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General Introduction

1.1. ANTHROPOGENIC POLLUTANTS AND THEIR FATE IN THE ENVIRONMENT

Municipal waste waters contain many compounds that are used or produced by humans,
e.g. pharmaceuticals and personal care products (PPCPs), nutritive components (sweeteners),
persistent organic pollutants (POPs), heavy metals, which are used in large quantities around
the world.

Most of sewage treatment plants (STPs) are not designed to treat these types of substance
and many of these compounds and their metabolites can escape the elimination in STPs and
enter the aquatic environment via sewage effluents (Pal et al., 2010; Petrovic et al., 2003).

The thesis is focused especially on the evaluation of presence and potential toxicological
effects of PPCPs in an aquatic environment. PPCPs are a very broad group of compounds
consisting of every human and veterinary medicine and consumer products such as
housecleaning products, fragrances, sunscreens and others (Daughton and Ternes, 1999).

Pharmaceuticals are used for diagnosis, cure, mitigation, treatment, prevention of diseases,
or health conditions in humans and animals (Daughton and Ternes, 1999). According to
their therapeutic purpose, they are classified to groups, for example antibiotic, analgesic,
antidepressant, antiepileptic etc. (Fent et al., 2006). Many of the pharmaceuticals are used
to treat civilization diseases: for example maintaining cholesterol balance, combating mental
illness, treating stress, ulcers, asthma, etc.,, and they include specific beta blockers, lipid
regulators, antidiabetics, antianginal drugs, as well as analgesics and antibiotics (Jones et
al.,, 2002). Pharmaceuticals are designed to attack a specific target and in the environment,
they can affect the same pathways in animals (Fent et al., 2006). Because of lipophilic and
persistent chemical properties of some of these compounds, they can accumulate or induce
effects in aquatic terrestrial system (Halling-Sorensen et al., 1998).

Mompelat et al. (2009) made a list of human and veterinary pharmaceuticals and few
by-products (include both, metabolites excreted via urine or feces, and transformation
products which can be formed in the environment from pharmaceuticals) of which the main
concern is about non-steroidal anti-inflammatory drugs, anticonvulsants and lipid regulators.
The concern is focused on antibiotics too because they can increase the occurrence of
resistant bacteria in the environment (Daughton and Ternes, 1999).

Another group that has lately had received much attention due to risks to aquatic wildlife is
antidepressants (Brodin et al., 2013; Lajeunesse et al., 2011). This group includes monoamine
reuptake inhibitors, e.g. selective serotonin reuptake inhibitors (SSRIs), such as citalopram,
fluoxetine and sertraline, and serotonin-norepinephrine reuptake inhibitors (SNRIs), such as
venlafaxine. These pharmaceuticals metabolize to metabolites with retaining SSRI / SNRI
activity (Aryal et al., 2012; DeVane, 1999; Hiemke and Hartter, 2000). The mechanism of action
includes blocking monoamine reuptake in the presynaptic cells, which leads to an increase in
the concentration of serotonin and/or norepinephrine within the synapses (Fent et al., 2006).

The degradation of pharmaceutically active compounds by metabolism is a two-step
process (Daughton and Ternes, 1999; Halling-Sorensen et al., 1998). Phase | is usually linked
with oxidation, reduction or hydrolysis. The products are often more reactive and sometimes
more toxic than the parent drug. Phase Il reactions involve conjugation (with glucuronic
acid or sulfate) to increase their excretion. Both phase | and phase Il reactions change the
physicochemical properties of the substance because metabolites are usually more soluble in
water than parent compounds before metabolism. However, some of them can be still active
and leave the body in this active form (Heberer, 2002; Roberts and Thomas, 2006).
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Another part of PPCPs are personal care products (PCPs) which include sun screen agents
(UV filters), antiseptics (e.g. triclosan), fragrances (e.g. synthetic “musk” compounds) and
preservatives in cosmetics. PCPs are not used for treatment of diseases (Daughton and
Ternes, 1999). Contrary to pharmaceuticals, PCPs are not metabolized and leave households
unchanged (e.g. Balmer et al., 2005).

UV filters are often used to protect skin from chronic (skin cancer) or acute (sunburn, photo-
ageing) exposure to ultraviolet radiation from sunlight (Gasparro, 2000). Two general types
of sunscreen have been developed: organic and inorganic (Gasparro et al., 1998). Individual
organic UV filters have a relatively narrow absorption spectrum. Therefore, they are usually
combined to obtain protection against the entire UV-radiation spectrum. A list of UV filters
that are allowed in cosmetic products is given in EU Regulation No. 1223/2009, Annex
VI (Regulation, 2009). UV filters can be added in concentrations up to 10% to sunscreen
products (Schlumpf et al., 2001).

Triclosan (2,4,4'-trichloro-2'-hydroxydiphenylether) is an antibacterial reagent used in
households, e.g. in toothpaste, detergents, household sponges, plastic cutting boards, socks
and underwear. Triclosan is active against both gram-positive and gram-negative bacteria.

Musk is one of the most important fragrances which are used in perfumes, cosmetics and
laundry agents. Natural musk is very expensive so today almost all of the musks are produced
synthetically. The polycyclic musk fragrances represent 70% of all musk fragrances (Dietrich,
1999). The most often used and studied musk fragrances are galaxolide (1,3,4,6,7,8-hexahydro-
4,6,6,7,8,8-hexamethylcyclopenta(g)-2-benzopyran) and tonalide (7-acetyl-1,1,3,4,4,6-
hexamethyl-tetrahydronaphthalene) (Balk and Ford, 1999a; Balk and Ford, 1999b).

After use, the active pharmaceutical ingredients and/or its metabolites and PCP reach
municipal wastewaters and enter municipal sewage treatment plants (STPs) where they
are degraded (Halling-Sorensen et al., 1998). Most of STPs are not able to remove these
substances during the treatment processes, hence some these compounds end up in the
environment and will there have the potential to affect non-target aquatic organisms (Heberer,
2002; Huerta et al., 2012; Hughes et al., 2013; Petrovic et al., 2003; Santos et al., 2010; Ternes
et al., 2004, Verlicchi et al., 2012). The second pathway how PPCPs enter the environment is
directly when STP is missing or when they are washed off humans by bathing or swimming
(Balmer et al., 2005).

Two main primary treatment processes are involved in degradation of PPCPs - microbial
degradation and sorption to filterable solids (Daughton and Ternes, 1999). During these
processes, these compounds are removed completely or partially (Golovko et al., 2014; Rodil
et al., 2012; Verlicchi et al., 2012). According to their ability to be removed during treatment
processes, compounds can be divided into four classes: no elimination (0%), poor elimination
(< 40%), mild elimination (40-80%) and effectual elimination (> 80%) (Vieno et al., 2007).
Some compounds can be effectively removed during treatment in STP from the liquid phase
but they are concentrated in the sludge (Clarke and Smith, 2011; Pasquini et al., 2013; Ternes
et al., 2004).

There are many studies about removal efficiency of individual pharmaceuticals in STP (e.g.
Golovko et al., 2014; Kosma et al., 2014; Pasquini et al., 2013; Verlicchi et al., 2013). Removal
efficiency of pharmaceuticals is variable for individual pharmaceuticals from low removal ability
to almost 100% degradation during the year (Golovko et al., 2014). Some pharmaceuticals
show negative removal efficiency because of higher concentration in effluent than in influent
in STP (Golovko et al., 2014; Kosma et al.,, 2014) probably due to the conversion of their
conjugates to the parent compound (Verlicchi et al., 2012; Vieno et al., 2007). Table 1 shows
removal efficiency of a few selected pharmaceuticals in STP.

-10 -
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Table 1. Removal efficiency of pharmaceuticals in STP

Pharmaceutical Removal efficiency [%]
Analgesics / NSAID

Antibiotics

Cardio-vascular drug

Diuretics

Lipid regulators

Psycho-active drugs

2 Golovko et al., 2014; ® Verlicchi et al., 2013; < Kosma et al., 2014; ¢ Pasquini et al., 2013
* = negative removal efficiency.

-117 -
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The removal efficiency of UV filters as phenylbenzimidazole sulfonic acid, benzophenone 1,
benzophenone 3 and benzophenone 4 is seasonal variable with mean removal in summer - 10,
98, 60 and 27 percent, respectively (Golovko et al., 2014). UV filters were found in surface
waters up to low pg L (Wick et al., 2010) with the highest observed concentration in summer
season (up to 2.7 pg L") (Balmer et al., 2005; Poiger et al., 2004).

The removal efficiency of triclosan is 65-75% (Kosma et al., 2014) or even higher (80-90%)
(Pasquini et al., 2013), but the removal from the liquid phase is partly due to the adsorption
to the sludge (Pasquini et al., 2013). Triclosan is bioavailable to fish in the environment
(Adolfsson-Erici et al.,, 2002). Methyl triclosan is a biotransformation product of triclosan
formed during treatment processes and it can be used as a chemical marker for lipophilic
STP-derived contaminants (Buser et al., 2006).

Synthetic musk compounds were determined in effluents from STPs, sludge and in fish
from sewage ponds in ranges of low pg L' and mg kg, respectively (Bester, 2004; Rimkus,
1999). Approximately 35% of tonalide and galaxolide was not changed during the treatment
processes in STP (Bester, 2004).

PPCPs are present in ranges of nanograms to low micrograms per liter in surface water and
ground waters, sometimes in drinking waters (e.g. Corcoran et al., 2010; Fent et al., 2006;
Grabic et al., 2012; Halling-Sorensen et al., 1998; Kolpin et al., 2002; Roberts and Thomas,
2006; Schultzt and Furlong, 2008; Ternes, 1998). The final effect of contamination on aquatic
biota is dependent on the concentration of pollutants in the environment. From this point of
view, the dilution factor is very important, i.e. dilution of treated water in its recipient (stream,
river). It means that organisms living in a small stream with low dilution of treated water are
more affected than organisms in bigger recipients with high dilution of coming treated water
(Li et al., 2011).

Treated STPs’ effluents contain a mixture of chemicals. It is very difficult to evaluate risks
connected with a presence of these chemicals in an aquatic environment. A better way of risk
assessment (but too complicated) is the using of the whole mixture for toxicity evaluation
(Pomati et al., 2008) because the risk quotient for individual pharmaceuticals is much lower
than the risk quotient of the mixture (Backhaus and Karlsson, 2014) and therefore the effects
of mixture to exposed organisms could be stronger than the effect of a single compounds
(Cleuvers, 2003; Cleuvers, 2004; Corcoran et al., 2010).

1.2. APPROACHES USED FOR RISK ASSESSMENT IN AQUATIC ENVIRONMENT

Three points are responsible for the distribution and fate of pollutants in the environment -
physicochemical properties of the compound, environmental conditions and physicochemical
properties of abiotic components, and the composition, mass, physiological, anatomical and
behavioral characteristics of the species inhabiting exposed ecosystem (Huckins et al., 2006).

Th ere are several models how to study the infl uence of aquatic environment
contamination to exposed organism. A laboratory approach is conventional and the most
often used. Fish or other indicator organisms are exposed to selected compounds or to
simply mixture under controlled conditions. Tested substances are usually dissolved in
water fi lled experimental tanks (e.g. Holmberg et al, 2011; Nallani et al., 2017;
Paterson and Metcalfe, 2008). It means that bioconcentration is prevailing. Th e intake of
pollutants via contaminated natural food is eliminated. Th e experiments with caged fi sh
are used for studying the eff ect of real contamination as well. Fish are placed into cages
or tanks and exposed directly to effl uent or riverine water (e.g. Lajeunesse et al., 201T;
Togunde et al., 2012). Depending on the exposure period, fi sh are usually not fed or artifi
cial food is used. Although real water is used, fi sh are stressed and these types of
experiments do not truly mimic the natural conditions.

- 12 -
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Another approach with wild fish is also used. Wild fish are caught in polluted streams and
the bioaccumulation and biomarkers are measured (e.g. Brooks et al., 2005; Brozinski et
al.,, 2013; Hajslova et al., 2007; Li et al., 2011; Sanchez et al., 2011). The limitation of this
approach is that the time of exposure is unknown and undefined due to fish migration. Their
diet is also unknown.

Aquatic organisms are not exposed only via contaminated water but also via their
diet. Benthic fauna is a very important part of the food chain in the aquatic environment
(e.g. Greenberg and Dahl, 1998; Hellmann et al., 2013; Hildrew, 1992; Laine, 2001). Benthic
organisms are often used as bioindicators for assessment of environmental pollution due to
their limited movability and relatively easy sampling (e.g. Kolarikova et al., 2012; Pan et al.,
2012; Smith et al., 1999).

The third approach is passive sampling (PS), a relatively new method for the determination
of chemicals in the environment. PS is based on the free flow of analyte from the sampled
medium to a collecting medium as a result of a difference in chemical potentials (Gorecki and
Namiesnik, 2002). Therefore, only water dissolved (biologically available) fraction of pollutants
is sampled. Passive samplers are applicable for screening of contaminants in the (aquatic)
environment, for assessment of contaminant fate and distribution between environmental
compartments, estimation of organism exposure or for measurement of time-weighted
average aqueous concentrations (Gorecki and Namiesnik, 2002; Vrana et al., 2005).

There are two most often used samplers for sampling organic compounds in water. The
first are semipermeable membrane devices (SPMDs) for non-polar compounds as pesticides,
volatile organic compounds or persistent organic pollutants (Gorecki and Namiesnik, 2002).
These SPMDs were invented by Huckins et al. (1990). The second type of samplers are polar
organic chemical integrative samplers (POCIS) used for the determination of hydrophilic
chemicals as pharmaceuticals, pesticides, hormones, illicit drugs and some PCPs (Alvarez et
al., 2004; Bartelt-Hunt et al., 2011; Harman et al., 2011; Jalova et al., 2013). Both types are
useful for sampling surface water, groundwater and sediments (Huckins et al., 2006).

1.3. EFFECTS OF CHEMICALS PRESENT IN TREATED SEWAGE WATER ON AQUATIC
ORGANISMS

Fish are chronically exposed to many contaminants due to continual input into the stream
their whole life, so compounds present in water can enter the organisms, accumulate and
cause some effects (Corcoran et al., 2010). The continual uptake of pollutants to aquatic
organisms is risky because effects could accumulate so slowly without detected changes until
the level of these effects when changes are irreversible (Daughton and Ternes, 1999). The
different sensitivity to pollution was observed in different fish species (Corcoran et al., 2010).

Some synthetic and natural compounds could mimic natural hormones in the endocrine
systems of animals (Snyder et al., 2003). These substances are called endocrine disrupting
compounds (EDCs) and are defined as “exogenous agents that interfere with the production,
release, transport, metabolism, binding, action, or elimination of the natural hormones in the
body responsible for the maintenance of homeostasis and the regulation of developmental
processes” (EPA, 2011). There are three major types of EDCs, estrogenic compounds which
mimic or block natural estrogen, androgenic compounds which mimic or block natural
testosterone and thyroidal compounds with direct or indirect impacts to the thyroid (Snyder
et al., 2003). EDCs have the ability to cause hormone-like effects and are able to disrupt the
functions of endocrine system thereby to disturbance of regulation of many vital responses
in the organism (Douxfils et al., 2007; Jobling et al., 1998). Vitellogenesis, the process of yolk
formation during maturing of oocytes, is controlled hormonally by estrogens (Sumpter and

-13 -
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Jobling, 1995). Steroid or synthetic estrogens released to the environment could activate
vitellogenin (female egg yolk precursor protein) production even in males or immature
individuals (Tyler et al., 1999) which can lead to degenerative alterations of male gonads,
reproductive defects and intersex (Allner et al., 2010; Jobling et al., 2002; Jobling et al., 1998;
Lange et al.,, 2011; Rodgers-Gray et al., 2001; Sumpter and Jobling, 1995; Tyler and Jobling,
2008). The level of changes is dependent on the duration of exposure, timing of exposure,
maturity of fish (Nash et al., 2004) as well as on species of fish because some species are
more sensitive than other (Douxfils et al., 2007). Vitellogenin detected in plasma is used as
biomarker for environmental estrogens (Heppell et al., 1995).

Many alterations in the male reproductive system are due to androgen receptors - exposure
to anti-androgens (e.g. bisphenol A, vinclozin, butylbenzylphtalate) cause blocking of androgen
action and leads to the same effects as exposure to estrogens (Sohoni and Sumpter, 1998).

Thyroidal alterations as hyperplasia (Schmidt et al., 2012) or changes on thyroidal hormone
levels in plasma (Cyr and Eales, 1990; Cyr et al., 1988) were observed in fish exposed to
contaminants. These results are worrying because the thyroidal system is vital for growth,
development and reproduction (for review see Brown et al., 2004).

Some UV filters also interfere with the sex hormone system and can affect the reproduction
of fish (Bluthgen et al., 2012; Gago-Ferrero et al., 2012; Zucchi et al., 2011).

There is not only endocrine disruption of fish which are living in streams with STPs” effluents.
Very low concentrations of antidepressants in the aquatic environment can affect biological
processes, nervous and hormonal systems, reproduction and/or the behavior of fish and
other aquatic organisms (Brodin et al., 2013; Corcoran et al.,, 2010; De Lange et al., 2006;
Henry et al., 2004; Valenti et al., 2012). SSRIs can also decrease the Na/K-ATPase activity in
the brain which has been proposed to be used as a biomarker for SSRIs (Lajeunesse et al.,
2011). Histo-pathological changes of livers, kidneys and gills were observed in fish exposed to
pollutants (Bernet et al., 2004, Liney et al., 2006; Norris et al., 2000; Schramm et al., 1998).

The effect of xenobiotics on aquatic organisms is possible to study by measurement of
some biochemical responses (biochemical markers) or concentrations in different fish tissues
and plasma. Biomarkers used in the Czech national monitoring program are vitellogenin and
11-ketotestosterone measured in male fish blood plasma and ethoxyresorufin-O-deethylase
(EROD) measured in liver tissue (Randak et al., 2009).

Cytochrome P450 plays an important role in the degradation of xenobiotics (oxygenations in
phase I) and in the metabolism of a lot of structurally diverse chemicals, both exogenous and
endogenous (Lewis, 2001). Altered cytochrome P450 1A activity (measured as the catalytic
activity of EROD) has been used as a marker for the impact of xenobiotics on fish for more
than 15 years (Bucheli and Fent, 1995; Burkina et al., 2012; Fent, 2003).

Metabolic transformation of xenobiotics may lead to increased risk of oxidative stress
(Lushchak, 2011). Therefore the activity of antioxidant enzymes such as superoxide dismutase,
catalase and glutathione reductase studied in aquatic organisms exposed to pollutants could
be changed due to exposure to xenobiotics (Brandao et al., 2013; Li et al., 2010; Oliveira et al.,
2013). Many compounds present in STPs” effluents are toxic to organisms and cause oxidative
stress (Sturve et al., 2008). The increase or decrease of enzymatic activity after exposure of
the pollutant is depended on the concentration, time, type of enzyme and species of fish
(Oruc and Usta, 2007).

Moreover, some PPCPs have been detected in SPMDs which indicate that these compounds
are potentially bioaccumulated (Huckins et al., 1990; Jalova et al., 2013; Poiger et al., 2004).
Uptake and bioaccumulation/bioconcentration of PPCPs such as UV filters (Buser et al,,
2006; Fent et al., 2008; Gago-Ferrero et al., 2012; Nagtegaal et al., 1997; Poiger et al., 2004),

-14 -
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non-steroidal anti-inflammatory drug ibuprofen (Nallani et al., 2011), antidepressants (Brooks
et al., 2005; Du et al., 2012; Gelsleichter and Szabo, 2013; Ramirez et al., 2009; Ramirez et al.,
2007; Schultz et al., 2010), antihistaminic diphenhydramine (Wang and Gardinali, 2013), PCP
triclosan and stimulant drug caffeine (Jakimska et al., 2013), musk compounds tonalide and
galaxolide (Balk and Ford, 1999a) and synthetic estrogen 17-a-ethinylestradiol (Al-Ansari et
al., 2013) was found in aquatic organisms.

1.4. AIMS OF THE THESIS

The main aims of this study were to:

1.

Investigate the presence of selected PPCPs in surface water and to study the effects
of long-term exposure of UV filter 2-phenylbenzimidazole-5-sulfonic acid and cardio-
vascular drug verapamil on rainbow trout (Oncorhynchus mykiss).

Investigate the bioconcentration of antidepressants in fish exposed to effluent from
sewage treatment plants.

Assess the bioavailable concentrations of selected analgesics, psycholeptics,
antidepressants and illicit drugs in riverine surface waters using passive samplers
(POCIS).

Evaluate the pharmaceuticals presence in benthos living in “treated” sewage water
recipient as potential exposure pathway of fish.

-15 -
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ABSTRACT

Verapamil is a pharmaceutical that belongs to a group of calcium channel blockers and is mainly used as a
treatment of angina pectoris and arterial hypertension. Verapamil has been detected in aquatic environments
in concentrations ranging from ng L~ " to pg L™ ". In the present study, a series of acute toxicity tests of verapamil
on various developmental stages of common carp (Cyprinus carpio) were conducted. As a result, 96hLCsg values
of verapamil were estimated at 16.4 + 9.2,7.3 + 1.5and 4.8 + 0.2 mg L~ for embryos (E5-E9) and common
carp larvae L2 and L5, respectively. Lethal concentrations of verapamil decreased with an increase in the age
of the fish. Acute exposure to verapamil significantly reduced the heart rate in the embryos and larvae. In
an embryo-larval toxicity test (sub-chronic exposure), the bioconcentration, depuration, and toxic effects of
verapamil were assessed in common carp. The fish were exposed to verapamil in a concentration of 0.463
(environmentally relevant), 4.63, 46.3 and 463 pg L. Verapamil had no effect on the accumulated mortality,
hatching, condition factor, growth or ontogeny of the fish in any of the tested concentrations. In carp exposed
to 463 and 46.3 pg L~ of verapamil, significantly higher occurrences of malformations and edemas were
observed compared to the control. The bioconcentration factor of verapamil in whole fish homogenates ranged
between 6.6 and 16.6 and was therefore below the critical value for hazard substances (BCF > 500). The half-life
and the 95% depuration time for the tested compound were estimated to be 10.2 4 1.6 days and 44.2 +
8.6 days, respectively. No effects of verapamil on the studied endpoints were observed at environmentally
relevant concentrations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

designed to be effective in low doses. In general, effects on non-target
species are supposed to occur as a result of specific drug target interac-

Typically, human pharmaceuticals are excreted after application
and enter aquatic ecosystems via wastewater because they are not
completely removed in sewage treatment plants (Khetan and Collins,
2007). Even if the concentrations of most pharmaceuticals in aquatic
environments are relatively low (from ng L~" up to low pg L~'), the
pharmaceuticals might pose a substantial threat to aquatic organisms
(Corcoran et al, 2010; Gunnarsson et al., 2008) because they are

* Corresponding author. Tel.: +420 387774622.
E-mail address: steinbach@frov.jcu.cz (C. Steinbach).

0048-9697/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2013.05.002

tions rather than via unspecific modes of action, whereas pharmaceuti-
cals are designed to interact with evolutionarily well-conserved drug
targets (Corcoran et al, 2010; Gunnarsson et al, 2008). However,
there is only limited knowledge available on the long-term influence
of pharmaceuticals on aquatic organisms (Fent et al., 2006).
Verapamil, a phenylalkylamine, is a pharmaceutical belonging to a
group of calcium channel blockers. This highly prescribed drug is an
active antianginal, antiarrhythmic and antihypertensive that is used
in the treatment of cardiovascular diseases (Johnston et al., 1981;
Lallmann et al., 2003). The reported concentrations of verapamil in
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treated waste waters and surface waters lie in the range of pg L~ ' and
nglL~ 1 respectively (Batt et al., 2008; Hummel et al., 2006; Khan and
Ongerth, 2004).

Acute toxicity of verapamil is relatively low, as demonstrated by an
acute toxicity test on rainbow trout (Oncorhynchus mykiss) by Li et al.
(2010a). In their study, the 96hLCs, value for verapamil was estimated
at 2.7 mg L~ ". The acute exposure of zebrafish larvae (Danio rerio) to
verapamil at a concentration of 455 mg L™ affected their heart rate
and gut activity (Berghmans et al., 2008). However, verapamil has
also caused effects in fish at lower concentrations. A short-term expo-
sure (96 h) of rainbow trout (0. mykiss) to verapamil at a concentration
of 270 pg L~ caused oxidative stress (Li et al., 2010a) and an increase
in the stress index (integrated biomarker response; Li et al., 2010b)
after long-term exposure (42 days).

Fish and amphibians are vertebrates that undergo their metamor-
phosis, a very sensitive life period, in surface waters. Consequently,
their embryo-larval stages are supposed to be highly sensitive to
chemicals polluting the aquatic environment in which they live
(Richard et al., 2008). In toxicological risk assessments, the fish embryo-
larval test (Machova et al, 2009; OECD, 1992, 1996) and amphibian
metamorphosis assay (OECD, 2009) are established test procedures. To
date, few studies have focused on the effects of verapamil on early-life
stages of fish and amphibians (Burgess and Vere, 1989; Overturf et al,,
2011). A study by Burgess and Vere (1989) revealed that verapamil at a
concentration of 72 pg L™ caused abnormalities in the development of
the African clawed frog (Xenopus laevis). In a recent study by Overturf
et al. (2011), long-term exposure (28 days) of verapamil to the fathead
minnow (Pimephales promelas) larvae at a concentration of 600 pg L™ !
caused a significant decrease in growth rate. Verapamil is a cationic
amphiphile substance that has a bioconcentration potential because it
is slightly lipophilic (log P = 4.8 and 3.4 for its uncharged and charged
form, resp.; Fick et al., 2010a,b; Liillmann et al., 2003; OECD, 1996).
However, only limited data on the bioconcentration of verapamil in
fish are available (Fick et al.,, 2010a,b). Bioconcentration properties of
a substance can be described by the bioconcentration factor (BCF),
which is defined as the ratio of the concentration of the substance in
the fish to the concentration in the water (Mackay and Fraser, 2000;
OECD, 1996; Springer et al.,, 2008). The elimination rate, presented as
the half-life, is another important pharmacokinetic parameter. The half-
life is defined as the time it takes for the concentration of a substance
in an organism to halve its steady-state (Liillmann et al,, 2003; OECD,
1996). It reflects the capacity for biotransformation and elimination of
a substance in the exposed organisms. However, the bioconcentration
factor and half-life are important endpoints for environmental hazard
assessment (Franke, 1996; Mackay and Fraser, 2000; Nordberg and
Rudén, 2007; OECD, 1996, 2001; Springer et al., 2008). In fact, only a lim-
ited number of studies have described them for waterborne human
pharmaceuticals in fish (Berghmans et al., 2008; Alderton et al,, 2010;
Fick et al, 2010a, 2010b; Gomez et al., 2010; Nallani et al., 2011;
Mehinto et al., 2010; Paterson and Metcalfe, 2008).

The aim of the present study was to determine the toxic effects of
acute and long-term exposure of verapamil on the early-life stages of
common carp, a well-established model species used to test the
adverse effects of chemicals on the early development of fish (OECD,
1992, 1996). To our knowledge, this is the first study describing the
effects of verapamil on the occurrence of malformations during early
development of fish. Moreover, this study is among the first to investi-
gate both the bioconcentration factor and half-life of verapamil in fish.

2. Material and methods
2.1. Experimental animals
Fertilized eggs and larvae of the common carp (Cyprinus carpio L.)

were obtained from the breeding station of the Research Institute of
Fish Culture and Hydrobiology in Vodnany (Czech Republic). Eggs

were produced according to standard methods of artificial reproduc-
tion (Kocour et al., 2005). Twenty four hours post-fertilization, all
eggs were treated with malachite green solution (0.25 mg L™ ') and
formaldehyde (0.125 pg L~') for two hours to prevent possible
fungal infection (Sudova et al., 2007). White unfertilized eggs were
removed.

2.2. Experimental conditions

The fish were kept in dechlorinated tap water. Throughout the
experiment, all basins were gently aerated. The water quality parame-
ters were the following: dissolved oxygen >5.8 mg L™ !, temperature
20.1 £ 1.7°C, pH 7.9 4 0.2, ANC,5 (acid neutralization capacity)
1.1 mmol L™, CODpy, (chemical oxygen demand) 1.10 mg L™', NH;
0.02mgL~',NO; 92 mgL ™", PO}~ 002 mgL ', Cl~ 1065 mgL "
The basins were placed in a laboratory (open-air conditions) with nat-
ural light exposure (16:8 h light: dark).

2.3. Chemicals

Verapamil hydrochloride (CAS number: 152-11-4) and Diltiazem
hydrochloride (CAS number: 33286-22-5) were obtained from Sigma-
Aldrich Corporation (USA). LC-MS grade acetonitrile (LiChrosolv
Hypergrade) was purchased from Merck (Darmstadt, Germany). Verap-
amil concentrations are expressed as concentrations of the active
substance verapamil throughout the study.

2.4. Acute toxicity tests

The 96 h acute toxicity tests were conducted using the OECD
guideline No. 212 (OECD, 1998), with modifications as described
below. Three early-life stages of common carp were used: embryos —
stage E5 and larvae - stages L2 and L5. The larvae of the stages L2 and
L5 were 6 and 20 days post hatched, respectively. At the conclusion of
the tests, embryos reached stage E9 and larvae remained at stages L2
and L5, respectively. Developmental stages were classified according
to Penaz et al. (1983). At each experimental replicate, 20 embryos or
15 larvae were randomly distributed to crystallization basins containing
190 mL of a solution corresponding to the following treatments: 1) eggs -
control (verapamil-free water), 1,2, 5, 10, and 20 mg L~ ! verapamil and
2) larvae - control (verapamil-free water), 1, 2, 5, 10, 15, and 20 mg L'
verapamil. Each treatment and the control were replicated three times.
The test solutions were exchanged daily by light draining each basin
and adding new solution. Mortalities were recorded and dead fish
were removed on a daily basis. Once the larvae were able to take up
food, they were fed daily ad libitum with freshly hatched brine shrimp
(Artemia salina) nauplii after water was exchanged.

At the end of the exposure, the heart rate (beats per minute) of the
fish (stages E9 and L2) was recorded from five fish per replicate in the
following treatments: control, 1, 2, 5, and 10 mg L~ ! verapamil. The
embryos and larvae exposed to higher verapamil concentrations
died before the end of the tests. The heart was not visible in the
third stage (L5); therefore, the heart rate could not be measured in
this case. The heart rate was determined by counting the number of
visual beats under a stereomicroscope (Olympus SZXZ; magnification
% 10) over a period of 30 s. At the end of the experiments, all surviving
fish were fixed in a 4% formalin solution. Morphological anomalies were
evaluated according to Jezierska et al. (2000).

2.5. Sub-chronic toxicity test

The embryo-larval toxicity test was conducted using the modified
test design of the OECD guideline No. 210 (OECD, 1992). The test started
one day after egg fertilization. At each experimental replicate, 100 eggs
were randomly distributed to each of the crystallization basins
containing 300 mL of the solution corresponding to the following
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treatments: control (verapamil-free water); 0.463 pg L~' verapamil
(group 1); 4.63 pg L~ verapamil (group 2); 46.3 pg L~' verapamil
(group 3); 463 pg L~ verapamil (group 4). Each treatment and the
control were replicated three times. The solutions from each treatment
were renewed daily by light draining each basin and adding new solu-
tion. Hatching and mortality were recorded daily; dead eggs, embryos
and larvae were removed. Once the larvae were able to take up
food, they were fed daily ad libitum with freshly hatched brine shrimp
(A. salina) nauplii after the water was exchanged. The experiment was
terminated after 31 days.

To assess development, ten fish per replicate were sampled after 10,
15, 20, 24 and 31 days. The fish were stored in a 4% formalin solution.
Determination of developmental periods and stages followed Penaz
et al. (1983). Morphological anomalies were evaluated according to
Jezierska et al. (2000). The total length, relative mass after fixation,
developmental stages and occurrence of morphological anomalies
were checked under a stereomicroscope (Olympus SZXZ). The total
length was measured with an accuracy of 0.01 mm by a fine digital
caliper. The relative weight after fixation, to a resolution of 0.1 mg,
was measured by a Mettler Toledo AB204-S balance. The weight
of fish was taken at the time when the weight was already stabilized,
ie after 3 months of formalin preservation (Kristoffersen and
Salvanes, 1998). The Fulton's condition factor (FCF; Nash et al., 2004)
and the mean specific growth rate (SGR; Machova et al., 2009; Cook
et al,, 2000) for the fish in each of the experimental groups were calcu-
lated. After the termination of the embryo-larval test, the replicates of
each treatment were put together and kept in five aquaria (40 L) in
verapamil-free water. The fish were fed daily with dry food (Tetra).
Fifty percent of the water in the tanks was exchanged at least every
third day. These fish were kept in the aquaria five months post-
termination of the exposure to verapamil to evaluate the half-life of
verapamil in fish. The fish mortality was also recorded during this
period.

2.6. Analysis of verapamil in water and fish

In the acute toxicity tests, water samples were taken from each
basin immediately after the water was exchanged and 24 h post
exchange during each test. In the sub-chronic toxicity test, water
samples were taken from each basin after 0, 2, 6 and 24 h on days
10, 20 and 31. Additionally, tap water samples were taken. All water
samples were taken using separate syringes. At the end of the exposure,
seven fish from each replicate (105 in total) were sampled. Additionally,
seven fish from each experimental group (35 in total in every sampling
term) were sampled after two and six weeks post-exposure. All sam-
pled fish were dried with filter paper and stored in 2 mL Eppendorf
tubes at 20 °C until analysis. The concentration of verapamil was deter-
mined in whole fish homogenates. The homogenization and extraction
of the samples followed modified Ramirez et al. (2009). The sample
extraction was conducted with acetonitrile in the high-speed
homogeniser with stainless-steel balls. Diltiazem was used as an inter-
nal standard.

Quality assurance/quality control (QA/QC) of the analytical method
included blank samples (to be sure that target compound is not intro-
duced from the sample handling), duplicates (every tenth sample was
duplicated) and fortified samples (every tenth sample of fish from con-
trol group was spiked with the target compound at the concentration
100 ng g~ ' to check the method accuracy). Matrix-matched standards
(“clean” fish extracts spiked with both target compound and internal
standard) were used to correct response factor of the calibration curve
prepared in methanol.

The water samples were analyzed using line SPE liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS; Kvarnryd et al.,
2011). Samples of two highest concentrations were diluted prior to
analysis. Fish homogenate samples were analyzed using LC-MS/MS.
These analyses were performed with a TSQ Ultra MS/MS (Thermo

Fisher Scientific, San Jose, CA, USA) coupled with Accela 1250 and
Accela 600 HPLC pumps (Thermo Fisher Scientific, San Jose, CA, USA)
and a HTS-XT autosampler (CTC Analytics AG, Zwingen, Switzerland).

The bioconcentration factor (BCF) was calculated in accordance
with OECD Guideline No. 305 (OECD, 1996) for each treatment
group as follows: the mean concentration of verapamil in the fish sam-
pled at the termination of the experiment was divided by the mean
concentration of all analyzed water samples in the respective group.

First-order kinetics was assumed to determine the depuration rate.
The half-life (50% depuration, tso) and 95% loss in the depuration
phase (tos) of verapamil in fish were calculated using linear regression
of the natural logarithm (In) of the detected concentrations (group 2,
group 3, group 4) and the value of the slope (k) of the graph: (tso) =
0.693/k and (tos) = 3.0/k, respectively (OECD, 1996). The first group
was excluded from half-life calculations because the detected concen-
trations were too close or below the LOQ.

2.7. Statistical analysis

Statistical analysis was performed using Statistica version 9 (StatSoft,
Czech Republic). The differences in the accumulated mortality, hatching
time and occurrence of macroscopic morphological anomalies between
the test groups were measured using the y? test. Data for the total
length, relative mass after fixation, and FCF were tested for normality
using the Kolmogorov-Smirnov test and for homogeneity using
Levene's test. If the statistical criteria for normality and homogeneity
were fulfilled, a one-way analysis of variance (ANOVA) was
implemented with subsequent Dunnett's multiple-range post hoc test.
If these criteria were not satisfied, the nonparametric test (Kruskal-
Wallis test) was applied. The results are presented as the mean +
standard deviation. Statistical differences between the experimental
groups were considered significant when p < 0.05.

The 96hLCso values were calculated by probit analysis using
EKOTOX 5.1 software (Ingeo Liberec, Czech Republic).

3. Results
3.1. Determination of verapamil in water and fish

3.1.1. Analytical method performance

Performance of the analytical method was assessed including its
linearity, repeatability, sensitivity and recovery. Six point calibration
curves were prepared for water and fish analysis in the range
10-5000 ng L~ ! and 1-500 ng g~ ! respectively. Good linearity was
observed with R? coefficient 0.998. Method repeatability was tested
for ten replicates; relative standard deviation (RSD) of replicates
was 10%. The recovery of verapamil from fish tissue was studied by
spiking “clean” fish sample with the target compound before the
extraction procedure. Average recovery of verapamil was 110% with
the RSD of ten replicates 5%. The limits of quantification (LOQ) of
verapamil in fish and water were 0.006 pg g~ ' and 0.07 pg L™,
respectively.

3.1.2. Concentration of verapamil in water

Concentrations of verapamil in all treatment baths measured
immediately (0 h) and 24 h post-exchange in acute toxicity tests as
well as sub-chronic test are shown in Table 1. A comparison of the
determined verapamil water concentration with nominal values for
all test groups of the sub-chronic test is listed in Table 2. Concentra-
tions of verapamil in the controls and the tap water were below the
limit of quantification.

3.1.3. Concentration of verapamil in fish

The concentrations of verapamil in fish homogenates at the conclu-
sion of the sub-chronic test are summarized in Table 3. Verapamil con-
centrations in the fish were linearly correlated to the concentrations in
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Table 1

Concentration of verapamil in water in the 96-h acute toxicity tests and in the 31-day
embryo-larval toxicity test (concentrations measured immediately (0 h) and (24 h)
after water exchange). Values are expressed as the mean + SD. Acute toxicity
tests: n = 9, concentrations in mg L™'; 31-day embryo-larval toxicity test: n = 3,
concentrations in pg L™,

Test Treatment/sampling time Concentration of verapamil
0Oh 24h

Acute tests Control <LOQ <LOQ
Nominal conc. 1 mg L™! 07 + 0.1 08 + 0.1
Nominal conc. 2 mg L™! 12+ 0.1 20401
Nominal conc. 5 mg L™! 42+ 16 374+ 18
Nominal conc.10 mg L~ ! 81418 854+ 1.8
Nominal conc. 15 mg L™! 139 + 44 16.6 + 4.6
Nominal conc. 20 mg L™ ! 162 + 3.3 216 + 46

Sub-chronic test Control <L0Q <L0Q
Nominal conc. 0.463 pg L™' 11+05 0.7 + 0.6
Nominal conc. 4.63 pg L~! 40+ 09 55+ 14
Nominal conc. 4630 pg L~! 42.5 + 13.8 26.1 4+ 133
Nominal conc. 463 pg L™ 363 + 129 222 + 89

water (y = 3.9151x + 67.147, R? = 0.9947; x and y represent the
concentration of verapamil in water and fish homogenates). The BCF
calculated for groups 1 to 4 was as follows: 16.6, 14.0, 10.1, and 6.6.
The half-life and 95% loss period in the depuration phase of verapamil
in fish were estimated at 10.2 + 1.6 and 44 + 8.6 days, respectively.
Hence, verapamil was still detectable in the fish six weeks after time
of exposure.

3.2. Acute toxicity tests

3.2.1. Lethal concentrations

The 96hLCso values of verapamil were estimated at 16.4 + 9.2,
7.3 + 1.5, and 4.8 + 0.2 mg L~ for embryos (E5-E9) and larvae L2
and L5, respectively. Lethal concentrations of verapamil decreased
with increasing age of fish.

3.2.2. Heart rate

Verapamil exposure was found to significantly reduce heart rate.
The exponential regression analysis of the heart rate (y) on verapamil
concentration in the water (x) for embryos (E9) and larvae (L2) of
common carp yielded values as follows: y = 94.96e ~%1>43* R? = 0.87
and y = 104.85e ~13%3x R? = 0.85, respectively (Fig. 1). The heart
rate could not be measured in stage L5 larvae, because their hearts
were not visible.

3.2.3. Macroscopic morphological anomalies

Macroscopic morphological anomalies observed at the conclusion
of the acute toxicity tests are given in Table 4. These included the axial
and lateral curvature of the spine (kyphosis, lordosis, and scoliosis)
and skull malformation, as well as yolk sac, visceral, and heart edemas
(Fig. 2). A higher incidence of edemas compared to the controls was
observed in most verapamil-treated groups of all stages (Table 4).
Furthermore, at stage L2, all verapamil-treated groups had a

Table 2

Concentration of verapamil in water of all treatments and differences of determined
concentrations to the nominal concentrations during the 31-day embryo-larval toxicity
test.

Control Group 1 Group 2 Group 3 Group 4
0463 pgL~' 463 pgL~' 463 pgl~' 463 pgL!
c(ugl™")
Mean + SD <LOQ 09 + 06 40+ 12 33.7 £ 155 2988 + 117.7
Min-max 0.1-2.3 1.8-6.5 9.3-64.2 88.3-612.8
Difference to - 196 + 124 87 + 27 72 £35 64 + 25
nominal
conc. (%)

Table 3

Concentration of verapamil in fish homogenates at the conclusion of the 31-day
embryo-larval toxicity test (0 day) and after 14 and 42 days post-exposure. Values
are expressed as the mean + SD.

Group/sampling time Concentration of verapamil (ug kg™ ')

0 day 14 days 42 days
Control <L0Q <L0Q <L0Q
Group 1: 0.463 pg L' 15.1 + 6.6 <L0Q <L0Q
Group 2: 463 pg L' 56.1 & 22.0 173 £ 9.6 45+ 7.0
Group 3: 463 pg L' 340 + 91.2 66.2 + 22.4 192 £59
Group 4: 463 pg L1 1870 + 274 282 + 57.1 428 + 156

significantly higher occurrence of malformations (Table 4) compared
to the controls. Occurrence of malformations could not be assessed in
groups treated with higher verapamil concentrations (higher than 10
or 5 mg L™ in the case of E9 and L2, and L5, respectively), as all the
fish in these treatments died before the termination of the test.

3.3. Sub-chronic toxicity test

3.3.1. Hatching

Hatching began 5 days after the initial time of exposure, and the
majority of eggs in all treatment groups hatched by day 7. Verapamil
had no significant effect on the hatching time (x test, p > 0.05).

3.3.2. Accumulated mortality

The accumulated mortality did not differ statistically among treat-
ments (y? test, p > 0.05). No mortality was observed five months
after the termination of the experiment in all the groups, including in
the control.

3.3.3. Length, weight, FCF and SGR

Exposure to verapamil had no significant effect on the length, rela-
tive mass after fixation or FCF of the tested groups (ANOVA, p > 0.05,
Table 5). The specific growth rate in the control, group 1, group 2,
group 3 and group 4 were 14.0, 13.4, 154, 13.1, and 15.7, respectively.

3.3.4. Macroscopic morphological anomalies

Verapamil caused the following macroscopic morphological
anomalies in the exposed larvae: deformation of the intestine, axial
and lateral curvature of the spine (kyphosis, lordosis, and scoliosis),
skull malformation, fin malformations, underdeveloped eyes and
visceral edema with hematocele (the number of checked fish in each
treatment ranged between 24 and 31). The most predominant
malformations were axial curvature of the spine and visceral edema
with hematocele (Fig. 3, Table 6).

140
® Embryos (E9)

_ 120
E 1 & Larvae (L2)
£ 0
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2 80
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£ 60
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] T T T T

] 2 4 6 8 10

Concentration of verapamil mg L

Fig. 1. Exponential regression of heart rate (y) on the verapamil concentration in water
(x) for embryos (E9) and larvae (L2) of common carp, respectively; y = 94.96e %14
R? = 0.87;y = 104.85¢ *1333* R? = 0.85.
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Table 4

Occurrence of macroscopic morphological anomalies in embryos (E9) and larvae (L2,
L5) of common carp at the conclusion of the 96-h acute toxicity tests with verapamil.
MA — sum of all malformations, Sp — axial and lateral curvature of the spine, SM — skull
malformation, E — sum of all edemas, VE — visceral edema, YE — yolk sac edema and
CE — cardiac edema. Asterisks indicate a significant difference compared to the control:
*p<0.05, ** p < 0.01 (4 test). N.E. — not evaluated.

c MA Sp SM E YE VE CE
Stage (mgl™") (%) (%) (%) (%) (%) (%) (%)
Control 47 47 0 23 23 0 0
1 154 154 5.1 205" 17.9* 0 15.4*
E9 2 15.0 15.0 7.5 30.0%* 125 0 22.5*
5 17.0 17.0 10.6* 596" 36.2* 0 34.0"
10 66.7** 59.0** 282" 821" 795" 0 69.2**
Control 3.0 30 0 0 N.E. 0 0
1 333*  25.9* 74 14.8* NE. 148 37
L2 2 27.8** 278 167 111 N.E. 11.1* 56
5 57.1*  57.1** 357" 750" NE. 53.6" 679"
10 77.8** 666" 556" 556" NE. 444 333"
Control 0 0 0 24 N.E. 24 N.E.
1 0 0 0 44 N.E. 44 N.E.
L5 2 4.5 4.5 0 159* NE. 159* NE.
5 6.5 6.5 0 258" NE. 258" NE.

The highest malformation rates in verapamil-treated fish were ob-
served on days 20 and 24 (Table 6). No malformations were observed
at the last sampling time (day 31). In groups 3 and 4 (treated with the
two highest concentrations), a significantly higher occurrence of
malformations and edema with hematocele was observed compared
to the control.

3.3.5. Early ontogeny
Verapamil did not cause a delay in the development of the exposed
fish. The differences in the early ontogeny among the tested groups

were not significant (Wilcoxon-Mann-Whitney-test, p > 0.05, Table 6).

4. Discussion
4.1. Acute toxicity tests

4.1.1. Lethal concentrations of verapamil

In the present study the 96hLCsq values of verapamil for common
carp embryos and larvae ranged from 16.6 to 4.8 mg L~ !; therefore,
verapamil can be classified as a harmful (>10<100mgL~") or
toxic (>1 <10 mg L™"; OECD, 2001) substance. This finding is in
accordance with the studies by Li et al. (2010a) and Villegas-Navarro
et al. (2003), who estimated the lethal concentration of verapamil
for juvenile rainbow trout and Daphnia magna to be 2.7 mgL™!
(96hLCs) and 7.0 mg L~ (48hLCso). Interestingly, acute lethal con-
centrations (96hLCsp) of verapamil determined in the present study
were close to the comatose-lethal blood plasma concentration for
humans (2.5 mg L~ '; Regenthal et al., 1999).

The toxicity of verapamil seemed to increase slightly with the
age of the fish, with the oldest stage (L5) being the most sensitive.
The tested developmental stages of common carp differed in food
intake as well as in advancement of physiological development
(Penaz et al., 1983). However, the differences in sensitivity might be
explained by the advancement of gill development, as the fish were
only exposed to waterborne verapamil in the study. Fish of the L5
stage had fully developed gills compared to the other tested stages
(E5-9 and L2) (Penaz et al., 1983); therefore, verapamil could enter
their body much easier. In general, larvae appear to be more sensitive
to most toxic substances compared to embryos (Kroupova et al.,
2010; Machova et al., 2009).

4.1.2. Effect of verapamil on heart rate
In the present study, verapamil reduced the heart rate of carp em-
bryos and larvae in acute toxicity tests in a concentration-dependent

manner, which is well in line with the finding of Berghmans et al.
(2008), who exposed zebrafish larvae to verapamil for 3 h in the con-
centration range of 136-227 mg L~ . Furthermore, Shin et al. (2010)
found a reduced heart rate in zebrafish embryos exposed to verapamil
at the concentration of 1 mg L' for 12 h compared to the controls.
The present study, together with the results of Berghmans et al.
(2008) and Shin et al. (2010), reveal that verapamil has a similar phar-
macological effect on fish as it does on humans, where it is used thera-
peutically to reduce the heart rate (Grossman and Messerli, 2004). The
similarity in the mode of action in fish and humans is not surprising,
whereas most drug targets are supposed to be highly conservative
among vertebrate species (Gunnarsson et al., 2008). This finding is
further supported by the fact that comparing the polypeptide sequences
for the human and zebrafish orthologs of the a-subunit of the L-type
calcium channel, which is one of the targets of the calcium channel
blocker verapamil, revealed a 78% match (Lacinova et al, 1995;
Rottbauer et al.,, 2001). Sequence of carp a-subunit of the L-type calcium
channel is not available, but it is highly probable that carp and zebrafish
polypeptide sequences are very similar since both fish species belong to
the same family, family of cyprinid fishes.

4.2. Macroscopic morphological anomalies

Carp embryos and larvae exposed acutely to high verapamil con-
centrations (1-10 mg L™ ') had a higher occurrence of macroscopic
morphological anomalies than fish exposed sub-chronically to lower
concentrations (0.463-463 ug L~'). However, in both cases, verapamil
exposure was associated with significantly higher occurrence of spine
malformations and edemas. Occurrence of edemas was also observed in
frogs treated with verapamil during their early development (Burgess
and Vere, 1989). Similarly, peripheral edema is a non-cardiovascular
side effect of verapamil treatment in humans (Drenth et al, 1992).
Burgess and Vere (1989) attributed this effect of verapamil to distur-
bances in the ionic equilibrium. Moreover, long-term exposure of carp
larvae to verapamil resulted in a higher incidence of hematocele in
the intestine compared to the control, whereas gastrointestinal hemor-
rhage is another side effect of verapamil treatment in humans (Pahor
et al, 1996). Gastrointestinal hemorrhage is caused by inhibition of
platelet aggregation as well as the inhibition of the vasoconstrictive
response to bleeding (Pahor et al., 1996). These effects might also be
responsible for hematocele in fish.

4.3. Sub-chronic toxicity test

4.3.1. Sub-chronic toxicity

Long-term exposure to verapamil at concentrations of 0.463-
463 pg L~ ! had no effect on the survival and morphometric parameters
(length, relative weight after fixation, and FCF) of the carp embryos and
larvae in the present study. Similarly in a study by Overturfetal. (2011)
that exposed fathead minnow embryos and larvae (P. promelas) to
verapamil (600 pg L~') for 28 days, no effect on mortality was
observed; however, verapamil exposure caused a significant reduction
in dry weight. In the present study, the occurrence of macroscopic
morphological anomalies appeared to be the most sensitive endpoint
that was analyzed. Verapamil exposure resulted in a significantly higher
occurrence of malformations, and edema with hematocele, in fish
exposed to the two highest verapamil concentrations (46.3 and
463 pg L~ ') compared to the control. However, neither of the studied
endpoints showed any effect of verapamil at environmentally relevant
concentrations on carp larvae and embryos.

4.3.2. Bioconcentration factor

In the present study, the bioconcentration factor (BCF) of verapamil
in fish homogenates ranged between 6.6 and 16.6. To the best of our
knowledge, there are no other experimental data available on BCF in
fish tissues or fish homogenates. Predicted BCF for whole fish is 3.2
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A control

C control

B control

Fig. 2. Types of deformed embryos and larvae of common carp at the conclusion of the 96-h acute toxicity tests with verapamil; A — normal embryo (control, E9), A1 — axial

curvature, kyphosis (5 mg L™, E9), A2 — deformed skull, axial curvature; kyphosis lateral spinal curvature; scoliosis, yolk sac edema (10 mg/l, E9), A3

— yolk sac edema, cardiac

edema (1 mg L™, E9), A4 — cardiac edema, yolk sac edema, spinal curvature; c - shape (10 mg L™, E9), B — normal larva (control, L2), B1 — cranial malformation, cardiac edema,

visceral edema, spinal curvature (5 mg L™',

L2), C — normal larva (control, L5), C1 — lateral spinal curvature, scoliosis (2 mg L™, L5), C2 — visceral edema, spinal curvature;

lordosis (5 mg L1, L5), C3 — visceral edema, axial spinal curvature; c - shape (5 mg L', L5), C4 — visceral edema (5 mg L™, L5).

(based on log P = 3.4, calculated by EPI Suite™ v4.11 - US EPA, 2012)
which is in agreement with our experimental values. Moreover, we can
compare our values only with those found in fish blood plasma. Namely,
Fick et al. (2010b) reported that the plasma of rainbow trout exposed to
waste water containing verapamil had a BCF ranging from <33 to 175,
whereas the predicted BCF value of the plasma of fish was 40 (based
on log P = 3.4; Fick et al.,, 2010b). The BCF determined in the present
study is lower, but follows the same order of magnitude. A BCF of
<500 in fish is considered to be indicative of a low level of
bioconcentration in the given substance (OECD, 2001).

Although the plasma BCF seems to be low, verapamil could reach
dangerous levels in fish plasma. In accordance with “fish plasma
model” proposed by Huggett et al. (2003), Fick et al. (2010a,b) calculated
critical environmental concentrations (CECs) of verapamil causing fish
plasma concentration equal to the therapeutic human plasma level
(10 ng mL™"; Schulz and Schmoldt, 2003). Based on predicted and
measured blood BCFs, they estimated CECs at 230 and 53 ng L™, re-
spectively (Fick et al., 2010a,b). Therefore, both similar pharmacological

effect of verapamil in man and fish and relatively low critical environ-
mental concentrations indicate a high risk of verapamil to fish.

4.3.3. Depuration of verapamil

The half-life of verapamil in carp larvae was estimated to be
10.2 days, which is much longer than the half-life in humans (4.5-
12 h; Wood et al., 1999). Similar results were obtained for fluoxetine
(Paterson and Metcalfe, 2008), which had a half-life three times greater
when exposed in medaka compared to mammalian species. The longer
half-life of verapamil in fish compared to humans implies the existence
of differences in the biotransformation and/or excretion of the
substance between these species. Verapamil undergoes extensive first-
pass elimination in the liver of humans; therefore, only 20-30% of orally
administrated verapamil is bioavailable (Eichelbaum et al., 1984). Simi-
larly, Luurtsema et al. (2005)) who systemically administrated (by
injection) verapamil to rats observed an intensive metabolism of this
substance in liver (88.9% 60 h post-injection). Verapamil undergoes
extensive oxidative metabolism in both humans and rats mediated by
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Table 5

Total length (TL), relative mass after fixation (w), and Fulton's condition factor (FCF) of the common carp larvae during the 31-day embryo-larval toxicity test with verapamil.

Values are expressed as the mean =+ SD.

Sampling time Control Group 1 Group 2 Group 3 Group 4
0463 pg L1 463 pgL! 463 pg L' 463 gL'
Day 10 TL (mm) 7.7 +£03 7.5+ 0.5 73+ 04 7.5+ 0.5 72 +03
w (mg) 3.0 + 04 27 +£04 21+05 2.8 + 05 2.0+ 04
FCF 07 £ 0.1 0.7 £02 05+ 0.1 09 + 0.1 05+ 0.1
Day 15 TL (mm) 86+ 04 88 +£ 05 8.8 + 0.6 88 + 0.5 8.8 + 0.6
w (mg) 42 + 11 47 £ 08 47 £ 11 467 +£1.2 50+ 1.1
FCF 0.7 + 0.2 0.7 £ 0.1 0.7 + 0.1 0.7 + 0.1 0.7 + 0.1
Day 20 TL (mm) 10.1 £ 0.7 103 + 0.6 10.0 + 0.6 103 + 1.0 102 £ 09
w (mg) 86+ 25 93 +22 87+ 18 9.5+ 27 89 +22
FCF 0.8 + 0.1 09 +0.1 0.8 + 0.1 0.8 £+ 0.1 0.8 + 0.2
Day 24 TL (mm) 118 +£07 120 £ 08 124 £ 09 123 £ 08 1235+ 09
w (mg) 20.0 £ 55 168 + 49 207 £ 52 16.7 + 44 191 £ 54
FCF 12+02 10+03 1.1+ 0.11 09 + 0.10 1.0+ 02
Day 29 TL (mm) 14.8 + 147 145 + 091 148 + 1.0 145+ 15 147 £ 15
w (mg) 35.0 + 12.0 394 +29 385+ 93 387 + 124 41.7 £ 125
FCF 15+ 0.1 14+ 16 12+02 12 +0.1 13+02
Day 31 TL (mm) 167 £ 1.0 159 + 1.1 162 + 1.1 163 £ 1.7 159+ 13
w (mg) 56.7 + 12.4 455 + 106 534 + 119 56.1 &+ 21.5 54.0 +£ 157
FCF 12401 11401 13+01 13+ 0.1 13401

several cytochrome P450 isoenzymes whereas the main pathways are
N-dealkylation, N-demethylation and O-demethylation (Reder-Hilz
et al,, 2004). However, the metabolism of verapamil in fish is not yet
fully understood. On the one hand, in a study by Alderton et al.
(2010), verapamil produced similar metabolic products in zebrafish lar-
vae and humans, indicating similarities in their metabolism. On the
other hand, Burkina et al. (2012) reported that in contrast to humans,
long-term exposure of verapamil to rainbow trout had no significant
effect on the activity of the selected CYP450 enzymes that are involved
in the metabolism of verapamil and other pharmaceuticals in humans.
It is possible that other biotransformation enzymes might be involved

B control

in fish; however, the biotransformation and/or elimination of verapamil
were far slower in fish than in humans.

5. Conclusion

In summary, the effects caused by verapamil in fish can be consid-
ered similar to the therapeutic effects and side effects that are found
in humans (reduction of heart rate, bradycardia, peripheral edema
and gastrointestinal hemorrhage). These similarities in the mode of
action can be explained by the high structural similarities of L-type
calcium channels in fish and humans (Rottbauer et al., 2001).

Fig. 3. Types of deformed larvae of common carp during the 31-day embryo-larval toxicity test with verapamil; A — normal larva (control, L4), A1 — axial curvature; kyphosis,
underdeveloped eye (46.3 pg L=, L4), A2 — intestine edema (46.3 pg L', L4), B — normal larva (control, L5), B1 — deformed skull (4.36 pg L~', L5), B2 — axial curvature; kyphosis

(46.3 pg L', L5), B3 — visceral edema with haematocele (46.3 pg L™, L5), B4 — coelom edema (463 pg L™,

(463 pg L1, L5).

L5), B5 — intestine deformation; strangulation and dilatation
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Table 6

Developmental stages (steps, DS) of the larval period and occurrence of macroscopic
morphological anomalies during the 31-day embryo-larval toxicity test on common
carp. MA — sum of all malformations, EH — edema and hematocele. Asterisks indicate
a significant difference compared to the control: * p <0.05, ** p < 0.01 (1 test).

Groups/Sampling Time Day Day Day  Day Day Day X
10 15 20 24 29 31

Control DS 13-14 14 L5 L5 L6 L6 -
MA (%) 0 36 0 0 0 0 0.6
EH (%) 0 0 0 7.7 0 0 13

Group 1 DS 13-14 14 L5 L5 L6 L6 -
0463 pg L~ MA (%) 7.1 0 34 32 0 0 24
EH (%) 0 0 0 6.5 0 0 12

Group 2 DS L3-14 L4 L5 L5-L6 L6 L6 -
463pgL""  MA(%) 0 0 0 0 35 0 06
EH (%) 0 0 0 308 0 0 4.7

Group 3 DS L3-14 14 12-L5 L5 L6 L6-j1 -
463 pg L™! MA (%) 74 1.1 37 37 0 0 4.2*
EH (%) 37 0 0 48.1** 3.6 0 9.0*

Group 4 DS L3-14 14 L4-L5 14-16 L1516 L6 -
463 pg L1 MA (%) 8 34 16.0* 42 33 0 5.6*
EH (%) 0 34 0 375° 0 0 62"

Fish exposed sub-chronically to verapamil at a concentration of
4.63-463 pg L~ appeared to bioconcentrate the pharmaceutical at
a low level (BCF ranging between 6.6 and 16.6), but the half-life was
relatively long (10.2 days) compared to that in humans, indicating the
slow rate of biotransformation and/or elimination of verapamil in fish.
Although we did not observe any effects of verapamil on studied end-
points at environmentally relevant concentration in the present study,
we cannot exclude the possibility that it might affect fish after a longer
exposure,
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UV filters belong to a group of compounds that are used by humans and are present in municipal waste-
waters, effluents from sewage treatment plants and surface waters. Current information regarding UV
filters and their effects on fish is limited. In this study, the occurrence of three commonly used UV filters
- 2-phenylbenzimidazole-5-sulfonic acid (PBSA), 2-hydroxy-4-methoxybenzophenone (benzophenone-
3, BP-3) and 5-benzoyl-4-hydroxy-2-methoxy-benzenesulfonic acid (benzophenone-4, BP-4) — in South
Bohemia (Czech Republic) surface waters is presented. PBSA concentrations (up to 13 pgL~') were
significantly greater than BP-3 or BP-4 concentrations (up to 620 and 390 ng L™, respectively). On the
basis of these results, PBSA was selected for use in a toxicity test utilizing the common model organism
rainbow trout (Oncorhynchus mykiss). Fish were exposed to three concentrations of PBSA (1, 10 and
1000 ug L~ ") for 21 and 42 days. The PBSA concentrations in the fish plasma, liver and kidneys were
elevated after 21 and 42 days of exposure. PBSA increased activity of certain P450 cytochromes. Exposure
to PBSA also changed various biochemical parameters and enzyme activities in the fish plasma. However,

no pathological changes were obvious in the liver or gonads.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Municipal waste-waters contain numerous compounds that are
used or produced by humans, including pharmaceuticals and
personal care products (PPCPs), pesticides and bactericides, heavy
metals, and nutritive components such as sweeteners, which are
used in large quantities around the world. Most sewage treatment
plants (STPs) are not designed to remove these substances. Thus,
many of these compounds are not removed during treatment
processes in STPs and can enter the aquatic environment from
sewage effluents (Petrovic et al., 2003; Verlicchi et al., 2012).

UV filters (also called sunscreens) are a member of the
PPCPs family. These filters are often used to protect skin from

Abbreviations: PBSA, 2-phenylbenzimidazole-5-sulfonic acid; BP-3,
benzophenone-3; BP-4, benzophenone-4; 4MBC, 4-methyl-benzylidene camphor;
EHMC, 2-ethyl-hexyl-4-trimethoxycinnamate; OC, octocrylene; PPCPs,
pharmaceuticals and personal care products.

* Corresponding author.

E-mail address: grabicova@frov.jcu.cz (K. Grabicova).

0147-6513/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ecoenv.2013.06.022

chronic (skin cancer) or acute (sunburn, photo-ageing) exposure
to ultraviolet radiation from sunlight (Gasparro, 2000). Two general
types of sunscreen have been developed: organic and inorganic
(Gasparro et al,, 1998). Octocrylene (OC), 2-phenylbenzimidazole-5-
sulfonic acid (PBSA), homosalate, 24-dihydroxybenzophenone,
2,2' 44'-tetrahydroxybenzophenone, oxybenzone, 2-hydroxy-4-meth-
oxybenzophenone (benzophenone-3=BP-3), 5-benzoyl-4-hydroxy-2-
methoxy-benzenesulfonic acid (benzophenone-4=BP-4), 4-methyl-
benzylidene camphor (4MBC), 2-ethyl-hexyl-4-trimethoxycinnamate
(EHMC), and ethyl-4-aminobenzoate are the most commonly used
organic UV filters. Individual organic UV filters have a relatively
narrow absorption spectrum. Therefore, they are usually combined
to obtain protection against the entire UV-radiation spectrum. A list of
UV filters that are allowed in cosmetic products is given in EU
Regulation No. 1223/2009, Annex VI (Regulation, 2009). UV filters
can be added in concentrations up to ten percent in sunscreen
products (Schlumpf et al., 2001).

UV filters enter the environment by two pathways (Balmer
et al,, 2005). The first pathway is by direct input. Direct input
occurs when UV filters enter surface waters as they are washed off
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of individuals while those individuals bathe or swim. The second
pathway is by indirect input. Indirect input occurs when UV filters
are washed off individuals when those individuals shower or are
released from towels and clothing during laundering. Thus, these
UV filters are transported to sewage waters. Consequently, UV
filters enter surface waters and are only partly eliminated in STPs.
For example, the mean removal of PBSA from water by STPs is only
21 percent, and the mean removal of BP-3 and BP-4 by STPs is
approximately 60 percent (Rodil et al.,, 2012). According to Leal
et al. (2010), PBSA is not removed from water by any of the
biological treatment systems. The highest concentrations of UV
filters in water are measured during the summer (up to 2.7 pg L™1)
(Balmer et al., 2005; Poiger et al., 2004).

Moreover, some UV filters have been detected in semiperme-
able membrane devices, which indicates that these UV filters are
potentially bioaccumulated (Poiger et al., 2004). Some UV filters
have been detected in aquatic organisms (Buser et al, 2006;
Nagtegaal et al., 1997; Poiger et al., 2004). A summary of UV filters
that accumulate in fish has been presented by Fent et al. (2008)
and more recently by Gago-Ferrero and Diaz-Cruz (2012). 4MBC
and OC are the most bioaccumulated UV filters in fish from Swiss
lakes and rivers (Balmer et al., 2005; Buser et al., 2006). Several UV
filters cause estrogenic activity in fish (Fent et al., 2008). BP-3 and
BP-4 interfere with the sex hormone system and can affect the
reproduction of fish (Bluthgen et al., 2012; Gago-Ferrero and Diaz-
Cruz, 2012; Zucchi et al., 2011).

The cytochromes P450 (CYP450s), mainly the first three families
— CYP1, CYP2, and CYP3 - are involved in the metabolism of
xenobiotics, such as pharmaceuticals and environmental pollutants,
in mammals (Daughton and Ternes, 1999; Hasler et al., 1999;
Meunier et al., 2004). These enzymes are also present in fish (Uno
et al., 2012). Altered cytochrome 1A (CYP1A) activity has been used
as a marker for the impact of xenobiotics on fish for more than 15
years (Bucheli and Fent, 1995; Burkina et al., 2012; Fent, 2003).
However, to date, no information is available on the effects of polar
UV filters on CYP enzymes. The activity of CYP1A is traditionally
measured as the catalytic activity of 7-ethoxyresorufin O-deethylase
(EROD). The induction of CYP1A is generally mediated via the aryl
hydrocarbon receptor (AhR) pathway (Nilsen et al., 1998). However,
whether UV filters are involved in the activation of AhR is not clear.

Metabolic transformation of xenobiotics may lead to increased
risk of oxidative stress. The protective functions of antioxidant
enzymes such as superoxide dismutase (SOD), catalase (CAT)
and glutathione reductase (GR) have been studied in fish (Stara
et al,, 2012).

Despite of detection of PBSA in aquatic environment, little
information is available about its biological effects and mode of
action in aquatic biota. Even if PBSA has a low potential to
bioaccumulate (log Kowpesa) in range from —0.16 (Leal et al,
2010) to 1.6 (Rodil et al., 2008) have been reported), the relatively
high concentration present in water may negatively affects aquatic
organisms. Therefore, basic information on molecular responses in
organisms exposed to environmental concentrations should be
acquired. The PBSA effects were assessed on the basis of liver
microsomal enzymes activities, oxidative stress parameters, bio-
chemical and hematological parameters, and histology. Moreover,
the concentrations of PBSA in fish tissues and plasma were analyzed.

The aim of this study was to (1) determine environmental
concentrations of the most commonly used UV filters, (2) observe
the effects of long-term PBSA exposure on fish using biomarkers
and (3) study bioaccumulation and biodegradation of PBSA in fish
tissues. PBSA, BP-4 and BP-3 were chosen as representative UV
filters because they are the most common UV filters detected in
German surface waters (Wick et al.,, 2010). A laboratory experi-
ment was conducted with the PBSA UV filter on rainbow trout
(Oncorhynchus mykiss).

2. Materials and methods
2.1. Chemicals

PBSA (2-phenylbenzimidazole-5-sulfonic acid, CAS 27503-81-7; purity 96
percent), benzophenone-3 (2-hydroxy-4-methoxybenzophenon e, CAS 131-57-7;
purity 98 percent) and benzophenone-4 (5-benzoyl-4-hydroxy-2-methoxy-benze-
nesulfonic acid, CAS 4065-45-6, purity > 97 percent) were obtained from Sigma-
Aldrich (Steinheim, Germany). The PBSA was dissolved in tap water to prepare a
150 mg L~ ! stock solution for aquarium experiments. Stock solutions of PBSA, BP-3
and BP-4 were prepared in methanol at a concentration of 1 mg mL~" for analytical
purposes.

Liquid chromatography-mass spectrometry (LC/MS) grade acetonitrile and
methanol (Lichrosolv, Hypergrade) were obtained from Merck (Darmstadt, Ger-
many). Formic acid (LC/MS grade) was obtained from Fisher Scientific (USA).
Trimetoprim was obtained from Sigma Aldrich (purchased from Labicom, Olomouc,
Czech Republic, purity 98.5 percent) and was used as an internal standard.

The chemicals used for analyses of the activities of microsomal enzymes and
antioxidant enzymes are detailed elsewhere (Burkina et al.,, 2012; Paskova et al.,
2008, respectively).

Slides to determine glucose (GLU), triglycerides (TRIG), alanine aminotransfer-
ase (ALT), creatine kinase (CK), lactate (LAC) and total proteins (TP) were obtained
from IDEXX Laboratories (Westbrook, USA).

A transformation solution (0.1 g potassium ferricyanide, 0.025g potassium
cyanide, and 0.07 g potassium dihydrogenphosphate diluted to 0.5 L with distilled
water) was used for hemoglobin determination (Svobodova et al., 1991).

2.2. Analytical system

The analytical system included a triple-stage quadrupole MS/MS TSQ Quantum
Ultra (Thermo Fisher Scientific, San Jose, CA, USA) equipped with Accela 1250 LC
and Accela 600 LC pumps (Thermo Fisher Scientific) and a HTS XT-CTC autosampler
(CTC Analytics AG, Zwingen, Switzerland). This system was equipped with a
Hypersil GOLD Phenyl column (50 mm x 2.1 mm id., 3-pm particle size) and a
Hypersil GOLD Phenyl guard column (10 mm x 2.1 mm i.d., 3-pm particle size) from
Thermo Fisher Scientific for all LC-MS/MS determinations. In-line solid phase
extraction LC-MS/MS (SPE-LC-MS/MS) extraction was performed on Hypersil GOLD
column (20 mm x 2.1 mm i.d., 12-pm particle size) from Thermo Fisher Scientific.

2.3. Water sampling and sunscreen determination by LC/LC-MS/MS

Grab subsurface water samples were collected in the South Bohemia region
during one week of the peak summer season (mid of July). Samples were collected
at depths of approximately 0.3 m, transported to the laboratory on ice and stored at
—20 °C until analysis. The longest time between sampling and sample storage was
8 h. The most popular summer bathing locations, including outdoor swimming
pools (five localities), recreational ponds (six localities) and rivers downstream of
contamination sources (holiday camps, STPs; eight localities) were classified as
highly exposed waters. The upper part of the sampled river and production ponds
that were not used for bathing were used as background localities (four locations).
The target UV filters (PBSA, BP-3 and BP-4) in the water samples were determined
by two-dimensional liquid chromatography tandem mass spectrometry (LC/LC-MS/MS).
For LC/LC-MS/MS determination, samples were filtered through 045 pm regenerated
cellulose filters (Labicom, Olomouc, Czech Republic) and spiked with an internal
standard of 5ng trimethoprim per 10 mL of sample. The method parameters are
documented in Supplementary material 1). The average relative recoveries for PBSA, BP-
3 and BP-4 in water were 95 percent with RSD (relative standard deviation) 13 percent,
87 percent with RSD ten percent and 97 percent with RSD fourteen percent, respectively
at a concentration level of 100 ng L~ in tap water. The limits of quantification (LOQs)
for PBSA, BP-3 and BP-4 in the water samples were 2.3, 3.9 and 1.8 ng L™, respectively.

2.4. Fish exposure experiment

Juvenile rainbow trout (0. mykiss) were purchased from a local commercial
hatchery (Husinec, Czech Republic). These fish were transferred to fresh water
aquariums (200 L; temperature 16.6 +0.7 °C; pH 7.5+0.2; dissolved oxygen
82+09mgL~') and allowed to acclimate for 14 days before the experiment
was started. The fish were fed with commercial fish pellets (BioMar, Denmark; one
percent of the total body weight day ).

One hundred and sixty fish with weights of 121 +12 g and total lengths of
221+ 1.2 cm (mean + standard deviation, SD) were randomly placed into eight
aquariums with semi-static systems (three-quarters of the water was changed
every day and refilled with fresh PBSA-fortified water). Fish were exposed to PBSA
at concentrations of 1 (environmentally relevant concentration; S1), 10 and
1000 pg L~' (10 and 1000 times greater concentrations, respectively; S2 and S3)
for 21 or 42 days. The control group was kept in PBSA-free water. All concentrations
were tested in duplicate. Six fish from both aquariums with the highest tested
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concentrations were placed into PBSA-free water after 42 days and kept there for
16 days (58 days from the start of the experiment) to determine the half-life of
PBSA in the fish.

Experimental animals were handled in accordance with the national and
institutional guidelines for the protection of human subjects and animal welfare.

2.5. Fish and water sampling

Fish were sampled 24 h after feeding to reduce prandial effects. Blood samples
were collected from eight fish from each group after 21 and 42 days of exposure.
Blood samples were centrifuged (837 x g, 10 min, 4 °C) to obtain plasma samples.
Next, the fish were sacrificed, and the liver, kidney and muscle were collected and
stored at —20 °C (for PBSA analysis) or —80 °C (for microsomal preparation and for
determination of biochemical and antioxidant parameters). Plasma samples from
recovered fish were collected after 44, 51 and 58 days (from the start of the
experiment), and muscle and liver tissues were collected after 58 days. Liver and
gonad pieces from eight control and S3-group fish after 42 days of exposure were
fixed in ten percent buffered formalin for histopathological examination.

In addition, the PBSA concentrations in water sampled from each aquarium
were determined. Water samples were collected three times from each aquarium
during the experiment, after the water was changed each time (time 0) and before
the water was changed the next day each time (time 24). For the LC/LC and LC
injections, water samples were filtered (0.45 pm regenerated cellulose filters,
Labicom, Olomouc, Czech Republic) and spiked with an internal standard of 5
(control, S1 and S2 groups) or 5000 ng (S3 group) trimethoprim for each 10 mL of
sample, respectively. The method parameters are documented in Supplementary
materials 1 and 2.

2.6. Tissue extraction and LC-MS/MS PBSA determination

Liver, kidney and muscle samples were cut into small pieces. The method for
determining pharmaceuticals (Fedorova et al., in press) was modified and validated
for PBSA. Briefly, acetonitrile with 0.1 percent formic acid and the internal standard
(trimethoprim) were added to an Eppendorf-tube that contained the tissue. The
tissue was homogenized at 30,000/min for 10 min (homogenator TissueLyser II,
Quiagen, Germany) and then centrifuged at 9500 x g for 10 min (Micro 200R
centrifuge, Hettich Zentrifugen, Germany). The supernatant solution was filtered
(0.45 pm regenerated cellulose filters, Labicom, Olomouc, Czech Republic) and
allowed to evaporate overnight. Preconcentrated samples after the evaporation
were analyzed by liquid chromatography with tandem mass spectrometry (see
Supplementary material 3). Initially, the method recovery was determined from
analysis of fortified fish muscles. The average recovery for fish muscle fortified with
PBSA to a concentration of 100 ng g~ ' was 98 percent with six percent RSD. The
QA/QC samples were analyzed in duplicate with each batch of processed samples,
and process blanks, and after every fifth sample. In addition, the fortified control
samples were analyzed after every tenth sample (see results in Supplementary
material 4). The LOQs for fish samples are given in Supplementary material 4.

2.7. Liver microsome preparation and microsomal enzyme activity analysis

The microsome fraction from the liver was prepared by differential centrifuga-
tion (Li et al., 2011). The total protein concentration was determined by UV-vis
spectrophotometry using bovine serum albumin as a standard (Smith et al., 1985).
The microsomal samples were diluted to a protein content of 4 mgmL~ ",

The catalytic activities of EROD, 7-methoxyresorufin-O-deethylase (MROD),
7-penthoxyresorufin-O-deethylase (PROD) and 7-benzyloxy-4-trifluoromethylcou-
marine-O-debenzylase (BFCOD) were determined as the conversion rates of
7-ethoxyresorufin, 7-methoxyresorufin and 7-penthoxyresorufin to resorufin and
of 7-benzyloxy-4-trifluoromethylcoumarine (BFC) to 7-benzyloxyresorufin, respec-
tively (Jonsson et al., 2006; Kennedy and Jones, 1994) on a 96-well plate. Briefly,
microsomal protein mixtures, the potassium buffer (50 mM; pH 7.8) and the
substrate (8 M 7-ethoxyresorufin, 7-methoxyresorufin or 7-penthoxyresorufin,
25 uM BFC) were added to the well plate. The reaction was started by the addition
of NADPH (1.2 mM and 0.6 mM for BFCOD). Fluorescence intensity (resorufin:
excitation/emission 544/590 nm, 7-benzyloxyresorufin: excitation/emission 410/
538 nm) was measured with a microplate reader (Infinite M200, Tecan, Mannedorf,
Switzerland). Enzyme activity was expressed as pmol min~! mg .

Total cytochrome concentrations were determined according to the method of
Omura and Sato (1964) using a molar extinction coefficient of 91 cm~' mM~!

2.8. Antioxidant parameters

Antioxidant parameters, including superoxide dismutase [SOD; (Ewing and
Janero, 1995)], glutathione reductase (GR, Carlberg and Mannervik, 1975) and CAT
(Paskova et al,, 2011) were measured spectrophotometrically (Specord 210 BU,
Analytik Jena, Germany) in fish liver tissues from the control and the S3 group.
Enzymatic SOD activity was expressed as the amount of product that was produced

per min/mg protein. Enzymatic GR activity was defined as the decrease in the
amount of NADPH per min mg~' protein, and enzymatic CAT activity was defined
as the decrease in the amount of hydrogen peroxide per min mg~" protein.

2.9. Biochemical and hematological parameters

The following biochemical parameters were analyzed in fish plasma: LAC and
GLU as stress indicators, TRIG and ALT for monitoring the permeability and
integrity of cell membranes, CK as an indicator of skeletal musculature disorder
and TP as an indicator of condition. These parameters were analyzed by a VETTEST-
analyzer (Velisek and Svobodova, 2004).

The amount of leukocytes and erythrocytes, the hemoglobin concentration and
the hematocrit values were determined according to the method of Svobodova
et al. (1991).

2.10. Histology

Fixed samples were embedded in paraffin and routinely processed for histo-
logical examinations. Sections of 3 pm thickness were cut. These sections were
stained with hematoxylin-eosin (H&E) and examined by light microscopy. Histo-
pathological changes in the liver and gonads were graded as 0 (none), 1 (scattered),
2 (mild), 3 (mild to moderate), 4 (moderate), 5 (moderate to severe) or 6 (severe).

2.11. Statistical analyses

The mean + SD of the data is presented. Statistical analysis of the data was
conducted with the STATISTICA v.10 software for Windows (StatSoft, Czech
Republic). Normally distributed and homoscedastic data were assessed by a one-
way ANOVA (followed by post hoc Tukey HSD test). When data were not normally
distributed and homoscedastic, the non-parametric method (Kruskal-Wallis test)
of data analysis was used. Differences were considered statistically significant at
p<0.05.

3. Results and discussion
3.1. The presence of UV filters in surface waters

The concentration of selected UV filters was determined in
water samples from popular recreational areas in South Bohemia
in the Czech Republic (ponds, rivers and outdoor swimming
pools). As reported in Table 1, the concentrations of PBSA and
BP-3 in recreational areas were higher than those in the back-
ground localities (p < 0.05). A low concentration of BP-3 is con-
sistent with results from BP-3 determinations in sewage sludge,
where BP-3 was rarely detected but its two major degradation
products (4,4'-dihydroxybenzophenone and 4-hydroxybenzophe-
none, both endocrine disruptors) were found (Gago-Ferrero et al.,
2011). The BP-4 concentrations were not significantly different
between the recreational and background sites.

The PBSA concentration was the highest among all of the
measured UV filters (Table 1). These results differed from Spanish
data, where BP-4 and 4MBC concentrations were higher than PBSA
concentrations in surface waters (Rodil et al., 2012). The concen-
tration of PBSA was higher than the concentrations of BP-3 and BP-
4 in German surface waters (Wick et al., 2010); these results are
similar to our results obtained in the Czech Republic.

On the basis of the results, we decided to study the effects of
PBSA (as the predominant UV filter in Czech surface water) on fish.

3.2. Accumulation of PBSA in fish

To ensure that the fish were exposed to the tested concentra-
tions of PBSA, we determined the concentration of PBSA in the
aquarium water (Supplementary material 5). The measured PBSA
concentrations equaled the expected concentrations within the
measurement uncertainty (twenty percent).

UV filters EHMC and BP-3 have been detected in aquatic organ-
isms (Fent et al., 2010). However, to the best of our knowledge, the
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Table 1
Occurrence of sunscreens in surface waters during summer 2011.

Table 2
Concentration of PBSA (ng g~ ') in rainbow trout tissues.

UV filters Outdoor Recreational ~ Rivers under the  Background
swimming ponds source of localities
pools pollution
n=5 n=6 n=8 n=4
PBSA 240-13000 24-930 11-500 5.1-48
(ngL™")

BP-4 3.3-35 4.0-46 4.6-390 3.4-37
(ngL~")

BP-3 26-620 21-550 12-67 14-20
(ngL™")

PBSA, 2-phenylbenzimidazole-5-sulfonic acid; BP-4, 5-benzoyl-4-hydroxy-2-meth-
oxy-benzenesulfonic acid; BP-3, 2-hydroxy-4-methoxybenzophenone.

The concentrations of PBSA, BP-3 and BP-4 in blank samples were less than
2ngl .

Outdoor swimming pools — Vodnany (GPS 49°8'35.729'N, 14°10'32.100"E, 5000 m?,
approx. 100 persons in sampling day), Prachatice (GPS 49°0'32.184"N, 13°59'57.510"
E, 1000 m?, approx. 300 persons), Hluboka and Vitavou (GPS 49°2'59.142"N, 14°26'
41.485"E, 1500 m?, 250 persons), Small pool and big pool in Olesnik (GPS 49°6'
22.726"N, 14°22'1.839E, 2400 m°, 400 persons).

Recreational ponds — Lipno dam (GPS 48°64'13.169"N, 14°21'96.739'E, 48.7 km?),
Zahorsky pond (GPS 49°8'50.812"N, 14°7'32.627"E, 0.33 km?), Podrouzek pond (GPS
49°2'8.727°N, 14°10'50.938"E, 0.30 m?), Mydlovarsky pond (GPS 49°4'26.394"N,
14°21'30.858"E, 0.34km?), Stilec pond (GPS 49°4'26.394'N, 14°21'30.858'E,
0.12 km?), Lipno dam (GPS 48°44'22.658"N, 14°6'27.928"E, 48.7 km?).

Rivers under the source of pollution — Vltava (GPS 49°0'5.275"N, 14°27'30.080"E, flow
28 m? s, source of pollution camps and STPs along the river), Zivny stream (GPS
49°1'40.124"N, 14°0'49.704"E, 0.3 m*s ™!, STP), Vltava river (GPS 48°51'17.118"N,
14°21'54.995"E, 16 m* s~ !, camps), Bezdrevsky stream (GPS 49°3'22.920"N, 14°12'
18.956"E, 0.5m>s !, STP), Blanice (GPS 49°9'51.788"N, 14°12'9.725"E, 4m>s~ !,
STP), Vitava river (GPS 48.6573417N, 14.3646083E, 13 m*> s, camp), Vltava river
(GPS 48°55'2.617"N, 14°25'31.492"E, 20 m* s !, camps) town, Volarsky stream (GPS
48.8891694N, 13.8911939E, 0.4 m> s~ ', STP).

Background localities — pond No. 65 at model part of Faculty of Fisheries and
Protection of Waters (GPS 49°9'19.106"N, 14°10'0.324"E, 0.002 km?), Blanice (GPS
49°1'57.863"N, 13°58'27.704'E, 2 m>s~ '), Zivny river (GPS 48°5929.140"N, 14°1'
33.185E, 0.1 m® s~ '), Vitava river (48°38'13.081"N, 14°17'22.211"E, 13 m> s~ !).

literature contains no data about the fate, distribution or effects of
PBSA on exposed aquatic organisms.

The PBSA concentrations that were measured in the fish tissues
are shown in Table 2. The PBSA concentrations in the fish plasma
and tissues were near the LOQ and were highly variable for most
exposure levels and times. Even the relatively high PBSA concen-
trations that were found in the fish livers exhibited a high SD. In
addition, for tissues fortified with 100 ng of PBSA, an uncertainty
of approximately twenty percent (RSD) was found. The variability
within groups was much higher than the analytical method
uncertainty. The intragroup variability was too high for the results
to be evaluated with statistical software. More than 85 percent of
the measured tissue and plasma samples were positive in the
S3 group for both sampling days. The PBSA concentrations in more
than 50 percent of the liver samples in the S2 group were above
the LOQ on both days and in the S1 group after 42 days of
exposure. PBSA was found in the fish plasma, liver, muscle and
kidney at low concentrations whereas it was not present in
fish plasma and tissues after recovery in PBSA-free water. This
finding indicates that PBSA does not accumulate in fish but
can enter the fish and can therefore induce a response in the liver
(see Section 3.3).

3.3. Cytochrome activity in fish liver

Activities of EROD (CYP1A), MROD (CYP1A), PROD (CYP2B) and
BFCOD (CYP3A) are presented in Table 3 and in Fig. 1. The EROD,
MROD and PROD activities significantly increased in the tested
groups (relative to their activities in the control) after 21 days of
exposure to PBSA. This result indicates that environmentally

Tissues Exposure (days) Tested groups

st s2 s3
Plasma 21 0+0(0/8)  011+032 25435 (8/8)
(1/8)
42 0334064  0+0(0/8) 0.87 4 0.40 (88)
(2/8)
44 - - 040 (0/12)
51 - - 0.75+17 (3/12)
58 - - 0+0(0/12)
Liver 21 0+0(0/7)  68+12(5/7) 26+29(6/7)
42 83100 (5/8) 81+140 (4/8) 20+ 16 (8/8)
58 - - 0.085 +0.31 (1/8)
Kidney 21 0+0(0/8)  0+0(0/8) 93+ 13 (8/8)
2 0+£0(0/7)  0£0(0/7) 47 £17 (6/6)
Muscle 21 49+16(8/8) 42+14(8/8) 7.0+50(8/8)
42 22+15(6/8) 15+0.64(6/8) 2.1+13(7/8)
58 - - 0.33 £ 0.67 (3/8)

Data are average + S.D. Values in brackets are number of positive samples/number
of analyzed samples.

relevant concentrations of PBSA affect CYP activity even after 21
days of exposure. The mode of interaction causing increased
activity of CYP by PBSA is yet to be discovered. Because AhR is mainly
responsible for induction of CYP1 enzymes (Nebert et al, 2004)
investigation into interaction with intracellular receptors might be of
interest. No significant change occurred between the control and the
PBSA-treated groups after 42 days of exposure. However, in each
group, the EROD, MROD and PROD activities were higher after 42 days
of exposure than after 21 days (statistically significant increases in
MROD and EROD activities in the control, S1 and S3 groups, and in the
PROD activity in the S1 and S3 groups were observed). This general
unexpected increase including control may be explained by age
related development of metabolism. The highest observed 6-fold
increase of EROD activity compared to control does not reach the
response to the strongest AhR inducers. However, such increase
should be noticed as relevant and trigger our attention.

No statistically significant changes in BFCOD activity were
found among the control and the PBSA-treated groups for either
exposure period.

Total microsomal proteins were not significantly altered in any
of the exposed groups.

3.4. Oxidative stress in fish liver after exposure to PBSA

The anti-oxidative stress enzyme activity results are shown in
Table 4. The CAT and SOD activities were not significantly different
between the control group and the group that was exposed to the
highest concentration of PBSA (S3 group). The GR activity after 42
days of exposure to PBSA was significantly lower (p < 0.05) than the
GR activity in the control. GR catalyzes the reduction of glutathione
(from disulfide to sulfhydryl) in the presence of NADPH to maintain
its intracellular levels. This decreased activity of GR might be caused
by the impairment of the enzyme by ROS or toxic aldehydes (e.g.,
Ochi, 1990; Rousar et al,, 2010; Vessey and Lee, 1993) or by the
diminished availability of NADPH (Li et al,, 2010a).

3.5. Biochemical and hematological parameters

The biochemical parameters of the plasma from rainbow trout
that were exposed to PBSA are given in Table 5. The GLU level was
significantly higher (p < 0.05) in the S2 and S3 groups than in the
control group on both sampling days. The GLU content was
significantly higher (p <0.05) in the S1 group after 42 days of
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Table 3
Activity of CYP450 enzymes in rainbow trout liver.

Parameters Units Exposure (days) Tested groups
Control S1 S2 S3
EROD pmolmin~'mg~" 21 47+19 20 +8.5* 31+ 10 18+6.7*
42 19+ 10 40+ 17 33+13 41421
PROD pmolmin~'mg ! 21 0.49 + 0.068 0.68 +0.10* 0.79 +0.13* 0.61 +0.10%
42 0.63 +0.19 0.84+0.14 0.78 +0.18 0.86 +0.16
BFCOD pmolmin~'mg ' 21 68+9.4 57+15 67+17 57 +17
42 47455 57 +17 58+ 11 58415
total CYP uMmg ™' 21 0.10+0.019 0.14 +0.018 0.11+0.035 0.10 4 0.046
42 0.082 + 0.066 0.15+0.12 0.11+0.058 0.12 +0.049

EROD - 7-ethoxyresorufin-O-deethylase; PROD - 7-penthoxyresorufin-O-deethylase; BFCOD - 7-benzyloxy-4-trifluoromethylcoumarine-O-debenzylase; CYP — cytochromes.

Data are average +S.D., n=8.
* Significant differences (p < 0.05) in exposed group compared with the control.
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Fig. 1. Activity of 7-methoxyresorufin-O-deethylase (MROD) [pmol/min/mg]. CS - control group; S1 - concentration of PBSA 1 ug L~; S2 — concentration of PBSA 10 pg L™ 1;
S3 - concentration of PBSA 1000 ug L~ '; 21 — sampling after 21 days; 42 — sampling after 42 days. Significant differences ('p < 0.05) were observed in the tested group

compared with the control for each day of exposure.

Table 4
Activity of anti-oxidative enzymes in rainbow trout liver after 42 days of exposure.

Enzymes  Units Tested groups

Control S3
CAT umol H,0,min~'mg~"' 0.035 + 0.0055 0.041 + 0.0077
SoD nmol NBTmin~'mg~' 0.0074 +0.0021  0.0069 + 0.0012
GR nmol NADPHmin 'mg~!  0.040 + 0.010 0.027 + 0.0082*

CAT - catalase, SOD - superoxide dismutase, GR — glutathione reductase, S3 — concentra-
tion of PBSA 1000 pug L~ '. Data are mean +S.D., n=8.

* Significant differences (p <0.05) in exposed group compared with the
control.

exposure than in the control. Higher concentrations of GLU in
blood indicate metabolic stress (Portz et al., 2006). During the
entire experiment, no significant change (p > 0.05) in the TRIG
level of PBSA-treated groups occurred relative to the control. ALT
and CK in plasma are markers of environmental stress (El-Sayed
et al,, 2007; Li et al.,, 2010b). Although the CK activity increased
with increasing PBSA concentration (Table 5), the ALT activity did
not. The LAC concentration in the S3 group decreased after 42 days

relative to the control. The TP levels in the S2 and S3 groups were
higher than those in the control after 42 days of exposure.

No differences in hematological parameters occurred between
the control and PBSA-treated groups for both sampling days
(number of leukocytes and erythrocytes, hematocrit and concen-
tration of hemoglobin).

3.6. Histology

Pathological changes, which were encountered in the liver of all
of the examined groups, included mild sinusoidal congestion, mild
infiltration with lymphocytes, and plasma cells. In one control
animal, macrophages in perivascular and randomly in parenchyma
were discovered in the liver. The content of the fat vacuoles in the
hepatocytes was variable. The hepatocytes cytoplasm was mild to
moderately granulated (Supplementary material 6).

The gonads were well developed with testes that contained
germ cells up to the developmental stage of the spermatids and
with ovaries that contained germ cells up to the perinucleolar
stage of oocytes. One animal in the S3 group had a slightly higher
amount of intracytoplasmic vacuoles in the oocytes. No significant
difference between the control and the PBSA-exposed animals was
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Table 5

Biochemical parameters of blood plasma in rainbow trout affected by chronic exposure to PBSA.

Parameters Units Exposure (days) Tested groups
Control S1 S2 S3
LAC mmolL ™! 21 12+0.57 15+12 1.5+0.57 21+19
42 124031 19+12 12+046 0.67 +0.13*
GLU mmolL~! 21 25+10 41413 4.7 +0.7* 5.2+04*
42 42+06 5.6 + 0.5 6.4 +0.5* 48 +0.6
TRIG mmolL ™! 21 0.55+0.34 0.50 +0.08 0.77 +0.19 0.61+0.14
42 0.86 +0.27 11+016 0.91+0.08 0.79+0.19
ALT ULt 21 11+4.6 11+36 21+10 94+36
42 15+13 11+54 11+32 10+3.6
CK uL! 21 1230 + 549 1448 + 450 2457 +320* 2886 + 329*
42 1163 + 411 1581 +223 2384 +305* 2799 + 366*
TP gLt 21 48+79 44+24 54+6.2 57 +5.6*
42 37+41 37+5.0 47 +2.7* 50 + 3.0%

CS - control group, S1 - concentration of PBSA 1 ug L™, S2 - concentration of PBSA 10 ug L', S3 - concentration of PBSA 1000 pg L™ . Data are average + S.D., n=8.

* Significant differences (p < 0.05) in tested group compare with the control.

detected. In addition, signs of ovo-testis or degenerative changes
in the gonads were not detected.

4. Conclusions

The present study demonstrates the occurrence of three most
commonly used UV filters in surface waters. The PBSA surface water
concentrations were substantially greater than the BP-3 and BP-4
concentrations in South Bohemia. A chronic toxicity test with PBSA
followed the pilot screening of UV filters in surface waters. Even if
the accumulation of PBSA in fish tissues was not confirmed in the
aquarium experiment, we did find low concentrations of PBSA in the
plasma, liver and kidney of fish exposed to all of the tested
concentrations of PBSA, including the environmentally relevant
concentration.

The interaction of PBSA with intracellular receptors should be
expected, as indicated by the elevated activities of CYP1A and
CYP2B. Therefore, studies on the interaction of PBSA with AhR are
necessary. PBSA could also cause oxidative stress in fish, as
indicated by decreased activity of GR. Moreover, PBSA affected
the concentrations of several biochemical parameters in the blood
plasma (LAC, GLU, CK, and TP). No adverse effects on histologically
studied tissues were observed. In conclusion, the present data
show that environmentally relevant PBSA concentrations might
influence the biological processes of exposed organisms.
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« Antidepressants bioconcentrated in tissues of fish exposed to sewage effluent.

« Higher levels were found in brain and liver compared with muscle and blood plasma.
« Concentrations in brain were not far from mammalian therapeutic concentrations.

« Target-related effects on fish in effluent-dominated streams cannot be excluded.

« For some antidepressants, brain concentrations are valuable for assessing risk.
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Tissue-specific bioconcentration of selected antidepressants was studied in rainbow trout (Oncorhynchus mykiss)
exposed to undiluted effluent from a Swedish municipal sewage treatment plant for 13 days. Citalopram,
sertraline and venlafaxine were found in the brains and livers of most fish, but not in blood plasma or muscle.
Venlafaxine was the only drug found in plasma (3/20 fish). Fluoxetine was not detected in any fish tissue, in
accordance with a low concentration in the effluent and a comparably high limit of quantification in tissues.
Concentrations of citalopram, sertraline and venlafaxine in fish brain were up to 1/12, 1/8 and 1/26, respectively,
of the lowest concentrations found in the brains of mammals treated with therapeutic doses. Thus, given co-

Keywords: exposure to several antidepressants and an assumed similar potency in fish, the margin of safety for target-
Selective serotonin reuptake inhibitors related effects in fish residing in effluent-dominated streams is relatively low. Furthermore, the non-detectable
Caged fish levels of these drugs in blood plasma suggest that analyses of concentrations in target tissues (brain) would be
Rainbow trout more informative in field studies and other studies with environmentally realistic exposure concentrations.
Liver © 2014 Elsevier B.V. All rights reserved.
Brain

Venlafaxine

1. Introduction ingredients (APIs) and/or their metabolites are excreted, reach munici-

Pharmaceuticals form a diverse group of chemicals used in large
quantities around the world. In contrast to the majority of chemicals
used in society, pharmaceuticals are designed or selected to cause a
biological effect in humans. After use, the active pharmaceutical

Abbreviations: APIs, active pharmaceutical ingredients; CIT, citalopram; CR, concentra-
tion ratio; FLU, fluoxetine; SSRIs, selective serotonin reuptake inhibitors; SNRIs, serotonin—
norepinephrine reuptake inhibitors; SER, sertraline; VEN, venlafaxine; STP, municipal
sewage treatment plant.

* Corresponding author. Faculty of Fisheries and Protection of Waters, Zatisi 728/11, 389
25 Vodnany, Czech Republic. Tel.: +420 387774734.
E-mail address: grabicova@frov.jcu.cz (K. Grabicova).
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0048-9697/© 2014 Elsevier B.V. All rights reserved.

pal wastewaters and enter municipal sewage treatment plants (STPs)
(Du et al., 2014; Halling-Sorensen et al., 1998; Verlicchi et al., 2012).
STPs are not specifically designed to remove these substances during
the treatment processes; hence, some pharmaceuticals end up in the
environment and there will have the potential to affect non-target
aquatic organisms (Heberer, 2002; Huerta et al., 2012; Hughes et al.,
2013; Kidd et al., 2007; Petrovic et al., 2003; Santos et al., 2010;
Verlicchi et al., 2012).

Pharmaceuticals can be divided into many groups according to their
intended effect. A group that has lately received much attention due to
risks for aquatic wildlife is antidepressants (Brodin et al., 2013;
Lajeunesse et al., 2011). This group includes monoamine reuptake

-45 -



Chapter 3

K. Grabicova et al. / Science of the Total Environment 488-489 (2014) 46-50 47

inhibitors, e.g. selective serotonin reuptake inhibitors (SSRIs), such as
citalopram (CIT), fluoxetine (FLU) and sertraline (SER), and seroto-
nin-norepinephrine reuptake inhibitors (SNRIs), such as venlafaxine
(VEN).

Antidepressants are designed to treat depression, obsessive-—
compulsive disorder, panic disorder, etc., and the metabolic and
pharmacokinetic properties of antidepressants have been presented in
several publications (Aryal et al., 2012; DeVane, 1999; Hiemke and
Hartter, 2000). According to these publications, CIT metabolizes to N-
demethylcitalopram and N,N-didemethylcitalopram, which are much
less active SSRIs than the parent compound. FLU metabolizes to
norfluoxetin, which retains the SSRI activity. SER metabolizes mainly
to desmethylsertraline, which has insignificant SSRI activity, and VEN
metabolizes to O-desmethylvenlafaxine with the same SNRI potency
as the parent compound. The mechanism of action includes blocking
monoamine reuptake in the presynaptic cells, which leads to an in-
crease in the concentration of serotonin and/or norepinephrine within
the synapses (Fent et al,, 2006). The chemical properties and occurrence
of selected antidepressants in the environment are given in Table 1. The
“critical environmental concentration” (CEC) for each drug is also
indicated. This is the concentration in water that, based on the lipo-
philicity of the drug, is expected to result in a concentration in the fish
blood similar to the human therapeutic blood plasma concentration
(Fick et al, 2010).

Antidepressants in wastewater often degrade during the treatment
processes in STPs (Vasskog et al., 2006), but residues are still detected
in the STP effluent and in the aquatic environment at levels ranging
from nanograms to lower micrograms per liter (Grabic et al., 2012;
Schultzt and Furlong, 2008). There are reports suggesting that very
low concentrations of SSRIs/SNRIs can affect biological processes, ner-
vous and hormonal systems, reproduction and/or the behavior of fish
and other aquatic organisms (Corcoran et al., 2010; de Lange et al.,
2006; Henry et al.,, 2004; Valenti et al., 2012). Studies are however still
scattered and more work is needed to define which water concentra-
tions are required to cause biological effects in aquatic organisms.
SSRIs can also decrease the Na/K-ATPase activity in the brain which
has been proposed to be used as a biomarker for SSRIs (Lajeunesse
etal,2011).

There are many streams contaminated by municipal effluents where
aquatic organisms are exposed to various xenobiotics, including antide-
pressants. Some antidepressants have been shown to accumulate in chan-
nel catfish (Ictalurus punctatus), black cappie (Pomoxis nigromaculatus),
bluegill (Lepomis macrochirus), largemouth bass (Micropterus salmoides),
common carp (Cyprinus carpio), white sucker (Catostomus commersoni),
brown trout (Salmo trutta) or bull sharks (Carcharhinus leucas) (Brooks
et al,, 2005; Du et al, 2012; Gelsleichter and Szabo, 2013; Ramirez et al.,
2007, 2009; Schultz et al., 2010) that live in effluent-dominated streams
or estuaries, or in long-term tests where brook trout (Salvelinus fontinalis)
were exposed to STP effluent (Lajeunesse et al., 2011). In some contrast to
the results of the above-mentioned experiments, no bioconcentration or
effects on fish behavior were observed during short-term aquaria tests

Table 1

with CIT (Holmberg et al.,, 2011). Similarly, no bioconcentration of SSRIs
was found in fish from ponds receiving reclaimed wastewater (Wang
and Gardinali, 2012) and in fathead minnow caged 10 m downstream
the STP effluent (Metcalfe et al., 2010). The aim of this study was to
describe the tissue-specific bioconcentration of SSRIs and venlafaxine in
fish (rainbow trout) exposed to treated sewage effluent from a modern
STP, thus containing concentrations of antidepressants and other un-
known chemicals that would be realistic for an effluent-dominated
stream. A comparison between tissue levels in fish and corresponding
levels in humans taking the corresponding drug would allow a prelimi-
nary assessment of risk.

2. Material and methods
2.1. Chemicals

Liquid chromatography mass spectrometry (LC/MS) grade acetoni-
trile and methanol were obtained from Merck (Darmstadt, Germany).
Formic acid (LC/MS grade) was obtained from Sigma-Aldrich (Steinheim,
Germany). Internal standard stock solutions were prepared in methanol
from mass-labeled compounds amitriptyline (Dg, CDN Isotopes, Canada)
and trimethoprim (*C3, Cambridge Isotope Laboratories, USA). Stock so-
lutions of citalopram hydrobromide (Sigma-Aldrich; no purity was stat-
ed), fluoxetine hydrochloride (Sigma-Aldrich; purity > 98%), sertraline
hydrochloride (Sigma-Aldrich; purity > 98%) and venlafaxine hydrochlo-
ride (Sigma-Aldrich; purity > 98%) were prepared by dissolving the
analytes in methanol.

2.2. Analytical system

A triple-stage quadrupole MS/MS TSQ Quantum Ultra EMR (Thermo
Fisher Scientific, San Jose, CA, USA) coupled with an Accela LC pump
(Thermo Fisher Scientific, San Jose, CA, USA) and a PAL HTC autosampler
(CTC Analytics AG, Zwingen, Switzerland) operated using Xcalibur soft-
ware (Thermo Fisher Scientific, San Jose, CA, USA) was used for the anal-
ysis of the fish tissue extracts and water. A detailed description of the
method is given in Grabic et al. (2012).

2.3. Fish exposure experiment and sampling

Juvenile rainbow trout (Oncorhynchus mykiss) were purchased from
Antens fiskodling AB, Alingsas, Sweden and acclimated to laboratory
condition in aquaria with tap water at the Zoology Department, Univer-
sity of Gothenburg. The size of the fish ranged from 213 to 266 mm
(total length) and 100 to 170 g (body weight). On the 19th of November
20009, the fish were transferred to the municipal STP of Gothenburg
(Ryaverket), the second largest STP in Sweden. Here, the fish were ex-
posed to final, treated effluent in an aerated 500-L tank with a flow
rate of 7-10 L min ~' and a temperature of 11.7-13.3 °C. Oxygen satura-
tion in the aquaria was always above 80% (8.2 mg L~ and above) and
the pH was approximately 7.5. Other, routine water quality parameters

Characteristics of the investigated antidepressants, including lipophilicity (log K,), elimination half-life in humans, critical effect concentrations (CEC) in surface water and previously
measured concentrations in the treated effluent from a range of Swedish municipal sewage treatment works.

Citalopram Sertraline Venlafaxine Fluoxetine
Log Kow 3747 529%29" 328°05" 405
Elimination half-life [h] 33(23-45)¢ 26 (22-36) © 24 45 (24-144) ©
CEC[ngL™']¢ 141 51 6112 489
Concentration in effluent from small sewage treatment plants in Sweden [ng L~] 38-116 16-18 155-326 <LOQ-6.6

2 Data from http://chem.sis.nlm.nih.gov/chemidplus/chemidheavy.jsp (accessed on 21st January 2014).

b Data from www.fass.se (accessed 21st January 2014).

¢ Data from DeVane (1999).

¢ Data from Aryal et al. (2012).
€ Data from Fick et al. (2010).

! Data from Grabic et al. (2012).
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were measured in the effluent by the treatment plant company
(GRYAAB; Supplementary material). The fish were not fed during the
experiment as rainbow trout of this size cope very well with food
deprivation for several weeks at these temperatures (Kullgren et al.,
2010, 2013). Food deprivation is expected to reduce differences
between experimental individuals due to differences in food intake,
which otherwise are common in captive rainbow trout.

The fish at Ryaverket were sampled after 13 day exposure on the
2nd of December. In total 20 fish were killed by a blow to the head,
and blood samples were collected and centrifuged (Eppendorf centri-
fuge, 837 xg, 10 min, 4 °C) to obtain plasma. Part of the liver, muscle
from the dorsal part of the fillet in the middle of the fish and the entire
brain of each fish were collected and stored at — 80 °C until the analysis.
A pre-exposure control group was sampled in a similar manner at the
Zoology Department just before the experiment (n = 10). All fish
were handled in accordance with the national and institutional guide-
lines for the protection of animal welfare with ethical pre-approval
given to DGJ Larsson.

24. Tissue extraction and LC-MS/MS determination of SSRIs

Extracts from the fish plasma and tissues were prepared as detailed
elsewhere (Fedorova et al., 2014). Briefly, the liver, muscle and brain
samples were cut into small pieces, half gram of tissue was weighted,
and 1 mL of acetonitrile with 0.1% formic acid and 50 ng of the internal
standards were added into an Eppendorf-tube containing the tissue. The
tissue was homogenized using a mini-beadbeater twice for 5 min with
the speed set to 46 (mini-beadbeaterTM, biospec products, Techtum
Lab, AB, SE) and, then centrifuged at 16,000 xg for 10 min (Eppendorf
centrifuge 5415C). The supernatant solution was frozen at —20 °C for
24 h. Later, the thawed supernatant was evaporated under nitrogen
stream at room temperature to a volume of approximately 200 pL. The
plasma samples were prepared in a similar way but without the homog-
enization in the mini-beadbeater. The extracts were diluted in water/
methanol (50/50—v/v) at a 1:1 ratio prior to analysis. The extracts
were analyzed using liquid chromatography with tandem mass spec-
trometry (LC-MS/MS) according to Grabic et al. (2012) and quantified
with the matrix matching standard approach. The method was validat-
ed on control fish samples fortified with native compounds. The QA/QC
samples, including duplicates, process blanks and fortified samples,
were analyzed with each batch of processed samples. The limits of
quantification (LOQs) for the fish samples are given in Table 2. Due to
different sample amounts taken for extraction and differences in final

Table 2

Concentrations [ng g '] of selected antidepressants in liver, brain, plasma and muscle of
rainbow trout exposed to treated effluent from a Swedish sewage treatment works for
13 days, and in tissues from pre-exposure control fish.

Antidepressant Control fish Exposed fish LoQ[ng g7 ']
Liver Citalopram *(0/10) 12 + 5(18/20) 09-2.8
Fluoxetine *(0/10) *(0/20) 1.0-64
Sertraline *(0/10) 45 4+ 32(8/20) 1.0-52
Venlafaxine *(0/10) 21 + 11(20/20) 10-34
Brain Citalopram *(0/10) 22+ 1.3 (11/20) 1.0-20
Fluoxetine *(0/10) *(0/20) 0.5-14
Sertraline *(0/10) 94 +38(1320) 1.0-80
Venlafaxine *(0/10) 3.1+ 14(1720) 09-18
Plasma Citalopram *(0/10) *(0/20) 14-24
Fluoxetine *(0/10) *(0/20) 03-34
Sertraline *(0/10) *(0/20) 13-56
Venlafaxine *(0/10) 26 + 0.3 (3/20) 13-29
Muscle Citalopram *(0/10) *(0/20) 14-24
Fluoxetine *(0/10) *(0/20) 03-34
Sertraline *(0/10) *(0/20) 13-56
Venlafaxine *(0/10) *(0/20) 13-29

Data are mean + S.D. Values in brackets are number of positive samples
(values > LOQ) / number of analyzed samples. LOQ—limit of quantification. *—all values
were below the LOQ.

volume, the LOQs are reported as a range—minimal to maximal value.
The average recoveries for the fish liver fortified with CIT, FLU, SER
and VEN to a concentration of 50 ng g~ were 76% (with 5% RSD),
115% (with 40% RSD), 73% (with 1% RSD) and 78% (with 8% RSD),
respectively. The average recoveries for fish muscle fortified with CIT,
FLU, SER and VEN to a concentration of 50 ng g ! were 166% (with 6%
RSD), 50% (with 2% RSD), 136% (with 11% RSD) and 153% (with 5%
RSD), respectively. The average recoveries for fish plasma fortified
with CIT, FLU, SER and VEN to a concentration of 25 ng mL~! were
107% (with 7% RSD), 120% (with 16% RSD), 112% (with 4% RSD) and
116% (with 5% RSD), respectively. Due to an insufficient amount of
brain tissue, the recovery could not be measured in sampled fish. The
trueness (recovery) of the method for brain was calculated from
fortified brain samples of farmed rainbow trout. The average recoveries
for fish brain fortified with CIT, SER and VEN to a concentration of 75 ng
g~ were 92% (with 14% RSD), 81% (with 21% RSD) and 97% (with 15%
RSD), respectively.

2.5. Water sampling and analysis

Composite 24 hour effluent flow-proportional samples were collect-
ed during the entire experiment period. The concentrations of the target
pharmaceuticals in the samples were determined using the LC-MS/MS
method after offline SPE extraction (Grabic et al., 2012). Briefly,
100 mL of water samples was filtered through a 0.45 pm membrane
filter (MF, Millipore, Sundbyberg, Sweden) and acidified to pH 3 using
sulfuric acid. The internal standards were added to each sample and
the solid phase extraction of samples was carried out with Oasis HLB
(200 mg) cartridges. Methanol eluate was evaporated under a nitrogen
stream to a volume of ca 20 pL and finally reconstituted in 1 mL of 5%
acetonitrile in water.

2.6. Statistical analysis

Statistical analysis of the data of hepatosomatic index and Fulton's
condition factor between pre-exposure controls and exposed fish was
conducted with the STATISTICA v.10 software for Windows (StatSoft,
Czech Republic). Normally distributed and homoscedastic data (as
assessed by Cochran, Hartley and Barlett tests) were analyzed for differ-
ences in means using a t-test for independent samples. Differences were
considered statistically significant at a p < 0.05.

3. Results and discussion

The calculated hepatosomatic index and Fulton's condition factor
showed no statistically significant differences between the pre-
exposure controls and the exposed fish. This suggests that the relatively
short period of 13 days without feeding had no marked effect on the
general physiology of the fish, as expected.

No antidepressants were detected in any of the pre-exposure control
fish (Table 2). As no food was given to the experimental fish, this
indicates that any antidepressants found in exposed fish have been
taken up directly from the treated effluent.

The concentrations of antidepressants in the liver, brain, plasma and
muscle of the fish exposed to the STP effluent are given in Table 2. The
concentrations of FLU in all fish tissue samples were below the LOQ.
This result agrees with the study by Lajeunesse et al. (2011), given
their observed bioconcentration factor (BCF; i.e. the ration between
body or tissue concentration and the concentration in the surrounding
water), the low effluent concentration of FLU in the present study (18
+ 4ngL~") and our LOQs for FLU in different tissues. The concentration
of CIT and VEN observed in the exposed fish tissue were higher in liver
than in brain, whereas the situation was opposite for SER. A similar
pattern has previously been observed for SER in several fish species
(bluegill-L. macrochirus, channel catfish—I punctatus and black
crappie—P. nigromaculatus) residing in municipal effluent-dominated
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stream (Brooks et al., 2005). The previously published concentrations of
SSRIs in brook trout exposed to 20% effluent for 3 months (Lajeunesse
et al, 2011) agree with these results for CIT and VEN, but for SER, liver
concentrations in brook trout were slightly higher than those found in
the brain. The concentration of antidepressants in rainbow trout plasma
and muscles was below LOQ in all samples (for CIT, FLU and SER) or in
more than 80% of individuals (for VEN in plasma).

Based on the water concentration and concentrations in the tissues,
the tissue-specific BCFs for the different tissues were estimated
(Table 3). The BCFs in the brain (Table 3), the most lipid-rich tissue
investigated, correspond rather well to the difference in log Ko, of CIT,
VEN and SER, respectively (Table 1); the antidepressant with the
highest BCF (SER) also has a rather high log K, while CIT and VEN
that have lower but similar log Ko, also have lower and similar brain
BCFs. This could imply that a simple physic-chemical partitioning is a
one driving force of the BCFs of the investigated antidepressants in the
brain. The observed BCFs in the brain agree surprisingly well with the
values estimated by Lajeunesse et al. (2011) for CIT, VEN and SER,
despite several differences in experimental setup, including that differ-
ent species were studied. In the liver, BCF data for CIT also agree well
whereas the BCF for VEN is higher and lower for SER, in our study.
Indeed, these relatively minor differences could be due to differences
in experimental design; for example we exposed fish for a shorter
time while, in the above-cited work, the fish were exposed to diluted
effluent for 3 months (fish feeding is assumed as it is not given in the
article). The liver enzyme activity might be different for the fed and
unfed fish, which could lead to different drug concentrations in
the liver samples. It should be stressed that we did not analyze
desmethylsertraline, the common primary degradation product of SER.

Huggett et al. (2003) presented a hypothesis that because phar-
maceuticals are designed to act on specific mammalian targets, they
may have effects in non-target organisms at similar plasma concentra-
tions. This “Read-Across Hypothesis”, which was recently evaluated
(Christen et al., 2010; Rand-Weaver et al., 2013), is based on the as-
sumption that drug targets are conserved, which has been shown to
be the case for the majority of targets in fish, including those of SSRIs
and venlafaxine (Gunnarsson et al., 2008). This hypothesis makes it
possible to estimate the probability of a pharmacological effect in
exposed biota, primarily teleost fish, using a direct comparison of
blood plasma levels between species.

In the present study, VEN was found in three out of the 20 exposed
fish with an average plasma level of 2.6 + 0.3 ng mL~". To our best
knowledge, this is the first analyses of blood plasma concentrations
of VEN in fish. The human therapeutic plasma concentration is
200 ng mL ™! (Schultz and Schmoldt, 2003), which gives a concentra-
tion ratio (CR; human therapeutic plasma concentration divided by
the plasma concentration in the fish) of 77, only including the three
samples where VEN was detectable. This means that these three ex-
posed fish had plasma concentrations that were 77 times lower than

Table 3

Concentration of selected antidepressants in the treated effluent from a Swedish
municipal sewage treatment works, and estimated bioconcentration factors (BCFs) from
water to different tissues of rainbow trout exposed to the same effluent for 13 days.

Concentration in effluent BCF

[ngL™"] LOQ[ngL~'] Liver Brain Plasma  Muscle
Citalopram 260 + 60 5.0 47 9 <7 <7
Fluoxetine 18+ 4 50 <337 <51 <84 <84
Sertraline 53+16 10 85 180 <38 <38
Venlafaxine 330 =+ 20 0.50 63 9 8 <6

Data of concentration in effluent are mean + S.D., n = 14.

BCF = concentration in tissue [ng g' ~]/concentration in effluent [ng L~'] x 1000.

The average BCFs were calculated only from the samples where the antidepressant was
detectable (see Table 2).

For tissues where the analyte was not detected in any fish, the BCFs are indicated as
smaller than a number based on the concentration found in the effluent and the average
LOQ for that specific tissue.

the level that has a pharmacological effect in humans. For the other 17
fish the difference was even larger (154-77 times), based on measured
water concentration and the LOQ of VEN in plasma.

CIT and SER could not be detected in plasma at exposure concentra-
tions expected in an effluent-dominated stream. Hence, especially for
field studies, but also for lab-based studies with environmentally realis-
tic exposure concentrations, it can be difficult to assess risk based on
plasma levels unless analytical detection methods are more sensitive.
In contrast to the difficulties of detecting the antidepressants in plasma,
CIT, SER and also VEN were easily detected in the target organ, the brain,
of the fish. Given that therapeutic brain concentrations are known in
mammals, we propose that it would be possible to assess risks for phar-
macological interactions in fish a similar manner as with blood plasma.
In fact, one can argue that comparing brain concentrations rather than
plasma concentrations would be involving less assumptions as concen-
trations closer to the targets are compared.

Comparing levels of CIT and SER in fish brain tissue (2.2 4 1.3 and
9.4 + 3.8 ng g~ !, respectively) with the corresponding human concen-
trations that are in the range of 27 to 251 ng g~ for CIT (Wille et al.,
2009) and 80 to 5150 ng g~ for SER (Lewis et al., 2013) gives the
worst case CR (calculated on the lowest human concentration) of 12
for CIT and 8.5 for SER. The estimated CRs show that CIT and SER can
reach levels in the target organs (brain) of fish not far from those
known to cause effects in humans, while concentrations remain unde-
tectable or only occasionally detectable in fish blood and muscle tissue.
We have not found any human studies that include measurement of
brain tissue concentrations of VEN, but there are corresponding studies
in rats given doses leading to measurable effects (Unceta et al., 2010;
Wikell et al., 2001). Comparing levels of VEN in fish brain tissue (3.1
+ 1.4 ng g~ ') with the corresponding rat concentrations that are in
the range of 82 to 180 ng g ! (Unceta et al., 2010; Wikell et al., 2001)
gives a worst case CR (calculated on the lowest concentration in rat
brain) of 26 for VEN.

For SER and CIT, the relations between brain and blood concentra-
tions have been measured in humans. The distribution coefficients of
SER, expressed as the brain/blood ratio, have been measured in the
range of 17 to 22 (Lewis et al., 2013; Wille et al.,, 2009) and 7 for CIT
(Wille et al., 2009). As we were not able to detect SER and CIT in plasma
and as the study by Lajeunesse et al. (2011) did not include plasma anal-
yses, we cannot confirm if there is a similar distribution coefficient in
fish. Relations between brain and blood concentrations of VEN have
been made in rat based studies and the brain/blood ratio of VEN was
in the range 2.1-2.4 (Unceta et al., 2010; Wikell et al., 2001), which is
quite similar to the observed brain/blood ratio of 1.2 of VEN, in this
study, based on the three fish that had detectable VEN in plasma, i.e. it
might be a slight underestimate of the true average ratio.

The concentrations of antidepressants in pooled muscle sample or
whole body homogenates of wild fish are indeed often found below
the LOQ (Brooks et al., 2005; Wang and Gardinali, 2012), even though
the concentration in the target organ (brain) can be considerably
higher. Similarly, we show that plasma levels may also be below the
LOQ. We therefore propose that analyses of the brain levels of the
investigated antidepressants, rather than blood plasma or whole body
homogenates, would allow a more straightforward comparison to levels
that have been shown to have pharmacological effects in mammals, and
hence to assess risk or to identify compound of concern for future
research. Having said this, we acknowledge the uncertainty that regard-
less what tissue levels that constitute the foundation for read-across,
availability of the drug on the micro-scale at the target can be influenced
by several unknown factors, such as binding to lipids or proteins.

4. Conclusions
This study confirms bioconcentration of three commonly used anti-

depressants in fish. Through a comparison of concentrations in different
tissues, we propose that analyses of concentrations in the target organ
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(brain) are most informative. The margins of safety compared to brain
levels found in humans taking medication were relatively low. In the
wild, fish are simultaneously co-exposed to several antidepressants
acting through similar mechanisms. The investigated drugs tend to
accumulate in the brain of the fish. As one would assume they would
act additively, we therefore believe that there is concern for potentially
disturbed monoaminergic signaling in the brain of fish residing in
effluent-dominated streams. More research on the potential mixture
effects of antidepressants at environmentally relevant concentrations
is thus warranted.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.04.052.

Conflict of interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This study was supported by the Foundation for Strategic Environ-
mental Research (MISTRA), CENAKVA CZ.1.05/2.1.00/01.0024 project,
the LO1205 project with financial support from the MEYS of the CR
under the NPU I program, the Grant agency of the Czech Republic
P503/11/1130 and the Swedish Research Council VR. We thank Jari
Parkkonen for assistance with fish exposure, Professor Lars Forlin for
valuable comments and Elsevier Language Editing for their editing
services.

References

Aryal B, Aryal D, Kim EJ, Kim HG. Pharmacokinetics of venlafaxine and its major metabo-
lite o-desmethylvenlafaxine in freely moving mice using automated dosing/sampling
system. Indian ] Pharmacol 2012;44:20-5.

Brodin T, Fick J, Jonsson M, Klaminder J. Dilute concentrations of a psychiatric drug alter
behavior of fish from natural populations. Science 2013;339:814-5.

Brooks BW, Chambliss CK, Stanley JK, Ramirez A, Banks KE, Johnson RD, et al. Determina-
tion of select antidepressants in fish from an effluent-dominated stream. Environ
Toxicol Chem 2005;24:464-9.

Christen V, Hickmann S, Rechenberg B, Fent K. Highly active human pharmaceuticals in
aquatic systems: a concept for their identification based on their active mode of ac-
tion. Aquat Toxicol 2010;96:167-81.

Corcoran J, Winter MJ, Tyler CR. Pharmaceuticals in the aquatic environment: a critical re-
view of the evidence for health effects in fish. Crit Rev Toxicol 2010;40:287-304.

De Lange HJ, Noordoven W, Murk A, Lurling M, Peeters ETHM. Behavioural responses of
Gammarus pulex (Crustacea, Amphipoda) to low concentrations of pharmaceuticals.
Aquat Toxicol 2006;78:209-16.

DeVane CL. Metabolism and pharmacokinetics of selective serotonin reuptake inhibitors.
Cell Mol Neurobiol 1999;19:443-66.

Du B, Perez-Hurtado P, Brooks BW, Chambliss CK. Evaluation of an isotope dilution liquid
chromatography tandem mass spectrometry method for pharmaceuticals in fish. |
Chromatogr A 2012;1253:177-83.

Du B, Price AE, Scott WC, Kristofco LA, Ramirez AJ, Chambliss CK, et al. Comparison of con-
taminants of emerging concern removal, discharge, and water quality hazards among
centralized and on-site wastewater treatment system effluents receiving common
wastewater influent. Sci Total Environ 2014;466-467:976-84.

Fedorova G, Nebesky V, Randak T, Grabic R. Simultaneous determination of 32 antibiotics
in aquaculture products using LC-MS/MS. Chem Pap 2014;68:29-36.

Fent K, Weston AA, Caminada D. Ecotoxicology of human pharmaceuticals. Aquat Toxicol
2006;76:122-59.

Fick J, Lindberg RH, Tysklind M, Larsson DG]J. Predicted critical environmental concentra-
tions for 500 pharmaceuticals. Regul Toxicol Pharmacol 2010;58:516-23.

Gelsleichter J, Szabo NJ. Uptake of human pharmaceuticals in bull sharks (Carcharhinus
leucas) inhabiting a wastewater-impacted river. Sci Total Environ 2013;456:196-201.

Grabic R, Fick ], Lindberg RH, Fedorova G, Tysklind M. Multi-residue method for trace level
determination of pharmaceuticals in environmental samples using liquid chromatog-
raphy coupled to triple quadrupole mass spectrometry. Talanta 2012;100:183-95.

Gunnarsson L, Jauhiainen A, Kristiansson E, Nerman O, Larsson DGJ. Evolutionary conser-
vation of human drug targets in organisms used for environmental risk assessments.
Environ Sci Technol 2008;42:5807-13.

Halling-Sorensen B, Nors Nielsen S, Lanzky PF, Ingerslev F, Holten Lutzheft HC, Jorgensen
SE. Occurrence, fate and effects of pharmaceutical substances in the environment—a
review. Chemosphere 1998;36:357-93.

Heberer T. Occurrence, fate, and removal of pharmaceutical residues in the aquatic envi-
ronment: a review of recent research data. Toxicol Lett 2002;131:5-17.

Henry TB, Kwon JW, Armbrust KL, Black MC. Acute and chronic toxicity of five selective
serotonine reuptake inhibitors in Ceriodaphnia dubia. Environ Toxicol Chem 2004;
23:2229-33.

Hiemke C, Hartter S. Pharmacokinetics of selective serotonin reuptake inhibitors.
Pharmacol Ther 2000;85:11-28.

Holmberg A, Fogel ], Albertsson E, Fick ], Brown JN, Paxeus N, et al. Does waterborne
citalopram affect the aggressive and sexual behaviour of rainbow trout and guppy?
J Hazard Mater 2011;187:596-9.

Huerta B, Rodriguez-Mozaz S, Barcelo D. Pharmaceuticals in biota in the aquatic environ-
ment: analytical methods and environmental implications. Anal Bioanal Chem 2012;
404:2611-24.

Huggett DB, Cook JC, Ericson JF, Williams RT. A theoretical model for utilizing mammalian
pharmacology and safety data to prioritize potential impacts of human pharmaceuti-
cals to fish. Hum Ecol Risk Assess 2003;9:1789-99.

Hughes SR, Kay P, Brown LE. Global synthesis and critical evaluation of pharmaceutical
data sets collected from river systems. Environ Sci Technol 2013;47:661-77.

Kidd KA, Blanchfield PJ, Mills KH, Palace VP, Evans RE, Lazorchak JM, et al. Collapse of a
fish population after exposure to a synthetic estrogen. Proc Natl Acad Sci U S A
2007;104:8897-901.

Kullgren A, Samuelsson L, Larsson DGJ, Bjornsson Th, Jénsson Bergman E. A metabolomics
approach to elucidate effects of food deprivation in juvenile rainbow trout (Onco-
rhynchus mykiss). Am ] Physiol Regul Integr Comp Physiol 2010;299:R1440-8.

Kullgren A, Jutfelt F, Fontanillas R, Sundell K, Samuelsson LM, Wiklander K, et al. The im-
pact of temperature on the metabolome and endocrine metabolic signaling in Atlan-
tic salmon (Salmo salar). Comp Biochem Physiol A Mol Integr Physiol 2013;164:
44-53.

Lajeunesse A, Gagnon C, Gagne F, Louis S, Cejka P, Sauve S. Distribution of antidepressants
and their metabolites in brook trout exposed to municipal wastewaters before and
after ozone treatment—evidence of biological effects. Chemosphere 2011;83:564-71.

Lewis RJ, Angier MK, Williamson KS, Johnson RD. Analysis of sertraline in postmortem
fluids and tissues in 11 aviation accident victims. ] Anal Toxicol 2013;37:208-16.

Metcalfe CD, Chu S, Judt C, Li H, Oakes KD, Servos MR, et al. Antidepressants and their me-
tabolites in municipal wastewater, and downstream exposure in an urban watershed.
Environ Toxicol Chem 2010;29:79-89.

Petrovic M, Gonzalez S, Barcelo D. Analysis and removal of emerging contaminants in
wastewater and drinking water. Trac Trends Anal Chem 2003;22:685-96.

Ramirez AJ, Mottaleb MA, Brooks BW, Chambliss CK. Analysis of pharmaceuticals in fish
using liquid chromatography-tandem mass spectrometry. Anal Chem 2007;79:
3155-63.

Ramirez AJ, Brain RA, Usenko S, Mottaleb MA, O'Donnell ]G, Stahl LL, et al. Occurrence of
pharmaceuticals and personal care products in fish: results of a national pilot study in
the United States. Environ Toxicol Chem 2009;28:2587-97.

Rand-Weaver M, Margiotta-Casaluci L, Patel A, Panter GH, Owen SF, Sumpter JP. The read-
across hypothesis and environmental risk assessment of pharmaceuticals. Environ Sci
Technol 2013;47:11384-95.

Santos L, Araujo AN, Fachini A, Pena A, Delerue-Matos C, Montenegro M. Ecotoxicological
aspects related to the presence of pharmaceuticals in the aquatic environment. | Haz-
ard Mater 2010;175:45-95.

Schultz M, Schmoldt A. Therapeutic and toxic blood concentrations of more than 800
drugs and other xenobiotics. Pharmazie 2003;58:447-74.

Schultz MM, Furlong ET, Kolpin DW, Werner SL, Schoenfuss HL, Barber LB, et al. Antide-
pressant pharmaceuticals in two US effluent-impacted streams: occurrence and fate
in water and sediment, and selective uptake in fish neural tissue. Environ Sci Technol
2010;44:1918-25.

Schultzt MM, Furlong ET. Trace analysis of antidepressant pharmaceuticals and their se-
lect degradates in aquatic matrixes by LC/ESI/MS/MS. Anal Chem 2008;80:1756-62.

Unceta N, Ugarte A, Sanchez A, Gomez-Caballero A, Aranzazu Goicolea M, Barrio R]. Devel-
opment of a stir bar sorptive extraction based HPLC-FLD method for the quantifica-
tion of serotonin reuptake inhibitors in plasma, urine and brain tissue samples. |
Pharm Biomed Anal 2010;51:178-85.

Valenti TW, Gould GG, Berninger JP, Connors KA, Keele NB, Prosser KN, et al. Human ther-
apeutic plasma levels of the selective serotonin reuptake inhibitor (SSRI) sertraline
decrease serotonin reuptake transporter binding and shelter-seeking behavior in
adult male fathead minnows. Environ Sci Technol 2012;46:2427-35.

Vasskog T, Berger U, Samuelsen PJ, Kallenborn R, Jensen E. Selective serotonin reuptake
inhibitors in sewage influents and effluents from Tromso, Norway. ] Chromatogr A
2006;1115:187-95.

Verlicchi P, Al Aukidy M, Zambello E. Occurrence of pharmaceutical compounds in urban
wastewater: removal, mass load and environmental risk after a secondary treatment
—a review. Sci Total Environ 2012;429:123-55.

Wang J, Gardinali PR. Analysis of selected pharmaceuticals in fish and the fresh water
bodies directly affected by reclaimed water using liquid chromatography-tandem
mass spectrometry. Anal Bioanal Chem 2012;404:2711-20.

Wikell C, Hjorth S, Apelgvist G, Kullimgsjo J, Lundmark ], Berggvist PBF, et al. Suistained
administration of the antidepressant venlafaxine in rats: pharmacokinetic and phar-
macodynamic findings. Naunyn Schmiedebergs Arch Pharmacol 2001;363:448-55.

Wille SMR, De Letter EA, Piette MHA, Van Overschelde LK, Van Peteghem CH, Lambert
WE. Determination of antidepressants in human postmortem blood, brain tissue,
and hair using gas chromatography-mass spectrometry. Int ] Legal Med 2009;123:
451-8.

-49 -



Chapter 3

PRESENCE OF PHARMACEUTICALS IN BENTHIC FAUNA LIVING IN A SMALL

STREAM AFFECTED BY EFFLUENT FROM A MUNICIPAL SEWAGE TREATMENT PLANT
Katerina Grabicova®*, Roman Grabic®, Martin Blaha®, Vimal Kumar®, Daniel Cerveny®, Ganna
Fedorova®, Tomas Randak®

@ University of South Bohemia in Ceske Budejovice, Faculty of Fisheries and Protection of
Waters, South Bohemian Research Center of Aquaculture and Biodiversity of Hydrocenoses,
Zatisi 728/1l, CZ-389 25 Vodnany, Czech Republic

*Corresponding author. Tel.: +420-387774734; E-mail address: grabicova@frov.jcu.cz; Faculty
of Fisheries and Protection of Waters, Zatisi 728/1l, 389 25 Vodnany, Czech Republic

ABSTRACT

Aquatic organisms can be affected not only via polluted water but also via their food. In
the present study, we examined bioaccumulation of seventy pharmaceuticals in two benthic
organisms, Hydropsyche sp. and Erpobdella octoculata in a small stream affected by a sewage
treatment plant (STP) in Prachatice (South Bohemia region, Czech Republic).

Furthermore, water samples from similar locations were analyzed for all seventy
pharmaceuticals. In water samples from a control locality situated upstream of the STP, ten
of the seventy pharmaceuticals were found with average total concentrations of 200 ng L.
In water samples collected at STP-affected sites (downstream the STP’s effluent), twenty-
nine, twenty-seven and twenty-nine pharmaceuticals were determined at average total
concentrations of 2000, 2100 and 1700 ng L, respectively.

Six of the seventy pharmaceuticals (azithromycin, citalopram, clarithromycin, clotrimazole,
sertraline, and verapamil) were found in Hydropsyche. Four pharmaceuticals (clotrimazole,
diclofenac, sertraline, and valsartan) were detected in Erpobdella. Even pharmaceuticals
present at low levels in water were found in benthic organisms at relatively high concentrations
(up to 85 ng g’ w.w. for azithromycin). Consequently, the uptake of pharmaceuticals via the
food web could be an important exposure pathway for the wild fish population.

Keywords: bioaccumulation, Hydropsyche, Erpobdella, natural fish diet, contamination

1. INTRODUCTION

Effluent of municipal sewage treatment plants (STPs) contains numerous organic and
inorganic pollutants due to insufficient removal efficiency during the treatment processes
(Golovko et al., 2014a; Halling-Sorensen et al., 1998; Heberer, 2002; Petrovic et al., 2003).
This incomplete removal broadly reflects the pharmaceuticals mixture to which fish and other
aquatic organisms are typically exposed (Verlicchi et al., 2012).

Most of the research examining the possible bioconcentration of environmental
contaminants in fish has focused on either controlled laboratory conditions associated with
known individual pharmaceuticals or mixture exposure (e.g. Brozinski et al., 2011; Cuklev et
al.,, 2012; Lahti et al., 2011; Nallani et al., 2011; Steinbach et al., 2013) or on fish placed into
cages and exposed directly to the effluent (e.g. Lajeunesse et al., 2011; Togunde et al., 2012).
It means that bioconcentration is the prevailing or only exposure mechanism. However, intake
of pollutants via contaminated natural food is completely ignored in these experimental

-50 -



Impact of effluents from municipal sewage treatment plants
to aquatic organisms

setups. Depending on the exposure period, fish are either not fed or artificial food is used. In
the case of real conditions, fish in cages can be stressed and outcomes of these experiments
do not truly mimic the natural conditions.

Aquatic organisms are exposed not only via the discharge of sewage waters but also via
their food. Benthic fauna is a very important part of the food web in aquatic environments
(Hellmann et al., 2013; Hildrew, 1992). Benthic organisms are often used as bioindicators for
assessing environmental pollution due to their limited movability and relatively easy sampling
(Clews et al., 2014; Cortes et al., 2013; Pan et al., 2012; Smith et al., 1999). Larvae of caddisflies
(Hydropsyche sp.) and leeches (Erpobdella sp.) are often used as indicators of water quality
or pollution in streams (Azrina et al., 2006; Koperski, 2005; Koperski, 2010; Sola and Prat,
2006; Stuijfzand et al., 1999; Tessier et al., 2000). These species have been successfully used
for monitoring of riverine pollution in the Czech Republic during the last decade (Kolarikova et
al., 2012; Macova et al., 2009). These organisms significantly contribute to a fish diet as well
(Elliott, 1967; Greenberg and Dahl, 1998; Laine, 2001; Reiriz et al., 1998).

The aim of this study was to investigate pharmaceutical levels in benthic organisms and
consequently to reveal their importance in the exposure pathways of the fish.

2. MATERIAL AND METHODS

2.1. Sampling location

Benthic organisms and water samples were collected in the Zivny stream (a tributary of
Blanice River) situated in the south part of the Czech Republic, during May 2013. The stream
is 13 km long with an average depth of 30 cm and an average width of 3 m. Flow varied from
0.150 to 0.600 m3 s. The stream is highly impacted by effluent from the Prachatice STP.
Prachatice (12000 inhabitants) is a district town. There is only light industry (food, machinery
and electronics) and a hospital. The STP’s effluent can make up approximately 25% of the
water flow in the Zivny stream. Except for stretches in Prachatice, the stream habitat is natural
or semi-natural. The fish community is dominated by brown trout (Salmo trutta m. fario L.)
with occurrences of other riverine species, including stone loach (Barbatula barbatula L.)
and bullhead (Cottus gobio). Benthic invertebrate organisms, specifically Hydropsyche sp. and
Erpobdella octoculata, were chosen for this study. Both of organisms are present in all (or
in @ majority) of sampled sites situated along the stream and make up an important part of
the fish diet. Larvae of Hydropsyche are net-spinning omnivores (Benke and Wallace, 1997;
Hellmann et al., 2013), using resources from multiple trophic levels. Leeches, E. octoculata
(Hirudinea) are predators feeding especially on oligochates and chironomid larvae (Schenkova
et al,, 2007).

2.2. Sample collection

Water samples were collected seven times during two weeks in April-May 2013 in three
locations: the area close to the place where the STP’s effluent enters the stream (site E),
1.5 km downstream (site B), and 3 km downstream (site R). Water samples from a non-
contaminated area - 4.5 km upstream from the source of pollution (site C) - were used
as a control (Fig. 1). Samples were filtered (0.45 pm regenerated cellulose filters, Labicom,
Olomouc, Czech Republic) and frozen at -20 °C until the analysis.

The benthic organisms were collected from the same localities as the water samples.
Individuals were picked up with tweezers, immediately frozen and stored at -20 °C until
the analysis. Hydropsyche sp. was found in all of the sampled sites in sufficient amount,
E. octoculata was found only in the sites situated downstream of the STP at Prachatice (i.e.
sites E, B, R).

-57-



Chapter 3

2.3. Chemicals

Liquid chromatography mass spectrometry- (LC/MS-) grade acetonitrile and methanol were
obtained from Merck (Darmstadt, Germany). Formic acid (LC/MS grade) was obtained from
Sigma-Aldrich (Steinheim, Germany).

Internal standard stocks were prepared from mass-labeled crystalline compounds of
amitriptyline, atenolol, carbamazepine, clarithromycin, sulfamethoxazole, and trimethoprim.
Sulfamethoxazole (*C;) and trimethoprim (*C,) were purchased from Cambridge Isotope
Laboratories; carbamazepine (D,;) and amitriptyline (D,) from CDN Isotopes; atenolol (D)
from Alsa Chim; and clarithromycin (D,) from Toronto Research Chemicals, Inc.

Native stocks were prepared from the crystalline compounds (Table 1). Stock solutions of
all pharmaceuticals were prepared in methanol at the concentration of 1 mg mL", and stored
at-20 °C.

2.4. Water analysis

A triple-stage quadrupole MS/MS TSQ Quantum Ultra EMR (Thermo Fisher Scientific),
equipped with Accela 1250 and 600 LC pumps (Thermo Fisher Scientific) and a PAL HTC
autosampler (CTC Analytics AG) operated using Xcalibur software (Thermo Fisher Scientific),
was connected with in-line solid phase extraction (SPE LC-MS/MS) and used for analysis of
water.

Water samples were thawed and filtered through a regenerated cellulose syringe filter
(0.45 pm pores). The samples were analyzed by the in-line SPE/LC-MS/MS method after
internal standards addition. The description of the method can be found elsewhere (Fedorova
et al., 2014a; Lindberg et al., 2014). Briefly, two analytical columns in two runs were used for
separation of target analytes - and Cogent Bidentate column (50 mm x 2.1. mm ID x 4 pm
particles; Microsolv Technology Corporation). In-line extraction was performed at Hypersil
Gold column (20 mm x 2.1 mm ID x 12 pm particles; Thermo Fisher Scientific), in accordance
with the method described by Fedorova et al. (2014a). A detailed description of the analytical
method is given in the supplementary material (S1). The limits of quantification (LOQs) for the
water samples are given in Table 2. The trueness of the analytical method has been reported
previously (Fedorova et al., 2014a).

2.5. Benthos analysis

Extracts from benthos were prepared according to (Fedorova et al., 2014b). Collected
amounts of both Hydropsyche sp. and E. octoculata from each locality were sufficient for
five to six parallel samples. Briefly, three individuals of one species from the same locality
were cut into small pieces when thawed. Around one half gram of this sample was weighted
and internal standards were added to each sample. The mixture was then homogenized
(Tissuelyser Il, Quiagen, Germany; 1800 min™ for 10 min) with acetonitrile (acidified 0.1%
formic acid) using a stainless steel ball. The samples were then centrifuged (Micro 200R
centrifuge, Hettich Zentrifugen, Germany; 9500 x g for 10 min) and filtered (0.45 pm
regenerated cellulose filters, Labicom, Olomouc, Czech Republic). The supernatant was frozen
at -20 °C for 24 hours to precipitate and remove proteins and other solid particles from the
samples. A Q-Exactive mass spectrometer (Thermo Fisher Scientific) coupled with an Accela
1250 LC pump (Thermo Fisher Scientific) and HTS XT-CTC autosampler (CTC Analytics AG), was
used for the analysis of the extracts from benthic organisms. Extracts were analyzed by liquid
chromatography with tandem mass spectrometry in high resolution product scan mode using
the same two chromatography columns mentioned above. The analytical method is described
in supplementary material (52, S3). The trueness of the method (as a recovery of fortified
samples) together with the LOQs is given in Table 2.
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2.6. Statistical analysis

The data are presented as mean + SD. Statistical analysis of the data was conducted with the
STATISTICA v.12 software for Windows (StatSoft, Czech Republic). Normally distributed and
homoscedastic data (as assessed by Cochran, Hartley and Barlett tests) were appraised by
a one-way ANOVA (Tukey test). When data were not normally distributed and homoscedastic,
the non-parametric method of data analysis was used (Kruskal-Wallis test). Differences were
considered statistically significant at p < 0.05. One half of the LOQ value was used in the data
sets when some of the results were found below the LOQ.

3. RESULTS AND DISCUSSION

3.1. Pharmaceuticals in water

Mean water concentrations of seventy pharmaceuticals measured in water samples
are given in Table 2. Fifteen of the seventy analyzed pharmaceuticals with the highest
observed concentrations belong to a group of antibiotics (clarithromycin, trimethoprim
and sulfamethoxazole), cardiovascular drugs (irbesartan, valsartan, eprosartan, sotalol,
atenolol, metoprolol and bisoprolol), psychoactive drugs (venlafaxine, citalopram and
carbamazepine), and analgesics (diclofenac and tramadol). The highest concentrations
were 130 (clarithromycin), 210 (metoprolol and valsartan), 110 (carbamazepine), and
270 (tramadol) ng L for antibiotics, cardiovascular drugs, psychoactive drugs, and analgesics,
respectively. This pattern corresponds to consumption within the Czech population and the
resistance of pharmaceuticals to the treatment processes (Golovko et al., 20144a; Golovko et
al., 2014b).

Figure 2 shows total concentration of pharmaceuticals in a longitudinal profile of the
stream. Total concentration in site C (upstream), as well as the number of pharmaceuticals
above LOQ, is lower than those in sites downstream of the effluent released from the STP.
Statistical testing of the data was performed for all pharmaceuticals to determine whether
or not the differences among the localities are significant. This observation suggests that
this STP potentially contributed to the pollution by pharmaceuticals in the downstream
sites. However, a few exceptions to this pattern were identified. For example, antifungal
and psychoactive drugs, namely clotrimazole (4-7 ng L"), mirtazapine (2-3 ng L"), sertraline
(2-5ng L") and risperidone (2-4 ng L"), were found in almost the same (very low) levels in all
localities. Some other pharmaceuticals, such as memantine (4 ng L") and diltiazem (2 ng L"),
were determined at low levels but only at sites E and R. Statistically significant differences
between upstream and all polluted downstream sites were found in the concentrations of all
other pharmaceuticals. However, for most of pharmaceuticals, there were few differences in
concentration among the downstream sites (R, E and B), particularly between E and R. These
observations could be explained by the short distance between site B and site E (approx.
1.5 km), hence less time for degradation, sorption or transformation processes. However,
we observed a decrease in atorvastatin, azithromycin, citalopram, clindamycin, diclofenac,
dipyridamole, eprosartan, erythromycin, sotalol, sulfamethoxazole, trimethoprim, and
verapamil concentrations at site R.

3.2. Pharmaceuticals in benthic organisms

The same range of pharmaceuticals as in the water samples was analyzed for in benthic
organisms living in the recipient stream.

Six of the pharmaceuticals analyzed for were found above LOQ in Hydropsyche sp. -
the antibiotics azithromycin and clarithromycin, the cardiovascular drug verapamil, the
antifungal drug clotrimazole, and the antidepressants citalopram and sertraline (Table 3).
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Four pharmaceuticals were detected in E. octoculata - the cardiovascular drug valsartan,
the antidepressant sertraline, the anti-inflammatory drug diclofenac, and the antifungal
drug clotrimazole (Table 4). A comparison of the pharmaceuticals concentrations of
pharmaceuticals in extracts from Erpobdella between polluted sites (E, B and R) and non-
polluted site is unfortunately not possible, because Erpobdella were not found in the non-
polluted site. The areas where Erpobdella were collected in the Zivny stream correspond to
areas in the Malaysian Langat river, where this subclass of benthic organisms was also found
only in eutrophic areas (Azrina et al., 2006).

The concentration of pharmaceuticals in the benthic biota ranged from 1.2 to 85 ng g wet
weight (ww.) in samples from polluted sites, whilst below LOQ in the upstream control site
except for detected levels of clotrimazole (3.6 ng g'). However, this finding corresponds to a
trend observed in concentrations of this compound in water. There was a significant decrease
of concentration in sites downstream of the STP compared to the control site; on the other
hand, only one half of the clotrimazole samples from the control site were found above LOQ.
Unfortunately, the other sampled species was not present in the control site, so we could not
confirm the presence of clotrimazole in biota there. Erpobdella samples from sites E, B and R
contained clotrimazole at about the same level as in Hydropsyche. Sertraline and clotrimazole
were detected in both species. Sertraline was not present in samples from the control site;
concentration levels were about the same in Hydropsyche (4.3-5.5 ng g") and Erpobdella
(4.2-5.6 ng g"), and concentrations did not shown significant differences among polluted
localities.

Azithromycin (up to 85 ng g' ww.) and diclofenac (up to 33 ng g’ ww.) were the
highest measured pharmaceuticals in Hydropsyche and Erpobdella, respectively. While
bioaccumulation in fish was previously reported for diclofenac (Lahti et al., 2011; Mehinto et
al., 2010), azithromycin has not yet been detected in aquatic organisms. A significant increase
of azithromycin at site B compared to site E could be explained by possible veterinary usage
of this antibiotic in farms situated close to site B and its excretion near the stream. There was
no relationship between water and benthos azithromycin concentration. Based on previously
reported strong sorption of azithromycin to bottom sediment (Gibs et al., 2013) and low
concentration in sampled water, we can conclude that particles associated with this compound
will be main source of this antibiotic in Hydropsyche. Diclofenac concentrations in Erpobdella
followed a decrease of water concentration with longer distances from the STP. This trend
was also obvious for the valsartan found in Erpobdella. Another three compounds found
in Hydropsyche (citalopram, clarithromycin and verapamil) were not present in the control
group, and there were no differences in these pharmaceuticals among all three polluted sites.
However, clarithromycin was very close to LOQ and, contrary to all other compounds found in
benthos, it was not present in all samples from sites B and R.

Clarithromycin, diclofenac, and valsartan represent the major water pollutants. All other
compounds were found in water at very low concentrations (maximally low tens of ng L7).
As benthic organisms are major components of the brown trout diet (Fochetti et al., 2003),
pharmaceutical uptake via the food web can play an important role, especially for such
compounds.

Both sampled species belong to predator benthic fauna, but they have different body
composition, metabolism, behavior, and different feeding strategy. While Hydropsyche has a
soft body with a high content of fat [up to 8% of w.w. (Meier et al., 2000)], Erpobdella has
hard muscle body created by protein fibers. All above mentioned facts could be reasons for
differencesin the pharmaceutical patterns observed in whole body homogenates. The presence
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of citalopram and sertraline in Hydropsyche can be associated with high accumulation of
this antidepressant in fatty fish tissues, as reported in several papers (Brooks et al., 2005;
Gelsleichter and Szabo, 2013; Grabicova et al., 2014).

There are only a limited number of articles reporting the fate and effect of STP-originated
pharmaceutical mixtures on benthic organisms. The studies mainly focus on biochemical
responses (Damasio et al.,, 2011), biodiversity (Azrina et al., 2006; Koperski, 2010; Pan et
al., 2012), and survival (Stuijfzand et al., 1999). To our knowledge, this is the first report on
pharmaceuticals in benthic fauna living in a stream affected by an STP’s effluent.

4. CONCLUSIONS

The results clearly indicate that STP effluent was the major source of pharmaceuticals in the
Zivny stream (a tributary of Blanice River). Extended measurement of these pharmaceuticals
in benthic organisms further showed their bioaccumulation potential. Eight of the
seventy analyzed pharmaceuticals were found to have accumulated in benthic organisms
Hydropsyche sp. or E. octoculata (azithromycin, citalopram, clarithromycin, clotrimazole,
diclofenac, sertraline, valsartan, and verapamil), supporting the environmental stability of
these pharmaceuticals.

Even pharmaceuticals present in low concentrations in water were bioaccumulated in
benthic organisms. As these species of benthic organisms are an important part of the fish
diet, the uptake of pharmaceuticals via the food web could be an important exposure pathway
in the wild fish population. This study illustrates how the pharmaceuticals can enter into the
aquatic food web, which is not necessarily limited to water-phase concentrations.
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Figure 1. Sampling localities of the Zivny stream.

Legend: Site E - area where the STP’s effluent enters the Zivny stream; Site B — approx. 1.5 km downstream
of the STP; Site R - approx. 3 km downstream of the STP; Site C - non-polluted area (approx. 4.5 km
upstream of the STP).
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Figure 2. Total concentrations of pharmaceuticals in water samples in a longitudinal profile of the Zivny
stream. Numbers given in the graph refer to positive/analyzed pharmaceuticals.
For legend see Figure 1.
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Table 1. Compounds used for preparation of native stocks. All purchased chemicals had analytical

grade certificate or purity > 98%.

Pharmaceutical

Alfuzosin

Amitriptyline hydrochloride
Atenolol

Atorvastatin calcium
Atracurium besylate

Azithromycin
Bezafibrate

Biperiden hydrochloride
Bisoprolol hemifumarate
Bupropion hydrochloride
Carbamazepine
Chlorpromazine hydrochloride
Chlorprothixene hydrochloride
Cilazapril

Citalopram

Clarithromycin

Clemastine fumarate
Clindamycin hydrochloride
Clomipramine hydrochloride
Clonazepam

Clotrimazole

Cyproheptadine hydrochloride
Desloratadine

Diclofenac sodium salt
Dicycloverine hydrochloride
Dihydroergotamine tartare
Diltiazem hydrochloride
Diphenhydramine hydrochloride
Dipyridamole

Econazole nitrate salt
Eprosartan

Erythromycin

Fenofibrate

Fexofenadine hydrochloride

Flecainide acetate

Producer
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Chemos GmbH
AK Scientific
Sigma Aldrich

Sigma Aldrich

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
AK Scientific
Sigma Aldrich
EPC

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
EPD

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Chemos GmbH
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

Pharmaceutical
Fulvestrant
Glibenclamide
Glimepiride

Haloperidol

Hydroxyzine dihydrochloride

Irbesartan

Levomepromazine
hydrochloride

Loperamide hydrochloride
Maprotiline hydrochloride
Memantine hydrochloride
Metoprolol tartare salt
Mianserin hydrochloride
Miconazole nitrate salt
Mirtazapine

Nefazodone hydrochloride
Oxazepam

Perphenazine

Promethazine hydrochloride

Risperidone

Sertraline hydrochloride
Sotalol hydrochloride
Sulfamerazine
Sulfamethazine
Sulfamethizole
Sulfamethoxazole
Sulfamethoxypyridazine
Sulfathiazole

Terbinafine hydrochloride
Terbutaline hemisulfate
Tramadol hydrochloride
Trimethoprim

Valsartan

Venlafaxine hydrochloride
Verapamil hydrochloride
Zuclopenthixol

Producer
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Chemos GmbH

EPL

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
AK Scientific
AK Scientific
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Riedel-de Haen
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
AK Scientific
Sigma Aldrich
BPCL
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Table 2. Average concentration [ng L] of pharmaceuticals in the water samples collected from the
Zivny stream from 24" April to 10" May 2013.

Pharmaceutical Concentration in water [ng L] LOQ range
Locality C Locality E Locality B Locality R [ng L]
Analgesics
Diclofenac < LOQ 94 + 52 91+24 65 * 23 2-3
Tramadol 73 230 + 150 270 + 100 200 £ 80 1-2
Anesthetics
Atracurium < LOQ < LOQ < LOQ < LOQ 3-5
Antihistaminics
Cyproheptadine < LOQ < LOQ < LOQ < LOQ 1
Desloratadine < LOQ < LOQ < LOQ < LOQ 1
Diphenhydramine <LOQ < LOQ < LOQ < LOQ 2-4
Fexofenadine < LOQ 15+ 11 15+8 9+6 1
Hydroxyzine <LOQ <LOQ < LOQ < LOQ 3-5
Antibiotics
Azithromycin < LOQ 87 65 21 1-2
Clarithromycin < LOQ 120 £ 70 130 £ 60 88 + 45 1
Clindamycin <LOQ 74 8t4 53 1
Erythromycin < LOQ 23+19 22+13 15+9 1-2
Sulfamerazine < LOQ < LOQ < LOQ < LOQ 5-17
Sulfamethazine <LOQ < LOQ < LOQ < LOQ 1-2
Sulfamethizole < LOQ < LOQ < LOQ 3%1 1-4
Sulfamethoxazole < LOQ 32+20 28+ 12 20 £ 11 3-4
Sulfamethoxypyridazine < LOQ < LOQ < LOQ < LOQ 1-2
Sulfathiazole < LOQ < LOQ < LOQ < LOQ 7-25
Trimethoprim 2% 75 £ 48 84 £ 28 55+ 20 1-3
Anticholinergic
Biperiden < LOQ <LOQ < LOQ < LOQ 1
Clemastine < LOQ < LOQ <LOQ <LOQ 1
Dicycloverine < LOQ < LOQ < LOQ < LOQ 1
Antidiabetics
Glibenclamide < LOQ < LOQ < LOQ < LOQ 1-3
Glimepiride < LOQ < LOQ < LOQ < LOQ 2-3
Anti-diarrhea
Loperamide <LOQ <LOQ < LOQ < LOQ 1
Antifungal drugs
Clotrimazole 4+ 1 53 74 6+2 2-3
Econazole < LOQ < LOQ < LOQ < LOQ 2-3
Miconazole < LOQ < LOQ < LOQ < LOQ 1
Terbinafine <LOQ <LOQ < LOQ < LOQ 1
Anticancer, antihyperplasia
Alfuzosin < LOQ < LOQ < LOQ < LOQ 3-4
Fulvestrant < LOQ < LOQ < LOQ < LOQ 1
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Bronchodilator
Terbutaline
Cardiovascular drugs
Atenolol
Bisoprolol
Cilazapril
Diltiazem
Dipyridamole
Eprosartan
Flecainide
Irbesartan
Metoprolol
Sotalol
Valsartan
Verapamil

Lipid regulators
Atorvastatin
Bezafibrate
Fenofibrate
Psychoactive drugs
Amitriptyline
Bupropion
Carbamazepine
Chlorpromazine
Chlorprothixene
Citalopram
Clomipramine
Dihydroergotamine
Haloperidol
Levomepromazine
Maprotiline
Memantine
Mianserin
Mirtazapine
Nefazodone
Perphenazine
Promethazine
Risperidone
Sertraline
Venlafaxine
Zuclopenthixol
Sedatives
Clonazepam

Oxazepam

Impact of effluents from municipal sewage treatment plants
to aquatic organisms

< LOQ

< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
6+2
< LOQ
5+4
74
< LOQ
8+3
< LOQ

< LOQ
< LOQ
< LOQ

< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
32
< LOQ
< LOQ
<LOQ
4+2
2+1
< LOQ
< LOQ

< LOQ
< LOQ

< LOQ

95+ 61
40 £ 24
< LOQ
2+1
13+ 10
67 £ 32
< LOQ
79 £43
210 £ 140
22+3
200+ 110
9+6

25 £ 31
< LOQ
< LOQ

< LOQ
< LOQ
110 £ 60
< LOQ
< LOQ
29+ 19
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
4+2
< LOQ
3%1
< LOQ
< LOQ
< LOQ
2+1
53
74 £ 42
< LOQ

< LOQ
12+6

<LOQ

100 = 40
38+ 13
< LOQ
< LOQ
117
37 +17
< LOQ
88 +24
190 £ 70
24 +3
210 + 80
8+3

75
< LOQ
< LOQ

< L0Q
<LOQ
100 = 40
< LOQ
< LOQ
27 £ 10
<LOQ
< LOQ
< LOQ
< LOQ
<LOQ
< LOQ
< LOQ
3+1
< LOQ
<LOQ
< LOQ
2+1
31
76 = 28
<LOQ

< LOQ
11+4

< LOQ

69 * 29
29+9
< LOQ
< LOQ
5+1
2215
< LOQ
74 £ 25
130 + 60
17 +£2
150 = 50
4+1

8+7
< LOQ
< LOQ

<LOQ
< LOQ
76 + 27
< LOQ
< LOQ
19+3
< LOQ
< LOQ
< LOQ
< LOQ
< LOQ
4+1
< LOQ
2+1
< LOQ
< LOQ
< LOQ
4+1
2+1
55 %21
< LOQ

< LOQ
10+ 3

4-13

6-21

3-5
2-3

2-3
1-2
1-4

7-23

2-4

1-2

3-4

1-2

3-5

1-2

1-2
4-5
1-3

2-3
1

For legend, see Figure 1. LOQ = limit of quantification; n = 7, #>< = levels of statistical significance (p < 0.05).
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Table 3. Concentration of positive pharmaceuticals [ng g’ w.w.] in Hydropsyche sp.

LOQ Reco-
range very

LocalityC F LocalityE F LocalityB F LocaltyR F [ngg'l [%]

Pharmaceutical Concentration [ng g]

Azithromycin <lL0Q* 0/6 40+7°> 6/6 85+8¢ 5/5 68+9¢ 5/5 3.0-42 139
Clarithromycin <LOQ* 0/6 3.1+x1.6° 6/6 22+£0.8° 3/5 29+£0.1® 2/5 1.4-1.9 85
Verapamil <L0OQ* 0/6 3.5+09" 6/6 3.1+0.9° 5/5 2.7+04° 5/5 1.0-1.4 85
Citalopram <L0OQ?®* 0/6 42+1.1° 6/6 3.8+0.8° 5/5 3.6+0.9" 5/5 1.4-2.8 150
Sertraline <L0Q* 0/6 46+08° 6/6 55+1.6° 5/5 43+0.8° 5/5 1.1-2.0 143

Clotrimazole 36+03°3/6 23+1.22 5/6 1.4%0.1* 4/5 1.4£02° 4/5 1.1-44 91

For legend see Figure 1; > <4 - statistically significant differences (p < 0.05);
F - Frequency of detection, number of positive sample / number of all samples.

Table 4. Concentration of positive pharmaceuticals [ng g'w.w.] in Erpodella octoculata.

Pharmaceutical Concentration [ng g"] LoQ Recovery
Locality E F Locality B F Locality R F [ngg’] [%]
Valsartan 23+1.0° 6/6 13+05° 6/6 <LoQ°® 0/5 0.49-0.73 101
Sertraline 56+08° 6/6 49+06° 6/6 42+26° 6/6 0.82-1.1 125
Diclofenac 33132 6/6 14+£3° 6/6 12+4° 5/5 1.3-1.9 120
Clotrimazole 25+03° 6/6 14+0.2° 6/6 1.2+0.1®> 5/5 0.72-0.94 68

For legend see Figure 1;*° - statistically significant differences (p < 0.05);
F - Frequency of detection, number of positive sample / number of all samples.
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The goal of this study was to assess the bioavailable concentrations of analgesics, psycholeptics, antidepressants
and illicit drugs in the surface waters of the Czech Republic. All of the sampling sites are located within the most
important water quality monitoring profiles at the Czech Hydrometeorological Institute. The total concentrations
of the compounds ranged from 463 to 6447 ng POCIS~' (Polar Organic Chemical Integrative Sampler).
Carbamazepine (196-2690 ng POCIS™') and tramadol (160-2250 ng POCIS™') were the most abundant
compounds at every site. The most polluted sites were those that received communal wastewater effluent and
had a low dilution factor (ratio of wastewater effluent and river flow). The aqueous concentrations of the target
compounds were estimated using sampling rate values obtained during a field calibration experiment. Patterns
in the aqueous concentrations of the compounds (after back calculation from POCIS extracts) and the POCIS
concentrations are different, possibly leading to discrepancies between the toxicity assessments conducted
using POCIS extracts and those conducted using grab samples of water from the same location.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Studies from around the world have reported the occurrence
of drugs in waste- and surface water (Berset et al., 2010; Castiglioni
et al., 2008; Gheorghe et al., 2008; Irvine et al., 2011). The primary
sources of illicit drugs, as well as pharmaceuticals, in the aquatic
environment are wastewater treatment plants (WWTPs). Compounds
usually enter waterways via urban wastewater after being excreted
(Buchberger, 2007). Analysing drug residues in influent wastewater
can provide reliable information on drug usage patterns at the local
(Zuccato et al., 2008), and international levels (Thomas et al., 2012);
recent environmental drug studies have focused on wastewater analysis
(Bijlsma et al., 2012; Karolak et al., 2010).

* Corresponding author at: Zatisi 728,11, 389 25 Vodnany, Czech Republic. Tel.: +420 77
5360674.
E-mail address: gfedorova@frov.jcu.cz (G. Fedorova).

0048-9697/$ - see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2013.12.091

The presence of drugs in aquatic ecosystems is garnering increasing
amounts of attention because the compounds might adversely affect
aquatic life. It has been shown that anxiolytic drugs in surface waters
alter animal behaviour and thus can have ecological and evolutionary
consequences. Juvenile European perch were exposed to oxazepam
at environmentally relevant concentrations, and the effects on their
behaviour and feeding rates were observed (Brodin et al., 2013).
Additionally, the bioaccumulation of oxazepam in fish muscle tissue
was reported. Feito and co-authors determined evidence of acute lethal
and chronic sub-lethal toxicity in vascular plants exposed to environ-
mentally relevant concentrations of the antidepressant venlafaxine
(Feito et al., 2013). Therefore, drug monitoring in aquatic environments
is important because it forms a basis for risk assessment for aquatic
organisms.

The goal of this study was to assess the bioavailable concentrations
of analgesics, psycholeptics, antidepressants, and illicit drugs in surface
waters from rivers in the Czech Republic. Water quality is regularly
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monitored by the Czech Hydrometeorological Institute (CHMI)
using a passive sampling (PS) approach. Thirty-seven compounds
were analysed: three analgesics (buprenorphine, codeine, trama-
dol), one anaesthetic (ketamine), six antidepressants (amitripty-
line, citalopram, mianserin, paroxetine, sertraline, venlafaxine),
two anti-epileptics (carbamazepine, clonazepam), six drug meta-
bolites (2-oxy-3-hydroxy-lysergic acid diethylamide (2-oxy-3-
hydroxy-LSD), THC-COOH (Tetrahydrocannabinol) 2-ethylidene-
1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), benzoylecgonine,
norbuprenorphine glucuronide, norketamine), 10 illicit drugs
(amphetamine, cathinone, cocaine, lysergic acid diethylamide
(LSD), N-methyl-1,3-benzodioxolylbutanamine (MBDB), 3,4-
methylenedioxyamphetamine (MDA), 3,4-methylenedioxy-N-
ethylamphetamine (MDEA), 3,4-methylenedioxy-N-methylamphetamine
(MDMA), mephedrone, methamphetamine), seven psycholeptics
(alprazolam, haloperidol, methylphenidate, midazolam, oxazepam,
risperidone, zolpidem), and two synthetic opioids (methadone, oxyco-
done). The list of selected drugs includes commonly consumed drugs
(or their metabolites), such as methamphetamine, MDMA, cocaine,
and THC-COOH (Thomas et al., 2012), as well as medicinal compounds
for which nonmedical use is prohibited, such as ketamine and tramadol.
Certain compounds, such as oxazepam, are known to have adverse
effects on non-target species, which underscores the importance of
including them in environmental risk assessments (Brodin et al.,, 2013).

Polar Organic Chemical Integrative Samplers (POCISs) were de-
ployed for 21 days in the spring of 2012. Passive sampling can overcome
the limitations of conventional sampling and provide time-integrated
data (Bueno et al., 2009). A further advantage of passive sampling
is the ability to mimic biological uptake precluding the use aquatic
organisms for biomonitoring (Alvarez et al., 2005; Kot et al., 2000).
Unfortunately, the limitation of this approach is a lack of calibration
data. The available sampling rate values are limited to a small number
of compounds (Bartelt-Hunt et al,, 2011; Harman et al., 2011). Therefore,
the data obtained from POCIS monitoring were used for comparative
purposes.

2. Materials and methods
2.1. Chemicals and solvents

A standardised pesticide configuration of POCIS (Pest-POCIS) was
purchased from Exposmeter AB (Tavelsjo, Sweden). The sequestration
medium of Pest-POCIS consists of a triphasic admixture of a hydroxylated
polystyrene-divinylbenzene resin (Isolute ENV +) and a carbonaceous
adsorbent (Ambersorb 1500) dispersed on a styrene divinylbenzene
copolymer (S-X3 Bio Beads).

Details regarding the preparation of analytical standards have
been described previously (Fedorova et al., 2013b; Grabic et al., 2012).
Mixtures of the standard solutions for all analytes and surrogate
standards were prepared in methanol at 1 pg mL™" and stored at 4 °C.

Methanol (LiChrosolv Hypergrade), acetonitrile (LiChrosolv Hyper-
grade), toluene (Suprasolv) and dichloromethane (Suprasolv) were
purchased from Merck (Darmstadt, Germany). Formic acid (FA)
was used to acidify the mobile phases (Labicom, Olomouc, Czech
Republic). Ultrapure water was obtained from an aqua-MAX-Ultra
system (Younglin, Kyounggi-do, Korea).

2.2. Sampling sites and field deployment of POCIS

APOCIS field calibration experiment was carried out at the WWTP in
Ceské Bud&jovice, Czech Republic from January 27 to February 16,2011.
The major source of input is domestic wastewater, as well as waste-
water from two breweries and a dairy that account for less than 5%.
Triplicates of POCIS were placed in protective cages and deployed in
the effluent water for 1, 2, and 3 weeks. The mean water velocity at

the outlet was 530 Ls™!, and the average integrated flow was
45 620 m> day .

Wastewater samples for the POCIS calibration experiment were
collected using an automated sampler (time proportional sampling,
ASP-STATION 2000 sampler, Endress + Hauser). The samples were
collected at 15-min intervals and were mixed after 24 h to obtain the
daily mean. Each pooled sample was divided into three subsamples
and frozen. The water temperature in the effluent channel was continu-
ously monitored during the experiment and was stable throughout the
calibration period. The concentrations of the target compounds ranged
from low ng L~ ! to several pg L~ . The details of the POCIS calibration
experiment can be found in a report by Fedorova et al. (2013a).

Passive sampling of river water was carried out at 21 sites located
within the riverine profiles in the Czech Republic that are regularly
monitored by the CHMI (Fig. 1). The locations of the sampling sites are
listed with a short description in Table 1. All sampling sites are located
within the most important water quality monitoring profiles in the
CHMI. Most sites were situated at river outlets. The POCISs were placed
in protective cages and deployed in the river water for 21 days during
the spring of 2012. The water temperature was continuously monitored
during the sampling period. After the exposure period, the samplers
were cleaned with ultrapure water and transported on ice to the
laboratory to be stored at —18 °C.

2.3. Extraction of target analytes

The chemical residues of interest were extracted from the passive
samplers according to standardised procedures (Alvarez et al., 2005).
The POCISs were carefully disassembled, and the sorbent was trans-
ferred into glass gravity-flow chromatography columns (1 cm i.d.)
plugged with glass wool. A dichloromethane/methanol/toluene (8:1:1,
v:v:v) mixture (50 mL) was used for elution during the recovery of
sequestered analytes from the sorbent. Internal standards were added
(20 ng per sample). The extracts were concentrated to approximately
1 mL by rotary evaporation. The residual water and traces of nonpolar
solvents could cause the extract to separate into two phases. Because
the presence of an eluent that is stronger than methanol is undesirable,
we added methanol (10 ml) to the concentrated samples. Repeated
evaporation removed any traces of toluene and DCM as an azeotropic
mixture with methanol. Afterward, the samples were transferred to
autosampler vials, and evaporated to 0.5 mL under a gentle stream of
nitrogen.

The blank samples were processed the same way as the POCIS
extracts to ensure that the target analytes were not introduced from
laboratory procedures or sample handling.

24. In-line SPE/LC/MS/MS and LC/MS/MS analysis

A Q-Exactive mass spectrometer and a triple stage quadrupole MS/MS
TSQ Quantum Ultra Mass Spectrometer (both from Thermo Fisher
Scientific, San Jose, CA, USA) were each coupled with an Accela 1250
LC pump and Accela 600 LC pump (Thermo Fisher Scientific), and a
HTS XT-CTC autosamplers (CTC Analytics AG, Zwingen, Switzerland)
and used to analyse the water and POCIS samples, respectively.
A Cogent Bidentate column (50 mm x 2.1 mm ID x 4 pm particles;
Microsolv Technology Corporation, Eatontown, NJ, USA) was used to
separate the target analytes. The POCIS extracts were diluted twice
with ultrapure water and analysed using conventional LC injection
(5 UL of sample per injection).

The filtered and spiked water samples were analysed using an in-
line-SPE-LC fitted with a C18 column (Hypersil Gold, 20 mm x 2.1 mm
i.d, 12 pm particles; Thermo Fisher Scientific) (Fedorova et al., 2013b).
The in-line SPE enabled the pre-concentration and analysis of samples
in a single run, making large volumes and time-consuming SPE
extraction unnecessary. The extraction and analytical process required
only 15 min and used only 1 mL of sample.
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Fig. 1. Map of the sampling area.

Heated electrospray (HESI-II) in positive ion mode was used to
ionise the target compounds. The key parameters were as follows:
3.5 kV ionisation voltage; 35 arbitrary units of sheath gas, 15
arbitrary units of auxiliary gas, 200 °C vaporiser, 325 °C capillary
and 1.5 mTorr min~" collision gas (argon). The details regarding the
analytical methods are presented in two references (Fedorova et al.,
2013b; Grabic et al., 2012).

3. Results and discussion
3.1. Wastewater sampling

PS to monitor drugs in aquatic environments is becoming more
popular than grab sampling. PS can successfully combine sampling
and pre-concentration of target analytes into a single step, thereby
reducing the time and cost of further sample preparation. A limiting
factor in the use of POCIS as a sampling tool for analysing drugs in
water is the lack of calibration data. Sampling rates are available for a
small number of compounds, but most of those were obtained under
laboratory conditions and may vary significantly from field conditions.
We carried out a calibration experiment under field conditions using
wastewater effluent. The POCIS extracts were analysed with pooled
water samples. For compounds occurring in amounts above the limit
of quantification (LOQ) in water samples and in POCIS, determining
the linear range of sampling and calculating the sampling rate value in
this range were possible. The sampling rates of the selected drugs
were calculated using the concentrations of the compounds adsorbed
in POCIS and in water samples:

—1,-1
Rs = MpogsCw  t -

Rs is the sampling rate (L day~'), Mpocys is the amount of target
compound in the POCIS (ng), Cw = average water concentration

(ngL™1), and t = exposure period (days). This equation is valid
for the kinetic regime of uptake (POCIS is an integrative sampler)
(Mazzella et al., 2007). Therefore, the period of linear uptake was
determined for each compound. The field-calibrated sampling rates
are reported in Table 2.

The uptake kinetics of selected compounds and their concentrations
in water during the exposure period are shown in Fig. 2. For example,
THC-COOH showed typical accumulation pattern with a linear uptake
over 21 days of exposure. The uptake pattern of some compounds,
such as oxazepam, was curvilinear (Fig. 2). Therefore, the sampling
rates were calculated for a 14-day period.

Many target compounds were detected in effluent samples.
Concentrations of some compounds (e.g., tramadol, carbamazepine,
venlafaxine, citalopram, and methamphetamine) were quite high
(upto 1 pg L~.) Some compounds (benzoylecgonine, ketamine, meth-
adone, and midazolam) were found in the POCIS extract but not in
wastewater samples, revealing the advantage of using POCIS as a
sampling tool: the samples are pre-concentrated, enabling a lower
LOQ (approximately 0.20 ng POCIS™1).

3.2. Occurrence of selected compounds in river waters in the Czech Republic

The concentrations of target compounds recovered from POCIS at
each sampling location are presented in Table 1. The total concentrations
of the compounds ranged from 463 to 6447 ng POCIS™'. Carbamazepine
(196-2690 ng POCIS™ ') and tramadol (160-2250 ng POCIS™')
were the most abundant compounds at every site. Three pharma-
ceuticals were found in relatively high concentrations: citalopram
(18-429 ng POCIS~ 1), venlafaxine (34-605 ng POCIS~ '), and oxaze-
pam (9.1-276 ng POCIS™'); these compounds were detected at all
sites. The other compounds were detected sporadically. As expected,
the lowest concentrations were observed at the control site (Labe
Vestiev). This site has minimal inputs from municipalities and industry
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Table 2
Calculated field sampling rates.

Compound Rs, L day™’ RSD? % Linearity over 14 days® Linearity over 21 days®

Benzoylecgonine 0.047¢ 5 09 0.77

Carbamazepine 0.26¢ 7 0.89 0.92

Citalopram 0.37¢ 9 096 0.84

Methamphetamine 0114 8 0.89 093

Oxazepam 0.17¢ 9 09 0.77

THC-COOH 0.065¢ 15 1 0.99

Tramadol 0.15° 8 0.92 0.84

Venlavafaxin 023¢ 4 096 094

2 Relative standard deviation of the triplicates.
b Correlation coefficients of linear regression.
€ Calculated for 14-day exposure period.

4 Calculated for 21-day exposure period.

and was chosen as a background area for the Labe River. Low levels
of the target compounds were also detected at sites 7, 8, 11-14, 17
and 21. As shown in Table 1, no special objects were monitored in this
area. Sites 15, 16 and 19 are not exposed to municipal or industrial
effluents; however, significantly higher concentrations of drugs were
detected relative to the previous sites because sites 15, 16 and 19 are
the basin outlets of rivers (Morava, Dyje and Becva, respectively) that
pass through highly inhabited areas and have relatively low dilution
factors (ratio of wastewater effluent and river flow). Municipal waste-
water input from five large cities contributed significantly to the con-
tamination of various sites (10, 18, 20, 6, and 5) by target compounds,
proving that WWTPs are the main source of pharmaceuticals in these
aquatic environments. These findings agree with previous studies
(Bartelt-Hunt et al., 2009; Kim et al., 2007). The highest concentrations
were found at sites 18, 20 and 6. Those sites are located in highly
inhabited municipalities. Their relatively low dilution factors contribute
to the high concentrations observed. However, high dilutions of the
WWTP effluent in rivers Labe and Vltava led to low concentrations
of compounds at sites 5 and 10. Illicit drugs were detected mainly in
the sites located in large municipalities that receive WWTP effluents.

3.3. Effects of environmental conditions on Rs and limitations for
POCIS application

Passive samplers were designed to mimic the chemical exposure
of aquatic organisms. Therefore, only water dissolved (biologically
available) fraction of pollutants is sampled. This factor separates passive
sampling from the more common sampling techniques and enables the
use of the obtained information for risk assessment. The drawbacks of
passive sampling include the need to determine the sampling rate
values and to perform adjustments for site-specific environmental
effects. The performance reference compound (PRC) approach was
successfully used by Huckins and co-authors for SPMD samplers
(Huckins et al., 2002). Unlike SPMDs, the POCIS uptake kinetics is

THC-COOH
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more complicated with sorption being more important than the parti-
tion process; therefore, the release of PRCs and the uptake of target
compounds are heterotopic. Although there were some attempts to
find proper PRCs (Mazzella et al., 2007), this approach still is not appli-
cable for POCIS. Currently, calibrating POCIS is the only way to obtain
sampling rate values for compounds of interest. On the one hand, field
calibration is limited by the number of compounds that naturally
occur in water. On the other hand, these calibration studies are more
helpful when carried out in situ rather than in the laboratory because
reproducing real exposure conditions in the laboratory remains
challenging. Currently, the lack of calibration data is the primary limita-
tion hindering the application of POCIS for monitoring of polar organic
pollutants.

The sampling rate values can be affected by environmental
conditions during the exposure period. Factors such as temperature,
biofouling and water flow might be involved. The temperature was
stable during the entire calibration experiment (11.0 &+ 0.4 °C).
Temperature is an important factor because it may exert a significant
compound-specific effect on the sampling rate (Kingston et al., 2000;
Togola and Budzinski, 2007).

The uptake of the target compounds by the receiving phase can be
decreased due to algal or microbial growth on the sampler membrane
(Soderstrom et al., 2009). No visible differences in the levels of biofoul-
ing were observed during the sampling periods. Moreover, Alvarez and
co-authors determined that the POCIS membrane is resistant to biofoul-
ing (Alvarez et al., 2004).

The changes in flow had little effect on the sampling rate according
to Li and co-authors (Li et al,, 2010). Another study by Li indicated slight
variations in the Rs values under the conditions (pH and dissolved
organic matter) observed in natural waters (Li et al., 2011).

The overall effect of combining different environmental factors
on sampling rates remains unknown. Therefore, in the absence of a
PRC-based approach, increasing the number of available sampling rate
values for different polar compounds is critical.
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Fig. 2. Uptake in POCIS (left axis, n = 3) and water concentrations (right axis) of target compounds.
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Table 3

Estimated surface water concentrations for selected compounds (ng L™1).
Compound 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Benzoylecgonine ND ND ND 081 28 83 091 ND 24 68 051 1.1 ND ND ND 1.6 ND 85 ND 21 071
Carbamazepine 8.9 41 44 53 104 150 41 26 92 71 44 27 48 62 185 140 53 172 87 141 58
Citalopram 11 13 18 39 31 12 32 064 27 74 13 21 14 13 31 14 15 18 24 79 24
Metamphetamine 43 091 23 52 11 98 5.6 29 48 25 18 26 082 21 91 99 52 65 91 107 78
Oxazepam 053 67 10 18 30 47 7.1 84 38 18 11 56 15 14 34 24 17 55 14 25 7.1
THC-COOH 1.1 ND ND 19 43 ND 21 ND 31 ND 31 ND ND ND ND 35 25 95 ND ND 23
Tramadol 12 39 4 62 63 140 39 21 12 77 41 29 47 36 138 99 47 210 98 128 37
Venlavafaxin 1.9 56 62 11 9.7 12 6.4 3.1 14 16 87 56 62 52 12 11 16 41 12 24 37

ND not detected.
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3.4. Estimated aqueous concentrations of target compounds

The estimated concentrations of the target compounds in rivers
are presented in Table 3. The sampling rate values obtained from the
calibration experiment (Section 3.1) were used to back calculate the
concentrations of the target compound in water based on the concen-
trations measured in the POCIS extract. High concentrations were esti-
mated for methamphetamine, carbamazepine and tramadol at some
of the sampling sites (Table 3). Interestingly, the proportional represen-
tation changed when the concentrations were recalculated from units
of ng POCIS~ ! to ng L™ . For example, the proportion of carbamazepine
was higher when based on the POCIS concentration than the relative
amount based on the water concentration (Fig. 3a); for tramadol, the
pattern was the opposite (Fig. 3b). This effect is caused by the differ-
ences in sampling rates: the uptake by POCIS is faster for carbamazepine
than for tramadol (Table 2). This fact should be accounted for when
carrying out toxicity assays with POCIS extracts because the results
might differ from those obtained during toxicity tests with water samples
obtained as grab samples from the same location.

This type of estimate is only approximate because sampling rates
calibrated under wastewater effluent conditions cannot be directly
transformed into precise concentrations of water samples under
ambient environmental conditions. The magnitude of the uptake
rate can be influenced by the environmental conditions and the water
matrix. However, POCIS is a robust tool for qualitative and semi-
quantitative testing.

4. Conclusions

Passive sampling by POCIS is useful for monitoring pharmaceutical
and illicit drug contents in aquatic environments. Drug monitoring in
the Czech Republic has demonstrated that many target compounds
enter river waters, and a number of these compounds reach high con-
centrations. A field calibration for POCIS was performed for selected
compounds to calculate the sampling rates for a number of the
compounds, enabling the estimation of the aqueous concentrations
of target compounds at the monitored sites. This back-calculation
changed the observed relative proportion of compounds in the
sample. This trend might generate different results during toxicity
assessments for POCIS extracts and grab samples of water from
the same location. This finding stresses the importance of knowing
the uptake rates during the back-calculation of concentrations
of target compounds in waters using POCIS. Further research is
needed to provide sampling rate values to calculate the aqueous
compound concentrations, making POCIS a more attractive and
precise tool for monitoring pharmaceutical and drug contents in
aquatic environments.
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General Discussion

GENERAL DISCUSSION

It is generally known that waste waters from households and hospitals contain many human
used compounds, mainly PPCPs. STP are not able to remove these chemicals from water, so
they enter the aquatic environment. Pharmaceuticals could be still in active form and can
cause similar therapeutic effects in non-target aquatic organism as in humans. PCPs present
in surface waters could affect the organism as well. This thesis is focused on the effects,
mainly on bioconcentration / bioaccumulation of individual compounds or mixtures of them
on aquatic organisms, fish and benthos.

The effect of individual compounds was studied on fish exposed to water stocks under
laboratory condition (Steinbach et al., 2013, chapter 2.1.; Grabicova et al., 2013, chapter 2.2.).

The first tested compound was verapamil. This cardio-vascular drug acting as blocker of
the calcium channel is frequently prescribed for treatment of high blood pressure and angina
pectoris. Two types of tests were carried out: a 96h acute toxicity test and a sub-chronic test.
The acute toxicity test was carried out on concentration levels 1, 2, 5, 10, 15 and 20 mg L™,
respectively. The value of verapamil 96hLC,  for common carp (Cyprinus carpio) embryos and
larvae ranged from 4.8 to 16.4 mg L. This finding is in accordance with previous studies (Li
et al., 2010b; Villegas-Navarro et al., 2003) where the lethal concentration was studied on
juvenile rainbow trout (Oncorhynchus mykiss) and OECD guideline (OECD, 2001), verapamil
could be classified as a harmful or toxic substance. Verapamil exposure caused the reduction
of heart rate in embryo and larvae stage of common carp, this finding was observed in
zebrafish (Danio rerio) embryo and larvae as well (Berghmans et al., 2008; Shin et al., 2010).
Also spine malformation and edema were observed in fish exposed to verapamil. Edema was
found in juvenile frogs treated by verapamil too (Burgess and Vere, 1989). All of the above
described effects were observed at concentration levels far from those which can be expected
in STP recipients.

In the consequent experiment, the common carp embryos and larvae were exposed to
concentrations 0.463 (environmentally relevant concentration), 4.63, 46.3 and 463 pg L,
respectively for a sub-chronic test. Hatching, mortality, growth and anomalies were studied.
No effects were observed for any of the studied endpoints on fish exposed to environmentally
relevant concentration compare to control fish. However, results of the study were used for
verapamil bioconcentration factor (BCF) and verapamil half-life estimations. The estimated
BCF values were in good agreement with those predicted from K (US EPA, 2012) while
verapamil half-life was much longer than verapamil half-life in humans.

The second studied compound was 2-phenylbenzimidazole-5-sulfonic acid (PBSA), a UV filter
commonly present in surface waters in the Czech Republic (Grabicova et al., 2013, chapter 2.2.),
in Germany (Wick et al., 2010) or in Spain (Rodil et al., 2012). Rainbow trout were exposed to
different concentration levels, 1 (environmentally relevant concentration), 10 and 1000 pg L™,
respectively for 21 and 42 days. Cytochromes P450 (CYP, mainly the first three families CYP1,
CYP2 and CYP3) are involved in metabolism of xenobiotics (Daughton and Ternes, 1999;
Hasler et al., 1999; Meunier et al., 2004), therefore the activities of CYP1A (cytochrome P450,
family 1, subfamily A) measured as the catalytic activity of EROD and 7-methoxyresorufin-O-
deethylase (MROD), and CYP2B measured as activity of 7-penthoxyresorufin-O-deethylase
(PROD) were determined. Activities of EROD, MROD and PROD were significantly elevated
in fish exposed to PBSA in all tested groups compared to control fish, even after 21 days
of exposure. These results indicate that even environmentally relevant concentration could
affect CYP activity.
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Anti-oxidative stress enzyme (superoxide dismutase, catalase and glutathione reductase)
activities were measured in liver of fish exposed to the highest concentration of PBSA. Only
the activity of glutathione reductase was changed. This decreased activity of glutathione
reductase might be caused by the impairment of the enzyme by reactive oxygen species
(Ochi, 1990; Rousar et al., 2010) or by the diminished availability of NADPH (Li et al.,
2010d). Biochemical parameters (lactate, glucose, alanine aminotransferase, creatine
kinase, triglycerides and total proteins) were measured in blood plasma. The concentration
of glucose in exposed fish was higher compared to control fish. Elevated concentrations of
glucose in blood indicate metabolic stress (Portz et al., 2006). Creatine kinase and alanine
aminotransferase are markers of environmental stress (El-Sayed et al., 2007; Li et al., 2010c).
While creatine kinase was elevated, alanine aminotransferase was not. There were no changes
in measures of hematological parameters. The results of concentration measured in plasma
and different tissues indicate that PBSA does not accumulate in fish but can enter the fish and
can therefore induce a response in the liver (impacted CYP activity).

From these laboratory results is obvious, that even environmentally relevant concentrations
represent risk for fish. And in this case, fish were exposed only to one pollutant. In the real
conditions, in effluents from municipal STP, there are many compounds which enter surface
waters. Some of them are found in higher concentrations, e.g. atenolol, carbamazepine,
cetirizine, ciprofloxacin, citalopram, diclofenac, hydrochlorothiazide, metoprolol, tramadol and
venlafaxine (Fedorova et al., 2014; Fick et al., 2009; Golovko et al., 2014; Verlicchi et al., 2013);
some of them in trace-level, e.g. benzophenone 3, estrone, isradipine, loratadine, phenazone
and timolol (Gabet-Giraud et al., 2014; Golovko et al., 2014; Kosma et al., 2014, Verlicchi et al.,
2013); some of them even under the limit of quantification (LOQ), e.g. diazepam, fenofibrate,
ketamine, methadone, midazolam, simvastatin (Fedorova et al., 2014; Kosma et al., 2014;
Verlicchi et al., 2013); and some of them were not analyzed. Nobody can predict how this
mixture could affect aquatic organisms living in this cocktail of pollutants for their whole life.
Therefore, the effects on fish should be studied in real conditions, it means using real effluent
or real surface water for the experiment.

In the next study (Grabicova et al., 2014, chapter 3.1.) the effluent from the second biggest
STP in Sweden was used for determining the concentration of antidepressants in fish tissues.
Rainbow trout were placed into tanks with this effluent for exposure time almost 2 weeks.
The bioconcentration was determined. Even this quite short period of exposure led to the
presence of citalopram, sertraline and venlafaxine in fish brain and liver. Fluoxetine was found
below LOQ. Brain is the target organ for action of antidepressants and liver is the organ where
the main detoxification activity is going on. The concentrations of venlafaxine and citalopram
were higher in liver than in brain, which correspond with a previous study carried on brook
trout (Salvelinus fontinalis) (Lajeunesse et al.,, 2011). The concentration of sertraline was
higher in brain than in liver. The same findings were observed in fish living in an effluent-
dominated stream (Brooks et al., 2005). These antidepressants are used for treatment
anxiety disorders and major depression. Because they were found in fish brain, it suggests
that the behavior of fish could be affected. Unfortunately, the changes in behavior of fish
were not studied due to the unnatural surroundings for exposed fish. The concentration of
antidepressants was measured in composite 24 hours effluent flow-proportional samples to
calculate tissue-specific BCFs. Higher BCF was found in liver than in brain for citalopram and
venlafaxine. For sertraline, BCF was higher in brain than in liver. The values of BCFs are similar
to values estimated in brook trout (Lajeunesse et al., 2011). Because of the target organ, the
concentration measured in brain is the most informative for evaluation of risk assessment.
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But as it was mentioned, only bioconcentration was observed. Again, this type of experiment
does not mimic real conditions where fish are living in. One of the factors are that fish are
stressed so measured biomarkers could be misrepresented. The second factor, which is not
included to “caged fish” or “aquarium fish” approach, is diet. The uptake of chemicals via the
food chain is an important part for risk assessment.

Animportant part of salmonid fish diet consists of benthic organisms. Therefore concentration
of different pharmaceuticals in extracts from benthic organisms was studied (Grabicova et al.,
chapter 2.2). Zivny stream, a small stream highly impacted by effluent from Prachatice STP
was chosen as a model site. Two benthic species, Hydropsyche sp. and Erpobdella octoculata
were picked up in different areas of the stream, area E (situated directly downstream the
effluent from STP), area B and R (1.5 and 3 km downstream the effluent, respectively). For
comparison, benthic organisms were picked up at non-contaminated area (area C, approx.
4.5 km upstream the effluent).

There are many studies where benthic organisms and aquatic pollution is discussed.
However, these studies are focused mainly on biochemical responses (Damasio et al.,
2011a; Damasio et al.,, 2011b), biodiversity (Azrina et al., 2006; Koperski, 2010; Pan et al.,,
2013; Pan et al., 2012a; Pan et al., 2012b) and survival (Stuijfzand et al., 1999). Our study
was focused on bioaccumulation of pharmaceuticals. A multi-residue analytical method on
LC/HRMS/MS was used for analysis of seventy compounds. Pharmaceuticals detected in
benthos extracts belong to groups of antibiotics (azithromycin and clarithromycin), cardio-
vascular drugs (valsartan and verapamil), non-steroidal anti-inflammatory drugs (diclofenac),
antifungal drugs (clotrimazole) and psychoactive drugs (sertraline and citalopram). The
highest bioaccumulated pharmaceuticals were azithromycin and diclofenac in Hydropsyche
and Erpobdella, respectively. The uptake of pharmaceuticals via the food web could be an
important exposure pathway of wild fish populations.

As it was mentioned in the introduction, another sampling method without live organisms
could be used for monitoring or checking the situation in the streams - passive sampling
(Fedorova et al., chapter 3.3.). Because of lack of calibration data, the sampling rate for
individual compounds had to be calculated. This calculation was done from effluent of STP in
Ceske Budejovice. The sampling rate is calculated from the amount of compound in POCIS,
average water concentration and time of exposure. This equation is valid for kinetic regime
of uptake (Mazzella et al., 2007) therefore a linear period of uptake is needed. Sampling rate
could be affected by several factors such as temperature (Kingston et al., 2000; Togola and
Budzinski, 2007), biofouling (algae and microbial growth (Soderstrom et al., 2009)) and water
flow (Li et al., 2010a). Concentration of some compounds (e.g. benzoylecgonine, ketamine,
methadone and midazolam) in water samples was below LOQ, but these compounds were
found in POCIS extracts. The advantage of POCIS as a sampling tool is that samples are pre-
concentrated and the LOQ could be lower.

The passive sampling of river water was carried out within water quality monitoring of the
Czech Hydrometeorological Institute at twenty-one key profile localities in the Czech Republic.
Psycho-active drugs like carbamazepine, venlafaxine, citalopram and opioid analgesic tramadol
together with the illicit drug metamphetamine were found at a relatively high concentration in
POCIS from all sampled sites. The most polluted sites were those that received effluent from
STP with a low dilution factor (ratio of wastewater effluent and stream flow) and vice versa.

The sampling rates were used for back calculation of water concentrations from data
measured in POCIS extracts. The proportions among individual compounds in POCIS were
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different from the proportions in back calculated data. These differences could lead to
discrepancy between toxicity assessment based on passive sampling and toxicity assessment
based on conventional grab water samples.

Conclusions and future perspectives

It is obvious from laboratory carried out experiments that even environmentally relevant
concentrations of one of PPCPs can affect aquatic organisms. The real waters contain a mixture
of different pollutant so the effects could be multiplied.

An important part of natural fish diet is benthic organisms. These organisms are affected via
pollutants as well as fish; the bioaccumulation of some pharmaceuticals was demonstrated
(Grabicova et al., chapter 3.2.). The hypothesis was verified: Benthic organisms as a part of
fish diet established bioaccumulation of pharmaceuticals. So the fish consuming benthic
organisms are affected not only via pharmaceuticals dissolved in water but via the food
chain too. The consequent experiment with fish settled to polluted sites was done. The fish
were in their native environment with natural food and the time of exposure was known.
Concentration in fish plasma and tissues will be measured.

PS is useful sampling tool for the monitoring of pollution in aquatic environment but further
research is needed to make PS by POCIS more attractive and precise method for sampling
aquatic environment.
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Effects of chemicals present in sewage treatment plants’ effluents on fish
Katefina Grabicovd

There are many compounds that are used or produced by humans, e.g. pharmaceuticals
and personal care products (PPCPs), nutritive components (sweeteners), persistent organic
pollutants, heavy metals, which are used in large quantities around the world. These
compounds end up in waste waters and enter sewage treatment plants (STPs). But not all
of these compounds are removed during the treatment processes in STP and they enter the
aquatic environment via sewage effluents. The thesis is focused especially on evaluation of
presence and potential toxicological effects of PPCPs in aquatic environment.

The risk assessment for a single compound is usually based on laboratory experiments.
The first tested compound was verapamil, a pharmaceutical for lowering blood pressure and
treatment of cardiac diseases. Two types of tests were carried out, an acute one with high
concentration levels and a sub-chronic one with levels that included environmentally relevant
concentration. After the exposure, common carp larvae and embryos showed malformation
and edemas and the heart rate was decreased. According to 96hLC, , the verapamil could be
classified as a harmful or toxic substance.

The second tested substance was UV filter 2-phenylbenzimidazole-5-sulfonic acid (PBSA)
which was found at relatively high concentrations in south Bohemian surface waters. In spite
of very low bioconcentration of PBSA in fish, activities of 7-ethoxyresorufin-O-deethylase,
7-methoxyresorufin-O-deethylase and 7-penthoxyresorufin-O-deethylase in exposed rainbow
trout were increased which indicate that activity of cytochromes P450 were affected even in
environmentally relevant concentration.

In a real aquatic system, fish are exposed to waters which contain not only a single
pollutant but a mixture of them. A consequent experiment was carried out on rainbow trout
caged in effluent for 13 days from STP in Gothenburg, the second biggest STP in Sweden.
The concentration of selected antidepressants was measured in different fish tissues and
plasma. Citalopram, sertraline and venlafaxine were found in fish brain and liver. As these
antidepressants are used for the treatment of psychical disorders, behavior of fish could be
affected.

The limitations of these experiments, even with real water with a mixture of chemicals, are
that fish are stressed in aquaria or cages and the exposure via the food chain is not included.

Benthic organisms are an important part of fish diet. The impact of pollution on benthic
organisms is often studied. However, there is limited knowledge about the bioaccumulation
of pharmaceuticals in the benthos and consequently in fish. Therefore bioaccumulation in
Hydropsyche and Erpobdella was studied. These organisms were collected in non-polluted
and in effluent affected localities. Antibiotics azithromycin and clarithromycin, cardio-vascular
drug verapamil, antifungal drug clotrimazole and antidepressants citalopram and sertraline
were found in Hydropsyche. Cardio-vascular drug valsartan, antidepressant sertraline, anti-
inflammatory drug diclofenac and antifungal drug clotrimazole were found in Erpobdella.

Passive sampling is an integrative sampling method which allows the obtaining of time
average concentration over period of few weeks. POCIS (Polar Organic Chemical Integrative
Samplers) are used for sampling of polar compounds. It also can mimic bioconcentration.
Based on the field experiments, the sampling rate for individual pharmaceuticals and illicit
drugs was calculated. Twenty-one localities in the Czech Republic were sampled by POCIS and
the water concentration of psychoactive drugs was estimated. Further research is necessary
to make POCIS passive sampling a more precise tool for monitoring pharmaceutical and drug
contents in aquatic environments.

50’
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CZECH SUMMARY

Vliv chemikalii pfitomnych ve vytocich z &istiren odpadnich vod na ryby
Katefina Grabicovd

Farmaka a latky kazdodenni potfeby (tzv. personal care products, PPCP), dopliiky stravy,
perzistentni organické polutanty a tézké kovy, to jsou chemikalie, které jsou pouzivané ¢i vyrabéné
po celém svété ve velkém mnozstvi. Tyto latky jsou vylouceny ¢i vyhozeny do odpadu a spole¢né
s odpadni vodou vstupuji do ¢istiren odpadnich vod (COV). Ne v3echny latky jsou v nékolika
stupfovém ¢isticim procesu odstranény a prostfednictvim vytoka z COV se dostavaji do Zivotniho
prostredi. Tato dizertacni prace je zamérena na PPCP - na jejich pfitomnost ve vodnim prostredi a na
zjistovani jejich mozného vlivu na vodni organizmy.

Hodnoceni rizik plynoucich z pfitomnosti cizorodych latek ve vodnim prostredi je obvykle zaloZzeno
na laboratornich studiich. V ramci této prace bylo prvni testovanou latkou lé€ivo verapamil, ktery je
hojné predepisovan k 1écbé srdec¢nich nemoci a na snizeni krevniho tlaku. K testovani tohoto Iéciva
byly pouzity dva typy testl - akutni s vysokymi koncentracemi a subchronicky, kde byla testovana i
koncentrace odpovidajici realnym koncentracim této latky ve vodnim prostfedi. Embrya a larvy kapra
obecného (Cyprinus carpio) vystavené plsobeni verapamilu vykazovaly deformace a otoky tél. Bylo
pozorovano i sniZzeni tepové frekvence. Podle stanovené hodnoty 96hLC50 mUze byt verapamil
zafazen mezi Skodlivé ¢i jedovaté latky.

Dal3i testovanou latkou byla 2-fenylbenzimidazole-5-sulfonova kyselina (PBSA). Tato kyselina patfi
do skupiny UV filtrG pouzivanych napf. v opalovacich krémech a jak bylo v rdmci nasi terénni studie
zjisténo, vyskytuje se v povrchovych vodach jiznich Cech v relativné vysokych koncentracich. | presto,
Ze biokoncentrace PBSA v tkanich a plazmé pstruha duhového (Oncorhynchus mykiss) byla nizka,
aktivita 7-ethoxyresorufin-O-deethylasy, 7-methoxyresorufin-O-deethylasy a 7-penthoxyresorufin-O-
deethylasy u exponovanych ryb byla zvySena, z ¢ehoz vyplyva, ze byla ovlivnéna aktivita cytochrom
P450, a to i koncentraci PBSA bézné stanovovanou v povrchovych vodach.

Ryby Zijici ve volné pfirodé jsou v3ak vystaveny plsobeni rdznorodych smési chemickych latek.
V nasledné studii byl proto pouzit pfistup, kdy byl pstruh duhovy vystaven pfimo pusobeni vytoku
z COV v Géteborgu, druhé nejvétsi COV ve Svédsku. Pozornost byla zaméfena na vyskyt antidepresiv
v krevni plazmé a tkanich ryb po jejich 13denni expozici. Citalopram, sertraline a venlafaxine byly
nalezeny v mozku a jatrech téchto ryb. ProtozZe se tato léCiva pouzivaji k 1é¢bé depresi a jinych
psychickych poruch, je mozno predpokladat, ze maze byt také ovlivnéno i chovani ryb vystavenych
plsobeni téchto latek.

Akvarijni a klecové experimenty jsou vSak pro ryby stresujici, a navic nezohledfiuji pfijem
cizorodych latek potravou. Dllezitou soucasti potravy ryb jsou bentické organizmy. Je mnoho studii,
které se zabyvaji vlivem znecisténi na bentické organizmy, ale tyto studie jsou obvykle zaméreny
na biodiverzitu & ovlivnéni biomasy. Dalsim cilem prace bylo zjistit, zda se 1é¢iva kumuluji v télech
bentickych organizm. Byly studovany dva druhy bentickych druhd, larvy chrostika (Hydropsyche sp.)
a pijavky (Erpobdella octoculata). V larvach chrostikl doslo ke kumulaci antibiotik azithromycinu
a clarithromycinu, kardiovaskularniho l|éciva verapamilu, protiplisiového léciva klotrimazolu a
antidepresiv sertralinu a citalopramu. V pijavkach byly nalezeny valsartan (kardiovaskularni lé¢ivo),
diklofenak (protizanétlivé 1écivo) a také, stejné jako v larvach chrostik(, sertraline a klotrimazol.

Velmi perspektivni metodou pouzivanou ke vzorkovani Zivotniho prostredi je pasivni vzorkovani.
V redlnych podminkach byla provedena a ovérena kalibrace pasivnich vzorkovacu. Pasivni vzorkovace
POCIS (Polar Organic Chemical Integrative Samplers) byly pouzity ke vzorkovani 21 lokalit Ceské
republiky pro stanoveni psychoaktivnich farmak. Pro vyuziti pasivnich vzorkovacd jako exaktni
metody pro sledovani farmak a drog ve vodnim prostfedi je zapotrebi dalsiho vyzkumu.
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