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ABSTRACT

In the present study, a previously established integrated testing strategy (ITS) for in vitro estrogenicity testing was extended
with additional in vitro assays in order to broaden its sensitivity to different modes of action resulting in apparent
estrogenicity, i.e., other than estrogen receptor (ER) binding. To this end, an extra set of 10 estrogenic compounds with
modes of action in part different from ER binding, were tested in the previously defined ITS, consisting of a yeast estrogen
reporter gene assay, an U20S ERa CALUX reporter gene assay and a cell-free coregulator binding assay. Two androgen
reporter gene assays and the enhanced H295R steroidogenesis assay were added to that previous defined ITS. These assays
had added value, as several estrogenic model compounds also elicited clear and potent antiandrogenic properties and in
addition also showed effects on steroidogenesis that might potentiate their apparent estrogenic effects in vivo. Adding
these assays, examining mechanisms of action for estrogenicity apart from ERa binding, gives a more complete and
comprehensive assessment of the ability of test compounds to interfere with endocrine signaling. It was concluded that the
extended ITS will go beyond in vivo estrogenicity testing by the uterotrophic assay, thereby contributing to the 3R-principles.
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high-throughput in vitro methods

Testing chemicals for their endocrine-disrupting potential, in-
cluding interference with estrogen receptor signaling, is an im-
portant factor to be taken into account when assessing the
safety of chemicals. Presently, the standard test for disruption
of normal estrogen function is the Allen and Doisy test, a 3-day
uterotrophic assay in immature or ovariectomised rodents with

uterus weight as the crucial read-out parameter (OECD, 2007;
Owens and Ashby, 2002). Due to the high costs, ethical objec-
tions and labor intensiveness of the in vivo uterotrophic assay,
the development of an in vitro battery for the prediction of in
vivo estrogenicity has high priority. It was previously demon-
strated that combination of a yeast or U20S estrogen receptor
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a (ERa) reporter gene assay with a cell-free coregulator binding
assay, would have the potential to form an adequate part of an
integrated testing strategy (ITS) for in vitro estrogenicity testing
in order to replace the in vivo uterotrophic assay (Wang et al.,
forthcoming; Wang et al., 2013). However, also the uterotrophic
assay has its limits for estrogenicity testing, e.g., because it does
not include estrogenicity due to effects on the hypothalamic-
pituitary-gonadal (HPG) axis, male organs or steroidogenesis,
because the assay uses either ovariectomized or immature ro-
dents, i.e., female animals without endogenous estrogen pro-
duction. Additional in vivo assays, e.g., the female and male
pubertal assays (OPPTS 890.1450 and OPPTS 890.1500, respec-
tively), are needed to achieve more comprehensive estrogenic-
ity screening, and provide data on multiple mechanisms and
organs. Indeed, the shortcoming of the uterotrophic assay has
been demonstrated by the fact that several compounds, such
as atrazine and vinclozolin, failed to show a uterotrophic effect,
whereas eliciting (anti)estrogenic effects in other in vivo tests.
The herbicide atrazine delayed puberty and sexual development
in both male and female rodents (Laws et al., 2000a; Stoker et al.,
2000). The fungicide vinclozolin has been shown to be an en-
docrine disruptor with antiandrogenic effects and vinclozolin-
treated rat male off-spring display female-like anogenital dis-
tance at birth, retained nipples, cleft phallus with hypospadias,
a blind vaginal pouch and small to absent sex accessory glands
(Gray et al., 1994; Ostby et al., 1999). In addition, some compounds
even have combined modes of action, e.g., several estrogenic
compounds like 17a-ethinyl estradiol (EE2) and diethylstilbestrol
(DES) are also antiandrogenic, and in this way might enhance
the overall ‘estrogenic’ effect in vivo (Bovee et al., 2010; Gross-
Sorokin et al., 2006; Toorians et al., 2010). It has been shown that
EE2 is ~25 times more potent compared with E2 in a zebrafish
model (Cosnefroy et al., 2012), whereas in transcription activa-
tion assays based on subtypes of zebrafish ER, EE2 has about
the same estrogenic potency as E2 (Van den Belt et al., 2004). EE2
has also been shown to be one of the main substances respon-
sible for the widespread feminization of male fish in rivers, due
to its combined estrogenic and antiandrogenic activities (Filby
et al., 2007; Gross-Sorokin et al., 2006). The previously established
ITS correlates well with the in vivo uterotrophic assay, but is ex-
pected to suffer from the same drawbacks as the uterotrophic
assay, as the selected in vitro bioassays only measure effects di-
rectly mediated by ERa, and are not able to detect chemicals that
elicit their estrogenic effects through indirect mechanisms, such
as, alteration of hormone biosynthesis, hormone metabolism
and transport, and mixed estrogenic/antiandrogenic effects.
This emphasizes the need to extend the previously established
in vitro ITS, by including androgen reporter gene assays (Bovee
et al., 2010; van der Burg et al., 2010a) and the H295R steroidoge-
nesis assay (Rijk et al., 2012). Such an extended ITS would have a
clear advantage in that it would surpass the uterotrophic assay
with respect to the multitude of mechanisms interfering with
estrogen signaling pathways that can be detected. As such, the
extended ITS would allow a further reduction or eventually even
an elimination of the need for testing certain endocrine disrupt-
ing effects in animal models.

The aim of the present study was to demonstrate whether
the extension of the previously established ITS for in vitro estro-
genicity testing by adding two androgen reporter gene assays as
well as the enhanced H295R steroidogenesis assay goes beyond
an ultimate replacement of the in vivo uterotrophic assay, i.e.,
is able to detect estrogenic effects, antiandrogenic effects, and
effects on steroidogenesis as observed in intact animals in the
female and male pubertal assays.

WANGET AL. | 79

MATERIALS AND METHODS

Chemicals. Atrazine, bisphenol A (BPA), bisphenol B (BPB),
bisphenol C1 (BPC1), bisphenol C2 (BPC2), butyl paraben, equi-
lin, 17B-estradiol (E2), flutamide, mestranol, tamoxifen, vinclo-
zolin, 4-dimethyl-aminopyridine, 2-methyl-6-nitrobenzoic an-
hydride, picolinic acid, triethylamine, tetrahydrofuran, Dul-
becco’s modified Eagle medium/Ham’s F-12 nutrient mix
(DMEM/F12), NaHCOs; and PBS were obtained from Sigma-
Aldrich Chemie B.V. (Zwijndrecht, The Netherlands). Diethyl-
stilbestrol monomethyl ether (DES-ME) was purchased from
LGC Standards GmbH (Wesel, Germany). Ammonia, acetic acid,
formic acid, and dimethyl sulfoxide (DMSO) were obtained from
Merck (Darmstadt, Germany). Methanol, acetonitrile, acetone,
and ethanol were from Biosolve (Valkenswaard, The Nether-
lands). Pregnenolone, 17«-OH-pregnenolone, progesterone, 17a-
OH-progesterone, dehydroepiandrosterone (DHEA), androstene-
dione, testosterone (T), estrone, 11-deoxycorticosterone, corti-
costerone, 11-deoxycortisol, cortisol, and dihydrotestosterone
(DHT) were obtained from Steraloids (Newport, RI). The
deuterium-labeled internal steroid standards were from CDN
isotopes (Point-Claire, Canada) and ITS+ premix and NuSerum
from BD Biosciences (Bedford, MA). Chemicals to prepare the
growth media for yeast were described previously (Bovee et al.,
2009). Milli-Q water was obtained using a Purelab Ultra system
from Elga (Bucks, UK).

CALUX bioassays. The ERa and AR agonist or antagonist poten-
cies of a test compound were determined in the ERa and AR
CALUX bioassays, respectively, as described previously (van der
Burg et al., 2010a,b). In short, CALUX cells were plated in 96-
well plates with phenol red-free DMEM/F12 (1:1) mixture supple-
mented with charcoal stripped Fetal Bovine Serum (csFBS). One
day later, the medium was refreshed and cells were incubated
with the compounds to be tested (final DMSO concentration:
0.1%). Each test compound at each concentration was tested in
triplicate. After 24 h exposure, the medium was removed, cells
were lysed in Triton lysis buffer, and luciferase activity was mea-
sured. To test for antagonism, CALUX cells were incubated with
test compound in combination with a nonsaturating level of ag-
onist (around the ECso value of the reference compound), i.e.,
10~*M E2 in the ERa CALUX bioassay, and 2 x 107'°M DHT in
the AR CALUX bioassay.

Yeast estrogen and androgen bioassays. The estrogenic, antiestro-
genic, androgenic, and antiandrogenic properties of the com-
pounds were tested as described previously (Bovee et al., 2008,
2010). In short, cultures of the yeast estrogen or androgen
biosensor were grown overnight at 30°C with vigorous orbital
shaking. At the late log phase, the culture was diluted in selec-
tive MM/L medium till an OD value at 630 nm between 0.04 and
0.06 was reached. To expose the yeast cells, 200 pl aliquots of
the diluted culture were pipetted into each well of a 96-well plate
and 2 pl of a stock solution in DMSO was added when testing the
agonistic properties of the compounds (final DMSO concentra-
tion: 1%). To test for antagonism, yeast cells were incubated with
test compound in combination with a nonsaturating level of ag-
onist (around the ECso value of the reference compound), i.e,,
10~°M E2 in the yeast estrogen bioassay, and 7 x 10-°M testos-
terone (T) in the yeast androgen bioassay. DMSO (negative con-
trol), and E2 or T (positive controls) were included in each exper-
iment, and each sample concentration was assayed in triplicate.
Exposure was performed for 24 h at 30°C with orbital shaking at
125 rpm. Fluorescence was measured at 0 and 24 h directly in
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a Synergy HT Multi-Detection Microplate Reader (BioTek Instru-
ments Inc.) using excitation at 485 nm and emission at 530 nm.
Normally, the cell density at 630 nm increases from 0.05 at 0 h
to ~0.9 at 24 h. If the OD at 24 h was <0.7, concentrations of the
test compound were considered to cause cytotoxicity and the
corresponding data were rejected for analysis.

Microarray assay for real-time coregulator-nuclear receptor interaction
(MARCoNI). Ligand-modulated interaction of ERa-LBD-His with
coregulators was assessed using a PamChip plate (PamGene In-
ternational B.V,, 's-Hertogenbosch, The Netherlands) containing
96 identical peptide microarrays as described previously (Aarts
et al., 2013; Houtman et al., 2012; Koppen et al., 2009). The pep-
tide microarray was incubated with the test solution containing
ERa-LBD-His in the absence or presence of ligand by pumping
the sample up and down the three-dimensional metal oxide car-
rier. In short, assay mixtures were prepared on ice in a master
96-well plate and contained ERa-LBD-His (optimal assay concen-
tration of a crude lysate containing ERa-LBD-His was empirically
determined, and estimated to lie between 1 and 10 nM), 25 nM
of an Alexa Fluor 488-conjugated polyhistidine antibody (penta-
His Alexa Fluor 488 conjugate, Qiagen no. 35310), and ligand at
the indicated concentration in reaction buffer (20mM Tris-HCI,
pH 7.5, 500mM NaCl, 0.2% BSA, 0.05% Tween-20). All assays were
performed in a fully automated microarray processing platform
(PamStation96, PamGene International B.V.) at 20°C applying two
incubation cycles per minute. For each compound, eight concen-
trations added from 50-fold concentrated stock solutions with
fivefold serial dilutions in DMSO were tested in singular (final
DMSO concentration: 2%). After removal of the unbound recep-
tor by washing each array with 25 pl Tris-buffered saline, tiff
images were obtained by the CCD camera which is part of the
PamStation96 platform. The tested compounds were distributed
over one plate run using 2% DMSO as the negative control and
50nM E2 as the positive control (each control measured in four
technical replicates).

Enhanced H295R steroidogenesis assay. Human H295R adrenocar-
cinoma cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and were cultured according
to the protocol described in the OECD test guideline 456. Cells
were routinely grown at 37°C under 5% CO, atmosphere in 75
cm? culture flasks containing 12 ml DMEM/F12 culture medium
supplemented with 1.2 g/l NaHCOs, 1% ITS+ premix, and 2.5%
NuSerum. For subculturing, the H295R cells were washed three
times with PBS, detached by trypsin/EDTA (0.25%/0.05% (vol/vol)
in Hank’s Balanced Salt Solution (HBSS)) and seeded in a 1:3 ra-
tio. For testing, 1 ml cell suspension containing 2 x 10° to 3 x 10°
cells was seeded in each well of the 24-well plate. After 24 h, the
medium was refreshed and compounds dissolved in DMSO (1 pl)
were added. Exposures were performed in triplicate and the fi-
nal concentration of the solvent carrier DMSO was 0.1%. After 48
h of exposure, the medium was stored at —80°C for steroid hor-
mone analysis. Effects on viability and cytotoxicity were evalu-
ated by the live/dead viability/cytotoxicity kit (Molecular Probes,
Eugene, OR) using the protocol described by the OECD (OECD
TG 456). After washing the cells with PBS twice, a calcein and
ethidium bromide solution was added to the cells. After 1 h, fluo-
rescence was measured (excitation/emission at 530 nm/645 nm
and excitation/emission at 485 nm/530 nm) using a Synergy HT
multi-detection microplate reader (BioTek Instruments Inc.). Ex-
posures showing a decrease in cell viability were excluded from
hormone analysis.

For hormone analysis, 900 pl H295R medium aliquots were
adjusted to 1 ml with 18 pl of deuterium labeled internal steroid
standard mix and Milli-Q water. Similarly, a standard steroid
curve was prepared by spiking 900 pl of supplemented DMEM-
F12 medium with a mix of steroid standards, resulting in fi-
nal concentrations of 10, 25, 50, 100, 250, 500, 1000, 2500, 5000,
10,000, and 25,000 pg/ml. Next, both standards and samples
were subjected to solid-phase extraction (SPE) using OASIS HLB
cartridges (Waters, 60 mg) in 96-wells format, previously con-
ditioned with 1 ml methanol and 1 ml Milli-Q water. Washing
was carried out with subsequently 1 ml Milli-Q water, 1 ml of
methanol/water/acetic acid (55%:43%:2%, vol/vol/vol), 1 ml of
methanol/water/25% ammonia (30%:62%:8%, vol/vol/vol), 1 ml
Mill-Q water and 1 ml acetonitrile/water (35%/65%, vol/vol). The
free steroids were eluted with 1 ml acetone and this eluate was
evaporated to dryness at 45°C under nitrogen. The derivatiz-
ing reagent was prepared freshly before use by mixing 1 mg
4-dimethyl-aminopyridine, 5 mg 2-methyl-6-nitrobenzoic anhy-
dride, and 3 mg picolinic acid in 1 ml tetrahydrofuran, after
which 10 pl of triethylamine was added. Picolinoyl derivatiza-
tion was achieved by incubating the dried sample extracts with
35 pl of derivatization reagent for 45 min at room temperature.
The reaction was terminated by adding 50 ul of a 5% ammo-
nia solution after which the samples were analyzed directly by
ultra performance liquid chromatography tandem mass spec-
trometry (UPLC-MS/MS) according to the method described by
Rijk et al. (in preparation). Steroid hormone concentrations in
the samples were calculated using the steroid standard refer-
ence line, constructed by plotting the peak area ratios versus
the spiked concentration. For some samples, the estradiol levels
were below the UPLC-MS/MS detection limit and these samples
were further analyzed by an enzyme-linked immunosorbant as-
say according to the manufacturer’s protocol (Oxford Biomedical
Research, Oxford, MI).

Data analysis. For the CALUX bioassays, luciferase activity per
well was measured as relative light units (RLU). Fold induction
was calculated by dividing the mean value of light units from
exposed and nonexposed (DMSO control) wells. For the yeast
bioassays, the fluorescence signals were corrected for the sig-
nal obtained with the MM/L medium containing DMSO solvent
only. The relative estrogenic potency (REP), defined as the ra-
tio of the concentration of E2 needed to achieve 50% of max-
imal response (ECso) and the concentration of the test com-
pounds required to achieve a similar effect multiplied by 100,
was calculated from fitted dose-response curves (four param-
eter sigmoidal dose-response curve, Graphpad Prism software
version 5.04). The REP value for E2 is, hereby, set at 100 for both
the CALUX and the yeast ERa reporter gene assays. The rela-
tive transactivation activity (RTA) of each compound tested was
calculated as the ratio of maximal luciferase or yEGFP reporter
gene induction values of each compound and the maximal in-
duction value of reference compound E2. The antiandrogenic ac-
tivity was characterized by the ICs, i.e., the concentration that
inhibited the response of DHT or T by 50%.

For the coregulator binding assay, image analysis was per-
formed using BioNavigator software (PamGene International
B.V) as described previously (Aarts et al.,, 2013). In short, the
boundaries of a spot are determined and the median fluo-
rescent signal was quantified within the spot (signal) as well
as in a defined area surrounding it (background). The signal-
minus-background value was subsequently used as the quanti-
tative parameter of binding. Ligand dose-response curve fitting
and hierarchical clustering (Euclidean distance, average link-



g

g

O Estradiol

* Equilin

V Bisphenol C1
< Bisphenol C2
x Bisphenol B
O Bisphenol A

S
-]

3
2

3

I Vinclozolin

Relative induction (% of max)
3 8

N
<

T T T 0
1013 1012 1011 1010 10-° 10°® 107 10°¢ 108 104
Concentration (log M)

10004

O Estradiol
8001 * Equilin

V Bisphenol C1
< Bisphenol C2
x Bisphenol B
O Bisphenol A

| Vinclozolin

F3
3
L

Fluorescence
8
2

1011 10-10 1
Concentration (log M)

FIG. 1. Dose-response curves of the indicated test compounds in the ERa CALUX
(A) and yeast estrogen bioassay (B). The response is displayed as the mean + SD
of a triplicate measurement.

age) were performed using the drc and stats packages in R (ver-
sion 2.12.0, www.r-project.org). A sigmoidal, 4-parameter Hill
(logistic) model was fitted to the dose-response data and the
goodness-of-fit parameter and ECsp values as calculated by the
drc package were recorded.

Fold changes in steroids levels in the H295R steroidogenesis
assay were calculated by comparing the mean steroid levels of
the DMSO solvent control (SC) versus the mean steroid levels in
medium of H295R cells exposed to the compound under inves-
tigation. A one-tailed Student’s t-test was used to test for sig-
nificance. For comparison of the presented in vitro data with es-
trogenicity in vivo, uterotrophic assay data were used that were
derived from the Endocrine Disruptor Knowledge Base (EDKB),
designed and produced by the National Center for Toxicological
Research (NCTR, USA) (Ding et al., 2010).

RESULTS

Estrogenic and Antiestrogenic Activities

Ten compounds were selected, based on their ability to disrupt
normal estrogen action by different modes of action, and tested
in the U20S ERa CALUX and the yeast estrogen bioassay for
estrogenic and antiestrogenic activities. Figure 1 shows typical
dose-response curves for several of the test compounds as ob-
tained in these two assays. The ECso and relative transcriptional
activity (RTA) values of each compound were calculated from the
fitted dose-response curve and are shown in Table 1. The refer-
ence compound E2 was the most potent ER agonist and showed
an ECsp of 8.8 x 107'2 and 8.7 x 107*°M in the U20S ERa CALUX
and the yeast estrogen bioassay, respectively. Equilin, mestranol,
and DES ME were ~2-30 times less potent compared with E2 and
the obtained RTA values were between 80 and 105% (E2 being
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FIG. 2. Binding of ERa-LBD-His to the coregulator binding motif peptide
NCOA1.677_700 as function of the concentration of the indicated compounds
measured in the ERa-coregulator binding assay.

100%). All four phenolic compounds showed full agonistic re-
sponses in the two reporter gene assays (Fig. 1 and Table 1), with
BPC1 being the most potent phenolic compound and BPA being
the weakest in both assays. Butyl paraben was clearly positive in
the yeast and U20S cell based estrogen bioassays and induced
a much higher maximal response (RTA = 256%) than E2 in the
U20S ERa CALUX assay. The fungicide vinclozolin was slightly
active (RTA <10%) in both reporter gene assays, but no ECso value
could be calculated as it only showed a response at the highest
concentration tested. The herbicide atrazine was not active in
these two reporter gene assays. All the compounds were tested
in combination with E2 for potential antagonist activities, but no
ER-antagonism was observed for any of the compounds tested
(data not shown).

Coregulator-Nuclear Receptor Interaction

The 10 compounds were also tested in the coregulator binding
assay to evaluate their capacity to modulate ERa-LBD binding to
NR-coregulator motifs. As an example, Fig. 2 shows the induc-
tion of ERa-LBD-His binding to a peptide representing the NR-
binding motif within amino acid 677-700 of the well-known nu-
clear receptor coactivator 1 (NCOA1.677_700) by several test com-
pounds, i.e., single measurements of eight concentrations per
compound on 1 of the 154 unique coregulator peptides on the
array. The lowest concentration of E2 resulting in a detectable
binding of ERa-LBD-His to NCOA1.677_700 was 1.3 x 10~°M, and
a half maximal binding level (ECso) was reached at ~6.4 x 10~°M.
Equilin, mestranol and DES-ME also induced binding of ERa-
LBD to NCOA1.677_700, whereas the bisphenol compounds dis-
played antagonist binding curves on NCOA1.677_700 when com-
pared with the solvent control DMSO and the known ER-agonists
(Fig. 2).

Dose-response curves were generated for all 154 coregulator-
derived NR-binding motifs for each compound in order to ob-
tain an overall measure for the potency as an inducer of ERa-
coregulator binding. These dose-response curves allowed to de-
termine ECso values for each compound on each coregulator
peptide. The median ECsy value of each compound was deter-
mined over 48 coregulator peptides that showed a comparatively
good fit of the applied dose-response model (goodness-of-fit of
the four parameter Hill equation above 0.9) and are shown in
Table 1. The selection of these coregulators was based on a pre-
vious study where the potency of compounds to induce bind-
ing of ERa-LBD-GST to these coregulators was demonstrated to
correlate well (R? > 0.80) with their in vivo determined estro-
genic potency in the uterotrophic assay (Wang et al., 2013). Equi-
lin, mestranol, and DES-ME resulted in coregulator binding pro-
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TABLE 1. Estrogenic Activities of the Test Compounds in the In Vivo Uterotrophic Bioassay, U20S ERa CALUX Assay, Yeast Estrogen Bioassay,

and ERa Coregulator Binding Assay

Uterotrophic

assay ERa coregulator
Compound CAS no. log RP* U20S ERa CALUX bioassay Yeast estrogen bioassay binding assay

Median
RTA RTA ECs0¢/1Csof
ECso (M) log REP (%) ECso (M) log REP (%) (M) log RBP

Estradiol 50-28-2 2.0 8.8 x 10712 2.0 100 8.7 x 10710 2.0 100 7.5 x 10-% 2.0
Equilin 474-86-2 17 6.5 x 1071 1.1 95 8.7 x 107 1.0 105 3.4 x 108 1.3
Mestranol 72-33-3 2.0 3.2 x 10710 0.4 84 7.9 x 107%° 1.0 88 5.1 x 10-7¢ 0.2
DES-ME 7773-60-6 1.9 24 x 10710 0.6 88 1.8 x 107 17 94 17 x 10-7¢ 0.6
Bisphenol A 80-05-7 -1.6 2.7 x 107% —-25 136 2.0 x 107% —-24 76 — -5.0
Bisphenol B 77-40-7 +0 1.2 x 10777 -21 144 5.0 x 107 -18 87 3.2 x 10~ na
Bisphenol C1 14868-03-2 NA¢ 2.7 x 10708 -15 133 2.2 x 107% —-04 93 2.7 x 10-%f na
Bisphenol C2 79-97-0 NA 2.1 x 1077 -24 125 4.5 x 107% -16 87 7.4 x10-4  na
Butyl paraben 94-26-8 + 2.9 x 107% —-35 256 5.1 x 107% -1.8 86 — -5.0
Atrazine 1912-24-9 -5.0d —b -5.0 1 — -5.0 1 — -5.0
Vinclozolin 50471-44-8 -5.0 — -5.0 8 — -5.0 4 — -5.0

4Median relative potency values based on the uterotrophic assay in mouse or rat, derived from EDKB (NCTR, USA) (Ding et al., 2010). Estradiol is used as a reference

chemical and is defined to have a relative potency of 100 (log RP = 2.0).
b+ = positive; — = negative.

‘NA = not available; na = not applicable.

4A cut-off value of —5.0 is listed for compounds showing no effect.

files similar to that of E2 and the calculated median ECsy values
were in the nanomolar range. BPA showed a slightly bell-shaped
dose-response binding profile on several coregulators, i.e., in-
ducing weak binding to coactivators at low concentrations, but
inhibitory effects (lower binding compared with the DMSO con-
trol) at high concentrations (Fig. 2). In contrast, BPB, BPC1, and
BPC2 strongly inhibited binding of ERa-LBD to almost all coacti-
vator peptides on the peptide microarray, however, no increased
binding was observed for any of the compounds on the core-
pressors present on the peptide microarray (see Supplementary
fig. 1 for BPC1 as an example). To provide an overall measure of
the antagonistic binding potency for the bisphenols, the median
ICso values were calculated and are shown in Table 1. Vinclozolin
showed no statistically significant altered binding signals com-
pared with the DMSO solvent control. Butyl paraben was nega-
tive in the concentration range tested in a previous study using
the ERa coregulator binding assay (20nM—400pM) (Aarts et al.,
2013) and higher concentrations of butyl paraben as tested in
the current study led to precipitation in the assay buffer and re-
sulted in an overall negative binding profile. Atrazine was also
tested in our previous study (negative) and the results for the
coregulator binding assay were taken from that study. For each
test compound and each of the 154 coregulator-nuclear recep-
tor binding motifs represented by the peptide microarray, the
modulation index (MI) was calculated as the log-transformed ra-
tio of receptor binding at a saturating compound concentration
over that in the absence of ligand. The MIs for the 154 binding
motif peptides constitute an ERa-coregulator binding profile for
each compound tested. Unsupervised hierarchical clustering of
these Ml values over the various compounds over all coregulator
peptides on the array revealed that compounds with structural
similarity tend to cluster together (Fig. 3).

Comparison with the In Vivo Uterotrophic Assay

In general, the U20S ERa CALUX and the yeast estrogen bioas-
say showed 100% concordance with the uterotrophic assay, i.e.,
no misclassification on the eight compounds with known estro-
genicity in vivo (Table 1). To compare the determined relative es-
trogenic potencies of the compounds with their uterotrophic po-
tencies in vivo, the relative estrogenic potencies (REP) or relative
binding potencies (RBPs) of these compounds were calculated
on the basis of the obtained ECsy values (Table 1). The estro-
genic potencies obtained from the yeast estrogen bioassay and
the U20S ERa CALUX assay showed very good correlations with
the potency outcomes of the in vivo uterotrophic assay, i.e., in
both cases R? = 0.99 (p < 0.0001, n = 6). Because no in vivo estro-
genic potency data were available for butyl paraben, BPB, BPC1,
and BPC2, these four compounds were excluded from correla-
tion analysis. In addition, the U20S ERa CALUX assay and the
yeast estrogen bioassay resulted in similar potency ranking of
the 10 compounds and the correlation between the relative po-
tency values as obtained from these two in vitro assays was ex-
cellent (R? = 0.93, p < 0.0001, n = 10).

In the ERa coregulator binding assay, butyl paraben was clas-
sified as negative. BPA, BPB, BPC1, and BPC2 showed antagonistic
binding profiles and can therefore not be compared with the ag-
onistic effects as observed in the uterotrophic assay or in the
reporter gene assays. This assay gave a lower correlation (R? =
0.86, p < 0.0001, n = 6) and lower concordance (83%; 5/6) with
the in vivo uterotrophic assay. However, the potency ranking of
equilin, mestranol, and DES-ME in the ERa coregulator binding
assay was the same as in the U20S ERa CALUX assay.

Antiandrogenic Activities

No androgen agonism was observed for any of the compounds
tested (data not shown). The potential antiandrogenic activity
of the test compounds was studied by coexposure of each com-
pound with DHT or T in the AR CALUX assay or the yeast andro-
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gen bioassay, respectively. Figure 4 shows the antagonistic ef-
fects of several of the compounds tested. The potent androgen
antagonist flutamide was used as positive control in both assays.
Vinclozolin, BPC1, and BPC2 showed potent antiandrogenic ac-
tivities in both reporter gene assays (Fig. 4 and Table 2). Although
less potent, also BPA and butyl paraben inhibited the response
induced by the potent androgens (DHT or T) to the baseline level.
Atrazine, equilin, mestranol, and DES-ME only showed weak an-
tiandrogenic activities at relative high concentrations. Due to
the poor fitting of the applied dose-response model to the data,
no ICsp value could be calculated for these four compounds.

Modulation of Steroidogenesis

Effects on steroidogenesis were evaluated using the enhanced
H295R steroidogenesis assay. The effects of seven of the model
compounds were assessed by measuring levels of 13 steroids
in medium of H295R cells, i.e., for each of these 13 steroid hor-
mone intermediates a dose-response bar graph was constructed
upon exposure to these seven compounds. Figure 5B, e.g., shows
the BPA dose-dependent changes in these 13 hormone levels in
medium of H295R cells being exposed for 48 h. Exposing H295R
cells to increasing concentrations of BPA resulted in increased
levels of pregnenolone, progesterone, and estradiol, whereas
levels of 17a-OH-progesterone, 11-deoxycortisol, cortisol, an-
drostenedione, and testosterone decreased dose-dependently.
Levels of the other steroids were not significantly affected by
BPA. Among the eight steroids modulated by BPA, androstene-
dione, and testosterone were the two most sensitive endpoints
with a lowest observed effective concentration (LOEC) of 0.03
and 0.1pM BPA, respectively.

A summary of the results of all compounds tested in the
H295R steroidogenesis assay is presented in Table 3, show-
ing the LOEC together with the maximal fold change of in-
duction or inhibition. The hormone profile caused by BPB was
similar to that caused by BPA, showing a dose-dependent de-

crease in androgens (androstenedione and testosterone) and
glucocorticoids (11-deoxycortisol and cortisol), and an increase
in pregnenolone, progesterone, and less pronounced, in es-
trone. BPC1 resulted in a dose-dependent increase in levels of
pregnenolone, progesterone, 17a-OH-progesterone, and estra-
diol with an LOEC of 10, 0.3, 0.3, and 10uM, respectively.
With the exception of testosterone and estrone, levels of all
other steroids were decreased by BPC1. BPC2 resulted in a
dose-dependent decrease in the levels of most steroid hor-
mones, whereas progesterone and estradiol were up-regulated,
but only at the highest nontoxic test-concentration of BPC2
(10pM). The highest concentration of BPC2 (30p.M) was cyto-
toxic for the H295R cells (data not shown). In general, it is
observed that all four bisphenolic compounds show a dose-
dependent decrease in androgens, whereas estrogen levels in-
creased. Exposure of H295R cells to the fungicide vinclozolin re-
sulted in a maximum 1.99-fold increase in estradiol (LOEC of
10pM), whereas levels of progesterone, 17a-OH-progesterone,
androstenedione, testosterone, 11-deoxycorticosterone, and 11-
deoxycortisol were down-regulated by vinclozolin. Exposure to
butyl paraben resulted in a dose-dependent increase in lev-
els of pregnenolone, progesterone, 17a-OH-progesterone, and
estradiol, whereas levels of corticosterone, 11-deoxycortisol, an-
drostenedione, and testosterone decreased. Atrazine increased
the levels of eight steroids and resulted in a maximum 4.70-fold
increase in the estradiol level (LOEC of 1p.M).

DISCUSSION

Our previous studies showed that the yeast estrogen bioassay,
the U20S ERa CALUX reporter gene assay, and the ERa coregu-
lator binding assay revealed good correlations with the in vivo
uterotrophic assay (based on a set of 23 compounds, most of
which were selected from the ICCVAM list of compounds defined
for validation of in vitro tests for estrogenicity testing) (Wang
et al., forthcoming; Wang et al., 2013). It was advised to include
these assays in an ITS for estrogenicity testing and prioritization
of chemicals, aiming at refinement, reduction, and ultimately
replacement of current animal testing for (anti)estrogenic ef-
fects, as these three high-throughput in vitro assays were also
shown to be reproducible, transferable, fast, and robust. The
present study with 10 extra compounds with specific modes of
action was set up in order to further validate the previously es-
tablished ITS and to demonstrate the added value of including in
vitro tests for AR-(ant)agonism and interference with steroidoge-
nesis. Among these compounds, five of them (i.e., equilin, DES-
ME, BPB, BPC1, and BPC2) have not been tested before in any of
the three in vitro assays of this ITS and the other five compounds
(i.e., BPA, mestranol, butyl paraben, vinclozolin, and atrazine)
have been tested only in some of the assays of our previously
proposed ITS or by other groups using the same assays. The
present study shows that for the extra set of compounds, the
U20S ERa CALUX and yeast estrogen bioassays both revealed
100% concordance with the in vivo uterotrophic assay, i.e., no
misclassification of any compound for which uterotrophic data
are available. In addition, these two reporter gene assays re-
sulted in similar potency ranking of the 10 compounds. How-
ever, superinduction was observed for butyl paraben in the U20S
ERa CALUX assay. It has previously been shown that superin-
duction in CALUX assays can be caused by stabilization of the
firefly luciferase reporter enzyme by the test compound, thus
increasing the bioluminescent signal as determined at the end
of this assay (Sotoca et al., 2010). Butyl paraben did not result in
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TABLE 2. Antiandrogenic Activities of the Test Compounds in the U20S AR CALUX and Yeast Androgen Bioassay

Compound U20S AR CALUX assay ICsp (M) Yeast androgen bioassay ICsg (M)
Equilin +4 +
Mestranol + +
DES-ME + +
Bisphenol A 1.5 x 1070 8.1 x 107%
Bisphenol B 9.3 x 107 —a
Bisphenol C1 43 x 1079 2.4 x 107%
Bisphenol C2 6.3 x 107 2.2 x 1079
Butyl paraben 7.1 x 1070 +
Atrazine + *
Vinclozolin 4.8 x 1079 1.9 x 107%
Flutamide® 5.1 x 10797 1.5 x 10°%
%+ = positive; — = negative.
bFlutamide was used as a positive control.
TABLE 3. Effects on Steroid Hormone Production in Exposed H295R Cells
BPA BPB BPC1 BPC2 Vinclozolin Butyl paraben Atrazine

LOEC? Max? LOEC Max LOEC Max LOEC Max LOEC Max LOEC Max LOEC Max

(M) change (uM) change (uM) change (uM) change (uM) change (uM) change (uM) change
Pregnenolone 10 1.76 10 1.97 10 1.70 3 0.38 NE — 30 2.46 10 1.40
17a-OH-pregnenolone  Eq.© — NE — 0.1 0.25 0.3 0.17 NE — NE — NE —
Progesterone 30 1.80 3 241 0.3 6.35 10 1.30 3 0.66 10 3.72 1 2.01
17«-OH-progesterone 3 0.71 1 1.69 0.3 5.98 Eq. — 3 0.53 1 4.39 0.3 1.83
DHEA Eq. — 10 0.56 1 0.15 Eq. — Eq. — NE — NE —
Androstenedione 0.03 0.09 3 0.19 10 0.13 3 0.09 10 0.72 30 0.23 NE —
Testosterone 0.1 0.08 3 0.16 Eq. — 0.1 0.10 3 0.70 3 0.23 10 1.19
Estrone NE4 — 1 1.34 NE — NE — NE — NE — NE —
Estradiol 10 1.56 NE — 10 1.86 10 1.86 10 1.99 3e 1.60¢ 1¢ 4.70¢
11- NE — 30 0.82 3 0.15 1 0.39 3 0.49 Eq. — 0.3 1.87
Deoxycorticosterone
11-Deoxycortisol 10 0.23 3 0.36 10 0.04 0.30 0.14 1 0.53 30 0.19 3 1.35
Corticosterone Eq. — Eq. — 10 0.32 Eq. — NE — 30 0.20 10 1.34
Cortisol 10 0.32 10 0.29 1 0.04 3 0.20 NE — NE — NE —

ALowest observed effective concentration (LOEC in pM), which is defined as the lowest concentration statistically significant different (p < 0.05) from the solvent control

average.

bMaximum fold change (up or down) of the average response observed at any concentration significantly different from the average solvent control level.

€Equivocal results.
4NE: no effect observed at the highest noncytotoxic concentration tested.

¢Estradiol levels were analyzed by enzyme-linked immunosorbant assay according to the manufacturer’s protocol.

superinduction in the green fluorescent protein-based yeast es-
trogen bioassay, where it induced a similar maximal response
as E2. The yEGFP yeast-based bioassays do not suffer from the
superinduction artifact. In the ERa coregulator binding assay,
only butyl paraben was misclassified as negative. Overall, these
results demonstrated that the previously established ITS en-
ables accurate prediction of the estrogenic properties in vivo as
observed in the uterotrophic assay and is informative regard-
ing the mode of action of the test compound. However, quan-
titative discrepancies do exist between the results obtained in
vitro and in vivo, as well as between the results obtained by the
different in vitro assays. Mestranol and DES-ME were ~20-300
times less potent than E2 in the ITS, whereas these two com-
pounds showed an estrogenic potency similar to E2 in the in vivo
uterotrophic assay. Differences in metabolism might provide an
explanation for these discrepancies, as it is known that mes-
tranol is demethylated in vivo into the more potent ER-agonist
EE2 (Christin-Maitre, 2013; Schmider et al., 1997). The observed
in vitro/in vivo discrepancy for mestranol could thus be due to
the lack of metabolism in the in vitro systems used in the cur-
rent ITS. A similar explanation might be valid for DES-ME, as
this compound can be metabolised in vivo into the more potent
ER-agonist DES (Bolt, 1994). Taken together, this strengthens the

idea that the U20S cell line on which the ERa CALUX is based
is limited in its metabolic capacity, whereas the yeast based re-
porter gene assay and the cell-free coregulator binding assay are
lacking mammalian steroid metabolism. Therefore, the combi-
nation of the ITS with biotransformation steps, e.g., metabolism
leading to either deactivation or activation, might further im-
prove its predictive capacity for estrogenic potency in vivo. In
general, most mammalian cell lines are rather limited with re-
gard to their metabolic capacities and should be combined with
metabolic models using, e.g., S9 liver fractions or physiologically
based kinetic modeling to describe in vivo toxicokinetics (Jacobs
et al., 2013).

Numerous studies have shown that BPA exhibits (weak) es-
trogenic activity (Grignard et al., 2012; Kitamura et al., 2005;
Matthews et al., 2000) and strong antiandrogenic activity in vitro
(Lee et al., 2003; Sohoni and Sumpter, 1998; Xu et al., 2005). In our
study, all three BPA analogues showed stronger estrogenic ac-
tivities than BPA, and BPC1 was even 10-100 times more potent
than BPA in the reporter gene assays. In addition to the estro-
genic effects, unique coregulator binding characteristics were
observed in the ERa coregulator binding assay for the bisphe-
nols. BPA showed slight nonmonotonic dose-response curves
on several coregulators, i.e., inducing coregulator binding at low



concentrations and inhibiting binding to the same coregulator
at high concentrations. However, whether these observations on
the coregulator binding level provide an explanation for the low
dose effect of BPA as reported in several in vitro and in vivo stud-
ies remains to be elucidated. Moreover, the coregulator bind-
ing profile obtained for BPC1 was essentially the same as that
of the selective estrogen receptor modulator (SERM) tamoxifen
reported in our previous study (Wang et al., 2013). Interestingly,
no estrogen antagonism was observed for the bisphenols when
tested in combination with E2 in the two reporter gene assays.
However, a recent study of Delfosse et al. shows that both ta-
moxifen and BPC1 prevent NOCA1 binding to ERa LBD (Delfosse
et al., 2012). As the coregulator binding assay uses ERa-LBD that
contains the activation function 2 (AF-2; localized within the C-
terminal of LBD), our study reveals that BPB, BPC1, and BPC2 act
as general AF-2 antagonists, similar as tamoxifen. The estrogen
reporter gene assays used in the present study stably express
full-length ERa. This further suggests that the ERa activation
function 1 (AF-1; localized within the N-terminal A/B domain) is
needed for the estrogenic activities of the bisphenols. BPC1 and
BPC2 also showed significant inhibitory effects on the transcrip-
tional activity induced by DHT or T in the AR CALUX and the
yeast androgen bioassay, respectively. The ICsy values of BPC1
and BPC2 were 2-30 times lower than that of BPA and were com-
parable with the potent AR antagonist flutamide, demonstrat-
ing the strong antiandrogenic activities of BPC1 and BPC2. Ad-
ditionally, the phenolic compounds elicited strong disruptions
on the hormone synthesis in the H295R cells, in general result-
ing in decreased levels of androgens and elevated levels of es-
trogens. Together these properties of the phenolic compounds,
i.e.,, ER-agonist, AR-antagonist, and decreasing androgen levels
and elevating estrogen levels in the H295R assay, possibly di-
rect these compounds to be stronger “estrogens” in vivo than
predicted by the in vitro ER-agonist properties alone. BPA was
shown to be weakly estrogenic in several in vitro models (Grig-
nard et al., 2012; Laws et al., 2000b; Schafer et al., 1999), and some
studies suggest that BPA has also a greater in vivo potency than
would be predicted based on the results obtained in vitro. Thus,
the combined actions as determined in vitro in the present study
might explain the in vivo potency of BPA more accurately. BPC1is
apparently the most potent bisphenol analogue that possesses
estrogenic and antiandrogenic properties and at the same time
affects steroidogenesis into the direction of decreased androgen
levels and elevated estrogen levels. BPA and its analogues are
widely used as raw material in the production of polycarbonate
plastics and epoxy resins, and are found to contaminate a broad
range of end products (Brotons et al., 1995; Krishnan et al., 1993;
Olea et al., 1996; Vandenberg et al., 2007). Given the complex bio-
logical activities of BPC1 and the on-going debate on endocrine
disrupting chemicals and BPA in particular, further in vivo test-
ing of BPC1 in animal models should have high priority, as our
data suggest that the use of BPA analogues mightlead to a higher
risk than BPA itself. Similar concerns were published by Grignard
et al., showing that bisphenol S (BPS), used as a BPA substitute in
the production of plastic baby bottles, has a comparable estro-
genic potency as BPA in in vitro transcriptional activation assays
(Grignard et al., 2012).

It has been shown that atrazine does not bind to the ER or
AR (Blair et al., 2000; Fang et al., 2003) and, consistently, failed
to induce ER- or AR-dependent transcription in several reporter
gene assays (Kavlock and Dix, 2010; Kojima et al., 2004; Kolle
et al., 2010; Vandenberg et al., 2007). Atrazine is also unable to
stimulate estrogen-dependent MCF-7 cell proliferation in the E-
screen (Connor et al., 1996; Fukamachi et al., 2004). These find-
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ings are in agreement with the outcomes of the present study,
i.e,, atrazine has no affinity for the ER and showed very weak an-
tiandrogenic activities (only at the highest concentration tested)
in the AR reporter gene assays. However, atrazine showed clear
effects in the H295R steroidogenesis assay, resulting in elevated
levels of estradiol and testosterone. Thus, the results from the
current study indicate that further testing of atrazine in the in
vivo uterotrophic assay is not needed, as atrazine did not show
clear effects via the ER or AR and only affected the steroido-
genesis. Therefore, atrazine should be tested in the male and
female pubertal assays rather than the uterotrophic assay. In-
deed, this was corroborated by the fact that atrazine failed to
show estrogenic or androgenic activities in the uterotrophic as-
say or Hershberger assay (Yamasaki et al., 2000, 2004), respec-
tively, but delayed puberty and sexual development in both male
and female rodents in pubertal assays (Laws et al., 2000a; Stoker
etal., 2000). The fungicide vinclozolin does not bind to the ER and
was also unable to induce uterotrophic effects in vivo (Blair et al.,
2000; Laws et al., 1996), but has been reported to have antiandro-
genic effects in vitro and in vivo (Hellwig et al., 2000; Korner et al.,
2004). In the present study, vinclozolin did not show any estro-
genic effects, but elicited strong antiandrogenic activity. It also
increased estrogen levels and decreased androgen levels in the
H295R cells, suggesting that vinclozolin may induce aromatase
activity.

In conclusion, the ITS consisting of the U20S ERa CALUX,
yeast estrogen bioassay and ERa coregulator binding assay en-
ables an accurate prediction of the estrogenic effects in vivo and
provides mechanistic insights. The extended ITS, including the
enhanced H295R steroidogenesis assay and androgen reporter
gene assays, was demonstrated to result in a better prediction
than in vivo estrogenicity testing by the uterotrophic assay alone,
because it can detect possible (anti)androgenic effects and ef-
fects on steroidogenesis. The latter was illustrated for atrazine
and vinclozolin, whose endocrine disrupting activities were not
detected by the in vivo uterotrophic assay. The extended ITS pre-
sented in this study may therefore allow easy high-throughput
screening and prioritization of chemicals, thereby contributing
to refinement, reduction, and to some extent even a replacement
of current animal testing for (anti)estrogenic effects. However,
the examples of mestranol and DES-ME showing differences be-
tween in vitro and in vivo potencies, indicate that the ITS has to
be combined with additional types of in vitro assays, including
physiologically based kinetic modeling of in vivo toxicokinetics
in order to further improve its predictive capacity for in vivo es-
trogenicity.
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