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Special column: Developmental toxicity of emerging contaminants

PRIATIBEER =T Eexd I D & R HA R F RS20

ARR, REHL S MR RIS G TEHR, FEHA

TG TERRI RPN ERERAELTHEFHO), I T 214400

WE

(155 | BiER= T BR(TBP) 1E A —Th A NBAEREE PRIAFIME 2RI, ST TBP IEURERE T
K EEMEHARE R,

[H8Y] LS & ERRINEnY, IRINEERAT TBP XYW S & R R B RIR M,

[757%] B 32485 2 h(2 hpf) VBT S & RRBRRENL 53 4 48, 735079 0.01%—FREIAN(DMSO) X
HRZAFN TBP Z2 B 2H(0.02. 0.2, 2 pg-Ll™) o FE (AN 2 hpf ZE 120 hpf, 7 BINMERH1 S GRS
72 hof LR BZER. DFRMEK, 24~29 hpf BESHZER. 96 hpf IBENEESIF] 120 hpf 1FERK,
RBLREFABBEEEEIRNMNES S = MBERIRRRER(T,) KBERRER(T) &2, XA
LRI EER SRR (g-PCR) AR T - 4-FR AR (HPT) FI#E L B %X
BERBFRIEKF,

(4552 TBP REAM D&Y HEIOETE(P<0.001),0.02. 2 pg Ll RFAHNFEZERT
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Effects of flame retardant tributyl phosphate on early development of zebrafish LI Yao, ZHU
Jingying, LI Yao, CHEN Limei, ZHU Pengfei, DING Xinliang, ZHOU Weijie (Wuxi Center for Disease
Control and Prevention (Wuxi Medical Center, Nanjing Medical University), Wuxi, Jiangsu
214400, China)

Abstract:

[Background] Tributyl phosphate (TBP) is widely used as an organophosphate flame retardant.
However, there are limited studies on the toxicity of TBP to aquatic organisms at low levels of
exposure.

[Objective] To investigate the effects of TBP on early development of zebrafish (Danio rerio).

[Methods] Zebrafish embryos were randomly divided into four groups at 2 h post-fertilisation
(2 hpf), namely, the 0.01% dimethyl sulfoxide (DMSO) control group and TBP exposure groups
(0.02, 0.2 and 2 pg-L™"). The exposure time was from 2 hpf to 120 hpf and the hatching rate, mal-
formation rate, heart rate and body length of zebrafish embryos at 72 hpf, the frequency of tail
curling at 24-29 hpf, the locomotor ability at 96 hpf and the survival rate at 120 hpf were evalu-
ated, respectively. The whole-body triiodothyronine (T;) and tetraiodothyronine (T,) levels of ju-
venile fish were measured by enzyme immunoassay at the end of the infection, and the expression
levels of hypothalamic-pituitary-thyroid axis (HPT) and neurodevelopmental-related genes were
detected by quantitative real-time PCR (g-PCR).

[Results] The heart rates of zebrafish embryos were significantly decreased in all TBP-treated
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groups (P <0.001), the survival rates of the 0.02 and 2 pg-L™" TBP groups were significantly decreased (P <0.05), and the malformation
rate of the 2 pg-L ™" treated group was significantly increased (P < 0.05), which was mainly manifested by pericardial oedema. The frequency
of tail curling of zebrafish embryos in all groups reached the highest at 25 hpf, which was significantly lower (P <0.001) in all exposure
groups than in the control group (P<0.001). In the locomotor behaviour experiments, the swimming speed of zebrafish larvae in the
dark cycle was significantly decreased in the 0.02 and 0.2 ug-L™* TBP groups (P < 0.05), and similar results were found for the light cycle in
the 0.2 and 2 ug-L™" TBP groups (P < 0.05). Compared with the control group, the T, level of zebrafish juveniles in the 0.2 ug-L™" TBP group
increased significantly (P <0.05). The g-PCR results showed that the expression levels of HTP axis-related genes [thyroid hormone receptors
(tra, trB), thyroglobulin (tg), and sodium/iodide co-transporter (nis)] were significantly down-regulated in the exposure groups, the ex-
pression level of transthyretin (ttr) was significantly up-regulated in the 0.02 ug-L™" TBP group, and the iodothyronine deiodinase 2 (dio2)
expression level was significantly down-regulated in the 0.02 pg-L™" TBP group (P <0.05); the neurodevelopment-related gene acetyl-
cholinesterase (ache) was significantly down-regulated in the exposure groups, and the expression levels of myelin basic protein (mbp)

and Elav like neuron-specific RNA binding protein 3 (elavi3) were significantly down-regulated in the 0.02 pg-L™ TBP group (P <0.05).

TBP exposure can lead to early developmental abnormalities in zebrafish, manifested as developmental toxicity, thyroid en-
docrine disruption and neurotoxicity during hatching and early juvenile stages.

organophosphate; tributyl phosphate; zebrafish; endocrine disruption; neurotoxicity; developmental toxicity

bEE RN B A, B V3 ER B PR A5
(organophosphate flame retardants, OPFRs) (A B & {1
RAPERMBE R EIRTEM, W 2N . BER=T
fi5(tributyl phosphate, TBP) {fE N —F&E WY E N 1L
&Y, REMN R e EB e, TEa hII T,
TERI. BRGISERKRAGEFFSNTRIEEZ
[N . BT TBP ¥ OPFRs LUWIE A NS ERMEILES,
ElTm@ESEL. ZHNEBRSE SRR EHREIIFE
o, RAETEMEFRESIEE R IF. BRI
H 2R, EMIME RPN E = RE TP, I
i, ERNE=SKMEAY TBP REIX 1.7~29 ngm >, H
PEREXEATS 18P KIRERE(1.0~30 ngm™) ¥,
FREXAIARY) OPFRs SSRIAE LI, TBP. BER =K
g (triphenyl phosphate, TPP) % 5 iy £ B 4L 8,
HEREX |8k 3.38~14.25 g-kg P, B KBE, RE
S ABFPREAH TBP Ui = YIRVIC R 66%, RE
FRIEKA 0.84 ngmL™, AT, BRI S BF AR FFR
AER TP ERRETER 253125 pg L, @E T
HIfEKE, ARAI, TBP ESKERE T UF
M EMERE, FEREFKRE, AZHERIER
FZRE R B B S E M AAE X BER N RKED, RmxTF
TBP ERRERE FXKEEYNMESERAD WD
SUHRER, FEARETIMERZEKET 18P B
e =AM

M EaZHRASEFHANERYIERY,
BB ST 455, £ AR, BENS. R8IRR. X7
RS ERREREMR. ZARUM S &R AEREE,
iR TBP WHEHE MR A B FRRERRIA M ELE
ABWFEM, A7 % TBP XKEEWHBEREN S
IREBIES T

KA AB AFE NS &(FEAREYRE
BIRATE), TBP(EE Sigma) , = H BRI R &L (tri-
iodothyronine, T;) #1 BB Ik BiR & (tetraiodothyronine, T,)
BB ERERNS(PEEEREYM AT, ERRENE
R Z(EE Biosharp) , R FERIAFIE(FEIEMHE),
LAY R E 2B S B85 0 & N ( quantitative real-time
polymerase chain reaction, q-PCR) I/ &( FREEMES) o

AL EMFTE(SMz18, BEER) , M5 &(HE)1T
NIBERS Y (Noldus, FEIEEXR) , BREDHHKE
TH(NANODROP 2000, 3 [E Thermo Scientifid) , Z I #E
E§#R 1Y (Infinite M200PRO, ¥t TECAN) , SERY IR TE
= PCR 1¥(LightCycler480 Il , it Roche) , WEFEEF
RXF(ME155DU, EEE58)), & XE OV Allegrax-
30R, BENZE),

B 51 B PA T HARY To £5 5 AR 7K TR
HERAKISTI A TBP &85 1.71~50.82 ng-L™", F
YIRE N 20.44 ng-L, AR L 0.02 pg-L ™ AR
RENNE, HEFHIRE TBP #rEMm 0.125 g, AN 1 mL Y
— AT N (dimethyl sulfoxide, DMSO) , Bt !l BY 7K FE
79 1.25x10° mg- L™ AREMETE R R, 4 CREEH.
FERRRIEFRRE BPITEREIREERER
0.02. 0.2, 2 pg'L ™", EF-20 °C #EH 1R

=485 2 h(2 hours of
fertilization, 2hpf) NN EBT S & BXRR, M 2B ZE 6
LR, 7L 30 2, 10N 3 mL TERLUEITHID &R
EKEBNR. BT AN q-PCR 21ro FIME
10 cm 1EFEMAFEY R E 100 &I, SN EFMA
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BIRBEFA 10l BFRNGNELE T, T, NS
2, DB 0.01% DMSO X1884H, 0.02. 0.2, 2 pg-L™
TBPRASH, BHINEE, FERETIERBET,
14 h }BR5 10 h REBTEIF, JREREF 28 °C, & 120 hpf
EEHARBER. REME, SRFMREZB R, REF
TBP BREAREIETE, BRNMEKFRHICRIE TR
wMeE,

BBEFEES A E 4 (Organisation for Eco-
nomic Co-operation and Development, OECD) FlI3TBYH
XERARSEHRHITIAELRESENXAIER Test-
Guideline 236(7G236), I RIS & 72 hpf L EL. B
k. D, KK, IER 120 hpf 125X,

1.2.3 @EiEoni7 0 M 24 hpf FFIRIEREEBH
TELEENTHES) 29 hpf, 8 1 h #IT—RIEH,
BRIFEL 1 mino 1E 84 hpf BY, BARENLEIE 24 4
BT ANRRIBFRRBERERRFERAN 96 FLIEFF
e, §FL 1% F 96 h BEFITHBERSHNAY, &
E1{X2§ 20 min =-10 min BE-10 min %-10 min BE, 74
1B RATIEN 10 min, B3R 50 min A% &8V EhEE B
KIRE,

124 HRBHZE2ME BB4HERE, AN
100 XS EHERTELOER, JRHWE LER
BT, E#TEERasNE 28, BEE LER
NMEERKRE, UEEEHES IR . AEEKR
P #HITHEEENNE IR, FAEIR{XTE 450 nm
WK TRENEZFLEIYEE E (optical density, OD) {Eo
RIBKREM oD ERAMHEHING, ERmERLZLNET
12 ZIAFIE T, T, KR RS 59 0.5~8 ng-mL ™
20~320 ng'mL ™

1.2.5 s\¥ngit el RS II9EREF
SRR, BIE T B AN-EE{K-BUIRAR (hypothalamic-pitu-
itary-thyroid, HPT) 1 5 BE A BMEXE A, 5|5
I

1.2.6 DB E RNA RN ERIC T SBELE
R, IRENEA 25 £418 M RNA, RERERATE
B R B4R EAXVEIZER (complementary deoxyribonu-
cleic acid, cDNA) , &R B E R MK R, {84 g-PCR
$SOHITY I, SR RANRER p A ERXNENE
RERRIEHITIT— IR, D ENERRANE
XF L 1o

1.3 FitFESR

SCIOEUIEEIT SPSS 20.0 FRFHITNE D, XTER
HMRASHNERRXRAREREZEREDTHITIRK, 1R

EHETHER, MRFET, MAELERRA LSD-t 1
Jo; MNRFZERTT, WML A Dunnett-t 130,
PE/NTF 0.05, NNEFRBRUTFEN FIBALAEF

B4 OriginPro 8.0 I {T1EE,

x1 WEERHKEE PCR5IYFF
Table 1 The sequences of zebrafish gPCR primers

BHERA
(Target gene)

314975

(Primer sequence)

BANLENZE H (B-actin)

FRIR S ZE £ a(Thyroid hormone
receptor a, tra)

R BRI = 52K B (Thyroid hormone
receptor B, trB)

FURAREKEE A (Thyroglobulin, tg)

I HFRIZ K (Sodium-iodide
transporter, nis)

R IRS%E 5 H (Transthyretin, ttr)

F: 5'-CAGTGCCCATCTACGAGGGTTAT-3’
R: 5-CGGCTGTGGTGGTGAAGGAGT-3’
F: 5'-CGAGAAGTGTCAGGAGAT-3’

R: 5-GTTCGTCACCTTCATCAG-3'

F: 5'-ACTTGGACGATTCAGAGG-3'

R: 5-CCTTGTGCTTACGGTAGT-3'

F: 5-GTGAAGAGGATGGTGAGT-3’
R: 5-GATGGCTGGTTGAATGAC-3'

F: 5'-GGTGGCATGAAGGCTGTAAT-3'
R: 5-GATACGGCATCCATTGTTGG-3'

F: 5-CTCCTGGTGTGTATCGGGTG-3’
R: 5-AGGATGTCAGTCATGTGCCTT-3'

PRE B A B VEREERFE TS B (Udp- , .
F: 5'-CCACCAAGTCTTTCCGTGTT-3

glucuronosyltransferase family 1 member
R: 5'-GCAGTCCTTCACAGGCTTTC-3’
Al, ugtlab)

BRI AR R RUBR AR A ES 1 (lodothyronine F: 5-CTGGACCGACAGAAGACGAG-3'
deiodinase 1, dio1) R: 5-TGCGACATTGCTGAAGTCCT-3’

TR IR AR R S ES R B 2 (lodothyronine  F: 5-CTCGGACACTTGGCTTGACT-3'
deiodinase 2, dio2) R: 5'-TTGGATCAGGACGGAGAGGT-3'

Z B BBRRBE B8 (Acetylcholinesterase, F: 5'-CCCTCCAGTGGGTACAAGAA-3'
ache) R: 5-GGGCCTCATCAAAGGTAACA-3'

w——" F: 5'-AATCAGCAGGTTCTTCGGAGGAGA-3’
BESHHRE 2 B (Myelin basic protein, mbp)
R: 5'-AAGAAATGCACGACAGGGTTGACG-3'

F: 5'-GTGACCATGCCAGCATTTC-3’

Zf 2= |l a(Synapsin |l a, syn2a)
R: 5-TGGTTCTCCACTTTCACCTT-3'

4 KA8XZEH43(Growth associated F: 5'-TGCTGCATCAGAAGAACTAA-3
protein 43, gap43) R: 5-CCTCCGGTTTGATTCCATC-3’

ELAVEEREZ TR R MRNAZG B EH3
F: 5'-AGACAAGATCACAGGCCAGAGCTT-3'

(ELAV like neuron-specific RNA binding
. R: 5'-TGGTCTGCAGTTTGAGACCGTTGA-3’
protein 3, elavi3)

B RETEEBREZE A (Glial fibrillary acidic  F: 5-GGATGCAGCCAATCGTAAT-3'
protein, gfap) R: 5'-TTCCAGGTCACAGGTCAG-3’

E¥8E Fa(Sonic hedgehog signaling
molecule a, shha)

F: 5'-GCAAGATAACGCGCAATTCGGAGA-3'
R: 5-TGCATCTCTGTGTCATGAGCCTGT-3’

2 4
2.1 TBP RENBIZBIFIE A BTRIR M
FRSHANMIERICESNRAELLERT
FITFEN(P>0.05) (B 1A) ; S5310BLELL, BFA
MS&EMOEDFITFE 4.8%. 9.5%F1 7.5%(P <0.001)
(B 1B); 2 pg Ll AHAM T BB ERNEBAAS
49.4%(P<0.05) , FERIM AL EIKA, 0.02. 0.2 pg-L™
REANSENBEXRRITBAD I FS 30.1%FH
33.3%, BERLTARITFEEN(P>0.05) (E 10), F5b,
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BRESEANSENLEEYNERREENE A, 08
EFEIN(E 2) ; S &EREBIEKSITREAEMEL, 2
BT FEEX(P>0.05) (E 1D)o 120 hpf B, 0.02.
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[FE] A~D: 72 hpf; E: 120 hpf, SITEREALLER, *: P<0.05, **: P<0.001,

(TBP exposure concentration)/(ug-L™)

0.02
TBP JEEIRE
(TBP exposure concentration)/(ug-L™)

2 pg L REAN S EMNFEERBTEBADFI T 6.2%
#1 8.2%(P<0.05) (& 1E),

0]
.
N

Ry ok * %k
< 10 T
]
°
58
M s
RE 6
g
S 4
s
BN
0
0.02 0.2 2 0 0.02 0.2 2
TBP RERE TBP BERE

(TBP exposure concentration)/(ug-L™)

0.2 2

[Note] A-D: 72 hpf; E:120 hpf. Compared with the control group, *: P<0.05; **: P<0.001.
1 TBP REWH I B LKEIIFME (x £s, n=3)

Figure 1 The effects of TBP exposure on zebrafish embryo development (x £ s, n=3)

-
& S —
0 gL TBP % .w
0.02 pg L TBP % @
LY

\ -
2 gLt TBP % %f

CE] #ERAYIEL 72 hpf; LLBFK: OEKER,
[Note] Exposure time: 72 hpf. Red arrow: Pericardial edema.
2 TBP BB ELMEASHIFM (x£s, n=3)
Figure 2 The effects of TBP exposure on zebrafish heart mor-
phology (x s, n=3)

0.2 pg-L TBP

2.2 TBP RENHM IR LT RRIEmNTAMNE M
24~29 hpf ERITHRNAI, FA S &S
DERE R REIT 25 hpf RHABEI RS, 25 hpf B, 5
XTERLAMELL, SR SHANM S ERRERMED AT
B% 19.6%. 32.6%7H0 43.5%(P <0.001) (&l 3A),
REERAEANEERBFXKITHEHERIWE 38

Fimo ZREHANNBRARENTHERTAITFER
X(P>0.05), HhENEEERRIB TR AITAZHA
3B Fii, 5XtBB4AAE L, BEE BART 0.02. 0.2 pgL™
HFRBHA S BB FFKRE TFE(P<0.05), A
B 0.2, 2 gl B EMNBHAREEHEN TR
(P<0.05)0
2.3 TBP EENMS&MERRFEHZESENF N
BRELRGE, WHBEERNNBEREBRSEHT
TIE, ERWE 4, 0.2 pg L' RBAHNBERT, &
E53BAELLE EF(P<0.05), RREAHEIEXR
T, BEERTHRITFEN(P>0.05).
2.4 TBP EEXBHIDE mRNA BRIKTFHIZMR
2.4.1 TBP EENW I & HPT HEXERERIXE M
53R 4ELL, tra. trB. tg. nis BRI R AEZ L
FAYTIE(P<0.05), ttr BREAIRIATE 0.02 pg L Z
F4H FiA(P<0.05), dio2 BEEMIRIATE 0.02 pg L™ F
FATIAP<0.05), MSFFEBLAMLL, ugtiab A dio1
BERRAEZFXSHERYIERITFERX(P>0.05)
(Bl 5A),
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2.0
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B [ O pg:Lt TBP [0 0 pg-L 1 TBP

e 12 % [10.02 pg-L TBP = [10.02 pg-L TBP

E [10.2 pg-L"* TBP é’ 15 [10.2 pg-L* TBP

Z10 x WM, L C]20e L TBP g 2 gL TBP .
ﬁ 5] 8 *E* * i %
R g— W,ﬂ Y10 *
W o 6 *% we™
0w x B o *

£ * % Qo

=] 4 o

1) g 0.5 *

S 2 <

0 1 1 1 1 1 o = 1 1 — 1
24 25 26 27 28 29 = (Light) BE (Dark) 5= (Light) B (Dark)
FEEATE] 20 min 10 min 10 min 10 min

(Exposure time)/h
[E] A: 24~29 hpf; B: 96 hpfo SITHRLALLER, *: P<0.05, **: P<0.001o

[Note] A: 24-29 hpf; B:96 hpf. Compared with the control group, *: P<0.05; **: P<0.001.
E 3 TBP EBXWHIEEITAMEM (x £s, n=3)

Figure 3 The effects of TBP exposure on zebrafish locomotor behaviour (x £ s, n=3)
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__ 020 20
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o [e]
o o
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= =
0.05 5
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0 0.02 0.2 2 0 0.02 0.2 2
TBP RTIRE TBP RERE
(TBP exposure concentration)/(ug-L™) (TBP exposure concentration)/(ug-L™)

CE]A~B: Ty Tpo * SXHERALLER, P<0.05,
[Note] A-B: T,, T,. *: Compared with the control group, P<0.05.

E 4 TBP EEXNI&RRIHZRIENTM ks, n=3)

Figure 4 The effects of TBP exposure on zebrafish thyroid hormone content (x £ s, n=3)

H
w
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)}
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mRNA 1B RiAE

(mRNA relative expression level)
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mRNA 183 RiXE
(mRNA relative expression level)
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tra trf tg nis ttr ugtlabdiol dio2 ache mbp syn2a gapa3 elavi3 gfap shha
[F] A~B: HPT HItEXE R, MEABHEXER, *: SWRALLE, P<0.05,

[Note] A-B: HPT axis-related genes and neurodevelopment-related genes. *: Compared with the control group, P<0.05.
El5 TBP ZFEXHIDE HPT MiRHERFHEXERRENTM xts, n=3)

Figure 5 The effects of TBP exposure on the expression of genes related to zebrafish HPT axis and neurodevelopment (x * s, n=3)

242 TBP EEXNHM I &HIZABRAXERREN 3 g

S0 53FEBAMLL, ache BRMTRIEERZREAT SHRANSHIRNREEWARITLIFIE SR
JE(P<0.05),0.02 pgL ™ RHH mbp M eloviz EEH YN EEMNAREMN, AAENTIEX—MESTULEY
RIETAE(P<0.05), HtHE L BHEXEANKIEE REENABR. —EHHHHNIERGHER, 0F
SHTFHEITFEEN(P>0.05), TLE 5B, EEODE BUE BEENGEKS, BERAT T
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ERBEM, EAELEF, TBP WHDARHAEIE
BT SAE N, E AR AZRSHN S B LKLY
IR, BIRT, 7E 2 ug-L " FeH A 0Bk &
41200, ATRER TBP XYM S & LM A B &M INH,
SEOEKE, AT O MRNESENFRSH
B, PR A, IS &RET 90 5 100 pg L™ K9
TPP U I IMNBI D G IR E F kB, O EKMAMEFT
EEBENEED, B, ARKFARET 0.02.
2 gL TBP KR AN D &L TR, XtUaJfES L SAH
MO ERRE U R OB KSR & £8 %, B
ERBRABN—NEESE, BELAARKRALAUMHS
BRI EMTKEERE T . UERRAN,
ES7E 1BP(25~3125 g LM EE TS AN
UEMAEKIGEEEEY, 57 R—K. AL, BE
FIHFEARRER TBP FlRER B BRI ALK, 18
e KBRS M S & MR R B = £ 17
=AU
BEHTARINACHDENEEHAEABIE
R E S ES, FURM B X Em(BIERITR)E
NEBRENE—MNETH, RIS BHEMETH
WAL, IR FAREE L B AL,
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