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Differences in reproductive toxicity between ERa antagonists and
agonists: From basic research to environmental health risks

LUO Shuang' WU Fan® LI Zhenyu? LIU Yujie? CAO Mengyxi®

LI Jianan' LIANG Yong ™
(1. College of Life Sciences, Jianghan University, Wuhan, 430056, China; 2. College of Life Sciences, Central China Normal
University, Wuhan, 430079, China; 3. Hubei Key Laboratory of Environmental and Health Effects of Persistent Toxic
Substances, School of Environment and Health, Jianghan University, Wuhan, 430056, China)

Abstract Estrogen receptor a (ERa) is a critical nuclear receptor that regulates the development
and function of the female reproductive system. Both its agonists and antagonists can disrupt
reproductive health through distinct mechanisms. This article systematically reviews the reproductive
toxicity and molecular mechanisms of ERa agonists (such as the environmental pollutant bisphenol
A) and antagonists (such as the clinical drug tamoxifen), with a focus on the toxic effects of low-dose
environmental exposure, sexual dimorphism, and transgenerational inheritance risks. These
conclusions can provide a theoretical basis for environmental health risk assessment and clinical drug
use strategies.

Keywords  estrogen receptora, agonist, antagonist, reproductive toxicity, molecular

mechanism, environmental health risk.
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2 7 N | A = 45 %

W H ER $8 BB A% 32 1K, 60 45 1 % 2 32 /& ERa(estrogen receptor alpha, ERa) 1M 3 2% 5% /& ERB(estrogen
receptor beta, ERB) L Hrt ERo Z 2 AR KGR B2 51, 76 F Bl . iR MR 38 3238, 2R
R E T A% R0, FEAERE A FE T RE . PR T PRI A S A i B e R R A AR ). R
B T UM KSR LA, ERo i AT RN ES & SRR AL & W (AN SR8 9 3 W TR A IR 259 ), T4 AR E &
4t, 5l K EEPERUL.

FR 4 VR 7 5K, AT ERa 1 AN IEAL A W50 23 SR sl R RS B ) BRI 75 L 4 WU A (bisphenol,
BPA) /28R 1Y) ERa a7, AIALHIMERL R 5 ERa 456, WG T IESE N 358, T 2000 LR R 18
DA S 448 A4 ), 77 fth 5 55 (tamoxifen, TAM) YE A ERa 54071, 76 T8 P 20 54 o sh 3oz, H ik
B 28 Ay 3 45 M O 38K 2% 0B 3R 32 A8 715 7] (selective estrogen receptor modulators, SERMs) ). 53X Ff i 5l /4%
HURON B 52 24Pk, (45 ERo BC AR 9 A8 5 25 M DPALk T 1 0 R PR AR e —, 2R S Mk 3 B W] — fk B W 7
AN TR B ™ AR A B0 5 ARG i P R R AT i i IR B A ) o 5 i 26 (non-monotonic dose-
response, NMDR )75 & 1% 5t 5 B 2A AR JC 16 Tl 19 16 3. %8 F I, ERa A T 1Y REPE ML B R PR 5% 75 P2
52 U O T I AT A

ITAFESK, ERo {5 5 3 7 A BE 2 B2 I AF9Y & B — 2 AR -BE AR ELAE 37 3 3 W ast % A 4
FESACIBAL RN 4N, 221 BPA %555 Al 38 i s 28 IR IR B0 38 R 1) DNA H AR, 52 A A58 &
AL A, PN AR 2D BN T B PEAS i A A M —— PR AR B R ST ERa 15T B BURE
T ERE, XTI RES ERB MARAEHLEIAS A 0. B, TRAMNT ERo B8 S5 35507 19 53 F Pl 22
S5, AOSF PRI R 259 3 11 (sl A 55 5 25 5 5 N RIE D 2 OCE 2, WA BN 0l T3
{14 JRURS: TPA S it 1 7 L i

1 ERa Es3hFIMEETHE (Reproductive toxicity effects of ER o agonists)
L1 A5 A O

A VR U 3R A5 3 1) R 45 LA T R R, S R R AR BRAE 22 1, AL TR R A
INBEE) | AR FRIR KT B AR AR LA K 20 S B BN 3R s S B Y S8 25 5. ER e 8N 7R 7 AR 3R FE S LN
I 25 RS A R R A B P o3 W 2% B O T B AR PR R U 3R R i & ( gonadotropin-releasing hormone,
GnRH) 731 . AR P 03 3R R0 LA B e 286 [T Pt 5 JlaxX — SO B I8 SR T, Y 2% B 9 ok 4 2L )
(BLISF , SX oG 285 0V BPFE B TR, 5| i 3 i A B B . BIFE e D, U] S 119 M 5 8 % T i ot 1
P IR MR 5 A2 AR Z TR AR P, XA L ok AR DL R AR B D e AR B S W 0 LT
e 1) e 9 2R A A R TS ERo {5 3l B 5| & T B k-2 AR - 1t (hypothalamic pituitary gonadal axis,
HPG) il 1) T 52 it 2R 3, a3k T T A8 58 N 43 A e A1,

TEMEVE Y, K E0R ) B 1Y ERa 81 2 55 5 U0 ST e R f 25 DI AH OC, RN IR 515 N
JEE ) RS AR E SR AR, A R B R 6 T EAA ME R TR PR O PR TS e, AR ELOE 7 & A, IR NI A
B RIER T, R 2B R DRE N L ILAh. Hu S5 R W], ERo 7515 N IR A 01 3R A 4%
fe s ANCTE I D) v 3R 5K I 48 % ERa AR 5 38 B Y ok B TS 23 R0 R N B R S 0 A 0O XU
AF (bisphenol AF, BPAF) {4 —Fi 47 24 9 ERo 20 7117, AT 38 523 38 il 42016 1z 38 DNA $53 45 76 AR 1 i
/IS B R BE 200 B A,

FEAEE Y, ERo S0l 700 W) 32 2538 o 0T Pl - 44 B b g S A Y, 40 ) S2 A (testosterone, T)
B SRR & A DR R T, e R e VR R R I S R S Ok SIS T A R O il ) 2R 3k, T R AR
T K, T2 FHCR > BOE 2 55 1 25000, BPAF 7] 45 3 /1N LAY I I 52 U7 I e 8 M Aok 1 ot
15 2%, Han 2521 {053 % PR, TH LNk g = [i5 (propylpyrazole Triol, PPT) 4 i —Fh ERa 3 £ M #L sl 57, A%,
AP /N BRI S v FE PPT8 S, 52 kU B 52 o o 0 35 1 o, ARG 8 ELAR MR 52 b B 4 M2y BE /N, K
TR BME . 1 Ah, Khurana 5502 B F57 K B, MR SOME R8T A X R 2% B T PR BT R A 2 T BUE
RS Y = W FLE LEE, DL ST B AR ER 2656 10 22 57 00 AR, $ 7R 1 28 8 1 I B 03 35 T %
T3 HPG i, FEOBFLZ T B, 25 ERTR, ERa Bl 778 w7 T X w AR S sh B X B B2 10
AN R SEI, B 7 AR P52 8 R0 25 W) A v 7™ A 45 R0 e 5 R R I ), D R AR T A 100 £ M XU
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1.2 4 FHL
1.2.1 2 MUBE R A4 36

14 ERa 3B & HE 1 A0 g 4%, 20 LRE R 4 3 0 T IC R -2 R &R A W0 TR . ERa — 2R 1k
AL YRR, RS TR B I RS 315 DX 38 P R % R [ Je 4 (estrogen response element, ERE ),
FF3 1o 4 ZE 5 R LB 7 (40 SRC-1, CBP/p300 %5 ) Bl B 2t €0 5 E #4005 907 00 5k IR il 2 S 24, A
L PR B R G, 200 R R VEGF ., cyclin D1 25 88 5L P8 422 727 P 54 5 A B 5 Th BB, SR,
TE BT FMER R R SR 25 S B0R PR, B4 55 56 0 /s 2 58 20 /)N BRUAE P B9 S5 RN B M1 P B S 7
RGN, FE A E AR AR, G TR BRALE | SR LR L AR SR G A R T R IR U9, Signorile
MR R M, NEOT R B #E T 100 pgkg-d 3% 1000 pg-kg-d'BPA, B 555 i & A R
35% Fi1 40%, T 15 PR S 2 A R0 & 1600 25% F1 30%27. gE—ESE T E2-ERo 8 B 76 A= 8 8 4%
W AEAE FHRO. 25 L UTIR, B2 5 5 10 48 UL R A1 5 3 B 2 R Lo MR AR B R e R b B AR TR AR
FIVE, LT 1T BB A e & AR 10 SRR sl PR 2R L IR PRAR 238 6 1 43 T ML AN A 92 0 3, X 1
V) ) 0 38 2 R S50 T A L L T A 35 T8 28 RS 1A % o o+ TSR s EL A T L S
1.2.2 AR 438

B T 25 M ) PR 43 % A1, ER o 3858 790 48 T 3 Ao Sl S5 DR 21 3 J5 A 4 PR 20 A 118 A ) 2 KU
VT AERIFSE R BR, B2 70 M 39 35 32 AR A B B R 9 G B A 0. G 2R P IR ME 9% R A2 4% (G prrotein-
coupled estrogen receptor, GPER), ti.#% % & GPR30%, 3 iz P 1 i 1§ PI3K/Akt 1 MAPK/ERK 55 5 2%
R 28300 147 G 0 A7 05 FHE B D) BB AT A B AR S S {55 G0 B o LA e ) b TR B R A S S R
RF R, 38 A BORD F 0B BIVR ik & 20 R P 35 A5 (D Ca?', cAMP) R B2 AR Ak 1 B 11 B R AL,
AT I 428 22 b A= BRI RE . P55 0 9 2300 o 53 % TRV 12 IS A A 5k — A 4 R 4%, 51 40 BPA i i GPER-
EGFR-MAPK {5538 41 il 51 -1J: 200 J 0 9 B0 2y, $i 7 A 56 R 203 % A6 RS R R A S AR B 1 v
RAFFEAE Y. B, WA BB GPER K HAH JCAE JE K41 38 2 1 A4E )~ DR 5 TR AL, X T 4Tk
PUME I 2 2SR O ) S L mT BB 51 & () A 9 2 Pk B A T B Be 7 ORI S 1o F i &t
123 KWL AL

PTAFR, Bl 22 Wit AL A58 AR WIIR A, B2 B 8 sl 70 e 2 U038t 1% 25 1T 118 )8 42 4 FH 320 7 2 31 ¢
L HORE MR IG & MR o Ak DA B A= B 20 P B 45 DG B s 3 1 VR I BL ) 25 8 AF 5 305
ERo #2050 Al i 22 e Wit A% 7 R P 4 B R 2 k. DNA HH A6 5 1T, /) BRUATE Wi 30 ] 5 8 TR0
BPA 23 i ZEHEINEN I FE A H19 5 IGF2 ) DNA B AR, THEIRIG 1 2542 . 2 i, i /N B
F B % &% T BPA J&, Hoxal 0 JE P rh il ¥ 5044 19 5% DNA H 34k, S804 L/ R 2 J5 Hoxal0 38
KL BRI UCAE, SEM R ER 5 HoxalO ERE B4 G $ 7 M 3028 BUBME 0 7 P 38 0 35k 14 e A8 ]
AR N4 W TP A 45 A — AL TR 20, e Ah, B2 sl 700 i 7T 58 2o 4% miRNA 2 35 5% M i 8] 9] 4
W 2% . B2 315 5 L5 400 miR-21 F1 miR-200b 2835, 3X 26 miRNAs 25 I 45 40 it & 48 . 1
SRR 3 A B0 TR SR, B B2 NGE R BEP AL AR, i il AR SR RNA ) 265085 AR FE A
KYJRECY. (B S B AR, X R (5 U2 HA T itk 5 s USRS ). 2R R TSRS
PN BRAER B A IS LT, RIS A2 58 R G W FORS 7 B R4 3R, P 2~ 5L IR G 3h
T DI AR R, B LA B AR AL 5 .

Zi LIk, ERo sl 1 DNA F 4L | 43R (81 X miRNA #3555 £ 2% R Wt 1% 3 [ ) 4 2
FAAHSCIE DR, T RES | & & B Bk . AR50 B AL 25 I A= X SE g i AN (VR FH 1 XY min AR, B 0] BB AL 38
S AR, XA A 5 R AR ST Bt DAURS: . I L IS WL A7 76 3 SR, o o 3k PR 4 -5 = R PR 40l 8¢ 118 58
HAEH, Ifg /2 ERo B30 77 A5 52 2% 500 - 500 5 3R 1) Ei B A R A B K S 3 I 1) o) 28 AR S Pk T 9
RS, A BT T BN U 1 IXUBS DA S s

2 ER #5517 B4 507 (Reproductive toxicity effects of ER antagonists)
2.1 Y7 B BYLETE R G
2.1.1  ER $5HUH0 Lo PR R0
FENm RIGST T, ER F5H0 R 1ok HoURR 9 2H S BP0 & #3238 7 VR FH R[] I, -t m] BB X A= 5
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RGP R, DL TAM FIECK 25 (Clomiphene Citrate, CC) 4t 29 SERMs, 7EFLIRIE . T8 P S 07
i KA B A BE AT A S LA N A B I REE R, TAM FEBEARFLIRE B R R R, 25
Gl & —FAN A RGN BN . KW TAM IGY7 AT BE SO 22 ik R s A | P e
DAL L BB i, B S 8 i P R A AU 7700, 5 5 2 1 B P IR 40 B A A i s T
Y.
2.1.2  ER $HH0HI%F 55 M 052 i

ER F5H01H HTFI1697 BEAR T AE, JUH R 7R AR 1 N 8 M 1 AR T B R 1) s 3 rp o, JHL i
A 35 2% X T e B 67 B U5, BN PR AR R 4 4, DA TR IR S T G B RIORS A A L AR
T gEFE H, CC I T 5 808 T80 02 . RS 705 1 T BE AR 40 5 MORS 7 . b4, TAM
Xof S AL ) S5 40 e EL A VR P e ) S5 4 X LH A SR, R T 43 e A RS A M B o, ks
BERE TR R TR, 3 SRS T
2.2 ER FEHUHRIAIVE HALE 22 57
221 sEMEIIE ERo A

ERa 59070 19 25 58 25 1 -5 O AR A /R AL 28 AR OC. 76 20 T 7K °F L, ERo #5303 13 5 ERo 36
I AN, P2 A R AR, A e LR S 55, PR MEB R A 10 2R BOE SR EE L, T3
ERa 75 I3 b iy 88, Jo ik e sh 3 PG S S50 AR W22 0F 5% SR, TAM 45 & 11 ERo BRE 12(Helix 12,
H12) % 4= 29 20°—30° 1% ff % , 3% i A4 52 BH A% 35 3006 P 7 19 35 4E . Shiau 559 (W 1F 5% /R, TAM 5
ERa FCiAZ5 43 (LBD) 455 JE il DES-LBD-KE & )5, H12 # i 40 NR & IK5 LBD M AH BAE H >k
BH 2 S 307E DR 7~ A 2 4 R BT VR . WUy M(Bisphenol M, BPM) 45 ERa 5970 77t HL A5 ZE B A/ FH AL
TS T T T R PR S
222 ZRMGUUE SRR TS EE S

SERMs i itk 3 A0 2 23 vk 8¢, LA R ML IX ) T 2 MU shml 51 & 19 32 R 58 i IR A4S 4549
WP EIF 9T W, SERMs 454 ERa 1Y BCAARZE A 35 (LBD) I, AT 5 S 2 A it B i “HE B 42, B2 00
380 3% 4T (co-activators ) 5 2411 i X 7 (co-repressors) [ 48 25~ 1. SERMs 78 55 & 40 41 b K B i1
ER I #h HIE 5P R Bk T L 2, SERMs 5 ER M85 & S 302K & 4B R i A8 4k, I A=
() = AL S5 R e T WIS A S0 R/l BE i 9 S AR B 3 1. BRI, R 2 2 v o B 3 ) R
T P00 AE X 7K S 2 SERMs 8 351 A0 703 1 1) O B e e PR 281900, S5 B RE 2 I 80 1 1 e S pE 2Ly
T )5 3 F P AEAE B ER OB 19 P B i 25780 SR AR AR B R G, SZARK G0 58 Ml e T
Al 5 2 S A RAUL Sh A A, E T R K B A R 15 ZK AL
223 N A

ERa 35507 (9 20 2Ry SR80 5 o HPG 3l i+ FU% VI AH 5C. TAM 3697 7T DL o 30 15 5 19 1
M7 R AL R B 0 M 3 B2 e FESY. AN, TAM Rl 3 i FH K HPG v e 35 22 2 AR 45 &, T4 e
PZ X HPG 1 f7 R 845, T4 GnRH (94314, £ AR PR AR 3R (FSH., LH) Ft &, H T S HEBR Ek
RS PN 43 I A2 (ELZE K T PR R S ST, X — SUBTAIL AT RE SR, 5 & R RR T RE R0 |
PR ZE AL R AR FE AN M S, U HAE T B I sl B i A i B R Rk, 25 bR, R4S E2 FE PRI IR
FEAEIAYT A, (B SR PR | MG IR B e R SR AL 0 2 Ak, B A R IR YT E
(%) [R] Bs) A A7 0 VS A6 A B T M XU, iR 5 A 24 P 15 ol P R v ASU A AR e, S o e o) K 0068 L R 11
A B gt T

3 REERHEBESPIHEDT (Comparative analysis of key differences and underlying mechanisms)
MR BB S HEPOR AR S 1 . 456 7 ST WSO EAFEA BT 2 5 S —FH AE T ERa,
B | & A BTV 0T L AF AR AS B X0l R 458 b b S5 LB 1 A o S A OB, A3 B T TR A T e
TRE A 25 W A IR 5 e XU
3.1 BEPERLN T
ARYEXS LT, ERCR S AR R 5 15 TR N BUE S R G E T I —E 22 57 GR 1 1L 2).
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Table 1 Comparative analysis of the effects of ER agonist and antagonist treatments on the reproductive system of female

mice
ﬂfﬁff{%@ﬁﬂj ey %Hﬁzﬁ% £ Y sl e A i S5k
strogen Experiment Exposure Exposure
Compounds . Exposure dose . Effects References
effect animal mode time
2.5. 25,250 -
— am I 121,90, 2.5 pgrkg ! -d T HI250 pg kg -d7 D T IRAEE
D 200 25000 120,300, SRS A RIS Rk KT )
CD-UME i ©:0005.0.020. 90, 180, RARFEMIEEL, LLUREEAT, SpBErB A AT
. 0.05mgkg'-d!  270d  FEAFRE, MAERIZOm e Ak iy sot (6]
FEEEFHT, GSIH/N(50 mg-kg'-d™); BRL
CATIEM: F /%, SOD. ROS. TBARS/KF-FH75,
BPF SDAR MEHHESS. 50mgkg'-d!  28d T/KF-FH5, E2. P. LH. FSH/K R, BR3¢ [64]
M SRR HECR I | AR, AIBIOR AL
s pi
T EEERHE, GSIHUD, GPRCATIEM: T I,
P P SOD. ROS. TBARS/KF-TtiHi, T/KF-IH#, E2.
SDARL MIREASS. SOmgked™ 284 p oy poprkop el stk ekt (64
W EARRR, SN A
Leopgs 005,10 R R R AL AR, B2, TR BT, AR A
— CD-UNR J gt mgke ' 3d" 60 d TR [65]
BPS WL B TSR, SSICRIME, 2RSS, &)

0.0005, 0.020, 90, 180,  FAET &N, T/K P14, 2 AR s AH DG HE R 2= 6
0.05mgkgd'  270d KSR ASAMEMZIL Mgk . oomig 193]

piR %

CD-1/hE. R

YRR/, SRR AR, T4 i
28d ANMLB BRI, SR REAI R RG2S, 2R R [66]
FAA (10, 100 ng'kg'-d™")
TEEGFAK, GSIE/D, UIHECATHEM: TR,
SOD. ROS. TBARS/KFEF-#&, T/AKFEFH i, E2.
P. LH, FSHAFREAE, Stk semmmagin (64

0.001, 0.1, 10,

ICR/]MES ]
MR 00 g kg i

SDARRL MEETEST 5. 50 mgkg'-d'  28d

BPB WD HEEHR, BRI
COUNL R sonpgkgtat 14,2sa PHIOPIEEL IR PRS0, A
BPE  CD-UME ¢ FiEgt mgjgzjl_god,l 60d FHWRK, B2, T 1 TH A F B R [65]
F3fQ: VRS, J 0 F 0 S o, SE LRI, PR3

0.0005, 0.020, 90, 180, P&, & RACET-HEAN, TAK XG0, OS2 A
0.05mgkg'd’  270d  SREESHCEEEL SR, Ea sz, 0]
VI RSIIRRR D, A B RE IR
N RO R IR % 7 BRI T 53

BPE CD-UMR.  HJR

wannl Bz ROVNE tobm 2007 24 4896 h AL S RUVNEUIREDNABIS I [68]
pmol L YU
e 300 WERE B BT, 51 SL38 45, A S Bt 5 2k
oy MECEE e B s, s ()
i 7 T;'—‘ - —. f 1.7 IL“.’./ .\‘ r
R HH 300ugkea!  1ga | PEVKFIHED er@tgwwmwﬁmm o
- 2.10. 50 Cat, Gpx3. Sod2, Bax, Bcl-2fICleaved-caspase
CO-UNR #H gt 12d 345 L, DB S 70}
BHPF 0 100 150 LA T . TR R IO, 7 5
ROVMR fshg 0 100 20120 AL AT SRR N [71]
wmo )L SN AN 2 Uy
s B‘/‘J\L;{C BIBES 100 g 1d LI EEANHLSS 1L, 1030 5 LML HL S [72]
BALB/C oo B /N 1, SO S5 B Pk
.. VR I Fs T 5 0.1 mg 1d . BB [73]
.. o P Pdgfraik B, 2230 AR E Y Sox9FIAmh
ICRANRL JBEEER! 1 mgkgd 34 ik I, SO T I Fox 2255k F il [74]
1
Hojttzggan e} 10 mg 1d LHAT/KF R % [75]

TE: E2: WE—J%; GSI: PEARFEEG CAT: 33 AL 2lllE; SOD: M LY (L EE; ROS: 14 T: SE; P: Z20; LH: #{A/E 3K ; FSH: {¢
B AE BUE s Gpx: A WEH BRI S Ak M.
Note: E2: Estradiol; GSI: Gonadosomatic index; CAT: Catalase; SOD: Superoxide dismutase; ROS: Reactive oxygen species; T:
Testosterone; P: Progesterone; LH: Luteinizing hormone; FSH: Follicle-stimulating hormone; GPx: Glutathione peroxidase.
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Table 2 Comparative analysis of the effects of ER agonist and antagonist treatments on the reproductive system of male mice

R A LY REETT REEAE RERRE

E EY . A E = BTN
strogen Experiment Exposure Exposure Exposure
Compounds . . Effects References
effect animal mode dose time
FiHk w0550 60d T AHERER KT, MDAK RIS AR i T =, i 7
AR FEE 100 pgkg T, TP M a6
SBHEBIRGE, LEKTREAL, S StARF
ICR/MR Fik 20ugkg™d'  4d  P450scchIFRILREAL, A AHIMHIKI4ZEE  [77]
ey
50 pg-kg'-d, o s g S, St S
BPA s it = IR EIRL, B T8, 2 3 25
O e & WATPCR AR R PR )
[ 5, JERENE L, BT TR, B2 LR,
ICRAARL g gat 424 ROSHIDNAH AL, |- T}, ATPAE i [78]
) B = /;j— , WiR
JNEL KRS 50 mekg ! 7.35d KT ER IR, %?;}?}in i, JEACHE: H (791
#zhi) 05.20.  EIRET RSB, TS IR, RS T R A SR, B2
BPE  CD-UBH AR T BTE LS IUA TS, A, AR T [80]
50 pgkg!-d! BIHAE NI
ik
g 105025, iR R T SR TACFREIE,
SDRR TR 50 mg-kg™"-d”! 28d ROSHILPOM il [81]
50 pg LK BRREIE I, 4aX] A XA B
BPF s s i, R, S E R, T, LH, FSHFRE,
KE mgi~3 s o\ Ll 336d E2FH, 25F150 pug-L ' 4% F i, DOES, [82]
He POD/KT- i 3 %A%
50 ug-L™': CAT. SODF#IK, ROSHEI
s s 50 pg L' AbFRAURE SEAR R T B 2, RS T
BPB PN H IR 50 wa L 336d AL, SOD. ROS. T, LH, FSHIE, 2T+ [82]
e 75,25, 50 ugL': CAT. PODR&/IE
s s 25F050 pg- L' K4 8 ar, 47T s, POD, TR
KB FIR 50‘ L, 336d 1%, 50 pg' L K5 ¥4 . CAT. SOD, ROS. [82]
He LH. FSHI%(, E27} 5
ah) BPS 0.001, 1, FRATORS 7 Bk, S5 2R 11 S R AL RAIK,
ICR/MR H 100 pug-kg '-d 36d YH2AX(F S 13N (831
05,20,  FEURSE7TRNE TR, K715 AR, K7 &4 R,
CD-Vh i HR 50 ugkg'-d! FHAE E2KF-FH [80]
200 mg-kg™-d™": T/KF N R, FSHRILH/KF- |
10.100. 200 Ft, B Leydigdn %ot {4~ JHLeydigdufarh
SDA R i kg 56d  Cypl7aliRik B FKT-, 3 finPenail [84]
BPFL mee Cdk2 5 Leydig NNLRATE, 1175401
A
o 10, 50 K7 H BRI 1 AR, 5 L0, 80
CO-UPRL HH g 284 BB [85]
50100 FAAR/IN B AT T A B S A 2R AAER, PRI
CD-UMR  HIR e 7d it & A Ak, 7RI HB- [86]
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Note: MDA: Malondialdehyde; T: Testosterone; CAT: Catalase; ATP: Adenosine triphosphate; PKA: Protein kinase A; ROS: Reactive
oxygen species; E2: Estradiol; LPO: Lipid peroxidation; DOES: Dorsal prostate weight; POD: Peroxidase; SOD: Superoxide dismutase; LH:
Luteinizing hormone; FSH: Follicle-stimulating hormone.
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Fig.1 Schematic diagram of the ligand-dependent estrogen receptor activation/inhibition pathway.

W ER 32 R S AR R 455 8 (LBD) 25 45, 5% LBD RYIEHE 12( AF-2 4545 F 58 i, JB
BB K 14, 7 58 F0s R 45 G 00 s iX — 2 AR AR A2 Al ERa B M PEAR 2 11, JF IR Bl R) R B
SRR TR R TG 9 ERo R RIE i DNA 454380 (DBD) R I 25 A U3 A 3 31 X A HE 3 2% S 1 T
F(ERE). ERo ) AF-2 &5 ¥4 348 S I0000G I 7, e dE 5% 5% 52 A PRI 4 256 . 20 1T S50t B 6 DR 1) 7 5, i e
YN TE | AEE oAb, TMER R 2 AR SH5PUR S5 6 )5, 12 0E 12 MR 028 530 AF-2 453 0 ik 1
Wk 2%, T iz [l 2 BH, i ERo JC AR S5 000E I 7. 3040 35 PR 8 v] BB 5 5 TR — SRR 4 S5 3t
il PRI, 400 ) A 5 R ) 2Rk
322 ZIKRERSREE

VI 22 J 75 i e 53t DR 10 J8) B R 2 Fh 32 25 - 1 S8 6 A S 07, 0 HLIX S8 2 11 1Y) R i ok
BT 5 T AT 5 ST M B AR OGP, ERa BN RIAE A A2 #F ERo 972 R b S8R iAo
T2, 2 YR 52 IR S 25 -4 A — R R T ML ST R, BRI 45 ERa Ja W 51 MG AR Mk, BRBRIZ &

PEFRIE, S0 RS2 PR 20 P9 B~ . X R 22 S AN U R 5 15 SRR 2, ks T 25900 9 21
LU S R AL

£5 LRTIA, ERa S50 5 45 DU AE T SR B 0 1 2t SR B AR e 22 5 i) 22 LA JE
VTS AL U B N R, S BN T B4 A B A5 S BRI U 3 2 2 RS TS A B A T, S )
REE 0 ] (L EL RT3 s SERIL TG S0 B A i PR 25 W) e 4 | 22 4 i DAty LK 9 -~ DI XU, 1 5 418t



8 578

i

1t 45 %

3

THESE.

4 e BIRBE A 5% IURE (Specific contexts and controversial issues)

S8 MR W ) S PR VR FIPLT B A s e v A R 05T, (AR RS R IG5 T, 38 1
AN RN T A O 2 T 2R AR ) 2R AR, H SR S T AR T 2 4. Hoh, SRR N A i T Y
RGTRI R AR | P ) ] 1) e 2 S5 A R B A A A5 5 T A (R R, I i 52 81 3 R I R S Py O 3
4.1 RSN

TAER, WAMER ZR IS PR TS Y ) (1 BPA) 51 & T ARG 2= 50 ) IZ 4R, MA TR G sh R HE 2,
PR IR TR I 0 B, 3K SRR PN A 0 T AR IRV B BRI TS ER AH DGR Sl i, 5
I AR 2 LEEPERSON, 26 0 A PR 77 & S il 26 (non-monotonic dose-response, NMDR ) ®?, BPA %5 ] #ff
WME TR R T . OIIE RS I A i), ) B s (o 75 A 45 2 o DRSS xf LA 3 1o 1% e sk
2 0BRSS R SR DEAT, $ s 75 28 F1 0 o LU S R A5 W A PR XU DA B (g A
4.2 R A

IR B R 5 R 0 AR B w0 B S B PR S . FE BRa FEPURNIAE T, BEPEAS R L
P B A R, X R pR T T M A R R L B U L AR R R B S
THERGMZES. BIREH N, D EREZIK (U ERa, ERB. HEi# 2 521K (androgen receptor, AR) ) Y43
A1 AR B ACEAE AT R G HA PR 2. e ER KV A4 L8 32 o0 A, Mt = 254
L Leydig 4 g 323K ERBY, ERa ACFEAR, (HURE IR MEE IR Z B . 200G BUOK 7 & Bt %
AT LA SCHEAE %, ER (Y MEME 73 A1 25 5 BOA B METLZ/ER H550 70068 B AR B LA 75
2)HPG il i) R ASHIR 15 A AE PR 22 57, B0, PA5E MERER AT G 00 il A HE B, 8 A A v T e a4
GnRH 5 B E2 i & WL /007, 3) I G 831 o0 A G B 7 T X3 R TR UM AR R L = 2 B
(Wolffian % ) F1 & o 4 (Miillerian 48 ) /1 g 0L S HE BT 11, XPCR TR RO BURIEAAAE 2 57 4) IFIE
ARG (AN CYPAS0) 7 ME A A (g pE 0 — 28 S BOMEAL & P ARG e 22 5 i s 22 {3 &
SO BN T FNFE BT 114 M A e 7 2 7
4.3 ARPrEEtE

PN 5 FE 0 09 A FE B A (G e 22 5% A, AT BB o O A IR 5 Rk 7 g R el s 7 A
AN, F2 28 Z AN ACBREEPE A4 O LI 7E T A E 240 6 3% 0 35 A5 A8 M e R s a1 DA S O R B 1
FEANTT 8 3. WF9T & B0, 48 Uk 30 e 2 9 22 5% T BRa 308l 57 sl B 7 ol i 38 ol A8 AR I AR B A8
KB EHMEKESATRE S B 1 R F SR G X AR R G R B H A OCER E
Ve, Z% 575 B HIL AR 32 0T IR I T 4R 2 48 40 it (primordial germ cell, PGC) JE BB B, B 5 A 4™ . b Ab,
22 IR AL AL A7E X — i B o & FE EE EAE L W0 DNA H 3E4L | HE B S5 AE g S RNA 23k B9 e As ml
T fR i 2= A 2 AMR), S Bus M & B 2L . DI BRI KRR T R AR SR AL Rt
PPN PR BT 2R XU 5 75 1 22 AR, 3kt S I A oA 3

5 B 5458 (Future perspectives and conclusions)

AR, T E VAR T W R AR R TS, WAT R A R, B IR oA ZE W R T
07 419 11.9% _ETF2 2020 4FH 17.6%!1. 1X — %5 BREE h N 7000 T 39 )12 B e B UIAR O, JU
2 B MERCR IS PR A AL 2= ) BT (1 BPA 45 ) ARBIF9E RGEHLEL 1T ERa L8] 5 455050 1Y A= a1 22 5%
oy Bf# EDCs 11 FIBIL A Bl R KURS: By # B2 1 7 8 4R . Bk B5F, ANiB 2 ER Bl ik 245551,
HE T BEXT A 5H A ORI AE FE D RE A A SR, LA O IR B S R R AR R AR AE, XOINTE T 2
AT P 1 52 e AT HPG il 52 53 18 95 4 AL AT ) 22 001) . AR il ek o 38 0 790 B R, LA A 5 A R0
Tk o T A58 R G SRR, R TR, T OGS B2 Ry, WHEE AL 09 ZRE v 5 AR 25 = P B9 AH
XU, ATSRFRIFSE 7 5 i PR 52 e B2 L Bk A

A, T B H TR R B A 25 S AR IE AR AL, I I 32 O AR R 1t 3 3R 1 AR AL
LA R3] L A5 PR IEBR B AN R4 R B R R T LR AEARSMEAY | R B AR BE AR A T



2 41 X A BRo S HUR SIS R A AR SRR 22 57 . MAERIVAIE 5 B 55 £ B LSS 9

T IRAS 9 1, LA S SRS 3R 2 Ak 5 W S A T RS HE R I DT A 55 XUBS A5 L. 1o &b, 1 2 11 A A A 7
BRI 2 L A5 H 5 PR 58 5 T A R IR, LA LS S W E R S JBo0s B S | SO0 26 3 Y B SR
L EAERPGE A B BOR, JUHUR R I T T A0 A9 NI AR SR A8 E, SR sl n sl Hom e R
f A B SN B T AT BE . = RS A | AR B BE R A M S B e LA AR, A R T AR A R
Y9 A 5 MLRIDTE . 5 LAY A 20 B SR AT LL, AR A s B T AR B AR S e, L T AL
BURIREG | B 2SR IN KA B JLAN AR MU AR ELAE IO, A X 3R 5E 75 e M O B PR DT 50 v, R EE ik
T SRR, MG Avansino SE0T BT, A [R] Y kA S )RR R Bl 2 [R)AEAEAH 24 R 22 5%, —
JEeoR UL, A BRI T A AN M, DRI A 24 Wy i 20 LA R 3 R i, SR Bl A D m 5 A S R 8
By 7E Cao ZFU AIFE b, 3l ik A ST AT AR 2R A8 B R GER BRI S B R R B IFIPAl 2 B 1k, 3 2
B BT T BPA BRI, 45 RS W] BPA Gl P 2 AL A0 e 4 R A ik A S AL, A
LAEIFRIR N RTINS AR B KT . 7300, MERER S A [R] 20 M 26 0 rp (4 28 /K- 5 DI RE G P 25 52,
P T T A0 70 A B 0 e S M. B AH A RNA )5 (scRNA-seq ) 55 (= i 1 T HL 1 1 H, REAS7E
AN o> PR T 4R R O SEAUAE A G 5 0 M I A A LS A5 I 4 A A R 3R e A% T, R
Sl T AMARALTE B2 0 A . A8 Hu S50 BOBTSE R, SR TSR A RNA I HE A F A BT ER o B /)
BB B SRR M A B SR AL, R E T ERo SRR S YA [R) AR R S e %, WFFE 3R] ERa RN T 5
G BEANZPAE | HE G U] [ 152 2R AR 5C A 5 PR A 9 AN ACERAL T X ERa 9 P AL 4 AR, B 36 i
PR 20 0 288 R S M R ORI B, DA T A e SRR ER o Bl 7R AR DU B AL T B SRR .

$ET ERo A5 BT R8P BIL ] ) o R JiE , S PR R O T, oA R T i i B ) R A S AR R s A
D A 5 1 ME SR 52 (A8 15 57) (SERMs ) B B it 3. BARALHE: R 20 30 1 2 b5 N T RE T
il SERMs-LBD A JH B9 #8727k be AF-2 #4014, DA 3RE A Ut 4 1 R 8l 285 mT i 3
AT R 5315 TR, ST e ROBE VAN I 3 (A0 8l g 2 B B Rk T0U0 ) DAt ke s P2 £ v 9
RGN 5 AR AR E P PR . 7 P S5 A U, B X XU ACBPA) AW B 5 4 KU, e R 5 2 T
ER o 5 53 155 1 ) v 108 0 0 10 50l AR S B 2~ R, M 2 2 i A W A5 3K Bl ) 0 25 XU T A 5
B, IFHESh PR EAL B RSN IHAF & (A6 88 B 5 ERo 5 36 IR 58) 10 S VA TE TG ME 3R 176 1 4 (8%
ACHy, 38 g TR R S I - S 6 6 - A S 54 PAT PR e A XUBS A R T S A AR R EHR R
RSS2 AR B e PR PEAL T AT AN KL L S A% R 7 5% A9 B R e A8 0 900 5 e AR 90, 30 2o 8 AL 254 A= )
L R S A I TR SR BS 2 BHUME, A T BRI ) e BE AR BRI R, Dl 25
PmE A 5 A il XU A B (R S

ST, MERCR S0 5 455070 24 R i 0 ER A5 38 X A B 28 487 AR AH AL A B P R0
PN VAR 3 B B P 5 2 S B, S50 1) T2 R ) 55 B A5 G A, P AEBILAR] L S XL
[ Pl P A4 S RS AL PRBE B B | 0 22 S S AR PR S 1 — 2D IR 1 A B X . TR ke, SR SR BT I A
L) 22 T s X 70 - S R AR M LA | 2 SRR S M o T e S RS 1 R M 2% 1) R e Ak A, DR AE TS
Eor EHESI AR E | AR T B S SR M EOR B R S LA [RIARE, IRI A I PR 5 PR I3 A P A R 51 A
AR R S BT, SCHURTARAL | 22 A i 2 ) 2 A -5 PR XUBS 4 .

2% 3k (References)

[ 1 ] BURNSK A, KORACH K S. Estrogen receptors and human disease: An update[J]. Archives of Toxicology, 2012, 86( 10) : 1491-
1504.

[ 2 ] LEVINV A, JIANG X, KAGAN R. Estrogen therapy for osteoporosis in the modern era[J]. Osteoporosis International, 2018, 29(5) :
1049-1055.

[ 3 ] GIBSON D A, SAUNDERS P T K. Estrogen dependent signaling in reproductive tissues - a role for estrogen receptors and estrogen
related receptors[J]. Molecular and Cellular Endocrinology, 2012, 348(2): 361-372.

[ 4 ] HELDRING N, PIKE A, ANDERSSON 8, et al. Estrogen receptors: How do they signal and what are their targets [J]. Physiological
Reviews, 2007, 87(3): 905-931.

[ 51 XImees, BERE, BOBL #ER R Z K ERa 19 ) R IR KR DR I BIE T kg (10, b [ 40 i A= 922 23k, 2011, 33(1): 65-71.
LIU X X, ZHAI Y Y, ZHAO Y. Modulation of estrogen receptor o action and its related diseases[J]. Chinese Journal of Cell Biology,


https://doi.org/10.1007/s00204-012-0868-5
https://doi.org/10.1007/s00198-018-4414-z
https://doi.org/10.1016/j.mce.2011.09.026
https://doi.org/10.1152/physrev.00026.2006
https://doi.org/10.1152/physrev.00026.2006

10

-
i

ke

3

45 %

L6]

[7]

L8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

2011, 33(1): 65-71 (in Chinese).

A, JE AN, T OSCAE, S PRI MERCR XU A BT s (0], IR BE 2 R, 2015, 15(7) : 1353-1356.

LIN, FAN T B, TIAN Y J, et al. The research progress of environmental estrogen bisphenol A [J]. Progress in Modern Biomedicine,
2015, 15(7): 1353-1356 (in Chinese).

HONG J, HUANG J H, SHEN L L, et al. A prospective, randomized study of Toremifene vs. tamoxifen for the treatment of
premenopausal breast cancer: Safety and genital symptom analysis[J]. BMC Cancer, 2020, 20: 1-10.

MAOY P, LI D, YANG Q Q, et al. Prenatal BPA exposure disrupts male reproductive functions by interfering with DNA methylation
and GDNF expression in the testes of male offspring rats[J]. Environmental Science and Pollution Research, 2023, 30( 18) : 53741-
53753.

CUMMINGS A M, STOKER T, KAVLOCK R J. Gender-based differences in endocrine and reproductive toxicity [J]. Environmental
Research, 2007, 104(1): 96-107.

CHEN P, LI B, OU-YANG L. Role of estrogen receptors in health and disease[J]. Frontiers in Endocrinology, 2022, 13: 839005.
ks, WO WEDY . A AOs AR  SERM R R SRR ] b R ALGUT AT S, 2015, 19(7): 1077-1081.

LIHL, SIJW, SHEN G F. Role of estrogen in bone metabolism[J]. Chinese Journal of Tissue Engineering Research, 2015, 19(7):
1077-1081 (in Chinese).

OKADA M, MAKINO A, NAKAJIMA M, et al. Estrogen stimulates proliferation and differentiation of neural stem/progenitor cells
through different signal transduction pathways [J]. International Journal of Molecular Sciences, 2010, 11(10): 4114-4123.
KERDIVEL G, HABAUZIT D, PAKDEL F. Assessment and molecular actions of endocrine-disrupting chemicals that interfere with
estrogen receptor pathways [J]. International Journal of Endocrinology, 2013, 2013(1): 501851.

GORE A C. Developmental programming and endocrine disruptor effects on reproductive neuroendocrine systems[J]. Frontiers in
Neuroendocrinology, 2008, 29(3): 358-374.

AR MERCER AN ST T 1T A 2 25 AT B O BE I RE S R O], SR IE R N i e 2R, 2023, 10(18) 2 78-80.

SHI L J. Effect of estrogen replacement therapy on ovarian function in patients with perimenopausal syndrome[J]. Electronic Journal
of Practical Gynecological Endocrinology, 2023, 10(18): 78-80 (in Chinese).

HU G L, ZHANG J B, ZHOU X Y, et al. Roles of estrogen receptor a and B in the regulation of proliferation in endometrial
carcinomalJ]. Pathology - Research and Practice, 2020, 216(10): 153149.

MATSUSHIMA A, LIU X H, OKADA H, et al. Bisphenol AF is a full agonist for the estrogen receptor ERa but a highly specific
antagonist for ERB[J]. Environmental Health Perspectives, 2010, 118(9): 1267-1272.

DING Z M, JIAO X F, WU D, et al. Bisphenol AF negatively affects oocyte maturation of mouse in vitro through increasing oxidative
stress and DNA damage[J]. Chemico-Biological Interactions, 2017, 278: 222-229.

SHAMHARI A A, ABD HAMID Z, BUDIN S B, et al. Bisphenol a and its analogues deteriorate the hormones physiological function
of the male reproductive system: A mini-review [J]. Biomedicines, 2021, 9(11): 1744.

WU D, HUANG C J, JIAO X F, et al. Bisphenol AF compromises blood-testis barrier integrity and sperm quality in mice[J].
Chemosphere, 2019, 237: 124410.

HAN J Y, CHO Y K, CHO H W. Concentration effect of estrogen receptor-a selective agonist on the morphology of reproductive
organs of the male mice[J]. Applied Microscopy, 2011, 41(1): 37-45.

KHURANA S, RANMAL S, BEN-JONATHAN N. Exposure of newborn male and female rats to environmental estrogens: Delayed
and sustained hyperprolactinemia and alterations in estrogen receptor expression[J]. Endocrinology, 2000, 141(12): 4512-4517.

JOE B, X 3R R 2 A A B S AR T BT HE D). Az A R2#, 2024, 36(8): 1049-1056.

YING T, ZHAO Y. Estrogen receptor-mediated transactivation in ovarian cancer[J]. Chinese Bulletin of Life Sciences, 2024, 36(8):
1049-1056 (in Chinese).

WADDELL A R, HUANG H J, LIAO D Q. CBP/p300: Critical co-activators for nuclear steroid hormone receptors and emerging
therapeutic targets in prostate and breast cancers[J]. Cancers, 2021, 13(12): 2872.

CHENG J H, SHA Z Z, L1J Y, et al. Progress on the role of estrogen and progesterone signaling in mouse embryo implantation and
decidualization [J]. Reproductive Sciences, 2023, 30(6): 1746-1757.

NEWBOLD R R, JEFFERSON W N, PADILLA-BANKS E. Long-term adverse effects of neonatal exposure to bisphenol A on the
murine female reproductive tract[J]. Reproductive Toxicology, 2007, 24(2): 253-258.

SIGNORILE P G, SPUGNINI E P, MITA L, et al. Pre-natal exposure of mice to bisphenol A elicits an endometriosis-like phenotype
in female offspring [J]. General and Comparative Endocrinology, 2010, 168(3): 318-325.

JIANG X F, YUAN Y Z, SHI M Q, et al. Bu-shen-zhu-yun decoction inhibits granulosa cell apoptosis in rat polycystic ovary
syndrome through estrogen receptor a-mediated PI3K/AKT/mTOR pathway [J]. Journal of Ethnopharmacology, 2022, 288: 114862.
LIUQF,LIUY Z, LI X Y, et al. Perfluoroalkyl substances promote breast cancer progression via ERa and GPER mediated PI3K/Akt
and MAPK/Erk signaling pathways [J]. Ecotoxicology and Environmental Safety, 2023, 258: 114980.


https://doi.org/10.1186/s12885-019-6169-0
https://doi.org/10.1007/s11356-023-26154-7
https://doi.org/10.1016/j.envres.2006.10.003
https://doi.org/10.1016/j.envres.2006.10.003
https://doi.org/10.3389/fendo.2022.839005
https://doi.org/10.3969/j.issn.2095-4344.2015.07.017
https://doi.org/10.3969/j.issn.2095-4344.2015.07.017
https://doi.org/10.3390/ijms11104114
https://doi.org/10.1016/j.yfrne.2008.02.002
https://doi.org/10.1016/j.yfrne.2008.02.002
https://doi.org/10.3969/j.issn.2095-8803.2023.18.024
https://doi.org/10.3969/j.issn.2095-8803.2023.18.024
https://doi.org/10.3969/j.issn.2095-8803.2023.18.024
https://doi.org/10.1016/j.prp.2020.153149
https://doi.org/10.1016/j.prp.2020.153149
https://doi.org/10.1016/j.prp.2020.153149
https://doi.org/10.1016/j.prp.2020.153149
https://doi.org/10.1016/j.prp.2020.153149
https://doi.org/10.1289/ehp.0901819
https://doi.org/10.1016/j.cbi.2017.10.030
https://doi.org/10.1016/j.cbi.2017.10.030
https://doi.org/10.1016/j.cbi.2017.10.030
https://doi.org/10.3390/biomedicines9111744
https://doi.org/10.1016/j.chemosphere.2019.124410
https://doi.org/10.1210/endo.141.12.7823
https://doi.org/10.3390/cancers13122872
https://doi.org/10.1007/s43032-023-01169-0
https://doi.org/10.1016/j.reprotox.2007.07.006
https://doi.org/10.1016/j.ygcen.2010.03.030
https://doi.org/10.1016/j.jep.2021.114862
https://doi.org/10.1016/j.ecoenv.2023.114980

2 B IEE: ERo TS PR SR R R AR 22 5 . DA RERIIE I 380 PR i B XUy 11
[30 ] GOROWSKA-WOJTOWICZ E, DULIBAN M, KOTULA-BALAK M, et al. Modulatory effects of estradiol and its mixtures with

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[ 48]
[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

ligands of GPER and PPAR on MAPK and PI3K/Akt signaling pathways and tumorigenic factors in mouse testis explants and mouse
tumor leydig cells[J]. Biomedicines, 2022, 10(6): 1390.

PROSSNITZ E R, ARTERBURN J B. International union of basic and clinical pharmacology. XCVII. G protein-coupled estrogen
receptor and its pharmacologic modulators[J]. Pharmacological Reviews, 2015, 67(3): 505-540.

SUSIARJO M, SASSON I, MESAROS C, et al. Bisphenol a exposure disrupts genomic imprinting in the mouse[J]. PLoS Genetics,
2013,9(4): €1003401.

BROMER J G, ZHOU Y P, TAYLOR M B, et al. Bisphenol-A exposure in utero leads to epigenetic alterations in the developmental
programming of uterine estrogen response [J]. FASEB Journal, 2010, 24(7) : 2273-2280.

BHAT-NAKSHATRI P, WANG G, COLLINS N R, et al. Estradiol-regulated microRNAs control estradiol response in breast cancer
cells[J]. Nucleic Acids Research, 2009, 37( 14): 4850-4861.

MANIKKAM M, TRACEY R, GUERRERO-BOSAGNA C, et al. Pesticide and insect repellent mixture (permethrin and DEET)
induces epigenetic transgenerational inheritance of disease and sperm epimutations[J]. Reproductive Toxicology, 2012, 34(4) : 708-
719.

JORDAN V C. Tamoxifen: A most unlikely pioneering medicine[J]. Nature Reviews Drug Discovery, 2003, 2(3): 205-213.
SEYEDOSHOHADAEI F, ZANDVAKILY F, SHAHGEIBI S. Comparison of the effectiveness of clomiphene citrate, tamoxifen and
letrozole in ovulation induction in infertility due to isolated unovulation[J]. Iranian Journal of Reproductive Medicine, 2012, 10(6) :
531-536.

MORTIMER ] E, FLATT S W, PARKER B A, et al. Tamoxifen, hot flashes and recurrence in breast cancer[J]. Breast Cancer
Research and Treatment, 2008, 108(3): 421-426.

LORIZIO W, WU A H B, BEATTIE M S, et al. Clinical and biomarker predictors of side effects from tamoxifen[J]. Breast Cancer
Research and Treatment, 2012, 132(3): 1107-1118.

RAMBHATLA A, MILLS J N, RAJFER J. The role of estrogen modulators in male hypogonadism and infertility [J]. Reviews in
Urology, 2016, 18(2): 66-72.

HUIJBEN M, HUIJSMANS R L N, LOCK M T W T, et al. Clomiphene citrate for male infertility: A systematic review and meta-
analysis [J]. Andrology, 2023, 11(6): 987-996.

SURAMPUDI P, SWERDLOFF R S, WANG C. An update on male hypogonadism therapy [J]. Expert Opinion on Pharmacotherapy,
2014, 15(9): 1247-1264.

MATTHEWS G J, GOLDSTEIN M, HENRY J M, et al. Nonbacterial pyospermia: A consequence of clomiphene citrate therapy [J].
International Journal of Fertility and Menopausal Studies, 1995, 40(4): 187-191.

PASQUALOTTO F F, FONSECA G P, PASQUALOTTO E B. Azoospermia after treatment with clomiphene citrate in patients with
oligospermia[J]. Fertility and Sterility, 2008, 90(5): 2014. e11-2014. e12.

GUO L, JING J, FENG Y M, et al. Tamoxifen is a potent antioxidant modulator for sperm quality in patients with idiopathic
oligoasthenospermia[J]. International Urology and Nephrology, 2015, 47: 1463-1469.

SHIAU A K, BARSTAD D, LORIA P M, et al. The structural basis of estrogen receptor/coactivator recognition and the antagonism of
this interaction by tamoxifen[J]. Cell, 1998, 95(7): 927-937.

CAO M X, WEI J B, PAN Y, et al. Antagonistic mechanisms of bisphenol analogues on the estrogen receptor a in zebrafish embryos:
Experimental and computational studies[J]. Science of the Total Environment, 2023, 857: 159259.

KLINGE C M. Estrogen receptor interaction with co-activators and co-repressors [J]. Steroids, 2000, 65(5): 227-251.

KAYE A M, SPATZ M, WAISMAN A, et al. Paradoxical interactions among estrogen receptors, estrogens and SERMS: mutual
annihilation and synergy [J]. The Journal of Steroid Biochemistry and Molecular Biology, 2001, 76(1-5) : 85-93.

SHANG Y F, BROWN M. Molecular determinants for the tissue specificity of SERMs[J]. Science, 2002, 295(5564) : 2465-2468.
BERLIERE M, DUHOUX F P, DALENC F, et al. Tamoxifen and ovarian function[J]. PLoS One, 2013, 8(6): ¢66616.

W, o SR A S S5 A AR A T 1 PR 0 JR (00 PR B A A fele /R A 7 2% s, 2020, 39(6) 2 509-513.

CHEN L, MENG Y S. Application of tamoxifen in reproduction: A review[J]. Journal of International Reproductive Health/Family
Planning, 2020, 39(6) : 509-513 (in Chinese).

BRZOZOWSKI A M, PIKE A C W, DAUTER Z, et al. Molecular basis of agonism and antagonism in the oestrogen receptor[J].
Nature, 1997, 389(6652): 753-758.

EVERS N M, VAN DEN BERG J H J, WANG S, et al. Cell proliferation and modulation of interaction of estrogen receptors with
coregulators induced by ERa and ER agonists[J]. The Journal of Steroid Biochemistry and Molecular Biology, 2014, 143: 376-385.
SOTOCA A M, VAN DEN BERG H, VERVOORT J, et al. Influence of cellular ERo/ERp ratio on the ERa-agonist induced
proliferation of human T47D breast cancer cells[J]. Toxicological Sciences, 2008, 105(2): 303-311.

SHOU J, MASSARWEH S, OSBORNE C K, et al. Mechanisms of tamoxifen resistance: Increased estrogen receptor-HER2/neu cross-


https://doi.org/10.3390/biomedicines10061390
https://doi.org/10.1124/pr.114.009712
https://doi.org/10.1371/journal.pgen.1003401
https://doi.org/10.1096/fj.09-140533
https://doi.org/10.1093/nar/gkp500
https://doi.org/10.1016/j.reprotox.2012.08.010
https://doi.org/10.1038/nrd1031
https://doi.org/10.1007/s10549-007-9612-x
https://doi.org/10.1007/s10549-007-9612-x
https://doi.org/10.1007/s10549-011-1893-4
https://doi.org/10.1007/s10549-011-1893-4
https://doi.org/10.1111/andr.13388
https://doi.org/10.1517/14656566.2014.913022
https://doi.org/10.1007/s11255-015-1065-2
https://doi.org/10.1016/S0092-8674(00)81717-1
https://doi.org/10.1016/j.scitotenv.2022.159259
https://doi.org/10.1016/S0039-128X(99)00107-5
https://doi.org/10.1016/S0960-0760(00)00147-3
https://doi.org/10.1126/science.1068537
https://doi.org/10.1371/journal.pone.0066616
https://doi.org/10.3969/j.issn.1674-1889.2020.06.015
https://doi.org/10.3969/j.issn.1674-1889.2020.06.015
https://doi.org/10.3969/j.issn.1674-1889.2020.06.015
https://doi.org/10.3969/j.issn.1674-1889.2020.06.015
https://doi.org/10.3969/j.issn.1674-1889.2020.06.015
https://doi.org/10.1038/39645
https://doi.org/10.1016/j.jsbmb.2014.06.002
https://doi.org/10.1093/toxsci/kfn141

12 »oom ok = 45 %
talk in ER/HER2-positive breast cancer[J]. Journal of the National Cancer Institute, 2004, 96(12): 926-935.

[ 571 CIECHANOVER A. The ubiquitin-proteasome proteolytic pathway [J]. Cell, 1994, 79(1): 13-21.

[ 58 ] WIJAYARATNE A L, MCDONNELL D P. The human estrogen receptor-o is a ubiquitinated protein whose stability is affected
differentially by agonists, antagonists, and selective estrogen receptor modulators [J]. Journal of Biological Chemistry, 2001, 276(38):
35684-35692.

[ 59 ] EL KHISSIIN A, LECLERCQ G. Implication of proteasome in estrogen receptor degradation[J]. FEBS Letters, 1999, 448( 1) : 160-
166.

[ 60 ] OKADA M, OHTAKE F, NISHIKAWA H, et al. Liganded ERa stimulates the E3 ubiquitin ligase activity of UBE3C to facilitate cell
proliferation[J]. Molecular Endocrinology, 2015, 29(11): 1646-1657.

[ 61 ] RAWAT A, GOPAL G, SELVALUXMY G, et al. Inhibition of ubiquitin conjugating enzyme UBE2C reduces proliferation and
sensitizes breast cancer cells to radiation, doxorubicin, tamoxifen and letrozole [J]. Cellular Oncology, 2013, 36(6): 459-467.

[ 621 PATEL S, BREHM E, GAO LY, et al. Bisphenol A exposure, ovarian follicle numbers, and female sex steroid hormone levels: results
from a CLARITY-BPA study [J]. Endocrinology, 2017, 158(6): 1727-1738.

[ 631 SHIM X, SEKULOVSKI N, MACLEAN J A, et al. Prenatal exposure to bisphenol a analogues on female reproductive functions in
mice[J]. Toxicological Sciences, 2019, 168(2): 561-571.

[ 64 ] 1JAZ S, ULLAH A, SHAHEEN G, et al. Exposure of BPA and its alternatives like BPB, BPF, and BPS impair subsequent
reproductive potentials in adult female Sprague Dawley rats [J]. Toxicology Mechanisms and Methods, 2020, 30(1): 60-72.

[ 65] SHI M X, SEKULOVSKI N, MACLEAN J A, et al. Effects of bisphenol A analogues on reproductive functions in mice[J].
Reproductive Toxicology, 2017, 73: 280-291.

[ 66 ] NEVORAL J, KOLINKO Y, MORAVEC 1J, et al. Long-term exposure to very low doses of bisphenol S affects female
reproduction[J]. Reproduction, 2018, 156(1): 47-57.

[67] YUE HF, YANG X W, WU X Y, et al. Identification of risk for ovarian disease enhanced by BPB or BPAF exposure[J].
Environmental Pollution, 2023, 319: 120980.

[ 681 DING Z M, CHEN H L, CHENG H R, et al. BPZ inhibits early mouse embryonic development by disrupting maternal-to-zygotic
transition and mitochondrial function[J]. Ecotoxicology and Environmental Safety, 2025, 289: 117693.

[69] JI XT,LIJD, WANG W W, et al. Altered mammary gland development and pro-tumorigenic changes in young female mice
following prenatal BPAF exposure[J]. Environmental Research, 2025, 264: 120371.

[70] JIAZ Z, WANG HY, FENG Z Y, et al. Fluorene-9-bisphenol exposure induces cytotoxicity in mouse oocytes and causes ovarian
damage[J]. Ecotoxicology and Environmental Safety, 2019, 180: 168-178.

[ 71 ] JIAO X F, LIANG Q M, WU D, et al. Effects of acute fluorene-9-bisphenol exposure on mouse oocyte in vitro maturation and its
possible mechanisms[J]. Environmental and Molecular Mutagenesis, 2019, 60(3): 243-253.

[ 72 ] ROSHANGAR L, RAD J S, AFSORDEH K. Maternal tamoxifen treatment alters oocyte differentiation in the neonatal mice:
Inhibition of oocyte development and decreased folliculogenesis[J]. Journal of Obstetrics and Gynaecology Research, 2010, 36(2) :
224-231.

[ 73] AKDUMAN A T, OZERKAN K, ZIK B, et al. Effect of tamoxifen on ovarian reserve: A randomized controlled assessor-blind trial in
a mouse model[J]. Journal of the Turkish German Gynecological Association, 2014, 15(4): 228-232.

[74] YUM X, WANG J Y, LIU W, et al. Effects of tamoxifen on the sex determination gene and the activation of sex reversal in the
developing gonad of mice[J]. Toxicology, 2014, 321: 89-95.

[ 751 BALASINOR N, PARTE P, GILL-SHARMA M K, et al. Mechanism delineating differential effect of an antiestrogen, tamoxifen, on
the serum LH and FSH in adult male rats [J]. Journal of Endocrinological Investigation, 2006, 29(6) : 485-496.

[ 76 ] CHOUHAN S, YADAV S K, PRAKASH J, et al. Increase in the expression of inducible nitric oxide synthase on exposure to
bisphenol A: A possible cause for decline in steroidogenesis in male mice[J]. Environmental Toxicology and Pharmacology, 2015,
39(1): 405-416.

[ 771 HONG J, CHEN F, WANG X L, et al. Exposure of preimplantation embryos to low-dose bisphenol A impairs testes development and
suppresses histone acetylation of StAR promoter to reduce production of testosterone in mice[J]. Molecular and Cellular
Endocrinology, 2016, 427: 101-111.

[ 78] RAHMAN M S, PANG W K, RYU D Y, et al. Multigenerational and transgenerational impact of paternal bisphenol A exposure on
male fertility in a mouse model [J]. Human Reproduction, 2020, 35(8): 1740-1752.

[ 791 LIY H, DUAN F, YANG F, et al. Pubertal exposure to bisphenol A affects the reproduction of male mice and sex ratio of
offspring[J]. Journal of Reproduction and Contraception, 2015, 26(1): 14-21.

[ 80 ] SHIM X, WHORTON A E, SEKULOVSKI N, et al. Prenatal exposure to bisphenol A, E, and S induces transgenerational effects on
male reproductive functions in mice [J]. Toxicological Sciences, 2019, 172(2): 303-315.

[ 81 ] ULLAH A, PIRZADA M, AFSAR T, et al. Effect of bisphenol F, an analog of bisphenol A, on the reproductive functions of male


https://doi.org/10.1093/jnci/djh166
https://doi.org/10.1016/0092-8674(94)90396-4
https://doi.org/10.1074/jbc.M101097200
https://doi.org/10.1016/S0014-5793(99)00343-9
https://doi.org/10.1210/me.2015-1125
https://doi.org/10.1007/s13402-013-0150-8
https://doi.org/10.1210/en.2016-1887
https://doi.org/10.1093/toxsci/kfz014
https://doi.org/10.1080/15376516.2019.1652873
https://doi.org/10.1016/j.reprotox.2017.06.134
https://doi.org/10.1530/REP-18-0092
https://doi.org/10.1016/j.envpol.2022.120980
https://doi.org/10.1016/j.ecoenv.2025.117693
https://doi.org/10.1016/j.envres.2024.120371
https://doi.org/10.1016/j.ecoenv.2019.05.019
https://doi.org/10.1002/em.22258
https://doi.org/10.1111/j.1447-0756.2009.01129.x
https://doi.org/10.5152/jtgga.2014.14166
https://doi.org/10.1016/j.tox.2014.04.006
https://doi.org/10.1007/BF03344137
https://doi.org/10.1016/j.etap.2014.09.014
https://doi.org/10.1016/j.mce.2016.03.009
https://doi.org/10.1016/j.mce.2016.03.009
https://doi.org/10.1093/humrep/deaa139
https://doi.org/10.1093/toxsci/kfz207

24

XI5 ERa RS HUR 5 ISR A AL A e 22 5 . MR DT 5 ) 05 Akt e XL 13

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

rats [J]. Environmental Health and Preventive Medicine, 2019, 24: 1-11.

ULLAH A, PIRZADA M, JAHAN S, et al. Impact of low-dose chronic exposure to bisphenol A and its analogue bisphenol B,
bisphenol F and bisphenol S on hypothalamo-pituitary-testicular activities in adult rats: A focus on the possible hormonal mode of
action[J]. Food and Chemical Toxicology, 2018, 121: 24-36.

RIMNACOVA H, STIAVNICKA M, MORAVEC J, et al. Low doses of Bisphenol S affect post-translational modifications of sperm
proteins in male mice [J]. Reproductive Biology and Endocrinology, 2020, 18: 1-10.

ZHANG S X, SUN B X, WANG D L, et al. Chlorogenic acid ameliorates damage induced by fluorene-9-bisphenol in porcine sertoli
cells [J]. Frontiers in Pharmacology, 2021, 12: 678772.

FENG Q W, LIU Y M, ZOU L P, et al. Fluorene-9-bisphenol exposure damages the testis in mice through a novel mechanism of
ferroptosis[J]. Food and Chemical Toxicology, 2024, 184: 114385.

JINZ Y, LIU C K, HONG Y Q, et al. BHPF exposure impairs mouse and human decidualization[J]. Environmental Pollution, 2022,
304: 119222.

JIANG D N, YANG Y, HAN X J, et al. Fluorene-9-bisphenol impaired male fertility through disrupting the testicular function and
local microenvironment[J]. Ecotoxicology and Environmental Safety, 2024, 284: 116880.

JIANG D N, YANG Y, HAN X J, et al. Gut microbiota combined with metabolome dissects Fluorene-9-bisphenol exposure-induced
male reproductive toxicity [J]. Environmental Pollution, 2025, 364: 125339.

ZHANG Z B, HU Y, GUO J L, et al. Fluorene-9-bisphenol is anti-oestrogenic and may cause adverse pregnancy outcomes in mice [J].
Nature Communications, 2017, 8: 14585.

MOTRICH R D, PONCE A A, RIVERO V E. Effect of tamoxifen treatment on the semen quality and fertility of the male rat[J].
Fertility and Sterility, 2007, 88(2): 452-461.

GILL-SHARMA M K, GOPALKRISHNAN K, BALASINOR N, et al. Effects of tamoxifen on the fertility of male rats[J].
Reproduction, 1993, 99(2): 395-402.

JENKINS S, WANG J, ELTOUM I, et al. Chronic oral exposure to bisphenol A results in a nonmonotonic dose response in mammary
carcinogenesis and metastasis in MMTV-erbB2 mice[J]. Environmental Health Perspectives, 2011, 119(11): 1604-1609.

MAHATO D, GOULDING E H, KORACH K S, et al. Estrogen receptor-o. is required by the supporting somatic cells for
spermatogenesis [J]. Molecular and Cellular Endocrinology, 2001, 178(1-2): 57-63.

NILSSON S, GUSTAFSSON J A. Estrogen receptors: Therapies targeted to receptor subtypes[J]. Clinical Pharmacology &
Therapeutics, 2011, 89(1): 44-55.

AKINGBEMI B T, GE R S, ROSENFELD C S, et al. Estrogen receptor-a gene deficiency enhances androgen biosynthesis in the
mouse Leydig cell[J]. Endocrinology, 2003, 144(1): 84-93.

LAZARIM F M, LUCAS T F G, YASUHARA F, et al. Estrogen receptors and function in the male reproductive system[J]. Arquivos
Brasileiros de Endocrinologia & Metabologia, 2009, 53(8): 923-933.

CARIATI F, D’UONNO N, BORRILLO F, et al. Bisphenol a: an emerging threat to male fertility[J]. Reproductive Biology and
Endocrinology, 2019, 17: 1-8.

PIVONELLO C, MUSCOGIURI G, NARDONE A, et al. Bisphenol A: An emerging threat to female fertility[J]. Reproductive
Biology and Endocrinology, 2020, 18: 1-33.

MA S, SHI W Y, WANG X D, et al. Bisphenol A exposure during pregnancy alters the mortality and levels of reproductive hormones
and genes in offspring mice[J]. BioMed Research International, 2017, 2017(1) : 3585809.

CHIANESE R, TROISI J, RICHARDS S, et al. Bisphenol A in reproduction: Epigenetic effects[J]. Current Medicinal Chemistry,
2018, 25(6): 748-770.

AR B2 2 o A R A 2, h E BRI 2 AR AR R 2 R r B B2 F IR ANBEAS 2R & B VA I R 52 B4 FE (2024) 1],
e Bl LR 2R, 2024(12): 1215-1234,

Chinese Society for Fertility Preservation of Chinese Preventive Medicine Association, Chinese Association of Reproductive
Medicine. Clinical practice guidelines for the prevention and treatment of infertility in people of childbearing age(2024)[J]. Chinese
Journal of Reproduction and Contraception, 2024( 12): 1215-1234 (in Chinese).

HSIA G S P, ESPOSITO J, DA ROCHA L A, et al. Clinical application of human induced pluripotent stem cell-derived organoids as
an alternative to organ transplantation[J]. Stem Cells International, 2021, 2021(1): 6632160.

AVANSINO J R, CHEN D C, HOAGLAND V D, et al. Orthotopic transplantation of intestinal mucosal organoids in rodents[J].
Surgery, 2006, 140(3): 423-434.

CAO Y Q, HU D Y, CAI C L, et al. Modeling early human cortical development and evaluating neurotoxicity with a forebrain
organoid system[J]. Environmental Pollution, 2023, 337: 122624.

HU Q C, GUI Y Q, CAO C C, et al. Single-cell sequencing reveals transcriptional dynamics regulated by ERa in mouse ovaries[J].
Plos one, 2024, 19(11): e0313867.


https://doi.org/10.1186/s12199-018-0752-x
https://doi.org/10.1016/j.fct.2018.08.024
https://doi.org/10.1186/s12958-019-0560-1
https://doi.org/10.3389/fphar.2021.678772
https://doi.org/10.1016/j.fct.2023.114385
https://doi.org/10.1016/j.envpol.2022.119222
https://doi.org/10.1016/j.ecoenv.2024.116880
https://doi.org/10.1016/j.envpol.2024.125339
https://doi.org/10.1038/ncomms14585
https://doi.org/10.1016/j.fertnstert.2006.11.196
https://doi.org/10.1530/jrf.0.0990395
https://doi.org/10.1289/ehp.1103850
https://doi.org/10.1016/S0303-7207(01)00410-5
https://doi.org/10.1210/en.2002-220292
https://doi.org/10.1186/s12958-018-0446-7
https://doi.org/10.1186/s12958-018-0446-7
https://doi.org/10.1186/s12958-019-0560-1
https://doi.org/10.1186/s12958-019-0560-1
https://doi.org/10.2174/0929867324666171009121001
https://doi.org/10.3760/cma.j.cn101441-20240902-00326
https://doi.org/10.3760/cma.j.cn101441-20240902-00326
https://doi.org/10.3760/cma.j.cn101441-20240902-00326
https://doi.org/10.1016/j.surg.2006.03.012
https://doi.org/10.1016/j.envpol.2023.122624
https://doi.org/10.1371/journal.pone.0313867

	1 ERα激动剂的生殖毒性 （Reproductive toxicity effects of ERα agonists）
	1.1 生理与超生理效应
	1.2 分子机制
	1.2.1 经典基因组通路
	1.2.2 非基因组通路
	1.2.3 表观遗传调控机制


	2 ER拮抗剂的生殖毒性（Reproductive toxicity effects of ER antagonists）
	2.1 治疗剂量下的生殖系统影响
	2.1.1 ER拮抗剂对女性的影响
	2.1.2 ER拮抗剂对男性的影响

	2.2 ER拮抗剂的作用机制差异
	2.2.1 竞争性抑制ERα核转位：
	2.2.2 受体构象改变与共调节因子募集差异
	2.2.3 内分泌轴反馈调控


	3 关键差异的比较与机制解析（Comparative analysis of key differences and underlying mechanisms）
	3.1 毒性效应对比
	3.2 核心机制分歧点
	3.2.1 转录活性的差异
	3.2.2 受体降解与稳定性


	4 特定生理/暴露条件与争议问题（Specific contexts and controversial issues）
	4.1 低剂量效应
	4.2 性别二态性
	4.3 代际毒性

	5 展望与结论（Future perspectives and conclusions）
	参考文献

