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Abstract

Benzophenone (BP) derivatives, BP1 (2,4-dihydroxybenzophenone), BP2 (2,2°,4,4°-
tetrahydroxybenzophenone), BP3 (2-hydroxy-4-methoxybenzophenone), and THB
(2,4, 4 -trihydroxybenzophenone) are UV-absorbing chemicals widely used in
pharmaceutical, cosmetics, and industrial applications. Studies on their endocrine
disrupting properties have mostly focused on their interaction with human estrogen
receptor alpha (hERa), and there has been no comprehensive analysis of their potency
in a system allowing comparison between hERa and hER[ activities. The objective of
this study was to provide a comprehensive ER activation profile of BP derivatives using
ER from human and fish origin in a battery of in vitro tests, i.e., competitive binding,
reporter gene based assays, vitellogenin (Vtg) induction in isolated rainbow trout
hepatocytes, and proliferation based assays. The ability to induce human androgen
receptor (hAR)-mediated reporter gene expression was also examined. All BP
derivatives tested except BP3 were full hERa and hERP agonists (BP2 > THB > BP1)
and displayed a stronger activation of hER3 compared with hERa, the opposite effect to
that of estradiol (E). Unlike E,, BPs were more active in rainbow trout ERa (rtERa)
than in hERa assay. All four BP derivatives showed anti-androgenic activity (THB >
BP2 > BP1 > BP3). Overall, the observed anti-androgenic potencies of BP derivatives,
together with their proposed greater effect on ERB versus ERa activation, support

further investigation of their role as endocrine disrupters in humans and wildlife.
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Introduction

Over the past few decades, increasing awareness of sunlight-induced damage from
ultraviolet (UV) radiations has fuelled the widespread use of topical sunscreen
preparations to protect human skin (Eide and Weinstock, 2006). Sun protection products
developed by the cosmetics industry contain various so-called “UV screens”, e.g.,
salicylates, dibenzoylmethanes, cinnamates, and benzophenones (BPs), which decrease
sunburn by absorbing UVA (400-315 nm) and UVB (315-280 nm) rays (Bielecka-
Grzela et al., 2005; Gaspar and Maia Campos, 2006). UV screens are also used to
protect scents and colors against UV damage in cosmetic products and against sunlight-
induced degradation of manufactured products (Fisher, 1992).

BPs consist of 12 main derivatives, designated BP1 through BP12, as well as other less
known BPs, principally used as photostabilizers in cosmetics and as sunscreens in
lotions and hair sprays to protect skin and hair from UV irradiation. BP1 (2.4-
dihydroxybenzophenone), BP2 (2,27 4,4 -tetrahydroxybenzophenone), and THB
(2,4,4 -trihydroxybenzophenone), which consist of two benzene rings joined by a
carbonyl group and carrying two, four or three hydroxyl groups, respectively (Fig. 1),
are mainly used in personal care products and in plastics used for food packaging, while
BP3 (2-hydroxy-4-methoxybenzophenone) is one of the primary UVA/UVB sun-
blocking agents in skin care products.

Since topical sunscreens are routinely applied to the skin by a large percentage of the
population, human exposure to UV screens via dermal absorption is of considerable
interest. Thus, the toxicological properties and metabolism of BP3 are well documented.
In rats, BP3 is absorbed via oral and dermal routes and is excreted in urine and bile
(Nakagawa et al., 2000; Nakagawa and Suzuki, 2002). BP3 is also enzymatically
converted to at least three intermediates, i.e., BP1, a major intermediate formed by O-
demethylation of the parent compound, which is converted to 3HBP (2.3.4-
trihydroxybenzophenone) and BP8 (2,2°-dihydroxy-4-methoxybenzophenone) by
aromatic hydroxylation (Okereke et al., 1994). Both BP3 and its metabolite BP1 have
been detected in human urine after application of commercial products to the skin (Felix
et al., 1998; Gonzalez et al., 2006). Schlecht et al. (2008) recently reported that BP2 was
metabolized to glucuronide and sulfate conjugates in a dose-response experiment in rats,

which received a daily dose of BP2 per gavage for 5 days. Maximum serum BP2, BP2-



glucuronide, and BP2-sulfate levels were observed at 30 min after BP2 application,
whereas the highest urine concentrations of BP2 and its metabolites were observed at
120 min after treatment. Despite this rapid metabolism, the amount of unconjugated
BP2 was sufficient to induce a dose-dependent estrogenic effect in the uterus (Schlecht
et al., 2008).

UV screens can enter into the aquatic system directly via swimming and bathing by
users of these compounds or indirectly via wastewater treatment plants. Because most
UV screen components are photostable and many are highly lipophilic (Poiger et al.,
2004), they are prone to bioaccumulation in biota and wildlife. Unfortunately, only a
few UV screens, e.g., OC (octocrylene), 4MBC (4-methylbenzylidene camphor), HMS
(homosalate) and BP3, have been investigated in the environment to date. Thus,
residues of these UV screens have been detected in lakes and wastewater and in fish
(Balmer et al., 2005; Buser et al., 2006). Chemicals released into the environment by
UV screens may also reach humans via the food chain (Cuderman and Heath, 2007).
Environmental estrogens have been suspected of modulating the endocrine system via
multiple mechanisms of action and may potentially affect growth, development, and
reproduction in wildlife and humans (Damstra et al., 2002; McKinley et al., 2008).
Many of the effects of environmental estrogens are mediated by activation of estrogen
receptors (ERs), which function as ligand-dependent transcription factors (Tsai et al.,
1994; Beato et al., 1995). Both ERs (ERa and ER[) bind 17B-estradiol (E;) with high
affinity and both bind to estrogen response elements (ERE) in a similar way. However,
they differ in amino acid sequence, transcriptional activity, and tissue distribution
pattern (Mosselman et al., 1996; Kuiper et al., 1996; Nilsson et al., 2001).

Over the past few years, ER expression has been documented in various vertebrates, and
multiple forms of ER have been demonstrated in fish and humans, among other species
(Hawkins et al., 2000; Sabo-Attwood, et al., 2004). Although ERs from closely related
species exhibit similar binding affinities for endogenous and exogenous estrogens
(Tollefsen et al., 2002), large differences in estrogen binding have been demonstrated
among receptors from different species (Matthews et al., 2000; Harris et al., 2002). For
instance, the ERa from rainbow trout (Oncorhynchus mykiss) has a highly divergent
amino acid sequence within its ligand binding region (E-domain) and shows a similarity
with the hERa of only 60% (Pakdel et al., 1989). Hence, there may be differential

ligand binding preferences and/or affinities for endogenous and exogenous estrogens in



fish and humans, among other species (Petit et al., 1995; Matthews et al., 2000; Olsen et
al., 2005; Kunz et al., 2006). In this context, BP1, BP2, BP3 or THB have demonstrated
in vitro estrogenic activity in MCF-7 human breast cancer cells (Schlumpf et al., 2001;
Nakagawa and Suzuki, 2002; Matsumoto, et al., 2005), recombinant cell lines
(Yamasaki et al., 2003; Kawamura et al., 2005; Schreurs et al., 2005; Suzuki et al.,
2005), and recombinant yeast systems carrying hERa (Miller et al., 2001; Schultz et al.,
2000; Morohoshi et al., 2005; Kunz et al., 2006; Kunz and Fent, 2006) or rtERa (Kunz
et al., 2006; Kunz and Fent, 2006). Estrogenic activity has also been observed in vivo in
rats (Schlumpf et al., 2001; Yamasaki et al., 2003; Seidlova-Wuttke et al., 2004; Jarry et
al.,, 2004; Koda et al., 2005) and fish (Kunz et al., 2006; Weisbrod et al., 2007).
Moreover, BPs have also shown in vitro (anti)androgenic activity in recombinant cell
lines (Suzuki et al., 2005) and recombinant yeast systems carrying hAR (Kunz and Fent,
2006).

Although the potential activity of BP derivatives via hERa has been investigated, much
less is known about the interaction of these compounds with hER[3. Moreover, only one
study to date, using a recombinant yeast system, has described the estrogenic activity of
BP derivatives on rtERa (Kunz et al., 2006). The aim of the present study was to
establish a comprehensive profile on the interactions of currently used BP derivatives
(BP1, BP2, BP3 and THB) with ERs from fish (rtERa) and human tissues (hERa and
hERP). Various established stable reporter cell lines developed in our laboratory were
used for this purpose. ER affinities and estrogenic potencies were evaluated in an array
of in vitro test systems. Reporter gene assays were also carried out to investigate the

effects of these compounds on the hAR-mediated induction of transcription.



Materials and methods

Chemicals and materials

Culture medium and fetal calf serum (FCS) were obtained from Life Technologies Inc.
(Cergy-Pontoise, France). Geneticin and luciferin were purchased from Promega
(Charbonniéres, France). [*H]-E, (41.3 Ci/mmol specific activity) and methyltrienolone
(R1881) were purchased from NEN Life Science Products (Paris, France). 17B-estradiol
(E2), 2.4-dihydroxybenzophenone (BP1), 2,2°,4,4’-tetrahydroxybenzophenone (BP2), 2-
hydroxy-4-methoxybenzophenone (BP3), 24,4 -trihydroxybenzophenone (THB),
puromycin, and methylthiazolyldiphenyl tetrazolium bromide (MTT) were obtained
from Sigma-Aldrich Inc. (St Louis, MO, USA). Stock solutions (10 mM) of E,, R1881,
BP1, BP2, BP3, and THB were prepared in dimethyl sulfoxide (DMSO), and successive
dilutions were performed in culture medium. Stock solutions were kept at —20°C and
dilution series were freshly prepared before each experiment. All other chemicals were
of the highest quality available from commercial sources. All cell culture plastics were
obtained from Falcon (Merck Eurolab, Strasbourg, France) except 96-well Cellstar
plates, which were obtained from Greiner Labortechnik (Poitiers, France). A MicroBeta
Trilux luminometer (EGG Wallac, Turku, Finland) was used to detect luciferase activity

in intact cells.

Plasmid constructions

pSGs-ERa-puro (aa 1-595), pSGs-ERB-puro (aa 1-530), pSGs-AR-puro (aa 1-919), and
pGALJRE-ERE-BGlobin-Luc-SV-Neo were already described (Balaguer et al., 1999;
Paris et al., 2002). pSGs-AA/BERa -puro (aa 179-595) was obtained by exchanging the
fragment containing AA/BERa sequence (digestion Ndel-BamHI) from HEG19 vector
(gift from P. Chambon, IGBMC, Strasbourg, France) with the Ndel-BamHI fragment
from pSGs-puro vector (gift from H. Gronemeyer, IGBMC, Strasbourg, France). pSGs-
AA/BERB-puro (aa 143-530) was cloned by PCR from pSGs-ERB-puro using the
following primers: 5’-GCGCGCGGATCCACCATGAAGAGGGATGCTCACTTCTGC-3" and 5'-
GCGCGCGGATCCTCACTGAGACTGTGGGTTCTG-3’. The PCR product was subcloned into
pSGs-puro vector via the BamHI site.

To obtain an expression vector for the rainbow trout receptor (rtER), a plasmid

containing the coding short form region of rtERa (aa 46-622) was amplified by PCR



using the following primers: 5°-GCGCGCGGATCCATGTACCCTGAGGAGACACG-3’ and 5°-
CGCGCGGGATCCTCACGGAATGGGCATCTGG-3° (Pakdel et al., 2000). The 1755 bp
BamHI fragment was inserted into the unique BamHI site in pSGs-puro. Correct cloning

was confirmed by restriction enzyme digestion and DNA sequencing.

Reporter cell lines and culture conditions

The stably transfected luciferase reporter MELN cell line was obtained as already
described (Balaguer et al., 2001). Briefly, to obtain MELN cells, ERa-positive breast
cancer MCF-7 cells were transfected with the estrogen-responsive gene ERE-BGlob-
Luc-SV-Neo (Balaguer et al., 1999). MELN cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) F12 with phenol red, supplemented with 10% FCS, 1%
antibiotic (penicillin/streptomycin), and 1 mg/ml G418. Basal luciferase activity in
MELN cells was around 15% of maximal activity (100% for 10 nM E,).

Generation of HELN-ERa, -ERPB, -AA/BERa, -AA/BERf, and rtERa reporter cell
lines was performed in two steps (Balaguer et al., 1999; Escande et al., 2006). The
estrogen responsive reporter gene was first stably transfected into HeLa cells,
generating HELN cell line and, in a second step, these HELN cells were transfected
with -ERa, -ERPB, -AA/BERa, -AA/BERp, or tERa plasmid constructs to obtain the
HELN-ERa, -ERB, -AA/BERa, -AA/BER, or -rtERa cell lines, respectively. HELN
cells were cultured in DMEM, supplemented with 5% FCS, 1% antibiotic, and 1 mg/ml
G418. HELN-ER cells were cultured in DMEM F12 without phenol red, supplemented
with 6% dextran-coated charcoal (DCC)-treated FCS (6% DCC-FCS), 1% antibiotic, 1
mg/ml G418, and 0.5 pg/ml puromycin (except for HELN-rtERa cells, which were
cultured in DMEM supplemented with 5% FCS). Basal luciferase activity in HELN-ER
cells was around 10, 10, 5, 5, and 35% of maximal activity (100% for 10 nM E,) for -
ERa, -ERB, -AA/BERa, -AA/BERR, and -rtERaq, respectively.

PALM cells were obtained as already described (Terouanne et al., 2000). Briefly, PC3
cells were co-transfected with an androgen responsive gene, MMTV-Luc-SV-Neo, and
an androgen receptor expressing plasmid, pSGsAR-puro. PALM cells were cultured in
Ham’s F12 supplemented with 10% FCS, 1 mg/ml G418, and 1 pg/ml puromycin. Basal
luciferase in PALM cells was around 10% of maximal activity (100% for 10 nM
R1881).



Because of phenol red and FCS estrogenic activity, experiments were performed in test
culture medium: DMEM F12 without phenol red, supplemented with 6% DCC-FCS (for
MELN, HELN-ERa, -ERp, -AA/BERa, -AA/BER, and -rtERa cells) or Ham’s F12,
supplemented with 6% DCC-FCS (for PALM cells) and 1% antibiotic in a 5% CO,
humidified atmosphere. Experiments were done at 37°C except for HELN-rtERa cells
which were incubated at 23°C due to the instability of rtERa at 37°C (Matthews et al.,
2001). Test culture medium was used in transactivation assays as well as competitive

binding and estrogen-dependent proliferation assays.

Luciferase assay: stable gene expression assay

Reporter cells were seeded at a density of 5x10* cells per well in 96-well white opaque
tissue culture plates in 150 pl test culture medium. Test compounds were prepared 4
concentrated in the same medium and 50 pl was added per well 8 h after seeding. Cell
lines were incubated for 16 h (except for PALM cells, which were incubated for 40 h)
with the compounds at 37°C, except for HELN-rtERa cells, which were incubated at
23°C. This lower temperature was used for the luciferase assay because of the
thermosensitivity of rtERa (unpublished results). At the end of incubation, the medium
containing test compounds was removed and replaced by test culture medium
containing 0.3 mM luciferin. At this concentration, luciferin diffused into the cell and
produced a stable luminescent signal 5 min later. This signal is approximately 10-fold
less intense than the signal obtained after cell lysis but is perfectly stable for several
hours. The 96-well plate was then introduced into a Microbeta Wallac luminometer and

luminescence was measured in intact living cells for 2 s.

Agonist and antagonist assays

Agonistic activities of hERa, hERB, hAA/BERa, hAA/BER(, rtERa, and hAR in
HELN-derived, MELN, or PALM cells were tested in the presence of increasing
concentrations (0.01-10 pM) of BP1, BP2, BP3, and THB. Tests were performed in
quadruplicate for each concentration. Results were expressed as a percentage of
maximal luciferase activity. Maximal luciferase activity (100%) was obtained in the
presence of 10 nM E, (for hERs and rtERa) and 10 nM R1881 (for hAR). For each
compound, the estrogenic potency corresponding to the concentration yielding half-

maximal luciferase activity (ECsy value) was calculated. Antagonistic assays for hAR



were performed using a concentration of agonist yielding approximately 85% of
maximal luciferase activity. The antagonistic activities of these compounds (tested at
0.01-10 pM) were determined by coincubation with the agonist R1881 at 0.2 nM. Data
were expressed as half-maximal inhibitory concentration (ICsp value) for each

compound tested.

Whole-cell ER competitive binding assays

Briefly, HELN-ERa, -ERB and -rtERa cells were seeded at a density of 2x10° cells per
well in 24-well tissue culture plates and grown in test culture medium. After 24 h,
HELN-ERa and -ERP cells were labeled with 0.1 nM [*HJ-E; (41.3 Ci/mmol specific
activity) at 37°C for 3 h in the absence or presence of BP1, BP2, BP3, THB (0.01-10
pUM), or unlabelled E; (100 nM). For HELN-rtERa, cells were labeled with 0.3 nM
[’H]-E; at 23°C for 3 h. The final incubation volume was 500 pl, and each well was
tested in duplicate. After incubation, unbound material was aspirated and cells washed
three times with 500 pl of cold PBS. Then, 250 pl lysis buffer (400 mM NaCl, 25 mM
Tris phosphate pH 7.8, 2 mM DTT, 2 mM EDTA, 10% glycerol, 1% triton X-100) was
added, and plates were shaken for 5 min. Total cell lysate (200 pl) was mixed with 4 ml
of LSC-cocktail (Emulsifier-Safe, Packard BioScience), and [*H] bound radioactivity
was liquid scintillation-counted (LS-6000-SC, Beckman-Coulter, Roissy, France). Non-
specific binding was determined in the presence of 100 nM unlabeled E,. Specific
binding was calculated by subtracting non-specific binding from total binding. Bound
radioactivity values were expressed in disintegrations per minute (dpm). In absence of
competitor, specific bound radioactivity was 750-1000 dpm.

Results were plotted as dpm versus concentration of tested compounds. ICs, values
were defined as the compound concentration required to decrease maximal [*H]-E,
binding by 50%. Compound selectivity toward hERa, hER[, or rtERa was evaluated
using the relative binding affinity (RBA) to E,. RBA for each competitor was calculated
as the ratio of E; to competitor concentration required to reduce specific radiolabeled
binding by 50% (ratio of ICs, values). The RBA value for E; was arbitrarily set at 100.

Lysed cell ER binding assays
In vitro binding assays were performed using hERa and hERB obtained from HELN-
ERa and -ERB cells, respectively. Briefly, HELN-ERa and -ER[ cells were maintained



in tissue culture flasks (150 ¢cm?) and grown in test culture medium. Confluent cells
were washed with PBS and cells were harvested by trypsinization. After centrifugation
at 1,000=g for 10 min, supernatants were removed and pellets were stored at —80°C
until use. On the day of the competitive binding assay, the pellet (approximately 60x10°
cells) was suspended in 1 ml of ice cold binding buffer (20 mM Tris-HCL, 5 mM DTT,
pH 7.5), and 60 pl of protease inhibitor cocktail (PIC) was added and mixed gently with
repeated pipettings. The binding buffer was freshly prepared and left on ice until use.
After 30 min of incubation at 4°C, suspensions containing cells were sonicated using a
Vibra Cell 72405 sonicator (Bioblock Scientific, Illkirch, France) three times for 5 s
bursts each at 30 Hz on ice. The vigorous sonicator treatment lysed about 99% of the
cells in the sample. Then, the sonicated material was spun at 13,000xg for 10 min at
4°C in a 1.5-ml microcentrifuge tube. The tube was kept on ice throughout the
manipulations. After centrifugation, the supernatants (containing hERa or hER) were
gently gathered and the protein concentration was determined by Bio-Rad protein assay.
Solutions of the unlabeled competitors (BP1, BP2, BP3, THB, and E,) and [*H]-E, were
prepared 100= concentrated in ethanol. Then, aliquots (90 pl) of the receptor were
incubated with 0.1 nM [*H]-E, at 4°C for 16 h in the absence or presence of increasing
concentrations (0.01-10 pM) of the unlabeled competitors or unlabeled 100 nM E; and
vehicle (400 pl of binding buffer supplemented with 0.2% of BSA). The final
incubation volume was 500 pl, and each well was tested in duplicate. After incubation,
unbound steroids were removed by incubation with DCC solution (2% charcoal and
0.2% dextran Ty, in binding buffer) on ice, followed by centrifugation at 2,800:xg for
10 min at 4°C. Finally, aliquots (200 pl) of supernatant were mixed with 4 ml of LSC-
cocktail (Emulsifier-Safe, Packard BioScience), and [*H]-bound radioactivity was

counted. ICso and RBA values were calculated as described above.

3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) toxicity assay

The effect of the BPs on cell viability was assessed with the MTT test using Denizot
and Lang’s modified technique (1986). In short, cell lines (HELN-derived, MELN, and
PALM cells) were seeded at a density of 5:10* cells per well in 96-well tissue culture
grade for 8 h, followed by treatment with different concentrations (0.01-10 pM) of each
compound for a further 16 h. Cells were washed with PBS three times and 100 pl of
MTT solution (0.5 mg/ml) was added to each well. After incubation (2 h), viable cells

10



cleaved the MTT tetrazolium ring into a dark blue formazan reaction product, whereas
dead cells remained colorless. The MTT-containing medium was gently removed and
DMSO was added to each well. After shaking, the plates were read in absorbance at 540
nm. Additional control consisted of medium alone with no cells. Data were expressed as

the average of three wells.

HELN-ERa and -ERp cell proliferation assays

Briefly, HELN-ERa and -ERp cells were seeded at a density of 5x10° cells per well in
24-well tissue culture plates and grown in test culture medium. Test compounds were
added 24 h after seeding. Cell lines were incubated for 10 days at 37°C in the absence
or presence of BP1, BP2, BP3, THB (0.01-10 uM), or E; (10 nM) with replenishment of
ligands in fresh test culture medium every 2 days. The final incubation volume was 400
pl, and each concentration was performed in duplicate. After the incubation period, the
medium containing test compounds was removed and replaced by 400 pl of test culture
medium containing 0.5 mg/ml MTT. Viable cells cleaved the MTT tetrazolium ring into
a dark blue formazan reaction product. After 3 h, reaction was stopped, the MTT-
containing medium was gently removed, and formazan salt was solubilized by adding
400 pl of DMSO to each well. Finally, aliquots (50 pl) were transferred to a 96-well
plate and the spectrophotometrical absorbance of the formazan product was measured
using a microtiter plate reader at 540 nm. The linearity of the MTT assay with cell
number was verified prior to cell growth experiments. Results were expressed as
percentage of proliferation with respect to the hormone-free control (100%). Data were
obtained by dose-response curves plotted as percentage of proliferation versus
concentration of the products. The value of ICs, was estimated by interpolation of the x-
axis values corresponding to half the absorbance values of maximal proliferation. ICs
values (the concentration of compound that was necessary to obtain 50% of cell

proliferation) were then calculated for each test compound.

Vitellogenin (Vig) assay in primary cultures of rainbow trout hepatocytes (PRTH)

Adult male rainbow trout were obtained from a local hatchery (INRA, Gournay sur
Aronde, France) and maintained in tanks with aerated charcoal-filtered tap-water at
15°C. Fish were fed with commercial fish food and acclimatized to laboratory

conditions for 2 weeks before use in the experiments. Rainbow trout hepatocytes were
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then isolated as previously described (Laville et al., 2004). Freshly isolated hepatocytes
were seeded in 96-well plate at a density of 0.5x10° cells per well and cultured at 15°C
in  Leibowitz-15 (L-15) medium supplemented with 1%  antibiotics
(penicillin/streptomycin). PRTH were left to incubate for 24 h to allow cell attachment
and were then exposed to ethanol 0.1% (v/v) (solvent control), E; 1 pUM (positive
control), or test chemicals in triplicate for 96 h. After exposure, the culture medium was
sampled and stored at —80°C until Vtg determination. Cell viability was checked at the
end of incubation by using the MTT assay. Results were normalized to the control value
(PRTH treated with ethanol 0.1%) and expressed as percentage of this value.

Vtg quantification was performed using a direct enzyme-linked immunosorbent assay
(ELISA) as described by Olsen et al. (2005) with a slight modification. Standard Vtg
was purified from female rainbow trout plasma according to the method developed by
Brion et al. (2000). The samples or serial dilutions of standard Vtg were centrifuged at
2,000xg for 3 min, diluted at 1:2 in coating buffer (0.05 M carbonate/bicarbonate, pH
9.6) and incubated in Maxisorp™ microtiter well overnight at 4°C. Non-specific
binding was then blocked with 2% (w/v) of BSA in PBS for 1 h at 37°C. After three
washes with PBS-Tween-20 0.05% (v/v), plates were incubated with a monoclonal
mouse anti-salmon Vtg antibody (BN-5 diluted 1:2000) for 2 h at 37°C, followed by
another washing step and incubation for 2 h at 37°C with an anti-mouse IgG secondary
antibody labeled with horseradish peroxidase (1:2,000). After 5 washes with PBS-
Tween, enzymatic detection was performed using TMB ELISA substrate, and plates

were read at 450 nm using a spectrophotometer microtiter plate reader.

Data analysis

For all assays, each compound was tested at various concentrations in at least three
independent experiments and data were expressed as mean + SD. Individual dose-
response curves, in the absence and presence of agonist, were fitted using the sigmoid
dose-response function of a graphics and statistics software package (Graph-Pad Prism,
version 4.0, 2003, Graph-Pad Software Inc., San Diego, CA, USA). Results are
presented as ECs and ICs, values. Data were analyzed for significant differences using
one-way ANOVA followed by Dunnett’s post-comparison test (vs. control). Differences

were considered statistically significant when P < 0.05.
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Results

ER in vitro activation by BP derivatives

To evaluate the estrogenic activity of BP1, BP2, BP3 and THB, we first used the MELN
cell line, which stably expresses an estrogen-responsive luciferase reporter under the
control of endogenous hERa. In this cell line, all four BP derivatives induced luciferase
expression in a concentration-response manner (Fig. 2) but with different potencies, in
the order BP2 > THB > BP1 > BP3, as indicated by their ECs; values (Table 1).

In order to explore whether BPs could act as specific ER modulators, we used stably
transfected HELN-ERs cell lines, which allow characterization of ER selectivity
(between subtypes and species) and activity (antagonistic, partial or fully agonistic)
within the same cellular context (Balaguer et al., 1999; Escande et al., 2006). Dose-
response curves in these cells showed substantial differences in assay sensitivity for the
natural ER ligand E, (Fig. 3). According to the ECso values, the sensitivity of the
different cell lines for E;, decreased in the following order: HELN- ERa > HELN-ERf3
> HELN-AA/BERa > HELN-itERa > HELN-AA/BERp.

BPI1, BP2, BP3, and THB were first tested for non-specific modulation of luciferase
expression on the HELN parental cell line, which contains the same reporter gene as
HELN-ERs cells but is devoid of ER. Only BP3 showed non-specific induction of
luciferase expression at 10 pM in HELN cells (Fig. 4A). The tests in HELN-ERa
yielded similar results to those obtained in MELN cells. BP2 and THB behaved as full
hERa agonists, exhibiting full dose-response curves, and BP2 was the most potent
agonist (Fig. 4B, Table 1). BP1 induced 60% of maximal luciferase activity at 10 pM,
whereas BP3, the least active compound, showed only 22% transactivation at 10 pM
concentration, which may be due to non-specific activation as observed in the HELN
parental cell line. Interestingly, BP1, BP2, and THB displayed a preference for
transactivation of hER rather than hERa (Fig.4C, Table 1).

In order to further characterize the agonistic properties of the tested BPs, they were also
examined with the HELN-AA/BERa and -AA/BER cell lines. As shown in Table 1, the
ECs, values for the full ER agonist E; in these cell lines differed from those of HELN-
ERa and -ER cells, in which E; displayed a higher potency to transactivate (4.9 to 8.7
fold). When these cells were used to determine hAA/BERa and hAA/BER[ agonistic
activity of the tested BPs, different ECs, values were also observed (Table 1). The full
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hERa and hERP agonists, BP2 and THB, showed a lower potency on deleted hERs (1.5
to 2-fold less potent), similar to E;. Interestingly, when BP1 was tested, the deletion of
A/B domain in hERp strongly altered its transactivation potency, while the deletion of
this domain in hERa affected its potency to a lesser degree (Fig. 4D and 4E). As
expected, BP3 was not active on either hAA/BERa or hAA/BERp.

Finally, the ability of these compounds to activate transcription via rtERa was examined
by using HELN-rtERa cells. As shown in Figure 4F, BP1, BP2, and THB behaved as
full rtERa agonists exhibiting full dose-response curves, although the concentration
needed for maximal activity varied according to the test compound (1, 3, and 10 uM for
BP2, THB, and BPI, respectively). Although the potency of E; was lower in the rtERa
than in the hERa assay (10-fold less sensitive), the potencies of these compounds were
higher with rtERa than with hERa (Table 1). BP2, which was only about 800-fold less
potent than E, was the most effective agonist followed by THB and BP1 (3,042 and
18,300-fold, respectively). As expected, BP3 was not active.

Effect of BP derivatives on E; binding fo hERa, hER[ and rtERa

Whole-cell competitive binding assays were performed with HELN-ERa, -ER[3, and -
rtERa cells to determine whether the estrogenic effects observed in transactivation
assays reflected the abilities of BP1, BP2, BP3, and THB to bind to hERa, hERp, and
rtERa. Table 2 summarizes 1Cso and RBA values for the two hERs and for rtERa. BP1
inhibited the binding of [*H]-E, toward these receptors in a concentration-dependent
and competitive manner, although less efficiently than BP2 and THB, which were able
to completely displace ['H]-E, from hERa, hERp and rtERa at 10 pM concentration
(Fig. 5A, 5B and 5C). BP2 was the most effective compound, with ICsy values of 534,
151, and 120 nM for hERa, hERP, and rtERaq, respectively. By contrast, BP3 was
inactive and showed no binding affinity for the two hERs or for rtERa, confirming its
non-specific effects. Thus, BP1, BP2 and THB showed subtype-selective differences in
ligand binding to the two ER subtypes, with higher binding affinities for hER than for
hERa. These findings indicate that the ability of these compounds to act as ER agonists
derived from receptor binding, and the greater affinity for hER[3 versus hERa correlated
with the preferential agonism of hER[P activity in transactivation assays. It is also

noteworthy that E, had a higher binding affinity for hERa than for rtERa, while

14



estrogenic BP derivatives showed an opposite preference for binding to rtERa than to
hERaq, indicating the different RBA of the two ERs. In fact, the RBAs (Table 2)
revealed a 70-fold higher relative affinity of BP2 for rtERa than for hERa.

Next, in vitro binding assays were conducted using the two hERs obtained from lysed
HELN-ERa and -ERP cells in order to explore the possibility that BP2 (the most
effective compound) can be metabolized in living HELN-ER cells to compounds that
displace [*H]-E.. Under these conditions, the ICso values of E, and as BP2 were very
similar to those obtained in whole-cell competitive binding assays (Table 2). BP2 was
also able to completely displace [*H]-E, from hERa and hER. These results suggest
that the ability of BP2 to displace [’H]-E, from these hERs was not due to metabolism
of this compound in living HELN-ER cells.

Proliferative effects of BP derivatives on HELN-ER a and -ER[ cells

We also studied the effects of BP1, BP2, BP3, and THB on cell proliferation to better
characterize the estrogenic response of these compounds toward hERa and hERP.
Estrogen agonists inhibit cell proliferation in HELN-ER cells, which serves as an end-
point to assess the endogenous cell response to estrogens (Escande et al., paper in
preparation). In these cells, E, strongly inhibited cell proliferation and ICsy values of
0.35 and 0.98 nM were obtained for hERa and hERQ, respectively. BP1, BP2, and THB
all inhibited proliferation in a clear dose-dependent manner when BP derivatives were
applied to HELN-ERa and -ER cells (Fig. 6). All three compounds showed greatest
inhibitory effect at 10 pM concentration (20, 55, and 50% for BP1, BP2, and THB,
respectively). ICso values in HELN-ERa cells corresponded to 19,242, 1,288 and 2,790
nM, respectively. BP1, BP2, and THB achieved greater cell proliferation inhibition with
HELN-ER cells, with ICs, values of 7,553, 241, and 739 nM, respectively. Again, BP3

had no effect on cell proliferation in either cell line.

Effects of BP derivatives on vitellogenin (Vig) production by PRTH

Vtg production in PRTH was studied in vitro to assess the effects on a natural
endogenous response mediated by rtERa. In these experiments (Fig. 7), basal Vitg
production in control cell cultures was not detectable by our ELISA. Maximal Vtg
induction by E; was obtained at 1 pM, with an ECs; of around 100 nM. As can be seen
in Figure 7, significant Vtg induction was detected in cultures exposed to BP1, BP2, and
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THB, reaching a maximal induction at 30 uM but not in cultures exposed to BP3.
Consistent with the data obtained in HELN-rtERa cells, BP2 was the most active
chemical to induce Vtg synthesis, followed by THB and BP1. However, these Vitg
induction levels were lower than obtained with E,, with 30 pM BP2 reaching 20% of
the maximal response to E;. At the highest tested concentration (100 M), cytotoxic
events occurred with BP2 and THB (data not shown), explaining the lack of Vtg

production at this concentration.

Anti-androgenic potential of BP derivatives

Prompted by reports on the strong anti-androgenic effects of some BP derivatives
(Suzuki et al., 2005; Kunz and Fent, 2006), we also examined the androgenic and anti-
androgenic activities of BP1, BP2, BP3, and THB using PALM cells. As previously
reported (Molina-Molina et al., 2006), the synthetic androgen R1881 exhibited marked
androgenic activity in this cell line, with an ECs, value of 0.1 nM. With BP derivatives,
no androgenic activity was observed in the concentration range of 0.01-10 uM (data not
shown). However, hAR antagonistic activity was observed for all four compounds (Fig.
8). THB and BP2 were the most potent AR antagonists, with ICs, values of 960 and
1,323 nM, respectively, while BP1 and BP3 were clearly less effective (ICso = 8,554
and >30,000 nM, respectively).

Cell viability

The cytotoxicity of the tested BPs (BP1, BP2, BP3, and THB) was assessed in stably
transfected MELN, HELN, and PALM reporter cell lines using the MTT test. In all
assays, the tested compounds were devoid of any cytotoxicity (cell survival ranging
from 95 to 100%) in the 0.01-10 puM range (data not shown).
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Discussion

All BP derivatives investigated in this study, with the exception of BP3, are full hERa
and hER[ agonists and activate hER[3 more strongly than hERaq, the inverse of findings
with the natural ligand E,. All four BPs, including BP3, showed anti-androgenic
properties. Importantly, the estrogenicity and anti-androgenicity of BPs were observed
in the range of micromolar concentrations described in plasma after normal sunscreen
use (Janjua et al., 2004). Moreover, unlike E,, which was less active in the rtERa than
hERa assay, estrogenic BPs showed a higher potency in transactivation assays using
rtERa versus hERa when applied at similar concentration ranges to those described in
the environment and fish tissues (Balmer et al., 2005).

The estrogenic responses of BP derivatives in HELN-ERa cells were highly similar to
those obtained in MELN cells, as previously reported for other ERa ligands (Balaguer
et al., 1999). The overall results showed that all BP derivatives, except BP3, exhibited a
potent estrogenic activity (BP2 > THB > BP1), with ECs, values in the micromolar
range. Furthermore, competitive receptor binding assays demonstrated that estrogenicity
is mediated via binding to hERa. Importantly, all four compounds were also tested in
the HELN parental cell line (which does not express hERa), and only BP3 showed non-
specific induction of luciferase expression at concentrations above 0.3 uM. Therefore,
this apparently weak activity of BP3 might not be due to hERa-specific induction. In
contrast, the strong estrogenic activity of BP1, BP2 and THB detected is the result of a
direct interaction with the hERa protein, as suggested by binding assays, and not a
consequence of a non-specific activation of the basal transcriptional machinery. The
estrogenic potencies observed are in agreement with those previously reported by
Kawamura et al. (2005) using a mammalian (CHO-K1 cells) reporter gene assay.
Similar ranking and ECs, values to the present findings were also reported by Suzuki et
al. (2005) in a reporter gene assay using MCF-7 cells.

By contrast, Schlumpf et al. (2001) showed that BP3 induced a potent estrogenic
response in the MCF-7 cell proliferation assay. This discrepancy with our results may
be related to differences in measured end-points (luciferase expression vs. cell
proliferation) and in the duration of exposure (16 h vs. 6 days). In fact, other authors
also failed to observe any estrogenicity for BP3 in a recombinant yeast system carrying
the hERa (Miller et al.,, 2001; Kunz et al., 2006) and some found a higher hERa
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transactivation activity with BP1 than with BP2 (Kunz et al., 2006). Overall, divergent
results have been reported on the in vitro estrogenicity of these compounds, which may
be explained by the use of distinct systems (e.g., yeasts vs. mammalian cells) with
different metabolic and chemical uptake capacities. It was recently reported that BP3
shows a potent anti-estrogenic activity at higher concentrations (Kunz and Fent, 2006),
contrasting with our finding of no antagonistic activity for any of the tested BPs in
MELN or HELN-ERa cells. Again, discrepancies may result from the different
concentration ranges used, 7.e., maximum concentration of 10 PUM in our study versus
substantially higher concentrations (up to 1000 pM) in their investigation. Our selection
of a concentration range of 0.01-10 pM took account of the adverse effects (e.g.,
cytotoxicity) and non-specific effect on luciferase expression observed at higher
concentrations and the human and environmentally relevant ranges of concentrations
reported for exposure (Janjua et al., 2004).

As demonstrated in other UV screens (Schreurs, et al., 2002; Schlumpf et al., 2004), this
study reports, for the first time in some BP derivatives, that BP1, BP2 and THB can
strongly stimulate hER3-mediated gene expression (BP2 > THB > BP1) and show a
higher affinity for binding to hERP than to hERa. The binding affinities of BP1, BP2
and THB for hER[3 were consistent with the estrogenic activities defined in the reporter
gene assay system. In contrast, a cell-based estrogen reporter assay using HEK293 cells
(Schreurs et al., 2002) found that BP3 was able to activate hER[3 but at a concentration
of 0.1 mM, 10-fold higher than the highest concentration tested in our study. Moreover,
Seidlova-Wuttke et al. (2004), utilizing recombinant ERa and ER[ proteins, indicated
that BP2 had high binding affinity for both receptor subtypes, although they found no
differences in ligand binding between ER subtypes.

Most studies on the estrogenicity of BPs have focused on their interaction with hERq,
and there has been much less research on their interaction with hERB. In fact,
mechanisms for ER-mediated gene regulation are complex and depend on the
recruitment of tissue-specific co-regulatory factors that differentially affect the
interaction of ERs with EREs of different target genes (Klinge, 2001). Thus, the
selective binding of BPs with ERa and ER[3 may produce differential molecular effects
that eventually impact on the physiological response of sensitive cells. ERa and ER[3
have markedly different tissue distributions, giving estrogen signaling the function of

achieving a balance between the two opposing forces (ERa and ER[) and their splice
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variants (Heldring et al., 2007). These two pathways can be selectively modulated with
subtype-selective chemicals. In this regard, it has been suggested that both the nature of
ERE and the ERa:ERp ratio in a given cell or tissue may influence ER-responsive
genes after treatment with bisphenol-A, a well characterized endocrine disruptor
(Pennie et al., 1998), or after exposure to a metabolite of dietary lignans, enterolactone,
which activates ER-mediated transcription in vitro at physiological concentrations with
a preference for ERa (Penttinen et al., 2007).

Moreover, the ability of BP derivatives to activate transcription via two truncated hERs
was examined using HELN-AA/BERa and -AA/BERP cell lines. Two activation
functions have been described in ER (Tora et al., 1989): the A/B domain, which
possesses a ligand-independent activation function (AF-1), and the E domain, which has
a ligand-dependent activation function (AF-2). Comparison of the activities toward
hERa and hERB with the truncated hAA/BERa and hAA/BER provides a powerful
model to identify partial ER agonists (requiring ligand-independent AF-1 to induce
maximal ER activation), because they share identical sequences except for their N-
terminal region A/B domain. Previous studies reported that the agonist activity of some
ER ligands was entirely [i.e., OH-tamoxifen, raloxifen for ERa (Pike et al., 1999;
Barkhem et al., 1998)] or partially [i.e., ferutinin for ERB (Ikeda et al., 2002; Escande et
al., paper in preparation)] due to AF-1 activity. HELN hAA/BERa and hAA/BER[3 were
used to determine whether BPs display AF-1 dependency. E, showed less potency to
transactivate AA/BERa and AA/BERp, with ECsy values of 0.093 nM and 0.58 nM,
respectively. BP1, BP2 and THB also showed lower potencies to activate deleted hERs
as compared to non-deleted receptors. However, the maximal activity of these
compounds is not decreased by deletion of the A/B domain, indicating that BPs are not
dependent on AF-1, unlike other selective ER modulators.

Because estrogens inhibit the growth of estrogen receptor-negative breast cancer cells
that express a recombinant ER (Garcia et al., 1992; Zajchowski et al., 1993), we also
assessed the ability of the tested BPs to inhibit proliferation using HELN-ER cells.
Previous studies indicated that estrogen-dependent antiproliferative effects are not
limited to ER-negative breast cancer cells, since stable transfection of the ER into
Chinese hamster ovary cells (Kushner et al., 1990), rodent fibroblasts (Gaben and
Mester, 1991), and a human osteosarcoma cell line (Watts et al., 1989) also resulted in

estrogen-dependent growth inhibition. We show here, for the first time, that all three
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BPs inhibited cell proliferation in a clear dose-dependent manner (BP2 > THB > BP1)
in both cell lines. In addition, this inhibition was higher in HELN-ERP than in -ERa
cells, confirming the higher affinity of BPs for ERP than for ERa observed in
transactivation and competitive binding assays. By contrast, BP3 had no effect on cell
proliferation in either cell line, again verifying that this compound is not estrogenic in
the range of concentrations tested.

Finally, as reported by others (Kawamura et al., 2003; Suzuki et al., 2005), the key
structural requirement for the ERa-mediated estrogenic activity of BP derivatives is a
phenolic hydroxyl group. Moreover, the number and position of hydroxyl substituents
appear to play a significant role in the estrogenicity of these and similar biphenolic
compounds (Rivas, et al., 2002), with compounds hydroxylated at the 2-, 4- and 4°-
positions showing highest activity (Suzuki et al., 2005). This tendency was also
observed in the present reporter gene, proliferation, and binding assays in MELN,
HELN-ERaq, and -ERp cells. Hence, hydroxyl groups may be also a factor in estrogenic
activity via hERP, as demonstrated for other compounds, e.g., biphenyl derivatives
(Paris et al., 2002).

The lower sensitivity to E; of rtERa versus hERa observed in this study is in agreement
with previous studies that compared its affinity to human and fish ERs (Le Drean et al.,
1995; Matthews et al., 2002). In fact, tERa and hERa display some differences in the
relative and absolute binding affinities of several xenoestrogens, which can be partially
attributed to divergences in the amino acid sequences within the ligand binding domain
of these ERs (Petit et al., 1995; Pakdel et al., 2000; Matthews et al., 2000; Petit et al.,
2000; Le Guével and Pakdel, 2001; Olsen et al., 2005). Various reporter gene assays
have shown rtERa to be around 10-fold less sensitive than hERa to E; (Le Drean et al.,
1995; Matthews et al., 2002). Although the same finding was also observed in in vitro
binding assays (Olsen et al., 2005; Matthews et al., 2000), this loss of sensitivity is not
systematically found. For instance, some hydroxylated polychlorobiphenyls (PCBs),
alkylphenols, and bisphenol A bind to and activate rtERa at equal or lower
concentrations than those required to activate hERa (Matthews et al., 2000; Ackermann
et al., 2002). In our study, estrogenic BPs showed a higher potency to stimulate rtERa
versus hERa in transactivation assays. Absolute sensitivities of rtERa and hERa
systems varied very little, suggesting that the main difference between these receptors

may be their sensitivity to E;. BP2 exhibited the most variable potency across species,
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with reporter gene ECsy values of 1,749 and 161 nM for hERa and rtERa, respectively.
Kunz et al. (2006), using a recombinant yeast system carrying the rtERa, also reported
the full estrogenic activity of BP1, BP2, and THB but not BP3. However, unlike in the
present study, BP1 was found to be the most potent agonist, followed by BP2 and THB.
Hence, as for hERa, our rtERa assay is not consistent with these findings.
Discrepancies in potencies can most likely be attributed to the different levels of cellular
organization in each assay, i.e. yeasts versus mammalian cells.

BP derivatives were tested in a more elaborate biological system using rainbow trout
hepatocytes, one of the main estrogen (E;)-target cells in fish, in which most of the
xenobiotic biotransformation capacities are contained in the liver (Pesonen and
Andersson, 1991). In the trout hepatocyte primary culture system, the regulation of the
expression of several genes, especially those of Vtg and ER, has been extensively
studied and was found to be remarkably similar to that observed in vivo (Flouriot et al.,
1995). Hence, Vtg gene expression in our trout hepatocyte cultures was used as a
biological marker for the exposure to estrogenic compounds. In this bioassay, the
increase in hepatic Vtg levels confirmed that BP1, BP2, and THB have estrogenic
activity. However, much higher concentrations of BP1, BP2 and THB were needed to
induce Vtg in comparison to the concentrations required to activate rtERa in the reporter
gene assay. Reasons for these discrepancies between the two in vitro assays are not
clear, although it has been suggested that variations in metabolic capacities may
influence the estrogenicity of chemicals (Beresford et al., 2000; Fang et al., 2000).
However, dose-dependent increases in Vtg were observed in fish (fathead minnows)
exposed to BP1 or BP2 but not to BP3 (Kunz et al., 2006), confirming the present
results.

Since several UV screens with estrogenic activity have also been shown to possess
(anti)androgenic activity (Ma et al., 2003; Suzuki et al., 2005; Kunz and Fent, 2006), we
investigated the possible (anti)androgenic activity of BP derivates. All four BPs
exhibited a potent anti-androgenic activity in PALM cells, though the activity markedly
varied depending on their chemical structure (THB > BP2 > BP1 > BP3). Hence, BPs
substituted with hydroxyl groups at 2-, 4-, and 4’-positions showed the highest anti-
androgenic activity, confirming data previously described by Suzuki et al. (2005).
However, other authors (Ma et al., 2003; Schreurs et al., 2005) reported lower ICso

values for the anti-androgenic activity of BP3 in a cell-based androgen reporter assay
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using U2-OS and MDA-kb2 cells. An explanation for these differences may be that both
cell lines metabolize BP3 and thereby activate this compound, whereas the PALM cells
used in our assay are probably less efficient in biotransforming the inactive parent
compound. Moreover, a study of some commonly used UV screens (including BP1, BP2
and BP3) in a recombinant yeast system found BP1 to be a more potent anti-androgenic
UV screen compared with BP2 and BP3, which showed a similar potency between them
(Kunz and Fent, 2006). In addition, BP2 showed a potent androgenic activity in the hAR
assay. These results differ from the present findings. However, in a reporter gene assay
using NIH-3T3 cells, Suzuki et al. (2005) reported the same ranking and similar ICs
values for all four compounds, which showed no agonistic activity, in agreement with
our study. As in in vitro estrogenic assays, divergent results have also been reported in
yeast and mammalian cell systems.

Anti-androgenic activities of BPs are of concern because in vivo studies reported that

THB exhibited anti-androgenic activity in a Hershberger assay using F344 rats (Suzuki

et al., 2005). In this study, we demonstrated that all four BP derivatives show anti-

androgenic activity. The ICs, values found for BP2 and THB were in the same range as

that reported for the well-known fungicide vinclozolin (Molina-Molina et al., 2006).

Exposure of fish to anti-androgens has been associated with gonadal changes (induction

of intersex), reduced spermatogenesis, demasculinization, and reduced sperm counts

(Bayley et al., 2003; Kiparissis et al., 2003). Hence, the presence of anti-androgenic BPs

in the aquatic environment might present a plausible alternative explanation for

alterations in fish reproductive functions that have been associated with the presence of
xenoestrogens (Sumpter, 2005). Further studies are warranted to elucidate the relevance

of the anti-androgenicity of BP derivatives to changes in fish reproductive functions.

In conclusion, the endocrine disrupting activity of the BP derivatives investigated in this

study may pose a risk to humans and wildlife. Although the potency of these

compounds as hormone agonists or antagonists is low compared with natural ligands,

their ability to interfere with signaling pathways at different levels might contribute to

their harmful biological effects. Furthermore, since living organisms are simultaneously

exposed to a large variety of xenobiotics, potential additive and/or synergistic effects

must be taken into consideration (Heneweer et al., 2005; Charles et al., 2007),

underscoring the need for further investigation into the role of BP derivatives used in

cosmetic and health care products.
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Legends

Figure 1: Chemical structures of benzophenone (BP) and derivatives.

Figure 2: Induction of luciferase activity in MELN cells by BP derivatives. MELN cells
were treated with BP1, BP2, BP3, and THB for 16 h at the indicated concentrations. The
maximal luciferase activity (100%) was obtained with 10 nM E,. Results are expressed
as a percentage of maximal E, induction. Values were the mean = SD from three

separate experiments. *p<0.05 and **p< 0.01 (versus 0.1% ethanol used as a control).

Figure 3: Dose-response curves of E, in HELN-ERa, -ERB, -AA/BER0q, -AA/BERS,
and -rtERa cells. Cell lines were incubated for 16 h at 37°C (except for HELN-rtERa
cells, which were incubated at 23°C) in the presence of E, at the indicated
concentrations. The maximal luciferase activity (100%) was obtained with 10 nM E,.
Results are expressed as a percentage of maximal E; induction. Values were the mean +

SD from three separate experiments.

Figure 4: Dose-response curves of BP1, BP2, BP3, and THB in HELN, HELN-ERa, -
ERB, -AA/BERQ, -AA/BER, and rtERa cells. Cells were treated with these chemicals
for 16 h at the indicated concentrations. The maximal luciferase activity (100%) was
obtained with 0.1% ethanol (HELN) or 10 nM E, (HELN- ERa, -ERf, -AA/BERa, -
AA/BER, and -rtERa). Values were the mean + SD from three separate experiments.

*p<0.05 and **p< 0.01 (versus 0.1% ethanol used as a control).

Figure 5: Competition inhibition of [*H]-E, binding to hERa, hERB and rtERa by BP
derivatives. HELN-ERa, -ERB and -rtERa cells were incubated with different
concentrations (0.01-10 uM) of BP1, BP2, BP3 and THB in presence of 0.1 or 0.3 nM

[’H]-E.. Values were the mean + SD from three separate experiments. *p< 0.05 and
#¥p<0.01 (versus 0.1 or 0.3 nM [*H]-E,).

Figure 6: Proliferative response of HELN-ERa and -ER[ cells. Dose-response curves to
E,, BP1, BP2 and THB. Cells were treated with indicated compounds for 10 days (with

replenishment of ligands in fresh medium every 2 days) at the indicated concentrations.
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Data are expressed as percentage with respect to the hormone-free control (100%).
Values were the mean + SD from three separate experiments. *p< 0.05 and **p< 0.01

(versus 0.1% ethanol used as a control).

Figure 7: Effects of E,, BP1, BP2, BP3, and THB on vitellogenin production by primary
cultures of male rainbow trout hepatocytes. After 24 hours of plating, cells were
incubated with indicated compounds for 4 days at 15°C. Values were the mean + SD

from three separate experiments.

Figure 8: Induction of luciferase activity in PALM cells by BP derivatives. PALM cells
were treated with 0.2 nM R1881 in the presence of increasing concentrations of BP1,
BP2, BP3, and THB for 40 h. Maximal luciferase activity (100%) was obtained with 10
nM R1881. Values were the mean = SD from three separate experiments. *p< 0.05 and
**¥p<0.01 (versus R1881 0.2 nM).
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