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Abstract This work reports the binding capacity of vari-
ous chemicals (so-called endocrine disruptors) to recombi-
nant human steroid receptors (hERo,, hPR and hAR). The
tested chemicals are organochlorine insecticides (DDT and
its metabolites, methoxychlor, aldrin, dieldrin, chlordecone,
lindane, trichlorobenzene), estrogenic insecticides (endo-
sulfan, toxaphene, nonachlor), herbicides (alachlor and
atrazine), fungicides (benomyl and vinclozolin), industrial
chemicals (nonylphenol, bisphenol A, diphenylphtalate),
antioxidants (butylated hydroxyanisol) and some phyto-
estrogens. Except for phytoestrogens, most of the tested
chemicals (DDT and its metabolites, aldrin, o- and B-en-
dosulfan, toxaphen, trans-nonachlor) show higher affini-
ties for hPR than for hERa, indicating that the interaction
with the progesterone receptor could contribute to the en-
docrine-disrupting effects imputed to these chemicals. We
propose to use binding assays using recombinant human
steroid receptors as screening tools for the detection of en-
docrine disruptors in various samples.

Keywords Endocrine disruptors - Steroid receptors -
Binding assay - Pesticides - Radioreceptor assay

Introduction

Various chemicals such as pesticides, plasticizers and per-
sistent pollutants are highly suspected to display endo-
crine-disrupting effects in animals and humans. A lot of
studies have been reported. To give some examples, in an-
imals, environmental endocrine-disrupting chemicals (EDC)
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could be the cause of reproductive and teratogenic effects
in bald eagles of the Great Lakes [1]. Reproductive disor-
ders have been described in animals and humans [2, 3, 4].
In humans, endometriosis [5] and testicular cancer [6]
have been linked to exposure to organochlorine and plas-
ticizers, respectively. A general decline of the male repro-
ductive health is observed and imputed to EDC [7, 8, 9,
10, 11, 12].

Endocrine disruption is caused by the interference of
chemicals at the level of steroid receptors: it is now well
known that these chemicals display estrogenic effects [13,
14, 15] and/or anti-androgenic effects [16]. Much less is
known about the interaction of these compounds with the
progesterone receptor.

Here, we describe the utilization in hormone binding
assays of human steroid receptors that have been produced
in genetically modified bacteria [17]. In order to better de-
fine the mechanism of action of various endocrine dis-
rupters and to clarify which receptor is involved, we have
studied and compared their binding to human estrogen
(hER®), androgen (hAR) and progesterone (hPR) recep-
tors.

The same approach could also obviously be applied to
the detection of endocrine disrupters in environmental
samples, in water and food, to monitor for occupational
exposure and toxicological evaluation of new industrial
chemicals.

Experimental
Materials

All the hormones (17B-estradiol [E-8875], progesterone [P-0130]
and dihydrotestosterone [A-2570]) used standards were from Sigma
(Bornem, Belgium) and tritiated steroids (*H-17f oestradiol
[TRK-322], 3H-progesterone [TRK-413], 3H-dihydrotestosterone
[DHT, TRK-443]) were from Amersham (Rosendaal, Nederland).
Other standards were from Promochem (Molsheim, France) (Ala-
chlor [IPO 003], 99.5%; Aldrin [TPO 004], 99.1%; o-endosulfan
[TPO 181], 99.8%; atrazine [TPO 005], 98.7%; B-endosulfan [IPO
182], 99.%; cis-nonachlor [PST-1200], 99%, o,p’-DDE [IPO 120],
99.8%; 0,p’-DDT [IPO 125], 99.8; methoxychlor [PST-691], 98%;
toxaphen [ERT 002], technical; trans-nonachlor [PST-1201], 99%;
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vinclozolin [IPO 182], 99.5%), and Sigma (apigenin [A-3145],
95%; benomyl [381586], 95%; biochanin A [D-2016]; bisphenol A
[23,965-8], 99%; butylated hydroxyanisole or BHA [B-6655],
90% 3-BHA and 8% 2-BHA; chlordecone [45379], 99.2%;
p.p” DDT [386340], 98%; p.p’-DDE [12,389-71, 99%; o,p’-DDD
or mitotane [C-3010]; p,p’-DDD [3,959-3], 97%; dieldrin [D-7519],
90%; diphenyl phthalate [RH 36617], 99.9%; glycitein [G-2785],
97%; kaempferol [K-0133], 90%; lindane [H-4500], 97%; luteolin
[L-9283]; nonylphenol [203—199-4]; technical mixture; 1,2,3-tri-
chlorobenzene [4-7188], 99%).

Production of steroid receptors

Recombinant human estrogen receptor (hERo) was produced in
E.coli as a fusion of GST (glutathione-S-transferase) protein with
the D,E and F domains of the natural receptor, encompassing the
hormone binding domain. Briefly, D, E and F domains of hERo
were fused in frame to the C-terminus of the S.japonicum glu-
tathione-S-transferase gene (GST), present in the pGEX-4T-3 bac-
terial expression plasmid (Amersham, Rosendaal, Nederland). The
resulting plasmid pGEX-ER was transformed into the E. coli strain
BL21 (ompT-, lon-), for expression of the GST-ER fusion protein
following induction with isopropyl-S-D-thiogalactoside (IPTG).
To facilitate the folding of the GST-ER protein, expression vectors
encoding the GroEL and GroES chaperone proteins were co-trans-
formed.

Induction and lysis protocol

E. coli BL21 harbouring pGEX-ER and pGRoEL/S were grown
overnight in 50 mL of Luria—Bertani medium (LB) containing 100 ug
ampicillinmL-!' and 30 pg chloramphenicol mL-!. The culture was
then transferred to 1 L of fresh LB with both antibiotics. When the
culture reached an ODy, of 0.9, synthesis was induced with 1 mM
IPTG and culture was grown for an additional 15h at 18°C. After
centrifugation, bacterial pellets were resuspended and the bacteria
were broken in a French cell press at 103 Pa. After centrifugation
for 2h at 30,000 g, the pellet was discarded and the supernatant
was used for binding experiments.

Receptors hAR and hPR have similarly been produced in
E. coli by following the same strategy, except that domains D and E
of the human androgen and progesterone receptors respectively
were produced in E. coli fused to the maltose binding protein using

the pMALC2 (Biolabs, Leusden, Belgium) prokaryotic expression
vector.

Receptor binding assays

Tritium-labelled ligands were used as tracers (*H-17f estradiol,
3H-progesterone, *H-DHT) for inhibition binding experiments to
hERa, hPR and hAR, respectively, as already described elsewhere
[17].

Binding competition curves were established by using non-lin-
ear regression.

Results and discussion

Characteristics of specificity and stability of the steroid
receptors assays used here have been reported previously
[17]. Here, we present the data concerning the binding of
various non-steroidal chemicals to human recombinant es-
trogen, androgen and progesterone receptors.

Table 1 Binding of DHT and various chemicals to human andro-
gen receptor. ICs, concentrations (UM) (concentration needed to
observe a 50% inhibition of the maximum binding of [*H] DHT)
and relative binding affinity (RBA, potency of binding to hAR ex-
pressed as a percentage relative to that of DHT)

1Cs(LM) RBA

DHT 0.05 100.000
p,p’-DDD 15 0.333
0,p”-DDD 17 0.294
p,p’-DDT 30 0.167
0,p”-DDT 32 0.156
0,p’-DDE 38 0.132
BHA 140 0.036
p.p’-DDE 184 0.027
Vinclozolin 245 0.020




666

Figure 1 shows, as a typical example, the competition
curves obtained for binding of progesterone tracer to the
recombinant human progesterone receptor with proges-
terone and several chemicals suspected to present hPR
binding activity. Most of the tested components were able
to completely inhibit the binding of the tritiated proges-
terone to the progesterone receptor, indicating a relatively

high binding affinity of these substances for hPR. From
these inhibition curves, we calculated the ICs, concen-
trations (the concentration needed to observe a 50% in-
hibition of the maximal binding of the tritiated proges-
terone to the human recombinant progesterone receptor)
for all the tested chemicals and these are reported in Ta-
ble 2.

Table 2 Binding of various
compounds to recombinant es-
trogen and progesterone recep-

Binding to hPR Binding to hER«x

tors. In each case, the relative 1Cso (LM)  RBA (%) ICso (UM)  RBA (%)
bi?ding affinit)(/1 (RBA) is thte Progesterone 0.05 100
ratio (expr s rcent-
aage? l()ZtvI:/eeesrfihea;gsf ?cf)fr:lcen- 17B-estradiol 0.002 100
grggoiﬁfsgf:ntgfo:}’ls:z:x? Organochlorine insecticides
mur?l binding of [*H] ligand) of PP :_DDT 2 25 610 0.0003
the tested chemical and that of o.,p’-DDT 15 0.3 76 0.003
the natural ligand of the recep- o0,p’-DDE 13 0.4 100 0.002
tor p,p’-DDE 21 0.2 188 0.001
0,p”-DDD 9 0.6 318 0.0006
p.p’-DDD 46 0.1 82 0.002
methoxychlor 260 0.02 125 0.002
aldrin 70 0.07 113 0.002
dieldrin - - 106 0.002
chlordecon 11 0.5 9 0.02
lindane 214 0.02 257 0.0008
trichlorobenzene - - 1,300 0.0002
Other pesticides
Insecticides
o-endosulfan 20 0.3 170 0.001
B-endosulfan 88 0.06 156 0.001
toxaphen 28 0.2 110 0.002
trans-nonachlor 11 0.5 143 0.001
cis-nonachlor - - 200 0.001
Herbicides
alachlor 298 0.02 240 0.0008
atrazine - - 358 0.0006
Fungicides
benomyl - - 205 0.001
vinclozolin 233 0.02 422 0.0005
Alkylphenols
nonylphenol 5 1 9 0.02
Industrial chemicals
bisphenol A 45 0.1 8 0.03
diphenylphtalate 173 0.03 174 0.001
Food additives (antioxidants)
BHA 228 0.02 263 0.0008
Phyto-estrogens
Isoflavones
genistein NDP ND 0.6 0.3
daidzein ND ND 131 0.002
glycitein - - 17 0.01
biochanin A 158 0.03 20 0.01
Flavonoides
apigenin 3 1.7 0.4 0.5
luteolin - - 25 0.008
“— no binding kaempherol 72 0.07 36 0.006

PND not determined




Similar binding experiments were also performed us-
ing hERol and hAR recombinant receptors. The results
concerning the binding of a limited number of compounds
to hAR are shown in Table 1 in terms of ICs, concentra-
tions in our set-up and as relative binding affinity (RBA)
compared to DHT. Table 2 compares the results obtained
in the experiments performed with hPR and hERo.

A prolific amount of literature exists about the binding
of chemicals to estrogen and androgen receptors from var-
ious animal species (including humans). Table 3 gives some
references reporting the in vitro activity (steroid agonist
or antagonist) determined for the chemicals tested here.
By using the hAR and hERa binding assay, the results
and relative affinities were roughly similar to those ob-
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tained previously by others [14, 16, 18]. In contrast, very
little is known about the binding of potentially endocrine-
disrupting chemicals to progesterone receptors. We will
thus mostly focus on the binding to the progesterone re-
ceptor.

When analysing the comparative results in Tables 2
and 3, it clearly appears that the affinities for hPR (evalu-
ated from ICs, values) are generally higher than those for
hERa, except for some substances such as methoxychlor,
alachlor and phytoestrogens.

Among all the tested chemicals, p,p’-DDT displays the
highest “affinity” (IC5,=2uM) for hPR. Its potency of
binding to hPR is only 40 times lower than that of proges-
terone. p,p’-DDE, the persistent metabolite of DDT known

Table 3 Binding potency of chemicals versus known effect described in the literature®

Chemical Reported in vitro activity Binding Binding Binding
to hPR to hERa to hAR
Organochlorine insecticides
p,p’-DDT estrogenic [14] ++++ +/- +++
0,p’-DDT estrogenic [34], anti-androgenic [34] +++ +++ +++
0,p’-DDE estrogenic [14] +++ ++ +++
p,p’-DDE estrogenic [34], androgenic [34], anti-androgenic +++ ++ +
[16, 33, 34, 35]
o,p’-DDD estrogenic [37] ++++ + ++++
p,p’-DDD estrogenic [37] +++ +++ ++++
methoxychlor anti-androgenic [35, 36] + ++ ND¢
aldrin ++ ++ ND
dieldrin estrogenic [14] - ++ ND
chlordecon estrogenic [14] ++++ ++++ ND
lindane hPR antagonist [24] + ++ ND
trichlorobenzene -b +/- ND
Other pesticides
Insecticides
a-endosulfan hPR antagonist [24] +++ ++ ND
B-endosulfan hPR antagonist [24] ++ ++ ND
toxaphen estrogenic [13, 39] +++ ++ ND
trans-nonachlor estrogenic [37] ++++ ++ ND
cis-nonachlor estrogenic [37] - ++ ND
Herbicides
alachlor estrogenic [37] + ++ ND
atrazine - + ND
Fungicides
benomyl - ++ ND
vinclozolin estrogenic [34], anti-androgenic [35, 40] + + +
Alkylphenols
nonylphenol estrogenic [22], hPR antagonist [25] ++++ ++++ ND
Industrial chemicals
bisphenol A estrogenic [36, 38], anti-androgenic [34] +++ ++++ ND
diphenylphtalate ++ ++
Food additives (antioxidants)
BHA estrogenic [14] + ++ ++

aThe relative binging affinity (RBA) from Table2 is expressed with a dif-
ferent number of + signs, from ++++ (high RBA) to + (low RBA)

b no binding

¢ND not determined
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for its anti-androgenic properties [16], also binds rather
strongly to hPR (IC5,=21uM and RBA=0.2%). In con-
trast, our results confirm that the affinity of p,p’-DDE for
hER o and for hAR is rather low (IC5,=188 and 184 uM,
respectively). As expected, metoxychlor bound poorly to
hERo due to the fact that only the demethylated metabo-
lite binds to ER [19]. In the same manner, it bound poorly
to hPR. Klotz and collaborators [20] have already shown,
using a combination of in vitro assays, that DDT metabo-
lites interact with hPR and function as hPR antagonists.
However, in contrast to our data only o,p’-DDT and
0,p’-DDE were able to bind to hPR in a whole cell com-
petition binding assay using [PHJR5020 [20]. In one pub-
lished bioassay based on reporter gene assay, neither
0,p”-DDT nor metoxychlor displayed any hPR agonistic
or antagonistic activity [21].

Chlordecone showed a high affinity for both hERa and
hPR (9 and 11 pM, respectively) while the so-called estro-
genic insecticides such as endosulfan, toxaphen and nonachlor
[13] displayed higher affinities for hPR than for hERa.
The high binding potency of nonylphenol to hER« is in
agreement with its described estrogenic activity [22]. It is
clear from Table 2 that it also binds with high affinity to
hPR (ICs5y=5 uM). A previous study [23] investigating the
binding of chemicals to the progesterone receptor pre-
pared from the oviduct of the American alligator (aPR) re-
ported a binding activity to aPR for chlordecone and atrazine,
a poor binding to aPR for DDT metabolites and no bind-
ing to aPR for dieldrin, endosulfan, and alachlor.

In contrast with our data, Jin and collaborators [24] found
no competitive binding of lindane and endosulfan to hPR;
however, they reported an hPR antagonistic activity for
these chemicals. In another study, the same authors showed
that nonylphenol, which displays a high affinity for hPR
in our data, is an hPR antagonist [25].

As expected, vinclozolin, a fungicide known for the anti-
androgenic effects of its metabolites M1 and M2 [16], dis-
played a poor affinity for the three receptors hPR, hER o
and hAR.

Finally, the well-known substance bisphenol A, which
is widely used in the polymer industry, also displayed a
high binding potency to hPR and a high affinity for hERq,
whereas diphenylphtalate and BHA showed poor affinity
for both receptors (IC5y=173 and 174 uM, respectively).

Among the phytoestrogens tested, only one, the flavonoid
apigenin, showed a high binding potency to hPR (ICsy=
3uM and RBA=1.7%). ICs, for the binding to hERo
ranged from 0.6 UM for genistein to 131 uM for daidzein.
Slightly different results (generally higher ICsy) were re-
ported by Collins et al. [26] for the binding of phytoestro-
gens to a recombinant hER produced in insect cells.

It is obvious that a discrimination between agonistic and
antagonistic biological effects cannot be performed using
receptor binding assays. To obtain functional information,
cell-based assays based on the reporter gene technology
can be used, such as those presented elsewhere in this is-
sue [27]. The authors show that binding of p,p’-DDE and
other DDT metabolites, nonylphenol, bisphenol A and
apigenin to hPR results in an antagonistic effect.

Nevertheless, receptor binding assays represent very
useful tools for the rapid screening of chemicals in vari-
ous matrices (environmental, biological or food samples)
containing endocrine-disrupting chemicals in low amounts,
as well as for testing novel industrial products.

The useful range of concentrations that can be explored
by using the technique described here is relevant to deter-
mine for example DDT in human fat [28] and serum lipids
[29, 30].

Conclusion

These radioreceptor assays using three recombinant hu-
man steroid receptors hPR, hERo and hAR are proposed
as tools for the screening of endocrine disruptors. From
the affinities of the tested chemicals for the three types of
receptors, a first characterization of their endocrine-disrupt-
ing potential can be obtained and the appropriate bioassay
can then be selected. As an example, we show here the
strong binding of some estrogenic compounds to the hPR.
By using only the “binding assay”, it is not possible to de-
termine whether the binding is preliminary to an agonistic
or to an antagonistic effect of an interacting chemical.
Nevertheless, the interactions with hPR described here
probably contribute to the hormonal disorders described
in humans [4, 5, 6,7, 8, 9, 10, 11, 12].

The originality of this screening strategy, compared to
the already described binding assays, is the use of human
recombinant receptors which are easily produced in bacte-
ria. Receptors prepared from cytosol of cells collected
from target tissues such as the prostate gland or uterus are
not very adequate to use in standardized assays [31] and
are more laborious to produce as are recombinant recep-
tors produced in insect cells [32].

References

1. Bowerman WW, Best DA, Grubb TG, Sikarskie JG, Giesy JP
(2000) Chemosphere 41:1569-1574
2.Vos JG, Dybing E, Greim HA, Ladefoged O, Lambre C, Tara-
zona JV, Brandt I, Vethaak AD (2000) Crit Rev Toxicol 30:
71-133
3. Guillette LJ, Gunderson MP (2001) Reproduction 122:857—
864
4. Sharpe RM (2001) Toxicol Lett 120:221-232
5.Lebel G, Dodin S, Ayotte P, Marcoux S, Ferron LA, Dewailly
E (1998) Fertil Steril 69:221-228
6. Ohlson C-G, Hardell L (2000) Chemosphere 40:1277-1282
7.Jensen TK, Toppari J, Keiding N Skakebaek NE (1995) Clin
Chem 41:1896-1901
8. Skakkebaek NE (1998) Adv Exp Med Biol 444:1-2
9. Murray TJ, Lea RG, Abramovitch DR, Haites NE, Fowler PA
(2001) Early Pregnancy V:8-112
10. Jongbloet PH, Roleveld N, Groenewoud HMM (2002) Environ
Health Perspect 110:1-3
11. Mendes JJA (2002) Food Chem Toxicol 40:781-788
12. Multigner L, Oliva A (2002) Cad Saude Publica 18 :403—412
13.Soto AM, Chung LC, Sonnenschein C (1994) Environ Health
Perspect 102:380-383
14. Soto AM, Sonnenschein C, Chung LC, Fernandez MF, Olea N,
Olea Serrano F (1995) Environ Health Perspect 103:113—-122



15. Whithe R Jobling S Hoare SA Sumpter JP Parker MG (1994)
Endocrinology 135:175-182

16. Kelce WR, Stone CR, Laws SC, Gray LE, Kempainen JA, Wil-
son EM (1995) Nature 375:581-585

17.Scippo ML, Van De Weerdt C, Willemsen P, Francois J-M
Rentier-Delrue F, Muller M, Martial JA, Maghuin-Rogister G
(2002) Anal Chim Acta 473:135-141

18. Kuiper GGJM, Lemmen JG, Carlsson BO, Corton C, Safe SH,
van der Saag PT, van der Burg B, Gustafsson J-A (1998) En-
docrinology 139:4252-4263

19. Ousterhout J, Struc F, Nelson JA 1981 Biochem Pharmacol
30:2869-2871

20.Klotz DM, Ladlie BL, Vonier PM, McLachlan JA, Arnold SF
(1997) Mol Cell Endocrinol 129:63-71

21.Sumida K, Saito K, Ooe N, Isobe N, Kaneko H, Nakatsuka I
(2001) Toxicol Lett 118:147-155

22.Soto AM, Justicia H, Wray JW, Sonnenschein C (1991) Envi-
ron Health Perspect 92:167-173

23.Vonier PM, Crain DA, MacLachlan JA, Guillette LJ, Arnold
SF (1996) Environ Health Perspect 104:1318-1322

24.Jin L, Tran Q, Ide CF, McLachlan JA, Arnold SF (1997) Bio-
chem Biophys Res Commun 233 :139-146

25.Tran DQ, Klotz DM Ladlie BL, Ide CF, McLachlan JA, Arnold
SF (1996) Biochem Biophys Res Commun 229:518-523

26. Collins BM, McLachlan JA, Arnold SF (1997) Steroids 2:365—
372

669

27. Willemsen P, Scippo M-L, Maghuin-Rogister G, Martial JA,
Muller M (2003) ABC, this issue

28.Bagga D, Anders KH, Wang H, Roberts E, Glaspy JA (2000)
J Natl Cancer Inst 92:750-753

29. Hoyer AP, Jorgensen T, Grandjean P, Hartvig HB (2000) Can-
cer Causes Control 11:177-184

30. Wolff M, Zeleniuch-Jacquotte A, Dubin N, Toniolo P (2000)
Cancer Epidemiol Biomarkers Prev 9:271-277

31. Bauer ERS, Meyer HHD, Stahlschmidt-Allner P, Sauerwein H
(1998) Analyst 123:2485-2487

32.Bauer ERS, Bitsch N, Brunn H, Sauerwein H, Meyer HHD
(2002) Chemosphere 46:1107-1115

33.Kelce WR, Wilson EM (1997) J Mol Med 75:198-207

34.Sohoni P Sumpter JP (1998) J Endocrinol 158 :327-339

35.Maness SC, McDonnell DP, Gaido KW (1998) Toxicol Appl
Pharmacol 151:135-142

36.Gaido KW, Maness SC, McDonnell DP, Dehal SS, Kupfer D,
Safe S (2000) Mol Pharmacol 58:852—-858

37.Klotz DM, Beckman BS, Hill SM, McLachlan JA, Walters MR
Arnold SF (1996) Environ Health Perspect 104:1084—-1089

38.Krishnan AV, Stathis P, Permuth SF, Tokes L, Feldman D
(1993) Endocrinology 132:2279-2286

39. Stelzer A, Chan HM (1999) Toxicology 138:69-80

40.Kelce WR, Monosson E, Gamcsik MP, Laws SC, Gray LE
(1994) Toxicol Appl Pharmacol 126:276-285



