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A B S T R A C T   

The quality of surface waters is threatened by pollution with low concentrations of bioactive chemicals, among 
which those interfering with steroid hormone systems. Induced by reports of anti-progestogenic activity in 
surface waters, a two-year four-weekly survey of (anti-)progestogenic activity was performed at three surface 
water locations in the Netherlands that serve as abstraction points for the production of drinking water. As 
certain endogenous and synthetic progestogenic compounds are also potent (anti-)androgens, these activities 
were also investigated. Anti-progestogenic and anti-androgenic activities were detected in the majority of the 
monitoring samples, sometimes in concentrations exceeding effect-based trigger values, indicating the need for 
further research. To characterize the compounds responsible for the activities, a high resolution Effect-Directed 
Analysis (hr-EDA) panel was combined with PR and AR CALUX bioassays, performed in agonistic and antago-
nistic modes. The influent and effluent of a domestic wastewater treatment plant (WWTP) were included as 
effluent is a possible emission source of active compounds. As drivers for androgenic and progestogenic activities 
several native and synthetic steroid hormones were identified in the WWTP samples, namely androstenedione, 
testosterone, DHT, levonorgestrel and cyproterone acetate. The pesticides metolachlor and cyazofamid were 
identified as contributors to both the anti-progestogenic and anti-androgenic activities in surface water. In 
addition, epiconazole contributed to the anti-progestogenic activities in the rivers Rhine and Enclosed Meuse. 
This study showed the strength of hr-EDA for the identification of bioactive compounds in environmental 
samples and shed light on the drivers of (anti-)progestogenic and (anti-)androgenic activities in the aquatic 
environment.   

1. Introduction 

Aquatic environments are often contaminated with complex mix-
tures of polluting chemicals (Stefanakis, 2015). These chemicals origi-
nate from numerous applications in industry, households and 
agriculture and end up in the water cycle via discharge of effluents of 
wastewater treatment plants (WWTPs) as their removal there is often 
incomplete (di Marcantonio et al., 2020; Kasprzyk-Hordern et al., 2009). 
These compounds might adversely affect public health via drinking 
water (DW) prepared from surface water (SW) and the ecosystems 
(Houtman 2010). 

Due to the large numbers of chemicals involved, the conventional 
monitoring approach using target compound methods is insufficient for 
hazard characterisation and risk assessment (Dopp et al., 2019; 

Vinggaard et al., 2021). In vitro bioassays have been developed to assess 
biological activities of chemical mixtures using responses of (sub) 
cellular systems. Bioassay testing in combination with chromatographic 
fractionation and state-of-the-art chemical analysis in active fractions 
has generated a valuable approach to reduce the complexity of envi-
ronmental samples and to identify the chemicals responsible for adverse 
effects. This approach, called Effect-directed Analysis (EDA) has already 
shown to be a powerful tool to pinpoint the chemicals in the environ-
ment that are significant contributors to risks and effects (Brack et al., 
2016; Houtman et al., 2006a, 2011, 2004b; Rostkowski et al., 2011; 
Routledge, 2003). 

Recently, a novel high resolution (hr) EDA-method was developed 
(Jonker et al., 2015; Zwart et al., 2018), implemented at our laboratory 
(Zwart et al. 2020), and validated for the use in a routine monitoring 
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context (Houtman et al. 2020). The platform allows construction of 
bioassay chromatograms that can directly be correlated to mass spec-
trometric (MS) chromatograms recorded in parallel, allowing straight-
forward pinpointing of accurate masses of active compounds. 

Endocrine disrupting compounds in the environment became a se-
vere concern when their adverse effects in the aquatic ecosystem were 
demonstrated on a large scale since the 1990s (Wangmo et al. 2018). 
Low concentrations of natural steroid hormones already evoke biolog-
ical effects (Sumpter 2005), additive mixture effects occur (Houtman 
et al., 2009, 2006b) and also synthetic and non-steroidal chemicals exert 
agonistic or antagonistic activity on steroid hormone receptors(Ander-
sen et al., 2002; Blair et al., 2000; Liscio et al., 2014; Okubo et al., 2004). 

While in the 1990s research was predominantly devoted to the ef-
fects and identification of the drivers of estrogenic effects in the envi-
ronment, the scope has since then widened to other endocrine disrupting 
activities, e.g. (anti-)androgenic and glucocorticoid activities (Itzel 
et al., 2018; Rostkowski et al., 2011; Schriks et al., 2010; Van der Linden 
et al., 2008). 

Our hr-EDA-platform was formerly successfully used to identify an-
drogens and their antagonists, estrogens, glucocorticoids (Houtman 
et al. 2020, Zwart et al. 2020) and mutagens (Zwart et al. 2020) in 
WWTP effluents and SW samples. In our research effort, we continually 
pursue to combine the EDA-platform with bioassays for other endpoints 
that are relevant for human health or the ecosystem. 

Progestogens, with progesterone (P4) as the main endogenous 
representative in humans, are female sex hormones involved in the 
menstrual cycle, maintenance of pregnancy, and embryogenesis. Like 
other steroid hormones, endogenous progestogens are naturally 
excreted by humans and animals. Synthetic progestogens are used in 
large volumes as active ingredients of contraception medication. As 
such, endogenous as well as synthetic progestogens do enter the aquatic 
environment and impair female reproduction in aquatic species (Šauer 
et al., 2020; Sumpter and Johnson, 2005). Progestogenic hormones and 
progestogenic activities in in vitro reporter gene bioassays were indeed 
reported in low ng/L concentrations in wastewater and surface water by 
(Chang et al., 2011; Golovko et al., 2018; Hashmi et al., 2020; Houtman 
et al., 2018; Šauer et al., 2018b). 

Besides agonists for the progestogen receptor (PR), also antagonistic 
activity on the PR (anti-progestogenic activity) has been found. Alygi-
zakis et al. (2019), reported anti-PR activities in WWTP effluents from 
countries along the Danube river. In the Netherlands. De Baat et al. 
(2020) detected anti-PR activities in all 14 SW and WWTP effluent lo-
cations they investigated and it was also found in Czech aquatic envi-
ronments (Šauer et al. 2018a). In all studies, the drivers behind these 
anti-PR activities were unknown, although in the study of De Baat et al. 
(2020) a link with horticulture seemed to exist 

To shed light on the identity of environmental compounds respon-
sible for (anti-)progestogenic activities, we combined our hr-EDA-panel 
with a miniaturised version of the PR CALUX bioassay (Van der Linden 
et al. 2008), performed in agonistic as well as antagonistic mode and in a 
384 well plate protocol. As some progestogens have been shown to act 
also as potent agonists or antagonists of human androgen receptor (AR) 
(Bain et al., 2015; Šauer et al., 2018a), we also studied androgenic and 
anti-androgenic activities and their possible drivers using the AR CALUX 
(Sonneveld et al. 2005) in 384 well format. The cytotox CALUX was 
added to check if antagonistic effects were receptor-mediated or the 
mere consequence of general cytotoxicity. 

In the first part of this study, we performed a two-year four-weekly 
survey of (anti-)PR, (anti-)AR activities and cytotoxicity at three surface 
water locations in the Netherlands that serve as abstraction points for 
the production of drinking water. 

In the second part, we pursued to characterize bioactive compounds 
driving the aforementioned activities using the hr-EDA-platform. In this 
part, the influent and effluent of a domestic WWTP were included as 
possible emission source of active compounds and representative of a 
location with relatively high concentrations of activity in bioassays. 

2. Materials and methods 

2.1. Overview of the applied EDA workflow 

A schematic representation of the applied EDA platform is provided 
in Fig. 1 with the different consecutive procedural steps indicated (see 
numbers in the Figure). In brief, they can be summarized as:  

1. Three equal extracts were prepared to concentrate compounds and to 
remove matrix constituents that might interfere with the analytical 
procedures.  

2. The first extract was tested in CALUX bioassays for (anti-)PR, (anti-) 
AR, and cytotoxic activities. In this way the total combined effects in 
the total (unfractionated) samples were assessed.  

3. The second extract was split into two equal portions that were both 
injected on a liquid chromatography (LC) column to separate the 
compounds according to polarity.  

4. The injections were followed by a split, and one third of the eluate 
was led to a hr-MS to record the masses of the (ions of) the com-
pounds present. The first injection was used to acquire positive ion 
mode and the second negative ion mode hr-MS data.  

5. Two third of the eluent was fractionated by a spotter device into 288 
wells of a 384 well micro titer well plate. The fractions collected in 
the well plate were tested in the bioassays for (anti-)PR, (anti-)AR, 
and cytotoxic activities. The responses in the bioassays were plotted 
as function of the retention time (RT) in a so called bioassay 
chromatogram.  

6. In a small window around the retention time of the peaks in the 
bioassay chromatograms, the MS data were interpreted to identify 
candidate compounds that might explain the observed activities.  

7. Concentration series of pure analytical standards of the candidate 
compounds were tested in the bioassays to check if they indeed the 
obtained biological activity seen in the bioassay chromatogram. To 
confirm the presence of tentatively identified steroid hormones, the 
third water extract was analyzed with a dedicated target analysis 
method for steroid hormones. 

2.2. Sampling and sample preparation 

2.2.1. Study sites 
SW samples were collected from three locations that serve as 

abstraction points for two drinking water production utilities in the 
Netherlands. The first site “Enclosed Meuse” is a dead end side stream of 
the river Meuse. Water is collected here to prepare drinking water for the 
inhabitants of the city of The Hague and its surroundings. The second 
site “Rhine” is located at the Lek Channel at the city of Nieuwegein. It 
contains water from the river Rhine and serves as one of the water 
sources for the preparation of drinking water for Amsterdam and sur-
roundings. The third sampled abstraction point “Reclaimed Land” uses 
seepage water from the Bethune Polder. This water is a mixture of old 
groundwater, run-off of rainfall and seepage water from the surrounding 
lakes of this piece of reclaimed land. After treatment, the drinking water 
is also distributed to Amsterdam and surroundings. 

Untreated (“WWTP influent”) and treated WW (“WWTP effluent”) 
were collected at a WWTP for communal WW, that applies conventional 
treatment and has a biological capacity of 2*105 inhabitant equivalents 
and a hydraulic capacity of 5000 m3/hr. 

2.2.2. Samples 

2.2.2.1. Time series. Grab samples of 1 L SW were collected in green 
glass bottles with PFTE-PE lined lids (Identipack, Someren, the 
Netherlands) pre-rinsed with ethyl acetate. Samples were taken every 
four weeks from January 2018 till December 2019 (in total 26 samples 
per location). Samples were immediately transported in a refrigerated 
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van to the laboratory and kept at 4 ◦C until processing within two days. 
The WWTP influent and effluent were not included in this part of the 
study. 

2.2.2.2. EDA study. Additional SW samples were collected as described 
above at the 11th of March 2019. (This was between sample 2 and 3 of 
2019 in the time series). Three bottles with each 1 L were collected per 
location. At the WWTP, 24 h volume proportional samples were 
collected to account for short-term fluctuations in WW composition. 
Three bottles with 0.15 L influent each were collected and three bottles 
with 0.5 L effluent each. 

2.2.2.3. Control samples. Positive control (PC) samples (spiked clean 
water) were used to test the recovery of the activity from unfractionated 
extracts. The first PC was prepared by spiking of 1 L water (HPLC 
quality, J.T. Baker, Fischer Scientific, Amsterdam, the Netherlands) with 
25 µL of a spiking mixture in dimethylsulfoxide (DMSO; spectrophoto-
metric grade, Acros, Geel, Belgium)) of agonistic compounds of the PR 
CALUX (medroxyprogesterone acetate (MPA), 5.8*10− 7 M) and the AR 
CALUX (dihydrotestosterone (DHT), 4.84 × 10− 8 M), that would lead to 
concentrations in water of 2.24 ng 16α-ethyl-21-hydroxy-19-norpro-
gesterone (Org 2058)-eq/L and 0.35 ng DHT/L at 100% recovery. The 
second PC was prepared by spiking of 1 L water with 25 µL of a spiking 
mixture the antagonistic compounds of the anti-PR CALUX (mifepris-
tone (RU486), 1.43*10–5 M) and the anti-AR CALUX (flutamide (Flt), 
2.84*10− 3 M), that would lead to concentrations in water of 154 ng 
RU486/L and 19.6 µg Flt/L respectively at 100% recovery. Recovery of 
the activities was assessed by the measurement of the unfractionated 
extracts in the CALUX bioassays and expressing the measured activities 
as percentage of the activity at 100% recovery. 

A negative control (NC, unspiked clean water, serving as procedure 
blank) consisted of 1 L unspiked water of HPLC quality. 

2.2.3. Sample preparation 
Samples were extracted using Oasis HLB solid phase extraction (SPE) 

cartridges (6 cc, 500 mg; Waters, Etten-Leur, the Netherlands) in por-
tions of 1 L (SW and control samples), 0.15 L (WWTP influent), or 0.5 L 
(WWTP effluent) per cartridge. Compounds were eluted with 1:1 
methanol (MeOH) and ethylacetate as described in (Houtman et al. 

2018). Extracts were evaporated and dissolved in 50 µL DMSO for the 
analysis of the total activity in the unfractionated extracts. 

In the case of the EDA study, the second and third extract were 
evaporated and dissolved in 700 µL milliQ (MQ) water with 5% MeOH 
each for fractionation (Section 2.4) or for target analysis of steroid 
hormones respectively (Section 2.8). 

2.3. Bioassay analysis of unfractionated extracts 

PR, anti-PR, AR and anti-AR activities in unfractionated extracts 
were measured with the PR (agonistic), anti-PR (antagonistic mode), AR 
(agonistic), and anti-AR (antagonistic mode) CALUX® reporter gene 
assays (BioDetection Systems B.V., Amsterdam, the Netherlands) as 
described in (Houtman et al. 2018, Van der Linden et al. 2008) and as 
laid down in the protocols of the supplier. The reference compounds 
were Org 2058, RU486, DHT and Flt respectively. A 10 point calibration 
curve of the reference compound was included on each plate. To test in 
the antagonistic modes, the exposure medium was enriched with Org 
2058 (anti-PR CALUX) or DHT (anti-AR CALUX) at EC50 level. A 
sigmoidal standard curve (y = Bottom + (Top-Bottom)/(1 + 10^ 
((LogEC50-x)*Hill Slope)) was fitted through the calibration curve using 
the software package GraphPad Prism 7.03 (www.graphpad.com) with y 
representing the luciferase activity, x the concentration of the reference 
compound and EC50 the half-maximum effective concentration. Re-
sponses of dilutions of the water extracts giving a response between the 
LOD and the EC50 were interpolated in the standard curve and re-
sponses expressed as equivalents of the reference compounds per L 
water. We used the limits of quantification (LOQ) and limits of detection 
(LOD) for the analysis of unfractionated water extracts as derived and 
provided by BioDetection Systems (Table S1 in the Supplemental In-
formation (SI)). Cell viability (absence of cytotoxicity) was measured 
with the cytotox CALUX (Van der Linden et al., 2014) to check if inhi-
bition of responses in the anti-PR and anti-AR CALUX indeed were 
caused by receptor mediated antagonism or merely be due to cytotox-
icity. Tributyltin acetate (TBT) was used as reference compound. Ac-
cording to its protocol, the cytotox CALUX was exposed at a 
concentration of 1% DMSO (extract or diluted extract) in the exposure 
medium, whereas the hormonal assays were performed at 0.1%. To 
compensate for this, the 10 fold diluted water extracts tested in the 

Fig. 1. Schematic representation of the high resolution Effect Directed Analysis platform. (For explanation of the numbers, see paragraph 2.1).  
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cytotox CALUX were seen as representative for the undiluted extracts in 
the hormonal CALUX assays. A response <80% of the luminescence of 
the control after exposure to 10 fold diluted extract was interpreted as 
cytotoxicity, according to the protocol of the of the assay. In order to 
interpret the bioassay results in terms of possible risks and the need of 
further research, the measured activities were compared with 
Effect-Based Trigger values (EBTs) for ecology and for human health. 

2.4. Fractionation 

Chromatographic separation of the extracts was performed by 
injecting 250 µL of the second extract on a Waters Acquity UPLC C18 
column (BEH 1.7 µm particle size, 2.1 × 150 mm). To prevent over-
loading the MS, only 25 µL of the WWTP influent extract was injected. 
The chromatographic separation was performed at a flowrate linearly 
increasing from 0.2 mL/min to 0.48 mL/min in 14 min and at a column 
temperature of 30 ◦C. At the start, the mobile phase consisted of 99% 
solvent A (5 mM ammonium formate in ultrapure water) and 1% solvent 
B (5 mM ammonium formiate in MeOH). The solvent gradient increased 
to 100% solvent B in 14 min and was subsequently kept as such for 2.25 
min. Post column, the eluate was split into two portions. Two third was 
led to a FractioMate™ fraction collector (SPARKHolland & VU, Emmen 
& Amsterdam, the Netherlands) (Jonker et al. 2019) and one third to an 
Impact II QTOF mass spectrometer (Bruker Daltonics, Billerica, MA, 
USA). Fractions were collected at 4.8 s intervals (288 fractions) in 
transparent PS 384-well plates (Greiner Bio-One) to record the bioassay 
chromatograms (CALUX activities in the fractions). Prior to the frac-
tionation, the 384-well plates were filled with 4 µL 10% DMSO in MQ 
per well to serve as a keeper during solvent evaporation. The well plates 
containing the 288 collected fractions per sample extract were dried in a 
Centrivap concentrator for 5 h at 25 ◦C under vacuum until dryness and 
then stored at − 20 ◦C. 

2.5. Bioassay chromatogram recording 

Bioassay chromatograms with fractioned extracts for (anti-)AR ac-
tivity were recorded as described in (Houtman et al. 2020). PR activity 
was recorded in a similar way as AR activity, albeit with Org 2058 as 
reference compound. The assay medium used for plates seeded with PR 
CALUX cells for the anti-PR testing was spiked with Org 2058 in the well, 
to achieve a background level of Org 2058 at approximately the EC50 
(2x10− 10 M) during exposure. The exposures were performed at a final 
DMSO concentration of 0.1% for the (anti-)PR and (anti-)AR CALUX 
assays and of 1% for the cytotox CALUX assay). After 24 h of exposure, 
cells were lysed with 17 µL lysis buffer (Houtman et al. 2004a). Lumi-
nescence was measured for each well, expressed as percentage of the 
maximum luminescence of the calibration curve and plotted as function 
of the RT of each spotted fraction, resulting in the bioassay 
chromatogram. 

2.6. MS analysis (TASQ and Metaboscape) 

MS analysis and interpretation (non-target screening (NTS)) were 
performed on an Impact II QTOF MS (Bruker Daltonics, Billerica, MA, 
USA). Each sample was analysed twice; the first time in positive and the 
second time in negative ionisation mode. Data were recorded using data 
independent acquisition (broad band collision induced dissociation) in a 
range from 30 to 1300 m/z at 2 Hz. End plate offset and capillary 
voltages were set at 500 and 2500 V. Transfer time was 25 to 70 µs and 
pre-pulse storage 5 µs. Collision energy was 6 eV and 10 eV for MS 
acquisition in positive and negative mode, respectively, and 30 eV for 
MS/MS acquisition. Nebulizer pressure was kept at 2 bar and nitrogen 
drying gas flow was kept at 10 L/min at a drying temperature of 225 ◦C. 
MS data recorded within time windows between 0.1 min before and 
after peaks in the bioassay chromatograms were interpreted to identify 
compounds responsible for the observed activity. Extracted ion 

chromatograms (EIC) with accurate masses (±5 mDa, full scan) were 
plotted for features. 

First, the samples were processed with the TASQ package (Bruker 
Daltonics) using a database containing 1900 and 300 entries recorded in 
positive and negative mode respectively. Criteria for assigning database 
entries to features were an absolute mass accuracy score (narrow 1 mDa, 
wide 3 mDa), a RT score (narrow 0.2 min, wide 0.5 min), isotopic 
pattern matching expressed as mSigma score (narrow 25, wide 60) and 
diagnostic ions observed (monoisotopic masses of the parent and known 
fragments). 

In most cases that potent steroid hormones are most probably 
responsible for peaks in the bioassay, it is our experience that they are 
not detected by NTS mode of hr-MS, because hr-MS is less sensitive than 
the (agonistic) CALUX assays for steroids (Houtman et al. 2020). 
Therefore, RTs of peaks in the bioassaychromatogram were also 
compared to known RTs of natural and synthetic steroids in the spiking 
mixture (see Section 2.7.1) on our LC-QToF-MS system and in the TASQ 
database and similarity was interpreted as a tentative identification, 
even if the compound was not noticed in the sample by the hr-MS in 
combination with TASQ. 

If preceding steps did not deliver candidate structures, the samples 
were reviewed with the Metaboscape package (Bruker Daltonics) using 
an analyte list for possible annotations and SmartFormula for generating 
molecular formulas. Criteria for assigning database entries to features 
were an absolute mass accuracy score (narrow 2 mDa, wide 5 mDa), a 
RT score (narrow 0.1 min, wide 0.2 min) and isotopic pattern matching 
expressed as mSigma score (narrow 10 and wide 20). Criteria for 
assigning molecular formulas to features using the elements C, H, N, O, 
P, F, Cl, Br are mass accuracy score (narrow 1 mDa, wide 3 mDa) and 
isotopic pattern matching expressed as mSigma score (narrow 30 and 
wide 150) and also applying heuristic element count probability check, 
common element ratios and electron configuration Even (Senior and 
Lewis). The NORMAN Massbank hr-MS Database (https://massbank.eu 
/MassBank), and MzCloud Advanced Mass Spectral database (http 
s://www.mzcloud.org) were searched for the features, to verify their 
identification according to the spectrum. If compounds were not avail-
able in these databases, fragments were uploaded in MetFrag (https:// 
msbi.ipb-halle.de/MetFragBeta; 2 ppm) or Fragmentation Explorer in 
DataAnalysis (Bruker Daltonics) to search for hits. 

As the data independent acquisition did not produce isolated MS/MS 
fragments, it was directly tailored towards identification of compounds 
in the targeted database of >2000 entries, but less suitable for identi-
fying complete unknowns from NTS. Therefore, the combination of data 
independent acquisition with non-target software such as MetaboScape 
was less likely to result in successful identification unless the compound 
was sufficiently unique in mass spectrum and accurate mass or molec-
ular formula. Hence, the review of true unknowns as shown here was 
less likely to produce singular results but more generally produced a 
wide range of possible candidate structures. 

2.7. Performance of fractionation 

2.7.1. Fractionation of the spiking mixture 
A NC identical to that in Section 2.2.2 was prepared to test possible 

contamination during the fractionation and bioassay chromatogram 
recording. A spiking mixture of steroid hormones already available at 
our laboratory was used as PC to check the performance of the chro-
matographic separation and the fractionation of compounds. The 
mixture contained 31 natural and synthetic androgens, estrogens, 
(gluco)corticoids and progestogens (see Table S2 for the composition of 
the mixture and the individual relative hormonal potencies (REP) in the 
CALUX bioassays). An aliquot of 12.5 µL of a 1 mg/L stock solution in 
MeOH of this mixture was dissolved in 250 µL MQ. This was injected in 
triplicate on the UPLC-QToF-MS to determine RTs and their experi-
mental variation using the chromatographic conditions as applied in this 
study (see section 2.4). Then, 12.5 µL portions of a 5 µg/L dilution of the 
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stock solution were dissolved in 250 µL MQ and injected in triplicate on 
the UPLC. These portions were fractionated to record bioassay chro-
matograms in PR and AR CALUX to determine the RTs of the hormonal 
activities of the compounds. Because some of the spiked steroids have 
estrogenic or glucocorticoid activities as their main actions, bioassay 
chromatograms were also recorded with the ER and GR CALUX. This 
was done as described in (Houtman et al. 2020). The RTs collected in 
this experiment were used to tentatively assign peaks in the bioassay 
chromatograms that possibly belonged to steroid hormones in the water 
samples. 

2.7.2. Assessment of MRLs for peaks in bioassay chromatograms 
The responses of the fractionated NCs were used to derive minimum 

reporting limits (MRL) for the PR and anti-PR bioassay chromatograms. 
MRLs for (anti-)androgenic activity were already derived in (Houtman 
et al. 2020). The MRL was calculated from the responses of all the 
fractions of the negative control sample as: average of the responses of 
the fractions of the negative control + (for PR) or – (for anti-PR) 3x 
standard deviation (SD) of these responses. The cytotoxicity bio-
assaychromatogram showed relative large experimental variation in the 
baseline (at ~ EC100), and therefore, the criterion used in the cytotox 
CALUX analysis for unfractionated extracts (80%) would generate lots of 
peaks assigned as cytotoxic. Therefore, for fractionated extracts the MRL 
for cytotoxicity was set to averaged responses of NC minus 2x SD. 

2.8. Confirmation of identified compounds 

Confirmation of tentatively identified compounds was performed as 
follows: 

First, a preselection of compounds likely to be active was made by 
reviewing the ToxCast 21 database (US EPA), accessed via the CompTox 
Chemicals dashboard (US-EPA), to check if a compound was tested 
earlier in in vitro assays analogue to the concerning CALUX assays and, 
if yes, if active test results were archived in the database. If only inactive 
test results were stored in ToxCast, the compound was deemed unlikely 
to be the driver of the observed activity and not further taken into ac-
count. Consequently, concentration series of remaining compounds 
were tested for activity in the bioassays. Series of 10 dilutions of iden-
tified candidate compounds were prepared in DMSO. These series were 
tested in triplicate in the corresponding CALUX assay. In case of 
antagonistic activity, the dilution series were also tested with the cyto-
tox CALUX bioassay to check if the antagonistic effect was due to general 
cytotoxicity instead of genuine antagonistic action on the hormone re-
ceptor. If a compound was active, a sigmoidal curve (for the equation, 
see section 2.3) was fitted through the data to derive the EC50. The REP 
compared to the reference compound was calculated as: REP(candidate 
compound) = EC50(reference compound)/EC50(candidate compound). 

In those cases that peaks in the bioassay chromatograms of the water 
extracts were detected at RTs similar to that of steroid hormones, target 
analysis was applied to confirm their presence. To this aim, a dedicated 
quantitative target compound chemical analysis method on UPLC-triple 
Quadrupole MS was applied that was previously developed at our lab-
oratories (Houtman et al. 2018). Basically, this method contained the 
same compounds as the spiking mixture (Section 2.7.1), however, 
without the estrogenic hormones (see Table S3 for the compounds and 
their MRLs). 250 µL of the third water extract (see Section 2.2.2) was 
injected on the system for this analysis. 

3. Results and discussion 

3.1. Time series monitoring SW 

The drinking water companies abstracting water from the Enclosed 
Meuse, Reclaimed Land and the Rhine monitored endocrine disrupting 
activities with CALUX bioassays in 2018 and 2019 in their 4-weekly 
monitoring program. The results for anti-PR, anti-AR and cytotoxic 

activities are shown in Fig. 2. 
Progestogenic activity was monitored, but not detected in any of 

these samples above the LOD of 0.16 ng Org 2058-eq/L, implying this 
activity being below the human health EBT for PR as derived by Brand 
et al. (2013) and Been et al. (2021) of 333 and 1.3 ng Org 2058-eq/L 
respectively. Therefore, no further investigation for this activity is rec-
ommended at investigated locations at the Enclosed Meuse, Reclaimed 
Land and the Rhine. 

Measurement of androgenic activity was no part of the routine 
monitoring program, because earlier research demonstrated this not to 
be discharged by WWTP effluents in large quantities and therefore it was 
not expected to be structurally detectable in Dutch SW (Houtman et al. 
2018). 

Anti-PR activity (Fig. 2a) was detected in all three SW locations in 
most samples. Concentrations fluctuated considerably over time, but 
were on average not remarkably higher or lower at one of the locations 
than at the others. This indicates that anti-PR activity is widespread and 
structurally present in Dutch SW. This is in line with the elevated con-
centrations of anti-PR activity that have been reported earlier (Alygi-
zakis et al. 2019, De Baat et al. 2020). The preliminary EBT for human 
and ecosystem health of 1.2 ng RU486-eq/L as derived by Escher et al. 
(2018) and Alygizakis et al. (2019) was exceeded at all three locations in 
most of the measurements. Because the drivers of this activity at these 
locations are unknown, further investigation is warranted (Houtman 
et al. 2020, van der Oost et al. 2017) and performed in the remainder of 
this study (Section 3.4.2). 

Like anti-PR, anti-AR activity (Fig. 2b) was observed in the majority 
of the samples at all three locations, in line with our earlier EDA work at 
these locations (Houtman et al. 2020). In the autumn of 2018 (and to a 
lesser extent also in 2019) concentrations anti-AR activity were elevated 
(see samples 11–13 in Fig. 2a and b). We have seen this phenomenon 
also for multiple anthropogenic compounds at these locations that were 
monitored at our laboratory, such as for example melamine and ben-
zotriazole (data not shown). Statistically significantly increased con-
centrations of pharmaceuticals in the Rhine and Meuse rivers in 2018 
are also reported by Wolff and van Vliet (2021)). A possible explanation 
is that these compounds are emitted upstream and that - due to the long- 
lasting drought in the catchments in the summers of 2018 and 2019 - 
water volumes in the rivers were low and the concentrations of 
anthropogenic pollutants and anti-androgenic activities were elevated. 
EBT’s for anti-AR activity have been reported between 4.8 (human 
health risk, (Been et al. 2021)), 14.4 (ecosystem and human health risk, 
(Escher et al. 2018) and 25 μg Flt-eq/L (ecology (van der Oost et al. 
2017)). All EBTs were exceeded in a large part of the samples, especially 
in autumn, and therefore further research to identify their drivers was 
performed (Section 3.4.3). 

In only one of the unfractionated samples a slightly decreased cell 
viability (77% response compared to that of the undisturbed control) 
was observed (Rhine, September 2018), indicating that all other anti-PR 
and anti-AR activities in the unfractionated samples of this time series 
can indeed be expected to be receptor-mediated (Fig. 2c). 

Based on the results of the two-year survey of activities, it was 
concluded that it was justified to start a follow-up EDA to identify the 
drivers of anti-PR and anti-AR activities. It was decided to investigate 
agonistic activities (PR and AR) as well, because they might have stayed 
unnoticed in the unfractionated samples due to masking by antagonistic 
effects (Weiss et al. 2009). 

3.2. Activities in unfractionated extracts of the EDA study 

Activities measured in unfractionated samples of the EDA are shown 
in Fig. 3. All NCs were < LOD, indicating that no contamination 
resulting from sample preparation disturbed the results. PCs had 
acceptable to very good recoveries between 64 and 104% (for a com-
plete overview of the recoveries, see SI Table S4). 

The activities measured in the samples were in line with those from 

C.J. Houtman et al.                                                                                                                                                                                                                            



Environment International 153 (2021) 106536

6

the time series. PR (Fig. 3a) was again not present > LOD in SW, how-
ever it was detected in WWTP influent and effluent. The PR activity in 
effluent was only 16% lower than that in influent. This suggests limited 
removal, as seen before for this activity in a domestic WWTP (Houtman 
et al. 2018). Anti-PR (Fig. 3b) was detected in two of the SW locations 
and in the WWTP influent. No anti-PR activity was observed anymore in 
the WWTP effluent. AR activity (Fig. 3c) was not detected in SW, and 
only in the influent of the WWTP, indicating that AR activity is well 
removed at this plant, as observed before (Bain et al. 2014, Houtman 

et al. 2018). Anti-AR (Fig. 3d) was observed only in the Enclosed Meuse. 
Both anti-PR and anti-AR concentrations at this sampling time in March 
were low in comparison with those observed in other seasons in the time 
series at the same locations. Indicating that, if possible, autumn might be 
a more favourable season to sample if one wants to have high concen-
trations to make the EDA investigation easier. This holds especially in 
years with dry summers. Nevertheless, also at this moment, anti-PR 
levels at the Enclosed Meuse and the WWTP exceeded the preliminary 
anti-PR EBT of 1.2 ng RU486-eq/L (Alygizakis et al. 2019). The only 

Fig. 2. Time series of anti-progestogenic (a) and anti-androgenic (b) activities and cell viability (c) in SPE-extracts of of water samples from three SW locations that 
were four-weekly monitored during two years. Progestogenic activity was not detected above the LOD (0.16 ng Org 2058-eq/L). Androgenic activity was 
not monitored. 
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other EBT exceedance was that of AR activity in WWTP influent, being 
higher than the human health EBT’s of 4.5 (Been et al. 2021) and 11 ng 
DHT-eq/L (Brand et al. 2013). Samples that were selected for EDA in the 
indicated bioassays (Section 3.4) are indicated with a star in Fig. 3. 

3.3. Performance of fractionation 

The bioassay chromatograms of the NC (Figures S1 and S2 in the SI) 
showed no significant activity peaks, indicating that no contamination 
was introduced during the fractionation that disturbed the analysis. The 
MRLs derived from the experimental errors in the baseline responses 
were 0.4% (PR), and 11% (anti-PR). MRLs of 5.8 and 17% for AR and 
anti-AR activity were already available from (Houtman et al. 2020). 
Duplicate bioassay chromatograms of PR, AR, ER and GR activity of the 
PC (the fractionated spiking mixture of steroids) are provided in 
Figures S3 to S6 in the SI. Peaks were detected for all steroids having 
high enough potencies to evoke a detectable effect. Peaks were detected 
at RTs similar to those found by chemical analysis on the LC-QToF-MS 

system (see Table S5). Due to high structural similarities between 
some steroids, some co-elution occurred. RTs of duplicate results over-
lapped very well, indicating high reproducibility of the EDA platform. 

3.4. EDA characterization of bioactive compounds 

The recorded bioassay chromatograms are shown in Fig. 4. The 
characterization of compounds responsible for observed peaks is dis-
cussed below per type of activity. An overview of the details of the 
candidates delivered by the different identification and confirmation 
approaches is given in the SI (Excel S1). 

3.4.1. Progestogenic activity in WWTP influent and effluent 
Bioassay chromatograms of PR activity in WWTP influent and 

effluent are provided in Fig. 4a. As was seen in the unfractionated 
measurements, the WWTP influent showed PR (Fig. 3a) as well as anti- 
PR activity (Fig. 3b), so mutual masking in the unfractionated WWTP 
influent extract will have been likely. Thanks to the fractionation, this is 

Fig. 3. (Anti-)progestogenic (a and b), and (anti-)androgenic activities (c and d) and cell viability/cytotoxicity (e)in CALUX bioassays measured in unfractionated 
samples. Grey dotted line: LOQ for SW. Red dotted line: criterion for cytotoxicity. *: 10 fold concentrated testing showed cytotoxicity. A five-pointed star above a bar 
indicates samples that were selected for EDA research in the indicated bioassays. Panel f shows recoveries of the positive controls (PC) as % of spiked concentrations. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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not the case any longer and very clear PR peaks are observed in both 
samples (Fig. 4a). The first peak (RT 10.72 min) was only found in 
effluent and could not be identified. No known natural or synthetic 
progestogen eluting at this RT was included in the spiking mixture, nor 
in the TASQ database, however three other compounds were identified 
by TASQ, i.e. fenofibric acid, propyzamide and ethoxyquin, of which 
only for the latter indications for PR activity were found in ToxCast 
(activity in three out of seven tests). This antioxidant is used in feed and 
food, but is currently being phased out by the European Union. Unfor-
tunately, we did not have access to a pure standard of ethoxyquin and 
therefore could not test a possible PR activity in the PR CALUX. How-
ever, as the peak at RT 10.72 min. was not found in influent, a possibly 
more likely option is that it might belong to a low concentration (i.e. 
undetectable by LC-QToF-MS) of an unknown progestogen metabolite 
with enough progestogenic potency to cause a peak in the bioassay 
chromatogram (Houtman et al., 2018; Schoonen et al., 2000). 

The small peak at RT 11.12 min could not be addressed by TASQ but 
is probably due to a low concentration of levonorgestrel, as this potent 
progestogen (REP 0.46, Table S2) is known to elute at this RT (Table S5). 
The presence of levonorgestrel was not detected by target analysis 

(Table S3), possibly because it was < the MRL of the target analysis 
method. However, levonorgestrel was earlier detected at the same 
WWTP in both influent and effluent (Houtman et al. 2018). Levonor-
gestrel is the active progestogen in the most frequently prescribed oral 
anticonception formulations in the Netherlands and as such used 
commonly (www.GIPdatabank.nl). The largest peak (RT 11.62 min) 
could, according to its RT, be assigned to cyproterone acetate (Table S5). 
Its presence in influent was confirmed by target analysis (Table S3). It 
should be noticed that, although the cyproterone acetate peaks in 
influent and influent seem similar in size, the peak in influent corre-
sponds to a higher concentration in water, because a six fold smaller 
water equivalent of influent than of effluent was subjected to fraction-
ation. This explains why cyproterone acetate was only confirmed by 
target analysis in influent and not in effluent. Cyproterone acetate is a 
progestin also possessing a high anti-AR potency (Šauer et al., 2018a; 
Sitruk-Ware, 2005) Table S2). Nevertheless, this compound did not 
evoke detectable anti-androgenic activity in unfractionated WWTP 
influent (Fig. 3) and in the bioassay chromatogram after fractionation 
(data not shown), probably due to masking by androgens eluting in the 
same RT range (see section 3.4.3). Looking at its RT (11.63 min.; 

Fig. 4. Bioassay chromatograms of progestogenic (a), antiprogestogenic activity (b,c,d), cell viability (cytotoxicity, in panel b and c), androgenic (e)and anti- 
androgenic activities (f) in fractionated water samples. Arrows point to bioactivity peaks. Retention times and (tentatively) identified drivers of activity are indi-
cated. Anti-progestogenic and androgenic activity in WWTP effluent were not selected for EDA, but their chromatograms are included in panels d and e to visualize 
the removal of these activities during WWTP treatment. The bioassaychromatogram of androgenic activity in the Enclosed Meuse (panel f) is given to show the 
absence of masking. 
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Table S5) the synthetic progestogen medroxyprogesterone and metab-
olite of medroxyprogesterone acetate might also have contributed to the 
activity, however, this was not confirmed by the LC-QToF-MS nor by the 
target analysis (Table S3). 

In summary, at least two synthetic progestogens contributed to the 
progestogenic activities observed in WWTP in- and effluent. Several 
studies have reported the presence of a variety of progestogenic hor-
mones in the aquatic environment, (Golovko et al., 2018; Kumar et al., 
2015; Šauer et al., 2018b). The natural progestogen P4 is detected often 
in SW and WW samples, at concentrations up to 16.9 ng/L in WWTP 
effluent (e.g. reviewed by (Kumar et al. 2015). According to the TASQ 
database, P4 would elute from the LC-column at a RT of 12.2 min, but at 
that RT no peak was detected in the bioassay chromatogram. This in-
dicates that in this study P4 was no significant driver of PR activity. 

3.4.2. Anti-progestogenic activity in the Enclosed Meuse, Rhine and WWTP 
influent 

The bioassay chromatograms of the anti-progestogenic activity at the 
locations Enclosed Meuse, Rhine and at the WWTP are shown in Fig. 4b, 
c, and d. The bioassay chromatograms of both the Enclosed Meuse and 
the Rhine showed a distinctive negative peak at RT 11.40 min. At this 
RT, only for the Enclosed Meuse a small dip in cell viability was observed 
as well. 

TASQ annotated in the Enclosed Meuse sample five compounds be-
tween RT 11.3 and 11.5., i.e. the pesticides epoxiconazole, metolachlor 
and cyazofamid and the pharmaceuticals telmisartan and diclofenac. 
These compounds, except cyazofamid, where annotated in the Rhine 
sample as well. ToxCast contained only one anti-PR test result for tel-
misartan and this indicated no activity (Excel S1). Therefore, this com-
pound was considered unlikely to have contributed to the anti-PR peak. 
ToxCast data indicated anti-PR activity for all three pesticides. It 

contained no data for diclofenac. These latter four compounds were 
tested as pure standards in the anti-PR and cytotox CALUX assays. The 
concentration response curves are shown in Figures S7 and S8, and the 
half maximum inhibitory concentrations (IC50) and calculated REPs are 
provided in Table 1. It was concluded that epoxiconazole (a fungicide), 
metolachlor (a herbicide) and cyazofamid (a fungicide) were indeed 
anti-progestogenic in a specific (receptor-mediated) manner, as cyto-
toxic activity was –if at all- only observed at higher concentrations than 
those at which anti-PR activity was seen. As such, epiconazole and 
metolachlor contributed to the anti-PR activity peak at 11.4 for both 
Enclosed Meuse and Rhine, whereas cyazofamid uniquely contributed at 
the Enclosed Meuse. Diclofenac appeared neither anti-progestogenic nor 
cytotoxic and as such was –although present – no driver of the observed 
anti-PR activity. 

Because the LC-QToF-MS analysis we applied is not quantitative, it 
was not possible to determine the concentrations of the identified 
drivers. However, from the peak areas of epiconazole detected by the MS 
(48802 at the Enclosed Meuse, 43844 at the Rhine respectively, see also 
SI Excel S1) it is concluded that the levels at both locations must have 
been in the same range and the same holds for metolachlor (770030 at 
the Meuse, 676803 at the Rhine), SI Excel S1). Perhaps cyazofamid 
might explain the excess anti-PR activity in the unfractionated sample of 
the Enclosed Meuse compared to that of the Rhine. 

Concerning the WWTP samples, measurements in unfractionated 
samples (Fig. 3) had shown that WWTP influent contained considerable 
anti-PR activity that was not seen anymore in the effluent. The anti-PR 
bioassaychromatograms of WWTP influent and effluent (Fig. 4d) were 
consistent with this observation; a broad negative anti-PR peak was 
observed at RT 14.39 min that was not seen in its effluent counterpart. 
TASQ did not succeed in providing any candidate compounds. Applying 
Metaboscape, nine candidates were derived, but most were deemed 

Table 1 
Half maximum inhibitory concentrations (IC50) in the anti-PR, anti-AR and cytotox CALUX of compound that were tentatively identified in the bioassay chro-
matograms of the Enclosed Meuse and Rhine water samples at retention time 11.4 min (part A) and AR-CALUX test results for compounds identified at RT 9.48 min in 
WWTP influent (part B).  

A. Candidates for anti-progestogenic and anti-androgenic activity at RT 11.4 min 

Compound Detected in Assay Max. concentration tested 
(M) 

IC50 (M) REP Remark 

Epiconazole Enclosed Meuse, 
Rhine 

Anti-PR 
CALUX 

1.0 × 10− 5 4.5 ×
10− 6 

3.5 ×
10− 5 

anti-progestogenic   

Anti-AR 
CALUX 

1.0 × 10− 5 3.5 ×
10− 5 

1.7 ×
10− 2 

active in same conc. range as cytotoxicity => no genuine 
anti-androgenicity   

Cytotox 
CALUX 

1.0 x10− 4 – – slightly active. IC50 not achieved 

Metolachlor Enclosed Meuse, 
Rhine 

Anti-PR 
CALUX 

5.9 × 10− 5 1.6 ×
10− 5 

6.4 ×
10− 6 

anti-progestogenic   

Anti-AR 
CALUX 

5.9 × 10− 5 1.7 ×
10− 5 

2.0 ×
10− 2 

anti-androgenic   

Cytotox 
CALUX 

5.9 × 10− 5 1.9 ×
10− 4 

9.8 ×
10− 4 

cytotoxic 

Cyazofamid Enclosed Meuse Anti-PR 
CALUX 

3.0 × 10− 4 1.4 ×
10− 5 

9.0 ×
10− 6 

anti-progestogenic   

Anti-AR 
CALUX 

3.0 × 10− 4 5.6 ×
10− 6 

9.0 ×
10− 2 

anti-androgenic   

Cytotox 
CALUX 

3.0 × 10− 3 – – no activity observed 

Diclofenac Enclosed Meuse, 
Rhine 

Anti-PR 
CALUX 

1.1 × 10− 5 – – no activity observed   

Anti-AR 
CALUX 

1.1 × 10− 5 – – no activity observed   

Cytotox 
CALUX 

1.1 × 10− 4 – – no activity observed  

B. Candidates for androgenic activity at RT 9.48 min 
Compound Detected in Assay Max. concentration tested 

(M) 
EC50 (M) REP Remark 

Corticosterone WWTP influent AR CALUX 1.0 × 10− 3 – – no activity observed 
Oxazepam WWTP influent AR CALUX 1.0 × 10− 3 – – no activity observed 
Losartan WWTP influent AR CALUX 1.0 × 10− 3 – – no activity observed  
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unlikely to be active, or did not have any bioactivity data in ToxCast. 
The only exception was sclareolide, a natural plant product also used as 
fragrance. We did not yet have access to standard of desired purity to 
confirm or exclude its activity in the anti-PR CALUX, but hope to do this 
in future work. 

3.4.3. Androgenic activity in WWTP influent and effluent 
The unfractionated influent sample showed considerable androgenic 

activity that disappeared during treatment (Fig. 3). The bioassay chro-
matograms of AR activity of WWTP influent and effluent are plotted in 
Fig. 4e. The activity that was observed in unfractionated influent 
resulted after fractionation in five distinct peaks, indicating the presence 
of (at least) five different androgens contributing to the AR activity. 
Remarkably, although the unfractionated effluent extract did not cause 
any AR activity anymore, still small peaks are observed in the effluent 
bioassay chromatogram, with the largest one corresponding to andro-
stenedione. This indicates that after fractionation the detection might be 
a bit more sensitive compared with that for unfractionated samples. 
Nevertheless, the bioassay chromatograms reflect the adequate removal 
of AR activity in the WWTP especially considering the large difference in 
water equivalents that were injected on the LC column for fractionation. 

The peaks with RTs of 10.29. 10.76 and 11.62 min in influent could 
be assigned to the testosterone metabolite androstenedione, testosterone 
itself and DHT respectively. Their RTs were in agreement with those 
found for these compounds by MS (Table S5 and TASQ). Their presence 
in influent was confirmed by the target hormone analysis (Table S3). 

No known androgens eluted at the RT = 9.48 and 11.29 min. To 
address the peak at 9.48 min, QToF-MS data at this RT were interpreted 
by TASQ suggesting seven candidate compounds. ToxCast 21 provided 
no indications that it was likely that four of them (anthraquinone, lor-
azepam, rosuvastatin and pravastatin) would be active in the AR 
CALUX. The other three, corticosterone, oxazepam and losartan, were 
tested as pure standards in the AR CALUX, but no activity was detected 
in concentrations up to 1 mM (See Table S6 for details and Figure S9 for 
the concentration response curves). At 11.29 min, TASQ delivered 
altretamine and terbutryn (both were only tested “inactive” in ToxCast) 
and isothiazolinone, for which ToxCast contained no data at all. How-
ever, according to its small and single ring structure was not deemed 
very likely to be androgenic. As Metaboscape and a manual search with 
DataAnalysis SmartFormula3D and CompoundCrawler / MetFrag did 
not succeed in finding other likely candidate compounds, drivers of 
these peaks remain as yet unelucidated. 

In short, androstenedione, testosterone and DHT were identified as 
important contributors to the AR activity in WWTP influent. After WW 
treatment, AR activity diminished, and only for androstenedione a small 
peak remained visible in effluent. Our findings are in line with earlier 
studies that concluded that AR activity in aquatic environments influ-
enced by WWTP discharge are mostly caused by natural androgens, such 
as the ones identified here (Houtman et al., 2018; König et al., 2017; 
Thomas et al., 2002; Zwart et al., 2020). 

3.4.4. Anti-androgenic activity in the Enclosed Meuse 
The bioassay chromatogram of anti-AR activity in the Enclosed 

Meuse (Fig. 4f) showed a negative peak at RT 11.4 min, the same RT at 
which the anti-PR peak was observed. Therefore, ToxCast was also 
searched for possible anti-AR results for the five detected compounds 
detected with anti-PR activity at this RT. Indications for possible anti-AR 
properties were found for all except for telmisartan. Concentration- 
response series were tested in the anti-AR CALUX (Figure S10). Calcu-
lated IC50-values and relative potencies are provided in Table 1. Epi-
conazole showed a decrease in response with increasing concentrations, 
however the calculated IC50 of 3.5 × 10− 5 M for anti-androgenic ac-
tivity was in the concentration range in which also some cytotoxicity 
was observed (see Figure S7). Epiconazole therefore is not a genuine 
anti-androgen with a receptor-mediated mode of action, but the 
decreasing signal in the anti-AR CALUX is due to cytotoxicity. The 

phenomenon that bioassay responses seem to be activated in a non- 
specific way at similar concentrations as those at which cytotoxicity 
occurs was described as “cytotoxicity burst” (Escher et al., 2020; Judson 
et al., 2016). The case of epiconazole underlines the need of testing 
cytotoxity to validate the nature of the decrease in responses in antag-
onistic modes of reporter gene assays. Metolachlor showed genuine anti- 
AR activity with an IC50 that was more than 10 fold lower than the one 
for cytotoxicity (Table 1). Also cyazofamid showed genuine anti-AR 
activity that was not explained by cytotoxicity. Diclofenac however 
appeared non-anti-AR in the tested concentration range. Therefore, it 
could be concluded that metolachlor and cyazofamid together contrib-
uted to the anti-AR activity in the Enclosed Meuse. 

Epiconazole was detected both in the Enclosed Meuse and the Rhine. 
Yet, in the unfractionated extract of the Rhine (Fig. 3d), no anti-AR 
activity was observed. This might have been masked by other compo-
nents in the complex mixture of the unfractionated sample, and might 
have been isolated from those constituents by the fractionation. This 
explanation is endorsed by the small negative peak at RT 11.4 min in the 
anti-AR bioassay chromatogram that was recorded from the Rhine 
sample as a surplus in this study (provided as Figure S11). 

Because of the qualitative character of the LC-QToF-MS screening, 
we could not quantify the contribution of these compounds to the 
observed effect and maybe other compounds that remained unidentified 
could have contributed. E.g. the potent anti-androgen cyproterone ac-
etate (RT 11.52 min) that was detected by the target method in the 
WWTP influent and effluent, but not at the SW locations. If present in the 
Enclosed Meuse as well, in a concentration < MRL of the target method, 
it could have contributed to some extent. 

4. General discussion 

This study showed that anti-PR activity was continuously present in 
Dutch SW locations that serve as abstraction points for the preparation 
of drinking water. This is in line with observations of anti-PR activity in 
SW and WWTP samples of other European countries (Alygizakis et al., 
2019; Šauer et al., 2018a). Anti-PR activity was detected in almost all 
samples of the two-year four-weekly monitoring. Parallel monitoring of 
the produced drinking waters showed that the activity was removed 
very efficiently in the treatment (>90%) and, more importantly, no EBT 
exceedances were found in drinking water (data not shown). This in-
dicates that anti-PR activity is no urgent problem for the safety of 
drinking water production in the Netherlands. However, because of the 
frequent EBT exceedances in SW, the identification of the responsible 
compounds was definitively important from the perspective of protec-
tion of ecosystem health. 

The hr-EDA platform identified mainly steroid hormones as the 
drivers for agonistic PR and AR activities in WWTP samples. Although 
some progestogens are known to be potent (anti-)androgens (Šauer et al. 
2018a), we did not receive indications that progestogens contributed to 
(anti-)androgenic activities in our samples, except perhaps for cyprot-
erone acetate, that most likely contributed to the PR activity in WWTP 
influent and effluent, and that might have been involved in the anti-AR 
activity in the Enclosed Meuse as well. What we did find on the other 
hand was that metolachlor and cyazofamid had both anti-PR and anti- 
AR properties. 

The group of compounds that are known to evoke anti-AR responses 
is large and mutually very diverse. It includes e.g. polychlorinated bi-
phenyls, polyaromatic hydrocarbons, phenols, phthalates and pesticides 
(Aït-Aïssa et al., 2010; Hamers et al., 2011; Vinggaard et al., 2000). In 
this study, representatives of the latter category were identified as the 
active anti-androgens. In the Enclosed Meuse sample, up to three 
different compounds were detected that contributed to the anti-AR ac-
tivity. This indicates that mixture toxicity is very important for anti-AR 
activity in the aquatic environment. This was experienced explicitly by 
Liscio et al. (2014) who performed an EDA study for anti-androgens and 
identified even 31 different compounds that contributed all for a small 
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part to the total activity. 
Many of the compounds that were identified in this study have also 

been detected in other studies investigating chemical SW quality and are 
as such known pollutants of aquatic environments (Alygizakis et al., 
2019; Loos et al., 2013, 2009). In our study, telmisartan and diclofenac 
were, although present, less relevant because they appeared not to 
contribute to the studied activities. However, Alygizakis et al. (2019) 
prioritized them highly because of frequent exceedance of the (provi-
sional) PNECs that were not in the first place based on the endpoints of 
(anti-)PR or (anti-)AR activities. This underlines that compound-specific 
detection and risk assessment stays important as well as using a broad 
panel of bioassays covering most relevant endpoints for ecosystems or 
drinking water consumers (Schriks 2015). Our future plan is therefore to 
couple the hr-EDA platform to more bioassays to enable the identifica-
tion of compounds in the environment that interfere with other toxi-
cological endpoints. 

In this study, we searched for the chemical identity of drivers of 12 
peaks observed in bioassay chromatograms of SW and WW samples. The 
hr-EDA platform enabled the successful identification of drivers for 8 of 
them. For 2 other peaks candidates were found that yet could not be 
confirmed because we lacked pure standards. No candidates were found 
for the last two peaks. This shows the current state of the art of EDA 
research. 

Earlier EDA approaches often collected fractions of one to several 
minutes (Hashmi et al., 2020; Houtman et al., 2006a). This means that in 
general multiple compounds eluted in one fraction. The advantage of hr 
fractionation of the current EDA platform is that it collects not less than 
288 small (5 sec) fractions and as such makes single compounds elute 
over multiple fractions, generating a peak of several data points for each 
compound that can be correlated to a peak on LC-MS/MS. The number of 
peaks as such is therefore already informative as it represents the 
(minimum) number of compounds contributing to the observed activity. 
In this way, it was already seen solely from the bioassay chromatograms 
that e.g. the PR and AR activity in WWTP influent (Fig. 4a and e) was 
caused by at least 3 respectively 5 compounds. Co-elution of compounds 
(multiple compounds in one peak) is however also using hr fractionation 
still possible, e.g. five compounds were detected at RT of the anti-PR 
peak in the bioassaychromatogram of the Enclosed Meuse. 

Another advantage of hr fractionation is that it better separates an-
tagonists from agonists, that mask each other’s activity in unfractio-
nated extracts. In this study, both PR and anti-PR activities were present 
in the WWTP influent sample (Fig. 3a and b) and their drivers were 
separated by the chromatography and fractionation (Fig. 4a and d). 

One bottleneck remaining in the current EDA research is that, 
awaiting further automation, the interpretation of recorded non-target 
screening data is still very laborious. While targeted screening with 
data independent acquisition provides significant speed in detecting 
possible bioactive compounds, it lacks resolving power when dealing 
with true unknowns. While more resolving power by dedicated data 
dependent acquisition analyses aids in discovery of true knowns, full 
identification of true unknowns is still a challenging prospect. Using the 
hr-EDA platform, only the screening data have to be investigated in the 
RT window in which a peak in the bioassay chromatogram was detected. 
This reduces the work load considerably. Nevertheless, by applying EDA 
a successful identification of unknown bioactive compounds in envi-
ronmental samples is still not fully guaranteed. The rapid developments 
in non-target screening however are promising signs that the success of 
EDA research may further increase in the near future (Brack et al., 2016; 
Hollender et al., 2019; Slobodnik et al., 2019). 

The EDA platform has proven to be a valuable tool to identify un-
known bioactive compounds, both in and outside an academic setting. In 
this study, EDA was performed in the context of routine monitoring for 
drinking water companies, according to the workflow for the application 
of hr-EDA we published earlier (Houtman et al. 2020). 

5. Conclusions 

This study demonstrated the widespread presence of anti-PR activity 
in Dutch SW locations that are sources for the preparation of drinking 
water during two years of frequent monitoring. In addition, anti-AR 
activity was found in most of the monitoring samples. PR and AR ac-
tivities were observed in WWTP samples. A hr-EDA platform separated 
the activities into 12 distinctive activity peaks in bioassay chromato-
grams and successfully identified compounds that contributed to 8 of 
these peaks. For two others, candidates were tentatively identified that 
still have to be confirmed and for two last peaks the drivers were not 
found. PR and AR activities in the WWTP samples appeared to be caused 
by endogenous and synthetic steroid hormones. The pesticides metola-
chlor and cyazofamid were identified as compounds contributing to 
anti-PR as well as anti-AR activities, and epiconazole as contributor to 
the anti-PR activity. 

This study showed the progress EDA research has made compared 
with a decade ago concerning the resolution of fractionation and the 
identification power of LC-MS non-target screening. CALUX bioassays 
for (anti)-PR activities applied in 384 well plate format were for the first 
time coupled to the hr-EDA platform, showing the relative ease by which 
the platform is expanded with additional endpoints. Our study 
confirmed the suitability of the hr-EDA platform for the investigation of 
unknown compounds with biological activity, besides for academic 
research also in the context of routine (drinking) water monitoring. 
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