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is associated with antagonist activities on other steroid
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The occurrence of endocrine disrupting chemicals such as estrogens in raw urban sewage
is well documented. By contrast, the presence of other steroidal activities in wastewater
has been poorly studied, although they can cause undesirable biological responses in the
environment. In this work, extracts of raw wastewater were tested for agonist and
antagonist activities on estrogen, androgen, progesterone, mineralocorticoid and gluco-
corticoid receptors. We detected strong estrogenic activities that correlated well with the
concentration of natural estrogens (estrone, estriol and 17B-estradiol) measured by
chemical analysis. We also measured strong androgenic activities which were not due to
estrogen receptor ligands based on the use of recombinant estrogen receptor « affinity
columns. Several molecules with androgenic activities were identified in wastewater
samples, testosterone, dihydrotestosterone and epiandrosterone being the most abundant.
However, they explain only a small part of the detected androgenic activity, as indicated by
the comparison of the detected biological responses with the results of the targeted
chemical analysis. Finally, we found that our samples also contained strong antagonist

Abbreviations: ER, estrogen receptor; AR, androgen receptor; PR, progesterone receptor; GR, glucocorticoid receptor; MR, mineralo-
corticoid receptor; STPs, sewage treatment plants; EDC, endocrine disrupting compound.
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activities on progesterone, glucocorticoid and mineralocorticoid receptors. Very interest-
ingly, we identified pregnenolone (the precursor to all steroid hormones in humans) as
a major endocrine disrupting chemical which accounts for most of the anti-

mineralocorticoid activities present in raw wastewater. In conclusion, this study demon-
strates the occurrence of androgen agonists as well as other steroid receptor antagonists
such as pregnenolone in raw wastewater. Further research is needed to assess the fate of
such compounds during sewage treatment and their potential effect on living organisms.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Wastewater has often been identified as a source of endocrine
disrupting compounds (EDCs) for the environment. EDCs
include a great range of substances such as natural and
synthetic hormones, pesticides, phytocompounds as well as
industrial chemicals (Hotchkiss et al., 2008). Up until now,
studies on the presence of EDCs in the receiving aquatic
environment have predominantly focused on estrogenic
compounds (Muller et al., 2008; Dagnino et al., 2010). Estro-
genic contamination has been reported at concentrations of
nanograms per liter in sewage influents and has been related
to the amount of estrogens excreted in urine and feces either
as biologically active, free forms or as inactive forms, conju-
gated with glucuronide and/or sulfate groups (Ternes
et al.,, 1999, Baronti et al.,, 2000). As a consequence, most
studies have focused on the effects of estrogenic environ-
mental contaminants on aquatic species (Sumpter et al., 1996;
Toppari et al., 1996), while the potential effects of non-
estrogenic steroids on wildlife have been overlooked.

In addition to estrogens, other EDC classes, such as
androgens, progestogens, glucocorticoids and mineralocorti-
coids, can be released into the aquatic environment from
sewage treatment plants (STPs) and therefore they may also
represent a risk for the aquatic fauna (Ellis et al., 2003; Mnif
et al,, 2010; Van der Linden et al., 2008). Some studies have
described androgenic activities in environmental samples
(Urbatzka et al., 2007; Liu et al., 2009; Yamamoto et al., 2006)
that have been attributed to human androgens, like andros-
tenedione, testosterone and androsterone. Furthermore other
studies have described the presence of progesterone (PR) and
glucocorticoid (GR) receptors agonistic activities (Van der
Linden et al., 2008; Fan et al., 2011; Liu et al., 2011).

In this study, we determined steroid receptor profiling of
raw sewage extracts using a panel of in vitro bioassays that
allowed the detection of ER and AR agonist activities as well as
antagonist activities for GR, PRand MR in all the samples tested.

2. Methods
2.1. Chemicals and materials

Cell culture material was from Life Technologies (Cergy-Pon-
toise, France) except the 96-well Cellstar plates, which were
from Greiner Labortechnic (Poitiers, France). Luciferin
(sodium salt) and geneticin were purchased from Promega
(Charbonnieres, France). R1881 was from NEN Life Science

Products (Paris, France). The other natural or pharmaceutical
ligands and puromycin were purchased from Sigma Aldrich
(Saint-Quentin Fallavier, France). These ligands were dis-
solved in dimethyl sulfoxide (DMSO) at 10 mM and dilutions
from this stock solution were prepared in culture medium.
All solvents and reagents were of analytical or HPLC grade
quality and purchased from Solvent Documentation
Synthesis (SDS, Peypin, France). All SPE cartridges (ChrompP,
SiOH) were also provided by SDS. N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA) was purchased from Fluka
(Buchs, Switzerland). Dithiothreitol (DTT) and trimethyliodo-
silane (TMIS) were from Sigma—Aldrich (St. Quentin Fallavier,
France). Standard reference steroids (Supplementary Table 1)
were purchased from Sigma (St. Louis, MO). Deuterated
internal standards (etiocholanolone-d5, 5a-androstane-3a,
178-diol-d3, 4-androstenedione-d3, 17a-testosterone-d3 and
17a-methyltestosterone-d3), used for quantification according
to the isotopic dilution method, were provided by Steraloids
(Wilton, NY). The deuterated estrogens BE2-d4, T-d3 and
ethynilestradiol (EE2-d4) (isotopic purity >99%), which were
used as internal standards (IS) for hormone analysis, were
supplied by Cluzeau Info Labo (Ste. Foy —La-Grande, France).

2.2. Samples preparation

Six STPs located in the Languedoc Roussillon region (South of
France) were selected for this study to represent urban STPs
receiving sewage from populations of different sizes (pop-
ulation equivalent from 500 to 300,000 people; Table 1). All
STPs received wastewater mainly of domestic origin.

Grab influent wastewater samples (10 L) were collected in
the morning in winter (from 4 to 12 December, 2008) over 1-h
period and combined to constitute a composite sample of 10 L.
triplicate (chemical analysis) or duplicate (in vitro measure-
ments) samples were conditioned in 1 L polypropylene bottles
previously rinsed with acetone. Formaldehyde was added to
samples prepared for chemical analysis (1%, v/v) to prevent
bacterial degradation. All samples were stored at 4 °C and
analyzed within 24 h or immediately frozen at —20 °C until
further processing.

For steroid activity measurements, all samples were
extracted according to the procedures described by Labadie
and Budzinski (2005). Briefly, samples were acidified to pH
3-5 with hydrochloric acid (10%) and filtered on Whatman
GF-F glass fiber filters (pore size, 0.7 pm; VWR, Strasbourg,
France). Analytes were extracted by solid phase extraction
(SPE) from 1 L of liquid samples using 200 mg Oasis HLB
cartridges (Waters, St. Quentin en Yvelines, France).
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