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h i g h l i g h t s

� Assessing both agonism and antagonism is increasingly pertinent for water samples.
� There is currently no standard approach to assess antagonism in vitro.
� Existing protocols use competing agonist concentrations ranging from EC50 to EC100.
� Antagonistic effect varied by a factor of 100 with different agonist concentrations.
� We show that EC80 agonist concentration is optimal for sensitivity and robustness.
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a b s t r a c t

There is increasing recognition of the importance of assessing both agonism and antagonism in parallel
for environmental samples. Cell-based in vitro assays have the advantage over receptor binding assays as
they are able to differentiate between agonist and antagonist activity, but at present there is no standard-
ized approach to assess antagonism in vitro, and in particular the competing agonist concentration can
vary in the literature anywhere from half maximal to maximal effect concentrations. In this study, we
investigated the influence of changing agonist concentrations in the estrogen receptor alpha (ERa), pro-
gesterone receptor (PR) and glucocorticoid receptor (GR) assays run in antagonist mode. The antagonistic
effect varied by over two orders of magnitude when using the range of agonist concentrations applied in
the literature, clearly indicating the need for standardization. By comparing antagonist EC50 values with
different background agonist concentrations, an EC80 background agonist concentration is recommended
when assessing antagonism in vitro to optimise both assay sensitivity and reproducibility.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Environmental waters, such as wastewater and surface water,
can contain countless chemical contaminants with different modes
of toxic action. Test batteries of in vitro bioassays focusing on end-
points relevant for both human and environmental health are
increasingly applied for water quality monitoring and to assess
treatment efficiency (e.g. van der Linden et al., 2008; Escher
et al., 2014). For a more accurate assessment of effect, it is impor-
tant to evaluate agonism and antagonism in parallel for receptor
mediated endpoints, such as estrogen and progesterone receptor
assays. This is because the presence of antagonists in

environmental samples may decrease the agonist response, as
demonstrated recently by Ihara et al. (2014) for wastewater. Cell-
based bioassays can detect antagonism when run in a so-called
‘‘antagonist mode’’, where a potent competing agonist is added at
a constant concentration and the suppression of the agonist effect
indicates antagonism (Soto et al., 2006).

At present, there is no standard protocol to measure antagonism,
and in particular the agonist concentration added can range from
the concentration causing 50% effect (EC50) to the maximal effect
(EC100) (e.g. van der Linden et al., 2008; Ihara et al., 2014).
Further, the applied concentration is often not reported. However,
competitive antagonists will compete with agonists for the receptor
sites; hence the observed effects are likely to change depending on
the concentration of agonists and antagonists in the assay.

In this short communication we investigated the implications of
changing agonist concentrations in estrogen receptor alpha (ERa),
progesterone receptor (PR) and glucocorticoid receptor (GR) assays
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and suggest a standardized approach for assessing antagonism
using in vitro reporter gene assays.

2. Materials and methods

The study was conducted using GeneBLAzer� ERa-UAS-bla, PR-
UAS-bla and GR-UAS-bla assays (Life Technologies, Mulgrave,
Australia). All assays are based on the HEK 293T cell line. The cells
were grown in DMEM with GlutaMAX™ with 10% dialysed fetal
bovine serum (FBS), while phenol red-free DMEM with 2% charcoal
stripped FBS was used for the assay media. 17b-Estradiol and
tamoxifen were used as the agonist and antagonist in the ERa assay,
respectively, while levonorgestrel and RU486 were used as the ago-
nist and antagonist in the PR assay, respectively. RU486 was also
the antagonist in the GR assay, with dexamethasone as the agonist
(Leusch et al., 2014). The chemical stocks were prepared in metha-
nol (HPLC grade, Fisher Scientific, Scoresby, Australia) and the
maximum solvent concentration in the assay was 0.2%. Standard
curves with 1:4 serial dilutions for each reference compound were
prepared in phenol red-free DMEM media in separate 96 well
plates, with the agonists serially diluted across the plate and the
antagonists serially diluted down the plate. Fifty microliters from
both the agonist and antagonist plates for each assay were mixed
together in a separate 96 well plate. The final concentration of the
reference compounds was 2.4 � 10�14–2.5 � 10�8 (log�13.6 to
�7.6) M for 17b-estradiol, 1.2 � 10�8–1.3 � 10�5 (log�7.9 to
�4.9) M for tamoxifen, 9.5 � 10�14–1.0 � 10�7 (log�13.0
to �7.0) M for levonorgestrel, 2.5 � 10�13–2.6 � 10�7 (log�12.6
to �6.6) M for dexamethasone and 3.9 � 10�10–1.0 � 10�7

(log�9.4 to �7.0) M for RU486 (same concentration range in both
PR and GR assays). The cells were seeded in black clear bottom
384 well plates with densities of 20000 cells per well for ERa and
GR and 15000 cells per well for PR. Eight microliters of sample
was added to the cells in duplicate and incubated overnight for
16 h at 37 �C in a 5% CO2 incubator. Standard curves of the agonist
and antagonist (with EC80 agonist constant concentration) were
included on each plate for assay validation, along with a methanol
standard curve with a maximum final solvent concentration of 0.2%,
which was added to cells to ensure that the solvent itself did not
have an effect. The next day 8 lL of LiveBLAzer™-FRET B/G
substrate mixture was added to each well and the plate was incu-
bated at room temperature for 2 h. Fluorescence at 460 and
520 nm was measured using a Fluostar Omega microplate reader
(BMG Labtech, Ortenberg, Germany). The results were expressed
as % maximum response relative to the reference agonist
compound.

3. Results and discussion

All studied assays demonstrated that changing the concentra-
tion of either the antagonist (in classical agonist mode) or the com-
peting agonist (in antagonist mode) altered the concentration–
effect curves.

3.1. Impact of the presence of an antagonist on a classical ‘‘agonist
mode’’ assay

As the antagonist concentration increased the agonist curves
shifted to the right, increasing the agonist EC50 value and conse-
quently decreasing effect (Fig. 1). Within the studied antagonist
range, the agonist EC50 values increased by over two orders of mag-
nitude for the ERa and PR assays and over one order of magnitude
for the GR assay. A reduction in agonistic activity in the presence of
antagonists has also been previously reported by Ihara et al. (2014)
in both human and medaka ERa assays with 17b-estradiol and 4-
hydroxy-tamoxifen. Further, Barkhem et al. (1998) also observed
a concentration-dependent shift in 17b-estradiol binding to human
ERa and ERb reporter assays in the presence of antagonists ICI 164
384 and raloxifene. The observed result was not unexpected as
tamoxifen and RU486 are both competitive antagonists. While
the percent maximum response dropped to zero in the PR and
GR assays, up to 20% effect was observed with increasing tamox-
ifen concentrations in the ERa assay. This is not surprising: as well
as being an antagonist, tamoxifen is known to be a weak ERa ago-
nist in vitro (Gutendorf and Westendorf, 2001). While tamoxifen is
a widely used anti-estrogen in in vitro assays, it may not be the
most suitable reference antagonist and other alternatives, such as
fulvestrant (ICI 182, 780) (Wilson et al., 2004), may be more
appropriate.

3.2. Impact of the concentration of agonist on an assay run in
‘‘antagonist mode’’

When operated in antagonist mode, different competing agonist
concentrations resulted in a shift in the reported antagonistic effect
(Fig. 2). As previously stated, competing agonist concentrations
range from EC50 to EC100 in the literature, but this can translate into
over a 100 fold difference in antagonist EC50 value in the same
assay. For example, the RU486 EC50 values decreased by approxi-
mately two orders of magnitude in the PR assay (log�6.9 to
�8.9 M) and the GR assay (log �6.9 to �8.8 M) with decreasing
constant agonist concentrations. In the ERa assay the EC50 value
for tamoxifen ranged from log�6.4 to �4.9 M with agonist

Fig. 1. Changes in agonist standard curve in the presence of different antagonist concentrations for (A) ERa assay with 17b-estradiol (E2) and tamoxifen (TMX), (B) PR assay
with levonorgestrel (LVG) and RU486 and (C) GR assay with dexamethasone (DXM) and RU486 (all concentrations presented as log units).
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