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Abstract; Electronic waste (E-waste) has been increasing in recent years, and the pollution around E-waste dis-
mantling plants is a serious problem. The organophosphorus flame retardants tris(2-chloroisopropyl) phosphate
(TCPP) and lead (Pb) are the two primary pollutants in E-waste dismantling plants, which adversely affect both hu-
man health and the surrounding environment. There are no studies on the effects of combined exposure to TCPP

and Pb on aquatic organisms and human development. In this study, the zebrafish was selected to investigate the
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effects of Pb (190 wg-L™"), TCPP (200, 2 000, and 6 000 pg-L™") and their co-exposure on the development of

zebrafish embryos. The results showed that exposure to Pb and low, medium, and high doses of TCPP alone and in

combination had no significant effect on zebrafish survival and hatching rates. Meanwhile, individual and co-expo-

sure to Pb and low and medium doses of TCPP had no significant effect on zebrafish spinal curvature rate and be-
havior. Compared with TCPP and Pb exposure alone, the high-dose combined exposure (Pb 190 pg-L™'+ TCPP
6 000 pg-L™") inhibited spontaneous locomotion in zebrafish (P<0.01), decreased the body length (P<0.01) and the
heart rate at 96 hpf and 120 hpf (P<0.001). In addition, the high-dose combined exposure down-regulated the ex-

pression of spinal development-related genes (col8ala, ngs, bmp2a, bmp2b, runx2b) and neurodevelopment-related

genes (mbp, elavi3, gfap, gap43) (P<0.05). These findings suggest that high-dose combined exposure to TCPP and

Pb disrupts the expression of key genes involved in spinal and neural development, thereby adversely affecting

these crucial developmental processes in zebrafish embryos.

Keywords: tris(2-chloroisopropyl) phosphate; Pb; zebrafish; neurotoxicity; acute toxicity; spinal curvature

ARk BE B AW | B AP 2N
a2 e H R AT v E 7 AP R0 3 Ok By
HH 7= Sk AR P B 2ok TR 5
T AW Z G Y L T
Pr A S b SR B BT AR LG, F R S Ak B
7R i B B T gl B SO S R, AR
70% WIHL TR i i Az ik B E T RE HE—/D
B TARFR R 25% W HL ¥ 2 20 7F 1EFI
% 4 D o b B S B Bl B T ik AR
v, X - AT 3 A ™ I Y B (Ph) AT
PUBERELRAF 2 B 7 F b e F A T e
—o AMREI, B IEF YIRS E 2R
5 Yt N P E RS2 Pb™ | P AT YR BUE B TR FE
YL R 4.60 5 A RIFSER LR SR A
BT BRI A LR A B e A oA (A DL BELA R 5
HEATAG I | & PR R = (2-50 N 2E) K (tris (2-chloroiso-
propyl) phosphate, TCPP)J2& H: = ()75 Je by z —©
X KW] Po Al TCPP 7EHL T IR S 4 AL B rh A7 7E 3L
[l TE L, H RIS & 3L, Pb A1 TCPP Sl %%
R YN R T U N, P B B R S S A A 2R 0
EMEHEZHELZRANET, I HLCi
ABJI NI B R E S E TCPP Huh 2 5%
J B e BT 3T e O 2R R RN T 5 5 £
Kis gl s B fa i RO & F Y m E AT e
T Pb 1 TCPP 15 %% 52 % L3 & 5 52 0 19 AH G
52, RIERTST Pb Bl TCPP Bk 2 88 % & & 19520 -+
sl HA ISR X,

Bt 5y th(Danio rerio BRI A= W) H AT F2 58 WUASAIK
=N RPN e I i N B PN RS PNEs 57|
[R5 =38 87 % SFL A, C8 ) 12 W H T3R8 1 FE

PR AU TR R, R
BEPERRE Iz M AT e B U
YR T TCPP P FU /MK 5 B B 0 HUR & A2

1 ##l57 % (Materials and methods)
1.1 L5 sy

AW FE A AB R A BE L £0 ) 1 o R
BE s UK AR BT EE B £ 8 Y vy, B84 35 T B S A0 1
WFFERG N, IR SERE N 14 h 6
HB/10 h JEIE(H E 8:30 JFAT, M | 10:30 AT, /Kl
FEH7E(28.5£0.5) C, T H 5 HI7E 450 ~ 550 uS-
em™ Z[A]  pH #4175 7.0 ~ 8.0 2 [a], i fh 4 H #0
FAEH 2 K,

R T ARESZAG BP ) BT fe, R E 4 ~ 18 A IS
OHATACHC 00, SCELHT I — K L K 7 2SS B Y
T A0 FIME £ 5% A% 38 22 FL T v, vl [ 4 b P ARCHS f £
FIME R 3T ERRE LU B — R 12 1 301 2 2 I H Ff
£ 55T JE Al A LR, A BE ™ B i 2 A
JE (AR IR BRI FE ), WA 2 A 0, T R S8 /KIE 1k
FBRFEMEFA AR 5T, 56 2 & A I BL K i IR IG
RiRrh PR & B IR B BE S ARG TR 2
S
1.2 a5

WER = (2-54 75 K5)ME(CAS No.13674-84-5, 1 [H
1 Sy AR A H R A R W] i R #5 (CAS No.
467863 , 3¢ [E Sigma 23 7)) ; DEPC 7K (32 [H Invitrrogen
L) IR A (dimethyl sulfoxide, DMSO; H [F
g2 s AR AR AR A A FRA FD); AG RNAex
Pro RNA #2 HUi %] . Evo M-MLV Jz % 5% 7 &
SYBR® Green Pro Taq HS Premix &7 & (+ [E 5 5
YRR TARARA R,
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PLINN O %19 #

BE S PRI S5 R G0 (P g S AR AR
A BRZA ) MIP 150 B2 £ 1 5 55 3540 (o AL
YA FRZA T ; Viewpoint BE Sy 47 8 2430 AN (B H
Viewpoint 2 7)) ; Nikon-SMZ18 14 X %¢ 't i il % (H
A% Nikon 72 #); BIO-RAD 52 B % i PCR 4% (36 [
BIO-RAD /A 7)) ; MIKRO 220R 4 °C I It 55 .0 HL (1
[¥ Hettich /A 7)) ; NanoDrop 2000 fif & 43 ¢ 6 B 11
([® Thermo 73 7]); AL-104 J1 43 Z —H T/ Hr K
F-(#it: Metter-Toledo A Fl),
1.3 SEExit

84 ¢ Pb 1 TCPP I35 Yt & H oo 52 5% 5
FIAH ST 98 K 30, HEE s Pb Ak B 4 (186.3£6.1)
wg - L7058 AN A BT 5 5 T 1 4 R vk R
kil & 3L, Po (-3 o0 212.1 pg- L' [
I, 2 [ A OC Po WS BRI 98 K B, K 28t
FEH Pb YL MR EHBLE 100 ~ 10 000 pg-L7' 0 ik
AWFFEH Po YL BRIR B E O 190 pg-L7', —
XoF I KA B A K B A HLBEBELIA A 25 e i A TR &
B, TCPP [ J¥ - 1545 (204.2£3.8) pg- L0 [
i, 2 DA T TCPP A998 & BL, WF 9% 3 1 9 ik
JEAE 0.1 ~400 wmol - L™ JLF LU E R 5, A
WFFEHs TCPP B YL E A 2002 000.6 000 pg L™
I 3 AR, IRV B R IR BRI, Rk
ARSI (6 FH 9 G e FE 2L, RS20 353 8
AN BRI 1 iR, Hrb Control 41 DMSO
e BE R 0.1% ,Pb 218 FH 25 25+ /KR 7], TCPP 4H
fdi il DMSO %5, DMSO £ BE ANt 0.1%

1.4 BEShfaRfGYeaEab

BRUCER (0 BE 5 IR AR A5 31 90 mm 35 3R LA
BEAFEFRILIL 30 ~ 50 FWARNG , B 15 3 A FAT, 71
DT REFR LA KA 5, A 30 mL &4 W
FH LR 1) B3 MRS IR0 (& A 2 W 35 19 B3 IR JIG 1%
FEWBCH LU AR E R 0.5 mmol-L™' NaCl,
0.17 mmol-L™" KCI,0.33 mmol-L"" CaCl,,0.33 mmol
‘L' MgSO, i EBE T /KERZE 1 L, HIMA 0.5
mL 0.1% V. AR, J5 % B 1 R RI A Y
FIH I AGE YA Pb TAEW AN TCPP TAE WK T
FIRUR R . 162K 12 h, Pk ASRIET-INIA , &
B% 24 h B — IR B EEW
1.5 WRES sl /A 2 56 I X B £ iR i/ 4 £ —
PR AR Y 5

fift P 3 26 ' b fole B O 2% BE 4 £t IR iy /40 £ A
Pb  TCPP SRl /X £ 5 5% 5 24 48 72 .96 120 hpf (1
FET-FA AL IE 16 00 LA B 7E 72 hpf WL BE 5 £ iR
JG A IREAL I 100, 30 5 F VR TG /40 £ B0 T 110 1 W s oy
ik NN S |
1.6 REE A/ KA 2 58 J X B #0000 3R A 52

filf AR 56 O 3 B i S BE 55 fa 7E Pb, TCPP
PRI SR ER )T 48 .72 .96 120 hpf AY 20 s 0Bk,
FRAE AT R =0 BRI EL(20 s)x3 THELFE,
1.7 Wl /1 2 68 i % B 5 £ R G/ &) £ 4
KA 5

fiff AR RS B B 40 B8 i 5% Pb  TCPP # i/
XA 52 120 hpf (B, f ] Image J 41400 &

R1 SLIE4ER Pb FIBHEE= (2-S W E) &5 (TCPP) IFI =

Table 1 Experimental groups and concentration of Pb and tris(2-chloroisopropyl) phosphate (TCPP)
415 Fiilkes
Group Concentration
Control 0.1% DMSO ({&FH: Volume ratio)
Pb 190 pg-L™!
TCPP {51 i 4
fresml it TCPP-L 200 pg L™
TCPP low-dose group
TCPP #5721
ST TCPP-M 2 000 pg-L!
TCPP medium-dose group
TCPP =7 41
oI TCPP-H 6000 pg-L!
TCPP high-dose group
Pb+TCPP %5 i 5k & 2% 7 21
et Pb+TCPP-L Pb 190 pg-L~' +TCPP 200 pg-L"'
Pb+low-dose TCPP combined exposure group
Pb+TCPP 17| i I A 2 5 4
) R - Pb+TCPP-M Pb 190 pg-L™'+TCPP 2 000 pg-L~!
Pb-+medium-dose TCPP combined exposure group
Pb+TCPP =5 Bk & 2R #5241
e a Pb-+TCPP-H Pb 190 pg-L™' +TCPP 6 000 pg-L"'

Pb-+high-dose TCPP combined exposure group
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BE o fa i R
1.8 BESfagh i h2E ot

BE Dt 2l 47 R 2F SR AE 11:00—17:00 22 []
17, B ek IE % ST IE /Y 5 dpf(days post-fertilization,
dpH)BE Dt gh fa 5645 2 96 FLA T, A FLATA — 45
ft R 24 ASRINFL B 96 FLAR BT G SR AR
1 30 min, BS54 96 LA E T Viewpoint Lab 174
SEALERHIE R 10 ~20 min, T N2FANERSEOALE .S
min -5 min 22532 B 3 30 min W 1) F% Bl
EEJLEIE R 2 ~20 mm-s™'
1.9 SERFZEGE f PCR

FRAE 13 A 52 5635 T Ak BLBE I £ IR I 25 3 dpf
5 5 dpf, i 1.5 mL Jofif EP WA 45 Fl B
gt 50 24, BB TOKIEUE 2 i, AR, &
F-80 CIRAF, #iJH TRIzol ¥EFEHUHE 1 RNA | 1
Jeim B~ JoRE EP A 1 mL TRIzol 5], 34 1
mL SR 213 J5 M A EP A A
200 pL S5, IRGIRAIATZE VK E##E 10 min,
4 CARIEELHLLL 12 000 g 8.0 15 min; ¥ F1E R
ERSEENN 1.5 mL B BP 4%, INAS ISR
) 4 °C TRV SN, EITE S), oK E#fE 30 min, J5
FH 4 CARIEESLHLLL 12 000 g B5.0 15 min, 35 B,
B EE AT WL/ (@ UiE Y, RS A 200 ~
400 wL JC RNase Y 75% £ %, % 5 EP 45 LLTE VLA
BE FH 4 CARIRE.LHLLL 7 500 g 5.0 10 min, 77 F
B WHBRESHRE R D OBEELRE, A
20 wL DEPC /K, Hf 4366 11 NanoDrop
2000 i RNA ¥ DL K OD,q,/OD,g, B HAE.,

cDNA & R YE Evo M-MLV [z %% sk 7] &
VLR 1T, {81 QRT-PCR XF &A™ HL K #4744 |
qRT-PCR ¥ SYBR® Green Pro Taq HS Premix iz
FIE UL B AT AR, UL ela fE NS 3N, H
2788 M EE AT A AL R A A Rk, B
BB HIME BN 2 i,
1.10  SEit540H7

ffi F GraphPad Prism 8 Fl SPSS 26.0 %k {4t 47
BIRGAT M . A BE DL B AR ifE 22(SD)Y R
B AL R E A A Ry 25 55 R R @ i B
Z 72253 M1 (ANOVA)FT- LA Bonferroni’s #6546 #1742
R, TR Gt A 5 3 o SR 5, PAE/NTF
005 FREAG 25, * N5 Control #HEL, *{X,
2 P<0.05 **LHE P<0.01 ***fLFE P<0.001;#K 5
Pb+TCPP-H 41H Lt , #183% P<0.05 ##LFE P<0.01 .

##0FE P<0.001

2  Z55 (Results)
2.1 TCPP F1 Pb Hjh/I A 2 5 X B 5 f0 % & 1 —
M EE

ST T TCPP 1 Pb B /BR & 5 58 X Bt ) £a
Ayt /WG = ) — R EVE D FRAT TR WA B Y B
12 K5 OB AE 2 hpf B ph/IC & 52 88 T K [ ok RE 1Y
TCPP 1 Pb 2 5 dpf, WELHE S L A28k, 45
BRI FEREWE T BED A 08 2 Al JE Bk
G 7T T Pb Al TCPP B £ (A7 15 5K A1 72 hpf 5%
A TCW] A2k (B 1(a) 1(b)). TERH AT I,
5% R4 AH [, Pb #1 TCPP ik s 3 /N3 2 o oph 52
8 I BE Ty A0 A R S il R T B ARk ; T S R R
FEA L, i B ZR R AR R I B T R (P<
0.001), B FE25 1 3238 20% (] 1(c)), B2 Hh I
B 1)L ik s, MRYE LR S5 R e Al
B -1 o U U K B 22 57 T Pb Al TCPP A 51 A2 A7
TR AR AR | (H 2 & R A 2 R 4 T 3
iR ey SRR Sy

®2 BWERESIMFIIER

Table 2 Gene primer sequence information

B SIFESIG ~37)

Gene Primer sequence (5’ ~3”)

F: TTGAGAAGAAAATCG GTGGTGCTG
R: GGAACGGTGTGATTGAGGGAAATTC
F: GTCAGAAAGACATGGAGCAGTTG
R: GAACCGAATGAAACCTACCCC
F: AATCAGCAGGTTCTTCGGAGGAGA
R: AAGAAATGCACGACAGGGTTGACG
F: GGATGCAGCCAATCGTAAT
R: TTCCAGGTCACAGGTCAG
F: TGCTGCATCAGAAGAACTAA
R: CCTCCGGTTTGATTCCATC
F: AGGCCCAAATGGATCACCAG
R: CATCAAGGGCAGGACCCATT
F: ATGGGTGGCAGTGTGAG
R: ATGGTTGTGGTTGAGCG
F: CTCCGCAGTGGTTCCTCAAT

elfa

elavl3

mbp

gtap

gap43

col8ala

ngs

bmp2a
R: CGGATCTCTCGGAGCCTTTC

- F: TACAGTGATTCGGGGAGACA
mp.
R: CGGGTCATCGTTTTCAGAGT

F: AGGGCCAAACGCAGATTACA
runx2b
R: CTGAAGACGTCTGGGCACAT
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2.2 TCPP Fl Pb MU/ A B #E X B D O IR B
Y 52 Ml

BE L (O EAE 5 hpf FFUR K , 7E 48 hpf B, .0
JIE B BEAE B, il — R ] & B % 48 hpf BEE
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48 .72 F1120 hpf Jo I 1 25 4k ; 17 5 %F B ZHAH LE, Pb
Al & TCPP BK & 2558 J5 , .0 % AE 96 hpf 1 120
hpf B &t R B (P<0.001), ELM 96 hpf JF4f , 5 Bl
Z&H% T Pb Al TCPP AHLL, M I A R BT E
L0 R B i R R (P<0.001) (] 2),
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1 TCPP.Pb Bi/BAARBEXNMI & —RSEZHNHM
T 2 (2) 7705 % 5 (b) 72 hpf FEALR 5 (o) BHEZT IR (d) B MIF B /R ZE K ;5 Pb+TCPP-H AL, #4##4 P<0.001,
5 Control AL, * * * &y P<0.001,

Fig. 1

Effects of TCPP, Pb individual/combined exposure on general toxicology of zebrafish

Note: (a) Survival rate, (b) 72 hpf hatching rate, (c¢) Spinal curvature rate, (d) Curvature of the spine;

compared with Pb+TCPP-H group, ### represents P<0.001; compared with Control, * * * represents P<0.001.
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J
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. 5 Pb+TCPP-H I AH LL , ###4 P<0.001 ;5 Control AL, * * 2 P<0.01,* ** 34 P<0.001,
Fig. 2 Effect of TCPP, Pb individual/combined exposure on zebrafish heart rate
Note: Compared with Pb+TCPP-H group, ### represents P<0.001; compared with Control, * * represents P<0.01, * * * represents P<0.001.
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2.3 TCPP il Pb Hpl /I G % 88 %) 5 5 fa iR K 1)
A

F IOk FRATTHRT TCPP  Pb BRI & 2% 5% %)
BRI, 25588, 5 A, Pb
FE 30 i TCPP B 52 75 i B 5 i Al A< TG I g A8
Ak, 105 %5 AL AR L, Pb AN 57 i TCPP BX A % 5
Ja , BEE R K B T R (P<0.01); HS Pb &5l &
TCPP MU ZRFRAH LG, i RIS 2268 5 dpf B fh
AR A i R FE(P<0.01 , I8 3(a) 3(b)).

2.4 TCPP il Pb HUl/HK G B #5550 [ &1z 3
1) 5 ]

B 1) H RIS SR —E B b REAS S i Y H
P2 RS AR G, AWF 5L Viewpoint B -5 16 4))
HIENTRET R G, WS FEALFEE 5 dpf 1Y BE
e )iz hAT AT I, INIE 4(d)Yiz skl
VI, 5 5 B2 5 A B AR5R) S R0 P o) S B R
12 S iz g 030 % 1 T B S AR Ak T e
A TR R BT L 102 B B s/ | A2 s L
0 ) B W S BRI . XA T oA 2R o AT R Gkl s B
BARHATE A 430 &I, 5% IR ZHAH E, Pb Al TCPP
IR 3 A7)t B 5 R i B £ 1Y) G B S A
545 0F T 1938 sl B JE B AR Ak, TR IR AR T,
Pb FIILHI i TCPP Bk & % 5 41 iz o)) 3L Jn Pl (P<
0.01); M XF FE L AH b, Pb 1= 51 & TCPP BX A %% 5
J& , BEhfa S S E | B S T s shitE s
HIG S5 N2 sh U B B T % (P<0.01), H 55l
F TR Eb I AR o A0 b ) R A B #R 41 30 min
SIZ IR B R SRR B B s Bh IR B i

(a 5000

4000

K /um
Body length/um
[\ w
s o
(= (=)

(=] (=]

1 000

LT s s T R B G BRERE S
30 min iz 3l BB | B S0 T B Bhis B HE
FHE 4514 iz 2l R ARk — 20 T R (P<0.01, &l 4
(a) ~(c))o
2.5 TCPP Pb HUl/HRA B EEMBE Dt K E
AHOCHE A

TR, BRATREW T2 55 S 28 F o #
HOCHESE N (mbp  elavi3 | gfap  gap43)1E 3 dpf.5 dpf
FEIBIEL, 45 KB, 55X AL AH L, Pb H i 2
# )5 mbp . elavi3 FENAE 5 dpf 35 T B (P<0.001),
mbp  gfap FEFTE 3 dpf FiA W T FE(P<0.001); [F A,
X RALAR EL , B 575 TCPP HAph B 55 J5 mbp FE A
£ 3 dpf ik T (P<0.05), elavi3 FEHTE 3 dpf ik
FHE(P<0.05), [A]AsF, 5% B AH b, Pb Al 57 &
TCPP HE4 & 2H mbp  gap43 1E 3 dpf F15 dpf # %
FFRE(P<0.01), elavi3 FERFE 5 dpf ik T [ (P<
0.001), gfap JEFTE 3 dpf ik T [ (P<0.001), H5
Hp R EEAH L, SR KA R R S, mbp BEHITE 3
dpf Fl1'5 dpf Fikiff—L T FE(P<0.001, &l 5(a)), gfap
FERTE 3 dpf Rkt — 20 TR (P<0.01, K 5(¢)),
elavi3 fl gap43 78 5 dpf &Rt — 4 T (P<0.01, & 5
(b).5(d)), VA EMSEERE R, Pb A1 TCPP =5
HIKARE L THS 5RO amsk E X
SRR,
2.6 TCPP Pb HUM/RA B EE B D AT
AHOCHE A

H T e ) I T R (B £ ) A 2t R 1]
BFEE 1(0)), 3 FRFEATHT Pb  TCPP H/HX

D) )

Control &b—’
et S(J(im

Pb ﬁ— ,,// g

R

TOPPH e
PbeTCPP-H @

3 TCPP.Pb BM/EXERES dpf EHSEMEK
TE:(a) BEDh A0 5 dpf A ; (b) MBS fa (R KR & 55 Pb+TCPP-H ZUAHLL , ##8 P<0.001 ;5 Control AL, * * i P<0.01,
Fig. 3  Effect of TCPP, Pb individual/combined exposure on the body length of zebrafish
Note: (a) 5 dpf zebrafish body length, (b) Schematic diagram of measured zebrafish body length; compared with Pb+TCPP-H group,

### represents P<0.001; compared with Control, * * represents P <0.01.
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