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Abstract; Emerging dioxin like compounds (DLCs) with the structure similar to dioxin and potential biological
toxicity have been continuously detected in the environment. It is important to assess their ecological health risks
for the management of chemical risk. Conventional approaches of toxic tests have failed to meet the demand of
chemicals risk assessment. The adverse outcome pathways (AOPs) based on the aryl hydrocarbon receptor (AhR)
provided a new strategy for accurately assessing the ecological health risks of potential DLCs, which can guide the
toxicity prediction of emerging pollutants and the establishment of environmental benchmarks for the protection of
ecological species. However, to achieve this goal, it is necessary to develop quantitative AOP on the basis of the
improvement and development of qualitative AhR-AOP. This paper reviewed the research advance of AhR-AOP,
and summarized the latest development of the quantitative AOP (qAOP) based on embryo mortality owning to AhR
activation, including the development of quantitative models, the in vitro bioassay technology, as well as the appli-
cability for diverse species in hazard assessment of emerging DLCs. Finally, the most important issues and potential
solutions in the development of AhR-qAOP were discussed, and its application in the assessment of ecological haz-
ard and ecological risks of DLCs was prospected in this review.

Keywords: dioxin-liked compounds; ecological risk assessment; predictive toxicology; quantitative adverse out-

come pathway; species sensitivity

I N 2 T WE S ) i (dioxin-like compounds,
DLCs)ifi & H A7 = 80, 38 i 0 05 & 8 32 1K (aryl
hydrocarbon receptor, AhR), #f Ifij 5 | 2 A= 9 44 1) A= 5
KRBT et I R EUE S EEY,
INEE R ASWIRE B TR A A I AR Y B
PR RS TR T, BPA A 2 5 R XL X
(e YN 7 B W S SRy = N £ 5 WK = SR
DU AN BB A2 2 AT Ak i XURS PR 0 55 5K 41 %8
PR HA B I 2 R A A4 RS Y ) D
RNTE Gy, A 25006 3 R0 XU, EL A AR = AN
PE, Bz R R BREPEIEAN , 2R LA 179 B 7
PEVEAL 7 A RS G A TR .

FEXT DLCs BaHLEI A b o0 L il I, BT 05 &
J£3%Z K (aryl hydrocarbon receptor, AhR) ¥ & 45 7
#%4% (adverse outcome pathway, AOP)(AhR-AOP) i}
KR UERR AT TE DLCs 119 A2 25 5 it B XU $ 4t
TR, TS 00 A R 2k T S L ) ) B
PE R ST DUAESYIRMAST y H bR AR R (R
TECHNZ A Y, B KR U GE P AhR-AOP
Sl ik — 4 K B2 B AOP, & & AOP(quantita-
tive AOP, qAOP) AT 7E b2 it XU P-4k rh 241 M i
PEFIHR BN TN A F 45 R 2t Bl — P
T AW 2E T A AR 2 BN, 38 1 T SRR A 5y
F )i 815 14 (molecular initiative events, MIEs) , 5
FfF(key events, KEs) 54 F 4% Jij (adverse outcomes,
AOs)Z [a] it 5% 8 55 14 1) & BX (key events relation-
ships, KERs), H-$& 14 % 1 9 77 2 g g A Bsf [ 45 5,

RE R 75 3 15 Y 110 fele B A A 25 XUB 5 P S A6 20
PERARIES , F HE 9 2 1 O R AL 5 F 7K F,
WALFE A B BE I LA 1K P, Perkins 5™ 1Ak
qAOP 1 FH et 2 2 B m] A, (1) B A7 AN PEAS B
() A 2R 1) A 25 o X 45 2 P R 1 XU 5 (2) T i
FNPEAG I — R (4 b7 0 Jo 6T oA 246 35 1) 40
1) RS

ARSCAE A BT LAl T 2538 T AhR-
AOP [ HFoE ik Ji& , 45 T DLCs S “ AhR #3-
JRRG#E P 22 1 AOP Y e ik g, IR ¥R 1F T AhR-
qAOP i Ji& ik i v (1% 0] | 5 WS 7 M ok 5 28, % HLAE
DLCs AE28/6. 3 54 SRS PN BN T T /RE

1 DLCs &R REE 5 XK ¥E{4 ( Ecological haz-
ards and risk assessment of DLCs)

DLCs Y ZCHE LI 32 258 2 H0E AhR 52 10 %
PEATIEE . RSO AR T4 B Y AhR 4R
TATRERRAS, A0 5 P e A4 i — g3 J2 DLCs i
AYME)E, 5 ADR 455, B IEA AN, AhR DA
Hsp 90 &2 & 1A F T ok, #15 AhR B E AL 1
(aryl hydrocarbon receptor nuclear translocator,
ARNTE B — B AR S5, T T Hsp 90 2 &
KRR B (75 AR 1) DNA 454075 25 1ok, it
DNA 25507 #1 AT RE L U456 DNA T I
Ll v JC F (dioxin response element, DRE), M i
AhR/ARNT 5 Jit — R {4545 78 DRE FIf /7 3l T i
ANFE R AR IR, NGRS CYPLATL JiAA i il A4 3 [ 3
K, B S AR B A B R PER T (AR O JE,
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HIBA 45 o A 5 45 m AR (QAOP) PG RS AL A M R PE R P51 - 26 —BESEH it % AhR-qAOP 3

AR Z A BAT Y22 4k, T B0 DLCs X A4
PRFEIERLN YT 22 S0 . FETCA A Sh ) vh 5047
44 WS ) DLCs BE ) (BTEFHESh W, — &
He J2 DLCs 7] LAAE N BCAR 25 5 JF 0% AR 3214,
N FL SR 9 A ARL, 107 H At 5 HEsh )
AZFMIHAL ADR ZART . filin, B2 B4 ABRI
AhRI beta Fl AhR2,{H HA5 AhRI 47l EEIAEY
s — & /0 HA 3 B AR Z {4, Bl AhR1, AhR2
F1 ARR3 | H T Al 78 vh QR <p 72 B AR, 28
it AhR SZ RS0 ZFp AL

TEHE K DLCs B ALHE S RO 0 g
(poly-o-chlorinated dibenzodioxin, PCDD), £ & —. &
Jf-1: M (polychlorinated dibenzofurans, PCDFs) ., £ 4,
7K (polychlorinated biphenyls, PCBs) il £ ¥ 75 k&
(polycyclic aromatic hydrocarbons, PAHs)55 45 A
MUG 5, BRI 20 tited 70 4RATF 4, Bk
P B A [k 33 B9 JoT 9 A 7 R0 P A el 1 3R 45
FEANE SRR P R e BE 0 A= 1 8 R ZE IR BE A it
th JCHE TR, —ESE K DLCs W) 5t 75 G4AT)
BN E, EAMRIERY], 2Bk PCDD/Fs Al PCBs
TEDURR Y b 4G HE v BEYE L 0.1 ~ 300 pg TEQ-
g '(toxic equivalent, TEQ)" ™", JL45 B 47 Km & X
W BRI ST, B85 vh 2 B A A HA 2R A W 2
PTG G ISR R T 2 R M IR, R LTS e
Yy )RR e AR AN WS G B (AR AR T B R
FRY e | B3 v O B 22 118 2 ) o i ke I B AT 26
L A 254, 22 E AR 2R i Bk (polychlorinated
diphenyl sulfides, PCDPSs) ., Hl 4 3 1k 2 R B 2K ik
(methoxylated polybrominated diphenyl ethers, MeO-
PBDEs) #5122 IR B R it (hydroxylated polybromi-
nated diphenyl ethers, OH-PBDEs) %5 # Al 75 4L 4y, AJ
WEE P BETE AR W i N e 4 3 A S KU 1 A
SRR AEREE T PBDEs (4G Hy ik BEYE Lk 0.01 ~
69 300 ng-g”' T FiiE(UIF4),0.03 ~1 380 ng-g™' Wi
T (11.25),0.06 ~ 174 ng- L' (k)™ BHPFR K
i PCDPSs . MeO-PBDEs Fl1 OH-PBDEs X K i . />
B S22 AT ARR 6, BEAE 70T /K7 L%
I AhR BN ZIETER DLCs" "™, Zhang 5" %
B 3 KW B R L E Ao T S SR I 3
(14 4 Fh B E 22 57 . PCDPSs X 39 | 38 50Uk Fil H A
W REERC B S AR s 23 ETHE
# F#4r PCDPSs Il MeO-/OH-PBDEs fj AhR 75 %
1% 15 I o ) A e 5 i R S ) 1S AN D

B X PR Hh R e HLAG B 28 A R 11 AR
15 YRR AN ey, HoA e AR B R
FRANHff 2 1, X 3 28 e o e 2 DK 5 A 2 XL
RPN B AR L, ARG B HEIEAL 7 I AR
W (BN S 36 ) 8 AN R il A2 AN DRI 185 i 1 A 0 B 1 Ak
2 I XU TEA | ok 5 Xt BRAT 1 Ak 2 ) T S P T
i AR MG HEAT R8T, AOP &1k 24 iy 4 I
M ZRGE A 2 00 R BE R T AL 5 ITZS 1 4 1
KSR, 20 A 25 B A o RN RN , S 1T
FIAMA FIEE L B4 345 ey =[] A4 ek ) 26 I A e A
BRI 10 43K, AOP HESL I M & 8 1, ¥t
IR AR YIS B LUK —Fh ] T Al e
BB 2 2 PPl 058 K 2, HoIF & i i
2 H B F A2 T B AL AL A TAE , b2
(AP S PTAS 20 A& 5 TR, o 2 S 30 XU 1A 5
I FH 45 g o 20

2 ETARMVEEFELERBEFTRERE (Re-
search advance of quantitative adverse outcome
pathway based on AhR)

W% Xt AhR 73135 B LRI I8 )z DLCs
MECEE B 20 TR AT 5T, B I T S
DLCs il i 7% AhR 321435 3R W) dE vk i) AOP, 7]
SRy TN T LS T E ) o A B PR A ST LAE W Ah
Ay 5 bs B PR 5 B4R A48 52, © A /Y AhR-
AOP HESLHE —HE S J2 DLCs 38 i #4075 AhR AZ 144
SR E P RTEAN L A A EAMA T R
WK b A 5 45 R B &Rk, B —IESE & DLCs
TS AR 2R 32X 2 AOPs 1y L[] MIE,
T L AhR/ARNT S5 — 3RAK 5 A0 G T AR AN
I ARG 1Y 238, R 5 | S — FR 870 431 SR M iz,
IR XS i B OASAA T B RE A R A B AL
RN EYE AOP RGEMAEE T 4y FF A R
R (HANRESE BE A 0 XU PEAS o PR ISR
£ AOP BAEHY , 15 B Kk g € 1t AOP, 71 B A 1Y
FEMEVLENE B A2 A ) AhR-AOP [ 3EAl I 3 i
W TR EhEE R 5 45 R Z R E
OGR4 A S B o AR AP 2 B 2 ) o
2RSS G RO, N A= WA RIS
KA F L Jmy ST LUE Y A O3y BRI
P AR 1
2.1 AhR-AOPs [ 4 & BUIR K€ it Ik

VT AP R AR TR I N T R 2
[ QAOP J& A G BRI, KRR qAOP 1Y TF & T AF 1 i%
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¥ HRREEC S HA TG BN EMN AP,
SEHENY qAOP A5 B 138 T G {2 [H] 1)
HKZ K MIE 38005 19 77 &) B 5 KERs 1Y R -J2
N 81 12 DA A 2 R B R R R . qAOP A
R R R 25 ¥ (MIE KE 1 KER 55) 1] DAJE TRl 241E
P Sk F 2 AT LN AOP Bl 2 v i) & M AOP
318, HATTE AOP wiki™ (https://aopwiki.org/) 1
JE/RINE AR MG EL45 R I IH 7 4, B4
AOP FIRA \MIE KE F1 AO %5 BIL TR 1,
AhR-AOP HEZR 4% T —IEHE [ DLCs il id AhR 4t
SIS T RN A AL ARSI K B
MR ELE R, 7 % AOP HE LB A 1E
5ERAZ(OECD) & ZVFd s | S e A
3 4%, AT T Ak 2= 5T i 0 328 55 A 28 U T A JHE
AOP ID 54354 21 150 F1131,

(1)AOP 21,3z AhR 4% ) 3 S AL -2(cycloox-
ygenase 2, COX-2)FR ik L, S EOO ML & 7 A
[T AN 5 QN 11103 3 S Rl
A FECD N FMSET-, HTHEZ AOP i K
AT AU R S COX-2 1y e £ i sh 70 A
50, A 38 5 £ ( Danio rerio) ) AhR , ARNT 1,
COX-2 ¥01a) w bR AT A AL I B 58 AR 1, A B %
EPERI , 2 16 PR 25 8 AN H] 28 £
NS ATEACN S I EA7 N7y ey -4 S W (| K 5
KB MIIReCE g kA% R b S Y AE T
R 7 M O — B B (HR T S (TCDD)
TR S COX-2 5% AT I 7 - I 5% 2 1Y — B0k
MANTERE , BETER T 0048 & & M) AR iy S (R
FARUGN A AT R HLTRE SR HE BT 5 A i S

XFF AOP21, AhR 3G 5 R WIFE T 2 [B] R B
SR Y E 2 2 &, PCDDs , PCDFs HI°F- [ PCBs 5
AhR 256 55 L) Z 0] ) 2 R 8006 3R 5 X 2 iy ot
MRS Z [0 BRI E e R, HA RS,
BRI R IR — A TR BRI . IXAE
—E R AR T R Y O A R PR A
I % . AFEPF) ARR 521k 5 DLCs Z [i]
M5 B W3 22 5, X e T DLCs )
PR E 22 52 #5717 K [R) AR 32 1k [ & 28 % F
TCDD f9%) F #5088 1 22 5 R ik 40 f%. 55 — 7 T,
COX-2 1) Bk 5 TCDD % 7% 3 20 0 JIF
TR AR R 2 A A ek, COX-2
[ 2% 35 0o I 1T AR 2 0] A B s I 2R P e R (14 =
0.88) , (HATI SR Bk = Z Ak 2 S AN Z W Rl AH A5 S

(2)AOP 150, i i AhR #4{, 5 ARNT R H]
0 ) i 48 N E2 A5 K P (vascular endothelial
growth factor, VEGF)fY 2% ik , Myl / 0 L 4H i A
DAL B2 T 0 R B, TR S0 LA T 25 2 R 2 0 i 1
i, R MR T IR I A AR B, AT B O
J1 v R AE AT

XFF AOP 150, & A~ & 8 = 1 2 8] 19 5C B
(KERs) 2t & RABDATERE (02 X F IOk U,
AR 335 (MIB)FIE R FE T (AO) 22 [8] 4 AR 53 () AH 5%
PE, 528 AhRI Be{A %54 3 (ligand-binding domain,
LBD)F 41 Al F T # DLCs 5 5 19 IF i 308 %K
LBD 1 2 N SCHEA B A2 IR (11e324 T Ser380) 1k
JE T DLCs [WZ5G £ M), MY E T ARR & 19
PRI,

(3)AOP131 i T k2% %) o il if 7% AhR 52
PR30 WG 145 31 JHFIIE PR PN BRORE . ABR Y380 75
T TR T ARCSEG- 40 (3R P4S0 1A2 3R
K FER ISR T B A, 7 AR — A R R ek
Wb J5U 5 2 i (uroporphyrinogen decarboxylase, UROD)
BH. 11 R RS2 A SRy H RN NI S5, - 1 5t [l f o
Hhmn UROD Ml 5 bl ; S BUR NN E AR R | 1M
SR EALL L = R AE P (highly carboxyla-
ted porphyrins, HCPs){E#S#% B 14 R (FRIMRAE) !,

AOPI131 W w X R Hid H T FL s, Aid
HFH AR, HETC A AT L 4 F ik
AP ARR 36 P {H 7 AR IR BHORE T 7 Y AR S0
FEEE M ANTERE . T FL3h Wb, UROD 1 14 2 /b %
REAIS 70% A RE-F- B0 2 A9 PR IMIRRAE A, K Y
RSN T T 21 & ok, AT LA ] B A 5 P Bk )
FHLZF1 UROD Ry, UROD Hili il 5 nh bk () FR 2 22
[ AT 5 IR

FANMELEEZH AN 2 4 AOP 40 5ilJ& AOP 41
5 AOP 57, AOP 41 #ifiif /2 DLCs 14 AhR B4
520 i RAK, Fral i 5 6 CBUR 88 T ) 2
T3 AhR RSO , B0 S IR . AOP
57 WA T At AR SO, 51 — R I KA
KRR, a0 CD36 i PCK1 T [ A% FE AR EE
%K (low density lipoprotein receptor, LDLR) I & &
SR BE R 2R 4 0 A5 L OGS R T 3k
THEIAER I B, SCD-1 335 R S 20U e b H-3h
=HRRE N SRS S DR TR H i — AR BB i 5 2ok
TRREIIR B 48 AbAZ 2N ) 55 A W2 B Ak, e 43 3L
A W E SR R i, 1Hi% AOP IEZEi#E—
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Fig. 1

The mechanism (a) and workflow (b) of potency test of arly hydrocarbon receptor (AhR) activation of

dioxin-like compounds (DLCs) using avian AhR1-luciferase reporter gene (AhR1-LRG)

Note: ARNT stands for aryl hydrocarbon receptor nuclear translocator.
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W5, & BLiX 28 DLCs J# % AhR 200 ¥k BE (PC,,
F1 ECs,) 5 XS IR G R A A B Be 3K LDy, [a] HAT 58
FHEAE(#>0.84, P<0.01)? 518 2), DL 453450
H1'T AhR-LRG {ARZMS I 77 2 76 #lil DLCs # AL
A 50, S LA AR R B R BLAE T
HA ELE R 5 ) AhR-gAOP #2477 1] 5% (1 4 4h
Rl RN



10 £ x B

=
iz

Eitd P16 &

@ 55 6 12209305, P<0.001

N
T

(=)
T

10 (LD, /(pmol-g™' egg))
(3]

O TCDD

v TCDF

v PeCDF

m PCB126

e PCB77

o 5-CI-6-HO-BDE-47

Log
L

-2 -1 0 1 2 3 4
LRG log,, (PC,/(nmol-L™))

3 A 6-HO-BDE-47

LRG log,, (EC A PCBI18

/(nmol-L1))

50

2 AR FEUSEFAERIGARRRHIE LD, M EEIF S
13 ECyy 7R 5 50% e KB 1R B, PCoy F7R 5 1S 20% 1Y BH XS BRZNE A MR EE , LD, FRFAE LIk ; TCDD R e
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Fig. 2 The linear relationship between AhR activity and LDy, of wide-type chicken embryo

Note: ECy, means the concentration for 50% of maximal effect; PC,, means the concentration for 20% of positive control effect;

LDy, means median lethal dose; TCDD means dioxin; TCDF means tetrachlorodibenzofuran; PeCDF means pentachlorodibenzo p-dioxin;

PCB means polychlorinated biphenyls; 5-Cl-6-HO-BDE-47 means 5-chloro-6-hydroxy-bromodiphenyl ether -47; 6-HO-BDE-47

means 6-hydroxy-bromodiphenyl ethers -47; the value of PC,, and ECy, were retrieved from dose-response curves of LRG tests.
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Avian embryo toxicity of DLCs was assessed using AhR-qAOP to provide evidence of risk management
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