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Abstract

Background: Contamination of drinking water by hazardous chemicals can be associated with human health risks.
Recent studies using effect-based in vitro methods have demonstrated that a large part of the observed toxic effects
are caused by unknown chemicals. In this study, we have used a panel of effect-based methods to study the presence
of chemical contaminants in a unique material; glass-bottled Swedish tap water collected during the 1990s. These
water samples were compared to drinking water from the same source waters and drinking water facilities, yet col-
lected about 25 years later, in 2020.

Results: Samples were concentrated by solid phase extraction and evaluated for the following activities; estrogen
receptor activity, androgen receptor activity, antiandrogenic activity, aryl hydrocarbon receptor activity, and oxidative
stress response. We observed aryl hydrocarbon receptor activities in almost all studied samples and estrogen receptor
activity in three out of ten studied samples. No activities were observed for androgen receptor activity, antiandro-
genic activity or oxidative stress response. In general, observed activities were more frequent and higher in the water
samples collected during the 1990s as compared to the corresponding samples collected in 2020.

Conclusions: This study demonstrates that it is possible to conduct an effect-based evaluation of the presence of
hazardous chemicals in drinking water, with as small starting volume as 330 mL, by using miniaturized bioassays.
Further, by comparing the glass-bottled water samples with newly collected water samples from the same drinking
water treatment facilities, our results indicate that the presence of aryl hydrocarbon receptor and estrogen recep-

tor activating compounds in the drinking water has decreased over the approximately quarter of a century that is
separating the two sampling occasions. This difference could be due to improved raw water quality and/or improved
treatment efficiency in the treatment plants.

Keywords: Effect-based methods, Drinking water, Estrogen receptor activity, Aryl hydrocarbon receptor activity,
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Background

Drinking water is our most important food item, with
an average daily consumption of 2-2.5 L [1]. Drinking
water is consumed by everyone in the population, from
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infants to the elderly, including vulnerable groups such
as persons with chronic illnesses. The high consump-
tion of drinking water and the fact that, in most cases,
the consumed drinking water is from one single drink-
ing water treatment plant for extended periods of the life
span (years to decades) imply that also very low levels of
hazardous chemical pollutants in drinking water could
potentially constitute a risk to human health and should
be monitored regularly.
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Current drinking water regulation regarding chemical
contaminants is in most countries, including the Euro-
pean Union, based on defined maximum concentration
levels of a very limited number of chemicals or groups
of chemicals [2]. There is, however, a substantial body of
scientific literature showing that these well-known envi-
ronmental pollutants can only explain a relatively small
proportion of the observed toxicity in water samples,
especially for toxicity endpoints such as reactive toxic-
ity, xenobiotic metabolism and oxidative stress [3—7]. For
some of these endpoints, the well-known environmen-
tal pollutants can only explain as little as 0.1-5% of the
observed toxicity, implying that up to 99.9% of the tox-
icity is caused by unknown chemicals or mixture effects
[3, 4]. It has therefore been suggest that effect-based
methods should be incorporated in the drinking water
quality control [7, 8], as they can integrate the effects of
both known and unknown chemicals as well as poten-
tial mixture effects that can occur when an organism is
simultaneously exposed to multiple chemicals. Thereby,
the effect-based methods can help to bridge the current
knowledge gap and contribute to the societal goal of
universal access to safe drinking water. Oskarsson et al.
[9] recently reported the that the drinking water was
contaminated by oxidative stress inducing and antian-
drogenic compounds during the drinking water treat-
ment process in a Swedish drinking water treatment
plant, while all the chemical parameters were acceptable
according to the current legislation. This highlights the
need for effect-based methods in drinking water quality
control.

In Sweden, tap water has been the major source of
drinking water for a long time and remains so today. Dur-
ing the 1980s and 1990s, the brewery industry started
to promote bottled drinking water and spring water on
the Swedish market, sometimes with implied arguments
that the bottled water would be of higher quality than tap
water. In a reaction to this, some of the publically owned
drinking water producers started to bottle the tap water
that they produced in glass bottles and used the bottles
for marketing purposes, e.g, in conjunction to a jubilee
of the company or the city where the plant was located.
A selection of these bottles of tap water was collected at
Lund University, Sweden.

In this study, we have used a panel of cell-based bio-
assays to evaluate the effects of hazardous chemicals in
five of these approximately 25-year-old water samples
(Fig. 1). In addition, we collected new drinking water
samples from the same five drinking water treatment
plants. By comparing these unique samples, we were able
to compare the bioactivities, indicating presence of haz-
ardous chemicals, in drinking water 25 years ago with the
current situation.
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Fig. 1 Bottled drinking water samples collected during the 1990s,
stored at Lund University for approximately 25 years and then used
for this study. Photo: the authors

Methods

Water samples

Bottled tap water from the publically owned drinking
water producers in the Swedish municipalities Hels-
ingborg, Kalmar, Eskilstuna, Karlskoga, and Umea were
collected during the 1990s and stored for approximately
25 years at Lund University, Sweden. Four of the drink-
ing water plants used artificial recharge of surface water
(lake water for Helsingborg and river water for Umes3,
Karlskoga, and Eskilstuna) and one used ground water
(Kalmar). The drinking water treatment plants in Hels-
ingborg and Umed have been complemented with UV
treatment in the time between the sampling occasions.
For the other plants, the treatment technologies have
been unchanged. At the time of bottling, the water was
collected in a tanker truck, transported to a bottling
plant, carbonated and then bottled in 330-mL glass bot-
tles. These bottles were stored in room temperature and
protected from direct sunlight. During the fall of year
2020, new drinking water samples were collected from
the same drinking water producers. These water sam-
ples were collected in plastic bottles intended for water
sampling (VWR, sterile water sampling bottles, catalog
no. VWRI331-0269). To ensure that these bottles did not
leak compounds to the samples that could cause activity
in our assays, Milli-Q water was stored in a bottle over-
night and then extracted with solid phase extraction. The
extract was then tested in all assays at a relative enrich-
ment factor of 50 and found to exert no statistically
significant effects in any of the assays used, evaluated
by Student’s t-test (fold change vs vehicle control was
1.1£0.06 for estrogenicity, 1.0+0.02 for androgenicity,
1.14+0.04 for antiandrogenicity, 1.0 +0.14 for AhR activ-
ity, and 1.1 4+0.19 for Nrf2 activity). Drinking water sam-
ples were collected by the drinking water treatment plant
operators and immediately sent to our laboratory. After
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arrival, the water samples were stored at — 20 °C awaiting
sample preparation.

The samples were concentrated using solid phase
extraction (SPE) with Oasis PRIME HLB 6 cc 200 mg col-
umns (Waters), using an 8-channel automated SPE sys-
tem (SPE-03 system, Promochrom Technologies). The
SPE column was preconditioned with two times 5 mL
99% methanol (5 mL/min). The sample was then added
with a flow rate of 20 mL/min, followed by air drying of
the column by two times 5 mL of air. The column was
then eluted with 10 mL 99% ethanol. The ethanol was
evaporated by vacuum and exchanged for a smaller vol-
ume of 99% ethanol. In the SPE process, 330 mL of each
water sample was concentrated to 66 pL, giving a con-
centration factor of 5000. The concentrated samples were
then diluted in cell culture medium at least 100 times.
The concentrations of the water samples in the cell cul-
tures are expressed as the relative enrichment factor
(REF), which is calculated by dividing the concentration
factor of the SPE with the dilution factor in the cell cul-
ture medium. The highest tested REF for all samples was
50. The concentration of ethanol in the vehicle was kept
constant at 1% across all exposure groups.

Effect-based methods
In this study, we used a panel of effect-based methods tar-
geting early molecular events in health-relevant toxicity
pathways. The effect-based methods were selected based
on their relevance to human health and covered the fol-
lowing effects; aryl hydrocarbon receptor activation,
estrogen receptor activation, androgen receptor activa-
tion and inhibition, and oxidative stress response (Nrf2
activation). The methods are summarized in Table 1 and
described in detail in the supplementary information.
The stably transfected T47D cells used for estrogen
receptor activity was obtained from Signosis (Santa
Clara, CA, USA), AR EcoScreen and DR EcoScreen cells
were obtained from Hiro Biotech via the Japanese Collec-
tion of Research Bioresources (JCRB), National Institutes
of Biomedical Innovation, Health and Nutrition (Ibaraki
city, Osaka, Japan), and MCF-7/AREc32 was obtained

Table 1 Summary of effect-based methods used in this study
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from Ximbio (London, UK). All luciferase bioassay
experiments were conducted in white-walled 384-well
cell culture plates with transparent bottom (Corning)
and cytotoxicity testing was performed in clear plastic
384-well cell culture plates (Corning). All water extracts
were analyzed in dilution series and vehicle controls and
a dilution series of the reference compound was included
on each experimental plate. Cells were seeded in multi-
well plates and left to proliferate for 24 h. The cells were
then exposed to concentrated water samples for 24 h
prior to cell lysis and luminescence measurement. Lumi-
nescence was measured using a Tecan Spark plate reader.
To ensure that experiments were carried out under non-
cytotoxic conditions, all water samples were tested for
cytotoxicity using CellTiter 96® AQueous One Solution
Cell Proliferation Assay (MTS) (Promega) for all cell
lines. A cell viability of<80% of the vehicle control was
defined as cytotoxicity.

Data evaluation and statistical analysis

All samples were tested for bioactivity in a twofold dilu-
tion series with four concentrations. For receptor-based
activities, the activity was first normalized to controls
and then normalized to percent of maximum activity. For
agonistic activities, the maximum activity was defined
as the highest activity recorded for the reference com-
pound. For antagonistic activity, the maximum activity
was defined as the control samples treated with DHT
but not OHE. As there is no clear maximum response for
Nrf2 activity, the activity for this endpoint was normal-
ized to the vehicle control. As we only analyzed activities
up to 30% of the maximum response, linear regression
was used to characterize the dose-response curves, as
proposed by Escher et al. [10].

The results were statistically evaluated using a one-
way ANOVA followed by Dunnett’s multiple compari-
sons test, performed in GraphPad Prism. A sample was
defined as active if any of the tested REF values were
statistically significantly higher (agonistic activities) or
lower (antagonistic activity) as compared to the vehicle
control (p<0.05). For all samples defined as active, effect

Endpoint Cell line

Reference compound

Estrogen receptor activation
Androgen receptor activation
Androgen receptor antagonism

DR EcoScreen
MCF-7/AREc32

Aryl hydrocarbon receptor activation
Oxidative stress, Nrf2 activity

Stably transfected T47D
AR EcoScreen GR-KO M1
AR EcoScreen GR-KO M1

17B-Estradiol (E2)
Dihydrotestosterone (DHT)

Hydroxyflutamide (OHF) in addition to a fixed
concentration of 200 pM DHT to stimulate the
receptor

2,3,7 8-Tetrachlorodibenzodioxin (TCDD)
Tert-Butylhydroquinone (tBHQ)
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concentrations were calculated. For agonistic activities,
the effect concentration 5% (EC;) was calculated. EC; is
expressed as REF, i.e,, the enrichment factor of the water
needed to give an effect which is 5% of the maximum
response of the reference compound.

The dose-response curves for E2, DHT, OHEF, and
TCDD was characterized using a four-parameter sig-
moidal curve-fit. For tBHQ, curve was characterized
using linear regression. All curve-fitting and data evalu-
ation was performed in GraphPad Prism. EC;, IC5, and
ECr15 respectively, were calculated for the reference
compounds.

The bioanalytical equivalent concentration (BEQ) for
each sample was calculated as described by Escher et al.
[11]:
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BEQ = (EC5)rqferencecompound
(EC5)sample

Results and discussion
Estrogen receptor activity
Initially, the concentrated water samples were tested for
cytotoxicity in the stably transfected T47D cell line using
MTS test at REF 50. No cytotoxicity was observed for
either of the samples (Additional file 1: Figure SI1).

The samples were then tested for their estrogenicity in
a twofold four concentration dilution series starting at
REF 50. We observed estrogenic activities in three of the
ten analyzed samples (Fig. 2). For these three samples,
BEQ values were calculated in the form of E2 equivalent
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Fig. 2 Estrogen receptor activity in concentrated water samples, analyzed with a T47D cell line stably transfected with an
estrogen-receptor-sensitive luciferase plasmid. Samples were analyzed in a dilution series with REF 50 as the highest concentration. ECs and BEQ,
calculated by dividing EC; of the reference compound with EC; of the sample, are presented for active samples. Each concentration was analyzed in
quadruplicate. The red dotted line represents the activity level of 5% of the maximum response
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concentrations. BEQ and EC; values are presented in
Fig. 2. For the reference compound E2, the EC; was used
to calculate a corresponding BEQ value of the samples
with a statistically significant effect compared to vehicle
controls at least at REF 50. Neither of the inactive sam-
ples reached an activity of 5% of assay maximum (Fig. 2).
EC; of E2 was corresponding to a BEQ value of 2.1 pg
E2/L in a concentrated water sample. Hence, the samples
not showing an activity of 5% or more at REF 50 had a
BEQ value<2.1 pg/L E2.

Generally, the observed estrogenic activities in the
samples were low. In four out of five samples collected
in 2020, the BEQ was<2.1 pg E2eq/L, and in the fifth
sample the BEQ was 2.7 pg E2/L. In the bottled drink-
ing water samples, higher estrogenicity was observed,
in the range 8—16 pg E2eq/L, which is still a low activity
compared to many other published studies. However, for
both Helsingborg and Kalmar, a clear difference can be
observed between the bottled water and the water sam-
ple collected in 2020. For Helsingborg, the BEQ value was
decreased by approximately 60% in the 2020 sample com-
pared to the approximately 25-year-old water sample. UV
disinfection was introduced in the treatment of drinking
water in Helsingborg in 2006, which may contribute to
the reduction of estrogenic activity in the sample col-
lected in 2020. Degradation of estrogens, and especially
estrone, in drinking water by UV photolysis has been
reported [12]. For Kalmar, the BEQ was decreased with
approximately 90% in the newly collected sample com-
pared to the bottled water. There was no change in the
drinking water treatment and the difference could be due
to improved raw water quality.

The observed activities can be compared to the bench-
mark value of 1 ng/L of E2 in drinking water for assess-
ing occurrence and treatment efficacy, recommended by
WHO [13] during the revision of the EU drinking water
directive. However, in the recently adopted directive, E2
is not included with a parametric value, but in the watch
list, to be set up by the European Commission [2]. It
should, however, be noted that the estrogenic activities
observed in these samples are all considerably below this
benchmark value of 1 ng E2/L. Previous studies of estro-
genic activity in drinking water, using different bioassays
based on mammalian cells, have reported BEQ values
in the range of 0.01-5 ng E2eq/L [14-20]. Effect-based
trigger values for estrogenic activities in drinking water
in the range 0.1-3.8 ng E2eq/L have been proposed [11,
15, 21, 22]. All samples showing estrogenic activity in this
study had an activity that was considerably lower than
the proposed effect-based trigger values.

Bottled water in plastic containers, mainly polyethylene
terephthalate (PET) bottles, has been suspected to be a
potential source of exposure to estrogenic compounds
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migrated from the plastic. Several studies have used bio-
assays to investigate estrogenic activities in mineral water
stored in PET bottles and detected activities at various
frequencies; in none of the samples [23], in 10% [24],
and 60% [25] of the tested samples. Wagner and Oehle-
mann [25] reported estrogenic activity, corresponding to
1.9-12.2 pg E2eq/L in the samples with detected activi-
ties. They also compared estrogenic activities in water,
originating from the same five springs, packed in either
PET or glass bottles and found higher activities in water
from PET than in glass bottles in three of the five pair of
comparisons. However, the estrogenic activities in water
from PET bottles have not been clearly related to migra-
tion from the plastic. The sources could be laboratory
equipment, contamination during the washing steps of
the reusable bottles or the water itself [26].

Androgen receptor activity

Initially, the concentrated water samples were tested
for cytotoxicity in the stably transfected AR-EcoScreen
cell line using MTS test at REF 50. No cytotoxicity was
observed for either of the samples (Additional file 1: Fig-
ure SI2).

The samples were then tested for androgenic activity,
but no androgenic activity was observed in any of the
samples and neither of the samples reach 5% of assay
maximum (Additional file 1: Figure SI3). EC; for DHT
was corresponding to a BEQ value of 29 pg DHTeq/L in a
concentrated water sample. Hence, inactive samples have
a BEQ value lower than 29 pg DHTeq/L. Escher et al. [27]
reported no androgenic activity in Australian drinking
water sample while Jones et al. [28] report that 40% of
samples of finished drinking water collected in Iowa, US,
showed androgenic activity at REF 200. We have previ-
ously reported no androgenic activity in different Swed-
ish drinking water samples [9, 22]. Effect-based trigger
values for androgenic activities in drinking water in the
range 3—11 ng DHTeq/L have been proposed [11, 15, 21].
As all samples in our study had a BEQ value below 29 pg
DHTeq/L, they are all considerably below the proposed
effect-based trigger values.

Additionally, the samples were tested for antiandro-
genic activity, in an assay set-up where the cells were
pretreated with a fixed concentration of 200 pM DHT
to activate the receptor. Neither of the ten samples
showed any antiandrogenic activity, nor did they exhibit
an inhibitory concentration of 20% of assay maximum
(Additional file 1: Figure SI4). The IC,, value for OHF
was corresponding to a BEQ value of 27 ng OHFeq/L in
a concentrated water samples. Hence, all samples in this
study had a lower activity than that. We have previously
detected antiandrogenic activities in samples from one
Swedish drinking water treatment plant [9], in that case
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the BEQ in the sample was 2.9 nM (i.e., 847 ng OHFeq/L).
In the same study, finished drinking water from six other
facilities were found to have no antiandrogenic activity,
which was also the case in a previous study in the Stock-
holm area [22]. Beet et al. [21] recently proposed an
effect-based trigger value for antiandrogenicity of 4.8 pg
OHFeq/L. As all samples in our study had a BEQ below
27 ng OHFeq/L, they are all clearly below this proposed
effect-based trigger value.

Aryl hydrocarbon receptor activity

Initially, the concentrated water samples were tested for
cytotoxicity in the stably transfected DR-EcoScreen cell
line using MTS test at REF 50. Slight cytotoxicity was
observed for five of the samples (Additional file 1: Figure
SI5), but the cell viability was in no case lower than 71%
at REF 50. Due to the very limited sample volumes, we
were unable to produce a full dilution-series of the cell
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viability. However, based on the AhR activity results, we
judge that this slight cytotoxicity has not interfered with
the AhR activity measurement.

The samples were then tested for their AhR activating
properties in a twofold four concentration dilution series
starting at REF 50. We observed AhR activities, defined
as at least one of the concentrations reaching over 5%
of assay maximum, in eight of the ten analyzed samples
(Fig. 3). For these AhR-active samples, BEQ values were
calculated in the form of TCDD equivalent concentra-
tions. BEQ and EC; values are presented in Fig. 3. For
the reference compound TCDD, the EC; was used to cal-
culate a corresponding BEQ value, taking into account
that the water samples had been enriched 50 times.
EC; of TCDD was corresponding to a BEQ of 0.12 ng
TCDDeq/L in a sample enriched 50 times. Hence, the
samples not showing an activity of 5% or more at REF 50
had a BEQ value<0.12 ng TCDDeq/L.
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Fig. 3 Aryl hydrocarbon receptor activity in concentrated water samples, analyzed with DR-EcoScreen cell line. Samples were analyzed in a dilution
series with REF 50 as the highest concentration. EC5 and BEQ, calculated by dividing EC; of the reference compound with EC; of the sample, are
presented for active samples. Each concentration was analyzed in quadruplicate. The red dotted line represents the activity level of 5% of the
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The observed AhR activities are in the range 0.1-1 ng/L
TCDD equivalents. Generally, the samples collected in
2020 have a substantially lower activity than the bottled
samples. In some cases (Helsingborg and Eskilstuna),
the BEQ value was 70-80% lower in the samples col-
lected in 2020 as compared to the corresponding bot-
tled water sample. As for the estrogenic activity, where
the same general trend was observed, this tendency of
lower and less frequent induction of AhR activity in sam-
ples collected in 2020 versus samples collected in the
1990s could be due to improved raw water quality and/or
improved treatment efficiency in the drinking water pro-
duction system.

Literature data on AhR activities in drinking water is
scarce. Of seven Swedish drinking water treatment plants
with induced AhR activity in raw water, four had reduced
activity in finished water and none had activities above
EC,, at REF 50 [9]. In a screening study of 10 drinking
water plants in Iowa, Jones et al. [28] found AhR activ-
ity in 67% of the finished water samples at REF 200. In
an evaluation study of various bioassays, Escher et al. [27]
reported an EC,, value of 8.6 REF for AhR activity in a
drinking water sample from metropolitan Australia.

Oxidative stress response

Initially, the concentrated water samples were tested for
cytotoxicity in the stably transfected MCF-7/AREc32
cell line using MTS test at REF 50. No cytotoxicity was
observed for either of the samples (Additional file 1: Fig-
ure SI6). Thereafter, the samples were tested for oxida-
tive stress inducing activity, but all samples were found
to be negative for this activity, and neither of the samples
reach an effect concentration induction ratio 1.5 (ECyg; 5)
at REF 50 (Additional file 1: Figure SI7). The ECyy, 5 for
the reference compound was corresponding to a BEQ
value of 5.6 ug tBHQ/L in a concentrated water sample.
Hence, all analyzed samples had a lower activity than
5.6 pg tBHQ/L and an ECy, 5 value higher than 50 (high-
est tested REF). Studies of finished drinking water from
Australia and France have reported EC, 5 values in the
range of REF 1-10 [14, 27]. We have previously reported
slight oxidative stress response in other Swedish drinking
water samples analyzed at REF 50 [22]. Further, we have
reported ECp, 5 values in the range of REF 21-25 for
drinking water samples collected in the Stockholm area
[29] and one case of REF 26 (corresponding to a BEQ of
17 pg tBHQ/L) from the western parts of Sweden [9].

Comparability between the samples

It is desirable to treat all samples analyzed in a study in an
identical manner, with regard to, e.g, storage time. In this
particular study, it has been necessary to deviate from
this principle. The bottled drinking water samples were
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stored in glass bottles in room temperature for approxi-
mately 25 years prior to solid phase extraction, while the
samples collected in 2020 were concentrated within a
week of collection. In theory, it cannot be excluded that
this difference in storage time and storage conditions
could contribute to the observed differences in the pres-
ence of hazardous chemicals in the bottled water samples
as compared to the samples collected in 2020. However,
to the best of our knowledge, there are no reports indicat-
ing that prolonged storage of water in glass bottles could
contaminate the water with AhR or ER-inducing com-
pounds. We hypothesize that the observed differences
are mainly due to differences in the drinking water qual-
ity, and not the difference in storage conditions. There
are, however, potential confounding factors that we have
been unable to investigate experimentally, such as degra-
dation of bioactive compounds during long-term storage,
slight differences in the filling volume of the glass bottles
and/or evaporation during storage, potential migration
of bioactive compounds from the crown capsules used
to seal the glass bottles, and the potential adsorption of
bioactive compounds to the plastic bottles used for the
sample collection in the year of 2020.

Future perspective on time-trend studies of hazardous
chemicals in drinking water

Long-term storage of non-concentrated water samples to
evaluate time-trends in drinking water quality is far from
ideal, given the potential problems discussed above. For
toxicity endpoints where we already have suitable effect-
based methods, comparison of BEQ values over time
would be the most straightforward approach. To ensure
that we have material to analyze historic samples also
with newly developed effect-based methods, a potential
alternative strategy could include storage of samples that
had been concentrated by solid phase extraction. High-
resolution mass spectrometry (HR-MS) with archiving
of spectra is an interesting and promising approach to
allow time-trend studies [30, 31]. However, this approach
alone cannot give information on the toxicity of a sample
nor potential mixture effects. This highlights the need to
combine advanced chemical screening with effect-based
methods when analyzing drinking water quality [5].

Conclusions

In this study, we have used effect-based methods to eval-
uate the presence of hazardous chemicals in a unique
material; approximately 25-year-old drinking water, and
compared it to drinking water samples from the same
drinking water treatment plants collected in 2020. In gen-
eral, we observed considerably lower bioactivities in the
samples collected in 2020 as compared to the samples col-
lected in the 1990s. This is an indication that the raw water
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quality and/or treatment efficacy in these drinking water
treatment facilities have improved during the quarter of a
century that separate the two sampling occasions. Further,
we have demonstrated the possibility to conduct an effect-
based assessment of drinking water quality with as small
starting volume as 330 mL, using miniaturized bioassays,
while other studies routinely use volumes in the range from
2 to 25 L for effect-based studies of drinking water quality
[16, 22, 32, 33].
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