
Science of the Total Environment 758 (2021) 144001

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Assessment of source and treated water quality in seven drinking water
treatment plants by in vitro bioassays – Oxidative stress and
antiandrogenic effects after artificial infiltration
Agneta Oskarsson a,⁎, Anna Kjerstine Rosenmai a, Geeta Mandava a, Anders Johannisson b, Andrew Holmes c,
Rikard Tröger d, Johan Lundqvist a

a Department of Biomedical Sciences and Veterinary Public Health, Swedish University of Agricultural Sciences, Box 7028, SE-750 07 Uppsala, Sweden
b Department of Clinical Sciences, Swedish University of Agricultural Sciences, Box 7054, SE-750 07 Uppsala, Sweden
c Kungälv Drinking Water Treatment Plant, Filaregatan 15, SE-442 81 Kungälv, Sweden
d Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences, Box 7050, SE-750 07 Uppsala, Sweden
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Source (river) water induced AhR and
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• Most DWTPs removed the activities.
• Nrf2 and anti-AR activities were in-
duced after artificial infiltration.

• Target or regulatory chemical analysis
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Drinking water quality and treatment efficacy was investigated in seven drinking water treatment plants
(DWTPs), using water from the river Göta Älv, which also is a recipient of treated sewage water. A panel of
cell-based bioassays was used, including measurements of receptor activity of aryl hydrocarbon (AhR), estrogen
(ER), androgen (AR), peroxisome proliferator-activated receptor alpha (PPARα) as well as induction of oxidative
stress (Nrf2) andmicronuclei formation. Grab water samples were concentrated by solid phase extraction (SPE)
and water samples were analyzed at a relative enrichment factor of 50. High activities of AhR, ER and AR antag-
onismwere present inWWTP outlets along the river. Inlet water from the river exhibited AhR and AR antagonis-
tic activities. AhR activity was removed by DWTPs using granulated activated carbon (GAC) and artificial
infiltration. AR antagonistic activity was removed by the treatment plants, except the artificial infiltration
plant, which actually increased the activity. Furthermore, treated drinking water from the DWTP using artificial
infiltration exhibited high Nrf2 activity, whichwas not found in any of the other water samples. Nrf2 activity was
found inwater from eight of the 13 abstractionwells, collectingwater from the artificial infiltration. No genotoxic
activity was detected at non-cytotoxic concentrations. No Nrf2 or AR antagonistic activities were detected in the
inlet or outlet water after the DWTP had been replaced by a new plant, usingmembrane ultrafiltration and GAC.
Neither target chemical analysis, nor chemical analysis according to the drinking water regulation, detected any
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presence of chemicals, which could be responsible of the prominent effects on oxidative stress and AR antagonis-
tic activity in the drinking water samples. Thus, bioanalysis is a useful tool for detection of unknown hazards in
drinking water and for assessment of drinking water treatments.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Access to safe drinking water is essential to health (WHO, 2011).
Chemical contamination of the environmentmay be a serious threat, es-
pecially when surface water is used as a source for drinking water. In
Sweden, 50% of public drinking water is produced directly from surface
water, 25% from surface water via artificial infiltration and 25% from
ground water (Svenskt Vatten, 2016). Detection and removal of con-
taminating chemicals in the drinking water treatment plants is impor-
tant and a great challenge. Monitoring by chemical analysis covers
only a small part of the occurring chemicals, those that are known or ex-
pected to be present, and not the unknown chemicals. Furthermore,
chemical analyses do not give information on the potential toxic effects
of the complex mixture of natural and anthropogenic chemicals, which
may be present in drinkingwater. However, effect-basedmethods have
been increasingly applied inwater quality monitoring, especially of sur-
face and wastewater, to detect biological activities relevant to adverse
health effects (Altenburger et al., 2019; Brack et al., 2019; Dopp et al.,
2019; Escher et al., 2018; Konig et al., 2017).

Recent studies on drinkingwater quality have used in vitro bioassays
to detect biological effects of hazardous chemicals in raw and finished
drinking water (Brand et al., 2013; Brunner et al., 2020; Escher et al.,
2013; Jones et al., 2020; Kakaley et al., 2020; Leusch et al., 2018;
Macova et al., 2011; Neale and Escher, 2019; Rosenmai et al., 2018). Ef-
ficacy of drinking water treatment has been assessed, and reduced as
well as increased bioactivity has been demonstrated following drinking
water treatment. Chlorination, ozonation and UV-treatment, which is
used to eliminate microbiological contamination in drinking water, is
known to cause formation of genotoxic disinfection byproducts, which
can be detected by bioassays (Neale et al., 2012) Tak and Vellanki,
2018). In order to identify the micropollutants responsible for bioactiv-
ity in polluted water samples, effect-directed analysis has been pro-
posed, where in vitro bioassays are integrated with chemical analyses
(Altenburger et al., 2019; Brack et al., 2016).

The bioassays used in the present study were selected due to rele-
vance to human health. Aryl hydrocarbon receptor, AhR, has multiple
physiological functions, with impact on chemical andmicrobial defense,
energy metabolism, reproduction, development, immunity and inflam-
mation (Bock, 2019). The nuclear factor erythroid 2-related factor, Nrf2,
regulates the cellular defensemechanism against oxidative stress by ac-
tivation of antioxidant genes (Zheng et al., 2020). Oxidative stress is a
common mechanism for genotoxicity and different adverse endpoints,
such as tissue damage, carcinogenicity and teratogenicity (Ma, 2013).
Endotoxins or lipopolysaccharides (LPS) are components embedded
in the outer membranes of Gram-negative bacteria and some
cyanobacteria, and known to be health hazards in water (Zhang et al.,
2019a). Lipopolysaccharides are reported to increase the Nrf2 expres-
sion (Menon and Peltier, 2020). Peroxisome proliferator activated re-
ceptor alpha, PPARα, plays crucial roles in lipid and glucose
metabolism (Mirza et al., 2019). Estrogen receptor, ER, regulates the ac-
tions of estrogens, which are essential for reproduction, cardiovascular
function, bone strength, cognitive behavior, successful pregnancy and
gastrointestinal systems (Adeel et al., 2017). Androgen receptor, AR,
regulates the actions of androgens, which have important role in the de-
velopment and function of the reproductive, musculoskeletal, cardio-
vascular, immune, and neural systems (Davey and Grossmann, 2016).

The aim of the present study was to assess drinking water quality
and treatment efficacy in sevenDWTPs using the panel of in vitro bioas-
says, described above. The DWTPs used water from the same surface
2

water source, the river Göta Älv, which is the second largest source of
raw water in Sweden. The river is a recipient of treated wastewater,
storm water discharges and effluents from industries. The impact on
bioactivity of effluents from upstream wastewater treatment plants
was also investigated. As high activity of oxidative stress and
antiandrogenic activity was detected in outlet water in one of the
DWTPs, this specific DWTP was followed up with multiple resampling
in an effort to detect the source of contamination. Genotoxicity was
also tested in samples with high activity of oxidative stress. In parallel,
the occurrence of micropollutants in the water samples was analyzed
and previously reported (Troger et al., 2020).
2. Materials and methods

2.1. Study area and sampling

The river Göta Älv is 93 km long and drains Lake Vänern, the largest
lake in Sweden, into Kattegat at the city of Gothenburg on the West
Coast of Sweden. Along the river are six municipalities, effluents from
more than 20 small and large wastewater treatments facilities, as well
as industrial and agricultural activities. The Göta Älv is a surface water
source for drinking water, serving a population of around 750,000, in-
cluding Gothenburg.

Grab samples (12 L) of water (for bioassays and chemical analysis)
were collected in September (20th and 21st) 2016 at 11 sampling
sites from the source in Vänern and along the Göta Älv: from inlet and
outlet of seven DWTPs, surface water samples at two sites along the
river, and outlet of two WWTPs (Fig. 1; Table 1).

Five of the DWTPs used raw water directly from the Göta Älv, while
Lackarebäck (DWTP7) took raw water from a lake (Delsjön) receiving
its water from the Göta Älv, and Mölndal (DWTP6) used water from a
separate lake (Rådasjön). Most of the DWTPs used conventional water
treatmentmethods, including lime and CO2 for pH adjustment, coagula-
tion, sedimentation, sand filtration, and UV irradiation and chlorination
for disinfection. One DWTP, Kungälv (DWTP4), used artificial infiltra-
tion, four DWTPs (DWTPs 3, 5, 6 and 7) had GAC filters and one
(DWTP7) had ultrafiltration (Table 1).

In DWTP4 river water was pumped to a sedimentation basin, from
which the water flowed into nine infiltration basins (Fig. S1). From infil-
tration basins water was percolated through a layer of clay and gravel
for 7–30 days (artificial infiltration) and then collected in 13 abstraction
wells. Water from three of the wells (9, 11 and 13) were treated by coag-
ulation and sand filtration before mixed with water from the other ab-
straction wells, and finally treated with mild UV disinfection (400 J/m2).
Due to the high Nrf2 and AR antagonistic activities in the outlet water
from DWTP4, which were revealed in this study, inlet and outlet water
were resampled in May 2017 (three raw water and three treated water,
sampled with 5 min intervals); and in February 2018 (one raw water,
three treated waters, sampled on three consecutive days and one tap
water from the distribution network at 2.5 km from the DWTP). In an ef-
fort to localize the source of the contamination, water was sampled from
the 13 abstraction wells (numbered 1–3 and 6–15) at DWTP4 in May
2018 and from inlet and outlet water, and tested for Nrf2 and AR antago-
nistic activities, micronuclei formation and endotoxin concentrations. The
artificial infiltration had been in place since the 1950s. In December 2018,
DWTP4 was replaced by a plant using the following process: aeration,
biofiltration, coagulation upfront of ultrafilter and granulated activated
carbon (GAC) filtration plus UV disinfection, instead of artificial
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Fig. 1. Sampling sites along the Göta Älv. Squares indicate drinking water treatment plants (DWTP), stars indicate wastewater treatment plants (WWTP), and circles indicate surface
waters sampling sites (SW).
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infiltration. In October 2019 outlet water from the new DWTP was sam-
pled in addition to samples from three of the abstraction wells at the
old DWTP.

All water samples were collected in stainless steel containers
(Sharpsville Container Corporation, Sharpsville, PA 16150, USA)washed
with ethanol (AnalaR quality) followed byMilli-Qwater. The containers
3

were rinsedwith the samplewater three times prior towater collection.
The samples were stored at +4 °C before extraction, which was per-
formed within a week of sampling.

Furthermore, in April 2018,water from three of the abstractionwells
at DWTP4 (wells 6, 7 and 8)were sampled for chemical analysis accord-
ing to the Swedish drinking water regulation.



Table 1
Sample identification (ID), sites and drinking water production – sampling in September 2016.

Sample
ID

Sampling site Volume produced
(m3/day)

Population
equivalent

Water treatment after coarse prefiltration, pH adjustment,
coagulation and sedimentation (except DWTP4)

DWTP1 Inlet/outlet Vänersborg 7700 28,000 Slow sand filtration, UV irradiation, chlorination
SW1 River water Vargön
DWTP2 Inlet/outlet Trollhättan 13,200 50,000 Rapid and slow sand filtration, UV irradiation, chlorination
WWTP1 Outlet Trollhättan
DWTP3 Inlet/outlet Lilla Edet 2000 7500 aRapid sand filtration, GAC, UV irradiation, chlorination
WWTP2 Outlet Lilla Edet
SW2 River water Garn
DWTP4 Inlet/outlet Kungälv 5000 36,000 bInfiltration; pH adjustment before UV irradiation
DWTP5 Inlet/outlet Alelyckan 91,000 250,000 Chlorination, GAC, UV irradiation, chlorination
DWTP6c Inlet/outlet Mölndal 14,400 63,000 Rapid sand filtration, GAC, UV irradiation, chlorination
DWTP7d Inlet/outlet Lackarebäck 87,000 300,000 GAC, UV irradiation, chlorination, ultrafiltration at 30 kDalton,

a Chlorination also before coagulation and sedimentation; pH adjustment only after GAC.
b Infiltration (7–30 days); no coarse prefiltration or pH adjustment, coagulation and sand filtration of water from 3 of 13 abstraction wells.
c Raw water taken from Lake Rådasjön.
d Raw water taken from Göta Älv, via Lake Delsjön.
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2.2. Extraction of water samples

Extraction of water samples was performed by solid phase extrac-
tion (SPE), using a semi-automated extraction system (4790 SPE-
DEX®, Horizon Technology, Salem, New Hampshire, USA) with
47mmAtlantic HLB-M SPE disks (Horizon Technology). Thewater sam-
ples, 5 L (except WWTP1, which was 4.3 L and DWTP5 outlet, which
was 3.3 L), were filtered using an in-line 1 μmglass fiber filter (1Micron
– Fine, Fast Flow Sediment Pre-Filters, Horizon Technology) placed in
front of the SPE disk. The system was preconditioned with 2 × 25 mL
methanol (LC-MS grade, Merck, Darmstadt, Germany) followed by
2 × 25mLMilli-Q water. The sample was applied to the disk via the fil-
ter, the filter and SPE disk were then washed with 2 × 25 mL 5% meth-
anol and finally air dried for 10 min before elution with 3 × 25 mL
methanol.

The three eluates were pooled and reduced to approximately 0.5 mL
using a TurboVap Classic II System (Biotage, USA), transferred to a glass
vial and diluted with ethanol to 1.0 mL. By this procedure the water
samples were enriched by a factor of 5000, except for WWTP1 and
DWTP5 outlet, which were enriched by a factor of 4300 and 3300, re-
spectively. The concentrated water samples were stored at −20 °C
until bioanalysis.

2.2.1. Control water samples
To assess the performance of the extraction method and any poten-

tial contribution to the bioactivity from the SPE, control samples were
prepared. Five control samples, prepared in 5 L glass bottles, were con-
centrated by SPE, as described above for the test water samples. The
control samples included two Milli-Q (MQ) samples (un-spiked and
spiked before extraction) and three drinking water (DW) samples
(from the laboratory) (un-spiked, spiked before extraction and spiked
after extraction, but before evaporation). The un-spiked samples were
used to assess if the SPE method itself would induce any bioactivity. A
mixture of 269 chemicals including pesticides, pharmaceuticals,
perfluoroalkyl substances and personal care products was added before
or after extraction (Table S1). Each chemical was added to a sample
concentration of 20 ng/L (100 ng absolute in each sample of 5 L). The
sample identifications (ID) of the control water samples were: MQ
non-spiked, MQ spiked, DW non-spiked and DW spiked before SPE
and DW spiked after, respectively.
2.3. Bioassays

Detailed description of the bioassays is provided in Section S1 (SI).
Water samples and controls were assessed for activities of AhR, Nrf2,
4

PPARα, ER and AR agonistic and antagonistic activities in reporter
gene assays and for cytotoxicity in all the used cell lines by cell viability
assays (MTS and ATP-assay). In addition, water samples from DWTP4
were tested for genotoxicity by an in vitromicronucleus test and for en-
dotoxin activity by the amebocyte lysate assay.

The activities of AhR and PPARα were studied in transiently
transfected human hepatocarcinoma cells, HepG2. For AhR activity,
HepG2 cells were transfected with a luciferase reporter plasmid under
control of a DNA element responsive to ligand activated AhR (donated
by Prof. Michael Denison, University of California, Davis, USA), and for
PPARα activity, cells were transfected with a human PPARα ligand
binding domain-GAL4-plasmid, together with a GAL4-responsive lucif-
erase reporter plasmid (donated by Dr. Jan Fleckner, Novo Nordic,
Denmark) (Rosenmai et al., 2018). Nrf2 activity was assayed in a
HepG2 cell line, stably transfected with a luciferase plasmid, where
the expression of the luciferase protein is under the control of an Nrf2
responsive promoter element (Signosis Inc., Santa Clara, CA, USA, cata-
log number SL-0046-NP) (Lundqvist et al., 2019). ER activity was
assessed in a variant of the human breast carcinoma MCF7 cell line,
VM7Luc4E2 (donated by Professor Michael Denison, University of Cali-
fornia, USA), containing a stably integrated ER-responsive luciferase re-
porter plasmid (Rosenmai et al., 2018). AR agonistic and antagonistic
activity was studied in the stably transfected Chinese Hamster Ovary
cell line AR-EcoScreen™ (National Institutes of Biomedical Innovation,
Health, and Nutrition JCRB cell bank) with a human AR expression con-
struct and a luciferase reporter construct under the control of the andro-
gen response element (Rosenmai et al., 2018). ER and AR activities were
analyzed mainly according to OECD guidelines (OECD, 2012; OECD,
2016). Micronuclei formation was assessed by flow cytometry in
human lymphoblast TK6 cells, using a MicroFlow Kit (Litron Laborato-
ries, USA) (Lundqvist et al., 2019). To control for non-specific effects
due to general cytotoxicity, cellswere stainedwith ethidiummonoazide
(EMA). Endotoxin concentration was assayed in SPE-extracted water
samples by Pierce™ Chromogenic Endotoxin Quant Kit (Thermo Fisher
Scientific, USA).

When incubated with the cells, the water SPE extracts (controls and
water samples) were diluted 100 fold with cell medium to get a final
concentration of 1% ethanol. The resulting relative enrichment factor
(REF) in the bioassays was 5000 (enrichment factor at SPE) × 0.01 (di-
lution factor at bioassay)=50. REF > 1 denotes an enrichedwater sam-
ple and REF < 1 denotes a diluted water sample. The water samples
were tested in cell viability and reporter gene assays in 4 replicates at
REF = 50 for water samples, which means that the samples were 50
times enriched in the cellular medium, with a few exceptions due to
compromised cell viability in AR-EcoScreen cells (DWTPs 2, 3 and 4
inlet, DWTP4 outlet, and SW1) or due to reduced sample volume
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(WWTP1 and DWTP5 outlet). Each bioassay was repeated at least two
times. Selectedwater sampleswere tested for concentration-effect rela-
tionships in two fold dilutions.

Positive controls were analyzed in parallel with the water samples.
2,3,7,8-Tetrachlorodibenzodioxin (TCDD) (SUPELCO, Sigma-Aldrich,
USA), tert-butylhydroquinone (tBHQ) (Sigma Aldrich, USA) and
pirinixic acid (WY-14643) (Sigma-Aldrich, USA) and 17β-estradiol
(E2) (Sigma-Aldrich, USA) were used in the AhR, Nrf2, PPARα and ER
reporter gene assays, respectively. In the AR reporter gene assay, the
positive control for agonist activity was dihydrotestosterone (DHT)
(Sigma-Aldrich, USA) and for AR antagonist activity the positive control
was hydroxyflutamide (OHF) (Sigma-Aldrich, USA). The positive con-
trols in the reporter gene assays were analyzed in 6–12 concentrations
to obtain a standard curve. Concentrations and EC10/ECIR1.5-values of
the positive controls are reported in Section S1 and Table S2, respec-
tively. Mitomycin C (MMC) (Sigma-Aldrich, USA)was used as a positive
control in themicronuclei formation assay and lyophilized E. coli (O111:
B4) endotoxin standard in the endotoxin assay. In all bioassays, vehicle
controls consisting of 1% ethanol, equivalent to the ethanol concentra-
tion in the water samples, were included. This ethanol concentration
did not affect cell viability. Vehicle controls were tested in 8 replicates.

2.4. Data processing

Cell-based bioactivities of water samples and positive controls were
normalized to vehicle controls on each plate. The bioactivity was
expressed as fold change compared to vehicle controls, set as 1. Stan-
dard curves for positive controls for the nuclear receptor based assays
Fig. 2.Bioactivities at 50 REF of water samples inAhR, Nrf2 and PPARα reporter gene assays. Tre
(mean ± SD). Cut-offs are marked with a dotted line. a) 43 REF and b) 33 REF.

5

were obtained by fitting data to a four parameter sigmoidal curve
with the lower and upper limit constrained to one and the maximum
observed response value of the positive control, respectively. For Nrf2,
where no maximum effect can be reached, linear regression was used
for derivation of the standard curve. The curves obtained were used to
calculate effect concentrations, such as EC10 and ECIR1.5.

The cut-off for cytotoxicity was set at 0.8 compared to a vehicle con-
trol set at 1. Cut-off levels for classification of samples as positive in the
bioassays were based on the limit of detection (LOD) for AhR, Nrf2 and
PPARα calculated as 1 plus 3 times the standard deviation (SD) of the
normalized vehicle control values from all plates within the same ex-
periment. Cut-offs for ER and AR activities were set as suggested in
the OECD guidelines (OECD, 2012; OECD, 2016). In the ER agonist
mode the cut-off for activity is defined as 20% of E2maximum response.
For AR agonist activity the cut-off is defined as 10% of DHTmaximumre-
sponse, and for AR antagonist activity as 30% reduction of the 500 pM
DHT control. In the micronuclei assay cut-off for cytotoxicity was set
at percentage EMA-positive cells >4-fold compared to the vehicle
control.

Results on concentration-response relationships for AhR and AR an-
tagonistic activities were normalized to themaximum experimental re-
sponse of TCDD and OHF, respectively. Linear regressionwas performed
on the concentration-response data with y-axis intercept fixed at zero
and the estimated slope from the regression was used to determine
the concentration causing 10% effect (EC10) expressed as REFs, as de-
scribed by Escher et al. (2014). Data on concentration-response rela-
tionships for Nrf2 were not fixed at zero, as the results showed a
threshold in response, above which the effect was first observed. Nrf2
atment groups (n=4)were normalized to plate vehicle control (n=8) set to 1 (solid line)
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results were fitted to a linear regression model using the highest no ob-
served effect REF and the REFs with effects. The concentration causing a
1.5 fold induction, ECIR1.5 was estimated, as described by Escher et al.
(2014). Statistical analysis and graphical presentation was performed
using GraphPad Prism 5.02. EC10 and ECIR1.5 values for the positive con-
trols and for the samples were used to calculate bioequivalent concen-
trations (BEQs) with the following equation (Zhou et al., 2020):

BEQ ¼ EC10 or ECIR1:5ð Þpositive control

EC10 or ECIR1:5ð Þsample

3. Results and discussion

3.1. Cell viability

The test water samples did not affect cell viability in HepG2 and
VM7Luc4E2 cells, with the threshold set at 80%, while we found a re-
duced viability in AR-EcoScreen cells after treatment with inlet water
samples from DWTPs 2, 3 and 4, outlet water sample from DWTP4,
and in surfacewater from SW1 (Fig. S2). The samples causing decreased
cell viability at 50 REF were tested in dilutions to determine the highest
non-toxic concentrations, whichwere found to be 25 REF for inlet water
samples from DWTPs 2, 3 and 4, and 12.5 REF for DWTP4 outlet water
sample and for SW1. The determined highest non-cytotoxic concentra-
tions were used in the bioassays of AR activity. Control water samples,
including the spiked drinking water samples, did not compromise cell
viability in any of the cell lines (Fig. S2). Results on cell viability in the
resampling studies in DWTP4 are presented in Section 3.6.
Fig. 3. Bioactivities at 50 REF of water samples in ER, AR agonist, and AR antagonist reporter gen
set to 1 (solid line) (mean ± SD). Cut-offs are marked with a dotted line. a) 43 REF, b) 33 REF
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3.2. Bioactivity in control water with and without spiking

No activity was observed in non-spiked samples in any of the bioas-
says (Figs. 2 and 3). Thus, the SPE procedure did not induce any false
positive results. Water samples spiked with the mixture of 269
chemicals did not induce Nrf2 or PPARα activity. AhR activity was in-
duced just above the cut-off level in the drinking water control water
spiked after SPE, demonstrating a low AhR activity in the spiking
mixture.

In the ER reporter gene assay, all spiked samples caused increased
activity (Fig. 3). The spiking mixture contained estrone, genistein and
bisphenol A, which are known to induce ER activity. The ER activities
of these compounds have been compared with 17β-estradiol in lucifer-
ase reporter gene assayswithMCF-7 cells by Gutendorf andWestendorf
(Gutendorf andWestendorf, 2001) and the approximate relative poten-
cies were 1, 0.01, 0.00013 and 0.000025 for 17β-estradiol, estrone, ge-
nistein and bisphenol A, respectively. The ER activity in the spiking
mixture can be explained by the content of estrone, which would
have a concentration of 3.7 nM in the bioassay at 100% recovery in the
SPE. Drinkingwater spiked before SPE had amarkedly lower ER activity
of approximately 2-fold induction, compared to the 4-fold induction in
drinking water spiked after SPE, indicating a loss of ER activity by SPE
(Fig. 3). Furthermore, Milli-Q water spiked before SPE also had a 4-
fold induction of ER activity (Fig. 3).

The reason for the lower recovery of ER activity in drinking water
spiked before SPE compared to spiked after SPE or in Milli-Q water is
not known, but it can be speculated that interactions between the SPE
sorbent, dissolved organic matter (DOM) in drinkingwater and estrone
may play a role. DOMhas been reported to interact with HLB sorbent by
e assays. Treatment groups (n=3–4) were normalized to plate vehicle control (n=6–8)
, c) 25 REF, d) 6.25 REF, and e) 12.5 REF.
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Raeke et al. (2016), who showed that 60–80% of DOMwas retained on
the sorbent and not recovered in the extract. DOM is also known to in-
teract with estrogens via binding or sorption and the sorption coeffi-
cient varies with the composition of DOM (Ma and Yates, 2018). The
interaction with DOM is supposed to occur via the -OH group at C-3 po-
sition in the aromatic ring of estrogens (Ma and Yates, 2018). In a study
on removal of estrone and estradiol from water by various adsorbents,
Zhang and Zhou (2005) showed a drastic decrease in the adsorption
of the estrogens to GAC with increasing water concentrations of the
DOM compound, humic acid. They explained the decrease by a strong
tendency of humic acid to retain organic compounds, such as estrogens,
hence reducing the potential of estrogens to be adsorbed by GAC. Fur-
thermore, they found a higher capacity of GAC to remove estrogens
from distilled water than from wastewater, which they explained by
the presence of chemicals in wastewater, with the capacity to bind to
GAC and reduce the effective surface area in GAC for adsorbing estro-
gens. In our study, DOM in drinking water may 1) bind to estrone and
hence reduce the binding of estrone to HLB, and/or 2) bind to the HLB
sorbent and occupy binding sites, reducing the binding of estrone. In
both alternatives, estrone will pass through the SPE, which will result
in a decreased recovery of estrone in drinking water. Thus, spiking be-
fore SPE may lead to a reduced recovery of estrone. The interaction
would not occur in Milli-Q water, which does not contain DOM. In con-
clusion, depending on which estrogenic compounds are present and if
they are processed by SPE in a similarway as estrone, aswell as the con-
tent and composition of DOM, the ER activity in the test water samples
may be underestimated. In the present study the SPE recovery of es-
trone in a sample of tap water was approximately 50%.

In the AR reporter gene assay, all spiked samples showed increased
activity in both the antagonist and agonist mode of the assay (Fig. 3).
The spiked samples had AR activities in the same range irrespective of
water type or when spiking was performed, but with considerably
higher responses in the AR agonist mode than the AR antagonist mode
(Fig. 3). The spiking mixture contained androstanolone, also known as
dihydrotestosterone (DHT). The AR activity in the spiking mixture can
be explained by the content of DHT, which would have a concentration
of 3.4 nM in the bioassay at 100% recovery in the SPE. There was no dif-
ference in AR activity in samples spiked before and after SPE or when
added toMilli-Qwater. DHT does not have an -OH group at C-3 position
in the aromatic ring andwould not be affected by DOM in a similar way
as estrone. The AR reporter assay can also be activated by the glucocor-
ticoid receptor and the increased activity in the spiked samples could be
induced by synthetic glucocorticoids in the spiking mixture, e.g.
budesonide. The spiking mixture also contained bicalutamide, which
has antiandrogenic properties andwould inhibit part of the DHT agonist
activity.

3.3. Bioactivity in raw and treated water samples from DWTPs – efficacy of
treatment

All DWTP inlet water samples induced AhR activity in the range 2–4
fold of the vehicle control (Fig. 2). Outlet water from four of the DWTPs
(DWTPs 3, 4, 5 and 7) had reduced AhR activity compared to the inlet
samples, while the remaining three DWTPs had similar activity in inlet
and outlet water. The cut-off level for AhR activity of 2-fold the vehicle
control corresponds to an AhR activity of 136 pM TCDD as determined
from the standard curve (Fig. S3). At REF 50, a concentration of TCDD
in the water samples at or above 2.7 pM (0.9 ng/L) would be detected
as positive by our bioassay. Our results indicate that GAC (DWTPs 3, 5
and 7) and artificial infiltration (DWTP4) were effective in reducing
AhR activity. Presumably, GAC and infiltration soil particles act as sor-
bents of AhR-inducing chemicals and thereby reduce the activity in
the water. However, DWTP6 also had GAC as a treatment step, but did
not show reduced AhR activity in the outlet water.

Nrf2 activity was drastically increased to 10-fold compared to vehi-
cle control in outlet water of DWTP4, while no other inlet or outlet
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water samples exhibited activity above the cut-off level (Fig. 2). As the
inlet water sample did not have activity above the cut-off level, contam-
ination of water by Nrf2-inducing compound(s) occurred during the
water treatment process. DWTP4 was the only DWTP using artificial in-
filtration. Nrf2 activity is known to be induced by disinfection by-
products (Hebert et al., 2018; Neale et al., 2012). However, at DWTP4
no chlorination and onlymild UV disinfectionwas included in the treat-
ment, and disinfection by-products are not likely to be formed. Hence,
Nrf2 activity was most likely induced by other contaminants of anthro-
pogenic or natural origin, possibly released from the infiltration soil en-
vironment (further discussed in Section 3.7).

No PPARα activity above the cut-off was observed in any of the
water samples (Fig. 2). The absence of PPARα activity indicates that
PPARα-inducing compounds were not present in the water in high
enough concentrations to be detected by the bioassay, but it cannot be
excluded that higher concentrations or a more sensitive bioassay
could have revealed PPARα activity.

No ER activities above the cut-off level were detected in the inlet
samples (Fig. 3). The ER activities in the outlet samples were lower
than in the corresponding inlet samples, except in DWTP4, where
there was a slight increase in the outlet water to just above the cut-off
level. Resampling of outlet water fromDWTP4, did not reveal any ER ac-
tivity above the cut-off level (see Section 3.6). It should however be
noted, that the control samples in our study indicated a recovery after
SPE of approximately 50% of estrogenic activity in tap water (as
discussed in Section 3.2). Thus, the ER activitiesmay be underestimated,
especially in the inlet water with higher levels of DOM. Total dissolved
organic carbon (DOC) levelswere determined in the studiedwater sam-
ples from the seven DWTPs and varied from 4.16 to 5.54 mg/L in raw
water and from 1.43 to 2.79 mg/L in treated water (Troger et al.,
2020). Hence, the removal of ER activity in the DWTPs may be more ef-
ficient than indicated by the present results. However, no firm conclu-
sions could be drawn on the treatment efficiency in removal of ER
activity, as there was no activity above cut-off in the raw water.

The bioassay for ER is highly sensitive and the cut-off level of 1.5 cor-
responds to 2.8 pM estradiol (0.76 ng/L) as estimated from the standard
curve (Fig. S3). At REF 50, a concentration of estradiol in thewater sam-
ples at or above 0.056 pM (0.012 ng/L)would be detected as positive by
our bioassay. The cut-off level of 0.012 ng/L can be compared with the
benchmark value of 1 ng/L of β-estradiol in drinkingwater for assessing
occurrence and treatment efficacy, recommended by WHO (WHO,
2017) in the background to the recent revision of the EU drinking
water directive (EC, 2015). In the just endorsed EU drinking water di-
rective, β-estradiol is not included with a parametric value, but in the
watch list, to be set up by the Commission (EU, 2020).

No AR agonist activity was detected in any of the inlet or outlet
water samples (Fig. 3). Due to cytotoxicity in four of the DWTP samples
in the AR-EcoScreen cell line, namely DWTPs 2, 3, and 4 inlet, and
DWTP4 outlet, the AR activities were tested in diluted water samples
to get non-cytotoxic conditions in the bioassay. Water samples from
DWTPs 2, 3, and 4 inlet were tested at REFs 25, and DWTP4 outlet at
REF 6.25. Cytotoxicity in the AR-EcoScreen cell line in inlet water sam-
ples was efficiently reduced in the outlet samples at DWTP 2 and 3,
which had UV irradiation and chlorination (Fig. S2), while the cytotox-
icity in DWTP4, which had artificial infiltration and UV irradiation, was
increased in the outlet water compared to the inlet.

AR antagonistic activity above the cut-off level, identified as ≥30% re-
duction of the DHT-induced activity, was detected in four of the DWTP
inlet samples (DWTPs 2, 3, 5 and 6) at non-cytotoxic concentrations
(Fig. 3). The AR antagonistic activity was eliminated by the treatment
in all four DWTPs and no AR antagonistic activity was detected in the
outlet water samples from the respective DWTPs. All four DWTPs had
UV irradiation and chlorination and except for DWTP 2, they also had
GAC. In contrast to these four DWTPs, DWTP4 hadAR antagonistic activ-
ity in the outlet, but not in the inlet water, indicating that a contamina-
tion occurred within the DWTP. It should be noted that due to
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cytotoxicity, more diluted water samples were tested from the inlet of
DWTPs 2, 3 and 4 (REFs 25), and the outlet of DWTP4 (REF 6.25).
Hence, the AR antagonistic effects could be expected to be even more
pronounced if tested at REF 50.

Purification effects in a drinking water source treated by a con-
structed wetland were investigated by bioassays and chemical analysis
of organic micropollutants (Xu et al., 2019). They found reduced cyto-
toxicity, levels of reactive oxygen species and antiandrogen activities
after treatment by the constructed wetland, while total concentrations
of organic pollutants increased. The authors speculated that the
increases were due to release of pollutants from artificial media and
sediments.

Reduction of bioactivity in DWTPs has been demonstrated in other
studies. Efficient removal of ER activity in DWTPs using chlorination or
ozone for disinfection, has been reported (Conley et al., 2017; Kakaley
et al., 2020). UV combined with hydrogen peroxide treatment was
reported to remove 80% of estrogen compounds and activity in waste-
water (Cedat et al., 2016). Leusch et al. (2018) did not detect any
endocrine activity above detection limit in six samples of drinking
water samples, from various sources in six countries and with different
treatment techniques. ER, TCDD-like activities and micronuclei
formation were detected in source water samples in eastern China,
while the bioactivities were removed by drinking water treatment,
except for ER activity in one plant, which had only sand filtration and
chlorination (Shi et al., 2018). However, detection of bioactivities is
dependent both on bioassay used and on the enrichment factor, which
is not always reported.

In a study on efficacy of drinkingwater treatment techniques in pilot
plants, Brunner et al. (2020) spiked influent water with 31 industrial
chemicals, pharmaceuticals, pesticides and artificial sweeteners in con-
centrations exceeding 100 times the limit of quantification for most
chemicals. Activities of anti-AR, oxidative stress and mutagenicity
were induced. Whether it was induced by the spiked chemicals or by
compounds already present in the influent water is not known. Ultrafil-
tration followed by reverse osmosis, and UV/H2O2 oxidation followed
by GAC removed the activities. Treatment with advanced oxidation by
O3/H2O2 plus UV/H2O2 did not remove activities of oxidative stress
and mutagenicity.

3.4. Bioactivity in surface water and WWTP outlets – impact on DWTP
inlet water

Water samples from the twoWWTP outlets exhibited drastically in-
creased AhR activity, to the level of the maximum response of the pos-
itive control TCDD (Fig. 2; Fig. S3). The activity was reduced in the
DWTP3 inlet water (30 km downstream WWTP1) and in the surface
water, SW2 (8 kmdownstreamWWTP2) to levels similar to DWTPs up-
stream of theWWTPs. The reduced AhR activity can be explained by di-
lution, degradation/deactivation or sequestration to sediment and/or
particulate matter of the AhR-inducing compounds from the WWTPs.

The twoWWTP outlet water samples induced ER activity to approx-
imately 3 fold the activity of the vehicle control, while the downstream
DWTP inlet water (DWTP3) and downstream surface water (SW2)
samples had similar activities as the samples from the other DWTPs
(Fig. 3).

AR antagonistic activitieswere induced by the twoWWTPoutlet and
the two surface water samples (Fig. 3). The samples collected down-
stream from these affected sites also had AR antagonistic activities
(DWTPs 2 and 3 inlet, and SW2), indicating that either the compounds
causing the antiandrogenic activities were not diluted or degraded effi-
ciently in thewater or therewere other sources of contamination in the
downstream water. The antiandrogenic activity in the outlet water of
DWTP4may be explained by long-term accumulation in the infiltration
soil of antiandrogenic compounds originating from WWTP2 and SW2.
The compounds may be continuously released from the infiltration
soil and contaminate the outlet water.
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No activities of Nrf2, PPARα or AR agonism were induced by the
WWTP or surface water samples (Figs. 2 and 3).

Due to increased demand of drinking water there is a need in many
parts of the world for direct water reuse from WWTPs, and bioassays
have been proposed as a useful tool to evaluate the safety of reclaimed
water (Pal et al., 2014; Xu et al., 2019). Leusch et al. (2014) studied
the treatment efficiency at nine Australian water reclamation plants
with high levels of bioactive compounds in the sourcewater. Ultrafiltra-
tion or dissolved air flotation/filtration hadmarginal effects on bioactiv-
ity, while reverse osmosis greatly reduced bioactivity. Bioassays were
used by Escher et al. (2014) to assess two water reclamation plants in
Australia. Reverse osmosis and ozone combined with GAC filtration
were both efficient in removing bioactivity, while chlorination and
chloramination increased the activity of oxidative stress and induction
of xenobiotic metabolism, which according to the authors is consistent
with formation of disinfectant byproducts. Jia et al. (2015) used bioas-
says to evaluate treatment efficiency of WWTP effluents and found
that ozone significantly removed oxidative stress, UV removed gluco-
corticoid activity, chlorination partly removed genotoxicity and infiltra-
tion using soil-aquifer treatment efficiently removed all bioactivity
except genotoxicity. None of the studies detected any AR antagonistic
activities in drinking water samples.

3.5. Effect concentrations of water samples

Water samples showing activity above the cut-off in the AhR, AR an-
tagonist and Nrf2 reporter gene assays were subject to concentration-
response assessment, which formed the basis for calculation of EC10

values for AhR and AR antagonistic effects and ECIR1.5 for Nrf2
(Figs. S4, S5 and S6 and Table 2). Four water samples had EC10 values
between REF 1 and 5, namelyWWTP1 andWWTP2 in the AhR bioassay
and DWTP4 outlet and SW1 in the AR antagonist bioassay. Five water
samples had EC10 values between REF 5–10, all in the AR antagonist re-
porter gene assay, namely DWTP2, DWTP3 and DWTP4 inlets, SW2, and
WWTP1. Three samples had EC10 values between REF 10–30 in the AR
antagonist reporter gene assay, one sample in the Nrf2 and one sample
in the AhR reporter gene assays. Water samples with EC10 values rang-
ing from REF 30–50 and REF >50 were all exhibiting activities in the
AhR reporter gene assay (Table 2).

It should be noted that due to reduced sample volumes two water
samples could not be tested at REF 50 and thus had lower REFs than
50: DWTP5 outlet with REF 43 and WWTP1 with REF 33. This means
that we would not detect activities occurring at higher concentrations
than these REFs. However, when these samples caused bioactivity,
they were diluted and REFs for EC10 could be estimated as for the
other samples.

3.6. Resampling of water – activities of Nrf2 and AR antagonism, and
micronuclei formation

To investigate if the Nrf2 and AR antagonistic activities in outlet
water from DWTP4 were an occasional effect, we resampled the inlet
(river) water and outlet water after 8 months, with three samples of
each. In addition, ER activity was assessed and no activity was detected
in any of the samples. The inlet water did not exhibit Nrf2 or AR antag-
onistic activities, while two of the three samples of outlet water (outlet
1 and 2) at REF 50 had a 2.2- and 12.8-fold increase in Nrf2 activity, re-
spectively, compared to vehicle control. The same samples were cyto-
toxic at REF 12.5 in the AR-EcoScreen cell line, used for AR activity
analysis. No cytotoxicitywas detected in inlet water or in the third sam-
ple of outlet water. AR antagonistic activity, corresponding to 62% of the
DHT-induced control, was demonstrated in outlet sample 2 at REF 6.25.
Outlet sample 3 had AR antagonistic activities at REFs 50, 25 and 12.5,
corresponding to 57, 67 and 69% of the DHT-induced control. Thus,
the highest Nrf2 and anti-AR activities were found in the same outlet



Fig. 4.Micronuclei formation, cytotoxicity (EMA-positive cells) and Nrf2 activity in water
samples from DWTP4: inlet (river), outlet (three samples taken on consecutive days) and
domestic water (sampled 2.5 km from the DWTP). Mitomycin is the positive control for
micronuclei formation. Dotted line denotes cut-off for cytotoxicity based on EMA.
Mean ± SD; n = 4 for samples and 8 for controls; *statistically significant difference
compared to control (P < 0.05).

Table 2
Heatmap of effect concentrations (EC10 and for Nrf2 ECIR1.5) in units of REF (relative en-
richment factor) in bold and BEQs as TCDDEQ, OHFEQ and tBHQEQ in parenthesis for wa-
ter samples tested in the AhR, AR antagonist, and Nrf2 reporter gene assays for
concentration-effect relationships. Activities below the cut-off level in the bioassays are
marked with (-). No concentration-effect assessments were performed on PPARα, AR ag-
onistic and ER activities due to activities below or at the cut-off level in drinking water
samples.

Activity

Sample ID AhR AR anta Nrf2

DWTP1 Inlet - -

Outlet - - <Cut-off

SW1 3.1
(1.8 nM)

- REF>50

DWTP2 Inlet 8.8
(0.7 nM)

- 50>REF>30

Outlet - - - 30>REF>10

WWTP1 3.5
(46 pM)

8.2
(0.7 nM)

- 10>REF>5

DWTP3 Inlet 31
(5.2 pM)

8.6
(0.7 nM)

- 5>REF>1

Outlet - - -

WWTP2 2.8
(57 pM)

11
(0.5 nM)

-

SW2 36
(4.5 pM)

5.9
1.0 nM)

-

DWTP4 Inlet 27
(6.0 pM)

5.7
(1.0 nM)

-

Outlet - 2.0
(2.9 nM)

26
(0.1 µM)

DWTP5 Inlet 13
(0.4 nM)

-

Outlet - - -

DWTP6 Inlet 34
(4.8 pM)

14
(0.4 nM)

-

Outlet - -

DWTP7 Inlet 45
(6.7 pM)

- -

Outlet - - -

Fig. 5. Nrf2 activity in samples at REFs 50 and 25 from abstraction wells at DWTP4, and
from inlet (river) and outlet water. Values normalized to vehicle control, set to 1. Cut-off
level is marked with a dotted line. Mean ± SD; n = 4 for samples and 8 for controls.
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sample, and the other two outlet samples had lower effects: either ele-
vated Nrf2 or anti-AR activity.

Induced Nrf2 activity indicates oxidative stress, which may be asso-
ciated with genotoxicity. Hence, analysis of genotoxicity by a micronu-
cleus assay, was performed in a third sampling of water from DWTP4.
The sampling included inlet water and domestic water from the distri-
bution network 2.5 km from the DWTP, and three samples of outlet
water, collected at three consecutive days. Nrf2 activity andmicronuclei
formation were analyzed at REFs 50, 25 and 12.5 in the three outlet
water samples. Results on Nrf2 activity, percent micronucleus events
and percent EMA-positive cells are compiled in Fig. 4. At REF 50, outlet
water samples 1 and 2 had induced Nrf2 activity to 5- and 6-fold the ve-
hicle control, respectively, while outlet sample 3 had no Nrf2 activity.
No Nrf2 activity was induced in the diluted samples of REFs 25 and
12.5. Micronuclei formation was increased in outlet water samples 1
and 2, however at EMA-positive values far exceeding the cut-off for cy-
totoxicity of >4-fold of the vehicle control. Two of the dilutions, outlet
water sample 1 at REF 25 and outlet water sample 2 at REF 12.5, had
EMA-positive values approximately at 4-fold the vehicle control, and
slightly elevated micronuclei, 2.1 and 1.7 times the vehicle control, re-
spectively. However, the elevation was not statistically different from
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the vehicle control. The third outlet sample, inlet water and water
from the distribution network induced neither Nrf2 activity, nor
micronuclei formation. The results from the two resampling occasions
demonstrated that Nrf2 and AR antagonistic activities were still present
in the outlet water from DWTP4, although it seemed to fluctuate as it
was not detected in all samples. Genotoxic activity was not detected
at non-cytotoxic concentrations of the water samples.

In an effort to localize the source of the compound(s) inducing Nrf2
and AR antagonistic activities, water was sampled from the 13 abstrac-
tion wells, which collect water from nine infiltration basins. In addition,
inlet and outlet water from DWTP4 was sampled. No cytotoxicity in
HepG2 cells, used in the Nrf2 bioassay, was detected in any of the sam-
ples. Nrf2 activity was analyzed at REF 50 and 25 (Fig. 5). No Nrf2 activ-
ity was detected in water fromwells 1, 6, 7, 8 and 15. At REF 50, eight of
the 13 abstraction wells had Nrf2 activities above the cut-off level,
which in this study was 2.2-fold above the vehicle control, namely
wells 2, 3, 9, 10, 11, 12, 13 and 14, in addition to the samples from
inlet and outlet water. Nrf2 activities were also detected at REF 25 in
wells 3, 12, 13 and 14.Water samples from twowells with highNrf2 ac-
tivity (wells 2 and 14 at REFs 50, 25 and 6.25) and from two with no



Fig. 6.Micronuclei formation and cytotoxicity (EMA-positive cells) inwater samples from
two abstraction wells with no Nrf2 activity (wells 1 and 6) and two wells with high Nrf2
activity (wells 2 and 14) at REFs 50, 25 and 6.25 fromDWTP4. For Nrf2 activities see Fig. 5.
Dotted line denotes cut-off for cytotoxicity based on EMA. Mean± SD; n= 4 for samples
and 8 for controls; * Statistically significant difference compared to control (P < 0.05).
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Nrf2 activity (well 1 andwell 6 at REF 50)were analyzed formicronuclei
formation. The samples with high Nrf2 activities also had high values of
EMA-positive cells (wells 2 and 14), far above 4-fold of the vehicle con-
trol andwere thus cytotoxic at the concentrations inducingmicronuclei
(Fig. 6).

AR antagonistic activity was tested in samples from the 13 abstrac-
tion wells and from the inlet and outlet of DWTP4 after cytotoxicity
had been determined in AR-EcoScreen cells. At REF 50 only two samples
were non-cytotoxic, namely from wells 6 and 7. Thus, all samples were
tested for cytotoxicity at REFs 25, 12.5, 6.25 and 3.12 (Fig. 7A). The
Fig. 7. A) Cell viability and B) AR antagonistic activity, in AR-EcoScreen cells at different REFs of
cell viabilitywere normalized to vehicle control, set to 1. Cut-off for compromised cell viabilityw
induced with 500 pM DHT. Cut-off for AR antagonistic activity was set at 30% reduction of the
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highest non-cytotoxic concentration was REF 6.25 for wells 10 and 11
and inlet water, and REF 3.12 for wells, 2, 3, 8, 9, 13, 15 and outlet
water, while wells 12 and 14 were cytotoxic also at REF 3.12. AR antag-
onistic activity was not detected at any non-cytotoxic concentrations
(Fig. 7B).

The results from sampling of abstraction wells showed a high varia-
tion in bioactivities between wells. Two wells did not induce activity of
Nrf2 or AR antagonism or cytotoxicity in AR-EcoScreen cells (wells 6
and 7). No AR antagonistic activities were detected in the other wells
at non-cytotoxic concentrations. Four wells had Nrf2 activity at REF 25
and cytotoxicity at REFs 3.12 or 6.25 (wells 3, 12, 13 and 14). Thus,
the Nrf2 and cytotoxicity in AR-EcoScreen cells seemed to be associated,
which can be explained by either the same compound(s) causing the
two effects or by co-occurrence of compounds causing either Nrf2 or cy-
totoxic effects. The fluctuating bioactivity in outlet water may depend
on which wells were used for the outlet water at different time-points.

Endotoxin levels, as a possible cause of Nrf2 induction, were deter-
mined in water samples from the 13 abstraction wells at DWTP4
(Fig. S1) and in inlet and outlet water. The concentration in wells varied
between 0.1 and 0.4 EU/mL. Endotoxin levels in inlet and outlet water
were 0.4 EU/mL, which is low compared to literature data
(0.5–205 EU/mL) (Zhang et al., 2019b). The low endotoxin levels may
partly be explained by a low recovery in the SPE extraction (Neale
et al., 2018). There was no correlation between Nrf2 activity and endo-
toxin levels, as tested by Pearson correlation coefficient (−0.159)
(Fig. S7).

Finally, inlet and outlet water was sampled after the drinking water
treatment plant had been replaced by a new plant using a membrane
ultrafilter in front of a GAC filter. In addition, three of the abstraction
wells from the old treatment plant (wells 7, 11 and 12) were sampled
(Fig. S1). None of the samples induced any activity of Nrf2. Cytotoxicity,
water samples from abstraction wells, inlet (river) and outlet water at DWTP4. Results on
as set at 0.8 (dotted line). Result onAR antagonistic activitywere normalized to the control
DHT-induction (dotted line). Mean ± SD; n = 4 for samples and 8 for controls.
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corresponding to 71% of the control value, in AR-EcoScreen cells was de-
tected inwater fromone of the abstractionwells (well 12) at REF 50 and
the other two wells had AR antagonistic activity at REF 50 (correspond-
ing to 56% of the DHT induced control). No cytotoxicity or AR antagonis-
tic activitywas detected in the inlet or outletwater from thenewDWTP.

3.7. Chemicals driving the bioactivity

Parallel to themonitoring of bioactivity, chemical analyseswere per-
formed on the same water samples from the seven DWTPs. A complete
presentation of the chemical analysis has been reported elsewhere
(Troger et al., 2020). Basically, 27 of 163 analyzed micropollutants,
were detected, in individual concentrations ranging from 0.01 to
54 ng/L. The analyzed 163 chemicals were included among the 269
chemicals in the spiking mixture, which showed activity of ER and AR
in the present study, presumably originating from thenatural hormones
estrone and dihydrotestosterone in the spikingmixture, as discussed in
Section 3.2. Natural hormones were not included in the 163 analyzed
micropollutants. The spikingmixture contained pesticides, pharmaceu-
ticals, perfluoroalkyl substances, natural hormones and personal care
products, with afinal individual concentration of 1 μg/L in the bioassays.
The spiking mixture exhibited AhR activity just above the cut-off level
when spiked after SPE. The highest total concentration of chemicals de-
termined in any water sample was 117 ng/L, which corresponds to sub-
nanomolar concentration, and far too low to induce any AhR activity. No
activity of Nrf2 or PPARαwas detected. Hence, it is not likely, that any of
the bioactivity detected in the water samples, i.e. AhR, Nrf2, ER or anti-
AR, was induced by the low concentrations of the 27 detected
micropollutants.

Integrating chemical analysis andbioanalysis is often recommended.
Usually it involves target analysis of hundreds of organic
micropollutants, selected due to occurrence in water and/or toxicity.
However, it has repeatedly been demonstrated, as in the present
study, that the targeted chemicals do not contribute, or onlymarginally,
to effects detected in AhR and Nrf2 bioassays (Blackwell et al., 2019;
Escher et al., 2013; Neale et al., 2017a; Neale et al., 2017b; Tang et al.,
2014; Tousova et al., 2017). In contrast, themain ER activity can usually
by explained by the presence of natural estrogens (Conley et al., 2017;
Hashmi et al., 2018; Valitalo et al., 2017).

By using effect-directed analysis (EDA) with fractionation of samples
and non-target chemical analysis, it has been possible in a few cases to
identify chemicals responsible for bioactivities. Thus, Hashmi et al. identi-
fied the natural estrogens responsible for the ER activity and the natural
androgens responsible for the AR activity in water samples downstream
of aWWTP, while the oxidative stress activity was found to be a cumula-
tive effect of the mixture of many compounds present in the sample
(Hashmi et al., 2018). Muschket et al. (2018) identified a highly potent
coumarin derivative, 4-methyl-7-diethylaminocoumarin, as the main
antiandrogenic compound in a river water sample. Muz et al. (2017)
used EDA to identify the mutagenic compounds norharman and β-
carboline alkaloids in River Rhine, a main drinking water source. How-
ever, these compounds could only explain a fraction of themeasuredmu-
tagenicity in the water samples. Zwart et al. (2020) identified the
mutagen 1,2,3-benzotriazole and the androgen androstenedione in frac-
tionated wastewater and surface water samples by EDA. Using data on
quantitative structure activity relationships and in silico predictions to-
gether with bioassay data on mutagenicity, Shao et al. (2019) could ex-
plain almost 50% of the observed mutagenicity by presence of 18
chemicals in surface water samples.

The chemicals responsible for the detected AhR, Nrf2, ER and
antiandrogenic activities in our study are not known. AhR activities
weremost prominent in theWWTP downstream samples and are likely
caused by additive effects of a vast number of micropollutants. Exam-
ples of known inducers of AhR are polyhalogenated organic compounds
(e.g. 2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD), polyaromatic hydro-
carbons (PAHs), some pesticides, numerous polyphenols present in
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fruits and vegetables, and endogenous tryptophan derivatives (e.g. 6-
formylindolo[3,2-b]carbazole, FICZ). Themore hydrophobic compounds
would not be extracted by the SPE and not contribute to the bioactivity
in the present study. ER activities were induced in the WWTP down-
stream samples and are likely due to presence of natural estrogens or
synthetic ethinyl estradiol from contraceptives.

Nrf2 and AR antagonistic activities as well as cytotoxicity in AR-
EcoScreen cells were induced in samples of outlet drinking water and
it is therefore of high importance for public health to localize the source
of contamination to prevent such exposure.Wewere able to localize the
source to certain abstraction wells, located downstream from the artifi-
cial infiltration. It can be speculated that either contaminating com-
pounds have been accumulated in the infiltration soil from earlier
high contamination in the raw water from the river, or toxic natural
compounds are continuously formed from e.g. bacteria and fungi in
water and soil during the infiltration process. Why the activities were
not present in all abstraction wells is not known, but could be due to
more or less firm binding to soil particles, local occurrence or formation
of the contaminants in infiltration soil and abstraction wells. We ana-
lyzed endotoxin as a cause of bioactivity, but found no association to
Nrf2 activity.

Nrf2 activation can be induced by both environmental toxicants,
such as pesticides and toxic metals (Zheng et al., 2020) and by medical
drugs and natural compounds, such as curcumin, sulphoraphane, res-
veratrol and genistein (Robledinos-Anton et al., 2019). Metals are not
extracted by the SPE and would not contribute to any bioactivity in
the present study. AR antagonistic activity is known to be induced by
various chemicals, whichmay be present inwater, such as prostate can-
cer drugs, pesticides, parabens and bisphenol A (Kortenkamp, 2020). Xu
et al. (2019) predicted anti-AR activity in samples from a drinkingwater
source, and found that 3–16% of the observed anti-AR activity could be
explained by the chemically detected micropollutants, of which
phthalates and PAHswere themain contributors to the predicted activ-
ity. Natural compounds may be a more likely source of activity. In fact,
high anti-androgenic potential of mycotoxins have been demon-
strated (Demaegdt et al., 2016). Of 13 tested mycotoxins, 15-
acetyldeoxynivalenol, 3-acetyldeoxynivalenol and α-zearalenone
had similar anti-androgenic potencies as flutamide, when tested in
a reporter gene assay. These mycotoxins are produced by certain
Penicillium and Aspergillus species, which have frequently been de-
tected in water (Al-Gabr et al., 2014; Hageskal et al., 2009). Further-
more, oxidative stress has been proposed to mediate the toxicity of
the mycotoxins fumonisins (Wang et al., 2016) and deoxynivalenol
(Mishra et al., 2014).

3.8. Bioassays as a suitable method for monitoring of presence of emerging
pollutants and efficacy of drinking water treatment

It is increasingly recognized that targeted chemical monitoring can-
not detect the tens of thousands of micropollutants, whichmay occur in
drinking water. Furthermore, the detected micropollutants contribute
usually only to a few percent of observed biological activity in water
samples. Parametric values for individual contaminants in drinking
water are used for regulatory and control purposes, but covers only
around ten single or groups of organic compounds, and does not give
any indication of mixture effects. In the present study, analyses of
water from three of the abstraction wells (6, 7 and 8) were performed
according to the drinking water regulation (Table S3). It can be noted
that water fromwell 8, which had a higher cytotoxicity, but no Nrf2 ac-
tivity, had aweak odour and higher turbidity (1.2 FNU - FormazinNeph-
elometric Units) than water from wells 6 and 7 (0.5 FNU). Turbidity in
water is known to be caused by soil particles, microbiological contami-
nation or chemical precipitates. The results from the analyses of regu-
lated chemical parameters did not indicate any hazard present in the
water, and the drinking water was therefore recognized as safe, which
highlights the need for bioanalytical methods to obtain a better
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understanding of the presence of unknown hazardous compounds in
the water.

Interestingly, the chemical analysis of thewater samples in the pres-
ent study showed that removal efficiency of detected chemicals was
highest in DWTP4, with an average removal of 65% of the concentration
of the 27 detected micropollutants (Troger et al., 2020). In addition,
DWTP4 also had the lowest total concentration of detected
micropollutants of the seven DWTPs (11.1 ng/L). This is in contrast to
the results from bioanalysis, which showed that DWTP4 was the only
DWTP with induced bioactivities of Nrf2 and AR antagonistic activity
in the outlet water. The present results further support the advantage
of bioanalysis for assessment of water quality and treatment efficiency.

Effect-basedmonitoring provides an understanding of the total toxic
potential of the water and detects hazards from both known and un-
known contaminants. The just adopted revision of the European
Union Drinking Water Directive (EU, 2020) includes a risk-based ap-
proach with three components of risk assessment and management:
1. catchment area of the abstraction point, 2. supply system, including
treatment, storage and distribution, and 3. domestic distribution sys-
tem. Bioassays seem to be a valuable tool in quality assessment of drink-
ing water according to the risk-based approach, as has been proposed
by Dingemans et al. (2019).

3.9. Conclusions

Raw (river) water exhibited AhR activity, which was removed by
DWTPs using GAC or artificial infiltration as a treatment, and AR antag-
onistic activity, which was removed by all DWTPs, except the one using
artificial infiltration, where in contrast, the bioactivity was increased.
Artificial infiltration as a source of Nrf2 and AR antagonistic activities
were revealed in one DWTP. There was no genotoxic activity at non-
cytotoxic concentrations. Nrf2 activity was induced by water from
eight of the 13 abstraction wells, collecting water from the artificial in-
filtration. The responsible chemicals were not identified but may be
old contaminants accumulated in the infiltration soil and continuously
released into the water, or natural bioactive compounds (toxins)
formed by microorganisms present in the infiltration environment.
The bioactivities were no longer present in the outlet water after the
DWTP had been replaced by a new plant, using membrane ultrafiltra-
tion and GAC. High activities of AhR, ER and anti-AR were present in
WWTP outlets along the river and may have contaminated the inlet
water in one DWTP with anti-AR activity. The recovery of estrone in a
control sample of tap water extracted by SPE was approximately 50%,
possibly due to interaction between the SPE sorbent, DOM and estrone.
Thus, the ER activity may have been underestimated, especially in the
inlet samples with high DOM levels.

The benefits of using bioanalysis in monitoring of drinking water
quality are highlighted by the present results. As far as we know, this
is the first demonstration of artificial infiltration as a cause of contami-
nation of drinkingwater. Neither target chemical analysis, nor chemical
analysis according to the drinking water regulation, demonstrated any
presence of hazards in drinking water samples, which were demon-
strated by bioassays to have prominent effects on oxidative stress, AR
antagonistic activity and cytotoxicity. Thus, bioanalysis is a useful tool
for detection of unknown hazards in drinkingwater and for assessment
of drinking water treatments.
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