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Abstract 

Background: Fresh water bodies represent less than 1% of overall amount of water on earth and ensuring their 
quality and sustainability is pivotal. Although several campaigns have been performed to monitor the occurrence of 
micropollutants by means of chemical analysis, this might not cover the whole set of chemicals present in the sample 
nor the potential toxic effects of mixtures of natural and anthropogenic chemicals. In this sense, by selecting relevant 
toxicity endpoints when performing in vitro bioanalysis, effect-based methodologies can be of help to perform a 
comprehensive assessment of water quality and reveal biological activities relevant to adverse health effects. How-
ever, no prior bioanalytical study was performed in wetland water samples from the Spanish Mediterranean coastline.

Methods: Eleven samples from relevant water bodies from the Spanish Mediterranean coastline were collected 
to monitor water quality on 8 toxicity endpoints. Aryl hydrocarbon receptor (AhR), androgenicity (AR+ and AR−), 
estrogenicity (ER+ and ER−), oxidative stress response (Nrf2) and vitamin D receptor (VDR+ and VDR−) reporter gene 
assays were evaluated.

Results: AhR was the reporter gene assay showing a more frequent response over the set of samples (activated by 
9 out of 11 samples), with TCDD-eq in the range 7.7–22.2 pM. For AR, ER and VDR assays sporadic activations were 
observed. Moreover, no activity was observed on the Nrf2 reporter gene assay. Wastewater and street runaway 
streams from Valencia could be responsible for enhanced activities in one of the water inputs in the Natural Park 
‘L’Albufera’.

Conclusions: Water quality of relevant wetlands from the Spanish Mediterranean coastline has been evaluated. The 
utilization of a panel of 5 different bioassays to cover for different toxicity endpoints has demonstrated to be a good 
tool to assess water quality.
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Introduction
The International Convention on Wetlands estimates that 
surface water bodies such as lakes, rivers, marshlands, 
estuaries and aquifers serve as natural reservoir for the 
majority of available freshwater worldwide. However, 
that only represents < 1% of the overall amount of water 
in the aquatic system [1]. On 2010, the General Assembly 
of the United Nations recognized the access to freshwater 
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as a human right [2] although more than 2200 million 
people do not yet have access to salubrious freshwater 
to cover their necessities [1]. Additionally, the World 
Health Organization establishes access to safe freshwater 
as indispensable for health [3]. Consequently, substantial 
efforts should be made to ensure water quality of natural 
freshwater reservoirs.

Over the recent decades, chemical analysis has been 
widely used for the assessment of water quality and the 
detection of new chemicals of emerging concern [4–9]. 
However, wide-scope chemical analyses still have many 
limitations and it may only cover a small part of the pol-
lutants, mainly related to human activities (industry, 
agriculture and urbanization), that might potentially be 
present in water bodies. In addition, no information is 
provided on potential toxic effects of mixtures of natu-
ral and anthropogenic chemicals [10, 11]. In this sense, 
effect-based methodologies can be of help by reveal-
ing biological activities that could be relevant to adverse 
effects in freshwater organisms [11–13]. Thus, the uti-
lization of bioanalytical methodologies to assess water 
quality can bridge the gap between chemical analysis and 
real environmental status [10, 14]. As a complementary 
tool to chemical analysis, effect-based methodologies 
can, therefore, detect toxicity posed by untargeted com-
pounds or chemical mixtures [14]. Several studies have 
used bioassays to assess toxic activities in surface water 
bodies [15–20].

Selecting relevant toxicity endpoints based on the 
nature of the water samples is key for a comprehensive 
assessment of water quality [21]. The in vitro bioanalyti-
cal approach used in this work consisted of a panel of 5 
bioassays as markers of relevant toxicity endpoints in 
surface water samples due to the potential to detect com-
bined effects of organic micropollutants. Aryl hydrocar-
bon receptor (AhR) has diverse physiological functions 
related to chemical and microbial defense, reproduc-
tion, development, energy metabolism, immunity and 
inflammation [22] and AhR activity is often observed 
in surface water samples based on, e.g., elevated pres-
ence of aromatic hydro alkyl substances in the environ-
ment. Although this might not be an adverse effect per 
se, it highlights the presence of bioactive chemicals in 
the water sample [23, 24]. The presence of endocrine 
disruptive chemicals and hormones can be evaluated by 
means of androgen receptor (AR) and estrogen receptor 
(ER) activation or inhibition. The control of such types of 
chemical species in surface water ecosystems is relevant 
to prevent from intense distress of the normal physiol-
ogy of exposed organisms [24, 25] due to the relevant 
role of androgens in the development and function of 
the immune, musculoskeletal, reproductive, cardiovas-
cular and neural systems, and estrogens being essential 

for bone strength, cardiovascular function, reproduc-
tion, cognitive behavior and gastrointestinal systems [26, 
27]. Additionally, oxidative stress response, measured by 
means of the nuclear factor erythroid 2-related factor 2 
(Nrf2) activity, is a good indicator of environmental pol-
lution [23, 24, 28] since this receptor is often triggered 
by the presence of organic micropollutants in aquatic 
samples. Oxidative stress can result in different adverse 
outcomes such as carcinogenicity, tissue damage or 
teratogenicity [29, 30]. The cellular defense mechanism 
against oxidative stress, regulated by Nrf2, can be used 
to assess the presence of oxidative stress inducing com-
pounds in water samples. Finally, vitamin D endocrine 
signaling, transduced via the vitamin D receptor (VDR), 
plays important roles in multiple physiological systems. 
A disruption of this signaling pathway would be defined 
as an endocrine disrupting effect, which could potentially 
have serious effects to both humans and the ecosystem 
[31].

In this work, we aimed to assess the toxic activities of 
different water bodies along the Spanish Mediterranean 
coastline. In this region, water scarcity has become of 
major concern. It is expected that climate change will 
exacerbate this phenomenon; therefore, it is essential to 
evaluate water quality of significant natural reservoirs. 
Selection of wetlands was based on the list of Wetlands 
of International Importance [32] along with other locally 
relevant water bodies. Among the sampled locations, 
Ebro River and Albufera Natural Park (Valencia, Spain) 
are of special interest as they might be affected by efflu-
ent wastewater streams of big cities and industries. This 
work reflects the first comprehensive study covering a 
broad set of samples from Mediterranean Spanish coast-
line and evaluating their water quality by using a set of 5 
bioassays for 8 different toxicity endpoints.

Materials and methods
Collection of samples
In this study, 11 water samples were collected from rel-
evant water bodies along the Spanish Mediterranean 
coastline (Fig. 1). The sampled locations, including both 
river water and coastal lagoon water, were selected 
based on regional significance and/or their inclusion 
in the list of Wetlands of International Importance (8 
out of 11 samples) [32]. Table  1 summarizes the rel-
evance of the sample as well as the potential impact 
of surrounding activity. Briefly, samples CL2 and CL7 
were collected in areas surrounded by rice agriculture, 
even CL2 having instream water from irrigation of rice 
camps. Samples CL5, CL6, CL10 and CL11 were col-
lected in areas with a prominent level of citrus-fruit 
agriculture with the associated likelihood of impact by 
pesticides in those samples. Otherwise, samples CL3, 
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CL4 and CL9 were collected in points where human 
activity can be of importance (CL3 and CL4 close to 
urbanized areas, and CL9 within a highly touristic part 
of ‘Albufera’ natural park). Finally, sampling points for 
CL1 and CL8 might be affected by treated wastewater 
streams and urban runaways from large cities, although 

CL1 is a flowing river that might reduce its impact into 
water quality.

Grab samples (8 L) were collected in polyethylene tere-
phthalate (PET) plastic bottles in February 2019. Prior to 
sample collection, bottles were rinsed three times with 
the water sample. After collection, water samples were 

Fig. 1 Sampling points across Spanish Mediterranean coastline. Magnified areas show locations where sampling points were nearby. Upper-right 
map indicates the region within the Iberian peninsula under study (red square)
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stored at 4  °C until extraction performed within 24  h. 
Alongside wetland water samples, two procedural blank 
samples were also collected under the same conditions. 
Milli-Q water (8  L) were collected in PET bottles and 
stored at 4  °C until extraction to account for potential 
migration of chemicals from sampling containers into the 
aqueous phase.

Sample treatment
Water samples (2.5 L) were extracted by means of offline 
Solid Phase Extraction (SPE) using Oasis HLB car-
tridges (20  cc, 1  g) from Waters Corporation (Milford, 
MA, USA). Cartridges were previously conditioned with 
3 × 10  mL of methanol (LC–MS grade, Scharlab, Bar-
celona, Spain) and 2 × 10  mL Milli-Q water (Millipore, 
Bedford, MA, USA). In order to avoid clogging, silanized 
glass wool was located inside the cartridge so bigger par-
ticulate matter could be retained and easily discarded. 
After sample loading, SPE cartridges were eluted with 
3 × 10  mL of methanol. The three eluates were pooled 
and evaporated at 40  °C under N2 beam (0.7 bar) using 
a TurboVap II system (Caliper LifeSciences, Hopkinton, 
MS, USA) for 45 min reaching a final volume of 0.2 mL. 
Ethanol (absolute grade, Scharlab, Barcelona, Spain) was 
then added up to a final volume of 1  mL and extracts 
were frozen overnight at −  20  °C. Finally, extracts were 
centrifuged at 12,000 rpm for 10 min to remove fine par-
ticulate matter. A final concentration factor of 2500 was 

accomplished. Sample extracts were stored at −  20  °C 
until analysis.

Procedural blank samples, consisting of Milli-Q water, 
underwent the same sample treatment as wetland water 
sample to account for potential impact of sample treat-
ment on the bioactivity of samples.

Bioanalysis of surface water samples
Wetland water samples, procedural blanks and positive 
controls were evaluated for AhR, agonistic AR (AR+) 
and antagonistic AR (AR−), agonistic ER (ER+) and 
antagonistic ER (ER−), Nrf2, and agonistic VDR (VDR+) 
and antagonistic VDR (VDR−) activities in reporter gene 
assays (Table  2). Cytotoxicity was evaluated in all cell 
lines using cell viability assays (MTS-based colorimetric 
assay and CellTiter-Glo® luminescent cell viability assay).

The activity of AhR was evaluated in transiently trans-
fected human hepatocarcinoma cells (HepG2), which 
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) [33]. AR+ and AR− activity was 
studied in the stably transfected Chinese Hamster Ovary 
cell line AR-EcoScreen™ (National Institutes of Biomedi-
cal Innovation, Health and Nutrition JCRB cell bank) 
with a human AR expression construct and a luciferase 
reporter construct under the control of the androgen 
response element [33]. ER+ and ER− activities were 

Table 1 Sample location details, relevance of sample and observations

ID Sampling location Coordinates Relevance Observations

CL1 Ebro River mouth 40° 43′ 10.20″ N
00° 51′ 20.88″ E

Part of ‘Delta del Ebro’ natural park. Included 
in list of Wetlands of International Impor-
tance [32]

Largest river in Spain. Instream of treated 
wastewater from large populations

CL2 El Clot de l’Ebre 40° 38′ 35.52″ N
00° 38′ 24.36″ E

Instream of irrigation water from rice agri-
culture

CL3 L’Estany Peníscola, lagoon 40° 21′ 59.04″ N
00° 24′ 01.80″ E

Flora micro reserve. Designated as Place of 
Community Interest by regional govern-
ment

Potentially affected by human activity

CL4 L’Estany Peníscola, channel 40° 21′ 51.12″ N
00° 23′ 56.76″ E

CL5 Prat de Cabanes-Torreblanca 40° 11′ 50.28″ N
00° 12′ 31.32″ E

Included in list of Wetlands of International 
Importance [32]

Area with potential impact of citrus-fruit 
agriculture

CL6 Marjal Pego-Oliva 38° 52′ 23.52″ N
00° 02′ 53.88″ W

Included in list of Wetlands of International 
Importance [32]

Area with potential impact of citrus-fruit 
agriculture

CL7 Albufera. Portet Sollana 39° 18′ 37.08″ N
00° 21′ 25.92″ W

Part of ‘L’Albufera’ natural park. Included in list 
of Wetlands of International Importance 
[32]

Area with potential impact of rice agriculture

CL8 Albufera. Tancat de la Pipa 39° 22′ 05.52″ N
00° 20′ 45.60″ W

Instream of treated wastewater and urban 
runaways from the city of Valencia 
(~ 2,500,000 inh., Spain)

CL9 Albufera. Gola de Pujol 39° 20′ 14.04″ N
00° 11′ 32.64″ W

Highly tourist area of the natural park. Impact 
of human activity

CL10 L’Estany Almenara 39° 45′ 14.04″ N
00° 11′ 32.64″ W

Included in list of Wetlands of International 
Importance [32]

Area with potential impact of citrus-fruit 
agriculture

CL11 El Clot de Borriana 39° 52′ 46.92″ N
00° 03′ 14.04″ W

Natural park supplied with water from a 
natural spring

Area with potential impact of citrus-fruit 
agriculture



Page 5 of 12Celma et al. Environ Sci Eur           (2021) 33:70  

evaluated in a variant of human breast carcinoma MCF7 
cell line, VM7Luc4E2 (donated by Prof. Michael Denison, 
University of California, Davis, USA), which contains a 
stably integrated ER-responsive luciferase reporter plas-
mid [33]. AR and ER activities were analyzed mainly 
according to OECD guidelines [33, 34]. The stably trans-
fected human breast adenocarcinoma cell line MCF7 
ARE c32 was used to measure oxidative stress corre-
sponding to Nrf2 activity, and was kindly provided from 
R. Wolf (University of Dundee, Nethergate, Scotland) 
[35]. Finally, VDR+ and VDR− activity were evaluated in 
human embryonic kidney cell line HEK 293, containing 
a human vitamin D receptor ligand-binding domain and 
a Gal4 DNA binding domain as well as beta-lactamase 
reporter gene under the control of a UAS response ele-
ment (VDR-UAS-bla HEK 293T) (ThermoFisher Sci-
entific, Stockholm, Sweden). Further details and an 
expanded description of activity and cell viability assays 
are available in Additional file 1: Section S1.

Positive controls for each bioassay (Table  2) were 
analyzed alongside wetland water samples, procedural 
blanks and vehicle controls. For antagonistic effects, cells 
were co-treated with an agonistic stimulator as negative 
control test at a concentration corresponding to approxi-
mately EC80. 2,3,7,8-Tetrachlorodibenzodioxin (TCDD) 
and tert-butylhydroquinone (tBHQ) were used as posi-
tive control for AhR and Nrf2 reporter gene assays, 
respectively. In ER reporter gene assay, 17β-estradiol 
(E2) was used as control for agonistic activity and ralox-
ifene (Ral) for antagonistic activity. For the AR bioassay, 
dihydrotestosterone (DHT) was used as a positive con-
trol for agonistic activity and hydroxyflutamide (OHF) 
for antagonistic. Finally, 1α, 25-dihydroxyvitamin D3 
(1,25-D3) was used as a positive control for VDR+ activ-
ity. No appropriate positive control for VDR− activity is 
commercially available and, as a consequence, it could 

not be controlled. The positive controls in the reporter 
gene assay were analyzed in 6–12 concentration levels to 
obtain a standard calibration curve.

For incubation with cells, wetland water sample and 
procedural blank SPE extracts (2500 times enriched) 
were diluted 100 times with cell medium to get a final 
concentration of 1% ethanol. In consequence, the rela-
tive enrichment factor (REF) in the bioassays was 25. All 
water samples were tested for cell viability and bioactiv-
ity in concentration–response relationships (REF = 25, 
12.5, 6.75 and 3.125) with 4 replicates for each concentra-
tion as previously proposed by Mehinto et al. [36]. In all 
experiments, vehicle controls were included, consisting 
of 1% ethanol, equivalent to water sample ethanol con-
tent. Vehicle controls were tested in 8 replicates.

Data processing
Bioactivities of wetland water samples, procedural 
blanks and positive controls we normalized to vehicle 
controls on each plate. Bioactivity was then expressed 
as fold-change compared to VHC (set as 1). Standard 
curves for AhR, AR and VDR (nuclear receptor bioas-
says) were drawn by fitting data to a four-parameter sig-
moidal curve. For Nrf2, since no maximum effect can be 
reached, standard data were fitted to a liner regression. 
No appropriate standard is available for the antagonis-
tic VDR reporter gene assay, and therefore, no standard 
curve could be obtained.

Cut-off values for cytotoxicity were set at 0.8 com-
pared to VHC set at 1. Cut-off values for bioassays, i.e., 
for classification of samples as active, were based on the 
limit of detection (LOD) calculated as 1 plus 3 times the 
standard deviation of the VHC from all plates within the 
experiment for agonistic assays; and 1 minus 3 times the 
standard deviation of the VHC from all plates within the 

Table 2 Panel of reporter gene assays for the assessment of toxicological fingerprint of wetland samples. Cell lines used, cytotoxicity 
assay method and positive control used for bioanalysis

n.a. not available

Bioassay Cell line Cytotoxicity assay Bioactivity positive control

Aryl hydrocarbon receptor (AhR) Human hepatocellular carcinoma 
(HepG2)

MTS-based colorimetric assay 2,3,7,8-Tetrachlorodibenzodioxin 
(TCDD)

Androgen receptor (AR) Agonistic Chinese Hamster Ovary (AR-
EcoScreen)

MTS-based colorimetric assay Dihydrotestosterone (DHT)

Antagonistic Hydroxyflutamide (OHF)

Estrogen receptor (ER) Agonistic VM7Luc4E2 CellTiter-Glo® Luminescent 
Cell Viability Assay

17β-Estradiol (E2)

Antagonistic Raloxifene (Ral)

Nuclear factor erythroid 2-related factor 2 (Nrf2) MCF7C32ARE MTS-based colorimetric assay tert-Butylhydroquinone (tBHQ)

Vitamin D receptor (VDR) Agonistic VDR-UAS-bla HEK 293T MTS-based colorimetric assay 1α, 25-Dihydroxyvitamin D3 
(1,25-D3)

Antagonistic n.a
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experiment for antagonistic assays [37]. Cut-off values for 
AR antagonistic assays were established following OECD 
guideline [34]. Wetland samples were analyzed at dif-
ferent concentrations to enable the calculation of effect 
concentration (EC) values by means of statistical analysis. 
Given the observed activity for each sample at REF = 1, 
the bioanalytical equivalent concentration (BEQ) was 
interpolated from the dose–response curve for the posi-
tive control. For this purpose, concentration–response 
curve of each sample was adjusted to a linear regression 
[37]. Statistical analysis and graphical presentation were 
performed using GraphPad Prism 6.01.

Results and discussion
Cell viability
Cell viability was evaluated in all cell lines used in the 
study for the whole set of VHC, procedural blanks and 
wetland samples at different concentrations (Additional 
file 1: Figure S1). In general, no cytotoxicity was observed 
for any sample in any cell line except for sample CL8. The 
highest concentration tested (REF = 25) showed a slight 
cytotoxic effect on VM7luc4E2 cell line (ER assay, Addi-
tional file  1: Figure S1b), MCF7C32ARE cell line (Nrf2 
assay, Additional file  1: Figure S1d) and AR-EcoScreen 
cell line (AR assay, Additional file 1: Figure S1e). Attend-
ing to these results, it was decided to use the 4 concen-
trations tested (REFs 25, 12.5, 6.3 and 3.1) to assess the 
bioactivity of wetland samples in all cell lines, paying 

special attention to results obtained for CL8 at the high-
est REF value tested. Procedural blanks and VHC did not 
show cytotoxicity in any cell line.

Evaluation of toxicity end‑points
The bioactivities of the 11 wetland water samples were 
evaluated by a panel of 5 reporter gene assays for 8 dif-
ferent toxicity endpoints. Table  3 shows the bioactivity 
observed in the samples, the  EC10 (or  IC75) values and 
the BEQ of the samples with determined  EC10 (or  IC75) 
values.  EC10 (or  IC75) values can be used for comparison 
purposes since they indicate the REF required to reach 
the 10% of the maximum activity observed for the posi-
tive control (or the 25% inhibition activity for antagonis-
tic assays). A lower  EC10 (or  IC75) value indicates a more 
potent activity. Accordingly, values equal to or lower than 
1 indicate that activity is detected in the collected surface 
water sample prior to SPE, or at even lower concentra-
tions. A different way to evaluate the bioactivity of the 
sample is the calculation of the BEQ; based on the activ-
ity observed in the sample, it gives an estimation of the 
concentration of the positive control needed to inflict the 
same activity in the water sample at REF 1. Thus, higher 
BEQ values indicate higher activity of the original water 
sample.

Table 3 Bioactivity observed in wetland water samples for the panel of bioassays used in the study

–: no activity detected above limit of detection at any REF, d: activity detected above limit of detection but no dose–response observed, EC10: sample REF value to 
produce 10% of the maximum effect produced by positive control, EC50: sample REF value to produce 50% of the maximum effect produced by positive control, 
IC75: sample REF value to produce 25% of the maximum antagonistic effect produced by positive control, ECIR1.5: sample REF value to induce a 1.5 fold-change activity 
versus vehicle control, BEQ: bioequivalent concentration, TCDD: 2,3,7,8-Tetrachlorodibenzodioxin, DHT: Dihydrotestosterone, OHF: Hydroxyflutamide, E2: 17β-estradiol, 
Ral: Raloxifene, tBHQ: Tert-butylhydroquinone, 1,25-D3: 1α, 25-dihydroxyvitamin D3

Cut‑off
(fold‑change)

EC/BEQ Wetland samples

1 2 3 4 5 6 7 8 9 10 11

AhR 2.0 EC10 24.7  > 25  > 25  > 25 19.5 10.6 13.3 7.9 21.6 – –

TCDD-eq (pM) 10.2  < 7.7  < 6.9  < 9.3 12.4 20.5 17.1 22.2 11.3 – –

AR AR+ 1.5 EC50 – – – – – – – – – – –

DHT-eq (pM) – – – – – – – – – – –

AR− 0.7 IC75 – – – – – – – d – – –

OHF-eq (pM) – – – – – – – – – – –

ER ER+ 1.5 EC50 – – – – – – – – – – –

E2–eq (pM) – – – – – – – – – – –

ER− 0.8 IC75 – – – d d d – 3.21 3.84 d d

Ral-eq (nM) – – – – – – – 441 23.1 – –

Nrf2 1.5 ECIR1.5 – – – – – – – – – – –

tBHQ–eq (μM) – – – – – – – – – – –

VDR VDR+ 1.5 EC50 – – – – – – – – – – –

1,25-D3-eq (pM) – – – – – – – – – – –

VDR− 0.7 IC75 – – – – – – – d – – –
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Among the bioassays analyzed, AhR seems to be most 
responsive showing activity for all samples except for 
CL10 and CL11 (Table  3). From another perspective, 
sample CL8 seems to be the most polluted sample show-
ing activity in every reporter gene assay except for Nrf2. 
This sample was collected in an area potentially affected 
by wastewater (either treated or untreated) and street 
runaways from a big city in the Spanish Mediterranean 
Coast (Fig. 1). Therefore, it was expected to be the most 
polluted sample and, as a consequence, the one showing 
more activity in the assays.

Procedural blanks were analyzed for all toxicity end-
points and no activity was detected for any of them 
(Additional file 1: Figure S2).

Aryl hydrocarbon receptor bioactivity
Figure 2 highlights the bioactivity observed for the AhR 
reporter gene assay for both the positive control and 
wetland samples. Linear regression was performed on 
the concentration–response data and used for calcula-
tion of the  EC10 value. Neither of the REF values tested 
for samples CL10 and CL11 exceeded the cut-off value. 
Consequently, samples CL10 and CL11 were classified 

as inactive. However, bioactivity for samples CL1 to CL9 
was detected above the cut-off value and the activity 
increased with increasing REF values. The REF values cal-
culated to achieve the  EC10 are shown in Table 3. As indi-
cated, samples CL2, CL3 and CL4 were the least active 
samples with  EC10 values > 25; and samples CL6, CL7 and 
CL8 were the most active samples for the AhR bioassay. 
The relatively high bioactivity observed in the surface 
water bodies studied indicated the presence of bioactive 
chemicals in the samples. Although this might not be an 
issue for environmental water samples [23, 24], it high-
lights that these samples can potentially activate the AhR, 
with multiple physiological functions involving energy 
metabolism, chemical and microbial defense, reproduc-
tion, development, immunity and inflammation [22]. At 
this moment, it is unknown whether this activity is being 
caused by anthropogenic chemicals or naturally occur-
ring compounds, therefore the results observed cannot 
lead to the conclusion that water quality of the studied 
wetland is inadequate. In this respect, the highest activ-
ity observed for sample CL8 might indicate the elevated 
presence of small chemicals inducing AhR effect. Bio-
analytical equivalents (BEQ) at REF 1 were calculated by 

Fig. 2 AhR bioactivities for wetland water samples at REF 3.125, 6.25, 12.5 and 25 (n = 4 at each REF value) and positive control TCDD 
(grey-shadowed area). Straight black line indicates the trend curve fitting experimental data (linear regression for samples, sigmoidal for positive 
control), blue line indicates cut-off value for activity value and red dotted line indicates the 10% of assay maximum for comparison purposes
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means of the linear range of the concentration–response 
curve in the samples as well as the dose–response curve 
for TCDD. The active samples had BEQ values in the 
range 7.34–22.24  pM of TCDD-Eq, with CL8 showing 
the highest BEQ value among samples (Table 3).

In general, AhR activity in environmental surface 
water samples has been reported repeatedly. Other 
studies involving natural water bodies found all surface 
water assessed bioactive for AhR [28, 38, 39]. In addi-
tion, Lundqvist et al. [40] identified a correlation between 
the activity observed and the total content of pesticides 
found in the sample denoting that samples with an 
increased exposure to agricultural activities may show 
a larger bioactivity for AhR reporter gene assay. Also, 
water bodies affected by industrial wastewater discharges 
results in an enhanced AhR activity [38] as it would be 
the case for sample CL8.

Androgen receptor (ant)agonistic bioactivity
In general, no bioactivity was observed with the AR 
reporter gene assay. Individual results for agonistic and 
antagonistic bioassays are shown in Additional file 1: Fig-
ure S3 and S4, respectively. In both analyses, appropriate 
dose–response activities were observed for the positive 
controls (DHT for agonistic and OHF for antagonistic).

Although no agonistic activity above the cut-off value 
was detected in any wetland samples, CL8 showed a 
decrease in the AR+ activity at higher concentrations. 
This diminution in the activity observed might respond 
to the slight cytotoxicity effect observed on the cell line 
used for the bioassay (Additional file 1: Figure S1) at high 
REF values. Apart from CL8, the other samples analyzed 
did not show any dose–response trend highlighting no 
remarkable presence of hormonal activity for the AR+ in 
the surface water bodies under study.

Similar results were obtained for the AR- reporter gene 
assay. Only sample CL8 presented activity below cut-off 
value at REF 25 with a concentration–response curve. 
However, the apparent increase of antagonistic activity 
might be due to the cytotoxic effect observed of CL8 at 
REF 25 in AR-EcoScreen cell line (Additional file 1: Fig-
ure S1) rather than being antagonistic active. None of the 
other samples analyzed showed detectable AR−activ-
ity. However, an increase over 1 in the activity value can 
be observed for the vast majority of them although data 
are normalized to the stimulated vehicle control activity. 
This behavior can be explained based on a potential cock-
tail effect between matrix-endogenous chemicals and 
the DHT added to stimulate the AR. Yet, none of them 
showed inhibition (except for CL8).

Detection of androgenicity or antiandrogenicity in 
surface water samples is common. Several studies have 

detected AR (ant)agonistic activities in wide sampling 
campaigns [19, 28, 33, 38] while others did not detect 
bioactivity for the AR reporter gene assays [41].

Estrogen receptor (ant)agonistic bioactivity
Estrogenicity and antiestrogenicity was evaluated by 
means of an ER-responsive luciferase reporter plasmid 
stably integrated in a cell line. ER+ activity is reported 
in Additional file  1: Figure S5. As illustrated, appropri-
ate dose–response was observed for E2 (positive control), 
although no samples showed estrogenicity above the cut-
off value. However, CL8 sample showed a clear decreas-
ing trend in the activity fold-change (compared to vehicle 
control) that can be related to the cytotoxicity observed 
of such sample at REFs 12.5 and 25. In the case of ER-, 
the observations are more complex. Several samples 
showed activity below the cut-off value (CL4, CL5, CL6, 
CL8, CL9, CL10 and CL11) (Fig.  3); however, no dose–
response was observed for CL4, CL5, CL6, CL10 and 
CL11 and, therefore, the activity could only be detected 
(Table 3) and no IC or BEQ value could be calculated. On 
the contrary, CL8 and CL9 showed a clear dose–response 
trend. Linear regression is usually used for the interpola-
tion of  IC75 and BEQ values when the activity observed is 
up to 30% of the positive control; however, the inhibition 
observed for those samples is around 60 or 70% of that 
from the positive control and, therefore, sigmoidal fitting 
is needed to be applied for a better adjust of the curve. 
Using this approach, CL8 and CL9 has BEQ in the range 
of 23–441 nM of Ral-eq. It is noteworthy that slight cyto-
toxicity was observed at high REF values for CL8 (Addi-
tional file 1: Figure S1) and, therefore, the elevated BEQ 
observed might be overestimated.

Estrogenic activity is triggered by the presence of nat-
ural and synthetic hormones, and to a lower extent by 
alkylphenols or phytoestrogens [18], whereas, anti-estro-
genic activities are induced by dioxin-like substances, 
polychlorinated dibenzo-p-dioxins, polychlorinated 
dibenzofurans and polychlorinated biphenyls [42]. Sev-
eral studies have detected ER activity at relatively low lev-
els [19, 28, 33, 38, 40] with König et al. observing strong 
estrogenic effects in river water samples from Serbia [43].

Vitamin D receptor (ant)agonistic bioactivity
The vitamin D endocrine system regulates multiple 
important physiological functions and is conserved 
across many species. If this endocrine system is acti-
vated or blocked by environmental pollutants, it could 
be an endocrine disruptive effect with potentially serious 
consequences. For the VDR+ reporter gene assay, good 
dose–response was obtained for the positive control in 
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the agonistic mode (Additional file  1: Figure S6). How-
ever, there is no commercially available positive control 
for the VDR- behavior (Additional file 1: Figure S7). For 
the wetland water samples, no agonistic activity was 
observed above the cut-off value for any sample and only 
CL8 showed a slight antagonistic activity at REF 25. How-
ever, the VDR- activity of CL8 at REF 25 was only mar-
ginally below the cut-off value while all other REFs tested 
were above. As a consequence, the activity was classified 
only as detected and no IC value was calculated.

The application of VDR reporter gene assay for the 
assessment of (ant)agonistic activity in surface water 
samples has been scarcely explored in the literature. 
Inoue et al. [44] evaluated a set of 4 river water samples 
from Japan for the activity of VDR finding generally low 
response. Riegraf et al. [42], however, found no activity in 
a set of wastewater samples. The present work is one of 
the few studies incorporating the VDR bioassay to evalu-
ate the potential activity of endocrine disrupting chemi-
cals in environmental water bodies.

Nuclear factor erythroid 2‑related factor 2 bioactivity
Oxidative stress response, evaluated by means of the Nrf2 
reporter gene assay, is depicted in Additional file 1: Figure 
S8. Clearly, none of the samples assessed showed activ-
ity above the cut-off value at any REF assessed; and, con-
sequently, no dose–response was observed for any sample. 
These results support the idea that no oxidative inducing 
compounds are present in the wetland water bodies stud-
ied at detectable and active levels. Previous studies also 
reported none or sporadic detection of oxidative stress 
response of environmental water samples [28, 40]. How-
ever, there are also studies depicting sustained oxida-
tive response activity in surface water samples in Sweden 
[33], in the Danube River Basin [38] or even pronounced 
response in a sample collected in the same river basin [16]. 
The fact that previous studies have often reported oxida-
tive stress response for surface water samples highlights the 
relevance of not having encountered activity over the Nrf2 
reporter gene assay in this study.

Fig. 3 Anti-estrogenicity observed in wetland water samples at REF 3.125, 6.25, 12.5 and 25 (n = 4 at each REF value) and positive control Ral 
(grey-shadowed area). Straight black line indicates the trend curve fitting experimental data, blue line indicates cut-off value and red dotted line 
indicates the 25% of assay maximum for comparison purposes
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Bioanalysis for the assessment of quality of natural water 
bodies in Spanish Mediterranean coastline
Assessment of water quality and pollution of natural 
water bodies from the Spanish Mediterranean coastline 
by means of a panel of 5 reporter gene assays was per-
formed in the present study, where 8 toxicity endpoints 
were evaluated. Bioactivity was detected in only 20% of 
the analyses performed on 11 water samples. Among all 
of them, AhR activity was detected most frequently and 
found to be a sensitive indicator of the mixture effect of 
chemicals present in the water samples. The bioactivities 
observed in this study for AhR were in the range of 7.7–
22.2 pM TCDD-eq (2.5–7.4 ng  L−1). It is remarkable that 
the TCDD-eq observed are similar to those previously 
measured in other studies. Rosenmai et al. [33] detected 
AhR activities in Swedish lakes at TCDD-eq of 4.2–7.8 ng 
 L−1, while Oskarsson et  al. [28] detected 1.5  ng  L−1 in 
river Göta Älv (Sweden). Lower activities (0.15–0.8  ng 
 L−1) were observed in Santa Cruz river (Arizona, US) 
by Daniels et al. [45]. Although the activity observed for 
AhR bioassay is in line with other studies about surface 
water quality assessment by bioanalysis, further research 
towards the analysis of which chemicals, either natu-
rally occurring or anthropogenic, are causing this effect 
should be conducted.

The most active sample for the set of bioassays stud-
ied was CL8. As abovementioned, this sampling location 
was affected by wastewater effluents and street runaways 
from a big city (Valencia, 2.5 million inhabitants) and, 
therefore, bioactivity results could be expected. Most of 
the samples analyzed did not exhibit detectable activity, 
which per se denotes good water quality and low levels 
of chemical contamination. Considering that the water 
bodies used for the study are of special interest for the 
regional ecosystem, this finding can be considered of par-
amount importance.

Conclusions
A panel of 8 toxicity endpoints has been evaluated for a 
set of 11 surface water samples from environmentally 
relevant water bodies from the Spanish Mediterranean 
coastline. In general, only 20.5% of the bioassays applied 
showed detectable activity with the most relevant reporter 
gene assay being aryl hydrocarbon receptor. AhR activ-
ity was detected in water from 9 of the 11 sampling sites. 
The highest activity was found ‘Albufera–Tancat de la 
Pipa’ which may be influenced by contamination through 
wastewater effluents from Valencia with 2.5 million 
inhabitants although more research is needed to confirm 
this hypothesis. The AhR activities observed were in the 
same range as activities reported in surface water samples 
in Sweden and US. Antiestrogenic activity was detected 

in water from 7 of the 11 sampling sites. No estrogenic, 
androgenic, antiandrogenic, oxidative stress and VDR 
activities were detected in any of the samples, apart from 
sporadic, not dose-dependent activities in a few samples. 
Thus, the water samples only had minor impact on the 
studied bioactivities denoting the high water quality and 
low pollution of the water bodies studied.

Abbreviations
AhR: Aryl hydrocarbon receptor; AR: Androgen receptor; BEQ: Bioanalytical 
equivalent concentration; BS: Procedural blank sample; 1,25-D3: 1α,25-
Dihydroxyvitamin D3; DHT: Dihydrotestosterone; E2: 17β-estradiol; EC: Effect 
concentration; ER: Estrogen receptor; HepG2: Human hepatocellular carci-
noma; Nrf2: Nuclear factor erythroid 2-related factor 2; OECD: Organisation for 
economic cooperation and development; OHF: Hydroxyflutamide; PET: Poly-
ethylene terephthalate; Ral: Raloxifene; REF: Relative enrichment factor; SPE: 
Solid phase extraction; tBHQ: Tert-butylhydroquinone; TCDD: 2,3,7,8-Tetrachlo-
rodibenzodioxin; VDR: Vitamin D receptor; VHC: Vehicle control.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12302- 021- 00510-1.

Additional file 1: Section S1. Materials and methods for cell viability 
and activity assays. Figure S1. Cytotoxicity evaluation in all cell lines used 
in the study. Figure S2. Bioactivity responses for vehicle control (VHC), 
stimulated VHC, procedural blank samples (BS1 and BS2) and positive 
controls for AhR, Nrf2, VDR+ , VDR−, AR+ , AR-, ER+ and ER−. Figure S3. 
AR + bioactivities for wetland water samples at REF 3.125, 6.25, 12.5 and 
25. Figure S4. AR− bioactivities for wetland water samples at REF 3.125, 
6.25, 12.5 and 25. Figure S5. ER+ bioactivities for wetland water samples 
at REF 3.125, 6.25, 12.5 and 25. Figure S6. VDR+ bioactivities for wetland 
water samples at REF 3.125, 6.25, 12.5 and 25. Figure S7. VDR- bioactivities 
for wetland water samples at REF 3.125, 6.25, 12.5 and 25. Figure S8. Nrf2 
bioactivities for wetland water samples at REF 3.125, 6.25, 12.5 and 25.

Acknowledgements
A.C. would like to acknowledge colleagues from Swedish University of Agri-
cultural Sciences (Geeta Mandava, Agneta Oskarsson and Johan Lundqvist) for 
allowing him to perform his research stay as well as for their warm welcoming, 
guidance and support throughout the study.

Authors’ contributions
AC: study design, sample collection, formal analysis, writing first draft of manu-
script, review and editing, funding. GM: study design, formal analysis, review 
and editing. AO: formal analysis, review and editing. JVS: sample collection, 
review and editing. LB: study design, review and editing, funding. JL: study 
design, formal analysis, review and editing, funding. All authors have read and 
approved the final manuscript.

Funding
Open access funding provided by Swedish University of Agricultural Sciences. 
This work has been financially supported by the Swedish Research Council 
(FORMAS) in “Effect-directed analysis as a tool towards a non-toxic environ-
ment—identification of mixture effects and toxicity drivers in water (DANTE)” 
project (2018-02256), Generalitat Valenciana (Research Group of Excellence 
Prometeo 2019/040) and University Jaume I of Castellón, Spain (project 
UJI-B2020-19). A.C. acknowledges the Spanish Ministry of Economy and Com-
petiveness for his predoctoral grant and funding for international research stay 
(BES-2016-076914).

Availability of data and materials
Additional data are available in the supplementary information file and upon 
request to the corresponding author.

https://doi.org/10.1186/s12302-021-00510-1
https://doi.org/10.1186/s12302-021-00510-1


Page 11 of 12Celma et al. Environ Sci Eur           (2021) 33:70  

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interest
The authors declare no competing interests.

Consent for publication
Not applicable.

Author details
1 Environmental and Public Health Analytical Chemistry, Research Insti-
tute for Pesticides and Water, University Jaume I, 12071 Castelló, Spain. 
2 Department of Biomedical Sciences and Veterinary Public Health, Swed-
ish University of Agricultural Sciences, Box 7028, 750 07 Uppsala, Sweden. 
3 Visiting Researcher at Dept. of Biomedical Sciences and Veterinary Public 
Health, Swedish University of Agricultural Sciences, Box 7028, 750 07 Uppsala, 
Sweden. 

Received: 24 March 2021   Accepted: 1 June 2021

References
 1. Ramsar Convention on Wetlands (2018) Global Wetland outlook: state of 

the world’s Wetlands and their services to people. Ramsar Convention 
Secretariat, Gland, Switzerland

 2. United Nations General Assembly (2010) The human rights to water and 
sanitation, United Nations publication

 3. World Health Organization (2017). Guidelines for drinking-water quality: 
fourth edition incorporating the first addendum. Geneva

 4. Brack W, Hollender J, de Alda ML, Müller C, Schulze T, Schymanski E, 
Slobodnik J, Krauss M (2019) High-resolution mass spectrometry to 
complement monitoring and track emerging chemicals and pollution 
trends in European water resources. Environ Sci Eur 31:62. https:// doi. org/ 
10. 1186/ s12302- 019- 0230-0

 5. Gago-Ferrero P, Bletsou AA, Damalas DE, Aalizadeh R, Alygizakis NA, 
Singer HP, Hollender J, Thomaidis NS (2020) Wide-scope target screen-
ing of > 2000 emerging contaminants in wastewater samples with 
UPLC-Q-ToF-HRMS/MS and smart evaluation of its performance through 
the validation of 195 selected representative analytes. J Hazard Mater 
387:121712. https:// doi. org/ 10. 1016/j. jhazm at. 2019. 121712

 6. Hernández F, Bakker J, Bijlsma L, de Boer J, Botero-Coy AM, Bruinen de 
Bruin Y, Fischer S, Hollender J, Kasprzyk-Hordern B, Lamoree M, López 
FJ, te Laak TL, van Leerdam JA, Sancho JV, Schymanski EL, de Voogt P, 
Hogendoorn EA (2019) The role of analytical chemistry in exposure 
science: focus on the aquatic environment. Chemosphere 222:564–583. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2019. 01. 118

 7. Hernández F, Ibáñez M, Portolés T, Cervera MI, Sancho JV, López FJ (2015) 
Advancing towards universal screening for organic pollutants in waters. J 
Hazard Mater 282:86–95. https:// doi. org/ 10. 1016/j. jhazm at. 2014. 08. 006

 8. Hollender J, Schymanski EL, Singer HP, Ferguson PL (2017) Nontarget 
screening with high resolution mass spectrometry in the environment: 
ready to go? Environ Sci Technol 51:11505–11512. https:// doi. org/ 10. 
1021/ acs. est. 7b021 84

 9. Menger F, Gago-Ferrero P, Wiberg K, Ahrens L (2020) Wide-scope screen-
ing of polar contaminants of concern in water: a critical review of liquid 
chromatography-high resolution mass spectrometry-based strategies. 
Trends Environ Anal Chem 28:e00102. https:// doi. org/ 10. 1016/j. teac. 2020. 
e00102

 10. Brack W, Ait-Aissa S, Altenburger R, Cousins I, Dulio V, Escher B, Focks A, 
Ginebreda A, Hering D, Hilscherová K, Hollender J, Hollert H, Korten-
kamp A, de Alda ML, Posthuma L, Schymanski E, Segner H, Slobodnik J 
(2019) Let us empower the WFD to prevent risks of chemical pollution in 
European rivers and lakes. Environ Sci Eur 31:47. https:// doi. org/ 10. 1186/ 
s12302- 019- 0228-7

 11. Dopp E, Pannekens H, Itzel F, Tuerk J (2019) Effect-based methods in com-
bination with state-of-the-art chemical analysis for assessment of water 

quality as integrated approach. Int J Hyg Environ Health 222:607–614. 
https:// doi. org/ 10. 1016/j. ijheh. 2019. 03. 001

 12. Altenburger R, Brack W, Burgess RM, Busch W, Escher BI, Focks A, Mark 
Hewitt L, Jacobsen BN, de Alda ML, Ait-Aissa S, Backhaus T, Ginebreda 
A, Hilscherová K, Hollender J, Hollert H, Neale PA, Schulze T, Schymanski 
EL, Teodorovic I, Tindall AJ, de Aragão Umbuzeiro G, Vrana B, Zonja B, 
Krauss M (2019) Future water quality monitoring: improving the balance 
between exposure and toxicity assessments of real-world pollutant mix-
tures. Environ Sci Eur 31:12. https:// doi. org/ 10. 1186/ s12302- 019- 0193-1

 13. Brack W, Ait-Aissa S, Burgess RM, Busch W, Creusot N, Di Paolo C, Escher 
BI, Mark Hewitt L, Hilscherova K, Hollender J, Hollert H, Jonker W, Kool J, 
Lamoree M, Muschket M, Neumann S, Rostkowski P, Ruttkies C, Schollee 
J, Schymanski EL, Schulze T, Seiler T-B, Tindall AJ, De Aragão Umbuzeiro G, 
Vrana B, Krauss M (2016) Effect-directed analysis supporting monitor-
ing of aquatic environments—an in-depth overview. Sci Total Environ 
544:1073–1118. https:// doi. org/ 10. 1016/j. scito tenv. 2015. 11. 102

 14. Di Paolo C, Ottermanns R, Keiter S, Ait-Aissa S, Bluhm K, Brack W, Breitholtz 
M, Buchinger S, Carere M, Chalon C, Cousin X, Dulio V, Escher BI, Hamers T, 
Hilscherová K, Jarque S, Jonas A, Maillot-Marechal E, Marneffe Y, Nguyen 
MT, Pandard P, Schifferli A, Schulze T, Seidensticker S, Seiler T-B, Tang J, 
van der Oost R, Vermeirssen E, Zounková R, Zwart N, Hollert H (2016) 
Bioassay battery interlaboratory investigation of emerging contaminants 
in spiked water extracts—towards the implementation of bioanalytical 
monitoring tools in water quality assessment and monitoring. Water Res 
104:473–484. https:// doi. org/ 10. 1016/j. watres. 2016. 08. 018

 15. Blackwell BR, Ankley GT, Bradley PM, Houck KA, Makarov SS, Medvedev 
AV, Swintek J, Villeneuve DL (2019) Potential toxicity of complex mixtures 
in surface waters from a nationwide survey of United States streams: 
identifying in vitro bioactivities and causative chemicals. Environ Sci 
Technol 53:973–983. https:// doi. org/ 10. 1021/ acs. est. 8b053 04

 16. Hashmi MAK, Escher BI, Krauss M, Teodorovic I, Brack W (2018) Effect-
directed analysis (EDA) of Danube River water sample receiving 
untreated municipal wastewater from Novi Sad Serbia. Sci Total Environ 
624:1072–1081. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 12. 187

 17. Jonkers TJH, Steenhuis M, Schalkwijk L, Luirink J, Bald D, Houtman CJ, Kool 
J, Lamoree MH, Hamers T (2020) Development of a high-throughput bio-
assay for screening of antibiotics in aquatic environmental samples. Sci 
Total Environ 729:139028. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 139028

 18. Neale PA, Munz NA, Aїt-Aїssa S, Altenburger R, Brion F, Busch W, Escher 
BI, Hilscherová K, Kienle C, Novák J, Seiler T-B, Shao Y, Stamm C, Hollender 
J (2017) Integrating chemical analysis and bioanalysis to evaluate the 
contribution of wastewater effluent on the micropollutant burden in 
small streams. Sci Total Environ 576:785–795. https:// doi. org/ 10. 1016/j. 
scito tenv. 2016. 10. 141

 19. Tousova Z, Oswald P, Slobodnik J, Blaha L, Muz M, Hu M, Brack W, Krauss 
M, Di Paolo C, Tarcai Z, Seiler T-B, Hollert H, Koprivica S, Ahel M, Schollée 
JE, Hollender J, Suter MJF, Hidasi AO, Schirmer K, Sonavane M, Ait-Aissa 
S, Creusot N, Brion F, Froment J, Almeida AC, Thomas K, Tollefsen KE, Tufi 
S, Ouyang X, Leonards P, Lamoree M, Torrens VO, Kolkman A, Schriks 
M, Spirhanzlova P, Tindall A, Schulze T (2017) European demonstration 
program on the effect-based and chemical identification and monitor-
ing of organic pollutants in European surface waters. Sci Total Environ 
601–602:1849–1868. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 06. 032

 20. Žegura B, Heath E, Černoša A, Filipič M (2009) Combination of in vitro 
bioassays for the determination of cytotoxic and genotoxic potential of 
wastewater, surface water and drinking water samples. Chemosphere 
75:1453–1460. https:// doi. org/ 10. 1016/j. chemo sphere. 2009. 02. 041

 21. Brunner AM, Bertelkamp C, Dingemans MML, Kolkman A, Wols B, Harm-
sen D, Siegers W, Martijn BJ, Oorthuizen WA, ter Laak TL (2020) Integration 
of target analyses, non-target screening and effect-based monitoring to 
assess OMP related water quality changes in drinking water treatment. 
Sci Total Environ 705:135779. https:// doi. org/ 10. 1016/j. scito tenv. 2019. 
135779

 22. Bock KW (2019) Aryl hydrocarbon receptor (AHR): from selected human 
target genes and crosstalk with transcription factors to multiple AHR 
functions. Biochem Pharmacol 168:65–70. https:// doi. org/ 10. 1016/j. bcp. 
2019. 06. 015

 23. Escher BI, Allinson M, Altenburger R, Bain PA, Balaguer P, Busch W, Crago 
J, Denslow ND, Dopp E, Hilscherova K, Humpage AR, Kumar A, Grimaldi 
M, Jayasinghe BS, Jarosova B, Jia A, Makarov S, Maruya KA, Medvedev A, 
Mehinto AC, Mendez JE, Poulsen A, Prochazka E, Richard J, Schifferli A, 

https://doi.org/10.1186/s12302-019-0230-0
https://doi.org/10.1186/s12302-019-0230-0
https://doi.org/10.1016/j.jhazmat.2019.121712
https://doi.org/10.1016/j.chemosphere.2019.01.118
https://doi.org/10.1016/j.jhazmat.2014.08.006
https://doi.org/10.1021/acs.est.7b02184
https://doi.org/10.1021/acs.est.7b02184
https://doi.org/10.1016/j.teac.2020.e00102
https://doi.org/10.1016/j.teac.2020.e00102
https://doi.org/10.1186/s12302-019-0228-7
https://doi.org/10.1186/s12302-019-0228-7
https://doi.org/10.1016/j.ijheh.2019.03.001
https://doi.org/10.1186/s12302-019-0193-1
https://doi.org/10.1016/j.scitotenv.2015.11.102
https://doi.org/10.1016/j.watres.2016.08.018
https://doi.org/10.1021/acs.est.8b05304
https://doi.org/10.1016/j.scitotenv.2017.12.187
https://doi.org/10.1016/j.scitotenv.2020.139028
https://doi.org/10.1016/j.scitotenv.2016.10.141
https://doi.org/10.1016/j.scitotenv.2016.10.141
https://doi.org/10.1016/j.scitotenv.2017.06.032
https://doi.org/10.1016/j.chemosphere.2009.02.041
https://doi.org/10.1016/j.scitotenv.2019.135779
https://doi.org/10.1016/j.scitotenv.2019.135779
https://doi.org/10.1016/j.bcp.2019.06.015
https://doi.org/10.1016/j.bcp.2019.06.015


Page 12 of 12Celma et al. Environ Sci Eur           (2021) 33:70 

Schlenk D, Scholz S, Shiraishi F, Snyder S, Su G, Tang JYM, Burg B. Van, van 
der Linden L, van der Speck SC, Werner I, Westerheide SD, Wong CKC, 
Yang M, Yeung BHY, Zhang X, Leusch FDL (2014) Benchmarking organic 
micropollutants in wastewater, recycled water and drinking water with 
in vitro bioassays. Environ Sci Technol 48:1940–1956. https:// doi. org/ 10. 
1021/ es403 899t

 24. Escher BI, Aїt-Aїssa S, Behnisch PA, Brack W, Brion F, Brouwer A, Buchinger 
S, Crawford SE, Du Pasquier D, Hamers T, Hettwer K, Hilscherová K, Hollert 
H, Kase R, Kienle C, Tindall AJ, Tuerk J, van der Oost R, Vermeirssen E, Neale 
PA (2018) Effect-based trigger values for in vitro and in vivo bioassays 
performed on surface water extracts supporting the environmental qual-
ity standards (EQS) of the European water framework directive. Sci Total 
Environ 628–629:748–765. https:// doi. org/ 10. 1016/j. scito tenv. 2018. 01. 340

 25. Blankvoort BMG, Rodenburg RJT, Murk AJ, Koeman JH, Schilt R, Aarts 
JMMJG (2005) Androgenic activity in surface water samples detected 
using the AR-LUX assay: indications for mixture effects. Environ Toxicol 
Pharmacol 19:263–272. https:// doi. org/ 10. 1016/j. etap. 2004. 08. 004

 26. Adeel M, Song X, Wang Y, Francis D, Yang Y (2017) Environmental impact 
of estrogens on human, animal and plant life: a critical review. Environ Int 
99:107–119. https:// doi. org/ 10. 1016/j. envint. 2016. 12. 010

 27. Davey RA, Grossmann M (2016) Androgen receptor structure, function 
and biology: from bench to bedside. Clin Biochem Rev 37:3–15

 28. Oskarsson A, Rosenmai AK, Mandava G, Johannisson A, Holmes A, Tröger 
R, Lundqvist J (2021) Assessment of source and treated water quality 
in seven drinking water treatment plants by in vitro bioassays—oxida-
tive stress and antiandrogenic effects after artificial infiltration. Sci Total 
Environ 758:144001. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 144001

 29. Ma Q (2013) Role of Nrf2 in Oxidative Stress and Toxicity. Annu Rev 
Pharmacol Toxicol 53:401–426. https:// doi. org/ 10. 1146/ annur ev- pharm 
tox- 011112- 140320

 30. Zheng F, Gonçalves FM, Abiko Y, Li H, Kumagai Y, Aschner M (2020) Redox 
toxicology of environmental chemicals causing oxidative stress. Redox 
Biol 34:101475. https:// doi. org/ 10. 1016/j. redox. 2020. 101475

 31. World Health Organization (2012) State of the science of endocrine 
disrupting chemicals 2012. Geneva, Switzerland

 32. Ramsar Convention on Wetlands (2021) The list of Wetlands of interna-
tional importance. Ramsar Convention Secretariat, Gland, Switzerland

 33. Rosenmai AK, Lundqvist J, le Godec T, Ohlsson Å, Tröger R, Hellman B, 
Oskarsson A (2018) In vitro bioanalysis of drinking water from source to 
tap. Water Res 139:272–280. https:// doi. org/ 10. 1016/j. watres. 2018. 04. 009

 34. OECD (2016). Guideline for the testing the chemicals–test no. 458: stably 
transfected human androgen receptor transcriptional activation assay for 
detection of androgenic agonist and antagonist activity of chemicals

 35. Lundqvist J, Andersson A, Johannisson A, Lavonen E, Mandava G, Kylin 
H, Bastviken D, Oskarsson A (2019) Innovative drinking water treatment 
techniques reduce the disinfection-induced oxidative stress and geno-
toxic activity. Water Res 155:182–192. https:// doi. org/ 10. 1016/j. watres. 
2019. 02. 052

 36. Mehinto AC, Jayasinghe BS, Vandervort DR, Denslow ND, Maruya 
KA (2016) Screening for endocrine activity in water using 

commercially-available in vitro transactivation bioassays. J Vis Exp 
2016:1–7. https:// doi. org/ 10. 3791/ 54725

 37. Lundqvist J, Mandava G, Lungu-Mitea S, Lai FY, Ahrens L (2019) In vitro 
bioanalytical evaluation of removal efficiency for bioactive chemicals in 
Swedish wastewater treatment plants. Sci Rep 9:7166. https:// doi. org/ 10. 
1038/ s41598- 019- 43671-z

 38. Alygizakis NA, Besselink H, Paulus GK, Oswald P, Hornstra LM, Oswaldova 
M, Medema G, Thomaidis NS, Behnisch PA, Slobodnik J (2019) Characteri-
zation of wastewater effluents in the Danube River Basin with chemical 
screening, in vitro bioassays and antibiotic resistant genes analysis. 
Environ Int 127:420–429. https:// doi. org/ 10. 1016/j. envint. 2019. 03. 060

 39. Macova M, Toze S, Hodgers L, Mueller JF, Bartkow M, Escher BI (2011) 
Bioanalytical tools for the evaluation of organic micropollutants during 
sewage treatment, water recycling and drinking water generation. Water 
Res 45:4238–4247. https:// doi. org/ 10. 1016/j. watres. 2011. 05. 032

 40. Lundqvist J, von Brömssen C, Rosenmai AK, Ohlsson Å, Le Godec T, Jons-
son O, Kreuger J, Oskarsson A (2019) Assessment of pesticides in surface 
water samples from Swedish agricultural areas by integrated bioanalysis 
and chemical analysis. Environ Sci Eur 31:53. https:// doi. org/ 10. 1186/ 
s12302- 019- 0241-x

 41. Leusch FDL, Neale PA, Arnal C, Aneck-Hahn NH, Balaguer P, Bruchet A, 
Escher BI, Esperanza M, Grimaldi M, Leroy G, Scheurer M, Schlichting 
R, Schriks M, Hebert A (2018) Analysis of endocrine activity in drinking 
water, surface water and treated wastewater from six countries. Water Res 
139:10–18. https:// doi. org/ 10. 1016/j. watres. 2018. 03. 056

 42. Riegraf C, Reifferscheid G, Belkin S, Moscovici L, Shakibai D, Hollert H, 
Buchinger S (2019) Combination of yeast-based in vitro screens with 
high-performance thin-layer chromatography as a novel tool for the 
detection of hormonal and dioxin-like compounds. Anal Chim Acta 
1081:218–230. https:// doi. org/ 10. 1016/j. aca. 2019. 07. 018

 43. König M, Escher BI, Neale PA, Krauss M, Hilscherová K, Novák J, Teodorović 
I, Schulze T, Seidensticker S, Kamal Hashmi MA, Ahlheim J, Brack W (2017) 
Impact of untreated wastewater on a major European river evaluated 
with a combination of in vitro bioassays and chemical analysis. Environ 
Pollut 220:1220–1230. https:// doi. org/ 10. 1016/j. envpol. 2016. 11. 011

 44. Inoue D, Nakama K, Matsui H, Sei K, Ike M (2009) Detection of agonistic 
activities against five human nuclear receptors in river environments 
of Japan using a yeast two-hybrid assay. Bull Environ Contam Toxicol 
82:399–404. https:// doi. org/ 10. 1007/ s00128- 008- 9616-1

 45. Daniels KD, VanDervort D, Wu S, Leusch FDL, van de Merwe JP, Jia A, 
Snyder SA (2018) Downstream trends of in vitro bioassay responses in 
a wastewater effluent-dominated river. Chemosphere 212:182–192. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2018. 07. 190

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1021/es403899t
https://doi.org/10.1021/es403899t
https://doi.org/10.1016/j.scitotenv.2018.01.340
https://doi.org/10.1016/j.etap.2004.08.004
https://doi.org/10.1016/j.envint.2016.12.010
https://doi.org/10.1016/j.scitotenv.2020.144001
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1016/j.redox.2020.101475
https://doi.org/10.1016/j.watres.2018.04.009
https://doi.org/10.1016/j.watres.2019.02.052
https://doi.org/10.1016/j.watres.2019.02.052
https://doi.org/10.3791/54725
https://doi.org/10.1038/s41598-019-43671-z
https://doi.org/10.1038/s41598-019-43671-z
https://doi.org/10.1016/j.envint.2019.03.060
https://doi.org/10.1016/j.watres.2011.05.032
https://doi.org/10.1186/s12302-019-0241-x
https://doi.org/10.1186/s12302-019-0241-x
https://doi.org/10.1016/j.watres.2018.03.056
https://doi.org/10.1016/j.aca.2019.07.018
https://doi.org/10.1016/j.envpol.2016.11.011
https://doi.org/10.1007/s00128-008-9616-1
https://doi.org/10.1016/j.chemosphere.2018.07.190



