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Abstract

Previously, we described the construction of a rapid yeast bioassay stably expressing human estrogem réfdegigrand yeast
enhanced green fluorescent protein (YEGFP) in response to estrogens. In the present study, the properties of this assay were further studie
by testing a series of estrogenic compounds. Furthermore, a similar assay was developed based on the stable expression of human estroge
receptorg (hERB). When exposed to Bfestradiol, the maximum transcriptional activity of the fEBytosensor was only about 40%
of the activity observed with Ed&, but the concentration where half-maximal activation is reachedd)E@as about five times lower.
The relative estrogenic potencies (REP), defined as the ratio between §h@ElFR-estradiol and the Efg of the compound, of the
synthetic hormones dienestrol, hexestrol and especially mestranol were higher withvEiie DES was slightly more potent with BR
The gestagens progesterone and medroxyprogesterone-acetate showed no response, whereas the androgen testosterone showed a v
weak response. The anabolic agent, 19-nortestosterone showed a clear dose-related response with estrogerbreaegter The
phytoestrogens coumestrol, genistein, genistin, daidzein, daidzin and naringenin were relatively more poteng vR&nkiRg of the
estrogenic potency with EdlRwas: 1 B-estradiots> 8-prenylnaringenin > coumestrol > zearalenon@enisteirts> genistin > naringenin.
The ranking with the ER was: 1B-estradiol>> coumestrol > genistein > zearalenone > 8-prenylnaringedaidzein > naringenin >
genistin>> daidzin. The hop estrogen 8-prenylnaringenin is relatively more potent with ERese data show that the newly developed
bioassays are valuable tools for the rapid and high-throughput screening for estrogenic activity.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction health[3]. Soy isoflavones have also been reported to pre-
vent growth of breast cancer ce[%5].

There is serious concern that chemicals in our food, wa- An important role in this apparent controversy may be
ter and environment may affect human health by disrupt- played by the two estrogen receptors (ER) that have been
ing normal endocrine function. This relates both to certain identified to date6,7]. These receptors, derived from two
chemicals with previously unknown hormonal properties, different genes and referred to asdRnd ERB, both bind
and compounds used, e.g. for their growth-promoting prop- to the consensus estrogen responsive element (ERE) en-
erties in animals. On the other hand, the estrogenic proper-abling the transcription of an ERE-based reporter construct.
ties of the soy isoflavones genistein and daidzein are thoughtThe DNA-binding domains of ER and ERB show a high
to play a role in their putative health-enhancing properties, degree of homology but the ligand-binding domains show
such as prevention of certain cancfty decreased risk of  only 59% homology. In general, both receptors display sim-
cardiovascular diseas¢g], and the improvement of bone ilar ligand-binding profiles, but phytoestrogens like genis-

tein and coumestrol induce receptor-dependent transcription
stronger with ER than with ERx [8,9]. Furthermore, the
"+ Corresponding author. Tek:31 317 475598: fax:+31 317 417717, tissue distribution of ER and ERB also differs substantially
E-mail address: toine.bovee@wur.nl (T.F.H. Bovee). [8,10]. ERB is very important in the bone, urogenital tract,
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cardiovascular system, central nervous system and the develproperties were tested. These include natural hormones and
oping brain[11,12] ERx seems the more important receptor their conjugated forms and metabolites, synthetic hormones
type in the mammary gland and the uterus. It has been hy-like ethynylestradiol, estradiolbenzoate and DES, phytoe-
pothesised that ERis important for the protection against strogens like genistein, coumestrol and daidzein, the my-
hyperproliferation and carcinogenesis in breast, prostate andcotoxin zearalenone and its derivatives, and environmental
the gastrointestinal tra¢t1,13—18] These observations led  pollutants likep-nonylphenol.
to the hypothesis of potential differences in the biological
function and tissue-selective actions of the two receptors.
These observations also suggest the existence of two pre2. Materials and methods
viously unrecognised pathways of estrogen signalling: via
the ERB subtype in tissues exclusively expressing this sub- 2.1. Chemicals
type and, since estrogen receptors are known to function as
dimers[19], via the formation of heterodimers in tissues ex-  The following compounds were purchased from Sigma:
pressing both subtypes. The differences in tissue distribution 173-estradiol (EB, CASRN 50-28-2), 1d-estradiol (E2,
may also be very important from a pharmaceutical point of 57-91-0), 1PB-estradiol 3-benzoate (E2-benz, 50-50-0),
view, as hormone replacement therapy in postmenopausall73-estradiol 3-sulfate (E2-sul, 4999-79-5), gtéstradiol
women is an increasingly significant health is$2@)]. 3-(B-p-glucuronide) (E2-3-gluc; 14982-12-8), A-estradiol
In order to investigate the properties of chemicals and the 17-(3-p-glucuronide) (E2-17-gluc, 15087-02-2), estrone
presence of hormonally active substances in food and wa-(E1, 53-16-7), estrone 3-sulfate (E1l-sul, 438-67-5), es-
ter, it is important to have rapid, robust and high-throughput trone B-p-glucuronide (E1-gluc, 15087-01-1), estriol (E3,
bioassays. The effects of estrogens on different tissues stres§0-27-1), 1'&-ethynylestradiol (EE2, 57-63-6), dienestrol
the need for bioassays with both estrogen receptor types.(84-17-3), mestranol (72-33-3), medroxyprogesterone 17-
When sensitivity is required, like in cases of small sam- acetate (MPA, 71-58-9), progesterone (P, 57-83-0), testos-
ple volumes and/or low concentrations, mammalian assaysterone (T, 58-22-0), 19-nortestosterone (19-norT, 434-22-0),
can best be used as they display lower detection limits than2-deoxy-20-hydroxyecdysonep-{ecdysone, 17942-08-4),
yeast-based assay8l]. However, because of the differ- zearalenone (z-lenone, 17924-92-4), zearalanone (z-lanone,
ences observed in the RRand ERB activity in different 5975-78-0), a-zearalenol ¢-z-lenol, 36455-72-8), a-
cell lines[22,23], the differences in estrogenic activities of zearalanolg-z-lanol, 26538-44-3)3-zearalenol §-z-lenol,
substances by both receptor types can as well be studied irv1030-11-0),3-zearalanol §-z-lanol, 42422-68-4), genis-
yeast estrogen transcription activation assays with a consentein (446-72-0), genistin (529-59-9) and daidzein (486-66-
sus ERE-reporter construct. Furthermore, toxicity of sam- 8). Daidzin (552-66-9) was obtained from Plantech (UK),
ples to yeast or mammalian cells is a potential problem in diethylstilbestrol (DES, 56-53-1) from Interpharm (The
assessing estrogenic activity in complex samples. As cyto- Netherlands) and hexestrol (84-16-2) from ICN. Coumestrol
toxicity occurs more frequently in mammalian cell assays (479-13-0), enterolactone (78473-71-9), enterodiol (80226-
than in yeast assay24,25] and because yeast is more re- 00-2) and 4-nonylphenol (NP, 84852-15-3/104-40-5) were
sistant to environmental contaminants, such as heavy metalobtained from Fluka and d-nonylphenol (4nNP, 104-40-
and bacterial endotoxirj26], yeast assays can best be used 5) from Riedel-de Haén. Naringenin (Nar, 480-41-1) and
to study the estrogenic activity in such samples. 8-prenylnaringenin (8-prenyIN) were purchased from Apin
Several different yeast assays have been described, alChemical Limited (UK) and 2-hydroxyestradiol (20H-E2,
of them using plasmid-based constructs for either the re- 362-05-0), 4-hydroxyestradiol (4OH-E2, 5976-61-4), 2-
ceptor or reporter construct, arfgtgalactosidase as the hydroxyestrone (2-OH-E1, 362-06-1) and 4-hydroxyestrone
reporter protein[9,27-29] With the exception of Morito (4-OH-E1, 3131-23-5) were obtained from Steraloids
et al.[9] these assays only use the human estrogen receptofUSA). From all these compounds fresh stock solutions
a (hERw). Previously, we described the construction of a were made in either ethanol or DMSO as indicated.
rapid yeast bioassay, with constructs for the human estrogen
receptora and the ERE-reporter construct stably integrated 2.2. Yeast strain
into the genomg30]. This ERE-reporter construct consists
of two consensus EREs with a centre-to-centre spacing The yeastSaccharomyces cerevisiae (CEN.PK 102-5B,
of 40 bp that was placed in a truncated CYC1 promoter. K20, URA3™, HIS3~, LEU™) was a gift from H. Silljé
Furthermore, yeast enhanced green fluorescent protein(University of Utrecht).
(YEGFP) was used as reporter protein, allowing a much
easier and more rapid detection of estrogenic activity. In the 2.3. Plasmids
present study, we describe the development and properties
of a similar assay based on the stable expression of human For the expression of the human estrogen receptor
estrogen receptgd (hERB). In order to validate both as- the p403-GPD yeast expression vector was used. For the
says, a large number of compounds with known estrogenic expression of the human estrogen receg@orthe p405-
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GPD yeast expression vector was used. For the construction Compared to this sequence, the EERDNA clone ob-

of the reporter plasmid, the p406-CYC1 yeast expression tained from the breast cells contained two mutations. The bp
vector was used. All three plasmids were obtained from at position #430 consisted of T instead of A and #1030 con-
the American Type Culture Collection (ATCC, Rockville, sisted of G instead of A. Both mutations resulted in changed
Maryland, USA) and are described by Mumberg et al. codons that will change the amino acid translated from it,

[31]. Arginine to Tryptophan and from Methionine into Valine, re-
spectively. Probably this clone also misses a G at bp position

2.4. Construction of the p405-GPD-ERB receptor #216. This clone was therefore not used. TheBERONA

expression vector clone obtained from human uterus contained five mutations.

The bp at position #349 consisted of C instead of T, #601 C

The construction of the p403-GPD-k&Receptor expres-  instead of T, #800 G instead of A, #965 C instead of T and
sion vector, that contains the HIS3 marker gene, is already#1245 consisted of G instead of A. The mutations at bp po-
described in Bovee et di30]. The p405-GPD-ER recep- sitions #349 and #1245 result in changed codons, but these
tor expression vector, containing the LEU marker gene, is changed codons will be translated into the same amino acids
made in a similar way. Briefly, synthesis of cDNA was car- as the original codons. However, the mutations at bp posi-
ried out on isolated mRNA of T47D human breast cancer tions #601, #800 and #965 result in changed codons that also
cells and of mRNA isolated from human intestinal Caco-2 change the amino acid that will be translated from it, Cys-
cells. Full-length human estrogen recepforcDNA was teine to Arginine, Glutamine to Arginine and from Leucine
obtained by PCRs using the T47D cDNA, marathon uterus to Proline, respectively. This clone was therefore not used.
cDNA (human, Clontech) and the human intestine cDNA The ER3 cDNA clone obtained from human intestine con-
with the Expand High Fidelity PCR System (Boehringer tained 7 A nucleotides insteadl® A nucleotides at bp posi-
Mannheim). PCR was performed using the following con- tion #9 to #14. This will result in a frame shift that changes
ditions: 34.2ul ultra pure water, pl 25 mM MgClp, 5pl the entire sequence and therefore this clone was not used.
Expand HF 1& concentrated buffer (without Mgg), To obtain a cDNA clone that is fully complementary to
0.8l 25mM dNTP mix, 1l of the enzyme mix, ul of the sequence published by Ogawa ef32], the Xbal-Mscl
the different cDNAs and @l of a primer mix containing part from this intestine ER cDNA clone, containing the
10uM of each primer were pipetted into a thin-walled PCR 7 A instead of 6 A, was replaced by théal-Mscl part
tube and PCR was performed in an Eppendorf Mastercyclerof the uterus ER cDNA clone. Although the uterus BR
gradient using the following cycle profile: (1) denature tem- cDNA clone contained five mutations, the first mistake is at
plate 3min at 95C; (2) denature template 30s at 92; bp position #349 and so thébal-Mscl part of this clone
(3) anneal primers 1 min at 6C; (4) elongation 2min at  does not contain any mistake. In this way a humarBER
72°C; (5) go to step (2) and repeat 35 times; (6) elonga- cDNA clone was obtained that fully corresponded to the
tion 7min at 72C; and (7) for over 10C. After this first estrogen receptop sequence published by Ogawa et al.
PCR, a second PCR was performed with the same con-[32]. This uterus/intestine human BREDNA was cut out
ditions as described above but nowl2of the first PCR of the pGEM-T Easy plasmid witixbal and BamHI and
mixture was used instead ofu2 of the different cDNAs. cloned into the correspondintpbal-BamHI site of the p405-
The sequence of thé-primer was as follows: 'SCGTCT- GPD expression vector. This p405-GPD{ERector was
AGAGCTGTTATCTCAAGACATGGATATAA-3 and this used to transform Epicurian Coli XL-2 Blue Cells. Plasmid
primer contains a restriction site fotbal just before the digestion controls and PCR controls of single white colonies
ATG start codon. The sequence of thiepBimer is as fol- were performed and revealed several good clones (data not
lows: 5-TAGGATCCGTCACTGAGACTGTGGGTTCTG-  shown).
3 and this primer contains a restriction site fBamHlI
just after the TGA stop codon. This PCR generated a full- 2.5. Construction of yeast hERx and hERS cytosensors
length ds cDNA of 1626 bp containing the 1593 bp coding
sequence of the human estrogen receptgene with a 5 The yeast cytosensor expressing the hER the one
Xbal and a 3-BamHI restriction site just outside the coding already described in Bovee et 80]. The yeast cytosensor
sequence. This full-length ERPCR product was isolated expressing the hERand the yeast cytosensor that expresses
from a 1% low-melt agarose gel and ligated into a pGEM-T both ERx and ERB are made in a similar way. Briefly,
Easy Vector (Promega). Plasmid digestion control revealed construction of yeast h&R and hER cytosensors was
several good clones and good clones were sequenced irstarted with the stable transformation of yeast K20 (Ura
both directions using the SEQx4 apparatus and the His™ and Leu) with the p406-EREs2-CYC1-yEGFP re-
Thermo Sequenase Cy5.5 dye terminator cycle sequencingporter vector, integrated at the chromosomal location of the
kit, all used according to the manufacturers instructions Uracil gene via homologous recombination. Transformants
(Amersham Pharmacia). All 1593 bp, from the ATG start to were grown on MM/LH plates and PCR and Southern blot
the TGA stop, were compared with the estrogen receptor hybridisation were used to select clones in which the inte-
sequence published by Ogawa et[aR]. gration has occurred at the desired URA3 site with only a
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single copy of this reporter vector. Subsequently, this yeastin response to exposure to estrogens. All constructs, both the
reporter strain was stably transformed with the p403-GPD- receptor construct as well as the reporter constructs, were
ERa, the p405-GPD-ER or both expression vectors and stably integrated into the yeast genome by the use of yeast
transformants were grown, respectively on MM/L, MM/H integrating plasmids. The construction of the yeast cell ex-
or MM plates. Actually, the cytosensor containing both re- pressing the hER was described previously, including that
ceptor types was made by transforming theoEfitosensor of the cDNA encoding for the alpha receptf®0]. This

with the p405-GPD-ER receptor expression vector. cDNA, constructed from mRNA of T47D cells, had the same
. N sequence as described by Greene €f38l]. The construc-
2.6. Yeast culturing conditions tion of cDNA for the hERB-receptor was initially attempted

from the mRNAs isolated from T47D human breast cancer

Before running an assay, an agar plate containing the se-cells, human intestinal Caco-2 cells and from human uterus
lective MM/L, MM/H or MM medium was inoculated with  ¢cDNA. Since all three cDNAs contained mutations in com-
the yeast ER, ERB or ERx/B cytosensor, respectively from  parison to the sequence published by Ogawa €83], the
a frozen—80°C stock (20% glycerol, v/v). The plate was eventual cDNA introduced into the yeast cytosensor was
incubated at 30C for 24—48 h and then stored at@. The constructed from the latter two cDNAs (s€ection 2.4
day before running the assay, a single colony of the yeast A number of compounds with known estrogenic proper-
cytosensor was used to inoculate 10 ml of the correspondingties were tested in the bRassay. As shown ikig. 1, com-
selective medium. This culture was grown overnight &G0  pounds like DES, ethynylestradiol, and genistein all caused
with vigorous orbital shaking at 225rpm. At the late log a dose-related increase in the production of green fluores-
phase the yeast EbRcytosensor culture was diluted (1:10) cent protein after a relatively short exposure period of 4 h.
in MM/L, the yeast ER cytosensor was diluted (1:20) in  Dose-response curves were similar after 24 h but in general
MM/H and the yeast ER/B cytosensor was diluted (1:20) allowed a better curve-fitfjg. 2A and 2B.
in MM. This minimal medium (MM) consisted of yeast Fig. 3 shows the dose—response curve fop-Estradiol
nitrogen base without amino acids or ammonium sulphate obtained after 4h with the yeast cytosensors expressing
(1.7 g/l), dextrose (20 g/l) and ammonium sulphate (59/l). hERx, hERB or both the hER and hER receptors. The
The MM/L and MM/H medium were supplemented with maximal transcriptional activity of the ERcytosensor is

leucine (60 mg/l) or-histidine (2 mg/l), respectively. only about 40% of the maximal activity observed with the
ERa cytosensor, but the BRcytosensor showed a higher

2.7. yEGFP assay: exposure to different substances and response at lower concentrations. This is reflected in the

the measurement of estrogenic activities much lower EGg for 17B-estradiol, the concentration where

half-maximal activation is reached, being 0.06 and 0.6 nM,
For exposure in 96 well plates (Costar), aliquots of 00  respectively for the ER and ERx cytosensor. In contrast
of the yeast culture were pipetted into each well. Exposuresto the ERx cytosensor, the dose-response curves obtained
to different doses of 1F-estradiol and all the other sub- with the ER3 and the ER/ERB cytosensors after a 24h
stances were performed through the addition i df an exposure period were very poor (data not shown).
ethanol or DMSO stock solution to each well, resulting in  Fig. 4A and 4Bshow dose-response curves obtained with
0.5% final concentration of the solvent. Ethanol and DMSO the ERB cytosensor after a 4 h exposure to a number of dif-
only controls were included in each experiment and each ferent compounddable 1shows the calculated EBgvalues
sample concentration was assayed in triplicate. Exposuresfor 17B3-estradiol, a number of metabolites and other hor-
were performed for 4 and 24 h. Fluorescence at these timemonal substances, as obtained by a mathematical non-linear
intervals was measured directly in the CytoFluor Multi-Well regression curve-fit formula/(= a0+al/(1+ (x/a2)"a3)).
Plate Reader (Series 4000, PerSeptive Biosystems) using exT he relative estrogenic potencies (REP) of these substances,
citation at 485 nm and measuring emission at 530 nm. The defined as the ratio between the fg@f 173-estradiol and
densities of the yeast culture at these time intervals werethe EGg of the compound, with both the BERand the ER
also determined by measuring the OD at 630 nm. This was cytosensor are also shownTable 1 Fig. 5presents a graph-
done to check whether a substance was toxic for yeast. Ifical comparison of these Egvalues. These data show that,
there were no differences in yeast densities, the fluorescencee.g. estrone, the main metabolite of3t@stradiol, showed a
signals were corrected with the signals obtained with the REP of 0.2 with ER and 0.1 with ER. Other metabolites
blank medium (supplemented MM containing 0.5% ethanol of E23, like the hydroxy metabolites and the sulfate and glu-
or DMSO solvent only). curonide conjugates, are much less potent thap iEself,
displaying relative potencies of less than 0.05. However, the
hydroxy-metabolites are more potent than the conjugated
3. Results forms. There are only small differences between the rela-
tive potencies with ER and ERB of these natural hormones
Recombinant yeast cells were constructed that either ex-and their conjugated forms and metabolites. However, like
press the human estrogen receptpp or both, and YEGFP  estrone, the conjugated forms (estrone 3-sulfate and estrone
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B-p-glucuronide) and metabolites (2-hydroxyestrone and 4- <1 x 10~° and 4x 10~%, respectively. The differences with
hydroxyestrone) are slightly more potent with&BRan they the synthetic hormones dienestrol, hexestrol, mestranol and
are with ERB (seeFig. 5). The REP with ER and ERB of DES are more obvious. Dienestrol, hexestrol and especially
2-OH-E1 are 0.0026 and 0.00026, respectively; of 4-OH-E1 mestranol are relatively much more potent with theoER
0.022 and 0.0048, respectively; of E1-3-sulfate<510~° showing REPs of 0.56, 0.36 and 0.11, respectively than with
and 1.1x 107°, respectively; and of EB-p-glucuronide the ER3, showing REPs of 0.091, 0.091 and 0.0001, re-
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as indicated inTables 1 and 2Fluorescence was determined after 4h as describ&@keation 2(seeSection 2.J. (A) shows dose-response curves of
17B-estradiol (E2), 1&-estradiol (E2), 4-hydroxyestradiol (4OH-E2), 4-hydroxyestrone (40OH-E1) and estriol; and (B) shows dose-response curves of
17B-estradiol (E2), genistein, genistin, daidzein, daidzin, naringenin (Nar) and 8-prenylnaringenin (8-prenyIN). Fluorescence signals anedtha mea
triplicate with S.D.

spectively. DES on the other hand showed a two-fold higher daidzin. For the phytoestrogens REP values with th@ ER

potency with the ER than with the ER (seeFig. 5). were in general higher than with the ERwith the excep-
Table 2shows the Egp values and REPs for the phy- tion of 8-prenylnaringenin (sefig. 5).

toestrogens and resorcyclic acid lactones. Based upon these Nearly all compounds were tested twice and some of them

data and the dose-response curves, the ranking of the releven three times. The differences in the determinedoEC

ative estrogenic potencies of the phytoestrogens and resorand REP values were very small and negligible (data not

cyclic acids with the ER is as follows: 1B-estradiol> shown). The variation in the determined f@alues for the
8-prenylnaringenin > coumestrol > zearalenpsgenistein 17B-estradiol reference (s@@bles 1 and Ris mainly due to
> genistin > naringenin. For BR the ranking is as fol-  the solvent used, either ethanol or DM{0]. The variation

lows: 13-estradiols> coumestrol > genistein > zearalenone due to inter-experimental differences is less important. To
> 8-prenylnaringenins> daidzein > naringenin > genistip correct for inter-experimental differences and the influence
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Table 1

EGCsp concentration and relative estrogenic potency (REP) of compounds withaEB ER3

Compound EG® (NM) ERx REF ERa ECs0° (nM) ERB REF ERB
17B-Estradiol 0.5-1.% 1.0 0.06-0.2% 1.0
17a-Ethynylestradiol 0.5 1.2 0.12 1.0
Diethylstilbestrol 0.6 1.0 0.06 2.0
B-Estradiol 3-benzoate 70 8.68 30 8.3E-3
Hexestrot 2.8 0.36 11 9.1E2
Dienestro? 1.8 0.56 1.1 9.1E2
Mestranot 9.1 0.11 1.0E2 1.0E4
Medroxyprogesterone 17-acetate n.r. n.r. n.r. n.r.
Progesterorfe n.r. n.r. n.r. n.r.
Testosterorfe >3E4 <3E-5° n.r. n.r.
19-Nortestosterorie 3.0E3 2.8E-4 >5E4 <1.7E-6
Estrone 3 0.2 11 0.1
Estriol 1.2E2 5.0E3 12 5.0E-3
17a-Estradiol 7 9.3E-2 2.8 2.1E-2
2-Hydroxyestradiol 60 1.1E2 8.5 7.1E-3
4-Hydroxyestradiol 2.5E2 2.6E3 20 3.0E-3
2-Hydroxyestrone 2.5E2 2.683 23 E2 2.6E-4
4-Hydroxyestrone 30 2.22 125 4.8E-3
B-Estradiol 3-sulfat® 3.4E3 2.6E-4 4.0E2 2.3E4
B-Estradiol 3g-p-glucuronidé 3.8E3 2.4E-4 1.8E2 5.0E-4
B-Estradiol 178-p-glucuronidé >4.0E4 <2.0E-5 >8.0E2 <1.1E-4
Estrone 3-sulfafe 1.8E4 5.0E-5 8.0E3 1.1E5
EstroneB-p-glucuronidé >8E4 <1E-5 >2.8E4 <4E-6

n.r. = no response.
aFor these compounds DMSO is used as solvent (all the other compounds are tested in EtOH as solvent).
bThe EGy is the concentration giving a half-maximum response. Exposure was 24 and 4 h for ¢harRER cytosensor, respectively.
¢The relative estrogenic potency is defined as the ratio between the EE23 and the EGp of the compound.
4 The range in E€ values of 1B-estradiol. EB is tested in DMSO and in EtOH as solvent and thesgfor E2B is lower in EtOH as solvent than
it is in DMSO [30]. There are also small differences in the gg@alues between the different exposures, as all described compounds are not tested in
one experiment, but in different exposures during a period of about six months. Here the range of the obtginealUe€ is given.
€The greater than (>) sign means that this compound does not fully reach a maximum response and therefggevdlaeE€nnot be determined
accurately. The real B will be greater than the value that is given in the table. As a result REPs are indicated with the smaller thar).sign (

of the solvent used, each new experiment has its oWt 17 ples of illegally treated animals. Therefore, it is essential to
estradiol reference and compounds dissolved in ethanol orobtain data on the estrogenic potency of known and puta-
DMSO are compared with a estradiol reference dissolved in tive metabolites and to show the specificity of the assay for
the same solvent. estrogenic compounds. The dataTiable 1show that the

cytosensors are specific for estrogens, since the gestagens

progesterone and medroxyprogesterone 17-acetate, and the
4. Discussion androgen testosterone did not show a clear response. Only

19-nortestosterone gave a full dose-response curve, but this

The present paper demonstrates the successful construccompound appears to have both androgenic and estrogenic

tion of yeast cells stably expressing the human estrogen re-properties, possibly explaining its excellent anabolic prop-
ceptorsa and, and producing green fluorescent protein in erties requiring both types of hormonal activity. Here, we
response to compounds with known estrogenic properties. Inshow for the first time that 19-nortestosterone is a full agonist
addition to the biomolecular controls, this is clearly shown with ERa and that this compound is relatively more potent
by the very reproducible dose-related transcription activa- with ERa than it is with ERB (Table 1, Fig. 5. A number

tion of the yEGFP gene in both yeast &Bnd ERB cytosen- of metabolites of 1@-estradiol and estrone showed a clear
sors after exposure to p7estradiol Figs. 1-4. The poor response, but in general at least a factor 5 to &8s then
dose—response curves obtained with the BRd ERJ/ERB their parent compounds. There are only small differences

cytosensors after 24 h exposure indicates that thp ER between the relative potencies with &Bnd ERB of the nat-
ceptor protein is not as stable as thecEft that a complex  ural hormones and their conjugated forms and metabolites.
with the ERB receptor is involved in a quicker signalling However, like estrone, the conjugated forms E1-3-sulfate
pathway. and E18-p-glucuronide and metabolites 2-OH-E1 and 4-
One of the potential applications of the cytosensors is OH-E1 appear to be slightly more potent with &®Ran with
their use for detecting increased hormonal activity in sam- ERB. The glucuronidated forms of Bfestradiol, ER-3-
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Fig. 5. Relative Estrogenic Potencies (REP) of all compounds with the &Rl ERB cytosensor. Exposure to g+#estradiol and other substances was
started by adding to 200 of a yeast culture of the corresponding cytosensors, an aliquojubl a stock solution, using either ethanol or DMSO as

a solvent as indicated ifables 1 and 2Fluorescence was determined after 4 or 24 h as describ&kdtion 2(seeSection 2.7 and as indicated in

Tables 1 and 2The growth promoters are: DES, hexestrol, dienestrol, mestranol and 19-norT; E1 con. and met. are: E1, 20H-E1, 40H-E1, E-3-sulfate
and E1g-p-glucuronide; zear are: z-lenone, z-lanonez-lenol, a-z-lanol, B-z-lenol andB-z-lanol; phytoestrogen are: coumestrol, genistein, genistin,
daidzein, daidzin, nar and 8-prenyIN; no diff. are:@EZEE2, E2-benz, E3, 20H-E2, 40H-E2, E2-sul and NP; and the E2-gluc. are: E2-3-gluc and
E2-17-gluc. The linex =y and the dotted linex = 3y and X =y are also shown. Compounds between the lines have more or less the same activity
with ERa and ERB, whereas compounds above the upper dotted line are three times or more active @ithaBRwith ERv. Compounds below the

lower dotted line are three times or more active withcEfRan with ERB.

B-p-glucuronide and B2-17B-p-glucuronide, on the other  with ERB. However, 8-prenylnaringenin, a phytoestrogen
hand seem slightly more potent with BRseeFig. 5 and present in hops, was relatively more potent withoEfRan
17«-estradiol is more potent with ER The present data  with ERB and was actually the most potent phytoestrogen
also show that for testing of, e.g. urine of calves a deconju- with ERx. Until now, comparison of 8-prenylnaringenin
gation step is a requirement for gaining sensitivity. As 1% with ERa and ERB was only performed in a receptor bind-
deconjugation of the J¥-estradiol conjugates would already ing assay[34], revealing comparable binding activity to
result in a REP of 0.01 and as the REPs of these conju-both receptor forms. Here we describe for the first time,
gates are much lower than 0.01 and because dose—responghat 8-prenylnaringen is more potent with &Rhan with
curves after a relatively short exposure period of 4 h were ERpB, using a yeast transcription activation assay. Although,
similar to those after 24 h, it is most likely that yeast is the data obtained from transcription activation assays are
not able to deconjugate these compounds. For the same reain general comparable with results from radioligand com-
sons the estrogenic activity @festradiol 3-benzoate, REP petition binding assays, Kuiper et al. also observed that al-
of 8.6E-3, is probably not due to metabolic conversion of though coumestrol bound to the BRvith the same affin-
the ester. In the present study, no attempts were made to indity as 13-estradiol, transcription activation started at 1000
vestigate the metabolism of the test compounds by the cells,times higher concentrations for coumes{gjl Furthermore,
which may result in activation or deactivation of compounds ligand-binding assays do not disclose the biological activity
and may explain possible differences in estrogenic potenciesof a compound, i.e. whether it is an agonist or an antagonist

with other test system8,9,21-29] and therefore, transcription activation assays are supposed
A specific difference in the ligand-binding properties of to correspond better with effects found in vivo. The char-
the two receptors is the affinity for phytoestrogdB]. acteristics of 8-prenylnaringenin, being a very potent com-

As described previously, the isoflavones genistein, genistin, pound that is relatively more potent with ERhan with
daidzein and daidzin, the coumestran coumestrol and theERRB, are in agreement with effects described upon the in-
flavonoid naringenin were relatively more potent with@ER  take of the female flowers of the hop plant, as they have long
than with ERx (seeTable 2and Fig. 5). Coumestrol and  been used as a preservative. More recently, they have also
genistein were by far the most potent of these compoundsbeen included in some herbal preparations for women for
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Table 2
EGCsp concentration and relative estrogenic potency (REP) of resorcyclic acid lactones, phytoestrogens, natural compounds and nonylphewmol with ER
and ERB

Compound EGP° (nM) ERa REF ERu ECso® (nM) ERB REF ERB
17B-Estradiol 0.5-19% 1.0 0.06-0.2% 1.0
Zearalenone 1.3E2 4.68 20 5.0E-3
Zearalanone 40 152 14 7.1E-3
«-Zearalenol 11 5.5E2 3 3.3E-2
a-Zearalanol 18 3.3E2 6 1.7E-2
B-Zearalenol 2.3E2 2.6E3 28 3.6E-3
B-Zearalanol 2.3E2 2.6E3 20 5.0E-3
Coumestrdt 1.4E2 5.7E-3 3 2.7E-2
Genisteift 2.0E3 5.0E-4 8 1.1E-2
Genistir? >SAER <2E-59 2.3E3 3.9E5
Daidzeirt n.r. n.r. 8.0E2 1.1E4
Daidzirf n.r. n.r. 6.0E4 1.5E6
Enterolacton@ n.r. n.r. n.r. n.r.
Enterodiof n.r. n.r. n.r. n.r.
B-Ecdysond n.r. n.r. n.r. n.r.
Naringeni® >7E4 <1E-5 2.1E3 5.2E5
8-Prenylnaringenfh 1.0E2 1.0E-2 33 3.9E-3
4-n-Nonylphenot-¢ n.r. n.r. n.r. n.r.
4-Nonylphendtf 1.0E2 9.0E-3 30 8.3E-3

n.r. = no response.

a8For these compounds DMSO is used as solvent (all the other compounds are tested in EtOH as solvent).

bThe EGy is the concentration giving a half-maximum response. Exposure was 24 and 4 h for ¢harlBRERB cytosensor, respectively.

¢The relative estrogenic potency is defined as the ratio between tbg EE28 and the EGy of the compound.

dThe range in E€ values of 1B-estradiol. EB is tested in DMSO and in EtOH as solvent and thesEfor E2B is lower in EtOH as solvent than
it is in DMSO [30]. There are also small differences in the gg@alues between the different exposures, as all described compounds are not tested in
one experiment, but in different exposures during a period of about six months. Here the range of the obtginealUe€ is given.

€ Pure 4n-nonylphenol obtained from Riedel-de-Haén.

f Technical mixture ofp-isomers of 4-nonylphenol obtained from Fluka.

9The greater than (>) sign means that this compound does not fully reach a maximum response and therefegevilaeE€nnot be determined
accurately. The real B will be greater than the value that is given in the table. As a result REPs are indicated with the smaller that).sign (

breast enhancemef84,35] Both applications indicate that  ever, have reported d-nonylphenol to be active in these
8-prenylnaringenin is an active agonist with &RNarin- type of assay$39,40] Thorough review of these studies
genin, a flavonoid present in citrus fruits, is relatively more showed that a technical mixture like the one available from
potent with ERB, but compared to 8-prenylnaringenin, this Fluka (approximately 85-92.7% of branched isomers) or
compound is only a weak estrogen. The lignans enterolac-p-nonylphenol (CAS No. 84852-15-3) was used instead
tone and enterodiol did not show any response with both of the unbranched nonyl chain. When the 4-nonylphenol
receptor types and are therefore characterised as being norntechnical mixture of Fluka was used, it also showed a
estrogenic in our yeast cytosensors. dose-response curve in our test with ansgE6f 100 nM
There are no great differences between the relative po-(seeTable 1. Chemical analysis with GC/MS showed that
tencies of zearalenone and its derivatives with both receptorthere was actually no d4-nonylphenol, the aliphatic straight
types {[able 2 Fig. 5. However, compared to the natu- chain, in this technical mixture of Fluka (data not shown).
ral phytoestrogens, zearalenone is about as potent as th&rom this, it can be concluded thathdnonylphenol is not
most potent phytoestrogens coumestrol, genistein and 8-estrogenic and that the estrogenicity of the technical mixture
prenylnaringenin, whereas the derivativegearalenol and  is due to one or more isomers with a branched side-chain. A
a-zearalanol are even more potent. The latter is not unex-similar conclusion was presented by Pedersen et al. study-
pected, since-zearalanol is used as a legal growth promoter ing the induction of plasma vitellogenin in rainbow trout
for cattle breeding in the UB6]. Very similar REPs for this by linear and technical nonyl- and octylpherfl].
series of resorcyclic acid lactones have been reported by Le The relatively very high estrogenic potencies of estrone
Guevel and Pakd¢B7], also using a yeast assay with iR~ and 4-hydroxyestradiol, as observed in the ER-CALUX
Recently, ICCVAM[38] included the environmental pol- assay with T47D cells, giving rise to REPs of 1.0 and 0.45,
lutant 4-nonylphenol [CASRN 104-40-5] as a positive respectivelyf42], were not observed with our bRcytosen-
control in a set of reference compounds for transcriptional sor, in which REPs of 0.2 and 0.0026, respectively were
activation assays. In our hands this compound did not showobserved. This possibly points to important differences
a response in neither of the yeast cytosensors. Others howbetween yeast cells and mammalian cells, in for example
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the metabolism and absorption of compounds and the tran-of the cancer. At the same time, this observation stresses the

scription activation pathway. However, as shown in the case need to reinvestigate the identity and functionality of the es-

of biochanin A and estrone for metabolig842] and for trogen receptors in the different bioassays used for testing

transcription activation[22,23], similar differences exist  estrogenic activity.

between different mammalian cell lines. This yeast assay In conclusion, both the ER cytosensor and HR cy-

therefore represents another appropriate assessment of thmsensor show clear dose—response curves when exposed to

relative activity of various estrogens. estrogenic compounds. These YEGFP assays are not only
In general the response obtained forpERith the ERx very sensitive, as shown by Egvalues for ER of 0.5 and

receptor is in a similar dose-range as described for yeast by0.06 nm for the ER and ERB cytosensor, respectively, but

other authorg9,27,37,40] The lower maximum response are also very rapid, convenient, reproducible and most likely

for ERB, as compared to &R has been reported for mam- more robust than cell-lines. Both cytosensors can be used

malian cells as wel[22,23], but the observation that the to study the estrogenicity of different compounds in order

yeast cells expressing BRhow a response at lower concen- to determine the relative estrogenic potency of these com-

trations of 1PB-estradiol has not been observed previously. pounds. Since good dose—response curves can be obtained

Morito et al.[9] used a yeast estrogen assay and found thatafter only 4 h of exposure, the often questioned permeabil-

the dose—-response curve obtained witB-Estradiol for the ity of the yeast cell wall does not seem to be an obstacle in

yeast expressing the BRwas similar to the one obtained our yeast estrogen assay.
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