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Table 1 The difference of PBTK model between drug research and chemical research
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Figure 1 (Color online) Schematic diagram of the structure of fish
PBTK model. Reproduced by Refs. [23,33,38]
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PBTKAE AL DL 5 e 7 SR e b3k oy O
2l Gl HAE B SR SEEE. H R E A AN A R L A
FFPBTKELRIR i, (065 %] yPBTKEUMI Ay
BRAA (M 780y DA B — 8 AR B0 4 42 Gl T 7)),
T B PBTKEL L A (A1 Simeyp(www.simcyp.

com), PK-Sim(www.systems-biology.com/products/pk-
sim.html)F1GastroPlus(www.simulations-plus.com)){E

BEAL AL I R PERUDN, BAFE R T ek
G A R R BEAR A 2, A Al I R AR A S PR
K 2% BT 23 AU AT 21 B A AR N B 2
U R R LR OPON DRl (IR AR R K (VT o 5 & 2
%, 38 BB F AL (UIR (https://cran.r-project.org/
web/packages/httk), MATLAB(www.mathworks.com/
products/matlab), ModelMaker(www.modelkinetix.com/
modelmaker), Berkeley Madonna(www. berkeleymadonna.
com) Fl acsIX(www.acs1X.com)) 7E B4 1o F2 i 1) R 76
JERE, BRI EEAHE SR th AR B e, R A
Gt . W T R AR R R M TR IR, [
TR —E WU g PR BE . 3 3 AR ALy A
ARG, RIR] ZRAG A2 i 78 45 3 vb ¥ B2 BE I 18] 19
Ak, B e AR AL £

1.5 BORUIEGY

— B TRRISE M . e, S8 IR
B X R R AT A 1R 2, T T ) A A A AR
PERESEATPEMY . A5 A0 DE A 40 F55 455 760 A DA RS 78 6
VA T S A DA 9 A A A AR S5 A R S 5 A=
A, DUCECEE T R RIS 24 1) 1 A

X FPBTKAL R Y U6, 778 £ 5 ik, Hi Ak
TE G —hntE. BAYSRUE, 50 T PR T A 455 X 455 78 i )
48 T T P %) S R X R AR A A s e L A S AR
PR AT, R TIN5 SR 0 gk 2 s — 2%
o e B I o 1 28 A e 3 0 B 0IE, 3 A PB TR 784 i)
BT LY/ 38 B b Ay i B0 vk 5 Bt e i) 2 £ %) il
2R, 55U G (10 45 A IR ) A Ak 0 v R A LA,
W2 AR A e B 15 — 3200 5 — S X ik
JE R BE, 8 it AT AR B R A LU E T — 4
Al 2 5 S A 25 e R ) T 5 S 6 L % Il )T R
(R*) R34 J7 M1 25 (RMSE) 3K ) W 5 8 13 ) ik g 1291
TR 2 O o A 4 A AR L T il S T &%
ANWER, AR B Y A N R BAS o B . X

R PEAT AN 1R 73 M Al 3R A 2 KR 22 R A5 1 i i
(O E S, X A5 Y 47 28 S P o A T LA R AR 45 7
e A A 22 S S B B A B 2 gt )2 S e S
N7 8 )32 55 2 0 A S, BN Y AN S S
PERI AR SRR D 1 BOMIBEDL A DL 47 7K m]
K SRR BB A5 T IR AT A3 A0, U 4y
Al G P L A A N RSl 2 AR Y 2
SR R R Rk, W RS
BEAT T, BIINAE BRI BT R — A i A S B
1%, HAWSEARFEA S, WA a0 72 A0 e 2
THABURME R, X AT AR | AR S L
e SR 53 BT A B T4 iR PB TR B AE £ 27 1) Jot XU
VAN PR AT AF . FEBEAT I BT, R R A A 4
R SRR G PR ] A o B R LS A1

2 PBTKEERUAE R 24 I A 25 WU VR fr b
W]

PBTK A fig % 2% & 1k 2 i i A A= )& J5 ADME
TR SCHE AR R, STk i 1) A R U R R
WRE, Wb e iR N i sh AR b . FEfk
2 KA S S TR o, PBTKAE R 32324 L)L R LA
5 T A4

2.1 In vitro-in vivo¥MiE

& 40 5 B 2R A 7 2 K SE 00 B W 2 15 T =
AR S, SRR RIS IR ERN, B2 A M
Z R TR ARG R Y D, o 2
HPEM b2 b KBS A& Gin vivosg PR Jr 12 47 75 #E
Af K. 2R . ShTE AR R R L I 2 A AN
B 2 P A T T AR OR, B R R 1) R AR
KT . ARG Z AR B in vitroD J7 %,
SR, MRAEin vieroMAZ S 474k 27 f ik, sl
VE S 8 P R 2 T R AT A2 i A B U A B, T
7% Ak 2= AR AR N G R =R AR Bl 2 R (n
AR EE | WEBRE L A AR )X in vivoBE P
AR, 455 PBTKEARI W in vitroSZ 56 il #5114
BN A 5 in vivoB{E AT A BOCHK, SEin vitro-in
vivodME. BN, Brinkmann %5 A PSR AR K o 4027 5
1 A 2 BRI Vi B (ECs), 1) I PB TR 784 35 ) 75 %]
AR N in vivorK FE-HIECsofH, Hin vitro/KF-HYECsofH
HATELEAF BN MEAOC KR, FEin vivoRUW, [H (B k2K
A, AR in vitro B R0N IR U AH N in vivoZS N [
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8, £Win vitroL K (H 5 PBTKER AL, G ), AEWS
BACAK in vivodZ56. Wambaugh®5: A PRI v 1
(high-throughput, HT)RELin vitroSZ 5504, HEr
HTPBTKAE AL, S Bk 2 it I 0 v 88 1Y) v 3 o 2 I
JEUEMIBR T — 22 A ) & 4R B8 J) = Ak 2% i, K in
vitro i ¥& 1 3R B0 H A A W % PR 09 Wk BE AL Ak M in
vivo Sl it (% 52 1] 59 12 ) 42 15 (reverse dosimetry)” i
TRZEAE . SR, TEi#EATin vitro-in vivodhfE
A, AR B o i A A AR A ki 2 PB TR R AR b
s A 2 RS DA v 38 381 198 D 20 ) R

2.2 Bk

EBRRGTFRE, U ES RS H &Y
Pz — A7 A2 i A S RS PR, T PBTKA Y BB 45
M%) R — AR g 2. PBTKAE R 25 TR )
Ry A= B8 A 57 ) — R R AR R BEAE S AR W
AR RO G R, AR SE PR T I, A
RGN, WS A A SR, W] S B ES H) h h HE T
fig. 140, Brinkmann%E A PORIE ff 55 A HAE H AL
AR, A N ST A B | T T e A S AR
FPBTKAR YL fith [, ok e 4L A Y g A S50, At
A 25 B fr RN AHA B, 8 ST B 4Rl I PBTRAR A,
SCER T fbsA S R R S YR AMEE. 7R FHPBTK S ER
B4 R AN FE T, A5 W ARG AR R A TS RO A
R AR S R

2.3 ARG IO fi ks

b2 B A ) B R DT AN 2 A 2 AR S U B
M B BN, KA Y E ST (bioconcentration
factor, BCF) ] H TR AE4b 2 i A ¥ & F e J1. BCF
T H PR AR R R S0 I R, ] R E A RO &R
(QSAR)FERI HEAT TN . SR BCFH IR 7 ik B AH X
(U2 5 A 1 5 K R 2 408 5 I 305, OECD
TG305), {HAFLESL5E A A | G 3 (& 38 % ) 55 [h]
. QSARMLHY i RE 52 FLBCEE By TN, 20 3% bR T 4%
FE BN . PBTKASE BUAR 48 1b 2% i 1) &1 2 55 ¥k 2 T
DA P AR 25 2 2 B T ) b 2 o i s [ A ) VR
h AL G2 0 B AN F8 AR B A T — A AL EE T A B B 1
T 7, AMUASRASBCFE, o A] iz Ak 2% S 74
VIR sh 80 A it 7. A= WK X ¥ (biomagnific-
ation factor, BMF) & 7] | F PBTK £ 7 #i il , 4n
Nichols %5 A PH I PBTK A U Ak 4] DU 48 1k 7K 1 2 sk
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i i RN T B 8 2 (8] AT RCRPE R, T F 5 BMFS
27 i log K ow 22 ] Y K 2 .

AN, I VAR PBTKE B S 4L, nl o B fb 2 i
/K ADMEd B2 (4 5% i K 25 (W logKow B . i K
s AR5 R). Brinkmanh%: A V] Fl PB TK A R 5%
T K A f1 28 R TR B DR R B TS Y 1
e, RBAEEK], ARSI R . O
o AT SOV W 25 LB T2 52 W) 95 4 4 W AL ) K A
RO, 454 Y Rl B9 PBTKAR Y R a] Sk 2
i A2 ) B B Y 1 B SRR 43 B DA B ARE R XU B

e,

2.4 PEAESA SR AP AN I Az G It B %) 3% i AL

FE R — LW 0 AN R A A B B, Ahsf i 1) 2 8 3
1 TN A W R s IR 5 ] REAF R K 22 . i,
FEHEPE LS VK . ) B9 D4R, fh2idh &
T3 A LA 0 S AR AR R, AR
S U T R P R . O B ER AR AR AR
. RRBIXT TMEEANAR, FEGEURI . 2 W A L,
b2 5 AE A R TN 9 ADME 2 5 H At s 30 4 0 4
X 5. B PBTRAR 18 it A= ) A ) A i By B Ak 2 b
() 2 B LR AT 8 A, A B TR b i e s
WA A i R AT PN ) 2 R UG . Wedjs &5 UV
PBTK R AF 58 22 S0 K A (PCB-153) 78 Bl I K8 4> 2
RN R R . ZhAERY], PCB-153i@ad REFLIEA
WA R IRIR N, Wiz )5, S a3l BUE KA
P PCB-153 % 3 B2k R, 78 bk B KK Y, PCB-
1S3 A0 e AT 0 A 3984 i AS BT84 o, ot 2 B e A
U 8 00T 7L Bt B AR T PCB-153 A0 AR P ik . R I,
i 5 PBTRKAR R A 48L, AT 43 A7 4k 2 i 76 AN [ 1 331
AN TR A= A B B A ) A B AT MR AR, SEBRTE A 4
HER B fh 27 i A 25 KU PE

K R v Ak 2 S B ) K R 8 A
fiE, faARTEXH LA S EA TR . 40 A L (RIS RE Y
[, A2 S g S AT 25 A7 R 450 T 3 RS2 i
SEU RPBTKAR B A R A B S A kA . e At 4k
SEAH I IE W (TR AR 2SR B fa iR A B S 5 A7 40
A RE 5 FOBE R T 25 R 5 S PR R e AR R AL
FEDEAT A2 5 K 30108 M FE M ST i, AR iR G A
PRAE BB B 0] e 5 R R I ) 2 P — S RO &R
JH B 1sf 18] A5 AR 1 PR R AR AL G L [ N AE Y S
HHE A% T o A B LAk 2 e R R R A T



iE R

ADMEFT Ry, #EF T, KBS fb i i ik 2
Bt A B) & A=A Ak, Al 27 i B 4 S 1 2 50N . &R 80
] B £3 Bt 2 28 1k, ChenFllLiao™ FH 4% 41 44 2 1l %
B B e B - A i 28 F 1 FX (area under the curve,
AUC)FC B DAAEAE Y o R ()~ M Sk B, H 315 21
25 2H 211 B B R AR A 9 2H 21 - i VR O B R B, ST
PBTKA AU 4 76 % A fa R N i sh R R /. 78
HENT T X AR AN [F) A A o B A 2% B AT R i PB TR 1Y
B, Y A W A B A I B EE AT O TR A R AR
1k, XTPBTKAE Y 1) 2544 o S8k 7ai g, Dhde
e AR AL U

2.5 @ar B AREh J) A7E B Eh )1 (PBTK/
TD)R MY

PBTKAR B 0] 52 il iR 75 Ye Wi gk A B WK S, %%
2 2 vy e W ok R R A TR) B AR Ak . BE RS 2
(toxicodynamics, TD)WIAF 5% 4k 5 B 8% 5 H5| &1
BEPERON 22 0] ) 72 06 R 1%, FE 2427403, PBTKAR
RS ¥ 5 TDM R 45 &, T 25 W o & 5 oE Ak .
PBTK/TD#: 5 Gg fi% 4 [fi f Wt 5 e ik A ik 2 )5,
A= A S G W A Ak e R D KT e W A A o
B R, 3T AR 5 I FH Ak A o A S KU P
S5, LingZ5 A4 F PBTK/TDAR %Y 15 0 i 7 55 5
(1) % B f0 R 9 45 25 B TP 0 2 KT DR RN 6
2, PR A AR BE T B AR KUK . Liao%E
N PPE PBTK/TDAR 1 15 AUCHE AR 45 4, 0]
162 HE A0 45 g8 B R R B s A e N e R, K ER
B B IEM ARG T — Rl 2% T E. Liu% A2
4 DL (Chlamys farreri) WEE AW, RIf[altE N H bR
b A YL PBTK/TDAR AL, PBTKAR I F i 45 %
ORI [al RV EE, TDRIRL A B Az P hn 2 4 I il 5
PRV, 38 3 ST (14 000 AR TR O I Ak 2% it ik B R
BN, SIS Y W) 7 45 2 B v R T R AE 9 Ak R
rb B 0N A9 TR . 7F PBTK/TD AR 0 4 4t 3o 72 v
U AR] b 2 it L R S HE P A B PR RO, AT
BRI S T B 5 ST Y ] L
3 KIEmiE

DIAEPBTKEHUMF 5T EZAE h T 2522, £
SR W 4 28 A ) (n K BR) ok S S i X A= ), T ) £k

i AU PPAR (0 H A= 25 KU P4 ) Y PB TR Y T 5
AR R A BR. AT X HATHE TS AR AN AR, X B

PBTKAEHY 1) 4 JR il an F Je 2.

3.1 i n) ol B @A A it fa A PBTK LY

VLAEk, 258 R4S A4 B (PPCPs) i 1% 7K 435 22
AN VBT i HE B0 K R BT B B R PR )
FEOT K 1 52 5% A8 K T B PPCPs 1] fig 23 %tk A= A= 1)
FRAREPERLN . S ST W 07O i £ R R AR BT
IEEKARHHPPCPsUR B /K H, ffd e, SR1E . B
B H e I ALk, PPCPs KRZ BRI &
B By R ARSI, TEM S pH NS KA R, R,
JK PRI h pH 2 52 M ] L B A0 B W AE K R TR A, T
£ 28X} L B T 25 R R MR TR 7S B 4k 2 i B R BU 2077
TEEE R 22 R BiA A PBTKAL R 3= B 9% v PRI
B B ADMETT N, ME DL BE b 6l A B e
SRR S 2, Wik, kRl EAEpH
Xof ] E T Ak 2 O A A R B L A S T
FEIRSEpH T 5 & A LB AL A I PBTK AR AL, 1 B
FAF XA R PRI 22 SR U T M 22 57, B
Shy B i e i XL L A 4 L

FE R PBTKAR UG st i Fit vpr, AU B A S B0 R
Z RIS R AETE R — AN, Hoh, Sl RO
il 249 1 AR PBTKAR B % 8 1 e B S50 40 Bt R B
UMW M -7K 73 e RBOVE T A dh i A4 Wik
JRTES AL A, it R A Fa Bl 2
SCEEE AR IO B R, W AT K E S, A i
Y SIS B R AR S T VR AR R R H
S LS b S Bk A IR Y A LA T R, AT R AR
A W e 1) R R LA A U7 75, A1 QSAR
FITOT31 K e S e ) WL e s PR 28 U8 1 o -
IR RAL, TE A BE -2 SO R4, R AIZH 4
R R T . B RN K S ) 4 S AR N A HILEE O R
DA R £ 95 it fE 56 22 (LSER) B AU -801%: - 711 fKPBTK
LR b 2 - 0 Y L - 7K 0 iR R R AR SR AL
Yy IE > BE-K A3 e R 50, R 4L 8URS B T Ak
IR &, SRALKA XM, Rmx Kz
AKX AREH Tl B4k A4, B miasr i w
A Y G T B AL A YRR AT i LA ) 4 21 -
ML 53 Bt 22 B A AL B AR AR, s A 4 = 22 1 i) 4
ST MWL sy, T mss A eg
FERBAIE 5T AH X 55 A P Fh, HLIRAE Y A4 N 37 B4R
R A PR AL T AT X 2H 2 - i YR 43 B AR RO ST Y
QSARMHY Y% 2 S B T b/ A vl i ik &

4145



A % b B 2017THE12H He62% H35H

Y, HRZAHIET K REM LY, ASE T Hm
AW AP BAERRE K IRpHAAE T 5 & A v
oGP A 20 - i o0 e R 8, TRD IS, o T 45 SR b
e 2 A ETE B R ATk, A & R T
1 2511 43 T 8 400 HU N A5 7

b, H R AR PB TR 5 fdff 1 A A 4 Ak 2
TS S R RO FR R, i R Ry 3 R 55 2 B R R
T 2500058 P L 3h W A LB K0 dE . A8 20 W 2E BT
FEH, RZRM AR, ML b
JE— i, T RERZRNER T, AUk SS
RIS T A i A R 2T e A Br 22 55, IR AR B =2
AR SR P R R R S G R AR AR R W Tk 2 IR
7 A H BT e S B PBTKASE U Sk BR 55 35 Y Wy 7t 14
PR I AR TS o, (RIS, A0 22 SR AR
AR AR 2. L, XESEH =t 2
i {KPBTKI A & R BB K 2 —.

3.2 R A28 RO HY R PBTK B

H AT ) Ak 2 ot A 25 U P i PB TR 75 = 22
DU AR A AR Y, 7K A= A W) (W 3% Nymphaea
tetragona) . JCHEMESNY (AN TG DI Mytilus edulis . X}

553k

YR Penacus orientalis)S5 A 75 R G5 1) Y A,
BT RAEMYIRAN BT Yl g YEE/M,
BB EFRUNEY D, RAEYICRE-, EE
FE R AW e TR FE RN WIS Y W TE A W) AR N )
WS A A i AR, BTG AR 9 A S R R ) PB TR AR 7Y
AHIF T s e YR N o T8 BTN, A
T ) VKT AR 24 5 e Wy s ok /K AR A e B 2K A B W)
B/ A S E SRR AR DL RS O HE
YA EHK A Y) 5 A E S B R R
B BRI R, IR AREZEMEM, WF5ETE RY7EX
S A W AR Y I o A 0N R U PEA B A R
PR R RETH ) A2 38 R GO YRI5 B PBTK AR
RUT] A A2 i A 2 JRURS: B N AR {5 JRUS: TEAf $i2 14t
P T B

EAREENE, ESRAGETYFRZ, $YFE
FRLERG £ AN HATE], H AT A9 PBTKAR Y 3 52 1 ] 5 HE 5
YT, BETS BB HE S PBTKAR R 1 FH T HoAth 4= 4y,
TG A A 0 (0 PB TS 18 B 7 4 i fnf 1476 B
X ZE RN 43, A N7 A TR 2 5 ] 5 MRS 2 SRy T 1) A
R G B YR T 5 H PBTK AR #l v [Ny 24 2% fE A i)
R, T B AR I .

van Leeuwen C J, Vermeire T G. Risk Assessment of Chemicals: An Introduction. 2nd ed. Dordrecht: Springer, 2007

2 Geiser K, Edwards S. Global chemicals outlook—Toward sound management of chemicals. Nairobi: Kenya United Nations Environment

Programme, 2013

3 Wang ZY, Chen J W, Qiao X L, et al. Computational toxicology: Oriented for chemicals risk assessment (in Chinese). Sci Sin Chim,
2016, 46: 1-21 [EPEE, BrssC, Frist, % mim Ak b K0 3 () # s b ERA: k2, 2016, 46: 1-21]
4 Krishnan K, Peyret T. Physiologically Based Toxicokinetic (PBTK) Modeling in Ecotoxicology. In: Devillers J, eds. Ecotoxicology

modeling. Boston, MA: Springer. 2009. 145-167

5 Wetmore B A, Wambaugh J F, Ferguson S S, et al. Integration of dosimetry, exposure, and high-throughput screening data in chemical

toxicity assessment. Toxicol Sci, 2012, 125: 157-174

6 Krishnan K, Loizou G D, Spendiff M, et al. PBPK modeling: A primer. In: Krishnan K, Andersen M E, eds. Quantitative Modeling in

Toxicology. Chichester: John Wiley & Sons Ltd, 2010

7 Hartung T. Toxicology for the twenty-first century. Nature, 2009, 460: 208-212

8 Andersen M E. Development of physiologically based pharmacokinetic and physiologically based pharmacodymamic models for

applications in toxicology and risk assessment. Toxicol Lett, 1995, 79: 35-44

9 Stadnicka J, Schirmer K, Ashauer R. Predicting concentrations of organic chemicals in fish by using toxicokinetic models. Environ Sci

Technol, 2012, 46: 3273-3280

10 Clewell III H J, Robinan Gentry P, Covington T R, et al. Development of a physiologically based pharmacokinetic model of

trichloroethylene and its metabolites for use in risk assessment. Environ Health Persp, 2000, 108: 283-305

11 Clewell A R, Clewell III H J. Development and specification of physiologically based pharmacokinetic models for use in risk

assessment. Regul Toxicol Pharm, 2008, 50: 123-149

12 Lee SK, Qu Y C, Yang R S H. Comparison of pharmacokinetic interactions and physiologically based pharmacokinetic modeling of

PCB-153 and PCB-126 in nonpregnant mice, lactating mice, and suckling pups. Toxicol Sci, 2002, 65: 26-34

4146



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Ramsey J C, Andersen M E. A physiologically based description of the inhalation pharmacokinetics of styrene in rats and humans.
Toxicol Appl Pharm, 1984, 73: 158-175

McDougal J N, Jepson G W, Clewell III H J, et al. A physiological pharmacokinetic model for dermal absorption of vapors in the rat.
Toxicol Appl Pharm, 1986, 85: 286—294

Zhu X, Huang L, Xu Y, et al. Physiologically based pharmacokinetic model for quinocetone in pigs and extrapolation to mequindox.
Food Addit Contam Part A Chem Anal Control Expo Risk Assess, 2017, 34: 192-210

Chen Y, Zhao K J, Liu F, et al. Prediction of deoxypodophyllotoxin disposition in mouse, rat, monkey, and dog by physiologically based
pharmacokinetic model and the extrapolation to human. Front Pharmacol, 2016, 7: 1-16

Nichols J W, Schultz I R, Fitzsimmons P N. In vitro-in vivo extrapolation of quantitative hepatic biotransformation data for fish. I. A
review of methods, and strategies for incorporating intrinsic clearance estimates into chemical kinetic models. Aquat Toxicol, 2006, 78:
74-90

Hickie B E, Mackay D, Koning J D. Lifetime pharmacokinetic model for hydrophobic contaminants in marine mammals. Environ
Toxicol Chem, 1999, 18: 2622-2633

Weijs L, Yang R S H, Covaci A, et al. Physiologically based pharmacokinetic (PBPK) models for lifetime exposure to PCB-153 in male
and female harbor porpoises (Phocoena phocoena): Model development and evaluation. Environ Sci Technol, 2010, 44: 7023-7030
Sonne C, Gustavson K, Riget F F, et al. Reproductive performance in east greenland polar bears (Ursus maritimus) may be affected by
organohalogen contaminants as shown by physiologically-based pharmacokinetic (PBPK) modelling. Chemosphere, 2009, 77:
1558-1568

Nichols J W, Bennett R S, Rossmann R, et al. A physiologically based toxicokinetic model for methylmercury in female American
kestrels. Environ Toxicol Chem, 2010, 29: 1854—-1867

Henri J, Carrez R, Méda B, et al. A physiologically based pharmacokinetic model for chickens exposed to feed supplemented with
monensin during their lifetime. J Vet Pharmacol Therap, 2016, 40: 1-13

Nichols J W, McKim J M, Andersen M E, et al. A physically based toxicokinetic model for the uptake and disposition of waterborne
organic chemicals in fish. Toxicol Appl Pharm, 1990, 106: 433-447

Parhizgari Z, Li J. A physiologically-based pharmacokinetic model for disposition of 2,3,7,8-TCDD in fathead minnow and medaka.
Environ Toxicol Chem, 2014, 33: 1064-1071

Péry A R R, Devillers J, Brochot C, et al. A physiologically based toxicokinetic model for the zebrafish Danio rerio. Environ Sci
Technol, 2014, 48: 781-790

Brinkmann M, Schlechtriem C, Reininghaus M, et al. Cross-species extrapolation of uptake and disposition of neutral organic chemicals
in fish using a multispecies physiologically-based toxicokinetic model framework. Environ Sci Technol, 2016, 50: 1914-1923

Nichols J W, Jensen K M, Tietge J E, et al. Physiologically based toxicokinetic model for maternal transfer of
2,3,7,8-tetrachlorodibenzo-p-dioxin in brook trout (Salvelinus fontinalis). Environ Toxicol Chem, 1998, 17: 2422-2434

Lien G J, McKim J M, Hoffman A D, et al. A physiologically based toxicokinetic model for lake trout (Salvelinus namaycush). Aquat
Toxicol, 2001, 51: 335-350

Liao C M, Liang H M, Chen B C, et al. Dynamical coupling of PBPK/PD and AUC-based toxicity models for arsenic in
tilapia(Oreochromis mossambicus) from blackfoot disease area in taiwan. Environ Pollut, 2005, 135: 221-233

Wang X, Wang W X. Physiologically based pharmacokinetic model for inorganic and methylmercury in a marine fish. Environ Sci
Technol, 2015, 49: 10173-10181

Wang X, Wang W X. Homeostatic regulation of copper in a marine fish simulated by a physiologically based pharmacokinetic model.
Environ Pollut, 2016, 218: 1245-1254

Wang G W, Du Z K, Chen H Y, et al. Tissue-specific accumulation, depuration, and transformation of triphenyl phosphate (TPHP) in
adult zebrafish (Danio rerio). Environ Sci Technol, 2016, 50: 13555-13564

Nichols J W, Mckim J M, Lien G J, et al. A physiologically based toxicokinetic model for dermal absorption of organic chemicals by
fish. Fund Appl Toxicol, 1996, 31: 229-242

Nichols J W, Fitzsimmons P N, Whiteman F W. A physiologically based toxicokinetic model for dietary uptake of hydrophobic organic
compounds by fish: II. Simulation of chronic exposure scenarios. Toxicol Sci, 2004, 77: 219-229

Khalil F, Lier S. Physiologically based pharmacokinetic modeling: Methodology, applications, and limitations with a focus on its role in
pediatric drug development. J Biomed Biotechnol, 2011, 2011: 907461

Niu Z G, Zang X. Research advances of the physiologically based pharmacokinetic (PBPK) models and their applications in health risk
assessment (in Chinese). J Saf Environ, 2015, 15: 30-34 [4-3&), T, A= #2548 3l 7 240 00 K HL7E {3 JRURS: 374 v %) 7 R i 98 1
J&. TARSHEAR, 2015, 15: 30-34]

4147



A % b B 2017THE12H He62% H35H

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
60

61

62
63

4148

Organization for Economic Co-operation and Development. OECD guidelines for the testing of chemicals, Test No.315 Bioaccumulation
in sediment-dwelling benthic oligochaetes. 2008

Nichols J W, Fitzsimmons P N, Whiteman F W, et al. A physiologically based toxicokinetic model for dietary uptake of hydrophobic
organic compounds by fish: I. Feeding studies with 2,2',5,5'-tetrachlorobiphenyl. Toxicol Sci, 2004, 77: 206-218

Ritschel W A, Banerjee P S. Physiological pharmacokinetic models: Principles, applications, limitations and outlook. Method Find Exp
Clin, 1986, 8: 603-614

Erickson R J, Mckim J M. A simple flow-limited model for exchange of organic chemicals at fish gills. Environ Toxicol Chem, 1990, 9:
159-165

Andersen M E, Clewell III M L, Smith G F A, et al. Physiologically-based pharmacokinetics and the risk assessment process for
methylene chloride. Toxicol Appl Pharm, 1987, 87: 185-205

Brown R P, Delp M D, Lindstedt S L, et al. Physiological parameter values for physiologically based pharmacokinetic models. Toxicol
Ind Health, 1997, 13: 407-484

Ballard P, Leahy D E, Rowland M. Prediction of in vivo tissue distribution from in vitro data. 3. Correlation between in vitro and in vivo
tissue distribution of a homologous series of nine 5-n-alkyl-5-ethyl barbituric acids. Pharm Res, 2003, 20: 864-872

Endo S, Bauerfeind J, Goss K U. Partitioning of neutral organic compounds to structural proteins. Environ Sci Technol, 2012, 46:
12697-12703

Endo S, Escher B I, Goss K U. Capacities of membrane lipids to accumulate neutral organic chemicals. Environ Sci Technol, 2011, 45:
5912-5921

Endo S, Goss K U. Serum albumin binding of structurally diverse neutral organic compounds: Data and models. Chem Res Toxicol,
2011, 24: 2293-2301

Geisler A, Endo S, Goss K U. Partitioning of organic chemicals to storage lipids: Elucidating the dependence on fatty acid composition
and temperature. Environ Sci Technol, 2012, 46: 9519-9524

Bertelsen S L, Hoffman A D, Gallinat C A, et al. Evaluation of logk,, and tissue lipid content as predictors of chemical partitioning to
fish tissues. Environ Toxicol Chem, 1998, 17: 1447-1455

Obach R S, Kalgutkar A S, Soglia J R, et al. Can in vitro metabolism-dependent covalent binding data in liver microsomes distinguish
hepatotoxic from nonhepatotoxic drugs? An analysis of 18 drugs with consideration of intrinsic clearance and daily dose. Chem Res
Toxicol, 2008, 21: 1814—-1822

Bauman J N, Kelly J M, Tripathy S, et al. Can in vitro metabolism-dependent covalent binding data distinguish hepatotoxic from
nonhepatotoxic drugs? An analysis using human hepatocytes and liver S-9 fraction. Chem Res Toxico, 2009, 22: 332-340

Venkataraman H, den Braver M W, Vermeulen N P, et al. Cytochrome P450-mediated bioactivation of mefenamic acid to quinoneimine
intermediates and inactivation by human glutathione S-transferases. Chem Res Toxicol, 2014, 27: 2071-2081

Kalgutkar A S, Taylor T J, Venkatakrishnan K, et al. Assessment of the contributions of CYP3A4 and CYP3AS in the metabolism of the
antipsychotic agent haloperidol to its potentially neurotoxic pyridinium metabolite and effect of antidepressants on the bioactivation
pathway. Drug Metab Dispos, 2003, 31: 243-249

Wang L Q, Falany C N, James M O. Triclosan as a substrate and inhibitor of 3'-phosphoadenosine 5'-phosphosulfate-sulfotransferase and
UDP-glucuronosyl transferase in human liver fractions. Drug Metab Dispos, 2004, 32: 1162-1169

Schebb N H, Franze B, Maul R, et al. In vitro glucuronidation of the antibacterial triclocarban and its oxidative metabolites. Drug Metab
Dispos, 2012, 40: 25-31

Nichols J W, Fitzsimmons P N, Burkhard L P. In vitro-in vivo extrapolation of quantitative hepatic biotransformation data for fish. II.
Modeled effects on chemical bioaccumulation. Environ Toxicol Chem, 2007, 26: 1304-1319

Bernillon P, Bois F Y. Statistical issues in toxicokinetic modeling: A bayesian perspective. Environ Health Persp, 2010, 108: 883-893
Collins F S, Gray G M, Bucher J R. Toxicology—Transforming environmental health protection. Science, 2008, 319: 906-907
Brinkmann M, Eichbaum K, Buchinger S, et al. Understanding receptor-mediated effects in rainbow trout: In vitro-in vivo extrapolation
using physiologically based toxicokinetic models. Environ Sci Technol, 2014, 48: 3303-3309

Wambaugh J F, Wetmore B A, Pearce R, et al. Toxicokinetic triage for environmental chemicals. Toxicol Sci, 2015, 147: 55-67
Brinkmann M, Eichbaum K, Kammann U, et al. Physiologically-based toxicokinetic models help identifying the key factors affecting
contaminant uptake during flood events. Aquat Toxicol, 2014, 152: 38—46

Chen W Y, Liao C M. Interpreting copper bioaccumulation dynamics in tilapia using systems-level explorations of pulsed acute/chronic
exposures. Ecotoxicology, 2014, 23: 1124-1136

Borujerdi M. Pharamcokinetics and Toxicokinetics. New York: CRC Press, 2015. 1-37

Sharma R P, Schuhmacher M, Kumar V. Review on crosstalk and common mechanisms of endocrine disruptors: Scaffolding to improve
PBPK/PD model of EDC mixture. Environ Int, 2017, 99: 1-14



64

65

66

67

68

69

70

71

72
73

74

75

76

77

78

79

80

81
82

83

84

85

86

87

Ling M P, Liao C M, Tsai J W, et al. A PBTK-TD modeling-based approach can assess arsenic bioaccumulation in farmed tilapia
(Oreochromis mossambicus) and human health risks. Integr Environ Asses, 2005, 1: 40-54

Liu D, Pan L, Yang H, et al. A physiologically based toxicokinetic and toxicodynamic model links the tissue distribution of
benzo[a]pyrene and toxic effects in the scallop Chlamys farreri. Environ Toxicol Pharmacol, 2014, 37: 493-504

Tanoue R, Nomiyama K, Nakamura H, et al. Uptake and tissue distribution of pharmaceuticals and personal care products in wild fish
from treated-wastewater-impacted streams. Environ Sci Technol, 2015, 49: 11649-11658

Brodin T, Fick J, Jonsson M, et al. Dilute concentrations of a psychiatric drug alter behavior of fish from natural populations. Science,
2013, 339: 814-815

Valenti T W, Gould G G, Berninger J P, et al. Human therapeutic plasma levels of the selective serotonin reuptake inhibitor (SSRI)
sertraline decrease serotonin reuptake transporter binding and shelter-seeking behavior in adult male fathead minnows. Environ Sci
Technol, 2012, 46: 2427-2435

Mckim J M, Erickson R J. Environmental impacts on the physiological mechanisms controlling xenobiotic transfer across fish gill.
Physiol Zool, 1991, 64: 39-67

Béliveau M, Lipscomb J, Tardif R, et al. Quantitative structure-property relationships for interspecies extrapolation of the inhalation
pharmacokinetics of organic chemicals. Chem Res Toxicol, 2005, 18: 475-485

Kamgang E, Peyret T, Krishnan K. An integrated QSPR-PBPK modelling approach for in vitro-in vivo extrapolation of pharmacokinetics
in rats. SAR QSAR Environ Res, 2008, 19: 669-680

Zhang H B. A new nonlinear equation for the tissue/blood partition coefficients of neutral compounds. J Pharm Sci, 2004, 93: 1595-1604
Zhang H B. A new approach for the tissue-blood partition coefficients of neutral and ionized compounds. J Chem Inf Model, 2005, 45:
121-127

Zhang H B, Zhang Y L. Convenient nonlinear model for predicting the tissue/blood partition coefficients of seven human tissues of
neutral, acidic, and basic structurally diverse compounds. J Med Chem, 2006, 49: 5815-5829

Nolte T M, Ragas A M J. A review of quantitative structure-property relationships for the fate of ionizable organic chemicals in water
matrices and identification of knowledge gaps. Environ Sci Proc Impacts, 2017, 19: 221-246

Rodgers T, Leahy D, Rowland M. Physiologically based pharmacokinetic modeling 1: Predicting the tissue distribution of
moderate-to-strong bases. J Pharm Sci, 2005, 94: 1259-1276

Rodgers T, Rowland M. Physiologically based pharmacokinetic modelling 2: Predicting the tissue distribution of acids, very weak bases,
neutrals and zwitterions. J Pharm Sci, 2006, 95: 1238-1257

Peyret T, Poulin P, Krishnan K. A unified algorithm for predicting partition coefficients for PBPK modeling of drugs and environmental
chemicals. Toxicol Appl Pharmacol, 2010, 249: 197-207

Abraham M H, Gola J M, Ibrahim A, et al. The prediction of blood-tissue partitions, water-skin partitions and skin permeation for
agrochemicals. Pest Manag Sci, 2014, 70: 1130-1137

Abraham M H, Ibrahim A. Air to fat and blood to fat distribution of volatile organic compounds and drugs: Linear free energy analyses.
Eur J Med Chem, 2006, 41: 1430-1438

Abraham M H, Ibrahim A. Blood or plasma to skin distribution of drugs: A linear free energy analysis. Int J Pharm, 2007, 329: 129-134

Abraham M H, Ibrahim A, Acree Jr W E. Air to brain, blood to brain and plasma to brain distribution of volatile organic compounds:
Linear free energy analyses. Eur J] Med Chem, 2006, 41: 494-502

Abraham M H, Ibrahim A, Acree Jr W E. Air to muscle and blood/plasma to muscle distribution of volatile organic compounds and drugs
linear free energy analyses. Chem Res Toxicol, 2006, 19: 801-808

Abraham M H, Ibrahim A, Acree Jr W E. Air to liver partition coefficients for volatile organic compounds and blood to liver partition
coefficients for volatile organic compounds and drugs. Eur J Med Chem, 2007, 42: 743-751

Abraham M H, Ibrahim A, Acree Jr W E. Air to lung partition coefficients for volatile organic compounds and blood to lung partition
coefficients for volatile organic compounds and drugs. Eur J Med Chem, 2008, 43: 478—-485

Abraham M H, Ibrahim A, Zhao Y, et al. A data base for partition of volatile organic compounds and drugs from blood/plasma/serum to
brain, and an LFER analysis of the data. J Pharm Sci, 2006, 95: 2091-2100

Peyret T, Krishnan K. QSARs for PBPK modelling of environmental contaminants. SAR QSAR Environ Res, 2011, 22: 129-169

4149



A % b B 2017THE12H He62% H35H

Summary for “A: PR S SARRAEALF b A2 285 KU e Bl B2

Application of physiologically based toxicokinetics models
in risk assessment of chemicals

ZHANG ShuYing, WANG ZhongYu & CHEN JingWen"

Key Laboratory of Industrial Ecology and Environmental Engineering, Ministry of Education, School of Environmental Science and Technology,
Dalian University of Technology, Dalian 116024, China
* Corresponding author, E-mail: jwchen@dlut.edu.cn

External exposure concentrations were conventionally employed used to quantify toxicological effects of chemicals
in their risk assessment. However, internal concentrations are more suitable for understanding the toxicological effects
and conducting risk assessment. It is necessary for accurate risk assessment of chemicals to predict the internal expo-
sure of chemicals from the external exposure, and to know distribution of chemicals in different target tissues/organs
(e.g. liver, kidney) of organisms. Experimental determination can hardly get high-throughput acquisition of target
concentrations due to analytical limitations and expensive cost for in vivo animal tests. Alternatively, physiologi-
cally based toxicokinetics (PBTK) models that can quantitatively predict absorption, distribution, metabolism and
excretion (ADME) processes of chemicals in biota are particularly useful. PBTK models could be used to predict
the target concentrations, and to relate the environmental exposure concentrations with the target concentrations.

Development of PBTK models can be divided into five steps. (1) Specify the general model structure. Portal of
entry, target organ, lipophilicity and metabolism of chemicals are basic factors that should be considered. (2) De-
termine the set of ordinary differential equations representing the ADME processes of chemicals by the organism.
All of these equations are mass balance equations. (3) Define model parameters, including physiological parame-
ters, partition coefficients, biochemical rate constants and environment parameters. (4) Solve the ordinary differen-
tial equations with proper software. (5) Validate the model. Simulation results should be compared with corre-
sponding experimental data to evaluate whether the model is accurate enough. Sensitivity, uncertainty and variabil-
ity analysis should be performed to further optimize the model.

Originating as a tool for serving pharmaceutical industry, PBTK models are now used in risk assessment of
chemicals. PBTK models can also relate the in vivo toxicity thresholds with the in vitro toxicity thresholds. The in
vitro-in vivo extrapolation can facilitate the utilization of the vast volume of high-throughput in vitro data. Tradi-
tional in vivo tests only focus on a limited number of the diverse species residing within an ecosystem. PBTK mod-
els can provide a promising cross-species solution by establishing physiologically relevant models for various spe-
cies. Besides, classical indicators for hazard assessment such as bioconcentration factors could be re-evaluated by
PBTK models with upgraded accuracy and details. Furthermore, it is possible to simulate the risk of chemicals that
exerted on organisms over the entire lifetime of organisms with a sequence of PBTK models representing different
developmental stages of the species. The combination of PBTK models and toxicodynamics (TD) models, i.e.
PBTK/TD models, can further realize the simulation of the dynamic distribution of xenobiotics as well as the effects
simultaneously.

The power of PBTK models intended for ecological risk assessment of chemicals is yet to be fully exploited.
Current PBTK models mainly apply to chemicals of neutral states. However, the molecular structures of many or-
ganic pollutants have carboxylic, phenolic groups, etc. Thus, these compounds can ionize under environmental pH
conditions. A compound with different ionized states could possess different intake pathways. Thus, certain modi-
fications of the mathematical form of the PBTK models are necessary. Another major obstacle is that the sophisti-
cated parameters of PBTK models cannot be easily collected. Therefore, schemes for a high-throughput acquisition
of the relevant parameters (e.g. quantitative structure-activity relationship models) would be highly useful. Fur-
thermore, PBTK models should be extended to more species of ecological importance.

target tissue concentrations, toxic effect, physiologically based toxicokinetics models, cross-species extrapolation,
risk assessment of chemicals
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