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Abstract; Synthetic progestins are widely used pharmaceutical agents with high bioactivity, and their residuals are
frequently detected in the aquatic environment, posing potential threats to the aquatic organisms. In the present

study, we investigated the reproductive toxicity of progestin levonorgestrel (LNG) at environmentally relevant con-

E£WH WA #E TR BORTF 55 H (9 H 45 : Q20182010)
YEB B ARTLIR(1989-), 2o, Wit BIFE T [ S IR 45 3 3% | E-mail ; huajianghuan@163 .com



552 1) PEVTIRAE « P 3R e R 2 SR o 2 0 X D £ 1) A 9 R 177

centrations on zebrafish (Danio rerio). Embryos were exposed to LNG at environmentally relevant concentrations
(10, 33 and 100 ng-L™") and allowed to develop until sexual maturity (142 days post fertilization), and 100% males
were induced in all the treatment groups. Egg production of unexposed female zebrafish was significantly reduced
when paired with male zebrafish exposed to 100 ng-L™" LNG, comparing with that of unexposed females paired
with the control males. Survival rates of the offsprings from the unexposed females paired with males exposed to
both 33 and 100 ng-L" LNG were significantly decreased within 7 days after fertilization, comparing with the sur-
vival rate of offsprings from the unexposed females paired with the control males. Semen samples were analyzed
for total motility (TM), progressive motility (PM), velocity average path (VAP), velocity straight line (VSL), and
velocity curvilinear (VCL). All those parameters showed significant increase in males exposed to 33 ng-L™ when
comparing with the control. However, no obvious changes were observed in other treatments. Plasma concentra-
tions of 11-ketotestosterone (11-KT) or estradiol (E2) in males were significantly decreased after exposure to 33,
100 ng-L" LNG, or all concentrations of LNG, respectively, while no effects were observed on plasma concentra-
tions of testosterone (T). Besides, LNG exposure disrupted the transcription of progesterone receptors (npr, mpro,
mpif3), estrogen receptors (er, ef) and androgen receptor (ar) in the brain and testes, which may indicate the regu-
lating roles in reproduction through these receptors. The present study suggests that long-term exposure to environ-
mentally relevant concentrations of LNG could result in reproductive endocrine disruption in zebrafish. The results
also indicate that male exposure to progestin alone may also have profound effects on reproduction in fish popula-
tions that inhabit in progestin-contaminated aquatic environments.

Keywords: progestin; levonorgestrel; zebrafish; reproductive toxicity; endocrine disruption
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1 ##57 % (Materials and methods)
1.1 &5

T 22 i (levonorgestrel, LNG; CAS 797-63-
7; purity = 99% ), — H J& WF K (dimethyl sulfoxide,
DMSO; CAS 67-68-5; purity = 99.5% )4 T Sigma-
Aldrich /A 7] (Fluka, Shanghai, China), jift[R 1 &
N AR 20 M it 22 i -2,2,4,6,6,10-d6 (LNG ((-)-Norg-
estrel-2,2,4,6,6,10-d6 or LNG-d6; CAS 797-63-7; puri-
ty = 98% ) I T i %= K CDN isotopes A ] (Pointe
Claire, Quebec, Canada), LNG (1 mg-mL™")Fl LNG-
d6 (20 mg - mL™") i fiff £ W& 53 il PR 47 7E DMSO Al
40% HEE  FE50 58 T 4 °C MI-20 °C {47, HBSS
300 IR (FLHIJTHE .08 g SAfLEN 04 ¢ 5L 0.16
g ZIKFMES 0.2 g LIKBRMREE 0.06 g MR & —
B.0.06 g BElR A A 035 g BRIREAN 1.0 g #i%)
AT 1 000 mL K&K 18 pH 7.5) 3R ELH
HA AN M o pr e,
1.2 BEohfa i 7 5 55

WAEBE D11 (AB strain) [ 355 M R BZ S Z O A
SCHRPY, R ET AR 4 F S A0 BE D SRR T M
UEJE B A kK pH 7.0 ~74 , K IREHIFE (28 £0.5)
C,OEHEHIN 14 h:10 hOEHR ; BRES), & RMEE 2
UK, [ B PR W 0 A 1) 24 HURD AR AL, g £
B P T — R M e e FOME A7 L 101 ) E A9 F TR
— L, U H AT G ™ B USRI e A Bl R
PEAAL IR 24 h 1)L UEK TG PR DN, BBk 5 . TEMF
IS T UL B I W 12 IR S G (2 hour post
fertilization, 2 hpf)300 i, FEHL/>FL & T A 800 mL
FRRRWAY 1 L A A BB 45 S L, LNG B9 5 52
e BEMCYR M 10 .33 H1100 ng- L™, Hirh DMSO ¥ i
Y1 0.01% (VIV), 1% E 0.01% DMSO(V/V) R %f

MH, BAWERE3 ANV, BRI BERER,
1E 15 dpf(day post fertilization, dpH)if, FEHLHEE 250
FAFMBVEA 4 L BEWAY 5 L B B9l s 78
30 dpf I, BEHLBkIE 200 SEHEM IR A 9 L 257
(1410 L MRS Y (s 5 76 63 dpf I, BEALPELE 20 ~
25 ZMBEAT 16 L BREEWAY 20 L MUAK 0 fdir b
ERFELH(142 dph).
1.3 HEHI A

TRERA S TE WU T e i 5 5 £ M, B
S MERE , ITGE it BE St A 1 LA
1.4 R I £ uff oA % 538 Mk £10 7 BP 1Y) 18 0T S i 3R+
(AMibpERRES

TERR RIS — A, B R NREASEAT B B AL
B8 SRt 4R 101 Y LA 5 (R HE T i oK 2 5% 1Y
A8 TRV 7K OR 4224 19 3 8 B R K) h A7 B, F
Seg i —JE P RO K TS R B A
TG B T K i 3 — 8 gt ARG %
1.5 BERMEARE 05 e

RS ORS00 B, AR EE A AT, A BEL
B9 AcMitt OIS # B8 1:20 19 BT REARFR LL (o
VI HBSS 300 #, Hil s 587 i, B Tk b
FEHRY S R R AL BokS 7 738 RS2 (IVOS  ver
12.0, Hamilton Thorne Bioscience)% 8 & 7 418
0T ) B B () RS R TR VR AT I B S8
AL45 BT J7 (total motility, TM) | 1 B 1 71 (pro-
gressive motility, PM) , ¥ ] 1% 4% 3 J& (average path
velocity, VAP) | H £k iz 3J) # i (straight-line velocity,
VSL) . 281z 3% & (curvilinear velocity, VCL) 1 H
2k (linearity) JL/S 28, 25 S H0I0R & SCIE L3R
1, BRARM 9 MK FEIFRFEA, B A 6 4
LET

x1 FARPHUTEEFENSH

Table 1 Parameters of zebrafish sperm motility detected in this study
LT RCPIE 2 84
Parameters of sperm motility Explaination
BTG TS TR BT O R
(Total motility, TM) (Percentage of motile sperm, %)
TR BRI 71 PR [ T 12 B RS 850 BT o5 e
(Progressive motility, PM) (Percentage of motile sperm that expressed vigorous swimming, %)
RSl sy RT3 Bl T 289 AR I 8 5 i R ) 4 Ll
(Average path velocity, VAP) (The total distance along the average path for each sperm divided by the time elapsed, um-s™)
T4z Sh K18 B AL A5 5 2 0] 04 TR B 5 BT A il ) A
(Straight-line velocity, VSL) (The straight-line distance between the beginning and the end of the track divided by the time elapsed, um-s™)
ih £z gl a3 RT3 Bl e KR 5 i T 1) 1 LE A
(Curvilinear velocity, VCL) (The total curvilinear distance for a given sperm divided by the time elapsed, pm-s™)
BN KT 18 3 BRI B LR B 1 00, 7 8UfE 45T VSL/VCL

(Linearity)

(The departure of the sperm track from a straight line, it is numerically the ratio of VSL/VCL, %)
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1.6 FRe b Aol PR nHh 3 5 00 e

TR 4G AT RIS I WY R UM, A 3 B A
MR & 51— rE AR, Ra M T 4
°C .7 000 r-min" BT B0 5 min J5, B EE0
pDHI T E , BMERMETESHC LKL
B AR (10 wWL)A 390 pL Milli-Q 7K, i
JEW 21, A 2 mL LBk, RAIEHIRS AT 4 C
5000 r-min™ 44 F B0 10 min, BT, B 2 mL
CTEE IR R T B4R — U, 8 2 YR B otk
TR RO N, ZR TS R T-80 T, K
TJE WIEESL A EIA Buffer (Cayman Chemical /A F]
f9 ELISA 37 & P9 3 ) 52 9, e MR & il W 5
IRE A A P OME  BE(E2) | SE R (T) A 11 - 2 =2 (11 -
KT & &, 3 Ak i a9kl BR o3 50 . 19 pg -
mL"(E2),6 pg-mL"'(T)f1 13 pg-mL"(11-KT),
1.7 B 0 R AN 88 Sz AL D] ) e oKk -F

A SCHIFSE T % i M £ R AN i v e 222 K
LK (npr, mpro, mpiB, erv, eiB, ar)fi% 5K, 53
SR A0 RS SR G SR — I PATREAS . 15
Han %P1 J7 PR BU RNA ff RNA 30554 cDNA
K47 RT-PCR £l , >R H Trizol (Invitrogen, Carls-
bad, CA, USA)$ZHLE RNA , 4 il NanoDrop-2000 i
folam 43 )6 %6 B 11 (Nanodrop Technologies Inc., Wil-
mington DE, USA)IIzE & RNA 1¥ &, {4 ] Prime-
Script® reagent Kit (TaKaRa Bio, Shiga, Japan)& i,
cDNA, 7ExE ik I Z 1 fff FHAEZE T H (http:/www.

leonxie.com/ referencegene.php) Al H I 5 NS
LK (rpl8, 18s, B-actin, gapdh, efla)ft LNG % 5% T
M RRE R TR U SRR E YRR AP 1Y 1pI8 VR
WS, 286 &E & PCR % H 78 Toyobo 23 7
(Osaka, Japan)f*) SYBR Green i ifll &, F ABI 7300
(Applied Biosystems, Foster City, CA)#EATR: I, ¥~
WAFRIF M .95 C % 10 min ZEPE,95 °C x 30 5,60 °C
x 155,72 °C x 45 5,35 DMEFF, 25 BT B AE A
S5 R TR L5 19 1 8/ Primer 3 program
(http:/frodo.wi.miT.edu/) ¥ i, 5| ¥ ¥ 5 W% 2, H
(18 35k PR B S AKOT I AR X AR AR 27427 sk AT
AL
1.8 Ao

TEDEE 0 3 DAE 1Y & & Br B g 3 #E £
1 ), o3 SIAER K H (T, ) FHGK IS (T, UL
HKAE 500 mL, FH T G 2 8% /K LNG 1 552 B v
B RS T ARSI 2 A S5 B R RIS,
1.9 HdlEabs 5 54

A BR8] SPSS 13.0 %4 (SPSS, Chica-
go, IL, USA)#EFT Ab B A 43 A7, FH - Y4 = 45 o 2
(SEM)# /R, 43 9ill Kolmogorov-Smirnov #1 Levene' s
G5 7 VBRI 1) TE 2 A3 A R 25 SRR TR 5
KPR K 7 2250 B (One-way ANOVA) Tukey' s £
T TR R 45 2 34 =2 1a] 1) S 2 M A A T 5 A
4 P<0.05 RIIARE N BA BETEZE S

®2 AHRFAASIMER

Table 2 Gene primer sequences used in the present study

FEP 2 Ak FEPH A TR SIYIFFAIG5 -3") B P PR RS
Full name Abbreviation Primer sequence (5'-3") Gene bank accession No.
Ribosomal protein L8 I8 Forward: ttgttggtgttgttgctggt NM 200713
Reverse: ggatgctcaacagggttcat
Nuclear progesterone receptor npr Forward: gggccactcatgtctcgtcta NM_001166335
Reverse: tctccactctgaaaatatgtggacttt
Membrane progesterone receptor alpha mpro Forward: cgctcaagtgcgaacttttt NM_183345
Reverse: cgtacttgccatagcageag
Membrane progesterone receptor beta mpiB Forward: acgtcaagccacagtacacg NM_183344
Reverse: tcctgatgecactggacgata
Estrogen receptor alpha ero Forward: tgagcaacaaaggaatggag NM_152959
Reverse: gtgggtgtagatggagggttt
Estrogen receptor beta el Forward: tgattagctgggcgaaga AJ414566
Reverse: tatccagccagcageatt
Androgen receptor ar Forward: atctgtgcgctagcaggaat NM_001083123

Reverse: caactgcgagtggaaagtca
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2 Z55 (Results)
2.1 Ab2ESrHr

FEBE S £ 3 NRE B & B B B (WG 1 fE £
R A0 )45 e B — A EURE B ) A5, A DK S O b
(T,)F1 24 h(T,,)Z 85 /KA LNG 1Y SEPRif iz, 45
X IRALRAG HH LNG, AbBRAL P T, B 200015 R 5%
KA LNG e BE 43 )R 9.4 ~14.0 ng- L', 35.3
~36.6 ng-L",103.6 ~110.0 ng-L" ¥+ /34 3n H
PRSWREE 1 T, BFZINAS MR BE AR T, Jemt A i
W&, 43k 83 ~11.5 ng-L" ,31.1 ~332 ng-L",843
~92.2 ng- L' PV ARSI IrA 45 SR R S Uk
RN,
2.2 BB

Gt R B R IG 24 W (10 ~ 100 ng
LLNG 557 142 d J7, A g 38 i (0 |
2.3 MO f R R R M £ IR A RE ) BT AR
RIS %

5 5 0 1 T P X £ 55 [t R ) R R R )
BE S A0 EATROAT , 25 58 (15 A 2% 5% M 1™ O 1Y)
RE SR R AR, 45 5 & B 100 ng - L AbHf 21
1A A5 R 2 R £ D) A B30 0] R e (A R
7 5 WA O ) B B a0 (BT 1), 2P s
I, 33 F1100 ng- L7 Ab 3 2H £ 55 ok B 5% W £ i
XS FAEZHG 5 7 d P AOAT 15 S50 0 e 4 I £
5K 7 7% M £0 X T AR AR A7 TR R 2 RR AR
(#2),
2.4 BT TS

K116 1 R fa AR FE RE T 1) — A T B AR, 7E
33 ng-L"' LNG ZE 419, BE D farg 7 1 80% 11 (E
3A) JEIRHS 715 J1 (8 3B) 1 8% A2 i (18] 3C)
Bz 3 (K 3D) ks 3 B (8] 3E) & 6m
K11 1 0SB0 B ¥ 5 2 T, i L b e
X SE SN T B E AR, ARk s
BN BRI AR bR 2 JE B A2 fk(] 3F),
2.5 BEFEMEA AR E K

FEBE ) f Il (RVR B LNG Xt 11-KT
17K - TG B 5, /B 33 A1 100 ng- L' LNG # 5%
MEFRL T I3 b 11-KT AY7KF (8 4A), LNG 1E
3 AN R ARG T % b B2 AYKSF (B T
H K- JC B s (] 4B, 4C),
2.6 TR AL G FORS 51 22 I R 8 e KR

5 EKR T LNG %58 0] bt K i Foks 42 b
BLZAREEH (npr, mpra, mpiB, erw, e, ar)’fe sk K

IS . BR 100 ng- L' kb FRLDKS 8 npr 1Y%
TR KA ASEAN  LNG 5 85 ] 35 WA £
i FIG 55 P npr (055 5K, 10 #1133 ng-L"' LNG
T i85 1 A 25 R ATCHE i K mprac R mpiB3 (1) 5% 5%
IR AEATAT 9 E 1 LNG 5% 58 44 A 5% i) e e S v
mproc Fl mpi W 557K, LNG BEEAEAFFEE
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Fig. 1 Changes in egg production of unexposed female
zebrafish paired with males exposed to levonorgestrel (LNG)
Note: This statistical parameter is expressed as the mean
numbers of eggs per day laid by per female fish during the last
week of the exposure phase. Values are presented as mean+SEM (n=3).

* P<0.05 indicates the significant difference compared with the control.
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ok P<0.01 Fon 5 BAH L BA 5 22 22 57
Fig. 2 Survival rates of offsprings (F1) from the unexposed
female zebrafish paired with the LNG exposed male fish
Note: Values are presented as mean+SEM (n=3). * * P<0.01

indicates the significant difference compared with the control.
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Fig. 3 Effects of LNG exposure on zebrafish sperm motility parameters including total motility (TM) (A), progressive motility
(PM) (B), velocity average path (VAP) (C), velocity straight line (VSL) (D), velocity curvilinear (VCL ) (E) and linearity (LIN) (F)

Note: Values are presented as mean+SEM (n=9). * P<0.05 and * * P<0.01 indicate significant difference compared with the control.
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Fig. 4 Effects on plasma concentrations of 11-ketotestosterone (11-KT) (A), testosterone (T) (B)
and 17 B-estradiol (E2) (C) in male zebrafish after exposure to LNG

Note: Data are expressed as mean+standard error (SEM) (n=3-6, blood from 3 individual fish were pooled as one replicate sample).

*P<0.05, ** P<0.01 and ** P<0.001 indicate the significant difference compared with the control.
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Fig. 5 Effects on transcription of receptor genes in the brain
(A) and testes (B) of male zebrafish after exposure to LNG
Note: Data are expressed as meanzstandard error (SEM) (n=6, tissues
from 3 individual fish were pooled as one replicate sample).
*P<0.05, ** P<0.01 and ** P<0.001 indicate the significant

difference compared with the control.
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