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General introduction

GENERAL INTRODUCTION

1.1. Cardiovascular Pharmaceuticals

Pharmaceuticals are a class of emerging environmental contaminants that are extensively
and increasingly being used with the consequence of higher levels of their discharge into the
environment (Fent et al., 2006; Corcoran et al., 2010). The U.S. Food and Drug Administration
(FDA) had approved 1453 small molecule drugs by the end of 2013 (Kinch et al., 2014). Drugs,
both prescribed and non-prescribed, are becoming an increasingly complex component of
health care (Khetan and Collins, 2007). The increased consumption of human pharmaceuticals
can be demonstrated by the pharmaceutical market in the United States where the annual
value of sales increased by 62% over 5 years (2000 to 2004) from $153 to $248 billion (Khetan
and Collins, 2007).

After the uptake human pharmaceuticals are excreted via urine and/or faeces in their native
form or as metabolites and enter the waste water. Due to the fact that waste water treatment
plants are not efficient in the elimination of pharmaceuticals, these substances and their
metabolites can enter the aquatic environment (Khetan and Collins, 2007; Kimmerer et al.,
2008). Therefore, wastewater treatment plants are considered as the main source of this
pollution (Huerta et al., 2012). Even though the pharmaceutical concentrations may seem
to be relatively low (from ng/l up to low pg/l), they can pose a substantial threat to aquatic
organisms because they are designed to be effective at low doses (Gunnarsson et al., 2008).
Since the pharmaceuticals are designed to interact with evolutionarily well-conserved drug
targets (Gunnarsson et al., 2008; Corcoran et al., 2010), their effects on non-target species are
supposed to occur as a result of specific drug target interactions rather than via an unspecific
mode of action. Therefore, it is assumed that pharmaceuticals act “therapeutically” rather than
toxically (Rand-Weaver et al., 2013). However, the effects of the presence of pharmaceuticals
on aquatic organisms, especially after a long-term exposure, are largely unknown (Fent et al.,
2006; Crane et al., 2006; Corcoran et al., 2010). Furthermore, the synergistic / antagonistic
effects of various pharmaceutical mixtures on aquatic organisms have been scarcely studied
(Agerstrand et al., 2015; Backhaus, 2014; Crane et al., 2006; Cleuvers, 2003).

Cardiovascular diseases are responsible for 30% of all deaths worldwide (Kearney et
al., 2005). The high prevalence of hypertension worldwide has contributed to the present
pandemic of cardiovascular diseases. Globally, the estimated total number of adults with
hypertension was 972 million in the year 2000 (Kearney et al., 2005).

In 2012, number of people who died from cardiovascular diseases was estimated at all global
deaths. Of these deaths, ca 7.4 million died due to coronary heart disease and ca 6.7 million
due to stroke (WHO, 2015). According to the U.S. National Centre for Health Statistics, 17.7%
of adults aged 18-64 took at least one cardiovascular agent in the past 30 days in the USA
in 2007-2010. And among adults aged 65 and over, 70.2% took at least one cardiovascular
agent (U.S. National Institutes of Health, 2014). In 2015, more than one out of three adults
worldwide have raised blood pressure - a condition that causes around half of all deaths from
stroke and heart disease. It is considered directly responsible for 7.5 million deaths in 2004
- almost 13% of all global deaths (WHO, 2014). In 2015, more than one out of three adults
worldwide have raised blood pressure - a condition that causes around half of all deaths from
stroke and heart disease. It is considered directly responsible for 7.5 million deaths in 2004
- almost 13% of all global deaths (WHO, 2014). Thus, anti-hypertensive medicines belonging
to the group of cardiovascular pharmaceuticals are one of the most commonly prescribed
classes of human pharmaceuticals (Jjemba et al., 2008). These pharmaceuticals are with 26-
27% of prescription contributing to the most 200 prescribed drugs in the USA (Jjemba et al,,
2008). For instance, in the United States 601.4 million prescriptions of cardiovascular and
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antihypertensive pharmaceuticals were dispensed in the year 2005 (Jjemba et al., 2008). In
the year 2014 the worldwide value of sales of antihypertensive drugs was estimated at 30.5
billion USD. Being at the eights rank of the worldwide drug sales (Hills and Urquhart, 2015).
As a result of the high consumption, these pharmaceuticals have been frequently detected in
waste waters (at concentrations reaching pg/I levels). The majority of pharmaceuticals enter
aquatic environment due to their incomplete removal in sewage treatment works (STWs;
Ashton et al., 2004). The removal process of pharmaceuticals in STWs is highly variable. It
varies between different substances and is also influenced by the season (Vieno et al., 2007).
The cardiovascular drugs are expected to belong to the classes of pharmaceuticals which are
hazardous for fish since they are in general well water soluble and because of their chemical
properties, they can be easily taken up by fish (Sanderson, et al., 2004a). Moreover, they are
supposed to affect similar targets in fish as in humans (Sanderson et al., 2004b).

In addition to other groups of pharmaceuticals, arterial hypertension and cardiovascular
diseases are treated with B-blockers (blocking B-adrenergic receptors) and calcium channel
blockers (inhibiting L-type calcium channels; e.g., Jjemba et al., 2008). B-blockers and calcium
channel blockers are widely prescribed and are not totally removed in waste water treatment
plants (Jones et al., 2002; Khan and Ongerth, 2004; Hummel et al., 2006; Maurer et al., 2007;
Vieno et al., 2007). In accordance to the read across model (Rand-Weaver et al., 2013), these
pharmaceuticals are supposed to affect aquatic vertebrates, including fish, since their drug
targets, the B-adrenergic receptors and the L-type calcium channels, which are conserved
among vertebrates (Lacinova et al., 1995; Nickerson et al., 2001; Rottbauer et al., 2001; Wang
et al., 2009).

1.1.1. B-blockers

Chemical structure

B-blockers, also called B-adrenergic receptor antagonists, have a side alkyl chain attached
to at least one aromatic ring. The alkyl chain possesses a secondary hydroxyl and amine
functional group (Tab. 1). B-blockers are very well soluble in water. Propranolol has the lowest
water solubility and is the most lipophilic agent having the highest octanol-water partition
coefficients (log K ,) among them (Tab. 1).

Table 1. Physicochemical properties of selected 8-blockers.

Compound/  Molecular formula Molecular mass LogK_ ,& Structure
CAS number (g/mol)

Atenolol C,H,NO 266.34 0.16°

1477227273

CH
29122-68-7 (@%Oﬂm
I CE
Metoprolol C..H,.N.O 267.37 1.692 =
33286225 /‘&

Propranolol C.H,.N.O 259.35 3.48°

525_66_6 16° 721" "1 72 Hj_g“- Gl\/‘:H,
,\'H_B_/GAQ_/\

Alder et al. (2010); CAS-number, molecular formula, molecular mass and structure were gained from
EPA's EPIWeb program; K_, = octanol-water partition coefficient.
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All B-blockers have one or more chiral centres in their structure; therefore there are,
depending on the number of chiral centres, at least two stereoisomers (enantiomers) of each
substance. In all cases, at least one of the chiral carbon atoms residing in the side alkyl chain
is directly attached to a hydroxyl group (Mehvar and Brocks, 2001).

B-blockers are marketed as racemates (mixture of enantiomers) (Mehvar and Brocks, 2001).
The different enantiomers have different activities. Usually, the left (S) enantiomer possesses
a substantially higher ability to bind to the B-adrenergic receptors compared to right (R)
enantiomer and is therefore therapeutically more relevant (Mehvar and Brocks 2001).

Mode of action in humans

B-blockers are used in therapy of angina pectoris, glaucoma, heart failure, and arterial
hypertensive diseases (Mehvar and Brocks, 2001; Owen et al., 2007). These pharmaceuticals
reduce the workload of the heart (Agon et al., 1991) and the heart rate as well (Larsson et
al., 2006). This group of substances is divided by the selectivity of the B-adrenergic receptors
(ARs; Owen et al.,, 2007), i.e. the so-called cardio-selectivity group (Cruickshank and John,
1980). Examples of nonselective B-blockers are propranolol, pindolol, nadolol, timolol, and
labetalol. All of them bind on both adrenergic receptors (B, and B,). Selective antagonists
of the B,-AR are for instance metoprolol, atenolol, esmolol, and acebutolol (Mehvar and
Brocks, 2001). Atenolol was developed as a replacement for propranolol, because propranolol
passes through the blood brain barrier and has central nervous system side effects (such as
psychological disorders) by binding to the serotonin (5-HT) receptor (Agon et al., 1991; Hampel
et al., 2010; Lorenzi et al., 2012). Additional side effects of B-blockers are cardiac dysrhythmia,
atrioventricular blockage which could lead to asystole, blood circulation disorders in the skin,
hypotension, insomnia, and alteration of glucose and lipid metabolism (Lullmann et al., 2003).
Moreover, treatment with B-blockers is associated with sexual problems in men, namely
erectile dysfunction (Lorenzi et al., 2012).

B-blockers are absorbed in the gastrointestinal tract via passive diffusion and are
distributed in the circulatory system through binding to albumin and al-acid glycoprotein
in the plasma (Mehvar and Brocks, 2001). Therapeutic, toxic, and comatose-lethal blood
plasma concentrations’ as well as half-life times of these pharmaceuticals in humans
are listed in Tab. 2. Comatose-lethal blood plasma concentrations follow the order of
atenolol > metoprolol > propranolol.

Table 2. Plasma concentrations and half-life time of selected 8-blockers (Regenthal et al., 1999).

Human blood plasma concentration (mg/I) Half-life (h)
Therapeutic Toxic Comatose-lethal
Atenolol 0.1-2 2-3 27 4-14
Metoprolol 0.02-0.5 1 12 3-6
Propranolol 0.02-0.3 0.5-1 4-10 2-6

The metabolic degradation of pharmaceuticals is influenced by their lipophilic characteristics.
More hydrophilic B-blockers, like atenolol and sotalol, are excreted in the urine nearly unchanged
(Mehvar and Brocks, 2001). On the other hand, lipophilic B-blockers, like propranolol and
metoprolol, are metabolized in the liver (Mehvar and Brocks, 2001). Metabolites of these
pharmaceuticals, as well as remnants of the parent substance, are then excreted via the urine.
For instance approximately 90% of propranolol and metoprolol are metabolized (Walle et al.,
1985; Maurer et al., 2007) and only 10% are excreted unchanged. The pathways of propranolol
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degradation include glucuronidation, ring hydroxylation, and side-chain oxidation (Mehvar
and Brocks, 2001). Metoprolol is metabolized in the same way as propranolol; additionally
an N-dealkylation pathway is involved (Mehvar and Brocks, 2001). The hydrophilic B-blocker
atenolol is metabolised at a low level, about 90% is excreted unchanged. The metabolism
comprises hydroxylation and conjugation (Khetan and Collins, 2007).

Sources and concentration in aquatic environment

Nowadays, atenolol and metoprolol represent approximately 80% of the B-blockers
consumed in Europe (Vieno et al., 2007). In England, Germany, Austria, Italy and Switzerland,
the most-used drugs in this class amount to several tonnes per year (Fent et al., 2006).
Accordingly, they are frequently detected in waste water (Alder et al., 2010). In untreated
waste water, propranolol, atenolol, and metoprolol were detected at concentration of 50-
180 ng/l, 1540 ng/l, and 140-290 ng/I, respectively (Maurer et al., 2007). In U.S. wastewater
samples, propranolol and metoprolol were found at concentrations up to 1.9 and 1.2 pg/I,
respectively (Huggett et al., 2002). The highest elimination rates of 96, 83, and 61% in STWs
were reported for propranolol, metoprolol, and atenolol, respectively. Atenolol, metoprolol,
and propranolol are mostly found in surface waters at ng/l concentrations, but can reach
even g/l levels (Ternes, 1998; Zuccato et al., 2000). The B-blocker sotalol was also detected
in groundwater up to 560 ng/| (Sacher et al., 2001).

Effects on fish

In general, B-blockers have a moderate lipophilicity (log K, < 3, Tab. 1), thus they enter
the fish's body via the gills, while food seems to be a negligible source. For the same reason
B-blockers do not accumulated in fish to a high extent (Owen et al., 2007). Tab. 3 shows the
available bioconcentration factors (BCF) of atenolol. As there is no information on BCFs of
propranolol and metoprolol, BCFs estimated by the program EPIWeb are presented in Tab. 3.
The calculated predicted critical environmental water concentrations of atenolol, metoprolol,
and propranolol are 792 pug/l, 15 pg/l, and 2 pg/l, respectively. These environmental
concentrations would result in fish blood plasma concentrations equal to human therapeutic
blood plasma levels (Fick et al., 2010a); if the concentration in the plasma of a fish were to
reach these levels, pharmacological effects would be expected in fish (Rand-Weaver et al.,
2013).

Table 3. Bioconcentration of selected 8-blockers.

Compound Species/ Exposure dur_atlon Tissue BCF
Age class (concentration)
Atenolol Western

mosquitofish homogenate of

Gambusia affinis/ =16 (UEAITO ) entire fish DR
Juvenile
Metoprolol 4.5°
Propranolol 516

3Valdes et al. (2014); "Bioconcentration factor (BCF) estimation gained from EPA's EPIWeb program.

B-ARs have been found in vascular tissue, gills, liver, erythrocytes, brain, and muscle of fish
(Owen et al., 2007; Corcoran et al., 2010). Since the B-ARs are relatively conserved among
vertebrates, B-blockers bind also in non-target organisms like fish (goldfish) and amphibians
(salamander; Jozefowski and Plytycz, 1998). For instance, the amino acid sequence of the
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transmembrane domain of B, and B,-ARs of rainbow trout (Oncorhynchus mykiss) share 57
and 63% identity with the corresponding mammalian B-ARs (Nickerson et al., 2001). Even
higher matches for the B, and B,-ARs transmembrane sequence of the B, and B,-ARs are
described for zebrafish (Danio rerio), where the sequence of the B, and B,share 77 and 76%
identity with their human orthologs (Wang et al., 2009).

Atenolol

Atenolol showed a very low acute toxicity to medaka (Oryzias latipes) with a 96hLC_ value
reaching 1800 mg/I (Yamamoto et al., 2007; Tab. 4). In a short-term (21 d) adult reproductive
study on fathead minnow (Pimephales promelas), fish were exposed to atenolol at the
concentration range of 0.1-10 mg/l; no effects were observed on the gonad weight (GSI)
of either sex, egg production or egg hatchability. Atenolol caused an increase in condition
index of only male fish (Lowest Observed Effect Concentration (LOEC)conditionindex = 3 3 mgy/I).
Concentration of atenolol reached 0.05 mg/I in the blood plasma of the exposed fish (Winter
et al., 2008a). Furthermore, Winter et al. (2008a) carried out a fathead minnow embryo-larval
test lasting 28 days at the same concentration range of atenolol as above. Atenolol reduced
the growth rate of larvae only at very high concentrations (LOEC&°vthrate = 10 mg/I). The other
developmental parameters, such as number of hatched fish or occurrence of abnormalities,
were not affected by atenolol (Winter et al., 2008a). Therefore, atenolol seems to have low
chronic toxicity to early development and reproduction of fathead minnow.

In contrast, a short-term exposure (5 days) to atenolol at the concentration of 11 pg/I
changed gene expression patterns in Atlantic salmon (Salmo salar). The expression of
approximately 30% of 480 candidate genes was altered. Mainly genes involved in metabolic
pathways such as adipocytokine signalling pathway, insulin signalling pathway, glycolysis/
gluconeogenesis and oxidative phosphorylation were affected. Similarly, in humans, it is
known, that the B-blockers atenolol, metoprolol, and propranolol also alter the lipid and
carbohydrate metabolism (Jacob et al., 1996; Bakris et al., 2004; Lindholm et al., 2005).
Furthermore, changes in the processing of genetic information were observed. The following
processes of translation were affected: folding, sorting, and degradation of the synthesized
genetic material (Hampel et al., 2010). In the study of Fernandez et al. (2013), rainbow trout
gonad cells (RTG-2) were exposed for 24 h to atenolol at a concentration of 500 pg/I. Atenolol
did not cause oxidative stress, had no effect on the activity of CYP1A or had no cytotoxic effect
on the exposed cells. Therefore, effects of atenolol on fish seems to be more physiological
(Hampel et al., 2010) than classically toxicological (Winter et al., 2008a).

In humans, atenolol causes side effects on the central nervous system such as light-
headedness, tiredness, fatigue, and lethargy (Wander et al., 2009) even though it hardly
crosses the blood brain barrier. Fish are considered to have a relatively leaky blood-brain
barrier compared with mammals and the fish brain is rich in B-ARs, a possibly prone target
for atenolol. Therefore, changes in the behaviour patterns in atenolol-exposed fish can be
expected (Owen et al., 2007).

Propranolol

Due to the nonspecific antagonistic action, propranolol has wide effects on fish, but only at
very high concentrations (Fent et al., 2006). The studies of Stanley et al. (2006) and Hugget
et al. (2002) reported a 48hLC, of 1.27 and 24.3 mg/I for adult fathead minnows and medaka
larvae, respectively (Tab. 4). In addition, Stanley et al. (2006) reported for medaka, a 48hLC,,
of 1.42 and 1.69 mg/| for the S- and R-enantiomer of propranolol, indicating no stereospecific
effect on acute toxicity of propranolol. Furthermore, Stanley et al. (2006) carried out 7 days
lasting toxicity test on medaka larvae; the fish were exposed to the S-and R-enantiomer and
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racemate of propranolol in concentrations ranging from 93.8-15000 png/l. In the exposed
fish, no enantiomer specific effect on survival was observed. The calculated LOE(Creduced weight
for S-enantiomer, R-enantiomer, and the racemate (R, S) were 134.4 > 463.6, and 128.2 pg/I,
respectively. Similarly, the S-enantiomer of propranolol is more potent in the blockage of
B-ARs in humans when compared to R-enantiomer (Mehvar and Brocks 2001).

In the study of Sun et al. (2014), zebrafish embryos were exposed to propranolol racemate
and to the R- and S-propranolol (at the concentration of 1-16 mg/l). The heart rate and
mortality with the hatching rate were assessed after 48 and 96 h, respectively. At very high
concentrations, propranolol reduced the heartbeat of the fish (LOECreduced heartbeat = 8 mg/|)
and the hatching rate (LOEChatchingate = 8 mg/[). The authors observed no enantiomer specific
effects on studied endpoints. In accordance, the heart rate of rainbow trout was not affected
by 48-h exposure to high concentrations of propranolol (70.9 pg/I) (Larsson et al., 2006).

Furthermore, Sun et al. (2014) exposed zebrafish larvae for 96 h to propranolol racemate
and to the R- and S-enantiomers of propranolol at concentrations ranging from 0.01 to 1 mg/I.
Compared to the controls, neither enantiomers nor the racemate affected transcriptional
response of the genes encoding the B, and the B,-AR in exposed fish. Interestingly, R-propranolol
(the less potent form) affected the expression of B,-AR (Mehvar and Brocks 2001, Sun et al.,
2014). Furthermore, all forms of propranolol at the concentration of 0.01 and 1 mg/| affected
in acute exposed zebrafish larvae the expression of genes involved in antioxidant response,
detoxification, and apoptosis (Sun et al., 2014).

In the study of Owen et al. (2009) juvenile rainbow trout were exposed for 40 days to
propranolol at concentrations ranging from 0.0001 to 10 mg/I. A reduced growth rate was
observed in the group of fish exposed for 10 days to the highest propranolol concentration
(LOE(Creducedgrowthrate — 10 mg/|). However, at the end of exposure time, there were no differences
in the growth rate among treatment groups and the control (NOE(Creduced growthrate — 10 mg/I),
suggesting possible adaptation of fish to propranolol.

Eighty-hour exposure to propranolol at concentrations ranging from 4 to 32 mg/Il caused
abnormalities in the development of zebrafish (Fraysse et al., 2006). A large pericardial
oedema was developed in 40% of the zebrafish larvae exposed to the highest concentration
(32 mg/l). When the fish developed an oedema, the heart rate also changed and the blood
circulation was reduced in the caudal part. Furthermore, the development of the spine was
affected and tail curvatures (mainly lordosis) were observed. Additionally, pigmentation was
reduced and the numbers of spontaneous movements increased due to this treatment. Other
studied endpoints, e.g., hatching rate and time were not altered (Fraysse et al., 2006).

Giltrow et al. (2009) carried out an adult reproductive study (lasting 21 days) on one-year-
old fathead minnow. The fish were exposed to concentrations of propranolol ranging from
0.001 to 10 mg/I. At the concentration of 3.4 mg/|, total mortality was observed. In addition,
propranolol decreased the hatching time (number of days to hatch; LOEChtchingtime — 9.1 mg/I).
In female fish, the gonado-somatic index (GSI) increased proportionally to the concentration
of propranolol (LOECfmae &= 0.1 mg/I). Also a concentration-related decrease in weight of
male fish was observed (LOECmale weight = 7.0 mg/l). The concentrations of propranolol in the
blood plasma of male fish exposed to nominal concentrations of 0.1 and 1.0 mg/l were 0.34
and 15.0 mg/I, respectively (Giltrow et al., 2009).

In a 2-week medaka reproductive study, where the fish were exposed to propranolol at the
concentration range of 0.5-500 pg/l, exposed fish had significant changes in plasma steroid
levels; however, no changes in the average number of eggs produced or number of viable
eggs which hatched were observed (Huggett et al., 2002). In a 4-week follow-up propranolol
exposure, the total number of eggs produced by medaka and the number of viable eggs that
hatched were decreased at concentrations as low as 0.5 pg/I (Huggett et al., 2002). Moreover,
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Lorenzi et al. (2012) carried out an adult reproductive study (lasting 21 days) on nine-month-
old fathead minnows. The fish, were exposed to concentrations of propranolol ranging from
0.05 to 4.11 ug/l. Propranolol did not affect the fecundity, fertilisation rate, hatchability,
hatching time, nest rubbing behaviour, time spent near the nests or frequency of males
approaching the females. However, males exposed to propranolol in concentration of 0.05
and 0.88 pg/|, visited the nests less often. The exposure to propranolol at the concentration
of 4.11 pg/l did not affect the reproductive behaviour or the spawning abilities of fathead
minnows, but affected the expression of some genes in the brain of exposed fish, namely
myoglobin and calsequestrin and genes involved in calcium ion transport, transcription,
proteolysis and apoptosis/anti-apoptosis (Lorenzi et al., 2012). The effect on behaviour and
gene expression might be caused by an antagonism of propranolol to the serotonin receptor
(5-HT,,; Lorenzi et al., 2012). Therefore, Lorenzi et al. (2012) suggested studying the effect of
propranolol on the early development of brain in fish.

The effect of propranolol on the activity of CYP1A in liver and gills was studied by Bartram
et al. (2004). In an acute test lasting 98 h, rainbow trout was exposed to propranolol at the
concentration of 1 mg/I. Propranolol induced activity of CYPT1A in the gills but not in the liver of
exposed fish. Furthermore, liver and gill cells were exposed for 72 h in vitro to propranolol at
concentrations ranging from 0.1 to 400 pg/I. In both gill and liver cell suspensions, propranolol
induced the activity of CYP1A at the concentration of 200 ug/I. Similarly, CYP1A2 accounts for
32-50% of the total metabolism of this substance in humans.

Metoprolol

Metoprolol has low acute toxicity for medaka (48hLC,, 2 100 mg/I; Hugget et al., 2002,
Tab. 1.). Acute exposure (72 h) to high concentrations of metoprolol affected the embryo-
larval development of zebrafish (van den Brandhof and Montforts, 2010). Scoliosis was
developed in 35% of the exposed fish at the concentration of 25.3 mg/I and a pericardial
oedema was found in 50% of the fish exposed to a higher concentration (50.5 mg/I). When
the heart was deformed, the heartbeat also changed. The no-observed-effect concentration
(NOEC) for embryo-larval development was estimated at 12.6 mg/l (van den Brandhof and
Montforts, 2010). In the study of Sun et al. (2014), zebrafish embryos were exposed for
96 h to metoprolol at concentrations of 1-16 mg/I. The experimental design is described
above. Metoprolol caused a reduction of the heartbeat (LOECreduced heartbeat = 1 mg/[) and a
reduced hatching rate at very high concentrations (LOECreduced hatching rate — 8 mg/]). Sun et al.
(2014) demonstrated the heart beat to be the most sensitive endpoint of the study. As
described above, Sun et al. (2014) exposed the fish to the S- and R-enantiomer and racemate
of metoprolol. Metoprolol racemate and the R-metoprolol had an effect on the transcription of
genes that encode B, and B,-ARs, while the expression of B-AR gene was not affected. On the
other hand, the S-enantiomer of metoprolol affected expression of all B-ARs including the .-
AR. In addition, fish exposed to S-metoprolol exhibited a stronger reduction in the expression
of the B-ARs compared to R-enantiomer. Consequently, S-metoprolol affected the expression
of genes involved in antioxidant response, detoxification, and apoptosis, while R-enantiomer
of metoprolol had smaller effects, and racemate had no effect on the expression of these
genes. In line with these findings, S-metoprolol is more potent in humans when compared to
R-metoprolol (Mehvar and Brocks 2001).

Triebskorn et al. (2007) carried out a long-term exposure (28 d) of rainbow trout and
common carp (Cyprinus carpio) to metoprolol at concentrations of 1, 5, 20, 50, and 100 pg/I.
Histopathological changes in the gills (LOECMucus cell proliferation in gills — 20 g /]; LOECchloride cell disorders
= 50 pg/l), trunk kidney (LOECtunkkidney = 1 g/l), and liver (LOEC™e = 1 pg/l) were observed.
Additionally, reduced glycogen level was measured in the liver cells (LOECreduction of glycogen —
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1 pg/l). The observed histopathological changes (liver, kidney) could have been a result of
areduced blood flow (Triebskorn et al., 2007).

In an in vitro experiment, hepatocytes of male Nile tilapia (Oreochromis niloticus) were
exposed for 24 h to metoprolol at concentrations of 1.07 (environmentally relevant), 10.69,
and 106.9 pg/l and the effects of metoprolol on mRNA expression of CYP1A, selected phase-
Il enzymes, and vitellogenin were studied. At all tested concentrations of metoprolol, the
expression of CYPTA was significantly up-regulated compared to the control indicating
that metoprolol might be metabolised by CYP1A in fish hepatocytes. At the lowest tested
concentration of metoprolol, the expression of GST was induced (1.8 fold) compared to the
control, suggesting that GST also is involved in the biotransformation of metoprolol. At the
concentration of 10.69 pg/l of metoprolol, the mRNA expression of vitellogenin was increased
(Groner et al., 2014). These findings were interpreted as species-specific endocrine disruption.
At present, there is no literature available on the in vivo effect of metoprolol on the parameters
selected by Gréner et al. (2014).

Conclusion

Acute toxicity of B-blockers is very low up to high (Tab. 4). Atenolol can be classified as
non-toxic (96 h LC,, > 100 mg/I, OECD, 2001) for larvae. Metoprolol and propranolol can be
classified as non-Propranolol can be classifies as a substances of medium toxicity for adult fish
(48 h LC,; = 10-100 mg/I; Svobodova et al., 1993) and high toxic for the early life stages of
fish (48 h LC, = 1-10 mg/l; Svobodova et al., 1993; Tab. 4). Metoprolol and propranolol were
more toxic to early life stages of fish compared to adults. Most studies to date have focused
on the effects of propranolol, metoprolol, and atenolol. In addition stereospecific effects were
studied for propranolol and metoprolol, while there is still limited knowledge on the effects of
atenolol enantiomers. An enantiomer-specific effect was reported only for the growth of fish
larvae exposed to propranolol. Gene expression patterns were more affected by metoprolol
compared to propranolol. In summary, metoprolol and propranolol affects larval development
of fish only at very high concentrations (mg/l). Propranolol was found to affect reproductive
parameters of fish and had an impact on the parental care of exposed male fish at relatively
low concentrations (low ug/l range).

Atenolol affected the growth rate, gene expression patterns, and reproductive parameters of
fish in pg/I to mg/I range. Histopathology of gills, kidney, and liver was changed by metoprolol
in pg/l range. Chronic effects and bioconcentration of atenolol in juvenile fish were not studied
before starting my Ph.D. work.
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Table 4. Lethal concentrations (LC,,) of selected p-blockers.

Species Age class  Duration of LC,, Reference
exposure (h) (mg/l)

Atenolol Medaka Larvae® 96 1800 (Yamamoto et al., 2007)
(Oryzias latipes)
Medaka Larvae 96 >100 (Kim et al.,, 2009)
(Oryzias latipes)
Rainbow trout —b 96 >100 (Winter et al., 2008a)
(Oncorhynchus
mykiss)

Metoprolol Medaka Adult 48 >100 (Hugget et al,, 2002)
(Oryzias latipes)
Zebrafish Embryo 96 >50 (Sun et al., 2014)
(Danio rerio)

Propranolol Medaka Larvae 96 11.4 (Kim et al., 2009)
(Oryzias latipes)
Zebrafish Embryo 96 2.48 (Sun et al., 2014)
(Danio rerio)
Fathead minnow Larvae 48 1.21 (Stanley et al., 2006)
(Pimephales
promelas)
Medaka Adult 48 243 (Hugget et al., 2002)
(Oryzias latipes)

3Information on the stage was not provided, but considering that the fish were 10-days old, we suppose
that they were in larval stage. "Winter et al. (2008a) refer to AstraZeneca (unpublished data), no
information on age was provided.

1.1.2. Calcium channel blockers

Chemical structure

The group of calcium channel blockers (also called calcium channel antagonists) is
very heterogeneous and consists of three main classes - phenylalkylamines (verapamil),
benzothiazepines (diltiazem), and dihydropyridines (nifedipine, isradipine; Budriesi et al.,
2007). Selected physicochemical properties of verapamil, diltiazem, and nifedipine are shown
in Tab. 5. Calcium channel blockers are chiral substances having two different enantiomers,
which differ in activity as well as in bioavailability. For example, verapamil is administered
as a racemate; with the S-enantiomer being approximately ten times more potent than the
R-enantiomer (Bhatti and Forster, 1997). As the calcium channel blockers differ in molecular
structure, they have also different sites and mode of action and affect various cardiovascular
functions (Molden et al., 2002; Lidllmann et al., 2003; Gossman and Messerli; 2004; Bergson
et al.,, 2011). Verapamil and diltiazem are amphipile substances (possessing both hydrophilic
and lipophilic properties). Both bind to the calcium channels via the amine functional group
(Lallmann et al., 2003; Budriesi et al., 2007). Nifedipine and isradipine are active due to the
dihydropyridin ring (Lullmann et al., 2003).
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Table 5. Physicochemical properties of selected calcium channel blockers.

Compound/ Molecular Molecular mass Log K, Structure
CAS number formula (g/mol)

Diltiazem C,H,N,O,S, 414.52 2.79

33286-22-5

Nifedipine C,,HN,O, 346.34 2.50
21829-25-4

e
Verapamil C,,HN,O, 454.61 3.79 Ee
52-53-9 A

K,, = octanol-water partition coefficient; EPA's EPIWeb program [KOWWIN (v1.68)].

Unlike verapamil and diltiazem, nifedipine and isradipine are neither light stable nor well
water-soluble (Lallmann et al., 2003). The water solubility of verapamil is highly dependent
on the pH. For instance, solubility at pH 6.3 and pH 6.8 (at 37 °C) is > 100 and 2.71 g/I,
respectively (Streubel et al., 2000).

Mode of action in humans

Calcium channel blockers have been used for the treatment of hypertension since the
1980s (Budriesi et al., 2007). They are also used in the therapy of angina pectoris, paroxysmal
supraventricular tachycardias, hypertrophic cardiomyopathy, Raynaud phenomenon, and
pulmonary hypertension. Calcium channel blockers lower the blood pressure due to a
vasodilatation which reduces the peripheral resistance and they also lower the heart rate. In
contrast to B-blockers, they do not affect glycogen metabolism (Grossman and Messerli, 2004;
Budriesi et al., 2007). Furthermore, calcium channel blockers do not change the lipoprotein
profile of the blood plasma (Zaugg, 2000). The typical counter-regulations of body to calcium
channel blockers are the release of noradrenaline and rennin (Zaugg, 2000). Different calcium
channel blockers attach to different parts of the calcium channel. Calcium channel blockers
selectively affect either the cardiac (verapamil) or the arterial (dihydropyridines) calcium
channels, whereas diltiazem affects both (Molden et al., 2002). Verapamil and diltiazem
are typical antiarrhythmic agents (Lullmann et al., 2003). The blocking of the voltage-gated
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calcium channels reduces the influx of calcium into cells. Mostly, the L-type channels (long-
term and height voltage activated) are blocked tonically. Therefore, calcium channel blockers
affect mainly the cardiac and smooth muscle cells because these tissues exhibit mostly the
L-type of calcium channels (Budriesi, 2007). The T-type calcium channels (transient and owing
to small conductance) have well-known functions in the nervous system and are found in the
developing heart (Perez-Reyes, 1998; Bergson et al., 2011). Also, in the case of verapamil, the
T-type of calcium channels are blocked (Perez-Reyes, 1998; Bergson et al., 2011). Side effects
of calcium channel blockers are bradycardia which could lead to asystole and obstipation
(Ldllmann et al., 2003). Moreover, the nervous system and skeletal muscles could be affected
by calcium channel blockers (Budriesi et al., 2007).

In addition to the cardiovascular effects, verapamil acts as a chemosensitizer in human
cancer cell lines (Yusa et al., 1989). The multi-drug resistance (MDR) of tumour cells can
reduce the affectivity of chemotherapeutic drugs (Liu et al., 2011). Verapamil can reverse the
MDR by a competitive inhibition of the binding sites of P-glycoprotein. This effect can lead to
an enhanced retention time of antitumor agents and facilitate the cytotoxic activity of various
chemotherapeutics (Yusa et al., 1989; Liu et al., 2011). The calcium channel blockers are taken
orally, absorbed via the gastrointestinal tract, and then transported by the blood (Lillmann et
al., 2003). In the Tab. 6, the therapeutic, toxic, and lethal blood plasma concentrations as well
as the half-life of these pharmaceuticals in humans are shown.

Table 6. Piasma concentrations and half-life time of selected calcium channel blockers (Regenthal et

al., 1999).
Compound Human blood plasma concentration (mg/I) Half-life (h)
Therapeutic Toxic Comatose-lethal
Diltiazem 0.1-0.25 0.8 1.3 2-6
Nifedipine 0.025-0.1 0.1 = 2-5
Verapamil 0.05-0.5 1 2.5 6-14

In human verapamil and diltiazem, undergo an extensive first-pass elimination in the
liver. Up to 70-95% of verapamil and 50-60% of diltiazem are pre-systemically eliminated
(Eichelbaum et al., 1984; Echizen and Eichelbaum. 1986; Pauli-Magnus et al., 2000). Verapamil
biotransformation is carried out by the CYP450 enzymes (CYP1A2, CYP2C, CYP2D6, CYP2ET,
and CYP3A3/4; Kroemer et al., 1993) and as a result up to 12 different metabolic products
can be found in faeces and urine (Sun et al., 2004). S-enantiomer of verapamil is metabolized
preferentially (Tracy et al., 1999). The main metabolic product of verapamil degradation is
norverapamil, which is 80% less effective compared to the parent substance (Mateus et al.,
2007). Effects of the other metabolic products are negligible (Sun et al., 2004). In mammals,
approximately 75% of diltiazem is metabolized mainly by the CYP3A4 enzyme in the liver
(Homsy et al.,, 1995). In the human body, diltiazem undergoes a complex and intensive
biotransformation involving desmethylation and desacetylation (Molden et al., 2003). The
main metabolites of diltiazem in humans are monodesmethyl diltiazem, didesmethyl diltiazem
and desacetyl diltiazem (Murata et al., 1993; Molden et al., 2003). Interestingly, the diltiazem
metabolites N-desmethyl diltiazem and N-didesmethyl diltiazem have an inhibitory effect
on the activity of CYP3A4 and therefore, a long-term diltiazem treatment could lead to a
decreased elimination rate of this substance (Sutton et al., 1997; Zhao et al., 2007).
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Sources and concentrations in aquatic environment

In Australia, the annual (in the year 1998) volume s of verapamil and diltiazem dispensed
were 9786 kg and 8669 kg, respectively (Buser et al., 1999 in Khan and Ongerth, 2004).
In Australian wastewater influent, verapamil and diltiazem were found in concentrations
of 0.9 and 0.1 pg/l, respectively. The removal rate of diltiazem and verapamil in sewage
treatment plants is approximately 35% and 16%, respectively. The sludge sorption of these
pharmaceuticals is much lower than the removal rate (Khan and Ongerth, 2004). In the United
Kingdom, diltiazem was detected at an average (maximum) concentration of 0.77 (3.20), 0.27
(0.64) and 0.01 (0.20) pg/! in influent, effluent, and surface waters, respectively (Kasprzyk-
Hordern et al., 2009). In Germany verapamil was detected in concentration of 3.1 and 0.51 pg/I
in influent and effluent waster, respectively (Hummel et al., 2006).

In Australia in the wastewater effluent, verapamil and diltiazem were detected in
concentrations of 0.08 and 0.09 ug/I, respectively (Khan and Ongerth, 2004). Additionally,
in wastewater effluent in the USA the maximal concentration of verapamil and its metabolite
norverapamil were found in concentrations of 0.190 and 0.07 pg/l, respectively (Batt et al.,
2008). In the USA, highest detected concentration of diltiazem in waste water was 0.106 pg/I
(Kolpin et al., 2004). The calculated predicted critical environmental water concentrations
of diltiazem and verapamil are 27884 ng/I and 24 ng/|, respectively. These environmental
concentrations would cause fish blood plasma concentrations equal to human therapeutic
blood plasma levels (Fick et al., 2010a).

Effects on fish

The uptake of calcium channel blockers in fish is supposed to be similar to the uptake
of B-blockers since their lipophilicity (log K < 3, Tab. 5) and the molecular weights are
comparable (Owen et al., 2007). Therefore, calcium channel blockers will be taken up mainly
via the gills. In general, substances having molecular masses lower than 1000 g/mol can be
taken up by the gills of fish (Sanderson et al., 2004a). Diltiazem accumulates to a certain
extent in liver and muscle of fish. The mean concentrations found in wild fish were 0.15 and
0.7 pg/kg in fillets and liver, respectively (Ramirez et al., 2009). Fick et al. (2010b) reported
that the blood plasma of rainbow trout exposed to waste water was containing verapamil.
Tab. 7. shows the BCFs of diltiazem and verapamil.

The drug target of the calcium channel blockers, the calcium channels are relatively conserved
among vertebrates. For instance, polypeptide sequences of human a-subunit of the L-type
calcium channel, which is one of the targets of verapamil, has a 78% match with the sequence
of zebrafish (Lacinova et al., 1995; Rottbauer et al., 2001). The zebrafish heart possesses
both L- and T-type calcium channels. Interestingly, in most mammals T-type channels are only
expressed in the developing heart or under pathophysiological conditions (Nemtsas et al.,
2010). The calcium channels are also essential for the muscle activity in both fish and man. In
zebrafish, the L-type calcium channels trigger the skeletal muscle excitation-contraction and
also the coupling of the membrane depolarization (Schredelseker et al., 2010).

As stated, calcium channel blockers are chiral substances (Bhatti and Forster 1997). However,
to the best of our knowledge no research addresses the effect of different enantiomers of
calcium channel blockers on fish.
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Table 7. Bioconcentration of calcium channel blockers.

Exposure time /

Compound Species / Age class Medium Tissue BCF
Eastern mosquitofish
Diltiazem? (Gambusia holbrooki) / 7 days / Whole fish 16
_ Waste water homogenate
Rainbow trout 14 days /
- .
Verapamil (Oncorh)jﬁsie}:islemylass) / Waste water Blood plasma >33to 175

aWang and Gardianli (2013) - authors provided only information on the length of the fish (2.5-5.2 cm);
PFick et al. (2010b); BCF = bioconcentration factor.

Verapamil

Li et al. (2010a) carried out an acute exposure study (lasting 96 h) on juvenile rainbow trout
with verapamil at the concentration range of 0.5-10.0 mg/I. The 96hLC,  value was estimated
at 2.72 mg/I.

Li et al. (2010b) also carried out chronic toxicity test on juvenile rainbow trout lasting
42 days. The fish were exposed to verapamil at sub-lethal concentrations ranging from 0.5
to 270 ng/l. After the 21-day exposure, the body length, liver weight, and condition factor
significantly decreased at the highest tested concentration (270 pug/1). Haematological changes
as well as changes in biochemistry of the blood plasma appeared at the concentrations of
27 and 270 pg/l. After further exposure, verapamil caused changes in haematological and
biochemical parameters of blood even at lower concentrations. Verapamil induced also
antioxidant responses and caused stress in exposed fish. Stress index (integrated biomarker
response) increased with increasing concentration of verapamil and time of exposure (Li
et al., 2010b). Moreover, Li et al. (2011) carried out a short-term toxicity test on juvenile
rainbow trout lasting 7 days. The fish were simultaneously exposed to verapamil at sub-lethal
concentrations ranging from 50 to 100 ug/l and to cadmium at concentration of 50 ug/I.
Levels of oxidative stress biomarkers (thiobarbituric acid-reactive substances, carbonyl
protein) was increased and the antioxidant response was decreased in the group exposed
only to cadmium. Li et al. (2011) suggested that verapamil might reduce the cadmium uptake
through calcium channels. Therefore, it could decrease the cadmium-induced physiological
stress in rainbow trout (Li et al., 2011). In the study of Overturf et al. (2012), long-term
exposure (28 days) of fathead minnow larvae to verapamil at the concentration of 600 pg/I
caused a significant decrease in growth rate.

In an acute toxicity test lasting 3 h zebrafish embryos were exposed to verapamil at
concentrations ranging from 0.45 to 456 mg/l (Berghmans et al., 2008). At a very high level
of verapamil (hundreds of mg/l), the atrial and ventricular rates and the number of gut
contractions were reduced, similar to the effect and side effects observed in humans.

Winter et al. (2008b) who carried out an acute toxicity test on zebrafish, observed abnormal
swimming patterns (NOECsvimmire = 47 ng/l) after a 1-hour exposure to verapamil (Winter et
al., 2008b). Furthermore, Rihel et al. (2010) carried out a rest/wake behavioural assay where
zebrafish larvae were exposed for three days to a high concentration of verapamil (4.51 mg/I).
Verapamil-exposed fish showed longer rest time compared with the control.

In rainbow trout hepatocyte cell culture, 7-day lasting exposure to verapamil but not
diltiazem (both at the concentration of 0.45 mg/l) reduced vitellogenin concentration (Yeo
and Mugiya, 1997).
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In many aquatic species belonging to various taxonomic classes the presence of
transmembrane ATP-dependent P-glycoprotein (P-gp) and/or the function of MXR proteins
have been demonstrated (Smital and Sauerborn, 2002). The pharmaceutical verapamil has a
high affinity for P-gp binding sites and therefore can act as its competitive inhibitor, preventing
binding and active transport of other xenobiotics (Smital et al., 2004). Additionally, verapamil
acts as chemosensitizer in fish as demonstrated e.g., for common carp (Smital and Sauerborn,
2002) and therefore, could increase the intracellular accumulation and toxic effects of
xenobiotics (Kurelec, 1997).

Diltiazem

Unfortunately, to the best of our knowledge only three studies dealing with the effect
of diltiazem on fish have been published. In an acute toxicity test carried out by Kim et al.
(2007) it was found that diltiazem has a very low toxicity to medaka (48hLC,, = 26.5 mg/I). In
zebrafish injected with diltiazem at a dose of 1.3 mg, an increase of the nucleotide and ATP
levels was observed in the blood plasma (Klein et al., 2009).

Wang and Gardinali, (2013) exposed eastern mosquitofish (Gambusia holbrooki) to treated
(reclaimed) waste water containing diltiazem at the concentrations of 144 ng/I. The 7- day
exposure period was followed by a 14-day long depuration phase. Diltiazem reached a BCF of
16 after the 7-day exposure and its half-life was estimated at 117 h. Half-life time of diltiazem
in fish is much longer compared to that of humans (2-6 h; Regenthal et al., 1999) suggesting
a slower depuration rate in fish.

Conclusion

Hitherto, most studies have been focused on the effects of verapamil and diltiazem while no
datais available for nifedipine or other calcium channel blockers. The acute toxicity of diltiazem
and verapamil is in the range of mg/Il. Verapamil can be classified as toxic (> 1 < 10 mg/I;
OECD, 2001) while diltiazem as harmful or toxic to fish (> 10 < 100 mg/l; OECD, 2001; Tab.
8). Diltiazem has a low level of bioconcentration in fish (BCF = 16). In addition, fish have a
longer depuration time of diltiazem when compared with humans. Chronic effects of diltiazem
on fish had not been studied before starting my Ph.D. work. Also, no experimental data were
available on BCF or on half-life of verapamil and diltiazem in fish. The predicted environmental
concentration that would result in concentration of these pharmaceuticals in the blood
plasma of fish reaching the human therapeutic levels is for diltiazem 1161 times higher than
for verapamil. Besides the effect on the cardiovascular system, verapamil is also supposed
to act as chemosensitizer. In summary from the literature, effects on fish were found only at
environmentally not relevant concentrations.

Table 8. Lethal concentration (96hLC,,) of selected calcium channel blockers.

Species Age class LC,, (mg/I) Reference
Verapamil Rainbow trout Juvenile 2.72 (Li et al., 2010a)
(Oncorhynchus mykiss)
Diltiazem Medaka Juvenile-adult? 15.0 (Kim et al., 2007)
(Oryzias latipes)

2Information on the age class of the fish was not provided. Based on given length (2.0 = 1.0 cm), fish
could be either juvenile or adult.
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1.1.3. General conclusions

In general, only a few articles describing the effects of cardiovascular drugs on fish were
published before starting my Ph.D. work, and even fewer focused on the effects of a long-
term exposure to low concentrations. Most of the effects of the cardiovascular drugs on
fishes have been at very high concentrations. However, there have been only few attempts
to search for some specific targets of their action in fishes. Most studies were focused on
nonspecific endpoints, such as mortality, growth rate, biomarkers of oxidative stress etc.
Moreover, at present there is limited information on the bioconcentration and the half-life
time of cardiovascular drugs in fish. Therefore, there is an urgent need for further research.

1.1.4. The outline and aims of the thesis

This thesis was focused on effects of selected cardiovascular pharmaceuticals on fish. The
compounds of interest were namely the B-blocker atenolol and the calcium channel blockers
verapamil and diltiazem. These pharmaceuticals are used for the treatment of arterial
hypertension and angina pectoris (Lullmann et al., 2003). They are highly prescribed and not
fully degraded in wastewater treatment plants. As a result relatively high concentrations can
be traced in the aquatic environment (Jones et al., 2002; Hummel et al., 2003; Kolpin et al.,
2004; Khan and Ongerth, 2004; Maurer et al., 2007; Vieno et al. 2007; Kasprzyk-Hordern
et al., 2009). However, there was little information available on their long-term effects,
bioconcentration, metabolism, and half-life in fish.

The specific objectives of this thesis were to:
e Study the bioconcentration and half-life of verapamil, atenolol, and diltiazem in fish.
e Study the sub-chronic effects of verapamil, atenolol, and diltiazem on fish.
e Study metabolism (mainly the phase I) of diltiazem in rainbow trout.
e Develop a protocol for the unified assessment and evaluation of the histopathological
alterations in the heart of fish.

Sub-chronic effects, bioconcentration, and depuration of verapamil and atenolol in the early-
life stages of common carp and juvenile rainbow trout are described in Chapter 2 and Chapter
3, respectively. Chapter 4 reports on the effect of long-term exposure of diltiazem on rainbow
trout including diltiazem tissue-specific bioconcentration, metabolism and depuration.
A method of determination of the phase | metabolites isoforms of diltiazem in fish is described
in Chapter 5. In Chapter 6, a unified method for the evaluation of histopathological alterations
of the heart in fish is presented.

-23-



REFERENCES

Agerstrand M, Berg C, Bjorlenius B, Breitholtz M, Brunstrom B, Fick J, Gunnarsson, L., Larsson,
D.G., Sumpter, J. P, Tysklind, M., Ruden, C., 2015. Improving environmental risk assessment
of human pharmaceuticals. Environmental Science & Technology 49, 5336-5345.

Agon, P, Goethals, P, Van Haver, D., Kaufman, J.M., 1991. Permeability of the blood-brain
barrier for atenolol studied by positron emission tomography. The Journal of Pharmacy
and Pharmacology 43, 597.

Alder, A.C., Schaffner, C., Majewsky, M., Klasmeier, ., Fenner, K., 2010. Fate of [beta]-blocker
human pharmaceuticals in surface water: Comparison of measured and simulated
concentrations in the Glatt Valley Watershed, Switzerland. Water Research 44, 936-948.

Ashton, D., Hilton, M., Thomas, K\V., 2004. Investigating the environmental transport of human
pharmaceuticals to streams in the United Kingdom. Science of the Total Environment
333, 167-184.

Backhaus,T., 2014. Medicines, shaken and stirred: a critical review on the ecotoxicology of
pharmaceutical mixtures. Philosophical Transactions of the Royal Society B-Biological
Sciences 369: 20130585.

Bakris, G.L., Fonseca, V., Katholi, R.E., McGill, ].B., Messerli, F.H., Phillips, R.A., Raskin, P., Wright,
J.T., Oakes, R., Lukas, M.A., Anderson, K.M., Bell, D.S., 2004. Metabolic effects of carvedilol
vs metoprolol in patients with type 2 diabetes mellitus and hypertension: a randomized
controlled trial. Journal of the American Medical Association 292, 2227.

Bartram, A.E., Winter, M.)., Huggett, D.B., McCormack, P., Constantine, L.A., Hetheridge, M.}.,
Hutchinson, T.H., Kinter, L.B., Ericson, J.F, Sumpter, J.P., Owen, S.F, 2012. In vivo and in
vitro liver and gill EROD activity in rainbow trout (Oncorhynchus mykiss) exposed to the
beta-blocker propranolol. Environmental Toxicology 27, 573-582.

Batt, A.L., Kostich, M.S., Lazorchak, .M., 2008. Analysis of ecologically relevant pharmaceuticals
in wastewater and surface water using selective solid-phase Eetraction and UPLC- MS/MS.
Analytical Chemistry 80, 5021-5030.

Berghmans, S., Butler, P, Goldsmith, P, Waldron, G., Gardner, I., Golder, Z., Richards, FEM.,
Kimber, G., Roach, A., Alderton, W., Fleming, A., 2008. Zebrafish based assays for the
assessment of cardiac, visual and gut function - potential safety screens for early drug
discovery. Journal of Pharmacological and Toxicological Methods 58, 59-68.

Bergson, P, Lipkind, G., Lee, S.P., Duban, M.E., Hanck, D., 2011. Verapamil Block of T-type
Calcium Channels. Molecular Pharmacology 79, 411-419.

Bhatti, M.M., Foster, RT., 1997. Pharnacokinetiks of the enantiomers of verapamil after

intravenous and oral administration of racemic verapamil in rat model. Biopharmaceutics
& Drug Disposition 18, 387-396.

Budriesi, R., Cosimelli, B., loan, P, Carosati, E., Ugenti, M.P, Spisani, R., 2007. Diltiazem
analogues: the last ten years on structure activity relationships. Current medicinal
chemistry 14, 279-287.

Buser, H.R., Poiger, T., Miller, M.D., 1999. Australian Commonwealth Department of Health
and Aged Care Australian Statistics on Medicines 1998. Pharmaceutical Benefits Advisory
Committee, Commonwealth of Australia, Canberra.

Cleuvers, M., 2003. Aquatic ecotoxicity of pharmaceuticals including the assessment of
combination effects. Toxicological Letters 142, 185-94.

-24 -



General introduction

Corcoran, J., Winter, M., Tyler, C., 2010. Pharmaceuticals in the aquatic environment: A critical
review of the evidence for health effects in fish. Critical Reviews in Toxicology. 40, 287~
304.

Crane, M., Watts, C., Boucard, T., 2006. Chronic aquatic environmental risks from exposure to
human pharmaceuticals. Science of the Total Environment 367, 23-41.

Cruickshank, J.M., John, M., 1980. The clinical importance of cardioselectivity and lipophilicity
in beta blockers. American Heart Journal 100, 160-178.

Fent, K., Weston, A.A., Caminada, D., 2006. Ecotoxicology of human pharmaceuticals. Aquatic
Toxicology 76, 122-159.

Fernandez, C., Carbonell, G., Babin, M., 2013. Effects of individual and a mixture of
pharmaceuticals and personal-care products on cytotoxicity, EROD activity and ROS
production in a rainbow trout gonadal cell line (RTG-2). Journal of Applied Toxicology 11,
1203-1212.

Fick, )., Lindberg, R.H., Tysklind, M., Larsson, D.G.J, 2010a. Predicted critical environmental
concentrations for 500 pharmaceuticals. Regulatory Toxicology and Pharmacology 58,
516-523.

Fick, J., Lindberg, R.H., Parkkonen, J., Arvidsson, B., Tysklind, M., Larsson, D.G.)., 2010b.
Therapeutic levels of levonorgestrel detected in blood plasma of fish: results from
screening rainbow trout exposed to treated sewage effluents. Environmental Science &
technology 44, 2661-2666.

Fraysse, B., Mons, R., Garric, )., 2006. Development of a zebrafish 4-day embryo-larval bioassay
to assess toxicity of chemicals. Ecotoxicology and Environmental Safety 63, 253-267.

Giltrow, E., Eccles, P.D., Winter, M.)., Mc Cormack, PJ., Rand-Weaver, M., Hutchinson, T.H.,,
Sumpter, J.P, 2009. Chronic effects assessment and plasma concentrations of the [beta]-
blocker propranolol in fathead minnows (Pimephales promelas). Aquatic Toxicology 95,
195-202.

Groner, F, Zikova, A., Kloas, W., 2015. Effects of the pharmaceuticals diclofenac and metoprolol
on gene expression levels of enzymes of biotransformation, excretion pathways and
estrogenicity in primary hepatocytes of Nile tilapia (Oreochromis niloticus). Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology 167, 51-57.

Grossman, E., Messerli, FH., 2004. Calcium antagonists. Progress in Cardiovascular Diseases
47, 34-57.

Gunnarsson, L., Jauhiainen, A., Kristiansson, E., Nerman, O., Larsson, D.G.)., 2008. Evolutionary
conservation of human drug targets in organisms used for environmental risk assessments.
Environmental Science & Technology 42, 5807-5813.

Hampel, M., Alonso, E., Aparicio, I., Bron, J.E., Santos, J.L., Taggart, ).B., Leaver, M.J., 2010.
Potential physiological effects of pharmaceutical compounds in Atlantic salmon (Salmo
salar) implied by transcriptomic analysis. Environmental Science and Pollution Research
17,917-933.

Hills, PA., Urquhart, L., 2015. Evaluate Pharma World Preview 2015, Outlook to 2020. 8th
Edition, (Evaluate Ltd). www.evaluategroup.com. pp, 20-30.

Homsy, W., Lefebvre, M., Caille, G., Dusouich, P., 1995. Metabolism of diltiazem in hepatic and
extrahepatic tissues of rabbits: In vitro etudies. Pharmaceutical Research 12, 609-614.

Huerta, B., Rodriguez-Mozaz, S., Barcelo, D,. 2012. Pharmaceuticals in biota in the aquatic
environment: analytical methods and environmental implications. Analytical and
Bioanalytical Chemistry 404, 2611-2624.

-25-



Huggett, D.B., Brooks, B.W., Peterson, B., Foran, C.M., Schlenk, D., 2002. Toxicity of select
beta adrenergic receptor-blocking bharmaceuticals (b-blockers) on aquatic organisms.
archives of environmental contamination and toxicology 43, 229-235.

Hummel, D., Loffler, D., Fink, G, Ternes, T.A., 2006. Simultaneous determination of psychoactive
drugs and their metabolites in aqueous matrices by liquid chromatography mass
spectrometry. Environmental Science & Technology 40, 7321-7328.

Jacob, S., Rett, K., Wicklmayr, M., Agrawal, B., Augustin, H.J., Dietze, G.)., 1996. Differential
effect of chronic treatment with two beta-blocking agents on insulin sensitivity:The
carvedilol-metoprolol study. Journal of Hypertension 14, 489.

Jiemba, PK., (Ed.) 2008. Pharma-Ecology: The Occurrence and Fate of Pharmaceuticals and
Personal Care Products in the Environment. New Jersey: John Wiley & Sons, Inc., pp. 16-19.

Jones, O.A.H., Voulvoulis, N., Lester, J.N., 2002. Aquatic environmental assessment of the top
25 English prescription pharmaceuticals. Water Research 36, 5013-5022.

Jozefowski, S., Plytycz, B., 1998. Characterization of beta-adrenergic receptors in fish and
amphibian lymphoid organs. Developmental and Comparative Immunology 22, 587-603.

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of pharmaceuticals, personal

care products, endocrine disruptors and illicit drugs during wastewater treatment and its
impact on the quality of receiving waters. Water Research 43, 363-380.

Kearney, PM., Whelton, M., Reynolds, K., Muntner, P, Whelton, PK., He, J., 2005. Global burden
of hypertension: Analysis of worldwide data. Lancet 365, 217-223.

Khan, S.J., Ongerth, ).E., 2004. Modelling of pharmaceutical residues in Australian sewage by
quantities of use and fugacity calculations. Chemosphere 54, 355-367.

Khetan, S.K., Collins, TJ., 2007. Human pharmaceuticals in the aquatic environment: A
challenge to green chemistry. Chemical Reviews 107, 2319-2364.

Kim, Y., Choi, K., Jung, J., Park, S., Kim, P.G., Park, J., 2007. Aquatic toxicity of acetaminophen,
carbamazepine, cimetidine, diltiazem and six major sulfonamides, and their potential
ecological risks in Korea. Environment International 33, 370-375.

Kim, J.W., Ishibashi, H., Yamauchi, R., Ichikawa, N., Takao, Y., Hirano, M., Koga, M., Arizono,
K., 2009. Acute toxicity of pharmaceutical and personal care products on freshwater
crustacean (Thamnocephalus platyurus) and fish (Oryzias latipes). The Journal of
Toxicological Sciences 34, 227-232.

Kinch. M.S., Haynesworth, A., Kinch, S.L., Hoyer, D. 2014. An overview of FDA-approved new
molecular entities: 1827-2013. Drug Discover Today 19, 1033-1039.

Klein, L.C., Yeung PK., Jason, N., Berman, J.N., 2009. Cladribine inhibits a diltiazem-induced
increase in red blood cell purine nucleotide concentrations in a zebrafish model.
Biomarkers 14, 554-559.

Kolpin, D.W., Skopec, M., Meyer, M.T,, Furlong, ET., Zaugg, S.D., 2004. Urban contribution of
pharmaceuticals and other organic wastewater contaminants to streams during differing
flow conditions. Science of The Total Environment 328, 119-130.

Kroemer, H.K., Gautier, |.C., Beaune, P, Henderson, C., Wolf, C.R., Eichelbaum, M., 1993.
Identification of P450 Enzymes Involved in Metabolism of Verapamil in Humans. Naunyn-
Schmiedebergs Archives of Pharmacology 348, 332-337.

Kuammerer, K., (Ed.) 2008. Pharmaceuticals in the Environment 2" ed. Springer- pp. 1-11.

Kurelec, B., 1997. A. New Type of Hazardous Chemical: The Chemosensitizers of Multixenobiotic
Resistance Environmental Health Perspectives 105, 855-860.

-26 -



General introduction

Lacinova, L., Welling, A., Bosse E., Ruth, P, Flockerzi, V., Hofmann, F, 1995. Interaction of Ro
40-5967 and verapamil with the stably expressed alpha 1-subunit of the cardiac L-type
calcium channel. Journal of Pharmacology and Experimental Therapeutics 274, 54-63.

Larsson, D.G., Fredriksson, S., Sandblom, E., Paxeus, N., Axelsson, M., 2006. Is heart rate in
fish a sensitive indicator to evaluate acute effects of [beta]-blockers in surface water?
Environmental Toxicology and Pharmacology 22, 338-340.

Li, Z.H., Li, P. Randak, T., 2010a. Ecotoxocological effects of short-term exposure to a human
pharmaceutical verapamil in juvenile rainbow trout (Oncorhynchus mykiss). Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacology 152, 385-391.

Li, Z.H., Velisek, ). Zlabek, V., Grabic, R., Machova, J., Kolarova, )., Li, P., Randak, T., 2010b.
Chronic toxicity of verapamil on juvenile rainbow trout (Oncorhynchus mykiss): Effects
on morphological indices; hematological parameters and antioxidant responses. Journal
of Hazardous Materials 185, 870-880.

Li, Z., Li, P, Randak, T., 2011. Protective roles of calcium channel blocker against cadmium-
induced physiological stress in freshwater teleost Oncorhynchus mykiss. Water, Air, &
Soil Pollution 220, 293-299.

Lindholm, L.H., Carlberg, B.O., Samuelsson, O., 2005. Should [beta] blockers remain first choice
in the treatment of primary hypertension? A meta-analysis. The Lancet 366, 1545-1553.

Liu, Y., Lu, Z,, Fan, P, Duan, Q., Li, Y,, Tong, S., Hu, B,, Lv, R, Hu, L., Zhuang, J., 2011. Clinical
efficacy of chemotherapy combined with verapamil in metastatic Colorectal Patients. Cell
Biochemistry and Biophysics 61, 393-398.

Lorenzi, V., Mehinto, A.C. Denslow, N.D. Schlenk, D., 2012. Effects of exposure to the beta-
blocker propranolol on the reproductive behavior and gene expression of the fathead
minnow, Pimephales promelas. Aquatic Toxicology 116, 8-15.

Lallmann, H., Mohr, K., Wehling, M., 2003. Pharmakologie und Toxikologie 15t ed., Thieme,
Stuttgart. pp. 86-164.

Mateus, FH., Lepera, J.S., Marques, M.P,, Boralli, V.B., Lanchote, V.L.,, 2007. Simultaneous
analysis of the enantiomers of verapamil and norverapamil in rat plasma by liquid
chromatography-tandem mass spectrometry. Journal of Pharmaceutical and Biomedical
Analysis 45, 762-768.

Maurer, M., Escher, B. ., Richle, P, Schaffner, C., Alder, A.C., 2007. Elimination of [beta]-blockers
in sewage treatment plants. Water Research 41, 1614-1622.

Mehvar, R. Brocks, D.R., 2001. Stereospecific pharmacokinetics and pharmacodynamics of
beta-adrenergic blockers in humans. Journal of Pharmaceutical Sciences 4, 185-200.

Molden, E., Johansen, PW., Boe, G.H., Bergan, S., Christensen, H., Rugstad, H.E., Rootwelt,
H., Reubsaet, L., Lehne, G., 2002. Pharmacokinetics of diltiazem and its metabolites in
relation to CYP2D6 genotype[ast]. Clinical Phharmacology & Therapeutics - Nature, 72,
333-342.

Molden, E., Boe, G.H., Christensen, H., Reubsaet, L., 2003. High-performance liquid
chromatography-mass spectrometry analysis of diltiazem and 11 of its phase | metabolites
in human plasma. Journal of Pharmaceutical and Biomedical Analysis 33, 275-285.

Murata, K., Yamahara, H., Noda, K., 1993. Pharmacokinetics of diltiazem and its metabolites
in dogs after oral administration of a multiparticulate sustained-release preparation.
Pharmaceutical research 10, 1165-1168.

-27 -



Nemtsas, P., Wettwer, E., Christ, T., Weidinger, G., Ravens, U., 2010. Adult zebrafish heart as a
model for human heart? An electrophysiological study. Journal of Molecular and Cellular
Cardiology 48, 161-171.

Nickerson J.G., Dugan S.G., Drouin G., Moon TW., 2001. A putative beta(2)-adrenoceptor
from the rainbow trout (Oncorhynuchus mykiss) - Molecular characterization and
pharmacology. European Journal of Biochemistry 268, 6465-6472.

OECD, 2001. Organization for Economic Cooperation and Development. Harmonized
integrated hazard classification system for human health and environmental hazards of
chemical substances and mixtures. [8] Annex 2. Guidance Document 27, ENV/JM/MONO.
Paris, France.

Overturf, M.D., Overturf, C.L., Baxter, D., Hala, D.N., Constantine, L., Venables, B., Huggett, D.B.,
2012. Early life-stage toxicity of eight pharmaceuticals to the fathead minnow, Pimephales
promelas. Archives of Environmental Contamination and Toxicology 62, 455-64.

Owen, S.F, Giltrow, E., Huggett, D.B., Hutchinson, T.H., Saye, )., Winter, M.)., Sumpter, J.P., 2007.
Comparative physiology, pharmacology and toxicology of [beta]-blockers: Mammals
versus fish. Aquatic Toxicology 82, 145-162.

Owen, S.F, Huggett, D.B., Hutchinson, T.H., Hetheridge, M.J., Kinter, L.B., Ericson, J.F.,, Sumpter
J.P., 2009. Uptake of propranolol, a cardiovascular pharmaceutical, from water into fish
plasma and its effects on growth and organ biometry. Aquatic Toxicology 93, 217-224.

Pauli-Magnus, C., Von Richter, O., Burk, O., Ziegler, A., Mettang, T., Eichelbaum, M., Fromm, M.F,,
2000. Characterization of the major metabolites of verapamil as substrates and inhibitors
of P-glycoprotein. Journal of Pharmacology and experimental Therapeutics 293, 376-382.

Perez-Reyes, E., Cribbs, L.L., Daud, A., Lacerda, A.E., Barclay, )., Williamson, M.P,, Fox, M., Rees,
M., Lee, J.H., 1998. Molecular characterization of a neuronal low-voltage-activated T-type
calcium channel. Nature 391, 896-899.

Ramirez, A.J,. Brain, R.A., Usenko, S., Mottaleb, M.A., O'Donnell, J.G., Stahl, L.L., Wathen, }.B.,
Snyder, B.D., Pitt, J.L., Perez-Hurtado, P, Dobbins, L.L., Brooks, B.W., Chambliss, C.K., 2009.
Occurrence of pharmaceuticals and personal care products in fish results of a national
pilot study in the Unites States. Environmental Toxicology and Chemistry 28, 2587-2597.

Rand-Weaver, M., Margiotta-Casaluci, L., Patel, A., Panter, G.H., Owen, S.F, Sumpter, }.P,
2013. The Read-Across Hypothesis and Environmental Risk Assess of Pharmaceuticals.
Environmental Science and Technology 47, 1138-11395.

Regenthal, R., Krueger, M., Koeppel, C., Preiss, R., 1999. Therapeutic and toxic serum/plasma
concentrations of common drugs. Journal of Clinical Monitoring and Computing 15, 529-
544.

Rihel, J., Prober, D.A., Arvanites, A., Lam, K., Zimmerman, S., Jang, S., Haggarty, S.)., Kokel, D.,
Rubin, L.L., Peterson, RT., Schier, A.F, 2010. Zebrafish behavioral profiling links drugs to
biological targets and rest/wake regulation. Science 327, 348-351.

Rottbauer, W., Baker, K., Wo, Z.G., Mohideen, M.A.PK., Cantiello, H.F, Fishman M,C., 2001.
Growth and function of the embryonic heart depend upon the cardiac-specific L-type
calcium channel [alpha]1 subunit. Developmental Cell 1, 265-275.

Sacher, F, Lange, FT., Brauch, H.)., Blankenhorn, I., 2001. Pharmaceuticals in groundwaters:
Analytical methods and results of a monitoring program in Baden-Wirttemberg, Germany.
Journal of Chromatography A 938, 199-210.

-28 -



General introduction

Sanderson, H., Brain, R.A., Johnson, D.)., Wilson, C.J., Solomon, K.R., 2004a. Toxicity
classification and evaluation of four pharmaceuticals classes: antibiotics, antineoplastics,
cardiovascular, and sex hormones. Toxicology 203, 27-40.

Sanderson, H., Johnson, D.J., Reitsma, T., Brain, R.A., Wilson, C.J., Solomon, K.R., 2004b. Ranking
and prioritization of environmental risks of pharmaceuticals in surface waters. Regulatory
Toxicology and Pharmacology. 39, 158-183.

Schredelseker, J., Shrivastav, M., Dayal, A., Grabner, M., 2010. Non-Ca?*-conducting Ca%*
channels in fish skeletal muscle excitation-contraction coupling. PNAS 107, 5658-5663.

Smital, T., Sauerborn, R., 2002. Measurement of the activity of multixenobiotic resistance
mechanism in the common carp Cyprinus carpio. Marine Environmental Research 54,
449-453.

Smital, T., Luckenbach, T., Sauerborn, R., Hamdoun, A., Vega, R., Epel, D., 2004. Emerging
contaminants—pesticides, PPCPs, microbial degradation products and natural substances
as inhibitors of multixenobiotic defense in aquatic organisms, Mutation Research 552,
101-117.

Stanley, J.K., Ramirez, A.)., Mottaleb, M. Chambliss, C.K., Brooks, B.W., 2006. Enantiospecific
toxicity of the beta-blocker propranolol to Daphnia magna and Pimephales promelas.
Environmental Toxicology and Chemistry 25, 1780-1786.

Streubel, A., Siepmann, J., Dashevsky, A., Bodmeier, R., 2000. pH-independent release of a
weakly basic drug from water-insoluble and -soluble matrix tablets. Journal of Controlled
Release 67, 101-110.

Sun, L., Xin, L., Peng, Z,, Jin, R, Jin, Y., Qian, H., Fu, Z., 2014. Toxicity and enantiospecific
differences of two B-blockers, propranolol and metoprolol, in the embryos and larvae of
zebrafish (Danio rerio). Environmental Toxicology 29, 1367-1378

Sun, L., Huang, H.H,, Liu, L., Zhong, D.F,, 2004. Transformation of verapamil by Cunninghamella
blakesleeana. Applied and environmental microbiology 70, 2722-2727.

Sutton, D., Butler, A.M., Nadin, L., Murray, M., 1997. Role of CYP3A4 in human hepatic diltiazem
N-demethylation: Inhibition of CYP3A4 activity by oxidized diltiazem metabolites. Journal
of Pharmacology and Experimental Therapeutics 282, 294-300.

Svobodova, Z., Lloyd, R., Machova, )., Vykusova B. 1993. Water quality and fish health.Food
and Agriculture Organization of the United Nations., European Inland Fisheries Advisory
Commission. Food and Agriculture Organization of the United Nations, Rome, pp. 50-51.

Ternes, T.A., 1998. Occurrence of drugs in German sewage treatment plants and rivers. Water
Research 32, 3245-3260.

Tracy, T.S., Korzekwa, K.R., Gonzalez, FJ., Wainer, LW., 1999. Cytochrome P450 isoforms
involved in metabolism of the enantiomers of verapamil and norverapamil. British Journal
of Clinical Pharmacology, 47, 545-552.

Triebskorn, R., Casper, H. Scheil, V., Schwaiger, )., 2007. Ultrastructural effects of pharmaceuticals
(carbamazepine, clofibric acid, metoprolol, diclofenac) in rainbow trout (Oncorhynchus
mykiss) and common carp (Cyprinus carpio). Analytical and Bioanalytical Chemistry 387,
1405-1416.

US EPA, 2012. Estimation Programs Interface Suite™ for Microsoft® Windows, v 4.11. United
States Environmental Protection Agency, Washington, DC, USA. http://www.epa. gov/
opptintr/exposure/pubs/episuite.htm2012.

-29 -



US National Center for Health Statistics. 2014. Health, United States, 2013: With Special
Feature on Prescription Drugs. Hyattsville (MD): http://www.ncbi.nlm.nih.gov/
pubmed/24967476. DOI: NBK209224 [bookaccession].

Valdes, M.E., Ame, M.V., Bistoni Mde, L., Wunderlin, D. A., 2014. Occurrence and bioaccumulation
of pharmaceuticals in a fish species inhabiting the Suquia River basin (Cordoba, Argentina).
Science of the Total Environment 472, 389-96.

Vieno, N., Tuhkanen, T., Kronberg, L., 2007. Elimination of pharmaceuticals in sewage treatment
plants in Finland. Water Research 41, 1001-1012.

Van den Brandhof, E., Montforts, M., 2010. Fish embryo toxicity of carbamazepine, diclofenac
and metoprolol. Ecotoxicology and Environmental Safety 73, 1862-1866.

Walle, T., Walle, U.K., Olanoff, L.S., 1985. Quantitative account of propranolol metabolism in
urine of normal man. Drug Metabolism and Disposition 13, 204-209.

Wander. G,S., Chhabra. ST., Kaza. K., 2009. Atenolol drug profile. Journal of Association
Physicians India (Suppl.) 57, 13-16.

Wang, Z., Nishimura, Y., Shimada, Y., Umemoto, N., Hirano, M., Zang, L., Oka, T., Sakamoto,
C., Kuroyanagi, ).,Tanaka, T., 2009. Zebrafish B-adrenergic receptor mRNA expression and
control of pigmentation. Gene 446, 18-27.

Wang, )., Gardinali, P.R., 2013. Uptake and depuration of pharmaceuticals in reclaimed water
by mosquito fish (Gambusia holbrooki): A worst-case, multiple-exposure scenario.
Environmental Toxicology and Chemistry 32, 1752-1758.

WHO 2015. Cardiovascular diseases (CVDs) Fact sheet N°317 Updated January 2015 http://
www.who.int/mediacentre/factsheets/fs317/en/.

WHO Library Cataloguing-in-Publication Data Global status report on noncommunicable
diseases 2014. ISBN 978 92 4 156485 4

Winter, M.J., Lillicrap, A.D., Caunter, ).E., Schaffner, C., Alder, A.C., Ramil, M., Ternes, T. A., Giltrow,
E., Sumpter, ).P., Hutchinson, T.H., 2008a. Defining the chronic impacts of atenolol on
embryo-larval development and reproduction in the fathead minnow (Pimephales
promelas). Aquatic Toxicology 86, 361-369.

Winter, M.)., Redfern, W.S., Hayfield, A.J., Owen, S.F, Valentin, ).P, Hutchinson, T.H., 2008b.
Validation of a larval zebrafish locomotor assay for assessing the seizure liability of early-
stage development drugs. Journal of Pharmacological and Toxicological Methods 57,
176-187.

Yamamoto, H., Nakamura, Y., Kitani, C., Imari, T., Sekizawa, J., Takao, Y., Yamashita, N., Hirai, N.,
Oda, S., Tatarazako, N. 2007. Initial ecological risk assessment of eight selected human
pharmaceuticals in Japan. Environmental Science 14, 177-193.

Yeo, I, Mugiya, Y., 1997. Effects of extracellular calcium concentrations and calcium
antagonists on vitellogenin induction by estradiol-17[beta] in primary hepatocyte culture
in the rainbow trout Oncorhynchus mykiss. General and Comparative Endocrinology 105,
294-301.

Yusa K., Tsuruo T., 1989. Reversal mechanism of multidrug resistance by verapamil to P-
glycoprotein on specific sites and transport of verapamil outwards across the plasma
membrane of K562/ADM cells. Cancer Research 49, 5002-5006.

Zaugg, C.E., Basel, U, 2000. Pharmakologie von Antihypertensiva. Medizinspiegel-
Bluthochdruck-Fakt und Trends 7, 23-27.

-30 -



General introduction

Zhao, P, Lee, C.A., Kunze, K.L., 2007. Sequential metabolism is responsible for diltiazem-
induced time-dependent loss of CYP3A. Drug Metabolism and Disposition 35, 704-712.

Zuccato, E., Calamari, D., Natangelo, M., Fanelli, R., 2000. Presence of therapeutic drugs in the
environment. The Lancet 355, 1789-1790.

-37-






CHAPTER 2

TOXIC EFFECTS, BIOCONCENTRATION AND DEPURATION OF VERAPAMIL IN THE
EARLY LIFE STAGES OF COMMON CARP (CYPRINUS CARPIOL.)

Steinbach, C., Fedorova G., Prokes, M., Grabicova, K., Machova, J., Grabic, R., Valentova, O.,
Kocour Kroupova, H., 2013. Toxic effects, bioconcentration and depuration of verapamil in
the early life stages of common carp (Cyprinus carpio L.) Science of The Total Environment
461-462, 198-206.

It was allowed by publisher 19 February 2014 to include the paper in this Ph.D. thesis.

-33-






Toxic effects, bioconcentration and depuration of verapamil in the
early life stages of common carp (Cyprinus carpio L.)

Science of the Total Environment 461-462 (2013) 198-206

Contents lists available at SciVerse ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Toxic effects, bioconcentration and depuration of verapamil in the early
life stages of common carp (Cyprinus carpio L.)

@ CrossMark

Christoph Steinbach **, Ganna Fedorova ?, Miroslav Prokes °, Katerina Grabicova ?, Jana Machova ?,
Roman Grabic ¢, Olga Valentova ?, Hana Kocour Kroupova *
@ Research Institute of Fish Culture and Hydrobiology, South Bohemian Research Centre of Aquaculture and Biodiversity of Hydrocenoses, Faculty of Fisheries and Protection of Waters,

University of South Bohemia in Ceske Budejovice, CZ-38925 Vodnany, Czech Republic
Y nstitute of Vertebrate Biology, Academy of Sciences of the Czech Republic, v.v.i, Kvetna 8, 603 65 Brno, Czech Republic

HIGHLIGHTS

« Study of the acute and sub-chronic toxicity of verapamil on early-life stages of common carp.
« Acute exposure to verapamil reduced the heart rate in early-life stages of common carp.

« The bioconcentration factor of verapamil ranged from 6.6 to 16.6.

« The half-life of verapamil in fish was estimated to be 10.24-1.6days.

ARTICLE INFO ABSTRACT

Article history:

Received 17 January 2013

Received in revised form 11 April 2013
Accepted 2 May 2013

Available online xxxx

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 ug 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,
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Half-life time hatching, condition factor, growth or ontogeny of the fish in any of the tested concentrations. In carp exposed
\l—l{eart ratﬁ to 463 and 463 pg L~! of verapamil, significantly higher occurrences of malformations and edemas were
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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

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
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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

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-
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;
Lilllmann 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
ng L~ 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 ugL~1!) 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, ANCy5s (acid neutralization capacity)
1.1 mmol L™, CODp, (chemical oxygen demand) 1.10 mg L', NH;
0.02 mg L~ !,NO3 92 mg L', P03~ 0.02mg L', Cl~ 1065 mg L'
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 ug L~ verapamil (group 2); 46.3 ug 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, tsg) 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 <L0Q
Nominal conc. 1 mg L™" 0.7 + 0.1 0.8 + 0.1
Nominal conc. 2 mg L™! 12 +£0.1 20401
Nominal conc. 5 mg L™! 42+ 16 37+18
Nominal conc.10 mg L™! 81+ 18 85+ 18
Nominal conc. 15 mg L™! 139 + 44 16.6 + 4.6
Nominal conc. 20 mg L~! 162 + 33 216 + 4.6

Sub-chronic test Control <LOQ <L0Q
Nominal conc. 0.463 pg L' 11+05 0.7 £ 06
Nominal conc. 4.63 pg L™! 4.0 £ 09 55+ 14
Nominal conc. 46.30 pg L' 425 + 138 26.1 +£ 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 4+ 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,
73 + 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~%1543X R? = 0,87
and y = 104.85e 1333 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 pg L™ 463pgl™' 463 pgL~" 463 pgL!

c(ugl™
Mean = SD <LOQ 09 £ 06 40 £ 1.2 337 £ 155 2988 + 117.7
Min-max 0.1-23 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 <LOQ
Group 1: 0463 pg L™! 151 + 6.6 <10Q <10Q
Group 2: 463 pg L' 56.1 £+ 22.0 173 £ 96 45+ 70
Group 3: 463 pg L' 340 + 912 66.2 + 224 192 + 59
Group 4: 463 pg L™ 1870 + 274 282 + 57.1 42.8 +15.6

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 (y 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 4

# Embryos (E9)
120
o Larvae (1.2)

100
80 -
60

Heart rate {beats/min)

404

0 T T T
0 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~ 1543,
R? = 0.87;y = 104.85e*133% 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 M E YE VE CE
Stage (mgl~') (%) (%) (%) (%) (%) (%) (%)
Control 47 47 0 23 23 0 0
1 154 154 51 205 17.9* 0 15.4*
E9 2 150 150 75 300 125 0 225*
5 170 170 106 596" 362" 0 34.0*
10 66.7** 59.0** 282" 821 795 0 69.2*
Control 3.0 30 0 0 NE. 0 0
1 333" 259" 74  148° NE 148" 37
L2 2 278 278 167 111 NE  11.1* 56
5 57.0**  57.1* 357** 750 NE 536" 679"
10 778 666" 556" 556 NE = 444" 333*
Control 0 0 0 24 NE 24 NE
1 0 0 0 44  NE 44  NE
L5 2 45 45 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 96hLCs, 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 <100 mgL~!) 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~!
(96hLCsp) and 7.0 mg L~ (48hLCsp). Interestingly, acute lethal con-
centrations (96hLCsg) 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 pg 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 Overturfet al. (2011)
that exposed fathead minnow embryos and larvae (P. promelas) to
verapamil (600 pug 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~ 1) 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

-39 -



C. Steinbach et al. / Science of the Total Environment 461-462 (2013) 198-206 203

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™',

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

lordosis (5 mg L™, L5), C3 — visceral edema, axial spinal curvature; ¢ - 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

-40 -



Toxic effects, bioconcentration and depuration of verapamil in the
early life stages of common carp (Cyprinus carpio L.)

204 C. Steinbach et al. / Science of the Total Environment 461-462 (2013) 198-206

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 L' 463 pgL™! 463 pg L' 463 pg L'
Day 10 TL (mm) 77 £03 75+ 05 73 + 04 75+ 05 72 +03
w (mg) 3.0+ 04 27 £ 04 21 +05 28 +£05 20+ 04
FCF 07 +£ 0.1 07 +£02 0.5+ 0.1 09 + 0.1 0.5+ 0.1
Day 15 TL (mm) 86+ 04 88 + 0.5 8.8 + 0.6 8.8 + 0.5 8.8 + 0.6
w (mg) 42+ 1.1 47 £ 08 47 +£1.1 467 +£1.2 50+ 1.1
FCF 0.7 £ 0.2 07 £ 0.1 07 +£ 0.1 07 +£ 0.1 07 +£ 0.1
Day 20 TL (mm) 10.1 £ 0.7 103 + 0.6 10.0 + 0.6 103 + 1.0 102 + 0.9
w (mg) 86 +25 93 +22 8.7+ 1.8 9.5 + 27 89 +22
FCF 08 + 0.1 09 + 0.1 0.8 + 0.1 0.8 + 0.1 0.8 + 0.2
Day 24 TL (mm) 11.8 +£ 0.7 120 + 0.8 124 + 09 123 £ 08 1235+ 09
w (mg) 200 £ 55 16.8 + 49 207 £52 16.7 + 44 19.1 £ 54
FCF 12 +02 1.0+ 03 1.1 £ 011 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 + 124 417 £ 125
FCF 15+ 0.1 14+ 16 12402 12401 13+ 02
Day 31 TL (mm) 16.7 + 1.0 159 + 1.1 162 + 1.1 163 + 1.7 159 +£ 1.3
w (mg) 56.7 + 12.4 45.5 + 10.6 534 + 11.9 56.1 + 21.5 540 + 15.7
FCF 12+01 11+01 13 +0.1 13+01 13+01

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

(463 pg L1, L5), B3 — visceral edema with haematocele (46.3 pg L™ ', L5), B4 — coelom edema (463 pg L',

(463 pg L™, L5).

L5), B5 — intestine deformation; strangulation and dilatation

-41 -



C. Steinbach et al. / Science of the Total Environment 461-462 (2013) 198-206 205

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 (* test).

Groups/Sampling Time Day Day Day Day Day Day 3
10 15 20 24 29 31

Control DS 13-14 14 15 15 16 6 -
MA (%) 0 36 0 0 0 0 06
EH(%) 0 0o o0 770 0 13
Group 1 DS 1314 14 15 L5 16 6 -
0463pgL™' MA(%) 71 0 34 32 0 0 24
EH(%) 0 o o0 65 0 0 12
Group 2 DS 13-4 14 15 1516 16 6 -
463pgL™"  MA(%) 0 0o o0 0 35 0 06
EH(%) 0 0o o0 308 0 0 47
Group 3 DS 1314 14 125 15 16 161 -
463pgl™"  MA(%) 74 111 37 37 0 0 42
EH(% 37 0 0 481 36 0 2.0*
Group 4 DS 13-14 14 1415 1416 1516 16 -
463pgL" MA(%) 8 34 160° 42 33 0 56*
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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Atenolol is a highly prescribed anti-hypertensive pharmaceutical and a member of the group of 3-blockers. It has
been detected at concentrations ranging from ng L~ " to low pug L~ in waste and surface waters. The present
study aimed to assess the sub-lethal effects of atenolol on rainbow trout (Oncorhynchus mykiss) and to determine
its tissue-specific bioconcentration. Juvenile rainbow trout were exposed for 21 and 42 days to three concentra-
tion levels of atenolol (1 g L~! — environmentally relevant concentration, 10 ug L™, and 1000 pug L™ "). The fish
exposed to 1 pg L~ atenolol exhibited a higher lactate content in the blood plasma and a reduced haemoglobin
content compared with the control. The results show that exposure to atenolol at concentrations greater than or

Editor: Thomas Kevin V

Keywords: equal to 10 pg L~ ! significantly reduces both the haematocrit value and the glucose concentration in the blood
Antioxidant enzymes plasma. The activities of the studied antioxidant enzymes (catalase and superoxide dismutase) were not signif-
{>-Blockers icantly affected by atenolol exposure, and only the highest tested concentration of atenolol significantly reduced

Biochemical markers
Bioconcentration
Haematological parameters
Histopathological changes

the activity of glutathione reductase. The activities of selected CYP450 enzymes were not affected by atenolol
exposure. The histological changes indicate that atenolol has an effect on the vascular system, as evidenced by
the observed liver congestion and changes in the pericardium and myocardium. Atenolol was found to have a
very low bioconcentration factor (the highest value found was 0.27). The bioconcentration levels followed the
order liver > kidney > muscle. The concentration of atenolol in the blood plasma was below the limit of quanti-
fication (2.0 ng g~ '). The bioconcentration factors and the activities of selected CYP450 enzymes suggest that
atenolol is not metabolised in the liver and may be excreted unchanged.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction many drug targets are evolutionarily conserved across vertebrate species

(Gunnarsson et al., 2008; Corcoran et al., 2010). This fact raises a concern

Over the last few years, various pharmaceuticals have been widely
detected in aquatic environments at concentrations ranging from
ng L™ tolow pg L™ (Fent et al,, 2006). However, because pharmaceuti-
cals are designed to be effective even at low doses, these low concentra-
tions may affect aquatic organisms (Gunnarsson et al., 2008). In general,
pharmaceuticals have the potential to affect non-target species because

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

http://dx.doi.org/10.1016/j.scitotenv.2014.07.111
0048-9697/© 2014 Elsevier B.V. All rights reserved.

regarding the long-term influence of pharmaceuticals on aquatic organ-
isms (Fent et al,, 2006).

Arterial hypertension is a highly prevalent chronic disease in
humans. The estimated total number of adults with hypertension
worldwide was 972 million in the year 2000 (Kearney et al., 2005).
Therefore, it is not surprising that anti-hypertensive and cardiovascular
drugs are one of the most commonly prescribed classes of human
pharmaceuticals (Jjemba, 2008; Jones et al., 2002). For instance, in the
United States, 601 million prescriptions of antihypertensive and
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cardiovascular pharmaceuticals were dispensed in the year 2005
(Jjemba, 2008). As far as atenolol is concerned, Jones et al. (2002) re-
ported the prescription of 29 tons of this drug in England in the year
2000. In the Czech Republic, atenolol prescription for treatment of car-
diovascular diseases was 2.7 tons in the year 2011 (The State Institute
for Drug Control (Czech Republic); http://www.sukl.eu).

B-blockers are one of the classes of cardiovascular drugs that are
used not only to treat arterial hypertonic diseases but also in the treat-
ment of angina pectoris, heart failure, and glaucoma (Owen et al., 2007).
As their name suggests, 3-blockers block 3-adrenergic receptors (3-ARs),
which are mainly found in the heart, blood vessels, and the lungs in the
human body and can be stimulated by binding with catecholamines
(e.g., adrenaline and noradrenaline) (Frishman, 2003; Owen et al.,
2007). For instance, B-AR stimulation leads to an increase in the heart
rate, heart muscle contraction, blood pressure, and relaxation of smooth
muscle in the bronchial tubes in the lungs (Frishman, 2003). The admin-
istration of 3-blockers to patients blocks the access of catecholamines to
their receptors, which results in reductions in the heart rate and blood
pressure (Frishman, 2003; Prichard et al., 2001). Atenolol, which belongs
to the B-blocker class of pharmaceuticals, is a selective antagonist of
the 3,-AR that exhibits a greater binding affinity for the (3, than for the
B2-AR (Mehvar and Brocks, 2001; Owen et al., 2007).

B-ARs are relatively conserved among vertebrates (Owen et al.,
2007). For example, the transmembrane sequence of the rainbow
trout 3; and ,-ARs share 57 and 63% identity with the corresponding
mammalian 3-ARs (Nickerson et al., 2001). 3-ARs can be found in
several fish organs (heart, gills, liver, brain, spleen, head kidney, and
muscles) and cells (erythrocytes; Owen et al., 2007). Thus, the physio-
logical processes regulated by 3-ARs in fish, such as blood flow, blood
pressure, homeostasis, and immunocompetence, may be affected by
B-blockers (Nickerson et al., 2002; Owen et al., 2007, 2009; Massarsky
etal,2011).

Atenolol has been widely detected in concentrations ranging from
ng L' up to ug L~! in waste and surface waters. It can be traced in
surface water since it is not fully eliminated in STPs, e.g. Vieno et al.
(2007) and Golovko et al. (2014) reported for atenolol an elimination
rate of 10-61% depending on season. For example, Maurer et al. (2007)
reported an atenolol concentration of 1.54 ug L~ in untreated wastewa-
ter. In effluent from SPT in Ceske Budejovice (Czech Republic), atenolol
concentration was ranging between 0.39 and 1.69 g L~ ' during one
year monitoring study (Golovko et al., 2014). Zuccato et al. (2006)
found 0.17 pg L™ atenolol in surface water. Vieno et al. (2006) and
Daneshvar et al. (2010) reported atenolol in concentration of 0.01 to
0.11pg L~ in river water in Sweden and Finland, respectively. Moreover,
Jones et al. (2002) predicted an atenolol concentration of 0.89 pg L™ in
English rivers. In addition, atenolol is expected to be present in aquatic
environment because it is relatively stable to photolysis by sunlight
(half-life = 77 to 730 h), its microbial biodegradation is slow
(half-life = 340 to 2900 h), and it has a low affinity for absorption
to sediments (Jones et al., 2002; Yamamoto et al., 2009; Kdister et al.,
2010).

At present, there is limited information available on the effect of
atenolol on fish. Atenolol has been found to have low acute toxicity
(96hLCso > 100 mg L~ ) to medaka (Oryzias latipes; Kim et al., 2009).
Hampel et al. (2010) reported that a short-term exposure (5 days) to
atenolol (11 pg L~ ") alters the gene expression patterns in the brain of
Atlantic salmon (Salmo salar). Winter et al. (2008), who conducted a
short-term reproduction study (21 days) and early life stage test
(28 days) on fathead minnow exposed to atenolol, found that atenolol
affected the studied endpoints at high concentrations. At the concentra-
tion of 3.2 mg L™ atenolol caused an increase in condition index of
male fish only and it reduced the growth rate of fathead minnow larvae
at 10 mg L~ (Winter et al., 2008). In addition, a few in vitro studies
have reported an effect of atenolol on fish hepatocytes and gonad cells
(Ings et al,, 2012; Fernandez et al., 2013). However, long-term exposure
studies with environmentally relevant concentrations are lacking.

In mammals, pharmaceuticals are mainly metabolised by the
cytochrome P450 (CYP450) superfamily, particularly the members of
the CYP1-CYP4 families, which are predominantly expressed in the
liver (Hasler et al., 1999). The hepatic CYP3A4, which contributes to
the metabolism of 28% of the drugs in human, is one of the most impor-
tant isoforms associated with this process (Lewis, 2004). CYP1A (EROD)
is the most studied isoform in connection with the metabolism of
various substances, mainly xenobiotics, in fish and is therefore widely
used as a biomarker of environmental contamination (Uno et al.,
2012). For example, propranolol, a member of the 3-blocker group, in-
duces the activity of CYP1A in rainbow trout primary hepatocytes
(Laville et al,, 2004). Furthermore, Corcoran et al. (2012) demonstrated
that propranolol and other pharmaceuticals are able to induce the ex-
pression of CYP450 enzymes in carp primary hepatocytes through
their interaction with pregnane X receptors (PXR). In contrast, atenolol
does not induce the activity of CYP1A in rainbow trout gonad cells
(Fernandez et al., 2013). In vivo studies on CYP450 enzyme activities
in fish exposed to atenolol are missing.

During the insertion of oxygen into a substrate, a reaction that is
catalysed by the CYP450 enzyme system, the uncoupling of the catalytic
turnover from substrate oxidation can result in the production of super-
oxide or H,0,, which may lead to oxidative stress (Richard et al., 2008;
Lawrence and Hemingway, 2003). Moreover, oxidative stress can be a
response to general stress conditions (Lushchak, 2011). Exposure to
pollutants is known to enhance the production of reactive oxygen spe-
cies (ROS), leading to a deficiency in the antioxidant system and thereby
resulting in an imbalance of the antioxidant enzyme activities (Morel
and Barouki, 1999; van der Oost et al., 2003; Sieroslawska et al.,
2012). The activity of antioxidant enzymes has also been used as a bio-
marker of oxidative stress due to pharmaceuticals, namely diazepam,
clofibric acid, and clofibrate (Nunes et al., 2008). At present, only one
in vitro study on rainbow trout gonad cells exposed to atenolol is avail-
able, and the results showed no effect of this substance on ROS produc-
tion (Fernandez et al., 2013). Information on the antioxidant response of
fish exposed to atenolol in vivo is missing.

Owen et al. (2007) suggested to study the histological changes in
fish exposed to 3-blockers to determine an organ-specific response;
however, the effect of atenolol on the histological features of fish tissues,
particularly the heart and liver, had not been assessed prior to the
present study.

The objective of the present study was to assess the sub-chronic
effects of the 3-blocker atenolol at sub-lethal concentrations on juvenile
rainbow trout (Oncorhynchus mykiss). Specifically, the present study
aimed to 1) investigate the impact of atenolol exposure on the haema-
tological and biochemical profiles of the blood plasma and the histology
of the liver and heart, 2) measure the enzymatic activity of the enzymes
involved in the detoxification and oxidative stress response in the liver
and gills, and 3) analyse the tissue-specific bioconcentration of atenolol.

2. Materials and methods
2.1. Chemicals

Atenolol ((+)-4-[2-hydroxy-3-[(1-methylethyl)amino]propoxy]
benzeneacetamide, CAS No.: 56715-13-0, purity 99%), resorufin,
7-ethoxyresorufin (ER), 7-methoxyresorufin (MR), 7-pentoxyresorufin
(PR), 7-benzyloxy-4-trifluoromethylcoumarin (BFC), nicotinamide ade-
nine dinucleotide phosphate (NADPH), glutathione disulphide (GSSG),
ethylenediaminetetraacetic acid (EDTA), reduced dipotassium salt of
-nicotinamide adenine dinucleotide (NADH), phenazine methosulfate
(PMS), nitrotetrazolium blue chloride (NBT), and 2-amino-2-hydroxy-
methyl-propane-1,3-diol (TRIS) were obtained from Sigma-Aldrich
(Steinheim, Germany). The slides used to determine the biochemical
parameters of blood plasma were obtained from IDEXX Laboratories
Inc. (Westbrook, ME, USA). LC-MS-grade methanol and acetonitrile
(LiChrosolv Hypergrade) were purchased from Merck (Darmstadt,
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Germany). Formic acid, which was used to acidify the mobile phases,
was purchased from Labicom (Olomouc, Czech Republic). The Aqua-
MAX-Ultra System (Younglin, Kyounggi-do, Korea) was used for the
preparation of ultrapure water. The internal standard trimethoprim
(2,4-diamino-5-(3,4,5-trimethoxybenzyl) pyrimidine; CAS No.: 738-
70-5, purity 99%) was obtained from Sigma-Aldrich (Steinheim,
Germany).

2.2. Experimental design

Juvenile rainbow trout (0. mykiss; mean body length: 23.4 +
1.3 cm, mean body weight: 145 + 22 g) were obtained from a local
commercial hatchery (Husinec, Czech Republic). Before the start of
the experiment, the fish were acclimated for 14 days to the laboratory
conditions. The animals were maintained in aquaria with 200 L of fresh
water, and 20 fish were randomly distributed in each of eight aquaria.
The aquaria were set up with continuous aeration, a constant tempera-
ture of 15.8 + 1.2 °C, and a 12-h light/12-h dark photoperiod. The dis-
solved oxygen concentration and pH were measured before bath
exchange on a daily basis. The dissolved oxygen concentration and pH
were 8.3 + 0.8 mg L~ " and 7.43 + 0.31, respectively. During the acclima-
tion and experimental periods, the fish were fed commercial fish food
(Bio Mar, Denmark) at a ratio of 1% of body weight on a daily basis.

The experimental set up followed the OECD guideline 305 (OECD,
2012) with some modifications, as follows. The fish were exposed to
atenolol at three different concentration levels under semi-static condi-
tions for 42 days: 1 pg L™ (environmentally relevant concentration),
10 pg L~ 1, and 1000 pg L~ (sub-lethal concentrations). In addition, a
control group of fish maintained in atenolol-free water was included.
All of the experimental treatments were conducted in duplicate. One
hundred and fifty litres of the solution used for the atenolol treatments
and control were refreshed daily with new atenolol-fortified or untreated
water, respectively. The mortality during the experimental and acclima-
tion periods was recorded. This study was performed in accordance
with the principals of the EU-harmonised Animal Welfare Act of the
Czech Republic.

2.3. Fish sampling

At the start of the experiment and after 21 and 42 days of exposure,
eight fish from each group (including the replicate groups) were individ-
ually sampled. First, blood samples were collected from the vena caudalis
and stabilised with 40 IU of sodium heparin per 1 mL of blood. Subse-
quently, the fish were euthanised in buffered ethyl 3-aminobenzoate
methanesulfonic acid (MS 222®; Argent Chemical Laboratories, Redmont,
WA, USA), and the spinal cord of the animals was severed. The total
length and the body, liver, heart, and gonad weights were recorded. The
condition factor (FCF), mean specific growth rate (SGR), hepatosomatic
index (HSI), cardiosomatic index (CSI), and gonadosomatic index (GSI)
were calculated as described by Machova et al. (2009), Velisek et al.
(2010), and Powell et al. (2011). Furthermore, to determine the concen-
tration of atenolol, samples of the blood plasma, kidney, liver, and muscle
were collected and stored at —20 °C. To determine the enzymatic activi-
ty, the liver and gill tissues were sampled and stored at —80 °C. In addi-
tion, on the last sampling day (after 42 days of exposure), samples of the
liver and heart from the fish exposed to the highest concentration
(1000 pg L~ 1) and the control group were collected and fixed in 10% buff-
ered formalin for histopathological examination.

2.4. Analysis of atenolol in water and fish tissues

Water samples were collected from each aquarium immediately
after the water was exchanged and 24 h after the exchange and stored
at — 18 °C. The extraction of the tissues was conducted in acetonitrile
according to the method described by Grabicova et al. (2013) with
some modifications. Briefly, samples of 0.5 g of tissue and 200 pL of

plasma were used for the determination of the atenolol concentration
and were spiked with 20 ng and 50 ng of the internal standard (trimeth-
oprim), respectively. Matrix-matched standards were used for each
matrix (tissues or water) to correct possible matrix effects, which can
cause the differences from response factor derived from the calibration
curve. The QA/QC samples were prepared and analysed to ensure the
quality of the results. Blank samples were prepared with each series of
processed samples. The accuracy and precision of the method were tested
using duplicates and fortified samples: every tenth sample was duplicat-
ed, and every tenth sample of fish from the control group was spiked with
the target compound at a concentration of 100 ng g~ '. The LOQs were
based on peak area corresponding to the lowest calibration point fitting
the criterion of response factor linearity. This value of peak area was set
to the calculation formula for each sample taken into consideration IS
peak area, sample amount, and response factor.

The atenolol in the water samples was analysed using on-line solid-
phase extraction (SPE) liquid chromatography with tandem mass spec-
trometry for lower concentrations and direct injection for the highest
concentration. The details of the on-line SPE of the MS/MS are described
by Grabic et al. (2012) and Khan et al. (2012). The tissue extracts were
analysed using the LC-MS/MS method (Grabic et al., 2012; Grabicova
et al., 2013). The analyses were performed using TSQ Ultra MS/MS
(Thermo Fisher Scientific, San Jose, CA, USA) coupled with Accela 1250
and Accela 600 HPLC pumps (Thermo Fisher Scientific) and a HTS-XT
autosampler (CTC Analytics AG, Zwingen, Switzerland). A Cogent
Bidentate column (50-mm length, 2.1-mm ID, and 4-um particle size;
MicroSolv Technology Corporation, NJ, USA) was used as the analytical
column. A Hypersil Gold column (20 mm x 2.1-mm ID, 12-im particles;
Thermo Fisher Scientific) was used as the pre-concentration column for
the on-line SPE. The LC-LC and LC gradients and MS/MS transitions are
reported in Supplements 1, 2, and 3, respectively.

The bioconcentration factor (BCF) was calculated according to the
OECD Guideline No. 305 (OECD, 2012). For each experimental group
(and each tissue), the mean concentration of atenolol at each sampling
time was divided by the mean concentration of atenolol in the water of
the respective group.

2.5. Haematological and biochemical profile of the blood

The haematological profile of the blood, i.e., the erythrocyte count
(RBC), haematocrit (Hc), haemoglobin (Hb), mean corpuscular volume
(MCV), mean corpuscular haemoglobin (MCH), mean corpuscular
haemoglobin concentration (MCHC), leukocyte count (Leuko), and dif-
ferential leukocyte count, was determined as described by Svobodova
et al. (1991). For the biochemical analysis, the plasma was separated
from the blood by centrifugation (10 min at 12,000 g) at 4 °C. Until anal-
ysis, the plasma samples were stored at — 80 °C. The biochemical analysis
of the blood plasma was conducted using a VETTEST 8008 analyser
(IDEXX Laboratories Inc., USA). The following indices were measured:
glucose (GLU), total protein (TP), triacylglycerols (TRIG), alanine amino-
transferase (AMT), creatine kinase (CK), and lactate (LAC).

2.6. Analysis of enzyme activities in the liver and gills

2.6.1. Preparation of post-mitochondrial supernatant and microsomal
fraction

The microsome fraction was prepared by differential centrifugation
(Burkina et al., 2013) and used to measure the CYP450-mediated reac-
tions. The analysis of the antioxidant parameters was performed using
the post-mitochondrial supernatant of the liver tissue, as described by
Stara et al. (2012).

2.6.2. Protein analysis

The protein levels were estimated spectrophotometrically through
the method described by Smith et al. (1985) using bovine serum albumin
as the standard. The microsomes were diluted to obtain a protein
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concentration of 4 mg mL~", and the post-mitochondrial supernatant
was diluted to obtain a protein concentration of 10 mg mL™".

2.6.3. Total CYP450 content

The total CYP450 content in the microsomes was determined from
the sodium dithionite-reduced carbon monoxide difference spectrum
with an extinction coefficient of 91 mM~' cm ™! (Omura and Sato, 1964).

2.6.4. Microsomal enzyme activities

The ethoxyresorufin-O-deethylase (EROD), methoxyresorufin-O-
demethylase (MROD), and pentoxyresorufin-O-depethylase (PROD)
assays were performed based on the protocol described by Kennedy
and Jones (1994). The 7-benzyloxy-4-trifluoromethylcoumarin O-
debenzylation (BFCOD) assay was conducted according to the method
described by Renwick et al. (2000). The reaction incubations were
performed as described by Grabicova et al. (2013).

The alkyl-resorufin reactions were assessed based on the rates of
the transformations of ethoxyresorufin (ER), methoxyresorufin
(MR), and pentoxyresorufin (PR) to resorufin, and the activity of
BFCOD was estimated based on the rate of the transformation of
7-benzyloxy-4-trifluoromethylcoumarin (BFC) to 7-hydroxy-4-
trifluoromethylcoumarin (HFC). An Infinite 200 spectrophotometer
(TECAN) was used for the analysis of the concentrations of resorufin
(excitation/emission: 544/590 nm) and HFC (excitation/emission:
410/538 nm). The enzymatic activities were expressed as pmol of
resorufin or HFC produced per min and mg of microsomal proteins
(the detection limits for resorufin and HFC were 2 and 1 pmol,
respectively).

2.6.5. Activity of antioxidant enzymes

The total superoxide dismutase (SOD) activity was determined
using the method developed by Ewing and Janero (1995) with slight
modifications. The reaction mixtures in a final volume of 250 pL were
added to each well of a 96-well plate. The activity determinations
were made for the complete reaction system, which included 25 pL of
post-mitochondrial supernatant, 200 pL of reaction solution (48 uM
NBT and 80 uM NADPH), and 25 pL of PMS (3.5 pM) in phosphate buffer
(50 mM with 0.1 mM EDTA, pH 7.4). This assay was conducted in trip-
licate for each separate sample. The SOD activity was assessed spectro-
photometrically at 560 nm using NBT as the substrate and is expressed
as the amount of enzyme per milligramme of protein.

The catalase (CAT) activity was determined using the method devel-
oped by Aebi (1984) with slight modifications. The CAT activity was de-
termined by measuring the decrease in hydrogen peroxide in cuvettes.
The post-mitochondrial supernatant was diluted 1:50 in phosphate buffer
(50 mM with 1 mM EDTA, pH 7.0). Hydrogen peroxide was diluted to a
concentration of 0.09% in TRIS buffer (50 mM with 0.1 mM EDTA,
pH 7.2). To measure the enzymatic activity, 100 pL of the diluted post-
mitochondrial supernatant was mixed with 500 L of the diluted hydro-
gen peroxide. The decomposition of the substrate (H,0,) was recorded
at 240 nm. The calculations were made using a molar extinction coeffi-
cient of 0M ™' em™ .

The glutathione reductase (GR) activity was determined using the
method developed by Carlberg and Mannervik (1975) with some modi-
fications. The reaction mixtures in a final volume of 200 pL were added to
each well of a 96-well plate. The activity determinations were made for
the complete reaction system, which consisted of 50 L of the post-
mitochondrial supernatant, 20 pL of GSSG (1 mM), 20 pL of NADPH
(0.1 mM), 30 pL of cold distilled water, and 80 pL of phosphate buffer
(0.1 mM with 0.5 mM EDTA, pH 7.0). The assay was performed in tripli-
cate for each sample. The GR activity was assayed spectrophotometrically
at 340 nm to measure the level of NADPH oxidation.

An Infinite 200 spectrophotometer (TECAN) was used to measure the
absorbances in 96-well plates, and a Specord 210 spectrophotometer
(Analytic Jena) was used for the measurement of the absorbance of solu-
tions in cuvettes. The enzymatic activities were determined for three

replicates and are expressed as nanomoles or micromoles of substrate
hydrolysed per minute per mg of protein.

2.7. Histopathological analysis

Fixed samples of the liver and heart were paraffin-embedded and
routinely processed for histological examination. Sections with a thick-
ness of 3 um were cut, stained with haematoxylin-eosin (H&E), and
examined using a light microscope. The histopathological changes
were graded as 0 (no), 1 (scattered), 2 (mild), 3 (mild to moderate), 4
(moderate), 5 (moderate to severe), or 6 (severe) (Schmidt-Posthaus
et al, 2013; Bettge et al., 2009; Grabicova et al., 2013). The liver tissue
was additionally stained with periodic acid-Schiff (PAS) to determine
the glycogen content in hepatocytes.

2.8. Statistical analysis

The statistical software STATISTICA (version 8.0 for Windows,
StatSoft, Czech Republic) was used to compare the differences between
the tested groups, including the control group. The normality and
homoscedasticity of the variance were checked by the Kolmogorov-
Smirnov test and Bartlett's test, respectively. If the conditions of normal
distribution and homogeneity were satisfied, one-way analysis of vari-
ance (ANOVA) was employed to determine whether there were signif-
icant differences in the measured variables between the experimental
groups. Subsequently, Dunnett's multiple range test was applied. If the
conditions for ANOVA were not satisfied, a nonparametric test
(Kruskal-Wallis) was utilised. A p value of less than 0.05 was chosen
as a valid significance level.

3. Results
3.1. Concentration of atenolol in water and fish tissues

For the on line SPE method and direct injection LC-MS/MS the limits
of quantification (LOQs) of atenolol in water samples ranged from
0.0014 to 0.0021 pg L~" and from 0.9 to 1.1 pg L™, respectively (foot-
notes of Table 1). On average the LOQs of atenolol in water were for on
line SPE and direct injection LC-MS/MS 0.0017 pg L~ "' and 0.98 pg L™, re-
spectively. The limits of quantification (LOQs) of atenolol in fish tissues
ranged from 0.34 to 4.3 ng g~ ! with the average of 1.3 ng g~ . The tissue
specific LOQs are listed as footnotes of Table 2. The differences in the LOQs
of atenolol in water and tissues were a result of the different methods of
detection as well as different weights of the samples. The average recov-
eries (trueness of the method) of atenolol from fortified matrices were
95% (relative standard deviation (RSD) of ten replicates: 6%), 107% (RSD
of four replicates: 13%) and 102% (RSD of ten replicates: 4%) in the forti-
fied samples of fish tissues, blood plasma, and the water samples,

Table 1

Concentrations of atenolol in the water used in the sub-chronic toxicity test. The concen-
trations were measured immediately after the water exchange (0 h) and 24 h after the
exchange. The values are expressed as the means + S.D. (n = 6). LOQ = limit of
quantification.

Group Sample  Water Difference to the Min-Max
time (h) concentration nominal concentration (%)
(ugl™h)
Control 0 <L0Q
24 <L0Q
Tpgl™! 0 16+ 03 60 13-21
24 16 +£ 04 60 12-23
10pgL~" 0 122 +£19 22 8.7-14.2
24 120 £ 16 20 9.5-134
1000pgL~" 0 1120 + 93 12 1040-1240
24 1070 + 103 7 975-1218

On-line SPE LC-MS/MS, LOQ (1-10 pg L™ ') = 0.0014-0.0021 pg L~ '; Direct injection
LC-MS/MS LOQ (1000 pg L~') = 0.9-1.1 pg L™
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Table 2

Concentrations of atenolol, number of atenolol positive samples and bioconcentration factors
(BCFs) of atenolol in the blood plasma, liver, kidney, and muscle of rainbow trout sub-
chronically exposed to atenolol. The values are expressed as the means + S.D. (n = 8).
LOQ = limit of quantification.

Tissue  Exposure time Control 1pgL~™' 10pg L™’ 1000 pg L~!
(days)
Plasma 21 <L0Q <LOQ <LOQ <L0Q
(0/8)  (0/8) (0/8) (0/8)
42 <L0Q <LOQ <LOQ <LOQ
(0/8)  (0/8) (0/8) (0/8)
Liver 21 <L0Q <LOQ <LOQ 300 + 260;
(0/8) (0/8)  (0/8) (8/8); BCF = 027
42 <L0Q <LOQ 240 + 0.39; 230 + 210;
(0/8)  (0/8) (2/8); BCF = 020 (8/8); BCF = 0.21
Kidney 21 <L0Q <LOQ <LOQ 161 + 220;
(0/8) (0/8)  (0/8) (8/8); BCF = 0.15
42 <L0Q <LOQ <LOQ 110 + 24;
(0/8)  (0/8)  (0/8) (8/8); BCF = 0.10
Muscle 21 <L0Q <LOQ <LOQ 36+ 14;
(0/8) (0/8)  (0/8) (8/8); BCF = 0.003
42 <10Q <L0Q  <LOQ 23+ 14;
(0/8) (0/8)  (0/8) (8/8); BCF = 0,002

Tissue specific LOQ (average and range) of on-line SPE LC-MS/MS: plasma = 2.00 ng g~ ';
(1.0-43ngg™ "), liver=12ngg ' (0.68-4.0 ngg '), kidney = 1.2 ngg™'
(0.70-2.0 ng g~ "), muscle = 0.89 ng g~ ' (0.34-2.0 ng g~ ).

respectively. It was not possible to prepare fortified plasma samples due
to the insufficient amount of these samples. Therefore, the average recov-
ery of atenolol in blood plasma was assessed using samples collected from
fish not involved in the experiment.

The concentration of atenolol in the water samples from the control
group was below the LOQ. The starting atenolol concentration and the
concentration of atenolol 24 h after exposure in the testing aquaria are
reported as an average of three samplings within the experimental
period (1st, 12th, and 25th days). The measured atenolol water concen-
trations with nominal values for all of the treatment groups are shown
in Table 1.

The concentrations of atenolol in the control fish during the experi-
mental period and in the fish before the start of the exposure were
below the LOQ (Table 2). After 21 days of exposure, atenolol was detected
only in the fish that were exposed to the highest tested concentration.
After 42 days of exposure, atenolol was detected in the fish exposed
to the intermediate and the highest tested concentrations. The
bioconcentration factor (BCF) of atenolol in the different tissues ranged
from 0.002 to 0.27 and is given in Table 2. The bioconcentration of aten-
olol followed the order liver > kidney > muscle. The atenolol concentra-
tions in the liver and kidney were significantly higher compared to
those in muscle. In the plasma, the detected concentrations were below
the LOQ.

3.2. Survival and morphological parameters

During the acclimation and experimental periods, no mortality was
detected in any of the treatment groups, including the control.

The atenolol-exposed fish were not significantly different in their
total length, body weight, CF, HSI, GSI, and CSI compared with the control
(Supplement 4). The SGRs calculated at the end of the exposure were
9.52, 8.39, 945, and 9.31 in the control group and in the fish exposed to
1,10, and 1000 pg L~ atenolol, respectively.

3.3. Haematological and biochemical parameters of the blood

The haemoglobin concentration was significantly reduced in the fish
exposed to atenolol for 21 days compared with the control. However, the
haemoglobin concentration was not additionally affected by continued
exposure to atenolol. The haematocrit value was significantly reduced
in fish exposed to atenolol at concentrations of 10 and 1000 pg L™ ! for
21 days compared with the control (Table 3). After 42 days, the

Table 3

Haematological parameters in rainbow trout sub-chronically exposed to atenolol. Hc —
haematocrit, Hb — haemoglobin, WBC — white blood cell (leukocyte) count, MCV — mean
corpuscular volume, MHC — mean corpuscular haemoglobin, MCHC — mean corpuscular
haemoglobin concentration. The values are expressed as the means + S.D. (n = 8). The
asterisks indicate a significant difference compared with the control: *p < 0.05 (ANOVA).

Indices Exposure Control 1pgl! 10pgL! 1000 pg L~!
time (d)
Hc (%) 21 444 +73 393 +42 333 +45 3594+79"
42 438 £63 404 +67 333+£59° 403 +43
Hb(gL™") 21 821+ 146 635 +59° 558 +£58° 665+ 13.1*
42 849 + 151 828 +£ 119 728 +£ 151 815 +88
Erythrocytes 21 12+02 1.0 £ 0.1 1.0 £ 0.1 1.0+02
(TL™Y 42 12402 11+02 1.0 + 0.1 12402
WBC (gL™") 21 51.5 + 12.1 685 + 276 658 + 384 595+ 9.2
42 53.7 £ 17.7 537 +£99 644 + 2271 59.8 + 29.2
MCV (fl) 21 378 + 57 388 + 58 371 £ 71 369 + 54
42 381+ 79 390 + 68 370 + 95 428 + 105
MCH (pg) 21 695+ 180 626+ 89 621+ 120 684+ 90
42 713 £ 64 744+ 113 719+ 95 715+ 7.7
MCHC 21 188 + 29 162 + 8 168 + 13 186 + 10
(gL 42 198 £ 41 2064+20 218+ 14 203 +£19

haematocrit value was significant reduced in fish exposed to 10 pg L~!
atenolol compared with the control (Table 4). The remaining haemato-
logical indices (erythrocyte and leucocyte counts, MCV, MCHC, and differ-
ential leucocyte count) did not differ significantly between the groups
(Table 3 and Supplement 5).

After 21 days, all of the atenolol-exposed fish exhibited a significantly
enhanced lactate concentration in the blood plasma compared with the
control. After 42 days, only the fish exposed to the highest tested con-
centration of atenolol (1000 pg L) presented a significantly enhanced
lactate concentration compared with the control (Table 4). The concen-
tration of glucose was significantly lower in fish exposed to 10 ug L'
atenolol for 21 days compared with the control (Table 4). The concen-
trations of total protein and triacylglycerols and the activities of amino-
transferase and creatine kinase were not affected by atenolol exposure,
regardless of the duration (Table 4).

3.4. Activity of selected CYP450 enzymes in the liver

The catalytic activity of EROD (CYP1A1/2), MROD (CYP1A1/2), PROD
(CYP2B), and BFCOD (CYP3A) and the total CYP450 content were not
significantly affected by atenolol exposure (Supplement 6).

Table 4

Biochemical parameters of the blood plasma of rainbow trout sub-chronically exposed to
atenolol. GLU — glucose, TP — total protein, TRIG — triacylglycerols, AMT — aminotransfer-
ase, CK — creatine kinase, LAC — lactate. The values are expressed as the means + S.D.
(n = 8). The asterisks indicate a significant difference compared with the control:
“p < 0.05 (ANOVA).

Indices Exposure  Control Tpgl™! 10pgLl~!  1000pgL~!
time (d)
GLU 21 40 £ 03 42 £ 05 34411 45+05
(mmol L™1) 42 41+ 09 39+07 37+07 34+ 08
LAC 21 04 +03 0.6 £+ 0.2° 0.7 £ 0.1* 0.7 + 03"
(mmol L™1) 42 0.61 + 0.1 07 £ 0.1 09 + 04 16 + 06*
TP 21 354 +494 360+36 37.7+63 2894133
(gL™") 42 446 + 6.1 430+ 50 371456 409+ 36
TRIG 21 09 + 06 07 £02 0.7 £ 0.1 0.7 + 0.3
(mol L") 42 0.6 + 0.2 06 +02 0.6+ 02 0.7 + 0.2
AMT 21 49 + 3.0 53+32 38425 25421
(ukat L=1) 42 118+40 103+74 77+39 100+56
CK 21 831 + 524 379 + 408 555 + 557 487 + 360
(mkat L") 42 1113 £ 604 1537 + 313 1060 + 305 1815 + 1219
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Table 5

Activity of antioxidant enzymes in the liver of rainbow trout sub-chronically exposed to atenolol. SOD — superoxide dismutase, CAT — catalase, GR — glutathione reductase. The values are
expressed as the means + S.D. (n = 8). The asterisks indicate a significant difference compared with the control: *p < 0.05 (ANOVA).

Indices Exposure time (d) Control TpgL™! 10pgL! 1000 pg L1
CAT 21 0.04 + 0.02 0.04 + 0.01 0.04 + 0.01 0.04 £ 0.01
pmol (min~" mg~") 42 0.04 + 0.01 0.04 + 0.01 0.04 + 0.00 0.03 + 0.01
GR 21 0.57 + 021 0.63 + 020 0.59 + 0.14 0.47 + 0.10
nmol (min~' mg™") 42 0.60 + 0.09 0.45 + 0.09 0.49 + 0.16 029 + 0.19*
SOD 21 024 + 0.18 0.24 + 0.13 0.28 + 021 0.28 + 0.07
nmol (min~"' mg~") 42 0.09 + 0.05 0.10 + 0.05 0.13 £ 0.08 0.09 + 0.03

3.5. Activity of antioxidant enzymes

In the liver, the activities of CAT and SOD in the atenolol-exposed fish
at any of the sampling times were not significantly different
compared with those of the control group (Table 5). The activity of GR
was significantly reduced only with the highest tested concentration
of atenolol after 42 days of exposure compared with the control
(Table 5).

In the gills, the activities of CAT, SOD, and GR were not significantly
changed in fish exposed to atenolol compared with the control (Supple-
ment 7).

3.6. Histological changes

In the liver, the control and atenolol-exposed fish showed varying
amounts of fat vacuoles in hepatocytes, and the cytoplasm showed
mild to moderate granulation. The glycogen content in hepatocytes
was not affected by treatment with atenolol (data not shown). In con-
trast to the controls, the fish exposed to the highest tested concentration
of atenolol (1000 ug L~ ") displayed mild to severe sinusoidal congestion
(Fig. 1 and Supplement 8). The analysis of the heart of atenolol-exposed
fish showed that their pericardium exhibited more pronounced signs of
inflammation compared with the control (Fig. 2 and Supplement 8). In
addition, ranges of scattered to moderate histopathological alterations
were observed in the heart of atenolol-exposed fish, e.g., edematous
pericardial fibrous tissue, infiltration in the sub-endocardial space, and
myocardial edema (Fig. 2 and Supplement 8). One of the atenolol-
exposed trout presented multiple vessel walls that were thickened
and edematous, and its endothelial cells were occasionally disrupted.
The same animal exhibited obvious sub-endocardial infiltration of in-
flammatory cells in the atrium. The histopathological changes are
summarised in Supplement 8. Most of the histopathological alterations
caused by atenolol ranged from mild to moderate. Hence, no severe
histopathological alterations in the heart and liver were expected in re-
sponse to exposure to the lower tested concentrations of atenolol.

Therefore, the fish exposed to the lower tested concentrations were
not examined.

4. Discussion
4.1. Mortality and morphological parameters

The present study showed that long-term exposure to atenolol at a
concentration in the range of 1 to 1000 pg L~ did not cause mortality
in rainbow trout. This finding is in line with the very low acute toxicity
of atenolol (96hLCso> 100 mg L~ ") that was found for medaka (Oryzias
latipes, Kim et al., 2009). The present study revealed that atenolol has no
effect on the studied morphological parameters (length, weight, FCF,
HSI, and CSI) and no effect on fish fitness and growth. In an embryo-
larval study (28 day) on fathead minnow (Pimephales promelas), atenolol
reduced the growth rate of the exposed larvae; however, the concentra-
tion of atenolol used was 10-fold higher than the highest concentration
used in the present study (LOEC growth = 10 mg L™ !, Winter et al,,
2008).

4.2. Bioconcentration in fish

Due to the low lipophilicity (log P = 0.16; EPI Suite™ v4.11 — US
EPA, 2012) atenolol is expected to be present mainly in the water
phase. Consequently the uptake via the gills in fish can be hypothesised
with only negligible contribution of uptake via food (Owen et al., 2007).
For the same reason, atenolol is not expected to accumulate to a high
extent in fish bodies. In accordance with this assumption, the
bioconcentration factors (BCFs) of atenolol in different rainbow trout
tissues calculated in the present study were very low, ranging from 0
to 0.27. To the best of our knowledge, this study provides the first dem-
onstration of the tissue-specific bioconcentration of atenolol in fish. In
western mosquitofish (Gambusia affinis) that were exposed for 96 h to
atenolol at concentrations of 100 and 1000 pg L1, the BCFs in the fish
homogenates were estimated to be 0.13 and 0.08, respectively (Valdes

Fig. 1. Histopathological findings in the liver of rainbow trout: a — control fish with normal liver structure; b — fish exposed to 1000 pg L~" atenolol. The exposed fish present small blood
vessels and congested sinusoids (arrowheads), as determined through H&E staining; scale bar = 50 pm.
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Fig. 2. Histopathological findings in the heart of rainbow trout: a — control fish with normal heart structure; b to d — fish exposed to 1000 pg L~ ! atenolol. b — pericardial edema (arrowhead)
and myocardial edema (arrows), ¢ — subepicardial infiltration with lymphocytes, plasma cells, and macrophages (arrowhead), which multifocally infiltrate into the myocardial tissue (arrow),
d — subendocardial infiltration with lymphocytes, plasma cells, and macrophages (arrowheads). The findings are shown through H&E staining; scale bars = 50 um (a-c) and 25 um (d).

et al,, 2014). These values are comparable to those calculated for rain-
bow trout tissues in the present study. Furthermore, the atenolol con-
centration did not reach the LOQ (1.3 ng mL™") even in the blood
plasma of rainbow trout exposed to an atenolol concentration as high
as 1000 pg L~ . Winter et al. (2008) detected an atenolol concentration
0f48.6 pg L~ " in a pooled plasma sample of adult male fathead minnow
exposed to atenolol at a concentration of 1000 pg L™ . This value is close
to the predicted value presented by Fick et al. (2010), who calculated
that atenolol would reach the human therapeutic blood plasma level
0f 100 pg L~ (Schulz and Schmoldt, 2003) in fish if the animals were
exposed to an atenolol concentration of 792.3 pg L~ '. However, similarly
to the juvenile rainbow trout analysed in the present study, the plasma
concentration in adult females of fathead minnow exposed to the same
concentration of atenolol did not reach the LOQ (0.5 ng mL™") (Winter
et al. (2008). The differences in the atenolol concentration in the blood
plasma among fish of different sexes and ages may be a result of their dif-
ferent elimination rates of atenolol. For instance, Parks and LeBlanc
(1998), who exposed fathead minnow to testosterone, discovered that
adult females eliminate some testosterone metabolites at a significantly
greater rate than males and that juvenile fish eliminate nearly all testos-
terone metabolites at greater weight-normalized rates than the adults.
Similarly, Wiegand et al. (2000) observed that the activity of enzymes in-
volved in detoxification and excretion had higher activity in juvenile
compared to adult fish.

In addition, at the pH level used in our experimental protocol
(pH 8.3), atenolol can be expected to be present mainly in its protonated
positively charged form (pKa = 9.6). Because charged substances are
much less membrane-permeable than uncharged ones (Owen et al.,
2009; http://pubchem.ncbi.nlm, 2013), this finding may explain why
the blood plasma concentration of atenolol in rainbow trout was below

the LOQ and why the BCFs in the tissues were lower than the predicted
value for the whole fish.

4.3. Haematological and biochemical profiles of the blood plasma

In response to pollutants, the haematological and biochemical
profiles of the blood of fish can provide valuable information regarding
their internal environment (Velisek et al., 2010). In the present study,
atenolol (at the environmentally relevant concentration) induced
haematological and biochemical changes in the blood of rainbow trout.
The present study verified that changes within the haeme pathway are
sensitive biomarkers of pollutants at their environmental concentrations,
as was also demonstrated for, e.g., cadmium (van der Oost et al., 2003).

The changes in the haematocrit value and haemoglobin concentra-
tion of rainbow trout in response to atenolol observed in the present
study may indicate that this substance affects the 3-ARs in the organs
associated with erythropoiesis, i.e., head kidney and spleen. The presence
of 31-ARs in these organs has been documented in salmonid fish (Owen
et al.,, 2007). However, we cannot rule out the possibility that these
changes are part of a general stress response. In the present study, as a
consequence of the reduction in the haemoglobin concentration caused
by atenolol, the oxygen supply may have been reduced, which may
have led to the observed increase in the lactate concentration.

Furthermore, in the present study, a decrease was observed in the
glucose concentration in fish exposed to atenolol, indicating an effect of
this substance on the carbohydrate and energy metabolisms. Similarly,
in the brain of Atlantic salmon (Salmo salar) exposed to 11 pg L™ ateno-
lol for five days, Hampel et al. (2010) observed changes in the mRNA ex-
pression of genes related to the carbohydrate and energy metabolisms.
For example, phosphoenolpyruvate carboxykinase, which is a key

-53-



216 C. Steinbach et al. / Science of the Total Environment 497-498 (2014) 209-218

enzyme in gluconeogenesis, presented the most reduced mRNA level. In
rainbow trout hepatocytes, Ings et al. (2012) reported that atenolol
(2.7 ng L) abolishes the epinephrine-induced glucose production. Ad-
ditionally, van Den Thillart et al. (2001) reported that atenolol reduces
the glucose content in the blood plasma of isoproterenol (non-selective
B-agonist)-treated common carp. The reduction in the glucose concen-
tration in fish exposed to 3-blockers may be a consequence of the block-
age of B-ARs, which are then not accessible to catecholamines
(e.g., noradrenaline and adrenaline), because catecholamines lead to in-
creases in the blood plasma glucose content (Evans, 1997).

4.4. Activity of enzymes in the liver and gills

Atenolol did not cause any changes in the total CYP450 content and
the activities of the selected isoforms of CYP450 enzymes in the liver,
which indicates that it is not detoxified/metabolised but most likely
directly eliminated in rainbow trout. Similarly, in the human body,
atenolol is only partly metabolised (10%) and is mainly excreted
unchanged via the kidney (Reeves et al., 1978; Wander et al., 2009).
Although atenolol is not significantly metabolised in the human body,
pharmaceuticals with log Kow values as low as that of atenolol are
substrates for CYP450 enzymes (Lewis, 2000). Therefore, to accurately
describe the metabolism of atenolol in fish, further studies on the
presence of atenolol metabolites in tissues and excretes are required.

The activities of the antioxidant enzymes SOD and CAT were also not
affected by atenolol exposure. In contrast, the activity of another antiox-
idant enzyme, GR, was decreased in the liver of fish exposed to the
highest tested concentration of atenolol for 42 days. GR maintains the
redox balance of glutathione, an antioxidant that prevents damage to
cells caused by reactive oxygen species, by catalysing the reduction of
glutathione disulphide to glutathione (van der Oost et al., 2003;
Richard et al., 2008). Therefore, the inhibition of GR activity can cause
a decrease in the content of glutathione (Lushchak, 2011; Srikanth
et al,, 2013). In accordance, atenolol reduces the glutathione content
in human blood plasma (Komala et al., 2013). Oxidative stress occurs
when the redox homoeostasis within cells is altered by a deficiency of
the antioxidant system (Komala et al., 2013). Therefore, fish exposed
to atenolol at a concentration of 1000 pg L~ ' may be at higher risk of
oxidative stress.

4.5. Histological changes

The results of the present study demonstrate an absence of structural
changes in hepatocytes and no effect on the glycogen level in atenolol-
exposed fish. This finding demonstrates that atenolol does not appear
to be hepatotoxic for rainbow trout. Similarly, atenolol was not found to
have a cytotoxic effect on rat primary hepatocytes (Bandyopadhyay
et al,, 1990). In humans, B-blockers are also not expected to be hepato-
toxic, and in fact, only a very few cases of hepatotoxicity caused by aten-
olol have been reported (Boillot and Scoazec, 2009). These results further
support the hypothesis that, similarly to humans (Flockhart and Tanus-
Santos, 2002), atenolol is mainly excreted by the kidney with no obvious
metabolism in the liver in fish.

However, the results of the present study show an effect of atenolol
on the cardiovascular system of exposed fish. Namely, atenolol causes
degenerative changes in the blood vessels of the pericardium and an in-
flammatory reaction in the pericardium and subendocardium. In line
with our findings, an increased incidence of atrial degeneration of the
heart has been described in rats fed a very high dosage of atenolol
(300 mg atenolol/kg/day) (RxList, 2013). Fish exposed to atenolol also
show congestion of the sinusoids (sinusoidal blood vessels), indicating
circulatory changes (Henrion, 2012). Because the liver of rainbow
trout is rich in 3,-ARs (Owen et al., 2007), it can be assumed that atenolol
blocks the (3,-ARs and thereby causes vasodilation. The congestion of the
sinusoids may be a consequence of this effect. The congestion may also be
related to a reduced oxygen supply due to the observed reduction in the

haemoglobin concentration. In this case, the congestion may be regarded
as a compensational reaction due to hypoxia in the tissues (Henrion,
2012).

5. Conclusions

In conclusion, the bioconcentration of atenolol in rainbow trout
exposed to sub-lethal levels (1-1000 pg L~') of atenolol is very
low: the blood plasma concentration was found to be below the
LOQ (2.0 ng g~'), and the maximum BCF in the tissues was found to be
0.27. Furthermore, the absence of structural changes in the hepatocytes,
the lack of an effect on the glycogen level, and the unchanged activity
of the CYP450 enzymes in the liver indicate that atenolol is not
metabolised but rather directly excreted by fish. Similarly, in humans,
atenolol is only insignificantly metabolised in the liver and is excreted
mainly unchanged by the kidney (Flockhart and Tanus-Santos, 2002).

Contrary to the read-across concept (Huggett et al., 2003; Rand-
Weaver et al,, 2013), which is based on the hypothesis that a pharma-
ceutical affects fish if the plasma concentration in the fish is similar to
the human therapeutic plasma concentration, atenolol did affect the ex-
posed fish in the present study. At the environmentally relevant con-
centration, atenolol exposure leads to a decrease in the haemoglobin
concentration and an increase in the lactate content of blood plasma,
suggesting a reduction in the oxygen supply. Some effects caused by
atenolol, mainly at the higher concentrations tested, in fish can be
considered to be similar to those observed in humans, particularly the
effects on the vascular system of the liver and heart. These changes
may be mediated by 3-ARs because 3-ARs in fish and humans are sup-
posed to have high structural similarities (as demonstrated, e.g., for the
B2-AR, Nickerson et al., 2001; Owen et al., 2009). Taken together, the
data demonstrate that atenolol exhibits potential for the induction of
sublethal effects on non-target organisms, such as fish, in aquatic
environments.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.07.111.
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ABSTRACT

The objective of the present study was to assess the effect of sub-chronic exposure to the
human therapeutic drug diltiazem on rainbow trout Oncorhynchus mykiss. Juvenile trout
were exposed for 21 and 42 days to three nominal concentrations of diltiazem: 0.03 ug L’
(environmentally relevant concentration), 3 ug L7, and 30 ug L' (sub-lethal concentrations).
At the highest tested concentration, the haematocrit value was significantly elevated. The
number of mature neutrophilic granulocytes was significantly increased in fish exposed to
3ugLand 30 ug L diltiazem. Antioxidant enzyme activity was affected in liver and gill of fish
exposed to all tested concentrations of diltiazem. Diltiazem exposure at 30 ug L inhibited
hepatic CYP3A activity. The highest concentration was associated with histological changes
in heart, liver, and kidney. These alterations can be attributed to the effects of diltiazem on
the cardiovascular system, similar to those observed in the human body, as well as to its
metabolism. The bioconcentration factor (BCF) of diltiazem was relatively low (0.5-194)
in analysed tissues, following the order kidney > liver > muscle > blood plasma. The half-
life of diltiazem in liver, kidney, and muscle was 1.5 h, 6.2 h, and 49 h, respectively. The
metabolization rate of diltiazem in liver, kidney, muscle, and blood plasma was estimated
to be 85 + 9%, 64 + 14%, 46 £ 6%, and 41 + 8%, respectively. Eight diltiazem metabolites
were detected. The presence of desmethyl diltiazem (M1), desacetyl diltiazem (M2), and
desacetyl desmethyl diltiazem (M3) suggests that rainbow trout metabolize diltiazem via
desmethylation, desacetylation, similar to mammals. In addition, diltiazem undergoes
hydroxylation in fish. At the environmentally relevant concentration, diltiazem was found to
induce alterations in the blood, gill, and liver of fish, indicating its potential for adverse effects
on non-target organisms in the aquatic environment.

Keywords: Calcium channel blocker; CYP3A; haematology; histopathological changes;
metabolites; half-life; bioconcentration factor
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Highlights

e Diltiazem at concentrations of 3 and 30 ug L' affected the haematological and blood
biochemical profile of rainbow trout.

e Diltiazem affected antioxidant enzyme activity in liver and gill of rainbow trout at an
environmentally relevant concentration (0.03 pg L7).

e Histological changes observed at the highest concentration of diltiazem indicated
effects on the trout vascular system.

e Exposure to diltiazem at 30 pg L' inhibited CYP3A activity in liver.

¢ Diltiazem was detected in kidney of fish exposed to the highest concentration (30 ug L"),
with bioconcentration factor reaching 194.

e The half-life of diltiazem followed the order muscle > kidney > liver.

e Diltiazem metabolites detected in trout were similar to those reported in mammals.

1. Introduction

Many pharmaceuticals are not fully degraded in sewage treatment plants (STP), thus they
are being continually released into the aquatic environment where have been increasingly
detected in recent years. This is alarming since pharmaceuticals are designed to have
a biological effect and to be relatively persistent in order to avoid inactivation before
accomplishing the intended therapeutic effect (Corcoran et al., 2010). Moreover, as with other
harmful xenobiotics, they are able to cross the cell membrane and interact with evolutionarily-
conserved targets (Corcoran et al., 2010; Gunnarsson et al., 2008; Sanderson et al., 20043;
Sanderson et al., 2004b).

Calcium channel blockers (CCB) inhibit the movement of calcium ions across the cell
membrane by blocking the L-type calcium channel (Lillmann et al., 2002). In humans, L-type
calcium channels are found chiefly in the heart, aorta, and viscera. The CCB binding to calcium
channels leads to relaxation in the affected tissue. Calcium channel blockers are prescribed to
reduce heart rate and force of contraction. They also cause vasodilatation, leading to reduction
in blood pressure (Grossman and Messerli, 2004; Lillmann et al., 2002).

Diltiazem is a CCB with widespread use in the treatment of angina pectoris, hypertension,
and prevention of migraine (Acheson et al., 2002, Chaffman, 1985). Its major therapeutic
effect is lowering of blood pressure, primarily through vasodilatation leading to a reduction in
peripheral blood vessel resistance (Grossman and Messerli, 2004; Gunnarsson et al., 2008).
The metabolism of diltiazem in mammals is well documented (Homsy et al., 1995; Molden
et al., 2000; Molden et al., 2002a). Approximately 75% of the drug is metabolized in the
mammalian liver (Homsy et al., 1995) by enzymes of the cytochrome p 450 (CYP) family, with
CYP3A4 being the most important metabolizing enzyme, and CYP2D6, CYP2C8, and CYP2C9
contributing to a lesser extent (Molden et al., 2000; Molden et al., 2002a; Molden et al.,
2002b; Fradette and du Souich, 2004; Connors et al., 2013). Briefly, the major pathways of
diltiazem metabolism are desmethylization and deacetylization (Homsy et al., 1995; Molden
et al., 2000a). The desmethylation of diltiazem is carried out by CYP450 enzymes, whereas
the deacetylation is suggested to be the action of esterases (Molden et al., 2000; Molden
et al.,, 2000a; Zhao et al., 2007; Molina et al., 2007). The main metabolites of diltiazem in
mammals are desmethyl diltiazem and deacetyl diltiazem (Murata et al. 1993).

In 2011, diltiazem was one of the most prescribed CCBs in the Czech Republic (2.1 tonnes;
The State Institute for Drug Control (Czech Republic); http://www.sukl.eu). Diltiazem is not
fully degradedin STPs. Golovko et al. (2014) and Khan and Ongerth (2004) reported elimination
rates of 47-62%. In effluent of the STP in Ceske Budejovice (Czech Republic), diltiazem was
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reported at concentrations ranging from 0.007-0.030 pg L' (Golovko et al., 2014). In surface
waters, diltiazem has been detected at concentrations of 0.02-0.106 pg L' (Kasprzyk-Hordern
et al., 2009; Kolpin et al., 2004). Jones et al. (2002) predicted a concentration of 0.67 pg L™
in English rivers. Since diltiazem is a moderately hydrophobic compound (K, =2.7), it is
bioconcentrated to a certain extent in fish tissue. Maximum concentrations in muscle and
liver of wild fish have been reported as 0.2 pg Kg" and 0.9 ug Kg', respectively (Ramirez et
al., 2009; Wang and Gardinali, 2013). Wang and Gardinali (2013) demonstrated a half-life
of 117 h and a bioconcentration factor (BCF) of 16 in whole homogenates of the eastern
mosquito fish Gambusia holbrooki exposed to diltiazem at 0.14 ug L.

At present there is limited available information with respect to the biological effects of
diltiazem in fish. Diltiazem has very low acute toxicity. The 48 h LC50 values for medaka
Oryzias latipes have been reported as high as 25.6 mg L' (Kim et al., 2007). Klein et al. (2009)
reported an increase of nucleotide and ATP levels in blood plasma of zebrafish Danio rerio
injected with 1.3 mg diltiazem. Connors et al. (2013), in an in vitro study of biotransformation
of diltiazem at 414.5 ug L' by the microsomal S9 fraction in hepatocytes of rainbow trout
Oncorhynchus mykiss, found that it was not metabolized by the enzymes CYP1A, uridine
diphosphate-glucuronosyltransferase, or glutathione S-transferase (GST). No information on
metabolites of diltiazem in fish is currently available.

Exposure to xenobiotics often leads to oxidative stress (Lushchak, 2011), which can result
in the inhibition of antioxidant enzymes, depletion of radical scavengers, lipid peroxidation,
and, eventually, in damage to cell membranes (Kelly et al., 1998). Information on calcium
channel blockers as a cause of oxidative stress in fish is limited to that of Li et al. (2010), who
reported on oxidative stress in rainbow trout exposed to the CCB verapamil for 42 days.

The goal of the present study was to assess effects of sub-lethal diltiazem concentrations in
juvenile rainbow trout. Objectives were to (1) investigate the impact of diltiazem exposure on
the haematological and biochemical profile of blood plasma and the histology of liver, kidney,
brain, and heart; (2) measure activity of enzymes involved in the oxidative stress response in
liver and gill; (3) analyse the tissue-specific bioconcentration and half-life of diltiazem; and (4)
evaluate activity of CYP enzymes and concentration of diltiazem metabolites in blood plasma
and other tissues.

2. Materials and methods

2.1. Chemicals

Diltiazem  [(2S,3S)-5-(2-dimethylaminoethyl)-2-(4-methoxyphenyl)-4-oxo-2,3-dihydro-1,5-
benzothiazepin-3-yl acetate, CAS no.: 42399-41-7, purity 98 %]; resorufin; 7-ethoxyresorufin;
7-benzyloxy-4-trifluoromethylcoumarin (BFC); nicotinamide adenine dinucleotide (NADH);
nicotinamide adenine dinucleotide phosphate (NADPH); glutathione disulfide (GSSG);
tris(hydroxymethyl)aminomethane (TRIS); diethylenetriaminepentaacetic acid (DTPA);
1-chloro-2,4-dinitrobenzene (CDNB); reduced glutathione (GSH); and phenazine methosulfate
were obtained from Sigma-Aldrich (Steinheim, Germany). The LC-MS grade acetonitrile and
methanol (LiChrosolv Hypergrade) were obtained from Merck (Darmstadt, Germany). The
internal standard verapamil hydrochloride [(£)-2-isopropyl-2,8-bis(3,4-dimethoxyphenyl)-6-
methyl-6-azaoctannitril hydrochloride, CAS no.: 52-53-9] was obtained from Sigma Aldrich
(Steinheim, Germany). The slides used to determine the biochemical blood plasma parameters
were purchased from IDEXX Laboratories (Westbrook Inc., USA). Formic acid used to acidify
the mobile phases was purchased from Labicom (Olomouc, Czech Republic). The Aqua-MAX-
Ultra System (Younglin, Kyounggi-do, Korea) was used for ultrapure water preparation.
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2.2. Experimental design

Juvenile rainbow trout (mean body length: 23.1 £ 1.5 cm, mean weight: 164 + 28 g) were
obtained from a local commercial hatchery (Husinec, Czech Republic). The fish were acclimated
to laboratory conditions for 14 days before beginning the experiment. Twenty fish were
randomly placed into each of eight aquaria containing 200 L of fresh water with continuous
aeration. The temperature was constant at 15.4 = 1.4 °C. Photoperiod was 12:12 h light:dark.
Dissolved oxygen concentration and pH were 8.5 + 0.5 mg L"and 7.7 * 0.5, respectively.
During the acclimation and experimental periods, the fish were fed a commercial preparation
(Bio Mar, Denmark) at 1% of body weight per day.

The experimental design followed the OECD guideline 305 (OECD, 2012) with some
modifications. The fish were exposed to diltiazem at three concentration levels under semi-
static conditions for 42 days: 0.03 pg L' (environmentally relevant concentration), 3 pg L™, and
30 pg L' (sub-lethal concentrations). A control group of fish was maintained in diltiazem-free
water. All experimental and control trials were duplicated and carried out with de-chlorinated
tap water. One-hundred-fifty L of the diltiazem solution and the water in control tanks were
renewed daily. Mortality was recorded during the acclimation and experimental periods. This
study was performed in accordance with the principals of the EU-harmonized Animal Welfare
Act of the Czech Republic. After 42 days exposure, 8 fish exposed to 30 pg L diltiazem were
transferred into diltiazem-free water for depuration. At 7 and 14 days of depuration, 4 fish
were sampled to assess levels of diltiazem and its metabolites.

2.3. Fish sampling

Prior to the start of the experiment (at the end of the acclimatisation period), and at 21
and 42 days exposure, eight fish from each replicate of each group were sampled. Blood
samples were collected from the vena caudalis and stabilized with 40 IU sodium heparin
per 1 mL blood. Subsequently, the fish were euthanized in 2-phenoxyethanol (Sigma-Aldrich,
Czech Republic), and the spinal cord was severed. The total length and body, liver, heart,
and gonad weights were recorded. Fulton’s condition factor (FCF), mean specific growth rate
(SGR), hepatosomatic index (HSI), cardiosomatic index (CSI), and gonadosomatic index (GSI)
were calculated as described by Machova et al. (2009), VeliSek et al. (2012), and Nash et
al. (2004). Samples of blood plasma, kidney, liver, and muscle were collected and stored at
-20 °C for determination of diltiazem concentration. To determine enzyme activity, liver and
gill samples were collected and stored at -80 °C. After 42 days of exposure, samples of liver,
brain, heart, and kidney of the fish exposed to the highest concentration (30 pg L"), and of
the control group, were fixed in 10% buffered formalin for histological examination (2.7). For
determining levels of diltiazem and its metabolites (2.4) four fish were sampled at 7 and 14
days depuration.

2.4. Determination of diltiazem and its metabolites

2.4.1. Determination of diltiazem concentration in water, tissues, and blood plasma

Water samples were collected from each aquarium immediately after, and 24 h after,
water exchange. In addition, water samples from de-chlorinated tap water were taken.
Concentration of diltiazem was determined by in-line-SPE-liquid chromatography with tandem
mass spectrometry (LC/LC/MS/MS, Fedorova et al., 2014a). The analyses were performed
using a TSQ Ultra MS/MS (Thermo Fisher Scientific, San Jose, CA, USA) coupled to Accela
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1250 and Accela 600 HPLC pumps (Thermo Fisher Scientific, San Jose, CA, USA) and an HTS-XT
autosampler (CTC Analytics AG, Zwingen, Switzerland).

The concentration of diltiazem was determined in kidney, liver, muscle, and blood plasma.
Extraction was conducted in acetonitrile according to a modified method of Fedorova et al.
(2014b). In addition, a blank sample and matrix control was conducted for method verification
and detection of sample contamination. Samples of tissue (0.5 g) and plasma (200 pL) were
used to determine diltiazem levels and were spiked with the internal standard verapamil at
20 ng and 45 ng, respectively.

To detect the formation of metabolites as an indication of photo-degradation and oxidation
products, two aquaria were filled with 200 L water at the highest concentration of diltiazem
(30 ugLT). Testing was conducted under the same conditions as described for the experiment,
at the beginning of the trial and after 24 h. No fish were involved the stability test.

The BCF of diltiazem in liver, muscle, and blood plasma was calculated in accordance with
OECD Guideline No. 305 (OECD, 2012). At each sampling time, the mean concentration
of diltiazem in each tissue type from each experimental group, was divided by the mean
concentration in water from which the fish was taken. First-order kinetics was assumed to
determine the depuration rate of diltiazem in liver, muscle, and kidney. For exposed fish, the
half-life (50% depuration, t50) and 95% loss in the depuration phase (t95) of diltiazem were
calculated using linear regression of the natural logarithm (In) of the detected concentrations
in liver, kidney, and muscle and the value of the slope (k) of the graph: (t50) = 0.693/k and
(t95) = 3.0/k (OECD, 2012).

2.4.2. Determination of diltiazem metabolites in tissues and blood plasma

The rate of metabolism of diltiazem was calculated based on its concentration expressed as
umol. Metabolites of diltiazem in fish tissue and blood plasma were analysed using a hybrid
quadrupole-orbital trap mass spectrometer Q-Exactive (Thermo Fisher Scientific) coupled
to an Accela 1250 LC pump (Thermo Fisher Scientific) and HTS XT-CTC autosampler (CTC
Analytics AG) using direct injection of the samples. Parent compounds and metabolites were
chromatographically separated using a Hypersil GOLD C18 column (50 mm x 2.1 mm ID x 3 pm
particles, Thermo Fisher Scientific). All compounds matched in the 5 ppm range from exact
mass were confirmed in High Resolution Product Scan mode, in which the parent ion was
isolated and fragmented in the collision cell, and product spectrum was collected at 17500
FWHM resolution. Some metabolites are not commercially available, so semi-quantification
was based on assumption that all metabolites have the same response at ESI+ ionization
mode as diltiazem.

2.5. Haematological and biochemical blood profiles

The haematological profile, comprising erythrocyte count (RBC), haematocrit (Hc),
haemoglobin (Hb), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH),
mean corpuscular haemoglobin concentration (MCHC), leukocyte count (Leuko), and
differential leukocyte count was determined as described in Svobodova et al. (1991). For
biochemical analysis, the plasma was obtained by centrifugation for 10 min at 12000xg at 4 °C.
Plasma samples were stored at -80 °C until analysis. The biochemical analysis of plasma was
carried out with a VETTEST 8008 analyser (IDEXX Laboratories Inc., USA). The following indices
were measured: glucose (GLU), triacylglycerol (TAG), y-glutamyltranspeptidase (GGT), creatine
kinase (CK), lactate (LAC), and calcium (Ca). The total protein (TP) was spectrophotometrically

measured according to Smith et al. (1985).
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2.6. Analysis of enzyme activity in liver and gill

2.6.1. Preparation of post-mitochondrial supernatant and microsome fraction

The protocol used to obtain the post-mitochondrial supernatant (PMS) was described by
Howcroft et al. (2009). Briefly, samples were homogenized in 1.5 mL potassium-phosphate
buffer (0.1 M, pH 7.4) using an ultrasonic homogenizer (Bandelin electronic D-12207;
Berlin, Germany). From the homogenate, 100 pL were separated for determination of lipid
peroxidation. The remaining tissue homogenate (1400 plL) was centrifuged at 10000xg for
20 min at 4 °C to isolate the PMS. The microsome fraction was prepared using differential
centrifugation as described by Burkina et al. (2013).

2.6.2. Protein analysis

The protein concentration in the PMS was determined according to Smith et al. (1985) at
562 nm using bovine serum albumin as a standard. The samples of liver and gill tissue were
diluted to a protein content of 6 mg mL" and 4 mg mL", respectively.

2.6.3. Microsome enzyme activity of selected isoforms of CYP,s5,

The ethoxyresorufin-O-deethylase (EROD) assay was performed as described in Kennedy
and Jones (1994). The 7-benzyloxy-4-trifluoromethylcoumarin O-debenzylation (BFCOD) assay
was conducted according to the method of Renwick et al. (2000). The reaction incubations
were described in Grabicova et al. (2013).

The rates of the transformation of ethoxyresorufin to resorufin and the activity of BFCOD
were estimated from the rate of transformation of 7-benzyloxy-4-trifluoromethylcoumarin
(BFC) to 7-hydroxy-4-trifluoromethylcoumarin (HFC). An Infinite 200 spectrophotometer
(TECAN) was used for determination of the concentrations of resorufin (excitation/emission:
544/590 nm) and 7-benzyloxyresorufin (excitation/emission: 410/538 nm). The enzyme
activity was expressed as pmol of resorufin or HFC formed per min and mg of microsomal
proteins. The detection limits of resorufin and HFC were 2 and 1 pmol, respectively.

2.6.4. Antioxidant enzyme activity and lipid peroxidation

The catalase (CAT) activity was measured by at 240 nm by monitoring the decrease of
absorbance due to degradation of hydrogen peroxide (H,0,) to 2H,0 and O,, as described by
as described by Clairborne (1985). The measurement was carried out by TECAN in a 96-well
flat-bottom UV-transparent microtitre plate.

We mixed 15 pL PMS with protein content diluted 1:10 with 185 pL potassium phosphate
(0.05 M, pH 7.0) and 100 pL H,0, (0.03 M). The decomposition of the substrate H,O, was
recorded at 240 nm. Calculations were made using a molar extinction coefficient of 40 M
cm™.

Glutathione reductase (GR) activity was determined using the method of Cribb et al. (1989)
with some modifications. Approximately 0.2 mg mL' PMS was combined with 150 pL of
reaction solution. This reaction solution consisted of NADPH (0.4 mM), GSSG (2 mM), and
DTPA (1 mM) in 50 mL potassium phosphate buffer (0.05 M, pH 7.0). The enzyme activity was
quantified by measuring the disappearance of NADPH at 340 nm. Calculations were made
using the molar extinction coefficient of 6220 M'cm™.
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The glutathione peroxidase (GPx) activity was measured by the method of Mohandas et
al. (1984). The incubation mixture (0.3 mL) contained PMS (approximately 0.06 mg mL"),
potassium phosphate buffer (0.05 M, pH 7.0), EDTA (1 mM), sodium azide (1 mM) and GR
(7.5 mL from stock with 1 U/ml). GSH (4 mM) and NADPH (0.8 mM) were added as substrate
to the solution. The reaction was initiated by the addition of 0.5 mM of H,0,. Oxidation of
NADPH was recorded at 340 nm. Calculations were made using the molar extinction coefficient
of 6220 M cm™.

The GST activity was determined using 1-chloro-2,4-dinitrobenzene as substrate according
to the method of Habig et al. (1974) adapted to the microplate reader by Frasco and
Guilhermino (2002). The incubation mixture (0.3 mL) contained PMS with protein content
diluted 1:10 with a reaction solution containing 2.55 mL of CDNB (10 mM), 15.30 mL of GSH
(10 mM), and 84.5 mL of potassium phosphate buffer (0.1 M, pH 6.5). The CDNB conjugate
was measured as increase in absorbance at 340 nm. Calculations were made using the molar
extinction coefficient of 9.6 mM'cm™.

The total superoxide dismutase (SOD) activity was determined using the method developed
by Ewing and Janero (1995) with slight modifications. The reaction mixtures at a final volume
of 250 pL were added to each well of a 96-well plate. The activity was determined for the
complete reaction system, which included 25 pL of PMS, 200 pL of reaction solution (48 uM
nitro blue tetrazolium and 80 pM NADPH), and 25 puL of phenazine methosulphate (3.5 pM) in
phosphate buffer (50 mM with 0.1 mM EDTA, pH 7.4). All assays were conducted in triplicate.
The SOD activity was assessed spectrophotometrically at 560 nm using NBT as the substrate
and is expressed as the amount of enzyme per mg of protein.

An Infinite M200 spectrophotometer (TECAN, Mannedorf, Switzerland) was used for
reading absorbance of the incubation reactions for all assays. For each sample all assays were
conducted in triplicate. Samples were processed on ice, with analysis made at 25 °C. The
relationship between absorbance and time in each reaction well was linear (R2 > 0.8). Enzyme
activity was expressed as units of substrate hydrolyzed per minute, per mg of protein.

In gill and liver, the oxidative damage was assessed by determining the level of lipid
peroxidation following the methodology of Ohkawa et al. (1979) with slight modifications.
Briefly, 100 uL of homogenate was mixed with 333 pL of cold trichloroacetic acid (12%),
200 pL of 60 mM Tris-HCI with 0.1 mM DTPA, and 333 pL 2-thiobarbituric acid (0.73%). Tubes
were heated for 1 h at 99 °C. Following centrifugation at 3000xg for 5 min at 25 °C, the
absorbance of the supernatant was determined at 535 nm. Calculations were made using
the molar extinction coefficient: € = 156000 M cm™. Oxidative damage was expressed as
micromols of TBARS per g wet weight of tissue.

2.7. Histological analysis

Fixed samples of liver, heart, kidney, and brain were paraffin-embedded and routinely
processed for histological examination. Sections (4 pm) were stained with haematoxylin-eosin
(H&E) and examined by light microscopy. Pathological changes were graded as O (none), 1
(scattered), 2 (mild), 3 (mild to moderate), 4 (moderate), 5 (moderate to severe), or 6 (severe)
(Bettge et al., 2009; Schmidt-Posthaus et al., 2013). In addition, liver tissue was stained with
periodic acid-Schiff (PAS) in order to detect glycogen droplets in hepatocytes.
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2.8. Statistical analysis

Data were analyzed using STATISTICA (version 8.0 for Windows, StatSoft, Czech Republic).
Data were checked for normality and homoscedasticity by the Kolmogorov-Smirnov test
and Bartlett's test, respectively. If these criteria were fulfilled, a one-way analysis of variance
(ANOVA) was employed to detect significant differences among the experimental groups
in the measured variables. Subsequently, Dunnett’'s multiple range test was applied. If the
conditions for ANOVA were not satisfied, the nonparametric test (Kruskal-Wallis) was used.
As significance level p < 0.05 was applied. The data were presented as mean + standard
deviation (SD).

Table 1. Concentration of diltiazem in water in the sub-chronic toxicity test on rainbow trout. The
concentrations were measured immediately after water exchange (0 h) and 24 h post-exchange. The
values are expressed as mean *+ S.D. (n = 4). LOQ = limit of quantification.

Group Sample Water concentration Difference to the nominal Min - Max
time (h) (ngl?") concentration (%)
Tap water < LOQ
Control 0 < LOQ
24 < LOQ
0.03 pg L? 0.06 + 0.02 188 0.01-0.22
24 0.04 +0.02 145 0.02-0.08
3pugl? 0 28+13 92 2.2-3.1
24 3.1+1.9 103 2.0-5.2
30 pug L? 0 34+34 115 5.6-98
24 21+£12 67 4.1-37

On-line SPE LC-MS/MS, LOQ = 0.009-0.017 pg L.

Table 2. Concentration and bioconcentration factor (BCF) of diltiazem in blood plasma, liver, kidney,
and muscle of rainbow trout sub-chronically exposed to diltiazem (0.03, 3, and 30 ug L") for 21 and 42
days. Diltiazem concentrations are given as ug kg’ (mean £ S.D., n = 8), and BCF is in parenthesis. LOQ
= limit of quantification.

Tissue Exposure Control 0.03 pgL” 3pgl? 30 pug L
time (d)
Plasma 0 <L0Q
21 <LOQ <LOQ <LOQ 12.2+£4.1; (0.46)
42 <L0Q <L0Q <LOQ 26.3+£5.2; (0.98)
Liver 0 <L0Q
21 <L0Q 3.4; (69) 110 £59; (37) 809 £ 228; (30)
42 <L0Q <L0Q 71+ 34; (23) 564 + 539; (21)
Kidney 0 <10Q
21 <LoQ 6.4+2.2;(128) 290 + 174; (89) 2388 + 1387; (84)
42 <LOQ 9.7 £4.2; (194) 261+ 87; (88) 2397 + 1854; (90)
Muscle 0 <L0Q
21 <L0Q <LOQ 4.8+ 1.6; (1.6) 43.1+12.2; (1.6)
42 <L0Q <LOQ 1.8+0.3; (0.7) 15.8 = 8.6; (0.6)
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3. Results

3.1. Diltiazem content in water and fish tissues

3.1.1. Analytical method performance

In the water samples, the limit of quantification (LOQ) of diltiazem in the ranged 0.010-
0.017 ug L". The LOQ in tissue was in the range 0.04-33 ng g (Supplement 1). The recovery
rates in plasma, muscle, liver, and kidney as well as in experimental solutions were obtained
from clean water samples with 126 + 29%, 93 + 6%, 110 * 19%, 144 £ 6% and 95 + 10%,
respectively.

The concentration of diltiazem in the de-chlorinated tap water, in control fish during the trial,
and in fish prior to exposure, was below the LOQ (Tab. 1, 2). The concentration of diltiazem in
water over the course of 24 h as average of the four sampling dates compared to the nominal
value for all test groups is presented in Tab. 1. The average water concentration in treatments
with 0.03, 3.0, and 30 pg L diltiazem were 0.05, 2.95, and 26.72 ug L', respectively. Calculation
of BCF was based on these concentrations.

3.1.2. Concentration of diltiazem in tissues

Diltiazem was detected in the blood plasma of fish exposed to 30 pg L diltiazem for 42
days and found to exhibit a low BCF, reaching 0.98. Diltiazem was detected in muscle of fish
exposed to 3 and 30 pg L7 diltiazem for 21 and 42 days. In muscle, BCF ranged from 0.59 to
1.9. After 21 and 42 days of exposure diltiazem was present in liver of fish exposed to 3 and
30 pg L diltiazem, with a BCF ranging from 21 to 69. In kidney of all fish exposed to diltiazem,
BCFs in ranging from 46 to 194 were calculated. In general, the bioconcentration levels of
diltiazem followed the order kidney > liver > muscle > plasma (Tab. 2). The half-life of diltiazem
in liver, kidney, and muscle was 1.5 h, 6.2 h, and 49 h, respectively. The 95% depuration time
in liver, kidney, and muscle was estimated to be 6.5 h, 27.5 h, and 214 h, respectively. The
depuration time of diltiazem followed the order muscle > kidney > liver. Diltiazem was present
in the blood plasma at higher concentrations during the depuration phase than seen during
exposure; hence, in plasma, no depuration of diltiazem was observed.

3.1.3. Diltiazem metabolites

Nine diltiazem related compounds (including diltiazem) were detected. The positions of
biotransformation (O or N-metabolites) is difficult to identify using LC-HRMS/HRPS as there
is one highly prevailing fragmentation path always leading to the same product; therefore
the specific isoforms of the diltiazem metabolites are not presented in this manuscript. No
metabolite was found during 24 h in the spiked water without fish. The biotransformation of
diltiazem in fish includes desmethylation, desacetylation, and hydroxylation (Fig. 1), with the
first two pathways being the most important. The major metabolite detected was desmethyl
diltiazem (M1), followed by desacetyl diltiazem (M2), and desacetyl, desmethyl diltiazem (M3).
Lesser amounts of desacetyl, didesmethyl diltiazem (M4) and didesmethyl diltiazem (M5)
were detected. Hydroxylation represents only a minor pathway in diltiazem metabolization.
The following metabolites were detected at lower levels: hydroxy diltiazem (M6); desmethyl,
hydroxy diltiazem (M7) and desacetyl, hydroxy diltiazem (M8). The combined concentration
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level of all detected metabolites followed the order kidney > liver > muscle > plasma
(Supplement 2-5). In fish exposed to 0.03 pg L diltiazem, the major metabolites M1, M2,
and M3 were detected only in kidney. At this concentration, no diltiazem metabolites were
found in other tissue. The low or very low level of metabolites (M9, M5, M11, M4) were found
in fish exposed to 3 and 30 ug L' diltiazem. Higher levels of metabolites were found after 42
days exposure than after 21 days of exposure.

In fish exposed to diltiazem at 30 pg L', the uptake phase was followed by a depuration
phase. Compared to the uptake phase, during the depuration phase (7 and 14 days post-
exposure) higher levels of minor metabolites were detected in all tissues with the exception
of muscle (Supplement 2-5).

The estimated metabolism rate of diltiazem followed the order liver > kidney > muscle > plasma
at 85+ 9%, 64 + 14%, 46 + 6% and 41 * 8%, respectively.

Diltiazem

<«

— - Mg > CLITTTTTTrTrrD

Figure 1. Metabolic pattern of diltiazem in rainbow trout. Solid line - desmethylation; dotted line
- desacetylation; dash dotted line - hydroxylation. Major metabolites are underlined: M1 - desmethyl!
diltiazem; M2 - desacetyl diltiazem; M3 - desacetyl, desmethyl diltiazem; M4 - desacetyl, didesmethyl!
diltiazem; M5 - didesmethyl diltiazem; M6 - hydroxy diltiazem; M7 - desmethyl, hydroxy diltiazem; M8 -
desacetyl, hydroxy diltiazem (modified according to Molden et al., 2000).

3.2. Survival and morphological parameters

No mortality occurred during the acclimation and experimental periods in either control or
exposed fish. The diltiazem exposed fish did not show significant differences from controls in
total length, body weight, CF, HSI, or CSI (Supplement 6). During 42 days exposure, the SGRs
of the control group and the fish exposed to 0.03, 3, and 30 ug L' diltiazem were 9.82, 9.57,
9.84, and 9.40, respectively.
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3.3. Haematological and blood biochemical parameters

The haematocrit value was significantly enhanced in fish exposed to 30 pg L' diltiazem
for 21 days compared to the control group (ANOVA, p > 0.05, Tab. 3). The HC, RBC, WBC,
MCV, MCHC, and MHC, as well as the differential leukocyte count (all indices, except mature
neutrophil granulocytes) were not significantly affected by diltiazem exposure in any other
treatment group compared to controls (Supplement 7 and Supplement 8). Fish exposed to
diltiazem at 3 and 30 pg L for 42 days showed significantly increased numbers of mature
neutrophil granulocytes compared with the control group (ANOVA, p > 0.05, Supplement 8).

At all sampling times, GLU, GGT, TRIG, and Ca concentration was not significantly different
in the exposed fish compared to controls (Tab. 3). The LAC concentration was significantly
reduced in fish exposed to 3 and 30 pg L’ diltiazem for 21 days than in the control group.
However, after 42 days exposure, no significant difference was found in fish exposed to 3 and
30 pg L' diltiazem compared to the control. The TP content was significantly reduced in fish
exposed at 3 and 30 pg L' for 21 days compared with the control group (ANOVA, p < 0.05).
After 42 days, a significantly enhanced concentration of CK was detected in all diltiazem
exposed fish compared with the control.

Table 3. Biochemical parameters of blood plasma of rainbow trout sub-chronically exposed to diltiazem.
GLU - glucose; GGT - gamma-glutamyltranspeptidase; TP - total protein; TRIG - triacylglycerols; CK -
creatine kinase; Ca - calcium; LAC - lactate. Values are expressed as mean *+S.D. (n = 8). Asterisks indicate
significant difference compared to the control: * p < 0.05 (ANOVA).

Indices Exposure Control 0.03 pglL” 3pgl? 30 pglL?
time (d)

GLU 0 6.1£0.7

(mmol L) 21 5.8+0.8 56%0.9 48+0.8 52+13
42 5.9+0.7 6.1+£1.0 6.4+15 54+0.8

TP 0 22.7+42

(gL 21 233124 20.7+5.8 18.3+4.9* 16.9 £ 2.2*
42 20.8+3.9 20.1%£5.0 24.3+8.0 19.8+7.0

TRIG 0 1.8+0.4

(mol L) 21 1.7+£0.4 1.7+0.5 1.7+03 1.8+0.7
42 2.0%0.3 1.8+0.5 1.9+0.7 2.0%0.5

GGT 0 0.4+0.1

(ukat L) 21 0.31+0.1 0.30%0.1 0.38+0.1 0.39+0.1
42 0.2+0.1 0.1+£0.04 0.1+£0.03 0.1+£0.01

Ca 0 24+0.2

(mmol L") 21 24+0.1 2.4+0.1 22+0.2 2.2+0.1
42 23+0.1 21%0.2 25%0.2 24+0.1

CK 0 768 + 49

(ukat L) 21 767 + 46 747 £ 41 757 £ 55 762 £ 57
42 863 168 2167 = 1420* 3055+ 873* 2224 + 1053*

LAC 0 1.4+£0.8

(mmol L") 21 29+1.9 3.3+1.4 1.1+0.9* 0.9 +0.2*
42 1.5+0.5 1.6%1.0 1.4+04 26+14
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3.4. Activity of selected CYP450s in liver

The catalytic activity of CYP1A1 in the fish hepatic microsome was determined by measuring
EROD activity. Constitutive EROD activity in fish exposed to diltiazem was not significantly
different from that of the control (Supplement 9).

Significant differences were observed in CYP3A activity, showing a reduction in fish exposed
to 30 pg L7 diltiazem for 21 days compared to control (ANOVA, p < 0.05, Supplement 9). At
42-days exposure, no significant difference in CYP3A activity among groups was found.

3.5. Antioxidant enzyme activity and lipid peroxidation

3.5.1. Liver

The activity of all measured antioxidant enzymes, except GR and GST, in liver was affected
by diltiazem exposure (Fig. 2). The CAT activity was significantly induced in fish exposed to
0.03 and 3 pg L diltiazem for 21 days compared with the control (ANOVA, p < 0.05). However,
CAT activity was not significantly different from the control in those groups after 42-days
exposure (ANOVA, P > 0.05, Fig. 2). After 21 days, SOD activity was significantly reduced
in fish exposed to 0.03 and 3 ug L' diltiazem compared with the control group (ANOVA, p
< 0.05). Fish exposed to these concentrations for 42 days exhibited significantly induced
SOD activity compared to the control. After 21 days, the activity of GPx was significantly
higher in all diltiazem-exposed fish than in controls, but, after 42 days exposure, GPx activity
was significantly higher only in fish exposed to 0.03 and 3 pglL " diltiazem. After 42 days, fish
exposed to 3 and 30 ug L7 diltiazem exhibited significantly lower TBARS concentration than
observed in control (ANOVA, p > 0.05).
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Figure 2. Antioxidant enzyme activity in liver of rainbow trout sub-chronically exposed to diltiazem.
SOD - superoxide dismutase; CAT - catalase, GR - glutathione reductase. Values are expressed as
mean *S.D. (n = 8). Asterisks indicate significant difference compared to the control. *: p < 0.05 (ANOVA).

3.5.2. Gill

The activity of CAT and GR in gill of fish exposed to diltiazem did not differ significantly
from the control (Fig. 3). After 21 days exposure, SOD activity at all tested concentrations
of diltiazem was not significantly different from control. The SOD activity was significantly
reduced in fish exposed for 42 days to 3 ug L' diltiazem, but not to 0.03 and 30 pg L' (ANOVA,
p > 0.05, Fig. 3). The GPx activity in gill was significantly induced in fish exposed to 0.03 and
30 pg L' diltiazem for 21 days, but not in fish exposed to 3 pg L' diltiazem. After 21 days
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exposure, GST activity was not significantly different in fish exposed to diltiazem from that
in controls. GST activity after 42 days exposure was significantly reduced in fish exposed to
0.03 and 30 pg L7 diltiazem compared with the control (ANOVA, P < 0.05), but not in those
exposed to 3 pg L. After 21 days exposure, the concentration of TBARS was significantly
enhanced only in fish exposed to 0.03 pg L' diltiazem compared with the control (ANOVA,
p < 0.05).
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Figure 3. Antioxidant enzyme activity in gill of rainbow trout sub-chronically exposed to diltiazem. SOD
- superoxide dismutase; CAT - catalase, GR - glutathione reductase. Values are expressed as mean * S.D.
(n = 8). Asterisks indicate significant difference compared to the control. * p < 0.05 (ANOVA).
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3.6. Histological changes

Liver of control and diltiazem-exposed fish showed moderate numbers of fat vacuoles in
hepatocytes. In fish exposed to 30 ug L' diltiazem, the cytoplasm of the hepatocytes was
characterized by mild granulation with enhanced glycogen content (PAS positive) (Supplement
10). Liver of fish exposed to diltiazem showed scattered to mild sinusoidal congestion.
Two diltiazem treated fish displayed mild to moderate rupture of cell membranes in highly
vacuolated hepatocytes, and one of the diltiazem exposed fish presented single cell necrosis
characterized by karyopycnosis in hepatocytes (Fig. 4, Supplement 10).

Heart of control animals showed no histological changes. Alterations in fish exposed
to 30 pg L' diltiazem ranged from scattered to moderate. Signs of inflammation with
lymphocytes, plasma cells, and macrophages in the epicardium were present, along with
degeneration and rupture of pericardial vessel walls (Fig. 5). In a single fish exposed to
30 pg L' diltiazem, degeneration of muscle fibres in the ventricle and focal calcification was
observed (Supplement 10).

Kidney of diltiazem-exposed fish was characterized by scattered to moderate tubulonephrosis
and tubular neogenesis (Fig. 6, Supplement 11). Scattered degenerated tubular epithelial
cells were also observed in control fish.

No histological differences were found in brain of control and diltiazem exposed fish;
all groups exhibited scattered to mild signs of inflammation, primarily lymphocytes in the
meninges.

Figure 4. Histological findings in liver of rainbow trout. a - control fish with normal liver structure;
b - fish exposed to 30 ug L diltiazem. Arrowheads - small blood vessels and congested sinusoids; stars
- granulation of the cytoplasm; arrows - rupture of the cell membrane of the hepatocytes. H&E staining;
scale bar = 25 um.
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Figure 5. Histological findings in heart of rainbow trout. a - control fish with normal heart structure; b -
fish exposed to 30 ug L diltiazem. Stars - thickening of the pericardium by infiltration with lymphocytes,
plasma cells, and macrophages and oedema. HGE staining; scale bar = 25 um.

Figure 6. Histological findings in kidney of rainbow trout. a - control fish with normal kidney structure;
b - fish exposed to 30 ug L' diltiazem. Arrowhead - tubular necrosis; star - tubuloneogenesis. HGE

staining; scale bar = 25 ym.

4. Discussion

4.1. Bioconcentration and half-life of diltiazem in fish

Bioconcentration of substances in aquatic organisms can give rise to toxic effects over a
long period of time even when water concentrations are low (OECD, 2001). In the present
study, the BCFs of diltiazem in kidney, liver, muscle, and blood plasma ranged from 0.5 to
194. The OECD (2001) classifies diltiazem as a substance with a low level of bioconcentration
in fish (BCF < 500). The predicted BCF of diltiazem in whole fish homogenates calculated by
EPI Suite™ (v. 4.11, US EPA, 2012), based on its log K, (2.7), was 28. In agreement with the
modelled BCF, Wang and Gardinali (2013) reported a BCF of 16 for diltiazem in mosquito
fish homogenates. Considering the range of BCF values calculated for different tissues in the
present study, BCF in our fish homogenates ought to have differed by approximately an order
of magnitude from the predicted value and that calculated for eastern mosquito fish by Wang
and Gardinali (2013).
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In the present study, the BCF values followed the order kidney > liver > muscle > plasma.
This is in agreement with Ramirez et al. (2009) who reported higher diltiazem concentration in
liver of wild fish compared to that in muscle. To the best of our knowledge, no data is available
on the level of diltiazem in kidney of fish for comparison. In plasma, diltiazem was detected
only in fish exposed to the highest tested concentration (30 pg L"), with the BCF ranging from
0.5 to 0.98. However, Fick et al. (2010) reported a BCF of 24 in the blood plasma of rainbow
trout exposed for 2 weeks to treated waste water with diltiazem concentration as low as
0.037 pg L. The BCF of 14 calculated by Fick et al. (2010) according to Hugget's blood plasma
model was also higher than the BCF found in the present study. This could be attributed to
the rapid metabolic turnover of diltiazem in liver. In the study of Fick et al. (2010), fish were
not fed during the experimental period of 14 days, and nutritional deficiencies might have led
to lower rates of xenobiotic metabolism (Yang et al., 1992) compared to that in our study.
Moreover, the fish were exposed to sewage effluent containing a cocktail of pharmaceuticals,
including a chemosensitizer, verapamil (Kurelec, 1997). The Hugget's blood plasma model
does not take into account metabolism of the target substance, an important factor affecting
final concentration of the substance in plasma.

The half-life calculated for diltiazem in various tissues of rainbow trout ranged from 1.5 to
49 h in the present study. Tissue-specific differences in lipid content are not considered to
affect the bioconcentration and half-life of diltiazem, since it is an ionisable (pK_= 8.94) and
moderately hydrophobic compound (K, =2.7; Ramirez et al., 2009, EPI Suite™ v4.11, US EPA,
2012). The relatively high concentration and short half-life of diltiazem in trout liver indicate
high metabolic turnover. Compared to the other analyzed tissue types, liver exhibited the
highest content of diltiazem metabolites during the exposure phase. The high BCF and longer
half-life of diltiazem in the kidney could be attributed to glomerular filtration, renal tubular
secretion, and/or reabsorption. A longer half-life associated with reduced metabolic turnover
of diltiazem was determined in muscle when compared to liver and kidney, suggesting muscle
tissue as a diltiazem deposit in fish.

4.2. Diltiazem metabolites

The present study demonstrated that diltiazem is transformed into 8 metabolites in rainbow
trout. It is metabolized preferentially into desmethyl diltiazem (M1), desacetyl diltiazem (M2),
and desacetyl, desmethyl diltiazem (M3), which suggests desmethylation and desacetylation
as major metabolic pathways. Similarly, M1, M2, and M3 metabolites are found in human
blood plasma (Christensen et al., 1999; Dasandi et al., 2009). As in this study, Alderton et al.
(2010), in a study of the metabolic profile of verapamil, as a representative calcium channel
blocker, found considerable overlap between fish and humans. In the present study, hydroxyl
diltiazem was determined as a metabolite of diltiazem. To the best of our knowledge, there
is no information available in the literature describing the presence of hydroxyl diltiazem in
humans or other mammals, indicating that this metabolite is fish-specific.

4.3. Histological changes

Diltiazem was found to be associated with pathologic alterations in liver, heart, and kidney,
while the brain showed no differences between control and exposed animals. In mammals,
diltiazem is metabolized chiefly in the liver (Homsy et al., 1995). The granulation of hepatocytes
associated with enhanced glycogen content that was observed in trout liver in the present
study indicated increased metabolic activity related to diltiazem detoxification. In humans,
the metabolism of drugs is associated with pathological changes in the liver (Chang and
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Schiano, 2007; Tredger and Davis, 1991). Sarachek et al. (1985) also reported pathological
changes in the liver characterized by granulation of hepatocytes with diltiazem exposure. Only
single cell necrosis was observed in few exposed trout in the present study.

Among the studied tissues, kidney displayed the highest rate of pathological alterations
as well as the highest diltiazem concentration. Necrotic changes in the tubuli resulted in
increased tubuloneogenesis, indicative of regeneration. De novo development of tubuli is
a common response to nephrotoxic injury in fish (Reimschuessel, 2001). The alterations in
kidney can be attributed to the metabolic demands of enhanced excretion and reabsorption
and/or a toxic effect of diltiazem and its metabolites.

The histological changes in heart and the blood vessels of the liver in exposed trout suggest
vasodilatation similar to the pharmacological effect of diltiazem in the human body (Lullmann,
2003). Since the L-type calcium channel, the target of diltiazem in the human body, has a high
degree of similarity in human and fish (Rottbauer et al., 2001), we can hypothesize a similar
mode of action.

4.4. Haematological and biochemical profiles of blood plasma

In the present study, diltiazem induced haematological and biochemical changes in the
blood plasma of rainbow trout. Fish exposed 42 days to diltiazem in concentrations of 3 and
30 pg L presented increased numbers of mature granulocytes in the blood, which could be
associated with inflammation in liver and heart.

The reduced TP content in plasma of fish exposed for 21 days to diltiazem 3 and 30 pg L™
indicated liver and kidney damage (Kolarova and Velisek, 2012), which was confirmed by
histology. Lower TP might also reflect the increased metabolic demands of detoxification of
diltiazem. Lactate in plasma was also reduced in diltiazem exposed fish. In rainbow trout, lactate
can be rapidly metabolized and is an important source of energy for the heart (Battiprolu et
al.,, 2007). Therefore, the reduced lactate content could reflect increased metabolic demand
related to diltiazem exposure. Similarly, an effect on energy balance represented by reduced
ATP level in plasma was described by Klein et al. (2009) for zebrafish injected with a high dose
of diltiazem (1.3 mg).

At all tested diltiazem concentrations, the CK content was significantly increased in plasma,
suggesting damage of the cardiac muscle. Increased CK levels are also found in the human
body as a consequence of myocardial injury (Clarkson et al., 2006; Adams et al., 1993). The
present study found degeneration of cardiac muscle fibre in a single exposed fish.

4.5. Activity of CYPs and antioxidant enzymes in the liver and gills

Activity of CYP1A, which carries out the O-deethylase reaction, is a widely used biomarker
of xenobiotic exposure in fish (Whyte et al., 2000). In the present study, diltiazem was not
shown to affect CYP1A activity, nor did we detect metabolites of this enzyme in exposed fish.
Therefore, it is probably not involved in diltiazem metabolism in trout. Similarly, Connors et al.
(2013) did not observe metabolism of diltiazem by CYP1A in liver S9 fraction of rainbow trout
invitro. In mammals, CYP1A1 activity has not been shown to be affected by diltiazem, and this
isoform is not supposed to be involved in its metabolism (Connors et al., 2013).

CYP3A4 is the principal enzyme in human drug metabolism, involved in 28% of metabolism
of 50% of currently available drugs (Lewis, 2000; Lewis, 2004). The key step in the metabolism
of diltiazem, desmethylation, is extensively catalysed by CYP3A4 (Molden et al., 2002a). In the
present study, reduced activity of the CYP3A isoform was found in fish exposed to the highest
tested concentration of diltiazem. Excess diltiazem and its major metabolite N-desmethyl
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diltiazem, which was also detected in the present study, are known to inhibit the activity
of CYP3A4 in humans. In mammals, the desmethylation of diltiazem is also carried out by
CYP2D6, CYP2C8, and CYP2C9, and, as a result, O-desmethyl diltiazem is formed in addition
to N-desmethyl diltiazem (Molden et al., 2000; Sutton et al., 1997). The subfamily of CYP2C
and CYP2D is not present in fish, and therefore diltiazem may not undergo O-desmethylation
in fish (Kirischian et al., 2011). The specific isoforms of diltiazem metabolites could not be
identified by our analytical method; hence, we could not distinguish O-desmethyl diltiazem
from N-desmethyl diltiazem.

As in mammals (Molden et al., 2002a), desacetylation was the second major step observed
in diltiazem metabolism in rainbow trout in the present study. The desacetylation of
diltiazem in mammals is carried out by esterases, mainly in the intestines, and CYPs are not
involved (Molina et al., 2007; Molden et al., 2002a; Homsy et al., 1995). Therefore, desacetyl
metabolites of diltiazem indicated extra-hepatic metabolism of diltiazem and the presence of
these esterases in fish.

Diltiazem undergoes a hydroxylation reaction in fish that is not seen in mammals. However,
the corresponding metabolic pathway remains unknown. It is possible that CYPs in addition
to those we analyzed are involved in biotransformation of diltiazem in fish.

In the present study, increased activity of SOD, CAT, and GPx compared to the control
was observed in liver of trout exposed to diltiazem for 42 days, indicating an antioxidant
response to diltiazem exposure. These enzymatic reactions probably led to a reduction in
the concentration of reactive oxidative species (ROS) O, and H,O, (van der Oost et al., 2003;
Cazenave et al., 2006), as indicated by a concurrent reduced concentration of TBARS. On the
other hand, in gill, TBARS levels were transiently (after 21 days) elevated in fish exposed to
the lowest tested diltiazem concentration when compared to the control. In general, activity
of nearly all antioxidant enzymes was lower in gill compared to liver, indicating that gill may
be more vulnerable to xenobiotic exposure than is liver.

5. Conclusions

The bioconcentration factor of diltiazem in rainbow trout exposed to sub-lethal
concentrations of diltiazem (0.03-30 pg L") was relatively low, ranging from 0.5 to 194.
Therefore, diltiazem can be classified as having a low level of bioconcentration (OECD, 2001).
The highest BCF was calculated for the kidney, then following the order liver > muscle > blood
plasma. The half-life calculated for diltiazem in different tissues of rainbow trout ranged from
1.5 to 49 h, following the order liver, kidney, and muscle. The highest content of diltiazem
metabolites was detected in liver and then followed the order kidney > muscle > blood
plasma. The tissue-specific half-life corresponded to the rate of diltiazem metabolism. The
detected metabolites demonstrated desacetylation and desmethylation as major metabolic
pathways of diltiazem, indicating similarities of diltiazem metabolism in fish and humans.
We determined the hydroxylation of diltiazem as a fish specific pathway. In accordance, the
histopathological alterations in the liver and kidney can be attributed to the metabolism and
excretion of diltiazem. At the highest tested concentrations, some effects observed in fish
can be considered to be similar to those described for mammals: specifically the inhibition of
CYP3A activity and the effects on the vascular system of the heart and liver. The effect on the
cardiovascular system could have been mediated by the L-type calcium channel, a suggestion
supported by structural conservation of the protein structure of the L-type calcium channel in
fish and human (Rottbauer et al., 2001). At the environmentally relevant tested concentration,
diltiazem exposure led to altered activity of antioxidant enzymes in the liver and gill as well
as to transient elevation of TBARS level in the gills. In addition, at this concentration, the CK
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content in blood plasma was increased, indicating damage to cardiac muscle. The present
study indicates that diltiazem, when present in the aquatic environment, could be a source of
sub-lethal detrimental effects in fish.
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Supplement 1. Minimum and maximum limit of quantification (LOQs) of diltiazem in acetonitrile
extract of the blood plasma, liver, muscle, and kidney.

Tissue

Tested groups/ minimal and maximal LOQ of diltiazem (ug Kg)

Plasma
Liver
Kidney

Muscle

Control
3.1-8.9
0.99-29.6
4.0-33
0.13-6.0

0.03 pg L?
3.4-15
2.8-25
15-32

0.94-2.6

3pgl?

3.3-9.8
0.62-4.5
7.0-11.8

1.0-4.3

30 pg L7
5.2-15
0.7-4.6
2.6-18
2.2-30

Depuration phase
8.7-23
1.1-2.6
16-21
0.6-1.2

Supplement 2. Diltiazem and metabolite levels: concentration (uM), mean (%), and prevalence in
kidney of rainbow trout exposed to diltiazem at 0.03, 3, and 30 uglL™" for 21 and 42 days and in fish during

the depuration phase (7 and 14 d post-exposure). M1- desmethyl diltiazem; M2- desacetyl diltiazem;

M3- desacetyl, desmethyl diltiazem; M4- desacetyl, didesmethyl! diltiazem; M5- didesmethyl diltiazem;

M6- hydroxy diltiazem; M7- desmethyl, hydroxy diltiazem; M8- desacetyl, hydroxy diltiazem. LOQ = limit

of quantification.

Group

0.0 3ug L"

3pugl?

30 gL’

Substance

Diltiazem
M1
M3
M2
M8
M4
M6
M7
M5
Diltiazem
M1
M3
M2
M8
M4
M6
M7
M5
Diltiazem
M1
M3
M2
M8
M4
M6
M7
M5

21 (d) exposure

15; 66%; 8/8
8; 34%; 4/8
<L0Q

<L0Q

<L0Q

<L0Q

<L0Q

<£L0Q

<£L0Q

699; 45 %; 8/8
526; 34 %; 8/8
129; 8%; 7/8
210; 11%; 7/8
<L0Q

<L0Q

<L0Q

<L0Q

<L0Q

5768; 38% 8/8
6267; 41%; 8/8
1337;9%; 8/8
1732; 11% ;8/8
7,<1%;5/8

9; < 1%; 4/8
10; < 1%, 8/8
6; < 1%; 2/8
38; < 1%; 8/8

42 (d) exposure

24; 42%; 6/8
16; 29%; 8/8
7,12 %; 1/8

9; 17%; 2/8
<L0Q

<L0Q

<L0Q

<L0Q

<L0Q

631; 33%; 8/8
952; 50%; 8/8
176; 9%; 8/8
159; 20%; 8/8
<£L0Q

<L0Q

<L0Q

<L0Q

21; 1 %; 8/8
5790; 24%;8/8
11033; 46%; 8/8
2603;11%; 8/8
1718; 7%; 8/8
5;<1%; 2/8
20; < 1%; 8/8
14.4; < 1%; 8/8
15; < 1%; 8/8
201; < 1%; 8/8

7 (d) post
exposure

317; 2%; 4/4
15446; 71%; 4/4
5153; 24%; 4/4
480; 2.2%; 4/4
6; < 1%;1/4
313; < 1%;4/4
11; < 1%; 4/4

7; < 1%; 2/4
215; 1%; 4/4

14 (d) post
exposure

232; 2%; 4/4
9727; 73%; 4/4
2658; 21%; 4/4
293; 2%; 4/4
<L0Q

182; < 1%;2/4
6; < 1%; 4/4
<L0Q

153; 1%; 4/4
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Supplement 3. Diltiazem and metabolite levels: concentration (uM), mean (%), and prevalence in
liver of rainbow trout exposed to diltiazem at 0.03, 3, and 30 ug L' for 21 and 42 days and in fish during
the depuration phase (7 and 14 d post-exposure ). M1 - desmethyl diltiazem; M2 - desacetyl diltiazem;
M3 - desacetyl, desmethyl diltiazem; M4 - desacetyl, didesmethyl diltiazem; M5 - didesmethyl diltiazem;
M6 - hydroxy diltiazem; M7 - desmethyl, hydroxy diltiazem; M8 - desacetyl, hydroxy diltiazem. LOQ =
limit of quantification.

Group Substance 21 (d)exposure 42 (d) exposure 7 (d) post 14 (d) post
exposure exposure
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Supplement 4. Diltiazem and metabolite levels: concentration (uM), mean (%), and prevalence in
muscle of rainbow trout exposed to diltiazem at 0.03, 3, and 30 ug L' for 21 and 42 days and in fish
during depuration phase (7 and 14 d post-exposure). M1 - desmethyl diltiazem; M2 - desacetyl diltiazem;
M3 - desacetyl, desmethyl diltiazem; M4 - desacetyl, didesmethyl diltiazem; M5 - didesmethyl diltiazem;
M6 - hydroxy diltiazem; M7 - desmethyl, hydroxy diltiazem; M8 - desacetyl, hydroxy diltiazem. LOQ =
limit of quantification.

Group Substance 21-d exposure  42-d exposure 7-d post 14-d post
exposure exposure
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Supplement 5. Diltiazem and metabolite levels: concentration (uM), mean (%), and prevalence in
plasma of rainbow trout exposed to diltiazem at 0.03, 3, and 30 ug L for 21 and 42 days and in fish
during depuration phase (7 and 14 d post-exposure). M1 - desmethyl diltiazem; M2 - desacetyl diltiazem;
M3 - desacetyl, desmethyl diltiazem; M4 - desacetyl, didesmethyl diltiazem; M5 - didesmethyl diltiazem;
M6 - hydroxy diltiazem; M7 - desmethyl, hydroxy diltiazem; M8 - desacetyl, hydroxy diltiazem. LOQ =
limit of quantification.

Group Substance 21-d exposure  42-d exposure  7-d post 14-d post
exposure exposure
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drug diltiazem on rainbow trout Oncorhynchus mykiss

Supplement 6. Morphological parameters of rainbow trout sub-chronically exposed to diltiazem. FCF
- Fulton’s condition factor, HSI - hepatosomatic index, CSI - cardiac- somatic index. Values are expressed
as mean *S.D. (n = 8).

Indices Exposure time (d) Control 0.03 pg L™ 3pugl? 30 pg L?
Length 21 24113 241 %21 248 + 14 248 £ 13
(mm) 42 245+ 14 258+ 16 25710 25516
Weight 21 174 + 31 175 + 40 196 + 36 197 £ 21
(g) 42 225+ 37 219+ 30 226 + 26 215+ 34
FCF 21 1.32+0.07 1.24+0.13 1.26 £0.10 1.30£0.11
42 1.23+0.14 1.22+0.08 1.32+0.056 1.29+£0.08
HIS 21 1.27 £0.15 1.12+0.96 1.10£0.18 1.02£0.38
42 1.08 £0.19 1.13+0.10 1.26£0.12 1.20+£0.18
CSl 21 0.15+£0.01 0.15+0.03 0.14+£0.02 0.27 £0.31
42 0.16 £ 0.02 0.15+0.02 0.14+£0.02 0.15+0.02

Supplement 7. Haematological parameters of rainbow trout sub-chronically exposed to diltiazem.
Hc - haematocrit, Hb - haemoglobin, WBC - white blood cell (leukocyte) count, MCV - mean corpuscular
volume, MHC - mean corpuscular haemoglobin, MCHC - mean corpuscular haemoglobin concentration.
Values are expressed as mean * S.D. (n = 8). Asterisks indicate significant difference from control. * :
P <0.05 (ANOVA).

Indices Exposure time (d) Control 0.03 pglL” 3pgl? 30pugL?
0 468

He (%) 21 50%5 46 +4. 49+5 5743
42 3842 4417 30+8 38+8
0 83121

Hb (g L) 21 81+8 7744 77+8 85+3
85+ 10 84+ 10 65+ 10 75+ 13
0 12402

(ETrVLt_?)mcytes 21 11£03 1.0£0.1 09%0.2 1.0£0.2
42 11£03 10402  09%0.2 1.0£0.1
0 86+ 41

WBC (gL7) 21 1074359 8126 83+36 90+ 23
42 119+ 47 109£37  101+27 11871
0 375183

McV (f) 21 474+111  446%26 47227 524 £ 40
42 315447 207493 336474 288 + 32
0 68+ 25

MCH (pg) 21 76+ 11 61+8 55+ 10 62+ 16
42 71416 55+ 15 62+ 12 6413
0 0.18£0.03

'(V'CLF_'E 21 0.18£0.04 0.16£0.03 0.14£0.02  0.12+0.02

& 42 023£0.1  0.19£0.04 0.19£0.05  0.230.06
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Supplement 8. Differential leukocyte count (leukogram) of rainbow trout sub-chronically exposed

to diltiazem. Values are expressed as mean + S.D. (n = 8). Asterisks indicate significant difference from
control. * P < 0.05 (ANOVA).

Indices Exposure time (d) Control
Small 0 96.0+3.4
lymphocytes 21 94.8+2.0
& 42 94.6+5.8
Large e e
lymphocytes 21 0.5%04
() 42 0
0 1.6+ 1.5
Monocytes +
(%) 21 1.5+1.3
42 1.9+1.5
Young 0 22+18
neutrophil 21 18+14
granulocytes
(%) 42 2.7£36
Mature 0 0.2+0.2
neutrophil 21 024023
granulocytes
(%) 42 0.4+0.5

0.03 gL’

91.7£6.0
96.5+£3.0

0.5%£0.9
0

27+£1.0
23+34

44+5.1
2.1+27

0.2£0.5
03104

3pugl?

949+3.1
91.6£11.2

33+£20
22+27

25+2.1
0.3£0.5

0.3£0.2
1.8£1.4~

30 pg L

94.8+£2.6
95.6 £ 3.1

23%1.9
1.9£2.1

2523
1.2+14

09%0.8
1.6£2.2*

Supplement 9. Activity of CYP450 enzymes in liver of rainbow trout sub-chronically exposed to
diltiazem. CYP1A1 (EROD) and CYP3A (BFCOD) in liver of rainbow trout sub-chronically exposed to
diltiazem. EROD - ethoxyresorufin-O-deethylase, BFCOD - 7-benzyloxy-4-trifluoromethylcoumarin

O-debenzylation. Values are expressed as mean * S.D. (n = 8). Asterisks indicate significant difference
from control. * P < 0.05 (ANOVA).

Indices

EROD
pmol
min'mg'mg’’

BFCOD
pmol min'mg'mg"’

Exposure time
(d)

0

21

42

0

21

42

Control

28.6+15.0
48.1+£20.4
37.4+13.6
16.4 £ 8.1
29.4+8.3
15.8+2.6

0.03 g L"

33.1+£7.2
33.0+18.1

23.7 £9.2
21.4+8.4

3pgl?

32.0%£15.6
25.7+15.6

21.3 £8.8
20.0+9.9

30 g lL?

31.6 £ 16.5
29.8+16.2

18.3£8.4*
17.1+£8.7
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Bioconcentration, metabolism, and sub-lethal effects of the human therapeutic
drug diltiazem on rainbow trout Oncorhynchus mykiss

Supplement 10. Histological findings in liver and heart of rainbow trout exposed to 30 ug L’
diltiazem for 42 days (n = 8) and control fish. 0 = none, 1 = scattered, 2 = mild, 3 = mild to moderate,
4 = moderate, 5 = moderate, and 6 = severe pathological changes. The PAS-stain, pos. = positive, neg. =
negative.

Liver Heart

Control animals

Exposed animals
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Supplement 11. Histological findings in kidney and brain of rainbow trout exposed to 30 ug L’
diltiazem for 42 days (n = 8) and control fish (n = 8). 0 = none, 1 = scattered, 2 = mild, 3 = mild to
moderate, 4 = moderate, 5 =moderate to severe, and 6 = severe pathological changes. NE = not evaluated.

Kidney Brain

Control animals

Exposed animals
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INVESTIGATION OF DILTIAZEM METABOLIC PATHWAY IN FISH USING HYBRID QUAD-
RUPOLE/ORBITAL TRAP MASS SPECTROMETER QEXACTIVE

Koba, O., Steinbach, C., Kocour Kroupova, H., Grabicova, K., Randak T., Grabic, R., 2015.
Investigation of diltiazem metabolic pathway in fish using hybrid quadrupole/orbital trap
mass spectrometer QExactive. Manuscript
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ABSTRACT

A rapid and sensitive LC-HRMS method has been developed in present study. New approach
based on accurate mass measurement using hybrid quadrupole-orbital trap mass spectrometer
Q-Exactive was applied to diltiazem metabolites determination in fish tissues in order to
extend lack of knowledge about diltiazem metabolization in aquatic organisms (fish). Blood
plasma, muscle, liver and kidney of rainbow trout (Oncorhynchus mykiss) exposed for 42
days to 30 ug L' were used for the method development. In the present method, no standards
of metabolites were required for identification of the diltiazem biotransformation products in
fish. Finally, 17 diltiazem metabolites (including isomeric forms) were detected and identified
using MassFrontier spectral interpretation software. A semi-quantification approach has been
applied for organ dependent comparison of metabolite concentrations. The data suggest
complex metabolic pathways of diltiazem in fish with the involvement of desmethylation,
desacetylation and hydroxylation, which was firstly investigated in the present study, and
their combinations.

1. Introduction

The calcium channel blocker diltiazem is used mainly in the treatment of cardiovascular
diseases like angina pectoris and hypertension (Budriesi et al.,, 2007). In addition, it is
prescribed for the prevention of the migraine and in the treatment of chronic anal fissure
as ointment (Batt et al., 2008; Silberstein, 2009). Due to its wide use and the incomplete
elimination in the sewage treatment plants (STPs) diltiazem has been frequently detected in
STPs effluents and in surface waters (Golovko et al., 2014; Kasprzyk-Hordern et al., 2009; Khan
and Ongerth, 2004; Kolpin et al., 2004).

Diltiazem is bioconcentrated to a certain extent in fish tissues (Ramirez et al., 2009; Wang
and Gardinali, 2013). For instance, diltiazem was traced in the liver and muscle of wild fish,
white sucker (Catostomus commersonii) and jonny darter (Etheostoma nigrum), downstream
of a local STP in the USA (Ramirez et al., 2009). Under laboratory conditions, (Wang and
Gardinali, 2013) demonstrated a quick uptake (uptake rate = 0.033 mL g'h") and relatively
long half-life time (117 h) of diltiazem in whole homogenates of the eastern mosquito fish
(Gambusia holbrooki). Unfortunately, at present, information about presence and behavior
of diltiazem metabolites in fish is missing. However, this could improve our understanding of
chronic effects of diltiazem on fish and provide the information on its metabolic pathways.

In mammals, metabolism of diltiazem is well documented (Homsy, 1995; Molden et al,,
2000; Molden et al., 2002a; Molden et al.,, 2002b; Nakamura et al.,, 1987; Sutton et al.,
1997; Yan et al,, 2013; Zhao et al., 2007). In humans, it is metabolised into three major
products, i.e. O-desacetyl diltazem, N-desmethyl diltiazem, and N-desmethyl-O-desacethyl

-93-



diltiazem (Christen et al., 2010; Dasandi et al., 2009) which can be found in the blood plasma.
Interestingly, O-desacethyl and N,O-didesmethyl diltiazem are pharmacologically active and
their effects differ from the parent compound. For instance, these metabolites are more
potent inhibitors of the blood cell aggredation and adenosine transport by erythrocytes than
diltiazem (Yeung et al., 1996). Similarly, N-desmethyl and N,N-didesmethyl diltiazem were
stroger inhibitors of the activity of CYP450 3A compared to diltiazem (Sutton et al., 1997,
Zhao et al., 2007).

Most of the studies focused on diltiazem metabolites generally deal with tissues of
mammals and humans. Recent studies have presented analytical methods for limited number
of diltiazem metabolites, ussually only two major ones (N-desmethyl diltiazem and desacetyl
diltiazem) (Chankvetadze et al., 2002; Dasandi et al., 2009) were studied. To the best of our
knowledge, just one study has showed method for determination of 11 phase | metabolites
of diltiazem in human plasma (Molden et al., 2003).

Due to limited information on diltiazem metabolites in fish tissues, new approach based
on accurate mass measurement using hybrid quadrupole-orbital trap mass spectrometer
Q-Exactive was developed. This method, which does not require employing standards of
metabolites, was used for identification of all possible metabolites of phase | biotransformation
of diltiazem. Consequently, tandem mass spectrometry was used for confirmation of
metabolites identity. Finally, the method based on liquid chromatography with high resolution
product scan (HRPS) mass spectrometry was developed and optimized for determination and
semi-quantification of diltiazem and its phase | metabolites in fish tissues.

2. Material and method

Chemicals:

Diltiazem [(2S,35)-5-[2-(dimethylamino)ethyl]-2-(4-methoxyphenyl)-4-oxo-2,3-dihydro-
1,5-benzothiazepin-3-yl] acetate (CAS No.: 42399-41-7) and the internal standard Verapamil
hydrochloride (CAS No. 152-11-4) were purchased from Sigma-Aldrich (Steinheim, Czech
Republic). LC-MS grade acetonitrile (LiChrosolv Hypergrade) was obtained from Merck
(Darmstadt, Germany). Formic acid, which was used to acidify the mobile phases, was
purchased from Labicom (Olomouc, Czech Republic). The ultrapure water was prepared by the
Aqua-MAX-Ultra System (Younglin, Kyounggi-do, Korea).

Instrumentation:

Homogenizer Tissuelyser Il (Quiagen, Germany) and Micro 200R centrifuge (Hettich
Zentrifugen, Germany) were used for tissue extraction. An Accela 1250 LC pump (Thermo
Fisher Scientific, San Jose, CA, USA) coupled with a hybride quadrupole/orbital trap Q-Exactive
mass spectrometer (Thermo Fisher Scientific) and a HTS XT-CTC autosampler (CTC Analytics
AG, Zwingen, Switzerland) were used for separation and detection of target analytes. An
analytical Hypersil Gold column (50 mm length, 2.1 mm i.d, 3 pm particles; Thermo Fisher
Scientific) preceded with the same phase pre column (10 mm length, 2.1 mm i.d., 3 pm
particles) was used for chromatographic separation of target analytes.

Fish exposure setup:

Juvenile rainbow trout (Oncorhynchus mykiss; mean body length 23.1 £ 1.5 cm, mean
body weight 163.8 £ 27.5 g) were obtained from a local commercial hatchery (Husinec, Czech
Republic). The fish were kept in aquaria with 200 L of fresh water in a semi-static system.
The aquaria were set up with continuous aeration and the temperature was kept constant
at 15.4 £ 1.4 °C with a photoperiod of 12:12 h (light-dark). During the acclimation time and
the experimental period, the fish were fed with a commercial fish food (Bio Mar, Denmark)
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at a ratio of 1% of body weight on a daily basis. 150 L of experimental bath were daily
refreshed with new diltiazem fortified water. The fish used in the present study were exposed
to diltiazem at concentration level of 30 pg L for 42 days. Samples of kidney, liver, muscle and
blood plasma of fish were taken and stored at -20 °C until further analysis. All samples were
labeled to be traceable to corresponding individuals.

Extraction:

About 0.5 g of tissue samples were weighted to the Eppendorf vial, 20 ng of IS standard and
1 ml of acetonitrile acidified with 1% of formic acid was added. The samples were homogenized
(TissueLyser Il, Qiagen,Germany) and extracted using stainless steel ball at 1800 oscillations/
min for 10 min. The extracts were centrifuged at 9500 x g for 10 min. The supernatant was
frozen overnight at -20 °C and then filtered through the syringe filter (regenerated cellulose,
0.45 pum pores). An aliquot of 100 pL was taken for LC-MS analysis.

Five ng of verapamil as internal standard was added to 200 pL of plasma in Eppendorf vial.
The samples were shaken together with 200 pL of acetonitrile acidified with 1% of formic acid.
The extract were handled the same way as tissue samples.

LC-HRMS/HRPS analysis

In order to ionize target compounds a heated electrospray ionization (HESI-II) interface was
used for both HRMS full scan and HRPS mode. Spray voltage was set up to 3.5 kV. Nitrogen
(purity > 99.999%) was used as sheath gas (40 arbitrary units), auxiliary gas (10 arbitrary
units) and collision gas. Vaporizer was heated to 250 °C and capillary to 325 °C. There were
two methods, full scan HRMS and HRPS (High Resolution Product Scan), applied in current
study. General properties of full scan MS were set as follows: resolution 70000 FWHM, AGC
target 1e6, maximum filling time 100 ms and scan range from 50 to 550 m/z. MS? experiment
was performed using the mass inclusion list. Key parameters of HRPS were optimized and
used as follows: isolation window at the quadrupole 1 m/z, resolution of orbital trap 17500
FWHM, AGC target 1e6, maximum filling time 30 ms.

3. Results and discussion

Metabolites detection

Diltiazem was measured as a protonated molecule ([M+H]*) at m/z 415.1686 with
retention time (RT) 7.30 min. corresponding to chromatographic gradient presented in the
Tab. S1. Based on to the literature research and general principles of drugs metabolism in
different living tissues (Zhang et al., 2008; Dasandi et al., 2009; Molden et al., 2003) a list
of all prospective metabolites of diltiazem was prepared for further investigation. Generally,
products of different kind of drugs biotransformation and decomposition are assumed to
be more hydrophilic and they should appear before RT of parent compound under given
chromatographic conditions. Targeted screening in the full scan mode has showed all possible
metabolites present in the blood plasma, muscle, kidney, and liver of fish. Due to complexity
of matrices, full scan data was not satisfactory for further analysis especially of minor
metabolites (Fig. S1). Hence, peaks in extracted chromatograms (XIC) corresponding to exact
masses of those metabolites (calculated from their element composition), which matched
5 ppm window from exact mass, were selected for the next step of analysis (Tab. 1). Then
HRPS mode was applied for further identity confirmation of selected structures. Finally, eight
groups of metabolic transformation products were detected (Tab. 1): desmethyl diltiazem
(M1), desacetyl diltiazem (M2), desacetyl desmethyl diltiazem (M3), desacetyl didesmethyl
diltiazems (M4), didesmethyl diltiazems (M5), hydroxy diltiazems (M6), desmethyl hydroxy
diltiazems (M7) and desacetyl hydroxy diltiazems (M8).
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Table 1. Diltiazem and its possible selected metabolites.

Compound, Formula Structure Exact Measured Mass  Mass
(metabolite mass mass error  error
name used in (Da) (Da)* (mDa) (ppm)

current study)
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O-desmethyl, ** /o *x *x *x o
hydroxy \ _\<
diltiazem /.\' C{ 0
\\\\/\RS’@, oH
@FS
+OH
O-desacetyl, C,H,N,0,S | 389.1530 389.1525 -0.5 1.28

hydroxy N OH
diltiazem 1\\ 0
(M8a,b,c) ) N

)

* Diltiazem and its transformation products were measured as [M + H]* ions
** |someric form (all the parameters are written in the previous line)

Identification of metabolites and their isomers

MassFrontier software was used to predict all possible MS? products from proposed
structures. An approach employing HRPS and results obtained from software allowed to
confirm or disprove findings based only on accurate mass measurements.

Due to the same fragmentation pathway of diltiazem (Fig. S2) and its metabolites in
collision cell, the major product ion at m/z 178.0320 was present in all compounds of our
interest. Less intensive product ions were observed almost in all metabolites (Fig. S2.) also
with appearance of minor fragments.

The fragment ions 137.0595, 150.0370, 178.0320, 223.0898, 310.0892, 312.1049,
328.0994, and 370.1104 of diltiazem were identified by the accurate mass measurements
with errors of -1.46, 1.33, -0.56, -0.9, -1.29, -1.28, -2.44, and -1.08 ppm (Tab. S2), respectively.
This helped us to exclude possibility of interferences and to make their identification easier.

According to the measured data, all metabolites can be divided into three groups: 1)
metabolites M1, M2, and M3 appeared as a single peak despite possible existence of isomers
for some of them (Tab. 1), 2) only two isomeric forms were found for M4 and M5 because
of different mechanism of the second desmethylation, 3) M6, M7, and M8 might have higher
number of isomers due to the hydroxylation process which can take place at different sites of
diltiazem molecule (Tab. 1).

The M1 and M2 have been most frequently identified and measured in wide range of matrices
(Christensen et al., 1999; Dasandi et al., 2009). Metabolites present as single isomers (M1, M2
and M3) were eluted at 7.19, 6.51 and 6.46 min, respectively. All metabolites of this group have
the pathway of fragmentation similar to diltiazem (Fig. 1). In this study, according to spectra
and proposed fragment structures, M1 and M3 were identified as products of desmethylation
of methyl group located at N atom (Fig. 1). Using software and theoretical knowledge based
on precise mass shifts of fragments, structures of specific fragments were examined. Specific
fragments which helped us to distinguish where desmethylation took place were measured
as 209.0739, 219.0647, 326.0840 with errors -1.91, -2.28, -1.53, respectively for M1 and
209.0747, 284.0736, 341.1297 with errors -1.91, -1.41,-6.16, respectively for M3 (Tab. S2). On
the other hand, M2 was identified much easier due to matching of measured spectra to acetyl
diltiazem spectra available at m/z Cloud database [www.mzcloud.org].
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Figure 1. HRPS spectra of M1-M3: mass range 100-177 was amplified 5 times and 179-410 was
amplified four times to improve readiness of the figure.

M4 and M5 (didesmethyl desacetyl diltiazem and didesmethyl diltiazem) were present in
two isomeric forms. Taking into account the structure of diltiazem, second desmethylation
might be located at two different sites of the molecule - N or O atom. Based on possible
reaction mechanisms and fragmentation of mentioned compounds, N,O-didesmethyl and
N,N-didesmethyl diltiazem were identified. MS? spectra and specific fragments used for
identification of both metabolites are given in the Fig. 2-3. Few particular fragments which
helped to confirm identity of metabolites were found as follows 209.0747 (1.91 ppm),
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314.0838 (-2.23 ppm) for M4a; 195.0589 (1.03 ppm) for M4b; 209.0739 (-1.9 ppm), 296.0735
(-1.69 ppm), 298.0889 (-2.35 ppm), 356.0942 (-2.53 ppm) for M5a and 161.0597 (0 ppm),
195.0587(0 ppm), 220.0966 (-0.91 ppm), 327.1153 (-2.75ppm) for M5b (error values are
given in the brackets after each fragment) (Tab. S2).
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Figure 2. HRPS spectra of M4 in fish liver (a - N,O-didesmethyl O-desacetyl diltiazem, b - N,N-
didesmethyl O-desacetyl diltiazem) mass range 100-177 was amplified 5 times and 179-410 was
amplified 5 or two times respectively to improve readiness of the figure.

Astonishingly, LC behavior of isomers of M4 and M5 under mentioned conditions was
identical. Namely, N,O-isomer (M4a and M5a) was eluted earlier than N,N-isomer (M4b and
M5b).

The importance of correct identification of corresponding isomers can be demonstrated
on extreme differences observed among tissue samples of different individuals. The most
interesting trends were found in kidney and liver tissue. For example, M4a,b and M5a,b were
present in both tissues but amount of M5a was lower than M5b in both mentioned tissues (in
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case of kidney, the difference was higher), while amount of M4a in the kidney was much lower
than content of M4b contrary to opposite isomer ratio in the liver.
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Figure 3. HRPS spectra of M5 in fish liver (a - N,O-didesmethyl diltiazem, b - N,N-didesmethyl diltiazem)
mass range 100-177 was amplified 5 times and 179-410 was amplified 5 or 3 times respectively to
improve readiness of the figure.

Identification of the third group of isomers was the most complex and the most complicated
issue. To the best of our knowledge, hydroxy metabolites M6-M8 have never been detected in
any kind of biota samples before.

According to position, where hydroxylation takes place (Tab. 1), different specific fragments
appear during MS? fragmentation. When the hydroxyl group was situated at methoxyphenyl
ring (further in article given as first ring), the same HRPS prevailing fragment as for diltiazem,
i.e. 178.0320 m/z, was found. Presence of hydroxyl group at core diltiazem structure (further
in article given as second ring) leads to generation of new specific fragments 194.0272 (1.03
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ppm), 177.0546 (0 ppm), 328.0996 (-2.33), 166.0321 (0 ppm), 219.0653 (0.46 ppm) and
344.0968 (4.94 ppm) (order with intensity decrease; error values are given in the brackets
after each fragment) (Tab. S2) as core structure forming 178.0320 is substituted.

Hydroxy diltiazems M6 were found mainly in the liver. Earlier eluted metabolites with RT
5.62 (a) and 5.89 (b) correspond to hydroxylation at the second ring, the rest ones with RT
6.52 (c) and 7.46 (d) are related to hydroxylation at first ring. M6a and M6b were not detected
in kidney samples; it might be explained with fast Phase Il metabolic biotransformation with
subsequent excretion via bile. One more potential isomer (M6e) eluted in HRPS at RT 8.07 min
was found just in the liver but it was identified as interference because of completely different
fragmentation pattern.

The same depiction was obtained for M7 group. M7 metabolite family was identified as
hydroxylation and N-desmethylation products (N-form because of specific fragmentation).
There were three isomers (a, b, ¢) of M7 in the liver tissue eluted at 5.57, 5.76 and 6.38 min,
respectively. Specific MS? products at 161.0596 (-0.62 ppm), 177.0546 (0 ppm) and 194.0272
(1.03 ppm) (Tab. S2) m/z indicated hydroxylation at second ring for M7a and M7b. M7c had
the same fragmentation as diltiazem. It means that hydroxylation of M7c in the liver took
place in the first ring. The same isomer pattern as for M6, was found for M7 in the liver, too.
Only one metabolite (M7c) was present in the kidney. Another possible isomeric form M7d
appeared in all studied tissues but fragmentation pathway was the same as for M6e and
it could not be matched with proposed fragmentation mechanisms. Only three of four M7
metabolites found in HRPS were identified as diltiazem products.

Identification of desacetyl hydroxy metabolites (M8) was the most interesting and difficult.
Firstly, the highest number (six) of possible isomers M8a, M8b, M8c, M8d, M8e, M8f eluted
at 4.17,4.71, 5.78, 6.11, 6.64 and 7.04 min respectively was detected in the kidney, only five
were present in the liver. M8f had the same fragmentation pattern as M6e and M7d and it
was immediately excluded from the list of isomers. M8c, M8d and M8e in the kidney had the
specific fragment for diltiazem, i.e. 178.0320 m/z, but after checking mass error (ranged from
89 to 254 ppm for different isomers) for precursor ion 389.1530 m/z, M8d and M8e were also
excluded as obvious interferences. A different situation was observed for the same isomeric
forms in the liver, where M8c was not present, and M8d was matched to hormones spectra
according to m/z Cloud. Another prospective metabolite M8e was not possible to identify
as compound related to diltiazem at all. M8a and M8b were present in both studied tissues
but corresponding HRPS spectra contained both 178.0320 and 194.0272 m/z fragments.
According to information given above, this fact means that hydroxyl groups were present in
both diltiazem rings simultaneously, what is impossible. Further investigation using predicting
software brought an explanation of this observation. M8a and M8b were identified like
hydroxylation products at first ring. In case of M8 metabolite group, desacetylation preceding
hydroxylation step enabled appearance of the 194.0272 m/z fragment. The fragment, which
was further fragmented to 178.0320 m/z, had a specific structure (Fig.4a) and the same
element composition as for other cases. A fragment with the same mass 194.0272 m/z was
also formed for M6 and M7 metabolites (Fig.6b) which were hydroxylated at the second ring,
further fragmentation pathway was different and it did not include 178.0320 m/z.

-102 -



Investigation of diltiazem metabolic pathway in fish using hybrid quadrupole/
orbital trap mass spectrometer QExactive

o OH OH
a b
/—-—._.
HN + HN +
< S
OH

Figure 4. Mass Frontier predicted structure of 194.0272 m/z fragment for M8 (a), M6, and M7 (b)
metabolites families.

Semi-quantification of metabolites in the fish tissues

As just a few reference standards are commercially available for diltiazem metabolites, we
used semi-quantification approach for characterization of differences among tissues. Full scan
data did not show high enough selectivity so we based the method on assumption that
the signals at transition of protonated molecular ion of metabolites [M(1-8)-H]* compare to
prevailing fragment of 178.0320 m/z have equal intensity. Consequently we used peak area
corresponding to above mentioned mass for calculation of metabolites concentration and
determination of metabolic rate in the different fish tissues (Fig. 5). Using HRPS allowed us to
semi-quantify diltiazem and its metabolites at ng g levels.
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Figure 5. (A): Metabolites concentrations (in ng g, logarithmic scale with base 10); (B): distribution
of total amount of metabolites in all studied tissues; (C): isomers composition of diltiazem metabolites
in the kidney and (D): isomers composition of diltiazem metabolites in the liver (a, b, c, d are different
isomeric forms).
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Based on data showed in the Fig. 5 A, B, plasma and muscle did not contain all possible
metabolites. These tissues did not show such a high variability of metabolite isomeric forms
(Fig. S1) as kidney and liver did. According to the present study, the highest total concentration
of metabolites was present in the kidney but the biggest number of isomeric forms was
observed in the liver (Fig. 5).

Biotransformation of diltiazem in fish

Seventeen diltiazem metabolites and their isomeric forms were detected and identified
in the present study. In mammals diltiazem undergoes extensive metabolism in hepatic and
extrahepatic tissues. N-desmethyl diltiazem (M1) and desacetyl diltiazem (M2) are two of the
main metabolites of diltiazem that retain pharmacological activity (Fraile et al., 2001). M1 and
M2 were also the main metabolites of diltiazem which were detected in fish tissues in the
present study.

According to (Molden et al., 2000) CYP2D6 carries out the O-desmethylation of diltiazem
in mammals. The subfamily of CYP2D is not present in fish (Kirischian et al., 2011). This fact
explains why M1 and M3 metabolites were identified as products of desmethylation at N atom
only.

M4 and M5 are products of double desmethylation and desacetylation which might be
explained by the fact that other enzymes than CYP2D6 could be involved in the formation
of N,0-didesmethyl diltiazem in fish. In agreement, Molden et al. (2000) supposed that in
addition to CYP2D6 also other enzymes can be involved in the formation of N,O-didesmethyl
diltiazem in human. (Molden et al., 2002a).

M6, M7 and M8, the hydroxylated diltiazem metabolites, were identified in this study for the
first time indicating that hydroxylation of diltiazem is fish-specific. Due to the usage of hybrid
quadrupole-orbital trap high resolution mass spectrometer QExactive (Thermo Scientific) it
was possible to distinguish among metabolite isomers which were products of desmethylation
and hydroxylation. Namely, it was possible to determine if the desmethylation or hydroxylation
took place at the first or the second ring of diltiazem molecule. To our knowledge, there
are no studies available which describe usage of the same advanced instrumentation for
diltiazem metabolite detection and identification. The method presented in this study helped
to extend knowledge on diltiazem biotransformation processes in fish and might be applied
to mammal tissues in the future as well.
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Figure 6. Isomeric forms of diltiazem metabolites in rainbow trout. Solid line- N-desmethylation;
solid line double- O-desmethylation; dotted line- desacetylation; dash dotted line - hydroxylation at
the core diltiazem structure, double dash dotted line - hydroxylation at the methoxyphenyl-ring). M1 -
N-desmethyl diltiazem; M2 - desacetyl diltiazem; M3 - desacetyl, N-desmethyl diltiazem; M4 - desacetyl,
(a - N,O; b - N,N) - didesmethyl diltiazem; M5- (a - N,O; b - N,N)- didesmethyl diltiazem M6 - (ab - core
diltiazem structure; cd - methoxyphenyl-ring) - hydroxy diltiazem; M7 - N-desmethyl! (ab-core diltiazem

structure; c-methoxyphenyl-ring)- hydroxy diltiazem; M8 - desacetyl, hydroxy (a, b, ¢ - hydroxylation
products at methoxyphenyl-ring) diltiazem.

Conclusions

The present study demonstrated a successful application of hybrid quadrupole-orbital trap
mass spectrometer Q Exactive and modern spectral interpretation software MassFrontier for
the determination of diltiazem metabolites in fish, showing complex metabolic pathways of
studied compound. To our knowledge, presented LC-HRPS method is the most sensitive (it
was possible to detect metabolites in amount less than 1 ng g') and might be used for
detection of the high number of metabolites when compared with methods which already
exist. The study of organ dependent formation of diltiazem metabolites can be conducted
with this method using semi-quantification approach when reference standards are not
available. The method was established for fish tissues but further application for mammal
tissues is also possible.
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Chapter 5

SUPPLEMENT MATERIALS

Table S 1. Gradient for the elution of target compounds

Mobile phase composition/vol. % Flow rate,

Time, min.

Water* ACN* pL min~’

* Constituents acidified with 0.1 vol. % of FA.

- 108 -



Investigation of diltiazem metabolic pathway in fish using hybrid quadrupole/
orbital trap mass spectrometer QExactive

Table S2. Measured fragments of diltiazem metabolites with mass error values.

Mass error Mass error

Metabolite name  Exact mass (Da) Measured m/z (Da) (mDa) (ppm)
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ABSTRACT

Histopathological alterations in the heart are reported in fish as a result of exposure
to a variety of chemical compounds. However, at present a method for the evaluation of
histopathological alterations in the cardiovascular system of fish and the calculation of the
organ index is missing. Therefore, we designed a method for a standardised assessment and
evaluation of histopathological alterations in the heart of fish. As a model species, rainbow
trout (Onchorynchus mykiss) was used, but the protocol was also successfully applied
on other fish species belonging to different systematic orders. To test the protocol, we re-
evaluated sections of atenolol exposed and unexposed rainbow trout obtained in our previous
study. The results were in accordance with those previously published demonstrating the
applicability of the protocol. The protocol provides an universal method of the comparative
evaluation of histopathological changes in the cardiovascular system of fish.

Keywords: Cardiovascular system; heart - index; myocard; coronary blood vessels;
histopathology

1. Introduction

Histopathological alterations, defined as structural and functional changes in cells, tissues,
and organs have been used for diagnosis of fish diseases and as biomarkers of e.g. stress and
exposure to pollution and/or toxins (Feist and Segner, 2013; Haschek et al., 2010; Raskovic
et al., 2013). For instance, the histopathological alterations of the fish gonads are used as
criteria in the regulatory risk assessment of chemicals (Feist and Segner, 2013).

Mostly, histopathological alterations are presented as semi-quantitative values. However,
such data do not allow statistical evaluation of the results. Bernet et al. (1999) developed
a protocol for the standardised assessment of histopathological changes in the liver, gill,
kidney and skin of fish which employs the “organ-index”. This protocol provides a mechanism
to compare in more unbiased and objective way the same tissue from different individuals
subjected to different treatments. Bernet et al. (1999) selected gills and skin for evaluation
because they come into direct contact with pollutants, and liver and kidney due to their
function in metabolism and excretion of pollutants. However, structural changes in other
organs are widely used to judge effects in toxicological studies as well (Feist and Segner,
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2013; Haschek et al., 2010, Raskovic et al., 2013, Marchand et al., 2012, Schmidt et al., 1999,
Steinbach 2014). In these other organs, statistical evaluations of histological changes were
not possible until now as a standardized scheme for these organs was missing.

The heart is one of the tissues of interest. For example, the study of Steinbach et al. (2014)
described histopathological alterations in the heart of rainbow trout (Onchorynchus mykiss)
that were sub-chronically exposed to atenolol. Another study by Marchand et al. (2012)
described pathologic effects of polluted river water in various tissues including the heart
of sharptooth catfish (Clarias gariepinus) and tilapia (Oreochromis mossambicus). With a
standardized protocol for the assessment of histological alterations, statistical evaluation
would be possible and studies using this scheme could complement each other e.g. to give
insights in the cardio-toxicity of selected pollutants.

Therefore, the aim of the present study was to develop and test a unified protocol for the
assessment and evaluation of histopathological alterations in the heart ventricle and coronary
blood vessels of fish. To test this protocol, samples of the heart of unexposed rainbow trout
and those exposed to the B - blocker atenolol (Steinbach et al., 2014) were re-evaluated and
assessed according to the protocol. In addition, heart tissues of fish belonging to different
families (Salmonidae, Cyprinidae, Acipenseridae and Percidae) were used to test the
adaptability of this protocol.

2. Material and methods

Development of the histological scheme

Based on the histological atlases of Takashima and Hibiya (1995) and Genten et al. (2009),
categories describing the anatomy and the histology of the heart ventricle and the coronary
blood vessels were defined. The statistical principles are based on the protocol of Bernet et
al. (1999).

Application of the histological scheme

The developed protocol, as given in Tab. 1, was applied on heart sections of rainbow trout
originating from a previous study (Steinbach et al., 2014). Briefly, fish had been exposed to
atenolol at a concentration of 1000 pg/I for 42 days. From these fish and an untreated control
group, hearts had been removed and processed for histology. The experimental conditions are
described in detail in Steinbach et al. (2014). In order to validate the histological protocol, five
sections from each experimental group were re-evaluated. Then the heart index (Equation 1)
for the different experimental groups (exposed and unexposed) was calculated.

In addition, the developed protocol was applied on slides obtained from routine diagnostic
work provided by the Centre for Fish and Wildlife Health (CFWH, Bern, Switzerland).
The sections originated from five species belonging to three different families as follows:
Cyprinidae: Zebrafish (Danio rerio), and Koi (Cyprinus carpio koi); Acipenseridae: Russian
sturgeon (Acipenser gueldenstaedtii) and Percidae: European perch (Perca fluviatilis). From
each of the different species one slide was evaluated according to the scheme described.

Statistical analysis

Differences within the organ indices of the exposed fish and the control fish were tested
by the statistic programme STATISTICA (version 8 Windows. StarSoft, Czech Republic).
The normality and homoscedasticity of the variance of the organ indices were checked by
the Kolmogorov-Smirnov test and Bartlett’s test, respectively. If the conditions of normal
distribution and homogeneity were satisfied, the student T-test was used to determine
significant differences between the experimental groups. As a valid significance level, a p
value of less than 0.05 was chosen.
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3. Development of histological scheme

Histological scheme for the assessment of pathological alterations and calculation of the
heart index

The pathological alterations were classified into five reaction patterns (circulatory
disturbance, regressive and progressive changes, inflammation and tumour). To each alteration
an importance factor was assigned depending on the impact of the alteration on the health
condition. These importance factors ranged from 1 - minimal impact, over 2 - moderate
pathological importance - to 3 - severe pathological importance (Tab. 1). Then changes in the
heart were scored from very mild (1) up to severe (6). For each of the determined alterations,
the score value was multiplied with the importance factor resulting in an alteration index. The
tissue index was calculated as the sum of the alteration indices of the respective functional
tissue units (Equation 1; Tab. 1). The following functional tissue units were evaluated: the
coronary blood vessels and capillaries, the epicardium, the endocardium and the myocardium
(Fig. 1). Afterwards the heart index was calculated as the sum of the tissue indices (Equation
2). In the supplement we present a detailed calculation of the heart and the tissue index of
the atenolol exposed fish and the respective control (Supplement 1).

Equation 1: Tissue index = X (score value * importance factor)
Equation 2: Heart index = X (Tissue indices)

Table 1. Protocol for the assessment of histopathological alteration in the heart of fish. The importance
factor (1) is ranging from 1 to 3.

Functional unit of the tissue Reaction pattern  Alteration |
Coronary vessels  Endothelial cells Circulatory Hyperaemia 1
changes
Aneurysm 1
Thrombus 2
Intracellular edema 1
Regressive Architectural and structural 1
changes alterations
Plasma alterations 1
Nuclear alterations 1
Atrophy 2
Necrosis 3
Rupture if the endothelial 1
cells
Progressive Hypertrophy 1
changes
Hyperplasia 2
Tumour Benign tumour 2
Malignant tumour 3
Basement Circulatory Haemorrhage 1
membrane changes
Intracellular edema
Regressive Architectural and structural 1
changes alterations
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4. Evalution of the protocol

To test the applicability, the scheme was applied on heart sections of the study of Steinbach
et al. (2014) (Fig. 1). The alterations within the functional units in fish exposed to atenolol and
control fish are listed below. The respective groups the tissue indices were calculated based
on the heart scheme for each of the functional units. Then, based on the heart scheme, the
heart indices for both groups were calculated. The calculations of the tissue indices and the
heart index are given in detail in Supplement 1.




Figure 1. Anatomic structure of the heart ventricle of rainbow trout (Oncorhynchus myciss). 1 =
coronary blood vessel, 2 = epicardium, 3 = myocardium, 4 = capillary and 5 = endocardium. H&E staining;
scale bar = 50 um.

Determined histopathological alterations in the heart in rainbow trout

The coronary blood vessels and capillaries

The coronary blood vessels in the control and exposed fish had a tissue index of 0.8 + 1.4
and 8.6 £ 2.7, respectively (Supplement 1). In both groups, the membranes of endothelial
cells as well as the basement membrane (Tunica media) displayed ruptures. In addition, in
control and exposed fish intercellular edema were found as well as signs of an inflammatory
reaction; this was defined as an infiltration with lymphocytes and macrophages (Fig. 2a).
The connective tissue (Tunica adventitia) in both groups showed intercellular edema and
infiltration with the same inflammatory cells (Fig. 2a). The capillaries were not altered and
showed no alterations of the endothelial cells, the basement membrane or the pericytes.

Epicardium (Lamina visceralis pericardii)

The tissue index for the epicardium was estimated in control and exposed fish at 1.3+ 1.6
and 8.6 * 4.7, respectively (Supplement 1). The epithelial cells and the mesothelium of the
epicardium in exposed animals were haemorrhagic and in the control and exposed fish, the
epithelial cells and the mesothelium were inflamed by lymphocytes and macrophages (Fig.
2a). The connective tissue of exposed animals also showed signs of an inflammatory reaction
and was found to be oedematous.

Myocardium

The tissue index in the myocardium in exposed fish was 1.6 * 0.6 but the control fish
presented no alterations (tissue index O; Supplement 1). The cardiomyocytes of exposed
animals were oedematous (Fig. 2b) and presented signs of an inflammatory reaction (Fig. 2b).
No alterations were found in the fibroelastic tissue.
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Figure 2. Histopathological findings in the heart of rainbow trout (Oncorhynchus mykiss) exposed to
1000 ug/I atenolol. a. The exposed fish showed an epicardial infiltration with lymphocytes, plasma cells,
and macrophages (arrowheads) and degeneration of the coronary blood vessel (arrows). b. The exposed
fish presented an intracellular vacuolization of the myocardium (oedematous) (star). H&E staining; scale
bar =50 um.

Endocardium
The endothelia cells did not present any signs of histopathological alterations in any group
(Supplement 1).

Heart index

The histopathological alterations found in fish exposed to atenolol and control fish, as well
as the calculations of the heart - indices, are presented in Supplement 1. The fish exposed to
atenolol had a significantly higher organ index when compared to the control group (p < 0.05)

(Fig. 3).

30 4 %

25 A

15 A

Heart - Index

Control Atenolol exposed (1000 pg/l)

Figure 3. Heart index of rainbow trout (Oncorhynchus mykiss) from control group and group exposed
to 1000 ng/I atenolol. The asterisks indicate significant difference compared to the control: * p < 0.05
(t-test).
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The heart protocol applied on fish belonging to the orders of Cyprinidae, Acipenseriformes
and Percidae

The scheme was tested on sturgeon, percid and cyprinid fishes using slides from a previous
diagnostic study; these were re-evaluated according to the present protocol. All functional
tissue units in heart of those fish species could be assessed and a heart index could be
calculated. This heart index was in agreement with the qualitative assessment done by the
CFWH. Therefore, this protocol was found to be applicable to species other than rainbow trout.
Differences from the rainbow trout model were increased blood content in coronary vessels
in small fish species, like zebrafish (Fig. 4a) or perch (Fig. 4b), high amounts of epicardial
lipid tissue in koi carp (Fig. 4c) and subepicardial haematopoietic tissue in sturgeon (Fig. 4d).
These species-specific features were not included into the heart protocol so as to keep it more
widely applicable.

Figure 4. Anatomic structure of the hearts of representatives of cyprinid, percid and sturgeon fish.
a - In the juvenile zebrafish (Danio rerio) the ventricle is filled by blood (star), the coronary blood
vessel is indicated by arrow. b - In the European perch (Perca fluviatilis) the ventricle is party filled by
remaining blood (star), with well pronounced coronary blood vessels (arrows) and the capillaries in the
myocardia (circles). ¢ - In koi carp (Cyprinus carpio koi) the lipid tissue in the epicardium (arrow head)
is partly embedding the coronary blood vessel (arrow). d - The heart of the Russian sturgeon (Acipenser
gueldenstaedetii) is characterised by the subepicardial haematopoietic tissue (cross) close to the coronary
blood vessels (arrow). HGE staining; scale bars = 50 um (a, d) and 100 um (b, c).
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5. Discussion

Histopathological alterations in the heart of fish can be caused by various compounds
like heavy metals, pharmaceuticals and pesticides (Mohamed, 2008; Steinbach et al., 2014,
Magar and Dube, 2013). Because of the paucity of a standardised evaluation method, these
alterations had to be presented in a qualitative way without possibility of statistical evaluation
(Mohamed, 2008; Steinbach et al., 2014; Magar and Dube, 2013).

In the present work a protocol was developed for the quantitative standardised assessment
of histopathological changes in the heart ventricle and coronary blood vessels in fish employing
a heart index. Histopathological alterations in the heart of atenolol-exposed rainbow trout
were assessed and quantified. Heart indices calculated in the present study for atenolol-
exposed and the control fish were significantly different which was well in line with the results
of the previous qualitative assessment (Steinbach et al., 2014). Thus, our protocol was found
to be well applicable for assessing histopathological alterations in the heart of rainbow trout.
In the present study the calculation of the heart - index was based on the calculation of the
indices of each functional unit. In addition, these indices can be used as indicators of damage
at the level of the functional unit and allow an easy localisation of the alterations within the
tissue.

In addition to rainbow trout which is used in toxicological research as a model species
(OECD, 2012), our protocol was successfully applied on zebrafish, another model species
(OECD, 2012), as well as on several other fish species belonging to different systematic
families. However, special anatomic features, such as the haematopoietic tissue of sturgeons,
were not included in the protocol as we wanted to avoid generating a species-specific index
that would not be comparable to those of other species. Species-specific patterns should be
reported separately and not included into the heart index.

We also did not include histopathological alterations of the bulbus arteriosus and the valves
into the protocol as we wanted to determine mainly alterations in the myocardial and vascular
tissue. Not including the bulbus arteriosus and the valves also makes the heart protocol
easier to use, because in case of small fish, heart valves are often not visible, or only partly
included on the histological sections and the bulbus arteriosus shows high species-specific
differences in anatomy (Poppe and Ferguson, 2006). Thus, inclusion of these structures would
prevent comparing data from different fish species.

Moreover, alterations in the lipid content of the epicardium were not included in the protocol,
because it is an effect of nutrition rather than a “classic” histopathological alteration, thus it
also has to be reported separately. In case of a tumour, we recommend that it should be
classified according to the WHO classification developed for mammals (Slayter et al., 1994)
and to determine the cells of origin. For example, the haemangioma is found as one typical
neoplasm of the vascular system and can be induced by aniline compounds, vinyl toluene and
1,3-butadiene in mammals (Haschek et al., 2010).

Unlike the heart in mammals, the heart of adult fish possesses a capability of regeneration
(Itou et al., 2014). This regeneration is similar to the skeletal muscle regeneration pattern in
mammals (McGavin et al., 2001) and is indicated by an increased number of nuclei per myocyte
and a hyperplasia of cardiomyocytes (Takashima and Hibiya, 1995). Therefore, a qualitative
description of the changes is still necessary to distinguish e.g. between degenerative or
regenerative changes possibly showing similar indices. To overcome this dilemma, the indices
for example, regenerative and progressive changes, are reported independently, allowing a
further classification of the determined processes.

As gross pathological alterations of the heart are important indicators (Roberts, 2012), we
recommend reporting them in addition to the heart index.
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6. Conclusion

In conclusion, our unified protocol for the quantitative assessment of histopathological
alterations on the heart ventricle and coronary blood vessels employing heart index
calculation was found to be applicable for several fish species. In addition, this protocol
enables a quantifiable evaluation of the alterations within the functional units of the ventricle
and coronary blood vessels (coronary blood vessels and capillaries, the epicardium, the
endocardium and the myocardium). Furthermore, to enhance the power of this model we
recommend reporting gross morphological changes, alterations in the bulbus arteriosus
and the valves, alterations in lipid content, signs of regeneration, tumour classification and
species specific patterns like alterations in haematopoietic tissue separately. For the future,
our protocol offers the possibility of a comparison between different studies and allows a
better quantification of dose dependencies in the assessment of toxic effects.
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General discussion

7.1. GENERAL DISCUSSION

Bioconcentration

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 (OECD, 1996; Mackay and Fraser, 2000; Springer et al., 2008).

The BCF of verapamil in whole fish homogenates ranged between 6.6 and 16.6. To the best
of our knowledge, there are, except for blood plasma, no other experimental data available
on BCF of verapamil in fish tissues or fish homogenates. Predicted BCF for whole fish is 3.2
which is in agreement with the experimental values of the present work. Fick et al. (2010a)
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 for the plasma of fish
was 40 (based on log Kow = 3.4; Fick et al., 2010b). The BCF determined in the present
work is lower, but follows the same order of magnitude. 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. (2010b) 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/I, respectively
(Fick et al., 2010b). Therefore, both similar pharmacological effect of verapamil in man and
fish and relatively low critical environmental concentrations indicate a high risk of verapamil
to fish.

The BCFs of diltiazem in kidney, liver, muscle, and blood plasma of rainbow trout ranged
from 0.5 to 194. The predicted BCF of diltiazem in whole fish homogenates calculated by
EPI Suite™ (v. 4.11, US EPA, 2012), based on its log K, (2.7), was 28. In agreement with the
modelled BCF, Wang and Gardinali (2013) reported a BCF of 16 for diltiazem in mosquito
fish homogenates. Considering the range of BCF values calculated for different tissues in the
present work, BCF in fish homogenates ought to have differed by approximately an order of
magnitude from the predicted value and that calculated for eastern mosquito fish by Wang and
Gardinali (2013). In the present work, the BCF values of diltiazem in rainbow trout followed
the order kidney > liver > muscle > plasma. This is in agreement with Ramirez et al. (2009)
who reported higher diltiazem concentration in liver of wild fish compared to that in muscle.
To the best of our knowledge, no data is available on the level of diltiazem in kidney of fish
for comparison. In plasma, diltiazem was detected only in fish exposed to the highest tested
concentration (30 pg/l), with the BCF ranging from 0.5 to 0.98. However, Fick et al. (2010a)
reported a BCF of 24 in the blood plasma of rainbow trout exposed for 2 weeks to treated
waste water with diltiazem concentration as low as 0.037 pg/I. The theoretical plasma BCF
of 14 calculated by Fick et al. (2010a) according to Hugget's blood plasma model was also
higher than the BCF found in the present work. This could be attributed to the rapid metabolic
turnover of diltiazem in liver. In the study of Fick et al. (2010a), fish were not fed during the
experimental period of 14 days, and nutritional deficiencies might have led to lower rates of
xenobiotic metabolism (Yang et al., 1992) compared to that in the present work. Moreover,
the fish were exposed to sewage effluent containing a cocktail of pharmaceuticals, including
a chemosensitizer, verapamil (Kurelec, 1997). Regarding the Hugget's blood plasma model, it
does not take into account metabolism of the target substance, an important factor affecting
final concentration of the substance in plasma.

Due to the low lipophilicity (log K;,, = 0.16; EPI Suite™ v4.11 - US EPA, 2012) atenolol is
expected to be present mainly in the water phase. Consequently the uptake via the gills in fish
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can be hypothesised with only negligible contribution of uptake via food (Owen et al., 2007).
For the same reason, atenolol is not expected to accumulate to a high extent in fish bodies.
In accordance with this assumption, the BCFs of atenolol in different rainbow trout tissues
calculated in the present work were very low, ranging from 0 to 0.27. To the best of our
knowledge, this work provides the first demonstration of the tissue-specific bioconcentration
of atenolol in fish after a long-term exposure. In western mosquitofish that were exposed
for 96 h to atenolol at concentrations of 100 and 1000 ug/l, the BCFs in the whole fish
homogenates were estimated to be 0.13 and 0.08, respectively (Valdes et al., 2014). These
values are comparable to those calculated for rainbow trout tissues in the present work.

In summary none of the tested calcium channel blockers or the tested B-blocker can be
classified, based on their BCFs, as hazardous or bioaccumulative compound (BCF > 2000;
Brooks et al., 2012).

Half-life time

The biological half-life (t,;) is the time taken for an organism to eliminate half of the
toxicant content from its body or tissues. This time displays the persistence of a substance
in the organism or tissue (Wright et al., 2002). In addition, the half-life of pharmaceuticals
in the human blood plasma is well known and can be compared to those estimated for fish
(Regenthal et al., 1999). Unfortunately, there is a limited number of studies describing the
half-life of B-blockers and calcium channel blockers in fish (Wang and Gardianli 2013).

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
e.g., for antidepressant 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.

The half-life calculated for diltiazem in various tissues of rainbow trout after a long-term
exposure ranged from 1.5 to 49 h in the present work. Tissue-specific differences in lipid
content are not considered to affect the bioconcentration and half-life of diltiazem, since it
is an ionisable (pKa= 8.94) and moderately hydrophobic compound (K, =2.7; Ramirez et al.,
2009, EPI SuiteTM v4.11, US EPA, 2012). The relatively high concentration and short half-life
of diltiazem in trout liver indicates a high metabolic turnover. Compared to the other analysed
tissue types, liver exhibited the highest content of diltiazem metabolites during the exposure
phase. The high BCF and longer half-life of diltiazem in the kidney could be attributed to
glomerular filtration, renal tubular secretion, and/or reabsorption. A longer half-life associated
with reduced metabolic turnover of diltiazem was determined in muscle when compared to
liver and kidney, suggesting muscle tissue as a diltiazem deposit in fish.

The half-life of atenolol was not studied in the present work, because of its very low
bioconcentration.

Metabolites of diltiazem

At present, metabolites of cardiovascular pharmaceuticals in the aquatic environment and
their effect as well as the biotransformation in fish is quite a “new” field in aquatic toxicology.
The reason for this is a paucity of adequate methods for the determination of these
compounds and their metabolites. Therefore, only few studies have described metabolites
of cardiovascular pharmaceuticals in fish (Alderton et al., 2010; Lahti et al., 2011). However,
studying these metabolites in fish can provide valuable information on the toxicological profile
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of the compound of interest, since the metabolism or biotransformation of a xenobiotic can
dramatically alter its distribution and action. This can subsequently lead to detoxification and
excretion, or to bioactivation and toxicity (Haschek et al., 2010). In addition, the metabolites
of a compound can indicate the pathways of its biotransformation (Molden et al.,, 2002).
Furthermore, metabolites of pharmaceuticals are mostly well studied in mammals, allowing
an easy comparative approach if studied in fish.

The present work described a method for the determination of diltiazem phase-I
metabolites and their isoforms in rainbow trout. These compounds were identified by their
specific fragmentation patterns using the hybrid quadrupole-orbital trap mass spectrometer.
Diltiazem was transformed into 8 groups of metabolites with 17 different isoforms in rainbow
trout. In fish the biotransformation of diltiazem involved desmethylation, desacetylation and
hydroxylation and combinations of these pathways. Diltiazem was metabolized preferentially
into N-desmethyl diltiazem, desacetyl diltiazem and N-desmethyl desacetyl diltiazem,
which suggests desmethylation and desacetylation as major metabolic pathways. Similarly,
N-desmethyl diltiazem, desacetyl diltiazem and N-desmethyl desacetyl diltiazem are found
in human blood plasma (Dasandi et al., 2009; Christensen et al., 2010). In fish, N-desmethyl
diltiazem was exclusively found while O-desmethyl diltiazem was not revealed. Consequently,
both isoforms were found for didesmethyl diltiazem, indicating that the N-desmethylation
is followed by the O-desmethylation. N,N-didesmethyl and N,O- didesmethyl diltiazem
are formed in fish as well as in the human body (Molden et al.,, 2002). In mammals, the
N-desmethylation of diltiazem is carried out by CYP3A4 (Molden et al.,, 2002), while its
O-desmethylation is carried out by CYP2D6 (Sutton et al., 1997; Molden et al., 2000; Molden
et al., 2002). The subfamily of CYP2D is not present in fish (Kirischian et al., 2011), indicating
that other enzymes than CYP2D were involved in the O-desmethylation of diltiazem in fish. In
agreement, Molden et al. (2000) supposed that in addition to CYP2D6 other enzymes can be
involved in the formation of N,O-didesmethyl diltiazem in human.

As in mammals (Molden et al., 2000), desacetylation was the second major step observed
in diltiazem metabolism in rainbow trout in the present work. The desacetylation of
diltiazem in mammals is carried out by esterases mainly in the intestines, and CYPs are not
involved (Homsy et al., 1995; Molden et al., 2002a; Molina et al., 2007). Therefore, desacetyl
metabolites of diltiazem indicated extra-hepatic metabolism of diltiazem and the presence of
these esterases in fish.

In fish, hydroxylation was involved, even if to a minor extent in diltiazem metabolism. To
the best of our knowledge, there is no information available in the literature describing the
presence of hydroxyl diltiazem in humans or other mammals, indicating that this metabolite
is fish-specific.

As in this study, Alderton et al. (2010), when studying the metabolic profile of verapamil,
a representative of calcium channel blockers, found considerable overlap between fish and
humans.

In the present work, a reduced activity of the CYP3A isoform was found in fish exposed to
the highest tested concentration of diltiazem (30 pg/1). Excess of diltiazem and its metabolites
N-desmethyl and N,N-didesmethyl diltiazem, which were also detected in the present work,
are known to inhibit the activity of CYP3A4 in humans (Sutton et al., 1997; Zhao et al., 2007).

Effects in fish similar to mode of action in human body

Human pharmaceuticals can affect fish by interacting with evolutionarily well conserved
drug targets (Gunnarsson et al., 2008; Corcoran et al., 2010). Therefore pharmacologically
similar effects in fish compared to those found in the human bodies could be expected and
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pharmaceuticals are supposed to act “therapeutically” rather than toxically on non-target
organisms (Rand-Weaver et al., 2013).

Verapamil reduced the heart rate of carp embryos and larvae in acute toxicity tests in
concentration dependent manner, which is well in line with the finding of Berghmans et al.
(2009), who exposed zebrafish larvae for 3 h to verapamil in the concentration range of 136-
227 mg/l. Furthermore, Shin et al. (2010) found reduced heart rate in zebrafish embryos
exposed to verapamil at the concentration of 1 mg/I for 12 h compared to control. The
present work together with the results of Berghmans et al. (2008) and Shin et al. (2010)
revealed that verapamil has a similar pharmacological effect on fish and human where it is
used therapeutically to reduce the heart rate (Grossman and Messrli, 2004). The similarity in
the mode of action in fish and human is not surprising considering that most drug targets are
supposed to be highly conserved among vertebrate species (Gunnarsson et al., 2008). This
is further supported by the fact that 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 78% identity (Rottbauer et al., 2001).

Moreover, carp embryos exposed acutely to high concentrations (1-10 mg/l) and sub-
chronically to lower concentrations (0.463-463 ng/l) of verapamil had 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 human (Drenth et al.,
1992). Burgess and Vere (1989) attribute this effect of verapamil to the disturbances in the
ionic equilibrium. Moreover, long-term exposure of carp larvae to verapamil resulted in higher
incidence of haematocele in the intestine compared to the control whereas gastrointestinal
haemorrhage is another side-effect of verapamil treatment in human (Pahor et al., 1996).
Gastrointestinal haemorrhage 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 be also responsible for the haematocele in fish.

Diltiazem caused histopathological alterations in the heart (inflammation, degeneration
and rupture of pericardial blood vessels) and liver (sinusoidal congestion and vacuolisation in
hepatocytes) of rainbow trout exposed sub-chronically to the highest tested level (30 pg/I)
in the present work. The histological changes in heart and the blood vessels of the liver in
exposed trout suggested vasodilation similar to the pharmacological effect of diltiazem in
the human body (Lallmann, 2003). Since the L-type calcium channel, the target of diltiazem
in the human body, has a high degree of similarity in human and fish (Rottbauer et al., 20071),
a similar mode of action can be hypothesized.

The data showed that atenolol, diltiazem and verapamil have a similar pharmacological
effect on fish as described for humans. This proves the read-across concept stipulating that
a drug will have an effect in non-target organisms only if the molecular targets have been
conserved (Gunnarsson et al., 2008; Rand-Weaver et al., 2013).

Atenolol caused histopathological changes in the heart of rainbow trout. Namely, it caused
degenerative changes in the blood vessels of the pericardium and an inflammatory reaction
in the pericardium and subendocardium. In line with these findings, an increased incidence of
atrial degeneration of the heart has been described in rats fed a very high dosage of atenolol
(300 mg atenolol/kg/day) (RxList, 2013). Fish exposed to atenolol also showed congestion
of the sinusoids (sinusoidal blood vessels) indicating circulatory changes (Henrion, 2012).
Because the liver of rainbow trout is rich in B-ARs (Owen et al., 2007), it can be assumed that
atenolol blocked the B,-ARs and thereby caused vasodilation. The congestion of the sinusoids
may be a consequence of this effect. The congestion may also be related to a reduced oxygen
supply (Henrion, 2012) which was indicated by reduction in the haemoglobin concentration
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in atenolol exposed fish. For other representatives of B-blockers similar effects in fish to the
therapeutic effects in humans were described as well. Sun et al. (2014) demonstrated a reduced
heart rate in metoprolol exposed zebrafish. In addition, the studies of Sun et al. (2014) and
Stanley et al. (2006) showed that metoprolol and propranolol affected the expression of the
B,- and the B,-ARs in exposed zebrafish. The similarities in the mode of action of the B-blockers
atenolol, metoprolol and propranolol might be caused by a conservation of the drug targets
(B, and B,-ARs) among fish and mammals (Nickerson et al., 2001).

The heart index in fish

The present work introduced a method for the standardized evaluation of histopathological
alterations in the heart ventricle and the coronary blood vessels of fish. Based on the alterations
of the functional units of the heart, namely the coronary blood vessels and capillaries, the
epicardium, the endocardium and the myocardium, the heart index can be determined. In
addition, these indices can be used as indicators of damage at the level of the functional unit
and allow an easy localisation of the alterations within the tissue.

This protocol was developed using the heart of rainbow trout, but it was also successfully
applied on fish belonging to different systematic orders like cyprinid, sturgeon and percid fish.
The protocol has also some limitations. It was not possible to include gross morphological
changes, alterations in the bulbus arteriosus and the valves, alterations in lipid content, signs
of regeneration, tumour classification and species specific patterns into the calculation of the
heart index and therefore these features have to be reported separately.

Taken together, the heart-index enables a quantitative evaluation of histopathological
changes in the cardiovascular system in fish. Therefore, it can help to compare the effects of
xenobiotics including cardiovascular pharmaceuticals on the cardiovascular system of fish.

Biomarker response at environmentally relevant concentrations

In general, biomarker response can be defined as a biological response to exposure or as
toxic effects of environmental chemicals, which can be used to assess the health status of
organisms and to obtain early-warning signals of environmental risks (van der Oost et al.,
2003).

Verapamil at environmentally relevant concentration (0.463 pg/l) did not affect hatching,
development, or morphological parameters nor did it have an effect on the mortality of
exposed fish. Similarly, in the study of Li et al. (2010b) such verapamil concentrations had
no effect on rainbow trout exposed for 42 days. Although the present work and the study
of Li et al. (2010b) could not demonstrate any effects of verapamil on studied endpoints at
environmentally relevant concentrations, we cannot exclude the possibility that it might affect
fish after a longer exposure. Moreover, this pharmaceutical inhibits multixenobiotic resistance
in fish (Smital and Sauerborn, 2002) and therefore it could enhance the sensitivity of fish
to other compounds (Kurelec, 1997). This special characteristic of verapamil would deserve
further attention.

Diltiazem at the environmentally relevant concentration (0.03 pg/l) caused changes in activity
of antioxidant enzymes in the liver and gills as well as elevation of TBARS level in the gills. In
addition, at this concentration, the CK content in the blood plasma was increased, indicating
damage to cardiac muscle (Adams et al., 1993; Clarkson et al., 2006). Indeed, degeneration of
cardiac muscle fibre was observed in a single exposed fish. Other studied endpoints, namely
parameters of the haematological and biochemical profile of the blood plasma and the activity
of CYP1A and CYP3A4 were not affected by diltiazem at environmental concentration.
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Atenolol at environmentally relevant concentration (1 pg/l) affected the biochemical and
haematological profile of the blood, namely by increasing lactate concentration and reducing
the haemoglobin content in the blood. This indicated that atenolol caused a reduction in
oxygen supply. The present study verified that changes within the haem pathway are sensitive
biomarkers of exposure to pollutants at their environmental concentrations, as was also
demonstrated for e.g., cadmium (van der Oost et al., 2003). The changes in the haematocrit
value and haemoglobin concentration of rainbow trout in response to atenolol observed in
the present study may indicate that this substance affects the B-ARs in the organs associated
with erythropoiesis, i.e. in the head kidney and spleen. The presence of .-ARs in these organs
has been documented in salmonid fish (Owen et al., 2007). However, we cannot rule out the
possibility that these changes are part of a general stress response. Atenolol had no effect
on other biomarkers, such as activity of antioxidant enzymes and activity of selected CYP450
isoforms (CYP1A; CYP2B; and CYP3A4) at environmentally relevant concentration.

In summary, atenolol and diltiazem affected the exposed fish while verapamil had no effect
on the studied endpoints at environmental levels in the present work.

Conclusions

In conclusion, atenolol, diltiazem and verapamil cannot be classified as hazardous or
bioaccumulative compounds (BCF 2 2000) due to their relatively low BCFs in fish. At high
levels, all tested pharmaceuticals had effects on fish that were similar to the effects and
side effects described for the human body. This indicates a similar mode of action of these
pharmaceuticals in fish and human. In addition, the data showed also similarities in the
metabolism of diltiazem and its half-life time between fish and human. At environmentally
relevant concentration verapamil had no effect on studied endpoints while atenolol and
diltiazem caused some physiological changes in exposed fish. Therefore, atenolol and diltiazem,
when present in the aquatic environment, could be a source of sub-lethal detrimental effects
in fish.
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English summary

7.2. ENGLISH SUMMARY

Effect of selected cardiovascular pharmaceuticals found in aquatic environment on fish
Christoph Antonius Steinbach

Cardiovascular pharmaceuticals are among the most prescribed drugs. As a result of
the high consumption, these pharmaceuticals have been frequently detected in waste
and surface waters. Verapamil, diltiazem and atenolol are very important representatives
of cardiovascular pharmaceuticals; therefore, the present research focused on their acute
and sub-chronic effects, bioconcentration, half-life time and metabolism in fish. Moreover,
unified protocol for the quantitative assessment of histopathological alterations on the heart
ventricle and coronary blood vessels employing heart index calculation was developed with
the aim to better assess histopathological changes in fish heart which is one of the targets of
cardiovascular pharmaceuticals and other chemicals.

The effects caused by high concentrations of the studied substances, verapamil, diltiazem
and atenolol, in fish can be considered similar to the therapeutic effects and side effects that
are found in humans. The acute exposure to verapamil at the human therapeutic plasma level
reduced the heart rate in common carp embryos and larvae. In addition, the acute and chronic
exposure to this substance caused peripheral edema and gastrointestinal haemorrhage in
carp. Similarly, the histological changes in heart and the blood vessels of the liver in diltiazem
exposed rainbow trout suggested vasodilatation similar to the pharmacological effect of
diltiazem in the human body. In rainbow trout sub-chronically exposed to atenolol at a human
therapeutic blood plasma concentration, histopathological changes in the cardiovascular
system were found.

The bioconcentration of verapamil, diltiazem and atenolol in fish can be classified as low.
Bioconcentration factor (BCF) of verapamil in whole body homogenates of common carp
ranged between 6.6 and 16.6. The BCF of diltiazem was also relatively low (0.5-194) in
analysed tissues of trout, following the order kidney > liver > muscle > blood plasma. BCF of
atenolol in rainbow trout tissues was the lowest among the tested substances (BCF = 0.002-
0.27), following the order of liver > kidney > muscle. In the blood plasma, the concentration
of atenolol was below the limit of quantification. Verapamil showed a longer half-life time
(10.6 days) in fish compared to the human body, indicating the slow rate of biotransformation
and/or elimination of verapamil in fish. Estimated half-life times of diltiazem in liver (1.5 h)
and kidney (6.2 h) were in the same order of magnitudes as those determined for the human
blood plasma. The half-life time of atenolol in trout was not studied, because of its very low
bioconcentration.

In diltiazem exposed rainbow trout, 8 groups of metabolites of diltiazem with 17 different
isoforms were identified using liquid chromatography/high resolution mass spectrometry
method. Diltiazem was found to undergo a biotransformation involving desmethylation,
desacethylation and hydroxylationin fish. These results showed that diltiazem was metabolised
in fish in a similar way like in the human body by desmethylation and desacethylation. On
the other hand, hydroxylation, which was involved to a minor extent, seemed to be species
specific.

Verapamil had no effect on early life stages of common carp at the environmentally relevant
concentration after one month lasting exposure. On the other hand, atenolol and diltiazem
in environmentally realistic concentrations caused after 42-day exposure some physiological
changes in rainbow trout. Namely, atenolol affected haematological and biochemical
parameters of the blood in exposed rainbow trout and diltiazem caused changes in the
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activity of antioxidant enzymes in trout liver and gills. These data indicated that atenolol
and diltiazem, when present in the aquatic environment, could be a source of sub-lethal
detrimental effects in fish.
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Czech summary

7.3. CZECH SUMMARY

Vliv vybranych kardiovaskularnich léciv nalézanych ve vodnim prostiedi na ryby
Christoph Antonius Steinbach

Kardiovaskularni Ié¢iva patti v Ceské republice k nejvice pfedepisovanym. V dasledku jejich
vysoké spotieby jsou jejich rezidua casto detekovadna v odpadnich a povrchovych vodach.
Verapamil, diltiazem a atenolol jsou vyznamnymi zastupci kardiovaskularnich lé¢iv, proto
jsem se ve své dizertacni praci zaméfil na studium jejich akutnich i subchronickych acink(
na ryby, pfedevsim na schopnost jejich kumulace v téle ryb, metabolizmus a biologicky
polocas. S cilem zlepsit metodiku posuzovani histopatologickych zmén rybiho srdce jsem
vypracoval jednotny protokol pro kvantitativni hodnoceni vysledkl histologického vySetreni
srdecni komory a koronarnich céy, véetné vypoctu srdecniho indexu. Kvalitni a systematicka
vySetifeni histopatologickych zmén srdce jsou velmi dllezita, nebot srdce prestavuje jeden
z cild ptisobeni kardiovaskularnich Ié¢iv a dalSich chemickych latek.

Verapamil, diltiazem a atenolol vyvolaly pfi expozici ryb vysokym koncentracim téchto latek
zmény, které jsou znamy jako terapeutické a vedlejsi u¢inky u lidi. Akutni expozice embryi a
larev kapra obecného verapamilu v koncentraci, v niz se vyskytuje v krevni plazmé lidi [é¢enych
touto latkou, vyvolala u pokusnych organizm sniZzeni tepové frekvence srdce. Akutnii chronicka
expozice kaprl této latce u nich navic zplsobila periferni otok a tvorbu krvacenin v travicim
traktu. U pstruhG duhovych exponovanych diltiazemu bylo pfi histopatologickém vySetreni
zjisténo rozsiteni srdecnich a jaternich cév. To znamena, Ze i tento prostfedek ma obdobny
farmakologicky ucinek na ryby jako na lidi. Také subchronickd expozice pstruha duhového
atenololu v koncentraci, v niz se vyskytuje v krevni plazmé lidi 1é¢enych touto latkou, vyvolala
histopatologické zmény kardiovaskularniho systému.

Verapamil, diltiazem a atenolol mlzeme klasifikovat jako latky s malou schopnosti
biokoncentrace v rybach. Biokoncentra¢ni faktor (BCF) verapamilu v homogenatech celého
kapriho téla se pohyboval v rozmezi od 6,6 do 16,6. BCF diltiazemu v tkanich pstruha byl také
relativné nizky (0,5-194), pfi¢emz nejvyssi hodnota BCF byla prokadzana u ledvin a v dalSich
tkanich klesala v nasledujicim poradi: jatra > svalovina > krevni plazma. BCF atenololu v tkanich

koncentrace atenololu pod mezi kvantifikace. Verapamil vykazoval delsi biologicky polocas
u ryb (10,6 dne) nez u lidi, coz indikuje nizkou rychlost biotransformace anebo eliminace
verapamilu u ryb. Odhadovany biologicky poloc¢as diltiazemu vjatrech (1,5 hodiny) a vledvinach
(6,2 hodiny) byl fadové shodny s hodnotou zjisténou v krevni plazmé lidi. Biologicky polocas
atenololu u pstruha studovan nebyl, nebot u této latky byla prokazana velmi nizka schopnost
biokoncentrace.

U ryb exponovanych diltiazemu bylo pomoci kapalinové chromatografie s hmotnostni
detekci s vysokym rozliSenim (LC/HRMS) identifikovdno osm metabolitd této latky se 17
rGznymi izoformami. Bylo zjiSténo, Ze diltiazem v rybach podléha biotransformaci zahrnujici
demethylaci, deacetylaci a hydroxylaci, coz potvrzuje, Ze diltiazem byl v rybach metabolizovan
podobnym zptsobem jako v lidském téle, tedy prfevazné demethylaci a deacetylaci. Na druhou
stranu, hydroxylace, kterd se na biotransformaci podilela v nejmensi mire, se jevi jako druhové
specificka.

Pfi studiu vlivu verapamilu na rand vyvojova stadia kapra obecného, kterd byla vystavena
environmentalné relevantnim koncentracim tohoto Ié¢iva po dobu jednoho mésice, nebyly
u pokusnych organizmi prokazany zadné negativni GcCinky. Ale u pstruha duhového, ktery

- 143 -



byl vystaven po dobu 42 dna atenololu a diltiazemu v koncentracich, které jsou detekovany
v Zivotnim prostredi, byly zjistény nékteré fyziologické zmény. V pfipadé atenololu se jednalo
o zmény hematologickych a biochemickych ukazateld v krvi a u diltiazemu o zmény v aktivité
antioxidacnich enzymu vjatrech a zabrach. Tato data naznacuji, Ze vyskyt atenololu a diltiazemu
ve vodnim prostfedi mize negativné ovliviiovat zdravotni stav ryb.
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