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Abstract: Microplastic pollution has been considered as a global problem. It has been confirmed that the micro-
plastics in the aquatic environment can be ingested by aquatic organisms, and consequently result in toxicological
effects at the various level of biological organization. On the other hand, the ability to restore tissue morphology
and function of wildlife is critical for individuals and population. However, our previous study has demonstrated
that microplastics can inhibit the fin regeneration in zebrafish larvae, but whether the responses will differ or not

when following exposure at different stages of regeneration remains unclear. In this study, the polystyrene micro-
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spheres were adopted as model particles of microplastics, and the zebrafish larvae following caudal fin amputation
were exposed to microplastics (3 mg-L™) at different stages of regeneration (i.e., the pre amputation stage, the early
or the late stage of regeneration post amputation). Firstly, the area of regenerating fin and the locomotor behaviors
of fish were measured, and the effects of microplastic exposure at different stages were compared morphologically
or functionally. Moreover, the transcript level of genes involved in the signaling networks regulating fin regenera-
tion and the immune response were determined to reveal the underlying mechanisms. It was confirmed that micro-
plastic exposure could inhibit the fin regeneration, and the effect was more significant when following exposure at
the early stage of regeneration. Similar pattern was observed when the locomotor behaviors of fish exposed at dif-
ferent stages of regeneration were compared. It was seemed that exposure to microplastics down-regulated the tran-
scription of genes related to immune system, and the effects were more significant for the exposure post amputa-
tion. Regarding the genes involved in the signaling networks regulating fin regeneration, although the changing
trend of transcriptional response differed among genes, the impacts of exposure post amputation were seemed to be
more substantial. In conclusion, this study demonstrated the regenerating stages post amputation were the important

window of microplastic exposure, and the interaction between the particles and the tissue around the amputated

plane was critical for the inhibitive effects of microplastics on fin regeneration.

Keywords: microplastic; fish; tissue repair and regeneration; gene transcription
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Fig. 1 Schematic of caudal fin amputation and microplastic exposure for larval zebrafish
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Fig. 2 Effect of microplastic exposure at different regeneration stages on the fin area in larval zebrafish

Note: (a) Representative pictures of regenerating fins at the end of exposure (180 hpf); (b) Quantification of the relative fin area

at the end of exposure; the results are presented as the mean+SEM; the different letters represent statistically significant

differences among different groups (P<0.05); hpf means hour post fertilization.
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Fig. 3  Effect of microplastic exposure at different regenerating stages on the locomotor behavior

of larval zebrafish following caudal fin amputation

1

Note: (a) Trajectory of zebrafish larvae in 60 s; the black line represents the speed less than 2.2 mm-s™, the green represents the speed

1

between 2.2 and 6.6 mm-s™, and the red represents the speed greater than 6.6 mm-s

1 (b) The relative free-swimming speed of zebrafish

during 20 min of visible light; (c) The relative swimming speed of zebrafish during the photoperiod stimulation test; the results are presented

as the mean+SEM,; the different letters represent statistically significant differences among different groups (P<0.05).
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Fig. 4 Effect of microplastic exposure at different regenerating stages on the transcript level of genes related
to immune response in larval zebrafish

Note: The different letters represent statistically significant differences among different groups (P<0.05).
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Fig. 5 Effect of microplastic exposure at different regenerating stages on the transcript level of genes involved in the

signaling networks regulating fin regeneration in larval zebrafish

Note: The different letters represent statistically significant differences among different groups (P<0.05).

ANFI B B2k i T IR LM ORI BE 5 fh 4y £ 2 i
PRSI, B R, 5 Z AT AGE—=" A ig
BB B A B, TR RE A ol 22 i/ 41 ) 2
FRFE-A T BT I P2 B B i 1 52 e U B W

M ATAIBIE ST A B, 24 18 2 4 f 2% B T IR DR
KLJE B8 T AR Z A0, 50 nm 72 1) Bl B R R 7
FESEA 11 AT W 7341, HLRE S AU 2 858 Ak Y IV 4
HEas At AR R R 1 AT RE AR A A 4 B



100 s #F

PLINN O P18

SRRL R R IR AR, TS ) B2 i P A AR X IR 1A 7
JCHAE DA AT, ORI A 1165 T %) AH B
YERDS FROBRE A HLEE S FAETREA &
BEXL,

JFE S T FRU 728 A AT AR R AR T A e
SERE s gE— 200 FRATTE i A A KA T oA Y
AP T O R R g T Re 2, W] LLA
Bt g AR TERF S G IR T 19 A B UK G B i
SEXRE GRS e AT Ry, YA AN R AR BE 3 fn 3K
MZ AT B, g fE W R 2 )5, Al e s R i
BRI T 98 (5 9 5 T R ) T ol 4 2 3 Dk  R |
TR AR SR K R A B R (72 h) & T34
KR SR, S50 b 5 g R Bt Rk A T
AR Z2 R A OC, B T R S8 D RE Z A1, P
28 S JULPA 55 D7 T Y BE PRS0 4 AT RS ma i UK
2 WEUKAT A B2 AL AT RE 2 bR A W] R 2% 3[R E
(25U R FRATT A 45 S BH B 2 I 0 )
TR F RS AEIKAT R B AR X AR W R IH BT
o R SE A R . X TR A AR S U
TR — T LA T G5 19 A= A7 4 R i ok BE Uik A T
R AT e A4 10,50 75 ) i A £ 3 R I, DT 5 i) JFE
TERFANAE TR 3

BE St g fn REEVIGR G, el RGEPRZIEE
AT DA B0 190 A 049993 SR A 40, T HLAE 14U
EAEA A EEAEEERYS, L8, A
LUZ WU 1 Z )5, BE I R G IR
9 L 30 R R T 40 L IR -, i =2 I B 9 B i
Bt w2 R i, 2 5 = BRI, eSS g
SRR AL W5 R A0 i AR A%, BT I, O o M —
ROV EYEE N NS S U 2, DS
SLANE ALY T AL GERS FIIGRE Y S A A
() M 20 B AT S IR R D5 e 9 S
YA 31, X P AR R I 5 T 4 A mT 9 R
BELH 2N SRR AR B BB B, 25 B3 1 16 4 R s
T EE R0 S AE T IR AL SV AR 272 A A A
RHEBNT T, M 8 3 o B 3 5 #0532 0 5 2 5
PRI s 23 A, A e 1 HAE B 1 £ 2 U1 52
AR P EEERD, ROTZAT PR bR
TUCIHRL RE A8 411 T B £ 1Y 5928 10 28, AT 52 i L 2
gAY 5 R E SR, AHIE S R BN AE
B OB T 48 I o ARE A OC A+
3 S5, T ARAE A AR AR B FE K mpx Ml mpegl [R1FE
B T RIEE, XTEe 3 AR BB, Wi R S AR

B B 1) 2 S AR 5T DB B T R e, X b R R PR A
VR FH B Ay i 2 Kt 0 ol 9 A A T) o B 8
A 2 6 T AR 9% O o R A — B

B £ R 6 AR U KB B 2R i IR AL A 4
Wnt/3-catenin i 2 F1 BMP | i 4T 4E 4 ff A < H 7
FGF B3 Z R4 KA T IGF 455 S im kG
PEFARY ) Hivh | 22 i) Wnt/B-catenin {5 5 3 1%, H:
AR Xt T R A o AR S 0 B FE A 1, Py
YRRy g s 9 G A P2 R, F 5 e R
Wnt/B-catenin 1 4 {5 538 % R I8 42 497 11 Ak 19 oA
Be R SR AN AT RS LA S AN A | m] REFE 4120 %%
i P AE 2 R) 2 B R AE ™ Z AT R R R
O AR B KIS ] ) 2 §2.(72 h) 2 S 30 B 4 fa Ak
Wnt/B-catenin 5 %5 38 fif AH 5 Kk PR i 55 Fi 3R 5K 4 411
H SR FEABEFE T BR T winesb H HE W R i
FREA AN A W7 R S R A B B R P — e
JEE AT bR AR L . BMP {5 538 6 0 2 B0
PR R A ML Y A3 AR TRIRE Y TR S R R e
IR HA bmp2b FEH )5 K, 2 B R AE
HIE AR Activin 8 B 1Y activinBb FEK] X A]
RERW] T HE— B T4 AE AR N AR AE B 5
TIVER, DT 08 T PR A5 5 R G 3 6 B P ) e i
K-, SR, BLEF AR A AE K 7 FGF {5 5@ i b
) fzf20a, METR RA HI1¥) cyp26al , L)} 2 fig v 41
L FE bR 5 3 B pena 45 | TR A 22 58 WA K
HAELSRAFEARFREEE 0 T AR, R, Gkl 2
FZHEMS 1% Notch T 1Y) gata6 FeX (B R T mfap4
FER AL K, a3k R K AR AL R AT
i1t RNA-seq TE55 47K LB AT T 50 (Blod &
K3, AR ECE fr s 5 (A H R — 300,
B RT DU H R P 1 4 I 45 A 24 52 2%, 1
FLATF- RN AH MWL 34 5 2 T 2 () AE ) 2 i I LA
N, (R, 5 RE A EE RIS, X 3 ASARIF B
B REE 2 WG PR B R T £
(3PN, HHAE SRR B AR ke 34

W R, B AR5 P B i 0 2 i AR 9
PRI & T AN 2 T 52 56 v T R FH 19 &)y £ 34 Ak
FRESRES, HWK, % T4 R g b B
Ji P & Ber R R BB, [R5 R S
AR | ARG 2 30 ek &)y £ R A 5 SRR T 5 R e
Sf, HoAh 2 SURN 2% B A AR FE PR ) mRNA ZKSFAR AT
AT T FAE R AL (3G S A (b g 2R, BRI, S 2
AF 9450 30 3 7 £ e 66 A AN TR) B B R A 7 R R, O



545 4

BB A B L £ 20y £ 2 A P A A AN TR] B BN A A A e 14 2 5 101

B P A R B AT AN, 3R] R 48 s OB R T
JE 88 FHAE 4 PR AE AL B AIE S D vl S IR

PZE BB AW 5T LA S Z i B 7 B A AR
P RURERL A R EE U T RETOIA S LS I BRI
JEMZS IR, TEE ST, Sl AR AN [ M i
AR 225, Hetn SR ACOK AR = ZEE A 1)
B, O e 2 I A7 7 KR LA UL 2]
JUTANBORLAN SR (R BRT SA BR R A 5 125
ot FBe, HRTR RS BRI AR, e, A
FAAS RN FLAR BRI SR A I8, ARG 0 235 2R v BEAH 22
Boafs=, — o, BT SR X T RUE R O
e/ VRIS BB, LEUNAOR G R 7E PR 5 7K A4
R B AR AN Y (EICIE nfer, AR OG T B
B TIPS KU R AT R 1 S

KM 2, AT 3R W K 2065 Tl 20 e 2 B e
A1 B3 5 A1 R 8 Y 14 I AR A [R] B B e B i A
IRITEMEAAONE . 2 1A R B T AR I Uk AT 8, LA
GPE R GE AN P LE A 5 100 % AR G B DA A 5 SR oK - o
B BT W AT R SR, W7 A 0 L O A i)
TROREXT T R 6 P A= 1) 52 ) B O S8 2%, R
H ] R P AR A B D e S T O R
RIS 1R T PR B A 2 i 2 6 P A e
AEERNE L,

BAE(EEE 502 46(1980—), %, 3t W E R 57,
ERFEA AN SRR,

22 307k ( References ) ;

[1] Geyer R, Jambeck J R, Law K L. Production, use, and
fate of all plastics ever made [J]. Science Advances, 2017,
3(7): e1700782

[2] Granby K, Rainieri S, Rasmussen R R, et al. The influ-
ence of microplastics and halogenated contaminants in
feed on toxicokinetics and gene expression in European
seabass (Dicentrarchus labrax) [J]. Environmental Re-
search, 2018, 164: 430-443

[3] Koelmans A A, Redondo-Hasselerharm P E, Nor N H M,
et al. Risk assessment of microplastic particles [J]. Nature
Reviews Materials, 2022, 7(2): 138-152

[4] Arthur C, Baker J, Bamford H. Proceedings of the inter-
national research workshop on the occurrence, effects and
fate of microplastic marine debris [R]. Washington DC:
National Oceanic and Atmospheric Administration, 2009

[5] Rochman C M, Kross S M, Armstrong J B, et al. Scientif-

[6]

(7]

[8]

[91]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

7]

(18]

ic evidence supports a ban on microbeads [J]. Environ-
mental Science & Technology, 2015, 49 (18): 10759-
10761

Ma H, Pu S 'Y, Liu S B, et al. Microplastics in aquatic en-
vironments: Toxicity to trigger ecological consequences
[J]. Environmental Pollution, 2020, 261: 114089

Borrelle S B, Ringma J, Law K L, et al. Predicted growth
in plastic waste exceeds efforts to mitigate plastic pollu-
tion [J]. Science, 2020, 369(6510): 1515-1518

Nava V, Leoni B. A critical review of interactions be-
tween microplastics, microalgaec and aquatic ecosystem
function [J]. Water Research, 2021, 188: 116476
Yoshinari N, Kawakami A. Mature and juvenile tissue
models of regeneration in small fish species [J]. The Bio-
logical Bulletin, 2011, 221(1): 62-78

Sehring I M, Weidinger G. Recent advancements in un-
derstanding fin regeneration in zebrafish [J]. Wiley Inter-
disciplinary Reviews Developmental Biology, 2020, 9(1):
e367

Iovine M K. Conserved mechanisms regulate outgrowth
in zebrafish fins [J]. Nature Chemical Biology, 2007, 3
(10): 613-618

Pfefferli C, Jazwinska A. The art of fin regeneration in
zebrafish [J]. Regeneration, 2015, 2(2): 72-83

Gu L Q, Tian L, Gao G, et al. Inhibitory effects of poly-
styrene microplastics on caudal fin regeneration in ze-
brafish larvae [J]. Environmental Pollution, 2020, 266 (Pt
3): 114664

Mathew L K, Sengupta S, Kawakami A, et al. Unraveling
tissue regeneration pathways using chemical genetics [J].
The Journal of Biological Chemistry, 2007, 282 (48):
35202-35210

Sun L W, Gu L Q, Tan H N, et al. Effects of 17a-ethi-
nylestradiol on caudal fin regeneration in zebrafish larvae
[J]. The Science of the Total Environment, 2019, 653: 10-
22

Noyes P D, Haggard D E, Gonnerman G D, et al. Ad-
vanced morphological-behavioral test platform reveals
neurodevelopmental defects in embryonic zebrafish ex-
posed to comprehensive suite of halogenated and organo-
phosphate flame retardants [J]. Toxicological Sciences: An
Official Journal of the Society of Toxicology, 2015, 145
(1): 177-195

Tegelenbosch R A J, Noldus L P, Richardson M K, et al.
Zebrafish embryos and larvae in behavioural assays [J].
Behaviour, 2012, 149(10-12): 1241-1281

Ingerslev H C, Lunder T, Nielsen M E. Inflammatory and

regenerative responses in salmonids following mechanical



102 Ao #F O OH ¥ Mt 18 &
tissue damage and natural infection [J]. Fish & Shellfish [24] Wehner D, Weidinger G. Signaling networks organizing
Immunology, 2010, 29(3): 440-450 regenerative growth of the zebrafish fin [J]. Trends in Ge-

[19] Keightley M C, Wang C H, Pazhakh V, et al. Delineating netics, 2015, 31(6): 336-343
the roles of neutrophils and macrophages in zebrafish re- [25] Wehner D, Cizelsky W, Vasudevaro M D, et al. Wnt/3-
generation models [J]. The International Journal of Bio- catenin signaling defines organizing centers that orches-
chemistry & Cell Biology, 2014, 56: 92-106 trate growth and differentiation of the regenerating ze-
[20] Mescher A L, Neff A W, King M W. Inflammation and brafish caudal fin [J]. Cell Reports, 2014, 6(3): 467-481
immunity in organ regeneration [J]. Developmental & [26] Tal T L, Franzosa J A, Tanguay R L. Molecular signaling
Comparative Immunology, 2017, 66: 98-110 networks that choreograph epimorphic fin regeneration in
[21] Petrie T A, Strand N S, Yang C T, et al. Macrophages zebrafish - A mini-review [J]. Gerontology, 2010, 56(2):
modulate adult zebrafish tail fin regeneration [J]. Devel- 231-240
opment, 2014, 141(13): 2581-2591 [27] Science Advice for Policy by European Academies (SA-
[22] LiL, Yan B, Shi Y Q, et al. Live imaging reveals diffe- PEA). A scientific perspective on microplastics in nature
ring roles of macrophages and neutrophils during ze- and society [R]. Berlin: SAPEA, 2019
brafish tail fin regeneration [J]. The Journal of Biological [28] Dris R, Imhof H, Sanchez W, et al. Beyond the ocean:
Chemistry, 2012, 287(30): 25353-25360 Contamination of freshwater ecosystems with (micro-)
[23] LeBert D C, Huttenlocher A. Inflammation and wound re- plastic particles [J]. Environmental Chemistry, 2015, 12

pair [J]. Seminars in Immunology, 2014, 26(4): 315-320

(5): 539 .



