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Abstract: Emerging contaminants (ECs) are not monitored nor regulated consistently, but may have
negative effects on human health and ecosystem balance. Although pharmaceuticals and personal
care products are among the main ECs found in surface and wastewater, their toxicity and fate are
currently not sufficiently studied. In this study, we analyzed for the first time a group of 46 ECs in the
secondary effluent of the wastewater treatment plants (WWTP) of Prague. Thirty-seven compounds
were identified in the discharge to surface water. Three compounds had no toxicology information
on Artemia salina: furosemide, hydrochlorothiazide, and tramadol. We performed acute toxicity
(LC50) tests and enzyme assays after 24 and 48 h at room temperature and 28 ◦C for these three
compounds. LC50 ranged from 225.01 mg/L for furosemide, the most toxic, up to above 14,000 mg/L
for tramadol. Changes in enzymatic activity for GST, GPx, AChE, and LDH when A. salina were
exposed to LC25 for each contaminant were conspicuous and significant in a contaminant-, exposure
time-, and temperature-dependent manner. These biochemical markers complement the toxicity
profile of these contaminants in aquatic ecosystems and highlight the need for further research on
other ECs and their implications, and the regulations required to protect human and ecological health.
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1. Introduction

In past decades, wastewater moved from being perceived as a threat to public health to being
considered as a raw material for energy production and recovery of precious resources, including
water itself [1]. Furthermore, water resources started to become scarce in many regions around the
world, mainly where the climatic conditions are unfavorable and population and water consumption
are increasing. This perspective implies a strict control in the quality of the reused water, such that it
does not represent a risk to the environment and health of its users and possible consumers. Most of
the research about water quality and its health implications is focused mainly on physicochemical
and microbiological parameters, heavy metals, pesticides, and petroleum hydrocarbons. However,
recent scientific evidence has redirected attention to a new and growing threat known as emerging
contaminants (ECs). These micropollutants are natural or synthetic substances that are not monitored
nor regulated in a consistent manner, although they may have adverse effects on human health
and ecosystem balance [2,3]. The main concern about these contaminants is that their effects can
start manifesting at concentrations as low as micrograms per liter (µg/L) [3,4]. Common commercial
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products, such as pharmaceuticals and personal care products (PPCPs) are one of the primary sources
of these contaminants. This group includes human and veterinary drugs (e.g., antibiotics, hormones,
antidepressants, antihypertensives, analgesics, anti-inflammatories, etc.), food additives, cleaning
products, fragrances, and sunscreens, among others. The problem starts when they are disposed into
the sewage system, because current wastewater treatment plants (WWTPs) cannot retain, treat, or
eliminate the great majority of the ECs reported [5]. Even if appropriate technologies exist, their use
is limited because of the incremental cost they represent and the absence of regulations limiting the
concentration of the majority of these substances in municipally treated discharge. Discharge and
limited wastewater treatment has led to the presence of ECs in water bodies and even drinking water
sources around the world [3,6].

Since the adverse effects on human health and ecosystem balance have recently been demonstrated
for some of these contaminants [4], and the list of contaminants is extensive, more in vivo studies are
needed for the ones with no information available. It is necessary to establish their possible effects
along with the concentration at which the repercussions become relevant in ecological, economic,
and health terms. Some of the most common organisms employed as animal models for the study
of emerging contaminants effects are the fish Danio rerio, the cladoceran Daphnia magna (water flea),
bacteria, microalgae, and crustaceans such as Artemia salina (brine shrimp). The latter, aside from its
great economic relevance in aquaculture and important role in marine ecological balance, represents
an available, fast, simple, and cost-effective option for toxicological tests [7,8]. Technicians can grow
A. salina in the laboratory without special equipment. It requires a shorter exposure period and a smaller
test volume, as well as offering the advantage of being able to use a high number of organisms, which
is useful for statistical evaluation [9]. In general, in these toxicological models, the degree of damage is
evaluated after chronic or acute exposure to the substances. Acute tests quantify the concentration of
the compound in water that results in mortality for half of the population during a certain period of
exposure (LC50) [10]. Chronic tests estimate the mean effective concentration that affects test organisms
(usually Daphnia) after a specific period of exposure (EC50) [11]. Nevertheless, additional tests are
necessary to complement such studies and record the changes in specific biochemical markers during
exposure to different doses, including concentrations below the LC50. These markers may be enzymes
that usually protect the cells by catalyzing the conversion of xenobiotic compounds into water or
other substances less harmful to the organism. Examples of these enzymes are those that participate
in protection against oxidative stress and cell injury, and enzymes facilitating neural activity and
nervous system processes, such as glutathione-S-transferase (GST), glutathione peroxidase (GPx),
acetylcholinesterase (AChE), lactate dehydrogenase (LDH), and others. Biomonitoring the enzymatic
activity therefore can help in characterizing the toxic profile of emerging contaminants [12].

The city of Prague is the capital of and the biggest city in the Czech Republic, also called Czechia.
The Vltava river bisects the city, whose population is about 1.2 million people, while the metropolitan
area is home to an estimated 2.6 million people [13]. Information on the occurrence of ECs in Prague is
scarce or unpublished. However, the surveys conducted by Kozisek et al. [14] and Rozman et al. [15]
revealed the existence of these micropollutants in some Czech surface waters, groundwater, and in
WWTPs’ discharge. The present work studied the occurrence of 46 emerging contaminants from the
PPCPs group in the secondary effluent of the WWTP of Prague. We carried out toxicity tests in A. salina
nauplii for furosemide, hydrochlorothiazide, and tramadol. These three ECs were present in such
effluent and, to the best of our knowledge, do not have toxicological information in this biological
model. Furosemide and hydrochlorothiazide are known diuretic pharmaceuticals used to treat high
blood pressure and swelling because of fluid build-up [16,17]. Tramadol is a common opioid analgesic
known for its potency [18]. Toxicity tests were based mainly on the determination of the LC50 at
different exposure times and temperatures, along with determining changes in GST, GPx, AChE, and
LDH enzymatic activities when we exposed organisms to lower doses (LC25) of each contaminant
at the same temperature and time conditions. The findings presented here are relevant for receiving
freshwater bodies, as A. salina is a common food source for fish and marine species in aquaculture [11].
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These species tend to inhabit coastal and shallow saline water areas, which in turn tend to be close to
agricultural areas. The toxicity profile presented here gives an indication of acute toxicity when exposed
to these emerging contaminants, as well as the effects of sublethal concentration exposure. These
indicators are essential in this specific species because of its capacity of tissue bioaccumulation [19]
that could reach the aquatic trophic chain, A. salina being one of the first species in it [11,19].

2. Materials and Methods

2.1. Study Site and Sampling

Secondary effluent samples were taken from the secondary clarifier (discharge channel) of
the WWTP in Prague. It was built on Císařský Island during the 1960s and has undergone many
reconstructions and technological upgrades since then. At the time of this study (2016), the WWTP had
a capacity of 1.6 million PE (people equivalent) in their existing water line. Currently, it has a new water
line that operates at half of the previous capacity (0.8 million PE). The inflow is mainly municipal, and
the effluent is usually discharged into natural water bodies, mainly the Vltava River. However, the city
is considering reusing it for irrigation of recreational areas.

Water samples were collected using a grab sample method, plastic clean collectors, and 1-L bottles.
Sampling campaigns were carried out in April and August, which correspond roughly to the beginning
and end of the rainy season in Prague, to verify the consistency of the contaminant concentrations.
After sampling, 60 mL of the raw secondary effluent was stored in sterile dark glass flasks at −20 ◦C
(inclined position). Nutrient contents (ammonia, nitrate, nitrite, and phosphate) were determined in
our laboratory at UCT Prague according to Czech Standard Methods [20].

2.2. UHPLC-MS/MS Analysis

Concentrations of 46 emerging contaminants, mainly PPCPs, were determined by an external
laboratory (State Enterprise Povodí Vltavy Plzen). The work of Povodí Vltavy in analyzing and
tracking water quality in the Czech Republic is remarkable. They also follow strict protocols; for
this study, all analyses were performed according to US EPA Method 1694 [21] for quality assurance.
The micropollutants analyzed were already studied by this laboratory in private research (unpublished
data), establishing their presence in trace concentrations in the Vltava River in the Czech Republic.

During pretreatment, samples were centrifuged at 3500 rpm for 10 min (Labnet® Prism R, Edison,
NJ, USA), the pH was adjusted with acetic acid, and a subsequent addition of an internal standard (ISTD)
was performed. The analysis was carried out in an ultra-high-performance liquid chromatography
system (UHPLC-MS/MS). An Agilent 1290 Infinity Liquid Chromatograph (LC) tandem with 6495 Triple
Quadrupole Mass Spectrophotometer (MS/MS) was used in electrospray ionization mode according to
EPA Method 1694: Pharmaceuticals and Personal Care Products in Water, Soil, Sediment, and Biosolids
by HPLC-MS/MS [21]. Contaminants determination was performed by gradient elution of direct sample
injection (50 µL injection volume) using a Waters X-bridge column (C18, 100 × 4.6 mm, 3.5 µm) and
methanol/water mobile phase (with the addition of 0.02% acetic acid and 5mM of ammonium fluoride)
at a flow rate of 0.5 mL/min.

2.3. Experimental Design

The ECs selected in this study to determine the LC50 values, and their impact on enzymatic activity
in A. salina were those for which no previous data were reported for this crustacean. For enzymatic
activity, LC25 values were chosen for each experimental condition (values obtained from the regression
data used for LC50 curves) because the organisms needed to be alive to avoid interference due to
cellular decay. 3 × 2 × 2 factor design (EC × temperature × exposure time) was used for LC50 and
enzymatic activity studies.
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2.4. Artemia Growth Conditions

A. salina was purchased as canned cysts (Biogrow Proaqua®, Mazatlán Sinaloa, Mexico).
A pretreatment for decapsulation was first applied to the cysts: 7.6 mL of commercial chlorine
(bleach) combined with 7.6 mL of distilled water and 150 mg of NaOH. One gram of cysts was mixed
in this solution and stirred continuously for 7 to 10 min. Later, the mix was diluted with tap water
and filtered. Filtered cysts were then placed in a glass container with marine water (Instant Ocean®

29.9 mg/L and distilled water) under continuous aeration for 24 h at a constant temperature of 28 ◦C.
Since nauplii are attracted to light, a lamp was placed on one side of the container to concentrate them.

2.5. Toxicological Tests

Chemical contaminants (analytical grade) were supplied by Sigma-Aldrich® (St. Louis, MO, USA).
These were dissolved in milli-Q water (tramadol) or methanol (furosemide and hydrochlorothiazide).
The different concentrations of each compound were prepared using marine water in order to
maintain the same salinity across treatments. Toxicity tests were performed in Artemia nauplii at two
temperatures: room temperature (20.5 to 23.5 ◦C) and 28 ◦C, and two exposition times: 24 and 48 h.
All nauplii were kept fasting during the total length of the bioassays. Experiments were performed
in 96-microwell plates: first adding 20 µL of marine water containing 10 nauplii and then 230 µL of
each contaminant dilution to the well (250 µL total working volume). Negative and positive controls
containing marine water or potassium dichromate, respectively, were included in all the experiments.
Each compound was evaluated by triplicate for each condition, and after 24 or 48 h the survival rate
was recorded. LC50 values were calculated using Microsoft Excel® software to obtain the best-fit linear
regression for each bioassay.

2.6. Enzymatic Activity

LC25 of furosemide, hydrochlorothiazide, and tramadol were tested at room temperature and
28 ◦C during 24 and 48 h. Total of 100 mg of A. salina biomass from each assay was resuspended into
1 mL of phosphate buffer. A 50 mM phosphate buffer at pH 7 was employed for LDH and AChE assays,
and 50 mM phosphate buffer with 5 mM of EDTA buffer at pH 7.2 for GPx and GST. Resuspended
samples were sonicated in a Bransonic® 5510R-DTH ultrasonic cleaner (Bransonic®, Danbury, CT,
USA) for 10 min. Subsequently, these were centrifuged for 10 min at 3500 rpm at 4 ◦C (Labnet® Prism
R, Edison, NJ, USA). Supernatant was recovered and 100 µL samples were transferred to 600 µL
Eppendorf tubes and used to perform the enzymatic analysis. GPx and LDH were assayed using kits
and protocols provided by Cayman chemical® (Ann Arbor, MI, USA) and reactions were measured
quantifying the absorbance at 340 and 490 nm, respectively. A continuous spectrophotometric rate
determination method described by Habig et al. [22] was used for GST assay, employing 1-chloro-2,
4-dinitrobenzene as substrate and measuring the absorbance at 340 nm. AChE activity was measured
photometrically at 410 nm using the colorimetric Assay Kit ab138871 from ABCAM® (Cambridge, UK).
All enzymatic activities were normalized against protein content measured by Bradford method: 50 µL
of the supernatant of each assay extract was mixed with 200 µL of Bradford reagent (B6916-500ML
Sigma-Aldrich®, St. Louis, MO, USA) and incubated for 5 min before reading the absorbance at
595 nm wavelength.

2.7. Statistical Analysis

Three-way ANOVA and Tukey’s test at the significant level of P ≤ 0.05 were used to evaluate the
significant differences of LC50 and enzymatic activity values concerning the different variables tested
(emerging contaminant, exposure time, and temperature conditions). If significant differences for the
different conditions evaluated were observed, a one-way analysis of variance and Tukey’s test (for
separation of means) were carried out to find a significant difference in the LC50 mean concentration
and enzymatic activities concerning the different contaminants under all different conditions evaluated.
All statistical analyses were executed using SPSS® version 22 (Chicago, IL, USA) software tool.
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3. Results and Discussion

3.1. Effluent Chemical Characterization

Out of the 46 compounds tested in the secondary effluent samples from Prague WWTP, only 37 were
present (Table 1) and nine were not found or not possible to quantify under the analytical conditions used
in this study. The contaminants not detected are mainly pharmaceuticals: penicillin G, sulfamerazine,
sulfamethazine, gemfibrozil, warfarin, paracetamol, roxithromycin, carbamazepine 10,11-dihydroxy,
and ibuprofen-carboxy. There are no previous assessments about emerging contamination in this
specific effluent. However, the survey performed by Rozman et al. [15] in Horní Berkovice, a town
situated around 30 km north of Prague, revealed the existence of different drugs (e.g., carbamazepine,
caffeine, metoprolol, sulfapyridine, hydrochlorothiazide, gabapentin, tramadol, clarithromycin, etc.) in
the sewage system, including wastewater from a local psychiatric hospital, and in the groundwater
saturated zone. Also, Kozisek et al. [14] identified human pharmaceuticals in drinking water facilities
in the Czech Republic that employed surface water as inflow. Carbamazepine, ibuprofen, naproxen,
and diclofenac were the micropollutants reported, showing concentrations lower (0.5–20.7 ng/L) than
those observed in the present study.

In the first sampling campaign in April 2016, average concentrations for two contrast agents
(iopromide and iohexol) and the anticonvulsant drug gabapentin were the highest observed (4800, 5700
and 7200 ng/L respectively). These contaminant levels decreased considerably in the second sampling,
mainly for iopromide and iohexol to 63 and 150 ng/L. In a survey conducted by Loos et al. [23] sampling
many WWTP effluents across Europe, the average concentration found for iopromide was 2700 ng/L
and 158 ng/L for iohexol. Concentrations present in the WWTP of Prague were indeed much higher than
the continental average and, in the case of iohexol, very close to the maximum concentration reported
in that same study (7700 ng/L). However, for iopromide, the continental maximum is greatly above
(150,000 ng/L) our findings in Prague. Specifically, in the Czech Republic, Rozman et al. [15] detected
iohexol in sewage at a concentration of 430 ng/L that was reduced to only 19 ng/L after undergoing
conventional wastewater treatment. It is difficult to state the exact reason why the concentrations found
here are particularly high and then notably decrease; however, the presence of some industries and
hospitals may have had an influence. A chemical manufacturer, Interpharma Praha a.s., is located on
the outskirts of Prague, and iohexol and iopromide are among their synthesized products. Although
the company counts with its own WWTP, the effluent gets discharged into the urban sewer system,
so fluctuations in the concentrations of these chemicals impact the quality of the municipal WWTP
discharge directly. Additionally, the hospitals sewage goes to the public sewer system; only wastewater
from infectious pavilions are obliged to have their own separated treatment. It is evident that all
kinds of contrast media and pharmaceuticals used in instrumental medical examinations can get into
public sewers, which could also explain the high fluctuations in iopromide, iohexol, and gabapentin.
Nevertheless, according to toxicological tests on A. salina and fish, these concentrations by themselves
may not be a concern for aquatic wildlife (LC50 values for gabapentin and iopromide are 8550 and
>962 mg/L respectively). However, specific reports on their combined effects with other compounds
are still scarce [24,25]. Other visible discrepancies in concentration from one sampling campaign to
another can be seen in the antibiotic clarithromycin (1300–430 ng/L), a drug also found in 82% of sewage
samples taken in Czech Republic rural areas, whose concentration varied from under the limit of
detection (LOD) (<10 ng/L) to 2500 ng/L [26]. These results suggest that clarithromycin is a ubiquitous
substance in wastewater in the Czech Republic, and the concentrations vary greatly. The rest of the
micropollutants exhibited very stable concentrations over time, such as the caffeine (220–270 ng/L),
carbamazepine (460–500 ng/L), diclofenac (1800–1900 ng/L), furosemide (1200–1300 ng/L), metoprolol
(1520–1530 ng/L), naproxen (530–560 ng/L), ranitidine (160–190 ng/L), sulfapyridine (240–270 ng/L),
and tramadol (810–870 ng/L). The pharmaceuticals with the lowest concentrations quantified in this
sampling period were bezafibrate, oxcarbazepine, and triclocarban (11, 15, and 17 ng/L respectively), and
chloramphenicol was below the LOD. All these contaminants did not exceed the maximum concentration
reported in other effluents from WWTPs worldwide, ranging from 262 ng/L to 79.86 µg/L [27–29].
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As for the second monitoring period, gabapentin also had the highest effluent concentration
(2200 ng/L), and the antiepileptic oxcarbazepine, chloramphenicol, and erythromycin the lowest ones
(18, 21, and 16 ng/L respectively). The other antibiotics investigated, azithromycin, clarithromycin,
sulfamethoxazole, and trimethoprim, were detected, ranging from 360 to 1300 ng/L. Atenolol, iopamidol,
ketoprofeno, and the antidepressants sertraline and venlafaxine displayed concentrations <0.5 µg/L in
all effluent samples. Other micropollutants were found below the LOD during the second sampling:
bezafibrate, carbamazepine-2-hydroxy, sulfanilamide, triclocarban, and triclosan. Although these latter
have shown the most toxic effects on A. salina at 24 h exposition (Table 1), the concentrations detected
in this study are much lower than the LC50 reported (17.8 and 171.1 µg/L respectively). As for the
pharmaceuticals previously reported in the Czech Republic [15], their concentrations observed here
were generally much higher than those in Horní Berkovice WWTP output, except carbamazepine
(500 vs. 2725 ng/L), gabapentin (7200 vs. 14050 ng/L), sulfamethoxazole (530 vs. 630 ng/L), and
sulfapyridine (270 vs. 534 ng/L).

According to the last environmental implementation review of the Czech Republic in 2019, the
most significant pressures on rivers, in terms of the proportion of the affected surface of water bodies,
come from anthropogenic sources (70% of surface water bodies), urban wastewater (38%), diffuse
pollution from agriculture (22%), and diffuse atmospheric deposition (22%); chemical pollution (48%)
and nutrient pollution (41%) had the most significant impact on surface water. Even though all
wastewater within this country is collected, barely 90.5% undergoes secondary treatment and only
62.7% more advanced treatment processes, which may explain why some emerging contaminants
persist after primary or secondary waste treatment process [30]. In the present study, some emerging
contaminants such as antibiotics, anti-inflammatories, diuretics, antiepileptics, and blood pressure
medications were detected in the local WWTP effluents, which agreed with previous reports on this
country [14,15,31]. Furthermore, our study sets a precedent in the capital of the Czech Republic and
lines up with the release of the recommendation paper to introduce specific measures to address
Contaminants of Emerging Concern in the Urban Waste Water Treatment Directive [32]. As for resource
water recovery, the results obtained here will be used, among others, for research on irrigation using
Prague’s WWTP effluent, as part of the EU scheme Horizon 2020.

It is essential to point out that although water sample collection was carried out in 2016 and the
toxicology profiling in 2019, this falls within the publication time range of other studies carried out in
the Czech Republic, for the quantification of ECs in water sources that required at least two or three
years to be published [15,26]. Even so, our future research plans include a new sampling campaign to
update the levels of ECs in the WWTP effluent of the city of Prague and compare the behavior of these
micropollutants over time, and to increase the number of compounds evaluated using Artemia salina
and other study model organisms. The new study will possibly include a high-resolution effect-directed
analysis (EDA) [6] to optimize analyses of many samples and help identify endocrine disruptors.

Regarding nutrient analyses, the average content in the raw secondary effluent was 1.6 mg/L
NH4

+, 0.1 mg/L NO2
−, 3.9 mg/L NO3

−, and 0.08 mg/L PO4
3−. These concentrations are below the

standard limits of acceptable wastewater pollution for discharge into water bodies in the Czech
Republic [33], which indicate maximum concentrations for total nitrogen and phosphorous of 10
and 1 mg/L respectively; therefore, in terms of nutrient concentration, the depuration process of the
WWTP of Prague is performing adequately. However, this municipal WWTP was not designed to
treat ECs, and there are no current regulations that apply limits for these substances. Although the
objective of this study was not to evaluate treatment options for emerging contaminants, there are new
technologies [26,34] that could be used in the effluent of this WWTP, according to the characterization
and toxicological assessment that we have carried out about these micropollutants.
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Table 1. Emerging contaminants concentration detected in the secondary effluent of the Prague wastewater treatment plants (WWTP) and available toxicological
information in Artemia salina.

Emerging Contaminant Concentration Sampling
April 2016 (ng/L)

Concentration Sampling
August 2016 (ng/L)

A. salina
Ecotoxicity Dose

Atenolol 290 190 yes >100 mg/L (LC50 48 h) [24]
<0.125 mg/mL (LC50 48 h) [35]

Azithromycin 1300 1200 yes >100 mg/L (LC50 48 h) [24]
110.316 µg/mL (LC50 24 h) [8]

Bezafibrate 11 <10 no
Caffeine 220 270 yes 0.5 mg/mL (LC90 48 h) [35]

306 µg/mL (LC50 24 h) [36]
Carbamazepine 460 500 yes >100 mg/L (LC50 48 h) [24]

Carbamazepine 10,11-dihydro-10-hydroxy 120 67 no
Carbamazepine 10,11-epoxide 39 42 no

Carbamazepine-2-hydroxy 77 <10 no
Chloramphenicol <20 21 yes >100 mg/L (LC50 48 h) [24]
Clarithromycin 1300 430 yes >100 mg/L (LC50 48 h) [24]

Diclofenac 1900 1800 yes >100 mg/L (LC50 48 h) [24]
>20 mg/L (LC10 24 h, 48 h) [37]

Diclofenac-4’-hydroxy 720 600 no
Erythromycin 78 16 yes >100 mg/L (LC10 120 h) [38]

0.5 mg/mL (LC90 48 h) [35]
Furosemide 1300 1200 no
Gabapentin 7200 2200 yes >100 mg/L (LC50 48 h) [24]

Hydrochlorothiazide 2700 1900 no
Ibuprofen 170 450 yes 373.526 µg/mL (LC50 24 h) [8]

Ibuprofen-2-hydroxy 1800 530 no
Iohexol 5700 150 no

Iopamidol 470 190 no
Iopromide 4800 63 no
Ketoprofen 260 180 yes 13.24 mg/L (LC50 48 h) [24]
Metoprolol 1520 1530 yes >100 mg/L (LC50 48 h) [24]
Naproxene 560 530 yes >100 mg/L (LC50 48 h) [24]

Naproxene-O-desmethyl 170 240 no
Oxcarbazepine 15 18 no
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Table 1. Cont.

Emerging Contaminant Concentration Sampling
April 2016 (ng/L)

Concentration Sampling
August 2016 (ng/L)

A. salina
Ecotoxicity Dose

Ranitidine 160 190 no
Saccharine 2000 1800 no
Sertraline 35 25 yes 4.08 mg/L (LC50 48 h) [24]

Sulfamethoxazole 360 530 yes >100 mg/L (LC50 48 h) [24]
Sulfanilamide 75 <50 no
Sulfapyridine 270 240 no

Tramadol 810 870 no
Triclocarban 17 <10 yes 17.8 µg/L (LC50 24 h) [39]

Triclosan 49 <20 yes 171.1 µg/L (LC50 24 h) [39]
Trimetoprim 500 370 yes >100 mg/L (LC50 48 h) [24]
Venlafaxine 340 320 yes >100 mg/L (LC50 48 h) [24]

LC10 (lethal concentration 10), LC50 (lethal concentration 50), LC90 (lethal concentration 90), h (hours).
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3.2. Acute Toxicity Tests on Artemia Salina

As depicted in Table 1, the mortality effects on aquatic organisms such as A. salina have been
reported for many ECs identified in the secondary effluent from the Prague WWTP. Reported LC50
values were as low as 17 µg/L after 24-h exposure (triclocarban) [39] and greater than 100 mg/L, with
caffeine (306 mg/L), the least toxic among the contaminants here reviewed [36]. Meanwhile, other
compounds such as furosemide, hydrochlorothiazide, and tramadol have not been investigated in terms
of acute toxicity in this model organism, thus, their selection for the present toxicological assessment.
The rest of the substances lacking ecotoxicological profiling will be assayed in future studies. Besides
being one of the most widely used indicator organisms for LC50, A. salina has been previously employed
by our research group to evaluate other emerging micropollutants, including their degradation products
and biological treatment [40].

It has been reported that Artemia species tolerate a wide range of temperatures and salinities [41,42];
although their optimal temperature for growth and survival range lies between 20 and 28 ◦C [41,43].
Under the temperature conditions evaluated here (28 ◦C and room temperature ranging from 20.3
to 24.4 ◦C), the survival rate for the control treatment ranged in all replicates from 93 to 98% among
treatments (data not shown), indicating that the mortality values obtained were due to the experimental
conditions. Moreover, potassium dichromate has been used as a positive control in other acute toxicity
tests in A. salina [43]. The LC50 estimated for K2Cr2O7 was significantly influenced (p < 0.01) by
temperature conditions (40.8 and 20.3 mg/L at room temperature and 28 ◦C respectively) and for
exposure time (40.8 and 9.1 mg/L or 20.3 and 4.7 mg/L after 24 or 48 h respectively). A significant
interaction (p < 0.01) was also found between these test factors (Figure 1). This reduction in LC50
values because of increasing warming conditions and exposure time agreed with previous results
obtained in crustaceans, such as brine shrimp (25 to 30 ◦C) and Daphnia magna (21–28 ◦C) but not for
Brachionus plicatilis, showing that the magnitude of its toxicity is also species-specific [44].
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Figure 1. Lethal concentration 50 (LC50) in A. salina after exposure to potassium dichromate during
24 and 48 h at room temperature and 28 ◦C. Columns with the same capital letter (A and B) are not
significantly different (α = 0.05) between temperature conditions; means with the same lowercase letter
(a and b) are not significantly different (α = 0.05) with respect to exposition time. Values are mean ±
SEM of all treatments for each condition (n = 20).

Acute toxicity results on A. salina after exposure to the different ECs evaluated are shown
in Figure 2. Furosemide was more toxic than hydrochlorothiazide and tramadol, since its LC50
concentrations were the lowest. LC50 for furosemide was also almost independent of the temperature
and exposure time (225 up to 273 mg/L). Its LC50 values were even higher than those reported in other
aquatic species, which ranged from 5.9 to 137 mg/L for algae and fish, respectively [45,46], while in
the cnidarian Hydra vulgaris, the luminescent bacterium V. fischeri and the rotifer B. calyciflorus the
furosemide did not have any toxic effect [45,47]. LC50 values for hydrochlorothiazide varied according
to temperature conditions at 24 h exposition (>3000 and 1564 mg/L for 28 ◦C and room temperature),
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but after 48-h exposure the LC50 estimates were similar (918 and 957 mg/L for room temperature and
28 ◦C, respectively). For tramadol, LC50 toxicity values were higher at room temperature (>14,000 and
1748 mg/L for 24 and 48 h) than 28 ◦C (4419 and 838 mg/L after 24 and 28 h, respectively). Although
tramadol showed the least toxic effects in terms of killing half of the population, requiring very high
concentrations to do so, the effects of this contaminant could be seen almost immediately on A. salina.
The organisms started swimming very slowly, almost like trembling, rather than displacing from
one side to another as they commonly move (data not shown). This effect could have ecological
consequences, like affecting the vulnerability to predators. No available information about the effect
of tramadol and hydrochlorothiazide on aquatic organisms was found to compare with the results
obtained here.Water 2020, 12, x FOR PEER REVIEW  10 of 20 
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Figure 2. Lethal concentration 50 (LC50) in A. salina after exposure to furosemide (FUR),
hydrochlorothiazide (HCT), and tramadol (TRAM) during (a) 24 and (b) 48 h at room temperature and
28 ◦C. Columns with the same capital letter (A, B, C, X, Y, and Z) are not significantly different (α = 0.05)
among the tested compounds; means with the same lowercase letter (a,b) are not significantly different
(α = 0.05) with respect to temperature conditions. Values are mean ± SEM of all treatments for each
condition (n = 3).

Bioaccumulation, elimination rate, and toxicity of the chemical contaminants on aquatic
organisms are also influenced by environmental conditions (temperature, salinity, pH, etc.). Focusing
on temperature, Martins et al. [48] reported that chronic toxicity of the antibiotic florfenicol in
Daphnia magna increased as temperature rose (LC50 = 7.6 and 1.9 mg/L at 20 and 25 ◦C respectively).
Li et al. [49] concluded that the toxicity of copper, DDT, triphenyltin, and pyrithione to the medaka
fish Oryzias melastigma larvae, the copepod Tigriopus japonicus, and the rotifer Brachionus koreanus were
temperature-dependent and the LC50 for all four chemicals decreased as the temperature increases.
The same effect was observed in other aquatic species when they were exposed to chlorpyrifos and
phenol [50]. Meanwhile, the increase in temperature impacted the bioaccumulation and elimination
of dechloranes (602, 603, and 604) in R. philippinarum (Japanese carpet shell), but also facilitated the
elimination of some other substances such as arsenic and tetrabromobisphenol A [51]. The exposure
to emerging contaminants at high-temperature conditions also increases the energy costs to aquatic
organisms, as well as prompting impaired aerobic energy production because of a progressive mismatch
between the oxygen demand and oxygen supply, resulting in mitochondrial dysfunction [52], cellular
antioxidant systems depletion and peroxidation of the membrane lipids [53]. In the present study, LC50
values for hydrochlorothiazide were higher at 28 ◦C than at room temperature (Figure 2a); in contrast
to tramadol (Figure 2a,b), where LC50 for A. salina was reduced as temperature and exposure time
increased. These results indicated that toxicity induced by these micropollutants is clearly affected by
environmental conditions such as temperature and exposure time. The statistical analysis supported
that overall LC50 toxicity values were significantly affected by the exposure time, temperature, and
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EC (Table 2). Also, significant interactions (p < 0.001) were observed for emerging contaminant ×
temperature (EC × T), emerging contaminant × exposure time (EC × ET), temperature × exposure time
(T × ET), and emerging contaminant × temperature and exposure time (EC × T × ET).

Table 2. Probabilities of the three one-way statistical analyses for LC50 and enzymatic activity of
glutathione S-transferase (GST), glutathione peroxidase (GPx), lactate dehydrogenase (LDH), and
acetylcholinesterase (AChE) at the different experimental conditions evaluated.

Parameter LC50 GST GPx LDH AChE

EC p < 0.001 p < 0.01 p < 0.01 p < 0.01 p < 0.01
T p < 0.001 p < 0.01 p < 0.01 p < 0.01 p < 0.01

ET p < 0.001 p < 0.01 p < 0.01 p < 0.01 p < 0.01
EC × T p < 0.001 p < 0.01 p < 0.01 p < 0.01 p < 0.01

EC × ET p < 0.001 p < 0.01 p > 0.05 * p < 0.01 p < 0.01
T × ET p < 0.001 p > 0.05* p < 0.01 p < 0.01 p < 0.01

EC × T × ET p < 0.001 p < 0.01 p < 0.01 p < 0.01 p < 0.01

EC = emerging contaminant, T = temperature, ET = exposure time, * Non-significant interaction.

Physicochemical properties of the emerging contaminant substances, such as water solubility,
photodegradation, transformation, degradation, etc., are often related to their toxicity [54]. Tramadol in
particular is more soluble in water (1151 mg/L at 25 ◦C) [55] than furosemide (73.1 mg/L at 30 ◦C) [56] and
hydrochlorothiazide (722 mg/L at 25 ◦C) [56]. Additionally, chemical degradation by light exposition is
different for each compound, e.g., furosemide was quickly degraded (0.5 to 1.5 h) under artificial light
or diffused daylight [57], whereas hydrochlorothiazide and tramadol persisted after 5 to 168 h under
irradiation (150 W) at room temperature [58], Hg lamp, or direct sunlight [59]. Our results indicate
that furosemide was more toxic than hydrochlorothiazide and tramadol, despite its quick degradation,
suggesting its transformation products may be also responsible for the reduction in A. salina survival.
Several studies have demonstrated that degradation products were more toxic to aquatic organisms
than the original compounds, e.g., prednisone [60] and some derivatives as 2,4-dinitroanisole [61].
The identification and toxicity of the byproducts of each substance tested in the present study need to
be further analyzed.

3.3. Changes on Enzymatic Activity

Sublethal concentrations (LC25) were estimated for furosemide, hydrochlorothiazide, and tramadol
in order to evaluate their impact on A. salina nauplii at cellular and enzymatic level, particularly
oxidative enzymes (GST and GPx), neural activity and nervous system (AChE), and cell injury (LDH).
In general, enzymatic activity was impacted by the contaminant, that relationship is dependent on the
exposure time and temperature (Table 2) with a significant interaction between these experimental
conditions, with the exception of temperature × exposure time (T × ET) and EC × exposure time (EC ×
ET) that were not significantly different (>0.05) for GST and GPx activities.

3.3.1. Glutathione S-Transferase

GST enzyme belongs to phase II of the detoxification process and defense cells against oxidative
damage and peroxidative products of DNA and lipids [62]. In A. salina, three or four isoenzymes have
been identified depending on the developmental stage [62]. Figure 3 shows the total GST activity
in test treatments under different conditions. A significant reduction from 114.5 to 69.7 mU/mL on
GST activity was observed in the control group at warm conditions (28 ◦C); and as exposure time
increased (Figure 3b), this activity was 27% (room temperature) and 62% (28 ◦C) lower. GST activity
was, in general, remarkably higher in nauplii exposed during 24 h to the three compounds (156.7 to
242.4 mU/mL and 109.7 to 335.4 mU/mL at room temperature and 28 ◦C respectively), with tramadol
presenting the highest activity compared to the control. After 48 h exposure, it was observed that
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GST activity in tramadol treatments was not significantly different at either temperature (160.3 and
174.1 mU/mL), but for furosemide, the enzymatic activity decreased in comparison to 24-h exposure (33
to 72%). Hydrochlorothiazide at room temperature also caused a GST activity reduction (16.79 mU/mL)
after 48 h of exposure; however, as the temperature rose, enzyme levels reached up to 218.8 mU/mL.
As mentioned, the interactions between these test factors were found to be statistically significant
(p < 0.01), except for temperature and exposure time.Water 2020, 12, x FOR PEER REVIEW  12 of 20 
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Figure 3. Glutathione S-transferases (GST) activity in A. salina nauplii exposed to furosemide (FUR),
hydrochlorothiazide (HCT), tramadol (TRAM) and uncontaminated control during (a) 24 and (b) 48 h
at room temperature and 28 ◦C. Columns with the same capital letter (A, B, C, V, X, Y, and Z) are
not significantly different (α = 0.05) among tested compounds; means with the same lowercase letter
(a,b) are not significantly different (α = 0.05) with respect to the temperature conditions. Values are
expressed as mean ± SEM (n = 3).

A significant increase in GST activity has also been reported in A. salina exposed to municipal
wastewater effluent [63]. The increasing activity of GST indicates that this enzyme is catalyzing the
conjugation of glutathione with xenobiotic substances, which agrees with previous reports on Daphnia
after being exposed to propranolol [64]. The variation in GST activity due to the exposure time and
temperature conditions indicates that these two factors, plus the nature of the emerging contaminant,
determine the environmental impact and the response to oxidative stress of A. salina, and most likely
other aquatic organisms.

3.3.2. Glutathione Peroxidase

GPx is another enzyme involved in the protection of the organism from oxidative damage [65]
by acting as a scavenger for hydrogen peroxide [66]. Figure 4 shows GPx activity in A. salina nauplii
exposed to furosemide, hydrochlorothiazide, and tramadol at different temperatures and exposure
times. GPx activity in the control group at 24-h exposure was 43.9% higher at room temperature than
at 28 ◦C (36.1 vs. 15.8 mU/mL), whereas after 48 h of exposure, the enzymatic activity tended to remain
stable and similar for both temperature conditions (20.6–22.3 mU/mL). The effect of the temperature
rise in GPx activity has been reported by Lushchac and Bangyukova [67], where GPx in brain, liver,
and muscle in goldfish exposed to 35 ◦C decreased by one-third compared to the control after 1 h of
exposure, but was restored after 6 h and did not change significantly again, which is in accordance
with the control behavior in our results at warmer temperature.
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Figure 4. Glutathione peroxidase (GPx) activity in A. salina nauplii exposed to furosemide (FUR),
hydrochlorothiazide (HCT), tramadol (TRAM) and uncontaminated control during (a) 24 and (b) 48 h at
room temperature and 28 ◦C. Columns with the same capital letter (A, B, Y, and Z) are not significantly
different (α = 0.05) among the tested compounds, and means with the same lowercase letter (a,b)
are not significantly different (α = 0.05) with respect to different temperature conditions. Values are
expressed as mean ± SEM (n = 3).

In test treatments, the GPx activity presented a significant reduction (31–37%) at room temperature
after 24-h exposure to hydrochlorothiazide and tramadol in comparison to the control. At 28 ◦C the
effect of the hydrochlorothiazide was not observed, presenting enzymatic activity (16.6 mu/mL) almost
identical to that of the control group (15.8 mU/mL). In the presence of furosemide, GPx activity was
statistically similar to the control at room temperature and 28 ◦C with activities of 34.3 and 20.1 mU/mL
respectively. After 48-h exposure, GPx levels were restored to control values in all test conditions, except
for furosemide at 28 ◦C, where GPx was increased by 43%. It is conspicuous that room temperature
was the condition where a significant impact on GPx activity was observed for hydrochlorothiazide
and tramadol but not furosemide, which showed a belated effect after 48 h exposure time, at which the
reduction in enzyme activity caused by the other contaminants had disappeared. Nunes et al. [66]
previously reported that no significant effect on GPx activities was observed in A. salina after exposure
to sodium dodecyl sulfate and diazepam, whereas the exposure to clofibric acid and clofibrate reduced
the activity as test concentration increased. Nevertheless, exposure of D. magna to benzoylecgonine
(cocaine metabolite) increased the GPx activity by 1.7-fold and raised the swimming activity [68].

Similarly, tramadol enhanced GPx activity in our bioassays at warmer conditions, but it reduced the
overall swimming activity of A. salina. Not only the contaminant, but also its metabolites (e.g., cocaine
metabolites) are involved in the activation of redox cycles, depletion, and decrease of antioxidant
enzymes leading to the overproduction of reactive oxygen species and oxidative stress conditions [68].
For this reason, it would be fascinating to evaluate in future studies the metabolization of tramadol in
A. salina and the possible effects of its metabolites (O-desmethyltramadol and N-desmethyltramadol)
on survival and enzymatic.

3.3.3. Lactate Dehydrogenase

LDH is a ubiquitous enzyme in nearly all living cells, including A. salina, that has been used to
determine cellular damage caused by the presence of pollutants [69]. Figure 5 shows the LDH activity
in brine shrimp exposed to furosemide, hydrochlorothiazide, and tramadol at different temperatures
and exposure times. LDH activity in control groups was very similar, independently of the temperature
and time of exposure, ranging from 1.1 to 1.5 mU/mL. At 24-h exposure, all the test contaminants
increased the LDH activity at room temperature; hydrochlorothiazide and tramadol induced the
highest increment to reach 6.9 and 6.4 mU/mL. While at 28 ◦C only tramadol and furosemide increased
LDH levels by 40 and 60% respectively. When extending the exposure time (48 h; Figure 5b), all LDH



Water 2020, 12, 1079 14 of 20

activities were reduced at levels near to the control group. However, a significant increase in LDH
activity (up to 2.6 mU/mL) continued to show in nauplii treated with furosemide and tramadol at
room temperature. However, at warmer temperatures, there were no changes compared to the rest
of the treatments. Higher LHD activity has been observed in aquatic organisms exposed to other
contaminants, e.g., tannery wastewater [69] and heavy metals [70]. As the LDH enzyme plays a crucial
role in anaerobic metabolism, homeostasis, and gluconeogenesis in many vital tissues [71], changes in
LDH activity because of the ECs (especially hydrochlorothiazide, which suppressed LDH activity)
may alter A. salina homeostasis, contributing to mortality. The correlation between minimal or null
LDH activities and death rate of A. salina has been documented in other study where it was exposed to
food dyes during 48 h [72].Water 2020, 12, x FOR PEER REVIEW  14 of 20 
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Figure 5. Lactate dehydrogenase (LDH) activity in A. salina nauplii exposed to furosemide (FUR),
hydrochlorothiazide (HCT), tramadol (TRAM) and uncontaminated control during (a) 24 and (b) 48 h
at room temperature and 28 ◦C. Columns with the same capital letter (A, B, C, D, X, Y, and Z) are not
significantly different (α = 0.05) among the tested compounds, and means with the same lowercase
letter (a,b) are not significantly different (α = 0.05) with respect to temperature conditions. Values are
expressed as mean ± SEM (n = 3).

3.3.4. Acetylcholinesterase

AChE is a common biomarker for assessing the toxicity of pollutants that affect the nervous system
with the potent catalytic activity of hydrolyzing acetylcholine [73], and it plays an essential role in the
cholinergic neurotransmission involved in respiration processes and locomotion activities [74]. As shown
in Figure 6, AChE levels in the control group were significantly higher at a warmer temperature (28 ◦C)
after 24- or 48-h exposure (245 and 370 mU/mL respectively). However, this enzymatic activity was
reduced from 81.9 to 83.8 mU/mL at room temperature after 48 h. When compared to the control at room
temperature, furosemide and tramadol caused a noticeable reduction in A. salina AChE activity (19–24%),
whereas the exposure to hydrochlorothiazide had no significant effect (Figure 6a). The latter contaminant
displayed a negative impact on enzyme activity by decreasing it to 49 mU/mL (room temperature) or
101.6 mU/mL (28 ◦C) only after 48 h of exposure. Regarding the influence of temperature on contaminants
effects, it was observed that AChE was in general reduced (10–74%) in the test treatments at 28 ◦C in
comparison with those exposed to the same contaminants at room temperature. Reduction in AChE
activity in different aquatic species (crustaceans, mollusks, and fish) has been reported after exposure to
different contaminants, such as benzoylecgonine [68], acetaminophen [75], fluoxetine [76], among others.
However, an increment in AChE has also been reported at high-temperature conditions [77]. In the
present study, AChE activity tended to decrease in the presence of all emerging contaminants tested.
However, time of exposure and temperature clearly influenced the impacts (i.e., hydrochlorothiazide
at room temperature and 28 ◦C, after 24- and 48-h exposure). The changes observed for AChE in the
first 24 h may be related to the deposition/metabolization rate of the pollutant in the tissue, enzymatic
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restoration after pollutant excretion, and the impact of the metabolites produced for each substance
during the experiments [68,76].Water 2020, 12, x FOR PEER REVIEW  15 of 20 
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Figure 6. Acetylcholinesterase (AChE) activity in A. salina nauplii exposed to furosemide (FUR),
hydrochlorothiazide (HCT), tramadol (TRAM) and uncontaminated control during (a) 24 and (b)
48 h at room temperature and 28 ◦C. Columns with the same capital letter (A, B, X, Y, and Z) are not
significantly different (α = 0.05) among the tested compounds, and means with the same lowercase
letter (a,b) are not significantly different (α = 0.05) with respect to temperature conditions. Values are
expressed as mean ± SEM (n = 3).

Interestingly, a similar trend was observed in GST, GPX, LDH, and AChE activities of nauplii
exposed to the different emerging contaminants after 48 h. Treatment with tramadol resulted in a
variable decrease in enzyme activity levels as the temperature increased. Hydrochlorothiazide caused
an enzymatic induction at 28 ◦C compared with the test performed at room temperature. Furosemide
also tended to reduce activity for the majority of the enzymes analyzed, but not GPx, which was
increased by a warmer temperature.

In addition to the biomarkers here analyzed, others might be used to evaluate the aquatic
ecosystem health such as biliary fluorescent aromatic compounds (FACs), cytochrome P4501A,
ethoxyresorufin-o-deethylase, aryl hydrocarbon hydroxylase, vitellogenin, metallothioneins, heat-shock
proteins, circulating hormone levels, DNA repair enzymes, PAH-DNA adducts, triglyceride levels,
growth hormones, and others [78]. However, Jemec et al. [79] suggested that the use of biochemical
markers is more appropriate for hazard identification than for the assessment of environmental risks
or regulatory purposes. These markers are not always as sensitive as the whole organism responses,
and also because some other factors (e.g., duration of exposure, environmental conditions, test species,
etc.) affect the final results. The present study demonstrates this effect, as enzymatic activity levels in
A. salina varied depending on the chemical, exposure time, and environmental conditions.

4. Conclusions

Our results demonstrate that different ECs are present in the effluent from the WWTP of Prague.
This raises questions like whether the concentrations of these contaminants are safe for discharge into
surface water bodies, or if they could affect human health and ecological balance in the long-term, as
well as if the depuration technologies applied should be modified. The three pharmaceuticals tested
(furosemide, hydrochlorothiazide, and tramadol) are indeed toxic for A. salina, with toxicity varying
according to the environmental conditions. Although LC50 for all three substances was much higher
than the concentrations found in the secondary effluent and is above 1 mg/L (low toxicity according to
US EPA) [17], these compounds are very commonly used, and their accumulative effect must not be
ignored. This toxicological profile and characterization employing A. salina as the study model supports
the current recommendations made by NORMAN and Water Europe [32] to introduce measures
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that address ECs in the Urban Waste Water Treatment Directive, and ultimately set a precedent for
the regulation of ECs around the world. This study also expands the available information for the
theoretical modeling of water pollution that might help in decision support for regulating certain
practices, in order to preserve ecological balance. A. salina can indicate the risk of these contaminants
passing to other species involved in the marine trophic chain, as it is the base of it and is able to
bioaccumulate substances in its tissue [19]. If contact with small sublethal doses (e.g., LC25) after 24
and 48 h disrupted the cellular balance and triggered enzymatic activity (GST, GPx, LDH, AChE) to
protect nauplii from oxidation and cellular damage, long-term exposure (chronic toxicity) even at
lower concentrations could have the same effect, possibly even worse. Attention must be paid to these
and many other ECs (including interactions between substances) and their level of toxicity for this and
other indicator organisms, in case they present risk of high toxicity. Because of the extensive amount
of ECs currently detected in water, characterizing their toxicity is vital for policy-makers to address
and define proper water treatment protocols and start regulating their disposal and concentration in
discharge. All these actions will aid a shift toward water-scarcity mitigation practices, such as utilizing
reclaimed wastewater, to ensure safe future water supplies around the world.
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Acronyms

The following acronyms and abbreviations are used in this manuscript:

EC Emerging contaminant
PPCPs Pharmaceuticals and personal care products
GST Glutathione-S-transferase
GPx Glutathione peroxidase
LDH Lactate dehydrogenase
AChE Acetylcholinesterase
WWTP Wastewater treatment plant
LC50 Lethal concentration for 50% of the population
LC25 Lethal concentration for 25% of the population
ET Exposure time
T Temperature
FUR Furosemide
HCT Hydrochlorothiazide
TRAM Tramadol
LOD Limit of detection
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15. Rozman, D.; Hrkal, Z.; Váňa, M.; Vymazal, J.; Boukalová, Z. Occurrence of pharmaceuticals in wastewater
and their interaction with shallow aquifers: A case study of Horní Beřkovice, Czech Republic. Water 2017, 9,
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