R (N _EAREZ B A1 MVLN CAFLIRSE) 408 wF 705t
D U AR LR B A . 45t 0.31 A1 3.1 SR SR/ THHIR 28 2k i e
DEL v, I ROME VR WA N, TR G AA R ENINER (RE
0.031 BBE/R/FFHANEZED o 11-KT (SR PN I = 20D IR MM f/
11-KT LA BEA . A SR R /K (vigs era Fl erB) 7K-F 5%
TR A BEZE . R IR H295R 4, ME B/ 2
bR 2HINEH (p < 0.05) , 15 8 [ B AR BOAH S R R A S 5 B 58
o fENFUBE AN R LS, SR SRR RIS SRR T 0%,
KT R IR CIRABA B NMESERZARBEMER . &REW, SRz
K g e G T B St M K S AD H295R 4 it v A E I/ SR i LE R
SRIM, X5 2 (B B AR Rl AUME I 3 2 A &5 & S A T SR R BE R T 0T J5 . FR R
RKIUFFRZLE R EF NN, S5 RRIAMEEE KT Re 2 i 28 B B AL s A
A CAAN I HLE A T 0 o SR, 7 A o] R0 T 460 200 P % e R R 20
(0~ 6.3+ 12.5. 25 A1 50 fow/Ft) 96 /N HIARSN LI, g% S
S BRI S, £ 6.3 Woe/AlkE FRIEE (Nakari f1 Huhtala,
2010) .

80. Yang A (2024) A A HEMEBE S A AFRFRIRE N 0. 0.1, 1. 10
100 GHEE/R/FHHIR =K Ohe, A 2 AN H . Bk 2 MG, TRZIR O
MR ZYR S ESHN 871, 1284 1411 F13 252 45/ vafleE .. 1A
BOREEN, WERIBE D #ORs 1 [0)  iE JJRIHT )35 7 235 PR, FF HURS 710 Sk 351
TEESEIN . SR, MEEAh IR IR LR M S R A P EC G I, BB AT
RS, T 100 GBS JR/FHALE) F1 G ARSI IR BB R B2 PR (AN 99.81%
5 83.78%) o HAhBEL, BIUNZKER. BIERMEER, S EARAEZERF.
1E 52 AL 22 S i A2 B0 AR FE AN A 52, AR FE AR ] T e
o FEfl 1 AT 100 N EE IR/ TEIR TR 258 I R4 PY R A it EL A S 3 T
il 100 44 BE IR /FF IR 2R ZBE ) B AR Y PR 7 Lo g S5 3 B AR, 2k 0.1-10 &4
JEE IR /TF IR R LB B AR Y RS T BRI B R B B, XA RE R B R R
TR CIEIERE TR BNH] . A g-H2AX AT, AN 1 GNEE IR/ AR W 52
F DNA B W28 ;4 TUNEL Je AT, 75 100 g4 BE /R /T W 42 311 Z 3
o ST AR BB 1 GUBE R /FH I 46 S 3L 35 0 77 s st 1 38 o
Bz V) 3 D M S22 B DNA #5045 e W A RE AR e as, ZERRIEEA
BETREFHEIRIEMBERRNLEE (S 5@, FHS52RsiEAHERNEA
R R, XA R DNA B HRAR KA . HAj M AE X iy
M2 E 3R TR 2R Obe ik R A R A BB A0 T . [ BT L R T 75 7 A 3 fid
0.01. 0.1+ 1 F0 10 fkBE/R/FF IR A Zoke 3 /NE, SR 5 FH A B2 At i 0 Jo 1y g 12k
FIBEREAT N T2k . PSR F R 71 (0.1 A1 1 RUBER/FH) FIRTEEE 71
(0.1 BEER/FE) BEART XA, (B TEsh&tELEEER. RERT
HESHEAWEREEER, HEE 0.1 TEEIRTHHE 2 2 b gl b g2
P2 R R 2 B EREBMERRAC. AR, BRI R 5 AR A Z R
(NZHEJE 24120 /DBFFFURD o ZREKRE, SRR, AR IR ORI
I £t A] B H IR T AR T AR e B, LR AL T e 5 2 AR S A 1
DNA #i5 A gE =AW E L K.

23
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81. MEMAKEH. MAMITATME: W EFrE, 78U 5T 52 3] H
PRI EAR G, HAp SR B AR AR DGR TR R O S8R &
ki — 2 A — FE ORI b R I R FEOIR BRI 2 7K~ & 8L (Sun 58 N, 2024b, Wang 55
A, 2019¢; 2022b) » KEMWOAMAENEH, BIEFIRIERS. MHEIEHE.
LRRRTNRE . TEAEEAAT N (B3I AR, Eshid ] g

FAFIF W, FAHSMGEEEFE. 57 UGB 7% W sh At 47 e
T 35 TP A3 47l £ 10 XU

82. TE—IIMABE LA (Sun 5N, 2024b) , LA IAET A IR E
IR R 2 SR B RZ YR ) F1 AL F2 JE AR B A FRREAT AT FFIR R
T4 (EE 61 B o iSRG E AR BT A IR BE TR 2R 2 (0.1,
1. 10 9NEE/R/TH) BEZE 8 Ay (5E4H 400 ML, n=3) . /KEEH-HR KL
[ I BN 0.15. 0.68 Fl1 7.60 44 EE/R/F (146 660 F1 7381 4Hw/Ft) . H
FRIAT N (BIHANFEEERE RN AT DFERER (Blanszfgfa 5 R) BIghikis
o SR EIAAT N AT AL AT AT B AR RIS I Ml S R B ), X
TP E M AR SFAEAE AT N, S5REU ST O IRAT 2L (Han %5
A, 2021, Lima%g N, 2026) . fEMEILAIT AN, SunfE AN (2024b) KL,
MAREE Al 10 GHEE R/ TR K O, S REWIN FL 2tk (2HE 5 KD 156
R AT SR 54 R DA B F2 SRR AE D' BF AT SR IS 2 AtE TR £ A5 X 45 BE RISk ] L g .
WAT R (WFRA “WhEE” B85 “EREE” 478D 2B/ AT AR —& 0, KW
AAEAEEEE M 2474 (Champagne 25N\, 2010) . WFREEREH, Fl 4hik
(R FRPR IR0 3 Bt & B B IR IR IR A2 B, T F2 2l Bl 52 52 1)
F2 5 R R E R S I IR (A R AL D v R S S AR R st e <. H Al
RF TR, FARIR T35 2 AR R R RAT A Z [MAF IR E R R

83. Sun%EA (2023b) ff FOARPEL fa \NAZHE f5 2 /NG 2] 8 H bzl 0.1, 10
10 GHEE IR TR R i (RFIREE A 100 A4k, n=3) , FEANE—P
Bl 5 oL N RFE F1A F2 AR FO ZhAR 1 5 SY ARG far 43 791 8 160 237 F 876 44
v/ T EE, F1A F2 iR E IR K ke 8 S AR S A A R . FO Sk
fih ¥R IR e R B K B SN B E A, A B s 7 R B R
e BRI, 78 F2 Gk W 2 n, ook (p<0.01) |
BTHMEISSH (p<0.01) MERAE (p<0.05) MR KOk (1
10 GHEE/R/FD) S5 IR TR .. FO M F1 4RMCZE N, T F2 40K
DR T X 5MEIEFUKERIZEESIRHE R R —8. 78 0.1 f1 10 44
JEIRIFH 45 2540, F1 AR GABA. JHBK. ZMEAHBR. NE. 5-HT. Epi f1 5-
HIAA HILE R, 10 F2 AR A Glu tHELE E D> . TR
FEATT O ThRE R IVE R, 4 id B AR R T fe At S B 5 f Zh it R
SEHERERN . T HRE BT AR SRR, B AR IE % e s et 2
—NPRF PRI . TE RIS ST B B R s B R, B S TR G BRI
FKF R B WS 2 X AR o TR B H IR T o 28 g RS o i 2 52 )
(Lima %8 A\, 2026) . {E FO Huliid 2 QM P Bl F1 4hik (2K )G
5 KD W, TE 10 GNEEIR/THEA 254 B G B A ZE IS B S R R BTE S R . AR
M, {EF240k (2RI SR H, WEREA EEEME K5, B
BN R E K. SR DNA F LA IR 8, M FO 2] F1 A1
F2 4hik, 822 mpmsEEgEim. QKM E, 5 Fo kAL, 75
KA1 DNA FEAGKS B, 78 F2 4R g2 3 73 2 RN SREKE, 4
T2 B P 28 TR () 2 AR 1 S 30 FO RN P14 P2 AR LB 308, {2 F2 Gk 7E AR
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Befh IR IR O E e AR S AR R RN . AN, B HI =, EATHE. R
. BEFARR I ARG . AR o EALEEM =R IR AT ARk, W R
REFNRE R AR 2 AL 7 T () 2 AR SR AT . B L R I B fl TR 2R 2 b = 5]k
FALRIE, X AT RE Rz B E R AN 2 —. FO 4R iE A &=
FtE, FL 2k 4 bt H IO S AL B8 (GSH-px) FIA I H K& &= 80 B 7
=, 0 F2 gk A I H IS A i & 2 B B REK. Sun 8N (2024) ik
() R BRI 2 A0 B IR R R il 1 250, T RE 0 MRE 1 Sun%E N (2023b)
MR MBS . FARBEEN T RIHME R E . aLid, FralefEREiTN
EHE L HEE (Leach A1 Gould, 2015) .

84. HuaZE N\ (2022) fHisz¥5)5 2 /NP2 2HE 5 120 /N R IEAG A TO B30
HEIREAN 1.9, 7.5, 16.4 F1 421 Soa/ R K ke, DU THEKRE
BB BE Dy fa P i S RVE s B, T24 BHXEEIRE A FEZE 1.0, 2.3, 6.2
10.2 toa/Ft. SXTHRAIAMEEL, BEfil 16.4 1 42.1 fh5e/ T HIR —F 2 b Bt Dt
IRRITE R . fAE AR B £, HOREFEEIN (p<0.001) . T
AR IR e 2 R RS MR AR TR IE SR Ja 23 /NI ¥ 5 B BR
5 1.9 WO/ 2 25 I R S i R AE AR AE 2 Ja 24-26 /N B B, 7.5 3
o/ R ARG JT 24 25 K0 28 /NBT BRI B R, 16.4 A1 42.1 fl e/ 4R 25 4 AE
G 24-28 /N IR . TEELLEHR N ih 16.4 A1 42.1 B/ TR R R
LltSa, PEE gk~ B el shis 5 W . RS IR, Bl 42.1
e/ R I kR, BTE = AR P A sh i ) B N, %
16.4 A 42.1 WO/ R OKEE, SF— 0730 s 1 5 8 25 1
e 7EHf 1.9 SO/ R IR OB S gk, 2R &id i & E R
ERK. EREFIE (164 F1 421 o/ A HR KOk F, JA LB RTEK
PRI, X5 WER RGNS IR 8. R 421 Bod/ AR R
F5tc 0 4 A v ke DA AL 20 Tk BERR & R 10 BB, £ G 4% #2 Il ( ChAT ) 3 4 385 i
(Agostini £\, 2018) , XA[RER SE LML S ERMMIRE . 2152
W TR W 2K e T R B e e LA 45 A 301, KRR R Ok
WPt ] g B M iEtE. M2, ZWEIHBESRS (AChE, —Foks 2k
FEAE A RER ) PRI ) 5 MR AEAT AR IR 2K Zobegh 25 4 R 338 H B
B . XA RIE B R TR IR S o 1-BUE B A SYN2a 2 85 A
HAEHB, G660 519-38.9064 F1-18.6725 T R/EEIR. L2EKE, BT
NARAL ZE W RGO 2058 I S A A M TR RN

85. Zhang AN (2026) £, Hfihi-HR IR AL nT el R B BB i
MM AR, FFRBCOMEMKEEME. ORI B HERE (Lima %5
N, 2026) , OIIE RGFHMERIBMEE AR ORI, Bk SE-shkEk (SV-BA)
PEEIEIN, DAAGO ARSI 2. OBk R AR K (Zhao FEN, 2024) . &
HAEERENE, RENR Dm0 IF A, 1 REER FLBh Y0 I i 4R 18
JIABR (Zhao ZEN, 2024) . fZFEMIBE S ARG EAL 0. 5. 50 A1 500 fe/
FHRZIR K, BEZRE 120 /N Bl IR 0k 2508 A 3 s 414
AT R AR o FESZRE JE 120 /N8, $2fil 50 F1 500 O/ IR 2K Z6E )
YRR I 32 ZE LUA A i AR 78 SONRHERTIE S R . 78 500 v/ FH4
O R RIRTA . BRERSEH CIREE) ALOEKEY K. VS EAT
NECMRS, BT E SR, Bl IR TOR ke B E A T 2R Iz BhiE
o VI ENEE S EACRERIN, 500 {3k ve/ThZHAE B A A RS 1 B 0
TERAENE . AP FE R IR IR R ARG R T R TN, X

25
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TRURE 7340 2 AL 7 OO0 1 O MELBRE () K P B ARG, IR R KT B FT RE 2 2 3 TP AR i 8 R
GRS MERE, XRS5 MERIPITARE AR TSN, BE¥
PG EAAE N, 50 A1 500 e /FH57 & B9 O A B2, 500 v/ Tt
AR FHOREER . AL, SERER 50 A 500 B0/ TH45 2541 & ik 5 -5
FikER PR BS 35 W N . KEGG J8 g & i iion, BRIET-R AR B = M
g, TRZIK R SRR ER BRI LT, 588G 7E 500 S/
AU R AR T N B B 25 A SN e K R S R . [ PR TR T 2
B K BI3n GR R0 S5 O EF a0 DL ERIE T M 6 8 13 J L [ 5
SEAKHIEAE . SR, B SRR 500 4/ T IR T IK 2 ke R 2 B Tk
RT3 (Fer-1) , WIATECAR TR =K 265 AR 1O iFdEdE, kB g 84
IS R AU T A S FE IR () ik o IX 3R B S AL NSO Bk A8 T2 R RE X T W0 %2 )
O E A B R AR B, R R A A RS R, (EE AR %
ZkiE i P E N EE L EES 12 (RDH 12) 1 Ei UGTI1B2 SRHEELI i
R R EEIA, A FE S AYEHIRR R B ERE R

86. Yang N (2023) fFBE Lk (ZH5)E 2 /A 120 /M) Fefil 1R
ZIRLHE (04 50, 100, 200 A1 400 fvE/ T, KA RN, R
BE D 4IRS Y B B I, R 2 R S B S B T DA R AR R A e
R SR AU . tEAh, £ 400 ROT/ - HR R Lkt 3 7 3 5t %)
REITE R ORI, RS 3EK M. B A RS S dh) A0, £ 200
A 400 Fre/ AR IR ks Ziid, TN RS EEOKE I T B2 S,
BB RS EWD, A AL BTG PR B X ZRobr R T BEA T VA R,
e 400 50/ TH IR TOK 28 BT D AR A FE R . = BERR IR AR . B
KPR I figs 2% 2% 5 RO B TVt 350 S 3 BRI, SR W2 fd J5 ZRRLAAR IR 6 P
B. LL400 v/ A ES G, —BRIRT & EMLRARIFIREEE AR 1. 11,
I, IV FEPERE FRK. SUEFEE, Bk 200 A1 400 flvw/ - 28 Z ke 1 B
T G4k ) 2ok A B AT (MMP) IR ZBRAS (p < 0.05) o B i % ik
(NR) /& NAD+HWRIMAYI T, #H T ANEMERME, CAPT IR &R o . [RS8
fiik 160 1o/ F MR A% B A1 400 e/ IR =R Okt (528G )5 2 &8 120 /i)
AT ARH 1A = 2K 2 e 5 2R R AR ThRE B2, Yk AL N, IR IRE IR R
LGN R38R DL 502 kB AR FE AR U AH 2 1) 32 [R 3R IA 1 520

87. WMEMD LT DIEHHR RO RER D A BE 5Ma s
PEMICI R, DL BE S fa ghkrp B B SCATiAsZm . BE L A 2h AR K i A
S5 LA A L i R, SR EEMALER AL, IS ER.
GABA. ZFifEE. B, 5-F g (5-HT) « ZHE EIREMARL (Rosa
HEN, 2022) o bR S A HE N SRR N B FLsh Y o k0 R Rh 42 5  FE
WAL (LimaZE A\, 2026) .

88.  SunZE AN (2022) (% 78 B A, SR (L 100 GHEE/R/FH45 2
YP3BT Eh i RSN EE B R B (p < 0.05) KfiiE) 5 4 H KM 0
Fefih 1 gNBE IR /TN 100 R EE /R /FH-HIR K 20058 28 RIS ILAIAH 9 2 11 5 FIAH O
TS DL A0 P N S AR S 2 B LA %

89. Sun %A (2023¢) L5 Sun ZEA (2023b) AHFE K7 RS FO R DE L
AT EAl (L% 83 B, RIMMPEH TP HBIA . fERGFERE S (8 Hild)
FIRIHE, FOAFI AR FE M ) F2 AR i & &b BN B3, T F1ARIR D
HRED . JLFHA MRS R AE F1OM F2 GRFR3 kAl 748k, R
Ih 1 SR AR 1) B2 SRR 3 A 2208 R R FE 2 B T30 . IR K 2 05E 5 S50 1 A
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VERGER S E . R RMALUATES (BST. GSD RARZEZRI. 1TH
RIVGMAEERNAERY G, FOV— S, £ FLARTERIAR LR, £
10 ZEEIR/THRET , FO MEVELE Hh 18] DX 45 B I 8] 5 22 48000, 10 F2 REPEAE S
S DX ARG B X 33 ) 5 B I () S35 M . 7 10 ZNBEZR/THKRIETS, FO MEPEAEIR
S DX A A5 B IS TR S22 2B 46, {BLAE F1 B F2 s W B IR RS . 10 T
AR P R B 0 8 1 BT AT FE 5 (NNDD) FIAMATEE RS (1ID) o 7E MM Ak
St EARER S TE FOR NI, 7 FIAR ETE, 78 F2AR%A BELN, WA
PRIE]FR S LE FOARAT F2 A LR 25 TR, (BAE F1 Ah 3 B35 TRk, &
WDy RAIRFE S s, A2 E ) (RS M AMEERET ) MR v RE Al
AR R = N TRV 221 R e S B o e i S | A | R S S NS 2
HAAEEIN 7 5 FAM BV RN 1E], (B F2 #EVERRSN. EALTE DNA $iif5. &
8 DNA HHAL 7P MU SRR S 10 R i AR B A s AR i DL A
A SR R o BRI R R H I 2T — A BT 20, 1
KT AL GO WM. £ =AU B i o U0 82 2040 i A L, F2 ek
AN T EEE N, R IR 2K L AT DO ik i T A s ARSI

90. Wang %A (2026) fii 6 H RSB 0. 10 F1 100 49 BE/R/THAKJE
R KE, A28 K (n=3, FIREREE 20 MM N 20 &M
RIS AR A 25 22 G0 AH 5 0 32 IR SR /KT R 20080 UK T R AR T AR ML . FEMEME
B BE S R, 100 G EE R /gl O BEIEB . DAL NE. 5-HT Al
5-HIAA HIKPEG S LR ET S, 10 gUER/TH M+ X 5-HT A
5-HIAA /KT 838 Th . EE e BT 5 A R AR ) e 8356 ol 7K ¥ B 35 AR
b, X5 Sun %N (2023¢) HISERM S, AP A EAMZY NG G 2 /N
NIFEE, BHE 8 M. BA K IUHHEE ol M3 D i Ak S i 47 v 9 B
AFF (Wang 8N, 2026) o fEMEVERES (e, JLANGRGShRefE 2 A ®H
B X EEFE IR, WS, JAPANEE IR . R
PR LGB R (1) 5 AR R B, PR AR B T Sl HIR oK b A R A
2. Mk, WL FUKTFRIMEER, FORERKF 2008 2 R K
AR A, 3 B M T DU B 5 52 BB R 2R B R

91. /DERMLENE: SunZEA (2026) K¥L, WiEMEREMHR IR SHS
INER IR FEREAT Ny, FEPRE A0 22 ) FCAZ6E 1. (HiREYE CSTBL/6T /MBS (45
W) 2Ol 1% (R %0 Tween-80 T+ IR —FK 2k, FIEN 0.
100, 500 A1 2 500 #ve/F ek /R, Frak 12 B (B4 n=10) o @I EEsm
L WK E AT TAT AR . SRS, PN s A 2 A s YR B
O AT A, ST A LZ I MNEIZEE 1A k. ISR 4
PR E RN, WA s AR RS otk N E., 2
S (1) [X 3k F 30 L0 A ] 4 38 i DL s 2 oo HEFIRA B AR AN e . 2RI S
AN BEREY) (N A A AL B3, FH EX & o e
IR E R E B RS R EAMBEFEREAHI T, @RI+ R
TR SN R T P T X NI R R AR Th RS, I Ca ik kAt
T,

27
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2.4.2 WM. TIREMFE A KEE PR FIRR

92.  XiFEHAN YR EEE . IUAERF AR, RIETEIRE SRE R, L
AV T R WARC . SR, AR o 52 IR TR L R A S
Hig U S A AT DNA 352475, AERR AR S SR L 1) 2 P OWL % B il A2 457

93. Hardy A\ (2011) JERAKE T JUAGT ARG A V) 55 1 AT Mk o
Hardy 2 N (2011) P¥Ah 70 38R AY . sl fiAg o i b s o R R IXT
FIEFEVAFIFE . i (E. fetida) i 313, 625, 1 250, 2 500
5000 Z 50/ T oe T HIEM TR K Ak, BT 56 Ko PRSI EE 7N
231+ 440, 761, 1907 A1 3720 =50/ T 0. EmmIRE T, 2 56 RUWEH|
BHERE 1R E W (p<0.05) o HI, 56 RAGEBRACW IS IKE N 3 720 2
/T, IRV E Y 1 910 Z 5/ T rn 4. R FE AT iRk
AR 2= B B R (2008) HUEER, W45 AR ALK 5 & 3.4%00, 15
HTE I RS R B N 649.4 Z 50/ o8 T3 . E. fetida A HAMZ s 7R IR
ER S0 RAAMAL R ZER. XTEYME, EEEFNERAEE (3 0915 802
25/ T F, WK, AR AEKSEFA T — 2.

94. Jiang FF N (2021) ff E. fetida #filt HR—K 2% (5. 104 20, 50, 100
Zy/ T , A 28 Ko SRR TR IR ORI IAE] 1.31. 1.69.
1.72 2.32 F12.60 ff 5/ 5« Ffilt 100 =08/ T R R Okt fa, SRR R
F ) B B A R S M A . TERT A B 24P W22 31 CYP450 A GST v Pk
(PR 5 A . WEd5] [ CYP450 Al GST FEEZAd = 138 In 2~ B s, B kis] 1)
fEEERE JIAE 21-28 K1 Ry f e f S 4 Ml 55 A . Zhao %8N (2020c) &I,
N T A3k 2,50 5. 10 A1 20 25/ F R KOk, 253 E. fetida
HILEAL R . IR S AL A DNA 45 . B 75 S ARk B2 R e W 22 31 52
. Wang 28N (2022¢) &I, C. elegans fE4%fh IR —ZK Lkt (0. 1. 10,
100, 500 A1 1 000 fHe/F, 0.01% (AFLED —HIEEWHKD 72 /M5, M 100
Won/ T L BEsh e g E . Ak, 100 v/ THH A ARG IR, B T
24% (p<0.05) , FFHSRERIHMNEREKBCR

95. Luo %A (2025) f#i& (Bombyx mori L.) @it iR — I Z e b FRA 5
M#Efik 0. 0.011. 0.11. 1.1 A1 11 RO/ TE-HR KRR, ZRkE S 207
TEAE AR B KA Y, XY R MR (AL marina)  (1.072.4 50/
T A NS E) MEKMH (Z. mays L) (4.16-31.9 f5a/ T F8E)  (BRimik
FmEEE, 2025) o HHATF IR, HRMEIET IR, ZF R ER,
72 0.011-11 10/ T EJERE PN, &GE KA DR RIS, a2
HREGAR T B IR (p <0.05) o fhllZ. #FE Ei 4 E YR M5
AT Y

96. SEEM: — MM ARKRMCT A G RKIFFHEMIFRE (2013) K
W, XTEE R AR R Ak AESESS (C. virginianus) T F, 20 TG
RIS FE A >88.1 = S i 1t o/ T AR 8/ R R, 4 A 0.1 ZBE/R/F++
IR IR CJe A BG40 BN, 5% B AE 5 A BEAH SC IR B2 TR R 55 S8 1 FOIR i vl
REr AR . (£ 0.1 41 0.2 B /RFHAKEE T, DIOT ZE {5 {3 RNA RIEIE I,
CYPA4/5 {51 RNA KA W% Fifl (Eggloff 58 A, 2011) &

97.  XKRAEVIEEE: AR T RIRG F, TR ZIK ORI
A 2P B 1 o X S s o A0 0 55 PR DU S ok CAE N RAT VR 08 R 3R
(Hardy 2 N\, 2012) . Hardy % A (2012) #F5C 7 HIR 2 ket LAY Fb
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(K% (O. mykiss) - ¥R/K#:E (P. subcapitata) . /K& (D. magna) . FZIX
(C. riparius) FIEERDY) (L.variegates) ) MM, (HEA KT 2%
PEVER . 2k, BERAUKFZ2 MM 110 Z 5w R 2K L858/ T /K IE RN 4H 5
(WAF) JaR3Z5m . fEfm i & (5000 25/ T Ty TRIERREE
fib R IR OhE, AR E N E . SRR R, WA
Wi 55 BRI AEE . BFEA T . AR, HH AR R K& N 4 7 VR | A%
fbVA R, DR U FE R R AR E AN e Ve, FF HAE 2 3 s 3 AR AT

7l

98.  Nakari Al Huhtala (2010) %f D. magna (ISO 6341, 1996) FIHE T, 1 5p
Fghth (1SO 12890, 1999) #AT T SpEFMHENR. VR I Z 5% D. magna (1)
48 /NI ROR BN 19 o/ Tt SRAIZIARNNR SN, Befih 25 s/ Tk
FE BT ON AR 2 B 35 PRI (p <0.05) o PRI (12.5 A1 25 foe/Jh) Bup
AL LA FE T R B E K (p<0.05) .

99. Wang % A\ (2023b) f#ill Il (M. galloprovincialis ) #fif 1R — 2K 2 %%
(1. 10~ 50, 200F1 500155/ 7+, 0.001% CAFHHD —HETHD , KN30
Ko HARZWME. U7 AR 75 A BRI 7 2L K18 (VERL 1 VCL) LA
AL STBESEI R, IR 28 LG et 7 fe i A i &
Az, X UL BH XA R] e 2 5 M R TG DB AR BE N 4> WA Tt . Zheng SN
(2024) ffiFifa (A. fangsiao) HZfiliHR 2K %8 (0. 1. 50, 100, 300 f 5/
TEs AN 0.2% (PRFU40 —HEWHRD , N 28 K. 300 e/ FH2H7E 28 K
MR AE K SN RS ZE TR Bl R K Ok &85 g 1) 52 5
P, (EBEE RS AL, FEAHE LRGBS A E A RRE, XA R S EUE KD
ZEIBARS, VTR B .

100, HIFS2ARRME 5@ A TORTRAAE, 55 2.3.1 RS 17X S L
BT o

REMHE D FRAESH A FIRLS R

101, AR IR e M BRSBTS I D 26 1 () (HAIG) B
B H AN SZ M bR v o

102, KX N A EATIASE (AR, S8 N3 BT W 50 AR AR L 3k
xR AL AR, LORAR T RERE A% R] 78 -5 UL 2% 31 K KNG R i
Ko MR 7T ik AR FURBR AR S2 00, X AT RE-S U AEAQ I DI e 52

28

103, KT X NRA@RFEIAFI M, ANEA KRS AR, HR KL
P A AT e T S A A 7 A DA R o SR A AR A R R DRV AR Y o
TEIKE, XA AR S RS T . el S 2 R R kT
SOAREE 7 RN R AR ER BN 1 D AR BT B I DA R 52 R R AR B 4
JE U SR TR gD, T A T AR AR R A B I R el PR A R Ak
W N 50 Z70/T 7 (QiZEN, 2025) . fER—T/NERBFR G, b 0.5 =50/
TrRAREMTRIE K 12 B SERF R ERE T, AT RS2
(Shi%E N, 2026)

104. {3 ApoE & Al /I B2t 100 250/ T e R AR — 28 Zke 6 )=, M
KPOME RN, SO FEBRAAS AR TG I HE AT BL R (2 12t B 4 e 5
RGN 7 7K B2 BRI . K R %Al 50 A1 500 25/ T re R B —
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H L5 28 RIWTFLRY, IR K Ll Bedit 35 Zohi i 2h REJF B L IR ZH 21
I =B AR KT, S ROME RO, M (BN B A L g s ) I
FHOEHSA AR T

105. KT RPPAEEHIASRIFZ 0, X i R fd R 0K e SR B A TR R B, X
AER . HIRAKE . BT REMRE AR HEEEAKE. T Eh-2E - R
fl i R 2 05 1 G B AR U L AR AE 22 P AR R2 R (Yu 58N, 2026, Yang 55N,
2024, Zhou 28 A, 2026; SunZ: A, 2022; Choi 25N, 2021) . 7£ LI 24T
FUHRO S B 5 HUR IR A S e, M IR A QIR EE I R =R i &
BT b i — A — BRI b AT I 2 HOIR R K ZEL (Sun 58N, 2024b,
Wang %5 N\, 2019c; 2022a) . HAREANE, 76K G H 407 Rl o 052 2
PRI o7 & AT N

106. BN ANKVIR 2, KRIEKDEEMALF, RO B
MEBHAF L 25 )L, F HAERBRYEE N PN L EEZL R AN &R 7. W
R RV AE T 5 N B BRI A X G K & M s e RS, T Re R S AU
A JE T LA BELBR 77 N 1 B KR U

KU AREN £ BKIT RN R 4 i RE

107. WRIEIA LS, 7TV R RO E (ERREAL) MifF D
R TREANE . AR R E L B B I A AN 52 0 1) G e b

108. L+, SERFEAMMHRERENK, iR R, EERE
RNHR IEBOBERS . TR IEOEHTUHEZNA, SRR

109. CUFF 1989 “F 2 2011 2 KA LA W FETIRIHAE (Poma 5N,
2014) LLJ 2011 -5 2018 bl AR B4 (Wang S5 N, 2021) W 2|3 N
A IR IR L K I B A T IR R R RN At 2N A
BN GLiE R R EE . EIR T AR FE R X, AEIR A AR o
KBRS ECE, YY) RO A S 2. TR IR Lk ] R
SHAAERE I REA R A AR REFE G BN, iR
FEEE BRI R iR, TR X IR =S T RIEMEY AT
JZAEI Tz, UER R A T R ORI

110. X HEWF TP Al I SR Y, IR oK Cbe U S| RL . $E In &
AiE P FELRARMAH TIRE, T FBORS BRI . AT KN . A
WHFRRE, TR IR OB R AL SN SRR AR I N 0 R 5

111, AR IR e 2 6 Wk 1A sh )R B SEE (RS A AT T o o -8 445 i
PR, WA IR, R IR ke ] RER M AR A
FEMEVE S rPO SR B AR F BE 70 F B S PR KO T BN B BRI R B A K
WEFCAR I, #Efh IR 0K L il i AR P A FL YR ik T
PR—FRBR AR T HCIR IR R G £ H ANMG G Zh ) P LR 2 1 X+ 2 R 4t
RISAM . CLARIE B iR 2 e 2 SRR A0 SR PR A 20328 Jo 1187 DL B 81 ST 145 3
YIRIAT R, FFF5 /N RO A 5L AZ AR 5 X I T 45 222
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BRI 2R LR &Y. T HARp A WS Rt DL S 5 iz 2
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Note by the Secretariat

I. Introduction

I. The Government of Norway has submitted a proposal to list decabromodiphenylethane
(DBDPE) and its related substance, 1,1'-ethane-1,2-diylbisbenzene, brominated, in Annexes A, B
and/or C to the Stockholm Convention on Persistent Organic Pollutants, pursuant to paragraph 1 of
Article 8 of the Convention (see annex to the present note). The proposal is being circulated as
submitted and has not been formally edited. The Secretariat’s verification of whether the proposal
contains the information specified in Annex D to the Convention is set out in document
UNEP/POPS/POPRC.22/INF/7.

II.  Proposed action
2. The Committee may wish:
(a) To consider the information provided in the present note;

(b) To decide whether it is satisfied that the proposal fulfils the requirements of Article 8
of and Annex D to the Convention;

(©) To develop and agree on, if it decides that the proposal fulfils the requirements referred
to in subparagraph 2 (b) above, a workplan for preparing a draft risk profile pursuant to paragraph 6 of
Article 8 of the Convention.

* UNEP/POPS/POPRC.22/1.

** The present document has not been formally edited.
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Annex*

Proposal to list decabromodiphenylethane (DBDPE) and its
related substance, 1,1'-ethane-1,2-diylbisbenzene, brominated, in
Annexes A, B and/or C to the Stockholm Convention on Persistent
Organic Pollutants

Introduction

1. Decabromodiphenylethane (DBDPE) is a brominated aromatic flame retardant consisting of
two benzene rings fully substituted with five bromine atoms connected via a central ethane moiety.
Brominated diphenyl ethyls including DBDPE and a related UVCB substance! (1,1'-ethane-1,2-
diylbisbenzene, brominated) are widely used nonreactive brominated flame-retardant additives. Their
extensive use spans electrical and electronic equipment, automotive components, building and
construction materials, and textiles. Global production and use have grown significantly over the past
decade, largely as replacements for decaBDE, which was listed in the Stockholm Convention in 2017
(ECHA, 2024a).

2. DBDRPE is registered under REACH in the European Union, with imports between 10,000—
100,000 tonnes annually. According to ECHA (2024a), brominated diphenyl ethyls account for 43%
of the total estimated tonnage of aromatic brominated flame retardants placed on the EU market.
Substantial quantities are also produced or imported in the United States (9000- 45 000 tonnes/y
between 2016-2019, US EPA 2020). Import to Canada is estimated at 1,000—10,000 t/y (ECCC & HC,
2019), and 120 tonnes per year (AICIS, 2021) to Australia. China is the main producer of DBDPE
with >50 % of the global production in 2012. Between 2006 and 2016, China produced approximately
230,000 tonnes of DBDPE, with about 20% (39,000 tonnes) exported in DBDPE containing products.
Exports are projected to rise to 100,000 t/y primarily incorporated in exported electronic equipment
(EEE) by 2026 (Liu et al., 2026). 1,1'-ethane-1,2-diylbisbenzene, brominated is registered under
REACH with 1-10 t/y.

3. Regulatory scrutiny has increased internationally. In 2025, DBDPE was identified as a
Substance of Very High Concern (SVHC) due to vPvB properties (ECHA, 2025) in the EU. Several
jurisdictions, including Canada and Australia, have adopted or announced prohibitions with
exemptions (ECCC & HC, 2025; AICIS, 2022). The U.S. continues to assess the substance under U.S.
Toxic Substances Control Act, while most Asian countries have not yet introduced national
regulations.

4. There are no known natural sources of DBDPE, which have been detected in all compartments
of the environment including air, surface water, sediment, biota and humans and in remote Arctic and
Antarctic regions (AMAP, 2016; ECHA, 2025). Widespread detection in remote air, snow, soil, and
biota samples demonstrates long-range atmospheric transport. Increasing trends in dated sediments
cores from Lake Maggiore in Italy from 1989 to 2011 (Poma et al., 2014) and in mollusks from Bohai
Sea from 2011 to 2018 (Wang et al., 2021) have been observed. In environmental samples DBDPE is
often detected in higher levels than other new BFRs (Wang et al., 2023a).

5. Releases during service life measured as indoor dust levels are reported in the range
307-540,000 ng/g, sewage sludge from <LOD to 220 ng/g dw and levels in biota (fish and mussels)
reported from <LOD to 3300 pg/g lw (ECHA, 2024a, appendix G). Serum levels in human worker
with occupational exposure was reported from 87-54,400 ng/g lw, indicating chronic exposure
(Wang et al., 2019a).

6. Based on existing data DBDPE can be considered to meet the screening criteria in Annex D
for persistence, bioaccumulation, long-range transport and adverse effects under the Stockholm
Convention. DBDPE may also contribute to the formation of persistent, bioaccumulative, and
inherently toxic transformation products (lower brominated BDPEs) in the environment.

* The annex has not been formally edited. The studies and other information referred to in this document do not
necessarily reflect the views of the Secretariat, the United Nations Environment Programme (UNEP) or the
United Nations. The designations employed and the presentation of the material in such studies and references do
not imply the expression of any opinion whatsoever on the part of the Secretariat, UNEP or the United Nations
concerning geopolitical situations or the legal status of any country, territory, area or city or its authorities.

! Substances of unknown or variable composition, complex reaction products or biological materials.
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7. For the assessment of DBDPE, information from the support document for identification as a
SVHC (ECHA, 2025) has been used as well as information from peer-reviewed scientific journals and
grey literature. Unpublished studies are thoroughly described by ECHA (2025), where the authors had
access to complete study reports during the SVHC process. The OECD TG 443 (Unpublished, 2026)
was not part of the previous assessment and only a summary has been available.

Chemical identity

8. Brominated diphenyl ethyls consist of DBDPE registered as a mono- constituent in the public
available registration dossier in ECHA CHEM database. The other member of the group is (1,1'-
ethane-1,2-diylbisbenzene, brominated) registered as a UVCB substance containing DBDPE as a
constituent above 0.1 % w/w as well as other structurally similar congeners (ECHA, 2024a).

Table 1. The chemical identity of decabromodiphenylethane (DBDPE)

CAS number: 84852-53-9

IUPAC name: 1,1'-(ethane-1,2-diyl)bis[pentabromobenzene]

EC number: 284-366-9

EC name: 1,1'-(ethane-1,2-diyl)bis[ pentabromobenzene]
Molecular formula: Ci4sH4Br 10

Molecular weight: 971.226 g/mol

Synonyms: 1,1'-(ethane-1,2-diyl)bis[2,3,4,5,6-pentabromobenzene];

1,2-bis(pentabromophenyl)ethane benzene;
1,1'-(1,2-ethanediyl)bis(2,3,4,5,6-pentabromo)-
decabromodiphenylethane (DBDPE);
1,2,3,4,5-pentabromo-6-[2-(2,3,4,5,6-pentabromophenyl)ethyl]benzene

Trade names DBDPE, DBDPE/RDT-3, Ecoflame B-971, Firemaster 2100R, SAYTEX
4010 Flame Retardant, SAYTEX 4010 ZD, SAYTEX 402 Flame
Retardant (no longer marketed), SAYTEX 8010, SAYTEX 8010 Flame
Retardant, SAYTEX 8010 ZD, SLFR-2, YCFR-03

Table 2. Overview of selected physicochemical properties

Property Value [Unit] Reference/source of information
Physical state at 20°C Solid colorless white powder Visual inspection?

and 101.3 kPa

Melting/freezing point | 350 °C Differential Scanning Calorimetry?®
Vapor pressure 3.14 x 10! Pa at 20 °C Value selected: OECD TG 104

Vapour Pressure — Effusion method:
isothermal thermogravimetry,

<1 x 10 Pa at 20°C (AICIS, 2021)
OECD TG 104, Vapour Pressure —
3.8x10° Pa Spinning rotor method?
1.55 x 107! Pa at 20°C Prediction by Wania and Dugani,
2003
9.33x 107 Pa COSMOtherm prediction. (Gliige

and Scheringer, 2023)

For comparison: 4.63 x 10 Pa at | Predicted from AEROWIN v1.00
21°C for decaBDE, melting point
0f 300-310°C (EC, 2002)

Water solubility <0.05 pg/L DBDPE/L at 20 °C Value selected: OECD TG 105
Water Solubility Column Elution
Method

0.72 pg/L at 25 °C EPA OPPTS 830.7860 (Water
Solubility Generator Column
Method)?

<0.05 pg/L at 20°C OECD TG 105 Water Solubility —
Column Elution Method (AICIS,
2021)

2 Search results for 84852-53-9 - ECHA CHEM.
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2.1

Property Value [Unit] Reference/source of information
COSMOtherm prediction (Gliige and
0.00000867 pg/L at 20°C Scheringer, 2023)
(EC, 2002)
For comparison:<0.1 pg/L at
25 °C decaBDE
n-octanol/water 9.23 Value selected: COSMOtherm
partition coefficient prediction (Gliige and Scheringer,
(log Kow) 2023)
3.55at 25°C Generator Column Method?
>6.50 OECD TG 117 — HPLC Method
(AICIS, 2021)
9.89 Prediction by ECCC and HC, 2019
9.23 at 20°C Prediction COSMOtherm (Gliige and
Scheringer, 2023)
For comparison: 6.27 —9.19 (EC, 2002)
decaBDE
organic carbon/water 6.86 Value selected: OECD TG 106 2
partition coefficient 6.38 PCKOC v1.66 v2.00 prediction
(log Koc) 8.01 KOCWIN v2.00 prediction and log
Kow 0f 9.23
6.54 at 25° Prediction COSMOtherm (Gliige and
Scheringer, 2023)
n-octanol/air partition 13.81 Value selected: KOAWIN v1.10
coefficient (log Koa) prediction; log Kow =9.23 and HLC
=0.061 Pa m3/mol (= 0.00000060
atm-m3/mol) used,
16.66 at 20°C Prediction COSMOtherm (Gliige and
Scheringer, 2023)

Br Br

Br /'! \
Br "f//_ _-"’"'!Elr:'l
Bry -.\ ;"

Br Br
Br Br I""j': 1-10

Figure 1. Structural formula of DBDPE (CAS No. 84852-53-9) and the UVCB substance 1,1'-
ethane-1,2-diylbisbenzene, brominated (CAS No. 1092834-40-6)

Information on DBDPE and how it fulfils the Annex D screening
criteria

Persistence

9. DBDRPE is chemically very stable in environmental compartments and shows very limited
degradation under both aerobic and anaerobic conditions. Available screening tests, simulation studies,
and field observations consistently demonstrate that DBDPE is highly resistant to degradation and
therefore environmentally persistent. Like for decabromodiphenylether, BDE-209, debromination has
also been observed under various conditions, although BDE-209 seems to debrominate more easily
than DBDPE.

10. DBDPE does not contain any readily hydrolysable functional groups, and hydrolysis is
therefore not expected to be a relevant abiotic degradation process. This is further supported by its
extremely low water solubility (= 0.05 pg/L at 20°C, ECHA, 2025) and its high log Koc (6.86),
leading to strong adsorption to suspended particulate matter and sediments, substantially limiting its
availability for aqueous phase reactions (Unpublished, 2015a). Hydrolysis is therefore considered to
be environmentally insignificant for DBDPE.
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11. Phototransformation in air has been investigated by UV/visible absorption measurements,
which indicate that DBDPE absorbs weakly at wavelengths above 290-295 nm, suggesting low
sensitivity to direct photolysis under natural sunlight conditions (Dungey and Akintoye, 2007). Model
estimates using AOPWIN predict an atmospheric half-life of approximately 4.5-6.7 days for reaction
with hydroxyl radicals; however, due to DBDPE’s very low vapor pressure (3.14 x 107! Pa at 20°C)
and strong association with airborne particulates, gas phase phototransformation is considered of
limited environmental relevance (ECHA, 2025). Due to the low water solubility of DBDPE, photolysis
has not been studied in pure water and is expected to have limited importance for DBDPE.

12. Phototransformation of DBDPE in other media has been investigated in laboratory photolysis
studies using artificial UV light and reactive matrices such as solvents and humic-acid/water systems.
The studies show that DBDPE can undergo stepwise debromination under high-energy irradiation. For
example, Wang et al. (2012) exposed DBDPE to UV light in solvents, humic-acid/water systems, and
on silica gel (which simulates soil compartment) and observed rapid transformation with formation of
nona- to heptabrominated diphenyl ethane congeners. Similar debromination patterns were reported by
Kierkegaard (2004), Granelli (2011), Wei et al. (2012a), Li et al. (2019) and Klimm et al. (2019).
Wang et al. (2010) used UV-light to generate DBDPE debromination products and study their uptake.
Mainly debromination products such as nona- to heptabrominated diphenyl ethane were formed after
UV-exposure, although some oxygen containing transformation products were observed by Klimm et
al. (2019) and Li et al. (2019). Further, Zeng et al. (2025) demonstrated photolysis and debromination
of DBDPE and used this to prepare reference standards for the debromination products. In contrast,
when DBDPE was incorporated in a plastic matrix (High-impact polystyrene (HIPS)) and exposed to
natural sunlight for up to 224 days, no measurable degradation of the parent compound was observed
(Kajiwara et al., 2008), indicating that phototransformation is matrix dependent and may be of limited
importance in most environmental settings as DBDPE will partition to particles and sediment. Overall,
phototransformation of DBDPE is considered to be environmentally insignificant.

13. DBDRPE is highly persistent in soils and sediments. In a water—sediment simulation study
according to OECD TG308, no relevant degradation was observed under either aerobic or anaerobic
conditions over a six-month period at room temperature, and the degradation half-life in sediment thus
exceeded 180 days (Unpublished, 2015b). Similarly, two soil simulation studies conducted according
to OECD TG 307 in multiple soil types showed no significant degradation under both aerobic and
anaerobic conditions, with DTso values exceeding 180 days in all cases (Unpublished, 2015¢ and
2015d), thereby fulfilling the Annex D criteria. Additionally, a soil study including growing plants
also showed no enhanced transformation, indicating that plant—soil interactions do not substantially
affect the environmental stability of DBDPE (Unpublished, 2019).

14. Ready and inherent biodegradation studies support the results from simulation studies,
showing that DBDPE is neither readily nor inherently biodegradable. In a ready biodegradation test
conducted according to OECD TG 301C (Unpublished, 1991), no biodegradation was observed based
on oxygen consumption and only minimal primary degradation (~2%) was detected by chemical
analysis. An inherent biodegradability test following the proposed OECD TG 302D (Unpublished,
2015e) showed only 2.2% mineralization after 90 days under aerobic conditions, with no evidence of
formation of degradation products (as summarised in ECHA, 2025). In addition, a test for
transformation and mineralization in anaerobic digester sludge according to OECD TG 314C
(Unpublished, 2011, summarized in ECHA, 2025) showed no microorganism mediated mineralization
over 63 days, indicating that DBDPE is not degraded under anaerobic wastewater treatment
conditions.

15. Transformation of DBDPE to lower brominated congeners by organisms has been
demonstrated. Wang et al. (2010) observed biotransformation in rats. While reductive debromination
was observed, substitution with MeSO,™ was the primary metabolic pathway. Wang et al. (2019b)
observed transformation of DBDPE in zebrafish larvae, although the identities were not determined.
Wang et al. (2022a) also observed transformation in zebrafish larvae and identified nona-, octa and
hepta-BDPE debromination products as well as other brominated compounds. Wang et al. (2020a)
showed that debromination occurred in snails and here reductive debromination was the main
pathway, forming nona- to heptabrominated and lower diphenyl ethane congeners. Wang et al.
(2022b) showed a rapid debromination by the white rot fungi Pleurotus ostreatus, which was able to
degrade 48% to 38% of DBDPE at concentrations ranging from 5 to 25 mg DBDPE/L. At higher
concentrations the degradation slowed down, presumably due to toxicity. Both intercellular enzymes
(P450) and extracellular enzymes (e.g. laccase and lignin peroxidase) were involved, with laccase
playing an especially important part in the degradation. Degradation products formed from
debromination and hydroxylation were the dominant types. Jiang et al. (2021) observed transformation
products in both earthworms and earthworm casts corresponding to forming nona- to heptabrominated
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and lower diphenyl ethane congeners. Other types of debromination products, such as OH-adducts,
may have been formed as well but were not characterized.

Conclusion on persistence according to the criteria in Annex D

16. DBDPE meets the persistence criteria of Annex D with degradation half-lives in sediment and
soil greater than six months (>180 days). The substance has also been detected across all
environmental compartments, including remote regions such as the Arctic and Antarctica, which
provides strong evidence of its persistence. DBDPE has previously been identified as a SVHC due to
its vPvB properties according to REACH annex XIII (ECHA 2025).

Bioaccumulation

17. Under Annex D, substances with a bioconcentration factor (BCF) > 5 000 in aquatic organisms
meet the bioaccumulative (B) criterion or may qualify based on high bioaccumulation in other species
or monitoring data. DBDPE is extremely hydrophobic (log Kow 9.23; water solubility ~0.05 pg/L),
strongly partitions to organic matter, and exhibits very high adsorption to sediments and soils (log Koc
up to 6.86), limiting dissolved exposure but enabling dietary and particle-mediated uptake.

18. Multiple laboratory studies indicate that DBDPE fulfils the B criterion. Burkhard et al. (2023)
performed an OECD TG 305 dietary study with rainbow trout and ECHA (2025) later modelled BCFs
based on these results. ECHA (2025) found BCFs that exceeded 5 000 with slow depuration,
indicating high bioaccumulation potential. Likewise, sediment-based testing with Lumbriculus
variegatus yielded BCFs > 5 000 when normalized to pore water (Zhang et al., 2013).

19. Monitoring data show DBDPE in invertebrates, fish, amphibians, reptiles, birds, mammals,
and humans, including Arctic wildlife, demonstrating environmental uptake despite low water
solubility (KLIF, 2013; de Wit et al. 2020). Monitoring studies indicate that uptake of DBDPE in the
environment via food exceeds what is observed in laboratory settings, likely due to the form of
DBDPE exposure and exposure duration. Monitoring and field studies for DBDPE are thoroughly
described in ECHA 2025, chapter "3.4.3 Monitoring data and field studies". Biomagnification factors
(BMFs) greater than 1 have been reported for a range of predator—prey relationships across aquatic,
terrestrial, and estuarine food webs, with BMFs reaching values up to 28.5 (Ding et al., 2022;

Wu et al., 2024; Sun et al., 2024a), while other studies report BMFs below 1 (Wu et al. 2023; Sun et al
2023a). Trophic magnification has also been observed in marine food webs, with trophic
magnification factors (TMFs) above 1 (up to 4.22-5.12; Hou et al., 2022%). However, other studies
report trophic dilution (TMF < 1; e.g. Liu et al., 2020), illustrating that biomagnification may be
species specific and dependent on food web structure and exposure conditions.

20. Burkhard et al. (2023) conducted a dietary OECD TG 305 study in rainbow trout exposed for
28 days to DBDPE along with several other halogenated compounds, including established POPs.
Uptake was very low and variable for DBDPE. Superhydrophobic substances like DBDPE tend to
have very slow uptake phases and need a very long time to reach equilibrium. DBDPE was added to
the feed as a solid, and not dissolved, which likely reduced its uptake. The concerns for uptake
duration and introduction through feed are supported by the available monitoring data demonstrating
uptake in a wide array of biota but was very limited in this study. Elimination appeared to be more
rapid than the uptake, and a k, 0f 0.084, resulting in lipid-normalized BMF values below 1. The k»
value from this study was just below the suggested k, value (< 0.085) by Brooke and Crookes (2012)
as corresponding to a BCF of 5000. Due to these concerns, as well as depuration data often being near
detection limits and growth dilution was not accounted for (fish weight doubled during the test), the
study was considered to be unsuitable for directly deriving definitive BMF values. The authors
concluded that biomagnification was not expected under the laboratory conditions, although this
contradicts several field studies reporting BMFs and TMFs > 1 for DBDPE.

21. ECHA (2025) reevaluated the Burkhard dataset using kinetic modelling aligned with

OECD TG 305 and the OECD BCF estimation tool described in OECD GD 305, including lipid and
growth correction. The modelling produced BCF estimates mostly >5000 and confirmed slow
depuration (ko =~ 0.045 d*; biological half-life =~ 15.5 days), consistent with a highly hydrophobic,
poorly soluble substance. Despite uncertainties inherent to the mixed substance exposure design, the
reassessment provides strong supporting evidence that DBDPE meets the B criterion of annex D.

3 Hou et al. (2022) spans 2.14 trophic levels. According to Kidd et al (2018) et al 2.0 is sufficient for reliable
TMFs.
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22. Qiao et al., (2023) observed tissue specific BAFs ranging from approximately 6 500 to 12 900
in zebrafish and showed that DBDPE can be transferred to offspring, as it is found in roe. The study
demonstrated clear concentration dependent accumulation of DBDPE across multiple tissues and was
conducted under controlled laboratory conditions with analytical verification of exposure levels.
Gradual debromination to nona-, octa-, hepta-, hexa- and pentaBDPE was also observed in the study.
Although exposure levels exceeded environmental relevance, internal concentrations were analytically
consistent and aligned with expectations for a highly hydrophobic substance. The study provides
strong supporting evidence of bioaccumulation.

23. Zhang et al., (2013) calculated very high BCF values for uptake by L. variegatus from field
collected sediment when normalized to estimated porewater concentrations. The study demonstrated
pronounced uptake of DBDPE into tissue, despite low aqueous solubility and limited mobility from
sediment, with logBCF values up to 9.87, far exceeding the BCF criteria of 5000. The exposure
system did not strictly follow standard guideline procedures, and uncertainties remained regarding
steady state attainment. Because porewater levels were not measured directly (via SPME fibres and
back calculated) and the test system deviated from guideline conditions, some uncertainty remains
about the resulting BCFs. The study was deemed unsuitable for deriving quantitative BCFs but found
to be supportive of the qualitative conclusion of high bioaccumulation potential.

24. A laboratory food web study conducted by Zhou et al. (2023) examined DBDPE
bioaccumulation in a constructed community including macrophytes, mollusks, and fish. Log BAFs
ranged from 2.94 to 4.96, while the trophic magnification factor was TMF < 1, indicating biodilution
rather than biomagnification within the constructed food web. The log BAF of 3.82 + 0.329 for
Chinese bitterlings (carp fish) exceeds the Annex D threshold for B. However, the simplified trophic
structure and lack of increasing concentrations with trophic level indicate that steady state
biomagnification was not achieved. Although the stated challenges reduce the reliability of the results,
the study met basic analytical quality criteria and supports a qualitative conclusion of high
bioaccumulation potential.

25. Wang et al. 2022a exposed zebrafish larvae for 144h to aqueous solutions of n-TiO,

(100 pg/L) and DBDPE (0, 1, 10, or 100 pg/L). Accumulation of DBDPE was only detected above
LOD in larvae exposed to 10 or 100 pg/L DBDPE with or without n-TiO2. However, in the group
exposed to 100 pg/L DBDPE and n-TiO2, the DBDPE concentration was significantly higher than in
the group exposed to only DBDPE. Co-exposure with particles is relevant as this could closer
represent the natural environment where particles naturally occur in the water column. Due to their
surface properties, particles can adsorb organic and inorganic pollutants, resulting in changes in
bioavailability (Wang et al., 2022a). This is supported by observations made by Lu et al., (2026) who
observed that DBDPE had a low presence in the diet of red footed boobies (fish and squid) but was
found in elevated levels in the sampled birds and environmental samples of plastic. They concluded
that accumulation in birds may have been increased by plastic ingestion, indicating an additional non-
trophic exposure pathway. However, they note that the study only had samples from five birds that
were found washed up on the beach post-mortem and are difficult to use for population-level
inferences. The studies by Wang et al. (2022a) and Lu et al. (2026) are given a low weight in the
overall evaluation.

26. Two studies by Fremlin et al. (2025a and 2025b) evaluate the bioaccumulation potential of
DBDPE. The 2025a study used DBDPE as a model substance to investigate a new approach to how
note ii* to Annex D criteria for bioaccumulation could be used for a difficult to test substance. The
study applied a chemical-activity framework and concluded that DBDPE cannot bioaccumulate to
levels of concern. It is noted that chemical activity is generally most relevant for acute baseline
toxicity (also called non-polar narcosis) (Mackay et al., 2020), while a high level of uncertainty
remains for chronic effects (ECETOC, 2016). According to the chemical activity approach, it is not
possible for compounds with very high melting point to be toxic though non-polar narcosis, and
DBDPE has a melting point of approximately 350 °C. The study also narrowed its toxicity assessment
to 14 of 58 studies, excluding many that report biological responses but lacked classical dose—response
endpoints. Typically, the studies that were excluded investigated "enzyme or hormone reactions,
changes in biochemistry, histopathology of organs, behavioral responses, and changes in gene
expression". These types of effects are important for DBDPE, as can be seen in the chapter on adverse
effects, and also expected to be poorly described by non-polar narcosis. This filtering therefore
reduces the sensitivity of the approach to subtle or chronic effects that might be more relevant for
highly persistent, low-solubility chemicals. In addition, this proposed approach imports quantitative

4"Evidence that a chemical presents other reasons for concern, such as high bio-accumulation in other species,
high toxicity or ecotoxicity; or".
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risk assessment into the bioaccumulation assessment step. This is inconsistent with the general
regulatory understanding of PBT/POP identification (ECHA, 2023), where bioaccumulation potential
is evaluated independently of risk.

217. The Fremlin et al. 2025b study introduces a structured scoring system for evaluating the
reliability of field TMF/BMF studies. While intended to standardize data quality, the approach
removes more than half of the available studies and then averages biomagnification metrics across
ecologically diverse food webs. The study concludes that DBDPE does not show magnification in the
environment. Because accumulation varies substantially among ecosystems and species, averaging can
mask genuine biomagnification observed in particular environments. Several included field studies do
show accumulation in certain food webs, even if others do not.

28. Experimental animal studies indicate that DBDPE is poorly absorbed after both single and
repeated oral exposure (Unpublished, 2004; 2012; 2025 as referred in ECHA 2025; Wang et al., 2010;
Knudsen et al., 2017). The unpublished study from 2025 found no uptake after 14 days of exposure,
while Wang et al. (2010) found uptake after 90 days. Both these studies used corn oil to dissolve
DBDPE. Knudsen et al. (2017) used a lower dose of 100 nmol/kg (~0.01 mg/kg>, n=4) than the
Unpublished (2025) study at 100-1000 mg/kg. Knudsen et al. (2017) also administrated orally by
gavage but observed uptake after one and 10 days. These studies suggest that repeated exposure over
longer periods leads to higher uptakes, but that exposure route and dose formulation are also
important. DBDPE was predominantly eliminated via feces in the Knudsen et al. (2017) study, with
more than 90% of the administered dose recovered unchanged within 72 hours and only minimal
urinary excretion. Intravenous dosing in rats showed slow excretion and extensive retention in tissues,
with 70% being retained in tissues after 72 hours. This indicates a whole-body half-life of 5 - 5.8 days.
According to ECHA’s PBT-guidance R.11 (ECHA, 2023), a whole-body terminal elimination half-life
longer than 4 days in rats is supporting evidence for vB-properties in a WoE-assessment for
bioaccumulation. By comparison in the same study, 30% of BDE-209 was retained after intravenous
dosing in tissues after 72 hours, indicating a whole-body half-life of 2.1 — 2.5 days. It is noted that the
slow clearance of DBDPE may be attributed to saturation of metabolic and elimination pathways at
high internal concentrations, mimicking intrinsically slow clearance. Uptake after dermal exposure
was also demonstrated after exposure to Sul of DBDPE dissolved in toluene to 2.7 nmol/cm?. 17+£10%
of the administered dose was adsorbed to the skin and 5+2% penetrated the skin and was found in
internal tissues, demonstrating that dermal uptake can contribute to the total uptake. The limited
metabolism and reliance on fecal elimination may contribute to the persistence of DBDPE once
internalized in humans.

29. Maternal transfer has been documented in wildlife including birds, amphibians and marine
mammals (Zheng et al., 2018; Sun et al 2023a; Sala et al., 2022). DBDPE has also been shown to
accumulate in humans and to undergo maternal transfer, raising concern for exposure during sensitive
life stages which are of special concern as the fetus and newborns are highly vulnerable to exposure by
xenobiotic substances. The substance has been detected in human serum, umbilical cord blood, breast
milk, hair, and nails (e.g. Zhou et al., 2014, Leung et al., 2020, Hammel et al., 2024; Wang et al.,
2020b; Wemken et al., 2020; Mannetje, et al., 2013; Rawn et al., 2024; Tao et al., 2017; Schreder et
al., 2023; Zhao et al., 2020b, Salah et al., 2026), with particularly high concentrations reported in
occupationally exposed workers (Chen et al., 2019; Wang et al., 2019a).

30. Biotic and abiotic debromination to more bioaccumulative congeners have been demonstrated.
Both biotic and abiotic debromination for DBDPE to nona-, octa-, hepta- and even hexa-BDPEs has
been demonstrated, e.g. Qiao et al., (2023), Jiang et al., (2021), Wang et al. (2012), Wang et al.,
(2020a), Wang et al. (2022a) and Zeng et al. (2025). Wang et al. (2019¢) observed that in zebrafish
larvae, 88.2% of the brominated compounds in the DBDPE treated group was composed of
transformation products after 14 days exposure. These debromination products are assumed to be more
accumulative than DBDPE but there is limited information on the properties of debromination
products from DBDPE. However, it is reasonable to expect a similar increase in bioaccumulation
potential for the debromination products of DBDPE as seen with the debromination products of
BDE-209. BDE-2009 is a close structural analogue and is a recognized POP based on bioaccumulation
of the parent substance and that it was transformed to lower brominated diphenyl ethers that are more
bioaccumulative and are listed in the Stockholm Convention.

31. Numerous laboratory and field studies indicate that DBDPE has a high potential for
bioaccumulation, but not all available investigations show this consistently. Several studies report low
bioconcentration or even apparent trophic dilution under certain experimental conditions. However,
these findings typically arise from study designs that limit environmental relevance—such as

3 Knudsen et al. (2018) report the value as 0.02 mg/kg, but this seems to be a misprint.
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aqueous-only exposure routes, short exposure durations, or test concentrations exceeding water
solubility. Such conditions are not appropriate for evaluating a highly hydrophobic substance like
DBDPE. The available TMF and BMF values greater than 1 provide robust support for
biomagnification when interpreted within a weight of evidence framework. There are multiple lines of
evidence demonstrating DBDPE’s high bioaccumulation potential—including long elimination half-
lives, widespread detection in biota (including humans), and clear biomagnification in several food
webs. In fact, several studies indicate that DBDPE biomagnifies to a degree comparable to known
POPs such as BDE-209 (POPRC, 2014), MCCP (ECHA, 2021; de Wit et al., 2020), SCCP (ECHA,
2008; de Wit et al., 2020) and PCB-153 (Stockholm convention, 2001; Ding et al., 2022). Because
these substances have also been sampled in the same field studies as DBDPE, this benchmarking
provides strong support for identifying DBDPE as bioaccumulative. Moreover, molar concentration
comparisons from field data show that DBDPE occurs at concentrations similar to recognized vB
substances, as described by ECHA (2025). Taken together, these results—spanning environmentally
relevant laboratory studies, field observations, and toxicokinetic evidence—form a consistent weight
of evidence demonstrating that DBDPE meets the annex D criteria for bioaccumulation.

Conclusion on bioaccumulation according to the criteria in Annex D

32. The combination of BCFs >5000, BMFs and TMFs>1, long elimination half-lives, widespread
detection in biota (including top predators and humans), and documented maternal transfer show that
DBDRPE fulfils the bioaccumulation criteria of Annex D. This is further supported by its identification
as a SVHC due to its vPvB properties according to REACH annex XIII (ECHA 2025).

Potential for long-range environmental transport

33. Monitoring data: DBDPE has been detected in remote areas in air, snow ice and biota. Several
publications report findings of DBDPE in air in remote locations despite its low vapor pressure.
DBDPE has been detected on Svalbard in the Arctic by Salamova et al. (2014) at concentrations up to
2.2 pg DBDPE/m? (2012-2013, n=34, detection frequence (DF) 88%; particle concentration), by Hao
et al. (2020) at concentrations up to 3.5 pg DBDPE/m? (2014-2015, n=5, detection rate 100%; passive
air-samplers), and by Halvorsen et al., (2020) at concentrations up to 7.27 pg DBDPE/m? (2022, n=26,
detection rate 17%; gas + particle). DBDPE has been detected by Vorkamp et al. (2019) on Northern
Greenland at mean concentrations of 3.1 pg DBDPE/m? (monthly 2014, n=13, detection rate 100%,
gas + particle) and 9.7 pg DBDPE/m? (spring 2016, n=13, detection rate 100%, gas + particle).
DBDPE has been detected annually on Antarctica from 2011-2018 at maximum concentrations of
0.44 — 2.1 pg DBDPE/m? (Zhao et al., 2020a; n=24/year, detection rate 94%; particle + gas phase).

34. DBDPE was detected in ice cores from the remote glacier in Arctic at Holtedahlfonna,
Svalbard Norway and showed nearly continuous input growth in the recent core segments since 1988
of ~3.5 pg/cm?/y indicating long range transport of particle bound DBDPE to the site during the Arctic
haze period (March and April) (Hermanson et al., 2010). The sampling location of the ice-core was
about 40 km northeast of Ny-Alesund on the west coast of Spitsbergen. Ice core subsampling for
analysis included combining contiguous sections of the core from the upper 34 m into 6 distinct
samples with liquid volumes of 11-15 L each. This depth was estimated to cover the period of 1953 to
2005. The analysis of DBDPE (and 18 other BFRs) yielded net ng/L units. They were converted to a
flux (pg cm2yr!) by dividing the amount of BFR by the surface area of the core (86.6 cm?) and the
years represented in the core segments analysed. To account for possible background contamination
from transport, storage, and other handling, including in the laboratory, two deeper ice core segments
representing the pre-BFR period from about 1900 to 1914 at depths of 52.3 to 59.2 meter (m) were
analyzed. The largest BFR concentration in these deep samples represented the procedural detection
limit, or background, which was subtracted from amounts in the upper 34 m of the core. The input flux
of DBDPE was below background level or not detected until the sub core 1988-1995 where it was
about 3.6 pg cm™ yr'! and a similar level (3.4 pg cm™ yr'') was measured in the surface layer of the ice
core, representing years 1995-2005.

35. DBDPE has been detected in snow core samples from the Arctic Devon Island, Canada, in
concentrations up to 0.024 ng DBDPE/L (Meyer et al., 2011; 2005-2006; concentrations given as
water equivalents). DBDPE was detected in one snow core in 2005 (0.002 ng DBDPE/L, 1.1-1.75 m
depth) and in two in 2006 (0.024 ng DBDPE/L, 0-0.75 m depth and 0.00092 ng DBDPE/L, 3.2-4.2 m
depth).

36. DBDPE has been detected in soil on Svalbard in the Arctic by Hao et al. (2020) at
concentrations up to 0.147 pg /kg dw (n=10, DF 100%). Xiong et al., (2021) detected DBDPE in soils
from Fildes Peninsula, Antarctica, in concentrations up to 0.19 pg DBDPE/kg dw and a detection
frequency of 100% (n=7). Levels in lichen (n=8, DF= 100%) and moss (n=9, DF = 100%) range from
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about 0.1 — 0.3 pg DBDPE/kg dw (Xiong et al., 2021). DBDPE was also the predominant BFR in soil
and moss in Himalayan valley in samples taken 500 m to 1 km away from main roads (Chen et al.,
2024).

37. DBDPE has been measured in Atlantic cod (G. morhua) liver (n=10, DF = 90%) up to

15 ng DBDPE/kg lw, and in Polar cod (B. saida) whole body (n=1, DF=100%) from Svalbard (Arctic)
at 25 pg DBDPE/kg Iw (KLIF, 2013). It has also been found in eggs from Common eider

(S. mollissima) (n=12, DF = 100%) up to 12 ng DBDPE/kg lw, and Kittiwake (Rissa tridactyla)
(n=12, DF = 100%) up to 72 pg DBDPE/kg lw and in plasma from Glaucous gull (L. hAyperboreus)
(n=12, DF=100%) up to 76 ng DBDPE/kg Iw in samples from Svalbard (KLIF, 2013).

38. KLIF (2013) detected DBDPE in concentrations up to 1293 ug /kg lw in plasma of Ringed
seals (P. hispida) (n=10, DF=100%) and up to 4300 ug DBDPE/kg lw in plasma of Polar bears

(U. maritimus) (n=20, DF=95%) from Svalbard. Vorkamp et al. (2015) measured DBDPE in Ringed
seal blubber in East Greenland (Arctic) (n=5, DF=20%) up to 0.17 pg DBDPE/kg lw and in West
Greenland (Arctic) (n=4, DF=25%) up to 0.33 ug DBDPE/kg Iw.

39. Vorkamp et al. (2019) reported concentrations of DBDPE up to 5.9 pg /kg lw in muscle from
landlocked Arctic char (S. alpinus) (n=6, DF=100%) from a small lake in Greenland (Arctic). They
also measured DBDPE in liver of glaucous gull up to 0.56-1.0 ug DBDPE/kg Iw (n=6-8, DF=25-33%,
Northwest and East Greenland). DBDPE was also detected in blubber up to 0.68 pg DBDPE/kg Iw in
ringed seal (n=6, DF = 50%), up to 1.6 pg DBDPE/kg lw in harp seal(P. groenlandicus) (n=4,
DF=100%), up to 0.52 ug DBDPE/kg Iw in Bearded seal (E. barbatus) (n=5, DF=80%), and up to
0.41 pg DBDPE/kg Iw in killer whale (O. orca (n=11, DF=9.1%).

40. Sala et al. (2022) provided LRTP data via migratory species when measuring transplacental
transfer of DBDPE in fin whales (B. physalus) from the North Atlantic Ocean, with concentrations in
maternal blubber (n=8, DF=62.5%) up to 1.61 png DBDPE/kg Iw and in fetal skin (n=8, DF=87.5%) up
to 97.1 ug DBDPE/kg lw. DBDPE was present in four killer whale samples (range <1.60-12.9 ng/g
lw, n=24, DF=16%) and one humpback whale (M. novaeangliae) sample (3.39 ng/g Iw, n=5,

DF =20%) from the Svalbard Archipelago and northern Norway (Lippold et al., 2022).

41. Modelling: Dungey and Akintoye (2007) estimated the atmospheric half-life of DBDPE using
AOPWIN v1.91(US EPA, 2012) to be 53.6 hours (4.5 days with a 12-hr day with 1.5 x 10 OH/cm?)
in the gas phase. Using a lower concentration of OH radicals, 5 x 10° OH/cm® as recommended in
ECHA guidance chapter R.16 (ECHA, 2016b), results in a slightly higher half-life of 6.7 days.
Modelling predicts that 100% will be sorbed to airborne particulates (AEROWIN v1.00; US EPA,
2012), and that the sorbed fraction may be resistant to atmospheric oxidation. The AOPWIN half-life
value based on reaction with hydroxyl radicals in the gas-phase is therefore most probably an
underestimation of the half-life of DBDPE in air as the fraction of DBDPE sorbed to particulates may
increase its residence time and potential for atmospheric long-range transport. This is confirmed by
monitoring data in remote areas far away from point sources. The atmospheric half-life of 4.5 — 6.7
days for DBDPE exceeds the criterion in the Stockholm Convention of >2 days and is indicative of a
potential for long-range atmospheric transport.

42. Environment and Climate Change Canada, Health Canada (ECCC & HC, 2019) estimated the
characteristic travel distance (CTD) to be 2860 km using the OECD Pov and LRTP Screening Tool
(Wengman et al., 2009), which is below the boundary (5097 km, CTD of PCB 28) in their evaluation
of DBDPE. They also calculated the overall persistence (Pov) to 277 days and the transfer efficiency
(TE) to 12.7%, which is above the boundary of 2.248% (PCB-28). The high TE means that DBDPE
may deposit to Earth’s surface in remote regions. The conclusion on long-range transport was that
while DBDPE may not be predicted to have a long CTD, the high predictive transfer efficiency and its
presence in remote areas indicate that the role of particle bound transport allows for long-range
transport. Furthermore, the results from the modelling are associated with uncertainty due to the
uncertainty of the input parameter such as the half-life in water is unknown. Furthermore, the OECD
Tool does not contain a sediment compartment while DBDPE is persistent in sediment.

Conclusion on long-range transport according to the criteria in Annex D

43. DBDPE has been detected in air in locations remote from known point sources, such as the
Arctic and Antarctica. It has also been detected in other media such as snow, biota and endangered
species in the Arctic, and soil and biota in Antarctica.

44. Models predict an environmental half-life for DBDPE of 4.5 — 6.7 days with a (12-hr day) in
the gas-phase. However, >99.9% of DBDPE is predicted to be sorbed to airborne particulates, which
likely increase the residence time in air and its potential for atmospheric long-range transport. The
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atmospheric half-life for DBDPE exceeds the criterion in the Stockholm Convention of >2 days
demonstrating its potential for long-range atmospheric transport.

45. In summary, findings from the Arctic and Antarctica and migratory species provide evidence
that DBDPE can be transported far from its point source of initial emission, demonstrating its
long-range transport potential.

Adverse effects

46. Available acute toxicity studies in experimental animals indicate low concern for acute toxicity
via oral, inhalation, and dermal exposure (ECHA, 2024b; ECCC & HC, 2019). However, for
bioaccumulative and persistent substances, chronic exposure is more relevant for assessing potential
hazards to the environment and human health. Superhydrophobic substances such as DBDPE exhibit
very slow uptake and may require extended periods to reach equilibrium (paragraph 28). U-shaped
dose—response relationships have been reported for substances capable of forming colloidal particles
(Owen et al., 2014), and DBDPE is a large, poorly soluble molecule. Consequently, the relevance of
effects observed at the highest test doses may be questioned, particularly considering the uptake
characteristics described in paragraph 28 and the potential for crystallization at high concentrations.
Chronic exposure to lower doses is therefore considered more appropriate for characterizing potential
hazards. No chronic exposure studies in rodents are available for DBDPE. Existing rodent studies have
generally used corn oil as a vehicle, while aquatic studies discussed here have used DMSO to prepare
stock solutions. Although some aquatic studies include concentrations exceeding the water solubility
of DBDPE, the use of solvents is considered reasonable. The results suggest that aquatic effects may
occur in environments where solubilizer-like substances co-occur with DBDPE (e.g. co-solvation in
waste effluents, interactions with dissolved organic carbon or surfactants), or where long-term
exposure allows steady-state conditions (ECCC & HC, 2019).

Adverse effects on human health and the environment

47. Due to the presence of several conserved features of receptors and signaling pathways,
mechanistic studies in zebrafish are included in this section. Oxidative stress has been observed in
most organisms tested and may be an underlying mechanism for several effects observed on thyroid
and other endocrine systems, cardiovascular, neurological and liver systems, as well as on
reproduction, development and behavior.

48. Mutagenicity and genotoxicity: DBDPE has been tested for mutagenicity in two well
conducted in vitro studies as summarized in ECHA (2024b) and ECCC & HC, (2019). In an Ames
test, no effects were observed with DBDPE with and without metabolic activation. Similarly, no
clastogenic activity was evident in a chromosome aberration assay in Chinese hamster lung cells.
There is no data on the carcinogenic potential of DBDPE in humans or animals. However, the absence
of indications for carcinogenicity from repeated exposure studies (for example, proliferative changes)
and the lack of genotoxic activity in the available in vitro mutagenicity data would suggest that
DBDRPE is unlikely to be carcinogenic. Based on the available information regarding genotoxicity,
DBDRPE is not considered genotoxic (ECHA 2024b; ECCC & HC, 2019).

49. Liver effects: In a guideline study, Sprague-Dawley (SD) rats exposed to 0, 100, 320,

1,000 mg/kg body weight (bw) DBDPE by gavage for 90 days, mean absolute liver weight, liver
weight relative to bw, and liver weight relative to brain weight in the high-dose female group were
statistically greater than that of the controls (p < 0.05). After 28 days recovery, the increased liver
weight was similar to control (Hardy et al. 2002). The liver changes were characterized by minimal to
slight hepatocellular vacuolation (high-dose males) and minimal to slight centrilobular
hepatocytocellular hypertrophy (high- and possibly mid-dose males). No treatment-related changes
were found in the livers of female rats at any time point (Hardy et al., 2002). In another guideline
study (OECD TG443, Unpublished 2026), dose-related minimal or slight
macrovesicular/microvesicular fatty change was observed in the liver of males given 100, 300 or
1000 mg DBDPE/kg bw/day in the FO and F1 group. For FO0, this was considered to correlate with the
higher than control mean absolute and body weight relative liver weights observed in males at

1000 mg/kg/day.

50. Several per-reviewed studies indicate potential for DBDPE to impair liver function by
inducing oxidative stress altering glucose and lipid metabolism, and enzyme expression and activity in
rodents and fish. Wang et al. (2010) exposed SD rats orally to 0 or 100 mg DBDPE/kg bw/d by
gavage. DBDPE levels in tissues were elevated 13 to 1444 folds over the control levels, with DBDPE
concentrations of 11.2 in kidney, 177 in liver, and 549 ng/g lw in adipose tissue. A significant
alteration of some serum parameters in the DBDPE group, indicating possible oxidative stress due to
the accumulation of DBDPE or its metabolites, included a decrease in chrom, aspartate
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aminotransferase (AST), alkaline phosphatase (ALP) and an elevation in total bile acid (TBA)
(p <0.05) and glucose was not altered. Liver cytochrome P450 (CYP)3A2 mRNA were increased in
DBDPE exposed group.

51. In Balb/C mice orally exposed to 0, 5, 20, 100 and 200 mg DBDPE/kg bw/day (n=16 pr
group) for 30 days, liver weight was increased at the highest dose, and histological changes were
characterized by hepatocellular hypertrophy and cytoplasmic vacuolization (Sun et al., 2018). Levels
of blood glucose were significantly increased in the treatment groups of 200 mg/(kg/day) starting from
the 15th day, and 100 mg/(kg/day) from the 20th day, and 20 mg from the 30th day compared to
control, but insulin levels were not affected. Increased blood glucose without alterations in insulin
level has also been observed in several studies in rat (Sun et al., 2014; 2020; Gao et al., 2022; Li et al.,
2021). Liver activity of alanine aminotransferase (ALT) and AST was significantly increased from the
groups exposed to 20 mg and 5 mg/kg, respectively. Liver microsome activity of major xenobiotic
metabolizing enzymes (Glucuronosyltransferase, (UDPGT), 7-pentoxyresorufin O-depentylase
(PROD), and ethoxyresorufin-O-dealkylase (EROD) were increased significantly in the higher dose
groups, suggesting that DBDPE cause some impairment to liver function and thyroid hormone levels
(see paragraph,60) (Sun et al., 2018). Increased EROD activity were also observed in an in vitro
experiment with brown and rainbow trout male hepatocytes exposed for 96h to DBDPE (0, 6.3, 12.5,
25 and 50 pg/L) (Nakari and Huhtala, 2010).

52. In SD rats exposed to 0, 5, 50, 500 mg/kg DBDPE by gavage once a day for 28 days (Sun et
al., 2020). Liver morphological changes, oxidative stress, increase of y-glutamyl transferase and
glucose levels in serum, and down-regulation of pregnane x receptor (PXR), constitutive androstane
receptor (CAR) CYP3A1 and CYP3A gene expression were observed in the DBDPE exposed groups.
In the 50 mg DBDPE group, the liver showed feathery necrosis, and 500 mg/kg bw/d caused obvious
pathological changes in the form of irregular arrangement of hepatic cords, feathery necrosis, and
inflammatory cell infiltration. However, no changes were observed in liver weight. Liver
malondialdehyde (MDA) and glutathione (GSH) levels were significantly increased in the 50 and
500 mg DBDPE group, and superoxide dismutase (SOD) activity was significantly increased at

500 mg. Liver mRNA expression of CYP3A1 were reduced by all doses, while CAR and PXR were
reduced at 50 and 500, and CYP3A2 significantly only at 500 mg DBDPE /kg bw/ d group. Serum g-
glutamyl transferase was significantly increased in the 50 and 500 mg/kg bw group indicating liver
damage, and serum glucose level increased in the 500 mg kg DBDPE group.

53. In male Wistar rats, orally gavaged for 8 weeks to 0, 5, 50 or 500 mg DBDPE /kg bw/d,
liver-to-bw ratio increased significantly from 5 mg/kg in a dose dependent manner (Cui et al., 2025).
Lipid accumulation in liver (oil-red O staining) increased in dose dependent manner from 5 mg/kg. In
medium-dose exposure, a substantial accumulation of lipid vacuoles was detected in the liver,
indicative of steatosis. High-dose exposure resulted in prominent lipid vacuole formation within
hepatocytes, also consistent with steatosis, accompanied by marked alterations in cellular morphology.
In addition, inflammatory infiltration and ballooning degeneration were observed in some areas of the
liver. Dose dependent increase occurred in liver for levels of total cholesterol (TC), triglyceride (TG),
and low-density lipoprotein (LDL), significant different from control in the 50 and 500 mg DBDPE
group, and from 5 mg for LDL. High density lipoprotein (HDL) was only significantly reduced in the
5 mg/kg group. Expression of key-genes for lipid metabolism were altered fatty acid synthase (FASN),
peroxisome proliferator-activated receptors (PPAR)y, and acyl-CoA oxidase 1 (ACOX1) were
significantly increased, and LDLR, (the rate-limiting enzyme for cholesterol synthesis) were reduced
(Cui et al., 2025).

54, Zhou et al. (2026) utilized wildtype (wt) and transgenic zebrafish (zf) models to further
explore liver effect in zf larvae exposed from 2 hour post fertilization (hpf) to 72 hpf'to 0, 0.25, 0.5, 1,
5, 10 mg/L DBDPE or BDE-209. Neither BDE-209 nor DBDPE causes observable morphological
abnormalities, but BDE-209 significantly reduced the survival rate and hatching rate in a
dose-dependent manner. To evaluate the hepatotoxic effects of DBDPE on zf larvae, the authors
utilized transgenic zf, a model for studying chemical-induced liver injury. Treatment led to a marked
reduction in both liver area and fluorescence intensity, indicating impaired liver development. Lipid
homeostasis was evaluated by oil-red O staining and showed that DBDPE exposure led to marked yolk
sac expansion and ectopic lipid accumulation, particularly within the yolk sac region. Impaired liver
function disrupts the metabolism and absorption of yolk lipids, leading to their abnormal retention
(Lima et al., 2026), as shown here. In addition, DBDPE treatment elevated both ALT and AST
activities in a dose-dependent manner from 1 mg/L, indicating hepatocellular injury. Liver
function-related genes showed a strong upregulation following DBDPE exposure, along with genes
related to detoxification and redox homeostasis. This gene-expression profile suggests a disruption of
hepatic detoxification and redox homeostasis. The study demonstrated that BDE-209 and DBDPE
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exhibit distinct toxicity profiles, where BDE-209 posed a greater risk to development and DBDPE
exhibited more pronounced hepatotoxicity.

55. Li et al. (2023) exposed adult female zf to 1 or 10 nM DBDPE for 28 days, resulting in mean
livers loads of 307 and 398 ng DBDPE/g dw, respectively. Effects on liver regeneration were studied
by performing partial hepatectomy (PHx) after one day fasting, and animals were unexposed during
the 28 days recovery. Compared with the control group, the hepatic somatic index (HSI) of the 1 and
10 nM DBDPE exposure group decreased by 16.9 % and 17.4 % 28 days after PHx, indicating that
DBDPE significantly suppressed the liver’s regenerative capacity in adult zebrafish. Meanwhile,
transcriptomic bioinformatics analysis showed that the pathways significantly enriched by
differentially expressed genes (DEGs) included glycerolipid metabolism-related pathways, ABC
transporter, cell apoptosis, DNA replication and ferroptosis pathways related to cell proliferation. The
above findings demonstrated that exposure to 1 and 10 nM DBDPE disrupted lipid metabolism and
cell proliferation-related processes in zf, consequently inhibiting hepatic regeneration. Impaired
capacity of repair and regeneration in aquatic organisms would make them more vulnerable to harsh
environmental damage, thus increasing their survival risks.

56. Taken together, available results indicate that DBDPE may impair liver function in both
rodents and fish, alter glucose and lipid metabolism and promote steatosis. The increase in enzyme
activity for detoxification may also contribute to removal of thyroid hormones (TH), and down
regulation of PXR/CAR, may further contribute with the potential for producing hypothyroidism by
hepatic metabolism of thyroxine (T4).

57. Effects on hypothalamic-pituitary-thyroid (HPT)-axis: Effects related to the thyroid hormone
system have been observed after exposure to DBDPE in several studies both in rat and mice studies,
mechanistic in vitro studies, epidemiology studies as well as fish studies.

58. Mechanistic in vitro studies indicate a potential of DBDPE to interfere with TH receptors
(THR) and enzymes important for TH effects at the cellular level. In a luciferase reporter assay system
using HEK293 cells expressing the human THRa and THR, antagonistic effect of DBDPE were
observed with ICs00.83 mM and 0.40 mM for THRa and THR, respectively (Coi et al., 2026). In
human liver microsomes deiodination (DIO) activity were measured and inhibition of both outer and
inner ring deiodination (O and IRD) of T3 and 3,3'-T2 formation from T4 were observed, respectively,
with an estimated ICso of 160 nM DBDPE (Smythe et al., 2017).

59. In an OECD TG 443 (Unpublished 2026) SD rats were exposed orally by gavage to 0, 100,
300 and 1000 mg DBDPE/kg bw/d. A marginal but significant increase in serum T4 level (115% of
control) were observed in FO males at the highest dose, and thyroid stimulating hormone (TSH) levels
were reduced in FO females receiving 100 mg/kg bw/d. In F1 males T4 were slightly increased in the
animals receiving 300 or 1000 mg/kg bw/d (119% and 108%, respectively). No morphological
alteration was observed in thyroids. However, other non-guideline mice and rat studies observed more
pronounced effects to the thyroid system (Wang et al., 2010; 2019b; Sun et al., 2018).

60. Sun et al. (2018) exposed Balb/C mice orally to 0, 5, 20, 100 and 200 mg DBDPE/kg bw/d for
30 days (n= 16 pr group, 8 each sex) and observed reduced serum levels of free triiodothyronine (fT3)
at 100 and 200 mg, increased TSH at 200 mg and T4 (both total and free) were dose-dependent
reduced, although not significantly. No histopathology changes were observed in thyroid glands.
Similar effects on serum THs were observed by Wang et al., (2019b) in male SD rats orally exposed
DBDPE or BDE-209 at 0, 5, 50 and 500 mg /kg bw for 28 days (n= 12 pr group). Observations
included reduced serum levels of fT3 (p<0.01) at 50 and 500 mg, and an increase in TSH (p<0.01) and
thyrotrophin-releasing hormone (TRH) (p<0.05) at 500 mg for both DBDPE and BDE-209. This was
accompanied by significant dose-dependent alteration in mRNA level for genes related to TH
homeostasis in the thyroid and pituitary gland. Histopathological alterations in the thyroid gland with
disordered structures of thyroid gland were observed in the 5 mg/kg bw/d group and swollen
vacuolized epithelium with exfoliation and increased levels of mast cells were observed at 500 mg/kg.
The average colloid area was significantly decreased. In ultrastructure, compared to the control group,
exposure to BDE-209 or DBDPE in 5, 50 mg/kg bw/d resulted in dilatation of the rough endoplasmic
reticulum, swelling of mitochondria and disappearance of mitochondrial crests. 500 mg/kg bw/d
BDE-209 or DBDPE-treated rats showed atrophy of the rough endoplasmic reticulum and vacuolation
of the mitochondria. For oxidative stress markers in the thyroid, a significant dose-dependent increase
in MDA levels (a marker for lipid oxidative degradation) and reduction in SOD activity appeared
(Wang et al., 2019b). In contrast to the reduced serum levels of T3 observed in the above studies with
28 and 30 days of exposure, Wang et al. (2010) observed of significant increase in serum T3 levels

(p <0.05), and an non-significant increase was also observed in T4 compared to control after 90 days
exposure of male SD rats to 0 or 100 mg DBDPE /kg bw/day in orally administrated. The HPT-axis is
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regulated by feedback mechanisms, and both dose and duration of exposure will affect observed
response.

61. In a two-generation zf study (Sun et al. 2024b), life-time exposure to DBDPE at
environmentally relevant concentrations disturbed thyroid homeostasis in all generations, and induced
anxiety-like behavior further described in paragraph 82 in unexposed F1 and F2 offspring. In FO, a
significant increase in plasma T4 was observed at 0.1 and 10 nM in females and at 1 and 10 nM for
males, while T3 was not altered. In the F1 eggs a significant elevation in T3 and T4 was noticed at
10 nM, while no significant changes of TH were found in F1 larvae. Plasma T3 and T4 was notably
elevated at 10 nM in adult F1 females, while T3 was significantly decreased in adult F1 males at

0.1 nM. In F2 eggs, TH-levels showed no significant changes, while the T4 levels were significantly
increased in F2 larvae. Gene transcription related to the HPT-axis in brain and liver of adult zf and
5-dpf larvae showed dose- and generation-dependent changes consistent with the observed hormone
levels. The findings indicate that thyroid disruption in F1 larvae were mainly driven by excessive
maternal TH transfer, whereas effects in F2 larvae were primarily linked to transgenerational
epigenetic inheritance via hypomethylation and hypermethylation of related genes.

62. Wang et al. (2019c) also found altered TH levels in zf embryos, exposed to 0, 3, 10, 30, 100
and 300 nM DBDPE in 0.1% DMSO from 2hpf to 6 and 14 dpf (n = 4). For the whole-body TH
contents, DBDPE statistically increased T3 and T4 levels after both 6 and 14 days for the 30, 100, and
300 nM treatment groups. Transthyretin (TTR) protein was increased significantly and dose-dependent
compared to control from 10 nM. DBDPE also statistically significantly affected the gene expression
pattern related to the HPT-axis. Similar effects on TH levels and gene-expressions were observed by
Wang et al. (2022a) who studied whether 100 pg/L n-TiO2 affected the potential toxicity of DBDPE
(0, 1, 10 or 100 ug/L) in zf larvae, exposed from 2 hpf to 144hpf (n = 3; 300 larvae per n). Single
exposure to DBDPE significantly elevated tT4 (total T4, bound and unbound) and tT3, and response
was further attenuated in co- exposure with n-TiO2. The transcript levels of genes related to the
HPT-axis were significantly increased upon single exposure to 100 pg/L. DBDPE compared to the
control group, coinciding with Wang et al. 2019 and Sun et al. 2024. Transcript levels of genes related
to neurodevelopment (syn2a and al-tubulin) were significantly elevated in co- exposure of 100 nM
DBDPE and n-TiO2. Molecular docking results indicated that DBDPE can bind to the corticotropin-
releasing hormone receptor 1 (CRHRI1) and the THRP, and its mode of interaction may be similar to
that of T4. Both single exposure to DBDPE and combined exposure with n-TiO; induced hyperactivity
in zf larvae, and increased content of neurotransmitters. These results coincide with the pattern
demonstrated in Sun et al. (2024b) and Wang et al. (2019c).

63. Thyroid effects epidemiology: Measurements in humans have found that increasing DBDPE
serum concentrations mainly, but not exclusively, results in increased levels of T3, T4 and thyroid
antibodies (TG-Ab, TPO-ADb), (Chen 2019; Zhao et al., 2020b). Serum concentrations of DBDPE
ranged from 3.148 to 54,360 ng/g Iw, with a geometric mean (GM) of 332.6 ng/g lw in Chen et al.,
(2019). DBDPE was detected in 100% of the serum and hair samples, GM was 3.69 ug/g Iw and

672 ug/g dw, respectively in Zhao et al., (2020b). The epidemiology results from workers with heavily
and continuous exposure to DBDPE give some indications for possible effects on the HPT-axis.

64. Furthermore, in a case—control study, 481 serum samples were collected from patients with
thyroid cancer (n=242) and healthy controls (n=239) in Shandong Province, eastern China. DBDPE
exhibited median concentrations of 47 and 45 ng/g Iw in the case and control groups, respectively,
which were higher than those of other NBFRs by at least an order of magnitude. In sex-stratified
logistic regression, in contrary to other alternative FRs, DBDPE exhibited significantly increased
odds-ratios (ORs) in the third and fourth quartiles in both male and female participants for thyroid
cancer (Liu et al., 2022).

65. Cardiovascular effects: Available studies indicate that DBDPE increases oxidative stress,
inflammation and gives lesions in aorta and the heart tissue of male SD rats (Jing et al., 2019; Gao et
al., 2022; Zheng et al., 2021). In these studies, SD rats were exposed to 0, 5, 50 or 500 mg/kg bw
DBDPE in corn oil for 28 days (n=12 pr group). Heart histology showed that 50 and 500 mg DBDPE
/kg bw/d exposure resulted in endothelial cell nucleus swelling, subendothelial space expansion,
endothelial cell shedding, and internal elastic lamina thinning. Ultrastructure revealed mitochondrial
swelling and crista disorder in the 50 and 500 mg/kg bw group (Jing et al., 2019; Gao et al., 2022).
Jing et al., (2019) observed a significant increase in serum Low Density Lipoprotein (LDH) levels in
animals exposed to 500 mg/kg DBDPE as well as increases in MDA and SOD, GHS-OX activity. The
key inflammators Interleukin (IL)1-b, IL-6 and Tumor Necrose Factor (TNF)-a were significantly
upregulated, suggesting oxidative stress and activated inflammatory response. Gao et al. (2022)
observed that the level of uncoupling proteins (UCPs), which are essential transport proteins involved
in energy metabolism on the inner mitochondrial membrane, decreased in the 5, 50 and 500 mg/kg/d
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DBDPE group in a dose-dependent manner (p < 0.05) and the ATP level in heart tissue of rats was
significantly reduced in the 500 mg/kg/d DBDPE exposure group compared to the control group

(p <0.05). There was also a dose-dependent increase in apoptosis (TUNEL positive cells), significant
from the 50 and 500 mg/kg bw DBDPE group, as well as alterations in protein expression of MYH6
and SERCA?2, indicating that myocardial systolic and diastolic function were affected. Serum glucose
was significantly increased in the 500 mg DBDPE group, and HDL-C were significantly reduced in
the 50 and 500 mg group, TC and triglyceride were unchanged. Gene expressions related to glucose
metabolism (IRS-1, PI3K, p-AKT were significantly reduced, GLUT2 and RXR-a significantly
increased compared to control (Gao et al., 2022).

66. Zheng et al. (2021) observed damage to the abdominal aorta morphology and ultrastructure in
the groups exposed to 50 and 500 mg/kg bw DBDPE accompanied by increasing protein levels of
IL1-beta and interleukin 18 (IL-18). Further in vitro studies of human vascular endothelial cells
(HAEC:S) treated with DBDPE (0, 6.25, 12.5, 25, 50, and 100 mM) for 24 h indicate that DBDPE not
only induced cytotoxicity and reactive oxygen species (ROS) but also caused HAECs pyroptosis,
which was evidenced by the elevated expression of Nod-like receptor protein -3 (NLRP3), and
canonical inflammasome components (ASC, and caspase-1) in DBDPE-treated group (Zheng et al.,
2021).

67. DBDPE has also been shown to promote development of atherosclerosis (Li et al., 2025).
ApoE—/— mice (8-week-old males) were orally single exposed to 0 or 100 mg/kg bw DBDPE, BDE-47
or BDE-209 in corn oil for 6 weeks. Single exposure of all tested BFRs significantly increased the
plaque area and lipid content in the aortic root of mice compared to control. BFRs significantly
increased the ROS level in plaques and promoted the expression level of adhesion molecule ICAM-1,
which enhanced the recruitment of macrophages. DBDPE transcriptome analysis showed that
differentially expressed genes (DEGs) were significantly enriched in signaling pathways related to
oxidative stress and lipid metabolism. Results indicate that BFRs exposure can promote the
development of atherosclerosis by increasing macrophage recruitment and foam cell formation BFRs
exposure causes damage to vascular endothelial cells, induces ROS production and ICAM-1
expression, and thus promotes macrophage recruitment. On the other hand, BFRs exposure leads to
lipid metabolism disorder, increases the content of Ox-LDL in macrophages, and thus promotes the
formation of foam cells (Li et al., 2025).

68. Toxicity to reproduction (effects on fertility and developmental toxicity): No effects on organ
weight or histological by light microscopy of reproductive organs were observed in a 90-day rat study
at doses up to 1,000 mg/kg/d (Hardy et al., 2002).No treatment effects were observed at doses up to
1,000 mg/kg/d for estrous cycle, sperm measures or reproductive performance in FO or F1 generation
in a rat, OECD TG 443 study according to study author (Unpublished, 2026). However, there are other
studies indicating effects of DBDPE on both sperm and oocytes development in rats, mice and fish.
The studies indicate that exposure to DBDPE can affect male reproduction by inducing oxidative
stress and activate apoptotic signal pathways and alter gonadotropic hormone signals (GHS). Damage
to testicular structure and reduction in sperm quality has been observed in both rat and mice studies
(Lietal., 2021; Xue et al., 2022; Qi et al., 2025; Shi et al., 2026) as well as fish studies.

69. Testicle toxicity in rodents: Li et al. (2021) exposed male SD rats orally to DBDPE at 0, 5, 50
and 500 mg/kg bw for 28 days by gavage (n= 12/ group). No effects were observed on testis weight by
treatments, however, at 50 and 500 mg/kg bw DBDPE exposed rats showed significant deletion of the
seminiferous epithelium compared to control animals. Significant decreased sperm number and
decreased sperm mobility were also observed at the same doses as well as reduced telomerase activity
and shortened telomers indicative of germ cell senescence. Increased DNA stand brakes (TUNEL
positive cells) and apoptosis were also observed. Xue et al. (2022) used the same doses and exposure
scheme as Li et al., (2021) and observed that sperm concentration was significantly reduced in the 50
and 500 mg/kg bw/day group. In addition, sperm motility was reduced by all doses, and sperm
malformation was increased in 50 and 500 mg/kg/bw/day groups. In the histological examination of
the testes, alterations of seminiferous epithelial were observed in 50 and 500 mg/kg bw groups,
ultrastructural changes were observed, consisting of expanded and vacuolized mitochondria.
Furthermore, mitochondrial damage and dysfunction and a significant increase in serum glucose and
LDL-C level. In addition, DBDPE caused meiotic failure through testicular DNA damage, reduced the
expressions of meiotic regulatory factors (Sohlhl, MILI, CDK2, and CyclinA), and synaptonemal
complex proteins (SYCP1 and SYCP3). DBDPE induced glycolipid metabolism disorder and
promoted apoptosis of spermatogenic cells through the mitochondrial-mediated apoptosis pathway,
leading to reproductive toxicity by decreasing sperm quantity and quality (Xue et al., 2022).

70. Qi et al. (2025) exposed C57BL/6 J male mice for 0, 5 or 50 mg/kg bw DBDPE in corn oil by
oral gavage for 7 weeks, dosed 5 days per week (n = 6 in each group). Sperm counts were reduced by
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34% and 73% compared to control at 5 and 50 mg/kg bw (p=0.01) as well as a dose dependent
increase in sperm malformation (p=0.01). Serum and intra-testicular testosterone (T) levels exhibited a
strong negative correlation with increased DBDPE dosage (p < 0.05 and p <0.01, respectively). The
50 mg/kg DBDPE group showed a 50 % reduction in serum luteinizing hormone (LH) and 29%
reduction in follicle stimulating hormone (FSH) levels compared to controls (p < 0.01). Steroidogenic
acute regulatory protein (StAR) which is a key enzyme in Leydig cells steroid hormone production
was significantly decreased in DBDPE treatment groups compared to control (p < 0.01). This may
prevent the Leydig cells from responding appropriately to gonadotropin signals. Lowest Observed
Effect Concentration (LOEC) for reduced sperm count and increased sperm malformation as well as
reduced germ cell layer and reduction in T in testis is 5 mg/kg bw, LOEC for serum reduction of LH
and FSH is 50 mg/kg (Qi et al., 2025).

71. Shi et al. (2026) observed significant reduction in sperm quality and testicular structure in
C57BL/6J mice exposed orally to 0 and 0.5 mg DBDPE /kg bw /day for 12 weeks. Testicular germ
cells were disorganized or absent, with a substantial reduction in spermatocytes and spermatids. A
significant reduction in key proteins involved in gap-junction and cellular oxygen homeostasis were
affected in the DBDPE exposed group.

72. Toxicity to female reproductive organs: Effects of DBDPE on oocyte and fetus development
have also been studied. Shi et al. (2021) exposed female Kumming mice during puberty (3-7 weeks
old), for DBDPE (0, 0.05, 0.5, 5, 50 pg/kg bw/day in corn oil) for 30 days and super ovulated with
hormone treatment. The ovaries were separated at specific timepoints after injection of human
chorionic gonadotropin to harvest oocytes at onset and in anaphase I, and polar body extrusion (PBE)
oocytes. DBDPE exposure injured the development of blastocysts, leading to blastocyst apoptosis.
Asymmetric division of oocytes was markedly impaired in 5 and 50 pg/kg bw/day DBDPE exposed
group, which resulted in oocytes with larger polar bodies (PBs). Thus, the large PB produced by
abnormal asymmetric meiosis will take away a large amount of maternal material, leading to abnormal
embryonic development, infertility, or abortion.

73. In another study Shi et al. (2022) exposed female Kumming mice during puberty (3-7 weeks
old), for DBDPE (0, or 50 pg/kg bw/day in corn oil) for 30 days and divided animals into two groups.
Group one was super ovulated and the females were mated. The next morning, females with vaginal
plugs were collected (E 0.5day) with hormone treatment, and 1, 2 and 8 stage embryos were sampled
and after 96h blastocytes were collected. DBDPE exposure did not affect spindle rotation after
fertilization but led to decreased pronuclei (PN) size in zygotes. DBDPE interfered with the
self-assembly of F-actin in PN, resulting in PN reduction, DNA damage, and reduced expression of
zygotic genome activating genes, and finally led to abnormal embryonic development. DNA damage,
measured as an increase in y-H2AX, was observed in both female and male zygotes and were negative
correlated with F-actin levels. In group 2 females were directly paired with males and mated after the
30 day exposure, and fetus were delivered by caesarean section at E11.5, E14.5 and E18.5. Litter size
was significantly lower in DBDPE-exposed mice than in control mice, and embryo lengths were
significantly shorter at E14.5 and E 18.5 compared to control. F1 pups born from control and
DBDPE-exposed dams were raised to 6 weeks of age and then subjected to behavioral testing. DBDPE
exposure leads to increased motor activity and social deficiency in female F1 mice but has no effect in
motor activity and social behavior of male F1 mice.

74. Development/teratology in mammals: Two GLP- and OECD-compliant studies according to
OECD TG 414 (as adopted in 1981) have evaluated the teratogenic effects of DBDPE in the rat and
the rabbit were summarized in (Hardy et al., 2010). No treatment-related effects on fetal weight, sex
ratio and early, litter size or late resorption in these studies. In the rat study, no external or visceral
abnormalities were observed. Regarding skeletal abnormalities, a statistically significant increase in
the number of litters with unossified hyoid and reduced ossification of the skull was noted at

400 mg/kg/d. This observation was considered to be incidental, as a similar increase was not seen at
the top dose. In the rabbit study, no treatment-related mortality or clinical signs of toxicity were seen
in the dams. Abortion occurred in one animal each of the 125 and 400 mg/kg/d groups and in two
animals of the 1,250 mg/kg/d group. However, in view of the low incidence of this observation and
given that rabbits are known to have a high spontaneous abortion rate, this finding is considered
incidental. The only statistically significant difference was an increased number of litters with the 27th
presacral vertebra at 1,250 mg/kg/d (9 litters compared to 4 in controls). Given that this increase

(by 56.3%) was within the laboratory historical control range (12.5-93.8%), it was not considered
adverse by the study director. A low incidence of vascular abnormalities was observed in the mid- and
high-dose groups. Enlarged aortic valve, bulbous aortic arch and poorly developed right ventricle were
observed in one fetus from the 400 mg/kg/d group. Malformation of the aortic arch and undeveloped
right ventricle were seen in two fetuses from a single litter of the 1,250 mg/kg/d group. Based on these
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low incidences, the reported malformations were considered not to be indicative of a treatment-related
effect (Hardy et al., 2010).

75. In the available summary of a rat OECD TG 443 (Unpublished 2026) study, SD rats were
exposed orally by gavage for 0, 100, 300 and 1000 mg/kg/bw DBDPE. In F1 no adverse treatment
related effects were observed. Some treatment-related haematology findings were observed in males
with non-dose responses Treatment related biochemical and urine analysis were also indicated. A
marginal increase in anogenital distance was observed in both males and females in the 1000 mg/kg
group, as well as nipple retention evaluated at perinatal day 13, with the highest incidence in the

100 mg/kg group. Histopathology of liver showed minimal or slight macrovascular /microvascular
fatty changes in males, with no clear dose response. In F1 males only, from the 300 and 1000 mg
DBDPE/kg bw group, a slightly higher serum T4 level (119% and 108%, respectively compared to
control) were measured. For developmental immunotoxicity, a significant increase in absolute relative
frequence of granulocytes was observed for all DBDPE groups compared to control, as well as an
increase in the relative frequence of monocytes in males in the 300 and 100 mg DBDPE group. Other
endpoints, differences in brain morphology parameters were considered incidental as they were
inconsistent between sexes, inconsistent between cohorts, the magnitude was considered small, had no
histopathological correlates, and/or had no significant mean brain weight differences. Study author
concluded that the No-Observed-Adverse-Effect-Level (NOAEL) for both systemic toxicity and
reproductive/developmental toxicity in this study is 1000 mg/kg/day.

76. Toxicity to fish reproduction: Throughout its life cycle, the zf produces key reproductive
hormones homologous to those in humans, including gonadotropin-releasing hormone (GnRH), FSH,
LH and the sex steroids testosterone (T), estrogen, and progesterone (Hara et al., 2016, Lima et al.
2026). DBDPE has been reported by multiple studies to induce reproductive toxicity. Altered estradiol
(E2) and T levels in serum have been found in studies using adult zf (Sun et al. 2022; Yu et al. 2026;
Choi et al., 2021). Disrupted steroidogenesis, leading to lower plasma levels of E2 and T in females,
has been linked to changed hypothalamic—pituitary—gonad (HPG) axis gene expression (Sun et al.
2022; Yu et al. 2026). Fecundity and gonado-somatic index (GSI) have also been negatively affected
by DBDPE exposure (Yu et al. 2026), and zf exposed to DBDPE suffered impaired sperm quality and
spermatogenesis (Yang et al. 2024; Choi et al., 2021).

77. Yu et al. (2026) investigated the reproductive toxicity of DBDPE by assessing fecundity,
gonadal development, sex hormone levels, HPG axis gene expression, and ovarian metabolomic
profiles. Adult zf (4 months) were exposed to 0, 1, 10, and 100 pg/L DBDPE for 21 days (n = 3;

15 males + 15 females per n). The gonads showed a concentration-dependent accumulation of
DBDPE. Fecundity, measured as cumulative egg production, and serum E2 levels and GSI were
dose-dependent decreased from 1 pg /L and significantly reduced at 100 pg/L in female fish. In
addition, this exposure group showed an increase in proportion of perinuclear oocytes (POs) and a
significant decrease in late vitellogenic oocytes (LVOs). GSI and plasma sex hormones were not
altered in males. These results indicate that DBDPE exhibits reproductive toxicity in female zf. The
follicular cell dysplasia observed in DBDPE exposed fish may be attributed to significantly reduced
E2 levels. 100 pg/L DBDPE significantly impaired the reproductive capabilities of female zf by
disruption of estrogen synthesis and secretion via interference with the HPG-axis. Expression of
several genes related to HPG-axis were significantly reduced in brain, gonads and liver. Furthermore,
genes involved in the steroid hormone regulation were significantly altered in the gonads of females.
Metabolomic and lipidomic analysis of female gonads indicated altered lipid metabolism and taurine
and hypotaurine metabolism, as well as GSH metabolism within the ovary. Collectively, these factors
lead to a reduced proportion of mature oocytes in the ovary, ultimately resulting in a significant
decrease in cumulative egg production.

78. Sun et al. (2022) exposed female zf to nominal concentration of 1 and 100 nM DBDPE (0.01%
v/v DMSO) for 28 days. The detected concentrations of DBDPE in the brain of female zf (2411+ 190
and 4127 £ 547 ng/g dry weight) were comparable to brain levels measured in carp and tilapia from an
e-waste recycling site (Tao et al., 2019). The concentrations of plasma E2 and T were significantly
decreased in both 1 and 100 nM DBDPE treatments. Expression of genes related to HPG-liver axis
were altered. The authors hypothesized that DBDPE exposure suppressed the process of
steroidogenesis by inhibiting the transcription of related genes in the brain. However, the altered gene
expression and lowered levels of E2 and T did not lead to statistically significant follicular dysplasia,
although a weak downward trend on POs and a weak upward trend in vitellogenic oocytes (VOs) was
seen, coinciding with Yu et al., (2026). Atretic oocytes were prevalent in DBDPE exposed group

(both 1 and 10 nM) indicating that DBDPE may cause follicular dysplasia in female zf.
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79. Choi et al. (2021) exposed male zf (n = 4, four male fish per n) to 0, 0.031, 0.31, and 3.1 uM
DBDPE (0.1 % v/v DMSO) for 14 days (OECD 204 with minor modifications). In addition, two
human tissue cell lines, i.e., H295R (human adrenocortical carcinoma) and MVLN (human breast
carcinoma) cells, were used to evaluate the effects on sex hormones synthesis and the related
mechanisms. The concentration of plasma E2 was significantly increased in male zf exposed to 0.31
and 3.1 uM of DBDPE, with a clear increasing trend across all treatments (though not significant for
the 0.031 group). There were no significant changes in concentration of 11-KT (the principal T in fish)
or E2/11-KTratio. Levels of related gene transcriptions (vtg, era, and erf) in liver showed no
significant difference from control. In H295R cells exposed to DBDPE, the E2/T ratio showed an
increasing trend (p < 0.05), whereas the genes related to steroidogenesis were not statistically
significantly changed. In MVLN cell line assay, binding affinity to ER was observed at below 0%,
indicating that DBDPE does not have direct ER agonistic effects. Results showed that exposures to
DBDPE increased E2 levels in the male zebrafish and the E2/T ratio in H295R cells. However, the
analysis of genes related to steroidogenesis and the ER binding affinity did not show any significant
results. According to the authors, the results indicate that levels of sex hormones might be mediated by
mechanisms other than the alteration of the steroidogenesis pathway. However, induction of
vitellogenin were observed in an in vitro experiment with brown and rainbow trout male hepatocytes
exposed for 96h to DBDPE (0, 6.3, 12.5, 25 and 50 ng/L) with a significant induction of vitellogenin
at 6.3 pg/L (Nakari and Huhtala, 2010).

80. Yang et al. (2024) exposed adult male zf with nominal concentrations of 0, 0.1, 1, 10 and

100 nM DBDPE for 2 months. After the 2-month exposure, DBDPE content in testes were 871, 1284,
1411 and 3252 ng/g Iw in the DBDPE exposed groups, respectively. Significantly lower total motility
and progressive motility of zf spermatozoa were observed at all the tested concentrations as well as an
increase in head width of sperms. However, when DBDPE-exposed males were paired with unexposed
females, reproductive behavior was unaffected, while the F1 offspring larvae showed a significantly
lower hatching rate in the 100 nM group (from 99.81 to 83.78 %). Other parameters, such as
fertilization, malformation, and survival rates, did not differ from control. Effects on the germ cells
were observed in histology of testes with certain differences in germ cell types. The proportion of
spermatogonia was significantly greater in the 1 and 100 nM DBDPE-exposed fish, and that of
spermatozoa was significantly lower in the 100 nM DBDPE-exposed fish, with a lower trend in the
fish exposed to 0.1-10 nM DBDPE, which might suggest inhibition of spermatogenesis following
DBDPE exposure. Increase in DNA strand breaks were observed using g-H2AX from 1 nM, and
TUNEL staining at 100 nM. Proteins related to apoptosis showed a significant dose-dependent
increase from 1 nM. Exposed zf testes showed DNA damage responses and energy metabolic
disorders, with differentially expressed proteins enriched in necroptosis and
phosphatidylinositol-signaling pathways, and significant down-regulation of proteins involved in
F-actin assembly that may underlie the observed DNA damage. It remains unclear whether these
effects stem directly from DBDPE or from associated cell death. Ex-vivo exposed zf spermatozoa to
0.01, 0.1, 1 and 10 uM DBDPE for 3 h was followed by artificial fertilization with eggs from
unexposed females. Total motility (0.1 and 1 uM) and progressive motility (0.1 pM) of zf
spermatozoa were significantly lower than those of the control, but spermatozoa sperm linearity was
not significantly different. Although no significant differences were observed in spermatozoa velocity
parameters, a significant dose-dependent reduction in fertilization rates were observed from 0.1 pM
DBDPE-exposure groups. Survival rates, malformation rates and hatching rates were not different
from control (from 24-120 hpf). Taken together, the results suggest that zf exposed to DBDPE could
suffer impaired sperm quality and spermatogenesis, and the underlying mechanism could be related to
DNA damage and energy metabolic reprogramming in testicular germ cells.

81. Developmental, neuro- and behavioral toxicity in fish: As described above, TH related effects
have been observed in several fish studies, where exposure at environmentally relevant concentrations
of DBDPE have been observed to cause disruption of the HPT-axis and plasma TH levels (Sun et al.,
2024b, Wang et al 2019c¢; 2022b). Developmental effects have been demonstrated and include changes
to the thyroid system, neurotransmitters, mitochondrial function, morphological deformities and
behavioral changes such as hyperactivity. Hyperactivity could be an adverse effect through increased
energy expenditure, exhaustion, and increased predation risk through erratic movements and altered
social behavior.

82. In a two-generation zf study (Sun et al. 2024b), life-time exposure to DBDPE at
environmentally relevant concentrations induced anxiety-like behavior and thyroid disruptions in
unexposed F1 and F2 offspring (see paragraph 61). Zf embryos were exposed to environmentally
relevant concentrations of DBDPE (0.1, 1, 10 nM) up to 8 months of age (400 embryos in each group,
n=3). The measured contents of DBDPE in water samples were 0.15, 0.68 and 7.60 nM (146, 660 and
7381 ng/ L). Higher-order behaviors such as anxiety-like responses can be quantified in older larvae
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(e.g., 5 dpf) by measuring thigmotaxis, which is the propensity to remain near the edges of an arena, a
conserved vertebrate behavior analogous to rodent open-field test behavior (Han et al., 2021, Lima et
al. 2026). When testing thigmotaxis, Sun et al. (2024b) found that ancestral exposure to 10 nM
DBDPE significantly increased the proportion of time spent in the outer zone for F1 larvae (5 dpf)
under both light and dark conditions and for the F2 larvae under both light and dark conditions.
Thigmotaxis (also called “wall-hugging” or “wall-following” behavior) is part of defensive/anti-
predatory behaviors and indicates anxiety or stress related behavior (Champagne et al. 2010). The
findings indicate that thyroid disruption and anxiety-like behavior in F1 larvae were mainly driven by
excessive maternal thyroid hormone transfer, whereas effects in F2 larvae were primarily linked to
transgenerational epigenetic inheritance via hypomethylation and hypermethylation of TH-related
genes. presented study shows a potential relationship between thyroid disruption and the multi- and
transgenerational anxiety-like behavior.

83. Sun et al. (2023b) exposed zf FO generation to 0.1, 1 and 10 nM DBDPE (100 larvae per
replicate, n = 3) from 2 hpf to 8 months of age and reared the F1 and F2 generation without further
exposure. Total body burden of FO larvae was 160, 237 and 876 ng/ g dw, respectively, and in F1 and
F2 larvae total body burden of DBDPE was below LOD. Acute exposure of FO to DBDPE did not
cause significant changes in development parameters, except for increased heart rate at highest dose.
However, increased malformation was observed in F2 larvae, where pericardial and yolk sac edema

(p <0.01), spine and tail bending (p < 0.01), and anophthalmia (p < 0.05) were the major
malformations after ancestral DBDPE exposure (1 and 10 nM). Heart rate increased in the FO and F1
larvae, while it decreased in the F2 larvae. This was in accordance with the results of changing profiles
of neurotransmitter levels and locomotor activity. In the 0.1 and 10 nM treatments, the F1 generation
showed significant increases in GABA, Choline, ACh, NE, 5-HT, Epi and 5-HIAA, while the F2
generation showed significant decreases of the same transmitters and also Glu. Considering the role of
neurotransmitters in regulating cardiovascular function, the homeostasis of neurotransmitters may
have contributed to the inappropriate heart rates in zebrafish larvae. When looking at dark-to-light
behavioral essays, the normal locomotor pattern of zf larvae is characterized by a distinct phenotype:
immediate and robust hyperactivity during dark periods followed by significantly lower activity during
light periods. Deviations from this pattern are indicative of neurotoxic or psychoactive effects (Lima et
al. 2026). In F1 larvae (5 dpf), who experienced direct exposure through multigenerational exposure
in FO, hyperactivity was observed during both light and dark cycles in the 10 nM treatment. However,
in F2 larvae (5 dpf), without direct exposure to DBDPE, the light— dark stimulated locomotor activity
were significantly decreased. Analysis for both transcriptome and DNA methylome demonstrated a
gradually increased number of significantly affected pathways from FO to F1 and F2 larvae. In general,
more extensive responses were observed in F2 larvae compared with FO larvae at both transcription
and DNA methylation levels. Taken together, the results demonstrated multigenerational imbalance in
neurotransmitters resulting in excitatory effects in FO and F1 larvae but a transgenerational inhibitory
effect in F2 larvae upon ancestral DBDPE exposure. In addition, multi- and transgenerational
imbalance in glycolipid and energy metabolic disruption was observed by alterations in levels of TG,
glucose, hepatic lipase, succinate dehydrogenase, cytochrome ¢ oxidase and ATP. Oxidative stress has
been found to result from DBDPE exposure and might be one of the mechanisms underlying the toxic
effects of DBDPE. ROS was increased in FO larva, glutathione peroxidase (GSH-px) and GHS was
markedly increased in F1 larvae, but only GSH-px was affected in F2 by a significant decrease. The
alteration in TH and TH-axis described in Sun et al., (2024) may contribute to the observations in Sun
et al., (2023b). TH's are crucial for early neural development, neurotransmission and particularly
anxiety-like behavior control (Leach and Gould, 2015).

84. Hua et al. (2022) investigated induced hyperactivity in developing zf by exposing embryos
from 2 hpfto 120 hpf to measured concentrations of DBDPE at 1.9, 7.5, 16.4 and 42.1 pg/L at TO,
which decreased to 1.0, 2.3, 6.2 and 10.2 pg/L at T24, respectively. No significant differences were
observed in the malformation rates, survival rates and body length, but the heart rates were
significantly increased in zebrafish larvae exposed to 16.4 and 42.1 pg/L of DBDPE compared to
control (p<0.001). The tail bending frequency in all DBDPE treated groups was close to the control at
23 hpf, but significantly higher at 24-26 hpfin 1.9 pg/L treatment, at 24, 25 and 28 hpfin 7.5 ng/L
treatment, at 24-28 hpfin 16.4 and 42.1 pg/L treatment groups. Under continuous light, the average
free-swimming speed of zebrafish larvae was significantly increased following exposure to 16.4 and
42.1 ng/L DBDPE. During the dark-light transition period, the average swimming speeds were
significantly increased in all three dark phases upon 42.1 ng/LL DBDPE exposure, and also in the first
light phase upon 16.4 and 42.1 pg/L DBDPE exposure. Contents of multiple neurotransmitters were
significantly decreased in zf larvae exposed to 1.9 pg/L DBDPE. At higher doses (16.4 and 42.1 pg/L
DBDPE) only the ACh levels were significantly increased, which coincides with the observed
hyperactivity. Increased activity of the enzyme ChAT, catalyzing ACh synthesis (Agostini et al.,
2018), was found in larvae exposed to 42.1 pg/LL DBDPE, and may be responsible for the increased
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ACh contents. Molecular docking study suggested binding potency of DBDPE against ChAT,
implying possible excitatory activity of DBDPE in zebrafish. In contrast, the activity of AChE, a
rate-limiting enzyme catalyzing acetylcholine into choline, showed no obvious changes in any of the
DBDPE treatment groups. Molecular docking results also revealed interacting potency of DBDPE
against a |-TUBULIN and SYN2a with binding energies of -38.9064 and -18.6725 kcal/mol,
respectively. Taken together, the motor behavioral changes pointed to an excitatory toxic effect upon
embryonic exposure to DBDPE.

85. Zhang et al. (2026) showed that DBDPE exposure could cause neurobehavioral abnormalities,
cardiovascular and developmental toxicity in developing zf. Cardiac functions begin early (Lima et al.
2026) and indications of toxicity to the cardiovascular system include pericardial edema, increased
sinus venosus-bulbus arteriosus (SV-BA) distance, decreased cardiac ejection fraction, heartbeat
rhythm and velocity (Zhao et al. 2024). It is also worth noting that adult zf are capable of complete
heart regeneration, whereas adult mammalian hearts have only limited regenerative potential (Zhao et
al. 2024). Fertilized zf embryos were exposed to 0, 5, 50, and 500 pg/L DBDPE for 120 hpf. DBDPE
exposure did not significantly affect the larval survival or hatching rates. At 120 hpf, larvae exposed to
50 and 500 pg/L DBDPE exhibited morphological abnormalities characterized primarily by spinal
curvature and swim bladder non-inflation. In the 500 ug/L group bent trunk, exopthalmia (eye
damage) and enlarged pericardial edema were observed. When assessing neurobehavioral effects,
movement trajectory heatmaps showed that DBDPE exposure significantly enhanced larval locomotor
activity. Average swimming speed increased dose-dependently, with the 500 pg/ L group showing
significantly higher speeds during both light and dark phases. The heatmap trajectory and increased
speeds indicate DBDPE-induced anxiety-like behavior. The study also found reduced level of
lysophosphatidylcholine, where reduced levels could impair the central nervous system and hinder
neurodevelopment, which could be tied to the observed behavioral abnormalities. For cardiotoxicity,
quantification of morphological evaluations, showed significantly increased pericardial area at both 50
and 500 pg/L, as well as significantly higher heart rate at 500 pg/L. Furthermore, the results showed
significantly increased SV-BA distance in both 50 and 500 pg/L treatment groups. KEGG pathway
enrichment identified ferroptosis (cell death) and autophagy (cellular recycling) as significantly
enriched pathways. DBDPE induced dose-dependent rise in ROS. In line with this, significant
accumulation of MDA, and significant depletion of GSH was found at 500 ug/L. This was
accompanied by increased level of phosphatidylethanolamine (where increased levels have been tied
to cardiotoxicity) and altered levels of ferroptosis-related proteins and their gene transcripts. However,
co-exposure with 500 ug/L DBDPE and 2 ug/L ferroptosis inhibitor (Fer-1) alleviated DBDPE-
induced cardiotoxicity, improved systemic oxidative stress and reversed the expression of ferroptosis
related genes. This indicates that oxidative stress and ferroptosis may be important for the effects
observed for cardiac development. Based on their proteomic findings, the authors suggested that
DBDPE exposure disrupted retinol metabolism and the visual cycle through synergistic
downregulation of retinol hydrogenase 12 (RDH12) and upregulation of UGT1B2, ultimately causing
developmental abnormalities such as exophthalmos in zebrafish larvae.

86. Yang et al. (2023) exposed zf larvae (2 hpf — 120 hpf) to DBDPE (0, 50, 100, 200, and

400 pg/L) and found that neurotoxicity was induced by increased average swimming speed, interfered
neurotransmitter contents, and transcription of neurodevelopment-related genes in zf larvae. In
addition, exposure to 400 pg/L DBDPE significantly increased the malformation rates (pericardial
edema, yolk sac edema, spine bending and tail bending) and increased heartbeat rates in zf larvae.
They showed significantly increased MDA and ROS levels and decreased GSH content and SOD
activity in 200 and 400 pg/L DBDPE-treated groups. Mitochondrial activity was evaluated, and the
basal respiration, ATP production, maximum respiration, spare capacity, and proton leak were all
significantly reduced in zf larvae exposed to 400 pg/L DBDPE, indicating a decrease of mitochondrial
respiratory activity upon exposure. ATP-contents, and activity of mitochondrial chain complex I, I,
I, IV were significantly reduced by 400 pg/L treatment. Meanwhile, the mitochondrial membrane
potential (MMP) was also significantly decreased in zf larvae exposed to 200 and 400 pg/L DBDPE
(p <0.05). Nicotineamide riboside (NR), a substrate for NAD+, was used for exogenous compensation
to prevent mitochondrial abnormalities. Co- exposure to 160 ug/L NR and 400 ug/L DBDPE from 2 to
120 hpf prevented DBDPE effects on mitochondrial function, reduced oxidative stress and restored
effects from DBDPE on neurotransmitter levels and expression of genes related to neurodevelopment
and glycolipid metabolism.

87. Neurotoxicity in adult zebrafish: DBDPE has been shown to have effects related to
neurotoxicity in adult zf, as well as the abovementioned effects seen in zf larvae. The larval zf brain
possesses neuromodulatory circuits homologous to those in mammals, including major
neurotransmitter systems such as glutamate, GABA, ACh, dopamine, serotonin (5-HT), noradrenaline,
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and histamine (Rosa et al., 2022). The above-mentioned neurotransmitters are very similar to those
found in mammals, including humans (Lima et al. 2026).

88. In Sun et al. (2022) (see paragraph 78) hypoactivity, measured as decreased average
swimming speed and total distance in the 100 nM treatment group (p < 0.05), has been linked to
disruption of muscular-related proteins and related pathways and intracellular calcium homeostasis
when 4-month-old female zf was exposed to 1 nM and 100 nM DBDPE for 28 days.

89. Sun et al. (2023c) exposed FO adult zf in the same manner as in Sun et al. 2023b (see
paragraph 83) and found that neurotransmitter balance were disrupted. The FO and the unexposed F2
generations showed the most significant changes in neurotransmitters content in the brain from adult
zf (8 months), while the F1 generations seldom had significant changes. Almost all tested
neurotransmitters were altered in the F1 and F2 eggs, indicating that the parental transfer of
neurotransmitters to zygotes were disturbed in zf. DBDPE induced significant changes in weight,
length and tissue SI (BSI, GSI) of adult zf in both male and female across generations. Behavior
performance coincides with the neurotransmitter results, as fewer changes were observed in the F1
generation in general. FO males spent significantly more time in the middle section at 10 nM, and F2
males in both the near and far section. FO females spent significantly more time in the near section at
10 nM, but the same was not seen in F1 or F2. The nearest-neighbor distance (NND) and the
interindividual distance (IID) determined from two zf were recorded. In the female adults, the NND
showed decreases in the FO generation, increases in the F1 generation, and no significant changes in
the F2 generation, whereas the I1ID showed significant decreases in the FO and F2 generations but not
in the F1 generation. Considering that zf naturally live in groups, altered social interactions, including
social preference and shoaling behavior, could make the fish more vulnerable to predation threats.
However, the observed changes in social preference behavior does not appear adverse as most changes
increased the time spent closer to conspecifics, except for the male F2. Oxidative DNA damage, global
DNA methylation and transcription profile confirmed transgenerational effects in the brain of adult
offspring and higher sensitivity of the females. Mature and differentiated neurons of adult brain are
usually postmitotic and held in GO phase. Cell cycle disturbances were observed in adult zf brain of
the three generations, and apoptosis was significantly increased in F2 females indicating DBDPE can
induce transgenerational effects on the cell apoptosis in brain.

90. Wang et al. (2026) exposed six-month old adult zf to DBDPE concentrations of 0, 10, and

100 nM 28 days (n = 3, 20 male + 20 female per n) and found alterations in the transcriptional levels
of genes associated with the central nervous system and levels of neurotransmitters. In female adult zf
brains the levels of ACh, DA, NE, 5-HT, and 5-HIAA were statistically significantly upregulated in
the 100 nM exposure group, while only the levels of 5-HT and 5-HIAA were significantly upregulated
in the 10 nM exposure group. Neurotransmitters levels were not significantly altered in the brains of
male adult zf, in contrast to results in Sun et al. 2023¢ where zf had been exposed from 2hpf until

8 months. No obvious adverse effects were found on the social preference behavior in the male or
female zf (Wang et al., 2026). In female zf, several genes important for brain function and repair were
upregulated, while only two genes exhibited significant upregulation in males. The transcription
changes of certain genes in both females and males suggest neurotoxicity associated with DBDPE
exposure in both genders. Conversely, some transcription levels exhibited significant sex-dependent
variations, as observed for the level of neurotransmitters, indicating that females may be more
susceptible to DBDPE exposure than males.

91. Neurotoxicity in mice: Sun et al. (2026) found that subchronic exposure to DBDPE induces
anxiety-like behaviors and impairs spatial learning and memory capabilities in mice. Male C57BL/6]
mice (4 - 5 weeks of age) were orally exposed to 0, 100, 500, and 2, 500 pg / kg bw / day DBDPE in
1% (v / v) Tween-80 for 12 weeks (n= 10 pr group). Behavior was tested in Open field test and Morris
water maze test. Animals in the two highest doses showed significantly altered behavior compared to
control animals associated with anxiety-like behavior alongside impairment in learning and memory
ability. Immunohistology examination of hippocampus showed dose-dependent neuronal damage most
severe at the two highest doses. Affected regions exhibited increased nuclear pyknosis, loosened
arrangement, swelling and rupture of neurons. Significant increase in hippocampal oxidative markers
(MDA and SOD) was observed as well as downregulated key neurotrophic and tight junction proteins
vital for neuronal survival and memory formation. DBDPE were also shown to induce ER stress,
mitochondria dysfunction, with Ca®" overload and ferroptosis in mice hippocampus.
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2.4.2 Adverse effects to terrestrial, soil and other aquatic organisms

92. Toxicity to terrestrial and soil organisms: Available studies indicate low mortality to soil
organisms even at very high concentrations. However, DBDPE oxidative stress, lipid peroxidation and
DNA damage has been observed in earthworms, and damaged intestines in silkworm exposed to
environmental relevant concentrations.

93. Several of the industry reports investigating the toxicity to terrestrial organisms have later been
published in Hardy et al. 2011. Hardy et al. (2011) evaluate terrestrial toxicity of soil microorganisms,
earthworms and plants. No adverse effect was found for soil microorganisms. Earthworms (E. fetida)
were exposed to DBDPE at 313, 625, 1250, 2500 and 5000 mg/kg dry soil for a total of 56 days. The
mean measured concentrations were 231, 440, 761, 1907 and 3720 mg/kg, respectively. At the highest
test concentrations, a significant reduction in reproduction at day 56 was observed (p < 0.05). This
resulted in a 56-day reproduction LOEC of 3720 mg/kg dry soil and a NOEC of 1910 mg/kg dry soil.
Normalized to an organic carbon content of 3.4%, as done in the original study report and according to
ECHA (2008), the NOEC comes to 649.4 mg/kg soil dw. No other endpoints for E. fetida showed
differences compared to control at the tested concentrations. For plants, certain effects on growth
parameters of cucumber, onions and tomatoes at the higher tested concentrations (3091 — 5802 mg/kg)
was shown.

94. Jiang et al. (2021) exposed E. fetida to DBDPE (5, 10, 20, 50, 100 mg/kg) for 28 days. The
DBDPE concentrations in the earthworms reached 1.31, 1.69, 1.72, 2.32, and 2.60 ng/g, respectively.
100 mg/kg DBDPE exposure led to microscopic and ultrastructural damage of earthworm epidermis.
Significant changes to the CYP450 and GST activities were observed in all treatments. A descending
trend of CYP450 and GST with increased exposure indicates that the detoxification capacity of
earthworms was weakened and inhibited by high exposure of DBDPE during 21-28 d. Zhao et al.
(2020c) found that DBDPE exposure led to oxidative stress, lipid peroxidation and DNA damage in E.
fetida when exposed through artificial soil to 2.5, 5, 10, and 20 mg/kg DBDPE for 28 days. Effects
were seen at even the lowest concentrations. Wang et al. (2022c) found that C. elegans exposed to
DBDPE (0, 1, 10, 100, 500, and 1000 pg/L, 0.01 % (v/v) DMSO) for 72 hours showed locomotion
neurotoxicity from 100 pg/L. Furthermore, significant cell membrane damage with a 24 % increase in
the 100 pg/L group (p < 0.05) and a dose-dependent relationship with increasing concentrations was
found.

95. Luo et al. (2025) exposed silkworm (Bombyx mori L.) through DBDPE-treated mulberry
leaves to 0, 0.011, 0.11, 1.1, and 11 pg/g dw DBDPE, comparable to levels that has been detected in
plants previously, i.e. mangrove leaf (4. marina) (1.07-2.4 pg/kg TOC) and corn leaf (Z. mays L.)
(4.16 — 31.9 pg/kg dw.) (ECHA, 2025). The larva was in their fifth instar stage and fed mulberry
leaves for four days. The study showed histopathological changes to the silkworm intestine from 0.011
- 11 pg/g dw, and all four treatments altered intestinal microbiota composition (p < 0.05). No
significant changes were observed in pupation rate, cocoon layer weight or whole cocoon weight.

96. Toxicity in birds: An unpublished study report (2013) on long-term toxicity to birds
determined a 20-week NOEC of >88.1 mg active ingredient’kg bw/day for northern bobwhite

(C. virginianus) exposed to DBDPE in the diet. However, potential for thyroid effects in birds at
concentrations that are environmentally relevant were observed when chicken hepatocytes were
treated with 0.1 mM DBDPE. DIO1 mRNA was increased and CYPA4/5 mRNA was significantly
upregulated at 0.1 and 0.2 uM (Eggloff et al., 2011).

97. Toxicity to aquatic organisms: DBDPE exhibit low acute toxicity in standardized industrial
study reports. These standardized short-term toxicity tests have later been published as a
peer-reviewed article (Hardy et al. 2012). Hardy et al. (2012) investigated the effects of DBDPE on
five species (rainbow trout (O. mykiss), freshwater algae (P. subcapitata), water flea (D. magna),
chiromids (C. riparius), and oligochaetes (L. variegates)) but did not find any acute toxic effects. Fish,
algae or water fleas were unaffected by acute exposures to water accommodated fractions (WAF) of
110 mg DBDPE/L. Chronic exposure to DBDPE at the highest dose tested, 5000 mg/kg dry sediment,
did not affect midge mean development times, emergence or development rates or oligochaete
survival, reproduction or dry weight. However, there is uncertainty of dosing in this study as a WAF
method was used to prepare exposure solution, and they do not report the use of any solvent.

98. Nakari and Huhtala (2010) performed an acute toxicity test of D. magna (ISO 6341, 1996) and
a zf egg-larvae-test (ISO 12890, 1999). The DBDPE 48-h ECs value to D. magna was 19 ug/L. The
egg-larvae test showed that hatching was significantly reduced (p <0.05) in eggs exposed to 25 ug/L.
The mortality of eggs and hatched larvae was significantly higher (p < 0.05) in both test groups

(12.5 and 25 pg/L).
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99. Wang et al. (2023b) exposed mussels (M. galloprovincialis) to DBDPE (1, 10, 50, 200 and
500 pg/L, 0.001% (v/v) DMSO) for 30 days. DBDPE promoted gametogenesis in both sexes shown
by histological observation, gender-specific gene expression of egg and sperm protein (VERL and
VCL) and histological morphometric parameter analysis, indicating that DBDPE may evoke
reproductive endocrine-disruptions in marine mussels. Zheng et al. (2024) exposed octopus (4.
Jfangsiao) to DBDPE (0, 1, 50, 100, 300 pg/L, with 0.2 % (v/v) DMSO) for 28 days. The 300 pg/L
group showed significantly reduced growth and food intake over 28 days. DBDPE exposure impaired
intestinal integrity, promoted bacterial translocation and caused histological damage and inflammation
to the digestive gland, which may have led to inhibited growth performance and suppressed food
intake.

100. Due to the presence of several conserved features of receptors and signaling pathways,
mechanistic studies in zebrafish are included in section 2.3.1.

Conclusion on adverse effects according to the criteria in Annex D

101.  The criteria for adverse effects listed in paragraph 1 (e), (i) and (ii) of Annex D are considered
to be met for DBDPE and its debrominated analogs.

102.  For adverse effects to both human health and environment, oxidative stress is prevalent in all
studies and initiates adverse effects in several tissues, and dysfunction of mitochondria may be linked
to brain effects observed. Effects on HPT-axis have also been observed and may contribute to liver
impairments seen on metabolic function.

103.  For the adverse effects to human health, experimental studies in mice and rats suggest that
DBDPE has the potential to cause adverse effects to reproduction and reduce sperm quality by
interfering with testosterone production in testis and altered serum levels of T, LH and FSH. Reduced
sperm count and increased sperm malformation as well as reduced germ cell layer and reduction in T
in testis were observed in mice exposed 7 weeks for 5 mg DBDPE /kg bw, LOEC for serum reduction
of LH and FSH is 50 mg/kg (Qi et al., 2025). In another mouse study, 12 weeks exposure to 0.5 mg/kg
bw DBDPE resulted in significant reduction in sperm quality and testicular spermatogenesis were
affected (Shi et al., 2026).

104.  Cardiovascular effects, with increased inflammation, plaque- and lipid accumulation have been
observed after 6 weeks exposure to 100 mg/kg bw DBDPE in ApoE-/- mice. Lipid metabolism was
also affected as well as levels of adhesion molecules which enhance the recruitment of macrophages.
Studies in rats exposed for 28 days to 50 and 500 mg/kg bw DBDPE suggest that DBDPE can impair
mitochondria function and reduce ATP level in the heart tissue, induce inflammation responses, affect
metabolism (increase serum glucose and LDH) and induce apoptosis in heart tissues.

105.  For the adverse effects to the environment, experimental studies in fish to DBDPE indicate
effects on fecundity, gonadal development, sperm quality and spermatogenesis, sex hormone levels,
HPG-axis gene expression, and ovarian metabolomic profiles (Yu et al. 2026, Yang et al. 2024, Zhou
et al. 2026; Sun et al., 2022; Choi et al., 2021). Thyroid hormone related effects have been observed in
several fish studies, where exposure at environmentally relevant concentrations of DBDPE leads to
disruption of the HPT-axis and plasma TH levels (Sun et al., 2024b, Wang et al 2019c; 2022a).
Alteration of neurotransmitter content and behavior has been observed both in developing larvae and
in adult fish after generational exposure.

106.  Adding to the concern, DBDPE was found to be transferred from mother to fetus via
transplacental transfer in fin whales and humans and it was measured in human breast milk globally.
Maternal transfer of bioaccumulative substances in utero represents a potential risk to embryonic
development and may represent the largest source of FR input to offspring during the first few years of
life.

Statement of the reasons for concern and need for global action

107.  Based on existing data DBDPE can be considered to meet the screening criteria in Annex D
for persistence, bioaccumulation, long-range transport and adverse effects under the Stockholm
Convention.

108.  Global production and use have grown significantly over the past decade and are projected to
still increase in the future, mainly as replacement for decaBDE. DBDPE is used in many applications
resulting in emission to the environment.

109. Increasing trends has been observed in dated sediments cores from Lake Maggiore in Italy
from 1989 to 2011 (Poma et al., 2014) and in molluscs from Bohai Sea from 2011 to 2018 (Wang et
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al., 2021). Levels of DBDPE in the environment exceed or are equal to decaBDE and other listed
POP-BDE:s. High levels are observed in the environment and in humans in more urbanized locations
indicating that releases are not controlled. DBDPE may also contribute to the formation of persistent,
bioaccumulative, and inherently toxic transformation products, such as lower brominated BDPEs, in
the environment. Widespread detection in air, snow, soil, and biota samples from remote regions
demonstrates long-range atmospheric transport.

110.  Exposure in controlled studies show that DBDPE induces oxidative stress, increase
inflammation, impair mitochondria and metabolic function which can lead to cardiovascular-,
reproductive- and brain effects observed. There are studies indicating that DBDPE may affect
endocrine systems both in mammals, birds and aquatic species.

111. DBDPE affects reproduction through toxicity to spermatogenesis and HPG-axis in males of
both rodents and fish. There are also indications that DBDPE may affect female reproduction, where
reduced fecundity has been observed in female fish linked to reduced sex-hormone levels and
alteration of oocyte development. DBDPE exposure has been found to interfere with thyroid system by
affecting HPT-axis in both non-mammalians and mammalians. Effects on the neural system have been
observed in both fish and rodents. DBDPE has been shown to alter neurotransmitter balance in fish,
behavior in fish and rodents and induce morphological alterations in mice brain in areas linked to
memory.

112. Releases of DBDPE to the environment are continuing in all regions investigated. DBDPE
may contribute to the formation of persistent, bioaccumulative, and inherently toxic transformation
products, such as lower brominated BDPEs, in the environment. Due to the POP properties and risks
related to its widespread production and use, global action is warranted to control further release of
DBDPE.
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