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Abstract A battery of in vitro recombinant yeast bioas-
says was conducted to assess the estrogen receptor,
androgen receptor, progesterone receptor and thyroid
receptor ant/agonistic activities of effluents collected from
Datansha wastewater treatment plant (WWTP), further-
more to evaluate the removal efficiencies of endocrine
disrupting chemicals in the WWTP. The results showed
that estrogenic, anti-androgenic, anti-progesteronic and
anti-thyroidic activities were observed in influent. The
removal efficiencies of these compounds were more than
80%, which suggested that the present wastewater treat-
ment processes were good enough to remove most of all
kinds of endocrine disruption chemicals.
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Introduction

Over the past 20 years there has been increasing concern
by both the public and researchers that many environ-
mental chemicals, called endocrine disrupting chemicals
(EDCs), can modulate the neuro-endocrine system and thus
adversely affect human and wildlife reproduction (Colborn
et al. 1993). Nuclear receptor (NR) superfamily is a com-
mon name for a large group of receptors that are involved
in regulation of a wide range of physiological functions in
eukaryotic organisms (Janosek et al. 2006). Numerous
interactions of EDCs with signaling pathway of NRs were
described and several possible mechanisms of action,
including direct hormone agonists or antagonists that could
mimic or inhibiting endogenous hormone action have been
suggested (Sonnenschein and Soto 1998). Thus, NRs have
become one of the subjects of research on endocrine
disruptors.

It is suggested that industrial and municipal effluents as
well as urban and agricultural runoff are the important
sources of EDCs discharged into the aquatic environment.
In particular, many recent studies have demonstrated that
wastewater treatment plant (WWTP) effluents can affect
the development of fish embryos and larvae (Tabata et al.
2001) and WWTP effluents are relevant point resources for
residues of EDCs in the aquatic environment (Clara et al.
2005). Thus it is necessary to investigate the endocrine
disrupting activities in WWTP effluents and to evaluate the
detoxication efficiencies of wastewater treatment pro-
cesses. However, until now, much of the research has
focused primarily on estrogen receptor agonists of the
WWTP effluents and ignored other potential EDCs target
sites (Kristensen et al. 2006). To accurately predict the
potential disrupting effects of the WWTP effluents, the
interaction of EDCs with other NRs, such as androgen
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receptors, progesterone receptors and thyroid receptors
should be studied.

Androgen receptors play an important role in male
mammals. Recent studies have demonstrated that several
chemicals may exert anti-androgenic effect by interfering
with androgen receptor (Sohoni and Sumpter 1998). For
example, p,p’-dichlorodiphenylethane (p,p’-DDE), bisphe-
nol A, octylphenol and nonylphenol have demonstrated in
vitro androgen receptor-mediated anti-androgenic activities
(Xu et al. 2005), some of which are also detected in
wastewater with great amount (Sun et al. 2008). Secondly,
the effects of progestogen, which is a key regulator of
proliferation and differentiation in reproductive tissues
(Graham and Clarke 1997), are mediated via the proges-
terone receptor. Several pieces of evidence indicate that
some synthetic chemicals in the environment are able to
inhibit the binding of the progesterone to progesterone
receptor (Wang et al. 2005). Thirdly, thyroid hormone is
essential for normal brain development in both humans and
in animals by interaction with thyroid receptor, in addition,
increasing evidence from animal and in vitro studies
demonstrate that the thyroid is vulnerable to endocrine-
disrupting effects (Boas et al. 2006). Industrial chemicals
reported to be the major thyroid hormone disruptors
include polychlorinated biphenyls (PCBs), dioxins, flame-
retardants, phenols, and phthalates (Li et al. 2008b). Con-
sequently, there is currently a need to validate rapid
methods to detect the endocrine disrupting effects of
WWTP effluent at the level of all NRs mentioned above.

For this purpose, the recombinant yeast assays were
carried out to investigate the effects of effluents in WWTP
on estrogen receptor, androgen receptor, progesterone
receptor and thyroid receptor-mediated transcription of f-
galactosidase in vitro in reporter yeasts. These test systems
could be used for the rapid, high-throughput screening of
samples for their agonist and antagonist properties for
estrogen receptor, androgen receptor, progesterone receptor
and thyroid receptor and assessing the removal efficiencies
by the treatment processes in the WWTP.

Materials and Methods

Wastewater samples were collected in December 2006 from
Datansha wastewater treatment plant in Guangzhou, China.
The Datansha WWTP, capacity of 165,000 m>/d, mainly
handles residential sewage (90%) and serves for 1.5 million
populations. This plant was constructed for reclamation of
the wastewater consisting of two trains. These trains adopt
the identical treatment steps, consisting of grid, sand filter,
anaerobic tank, anoxic tank, aerobic tank, clarifier, chlori-
nation. The samples include influent (A), effluent after sand
filter treatment (B), effluent from trainl (C), effluent from
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train2 (D). Grab samples (10 L) were collected and appro-
priate amount of solvent-cleaned sodium azide (500 mg/L)
was added in each sample right after sampling to suppress
possible biotic activities. Samples were stored at 4°C and
treated within 48 h according to the modified version of Peng
et al. (2008). Water samples (5 L) were extracted by solid
phase extraction (SPE) using Oasis C18 cartridges (6 mL,
1 g, Waters), eluted with the mixture of methanol and acetyl
acetate (1:1). Then the raw extracts were filtered by anhy-
drous sodium sulphate to remove water. This is followed by
blowing it to dryness under a nitrogen stream. The residues
were dissolved in 0.5 mL dimethyl sulfoxide (DMSO,
Sigma, USA) and diluted by a 0.5-fold dilution series.

The yeast strains specifically transformed with the
estrogen receptor, androgen receptor and thyroid receptor
gene were constructed in our laboratory and grown on
synthetic dextrose(SD) medium (lacking tryptophan and
leucine, SD/-Trp/-Leu) according to description of Li et al.
(2008a, b). Another yeast strain transformed with the
progesterone receptor gene was a kind gift of Dr. Kevin W.
Gaido (Chemical Industry Institute of Toxicology,
Research Triangle Park, North Carolina, USA), which was
grown in synthetic complete (SC) medium with trypto-
phane, but lacking histidine and leucine (SC/-His/-Leu)
following the prescription of Gaido et al. (1997).

The yeast assay was conducted as described by Ma et al.
(2005). In performing the assay, cultures in the exponential
growth phase (grown overnight) were diluted with SD/-Leu/-
Trp or SC/-His/-Leu medium to an ODgq of 0.75. All assays
were conducted in at least triplicate. Each triplicate included
a positive control and a negative control (DMSO). 5 pL of
serial dilutions of test samples were combined with 995 pL.
of medium containing 5 x 10° yeast cells/mL resulting in a
test culture in which the volume of DMSO did not exceed
1.0% of the total volume. 200 pL of the test cultures were
transferred into each well of the 96-well plate and incubated
at 30°C with vigorous orbital shaking (800 rpm) on a titer
plate shaker (Heidolph TITRAMAX 1000, Hamburg, Ger-
many) for 2 h, then the cell density of the culture was mea-
sured at 600-nm wavelength (TECAN GENios A-5002,
Salzburg, Austria). A 50 pL test culture was transferred to a
new 96-well plate and after addition of 120 pL of Z-buffer
(16.1 g/LL Na,HPO,-7TH,0; 5.5 g/ NaH,PO,-H,0; 0.75 g/
L KCI; 0.246 g/LL MgS0,4-7H,0) and 20 pL chloroform, the
assays were carefully mixed (vortex 25 s) and preincubated
for 5 min at 30°C. The enzyme reaction was initiated by
addition of 40 pL. o-nitrophenyl-f-p-galactopyranoside
(13.3 mmol/L, dissolved in Z-buffer). The assays were
incubated at 30°C on a titer plate shaker. The reactions were
terminated by the addition of 100 pL. Na,COj3 (1 mol/L). For
the samples, the incubated time lasted for 60 min. After
centrifugation at 12,000g for 15 min (Sigma Laborzentrif-
ugen 2K 15, Osterode, Germany), 200 pL of the supernatant
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was transferred into a new 96-well plate and the ODy4,o was
determined.

The f-galactosidase activity was calculated according to
the following equations: u = Cs/t-V-D-ODs and Cs = 10~°
(As — Ap)/e-d where u: f-galactosidase activity; #: incu-
bation duration of the enzyme reaction; V: Volume of the
test culture; D: dilution factor; ODg: ODgg of test culture;
Ag: ODyyo of the enzyme reaction supernatant of the
sample; Ag: ODy4yg of the enzyme reaction supernatant of
the blank; ¢ ¢ for o-nitrophenol in the enzyme assay
reaction mix; and d: diameter of the cuvette (Routledge and
Sumpter 1996; Gaido et al. 1997). All samples were
evaluated in triplicate and f-Galactosidase activities of the
liquid yeast cultures are expressed as the means and stan-
dard deviations. The antagonistic activity of samples was
tested by co-incubation of yeast strain with nature ligand as
shown in Table 1. The method using ligand in combination
with tested chemicals has been widely used to screen the
antagonistic activity of estrogen receptor, androgen
receptor and progesterone receptor (Wang et al. 2005).

To ensure that increased/reduced activities in the bio-
assay were caused by true agonistic/antagonistic responses
and not by cytotoxicity, viability was measured in cells
exposed to samples at the maximum assay concentration.
Yeast cells were plated as in the original assay, and then
exposed for 2 h to exposure medium (cell-specific medium
containing samples). And cell viability was determined
spectrophotometrically as a change of cell density (ODggg)
in the assay medium. In all the bioassays, the procedural
blank, which had been subjected to SPE, was also run
alongside the samples to monitor for a false-positive result.

In order to evaluate the effects of samples, the toxicity
equivalent method was used. For example, the estradiol
equivalents (EEQ) values were calculated as described by
Wu et al. (2002) to evaluate the effects on estrogen
receptor comparing the estrogenic activity of the sample
extracts with the series concentrations of E, standard.
Other equivalents were also calculated to evaluate the
effects of samples on androgen receptor, progesterone
receptor and thyroid receptor (Table 2).

Results and Discussion

Estrogen receptor agonistic activities were detected in all
water samples (Fig. 1). The concentration of EEQ ranged
from 1.0 to 10.1 ng E, equivalents/L. (Table 2). In the
effluents, the EEQ were no more than 2.5 ng E, equiva-
lents/L, which were similar to those reported by Cargouét
et al. (2004) and Svenson et al. (2003). This WWTP could
eliminate more than 80% of the total effect produced by
estrogenic compounds. Many chemical existed in the waste
water had been reported to have estrogenic activity. For
example, the effluents from WWTPs have been shown to
contain 17f-estradiol, estrone, and some synthetic chemi-
cals, such as 17a-ethinylestradiol, nonylphenols, phthalic
esters, and phytoestrogens that are able to mimic endoge-
nous estrogen (Ma et al. 2005; Fawell et al. 2001).

To study androgen receptor agonistic activity, androgen
receptor yeast was tested in the presence of increasing
concentrations of samples. None of the test samples caused
any androgen receptor transactivation (Table 2), however,

Table 1 Overview of the four in vitro bioassays used to determine the possible endocrine disrupting potency on 7 different endpoints

Endocrine Bioassay Reference material Endpoint REC50 or RIC50
pathway
Estrogenic Two-hybrid estrogen E, Estrogenic activity through estrogen receptor 2.5 x 107" mol/L?
receptor-Laz
Androgenic Two-hybrid androgen Dihydrotestosteron Androgenic activity through androgen 1.3 x 107% mol/L?
receptor-Laz receptor
Flutamide Anti-androgenic activity through androgen 9.8 x 107° mol/L?
receptor in the presence of dihydrotestosteron
Progestagenic ~ Progesterone Progesterone Progestagenic activity through progesterone 5 x 107" mol/L?
receptor-Laz receptor
RU486 Anti-progestagenic activity through progesterone 6.6 x 107° mol/L*
receptor in the presence of progesterone
Thyroidal Two-hybrid thyroid Ts Thyroid hormone-mimicking (Tj like) activity 1.1 x 1077 mol/L"
receptor-Laz through thyroid receptor
Amiodarone Anti-thyroidic activity through thyroid receptor 2.4 x 1077 mol/L®
hydrochloride in the presence of Tj

E,, 17p-Estradiol; OHT, 4-hydroxytamoxifen; T3, 3,3',5-triiodo-L-thyronine; REC50, the concentration inducing 50% of the maximum effect;
RIC50, the concentration causing a 50% inhibition of the maximum effect

* According to Li et al. (2008a)
o According to Li et al. (2008b)
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Table 2 Endocrine disrupting potency of effluents collected from Datansha waste water treatment plant tested by a battery of in vitro bioassays

Water In vitro potency

sample - -
Estrogen  Androgen receptor Androgen Progesterone Progesterone Thyroid  Thyroid receptor
receptor agonists receptor receptor agonists ~ receptor antagonists  receptor  antagonists
agonists antagonists agonists
g Ey/LL g dihydrotestosteron/L. g flutamide/l. g progesterone/LL. g RU486/L g T3/L g amiodarone

hydrochloride/L

A 1.01E-08 ND 3.40E-05 ND 2.60E-04 ND 1.70E-04

B 3.00E-09 ND 3.30E-05 ND 1.90E-05 ND 4.60E-05

C 2.50E-09 ND 1.10E-07 ND 2.90E-06 ND ND

D 1.00E-09 ND ND ND 2.30E-06 ND ND

A extract of influent, B extract of effluent after sand filter treatment, C extract of effluent from trainl, D extract of effluent from train2, E, 17-

Estradiol, OHT 4-hydroxytamoxifen, T 3,3',5-triiodo-L-thyronine, ND not detection
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Fig. 1 Estrogen receptor agonistic activities of water extracts deter-
mined by the estrogen receptor yeast bioassay. The samples were
collected from Datansha waste water treatment plant and the sample’s
agonistic activity is represented as the percent induction activity
relative to the maximum induced by 17-Estradiol (E,, 5 x 107'°
mol/L). Values are presented as the average + standard error (n = 3).
A extract of influent, B extract of effluent after sand filter treatment, C
extract of effluent from trainl, D extract of effluent from train2

all samples except the sample D, were found androgen
receptor antagonistic activities and the dose-response
curves were also obtained (Fig.2). So, the flutamide
equivalent concentrations can be calculated ranging from
11 x 1077 to 3.4 x 10> g flutamide equivalents/L
(Table 2). The variations of flutamide equivalent concen-
trations in different treatment processes could be observed
clearly, suggesting that these processes eliminated more
than 99% effect. All of the results indicated the high effi-
ciency of the present treatment processes to remove anti-
androgenic chemicals. The flutamide equivalent of sample
B was as high as 3.3 x 107> g flutamide equivalents/L,
suggesting the sand filter treatment could not effectively
remove the anti-androgens. The flutamide equivalents of
sample C and D decreased greatly, showing that the
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Fig. 2 Androgen receptor antagonistic activities of water extracts
determined by the androgen receptor yeast bioassay. The samples
were collected from Datansha waste water treatment plant and the
sample’s antagonistic activity is represented as the percent induction
activity relative to the maximum induced by dihydrotestosterone
(5 x 107®mol/L). Values are presented as the average + standard
error (n = 3). A extract of influent, B extract of effluent after sand
filter treatment, C extract of effluent from trainl, D extract of effluent
from train2

combination of biological treatment (an/aerobic tank),
clarifier and chlorination were good enough to remove anti-
androgens.

In the present study, we found that the occurrence of
androgen receptor antagonists, not agonists, in waste water
effluents. There were few reports on androgen receptor
antagonists in the waste water samples. Tollefsen et al.
(2007) firstly reported that androgen receptor antagonists
were detected at concentrations of between 20 and
8,000 ng of flutamide equivalents/L in effluents from
Norwegian North Sea oil production platforms, which were
higher than the concentrations we have determined in
effluent water. Some environmental contaminants such as
vinclozolin, bisphenol A and butyl benzyl phthalate, which
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are usually detected in the waste water, have all been
shown to be anti-androgens (Sohoni and Sumpter 1998).
Furthermore, the anti-androgenic activities of some phe-
nolic compounds including 4-f-octylphenol, 2,4-dichloro-
phenol (2,4-DCP) and 4-phenylphenol, also have been
reported (Tamura et al. 2006). Once bound to androgen
receptor, the androgen antagonists are transported into the
nucleus and prevent endogenous androgens from regulating
androgen-dependent transcription. The androgen receptor-
compound interaction may be crucial contributor to
adverse effects on male reproductive system. Exposure of
fish to anti-androgens like organochlorine pesticides
(OCPs) has been associated with gonadal changes (induc-
tion of intersex), reduced spermatogenesis, demasculini-
zation, and reduced sperm counts (Kiparissis et al. 2003).

The potential activity of samples via progesterone receptor
was investigated using recombined progesterone receptor
yeast, in which none of the above-mentioned waste water
extracts showed agonistic activity (Table 2). Antagonist
activity was determined by co-incubation  with
1 x 107 mol/L progesterone. In the results, all samples
showed strong antagonistic effects with RU486 equivalent
concentrations more than 2.3 x 107° g/L (Table 2). All water
samples decreased the f-galactosidase expression obviously
(Fig. 3). It was also found that there was an effective elimi-
nation of progesterone receptor antagonists after treatment
and the removal efficiencies were more than 90%.

To date, few environmental chemicals have been found
to be progesterone receptor agonists or antagonists. The
fact that waste water extracts inhibited of progesterone

100%
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Fig. 3 Progesterone receptor antagonistic activities of water extracts
determined by the progesterone receptor yeast bioassay. The samples
were collected from Datansha waste water treatment plant and the
sample’s antagonistic activity is represented as the percent induction
activity relative to the maximum induced by progesterone (1 x 10~°
mol/L). Values are presented as the average + standard error (n = 3).
A extract of influent, B extract of effluent after sand filter treatment, C
extract of effluent from trainl, D extract of effluent from train2

receptor-controlled f-galactosidase expression suggests
that they contain some progesterone receptor antagonists.
The occurrence of in vitro progesterone receptor antago-
nists in waste water effluents had not been reported pre-
viously as far as we are aware. The only previous relative
report of anti-progesteronic properties in soot from fossil
fuel combustion was reported by Wang et al. (2005), but
the responsible compounds did not find. Previous results
have demonstrated some OCPs and phenolic compounds,
such as DDT, DDE, 4-t-octylphenol and pentachlorophe-
nol, to be antagonists (Tran et al. 1996; Li et al. 2008a).
The ability of antagonist to inhibit progesterone-induced
gene transcription in the yeast may reflect the ability of
antagonist to compete with progesterone for binding to
progesterone receptor.

Recent years, several classes of environmental contami-
nants or their metabolites are found to have the abilities to
alter thyroid hormone homeostasis through interference with
the thyroid hormone signal transduction pathway (Meerts
et al. 2000). We want to know the efficiency of processes to
treatment thyroid disrupting chemicals. So, the thyroid
receptor agonistic and antagonistic activities of water sam-
ples were investigated by using the thyroid receptor yeast
with the f-galactosidase reporter gene. Neither influent nor
effluent increased f-galactosidase expression compared
with negative control. However, the influents (sample A) and
one effluent (sample B) had thyroid receptor antagonistic
activities that inhibited activity of f-galactosidase expres-
sion in a concentration dependent manner (Fig. 4). The
amiodarone hydrochloride equivalent concentrations ranged
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Fig. 4 Thyroid receptor antagonistic activities of water extracts
determined by the thyroid receptor yeast bioassay. The samples were
collected from Datansha waste water treatment plant and the sample’s
antagonistic activity is represented as the percent induction activity
relative to the maximum induced by 3,3',5-triiodo-L-thyronine (T3,
5 x 1077 mol/L). Values are presented as the average =+ standard
error (n = 3). A extract of influent, B extract of effluent after sand
filter treatment, C extract of effluent from trainl, D extract of effluent
from train2
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from 4.6 x 107> to 1.7 x 10~* g/L. In comparison, other
effluents (sample C, D) were not detected the inhibiting
activities of f-galactosidase expression, showing that the
present processes can effectively move the thyroid receptor
antagonists.

Extensive research over the past decade has identified a
rapid growing list of environmental contaminants that dis-
rupts thyroid system in many organisms, particularly through
interaction directly with thyroid receptor. These chemicals
are able to mimic, enhance or antagonize the biological
activity of endogenous hormones, T5 and 3,3',5,5-tetraiodo-
L-thyronine (T4). Chemicals like 2,4-DCP, 3,4-DCP, 4-t-
octylphenol and pentachlorophenol have been shown to have
thyroid disrupting potentials (Li et al. 2008b). Gutleb et al.
(2005) reported that sediment extracts showed thyroid
inhibition activities in the presence of T3 using T-screen
method. In addition, they proposed that these thyroid inhi-
bition activities were partly related to the locations where are
heavily polluted with waste water effluent (Gutleb et al.
2005). Our present results supported their hypothesis that
there are a large amount of thyroid receptor antagonists in the
waste water influent, and suggested that the sediment may be
polluted if these antagonists are not efficiently treated and
discharged in the effluent.

In conclusion, a battery of in vitro recombinant yeast
bioassays was conducted to assess the estrogen receptor,
androgen receptor, progesterone receptor and thyroid
receptor ant/agonistic potencies of influent and effluents
collected from Datansha WWTP. The results demonstrated
that estrogenic, anti-androgenic, anti-progesteronic and
anti-thyroidic activities were detected in the influents of
Datansha WWTP. Assessment of the effluents of WWTP
revealed the present wastewater treatment processes were
good enough to remove most of these agonists and antag-
onists, the removal efficiencies were more than 80%.
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