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Abstract; Investigating the neurotoxicity induced by 9,9-bis(4-hydroxyphenyl) fluorene (BHPF) and its mecha-
nism based on zebrafish model. Using zebrafish as a model, the neurobehavioral study of BHPF was carried out by
using light/dark tests, novel tank tests, and T-maze tests. Quantitative real-time PCR (qRT-PCR) was used to inves-
tigate the mechanism of neurotoxicity induced by BHPF. Light/dark tests showed that BHPF caused abnormal loco-
motor ability of zebrafish. Novel tank tests indicated that BHPF induced abnormal exploration behavior of ze-
brafish. T-maze tests revealed that BHPF had adverse effects on learning and memory ability of zebrafish. qRT-
PCR results showed that BHPF could cause abnormal expression of genes related to neurodevelopment, autophagy,

and apoptosis. This study revealed that BHPF causes abnormal locomotor ability and exploration behavior in ze-
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brafish, as well as injured learning and memory ability. BHPF induces neurotoxicity by affecting neurodevelopment,

autophagy, and apoptosis.
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X325 (9,9 -bis(4-hydroxyphenyl)fluorine, BHPF)
R ABPA)ERYZ —  BLE ) 2 T8k ™
an AR, o BHPF RA8 54T b 248 BPA, T LA
W RS WA AR s A 28 T IR OKOR 05
AT BL LA ZE" 2 2018 AF N KB K 48 7
W BPA K% YR ERLE 7 3 500 ng-L7'H ) 5
KIL,INERIRKFEA Y BPA W JE L FI o 3.05 ~
1888.51 ng-L™", FLR MV T BPA & & d5c = 119 3
AR, ok B 4l 8 309.4 217.6 1 184.2 ng -
L™ AW &8N 18 HALG & BPA(S0 ng- L™
1500 ng- L") % 75 AE % 5 M B b £0 % & 24 IR B 11
WENBE ST, %R BHPF 7E & A e in T )iz
I R LB 5, PR AT A S v X R
FE R AT AE M, A {8 FH BHPF OB Y iR
K BRI H A6 2 T BHPF, 156 BHPF 1] DA M
SRRV K Hr N 2E AR sh ey, it
4, Zhang ZEPI0F5E & IR, BN 7 BPA L& T,
BHPF {7507 LLF36 N 43 3, 76 /05 BRUAR P 7= 2 et 3%
RN, LA EBFSE A BHPF Al Lk A s A
TRPY X A AR e 7 A W e, O H BHPF W fig
HAT 3 F BPA WY EEPERN . Jiao SFMVHFSE K I,
BHPF BEAEHI ] /1N BRI O -BJ: 200 it 0a 45 o 24 00 2
15 A BEE A P9 5 R A 2E 2 S e R SR L (2R
BARTIRE S5 AR /KT N &K T
HIR T &A% 3AMNA KB BHPF v] LI i g 4s
1 240 i A 20 28 B K P B SRR 43 A1 5 i B9
BEA0 M A

UTEAE | A TR E 25 R R R KRB TS Y
7)1 R, I R A RS YA K A T i LR
AL X6 7K A A 0 1) A A7 A BRI TR] B 25 X6 A
JE 1) BRE 1 AR B o R 4 B R i 2 F SR
B SREE 15 e ] AXEAE PR 147 S LA B hf 28 3
Geh NN I FR BE A 52, B P AR AL N A
P NG 75 B AU K FREE B 284k R A R i, B
I T KR EREE Hhis e g i p A, 3 BRI L
AHSANEMERE S EHLUN TR ERED)
RES Bk )1z N TR 4 kB R 2 dE 5T
TEMG R B M, Sk B 2% 5 RtgEw H +
B8l TR AT R TG AT S M X — LA

HMEHES YA RR AN, EAFENE, DM
X PR USRI ETE — e B s T AL sh ), &
HH BE I A — S IC B B S M R AN B
YR A T X A 2 A 3 T D fa A
IR % B0 BHPF i Fr i -2 - FEUR A il =
AR AT ROV, IR RE R P I, AR BL IR I AR
V& SCLABE B £ i £ SR A A R R AR K BT Y
KA T 2K 5 I I X #l 48 % & L H E AL
ToARSGIE R TG I , #8 98 BHPF 4 #h 28 3 v A
FABLI

1 # #1575 % (Materials and methods)
1.1 ¥k
1.1.1 35

RNA 57 £(RN2802 , 4 5 3L s A W BB A
R 7] s B e s il R & G B2 4 1 i R A R 2
F]); % Ot & &8 PCR iR 7 & (RRO36A , RRO91A
TaKaRa /A #]),

1.1.2 %

BEh 3550 22 50 (Z-A-S5, b1 5N T Ze-
brabox B .17 K 43 7 {3 (Viewpoint 23 7] ) 5 5% B 2¢
JeaE 5 PCR X8 (13720, % 2 Wi = i A BR A 7)) ;
C1000 Touch # PCR X (F 4k A Ay B2 2 7 i A3 PR
3l s BB S 6 EE TH(NDoneC, 2 AT FRAH])
1.1.3 ¥

AR NARBE S 0 AB L AR B2 e AR it
FEITHRAL B B £ TR FE AE /KR 28°C 1Y R Ge itk AT
Bigk BERET 14 h BB - 10 h SEHE A6 RS EE
LI E SR
1.2 SR
1.2.1  SEEGor2 M A

W5 T A R AR BE Tt AB FEAILAY M 3 4125 A
XFHEZH 0.1 wg-L™" BHPF 40,1 pg-L™' BHPF 41,
BB 3 AT, B 4 5k, L 25 3 A, R 24
h ¥e—IK 2, 245 2 )5 W B 55 fa i T IE IR 28 °C L, 14
h OGHE = 10 h JREE RS0 B dEf TR 3%

1.2.2 Froh2ekail
1.2.2.1 ZEEFM5R

MR — K 22 cm % 14 cm 5 14 cm B
T IKAE . AKFE— ) R 0 SR A8 A A [ A 28 5k
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KGN 2 IRERE, 7 — M H H AR Rk,
fli G N 2 AL SRS, Z 54 /K Af B 7E LED 4T
R L Al B AR ) A R R B S i A KA
Rk —%% ., B RAKAR S ERE 10 min ffi 3
TN PR B 10 i A R A R AR T e
SEBTTE] R 3 min, SRS RN 43 #7 BAE BEEy fa 7E 2 F1AS
HR Sl 14 B R[]
1.2.2.2 HAKAEIR

B SLB E— N 22 em B 14 cm & 14
em [ 5 1A% B KRS o 1047 IF HLiCE 7E LED
KTAATTTH , FEZKAR S RE I — 2% TR 4 B K A4 43 1 L
T2 NSRS, PR LA B BRI R, gk L
ORI, R BE A A KA R AR — 4%
BE T A 7R KAl b S 10 min {8 HE VR 25
B I fa i 28 KR P 2RI R R D S T SR TE] A 3
min, WEEEH 7 Hr 5 S f0 78 b T DX IiE s A st ]
FRES
1.2.2.3 T ®EEMHK

T BRI % B A A 1R 21 em, KB 20 cm,
B 11 om, [FAA 4 4 6 cm® BITRIK X, BK X 1
HA TR 4 om, #52 H1 AN B9 8R4 8, TR
IR XN AN 15 B 1 S DX, ke o X £ W i 4
TR, K T R ECE T LED T4 1, %
X A HEE Sy A0 AT 25, B ) £ i S0 K X H
HP7 e~ — SRk sl 25, i A BE St il 245 1 s
FEUR LS FN 5 BT B 1)t FE G R AR e R e A
TRIK DX A 8 TS (1], 5 5% B 5 £ 1) S B 6 ] 2R

min,,
1.2.3 %G E i PCR(quantitative real-time PCR,
qRT-PCR)

FEAT R A I I e A 4 B4 B £ LA, £
ki 4% 20 5 i B BP A BRI 2 A~k PBS o
VE2 ~3 K, AR, TE MR AL v 7 4 W | il
2, SR 5 1 S IS 1 24 W Tl 5 0 AL
B BRI, RNA $REBUS , F A U 2%
S BE TG I AN [R] 2H 51 RNA f4 v B2, 46 I 75 3] (14 2%
B A260/A280 W TE 2.0 ~2.5 Z [ ; 2 J5 57 B fdi
C1000 Touch & PCR {06 RNA #4755 , ¥
ARG cDNA HEATHE RS, SR J5 I A A B 19 51 9
FHSEI 56 6 32 i PCR SO 45 A~ L R A7 9 14, DL
rpl13a N ZIEH (% 1), Real-time PCR ¥ 1 45
FE 274 M 5 vk T B A% 4 3 DR 1 A X
Fikig,

1.2.4  Heitegorin

FIH Graphpad prism 7.0 %44 S 56 25 S gk 7
One-way ANOVA i %, LA Correct for multiple com-
parisons using statistical hypothesis testing. (Bonferro-
ni) T4 A] FLEE, I LA Mean+SEM $&7

2  Z55 (Results)
2.1 BEFNNSS R 4R BHPF i iUBE ) 15 5
(VAL

A 45 2R S 7 e B AT R # B0T ff -7

£ 1 Real-time PCR FTESIHWFEIER

Table 1 Primer sequence for real-time PCR
HEH AR L7 2]
Gene Primer sequence
113 Forward: TCTGGAGGACTGTAAGAGGTATGC
pia Reverse: AGACGCACAATCTTGAGAGCAG
P Forward: GCTCCTGGCTAAAGCGGAGCTG
c-fos
Reverse: GACGTGTAGGTGGTGCAGGCTGG
‘ Forward: GGATGCAGCCAATCGTAAT
a
glap Reverse: ATCCTTTCACGACCATCT
5 Forward: AATCAGCAGGTTCTTCGG
mop Reverse: AAGAAATGCACGACAGGGTTGACG
2 Forward: GTGACCATGCCAGCATTTC
syn2a
4 Reverse: TGGTTCTCCACTTTCACCTT
wibalb Forward: AATCACCAATGCTTGCTTCGAGCC
? Reverse: TTCACGTCTTTGGGTACCACG
a Forward: TTCTACAGTAAACGCCCACC
apa Reverse: TATCTAGTATTTCCCCATATTC
0 C Forward: AACCATATGCCAACCCTGAG
cyto
4 Reverse: CACGTAATCTTCGCCTCCAT
b Forward: GGCTATTTCAACCAGGGTTCC
ax
Reverse: TGCGAATCACCAATGCTGT
Forward: CCAGACAATCTGGATGAACTTTAC
caspase8
Reverse: TCCTTGTTCCTGGTCTCTGT
53 Forward: ACCACTGGGACCAAACGTAG
P Reverse: AGATCTCCTCATCGCTGCTG
Forward: ACCACTGGGACCAAACGTAG
caspase9
Reverse: AGATCTCCTCATCGCTGCTG
Forward: CCGCTGCCCATCACTA
caspase3
Reverse: ATCCTTTCACGACCATCT
105 Forward: AGGGGATAACAGCACAAACG
a
& Reverse: CTTCTTATGCAGCGTGTCCA
beclin] Forward: GTTCAGGTGGTCTGCGTTTT
ccin Reverse: GCAAACAGAAGCCAGTGTCA
2 Forward: ACCTCTGATTGGCTGACAAAAT
N Reverse: GAGATTGCAAGAGGCTTGAGTT
i Forward: GCGAGTGTGTCTGAGCTGAA
parkin

Reverse: GCCCTGAAGTGTGGATTCAT
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X iz g, Hiz sifg 1 IE% . 0.1 wg-L™' BH-
PF 435 () BESh fa 2 2R J) MR, 1M 1 wg-L™' BH-
PF 205 Hy fhiz 3 fig 1A e i, $78 (RHk BE BHPF
A EXTE LS f1 SRE ) 7 AR N R s e, 5
FXFIEZHAR L 0.1 pg-L™' BHPF 4411 pg-L™' BH-
PF 21 B 1 i 75 SIS X 3 11 3 sl B 0 | B s
X IR 132 B [E] B (]9 L (A T Bk 3 (HOR
BAGH R L (E 1), 845 4278, BHPF fig
b B iz B e ) S (BRI RE ) T i 3
AN
2.2 GHARDKAEASS R R BHPF 5| 5t 5 a8
RIT S

R KA S5 % B, 26 BHPF Ab B 5 () B 5 £
B T B AR A, 52 I RRAEAR L 1 g
-L™" BHPF 215 5 fa AE /K T B3 X iz sl 3%
Hehn, B R AT S (8] 2(a)) . S BHRSE
TR, 1 pg-L™ BHPF 45 S fa7e 3 X 3 Y iz
SN B/ R B | IX s 32 sl s ) R ] A A
Pyl 1, B get2= 2 (8 2(b)Fl(e)), 0.1 pg

(@) Ctl

L™ BHPF 41 B 5 fa 75 [ 50 X 3817 iz 3l i/ i
B HLAE A 5 X3 32 Bl B )/ B ] A b f A
HA AR AR BB G X, g8 BT FE R
RUKFESZ5G v BHPF 5B S AR RIT R .
2.3 T e S5 R4~ BHPF 1 sl Bt 2% )
RRVAC DAY 0]

I T B ML, #85% BHPF X 5 1 824 ) i
fCRESIMRE , 528 R IR A HE 0.1 pwg- L' BH-
PF B T fa7E T ok '8 iz shial B sk, il 1
Kt pisshfie 77,1 ng- L' BHPF 43 5 iz 5
B S E G S Bl BN BRI 4 0T H AR R R
T VB OB 22 (] 3 (), il Bdsgeit A BE,
0.1 wg-L™" BHPF ZLBE ) fa 7r 55 1528 132 ol it 55/
PE B B 12 Sl (] LR ) [R] B AR 34 5, AAS
HAG 42 ;M 1 wg- L™ BHPF 445 & fh 75 45
B 1Y SR SR B R B2 Sl I ] /S ]
() LB 3 B 2 1, B G2 3 (B 3(b)Fil(e)),
P b seah gl AR IR BHPF X B 0 #8243 102 RE T
AT

20000 (1) 80 (o) = 801 (d)
2 T s
=) S g o
5 1s000p S & oor T T 25 oof
£ 3 = 1 Z:i2 ] [+ B =2 | L -
% 5 RISz Sx23
E 2 10000 wXST 4o B g 4op
B o 8 223
Y = L X -
£ 5000f - %é_\%‘/ 20 E}éezo'
0 I 1 ~r O L L 1 0 I 1 L
Ctl  0.1pgL™" 1pgL™! Ctl  0.1pgL™" 1pgL™! Ctl 0.1 pg-L™" 1 pg-L!

El1 N (BHPF)3|EHDEIEHNEHNRE

TE () B9 P P B 40 138 S ; LR FRPHIZ Bl (v>5 emes™!), SRR P HLE QR cmes™ S vs<5 em-s™!), BRI H

IBE(v<2 em-s™");(b) N [RIZABELh £ 75 B A Pz Sl BB 5 (o) AN 7] 258 B 40 7 /K A P DX 2l M B8 5 e sl M B 1 LU

() A [F) 2L 3RE 1 A0 70 7 A R I DX sl 51 I T 530 2l S [ ) LG AR5 * 2o 55 25 10 IRZEA LE 22 5 1 35(P<0 01)
Fig. 1 9,9-bis(4-hydroxyphenyl)fluorine (BHPF) caused abnormal locomotor ability of zebrafish

Note: (a) Zebrafish swimming path in light/dark preference tests; red line indicates fast movement (v>5 cm-s™"), green line indicates medium
speed movement (2 cm-s™! < v<5 cm-s™'), and black line indicates slow speed movement (v<2 cm-s™!); (b) Total distance travelled of zebrafish
in light-dark preference tests; (c) The ratio of distance (black/total) of zebrafish in light-dark preference tests; (d) The ratio of duration (black/total)

of zebrafish in light-dark preference tests, * * P<0.01 indicates significant difference compared with blank control group .
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(a) Ctl 0.1 pg-L™!

s Mo . s @

= = *

S8 =)

— e S g 40 F

S35 60F =S

X .8 -8 o
AT = ® 53
TR 2322 w0
22z 40l E5°E

XEa EE S

x o 2 Kegg 20}

BE T gl T %éa

S =S

0 1 1

. 0 , ,
Ctl  0.1pgL™ IpgL?! Ctl  0.1pgL" 1pgL™!

El2 BHPF EMHS&RRTHRE
1 2 (a) B KAEIR AP B S 8 1z Sh I 2T R FOR B E B (v>5 emes™!) SR RR P EIZEIQ emesT < vss5 em-sT!) LR
FORNGBUEF(v<2 em-sT1);(b) ANIFILHE S AR AR b X 4z S IR S S5 70 KA P38 BB I S Y LU
(c) ANTRIZHBE b A0 AE KA 138 DX 0z Bl A o] 5 2 R A /KRS P 38 2l SRS E] 4 AR 5 208 5 25 1 B HE 22 57 B3 (P<0.05),,
Fig. 2 BHPF induced abnormal exploration behavior of zebrafish
Note: (a) Zebrafish swimming path in novel tank diving tests; red line indicates fast movement (v>5 cm-s™'), green line indicates medium speed
movement (2 cm-s™' < v<5 cm-s™!), and black line indicates slow speed movement (v<2 cm-s™'); (b) The ratio of distance (top/total) of

zebrafish in novel tank diving tests; (c) The ratio of duration (top/total) of zebrafish in novel tank diving tests; * P<0.05 indicates significant

difference compared with blank control group.

(a)

@ \,; /JQ,' ’3[

S 40 S 40, Schematic diagram
= % (b) . ~ = (©) l Right direction Wrong direction
gg 85 Sc¢g iz :
SEE 30 Eg 2 30} .

7 IR0) £
NEDS Py .
RE PEIS S w3
®xEE 20 l =x % 20} g
EEY =k g% ”
= -2 B S X @2
E R £53 10 g B
IS s K 82 2
§ o - 2 B i
z Ctl  01lpgL' 1pgL! § Ctl  0.1pgL' 1pgL! El "

B3 BHPF NBD &5 274
o (a) T 2B MR P BE o) 138 LT ; L RoR s 3 (v>5 em-s™), SR IR P IZ B2 em-s™! < v<5 em-s™!),
B RRMBIZ I (v<2 em-s™');(b) AIFABEDG TE T 2 S R 12 SR B8 578N KAE 9 I28 3 SLFE RS Y LU B
(¢) RNIRIZHBE DA 7E T 2K E RIS Z I R] 5 748 A/ Pz 3l B0 BT 9 LA * 2R 528 Fout HREALA L 22 57 B35 (P<0.05),,
Fig. 3 BHPF had adverse effects on learning and memory ability of zebrafish
Note: (a) Zebrafish swimming path in T-maze tests; red line indicates fast movement (v>5 cm-s™'), green line indicates moderate movement
2 ecm-s' <v<5 cm-s™!), and black line indicates slow movement (v<2 cm-s™'); (b) The ratio of distance (wrong direction/whole arena)
of zebrafish in T-maze tests; (c) The ratio of duration (wrong direction/whole arena) of zebrafish in T-maze tests;

* P<0.05 indicates significant difference compared with blank control group.
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2.4 BHPF S 2 & T AH IR (1) #e5k

Syt 5T BHPF ji JE S 04T by S 0 4
L REVEVE AL, AWF 58RI QRT-PCR M 28
B EWEFAE T 3 A5 T O 5E - £ ik P A OC 5L R
PR, 5725 0 BREAR LG IR Rk 2 BHPF Ab 2
2 c-fos (c-proto-oncogene protein), syn2a(synchro-
nous2a), tubal b(tubulin alpha-1b chain), mbp(myelin
basic protein) Fll gfap(glial fibrillary acidic protein) ¥
Fis W B, HHEAWEARBIE(E 4), DF5E4s
AR, BHPF 520 3 £ figi N pf 28 & 75 A OC Bk
ik,
2.5 BHPF #0 A T AL N A A

NARSE BHPF SRR 282 A 5 M T AL
I, ARG eyto C (cytochrome C) . apafl (apop-
totic protease activating factor-1) . bax (bcl2-associated
X protein), caspase8 (cysteinyl aspartate specific pro-
teinase8) , p53 (tumor suppressor gene) ., caspase9d (cys-
teinyl aspartate specific proteinase9)#ll caspase3 (cys-
teinyl aspartate specific proteinase3 )3k PRl #4746 1 (1]
5), SaSHMIRAME,0.1 pg-L™" BHPF 4 apafl .
cyto C . bax . caspaseS.p53  caspase9 Fl caspase3 3%ik
LR H apafl Ml bax FiKZEFARA G2 L,
o\ M L, 1 ng- L™ BHPF 4 apafl , cyto
C.bax . caspase8 . p53 . caspase9 F caspase3 3¢k .

=L, AR E L, RS R $E %, BHPF 1]
AR5 B £ figi P9 T AH DGR I LR A TR b
i, BHPF X 6 PR R0 10 52 i ¥ 35
2.6 BHPF 520 F BEAH G R 19 0k

HR5E BHPF =AM 824 5 ALl A
X, X} atg5 (autophagyrelated gene 5). beclinl | ulk2
(unc-51-like kinase 2)# parkin #1780 (] 6), 5
25X IBZH AR FE 0.1 wg-L™' BHPF A1 1 pg L™
BHPF 0¥ atg5 . beclinl . ulk2 F1 parkin F£ [F ) & 15
P BRI 2 M B gt L, RS R
$&7~ ,BHPF ] DL axf 5% Wi 50 25 £ Jili DY 1) I A G 25
ERYINTORS 5= CUERS = d

3 132 ( Discussion)

SERGY BHPF X PR 358 1A= 49 4 2 1) 08 76 Jg
AN FE LIS By f0 i f0 AR AT T AT R 2E A
AHSEFE K | DL 75 BHPF 75 5 (1 #f 2 3 0 A Y
FEHLS], PR AR I 32 X B 5 A A I BE ) B A T
ORI, 5 A B 0 Bl G T A A TN R
HHSE I 5 38T AR ZORE I 3 X BAE 25 fa R R ) AT G
TN i R BSOS # PR R AR B o | 7R /KA iz
SHEANNGER ; T 24 5 I A g6 BE 5 £ (1) 2% 2] il 42 fig
7 AR RSAT B £ 38 3 Y1 25 BB A5 I 2 i 21 R K X
A (R T B A 52 DX B, 3 A AT Sy 2 AR Y

= St (a) c-fos "1_’?; = or (b) syn2a = St (c) tubalb
g T4l — | ®= L
sz3 >z >z3
% =) % = ko % g *
=2 2 =2 A =2 2 -
=3 Lagt=] =z
Junniggs+) IO < oo <
aeg 1L *E 4«3 1L
0 0 0
Ctl 0.1pg L7V 1 gL Ctl 0.1 pug'L7" 1pgL? Ctl 0.1pg L7V 1 gL
20 - 6
3 (d) mbp 3 (© gfap s
B2 15 kol sk %‘2 —1=
§< = T Ts4r
E Z ~ %%
ZE- ZE =
g o E o
&z Tz2r
ms Sh jrndp
=3 =5
[~4 ~
0 0
Ctl 0.1 pug Lt 1pgL™ Ctl 0.1 pg Lt 1pgL™?

E 4 BHPF xt#HZ 4% FHXEERRZE

IR

W S AXT IR AH L 22 57 W8, * P<O.05,* * P<0.01,* ** P<0.001 ,

Fig. 4 Effects of BHPF on the expression of neurodevelopment-related genes

Note: Compared with blank control group, there is significant difference, * P<0.05, * * P<0.01, * ** P<0.001.



B
&

SNG4 XU 25 % B 1 £ 00 2847 A 1) R W) S B AR AL

163

HXTMRNAZK I
Relative mRNA level

AHXmMRNAZK
Relative mRNA level
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Relative mRNA level
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Relative mRNA level

AHXFmRNAZK
Relative mRNA level
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apafl
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Hs
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Relative mRNA level

5 BHPF X BATHEXEREREHZM
0 525 X IREHAR [ 2% 5 B 3, * P<0.05,% * P<0.01,* * * P<0.001 ,
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Ctl

0.1 pg-L™!

p53

sokok

I pg-L!

soksk
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Relative mRNA level

(o)}
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*
*
*
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0.1 pg-L™!

caspase9

I pg-L!
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=

1

Ctl

0.1 pg'L!

1 pg-L!

Cil

Fig. 5 Effects of BHPF on the expression of apoptosis-related genes

sHokok

H

Ctl

31

0.1 pg'L!

parkin

1 pgL!

*okck

Ctl

0.1 pg-L™!

1 pgL!

FIXTmRNAZK
Relative mRNA level

& 6 BHPF xf BUEtEXEERIZMN NG

S = N W R~ W

[(b)

beclinl

kkck

AHATmRNAZK -
Relative mRNA level

I 52 AXHREAH L 225 B3, * P<0.01,* ** P<0.001,
Fig. 6 Effects of BHPF on autophagy related gene expression
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