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Spatial and temporal variations in anti-androgenic activity were observed. 22 

A bioanalytical-equivalent-based risk assessment method was developed. 23 

The WWTP continuously discharged anti-androgens into the river. 24 

High environmental risk was observed at the site directly influenced by effluents. 25 

The water quality showed an improved trend in terms of anti-AR activity. 26 
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Abstract 28 

The biological effects of multiple compounds have been widely investigated in aquatic 29 

environments. However, investigations of spatial and temporal variations in biological 30 

effects are rarely performed because they are time-consuming and labor-intensive. In 31 

this study, the variability of the anti-androgen, receptor-mediated activity of surface 32 

water samples was observed over 3 years using in vitro bioassays. Large-volume water 33 

samples were collected at one site upstream (Wer site) and two sites downstream (Sil 34 

and Nien sites) of a wastewater treatment plant (WWTP) outfall in the Holtemme River. 35 

Anti-AR activity was persistently present in all surface water samples over the three 36 

years. Large spatial variations in anti-androgenic activity were observed, with the 37 

lowest activity at the Wer site (mean concentration of 9.5 ± 7.2 µg flutamide equivalents 38 

per liter) and the highest activity at the Sil site (mean concentration of 31.1 ± 12.0 µg 39 

flutamide equivalents per liter) directly influenced by WWTP effluents. On the 40 

temporal scale, no distinct trend for anti-AR activity was observed among the seasons 41 

in all three years. The anti-androgenic activity at the upstream Wer site showed a 42 

decreasing trend from 2014 to 2016, indicating improved water quality. A novel 43 

bioanalytical-equivalent-based risk assessment method considering the frequency of 44 

risk occurrence was developed and then utilized to assess the environmental risk of anti-45 

androgenic activity in the Holtemme River. The results revealed that the highest risk 46 

was present at the Sil site, while the risk was considerably reduced at the Nien site. The 47 

risk at the upstream Wer site was the lowest. 48 
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1. Introduction 52 

Different classes of compounds are considered anti-androgens, which can disturb the 53 

development of the male phenotype and secondary sexual characteristics in humans and 54 

other vertebrates, including the pharmaceuticals flutamide and 17α-ethinyl-estradiol, 55 

the plastic component bisphenol A, the biocide triclosan, the pesticides linuron and 56 

vinclozolin, the fluorescent dye 4-methyl-7-diethylaminocoumarin, and the 57 

polycyclic aromatic hydrocarbon (PAH) metabolite 1-hydroxypyrene (Di Paolo et al., 58 

2016a; Muschket et al., 2018; van Vugt-Lussenburg et al., 2018). These contaminants 59 

in aquatic ecosystems originate from numerous domestic, industrial, and farming 60 

applications and ultimately enter water bodies through discharges of effluents from 61 

wastewater treatment plants (WWTPs) due to their limited effectiveness in removing 62 

contaminants (Katsiadaki et al., 2012; Di Marcantonio et al., 2020; Houtman et al., 63 

2021). Therefore, anti-androgens in aquatic ecosystems have become concerning 64 

(Muschket et al., 2018; Sauer et al., 2018). 65 

In vitro and in vivo bioassays are useful tools for analyzing the toxicological burden of 66 

complex chemical mixtures (Kassotis et al., 2015; Di Paolo et al., 2016b; Heinrich et 67 

al., 2017; Zhou et al., 2021). Among the in vitro assays for the detection of 68 

(anti-)androgenic or (anti-)estrogenic activity, chemically activated luciferase gene 69 

expression (CALUX) assays can detect the activation of androgen or estrogen receptors 70 

at low concentrations (Weiss et al., 2009; van der Burg et al., 2010; Brand et al., 2013; 71 

Alvarez-muñoz et al., 2015; Välitalo et al., 2016). These bioassays are well developed 72 

and have been widely utilized in previous studies (Brand et al., 2013; Escher et al., 2014; 73 

https://scholar.google.com/scholar_url?url=https://asset-pdf.scinapse.io/prod/2131388529/2131388529.pdf&hl=en&sa=X&ei=Yqn_YufjLYiEmgHltrbwCg&scisig=AAGBfm0X7fCGA6pR9w2nKQawKAJqcIgqTg&oi=scholarr


van Vugt-Lussenburg et al., 2018). 74 

The bioassay-derived activity of a sample can be expressed using the bioanalytical 75 

equivalent (BEQ), which is the concentration of a known reference standard that elicits 76 

the same response as the tested sample (Zhou et al., 2021). Antiandrogen receptor-77 

mediated (anti-AR) activity induced by anti-androgens has been detected in effluents 78 

(Van Der Linden et al., 2008; Jálová et al., 2013), oceans (Alvarez-muñoz et al., 2015), 79 

and rivers (Urbatzka et al., 2007; Van Der Linden et al., 2008; Weiss et al., 2009; Zhao 80 

et al., 2011; Liscio et al., 2014; Kassotis et al., 2015, 2016; Muschket et al., 2018; 81 

Houtman et al., 2021). However, most studies regarding anti-AR activity in aquatic 82 

systems have mainly concentrated on short-term surveys (Zhao et al., 2011) or have 83 

only been conducted at a spatial resolution (Urbatzka et al., 2007; Kassotis et al., 2015, 84 

2016). The spatial and temporal variations in anti-androgenic activity have been 85 

sparsely investigated. 86 

For risk assessment of a single compound, a detected concentration exceeding the 87 

predicted no effect concentration (PNEC) indicates a potential environmental risk 88 

(Desbiolles et al., 2018; Zhou et al., 2019). Similar to this regulative approach, the 89 

hazardous potential or risk of an environmental sample usually containing mixtures of 90 

several compounds with putative environmental impacts can be calculated by dividing 91 

the bioanalytical equivalent (BEQ) of the sample by the environmental quality standard 92 

(EQS) (Kase et al., 2018) for each receptor or endpoint (in the case of in vitro assays) 93 

or for each species group, such as fish, daphnia, or algae (in the case of in vivo assays). 94 

This approach characterizes the risk of samples under the conditions of bioassay-95 



derived effects but disregards the frequency of risk occurrence. Notably, certain 96 

biological effects that are long-term and widely present in aquatic ecosystems have a 97 

deeper impact than those that are short-term or small-scale (Zhou et al., 2019). 98 

Therefore, it is necessary to consider the frequency of risk occurrence in hotspot 99 

identification or priority pollutant screening (Tousova et al., 2017; Desbiolles et al., 100 

2018; Zhou et al., 2019). 101 

The Holtemme River (Saxony Anhalt, Germany) was identified as a hotspot of anti-102 

androgenic effects, and 4-methyl-7-diethylaminocoumarin (C47) and two derivatives 103 

have been confirmed as the drivers of this effect (Muschket et al., 2018). Recently, the 104 

longitudinal distribution and fate of these novel anti-androgens in the impacted river 105 

have been investigated (Muschket et al., 2021). The purposes of this study were (1) to 106 

investigate the spatial and temporal variations in anti-AR activity in aquatic ecosystems 107 

using the Holtemme River as a case study after three years of sampling from 2014 to 108 

2016 and (2) to develop a reliable method that could quantify the potential risk of 109 

biological responses, especially on a wide spatial and temporal scale. 110 

2. Materials and methods 111 

2.1 Materials 112 

The chemicals dihydrotestosterone (DHT), 3–[4,5–dimethylthiazol–2–yl]–2,5–113 

diphenyltetrazolium bromide (MTT), and flutamide with a purity of ≥97%, the 114 

solutions dimethyl sulfoxide (DMSO) and phosphate buffered saline (PBS), and the 115 

assay medium Dulbecco's Modified Eagle's Medium and Ham's F12 medium 116 

(DMEM/F12) without phenol red, as well as the supplementary substances fetal calf 117 



serum (FCS), penicillin/streptomycin solution, nonessential amino acids and G418 118 

antibiotic were purchased from Sigma‒Aldrich Chemie GmbH (Darmstadt, Germany). 119 

Stock solutions were prepared with DMSO and stored at –20 °C. 120 

2.2 Sample collection 121 

The Holtemme River (Saxony‐Anhalt, Germany) originates from Harz National Park 122 

and flows into the Bode River (Weitere et al., 2021). Surface water samples were 123 

obtained from 2014 to 2016 at the Wernigerode (Wer), Silstedt (Sil) and Nienhagen 124 

(Nien) sites in the river (Fig. 1). The first site, Wer, was located at Steinerne Renne 125 

upstream of the town of Wernigerode with minimum human disturbance; thus, samples 126 

from this site were selected as references. The second site, Sil, was located 127 

approximately 1.3 km downstream of the effluent of the WWTP in Silstedt. The third 128 

site, Nien, was located approximately 25 km downstream of the WWTP. Twenty to fifty 129 

liters of water samples were extracted on-site using a large volume solid phase 130 

extraction (LVSPE) device according to the previously reported methods (Schulze et 131 

al., 2017; Välitalo et al., 2017). A total of 65 water samples were collected at the three 132 

sites in spring, summer, and autumn. Sampling was not performed in winter due to low 133 

temperatures. The concentration of the sample was expressed as the relative enrichment 134 

factor (REF), which is the ratio of the volume of a water sample to the final volume in 135 

bioassays (Escher et al., 2021). Four blank controls and six solvent controls were also 136 

prepared and stored in a -20 °C refrigerator. 137 

2.3 Cytotoxicity and CALUX assays 138 

MTT assays were performed using the human osteosarcoma U2OS cell line obtained 139 



from BioDetection Systems BV (BDS, Amsterdam, The Netherlands) to observe the 140 

cytotoxicity of water sample extracts (Otto et al., 2008). Briefly, cells in an assay 141 

medium (DMEM/F12 supplemented with 5% stripped FCS, 0.2% 142 

penicillin/streptomycin solution and 1% nonessential amino acids) were seeded into 96-143 

well plates at a density of 10,000 cells/well (Di Paolo et al., 2016a). After 24 h of 144 

incubation (37 °C and 5% CO2), the medium was replaced with the exposure medium 145 

containing the tested samples, and the concentration of DMSO was 1% (v/v). After 24 146 

h of exposure, the medium was removed, and the cells were washed in 150 µL/well of 147 

PBS and then incubated with the MTT solution for 30 min. Afterward, the solution was 148 

discarded, and 200 µL/well DMSO was added prior to shaking for 20 min. The 149 

absorbance (492 nm) in the microplates was measured using a multiwell plate reader 150 

(Tecan, Crailsheim, Germany). 151 

CALUX assays were performed in the range of concentrations without cytotoxicity 152 

(≥90% cell viability) according to the BioDetection Systems protocol with slight 153 

modifications (Di Paolo et al., 2016a). Seeded U2OS cells were incubated for 24 h in 154 

the exposure medium, and then the medium was removed and cells were lysed in 30 155 

µL/well of Triton-lysis buffer. The amount of luciferase activity was quantified using a 156 

luminometer (GloMax®96 Microplate Luminometer, Germany). For the anti-AR 157 

CALUX assay, the same procedure applied to the AR CALUX assay was followed, 158 

with the exception that the exposure medium was supplemented with the agonist DHT 159 

at a concentration of 4.2 × 10−10 mol/L. At least three independent technical replicates 160 

were tested for every LVSPE sample. 161 



2.4 Risk assessment 162 

In general, the potential risk of anti-AR activity in surface waters was assessed 163 

according to Equation 1. A risk quotient (RQ) equal to or greater than one expresses a 164 

high environmental risk. BEQ is the flutamide equivalent (flu-eq.) of a water sample to 165 

inhibit androgenic activity as the reference flutamide at the specific effect level IC50 166 

(Equation 2, Zhou et al., 2021). As recommended by Escher et al. (2018), the EQS of 167 

anti-AR activity in surface waters (14.4 µg flu-eq./L) for ecology and human health 168 

was selected for environmental risk assessment. 169 

RQ =
BEQ

EQS
                                                          (1) 170 

BEQ =
EC50,flu

EC50,sample
                                                    (2) 171 

where EC50,flu is the flutamide concentration that causes 50% receptor inhibition 172 

between the negative controls (0% receptor inhibition) and the maximum inhibition 173 

caused by the reference flutamide (100% receptor inhibition) and EC50,sample is the 174 

sample concentration that causes 50% receptor inhibition between the negative controls 175 

and the maximum inhibition caused by the sample. 176 

For bioassay results with large temporal and spatial variations, the risk assessment 177 

should consider the frequency of risk occurrence. Therefore, an optimized risk quotient 178 

(RQf) initially developed for priority chemical screening (Equations 3 and 4)(Zhou et 179 

al., 2019) was extended for risk assessment based on bioassay results. Here, RQf 180 

denoted the ratio of the mean BEQ (BEQmean) to the EQS after considering the 181 

frequency (F) of BEQs exceeding the EQS. RQf was classified into 5 groups: RQf≥1 182 

means high environmental risk; 1 > RQf≥0.1 means moderate environmental risk; 0.1 > 183 



RQf ≥ 0.01 means small-scale or occasional adverse effect; 0.01 > RQf > 0 means a 184 

quite limited effect; and RQf = 0 means no negative effects, according to our previous 185 

publication (Zhou et al., 2019). 186 

RQf =
BEQmean

EQS
× F                                                   (3) 187 

F =
NO1

NO2
                                                            (4) 188 

where NO1 represents the number of samples with BEQ values higher than the EQS 189 

and NO2 represents the total number of samples. 190 

2.5 Statistical analysis 191 

For the calculation of the IC50, dose‒response curves for anti-AR CALUX were 192 

computed by four-parameter logistic regressions with variable slopes (Prism 6.0, 193 

GraphPad Software Inc., San Diego, USA). 194 

T tests or one-way ANOVAs followed by a post hoc test (Fisher’s least-square 195 

difference test, two-tailed) were performed using SPSS Statistics 17.0 (SPSS Inc., USA) 196 

to identify significant differences among samples. All figures were plotted using Origin 197 

2021 (OriginLab, Hampton, USA). 198 

3. Results and discussion 199 

3.1 Cytotoxicity 200 

In the case of antagonistic activity, cell viability was measured with MTT assays to 201 

determine whether the inhibition of responses in the anti-AR CALUX was attributed to 202 

receptor-mediated antagonisms instead of nonspecific cytotoxicity (Houtman et al., 203 

2021). For Wer samples, a significant decrease in cell viability was observed at a REF 204 

of 100 in 2014 (Fig. 2), and no significant decrease was observed in the next two years. 205 



For samples collected at the Sil site, higher cytotoxicity was observed in 2014 than in 206 

2016. However, at the Nien site, higher toxicity was observed in 2016 than in 2014. 207 

Generally, 17 of 24 (71%) Sil samples, 10 of 23 (43%) Nien samples, and 7 of 18 (39%) 208 

Wer samples showed cell viability <80% at a REF of 100 over all three years. Among 209 

all three sites, the highest cytotoxicity was observed at the Sil site, approximately 1.3 210 

km downstream of the WWTP. The cytotoxicity at the Nien site (25 km downstream of 211 

the WWTP) was similar to that at the Wer site upstream of the WWTP. For the anti-AR 212 

CALUX assays, the maximum REF was set without cytotoxicity (cell viability ≥ 90%). 213 

No cytotoxicity was observed for the blanks and solvent controls. 214 

3.2 Antiandrogen receptor-mediated (anti-AR) activity 215 

Spatial and temporal variations in anti-AR activity were observed at three sites in the 216 

Holtemme River from April to November in 2014, 2015 and 2016 (Fig. 3). For most of 217 

the samples at the same sampling time, the lowest activity was observed at the upstream 218 

Wer site, with a mean value of 9.5 ± 7.2 µg/L flu-eq. in all three years. The highest anti-219 

AR activity mainly appeared at the WWTP downstream of the Sil site, with a mean 220 

value of 31.1 ± 12.0 µg/L flu-eq., presumably due to long-lasting wastewater discharge. 221 

Anti-AR activity decreased farther downstream of the Nien site (18.4 ± 13.1 µg/L flu-222 

eq.), probably due to in-stream degradation and dilution. With the exception of one 223 

sample in September 2014, almost all samples showed significant differences in anti-224 

AR activity between the Wer site and the Sil site. More than half of the samples showed 225 

significant differences in anti-AR activity between the Wer site and the Nien site. 226 

Blanks and solvent controls were negative for the anti-AR CALUX assays. 227 



In 2014, no significant difference in anti-AR activity was observed between the 228 

upstream Wer site (17.0 ± 10.8 µg/L flu-eq.) and the downstream Sil (32.9 ± 15.5 µg/L 229 

flu-eq.) and Nien (20.8 ± 15.2 µg/L flu-eq.) sites. However, a significant difference was 230 

observed between the Wer site (8.0 ± 3.9 µg/L flu-eq.) and the Sil site (29.0 ± 9.5 µg/L 231 

flu-eq.) in 2015 (p<0.05), but this difference was not obvious between the Wer site and 232 

the Nien site (16.9 ± 14.0 µg/L flu-eq.). In 2016, a significant increase (p<0.01) in anti-233 

AR activity was observed at the downstream Sil (32.5 ± 8.3 µg/L flu-eq.) and Nien 234 

(17.6 ± 5.1 µg/L flu-eq.) sites compared with the activity at the upstream Wer site (6.7 235 

± 1.1 µg/L flu-eq.). Although no obvious difference in anti-AR activity was observed 236 

at two downstream sites among the different years, the anti-AR activity at the upstream 237 

Wer site showed a decreasing trend during the study period. These variations might be 238 

due to a steady discharge of antiandrogens into the river from the WWTP at the Sil site, 239 

but a decrease in the input of antiandrogens through nonpoint source pollution at the 240 

upstream Wer site. Anti-AR activity continuously occurred in all surface water samples 241 

and fluctuated among the seasons in all three years, but no distinct trend was observed, 242 

indicating that anti-androgens have a widespread and stable presence in the Holtemme 243 

River. 244 

Commonly, there is a gap between bioassay-derived BEQs and chemically analyzed 245 

BEQs, which is considered caused by unidentified chemicals and other factors (Zhou 246 

et al., 2021), and unidentified chemicals may have a key role (Escher et al., 2020; Zhou 247 

et al., 2021). Eight compounds, namely, tebuconazole, bicalutamide, diuron, bisphenol 248 

S, tonalide, genistein, daidzein, and 2,4-dinitrophenol, are known inhibitors of 249 



androgenic activity (Escher et al., 2017; Muschket et al., 2021). The chemical analysis 250 

results for the 2014 water samples (unpublished data) showed that the concentrations 251 

of tebuconazole, diuron, genistein, bisphenol S, tonalide, and daidzein were less than 252 

32 ng/L, that the concentrations of bicalutamide and 2,4-dinitrophenol were below 103 253 

ng/L, and that none of these chemicals was detected at the Wer site, suggesting that 254 

WWTP effluents were responsible for the increased concentrations. Peak 255 

concentrations observed at the Nien site were lower than those at the Sil site, indicating 256 

a possible dilution downstream of the WWTP (Beckers et al., 2020). These low-257 

concentration chemicals might not explain the detected anti-AR activity, which 258 

supports the hypothesis that nonanalyzed or unknown (natural or anthropogenic) 259 

compounds can significantly contribute to the toxicity. 260 

Muschket and coworkers performed an effect-directed analysis (EDA) of Holtemme 261 

River water and identified that C47 and its transformation products 4-methyl-7-262 

ethylaminocoumarin (C47T1) and 4-methyl-7-aminocoumarin (C47T2) discharged 263 

from the WWTP of Silstedt are novel antiandrogens that continuously occurred in 264 

surface waters at the Sil and Nien sites from 2014 to 2016 (Muschket et al., 2021, 2018) 265 

but not at the Wer site. The anti-androgenic potency of C47 and C47T1 was greater than 266 

that of the reference flutamide (Muschket et al., 2018). At the Sil site, the mean 267 

concentrations of C47 (8.4 µg/L flu-eq) and C47T1 (2.6 µg/L flu-eq) (Muschket et al., 268 

2021) contributed 27% and 8%, respectively, of the anti-androgenic activity. The anti-269 

androgenic potency of C47T2 was 5 times lower than that of the reference flutamide 270 

(Muschket et al., 2018). The concentration of C47T2 was equal to 0.1 µg/L flu-eq. with 271 



a minimal contribution to the activity. Therefore, C47 and C47T1 discharged from the 272 

WWTP of Silstedt were the major drivers of the increased anti-AR activity at the Sil 273 

site. The concentrations of C47 and transformation products greatly decreased at the 274 

Nien site (Muschket et al., 2018), and thus, anti-AR activity also decreased. The spatial 275 

and temporal variations in anti-AR activity in the Holtemme River might be attributed 276 

to a) the release of anti-androgens such as C47 and transformation products from 277 

WWTPs (Muschket et al., 2018), b) the dilution and degradation of anti-androgens after 278 

discharge into the river (Houtman et al., 2021; Muschket et al., 2021), and c) diffuse 279 

and random inputs via small point sources and groundwater input (Burns et al., 2018; 280 

Beckers et al., 2020). 281 

The levels of anti-androgenic activity in the Holtemme River were comparable to those 282 

reported for surface waters in the Netherlands, where anti-AR activity varied in the 283 

range of 0 to 90 μg/L flu-eq. at three sites that served as abstraction sites for drinking 284 

water production (Houtman et al., 2021). Comparable anti-AR activity (2 to 48 μg/L 285 

flu-eq.) was detected in Missouri surface waters, USA (Kassotis et al., 2015). Higher 286 

anti-androgenic activity was detected in other areas. For example, anti-androgenic 287 

activity in water samples from the Lambro River in Italy ranged from 370 to 4723 µg/L 288 

flu-eq. (Urbatzka et al., 2007); anti-androgenic activity in surface water at a West 289 

Virginia injection well disposal site in the US reached 700 μg/L flu-eq. (Kassotis et al., 290 

2016); the levels of anti-androgenic activity in the Pearl River contaminated by 291 

effluents and raw sewage in China were in the range of 20.4 to 935 µg/L flu-eq. (Zhao 292 

et al., 2011). Anti-AR activity was also detected in WWTPs (Jálová et al., 2013), and 293 



high concentrations of C47 and its transformation products were observed in WWTP 294 

effluents (Muschket et al., 2021). 295 

Notably, almost all the above mentioned results are obtained without considering 296 

metabolism, since the metabolic capacity of the CALUX system is quite weak and can 297 

be disregarded. However, metabolism is quite important for detoxifying and even 298 

activating certain compounds (Brack et al., 2016; Jacobs et al., 2013; Mollergues et al., 299 

2017; van Vugt-Lussenburg et al., 2018). The anti-androgenic activity of samples after 300 

metabolism is still unknown, and further research is still needed. 301 

3.3 Risk assessment based on bioassay results 302 

Biological responses obtained by in vivo/in vitro bioassays using target organisms 303 

potentially have relevance to environmental risks on nontarget organisms. Risk 304 

assessment based on effect-based methods can serve as a tool to estimate the effects of 305 

compounds on environmental and human health and to identify hotspots for further 306 

analysis (Kase et al., 2018). At the Wer site, which was considered less contaminated, 307 

only 1 of 18 samples (i.e., 5.6%) had an RQ above one. However, 21 of 24 (i.e., 88%) 308 

Sil samples and 11 of 23 (i.e., 48%) Nien samples had RQ values equal to or greater 309 

than one (Fig. 4). Notably, although potential environmental risk was observed at the 310 

three sites, the frequencies of risk occurrence were greatly different. Therefore, we 311 

developed an optimized risk assessment method considering the frequencies of risk 312 

occurrence and further verified the reliability of this method in this study. The value of 313 

RQf at the Wer site was 0.04, implying occasional adverse effects at the upstream 314 

control site. The RQf value for the Sil samples was 1.8, indicating a high environmental 315 



risk at the downstream discharge site. The RQf value for the Nien sample was 0.6, 316 

indicating a moderate environmental risk. These results suggest that the WWTP 317 

affected the receiving Holtemme River, and after 25 km of transport and dilution, the 318 

potential risk of anti-AR activity greatly decreased at the Nien site. 319 

Although the RQf values at the Sil site did not undergo a substantial change from 2014 320 

to 2016, the RQf values at the Wer and Nien sites showed a decreasing trend during the 321 

sampling period (Table 1). In general, the water quality of the Holtemme River showed 322 

an improving trend in terms of anti-AR activity, but WWTPs at the Sil site stably 323 

discharged anti-androgens into the river. The potential adverse effects of anti-androgens 324 

on aquatic organisms have received attention in previous studies (Jensen et al., 2004; 325 

Urbatzka et al., 2007; Katsiadaki et al., 2012). For example, exposure to 651 μg/L flu-326 

eq. caused a significant decrease in the fecundity of fathead minnows. In addition, 327 

embryo hatching was reduced at this concentration (Jensen et al., 2004); a field study 328 

showed the presence of anti-androgens in three-spined sticklebacks in a river receiving 329 

WWTP effluents in the UK (Katsiadaki et al., 2012). Thus, the anti-androgenic load of 330 

the Holtemme River after receiving effluent may also pose a risk to aquatic 331 

environments. 332 

4. Conclusions 333 

Spatial and temporal variations in cytotoxicity and anti-androgenic activity were 334 

observed over a 3-year period from upstream to downstream of the Holtemme River. 335 

This study emphasizes that the effects of wastewater discharge on cytotoxicity and anti-336 

androgenic activity are evident over a certain distance. The highest cytotoxicity and 337 



anti-androgenic activity were detected downstream of the effluent, and after 338 

approximately 25 km of dilution and degradation, cytotoxicity and anti-androgenic 339 

activity greatly decreased. From 2014 to 2016, the cytotoxicity and anti-androgenic 340 

activity at the upstream Wer site showed a decreasing trend, indicating improved water 341 

quality. However, the effects of WWTP effluents were still evident. In this study, an 342 

optimized risk assessment method originally designed for chemical analysis data was 343 

extended for risk assessment of bioassay data. The results showed that the RQf at the 344 

Sil site near the WWTP effluent was much higher than those at the upstream Wer site 345 

and downstream Nien site far from WWTP disturbance. 346 

 347 

CRediT authorship contribution statement 348 

Shangbo Zhou: Writing - Original draft, Formal analysis, Visualization. Tobias Schulze: 349 

Conceptualization, Investigation, Writing - review & editing. Werner Brack: 350 

Conceptualization, Investigation, Writing - review & editing. Thomas-Benjamin Seiler: 351 

Conceptualization, Formal analysis, Writing - review & editing. Henner Hollert: 352 

Conceptualization, Supervision, Writing - review & editing. 353 

 354 

Declaration of competing interest 355 

The authors declare that they have no known competing financial interests or personal 356 

relationships that could have appeared to influence the work reported in this paper. 357 

 358 

Acknowledgements 359 



The study was funded by the SOLUTIONS project supported by the European Union 360 

Seventh Framework Programme (FP7-ENV-2013-two-stage Collaborative project) 361 

under grant agreement no. 603437. Personally, the first author was supported by the 362 

China Scholarship Council. We thank BioDetection Systems BV (BDS, Amsterdam, 363 

The Netherlands) for supplying the U2OS cell line and respective culture and method 364 

protocols. 365 

References 366 

Alvarez-muñoz, D., Indiveri, P., Rostkowski, P., Horwood, J., Greer, E., Minier, C., Pope, N., Langston, 367 

W.J., Hill, E.M., 2015. Widespread contamination of coastal sediments in the Transmanche 368 

Channel with anti-androgenic compounds 95, 590–597. 369 

https://doi.org/10.1016/j.marpolbul.2014.11.014 370 

Beckers, L.M., Brack, W., Dann, J.P., Krauss, M., Müller, E., Schulze, T., 2020. Unraveling longitudinal 371 

pollution patterns of organic micropollutants in a river by non-target screening and cluster analysis. 372 

Sci. Total Environ. 727, 138388. https://doi.org/10.1016/j.scitotenv.2020.138388 373 

Brack, W., Ait-Aissa, S., Burgess, R.M., Busch, W., Creusot, N., Di Paolo, C., Escher, B.I., Mark Hewitt, 374 

L., Hilscherova, K., Hollender, J., Hollert, H., Jonker, W., Kool, J., Lamoree, M., Muschket, M., 375 

Neumann, S., Rostkowski, P., Ruttkies, C., Schollee, J., Schymanski, E.L., Schulze, T., Seiler, T.-376 

B., Tindall, A.J., De Aragão Umbuzeiro, G., Vrana, B., Krauss, M., 2016. Effect-directed analysis 377 

supporting monitoring of aquatic environments — An in-depth overview. Sci. Total Environ. 544, 378 

1073–1118. https://doi.org/10.1016/j.scitotenv.2015.11.102 379 

Brand, W., de Jongh, C.M., van der Linden, S.C., Mennes, W., Puijker, L.M., van Leeuwen, C.J., van 380 

Wezel, A.P., Schriks, M., Heringa, M.B., 2013. Trigger values for investigation of hormonal 381 



activity in drinking water and its sources using CALUX bioassays. Environ. Int. 55, 109–118. 382 

https://doi.org/10.1016/j.envint.2013.02.003 383 

Burns, E.E., Carter, L.J., Kolpin, D.W., Thomas-Oates, J., Boxall, A.B.A., 2018. Temporal and spatial 384 

variation in pharmaceutical concentrations in an urban river system. Water Res. 137, 72–85. 385 

https://doi.org/10.1016/j.watres.2018.02.066 386 

Desbiolles, F., Malleret, L., Tiliacos, C., Wong-Wah-Chung, P., Laffont-Schwob, I., 2018. Occurrence 387 

and ecotoxicological assessment of pharmaceuticals: Is there a risk for the Mediterranean aquatic 388 

environment? Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2018.04.351 389 

Di Marcantonio, C., Bertelkamp, C., Bel, N. Van, Pronk, T.E., Timmers, P.H.A., Wielen, P. Van Der, 390 

Brunner, A.M., 2020. Organic micropollutant removal in full-scale rapid sand filters used for 391 

drinking water treatment in The Netherlands and Belgium. Chemosphere 260, 127630. 392 

https://doi.org/10.1016/j.chemosphere.2020.127630 393 

Di Paolo, C., Kirchner, K., Balk, F.G.P., Muschket, M., Brack, W., Hollert, H., Seiler, T.B., 2016a. 394 

Downscaling procedures reduce chemical use in androgen receptor reporter gene assay. Sci. Total 395 

Environ. 571, 826–833. https://doi.org/10.1016/j.scitotenv.2016.07.059 396 

Di Paolo, C., Ottermanns, R., Keiter, S., Ait-Aissa, S., Bluhm, K., Brack, W., Breitholtz, M., Buchinger, 397 

S., Carere, M., Chalon, C., Cousin, X., Dulio, V., Escher, B.I., Hamers, T., Hilscherová, K., Jarque, 398 

S., Jonas, A., Maillot-Marechal, E., Marneffe, Y., Nguyen, M.T., Pandard, P., Schifferli, A., 399 

Schulze, T., Seidensticker, S., Seiler, T.B., Tang, J., van der Oost, R., Vermeirssen, E., Zounková, 400 

R., Zwart, N., Hollert, H., 2016b. Bioassay battery interlaboratory investigation of emerging 401 

contaminants in spiked water extracts – Towards the implementation of bioanalytical monitoring 402 

tools in water quality assessment and monitoring. Water Res. 104, 473–484. 403 



https://doi.org/10.1016/j.watres.2016.08.018 404 

Escher, B., Neale, P., Leusch, F., 2021. Bioanalytical tools in water quality assessment. IWA Publishing, 405 

London, UK. 406 

Escher, B.I., Allinson, M., Altenburger, R., Bain, P.A., Balaguer, P., Busch, W., Crago, J., Denslow, 407 

N.D., Dopp, E., Hilscherova, K., Humpage, A.R., Kumar, A., Grimaldi, M., Jayasinghe, B.S., 408 

Jarosova, B., Jia, A., Makarov, S., Maruya, K.A., Medvedev, A., Mehinto, A.C., Mendez, J.E., 409 

Poulsen, A., Prochazka, E., Richard, J., Schifferli, A., Schlenk, D., Scholz, S., Shiraishi, F., Snyder, 410 

S., Su, G., Tang, J.Y.M., Burg, B. Van Der, Linden, S.C.V. Der, Werner, I., Westerheide, S.D., 411 

Wong, C.K.C., Yang, M., Yeung, B.H.Y., Zhang, X., Leusch, F.D.L., 2014. Benchmarking organic 412 

micropollutants in wastewater, recycled water and drinking water with in vitro bioassays. Environ. 413 

Sci. Technol. 48, 1940–1956. https://doi.org/10.1021/es403899t 414 

Escher, B.I., Neale, P.A., Krauss, M., Maria, K., Arslan, M., Hashmi, K., Seidensticker, S., Brack, W., 415 

2017. Impact of untreated wastewater on a major European river evaluated with a combination of 416 

in vitro bioassays and chemical analysis. Environ. Pollut. 220, 1220–1230. 417 

https://doi.org/10.1016/j.envpol.2016.11.011 418 

Escher, B.I., Selim, A., Behnisch, P.A., Brack, W., Brion, F., Brouwer, A., Buchinger, S., Crawford, S.E., 419 

Du, D., Hamers, T., Hettwer, K., Hilscherová, K., Hollert, H., Kase, R., Kienle, C., Tindall, A.J., 420 

Tuerk, J., Oost, R. Van Der, Vermeirssen, E., Neale, P.A., 2018. Effect-based trigger values for in 421 

vitro and in vivo bioassays performed on surface water extracts supporting the environmental 422 

quality standards (EQS) of the European Water Framework Directive. Sci. Total Environ. 629, 423 

748–765. https://doi.org/10.1016/j.scitotenv.2018.01.340 424 

Escher, B.I., Stapleton, H.M., Schymanski, E.L., 2020. Tracking complex mixtures of chemicals in Our 425 



Changing Environment. Science (80). 367, 388–392. 426 

Heinrich, P., Petschick, L.L., Northcott, G.L., Tremblay, L.A., Ataria, J.M., Braunbeck, T., 2017. 427 

Assessment of cytotoxicity, genotoxicity and 7-ethoxyresorufin-O-deethylase (EROD) induction 428 

in sediment extracts from New Zealand urban estuaries. Ecotoxicology 26, 211–226. 429 

https://doi.org/10.1007/s10646-016-1756-1 430 

Houtman, C.J., Brewster, K., Duijve, B., Oorschot, Y. Van, Rosielle, M., Lamoree, M.H., Steen, R.J.C.A., 431 

2021. Characterisation of (anti-) progestogenic and (anti-) androgenic activities in surface and 432 

wastewater using high resolution effect-directed analysis. Environ. Int. 153, 106536. 433 

https://doi.org/10.1016/j.envint.2021.106536 434 

Jacobs, M.N., Laws, S.C., Willett, K., Schmieder, P., Odum, J., Bovee, T.F., 2013. In vitro metabolism 435 

and bioavailability tests for endocrine active substances: What is needed next for regulatory 436 

purposes? ALTEX 30, 331–351. https://doi.org/10.14573/altex.2013.3.331 437 

Jálová, V., Jarošová, B., Bláha, L., Giesy, J.P., Ocelka, T., Grabic, R., Jurčíková, J., Vrana, B., 438 

Hilscherová, K., 2013. Estrogen-, androgen- and aryl hydrocarbon receptor mediated activities in 439 

passive and composite samples from municipal waste and surface waters. Environ. Int. 59, 372–440 

383. https://doi.org/10.1016/j.envint.2013.06.024 441 

Jensen, K.M., Kahl, M.D., Makynen, E.A., Korte, J.J., Leino, R.L., Butterworth, B.C., Ankley, G.T., 442 

2004. Characterization of responses to the antiandrogen flutamide in a short-term reproduction 443 

assay with the fathead minnow. Aquat. Toxicol. 70, 99–110. 444 

https://doi.org/10.1016/j.aquatox.2004.06.012 445 

Kase, R., Javurkova, B., Simon, E., Swart, K., Buchinger, S., Könemann, S., Escher, B.I., Carere, M., 446 

Dulio, V., Ait-Aissa, S., Hollert, H., Valsecchi, S., Polesello, S., Behnisch, P., di Paolo, C., Olbrich, 447 



D., Sychrova, E., Gundlach, M., Schlichting, R., Leborgne, L., Clara, M., Scheffknecht, C., 448 

Marneffe, Y., Chalon, C., Tusil, P., Soldan, P., von Danwitz, B., Schwaiger, J., Morán, A., Bersani, 449 

F., Perceval, O., Kienle, C., Vermeirssen, E., Hilscherova, K., Reifferscheid, G., Werner, I., 2018. 450 

Screening and risk management solutions for steroidal estrogens in surface and wastewater. TrAC 451 

- Trends Anal. Chem. 102, 343–358. https://doi.org/10.1016/j.trac.2018.02.013 452 

Kassotis, C.D., Alvarez, D.A., Taylor, J.A., vom Saal, F.S., Nagel, S.C., Tillitt, D.E., 2015. 453 

Characterization of Missouri surface waters near point sources of pollution reveals potential novel 454 

atmospheric route of exposure for bisphenol A and wastewater hormonal activity pattern. Sci. Total 455 

Environ. 524–525, 384–393. https://doi.org/10.1016/j.scitotenv.2015.04.013 456 

Kassotis, C.D., Iwanowicz, L.R., Akob, D.M., Cozzarelli, I.M., Mumford, A.C., Orem, W.H., Nagel, 457 

S.C., 2016. Endocrine disrupting activities of surface water associated with a West Virginia oil and 458 

gas industry wastewater disposal site. Sci. Total Environ. 557–558, 901–910. 459 

https://doi.org/10.1016/j.scitotenv.2016.03.113 460 

Katsiadaki, I., Sanders, M.B., Henrys, P.A., Scott, A.P., Matthiessen, P., Pottinger, T.G., 2012. Field 461 

surveys reveal the presence of anti-androgens in an effluent-receiving river using stickleback-462 

specific biomarkers. Aquat. Toxicol. 122–123, 75–85. 463 

https://doi.org/10.1016/j.aquatox.2012.05.006 464 

Liscio, C., Abdul-sada, A., Al-salhi, R., Ramsey, M.H., Hill, E.M., 2014. Methodology for profiling anti-465 

androgen mixtures in river water using multiple passive samplers and bioassay-directed analyses. 466 

Water Res. 57, 258–269. https://doi.org/10.1016/j.watres.2014.03.039 467 

Mollergues, J., Van Vugt-Lussenburg, B., Kirchnawy, C., Bandi, R.A., Van Der Lee, R.B., Marin-Kuan, 468 

M., Schilter, B., Fussell, K.C., 2017. Incorporation of a metabolizing system in biodetection assays 469 



for endocrine active substances. ALTEX 34, 389–398. https://doi.org/10.14573/altex.1611021 470 

Muschket, M., Brack, W., Inostroza, P.A., Beckers, L.M., Schulze, T., Krauss, M., 2021. Sources and 471 

fate of the antiandrogenic fluorescent dye 4-methyl-7-diethylaminocoumarin in small river systems. 472 

Environ. Toxicol. Chem. 40, 3078–3091. https://doi.org/10.1002/etc.5181 473 

Muschket, M., Paolo, C. Di, Tindall, A.J., Phan, A., Krauss, M., Kirchner, K., Seiler, T., Hollert, H., 474 

Brack, W., 2018. Identification of unknown antiandrogenic compounds in surface waters by effect-475 

directed analysis (EDA) using a parallel fractionation approach. Environ. Sci. Technol. 52, 288–476 

297. https://doi.org/10.1021/acs.est.7b04994 477 

Otto, M., Hansen, S.H., Dalgaard, L., Dubois, J., Badolo, L., 2008. Development of an in vitro assay for 478 

the investigation of metabolism-induced drug hepatotoxicity. Cell Biol. Toxicol. 24, 87–99. 479 

https://doi.org/10.1007/s10565-007-9018-x 480 

Sauer, P., Bo, A., Golovko, O., Grabic, R., Vojs, A., Sandov, M., Kocour, H., Valentov, O., 2018. Do 481 

progestins contribute to (anti-) androgenic activities in aquatic environments? Environ. Pollut. 242, 482 

417–425. https://doi.org/10.1016/j.envpol.2018.06.104 483 

Schulze, T., Ahel, M., Ahlheim, J., Aït-Aïssa, S., Brion, F., Di Paolo, C., Froment, J., Hidasi, A.O., 484 

Hollender, J., Hollert, H., Hu, M., Kloß, A., Koprivica, S., Krauss, M., Muz, M., Oswald, P., Petre, 485 

M., Schollée, J.E., Seiler, T.B., Shao, Y., Slobodnik, J., Sonavane, M., Suter, M.J.F., Tollefsen, 486 

K.E., Tousova, Z., Walz, K.H., Brack, W., 2017. Assessment of a novel device for onsite 487 

integrative large-volume solid phase extraction of water samples to enable a comprehensive 488 

chemical and effect-based analysis. Sci. Total Environ. 581–582, 350–358. 489 

https://doi.org/10.1016/j.scitotenv.2016.12.140 490 

Tousova, Z., Oswald, P., Slobodnik, J., Blaha, L., Muz, M., Hu, M., Brack, W., Krauss, M., Di, C., Tarcai, 491 



Z., Seiler, T., Hollert, H., Koprivica, S., Ahel, M., Schollée, J.E., Hollender, J., Suter, M.J., Hidasi, 492 

A.O., Schirmer, K., Sonavane, M., Ait-aissa, S., Creusot, N., Brion, F., Froment, J., Catarina, A., 493 

Thomas, K., Erik, K., Tu, S., Ouyang, X., Leonards, P., Lamoree, M., Osorio, V., Kolkman, A., 494 

Schriks, M., Spirhanzlova, P., Tindall, A., Schulze, T., 2017. European demonstration program on 495 

the effect-based and chemical identification and monitoring of organic pollutants in European 496 

surface waters. Sci. Total Environ. 602, 1849–1868. 497 

https://doi.org/10.1016/j.scitotenv.2017.06.032 498 

Urbatzka, R., van Cauwenberge, A., Maggioni, S., Viganò, L., Mandich, A., Benfenati, E., Lutz, I., Kloas, 499 

W., 2007. Androgenic and antiandrogenic activities in water and sediment samples from the river 500 

Lambro, Italy, detected by yeast androgen screen and chemical analyses. Chemosphere 67, 1080–501 

1087. https://doi.org/10.1016/j.chemosphere.2006.11.041 502 

Välitalo, P., Perkola, N., Seiler, T.B., Sillanpää, M., Kuckelkorn, J., Mikola, A., Hollert, H., Schultz, E., 503 

2016. Estrogenic activity in Finnish municipal wastewater effluents. Water Res. 88, 740–749. 504 

https://doi.org/10.1016/j.watres.2015.10.056 505 

van der Burg, B., Winter, R., Man, H. yen, Vangenechten, C., Berckmans, P., Weimer, M., Witters, H., 506 

van der Linden, S., 2010. Optimization and prevalidation of the in vitro AR CALUX method to 507 

test androgenic and antiandrogenic activity of compounds. Reprod. Toxicol. 30, 18–24. 508 

https://doi.org/10.1016/j.reprotox.2010.04.012 509 

Van Der Linden, S.C., Heringa, M.B., Man, H.Y., Sonneveld, E., Puijker, L.M., Brouwer, A., Van Der 510 

Burg, B., 2008. Detection of multiple hormonal activities in wastewater effluents and surface water, 511 

using a panel of steroid receptor CALUX bioassays. Environ. Sci. Technol. 42, 5814–5820. 512 

https://doi.org/10.1021/es702897y 513 



van Vugt-Lussenburg, B.M.A., van der Lee, R.B., Man, H.Y., Middelhof, I., Brouwer, A., Besselink, H., 514 

van der Burg, B., 2018. Incorporation of metabolic enzymes to improve predictivity of reporter 515 

gene assay results for estrogenic and anti-androgenic activity. Reprod. Toxicol. 75, 40–48. 516 

https://doi.org/10.1016/j.reprotox.2017.11.005 517 

Weiss, J.M., Hamers, T., Thomas, K. V, Lamoree, M.H., 2009. Masking effect of anti-androgens on 518 

androgenic activity in European river sediment unveiled by effect-directed analysis. Anal. Bioanal. 519 

Chem. 394, 1385–1397. https://doi.org/10.1007/s00216-009-2807-8 520 

Weitere, M., Altenburger, R., Anlanger, C., Baborowski, M., Bärlund, I., Beckers, L., Borchardt, D., 521 

Brack, W., Brase, L., Busch, W., Chatzinotas, A., Deutschmann, B., Eligehausen, J., Frank, K., 522 

Graeber, D., Griebler, C., Hagemann, J., Herzsprung, P., Hollert, H., Inostroza, P.A., Jäger, C.G., 523 

Kallies, R., Kamjunke, N., Karrasch, B., Kaschuba, S., Kaus, A., Klauer, B., Knöller, K., 524 

Koschorreck, M., Krauss, M., Kunz, J. V, Kurz, M.J., Liess, M., Mages, M., Müller, C., Muschket, 525 

M., Musolff, A., Norf, H., Pöhlein, F., Reiber, L., Risse-buhl, U., Schramm, K., Schmitt-jansen, 526 

M., Schmitz, M., Strachauer, U., Tümpling, W. Von, Weber, N., Wild, R., Wolf, C., Brauns, M., 527 

2021. Disentangling multiple chemical and non-chemical stressors in a lotic ecosystem using a 528 

longitudinal approach. Sci. Total Environ. 769, 144324. 529 

https://doi.org/10.1016/j.scitotenv.2020.144324 530 

Zhao, J.L., Ying, G.G., Yang, B., Liu, S., Zhou, L.J., Chen, Z.F., Lai, H.J., 2011. Screening of multiple 531 

hormonal activities in surface water and sediment from the Pearl River system, South China, using 532 

effect-directed in vitro bioassays. Environ. Toxicol. Chem. 30, 2208–2215. 533 

https://doi.org/10.1002/etc.625 534 

Zhou, S., Di Paolo, C., Wu, X., Shao, Y., Seiler, T.B., Hollert, H., 2019. Optimization of screening-level 535 



risk assessment and priority selection of emerging pollutants – The case of pharmaceuticals in 536 

European surface waters. Environ. Int. 128, 1–10. https://doi.org/10.1016/j.envint.2019.04.034 537 

Zhou, S., Peng, S., Brack, W., Doering, J.A., Seiler, T.B., Hollert, H., 2021. Bioanalytical equivalents 538 

and relative potencies for predicting the biological effects of mixtures. Sci. Total Environ. 763, 539 

143030. https://doi.org/10.1016/j.scitotenv.2020.143030 540 

 541 

542 



Table 1 Temporal variations in RQf values at three sites from 2014 to 2016 543 

Sites Year NO1 NO2 F(%) RQ RQf 

Wer       

 2014 1 4 25 1.20  0.30 

 2015 0 7 0 0.57  0.00 

 2016 0 8 0 0.43  0.00 

Sil        

 2014 6 8 75 2.31  1.73 

 2015 7 8 88 1.98  1.74 

 2016 8 8 100 2.19  2.19 

        

Nien 2014 6 8 75 1.40  1.05 

 2015 3 8 38 1.18  0.45 

  2016 2 7 29 0.89 0.25 

  544 

  545 



 546 

Fig. 1 Map of the catchment of the Holtemme River showing sampling sites (revised 547 

from Muschket et al., 2021). Site 1: Wernigerode; Site 2: Silstedt; Site 3: Nienhagen; 548 

WWTP: wastewater treatment plant. 549 

  550 



 551 

 552 



 553 

 554 

Fig. 2 Cell viability of water samples at the three sites (Wer, Sil and Nien) from 2014 555 

to 2016. Responses are expressed as a % of the relative response to the negative control 556 

(NC). A) means cell viability in 2014; B) means cell viability in 2015; C) means cell 557 

viability in 2016; D) temporal variations in cell viability at the three sites, and cell 558 

viability is given at a concentration of REF 100. Data are presented as the 559 



mean ± standard deviation (SD). * represents a significant difference (p<0.05) with 560 

respect to indicators compared with the negative control. ** represents an extremely 561 

significant difference. Error bar, standard deviation (n≥12); DMSO was used as the 562 

negative control. 563 
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 567 

Fig. 3 Anti-AR activity from 2014 to 2016 at three sites (Wer, Sil and Nien). Water 568 

samples at the Wer site are not available until August 2014. Anti-AR activity is reported 569 

as µg of flutamide-eq. (i.e., flu-eq.) per L of water. * represents a significant difference 570 

(p<0.05) between the two groups. ** represents an extremely significant difference 571 

(p<0.01). Error bar, standard deviation (n=3). The mean anti-AR activity of all samples 572 

in a certain year represents anti-AR activity in that year. 573 

  574 



 575 

Fig. 4 Temporal variations in the potential risk of anti-AR activity at three sites (Wer, 576 

Sil and Nien). 577 


