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ABSTRACT : The key targets of endocrine disruptors are nuclear hormone receptors, which bind to steroid
hormones and regulate their gene transcription. A yeast-based steroid hormone receptor gene trascription
assay was previously developed for the evaluation of chemicals with endocrine modulating activity. The
yeast transformants used in this assay contain the human estrogen receptor along with the appropriate
steroid response elements upstream of the B-galactosidase reporter gene. We tried to evaluate several nat-
ural and synthetic steroids of their potential to interact directly with the steroid receptor. Some putative
endocrine disruptors, including nonylphenol, are weakly estrogenic. But the combined treatment of these
chemicals with di-(2-ethylhexyl)phthalate (DEHP) significantly increased the B-galactosidase activity in the
yeast transformant. These results suggest that we also have to consider the synergistic effects of endocrine
disruptors. In this study, we showed that yeast-based bioassay is a valuable tool for screening potential
endocrine disruptors and quantitative determination of estrogenicity. And the possibility that the estrogen
receptor binds multiple environmental chemicals adds another level of complexity to the interaction
between the endocrine disruptors and the human hormone system.
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LM £ 283A& whalisted AA7s W97)e) At 1%,
A7, F 58 FEHA R $ivkAmold F,

1996d; Bruder %, 1997; Gaido %, 1996; Kelce %, 1995;

Zol= AH|Eo|E F2E SARM-S Jehg A Klotz %, 1997; Maness %, 1998; Zacharewski &, 1998).

‘41 M = 2223 v)aLske] ﬂﬂl 3= A HEAARE o o o A SHE

PAled, Aol FHPOEH WERALNE Ao & A% RIS HABV@REN), AFA D AxA 5
Aol olek. ol WRHAGNEAL Aol & o BokR, $1FTET, 27 el $AlF o= 4]

°\J5]°1 w}x] Llﬂi’q zhgsto 29 A9 A Eol] EA)5}= estrogenF-(phytoestrogen), 314 estrogens]
2], QA) -k B T T3l I AYH TR diethylstilbestrol(DES) 5-¢] 2lvH(Amold %, 1996b; Gaido

=, 1997; Collins 5, 1997; Breithofer 5, 1998).
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dibutylbezyl phthalate(BBP), di-(2-ethylhexyl)phthalate
(DEHP), penta~nonyl phenol#2} bisphenol A% 459 &
AL WAEA 2 AAHFT oo sl BAHQ AZEA|
£ 3= g4

19921 WHO X 31¢]] 2]3pH, phthalateR2] HA A=
< 37 2~ kRS o]2m o] °F 50%7} DEHPo|t}.
DEHP: E2t28 9] 7[AA| 2 2ol AAde] 242 98
el Aaks mid oF ont Eo] A F2 ok 4
22 AMSHI g, EekaE AlFelv ¥, AEEA
Aol ARSEE odze) AR}t ArAlEE ARSI,
FH 59 oBgTol= AME e Blom F, 1998;
Zacharewski 5-, 1998). =3k DEHPE AR, A2,
% Foll A2 SAE Bl 4 o, SRM=
WA Q)T wE e ot A Aol o] & H= A
AL 7R AL 9l it A2l M HX FEE HEEN
o= BRAI% glok(Petersen 5, 2000; Li &, 2000). DEHP:=
37 EolA A FAAE7} S AR E L e
7} wll§- 2A FAEe] 1 F1t A SRR AdEe] §
o}, 28, 22 DEHP A 55 AY 2 ARIAIAM v
Rl A AR AR ol ARre] 2 Tl
BaIE 3 glo] Wjiw|A A E- o2l A4S B
w], DEHP7} 217l v|R|e of3fl| W3t AgAel e
ol2IZ1A] GiATt ok A 4 sl EAERA A
leHHarris 5, 1997; Zacharewski 5, 1998; Li 5, 2000).

Nonylphenoke- 3HAdA|#l|e] FAdH-¢l A F2F,
84 SR T dEely EEkaEe] A3l Akt
WA ZA ARE T glom, W AR Al RalE, A
FA = Fekad A 2A] o] 45 estrogen FrARM-S
epdch 21 9)ckBlom 5, 1998).

=g} 199641 vl A HER ATE el ot AR
EAMSEE 9 7R 3rEA o] sl £ 2 QA 1)
A e ejge gelot Easlel A o Telsihe
9] 160~1,600019) 3 2F WEAE Hgor, et ¢
27} 9 Al A =He HaivlAAEd 52 7
M2 EA 7V slent ol=igl Bl MR EAlj e
vehd 4= ol AP 84T oA 7] &S] WA UA &
of ol 3t He} @ A7) 87HeRe. & ia|A
AEAEL 1 R BAS eli7)dle vl A2t
= 33 FoiM B2 EAET A AAC =E2F9E o
QAN w)A= o33F, 123 Aol "o FHA) ] o3k
£ 31Ei3le] HERAA AL Hrlslof & Hlejo

A7 HERA AN ERDS A3 A in vive
uterine bioassay, estrogen <~8-Aoll gk 2AHAIY,
| E9) MCF-7 M Z%2] AJ¢(E-SCREEN)Y, MCF-
7 Al EeilAe] A=A HEE] FHA} LY, estrogen BHS-
A FxE] fAAP, T2 SolellAl2] vitellogenin A4

W 5 B> AEgEe] AviERE JARKChen 5, 1997;
Petit =, 1997; Balmelli-Gallacchi 5, 1999), ¢]& Al@2
Folli= A2 Abo|3 HE fehtal 9le] B} A&l )
HA 9= AMo) 97T ¢lvk(Andersen £, 1999). 2
HZo|= 8o AAHAHoZ 2hgsp= 3hEAle T3]
@ FRolME 2 SRS veRd 227 s, 3
A o] R A Al -5 Bkl sl 1 2RE-o]
-gA oke] A2 7]ldhe AR L Bk A2
23 AJAAE A Ao FARo FR3H AHE
ol = 2 8 FAR} AL AL ol 2wl
A wlg- F83 $1AE 28T deH(Gaido §, 1997).
uebr] B Aol M= ALY estrogen EA| S W F}
= fHAE 71 E=kavl=9) reporter genelE  P-
galactosidased W3l = ETAP|=F oAl 874
yeast strainel] =YA|A Q-2 PAAFRTE L3 i E
v ARl EA 2 FAE = E3E0] estrogen T-8A]l AA
Foddl=A] 93]z} g}, =31 DEHPS} nonylphenots- 5
Aol H2)ste] £ Ao HEAFLZA 1 AHZAME
WEn]A wakakgo] nlekeA] B2t 34 Wof| thE o]
EAE3) 7 =2HUE 9 ol 5= s HERA Al
EA0] AP 7hsAel disted A8tz g

I Mz

Saccharomyces cerevisiae strain YPH500(MATq, ura3-
52, lys2-801, ade2-101, trpl-A63, his3-A200, leu2-Al)el|
AFee] estrogen 84 W FAAE 713 Evpar| =9
=585 AgA 28 #de] 2HRE 2EH
TR lac2)S 7P E2kAU|EE E colidl| A F53)d
& AT F o 5(1983)° HH-E H33 lithium
acetate-polyethylene glycol§ 2.3 E3} E]l3le] ~H|Z
o= 32 £ A AFERE A% & y3A
B ARFTE lacZ AR 9ol Bi=a8A7F 2
e 4 9Jx 328 ¥S-9IAHHRE : hormone response
elementy’} 9lo lacZ FAAF AALE: ZABESF A Ho
9o}, Estrogen -84 375 YEph E2(human estrogen
receptor cDNA)®} YRp E2(structural gene for B-gal) 27}
9] Egtan|=E =it AR AR Eetan| =9
host yeast strain2 ¥]=F Duke & McDonnell BIAFE
He] B Pvh(Gaido F, 1997). £ Ayl AHg3t ¥
AARNETE= YNB )R] (bacto yeast nitrogen base
w/o amino acids, Difco, USA)®l| adenine(20 mg/l), try-
ptophane(20 mg/l), uracil(20 mg/l), lysine(30 mg/DZ 40%
glucoseZ 7}k Al&ux]olA] 30°C, 270 rpm shaking



incubatorol| Al S 52171 (ODgy, = 0.7Y7FA] k3l Tt

2. AlEEH

Nonylphenol, p,p-DDT(1,1-bis(4-chlrophenyl)-2,2,2-tri-
chloroethane)?} ©]& FAMIES  AldrichH(Milwaukee,
WD A T35l en, oxalyticase—“— Enzogenetics (Corvallis,
OR}IA Fstdet. EFEH=2 AMESE 17B-estradiol,
androstan-17p3-01-3-one, progesterone, 123 DES(diethyl-
stilbesterol), biochanin A(5,7-dihydroxy-4'-methoxyiso-
flavone), genistein(4',5,7-trihydroxy-isoflavone), DEHP(di-
(2-ethylhexyl)phthalate), =~ ONPG(o-nitrophenyl-p-D-gal-
actopyranoside), 2-mercaptoethanol, methoxychlor 5 L
vte] 52 #AjPES2 Sigmark(St Louis, MOYIA -4
3t 24 HEREZLS 0.1% methanold ARS8t}

3. g3l

HAAE B Aol A3 Wh3-9Y (assay buffer)2)
ZX-& Na,HPO, 60 mM, NaH,PO, 40 mM, KCI 10 mM,
MgSO,-7TH,0 1 mM, ONPG 2 mg/mi, 0.1% SDS, 50 mM
B-mercaptoethanol, 100 U/m/ oxalyticase, antifoam Ao|c}.

4. MEEHY

HjeFst EYIFS ODgyp=0.257F HEE Aeujr] 2. 3|
A3t % 96 well microtiter plateo] 100 ud R3F-3}x
uh--e-g 100 u 718l o 30°CollAl 30%-7F 110 ipm
o= RespAA] vkbs-& A7 F stop buffer(2 M Na,CO,)
50 piE gol Hh-E A A A o ERATI] A
7] B-galactosidasedl] 2]3) 7] 2 A48 ONPGe] H-siAk
9l orthonitrophenol-‘l] ZJAMH-8~S- microtiter plate reader
2 0D, EA31 Y. B-galactosidase A& Miller
unit(1972)2 eSS

B-galactosidase activity
1000 X [ODyy - (1.75 X ODss)]
- t X VX ODgg

t=time (min)
v = volume of culture (m/)

m. & z}
1. YAXE S AFo| WE Wa &0l

B Aol AME-3E 32 A3 estrogen TEA] LHERT
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Fig. 1. The selectivity of yeast assay. Steroid hormones were added in
yeast cultures in doses ranging from 10™*~10* M. Following overnight
incubation the cultures were then assayed for B-galactosidase activity
at OD,,.

ol Hhalo] oboliAl YR THE ALL Fhof 58
HE qEe] fAE Elsie. °] BRG]
17B-estradiol, androstan-17B-01-3-one, progesterones 3%
FEAR Bl 7 AE| 2| 84 A AT wab
Hk3-& &A%t A3}, 17B-estradiold- estrogen —}F~§—iﬂ 1]
TR sejZel= 2T SdAlol] okl £ A% B
)& vERASIEHECs, = 1.14x10° M). ©] "]-’-“—Eﬂql e
A 2| 2o = -84 218 W o] A== B-galactosidase
o] WhgsFe s F¥3Ich(Fig. 1).

2. LHEH| A ZOHE A S| estrogen FAHEIAIO| 2444

17B-estradioks FINZEHZE 3] o|n] L&z A
v WEE ARl EA R FAEE oY REAES ¥4
A3 ARFFE AMEsted ZHAEE. §HA estrogend]
DES: estrogen 7~8A] WHagi=po| thslod ez o2 17B-
estradiol#} ¥]58E AR 2 2SS Jehiglen
(EC5=7.2x10""M), 2E-4] estrogen?] genistein} biochanin
A¥x 17B-estradiole] “tePH A 81.4%, 25.9%=
7+zk Jeh Aok (Fig. 2).

=3} 7}4AQl bisphenol A} AHEA]9]l methoxychlor,
0,p-DDT, dieldrin % 10*Mol|A ZHoghje ‘+E}‘41‘ii
S (Fig. 3), 7194 A=A14] 0,p-DDD, o
=02 H2lA] estrogen TEA| HHLTF) o sle] uke
A& A ¢kekt(data not shown). ZF AE| R0 = §-
A} 2F8-Elof] U3t estrogen 8- LT 7HpAd-e
17B-estradiols FIHNZEZR 3lo] EC,, Zho2 v|aL3}
93o}(Table 1).
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Fig. 2. Yeast-based estrogen receptor assay for chemicals. 17-
Estradiol (positive control), DES (diethylstilbesterol) and phyto-
estrogens (genistein, biochanin A) were added in yeast cultures in
doses ranging from 10"°~10°M. Following overnight incubation the
cultures were then assayed for B-galactosidase activity at OD,,,.
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Fig. 3. Yeast-based estrogen receptor assay for chemicals. 17p-
Estradiol (positive control), xenoestrogens (dieldrin, methoxychlor,
bisphenol A) and pesticide (DDT) were added in yeast cultures in

doses ranging from 10"°~10*M. Following overnight incubation the
cultures were then assayed for B-galactosidase activity at OD,,,.

Table 1. Relative potency for yeast-based estrogen receptor assay

Chemicals ECy, Relative potency
17-B-estradiol 1.83%10°M 1
Diethylstilbesterol (DES) 1.1X10°M 1.7
Genistein 5.92x10°M 3.1x10™
Biochanin A 1.0x10°M 1.8x10*
Bisphenol-A 1.6X10%*M 1.1x10°
0,p-DDT 1.9x10*M 9.6x10°
Dieldrin 3.84x10*M 4.7%x10°®
Methoxychlor 1.38x10°M 1.3%10°

The relative potency is defined as the ECy, value of 17B-estradiol over
that of the test chemical.
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Fig. 4. Synergistic effect of nonylphenol and DEHP in yeast-based
estrogen receptor assay. 17f-estradiol is positive control. Nonylphenol
was added in yeast cultures in doses ranging from 10™°~10*M in the
presence of DEHP (10®M). Following overnight incubation the
cultures were then assayed for 3-galactosidase activity at OD ;.

3. AHZO0|E SAF B EHe| AN

Nonylphenolo] Jel= estrogen -frAFREol| s}
DEHP ®-8A42JA] vehhs 2338 A7) 3, estro-
gen $8A] WAFF st 10°M2] DEHP £A3}]
nonylphenol®] FXF F7HIA M. ol FAR=
EZ 2= 17B-estradiol, 2ANZEZZE 0.1% methanol
< ARgEl '

DEHPE 52 (10*~10°ME o5 Al S de
B-galactosidase 4de] 7o} viehiA] kgkew™, nonyl-
phenoks &= X2Jsl S w107 MellM 2 4L
ePfjo} (BCyp= 10°M) L 2}§-0] oFsl%l. 2, DEHP 10°M
ZA) 3l 4] nonylphenols = (10°~10*M)E x]2]st
3} B-galactosidase EAde] S F7sIAHEC,, =
10'°M)(Fig. 4).

.o #

HZ ARl EA ) Aol mAE oddke] ot
W 7Rk Bart 313k gl o) 9] AN
7S weled cleid ZEHEelE F2E S8
7 A7 TR AFHRL . & ATelME AR
9] AH|Z0|E Z2E SEAE HHATIE FEAR &
BE ARgste du] sEEpgAle] ARl Hgk
45 AE2 HEARNEER =AU 7FeA o
AdE EHEol estrogen FEA ol g3t} I2ERAPE
45 Jehi=AE AAskae. =3 AR T SR
ot opz} SflelME T RAEAE 2|3l BAH



l FFAIZEAE #H3EAL 9l DEHPS} penta~nonyl phenol
<1 nonylphenol, bisphenol A 5-°] o]t AEXA 5
N Ex7FA ] el Ajtsled, o] & 2 Al FEE S
Tz = Ay del WE AlEdes o
estrogen8-A| o] A3}t 2t AH|Zo|= S8 L &
EFFE o]g3le] Rl

B Ay 2R3 3AAg FRAFe FEAS
37] $18) oA L FEWel AR SHEHQ estrogen
Q] 17B-estradiols EFEAZ slo] Av|Ro|= 84 7+
AL EAsgE. 2 A estrogen 584 HEFFE=
2H 2o E 32 pEAo] et HE Soldd et
W12, progesterone IEE(10*M) M)A ZAEEA
< Yebiet. EstrogenT8-A W38AdF(S. cerevisae strain
YPHS500)! & 17B-estradiol®] 74432 Gaido (1997
o] §. cerevisae sirain BJ35059] estrogenT-8-A415 W& A
7] YAARERFFNM Q-2 HAIECs,=2.25x10""M)
9} H-ALBled AL, Amold 5(1997a)] S. cerevisae strain
YPH499%l estrogenT8A15 A7 JAARR R FT
o4 17B-estradiolo] 10 nMellA &4 epd 23}
4= AR

Amold £(1996d)ll ¢lsbd 17B-estradiok> nM2| 5%
ANME ¥ estrogenTEA AFHE A ofFEL
2EH|RolE A=A E PeiRl FMEAEL estrogen
gAlo sl 17B-estradiol®] 1/100002] A3HH-S 714l
ok g}, FAestrogend] DESE FATIZREAQ] 17p-
estradiol A} A9 & S HepAR o=
Amold 5-(1996d)2] A3te} dA|she}. =3t A 84 estro-
gen<l genistein, biochanin AE 17B-estradiol®] &4
o 81.4%, 259%% 247t VERI 22X estrogenT8AE
RS O & AHFig. 2). kA SRR M
*+= bisphenol A, nonylphenol, 18] 5<FFe] p,p-DDT,
dieldrin, methoxychlors-& Ag3 B2} %% (10°~10*M)
o| A} B-galactosidase &3 Zo) A8 vfepligler, o]=
o] & A 50| estrogen &4 Z v/ 2 st 228 e}
s o $ 9l

T 3 ) SR ER 2R FARS-EAEE
= P B potencys VPG T 71A] o]Ake] £
% dieldrin, endosulfan, 3~ toxaphened "W-&xj2] 331
< 9 25 AM2A] 2o AR estrogenT-8AIE "R
&= transactivationol] JolA 1,00000 &2 potencyS
epddle= ¥ 37} 9] 2™ (Armold 5, 1996¢), Wade %
(1997)%. dieldrin} endosulfans: Aol *2]3}9l& o
W= FodA R} EC, 3k W] & o 1009 o &
o] Z=A Jepduly X ygv}. 3t chlordane, dieldrin,
toxaphene 52 &7 *2]8d-& o, [*H]17B-estradiol®]
Agto]l 20~30% AAIRES AL ol AFAE-o]
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estrogen ™84 2] multiple ligand binding siteol] 7]¢1& 4~
A= A& AlARE ¥} 9lek(Simons &, 1996; Amold 5,
1997b). =3 Bwo} EF-5EA E(urtle eggs)olH 12
sEhEA o] FAl AgEe] AL Vel ke g, A
AR A7 ARG 8 55 VERNIT: Rae
28 2849 multiple binding site 7FsA-& A3t
T gl2-% HaEH(Amold &, 1997a).

E dFelMe 84 Sk rlaE AMEI e
nonylphenol#} g7 A=l Aol @3RS v 7154
°| 9l DEHPE H-&Xel8le vehie 2lE|2o]= 4
AP-S PAAPRTRAFTE o] 83t B-galactosidase Z
g B8l AAsIEE. AR fstA 59 MCF-74)

Z o]-43} E-Screen assayol|A] DEHP:E 10 uMei|A],
nonylphenol& 1 uMollA] MCF-7 MEFA &7} ¥ s
3 gl b (Blom 5, 1998; Perez 5, 1998), & 343
EYFTE ©]83} bioassayellXlE DEHPE =¥z ot
=xg] 319]& ") B-galactosidase T43-& VERNA] dske
™ ojelgt A= Harris 5(1997)%] Aels GX|ght.
u}gbr] DEHP?] estrogenfAFH4-2 estrogend&-A] ol of
g A=l 2Rl 7lske A2 ohEln Algsld
Z=} DEHP 10°M £A]3}ol|A nonylphenols =
(10°~10"M)E A2jst A3} PAARETTTF B-gal-
actosidase &4 o] A8}A F7)slel o (Fig. 4), ol= W
FH AN EA R FAEE " 3o 1 AAZE &
st W Eu] A A ol 288 R A] kA RE WA A el
Zhgo] e I o2 EAAL §FTA 8ol 23sle] Y]
Al ZA ks v]E rFsAde] e AR 28y
Ramamoothy 5-(1997)2 33AF 3§ 2 e} MCF-7 | Eol
Al dieldrin®} toxaphene& 838 A] Ab2h8-& st
£ 94180, Graumann 5(1999)% FAAZ} H 9
endosulfan, dieldrin®} atrazines #4347 313S o A&
288 epiA] otelar ¥ sl o]t Aeldt A
e 7 QFANMY A Ee] Aol AYARE, &
3] Aol AME ERFF Fol Aleldled Yehd 5 )
o, WA e B o] o2] QA TA oM 2E 2
ol AYA AL A&zt AP EE fed) ook
g FANEA 2H8-E eplo] M 3RS u]Al At
veld 4= oJokr A= X vH(Graumann 5, 1999).

DEHP:= 54 #24713] Zh|lA hyperplasia® fr=3}
I o}2¥ hepatocellular carcinomas Y271, estrogen
A=A fApHole} peroxisomal proliferations Y271kl
oA et o AR 7|HEY oFF WA A &
“HEagon 5, 1994). ¥ A7) vleld DEHPel &j3t
nonylphenol?] estrogen&-7loll }& Al5=-g-o] DEHP
off o8k v}2 287" 2|3t oJ3FelA|, estrogenTE-A|
2] multiple binding sitesl] 71318k Zg1A] ohd = o1&
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A AL gkl 7t ARl FME FF A
A7stazl spe, B Algel] AMsE ZeigolE EA)
DEHP #1} o]z} v}& ZeejolE £3 5% 2|4
ANE Y 07)=A) £ 3t estrogen TS 71 R
v A A Bl ] w4xjelA] AAsatgo] vehisA] o
F= dyslejol & AE AlgFc}

A Crain $(1998)0 213bd Al estrogen™$-A|
Z 7= FAAE ERgol AR serum EA 5ol A
17B-estradiols} estrogen A=A E(DES, op*-
DDT)S A2sldS o, 17B-estradiol®] [-galactosidase
activity’} serum FE]EH o2 ZHAFTE HH. o=
serum®] estrogenT&-Aol] 3t 17B-estradiol®] binding
affinityel] °33& & 2 2E Ho|w, estrogen HAFE-3}
18] ¥)3) binding affinity?} 10008} 1A} ¥ 17B-
estradiole] A2 o] & kS WS viERiG

el PR It WER|A A EA ] el
o)X= 3RS H71ge| gleiAle AWM serum3t Al
ZJ binding factorE#e] affinityS 22 slleokst™, Wi
AR EA R A EE oy IREES] M2 &4 7}
SAS JEsle] 25 ST g S uHs Ade) ¥
3 x]ofof Frjal ALa ).

ZAte] Y

E g AlEe) oA Wl #u Al Al EA P Ak
(19999 %) vz g A2 =Yl A=Y

o

=28
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