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Abstract; Androgen 1.4-androstenedione (ADD) and androstenedione (AED) are mainly used for the prevention
and treatment of human and livestock diseases. ADD and AED have been frequently detected in the surface waters
at concentrations in the range of ng-L™', and rarely up to wg-L™". In addition, high concentrations of ADD and
AED were also detected in a variety of fish. So far, several studies have shown that AED can cause masculinization
in female fathead minnow and in mosquitofish and even lead to sex reversal in zebrafish. ADD can reduce the fin
length of fish, decrease the egg production and adversely affect the gonadal development. These studies indicate
that ADD and AED have reproductive toxicity at physiological level. However, little study focused on the effect of
ADD and AED on transcription of genes in the related systems of fish, such as circadian rhythm and hypothalamic-
pituitary-gonadal (HPG) axis. Therefore, the aim of the present study was to investigate the effect of ADD and
AED on transcription of genes involved in circadian rhythm and HPG axis in zebrafish embryos by qPCR analysis.
The zebrafish embryos were exposed to three concentrations of ADD (448, 30.0 and 231 ng-L™") and AED (3.64,
21.7 and 230 ng-L") for 144 h post fertilization (hpf), respectively. The data of qPCR analysis showed that expo-
sure to all three concentrations of ADD significantly increased the transcription of period circadian clock 1b
(perl b), nuclear receptor subfamily 1, group D, member 2b (nrl/d2b), cryptochrome circadian regulator 5 (crys5)
and si:ch211-132b12.7 in the circadian rhythm network. The fold change of perlb, nrld2b and si:ch211-132b12.7
even reached to 3.19, 2.72 and 3.63 at 4.48 ng-L™', respectively. Exposure to 30 ng-L™" and 230 ng-L™' of ADD
suppressed the transcription of clocka (fold change, ~1.29) and aryl hydrocarbon receptor nuclear translocator-like
2 (arntl2) (fold change, ~1.29). In addition, exposure to 3.64 ng-L™' of AED enhanced the transcription of perlb
and nrld2b. For the effect of ADD and AED on HPG axis, exposure to 30 ng-L™" of ADD significantly decreased
the transcription of luteinizing hormone, beta polypeptide (Ihb), while exposure to 3.64 ng-L™' of AED increased
the transcription of /hb. It is noted that exposure to both 4.48 ng-L™' of ADD and 3.64 ng-L"' of AED significant-
ly down-regulated the transcription of cytochrome P450, family 11, subfamily C, polypeptide 1 (cypl1b), which
participates in androgen synthesis. Taken together, the results indicated that ADD and AED could affect the tran-
scription of genes belonging to the HPG axis and circadian rhythm after 144 hpf exposure, and suggested that ADD
and AED might have potential endocrine disruption effect in fish.

Keywords: androgen; 1,4-androstenedione; androstenedione; zebrafish embryo; endocrine disruption; circadian

rhythm; hypothalamic-pituitary-gonadal (HPG) axis
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AED, 2 F 1 2 (A Py G 0 31 448 55 e JE () ADD Al
AED, Liu %" R I AE T EJ™ R4 1 i ADD
Fl AED &AL LT RAIR N xR 45 R WoR | 82
a3 AED WA F] 9.7 wg- L7 76 B 3k Ak
T AED #E 2.8 ng-g™', JHIT ' ADD ¥ 1k
12 wg-L™" LA AED ¥ %} 044 ng-g ' ; il fa fiH
i AED #JE k5] 7.6 wg-L'. 1T ADD Al
AED TEIEA BT e A4 32 Frve B 104 ey | LT g
XK A 7 B RN

H AT 5T £ W, AED J&—Fh 55 1k i % 52 (i sh
7, AED FBER R R0 et JSHER R 11 - 52
(11-KT)PL J Z2WA(T)55 1™ . AED nf L5 [ 5 5 fa i
Wi 75 e B SR R e AR
AR R ALK Y AED 1] DL T B i fa f
PEALP B 9T & B, BE D A R iR ) B R
(120 h) TR BE(6.56 pg-L™")AED, ] 3 il 4 Jify {5,
E P450 J57 AL EESE R (cypl9b Fl cyp2k7) RN iR
TRl 5L N (sul2s3) 1Y B s KK Ak iy
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T - N I R SR A B
FIVERI®Y . HPG %l 32 2238 i 43 b AR o5 M A= il R
(LH)F1OP il 38 2% (FSH) 2K 9815 R B D g DL S &R
IR A S —RRAERT ) LN, BT R
EINPNGECE 2 NA Rt 7/ SN R ey 1 1 oA ] 0w
IREG LB, B HPG il 78 4 43 1
R PR AEE N, AR 2 C S HGE T MK
FEAZEHEXT AR m 2 R E ADD
H1 AED Xf H g ko8 i 8/ R, A b 2Lt —
A58 ADD Ml AED X 38 B 17 HE A1 HPG i AH
K38 s AR

AHFGEAE Shi ZEPIHF T () Fe bl I, LABE T £ iR
it sz AR, B 2806 2 &t PCR HLAR 4T T
ADD #1 AED /5 1% 5% 144 h Jo % BE S IR i B0
T A &K A (eryS . perlb. per2 . crylab. cry2adé .
clocka . arntl2 .nrl1d2b 1 si:ch2ll-132b12.7)F1 HPG %

A FE A (ar, esr, vgt, cypl9ala. cypllb. hsdl7bl .
hsd17b2, hsd17b3 . gnrh2 , gnrhrd ., Ihb. fshb. atf4bl |
atf4b2 cypllal M cypl7al)ill i 1k B0 , AR B
5344k ADD il AED X 4028 1% A 25 RUR: £ A 41

1 ##57 % (Materials and methods)
1.1 EZEALE L]

Smart Spec™ Plus ZH G F 22 EA AR A
7], Applied Biosystems™ QuantStudio™ 7 Flex 3 i}
FE i PCR U F 3¢ E FE BB AT BRA F L 1290 &
371 8 1o 205 YA € T R TG G495 = DU 4% AT T %
(UHPLC-MS/MS)Il4 T2 [F Agilent 23 F]

1 4-1Eks — i (53§28 C o H,, 0, , 43 F 1t 284.39,
CAS 5 897-06-3, 4li i 98%) . Mt} — i (43 F X
C,,H,,0,, 4> T i 286.41, CAS 5 63-05-8, 4l J&
98% ), YW T I i 245 SE R B Ry A IR A H) —
FH 3537/ (dimethylsulfoxide, DMSO), HPLC %% , 4fi i
>99.9% , W T Sigma /3 v, FSQ-301qPCR % H RT
A & F1 QPS-201 %% S & # THUNDERBIRD™
SYBR® qPCR Mix H#JIF H AR LY A4 FRA 7

iz 1R Shi S5O T vk C ) VR I B 75 BRI vk
FEUIT :294.0 mg-L™" CaCl, -2H,0,123.3 mg-L™'
MgSO, -7H,0 .63.0 mg-L™" NaHCO, f15.5 mg-L™"
KCl, FCHl7emUa BB AR b 1 2 5 Fike, i<
24 h 5, P75 pH (3] 7802, FH TG R 5E 525
1.2 BES ol e ARG I 4

FCAEBE Sy i (Danio rerio) A2 G L K24 %
B R AR Y 2 R = R IR TS
KIEFRR G, e TR E], SRAEZK Y R A RN
IF 80% ,pH 7 ~ 8, [l iif St BRI B 15 ] A 15 R 14
h: 10 h, /EQ7+1) C, R 3 Kfe—yoK, 3
] B A T M1 ORI R AR IR — R, I TR
IR G ER R B Wik it FZEAE | DARIEAE PR K 7Y
T, PRINRT— AR 1 FUME AR 2 UM fR A
BE Ly fe S e A b e £ I £l — 37 I R AR B T
IR E GRS A0 B A I & LA R PR IS A5
T, 52 KiG RS KRR /NG Al R Py
M, FTH VBT S R sc Be & P A BE S, 0.5 h
Jo  MUR DRSS L SRR SZAE B . IR G 35 97 W
D% PRI G th 22 W, JF I BR R TE W 2K IR G
PR G WA, W & B IE W IR R T 2 67
1.3 ZEEim

H4E ADD Fl AED 78 ¥4 53 v il 2] 1)k B 7K
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SEUT Y DL R EE R .5 .50 1500 ng-L7,
[ IR 1R BV RN R ZH BT A AL FLZH v, DMSO Y
%170 0001% (VIV), BAAEPAEEA 4 P17,
ZEFRIAETE 1 000 mL BeArrhiff AT B Rt s &
100 N EAGFT 600 mL %528 V5 W, i 22 7% 5% 144 h,
TR R R — I, IR B Rk i IR G, 2
FA] IR EQT£1) °C O A FI R JE 10
14 h: 10 h, BELSAJE , BB BEAL IR X
25 H4fifa, it A RNAlater /1, Fl T $2 B 4 £ i
mRNA ,
1.4 B SRS

R 2 5 PR T O 8 o7 1) kP 2 i
T RNA #2I cDNA & 8152 i ¢t & i PCR 43
Mro BAR40 R B A Trizol J7 ¥ 42 BUIR G b 19
RNA ; ffi Ff§ Smart Spec™ Plus Spectrophotometer (Bio
Rad, USA)K Il RNA 57 AR L ; A RNA A5 1Y
260 nm F1280 nm FLAETE 1.8 ~2.0, i A L5t
#£x(ReverTra Ace® gPCR RT Master Mix with gD-
NA Remover, Japan)¥ RNA #5455 ¢cDNA, Hin
FEH 5 352 S R C kR e 300
ST A R A0 . ff B batchprimer3 15 i1 15 i
W& TR 593 F)F Primer-BLAST (http://www.nc-
bi.nlm. nih. gov/tools/primer-blast/) 73 ¥ 5| ¥ i) 4§ 5
PE, RSl BT AR T A G I P 8 AR I e
95% ~105% Z[], 7E Applied Biosystems™ QuantS-
tudio™ 7 Flex V-5 #1790 &t PCR 401, X
RIRZR QR BARBN 20 L, 4445 10 wL THUN-
DERBIRD SYBR® qPCR Mix i##](Toyobo), 0.4 pL
519,04 pL NUFSIY,2.5 pL cDNA H 5
6.7 L DEPC 7K, JZ i 55440 - ASPE S #E 95 C x
15 5,60 Cx60 s #1740 MEH, 5115 0Z 1
R, Shi SRR A ST O R WY, BE D f0 4 ) 5 5
T2 A 221 (dydrogesterone, DDG) )5 , RpL13a , Ac-
tin-B Fl EFl-o 3% 3 NN S HE K R IX AL HRE,
Liang 55 A A 58t 3R B, 3 25 fa 0 i 73 ) 2 5% T
R 5 (17 o-ethinylestradiol, EE2) ., H 4k 347 Fiil (norg-
estrel, NGT)f1 EE2+NGT # 96 h J5, id 3 S
FEPR s R AR A2 . Itk gPCR 19 25 31 A
FHl RpL13a, Actin-B Fl EF1-ou 3X 3 />N 3[R 5% 5
FIRACE BB BAREER AT IH— 1k b, 4R
J5 R HH-AAC, 75 BT HAREE AR XS TN 2 5L
1) 25 57 B A EEY
1.5 B+ ADD Ml AED il &

T IE AED Fl ADD 7 % 5% /K 0 52 PRk

JE Xt 0 %t BEZH 4% kb B ZH FP ADD Fll AED &
PEAT T AR50 0T, T 53 B /KA W B R A 7, A
U, DB 4 22 68 (T, ) 1) B K B 46 2 B8 VR T ( Ty ) M
—ANJEM, TEREES S K AN h T, A
T,y X 2 AW B KA, A FA7H 500 mL 7K
R RARR OIS, IR 4 ST, K
HREEH A O 4 g 19 7 35 % K B () ADD
Hl AED HEAT E A AR _EALA M, 3R R AT R
MR KEEIE S, BRI 25 mL H A
02 mL /i H,SO,2 mol-L™");ffi F 0.7 wm BEESLF- 4k
JEME(Whatman) 5 JE 5 58 WS, B KEEH A 50
L PIAR, 7850 8855 ; fdf FH [ AH 25 B (Oasis HLB, 6
mL,500 mg)$EPBOUKFEH ) ADD 1 AED; il T4+
Je , H 10 mL (335 48 (1) 20 R £ T 1 B 1361 AH A5 BURE
RAWRT,IFH 0.5 mL B9 H B (HPLC, Merk) %E %5,
HJrfH ] 1290 R 518 = S0 AH (35 R R Ge495 —
# PUZ% KT B3t (UHPLC-MS/MS) FHUKGIN®?
1.6 Hdumntr

B A B ¥ F) 1) SPSS kAT 22 b, A
AR & 7 2250 M1 (One Way ANOVA) H1 1) Tukey
LT R R KE B E M, M P<
0.05 . P<0.01 1 P<0.001 i\ N2 5 W%, FlH
cluster3.0 X} qPCR %4 i 17 R 240, i H Ori-
gin 22 HOR B B T 45 35 0 V- 4908 < A5
1R 2£(SEM),

2  Z55 (Results)
2.1 BEEWE

T 2R 58 S0 5 24 h BB AR EE W, B0 24 h o
IR, IR EE N S RUE R BT
i, L4 T A6 BT 6 2R B VR FS RE o (T, ) R R 4 5 R R
RIRESH(T,,), 4347 ADD il AED 52 Pr 22 88 W
K43 47 % B, ADD 1 AED Y SEBRHEETE T, i %1
P52 ORI, (AR, 450 24 h %55,
B TARHREEZH(S ng-L™")4h, HiAth ADD F1 AED By 5E
e i ¥Rk %, o, ADD 78 T, B SEPRIR
NRET 37.4% ~82.3% ; AED 1E T,, FUSEPRyk T
[T 84.8% ~924% , #:§% 24 h ], ADD [J-Fik
JE 491 448 30.0 #1231 ng-L™", AED V-S43 i
I3 H1H 3.64 21.7 F1230 ng-L7' (3 2), Fent %=1y
st Rl IR 258 T AED "1 24 h J5 , AED F %
R4, X0l g il T ADD 5 AED W% [ 75 5 &%
5 A 2% THT BB £ (R SR 3 Y W AT RE 2 TN
(A Wi i ADD B AED BIH2HY,
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Table 1 Primers used for real-time qPCR analysis
230 SEH 5 LURFHNGE~37) TUFHIG~37) PHIK B bp T IERE %
Genes Gene No. Sense primer (5’~3") Antisense primer (5’~3") Product size/bp Efficiency/%

*clocka NM_130957 CACACGGTGGTCAGTTATGC AACTGAGACTCGGAGCCAGA 119 99.6
*amtl2 NM_131578 TCAAAGGAGCAACCAGCTCT CACAGCCAACCACAAAGAGA 120 914
dperlb NM_212439 GGACAGGCCTCATCTAACCA AGCAGGTCCAGCAGATCACT 119 93.8

¢ per2 NM_182857.2 GGCAGCAAATCCACCACACT CACGGCCACTGCGAAGATA 207 98
dnrld2b NM_131065 AGCAGCTTTCAGTCCTGCTC GGAGAGTGATCGTGCTTTCC 117 94 .8
derys NM_131788 CGGCATTAATCGATGGAGAT GCTTTGGGAGAACCTCTGTG 119 942
dcrylab NM_131790 CAGTTGCTTGCTTCCTCACA ATCCAGCTTCCTGCATTGAC 115 96.6
dsi:ch211-132b12.7 NM_001045055 CCGCTGCTCTGAGAAAGAC CATGCAGAGATCCCTTGTG 119 95
dar NM_001083123.1 CCACGAACCCCCGTTTATCT TCCATCCATTCGCCCATCT 165 99

4 esrl NM152959.1 ACTCTCACCCATGTACCCTAAGG CGGGTAGTATCCCACTGAAGC 151 100

b atfibl NM_213233.1 AGGATGAGGAGAGCTCCGTG GTCAGCAGGACATCTGACGG 139 96

b atfib2 NM_001103192.1 AGGTGAGGTGGTTGTGGAAA AAATCGTGGGAAAGGTAGGG 111 95

4 gnrh2 NM_181439 4 GGTCTCACGGCTGGTATCCT TGCCTCGCAGAGCTTCACT 89 104

4 Inb NM_2056222 GGCTGGAAATGGTGTCTTCTT GGAAAACGGGCTCTTGTAAAC 202 99

4 fshb NM_205624.1 GCAGGACTATGCTGGACAATG CCACGGGGTACACGAAGACT 151 98

4 hsd17b1 NM_205584.1 GTCTGATGGGTCCTCTGGAA TGCCGTGTCTCTTTTTCTTCA 126 97
4 hsd17b2 NM_001040188.1 AAATCGTGCTTGGATGTGAA GGACCTCTCCTGCCATACTG 118 100
4 hsd17b3 AY551081.1 ACATTCACGGCTGAGGAGTTT ATGCTGCCATACGTTTGGTC 74 102
dstar NM_131663.1 GCCTGAGCAGAAGGGATTTG CCACCTGGGTTTGTGAAAGTAC 170 98
deypllal AF527755.1 GAGGGGTGGACTCGGTTACTT GCAATACGAGCGGCTGAGAT 109 99
deypl9ala NM_1311542 CGGGACTGCCAGCAACTACT TGAAGCCCTGGACCTGTGAG 264 103
deypllb DQ650710.1 CTGGGCCACACATCGAGAG AGCGAACGGCAGAAATCC 171 106
deypl7al NM_212806.3 ATGAGGAGGGTGATGGTTTG CACGCCAGGAAGAGAAAGAG 118 101
dytgl NM_0010448972 CCTTGGAGAAAATTGAGGCTATC CTGAATGAACTCGGGAGTGGTA 161 107

H: 51 A Shi P° 5] [ Shi P ¢ 5] A Liang 6%, ¢ 51 B Liang %P4,

Note: * refer to Shi et al®®; ® refer to Shi et al®®; © refer to Liang et al®); ¢ refer to Liang et al**.

X2 ADD 1 AED 7R FE LK A R EFSTRE

Table 2 The nominal and measured concentrations of ADD and AED in the exposure experiment

sl & A S (ng- L") SR /(ng - L")
Compounds Nominal concentration/(ng-L™") Measured concentration/(ng+L™")
T, T, ¥J{E Average
SC 0 0 0
5 455 441 448
ADD
50 369 231 300
500 393 69.5 231
SC 197 1.55 1.76
5 482 246 3.64
AED
50 376 5.70 21.7
500 428 322 230

1. ADD /R 1 A4-HEW i, AED R HER R ; SC /R FIXT IRAL ; T, A T,, 2 /REUEERTEIO h F1 24 h); Sk B 0 FH{H(n=2).,

Note: ADD stands for androstadienedione; AED stands for androstenedione; SC stands for solution control; T; and T,, represents exposure time (0 h and

24 h); measured concentrations are given as mean (n=2 replicates).
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2.2 ADD #1 AED %5 I % 58 % B 5 £ s 1 1o
% R R 2 S 2R3 ) 5 )

W 1 Fr7R , ADD AbH T A v B 34 g 25 14
KT perlb, nrld2b. cry5 Ml si:ch211-132b12.7 W) %%
SEIKOF,4.48 ng- L7 () ADD B E T per2 fE
IR ,30 ng- L' H9 ADD B EER T amtl2 By
EEIKF, 3.64 ng- L™ AED ZbFRZH B EM KT
perlb nrld2b . cry5 Fl si:ch211-132b12.7 §y %5 5% 7K
F,21.7 ng- L' AED KT perlb F1 nrld2b
I s KF . 230 ng- L' AED W& FEAK T amtl2
B FRIRIKF(P<0.01),

2.3 ADD 1 AED % #2 &% %) B 5 4 i i HPG il
HHORH G 5 R A S 3R 3K 1 52

WA 2(a)fi7s,231 ng-L™' ADD %52 3% T i
T gnrh2 F atfb2 ()% 5% K F- 530 ng- L7 ) ADD %
5 WEART Bhb (W5 K F-;4.48 ng- L7 fi1 231
ng-L7'1Y ADD W3 FiH T esr (WK F, WKl 2
()7~ ,231 ng-L ™' 49 ADD B3 T T cypl7al
vgtl (1% 57K F,30 ng- L™ ) ADD % 3 A% T
cypl9ala. hsd17bl F cypllal () 3 ik K, 546
448 ng-L™') ADD B EFEINT cypllb Fl hsdl7b1
BB K . 5 AED AbBRZHH 3.64 ng- L' HY
AED %3 BT Ihb (A5G 5K K 5230 ng L7 Y
AED BE N T atftb2 W% 5K, I H 8 2% 1l
T ar W SRAKF(E 2(c)), 364 ng-L7 FI21.7 ng-L™!

fEEEAL
Fold change
N

(%) AED SEIRALT cypl1b (% 5K F-(P<001),230
ng L' AED BEFHIKT cypl1b Ml cypl9ala %%
SEFIRIK-,3.64 ng- L' 1Y AED W ERAK T star 1
SR FIRKF-(E 2(d)).
2.4 RESWr

mE 3 proR, WA Hr 45 R E U], ADD-L |
ADD-M FI ADD-H ¥ # % 4£ | — &£, AED-L #1
AED-M %253 i, ADD Fl AED X5 5 1 )5 1%
TG HPG A 5& 3 X 4 52 i HL A ) oA #6t
PEo LR BRI I R R R 4k AR B 2R
KT HEER 3, HPG AR G P B 4 31 R 25 1A
H E RS>, ADD Hil AED XS 35 HEAT HPG %
(AR 25 SRR

3 17312 ( Discussion)

KW 47 T ADD Hl AED % 3 2 88 0 B
ARG AR, 453 7R, ADD Al AED 1 L&
AT AT HPG iR G [ 35 R A it ek il
SRR T AR R A 3 B P R PR R e SRR KO

qPCR (455 o BE L IR 52 25 T 4.48 ng-
L™ ADD Jii, perlb . nrld2b Fl si:ch211-132b12.7 %
SEFIRAKOE I EE T 3.19 £ .2.72 £5H1 3.63 1%,
i 3.64 ng+- L' AED % )5 perlb, nrld2b Fl si:
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Fig. 1

Transcriptional alteration of genes related to circadian rhythm in zebrafish embryos exposed to ADD (a) and AED (b)

Note: The ADD concentraitons in ADD-L, ADD-M and ADD-H treatment groups are 448, 30.0 and 231 ng-L™';

the AED concentraitons in AED-L, AED-M and AED-H treatment groups are 3.64, 21.7 and 230 ng-L™'; the same below.
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