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Comprehensive endocrine disruptive effects of atrazine on zebrafish

ZHANG Shihan YANG Fangxing ™
(Institute of Environmental Health, College of Environmental & Resourse Sciences, Zhejiang University,
Hangzhou, 310058, China)

Abstract Atrazine is a widely used herbicide and also an endocrine disruptor that is frequently
detected in aquatic environment. However, the comprehensive profile of endocrine disruption of
atrazine has been not revealed in fish up to date. The effects of atrazine on 22 hormones of various
endocrine hormone systems were investigated in larval zebrafish at environmentally relevant
concentrations, and assessed at the levels of hormone, endocrine hormone system and comprehensive
index in the study. The results indicated that exposure to atrazine increased the levels of 11-
deoxycortisol (11DF), corticosterone (COR), aldosterone (ALDO), estrone (E;), estradiol (E,),
androstenedione (AD), testosterone (T), androstenedione (ADT), melatonin (MT), thyroxine (T,),
prostaglandin D, (PGD,), prostaglandin E, (PGE,), prostaglandin F,, (PGF,,) and thromboxane B,
(TXB,), and decreased the levels of progesterone (P), pregnenolone (PREG), and 170-
hydroxyprogesterone (OHP). Among the three exposure concentrations (1, 10 and 100 ug-L™), the

low concentration of atrazine induced stronger effects on the sex hormone system, thyroid hormone
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system, pineal hormone system and endocrine cell hormone system, and meanwhile posed a greatest
comprehensive endocrine disruption in zebrafish.
Keywords atrazine, hormone, comprehensive endocrine disruption, environmentally relevant

concentration, zebrafish.
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AR 25 1 A P RV, BT R AR A [ A K PR I AR, A g L KPS g E K
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1 SEEER A ( Experimental section )

L1 SEg b

B R EE (2 EE > 97%) W A 11 22 s bR W), 22 Tl N 43 AR RN 6 IRl 67 2 BRI A b e 2R L
o], TEAE B ILER 1 SE 0y FIRbRAE S I B BC B K 1 mg-mL™ IIRE A, 5% 1Y CIE T w H ok
o R A R T IR R RN A T V. 2 36 i A 3408 LC-MS 4, 4 BiE I 1 36 [ 1.T.Baker A w]. H
M2 o Hrai s ik ALO;s. JC/K MgSO,. NaCl g H 1 [H 1 R B A, Crg W H 3¢ [E Welch Materials 22 7],
W BfE 7] N-PA & £ — f% (Primary secondary amine, PSA) Il [ 3€ [# Agilent Technologies 2\ &) . 74 FHHT, 43
Mrafrp ik ALO; 7E 180 °C T HERE 12 h Tif 1k, JE/K MgSO, il NaCl 7 450 °C T HE#E 4 h 2 R Horb ] GE5X
ALY, =R (FEE> 97%) W A 22 s bR S w128 88 50 590 5 50 5 £ 0 R A0 381, 4 T AiG
ARAE K E Y, 0.8 g L7 VAR
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Table 1 The detailed information of hormones and isotope internal standards

GES waEY PSLAFR fATRR 40HZ/%
Category Compound English name Abbreviation Purity
LHE LR norepinephrine NE 98
(S epinephrine E 100
) ) 11-JJ5d 5 e S e 11-deoxycortisol 11DF 99.3
B EIEER RS ]
B2 J5R corticosterone COR 99.1
JREE 51 ) aldosterone ALDO 97.0
B cortisol F 98.0
] estrone E; 99.6
e estradiol E, 95.4
Toedes — 1] androstenedione AD 99.3
_— 21 testosterone T 98.0
P RS ‘
e androsterone ADT 98.4
21 progesterone P 99.5
170- P57 17a-hydroxyprogesterone OHP 99.0
2B T pregnenolone PREG 100.0
o ) 3,3,5- ZLHUIR IR IR R 3,3,5-triiodo-L-thyronine Ty 100.0
RIRME 58 ,
HRAR R thyroxine Ty 92.0
ERUERS JEM IR vasopressin VP 98.0
MR R R 5 R melatonin MT 99.5
HIFIIREE D, prostaglandin D, PGD, 100.0
N ) FIFIRE Ey prostaglandin E, PGE, 98.0
A IR 5 -
HIFIRE Fq prostaglandin F;, PGF,, 100.0
Mm% B, thromboxane B, TXB, 100.0
HREEE-d, melatonin-d, MT-d, 100.0
FHAR AR FE -cq thyroxine-cg Ty-cq 99.3
) B SE-cy testosterone-c; T-c; 99.3
[F)r R AR
Zf2 - progesterone-dy P-dy 100.0
Je lE-d, cortisol-d, F-d, 99.1
HIFIRE Ey-dy prostaglandin E,-d4 PGE,-d, 100.0

12 RELER

— A BB AB S R BED M4 ((0.08 £0.02) g, (10.4 = 1.5) mm) 4 H [ 5 AE YR A B
N FVG, TESENG 2 0 5 B IR W RS, Pk /NI B BE I A A A 00 fn 55 AL SR R 72 h A ORIKAY
SLER AR TR 1, DRI, BRIIAEES 1 KA 1 RIMG R E PR F4F . Db g ) s 17 2%
8 S0, R R I RN M. AR BT R T 0 S ) M (96 h LCsp = 4.5—100 mg-L™") ) FI/K FR5E 5% B4
K-, BT e 0 e A AR B 1 gL, R A 10 pg L AN R 2 100 pg-L Y, R A%
EXTHRAL (5 0.01% ONE ). AL EE 12 250 S, FERUEAE WA 1L BT, 2517 08 3 d 9 E i
ADREE L, B 24 h AR B N — 1 B 7K TR b FEAH I 24 700 A 4 % 58 Uk B . A 2R R 0TI, R R A i
SEIEEIRIE IR KK pH . WM A EFUK R, 7300 (252 £ 1.6) C. (48% +6.5)%. (7.12 %
0.13)., (7.19+0.76) mg-L™" F1(26.8 £0.5) C.
1.3 FEECRAE R w2

BRBLE NG, R DA RS 0.8 g L 1Y =R M /K G AR BEAL BE, 15 0§ 1k J5 Pk
FHEE 0 U W7 50306 AT AR A kB0 AT AR S PAL B B SR AR S N 1 mL B 4K 7532
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W, SIS R 10 mL .08 IR INA 3 mL & 0.1% HERAY Z G . 200 uL [F47 Z NFRIES
T (A IARIREE R 10 pg- L") J5 48 75 2K B 10 min, fill A NaCl F1JE7K MgSO, 45 200 mg, i HETR -] 1 min
JE B0 5 min(F3# 4 4000 rmin™), FISWECEFIR 10 mL 2.0, iIlA 50 mg PSA. 30 mg Cjg. 30 mg
e ALO; F1 20 mg JG7K MgSO,, i HEIRA) 1 min J5 B0 5 min(F5 3 4 4000 romin™), b 75 W& BCE Fr Y
10 mL B0, T IA 2 mL 7% 0.1% F R 20 VRIS B0 5 min(F53#°8 4000 r-min™),
WA IR AWK ZE3E TR, B 200 uL 5% SR RE %, EERad 0.22 um JEAK L LB RES
A BRI, ¥ UPLC-MS/MS 43 #.

1.4 X8

et ) 8 7 TR € 1% - = DU A AT H3 BB R 3% 1Y (Xevo TQ-S, Waters, 35 [E ) XiF K 5 v (1938 E 9847 4>
Mr, WA 2388 (4% H: > BEH C18 #£(100 mmx2.1 mm, 1.7 um, Waters), #7540 °C, #EEEE 10 uL, HizhHl
K Z I, A R 0.1% HRR 0 S, B A 0.1% H IR A 8 2K, 6 BE YE AR ¥ 4 : 0 min
5% A, 2 min 25% A, 4 min 95% A, 8 min 5% A, JiLi# 4 0.2 mL-min™". B A5 3 hy B WG 55 0E £ B AR
3, 2 I W e £ B - Wi I (multiple reaction monitoring, MRM) . HL 3% &8 3.5 kV, & ANE MR 71,
T A 800 L-h!, YR K 350 °C, WANE ML K.

JIT 43 B 7 R S 56 2 BU R I v, R R AN b T 67.3%—132.1% Z ], A X [ F AL F
73.4%—110.2% Z [H], J7 1R 25<13.8%, Jr LA AR AN 25/ T 0.3%—20.0% Z 8], %33 X A %
BRI BIE S BT S50, 72 S50 W E R R 25 R0
1.5 it #rs ToxPi 43 #r

WE SR (ngg") LB E A, FPFBE AR R (SEM) oK, 45 537K A1 one-way ANOVA,
F£ SPSS 26.0 # 4T, P < 0.05 W04 35 1.

75 B 22 0 e 38 B0 ToxPi( Toxicological Prioritization Index) H Reif 1 Martin 55 12 H P2, AT A&
(1) ToxPi 4K (http://toxpi.org) I 4 Z2 A [ 4 U5 14 504 MR 4l AT 4 B i — 1> B B4 P 6 5 41 (ToxPi
18 IF AT AT AR Y R 35 (ToxPi FFAEIED) , IS5 AT 4k 27 i O A S 2 HE 7). A 53 4 1] ToxPi 4K
FEXF 22 FRER & i AL B, 75 2 BT RFRL AL 25 2R B Ve T 256 N 40 Wb TP A%z i (ToxPi fE) If-42
TR I 25565 PR A3 WA T B 2507 [ ( ToxPi RAF 1), ToxPi {8 Hi &/ H—4k ZE 0—1 X JA], 0 LR TCL: 4 N4
WT LN, BB SR 1 ARREE G N TR RN 8K . ToxPi REAF B4 & Bl AN [R] 1) s I, AN B3
ORFEARRER SIS AF NI E RS, B LRI K/NE R Z TR RN, i Rt Rz
N THBK.

2 ZE - 54718 (Result and discussion)

2.1 NIRRT B e

BT 4 T o F S TR N 43 6 R R GRS ma an 18 1 iR, 72 BRI R R G0h (& 1a), #
#E T PTRFREEET, NE FE 0 & 53w T, (ARG 2% B B & P2 55 11DF Al COR & &t &
T BRI 7E o B 5 TR IS 0 1) 2 B KR BB A 2.5 £ A0 2.1 4755 ALDO 5 2[Rl RE i 1% B, 7E IR
T A0 O B 4.2 43, 7E T R EE TR BTN 0 O RAY 6.5 %, T F % S AE B AR R
()45 2 R T B T ¥ 0 B A Ak DART A F 5% S A Bl RE R X 0 2 B T BRI R S e i R 3E, P A SE 5 )
L BAT AR i X B B R R R EA — TR, Horh ALDO X Bl i i ) SR =
oAl JUFP B T BRI . A A Sh P 5258 v, Bl har Sl I S ] 3 3 SRR B B R R R A R R
P AR A BRI 3 COR K S04 351, A BT A T/ RS2 6 o, TR RE RS 25 1 i o i
% COR M4 A3 585, 11DF, COR Fll ALDO #BJ& 5 b it fz Bz, A B 5% b ax JLAM R K1Y
ISR A PR S T B R R R R SRR 1 R

TEPEBER R (& 1b), MK B, By, HEMZE AD. T, ADT & & B B E K, b B T
FADT et A3 MR RN 58 88 Wk B2 DOREC, 11N T 5 i AR BRIV T i 0.91 ng-g ™' WS KR 9.09ng g7,
WRT 8O, A BBEE F &R N 69 ngg, RT 6.5, AEEmBEBIKE FSENS.97ng g, 1
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KT 5.5F% 223 E P, PREG 1 OHP (1) & 35 IK F x4 4, Hovh P AT OHP & &t Y [ i A1 2 58 Wk I
FHOG, 1, Rkt BEZEAH Lb, P 3 e 26 AR 28 88 e B T FRAIK 25.8%, A r 22 5 vie 5 R /3 2 B8 Vi B 1 40 i) i
F AR 68.4% 1 77.2%. AD FI T 43 5lJ& E, Al B, W ELZRTIR, Bk T PERR 5> W41, 36 66 Hh B R
S B 3 06 . O A 5 R B R o (50 mg-kg ) BATARE BV I 2 B 0 U7 Bk B9 S A e R R BRLAY Il T B, AN
E, KB, Iy TR e R R 1A S T LSS AD R T 76 N A b 2 [ R 00 4 i 7R AR ISR v, B
RN E IR FE R R 11DF, COR, ALDO. M % AD. T. ADT AU E,. E, i& Ay
KA REAL R F T Bl R h e oer B b B 28 [ B 9 % VR . 22 038 7K O 32 B2 35 K 8 3 (Luteinizing
Hormone, LH) (55, COR A 41 il LH 43 WA %, 7E A< B 5%, COR % &t 78 Bl 4 v e 5% 8 T 4 K, P
PREG H1 OHP & = #FFRAK. ATt A BF 5T IESE 1 pug L F1 10 pg- L™ B Bl 427 i e ] 4100 ) 8 44 200 fto fy 2
B P 4330, AR 5T Fh Bl R R AR R T 2B R () i T R T R RN BT RE R RS S COR B A= A, #0461
T LH B0 WIS 32 M F K1 R .

[ Jconrol [ J1pgl" [E10pgL” [ 100 per™

o a _ b

[ [ 104.
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£ S ol =

=] =] [

S 3 10 M *

=] g * x % * % R
= = *

=} =} *
= =

s 5 107
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=] o

3] 3]

2 2

=] g

o [}

O O

NE E 11IDF  COR ALDO F E, E, AD T ADT P  PREG OHP

= c = d
& 10t & 10t *
= = *
E/ E/ *
7 a *
g 10t . . g 10t * ;
£ it £
= . =
g 100 5 10°
g’ ERU
VP MT T, T, PGD, PGE, PGF,, TXB,

B 1 ARNTIBEEREN RS
a. P LAREER RS0 b, PEMER RS o TR AASARITURIREGR 250 d. AZHBANHEER REE. *, % Al o0+ SR FAH R FRZLAH
Ik, P<0.05,P<0.01 Fl P<0.001.
Fig.1 Levels of endocrine hormones in different endocrine hormone systems
a. adrenal hormone system. b. sex hormone system. c. pituitary, pineal and thyroid hormone system. d: endocrine cell hormone system.

* ** and *** represent P < 0.05, P <0.01 and P < 0.001 compared with the corresponding control group, respectively.

FETER AN SVAFHUR IR R R b (K Lo), PRI R BRSO K T VP & i, W8 MT &
i, MT & s AEfI . mf . e ok B Y B ARe v e 2 6 1 0 oil) Bk 35 08 R O X R 1301 4% L 8.1 AR 4.3 4%
MT EA BT EACVE T, At i B A 2 7 28 B o a1 e 0 A 4 Rl e 401 il 25 =X B 3
(1] 422 b 0 o) 20 AR A0 03 1, L AR S T i3 DR BRI 4 A v BT AR R R 15 S 1 ST 0. I F 5 S
FERLHE 175 S 0 AR P 72 A o B TR AR IR0 S A M 7 A AT 7 s i AR A 8 45 1, ARG R MIT &
AR 1A R AT £ F TR SRR Sy 0 ] B AR s B A S AR 01T R S B MT. Bl RE R e 2 5 A T, ity
T T B A, Y4 5 R T IR B BT R s, T, 5 12 0 0 193.0%, % 58 T v e 82 BT e hor e it 2 0
K 138.5%, T T rhife i Bl 4 hr demy T, & &k 24.1 ngrg ™ 3Kl 39.5 ng g™, (HAESS i1 FI% AT B3
PEZE S, Ty %t SZ BRI A 52 AN B I8 . T, v 308 7 2 T A L 0 T A 0 AL 3, G LA
W =W 0 Ty, BURT AR A WF I B 20 5% Wk B 1 Bl A v e 5 8 X i 2 FROIR IR R 19 s i), AR F 5%
Ty B T WACE A — @ BRI, R BT T, A8 KRR KT T, DB AR
TRV T Ty 0B B ] T, Fo A3 i i A, X Ty ) Ty A6 A = Az BH A .

NI R R G (F 1d), BIRRRLHE 5 88 F 1 HT 51 iR 2 PGD,. PGE,. PGF,, il #4 %
TXB, [ & G HIHE A, 1Y WRAR 5 2 55 VR A G, 0, PGD, 7 8 7 1% 2 58 TR J32 Aof 4 28 1 R Sk X LY
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10.1 4%, fErp RISt 91.0 ng g 3K F] 759.4 ng g™, BE K 7.3 45, T 16 125 S 8 v I 14 K 5.8 1.
KM, TXB, & e R BB ERTH 5.6 ng-g™ HI K F 36.7 ng g, ¥ K 555.6%, 7 H1 7% 58 Wk B2 I 185 K
F| 18.5ng g, K 230.5%, 1M 7E /=1 % 55 W FE I3 K F 14.6 ng-g ™', B K 162.0%. M AT A A W58 05 S By
Pt #25 PGD,. PGE,. PGF,, il TXB, (5200, iX 4 Fhi 2 0 AR Y Bl e A6 A VUG TR, Bl i 2
T X 4 FECR & i 093G AT RE By T R RS R B U5 T A AR N A AR DR R 1] PGD,. PGE,. PGF,,
TXB, 1% 1k.
2.2 ATIAHER R GEKOT e L

AN T) % 58 % B T ] AR i o) B 0 PN 43 0 2R 8 R 2R 6 P R g 5 2 A R R AN T 2 BT, B R
FE 1 pg L7 Y2 85 e B R X BE B 25 N A3 W TR0 fe K, e xR R HOIRIR IR R4
A IRAR IR RGN WA R R GRS K. 55 AR B A L, 10 pg L™ (4 47 e 2
FEXT ' FRRIER RGN RZIAEEK, 100 pug L™ 1 Bl REH 2 88 0 AR R R M2 ik, i b ml I,
AN T e %) B A Y o BRE £ F) AN ] P9 43 I 8 25 2R G O R T O R — 3

N 1‘% ’ N\ 7 l N /7
"{"”"ﬁ "p-ﬁ"% "'-ﬁl-«f
Atrazine 1 ug-L™! Atrazine 10 pg-L™! Atrazine 100 pg-L7!
[ Sex hormone Adrenal hormone B Endocrine cell hormone [0 Pituitary hormone
E, ‘NE PGD, | vp
M E, E PGE, @ Pineal hormone
®m AD LIDF ® e, & wr
[ N COR W x5,
ADT B ALpO @ Thyroid hormone
[ LI .
B PREG .,
@ onp

B2 1pgL™. 10 ug L7 F1 100 pg L™ 4 Bl 48 hir e 2 3 X6 30 5 40 S ] P 20 I R R SE 52 IR

Fig.2 Effects of atrazine exposure at 1 pg-L™, 10 pg-L™" and 100 ug-L™" on endocrine hormone systems in zebrafish
2.3 LEE N W PLHERUKF 8

AR5 B 4 B X AL 23 MBI R B DL RN AT 255 9 20 T RS X (ToxPi {8 1935, 45 2R U0F
ToxPi0 L >ToxPi™2 o >ToxPi - ToxPi (TR R P () 42 5 ik E 64 G, 783X
3PP FRFEUCSE P, 1 pg- L BIAEHI 2 55 1Y ToxPi {H iR K, DU 1 pg LAY BRF B Bl Y 2645 Y
Sr AT PR, T 100 pg L' (BT RERL HE 22 58 1) ToxPi fH /)y, UEHA 100 pg L (BT RE Rt HAT 5/ IN
ERAT NP . X 3 WA BT 7 T R 2345 A 20 AT DI RO R i Y 38 SR G IR R A 5 Y BT A
Pt L 2R 5 U S ST AR R B A8 S 1 N I R AL, S R RE R AT L A K A R BB i RN A R
LERE S 78w S N RN TR SRS 27191 NS 2 S e (R W) I DI WETE- 8 DRt (AN S I IE RS A SO R E YL E DN
AR B4 B AU LA AL

3 4518 (Conclusion)

AR 5E R W], T35 DG Ve JBE 10 BT Ry o T 2 % 4 5 | R B 5 00 PN 43 A R e Th 1 BRI R R AR AR
b, T AT RE 7= Az P 43 06 25 M, 30 TR 5 ) BE D fa P B 43 R SR DI RE L FE 3 R R R vk B R, IRk
(1 pg L") BTy 2 5 X0 B 16 00 i 255 G N 20 W0 T 800 85 T (10 pg L) L /i kB2 (100 pg L), HAS
IFi) Y 32 %) B AR TR Xt B £ (1 A [] PN 300 2R 3R 56 14 S i R — B
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