JELA= 55 1A T BCHEHE R A S A B & (b P BV A7 W FE R 2E)
In silico VR FEDE E{LENew Approach Methodology Dk F 2SS ME D
e e MEtFEY A2 3EAM R O RS EE I B 92458 (21KD2005)

BB ARRE Sy FE
AOP (2R A FE AR VED TR B3 D078

WEgEE IR B —RMEE MO E RS et B AR e B iR
WEgEm 1E R AR —RMEE MO E R ERE e IR e T SRR R
WEgEm A Ll RS ENZEESEAEATEET LM THIRHER =R

et 1% Alun Myden Z—VHFZERT #F9EE

et 1% Victor Ude  7—VHFZERT #F5EE

et /1% Alex Cayley 7—WHF7EAT #F7ER

F2et 0% Emma Hill  7—V8F9ERT #F5EE

MAREE

U— 727 v ZOEFMHED A L~ T s 255 < A% A 5N (DART)
AOP ¥—A Xy NEOQT — X % V) 27 FHIIZ A% 72 REACH B&kiE i 72 & EHERH
BT =B R=R e ENLEMET — 2 ZBINE L, 5725 AOPE D= DT — X
~ A=V T EITHZEEHME Ls, S0 S T, FEFEE O ECHA @ REACH [ZX%
FrINTNDT—ZEy bEHWEHETH /2 AOP DA IMEMO U E DL 725723
kay KU T HEIEICOWT AOP O RIEEMEFAE 21T o 7o, T ORGSR, HEMEAREE, 1
PEATERMER X OB R EMEIC 27235 2 ha v R THEEREICEERT S 6 20
MIE % &%e AOP % v N U—27 ORfEENR SN, 2, BEEOT -4y MIE
FNTWIREREEATITEOF BRI OV TEEFD DART AOP v FU—2ICk D27
U—= T %Eh Lie, ZORE, BtEo MIE 7 v & A 57— X 3N E Shi-01X 126
DORERBEEDE D H 22 OMETAOP v NV —27ND 14 ® MIE & 2 ® KE (2
L THY., DART AOP %y FU—2HND 85D AOP IZEENTWND Z LAREN
77 F72. AOP *v hU—72712V 7 &7z Derek Nexus 7 77— b Z 7= fEH. 25
DIGFHEALEIIZHONT 3 2D AOP BFRlS Tz, AR TIE, 7 vt A T — 20D
EINDEHRFEEWE & Derek Nexus 7 7 — N THIE SN D HEBEME N R D
A AbEME AOP v N U — 7 (ZBIEfF T 5 7 DICHlisEm e ik T&E 5 &
WO R B BN o7,

A HEEB WA X >TWD, ZD in silico T TFIED—
BEACTWHORBIBIDOEEREE 7 5 5 4 75 M B (QSAR) 12

CRIMEOBHT RS, VATFMOBREL g R O S BRI 351
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FAESNDINT o200 Bk CidiEis
FIELS O T RN BT DV AT EHA~D
QSAR OF|HITMRD CREM THHESHOE
DEFFTR, ZIVETOMZETIL, E 55
M, SR AT VE~D In silico T1EDE H

WEAL T, BFIc S — R 7 7n Ao M

ZHIEL T, KEEERMET — 2 X —ADRHE
AT A —DOREGE A FE MR B (AOP) D
BT AT > TETUND, R3 I, BE/F I
DY =RT77aZOAF MDA _E~EF T,

AOP F—A_UNEDT —H 5V AT R
H3 25807 —2AA4 T 21250, AOP 77
0 —F OEENEERRFEL 7203, RIR AT 1
BT 27 —# X vy I RENEL RSN,
ZZTR4FE1X, ECHA-REACH % & 1
IR EERR IR T — AR — AR E D EET —
ZEBIINEEL, &5725 AOP {ERLDT=H D
TR A= T E{ToT-, R6 X, RifE
JEETORERZZ T TDART EDOBEMED
WIRa RU T #ED AOP AIREMEAAZ1T)
LT R BRI OV TO AOP Ry U —
IR WTZAI) == T RITV, &7 5
AOP 1ERDT=O DFERIF A H L T D,

B. WF5EAE
Ihar R 7 EMD AOP FlHeMERE
WEAEEE D ECHA @ REACH (284S T
Wb T —H bW AT DART @
AOP Xy hT—I7NIZE N TORWMEE Y
DERDLZEDMREINTN, ZOF T
DART EBi#95 Derek 77— hDERIEREAT
VWHTTZ72 AOP DR RO LD &7 5723
ra RUTFEMEIZ ST AOP O AJREVEFIA
1To77,

FEHEFEIEICHOWVWTO AOP 2y kU —2 %1

WeRI)—=2 T

EREE DT — 2y MIE E5 1499 D1tk
BB 5 1911 DR BB TEOILEY
fHEHIZOUV T Lhasa OEEFD AOP %y kv
— kDA —=0 TR FEREL ., RSz
BT — 2y MZH DML A I B
9 5 MIE/KE 32D 8T —2 (FE LU TE
FPEEIITIRENED AOP ZHRLL TD) D
FIZEENTWDZHER LT, EHIZ AOP
Xy NI —ZIZB#E T HZERH LR T
Derek Nexus 77 —hDF a2l —a%fT0,
35 KE LDV I 51T T,

(B~ BLIE) AR IEIT B K Ot bkt
ke IR R 2 AT DI T2 e RO T D,

C. Hroifs R
bR T EHEO AOP WEEHEFAA

IR RYT O eI T =RV —pEAE
(ATP FEA)  SESFRAEHEBRBLIY
REBHAREICB W THINa U R T T EE %
#WERT-T, T2z Iha R T ITHIRE O
ST FNAREE (WL T BT FIAREIRY) |
TEE MR LT 0 I A eIz > T
DO TEHEETHD, INaRUTIE, IFAA,
SHE. AR IR YA R AR R T
EtE L OF AR B L OVEHIR R CH EE
BN RIZLCD, RN D ATP 53D
KoL, Sha RUT N TRy g1k
(OXPHOS) ([Z&0 ARk S D, BRIkl
BRI E BERICB TS —H OB
R LR TTAORICRE 5 LT, B HaERIE
AR I UL IV, V £W) 5 DDH Ly
BHRARTHEIND, HEIK T 1OEAK
IV ~OZDOEFOBEIZLD, NIEONIMZ
Tabh o AENELD, ZTHOTaRNATT T
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v 2 (ADP) &34 L, F1FO ATP 7
—EB AR V)L Th b AINa L RYT
W7 T I ZV o BE R DOFE R T
ATP %Ik 5, Sbar RUT XL DFE B
INESIZPED AR IR T IZBA 5 L CW\d, b=
CRUTHEREREER IR, SR RO R BIR
BLOMMG I A2 3 e A D L TR A
Fit & B 3# 9 5 [ Podolak, 2022; Babayeyv,
2015], EfbAYY o mefb i e Al O —F I
L RUTHERERB L OVATP pEAR IR 5
DERESNTRY ART > EIc&R 57 58
YRR S | BB IR E IR 36 L ONRI R A7 4k
B EFl &R T, L7 AT LRl
ALY B OB LR ThHH L
DREN TS [Wallace, 20131, BhE x4t
L7z Tl v 7 vt uat s g
(PFOA) . ~Lv 7 v4 15 (PFNA) | X
VT TG o~T B Z VR (PFHpS) 72 &
DAL T IVA BT IVE AL S O I A
BT ZAE R T B L OWRAR R E ik
(W PE, FHATAE ., Ja W Rl = S AR E
A E) NBRENDHZENRHLNTR ST
[Wikstrom, 2021; Liew, 2020, ZEFH%E A

FETIE ATP NEERMBESRMLRDIEND,

FR i) iR b i e I T OVE R iE R A
AR EICE SR IENDINa R T
RERE DS, AR V2 2 M d0 IS OVE P /e A= 5
BHEOITFLEL TH Y THHILEZD AOP
IIRLTRY, ZDOA A= HK 1ITRT,
<4 MIE, KE OFEH >
BEKTITHS — B {mERHE
Iha R T OEFnERIL bR
THIRICBWTE &7 b 265ETS 5

DOLANTEBEGEESE LI LIV,

V) TSN TR, 7T /v =Yg
(ATP) PEAE\C B2 7 b BB 1) DS R

Ehd, BEKRI(=aF o TIRTT=0 U X
7124 F K (NADH) ~ =% J R {Li&E ol
F)E B EEROE 1| ObREVE
BIETHY, EEIK T D2EX /2 (CoQ) fit
AL EADFE ST DL AT~
DEFREPER S, BV —7BXIO
& MEfe F A (ROS) PEA DG D723
A REM: 38 D [Nolfi-Donegan, 2020; Zhao,
2019], m7 /0%, BEEL 72Ty MiFDIb=
»RU7 [Heinz, 2017725 NCe MBI
7 F AFT v @ YRR AR [ Rodriguez—
Nuevo, 2022 NZHWTEABIR 1 OIEHEZ
EFLHZENHEINLTND,
BAEKIISHES — B nEREE

BWER N(ETEEIKERESR) 1L, BT
[RIESRDE 2 DX R IEEEIRTHY, &
FARER~DE 2 OBFBFIHRALTHD
[Zhao, 2019], 75T F =0 VX /LA
F R (FADH2) 23anJEginns it o7&
TFIE EAEE T NORLE —8k (FeS) 77
AB—% N L TCEFBEROIEF )
(CoQ) IfmEEND [ Zhao, 20197, BHEH
FEEE 1T OF 2 (Q) L EIZT L
RURBEALICHE A CE AR 1T OTEMEE
W45 [Siebels, 20137, 72&z 01X, 7h2
=2 A5(Q PR EAD) BRI~ (Y
TV EBRERD ITE AR T OIEHEE Q
EAL TR L, v DS L2 b=
YRUTIZERWTIE R FFE (ROS) FEA %
NS 52 EMRIIL TS [ Miyadera,
2003; Siebels, 2013],

BEKIICHG — B sEREE
ifEE Q-Fhruh ¢ BITEELLTH
HONLE AL, BmiEROH 3D
BN TEEERTHD, AR I o=
X /2 (CoQ) ITiX, & /— VgL (Qo) B



P& 7 — Vg (QI) #ALEV) 2 DD
BENLDNDD [ Zhao, 2019], A 111 PR
FNIBEARNCHEAE T O Qi HALITHEA
THEEEE T O Qo e &IF /v 5y
W Alx ) — V) BT OKEERETD) F
721% Qo FALIZHE A5 (Qo AL ~DiIZE T
% ) —L (QH2) D& ZREL ., T4
FVERERIIBITLE BEEEZYIT5)
[Quinlan, 2011; Zhao, 2019], 7> F <A
v A BXORRYF TV — LR HAR I
FHZEHITd 5 [Ramalho—Santos, 2009], /=&
2L ToF AT AL, Ty MEE D
BEL7-2 = RU 7 [Quinlan, 2011]8L0w
Vg IRz R 7RI+ [ Von Jagow,
19811 DAEAA 1 IE P4 M9~ 5,
BAEKIVICH A — B sk HEH

BER IV (Fhralb c iB{bEEsE (COX))
13, BABIERDE 4 DX TEEAK
ThH[Zhao, 2019], EAEK IV 1L, B
FERICHIT DI T NSO KD AR A fRBEL |
ATP AR BT v b BRE) J) DA I
%59 %[ Torres, 1995; Diaz, 2006], "L
D COX XUV IZiE, COXIEMEICES
TEIERBLETIEEEHT54 2088
e 1 20O & Lnid 5 [ Cooper,
2008; Zhao, 2019], b= TG MEDHHT
NHO& R T LIBLOEZH O, 3 @Y
OERLIETTIRE Gk, WorET, £
7oiX5E A ot) TIATEL S % [Mason, 2006],
PLEANL, se e biRig, S5 & ok g,
FIIIE AR IOREICHLE G IV I8
AW EILRIEB A MK & T& D[ Cooper,
20081, WO DILEY (—FR{bEFE . it

2006; Torres, 1995; Sarti, 2012; Cooper,
20081, COX #7 2= & /v T I T 5
L. COX DIEMENAESN, BmiERIC
Ko7 a b BREY A RS R E S LA Z L
IRIFL TV A [Hittemann, 2012; Reguera,
2020; Diaz, 2006], 7=&z1E, ~ 7 AR EHR
HEEHIID COX 10 (COX AR A R 72
BERF) &/ TUNT DL HEIRIV D
EHERLESN, ZORREEEERV ~D7
TR DIREN G T B, BRI R ks
PHEINA[Diaz, 20061,

BEEVICHE — B{aERRE

AR V(FIFO ATP & Rkl%ER) 1%, &
IREERDE 5 DAL IEEAKRTHS,
FIF0 ATP A pkBEsRIL, F1 38508 FO H&6E
HIR AL CHERL SIS [ Zhao, 2019,], &
KV X, B mER RSNz ks
EXE) 1) 2 B b iV v B & 3 S ADP
b ATP 26 % [Demine, 2019], P
AL FIFO ATP & Rl 38 o fil B iy 50
MTHREATHEB 2B, TOFER FO DAL
A& 2E L35 [Penefsky, 19851, FO (2
*THEHIE F1 I siESHL, FIF0 ATP &
R ~DIRERE A DO FIZORND
[Penefsky, 1985, 82], AVa <A 13 8<
HMoNTEEE V BEAITHD [ Dreier,
2019,], AVT <A AFTVLEI 2R
T OEAIRV ZBLFEL [Penefsky, 1985], &
b, DA BEXOT T ORIZEB NIy
RUT BN LR R TS5 L
PRSNTEY, EEK V HEICL->TE
TAREERIEER b NI Z e DRI S L
T\ [Muller, 2019],

fbKkF, T ALKFRE) N, BEIK IV
IEMEEFLEL, & o RICLD 7 v ik
& 1A B A 1517 A [ Alonso, 2003; Mason,

B HREAROIE — b= RVT DRl
Vi b 3% D
SRR T OEAILERIT 5 DD
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NRIEEERNPORY, B &7 ahVE
FARIZER T > TREIT 5L, T rh U BRE)
FETEVERR TR (ROS) AR ESND, £ D
%, 7abh BREN I b RU T ORELRY
VBRI S ATP MERGE L, PEAE
SAV7z ROS LAl 5 H MR ICB 535
[Nolfi-Donegan, 20201, 7=&x 01X, Shav R
V7 BAABIERDEERDONT i EE
SNDHEETV—IPEL, TOFERE, 7 abk
EREN ) DA+ 43 E720  ROS PEAE
MBI, ATP GRS 35, Zhbid
FEALAOY Ao Bl 245 (2 R 972 [Nolfi-
Donegan, 2020], #lz X, 7= 7ot —
(BT 57 4o 2 lZBITAEAE 1T Bk
OV 1T OBREAD [Qin, 2022], AV ~AY
Y BEAREVIEER) . ToF A A
ARIMBAEAD . L7 /v (EAIRTLEHA)
[Muller, 2019], 7AE U (AT BL
IV OFELEA]) [Raza, 20111728 OEFniE
RY R TEBAREANL, B RER
WZBTL7Tubr OB ZITHZ LIRS
FUTEY, in vitro BBEFEMIEICEBWT, 2
PLEAZ I 5- LTy MrB HBEL72Ih=
N7 T, B LI R b 3B LONATP FEA DS
KTl

FRL )Y BRI LR AN O G — Ihav R

VT ERAbrU > b D AR DO

e a9 ER LTI, BB mE R THEM
ShcERUL TR ENZFI L TATP O
T RLF —DEEAE SN S [ Nolfi-Donegan,
20201, BRILAYY o BRfb i I3 7 b/
747 EUTHER T 208l A A %t &1
FLCE, TORER, T ab e BT HES
NIIha RUT NIEZ > TR B T& 5,

NPl =1 % N R ) f=be Y P SEi N G A DR

RRALHIU iR L DAL ATP DB LT
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515 [ Demine, 2019; Garlid, 1983; Terada,
19901, Ira RUT Z R LAY B Ak i 3
BFNIRFE LI L EIZZD IR E RN
LNDZENEEB DM TRESHTND
[Weisova, 2012; Sibille, 1995], =&z 10X,
/NI R A A S 7 A 4= (R 7 LA
HARNYY) 7 =2=/LER TV (FCCP, BEXN
DIra R T IR b il a4 Al)
WL 2 EIba s RUT IREM B IO ATP
GEMETL, FCCP &#rETDLEIELE
[Weisova, 20127,

Sha RUTERLAGY L BSOS — 3

b R HERERR &

FRLHDY BRI L EE 5% TARRS L
o7 a b BRE OIS L, Zhick
D ADP 235 ATP NGRS HLD, BRIk
LR EFESNDE, I RYT O ATP B
AR T, Sha RUT OEA R & OHEL,
L AR ZDEN, BEORIh=a s RY T B
RBELH AU D W REMED % [Raffa, 20171,
Wit LN 42) D IR 72 IR REHE e (8 oD A= e i
fial) %A ) o A i He % 9 LB %
DRIV BRI B D3R & R K
SHBHE NN THERERRE N AL E
DIRSILTWND, ZHUIIha e R T RENL
(MMP) 58 | ATP sEAEORD  BLOW L
AR ZAOH K EL TH A [ Rubattuy,
20161; Zhang, 2022; Bestman, 2015], LT
B AT,

R bRy e b i e Al 2,4- =hr>

= /—/V(DNP) CRLE L= BT T7 v

DR TIE, JLBE 72 BfEE . b3 RY

THERE ISR RS 1 (AT B X

737’8 1(DRP1) B (=1, NADH 7

eRka ) —8 5(ND5) B 1, (KR

FFEHKF 1 (HIF1A) BEEER 172E) |



hI Y TR

I RUT DNABGER IV EER R
+(8-AFL 7T =2 DNA ZVayT7—+F
(OGG1) B A 70 L) . BLOWRLA
R ZDHDOINa L RYT ORHNC 26 278
BET (A= R—=FF VRV RLF—F
(SOD2) B 5 ) DX T LFal —
TarBNRdbivlc, £, DNP (ZXDIk
A RUT R DA | ATP PEAE DI |
B PE OGN, TE PERE FEFE (ROS)
PEAEDRA  Sha L RYTHERELE 234
U7=[Bestman, 20157,

N Zad (BAE) B b2 Al
WLBEL7= Ty MK R RUT Tk, BRsR
HENEAL, B ks ATP &
RRANE L7z [Ajao, 20157,

FZy MU GHEBEL7-Iha RU T #lRL
HIY LI CH LT VA F T
CTCHHTHE, R Rk ATP
G REHNEA B[ Curti, 1999],

in vitro C FCCP |ZIEZE L /=~ AR TIL,
ARALFE G R L L L C MMP 28 B A
IR FL ATP & & 2B B A L7z
[Zander-Fox, 2015],

AUV A at s Bk (PFOA) 8% 5L
Tew U ADPIRFRIE CIx, KRR ML
7284 S RU T RER E . ROS
B ES-. MMP [EEB IO ATP &S
INERHHALT- [ Zhang, 2022], HEEL7-~
VAD B LM OIN=a R T %
PFOA |ZIRFELT-4 5128, Fhouh ¢
O, Iha R T O EE & e lAEE
OFT LA &7z [Mashayekhi, 2015],

— IR R EE

SharRUTTEMR I OYATP G &0 5
ThoHI i, EFRVEIE AR
A /K Td 5[ Zhao, 2012; Van Blerkom,
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1995; Babayev, 2015], 2015 DLt 2—

[Babayev, 2015]i2H5E512, Ihar U7

PR RE PR 5 XU PE . DNRR AR | 52 RS PR 55

BLORAEREICFEEL WD, IhaRY

THERERFICLD ATP & BEOK T ik, >

B FE O [RIIEAT$ . A 2 ds KON AR AT IR

BICHBEZRIFTTIENREINLTWD

[Salimi, 2019; Takahashi, 2009], LL {2

BT,

SR T B#%DD 156 BB E T LT A4
nA 72 (PFOA) i B LI~ U AT
X, B roO—EHo%RE Ok, LiERs)
TIP=aRUTHERERE NFROLI, &
By (Ra . FFIE. O, 25,
AR72 L) DB AR M FHEF S, FBIFD
KEBIOEE 2 L7z [ Salimi,
2019], BOWFFEE 7N —T1%, ik~
UACHEA 13 H HDODAIERE T ET
PFOA Z#5-LTct#(2, JafrdIb= R
T HRelEE (ATP PEAE DA B L UL
ARV R) | HARKRE B B L OV A w
(BRI DR EARR L) B b7
[Huang, 2022],

- MERET Y ML, AZR 14 B RIS 40~
47 HH.DNP 2% 5L, 7Rt
Y hOWF A E w I T, BiER L)
MEROLIL, IEREE- Ty e L CHIAE
BrrIOMWAEAKERIBRALEZ
[ Takahashi, Environmental Toxicology,
2009, 24, 74-81],

« BT IT 40 a D% DNP CAET 5L
Shar RUT R EFHE S, B
REBIOEFRNBA L, RO ES) 1
R A e i 5% s KL VIR D %8 AR D3P FF S 4
7~ [Bestman, 2015],

- Fy % FCCP T in vitro ZLBLL . A&



NN il

TyNMIBR LI A MEFEAF O AR
HPBA LTz, $72, FCCP T in vitro &L
U Tz~ ARG A LT MEPEAT Tl
HAEREORD BLOY L a—2EYiA
I PEE (R B SRR 6EB 25
NHRHE B EINa R T B RefEE
TR UE) 23FR D B A7z [ Zander-Fox,
2015],

© INAFRTF ARG LI REM OB
AR O LB B R R N AL T
[Kiryanova, 2013; Hines, 2004 ], &g
TIE, IR VA F o2 5L
TMEDT P B IO~ T RINLDFEFIZE
WTC, IHAERIET, OIE T AR |
ERERAD | R OB E D 5
W N LT [Kiryanova, 2013; Hines,
20041,

- IR E

TRN S o e S ) ot i 2 g 2 g )

2D APICHY O R LF —%

(ATP O T) LT HEB Z DTS,

INBD ATP 43 FORE 1%, IIRHAE

R RUT N TR LAY R IC KD PEAE S

#15 [ Chappel, 2013; Babayev, 2015], L7=

NoT, ZHGEEDHR DO EEXFFTED

i on B O IR IR & B RS B DI IE R R

HI72Iha s RUTHEREE +53 70 ATP & &)

FETHIENEETHS[Podolak, 2022;

Chappel, 2013; Roth, 2018; 2015; Van

Blerkom, 1995], WD DWFFLINZDF—

AR NEHOBMRE AT TND,

- NLEKS (IVF) 22 AR I > 7o 2otk
OB IR RO ATP & & (2.2
~2.6 pmol) 1%, #LHRE T&7eno7c otk
(ATP & & 1.4~1.7 pmol) LHLERL CTE
Mol ZED, IRREMI O RS S E R
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LNIERIZESTINaRYT D ATP
BRNEETHAZENRIEBEINS [ Van
Blerkom, 1995],

- PEpREAO A AZ FCCP 33X DNP (12

W i L 7o~ ADNREM A T8 oy 400 11
(ZHETe Z N TE S BEREE L (I A%
Flz& Te) 21l i OHIFHEE - A3 a3 %
EIPREAR L AR A FRBA L7223, kPR E
G L CH 3 72 RIS B D T ORI A3
73> 7-[Van Blerkom, 1995],

© UL T AU Z U (PEOA) 8 5L

7o~ U AT, TGRS F TR (ROS) DN,
ATP PEAEDRD  Iba FU T HERER &
Oy Zam e DAk, 72BN IN R
AB LI AEDRENED LT
[Zhang2022; Huang, 2022],

- PFOA %7-1% PFOS |ZHREFELT-~7 2P}

REMIIE T, A7 R &K AFHII R
DL, ROS JERHMEANL , SRR OIR
L RUT A NE LUz, ZOBERIEIN
I RUTHERERR S B IO YL R R 7
Eb 5l &k Z L7 [Guo, 2021; Lopez-
Arellano, 2019; Wei, 2021],

- 26-UAY TN T ) — )L (ALY

FE AL ML) CRBRL 7~ AP REH
LT . B Bl 2R o0 R DR RE F KO
¥ - A OWD 3 i A S 4 7= [ Tatone,
1998],

- AR A R e LR (AL

BV TR A A TR 5L, Iha
YRUTREAL O T ATP & &0,
Iha s RUTBEREREE | J6 JOPREMI I
Ty SR TS (DA S IR RERE L O Al
b E %) M5l &k ZSi7- [ Ding,
20201,

YUK — MEVEATRREOIK T




A B R ARIZ &> TONREMI IR oD &t B 23 B
ETHOLHI LA R T TV ANEIATAE
5[ Orazov, 2019; Babayev, 2015; Santos,
20061, JHREHIIAO ATP & BTN
mE 2D WICAEE NI ET D
[Babayev, 2015; Van Blerkom, 1995], k=
Y RUTERALAEIY > FR Al oD i He A A X IN R
Mo ATP & &2 TS Eo7- M4
JHRE I A KT T 2 EELOMFZE T
AREA TV S [Van Blerkom, 1995; Zhou,
20221, LA ICHlZ7Rd,

- NLZIEEZ T QL EE I TS
RADG, IR RS LOWRD ATP &
BEBIOIN U RUTIEEN 070 B
TOHZNREIEIRTE TS ARETHY, P
REMREO ATP & 82N KIEIARV EE T
R Z R EF CX oo Z DRSS
[Van Blerkom, 1995; Zhao, 20127,

- RIS DNP ZHREE Lo~ AINRER
Nl D REHRIT, R RON R L[R5 T

o7, LinL, IBIICE TR B LIZDIL,

DNP |ZHg % U2 AE L7 IR R/ CI 193
{E 46 {8 CTH 7= DITHI L, Sk HERIIREH
focid 234 i 187 {ETdHh-7=[Van
Blerkom, 1995],

© IPIRUT LAY BERAE 0 i 2 A%
(PFOA 72X IZ~ U AZIRFE LT 6 2
o RUTHERERR S | DNARAEE | 2k
P, & R IB L OWRFE LD FIC- D70 A
>7=[Zhang, 2022],

- BRIV R I B 5k R T
Wt (TT I ZV AR 7 2=
YR 6(ATP 77— 6), Fhrul c ¥
2 — I(CO IlI), =aF L TIRTF=
YURIVATF R R AR T
FHY 7 2=vbk 3(ND3) D&/ F72

-58-

IhIU Y TR

L) DFRBLNEA T D&, JIREM 2852
L2 T DRI AIEYE L2 D2 D3N
Tk (IVE) 25217 T o et cd &
LT A [ Hsieh, 2004,

- A HRERE

bR T OEEREENL, R
HENEE 5 X | SRR IE OISR
ISEARE ST HZETHD, Iha RUT R 4E
AR BIE MR SEFE (ROS) 1T, K%M L
DS CAN=NE DN | APNNF N IBNIL S NE
Iz AR e 35 [Park, 2021], Sha RU 7 HE
BEEX= XAV —EALADOF D BLO
ROS DAL D280 Z DT FE 1D
FERE D T CHRFICHE 1 O IE B & K re
BEENEEINDGEBZZOND, FTI2IX
CKEF D) i B 0D At A B Fn i U e
NG FENDZEMND, IR T HERERE
(2L 9% ROS Rl I LD IS xf LIk
SR EWEE DV [Vertika, 2020], &5
(2, bR IEREME A R RE A Il 35
L DWAR | 72 & Z TG F TR, MR oD Y 5iE
BRUSHAFE DI, 725N AT BARH]
EXE o & Rzt B 59 % [Park, 2021;
Vertika, 2020],

2 D FBHERIEIEFNII = RU T BERE
EEICRE T 55 25N TR, FEF O
30~80%I% ROS BEHUkE 7485 L B 1)
LI TWA[Park, 2021], BEDIvaRY
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AOPs MIE Key Events Structure ‘
1  Androgen receptor (AR) Hershberger
binding leading to male assay (antagonist @\K T
reproductive organ mode)
malformations /K
9 Oestrogen receptor (ER)  Oestrogen receptor Uterotrophic
binding leading to male  (ER) binding assay assay O
reproductive organ
malformations
g3  Androgen receptor (AR) Hershberger JK/\/
binding leading to male assay (antagonist @\r
reproductive organ mode)
malformations ?/
4 Oestrogen receptor (ER) Uterotrophic
binding leading to male assay
reproductive organ
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5 Androgen receptor (AR) Hershberger
binding leading to male assay (antagonist Q
reproductive organ mode) ;S/v
malformations
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g6  Oestrogen receptor (ER) Uterotrophic
binding leading to male assay 4 i ‘
reproductive organ X
malformations

7 Thyroid hormone Thyroid hormone
signalling disruption receptor (TR) binding @l
leading to neuro— assay Q!
developmental toxicity ¢

g8  Androgen receptor (AR)  Androgen receptor
binding leading to male  (AR) binding assay
reproductive organ 9
malformations -

9 Glucocorticoid receptor Glucocorticoid 7
(GR) binding leading to  receptor (GR) binding Y
cleft palate assay

10 Acetylcholine receptor Muscarinic
activation leading to acetylcholine receptor )
developmental toxicity binding assay )

11 Acetylcholine receptor Muscarinic
activation leading to acetylcholine receptor A
developmental toxicity binding assay

12 Thyroid hormone Pregnane X receptor
signalling disruption (PXR) binding assay
leading to ~
neurodevelopmental A U
toxicity

13 Acetylcholine receptor Muscarinic ~
activation leading to acetylcholine receptor

A
developmental toxicity binding assay i

14 Histone deacetylase Histone Deacetylase A
inhibition leading to (HDAC) inhibition ey
developmental toxicity assay \/1

15 Carbonic anhydrase Carbonic anhydrase
(CA) inhibition leading ~ (CA) inhibition assay
to teratogenicity

16 Aryl hydrocarbon Aryl hydrocarbon

receptor (AHR) binding
leading to
developmental toxicity

receptor (AHR)
binding assay
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17 Histone deacetylase Histone Deacetylase 7\
inhibition leading to (HDAC) inhibition _ B
developmental toxicity assay \_7/

18 Oestrogen receptor (ER) Oestrogen receptor
binding leading to male  (ER) binding assay
reproductive organ T\
malformations N

19 Thyroid hormone Pregnane X receptor
signalling disruption (PXR) binding assay
leading to neuro- A
developmental toxicity ¢

920 Thyroid hormone Thyroid hormone
signalling disruption receptor (TR) binding
leading to neuro- assay ©\)<¥
developmental toxicity

91 Histone deacetylase Histone Deacetylase
inhibition leading to (HDAC) inhibition O
developmental toxicity assay ‘

99 Acetylcholine receptor Acetylcholinesterase =

activation leading to
developmental toxicity

(ACHE) inhibition
assay

x 2. MEBMMEICEE 5 MIE/KE 7 —2 5381 Th %, DART AOP vV —2H D AOP,

Number of positive

AOP
compounds

Acetylcholine receptor activation leading to developmental 4
toxicity
Androgen receptor (AR) binding leading to male reproductive 4
organ malformations
Aryl hydrocarbon receptor (AHR) binding 1
developmental toxicity
Carbonic anhydrase (CA) inhibition leading to teratogenicity 1
Glucocorticoid receptor (GR) binding leading to cleft palate 1
Histone deacetylase inhibition leading to developmental toxicity 3
Oestrogen receptor (ER) binding leading to male reproductive 4
organ malformations
Thyroid hormone  signalling  disruption leading to 4

neurodevelopmental toxicity
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# 3. T Xy DR FEEDE L > TEMLENTZ Derek Nexus 77— hOHEEL,

Derek Alert Name

2-Aminopyrimidine

Derek
Alert ID

Key Event

Name

Glutathione
(GSH) decrease

Number of

Compounds

Glutathione (GSH)
decrease leading to male
fertility toxicity

2-Halopyridine 802 Glutathione 1 Glutathione (GSH)
(GSH) decrease decrease leading to male
fertility toxicity
4-(2,5- 847 Androgen 1 Androgen receptor (AR)
Dioxopyrrolidin-1- receptor (AR) binding leading to male
yDbenzonitrile or binding reproductive organ
analogue malformations
Arsenic compound 559 Glutathione 1 Glutathione (GSH)
(GSH) decrease decrease leading to male
fertility toxicity
Ethylene- or Rapid Testicular 1 Glutathione (GSH)
propylene-urea Prototype toxicity decrease leading to male
163 fertility toxicity
Halobenzene 557 Glutathione 4 Glutathione (GSH)
(GSH) decrease decrease leading to male
fertility toxicity
Monothioglycol or 067 Testicular 4 Glutathione (GSH)
glycol monoalkyl toxicity decrease leading to male
ether, alkoxy- or fertility toxicity
alkylthio-carboxylic
acid or precursors
Oestradiol or 767 Oestrogen 2 Oestrogen receptor (ER)
analogue receptor (ER) binding leading to male
binding, reproductive organ
Teratogenicity malformations
Organic peroxide 649 Glutathione 1 Glutathione (GSH)
(GSH) decrease decrease leading to male
fertility toxicity
Phenoxyacetic acid 690 Glutathione 4 Glutathione (GSH)
or derivative (GSH) decrease decrease leading to male
fertility toxicity
Phenylethylamine 684 Glutathione 1 Glutathione (GSH)
or derivative (GSH) decrease decrease leading to male
fertility toxicity
Phthalate mono- or 637 Testicular 4 Glutathione (GSH)
di-ester toxicity decrease leading to male
fertility toxicity
para-Alkylphenol or 666 Glutathione 1 Glutathione (GSH)
derivative (GSH) decrease decrease leading to male
fertility toxicity
para-Aminophenol 619 Glutathione 1 Glutathione (GSH)

or derivative

(GSH) decrease

decrease leading to male
fertility toxicity
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7 4. AOP v hI—27NO KE (ZB8# 3% Derek 77— M Fr ok B m M E DK,
Number of positive

AOP
compounds

Acetylcholine receptor activation leading to developmental 4
toxicity
Androgen receptor (AR) binding leading to male reproductive 4
organ malformations
Aryl hydrocarbon receptor (AHR) binding leading to 1
developmental toxicity
Carbonic anhydrase (CA) inhibition leading to teratogenicity 1
Glucocorticoid receptor (GR) binding leading to cleft palate 1
Histone deacetylase inhibition leading to developmental toxicity 3

#5. DARTAOP * v hU—2IZ VU v 7 iz MIE 7 — & I E IR L 72L& DL,

Number of
Key Event Name Compoun o
Acetylcholine receptor activation | Acetylcholinesterase (ACHE) inhibition 3
leading to developmental toxicity | assay
Androgen receptor (AR) binding
leading to male reproductive Androgen receptor (AR) binding assay 6
organ malformations
Aromatase (CYP19) !n.hlbltlon Aromatase (CYP19) inhibition assay 4
leading to teratogenicity
Aryl -hydroca.rbon receptor (AHR) Aryl hydrocarbon receptor (AHR)
binding leading to developmental s 3
- binding assay
toxicity
Carbonic anhydrase (CA) . o
inhibition leading to Carbonic anhydrase (CA) inhibition 5
. assay
teratogenicity
Glucocorticoid receptor (GR) Glucocorticoid receptor (GR) binding 3
binding leading to cleft palate assay
Histone deacetylase inhibition Histone Deacetylase (HDAC) inhibition 10
leading to developmental toxicity | assay
Acetylcholine receptor activation | Muscarinic acetylcholine receptor 5
leading to developmental toxicity | binding assay
Oest'rogen receptor (ER) plndlng Oestrogen receptor (ER) binding
leading to male reproductive 5
. assay
organ malformations
Opioid receptor (OPR) binding . -
leading to developmental toxicity Opioid receptor binding assay 1
Peroxisome proliferator-activated
receptor alpha (PPAR alpha) Peroxisome proliferator-activated
binding leading to male receptor alpha (PPAR alpha) binding 1
reproductive organ assay
malformations
Thyroid hormone signalling -
. . . Pregnane X receptor (PXR) binding
disruption leading to 4
- assay
neurodevelopmental toxicity
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Retinoic acid signalling
modulation leading to
teratogenicity

Retinoic acid receptor (RAR) binding
assay

Serotonin transporter inhibition Serotonin transporter (SERT)
leading to embryo-foetal toxicity | inhibition assay

Thyroid hormone signalling
disruption leading to
neurodevelopmental toxicity

Thyroid hormone receptor (TR)
binding assay
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