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Abstract: In recent years, plastic pollution has become increasingly serious, becoming global environmental concern.
Plastics are widely used in daily life, and their addictive chemicals bisphenol A and phthalates continue to be produced and
released into the environment in large quantities, due to improper disposal or degradation of plastics. Alarmingly high levels
of bisphenol A and phthalates have been frequently detected in water and sediments and pose serious threats to the health of
both animals and humans. Most current studies focus on their single effects on organisms, yet their combined effects on
aquatic organisms are not clear. Given that these compounds often coexist in the natural environment, their combined effects
deserve further investigation. Hence, the aim of this study was to evaluate the combined effects of plastic additives dibutyl
phthalate (DBP) and bisphenol A ( BPA) in aquatic organisms. To determine the effects of DBP and BPA on the early
development and behavior in fish, in this study, using zebrafish ( Danio rerio) as animal model, we investigated the single

and combined effects of DBP and BPA on embryonic development, motor behavior and nervous system in zebrafish. Our
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results revealed that both individual and combined exposure to DBP and BPA resulted in decreased heart rate, shortened
body length and accelerated hatching process in zebrafish embryos and larvae, but has no significant effect on total hatching
rate and malformation rate. This suggested that DBP and BPA could interfere with normal physiological development. We
observed that both individual and combined exposure to DBP and BPA enhanced the locomotor ability and activity level in
zebrafish larvae. Furthermore, combined exposure to DBP and BPA increased the frequency of spontaneous tail curling in
zebrafish embryos. We also found that DBP alone exposure resulted in increased malondialdehyde ( MDA) levels and
induced increased levels of apoptosis in brain cells. Combined exposure of DBP and BPA elevated the concentration of the
oxidative stress product malondialdehyde (MDA) , upregulated the transcriptional levels of genes related to nervous system
development, reduced the neurotransmitter serotonin levels (5-HT ), increased the brain cells apoptosis rates and the
relative mRNA expression levels of the apoptosis—related gene bax. These findings provided strong evidence of the potential
neurotoxic effects of DBP and BPA, suggesting that they may disrupt normal brain development and function in fish. In
addition, our results indicated that DBP and BPA had antagonistic effects on the combined interference of early embryonic
development (heart rate, hatching rate) and larval motor capacity ( motor speed, distance, frequency of manic state,
duration of manic state, frequency of active state, and duration of active state). The transcriptional levels of genes related to
nervous system development ( gfap, iphlb, th, syn2a and nestin) showed a certain synergistic effect. Our findings suggested
that the abnormal locomotor behavior in zebrafish induced by combined exposure to DBP and BPA may be linked to changes
in the mRNA expression of genes related to nervous system development and neurotransmitter levels. Our research provided
new insights into the toxic effects of single and combined exposure to DBP and BPA at environmentally relevant
concentrations on fish embryonic development, behavior, and the nervous system. These findings will help evaluate the
ecological risk of DBP and BPA more objectively and precisely, and also can provide basic data for further study on

combined disruptive mechanism of DBP and BPA on nervous system development in aquatic animals.
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1.1 SR A R

DBP (4% >98% ) il BPA (4liJ¥>99% ) ¥l Sigma-Aldrich %372\ 7] (St. Louis, MO, USA) , i fj —H
HHL( DMSO, Sigma, USA) 1E R B, & BEJA B B8 B ( acetylcholinesterase, AChE) | & b ) 16 b i
( superoxide dismutase, SOD) FIPN - ( malondialdehyde, MDA ) 205 5 W4 3% T pg U A A 9 T AR A58 r, BE
6 22 U ( dopamine, DA) 55 & Fl1 5-F8 (A1 ( 5-hydroxytrypamine , 5-HT) i B 5 32 W BRI 2 ( ELISA ) 171
WL T 2SRRI AR A HE]
1.2 SE5shy)
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BRAR . REACHC T B 58 WS B bR o S ARG B T35 % L ey | PR <00l A /K ok 2 B 5 £ IR Jiey I 285 B 1 24
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3 24—32 hpf WI[A], EERE PR /NS T —UOULER | B O I SEKE BE S A IR IR ZE G BE R E A S min, FRAE FH AR
WAMEC S 1 min WIRIRIE KRR, B41E 15 B Dy rilE  Saafh =1 EE,
1.6 BEHfaizdhit kot

FEBE 5 A1t FR 58 BT (7 dpf) B AT AFE 8 s AT R BT, ik iR 24 FLARYE AW IN A , 2%
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1.7 fhgeash BoK-F Rl

FEBE D1 5% 2 7 dpf B, W41 I BEDLIEE 30 B, BT 1.5 mL 19 EP & % Tok AR n/K 5,
R e — A AR T A R 3 R (BIREEHAS 3 MFEAR) . B4 EP B HILA 200 wl PBS %, W
BETEVK b3 IR EE  BFBE SE UG , 76 4°C 5508 F,3000 rpm 254 T 2520 20 min, B E 5, 4 A B 15 10 Jil I6C #7 38
TR & (B A ) B A R A5 BRI BRI E DA M1 S-HT 4,
1.8 RNA RS FRR 5 Hr

TERE Sy 7255 2 7 dpf BF, NS4 b4 S BEHLBEER 30 £, B T 1.5 mL Y RNase-Free EP 8 H1 | 5% 4%
(Ko TR B —REAR , -80 C VKAV, R b BRAAE 6 MREAR, BT ARFFE ™, i TRIzol
— RO A S RNA, I B RNA B9MR BE RN R e A AT & 2R )5 | 8 0 J 7 55355 £ (Tnvitrogen ) -
RNA G HH ¢DNA 25 —4%%, {HH SYBR Green 2¢)65E £ PCR {7 £ ( CoWin Biosciences( CWBIO) ) FISEH}2¢
JtE it PCR Y ( Bio-Rad, CFX96 ) Fill A X B Rl k7K F-, PCR O Z&AFANF 195 C Fii4E 4 10 min, 95 C 742
P£ 15 5,60 C 1B K 1 min, JEFR SN 40 WK TEFRERUG , FFIREE T2 95 C ,FFL2 10 s, SR5 T+ 2 65 C  #F&E 1
min; S A 95 °C |, LIRAF IR A s =0 by =W s i il 26 . DA B-actin fER NS (1 27295 T HIW
Fe R AKOE A E w8, B SR S IS5 197 g0 ank 1 iR,
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Table 1 Primer sequence

HEA SIMFSI(5-3") o5

Gene Primer sequence Sequence number

, Forward ;: AATTGCCGCACTGGTTGTTG
B-actin Reverse: ACCAACCATGACACCCTGATG NM_181601.5

Forward ; AATGGAGGTTGGGATGCCTT
bel2 Reverse : CCAAGCCGAGCACTTTTGTT NM_001030252.2

Forward; CAGGGTGGATGGGACGGAAT
bax Reverse : TGCGAATCACCAATGCTGTG NM_131562.2

Forward : GTTCTGATCCGGCAACATGC
syn2a Reverse: CAGACATGCAAATGCCCAGG NM_001002597.2

_ Forward : TCAACATCTTCAGGCCCAAGT
nestin Reverse: CCACCTCCAGTCCAAGAGAC XM_001919887.7

, Forward : TTCAAGACGAGACTGCCCTG
&fap Reverse: GCCGCTTCATCCACATCTTGT NM_131372.2

Forward : GGACTCCTGCAAGCGATCTTA
ioh 1 : M 1001842.2
phlb Reverse : GAATCCCGGATGATCTGCGT NM_0010018

Forward: GCTCTCAGCACGCGATTTTT
th Reverse: TCATGGACGCAATCCGGTTC NM_131149.1

1.9 SRR IOR 2 T RE Bl il ) Al T A 0

FEBE L)t 2255 28 3 dpf F17 dpf B, WRRSAL AT P L 30 B fa, & T 1.5 mL /9 EP B IR A 2R
MRS R A — AR B A B B 3 MREAR . B4 EP A 200 L PBS %, TS He 7E
UK FEA I BB SE RS L4 °C Z50F F 3000 rpm 54 R ESLy 10 min, BRI, 442 R & A -5 A9 5 125
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SEM) %7K, #I ] Graph Pad 9.2.1 #{FdtiT4: 14,
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FERALM BPA+DBP 1 {5 5 5 41 B8 5 1 IR i 1.0 R 53 0 28 * =
SRFET 17.62% ,23.83% H123.86% ( P<0.05) , ALK SR I] Post fertilization time/h
KA O REAE I R) YR 1A B 35 I, {5 78 45 1~ i [A] Bl 1 48 hpt 5 72 hpf & B3 D &ML E
B [j‘]% %%zﬁ E/‘J‘l‘) z%ﬁ’ﬂ% :J:er‘ﬂxﬁéﬂo Fig.1 Heart rate of zebrafish embryos in each group at 48 hpf

2 f/R T 48 hpf % 96 hpf £ B LA RAG A  and 72 hpt
fb3% 45 G5 BPA Il DBP SZEH il T mpr BRI AR R AR AN Z WA 5 25 (P<0.05)
JRBIBEA , 5 B0 5 £ VR i S INE 5) 2 i, SO A S 1]

Wb, TR ARG & B 48 hpf B, BPA HUERFRA] DBP R FE41 A BPA+DBP B4 FE 4 0B o fa
7 fh % 5 0] R A PR 3 T i (P<0.05) | 25 22 F8 AL AL 32 4 B = T 2.49 % 4.96 f5F1 4.27 f%, 35
ARZsagE 4 [] coN ] BPA [ pBP [l BPA+DBP

— a
0.8 ab o .

ab

0.6 b
04 .
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il e
Cumulative hatching rate

0 | | | |
48 60 72 84 96

K5 J5 I ] Post fertilization time/h

2 48 hpf—96 hpf FEBE D &R H Rt R
Fig.2 Cumulative hatching rate of zebrafish embryos in each group from 48 hpf to 96 hpf
FEIE = RS F) 7R AN R 91 =22 ) AT i 3 22 5314 ( P<0.05)
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ORI & 2 60 hpf B, PUZL AR AL T 50% , Horh BPA Z: 88 41 AL 47 25 = T X B 41 ( P<0.05) ,
WEALZ R BRZH 1 1.33 4%, M 72 hpf TFIE , & 2H BB R TCH 25 5

W& 3 JioR , S250 R A 2 A B D PR G I S8 3 A5 O B | 78 R A R R TR R 9 A e K
5 R FE A MR 3R 56 FRAUAH LA T (A E B & 22 5%, IRl 4 i, BPA Ml DBP Sl R & B 28 53K
96 hpf BED AT AR 4555 (P<0.05)  (HXFHAE TR ICH] B 520

20 —

,_.
W
T

fertilization/%
=
T

45 J596 hit-fa W R 2
96 hour larval deformity rate post

CON  BPA  DBP BPA+DBP
AR 25y e AL AL

Different drug exposure treatment groups

FAED I AER '5' s

B3 LREEAIHRDEREEBEREE
Fig.3 Deformities and malformation rate of zebrafish in each experimental group

FEFE P B R R 2R R TR AL 1 =2 ) B 3 22 534 (P<0.05)

KAABETh 0 [ M AT ANIEL S 7% 7 BT f0 VR i % B 28 24—32 hpf I, BRETh 01 1] S A R VOB
Wit 25 st ) B HERS T /0 . F 2426 .30 .32 hpf B, DBP il BPA BXA BRZAIRAR B &4 R R 1) 0 38 w15 fR 4l
(P<0.05) ,DBP 1 BPA B FL2H IR A s R AR A ARE T 0] IRAIS AT T (H 22 AN R
2.1.2 XA AR

FHBE S IR & 2 3 dpf A1 7 dpf IR SOD G J3F1 MDA & i IEl 6 fir, =4 SOD M
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Fig.4 Mortality and body length of zebrafish embryos in each group at 96 hpf
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Fig.5 Bar plots of spontaneous curls frequency in zebrafish from 24 hpf to 32 hpf
FEIE 18] o B AN TR 975 AN [F) 20 91 22 6] B 35 22 531 (P<0.05)
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200 5
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& %4— b
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.\EE 4]\11%3_130
100 < g
8; g
7 & 252‘ c
g 50t <
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& 6 3 dpf #1 7 dpf FAK SR SOD iFHEF MDA S8
Fig.6 SOD activities and MDA contents of zebrafish in 3 dpf and 7 dpf groups
SOD ; B AL P 5 LT Superoxide dismutase; MDA : PN _i% Malondialdehyde ; #: 7 & H F B AR [R] R AS [RI 20 91 =22 8] H A 28 22 5746 (P<0.05)

T TR IR TCH B 25, SRR & F £ 3 dpf B, BPA+DBP BRABFEL1K) MDA & & 5%} B 20 A
Fb it BT (P<0.05) , J&XT IEZH /) 1.69 £, AN ST A M b o #2257, M mEin k& £ 7 dpf i,
MDA &4 4 2 ¥ o B 25,
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2.2 DBP Fil BPA UMl R KA 5% 55 X B Ey A 1032 Bl A 70 152 )

FIH EthoVision® XT 14.0 #XEXT 7 dpf BYBE L (40328 SiA 7 A aEAT 400, LRI T 14 A7 R244885 , 43
Cl R i B b Y5 A e - S B =) = 1 61N | o= 5 1 B 51 I D [ B 020 -4 Y 1 B9 2 5 s R SR e 1]
FE AR FEERAR SRS ] | 5 BRAR S8 0 BROR S S i ) i 1b RS0 3 A 1 IR S Fp et
], 73X 14 M7 R Fdebn, AN S 2 1z 2 i iz 2R ey EBRR SR FEBRAS R Ee i) | 7% BROR
BHR TEPRS Rt T 6 MR B T 8 #2257 (P<0.05) ,

WE 7 iz, DBP Fph B EE 4N BPA+DBP B4 % 78 4 B 1) - 34032 sl 3 35 8 3 2 3 (P<0.05) , 4%
SAXT BRZ Y 3.52 £5 1 2.96 4% 5 LISl 2 AR A T 0 B b B B N ( P<0.05) , 4nf&l 8 7R, DBP Huph %
#& Al BPA+DBP BX A 22 B8 YR = T B D fa A1 iz shik 7 , AR RBONIE ORISR 18 ORI 16
BORASFREE A [ R (P<0.05) . DBP 10 800 D faf 1 A F BRtR A R 2RI ZE K (P<0.05) . BPA
T i 0 BE 10,45 08 BT o R bR A TC B s

_ Z 15
2000 z .

g £

£ 1500 | T :;’ :

g a ®5 oL i
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= = 1000 K 5
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CON  BPA DBP BPA+DBP CON BPA  DBP BPA+DBP
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E7 7dpf EARSERFHEHEEMBIEHEE
Fig.7 Average moving speed and total moving distance of zebrafish in each 7 dpf group
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E 8 7 dpf HEM S & KIENRE AR SHLER A
Fig.8 Activity state and duration of zebrafish in each 7 dpf group
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