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1.1l 2R 48 3k 77 A e AR S o, 7 58 250100
2. b REFRKAF,FFE 250101
W Fs HH7 . 2021-04-19 XFABH:2021-10-04

WE . MBS IR AR S, A HLBE AR R PH 2 77 (organophosphate flame retardants, OPFRs)E. )12 F Tl b, X #1855
T8 RIS 48 32 AT BT DTS R R SR H 2 — . EUAT, St Jk OPFRs 1645 Fl A A 0T Bl 40 s | Sl A |
TREHEATE R A AR R TE AR 722 — B MR MR RS RGN A SRR B A W R . AR ST S T —2%
i3 OPFR—— MR — T R (tributyl phosphate, TBP)ZEA: WA DY (1) & 4 32 PR AR FIMLA , 48 H T 24 50 AF 5% 0 A7 7 1) ]
FEEL, A R T A s T (19 & R ka3 45 4 P4l TBP A2 25 XU AR 3%

SRR WEER = T IR ;A MUBSER IR BRI ; A= W stk s A & 4R
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Abstract; Organophosphate flame retardants (OPFRs), as alternatives to conventional brominated flamed retard-
ants, have been widely used in the manufacturing industry. Their impact on the environment has raised public con-
cern and become a research hotspot in the field of new organic pollutants. Currently, alkyl OPFRs have been detec-
ted frequently in various environmental media, leading to their accumulation in organisms through inhalation, dieta-
ry intake, or dermal contact, and consequent toxic effects on organisms. Therefore, alkyl OPFRs have potential risks
on ecosystem and human health. In this review, we summarized the bioaccumulation in organisms, toxicity, and
mechanisms of tributyl phosphate (TBP), an alkyl OPFR. We also raised some issues and made some suggestions in
this research field, and prospected the development trend of biological toxicity assessment. Our work provides a po-
tential means by which the ecological risk of TBP will be evaluated systematically in the future.
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A HLW% FR I8 (organophosphorus esters, OPEs)J&
— A AP B AT LR, 43 R e A BER TR |
75 FEBE IR TR A LW IR TR — K2, PR BB AN ] i
FEW AL M 2 AR KM, OPEs A= 7= T 201
B RS ATR , A HOR) BRI | 65 A 50
Dy )z o B LB BEAPERE , OPEs ##s l
IR RE A% IR A S R o —
2T B A LI FH A 55 (organophosphate flame re-
tardants, OPFRs)?' | B % 2 VR I A ik 2 4% o 1R AR BH
WA Bl B ] {5 FH 32 28 ¥ 1K, OPFRs iy HE X
dnn, SX1M OPFRs JfAE 5 2% 4P, OPFRs FZ LY
P57 AT, 25 Syl i 7 A & A B i
T E) JE BB BRBE ¥ OPFRs X 2E 25 2 40 A\ 2 fidt B
BAWTEAR AR RS O 5 | 545 E )
ZTEY, BAMIERWT, OPFRs X ZF Ak 4y 3
PE, M2 0E AR5 R B R E B BUR TS X
sefiffgy EE A 7%t OPFRs A7 % OPFRs“™

W52 — T T8 (tributyl phosphate, TBP) & — Ffi J&
o, JCE AR A FERERR =1 T BE(TnBP) FIBE R —
S+ THRE(TIBP)2 Fh S A, L F 2B ank 1 s,
TBP stk , o S AL A6, ke e M, BHIA
RORYF, J&—Fp LB Z ke k OPFR™!, 72T
b b FRAE LMD S50 K PR A0SR I iR K 4
JE BT ARG AP 2 T TR A SR
FHLI Y B R ", BESE R B, TBP |z A7

T 2RI B I BA K " 7+
VT AL/ R ¥ 5 = |G O/ I (1 V1
AP Z A G AR /D 0 1 JE K AR I B R AR 1
KRR . TBP B SR HEA KRR, LKA
FTRLY) PM, 5 FEAS HPRS H TnBP A1 TiBPP ™ K5
HRELEAE 90% LU 1,2 Fh A A AE AR ] R TR
PR 2, TBP @ i WA IR A
JR A A S AR i A LE A HEAT IR RS R AR RIS
FHEBRZEP,

Yk —Fli 5 OPE, TBP YA W) 251k K s 7E 1Y
A 25 RIS 328 90 1A AT DR TR A B A, AR SC RV
TBP (A9 5 E F5 PERO0 AR AL £ 0 7Y
FITZ AR P A7 7 11 ] RN R0, TR JR R T A= 9
BEPEVPAN 0 R R a4 Ry 4 0 PP Al L AR 28 AU £
PR

1 TBP EEYMEANMERS KB ( Accumulation
and metabolism of TBP in organisms)

TBP AIFEAE YR N & A & R ARG, e A ik
P i 5 A B AL A R B > s e KT R AE W)
AR UIM L A9 E 4 H T (bioconcentra-
tion factor, BCF)FI4E:#)-UT AR YY) & 4 [H 1 (biota-sedi-
ment accumulation factor, BSAF) H 3k £ /Rm G HLIL &
WIHELE RN & AR TR/ = PPAG A= 4 RARE
NI R

F1 BHERZTES(TBP) fR

Table 1  Properties of tributyl phosphate (TBP)
E- ki L
" . , . . ; e B AR
kEW#AFK CAS S A4k ¥ TR OKSmRAEE mAC BhAsC ESJRE/Pa (mgeLTh) Envi ol
nvironmenta
Name of CAS Chemical Molecular ~ Molecular Octanol-water ~ Melting Boiling Vapor Water durabili
urability
compound number structure formula weight partition point/C point/°C  pressure/Pa  solubility .
metrics
coefficient /(mg-L")
326 h(%R Air)b,
BRI T \
208 h(7K Water)®,
Tri-n-butyl 280 o
126-73-8 Ci,Hp04P 26632 4,002 -792 2892 0.1512 416 h(-}E Soil)®,
phosphate o 25 C)
N 187x10° h
(TnBP) Vg
(JUFHY Sediment)®
] 326 h(z5K Air)®,
R =5 T e
o 360 h(’K Water)®,
Tri-iso-butyl | 16222 .
126-71-6 p==0 C,H,;,0,4P 26632 3.602 1642 2642 1.722 720 h(+3 Soil)®,
phosphate | 25 C)

(TiBP) : j\

324x103 h

(DU Sediment)®

T2 SRR O A B | th 5[ EPA EPI Suite™ ZR{F (AR IAS 4.11)345

Note: @ experimental data; ® estimated data from United States Environmental Protection Agency, Estimation Programs Interface Suite™ for Microsoft® Windows, v 4.11.
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1.1 TBP 7EAHIR N &L
TBP id 75 7K 75 Ve 8 KU R AR 1, B
R, I AEARE ) A R B FRES S R BH AR X a1
BUGIBIF XN 9 PP AT T 20, & 8 TnBP
IR H RN 100% , S5 AAEPI A e, B8 B L A
W AR AT TnBP 198 48, Skt (162 .4
ng-g ) BLAE K AT R EE DG Hl X1 I SR A
AR T TnBP 1 TiBP, ¥ H 38 B 23 51 4 2.66 ~
399 ng-g ' F11.18 ~9.55 ng-g ', W FEM , Al
X TBP & HRe S AR, B33 N HRES BCF
037 ~4.6, KFEMH BCF A 1.18 ~139 4 B # | F
A S ik FEB3AL A BCF <12, 1 3 Rt 4 id
TR K TBP, K TBP 5 #E A ¥ 19 7] £ 3458
P RS A B (RS RS B2 W
K TEBEK KRS AR ) R AR R R T T-
BP il TiBP, # 1 % K 75% ~ 100% ,2 Fp T4 K 78
FEOK H ARG VA B 241 {EL 5331024 0.08 ng-g™'(TnBP)FII
0.17 ng-g (TiBP), BEE A K, KFEHR R A KT
MK H I I TnBP 1 TiBP, S8 H & TR, 429
LR ity
1.2 TBP fEsh RN &
TBP " fEZFEh Wik N E B, ERTEAN T
VR T 52 ) LA AR AR S R TR KT R PR B X
Z RS LA F A6 Y TnBP 1 TiBP, 5 & OPEs
WY 66.9% ,J&: FFAY OPEs 15§ ik | 5= hhzs
SRZKPR A I 35 175 e oK S 25 UIAR 6B, 72 3R
TRV O R LA H 45 TaBP 1 fie i 7% ik
2946 ng-g (WG R, m TIE = o Je fir
VA FRE ff P TnBP R 5 i K (590 ng-g7', LU
BR324 Ml K S5 TnBP 14 75 4 15 10 AH

AN
H o

TEARE A YR TBP Y & & 5 40 A # LA 25
5t TnBP i i B2k 32 fil 1 A W] < P, 6 fi7 1 N
o 1 2875 AR B B A 2 R VR T 1) T R P A
BB Liu ZEP9HF 5% T TnBP 78 5B 5 i 714 g A4
PR A3 A i L, & BRF A TnBP A9 45 5 i 1 B E
AN 3 P 2 S S5 M S 6 T2 e 14 Bl o ok
i TnBP, He &% kA IANLA 1 TnBP 17
WP (487 ng- g™, IR BT M T XY 54 f 4, ifi
TiBP 7£ 45 LA A A3 B o e (135 ng- g, LU i i
11). TnBP 7EBES 01 s AR S5 88 B AR 2
WRIE 5 4 20 B B T 5 i 35 A 5 (4 =0.94, P<
0.0)F", HAVHER B0 5 fn b 6% R R 4R

TnBP A9 H R 100% , 7E 6 5 fo Fnfili 46 i Tn-
BP 25 . OPFRs ¥ 1) 50% ~ 66% , He & 5 ik
JULIPA) A i 7 5 ot 52 B A AR S PR (7 =0.79, P<
0.01), BCF #1 BSAF 73 4| & 20 ~ 228 #1 0.066 ~
0.16257% S A3 fif il Sk 156, B 5L X TnBP ) £ B
B b A b, W AR B R, BCF o 23.74 ~
277391 FRE L3 2 45 R IR K fa (FE H
fip e AR HK) A N TnBP B9 N 64.4 ~449 ng- g™
(LARR B 2 11) , e JHE I A 5 e o, O L
P I8 | E RN S BCF T30 17359 XE it
KIES A LA T TnBP Y5 (31.9 ng- g™, AR R
i) mE THEAMER3.1 ng-g AP (239 ng-g™), 1M
o I WE b TnBP (9 & & (584.1 ng- g™ M T
(329.7 ng-g " )FI'EFMEQ683 ng-g™), FEF B
YLyt A rf TnBP A1 TiBP 32 & 7L SRAT N
e B B U BEAIRT 7 5 [ 98 A VI A il £ v 4
PR T ToBP, HoH I Y & B fe = (2.02 ~3.53
ng-g™), 7ENLPY T RE A R H BCE 4 T4 5.99
10* ~140x10° Z[i] ,BSAF 4 F 20.5 ~48.7 Z[a]“
1M Liu PRI E5 R 5 2 AN, il #6. %F TBP (%) BCF
H1 BSAF 43512 120 #10.151, 76528 FEFLsh )
Hd R ISR A A, ZEFRIE R f P B3
fiff DX XSG A K & LR FE S PR T TnBP, &
11.7 ~281 ng-g ' (VABBF I H)™!, Li ZEEIXHRAH]
WA b X WCAR RS B HEAT T 20 B, R IR AE AR B A
I TBP BRI 2530 46% F159% . FEdL3E
BRI () 25 B ToBP [OKS H 23R 24058 25% , &3 R
A R % B TnBP 76/ A B i
YR A B > BRI > ity > JUE > JFF I

I & B B BE AR ELR AR X TBP & FHAE
FIHSE I AN [F] . Sundkvist 2554 % 31 Rk T80 fifi 121 {4 Py
TnBP /¢ & B B & T/ ALy fa Bl L f Tn-
BP (18 fE B R 1) A K 3G i (P<0.05), 2 i
AR B R R RS TnBP (19 B 521 &% A2 R B, Ul
Y i o M £ 2 BB R 5 1Y) 2 TnBP 327 LR 3%
FPERRY, HAETIE R, =k R IX Z R a2 A L
P TnBP 5 TiBP BY-F-31% 43 51 (336 £227) ng
g (LB i) F1(81.8+87.8) ng - g™ (LLJE i i
), SR/ TR0 5 7 91 JC W 3 A G
H(P>0.05)*",

TBP 14 £k 1) & 4 -4 i 18] 55 2 By D) R 2 402k
R G, FERE i 2 F 00 T 17 3 d TnBP 7Efa ik
DA e B S T 5 L4 ~ 12 d FREEehn 45 14 KA
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KBRS AIRASLT, ToBP 78 A fify A Py 1) 25 Ak B
52, BT 4 d TnBP A4 ¥ B 1 v, AR Mk i
(10 pg- L) THE 8 RikERBlRm B TRE,
RV IELL(100 pg - L7 F 5 15 Kuk B 1k 21 F ik
AP M EE T TnBP(100 gL~ 1 500 pg-
LY, LA TnBP AU EE T4 3 Rk El & s, o
HIA(52+0.5) ng- g (VAR 1) MI(35.5+1.2) ng-
g (LRI, BE S M A IR, B ES 14 KT
Fasg , 390 5.4 ng- g (LB 1) A1 33.3 ng- g™
(IR E) 5 BN B E T ToBP MWREEAESS 5 K
RENRRHH 14 RigFRE, BREGE® LI To-
BP-d27 7E/NRGCE -5 i 11 5 v B e o B 1]
SR 12 b T A ) R R e s a5 43
24 h 136 h,

TBP % &% Wk A ] F 8UE YR N BCF 7= A 2%
5o M R EE TEFE TBP(10 mg-kg™")Af BCF
0.062 ~0.204 , i 7 B 7 41(50 mg-kg™")H BCF Xy
0.018 ~ 0.090% FEAKHk BE (35 wg - L") Fl 5 vk JiF
(191 pg-L™")TnBP AbBEAMF T, BEL fa 45 414U
BCF,, “F{H 4 54~ F 305.5 ~ 507.5 £l 221.2 ~
395.0 Z AP SRR AN [R] R B TnBP /) & 4E Ak
A ARHEE 100 wg- L) BCF by 3110, ik &
(500 wg-L ")t BCF fy 28+81
1.3 TBP 7E AR ETH

M3 PRI FLIT | SE 7K NG 255 R 5 T H T4
I TBP B H AR ™ ¥y w2 — T I (DBP), DA [
TBP 72 AR E UK 3k B E N 24 X
AN REAS FPAS HY T TnBP 46 H S vk A7 AE 22
SR S b X B A I3 H TnBP Al TiBP
BIAS Y R A3 5 R 11.2% F1125 8% , d5 i {EL 43 91 Jy 184
ng-g ' 1594 ng-g  (LIAG BRI, I HL5 il i b
TiBP W& i TP, ZIiirsE R, AR T A
H DBP [k B 7 50 F 0.11 ~3.5 ng-mL™' 2
] B450)  BR R AR R IR [ 2 M A B PRI Dn-
BP 0K H RN 66% , A7 8N 0.84 ng-mL™", Hr
RINAFEPRH HH DnBP 24 5 5L OPFRs Wk B2 1Y 42%
HAFEARE(12 ~ 15 )R T DBP A4 H R i
99% , i H 1.49 ng-mg ' P RELL = R
DnBP K Hi 3R 258 15% 7 1K F 78 = L 3 R b
DBP [H# 271%™, A3 7E HL T 4 3 3 A st X
A0 R AN S K FEAS b TnBP £ 3250 93%
DBP {93 5 b AS M X838 B%AE A 3 A ~ 5 A5,
413% A HBEARBL T TnBP &5 7| &

(2400 ng-kg™' -d"H™ FEAMKAGELH TaBP HIAEH
N 46% W ND ~ 100 ng-g (LG , H
HIFE L T b7 R KB SE IR &P TnBP iR ¥
P AEMR IR GBS EFE & TBP 193 /(188
ng-g”) (LTI M T2 A B AR (10.8 ng -
g ) (AT RRTH™, FE 5321 X A BEFLRE 5
H TnBP {14 & &8 12 ng-g ' (VAR &)™,
TR A H A JEH R R R 0 BEZLAE 5 (43 51 R
039.1.5 f12.0 ng-g ), WAKFL 0 ~5 & JLFEAY
PR 435K T DBP, Hovfk B Bl AR i 3 K R
R (H A TBP, JLEEXT R A REFL P TBP &k
026 ~2.1 ng-mL"", FH B4 LUK P 5 ik B /9 DBP
FERIE T REFLIE SR
1.4 TBP ZEAEWRN L

15 YLk N A R I e A AR B A, A AR
B AR = WS R B, TOOC RS TBP 7E
pH 7 ~ 11 FIZK W R 2E 35 d A4 kAR AR
TEM M-+ AR R G b, k5| 6E 6% 2 i TBP
(AR A , 22 p i s %) i T ol A 4 R = 8 v 1
VIR SEET . FIF & ToBP %& A= AR iy = B30 47
RAEFAGREAL) b BRIk R DL K S
TRIR IR S A 5 O, A Al SR K AR 4, T A8
R 1) F A R H AL TBP(TBP-OH, A 2 Fl 544
1) ke i — g <4 DBP MR MR 1k TBP, 1L AL
=Y £ EA L WE-DBP iR 1LY £ FE-DBP | # iz
L1y TBP-OH(Fi 2 Fh 4914 554 DBP 4k£L it
R FRCAE I R T TR (MBP)'), ) 26 Wl 1 1R 5 7% Tl
Al fEfk TBP-OH 5 A MR 25 517 . IR KK,
TR ) R FE S BT TBP 5 & Ak 22 He Ak F s iR
b, AR K A K i AR TR AT, 3 SR 1 4 i ok
JFFRR R G R 2 i, 5 201 38 v AR B B
THFIE, e MR R GEHE R ARSNT ) FE 46 ) 4R
IR R R BT A6 I SO A L B K BRUHF i 400 B Ha
ME™ v TBP gl AR, TBP (A B 54 Fh
AR N A0 2 R0 5 28 v A i R A 3 el
P80 A KRl Ay TBP [ G 4 i % AL R
AN, 7EBE Dtk Py TnBP [7] DnBP (4t igH45 k%
h3.4% "7 A Rl AL 0 RN )G B 45 f K N TnBP
] DnBP ({55 AL Lk 30% B #£a T i fok 14
1 TBP-OH Lt DBP /= A= B B ER, TBP W) R & 1 5%
ALY 51K 43 1% F1 12.9% ) FEAR R JFF I fok: Ak
Fr 2] 14% (1) TBP #:4k -}y DBP™ | Sasaki %5 & #i
K BRI E SO A4 T 7% XL T e 4 1L 8 (MFO ) ¥ TBP
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%4k~ TBP-OH, ¥ 1fii 4= i TBP-(OH), 11 DBP, 4
ot & P450 [] T.Jif CYP3A4 il CYPIAI th &5
TBP (A LT RS eAh, —FiB B i B
(20 B4 4 B 11 CYP201A2 feigfi ik TBP [ fi
SUNELOEIE R S

FTF'H-NMR #1384 2= 43 ¥, DBP fll N-Z,
ME-(S-3-32 T 3)-L-2f e 2R /2 X 4 TBP & 15 YL 5
A E A YIRS Y, TBP-OH | N M 2- 13 — 1% |
AR ER AR 5 P ELARAIT S Sk et T AR
s A A TR DA S B AR Y R g B
BRBRETT

FH UL AT WL, TBP Al 7E Z Rl A9 Ik N & A, Hodl
LU A oAV AR AR X R[]
ST & B, BCF 4T 0.018 ~1.40x10° Z [H],
VLA YA X TBP (Y& AR FE BE AN R (3R 2), XA
255 EEELITPIERA K, (1) TBP 4w 155 5 1 i
HAE MW GBI AT 53 e, 2F 075 m A= 4 & S fig
HE H A TBP i i # 2hiz iy A 32 s B
AT E S, Hrh 38 BRUE S TBP 434 i £ 207
KPP AR E IR 58 A & A F, TBP
) B A TR W B = B AL S U i A B T
Q) VIR BB B MR AATS TBP A E 4
TR 4 5 Wi AN — SO ] 8 i i PR 3
PR AAAEARIE A, AR T Bl B W AR T AR 1Y
B SRS @R IS A ) b
J1. BRI FE R A Can s o) Lk DU Y o 1
ZRE A2 (AN B A0 ) £ HUHE £ TnBP, R MK fl
FRYLT 5 0 3 R A HE7T TiBP W) SR I AR
MR Lin P& IRKEY M b TaBP 15
FECR A F (TMF){LUH 0.57, Z W & A= T8 7 i
B e Z TR B0 O B K 2 2 W0 R R
Y A FIK Z) T [ R A B TBP 1978 55 7 B 4K
N7 TBP AN [ 1 ) i () B89 A 40 ke R 38 o 5
B — T S AR BE 92 %2 W TBP 19 &
SERRRE . TEM A MR B B 6EEY BE £ BT T 6
VIR 4 A0 U7 S A0 R Y TBP A9 5 10 43 5
$}906~20d.1.4h 48 ~6.2h 58 h# 100 h, i}
WA 1A N 45 B8 I TR, A D TR o Y AR il
FER T & FE LR, TBP ik B RRAIG, & SE 68 1 1%
55 , 32 T B TBP 76 K A B W () h i A
HR BB AR W RCR RO 1 R 22— BT (6) IR A
JOT T G ) VAR B R B R A A N AR ) AR AUR R
A —E 12 m T

2 TBP B4 #1514 ( Biological toxicity of TBP)

OPFRs X[ AEW IR HAG BN, RERI A2
PEREPE A0S R Bt A B M DL
Homr B SR AR ™, R A
BT Mk B B B (LC,, /LD, ) 2 B0 i vk i
(ICsy) P EIRI N ¥ i 55 1 (EC 5 /EDyg, ) FlLA ML 5 5
403 ) V6 e 1l 5] FE (NOEC/NOEL ) 45 35 b K 3
(IREE X7/ dX(IE[NEIEE N
2.1 2bEdEtE

VFZ G A AN [7] (1 32 106 52 5k 0 I TBP 1Y
SPEREMEROY . FFECLIF IR Q67 K ILH
R AR EW) A A LR s 3 RN R 7551 TBP
i) ECy, 4 109 wmol-L™' . KIHHT# 25 T TBP 90
min J5 B RBCR T BB, &35 1C,, I 205.6
pmol-L™'®"  TBP(50 wg-L")JL7 48 h S8 E M
%/ INERGEE A LR 7™ E AR TE | RS I e 4
F25179% % TBP(=02 mg-L ™) EMH =15
fE A TBP ik 32 B ey L A0 i 4 FH B ™) | e 1
EC,, {65 Song ™45 RAF, vl g2 = M #e 45
PR B AN SR A AR T8, TnBP(1 mg-
L' H16 mg- L™")AEWE T P48 45 B2 4 d AR 1) 4E
£ ,24 h 2PEFEPER LC,, M 1245 mg-L7'®Y ) K
1R AR T TBP 48 h ST EREVR FE F+ =i 38 K, ECy,
12 mg-L7'(3 45 wmol-L™")™ | F| R uE 40 A & fi
DA T B 5 Sk R ER R, A TBP X 7RI
| 128 12 5] £ LD, (48 h)S> 514 3.3 wg-cm 2 Al
20232 pg-em 2 R ® DLBE I £ R i AR
A ZiX P sE TBP B ST, LABN eSS
LB BEOEEFR R, 15 BIIG FSAAR ) LC,, 43
5k 7815 mg-L™" F17.152 mg-L™'(96 h), SD KR
Wi O R AT Atk R B, 7 AR e Al
(1000 mg-kg™" TBP)H Al K R - 35 4 ot i 55 xof
HEAL B I RS (RS SC B0 25 S R B, TBP fE
g3 R B S 20 bk H4 TTE AR BV b v 4%
YA PC12 4R A 4, A0 A7 15 R T [, 1C,, 43
R 177.6 pmol-L™'(48 )™ F1338.09 wmol-L™' (24
h)™ TBP(200 wmol - L™") 445 24 h A fili Ji 40 g
AS549 F4E 7 B 9 20 M Caco-2 Y 773 2843 59 F W&
142% Ff121.1% 7 pbAh TBP if RE il A8 40
s HepG2 Y 4H , 1C,, & 299 wmol-L7' (48 h)P!,
2 FEBUR Tl BAE % K P23 (ACGIH) ¥ TBP 414
W RS BE R T, X AR BB RE 0.5 ~5 g kg
(DM &) P,
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xR2 AEEYMNBEBE=TERNEYS LN
Table 2 Bioaccumulation effect of various organisms for tributyl phosphate

A -DURY & 4R T (BSAF)

AW hE YR AL A=Wy 42 K 7-(BCF) i ) . 2230k
Biota-sediment accumulation
Organisms Tissues Bioconcentration factor (BCF) References
factor (BSAF)
% b R Root 037 ~4.56 2s]
D. carota ZEFnt Stem and leaf 0.56
) R Root 139
K& .
ZEHI- Stem and leaf 123 - 28]
H. vulgare .
Z¥#0 Grain 0.01
L ¥ F. pratense I Leaf <12 - [30]
TBP(35+3) pg-L™': TBP(191+9) pg-L™".
# Intestine 4106+323 310.1£169
) JAFIE Liver 3055£198 2212+115
DL
. Y Egg 328.8+24.7 2393+20.8 - [37]
D. rerio . .
i Brain 3382+303 246.1+20.8
ALA Muscle 384.8+482 268.1+72.6
I Gill 507.5+69.3 395.0+499
WA 0. argus - 20 0.066 27]
WS C. batrachus - 53 0.148 7]
fif Ay 94(K#ifh Large mud carp) 0.135(K# £ Large mud carp) 271
C. molitorella 228 (/M £t Small mud carp) 0.162(/M% £ Small mud carp)
SMA Total 120 0.151 27]
i f WL Muscle 7.19%10* 295 [40]
C. auratus AFRE Liver 140x10° 487 [40]
PEHR Gonad 599x10* 205 [40]
H AR R
- 69 0.093 [27]

M. nipponense

Ml P parva

W47 C. auratus - 1733418 Average) <0 4(¥{H Average) [38]
Jefik M. anguillicaudatus

TBP(10 pg-L™"): TBP(100 pg-L7"):
LA Muscle 420 6.54
JFHE Liver 14.50 14.11
o— B e Ki.dney 1741 27.76
G, rarus I8 Gill 11.05 14.13 - [39]
H %1 Gastrointestinal GI tract 20.55 16.53
Jik Brain 432 394
PEEL Ovary 23.74 27.73
2L Testis 1455 14.19
i ~ TBP(100 pg-L™'):31£10 B 2]
C. carpio TBP(500 pg-L7'):28+8
it 7 HR T B TBP (10 mg-kg™"):0.062 ~ 0204 B 6]
P. excavatus TBP (50 mg-kg™'):0.018 ~0.090

L : BCF S E AR s A5 W B B2 5 /K Al Wik E 1) LUAEL s BSAF iy A= WA rh A& 4 it v B2 S5 0 RR 0 o LA WILBR B vl AL 1 Ak 5 W ik 2 14
FOAH s ~ SRR AR 2
Note: BCF is the ratio of compound concentration in biota to compound concentration in water; BSAF is the ratio of compound concentration in biota to

compound concentration standardized by total organic carbon in sediment; — means that values were not mentioned in the references.
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2.2 S EEFHME

TGP RIS KB R R RN
MEKRBIRZESR KT AL, LA S IES
MIRESH ), W55 B, TnBP(6 mg - L™ )%} %8 4%
BRI ARG R — e REES ) B
WEJG 52 52 T A ] W B ) TBP (25,125,625 Fi1 3 125
pg L5 d, MG & & AR Z R, IR AL R |
SREAL RS R] B RS 2R AR O SR AR AT 5 A B B AR
165 TBP( 125 pg-L™', 14 d)n] S35 i 1 iR it
WEAk 2 i S RIS, R AL ) (R RE K, I R T i, R
FEEPY, Miiller SFPXE/INER 2-40 MR G 1) Kk B 1S
WFEAT THFSE, R 5 wmol-L™' TBP J43f 18 h X[ fif
TG W, A0 B A R A2 B RS, YR
KE| 15 ~40 wmol - L™ ], 25 50% ~ 90% 1 A M fify
(1) B FNAH 14 58 A7 2 N [R) R B ()5, {2 TBP Jf:
RGN %, 2 18 CD KRG B H
G R TBP(200,700 F13 000 mg-kg '), 4
FAASE A AN L3 oK 52 2B 852 ) Wistar
REIEREYR 7 ~ 17 d J5 4T TBP(800 mg-kg™' -d™")
Yeig, i M2 K BBE TP, TBP(0.14 mL - kg™ -
d'A1042 mL-kg™' -d™")ELEHEE 14 d FHSD Kk
SRS i 2K 2 HE BR AT PR AR, BAS [ R B R
FAE e = RE AR, 2 BORS B 9 T D A1 i A A% [ 4
FIZC Rl L TBP X Z R sh ¥y i A= 5l R 5t
S E BABENEE
2.3 #EENE

TBP i AN [FEE R A YR , 20 iz
E AL IR, A — B A E B, W
PEBERE MR R AR AN T R R
| % 5% T PSR AH G B S MR B2 1% TnBP(0.1 .1 1 10
mg-kg )14 d J5 TR, BUEH<5% ), Tn-
BP A M 5] (1% 78 £L 38, 7™ 5 5 i i T8 A 245 #A) RN )
e, BT/ IN b Bz A I 1) S8 5% 1 2 R 33 Y-, 41
B B PO 6 |, £ 4 B PR T RS R
R, T X E SR T A B
{4700 2 S 7 T R i, P BE AR A, B B sk, B e
VIERE R A o As , by e e e e e W8 1 7
(325 mg-kg™ -d7HEH 3 )BT, SD K
(AR T i 1 K R B R B, IR B R T
TBP(0.42 mL-kg™' -d™") 52 SD K B IE &R 5 Ar
R, A2 B ar A O U B U R i 4 U g R EOE W
A MR AR A AR 9 281k 550 51 ¢,
PERRHE i 20 & (= S5 WS TR, H

=R AN VE RS BT T AR R B RS AR R &
A B AR BRI B GERY i IBZTER | I PR 3R A AR
oIt Wistar HEE R BRIKEHEA TBP 9 ~
10 J, B JEFJFE R OO 458 O 48 22 500788 0K JHF I 3 R 4t
B AR 2H (B 050k 0.5% 1 TBP) K BRI i 45
brA R AL, m AL (T 508 1% 1) TBP) K
BRI YA BB P T R PR R R s T o, R
) ARG | 2 2 G g A VR B A Tt R B P B T Tl %
TR I3 R A e R T T B AR A T
R v JOEL R 0 g P SR AR T =K
HEAT TBP YL3% 28 d, Wistar Kk 5l S A8 il 6 78 Pk
HOEVER B TR AN R B B W, 51 R S
Bl K IR (24 S H)IESE, SD KUY BR % Al
B JbE b Jz 2 2 B S A A A A | SRR
BLARAE | 1tz FIIRFEL | [R5 Ik 1 A 11 & AE e ™ 2
P 5 TBP s & UIAH ™ AR £, CD-1
NS TBP(I8 A H), A A7 ML AR 55
SR KA AR A R TR R R A
KIS PR U5 2 s Wi 7, TBP X AE il
TRV IO A 2 e A S A
2.4 MhgEtE

H T TBP S HLBEA 5 /2L, i &5
PERON 32 BV 25T 3 0 TR . B R il AR 2595
HUERAF(NTE) 1928 16 LA K A 22 T B i) 028 FH ok R AF
15 YL R 2 BEPERON ™ 2 TR IE B 7 (AChE)
(A3 1 5 5 R ek AR e ka4 2 (] Y 22 5+ 5 AChE 11
AMEHLEIA S, W5 & B, TBP #4il AChE 1T
Pk JIEL B g it (BuChE) 1) 745 4, DA T € B H — 2 1 i
2 PEN ) TnBP 5 B 5] K A 4 o Ca -AT-
Pase £l Na'/K"-ATPase %1 T [, Ca™ Fll Na™ ¥ & Tt
15, TR S T, RS A T h 2858 T 2 R 1)
38, X M 28 3 AL 7 B A ) £ i £
Y FFET TBPG 125 pg LA, B H iiFvk o 1 B
ARG E S 3 00 3 56 v RS Bl A 10 B
TBP B iz s 2 D) RE™ , BE ) p 5 ph 8
KB ZA B £IL TR, AChE 1F Mk &4
AR i 7 g 6 ACKE 1 14 B T Y
P BB R 1 TBP(1 500 mg-kg ™) S 30REXS 1fi 3¢ v
BuChE {& P75 2 £%5 ~ 3 4%, Ifif NTE #l AChE A9
P & A AR L, TBP KRBt oige"™ , RAH—
UAENLN TS Y43 TBP(1 000 mg-kg™ )5 6 d &2
AR S A A b 2 T B D, LTS g A
TG VR AT T AT 1 P 28 5 1) SRR R R A A
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S 25 SR R, TnBP i i 30 K Bl PC12 41 g o
AChE P75 1 52 i #2870 19 40 ™, SD R U2
#& T TBP J& M 3 2638 i, SR8 1 et 8] 4B K 3%
SR ) FET R ) ¥R B, Laham 451 & 81
TBP(0.42 mL-kg™' -d™", 14 d)5N SD HEE K B 41
JAMZ RS, RS Sl AL, A g s
TE A2 | JOREET 2 h it 0 A ik 58 2 e Rk
K BRI 2 A0 A 98 AR 1

2.5 B Bums KB

TEC A WBFSE th, TBP XF A [a] 4= #2898 19 3
W BSOS AE UV AR, TnBP X =l U TCHE iR
JiG B RS O A A M| A 2 14 R % (TnBP
10 mg-kg™' 150 mg-kg™',28 d)ik% P %A BT
Al B AR Y s JEE 22 3] Wistar K FRUGE o 1R
AT TBP Ye 75, 55 % B8 41 A Lo 3 iR %5 A4 B
a0 B 25 5 WY kAR R B B T
It Noda Ak TBP X K B 2= 30 BH I 7 3L
WVE

SD KAk & 4% A TBP(700 mg - kg™ 1 3 000
mg-kg™"), B B RL R B s T R s, A
(AR B AR 1 | A 35 A e PR B i rh 2 SR o T
FEUA egeg el Al 8 A5 S AL A &7, Armold 21
BN SD K ERPRIS b Rz aH 40 B | I ELAE I L
PEEE 5 KAz, CD-1 /0 B P HE BT JFF O g )
I, 1998 4F ACGIH ¥ TBP %1k shisoiE g
2.6 HAbEEME:

B b REEMERON A1, TBP X4 5 BR8 v i0) vi 22
FENMEEA — o 1 fa e KRS, 764 7= s fli A TBP
AOFREE TN M B0 | Sk o B W W R 3R A A
RO 255.56% B9 TN BRIGTEE R A AS 415 110 B 45
AIERE , 100 RS 45 S B | R R R IR
B DR H L 3 SR e 3 4 S o B2 A
BE2EF . AWML, TBP Sl itk &R M
I s S5 P A T 2 o AR SR

3 TBP BIEF M /ERAHF ( Toxic mechanisms of
TBP)

PR NS 45 5 TR 52, TBP 38 i 175 5 AU A
P TR A Qi TR i L S S R e T A
B & LB AR F 1
3.1 iFREALNIH

15 Y A ARIS | A IS N OO, AR
A IR 58 8 11 (Hsp) FTAE A B4 15 4 5 A 9y il
B A R T (A5 T TBP 3 S Fh AR (N

T A O yny gt e (ST BE £ R R
FRUODAE YA P 7 A T PR L (ROS), 175 S AL L, BT
SALL T AN BB A BOR [R) AR E  AR fk, K-
voshiev Z£® Xt A7 #T T8 (E. coli SF1 Fl GC4436 TH
BRI 8 2 PR3 36 47 43 B, & B TBP (300 pumol -
L7755 2 R R 3R 11 anad AL S (CAT)-1d 4804k
Vil 1 (1 KatG R 4Rt ) | 7] %) -6~ 1R It = ity
(G6PDH, i zwf [ 4 F1 5> F AR ClpB 555
Feik B, X RS ML S TnBP IR E R IE L, 7R
1A% /INBR B R = F 4 48 8 o 8L fb ) B (L i (SOD)
FITN ZRE(MDA)ACE FH ™7 R840 FE 46 e 4 i
H MDA FIA B H IR I i (GR) B9 1% 1 T 157 , 4k
EESSTae B R w ™, I E T TBP(20
pg- L7 A1200 pwg-L7')28 d, Mk CAT SOD F
MDA 7KV T K&, Hsp40 . Hsp60 1 Hsp70 1) mRNA
PR, Rl B 22 IR R SE abeel FI abebl %
R 2% 3K kA ol A8 o BH 1E 5 U8 9 0 E A iR g
Wistar K FTZHZU5) 3% b SOD . CAT A H ki &
L YITF(GPx) A1 GR (75 14 BH 2 B A%, 117 MDA 7KF-
FhE o ARSI Y S 062k SR I A K U
bk Ha TTE w2 5 S A0 J s g A0 A= P AR 0 1% it
n gpx1 ., gr. cat AW H BK-S-H B il A2 (gsta2) Fl 4l
M cyplal BYFEH Fik B, GPx 25 B H K3
FLEERS(GST) | £ 48 JE- 57 Wy s i Ji5t 2, FE i (EROD)
FAITHA 4 - S o nae 3 FH 6 il (MIROD) ) 37 - o 2 44
580, TBP 02350 HepG2 Fll A549 il £E i) &t
ROS, b3 - 2 Az 2L
3.2 THLamAm s

0 i P 7 A 1 SR S B AR RN e AR
W2 BT, SRR Bt A% A R LA & RNA 194Gt
T2 TBP 8O 11 A% /N K 4 i BE ™ AR T,
TS A BURDC A E FRCR BB IK 7 2S5 P
AR Z=IE e, 43 F X% (molecular docking)d AR 2 B
TBP Bef% 5 8 itz 8K [ AHZE &, BIE Chu 4651
i TBP XM 2tk SR iz 2 E A L, =
IR OB R TR, SRR N5 07 (%) A 906
K B EACA B I F kK AEARAE™ ) Zhang 450
TG 20T, R IR A R 46 1L 22 ¥ T TnBP
(6 mg-L ™A 583 AU Bl 22 57, Hor 398 4
RGBT, B K LR A WA A TR R
fift EBE-(RNA 29 A s A B AR 45 L 72, TBP
P B f JEF U 0 A A 1 AR, (o RS2 B
LR J0E Ay 2R AT ARG BEHARR LA KL 2 1 PR 1
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Fr S ARSI £ E R ER-O-
LR (ECOD) W 14 Tt 51 , #2121k i (CESE) 1 1
fiX, 1M AChE .GST F#§ & — g il (PTE) WA & 1 W
AR AEET  TBP AR /0N BR i 3% R0 I g o T
PEACI =0 , 52 W AT RN 17 18 1 26 40 5 1 N 22 TR
R AR LA S IR =R 45 & &k iz | A
(ABC iz 85 1) AR 11 [, 40 i) 7] 22 58 340 e i 3R
/0N BRFFFE 40 4 PR ZEAE 2R, Ikl 4 i (a3 CYP3ALL
M CYP2B10 FH MM R BRI T AR (L 56
R TRER PR 2R A B AT LA B = R R A R A AR
WYEREER ISk i RSk 2-
M2 R TR FIAE 2R R 5 ) [F) A 32 21 TBP s ma™
IAh TnBP ARSI AR I H AR pAR AR
3.3 THhEWNs

YE RN T4, TBP B £ FiA% 2 AR 1%

, SENA N 43 UL TR -, AE 2 A F G R A 3

THESEMS CTBP B B B RGN, 5 178
W A [ A AR B R B MR A PR Y K
JEE T i 45 3 N SE 56 K B, TBP X4 b8 X Z 1k
(PXR) EA e sh il M | 1% e 3 28 2 AR (AR) B JZ I
W 2R (GR) LA K AR IR AZ 4 B(TRB) B AT H bt i
P, AEFRBRILER T3 7460 TBP B 3% ML K R
98 GH3 A IAF 15 %, Ui TBP BA T3 $5bifE
FHUTO  TBP 0 2 55 B8 08 00E A1 SR I 15 e 2
& (CAR)M" . #R1Mi, DBP %} AR ER GR H{ PXR %
W2 AR A 2B B h sk A B s 1, T e DBP 1Y
BiKPELE TBP ARTEc" ' BT TBP 1E R P 53
T 5T B R RSN L8 vk, 8 T &
Si 4 LT 5E TBP X N 430 R e i 5% ) 3 i 2
JRAR P S5 HEATHGUE
3.4 iHRAMIET:

BILAR PN B 40 R 825 5 30 DNA #5453, 41 i )&
W A A AR T T AR, e 23 A LIRS
T TBP 315 T = MW AT  Zokifk
HEHL A K AR AR AL, e A R B M9 T2,1.2 mg - L™
TBP % ST R 2 J(56.48+1.3)% ™ Bti% TBP
YR T =, VT b B AN B R DNA & AR B
caspase-3/8/9 [ 1% M 4 Ml 2 3% ¢ AKCF-Fl 2 T,
TBP il i R iR FdE b iR i A2 75 A g -1
FEBE 10Tk 20 Bf v, 55 40 R 5T DNA 1852 K4
FOJR T SC Y 24 56 H e 3k & A=A 4k, DNA %Y,
{FL S A fr (AT TBP 33k iy i #4358 BT A Tl 2
AYERIZE S TBP YL 21 d J5, XS A9 A 8 5 A

PR TCANM & A T, s on s R, TBP &
FHOKR PC12 AHMIE A, A A% e AR FLIR M &
fiti(LDH) 1 caspase-3 1 14 T 5 , 4 i /& A= R FE 4 5E
=1 TBP(50 ,100 F1200 wmol-L ™" )ik HepG2 4
U5, BOAR ZRE A R 3 M DNA T4, 40 i J&
WHEMAE GO/GL 3843 c-Tun N A S A (INK) il
JiL AR B P B (ERKCL2) 55 T80 2R i A4l ps3
A FROANAE IR T @ Y 7E AS49 LN Caco-2 4
Ji Hp L A 2 28 LY 45 5, DNA 51445, LDH 76 #: Tt
B, AP EA AT

A2, TBP F20l i LA 1 4 FpfE P Ok % 1%
FCEREMEIER, YB3 Tis e, 40 & kA Ak
IO ORI N PR AR 4, 3 BE ) ROS AT LAME R (R
O3RN S FIF T T 5 Y ROS £33 1K
A7, A A A TS S A AR T, A
RS R AR, O da AR EE ;S /L /BT 4
(R 5 LA B At e 2 e

Verbruggen 51X} 1975—1999 41 ] & 3% 1Y
A ¢ TBP Atk sl ig M 2 @ AT o8 R HE AT T 545,
WA S R R AL e AR 2
AW IFARYE A BRI T TBP AR W B (R
% NOEC .EC,, .EC,, 1 EC,,, %5)LA B FEIR K FlitE K
I TBP A 5K SRRk B (MPC ) R ™ B A 285 XU
WeJE (SRCeco), F'A1F FXT 2000 4 LISKAT K TBP )
A=W AR FPLEI R R T TR GER 3),

4 #Zit5R 2 (Summary and prospect)

TBP 1% K it A= 7 Rl 2 BOLAE PR A i
OYARTTIZ BRI BT A 2S00 5 R RS % A2
AR, BT, & F TBP 76 AW 1A 9 1 & 46 |
AP RON AN A T AL I 5E O A 1 2 HiGE , AR
SOGEHEAT T

TEE AN L 1 X I FE S | sh i 4 f TBP
Kt ik B LA AR K22 5, —J7 Il )BT TBP 5 4%
AT 12 R I 22 5 A 5 0, 55— T R B H
TBP XN LB RGRA BN EFE, AHE
YEE()rh TBP (1944 & A AR BN AN ], X 5
YIRS A AR AR AR BT SR B DI ARG, Ty T
(RIS i AN SE 3, IO I 588 Xof SHL 750 5 e X 3 A 4% o 26
RIE Wyt () h TBP (144 8 R0 B Hosg i PR 2
(RIS, XF T HERR A TBP A9 2E 25 38 55 KUK TBP
(R PREE 25 o il 2 PA 58 R R LR 2= Ak # . TBP
TEAEYIR T fgts 174K, DBP Fil TBP-OH #%1A K
JEFT TBP WM B A YbREY . X4 4R
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Table 3

3 BR=TEXTREDHNSERLISIRRIERVLEH (2000 £ LU5k)

Toxic effect index and mechanisms of tributyl phosphate on organisms (since 2000)

LR OIS
Organisms/Cell types

REPN HE R

Toxic effect index

FEPEAE HIBLH

Toxic mechanisms

225 3CHk

References

PN LR
E. coli

ICy: 205.6 wmol-L™!

DS A BT TR, 77 A SR A B, B AR MU AN 8 5 L Al
Upregulation of stress genes, oxidative stress, membrane disruption, protein

damage, and growth arrest

81]

TIH Q67
V. ginghaiensis Q67

EC,y: 72.3 pmol-L™!
ECsy: 109 wmol-L™!

(80]

H /R

C. pyrenoidosa

SIRBUSEE LA, M/ NREE R FIRR N, AR ASE Sk
FIRESHTE R R YA ARG, 7 A iR P4 (ROS) ,
SAAEAL T SOD)E VEAITN — [ E(MDA) & 4T} 7

TBP binding to lipocalin, growth inhibition, cell aggregation, cell wall dis-
torted, the lamellar structure of thylakoid disappeared, inhibition of chloro-
phyll biosynthesis and photosynthesis, reactive oxygen species (ROS) pro-
duction, and increases of superoxide dismutase (SOD) activity and malondi-
aldehyde (MDA) content

[82]

=

P. tricornutum

ECs: 0654 mg-L'(24 h),
0278 mg-L"'(48 h),
0219 mg-L™'(72 h)

EC,y: 0.067 mg-L7'(72 h)

EC,y: 0.101 mg-L7'(72 h)

ECy: 0.716 mg-L™'(72 h)

AR, A RE R STRE 43S, A0 MR A AA, S IR R JE AL,
FARR T, i T A Ak R, SOD | it & Ak 4 fif (POD) | it & L AL il
(CAT)AYIH LS T , MDA 5 138 2 | il s Wl e i 7 R 2 0 5 1 LA
Ko B A AR G B B K 3235 U f SO AR 0 R, SOk A R H AL
(MMP) F R, 5 iR B ga 7=

Algae growth inhibition, cell wall disrupture, plasmolysis, organelle disinte-
gration, looseness of thylakoid lamellae, photosynthetic efficiency decrease,
oxidative stress, increases of SOD, peroxidase (POD), catalase (CAT) and
MDA content, fatty acid content change by upregulation of genes involved
in glycolysis, fatty acid biosynthesis and B-oxidation, mitochondrial mem-

brane potential (MMP) decrease, and cell apoptosis

[83-84]

FRAR R A
B. plicatilis

LCsy: 1245 mg L7'(24 h)

TR BRI A K B AR T BRI SORLIAE S ) fig =, ROS 7
=, MDA & BRI B H R B (GR)I TE PE T8, TSR & il %
TR B -(RNA AW G L K s AT

Disturbance of the population growth, reproductive toxicity, mitochondrial
malformation and dysfunction, ROS production, MDA content and glutathi-
one reductase (GR) activity increase, interference of amino acid biosynthesis,

nucleotide degradation, aminoacyl-tRNA biosynthesis and lipid metabolism

[85]

PR

D. magna

ECsy: 12 mg-L™!
(45 pmol-L™") 48 h)

7610 ~ 100 wmol-L™" TBP i [F AL T- R B Wi Kk
Mortality increase along with the increase of TBP concentration in the range

of 10 ~ 100 wmol-L™"

(86]

TR 7 e ]
E. foetida

i CER TG

P. excavatus

LDy
20232 (48 h), 4558 (72 h),
3627 (96 h) ug-cm™

LDy,: 3.3 pg-cm™ (48 h)

W IR U5 i T ) 25 R AN 8 , I B A W TR R 2 R TR, I I R 5
WS8R PE BB , T 40 TR, £ e AR, 7 A= AP I, DNA
W%, Ca> -ATP Fi§Fl Na'/K*-ATP B LT B, 1508 e 4, 412 345 2%
PER 22198 AT F R 1 8 5 VRS, 3 U 22 e i b

Destruction and dysfunction of earthworm intestine, decrease in the diversity
of gut microbiota, disruption of intestinal mucosal barrier, interference of
nutrient absorption, energy metabolism acceleration, oxidative stress, DNA
breakage, Ca’"-ATPase and Na'/K"-ATPase activity decrease, osmotic e-
quilibrium disorder, transport and release of the excitatory neurotransmitter

glutamate acceleration, and neuronal injury

[35.46,6587]
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A=A MR
Organisms/Cell types

REPN FE AR

Toxic effect index

REPEAE B

Toxic mechanisms

275 3CHk

References

(oL

C. fluminea

THALIRARIE T SOD #I GR 1& LI K MDA 9 T RE, 77 A AL, 40
MIEER cypd FERFGKTHE , A WO H BR-S-Fe R WG gstsl FI gstml FE P
KT, 2R ST M1 (Hsp) B 22 53 PR B0 1 2% 98 109 25k PR 3R 3k 27
1k, DNA Wi %, caspase-3/8/9 Wi TE FIAIML A ¢ KFTHE BT
Decreases of SOD, GR activities and MDA content in the digestive gland
cells, oxidative stress, upregulation of cytochrome cyp4 expression, down-
regulation of glutathione-S-transferase gsts/ and gstml, mRNAs of several
heat shock proteins (Hsp) and multixenobiotic resistance system change,
DNA breakage, caspase-3/8/9 activity and cytochrome ¢ increase, and cell

apoptosis

[115,123]

LCs:

7815 mg-L7'(96 h)
(IEJf embryo),
7.152 mg-L™!

(96 h) (ifA adult)

EDs,: 17.7 mg-L™!

(96 h) (I} embryo)

RES

D. rerio

4yt i) B R ORISR NS | 2 I AE B B (ache) B [K 3235 T W& (H
FOR AR TR, 4128 T AR DG 1Y BE DR it 28 A KA DG 2 1 43 (gap43)
WA E I ol (al-tubulin) 518 N T (shha) . é’eﬁwﬁﬁ H (syn2a)F i J5i 47
YERRVEEE 1 (efap) FE R F 3K T B, p 28 0 R35 RNA 255 8 1 elavi3 5E
PRIk TR PN MO R 1B R 1%, sod I cat H‘J mRNA 7K B, 40
JHLFE SRS A S5 PR (chk2) 33k THRT , R IR UM B A 03K 1 (orel) | JR 1)
EH Al(cenal)FlJH M 4 B(cenb) #i5 T %, caspase-3/9 Fik T %,
DNA B SR ARR I N ikt & 2L A2 16, 38 B DNA 545

The free-swimming speed and locomotor behavior of larval zebrafish de-
crease, acetylcholinesterase (ache) expression decrease but its activity not
change, downregulation of genes involved in neural development, such as
growth associated protein-43 (gap43), al-tubulin, sonic hedgehog (shha),
synuclein2a (syn2a) and glial fibrillary acidic protein (gfap), upregulation of
neuron-enriched RNA-binding protein elavi3 expression, lower hepatic en-
ergy metabolism, upregulation of cell cycle checkpoint kinase (chk2) ex-
pression, downregulation of sod, cat, origin recognition complex subunit 1
(orcl), cyclin Al (ccnal), cyclin B (ccnb) and caspase-3/9 expression, the

genes related to DNA repair change, and DNA damage

[8.93,107,119]

T

O. latipes 9.6 ~17 mg-L™! (96 h)

LCyy: 142 ~18 mg-L™' (48 h),

JH TR A R AR SRR AL IR RIS, W 23 T 85, S0 4y £ ) o 3k B9 AT
i, AChE & ¥k T} 5
Embryo hatching rate decrease, hatching time delay, gross abnormalities in-

crease, the free-swimming behavior disruption, and AChE activity increase

[93,125]

i
C. carpio

ZRIEFT B R -0 £ 3 W (ECOD) 1 1 71 7 , ¥R IR I /15 (CESE) 1 14
(23S

Ethoxycoumarin-O-deethylase (ECOD) activity increase and carboxylester-
ase (CESE) activity decrease

371

L)

LDyy: 1 500 mg-kg™'
G. gallus %

T Tt AELBR R A (BuChE )i YL T e , REBE R M PR e R A P v, Bt T g,
R BILTE ) AN T 2k ] S IR

Butyryl cholinesterase (BuChE) activity increase, apoptosis of neurons in
the anterior horn of spinal cord, cell viability reduction, and neurological

symptoms such as myasthenia and ataxia

[108-109]




55 3 1) o A BRIR — T 14 A ) RE P RO 5 i 377
2333

A=A MR BEBHAN TR bR REPEAE B 275 3CHk

Organisms/Cell types Toxic effect index Toxic mechanisms References

N

M. musculus

NOEL: 289 mg-kg™' -d”!
(P female),
24.1 mg-kg™!-d™!
(HEE: male)

(18 /™ H 18 months)
EDs,: 15 ~34 wmol-L™!
(MEJif embryo);
EDy,: 41 ~107 pmol-L™"
(Wi embryo)

/N BRI AL S R 18 MG S 80N BUFBE R,y 3T
JUE AR, e S I PEPACE o P D A 7 0, I DR 2R I, e AN
RS 1R ) A 5 1 RS IR A0 I 2R 1 A LA B AR =R &5 5 &
$GIBE FI(ABC iz 15 1) ARl B O 2H MU B A £ 458 52 1R (CAR),
AN cyp2bI0 (O FE R 235 LR, CYP2B10 Fil CYP3ALL 3% 7 ¥k
e

Cell proliferation and morphological development of embryos disruption,
hepatomegaly and hepatocellular adenomas after chronic exposure, endoge-
nous metabolites in plasma and liver change, urea synthesis inhibition, sev-
eral metabolic pathways disruption such as unsaturated fatty acids biosyn-
thesis, arginine and proline metabolism and adenosine triphosphate binding
cassette transporters (ABC transporters), activation of constructive andro-
stane receptor (CAR), upregulation of cytochrome cyp2b10 expression, and
inhibition of CYP2B10 and CYP3Al1 enzymatic activity

[94,103,120]

NOEL: 12 mg-kg™' -d™!

T = RRIEH i 20 41 SOD | CAT 48 bt H ik i &1k W 1t (GPx) Al
GR EME R[4, MDA KT, 5 & SR, RN BH B8 6 85 (ChE ) 1%
TR, R AL T T B JRE/INE IR I A0 A 52 48, I e je
FVE R A SRBEAN I , BB b L S TR B R, ih 4

X R BLRAT MRS | SE A TP AL [73,75,
(it female), ) )
K ! . Disruption of tricarboxylic acid cycle, decreases of SOD, CAT, glutathione 88,95,
9 mg-kg™ -d”
R. norvegicus r;; @g peroxidase (GPx) and GR activities, MDA content increase, oxidative stress, 97-102,
JE I
( male) cholinesterase (ChE) activity in the brain increase, the conduction velocity 110]
(24 111 24 months) . , . '
of caudal nerve reduction, hepatic centrilobular hypertrophy, lung and liver
injury, hyperplasia, necrosis and ulceration in urinary bladder epithelial and
renal pelvic epithelial cells, papillary or nodular tumor of bladder, degenera-
tive lesions of seminiferous tubules, and spermatogenesis disruption
ANMAF T N B, U5 AL N B, gpxd | gr 4 G H IK-S-FE RS i o2
(gsto2) AR cyplal FI cat FHHF35 1H, GPx GST , & 5 %-5+
K AT W A5t 2, FE R (EROD) 1 P 4 - e 33 0 . P 2 il (MROD) 452 7 1k
4iiffikk H4 TE Tl
ICyy: 177.6 wmol-L™" (48 h) [70]
Rat hepatoma Cell viability reduction, oxidative stress, upregulation of gpx/, gr, glutathi-
cell line H4 I E one-S-transferase alpha 2 (gst2), cytochrome cyplal and cat expression,
and increases of GPx, GST, ethoxyresorufin-O-deethylase (EROD) and me-
thoxyresorufin-O-demethylase (MROD)
KEE L RER MRS 2T K, AN ™ Y A MU BESR , ACKE 35 4 T e LR B
YA ifgsEE PC12 S WF(LDH)HI caspase-3 16 PETH i , 4 & A= SR BEAESE T
Rat adrenal ICy,: 338.09 wmol-L™" (24 h) Cell viability reduction, cell malformation, nuclear shrinkage, AChE activity [89]

pheochromocytoma

cell line PCI12

decrease, lactate dehydrogenase (LDH) and caspase-3 activity increase, and

necrotic death
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A=A MR BBV TR bR REPEAE B 27 3CHk
Organisms/Cell types Toxic effect index Toxic mechanisms References
MG 2T R, 30 AN R T, A0 A 045 A GO/GL 1, ROS i
PR TR AL, DNA B8, SO M BE L7 BEAIG , 84 c-Jun N A 3
NP AR & HepG2 PREINK) AN S 9875 28 M (ERK 2)f5 53 7 IR T
Human hepatoma ICsy: 299 pmol-L7'(48 h) Cell viability reduction, cell proliferation inhibition, cell cycle arrest in GO/ [90-91]
cell line HepG2 Gl phase, ROS overproduction, oxidative stress, DNA damage, MMP de-
crease, and cell apoptosis through c-Jun N-terminal kinase (JNK) and extra-
cellular signal-regulated kinases (ERK1/2) signaling pathways
UNIEEE I TENED] . . .
) Y PAFE T M, ROS /K- LDH i P35 7+
Human lung carcinoma - o ) L [90]
Cell viability reduction, ROS and LDH activity increase
cell line A549
A& A A & Caco-2
Human colorectal MG 2T K, LDH 15 #: F+5 , DNA i 43 [90]

adenocarcinoma cell

line Caco-2

Cell viability reduction, LDH activity increase, and DNA damage

T 1C AR B s EC/ED /R AN B Bl it ; LC/LD S 3Bk 4 5551 2 ; NOEC/NOEL 27 A< W £ 1453 43 17 1 F e 28 i) s — 1R e Sl

ESHI

Note: IC is inhibitory concentration, EC/ED is effective concentration or dose; LC/LD is lethal concentration or dose; NOEC/NOEL is no-observed ad-

verse effect concentration or dose; — means that values were not mentioned in the references.

AR 51 S N AR AR A I A BE ALAL I € DBP, 1
K¢ TBP-OH S H At e B A 35 4 38 5] 40 AU 0 [
Ff AN I 224035k 26 A3 0 4 A 0 5 P R A Y 2
£ QIUAS

RLYIAE o HE Py Vel B A 7=, x4 2 2 ) e Y A
SEREWILEZ A/, H AT, TBP BT PEATSE E
FEAETPAES PRI , T X AR P 1) T B £ i
MR+ it =, KR ZRHETEE AT TBP 5
HC I R TS PR PR AR B A IR ARG B 7 1
FHAHEAT KU WA A7 — 5 14 e BR-PE , i 5 O R B
S5k B2 1) 2 i LA R A SRR o % R A9 AR G T
SCRRAE EINAT & BRSO, AN, E AR S A A
T YA A7 A, TBP 5 HAR L7775 Yyl R
RGBT R

TEAEWIREVESC S, A AL IR R A0 Hsp 25 i
PR U SO TBP A= 42 1 A P B i A, ik 2
FEBR 20 AR 2 S O ) IO 42 40 B 22 R A I
Sy R CESR, A5 TR SR L2 BRI
L 2R VAT 52 23 M A0 S 25 g A O3, X
AR 25 AR IR B R BREA T BN S e, FRE
VERIZE AT G EE PR A - H R
T -FE N DL AR AR Z B e & L hixt T
TBP 5= 1~ 22 6] 9 AH EL A ™ 2L e At A= )

OrFUnAE g A% RNA X H A= 35 5 AR B3 3 B
AT T B IR AR R A R 38 DI BRI
A G AT T i TBP A RE P A A 25 KUBS DA S A3t
BRI A S

BRAEER ST : 730 £ (1968—), F 1+ FFL R, £ RA 5
Fr 16 B HE K S B R K A R EEHOR

HEBEFAEEE N RE F19%66—), ¥, -+, %4, £ 25
RACH KRR A,
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