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. BB A(bisphenol A, BPA)E 2Bk /™ i e RIAL 1= iz —  ZE S RHE 5 AR P2 AR 212 A . 4R T, BPA 1 i g A
FECHL AR K IS AT B KA A O fE AR B A W . AHOGAIF R IE S BPA XK A= AL i A i Ak & B — 8 W
PERIN , AEX X5 DL 28 BB B 5T 20+ 3 B BR . ARG SO (Meretrix petechialis)7y 7 %% 5% T 1,10 100 pg-L™" BPA ' 14
d, Rl TSGR K 3 2L K 21 U PR A AR Ak [R] B 8 20 215 4R Ak & (hydrogen peroxide, H, O, )P4 —. ¥ (malondialdehyde,
MDA) &4, DA Kgd Ak S Bl (catalase, CAT) At H Ik -S-#% B4 it (glutathione-S-transferase, GST) . i#8 & fb ¥k {L i (superoxide dis-
mutase, SOD)J{i 1 , I XF Nrf2/Keapl {5 538 AH G ) R B K 4700, 45 R, BPA BT T SCIR ik k%, &
BOUG RS L R A s FnG A ISR A 41 B PN 2298/ (9IRS, H BPA MR B80S 0 SCIR BEZH 2 (52 i ER B 2. . BPA 2
TP HCCIA AL H,0, Al MDA /KW 715, 1 wg- L™ BPA 4b B 6l 26 4148 Ak W S0k O i B Bk s BPA B 58 5 | R i 4 41
CAT 1M W 2 A% (XS SOD 1M JC & 5 ;1 ng-L™' BPA 5 T8 GST G MR FE T, AN, 1 pg-L™' BPA B8 T,
WS HBZH LN N2 Keapl | cat Fl tnfo FIEHRIAKT-HZ2H0H], 10 pg-L™' BPA BEEWE LA T car FEH KA, B2 A
5% R IR BPA %k 55 G175 & SCIA I8 41 2 Hh AR A0 N B 5 | AR 2 455
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Abstract; Bisphenol A (BPA) is one of the highly produced chemicals globally and extensively utilized in the
manufacturing of plastic products. However, the widespread application of BPA has led to its frequent detection in
aquatic environments, posing potential threats to the health of aquatic organisms. Previous studies have confirmed
the reproductive and developmental toxic effects of BPA on various aquatic organisms; however, limited research

exists regarding its impact on bivalve shellfish. In this study, clams (Meretrix petechialis) were exposed to concen-
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trations of 1, 10, and 100 wg-L™' BPA for 14 d. The filtration rate of gill water and histopathological changes were
examined while expression levels of genes in the Nrf2/Keapl signaling pathway and the enzymatic activity, inclu-
ding the hydrogen peroxide (H,O,) and malondialdehyde (MDA), activities of catalase (CAT), glutathione-S-trans-
ferase (GST) and superoxide dismutase (SOD) were analyzed. The results showed that BPA exposure significantly
influenced the filtration rate of the clam. BPA induced epithelial cell damage and hyperplasia in the gill tissues of
the clam, accompanied by a reduction in cilia and gill filaments. Notably, the gill damage became more pronounced
with increasing concentrations of BPA. BPA exposure significantly increased the levels of H,O, and MDA, and the
oxidative stress level was the most obvious under 1 pg-L™' BPA exposure group. BPA exposure significantly de-
creased CAT activity in gill tissue, but had no significant effect on SOD activity. 1 pg-L™" BPA exposure resulted
in a significant increase in GST activity. In addition, the gene expression levels of Nrf2, Keapl, cat, and tnf-a in the
gill tissue of clams were inhibited by 1 pwg-L™' BPA exposure. However, it is worth noting that cat gene expression

was upregulated specifically under 10 wg-L™" BPA exposure. This study reveals that BPA exposure induces oxida-

tive stress and tissue damage in clam gill tissues.

Keywords: bisphenol A; Meretrix petechialis; oxidative stress; Nrf2/Keapl signaling pathway

XM A (bisphenol A, BPA)J&:— ik 244 14
Jo, 2 o A R A R T AN A AR BRI R
FH TR & A 4 BHBR R e S e y7 i 45 2
R R HRTE B A G E g R S E
F i IX A% 1EAE — 2857 5 R R N BPA {H HAE 36
5E gk B AR IH A 3 8 /KT, R K PR L
TR A v [ — 2 2 AU VAT 3L R AR
R E] T BPA MIAAAEY , VR —FP i TR,
BPA REfSIH i £ W) 55 S iR AR E ALE W XA
PARAEE ARG RIS, oK AR A W 2 W 8 F KA
Bih xR IHAZ 2] BPA (&R, O MW %R
W], BPA X KA AL W A 08 e B B — o 1Y 35 AL
N ARG AR R 2 B PURL A s T fE
IEB R ZUR AN IR N I R 9

1% PE % (reactive oxygen species, ROS)J& 4 g fY;
WO TE B 77, 76 245 20 B0 1 R AE B ) 8 R0 X Ah
PRV R AR Y, SR, i 5 Y ROS 2%
AL, 1 A YR 0, 7 A A M R
PSS A LY A (superoxide dismutase, SOD)
Fiisd S AL A i (catalase, CAT) &4 ROS Y55 —i# b
2P 23 b HOIK-S-5% 7% i} (glutathione-S-transferase,
GST)FEEZ 5 5MNEY I F N IR 1A P i i 2
B F E2 # & A+ 2 (nuclear factor erythroid
2-related factor 2, Nrf2)/2 2 fitd H 5 2 (1 5t A AL I i
PR PR A T AW RAE AR A Ty Tl
kA EE A /EH", Kelch # ECH MIEE A 1
(Kelch-like ECH-associated protein 1, Keapl ) AN {V J&
— AR I AR B, 2 2R AR ) ok R A T

FU 0 Nrf2/Keapl 155538 B AE e pAR i 24 W) 5
YUY V- b R A B RN

SCHE (Meretrix petechialis)]” 32 43 A T E W,
JE—PhIRIE A G110 D12 02 DU 5 i i F 5 1)
Fpz — AR ASMEMETEME, G
J& TR Ay, 308 5 A 0 A6 380 ) 2l R T vk
DX A0 B o, 0 T 2 Y e 1] S e S ) T o 4
WA B — @ AR FEE Y, Ak, D58 UE S5 SCIE XF
TG Y A —E UMDY SO B R AR S AT
UEEK W R B RO B SR H Y B
Bt AR K B TS B0 (A BPA) 23 B SO %
N FEFE S A B SCG B SR 21, 1 A A T RE XS SC
WA BB 5 B 5, SR, H HT BPA XK AEA: 4
(A5 32 AR T AR HEZN ), (X DL 52w 11
oA RE, R, AT DL SO AR 4, 4R
5% 1 BPA X Ui S5 2H 2 AL 540 i 52 e, A B9 7Y
TR AT BPA XF DS HE M 50w S AL H e LAl

1 ##l57 % (Materials and methods)
1.1 FEEGFAES

BPA(SHT 4li, A4 T A9 TR A Ry 2~ w6,
), BL A 1 7 i (total protein, TP) i 484k & (hydrogen
peroxide, H,0,). N — [ (malondialdehyde, MDA)
GST ,CAT ,SOD 17 & (R 5t il A= ¥y TRE S
Hh ), Trizol i 7] (TaKaRa, Japan), cDNA & A%, i 7
BRI MEAE YRR AR A A Hr ), PCR &3 IR
M &AL AR AR B AR A BRA A, T E), a2
keapl ,Cu/Zn-SOD cat . mfa 519 (k. T4 T4
FR B0y 23wl , v ), A T 5 3 25 .0 AL (Eppendorf



41

R U A B 84 U AL 225

Centrifuge5424R , f# [#]), PCR #" 14/ (Q5 Multicolor,
Bio-Tek, 3 [#), PCR ] & {¥ (Roche LightCycler96,
Fi 1)
1.2 B

ST FH B SCHG A 17 3% 25 TR M IX S 2, i v £
THALTR, ), F358 Kk (48.38+2.48) mm, 5%
F14(3940+2.01) mm, 7¢ % 4 (22.78 £1.83) mm, I
TR R (27.581.59) g, IRIR T AR HIRKE SO BT 52
WEMNFIERGE TS 14 4, GFRFM R KIRES+
1) °C Eh# 24 pH 7.6+0.1, 14 d J5BEHLPkE 180 H
16 T B SCIE 0 BT 12 1 60 cmx40 cm B35
FEELH . BEE 1.10.100 pg- L7 Y BPA b 3 £ F1
0.001% DMSO AT IR, BN H B E 3 A F17,
RIS SR SR AR AR AR B H SR 12 K b5
250 2 S P i VR B O MO Y /D BR
(Chlorella pacifica), 2 d WFEF/KFE,#3 HPLC
(7 G T 2 B K AR BPA ORI, 22 I,
1 pg-L™" BPA 4IVKEEERI4(0.75£0.16) pg-L™',10
pg-L™" BPA 1k E{E B~ (8.39+0.84) pg-L™",100
pg-L™" BPA 41k BV Bl R (91.14+5.32) pg L7,
BPA #&5% 14 d J5 U, A b B ZH SOla 7 URE i —
RAFIERE
1.3 JEKRNE

FIRLILE G, FEAS A PR BEPL L 5 R
SCUE A 4 L LI (1 mg- LAy EE
FEFA R I A Y66 BE I e B b 2T WA
530 nm AL, fEZ5E 2 h A4 h 54352
BAHBECAE . TFRYE T 51 A XSO gk
2R (m)HAA7 A mL-animal ' -h ' 1

M, G
m:(;t)log(a)

K M PR @ L), n iSOG B ¢
S RE B (h), Gy A PR L0 IR TR BRI ER RO, C,
R B T J Y Y P IR OB
1.4 HEURHEZ UL

TR LI A S, 4 I L BPA % 58 4 AN IR 2
(Y SO SR ZH 2 AT R Ap UL BRZH 2 4% £
RHEEFEEREFE1~2d, T 70% .80% .95% K Z,
BV RN TC K ST AT G K AR B SR 5 7 R
LS rh A T35 IR WAL, VIR HLYI A IS, &0
AAG AL Y2 {5 7 NiKon 901 4> Hi, 3 b s F ik
(R < ELi
1.5 A AR K- R A A e AR I

Xof 2 g 2H UG HRZH SO S 20 AR A TR, S5 AR

FRERAKLA T g+ 9 mL WY LR A G, ST VKoK 2
0 R st AR ) TR AR T R AR R &,
A3 AN E MDA (H,0, .SOD GST #il CAT %
FHOCHEIR
1.6 qRT-PCR £l mRNA Fik

AT B0 T I 300 pL 4 C TR Y
Trizol W4T 50 43 W BE 5, F-4Mim 700 pL Trizol
VW, TEVK #5830 min 5,12 000 r * min~' 4 °C
B0 10 min, B EIEWREHAVELOAE, INA 200 pL
=&, RIZNPE R 15 s, IR, 15 min, FIK
B0 15 ming, B VE W B0 B LA L A 500
pL SN B BT HEE 10 K5, EIREE 15 ~20 min,
P12 000 r - min~' 4 °C A0 10 min, F
H,MA 1 mL 75% L EEPER,7 500 r - min™' 4 C
B0 10 min, 57 S 3 KU A B A &
DEPC /K, #%), 1ll E RNA #J¥E, ¥EH 20 ul I
BEERZ LA 25 °C .10 min,55 °C .15 min,85 C .5
min B EPFIEIT I 51, 754 3] cDNA, qPCR J5 15 H:
I A B R A AR X R GA B, B ERAE IR AR .95 <C
AP 10 min, 95 CAEME 10 5,60 CiE K 30 5,72 C
FEA 32 s, AR ARk SER 2T 40 ANMIEER S HETT Rl
2R M, BN PCR P29 s Sk . DA B-actin
WS, 51 Y7512 1] Jiang S BF5E, 4 C,
(A TRRIEAL 2759 ikl B AR DR A AF X
ik, SRR B SRR 1T AI WAk 1,
1.7 it

K Hl GraphPad Prism 9.0 #4748 #r Al
2E I D)L P + b5 UE 12 22 (mean = SEM) £ 7n,
Levene £ 46 Al Kolmogorov-Smirnov 5 % B 415 1) 7
S FIE A, AR &R J7 2 53 B (ANOVA) Fl
Turkey’ s ¥ 53547 B 4 0 Hr (P<0.05)

2 452 (Results)
2.1 BPA ZFEX SR E K R A0

BPA Z {5 %) SCIR IE K F A2 qn 181 1 s, 1
pg L™ BPA 2 88 IR 51 SCHA JE /K R A 22 165 10
pge L™ BPA 2 5% 7| 2 SC UG i K % 1 3 & (P<
0.05); 11 100 pg-L™" BPA i FEOUIRUEKFR 235
FEAR(P<0.05).,
2.2 SCIAHEEZH LU EE AR DA

BPA % %] SCIG G5 21 255 K 1) 52 e G 151 2
TR GEFRIRTE 1 pg-L7 BPA BEEL P SOG4
A O R € v = i e =Y LS 1]
10 pg-L™' BPA ## FHOCIR LA BT ENE S
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Wi, b R 4 B A8 4 — 20 97 K, O 1 B0 A g 3
%, [ B P A 60 22 OB D B4, 100 pg - L
BPA 2525 [ A B 2147 B i vk ™,
A A B AR IS R [ B 6 22 5/ I
B BE IS
2.3 BPA X SCHA BB 2 A0 N O DG 8 B 1 52 1

W 3 s, %4ad 14 d BPA 55 (1) SCHA R4
ZUHEAT AN O SCHE AR I e, 25 SRR BT, 5%
MRZHAHEE 1 wg- L' BPA 2k 85 5| SCHA B85 21 210
GST i . MDA il H,0, & & & & F+ & (P<0.05);
100 pg-L™" BPA Z& 5% 3 EOCHG 6l CAT I 1 b 3%
FEAIR(P<0.05), BPA % 5 Jf A 5| e SC iR 6 41 21
SOD {fPE7AE1k(P>0.05),
2.4 BPA X} Nrf2/Keapl {555 i B AH I L K 1A 7K
- 5

WK 4 frzs,1 wg-L7 A1 100 pg-L™' BPA 5%
51 S s BEZH U6 Nre2 B Rk W R I (P<
0.05), Keapl I cat FFFIKKF-1E 1 ng-L™" BPA
TR B T M(P<0.05), M1E 10 pg-L™' BPA 41
tip 3 H (P<0.05), BPA R #IF AR5 Cuzn-
SOD H:RLKRKFH 224G, HAh, BPA 25T 3L
WG R mfo FEPFRIE 03 T H(P<0.05),

3 iTit(Discussion)

3.1 BPA ZEX SR Az BEAY R
VERXSEARIAT AR ), SCG 38 2o 68 20 213 38 1

AAKIEY IR LT B iz el g™, i

FEFRW] BPA AT LATEAE YA N & 4 TSR 2H 200 A
Rk Mk BPA 1Y 4% H 5 A A HE H 4% 52 3| BPA 52
WPy ARG, SO 20t BPA R R AL HS 8
ZHER b R A B S A 4 A N EF B I R4
MBEFET 10 pg-L7' A1 100 wg-L™" BPA I}, iAW %%
BT AR b R A R G A= RN B 22 e b A5 R A
Jenzri ZEPIHF5E & 1 200 pg-L~' BPA B3
ZIFIA L 5 R AR b B BRI (B b R IR
Rl N REER A3 i 7 | 25 R A RN 25 2 2H 2B IR 4
Minaz S5 % B, 7E AT 68 F2 5% 1 000 wg-L™' BPA
28 d J& , HERZH L I R Al G A O TR

—

W

(=3
1

— ] Control
~ "“: [ 1 ”’gL - a
=L B 10 ug L™ T
i g B 100 pgL-!
s 2 100-
g s
s 4
SE .
ES b
=F 50t
¥ = b
% .8
% E - :
., |
0~2 2~4
A [ /h
Time/h

El1 E A(BPA)RFE 14 d X CERIEKE AT
T A JAING FREFR R AR b BRAL R A1 3 25 5(P<0.05); Tl
Fig. 1 Effects of bisphenol A (BPA) on filtration rate of
M. petechialis after exposure for 14 d
Note: Different lowercase letters represent significant difference

between each group (P<0.05); the same below.

x1 ZERASIMFT

Table 1 Primer sequence of each gene
B AT ElL7) ElE/2] YK B bp
Genes Primers Sequences Product size/bp
Forward 5’ -GGAGATGGTCTGCCACAGGAGA-3’
Nr2 106
Reverse 5’ -ACATTGGCCGTGCTGATTGCT-3’
Forward 5’ - TTGCTGTAGGCGGCTATGATGG-3’
Keapl 117
Reverse 5’ -ATCCTGCACCGCTTCTTGTTGT-3’
Forward 5’ -ATAACCTTGGCTTGTGCGGACG-3’
Cu/Zn-SOD 117
Reverse 5’ -GCTCACTGGTCCATCAGCAGAC-3’
Forward 5’ -TGCCTTCTCTCCAGCTCACCTC-3’ 109
cat
Reverse 5’ -ACTGCCAAGCCTGTGTCTGTG-3’
Forward 5’ -GCAGCTATGTGTCATCCCTGGC-3’
tnfa 206
Reverse 5’ -CACCACGACGAGCACGTATTCC-3’
Forward 5’ -TTGTCTGGTGGTTCAACTATG-3’ ;
B-actin
Reverse 5’ -TCCACATCTGCTGGAAGGTG-3’
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2 BPA ZFEXARERA A LEMEISM
i (a) XTI, (b) 1 wg L™ BPA ZbFHZH (c) 10 pg-L™' BPA AbH4,(d) 100 wg-L™' BPA 4bBE4 ;
Fe FRBLT T, Le FR ML L, Ec /R AN, Da FoRx 865, Hp FRoRiiA:
Fig. 2 Effects of BPA exposure on the gills of M. petechialis

Note: (a) Control group, (b) 1 wg+L™" BPA treatment group, (c) 10 pg-L™' BPA treatment group, (d) 100 pg-L™' BPA treatment group;

Fc stands for frontal cilia; Lc stands for lateral cilia; Ec stands for epithelial cell; Da stands for damage; Hp stands for hyperplasia.

JER, =R AE, X5APREGRER,
BPA 5 8 23 X SO 820 2 1 ) AN [) R 462403, L
PR BPA MR S IE AR, 3 0T fE 2% SR
ZHAUIE B A A BRI BE i AR

BPA 2525 | SC A 8 20 40 PR ) AR R A 4R
Pi X — B FEE L AT RE S0 SCA HE AL S e K %
ARHEFE K B, SCA B A 2 I8 K R AE 10 pg - L7
BPA 24 I W35, MifE 100 pg-L™' BPA 58 N
B EFEAR, JCIBERT 2 hif &5 2 h, SCHA Ay EEZH 21
YEKRAR LI SE T R BRI f 33X 5 A R A=Y
{5 BUVSs X T W 2E 17 2 55 Ak 4L SO0 252 381 1 0T 1%
ARSI, 10 pg-L' BPA REEFHOUS
YEK R T, X T BB 5 SCHA 1 R MEHIL A G,
2 SCIA T Ak 2 SN SR SR, T RE 2 i A ST RN
WIS YL HE AR N . Yan 5P BIF 5T 6 B, 16 B
SR R R IS YT IR SR B 72 880 R 9 2 5 G W 1)
I FBORKRREAR, 1E N R AR 4 i 2 2 4
PRz —, U8 KR I B AR 23 X5 A= W ML e s i bt Y
ARWFFELE F R, 100 pg- L™ BPA 525142 S0y ik
TR RIS X AT g 5 SCUG P e300 A K
3.2 BPA BEX UG AL R G RN

REBAEWHA — BV AP RS, R4k +F
I 1 A SR Y B A S 2, ROS &
AEVNIEE RS, RS 5L T e T RE AR
AU T B 25T Al v e 2 SC B R PR IR SR, Ak

Y2 EE AR5 e VI, FLAAR 32 3008 25 77 A4 Ry
ROS, i ROS S5 MHi AP RS, TR
AR TP 1 LA PR N L 8L 452, SOD il
CAT 245t ROS fI4—iBE i<k, SOD figds it
HHEAHE T H GO RN H,0,%, ARHiF5E
K P, BPA BFRJG , SCIAHEHAUrh H,0, B & 3%
FhEr, W] BPA B85 [ SOl 8820 2L 30 410 0 3
VL, IR SOD #Ek 2 2 15 T 15 Ye ¥ v fi Uk
R bn 2 —PY (HAEARTF 5 BPA 28 I K51 &E
SOD JEPERY AL, X5 Yu ZP RGBT ST 45 R 2K,
FRATHED X AT BB 5 SCG R SOD i P A2 DL BR
BPA IS i O F ¢, AWF5E KK 4 BPA
WSS, CAT G B Wi BRI, 31X 5 Yuan 465245 1
(25 8 F — 3, F2 W] CAT W] BE TG 15 5 B 3 & 19
ROS, FHUAM bt A A TG T K HE T AR Wik
P YL A T RESL IR T CAT 44 Bl R 5
MDA JZ AN FIE 17 12 it S8 A 1) 43 gt 7 ) 22—,
S P AN RS S T AN A W R b g B AR A
KRR Z—PY ) ARIF5EH, BPA 288 51 3
I HEZH 20 MDA ZKF i 2 7t , 3] BPA 5551
SCHA R 2 AR T Ak . GST 7E HIRH i AU 1k
B A3 fi =y i A E BB E ) O A i 7 AR AR
PR R OCHE ] . AWFSE 10 pg-L7' BPA
#FE 5| GST 7 M 2 3 J+ &1, iX 5 Owagboriaye
BRIV SV
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Fig. 3  Effects of BPA exposure on oxidative stress-related indices in the gills of M. petechialis
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Fig. 4 Effects of BPA exposure on the expression levels of oxidative stress-related genes in the gills of M. petechialis
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Nrf2/Keap {55553 1% 2 A ) 4104 4204k 17 380 1) T
BB AR HL ) 2 —P, ROS Ay K 32 F] Nif2 H
Keapl MJJE#, FERAS KT ,Nrf2 il Keapl HAHME
FH 8 Nef2 F5AAELHL BT SR — HL3Z 0 K
F, Nrf2 1 Keapl 23 25, AH 5 1Y 40 480 A6 25 R RN
PR K F #2405 , P03l ROS Y& 1, Y e A oM i
i ROS 1 AL YR N 83 B i, (H Y
N7 35 I e A I L, A G 9 40 S T 3k R 2 22 31 41
il , 534 ROS & i 58, S A AL W AR N 48 B 19 IE %
DIaeP™ . AR5 R F BB E T, Nrf2 il Keapl
SLHAE KB R, X 280 T Nrf2/Keapl {5 53
BT RE S 5 T SO 8 2 2 S R R TR A R
Keapl 1EA Nrf2 [ £ 45 P 7 R AL R SA% T
TEZ BN &Rl |, H5 Nrf2 22 8] A AH 5.4 AT fig
SRR, TR 0 Nrf2 376 MR 1 1o 3R 858 A8 AL
1 pg-L™" BPA Z52 T, SCHAERZH 41 Nrf2 | Keapl |
cat Fll tnf-o (15K R IKIKF- 3532 B4 ], 2 W] BPA
T iR N BB | S SR R 21 AR AL N ORI SR T
AR ZH 4% H,0, Al MDA & (1 T+t EIE T
KBGO, 76 10 pg- L™ BPA B
ZNFT, cat B 3k LR CAT B IG PEH) 2 PR
WIRFEAGE B, Regoli S5 84 5 Y CAT il 1k 5 H:
FEHFRIRACEH B EA -, XS54
Z )75 e )R B 51 R R R VA G, R AR
BN 25T, ROS B4 5 1] 42 M s 2 1 BT O %
IR PERT

BEEEENFEZ2H0970—), &, B+ #%, T2H5F
WA AESFEE,
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