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Aidille ja isélle



ABSTRACT

Thousands of tons of pharmaceuticals are consumed yearly worldwide. Due to the
continuous and increasing consumption and their incomplete elimination in wastewater
treatment plants (WWTP), pharmaceuticals and their metabolites can be detected in
receiving waters, although at low concentrations (ng to low pg L™). As bioactive molecules
the presence of pharmaceuticals in the aquatic environment must be considered potentially

hazardous for the aquatic organisms.

In this thesis, the biotransformation and excretion of pharmaceuticals in fish was studied.
The main biotransformation pathways of three anti-inflammatory drugs, diclofenac,
naproxen and ibuprofen, in rainbow trout were glucuronidation and taurine conjugation of
the parent compounds and their phase | metabolites. The same metabolites were present in
fish bile in aquatic exposures as in fish dosed with intraperitoneal injection. Higher
bioconcentration factor in bile (BCFuj) was found for ibuprofen when compared to

diclofenac and naproxen.

Laboratory exposure studies were followed by a study of uptake of pharmaceuticals in a wild
fish population living in lake contaminated with WWTP effluents. Of the analyzed 17
pharmaceuticals and six phase | metabolites, only diclofenac, naproxen and ibuprofen was
present in bream and roach bile. It was shown, that diclofenac, naproxen and ibuprofen
excreted by the liver can be found in rainbow trout and in two native fish species living in the
receiving waters. In the bream and roach bile, the concentrations of diclofenac, naproxen
and ibuprofen were roughly 1000 times higher than those found in the lake water, while in
the laboratory exposures, the bioconcentration of the compounds and their metabolites in
rainbow trout bile were at the same level as in wild fish or an order of magnitude higher.
Thus, the parent compounds and their metabolites in fish bile can be used as a reliable
biomarker to monitor the exposure of fish to environmental pharmaceuticals present in

water receiving discharges from WWTPs.



SAMMANFATTNING

Lakemedel anvidnds i stora mangder runtom i hela varlden. Kontinuerlig och vaxande
anvandning av lakemedel kombinerad med deras ofullstandig eliminering i reningsverk for
avloppsvatten leder till att lakemedel och deras metaboliter patraffas i vattenmiljon.
Lakemedel ar bioaktiva molekyler och darmed bor deras férekomst i vattenmiljo betraktas

som en potentiell risk for vattenorganismer.

I den har doktorsavhandlingen undersoktes upptag, bio-omvandling och utséndring av
lakemedel i fiskar i akvarieforhallanden och i vattendrag. | akvarieforséken visades via
undersokningar av fiskgalla att bio-omvandlingen av de anti-inflammatoriska lakemedelen
diklofenak, naproxen och ibuprofen resulterade huvudsakligen i bildning av glukuronid- och
taurinkonjugat. Bade ursprungsférteningarna och deras fas | metaboliter bildade dessa
konjugat. | fiskgalla var biokoncentrationsgrade hos ibuprofen stérre an hos diklofenak och

naproxen.

Braxen och mort infangades fran ett vattendrag som var kontaminerad med avloppsvatten. |
fiskarnas gallvatska kunde diklofenak, naproxen och ibuprofen och deras metaboliter
identifieras. Koncentrationerna av lakemedlen i gallan var ungefdr 1000 ganger hogre dn de
som pavisades i vattendraget. Detta visar att fiskgalla kan anvdndas for att pavisa i vilken

man vilda fiskar ar utsatta lakemedelsrester som harror fran vattenreningsverk.
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1 INTRODUCTION

1.1 Presence of pharmaceuticals in the aquatic environment

Thousands of tons of pharmacologically active compounds are consumed every year
worldwide for the treatment of human and animal illnesses. Due to this continuous and
increasing consumption and their incomplete elimination in wastewater treatment plants
(WWTP), pharmaceuticals and their metabolites can be detected in rivers, lakes, and coastal
waters (1-7). The removal efficiency of WWTPs varies depending on the pharmaceutical,
the treatment applied, and the season of the year (3, 8-12). Although the compounds are
detected at low concentrations (ng to low ug L), as being biologically active molecules they
are considered potentially hazardous for aquatic organisms and health of the ecosystem

(13).

After the first reports on the detection of pharmaceuticals in surface waters, research has
focused on their fate in the aquatic environment (14-16) and on their possible effects to
aquatic organisms (17-23). Many of the pharmaceuticals have been shown to have a rather
low acute lethality (i.e. mg L™ range) towards aquatic animals and other organisms (13,
24-25). Despite this, chronic and even life-long exposure has to be considered as a risk
factor not only for single species, but for the ecosystem as well. However, data on the
chronic effects of pharmaceuticals on aquatic organisms are scarce and the environmental
risk assessment is commonly based on the acute and short-term lethality data of single
compounds on certain test organisms (13). A further complication to the risk assessments is
the occurrence of transformation products of pharmaceuticals, whose identities at present
are largely unknown. For instance, phototransformation has been shown to produce
compounds that can be more harmful for aquatic organisms than the parent compound
(26-27). In addition, pharmaceuticals do not occur as single compounds in the environment.
The effects caused by pharmaceutical mixtures to aquatic animals might differ from the
effects caused by a single pharmaceutical, i.e. the toxicity of the mixture can cause effects at

concentrations, when the single pharmaceutical has little or no effect (13).



1.2 Diclofenac, naproxen and ibuprofen

The non-steroidal anti-inflammatory drugs diclofenac (1), naproxen (2) and ibuprofen (3)
(Figure 1) belong to the most commonly used pharmaceuticals worldwide. During year 2010,
1100 kg of diclofenac, 6200 kg of naproxen and 113 000 kg of ibuprofen were consumed in
Finland (28). The consumed amounts correspond to 200 mg of diclofenac, 1.2 g of naproxen
and 21 g of ibuprofen per inhabitant per year. Diclofenac, naproxen and ibuprofen are polar
compounds, with high water solubility and low potential to volatilize. They are all weak acids

with pK; values ranging from 4.15 to 4.91 (Table 1).

%ﬁ)%

Diclofenac, 1 Naproxen, 2 Ibuprofen, 3

Figure 1. Chemical structures of diclofenac (1), naproxen (2) and ibuprofen (3).

Diclofenac, naproxen and ibuprofen are used to reduce pain and inflammatory disorders,
and they are available in a number of formulations with the generic names e.g. Diclometin,
Diclomex and Voltaren (diclofenac), Miranax, Naprometin and Pronaxen (naproxen) and
Burana, Ibumax and Ibumetin (ibuprofen). In Finland, only naproxen is a prescription drug,
while ibuprofen is marketed as a prescription and as an over-the-counter drug. Diclofenac is
marketed as a prescription drug, although diclofenac containing gels and sprays are
marketed over-the-counter. Naproxen is marketed as a single enantiomer (S-naproxen) and

ibuprofen as a racemate (mixture of S- and R-ibuprofen).

The elimination of diclofenac in WWTP treatment processes has been reported to be
generally poor or even negligible due to possible reformation of the parent compound, i.e.
deconjugation of the human glucuronide metabolites during the treatment processes (3, 12,
29). In receiving waters, the main mechanism of elimination of diclofenac is argued to be
phototransformation (16, 30-31). Naproxen is also considered as a recalcitrant compound,
although higher elimination rates (55-98 %) than for diclofenac have been reported (3, 8).
Naproxen is eliminated mainly via biotransformation in WWTP (10) and the main

mechanisms of elimination in receiving waters are phototransformation and



biotransformation (32-35). The elimination of ibuprofen in WWTP treatment processes is
typically efficient (>90 %) (3, 8, 10, 30). Ibuprofen is eliminated in WWTP mainly through
biotransformation (9, 10) and it is considered as the main elimination mechanism in

receiving waters (32-34).

Table 1. Physicochemical properties of diclofenac (1), naproxen (2) and ibuprofen (3).

Diclofenac Naproxen Ibuprofen
CAS number 15307-86-5 22204-53-1  15687-27-1
(& r'\:(\)l:/,l)l 296.2 230.3 206.3
Wat(:;t'_ﬁ’)?”ity 2.4 15.9 21

Henry’s law constant

3 4.73x10™2 3.39x107%° 1.50x1077
(atm m” mol™)

pK,! 4.15 4.15 4.91
log Kow™ 4.51 3.18 3.97
log D 1.77 0.73 0.19

SRS Phys Prop database, 2012.
2 Calculated with ADC/Labs V10.02, pH 7.

Some studies have reported physiological and behavioral effects on fish exposed to
environmental or near environmental concentrations of pharmaceuticals. In the studies of
Schwaiger et al. (17), Triebskorn et al. (18-19) and Hoeger et al. (20), diclofenac was found
to induce cytological changes in rainbow and brown trout tissues (kidney and gills) at
environmental concentrations. More recently, Mehinto et al. (21) found that exposure of
rainbow trout to diclofenac can interfere with the biochemical functions of the fish and lead
to tissue damage. In addition, diclofenac has been found to affect the gene expression in fish
(21, 23). Diclofenac has been recently proposed to be added into the list of priority
substances in the EU’s Water Framework Directive (36). The compound has also been
connected with the serious decline of the Gyps vultures in Asia due to renal failure and
visceral gout, and ultimately death (37-40). Diclofenac is suspected to also threaten the

Gyps vultures in South Africa (41).

Ibuprofen has been found to cause behavioral changes in fish and other aquatic organisms.
Low concentrations of ibuprofen have been found to significantly decrease the activity of

crustacean Gammarus pulex (42). Besides changes in e.g. spawning behavior and hatching



and development of embryos (43-45) in several aquatic organisms, relatively low amounts

of ibuprofen has been found to disrupt the cellular stress response in rainbow trout (46).

1.3 Uptake, biotransformation and excretion of pharmaceuticals in fish

The majority of pharmaceuticals and a high number of chemicals in general preregistered for
REACH are either weak organic acids and/or bases (47-48). The degree of ionization of
a chemical depends on its acid dissociation constant (i.e. the pK, value of the dissolved
compound) and pH of the surrounding medium. When pK, of the compound equals the
surrounding pH, a 50:50 mixture of ionized and non-ionized species of the compound exists.
Weak acids are increasingly neutral at pH conditions below compound’s pK; value and weak
bases at pH conditions above compound’s pK;, value. Therefore, diclofenac, naproxen and
ibuprofen (weak acids, Table 1) and antidepressant fluoxetine (a weak base, pK, 10.1) as well
as the majority of other pharmaceuticals, occur mainly in their ionized form (> 99 %) in

natural waters with pH conditions ranging from 6 to 8, and in fish blood (pH 7.6).

Bioconcentration of a neutral compound is considered a partitioning process between the
aqueous and organic phase (mainly lipids), and it depends mostly on the compound’s
liphophilicity (hydrophobicity) (49-50). In addition to experimental measurements,
a compound’s bioconcentration potential can be estimated from the octanol-water partition
coefficient (Kow). For weak acids and bases, Kow needs to be corrected for the compound’s
ionized forms, and it is named distribution coefficient (D). In general, the bioconcentration

potential of a neutral compound is dramatically higher than its ionic form (51).

The pH of the surrounding water, and therefore the proportion of the neutral compound
and its ionized form, has been shown to influence the uptake, bioconcentration and toxicity
of weak acids and bases (51-55). In general, increasing pH can decrease the toxicity of weak
acids and increase the toxicity of weak bases. For example, Nakamura et al. (54) found the
bioconcentration of antidepressant drug fluoxetine (a weak base, pK, 10.1) in Japanese
medaka (Oryzias latipes) to be lower at lower exposure pH and higher at higher exposure
pH. Supporting observation was made by Valenti et al. (55), who exposed fathead minnows
(Pimephales promelas) to antidepressant drug sertraline (also a weak base, pK, 9.5). The

mortality of fathead minnows occurred more rapidly when the exposure was performed at



higher pH conditions (pH 8.5) than at lower pH conditions (pH 6.5 and 7.5). In summary,
compound’s physicochemical properties (log Kow and pKa) and ambient pH can affect the
compound’s bioconcentration and effect in fish (51). Because diclofenac, naproxen and
ibuprofen are mainly in their deprotonated form in natural waters, the compounds are not
expected to be readily bioconcentrated. However, generalizations for all the

pharmaceuticals cannot be made (56).

The mechanisms of the uptake of pharmaceuticals into fish are not exactly known. To some
extent the uptake is taking place through gills, but it can also occur via skin or intestine. In
gills, compounds may be taken up by diffusion through epithelial cells. The proportion of the
neutral compound and its ionized form in the uptake surface will affect the uptake rate,
since the membrane permeation through the phospholipid matrix of neutral compounds is
easier than for ions (53, 57). The roles of transporters specific to anionic and cationic
pharmaceuticals are essentially unidentified in gills. Following the uptake, the compounds
are distributed into tissues in the first stage via the blood stream. In tissues, ionized
pharmaceuticals can be actively taken up by a variety of anionic and cationic xenobiotic

transporters (58-59).

The uptake and distribution of pharmaceuticals and other xenobiotics is followed by various
biotransformation reactions. In general, in biotransformation the compounds are modified
to their less toxic and more water soluble forms, which can be excreted more readily from
the body via hepatobiliary route (feces) or urine. At the same time, the pharmacological
potency of the compound is generally lost, although the formed metabolites might still have
some pharmaceutical activity. Biotransformation of pharmaceuticals is divided into two
enzymatically catalyzed steps: phase | and phase Il reactions (Table 2). In general, phase |
reactions introduce a reactive group (e.g. —OH, —NH,, —=SH or —COOH) into the molecule and
in phase Il reactions various conjugates are formed through reactions with these nucleophilic

groups (e.g. glucuronide, sulfate, taurine or glutathione). (60)

In vertebrate animals, the major site for biotransformation reactions is the liver and high
concentrations of the formed metabolites are excreted from the liver to urine and feces.
Enzymes belonging to cytochrome P450 (CYP) superfamily are widely involved in the

oxidation of pharmaceuticals (60). Several CYP isoforms have been detected also in fish



tissues (61). Glucuronidation and sulfation reactions and conjugation with glutathione are
catalyzed by UDP-glucuronosyltransferases (UGTs), sulfotransferases (SULTs) and

glutathione transferases (GSTs), respectively (60).

Table 2. Phase | and Il biotransformation reactions in vertebrate animals (60).

Phase | Phase Il
Oxidation Glucuronidation
Hydrolysis Sulfation
Reduction Acetylation

Methylation

Glutathione conjugation

Amino acid (e.g. taurine, glycine) conjugation

As an example of biotransformation, the phase | and Il transformation reactions of
diclofenac (1) in mammals are shown in Figure 2 (all the possible metabolites or
biotransformation routes are not depicted). Diclofenac (1) is oxidized to
4’-hydroxydiclofenac (4), 5-hydroxydiclofenac and 3’-hydroxydiclofenac (phase Imetabolites)
(only 4’-hydroxydiclofenac is depicted in Figure 2) (62). Diclofenac (1) can be conjugated with
glucuronic acid or with taurine, and form an acyl glucuronide (5) and a taurine conjugate (8),
respectively. Further, 4’-hydroxydiclofenac (4) can be conjugated with glucuronic acid and
with sulfate, and form an acyl glucuronide (6), an ether glucuronide (7) and a sulfate

conjugate (9), respectively (63-65).

The tripeptide glutathione forms with diclofenac (1) a glutathione conjugate (10), and with
4’-hydroxydiclofenac (4), glutathione (11) and quinone imine glutathione conjugates (12)
(66-68). The first step in the formation of glutathione conjugate (10) is the formation of acyl
glucuronide (5) (67). The conjugation proceeds via transacylation of glutathione with 5 or
through a similar reaction with other potential metabolite, e.g. diclofenac-S-acyl-CoA
thioester (67). The other glutathione conjugates have been proposed to be formed via
oxidation of 5-hydroxydiclofenac (13) to a benzoquinone imine (14) (Figure 3) and its
conjugation to glutathione reacting via the strong nucleophilic =SH group in the glutathione

(66). In addition, the glutathione conjugate of 4-hydroxydiclofenac has been identified in
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previous studies (66). Other quinones originating from diclofenac have been found to form

in microbial processes in river sediments (14) (69) and under UV-light (15, 16) (16) (Figure 3).

‘o o} o o}
HO cl HO al HO o} HO <‘)
0
ﬁ) /Nﬁ) 0 Oy
HO cl o cl ‘
o
13 14 15 16

Figure 3. Chemical structures of 5-hydroxydiclofenac (13), para-benzoquinone imine of
5-hydroxydiclofenac (14), para- (15) and ortho- (16) carbazole quinones.

Similar phase | and Il reactions as shown for diclofenac are also taking place for naproxen
and ibuprofen in mammals. Naproxen (2) is O-demethylated (O-dealkylation) to its phase |
metabolite, 6-O-desmethylnaproxen (17) (Figure 4). The major phase |l metabolites are the
acyl and ether glucuronides and sulfate conjugates of naproxen and 6-O-desmethylnaproxen
(70). The major mammalian metabolites of ibuprofen (3) are the phase | metabolites
2-hydroxyibuprofen (18) and carboxyibuprofen (19), and their phase Il glucuronide
conjugates (71). In humans, the taurine conjugation of ibuprofen has been shown to be a

minor (1.5 % of the oral dose over 24 h) metabolic pathway (72).

CHy CHy CHg
HO. HO. HO
OH (o] oH (o] OH
17 18 19 ©
Figure4. Major phase | metabolites of naproxen (2) and ibuprofen (3):
6-O-desmethylnaproxen (17), 2-hydroxyibuprofen (18) and carboxyibuprofen

(19).
The phase | metabolites of diclofenac, naproxen and ibuprofen have also been detected in
WWTP and in surface water samples (9, 12, 73-75). In addition to biotransformation

reactions in humans, the phase | metabolites may be formed via microbial transformation

processes in WWTPs (10, 69, 76-78).

Although biotransformation is generally considered as a detoxifying pathway, in some cases,
the formed metabolites might be more reactive and therefore more toxic than the parent
compound. For example, the covalent protein and DNA nucleoside adducts formed via the

acyl glucuronide and quinone imine conjugates of diclofenac and hydroxylated diclofenacs

8



have been connected to the rare, but severe adverse effects (e.g. cellular toxicity and
drug hypersensitivity) observed in humans after diclofenac treatment (79-82). The reactivity
and toxicity have also been connected to a metabolite of paracetamol (20), i.e. containing
a quinone moiety N-acetyl-para-benzoquinone imine (23) (Figure 5) and the formation of
protein and DNA adducts. Normally, analgesic and antipyretic paracetamol is biotransformed
to its ether glucuronide (21), sulfate (22) and glutathione (24) conjugates. When the capacity
of biotransformation is saturated (e.g. due to overdose) and when the cells experience
a shortage of glutathione, the quinone metabolite (23) may accumulate and bind covalently
to DNA (83). The mode of toxicity of acyl glucuronides has been suggested to proceed after
the formation of adducts via direct or indirect disruption of the cell function (e.g. glutathione
depletion) or through antigen formation and hypersensitivity (81). The reactive metabolites
(i.e. acyl glucuronides) have also been postulated to cause the physiological changes in

rainbow trout after long-term exposure to diclofenac (21).

Currently, the data of biotransformation of pharmaceuticals in fish is very scarse, even
though the knowledge of uptake and biotransformation is important for the ecotoxicological
risk assessment (84). Most of the published scientific literature concern antidepressants. For
example, fish have been shown to biotransform antidepressant drugs fluoxetine (25) and
sertraline (26) to their pharmacologically active metabolites, norfluoxetine (27) and
norsertraline (28) (Figure 6) (54, 85-86). In addition, few studies have reported on the
biotransformation of diclofenac and ibuprofen in fish (21, 87-89), but the biotransformation

products were seldom properly identified or quantified.
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Figure 5. Paracetamol (20) is biotransformed in mammals to its ether glucuronide (21),
sulfate (22) and glutathione (24) conjugates. Glutathione conjugate is formed via
a reactive metabolite, N-acetyl-para-benzoquinone imine (21), which form
adducts with proteins and DNA.
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Figure 6. Chemical structures of fluoxetine (25), sertraline (26) and their metabolites,
norfluoxetine (27) and norsertraline (28).
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1.3.1 Acyl migration

The 1-8-O-acyl glucuronide conjugates are the major mammalian metabolites of
pharmaceuticals containing a carboxylic acid group. The conjugates are unstable and
reactive in physiological conditions (e.g. in plasma, liver, bile and intestine). Acyl
glucuronides can form isomers by a non-enzymatic process called acyl migration
(i.e. an intramolecular transesterification) or be hydrolyzed back to the parent compound
(reversible metabolism). The acyl migration takes place through the 2-OH, 3-OH, and 4-OH
groups of the glucuronic acid yielding 2-8-0-, 3-8-0-, and 4-8-0-acyl glucuronides (Figure 7).
The reaction mechanism of acyl migration involves nucleophilic attack by the hydroxyl group
on the adjacent carbon and formation of a cyclic ortho-ester intermediate. Furthermore, the
anomerization of the hydroxyl group at the C-1 position of the 8-O-acyl glucuronides will
produce the a-isomers via the ring opened aldehyde form of the glucuronides. Conversion of
the initially formed 1-8-O-acyl glucuronide to the 2-8-0-acyl glucuronide has been found to
be unidirectional. Review articles of acyl glucuronides and acyl migration have been written

by Spahn-Langguth and Benet (90), Shipkova et al. (81) and Regan et al. (82).

Several pharmaceuticals containing a carboxylic acid group, e.g. ibufenac (29) and alclofenac
(30) (Figure 8), have been withdrawn from the marked due to severe adverse effects. The
mechanism behind the adverse effects has been connected to acyl migration and formation
of adducts with proteins and DNA (81, 90). For the drugs still on market, severe adverse
effects have been reported following e.g. diclofenac (1) (Chapter 1.3) and ketoprofen (31)

(Figure 8) treatment (81).

Besides the potential toxicological aspects, acyl migration may complicate the identification
and the quantitative analysis of the metabolites. Following chromatographic separation, the
isomers are presented by several peaks in the chromatograms (91). Since acyl migration
leads to the formation of more hydrolysis resistant isomers, they are more likely to travel

further down in the intestinal system and lead to the formation of adducts (81).

11
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Figure 8. Chemical structures of ibufenac (29), alclofenac (30) and ketoprofen (31).

Acyl migration and its rate and the reactivity of the isomer depend on several factors: e.g. pH
conditions, temperature and the parent molecule the glucuronide is conjugated to. In
general, acyl glucuronides are most stable in acidic conditions and at low temperature.
Neutral or slightly basic pH conditions in many physiological compartments (e.g. bile and
intestine) will favor the acyl migration (81). Acyl migration rates of S- and R-enantiomers of
acyl glucuronide conjugates of naproxen (92) and ibuprofen (93) have been found to differ.
3-0-acyl glucuronides of naproxen were the most stable isomers of acyl glucuronide of
S-naproxen, and 3-O- and 4-O-acyl glucuronides of acyl glucuronide of R-naproxen (92).
Besides the acyl glucuronide of the parent compound, also the acyl glucuronides of phase |

metabolites of ibuprofen have been found to undergo acyl migration (93).

1.4 Analysis of pharmaceutical residues in environmental samples

Liquid chromatography-mass spectrometry (LC-MS) is the mostly used method for
qualitative or quantitative analysis of low concentrations of pharmaceuticals and their
transformation products (and many other xenobiotics) in environmental samples due to its
superior sensitivity and selectivity. Solid phase extraction (SPE) and other isolation
techniques are routinely used for the sample clean-up and concentration prior to LC-MS
analysis. The compounds of interest are then chromatographically separated on the LC
column, ionized in the ionization source and detected in the mass spectrometer by their
mass-to-charge ratio (m/z). (94) Review articles have been published discussing the state-of-
the-art environmental mass spectrometry (95-97) and of the identification of

biotransformation products of mammalian pharmaceuticals (98-100) by LC-MS methods.

Another important analytical tool is gas chromatography-mass spectrometry (GC-MS), but it
often lacks the much needed sensitivity for the analysis of pharmaceuticals in environmental
samples. In GC-MS analysis, the analyzed compounds typically need to be derivatized prior

to analysis to improve their volatility.

13



The mostly used ionization techniques applied in the LC-MS analysis of pharmaceuticals and
their biotransformation products are electrospray ionization (ESI) and atmospheric pressure
chemical ionization (APCI). ESI is considered as a soft ionization technique, since relatively
low amount of fragment ions are produced in relation to the precursor ion. APCl is used for
the ionization of usually more polar compounds. The mass spectrometer can be run on
negative (ESI-) or positive (ESI+) ionization mode depending on the charge of the

pharmaceutical studied.

Depending on whether qualitative or quantitative data is needed, different types of mass
analyzers can be applied. Structural elucidation of a compound can be achieved with ion trap
and time-of-flight (ToF) type of mass analyzers. lon traps allow the structural elucidation of a
compound in unit resolution by the use of the multiple tandem mass spectrometry (MS")
feature. Collision induced dissociation (CID) experiments are used to create fragment ions
from the compound of interest in the trap, and these fragments can be further isolated and
fragmented. (94, 101) For example, first the MS spectrum is recorded for the parent ion, i.e.
the deprotonated phase Il metabolite acyl glucuronide conjugate of 4’-hydroxydiclofenac (6)
at m/z 486. Then, the parent ion at m/z 486 is isolated, and fragmented (MS/MS) (Figure 9A)
in the trap, and a fragment ion corresponding to phase | metabolite 4’-hydroxydiclofenac (4)
is formed at m/z 310. The formed fragment ion at m/z 310 can be further isolated and
fragmented (Figure 9B), and in this was structural information of the phase | metabolite may

be obtained.

ToF and quadrupole (Q)-ToF mass analyzers are able to measure the compound’s mass with
only a few ppms difference to the exact mass (Figure 10, error —0.4 ppm) in the full scan
mode. The measurement is based on the flight time of the ions in the mass analyzer given an
energy pulse. The data obtained from the measurement enables the determination of the
elemental composition of the compound. An important feature of the Q-ToF measurements
is the possibility to create, filter, and measure the exact masses of produced fragments. (94,

101)

14
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Figure 9. Example of MS/MS (A) and MS?(B) mass spectra of acyl glucuronide of 4’-hydro-
xydiclofenac (6) recorded by ion trap type of mass analyzer. A: an ion at m/z 486
is isolated and fragmented and product ions are detected. B: an ion at m/z 310 is

isolated and fragmented and product ions are detected.
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Figure 10. The exact mass (A) and calculated mass (B) of diclofenac (1) recorded by the high
resolution mass instrument, quadrupole time-of-flight (Q-ToF) mass analyzer.
The typical isotopic pattern of a compound containing two chlorine atoms (ion

peaks M, M+2 and M+4 with intensities of 100%, 64% and 10%) is evident.
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Triple quadrupole (QqQ) type mass analyzers are most often used in the quantitation of low
concentrations of pharmaceuticals in environmental samples. QqQs consist of two sets of
quadrupoles and a collision cell between the quadrupoles. In comparison to ion trap and ToF
type of mass analyzers, QqQs are more sensitive, when operated in the multiple reaction
monitoring (MRM) mode. In an MRM experiment, compound specific precursor-product
transitions are recorded. The first quadrupole is used as a mass filter to select the ion of
interest (e.g. deprotonated diclofenac at m/z 294), the second as a collision cell to fragment
the selected precursor ion, and the third as a mass filter for the specific product ion
(m/z 250, formed after a loss of CO, from the precursor ion) (Figure 11). Other operating
modes are also available (e.g. neutral loss scan). In neutral loss scan, the instrument is
scanning e.g. for the loss of anhydroglucuronic acid from the molecular ions, and all the

glucuronide conjugates would be seen as peaks in the obtained chromatogram. (94)

14.7 204 > 250
" i
s A
K BRI L SO B c L L e B Sy
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14.6 208 > 254
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Figure 11. LC-triple quadrupole ion chromatograms of MRM transition of deprotonated
diclofenac (1) (A) and its internal standard, deprotonated deuterated diclofenac

(B).

The main disadvantages of the QqQs in general are the matrix suppression, and limited
sensitivity of the instrument in the full scan mode, when compared to MRM mode and ion
trap and ToF type of mass analyzers. The matrix suppression can be neglected by the use of

isotopically labeled compounds. (94)
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1.4.1 Characteristic fragmentation of phase Il metabolites in the mass analyzer

The knowledge of fragmentation patterns of the parent ion in the mass analyzer is important
for the qualitative and quantitative LC-MS/MS analysis. When QgQ mass analyzers are
operated in the MRM mode, compound specific precursor-product ion transitions are
monitored (see above). In Figure 12, some examples of characteristic collision induced
fragments formed in the mass analyzer for five phase Il metabolites of diclofenac are given.
The fragments shown in Figure 12 and described in the text are recorded either in the ESI-

(6-8) or in the ESI+ (10) mode.

In general, upon fragmentation the acyl glucuronide conjugates (6) tend to lose a major
fragment having a mass of 176 mass units (i.e. anhydroglucuronic acid, m/z 175) (70, 65, 98).
In contrast to acyl glucuronides, ether conjugates of carboxylic acid group containing
pharmaceuticals (7) can lose initially a CO, from the free carboxylic acid group, and
subsequently the formed fragment ion can lose the glucuronide unit (65, 70). Fragments
(e.g. m/z 113, losses of CO, and H,0 from anhydroglucuronic acid, m/z 175) formed from the

anhydroglucuronic acid can sometimes be detected (98).

Sulfate conjugates (9) are characterized by the loss of SO;from the sulfate group (70, 98).
Sometimes a less abundant fragment at a mass of 98 mass units lower (i.e. the loss of H,SO4)
than the deprotonated precursor molecule can be seen (98). Taurine conjugates (8) form
deprotonated taurine (m/z 124), and can lose SOz from the deprotonated precursor
molecule (65, 72, 98). The glutathione conjugate (10) will likely cleave between the
conjugation site in the glutathione (cysteine) and the compound it is conjugated to, and form
a fragment at m/z 308 (98). The losses of anhydroglutamic acid (the loss of 129 mass units)

and glutamine (the loss of 146 mass units) from the glutathione are often recorded (98).
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2 OBIJECTIVES

The objective of this thesis was to gain knowledge on the possible uptake, biotransformation
and excretion of pharmaceuticals into fish bile. This was done by identifying bile metabolites
formed in the fish liver and by assessing the dependency of exposure pathway (via
intraperitoneal injection, i.p. or via water) and the exposure concentration of the
pharmaceutical in aquaria. Finally, it was studied, if exposure takes place in wild fish

populations living in a lake contaminated with WWTP effluents.
The more specified objectives were:

- to study the biotransformation of diclofenac (1), naproxen (ll) and ibuprofen (lll) in
rainbow trout (Oncorhynchus mykiss) exposed via intraperitonel injections or via
aquaria water

- to determine the presence of 17 pharmaceuticals and six phase | metabolites in the
bile of two native fish species, bream (Abramis brama) and roach (Rutilus rutilus),

caught from a lake receiving wastewater effluents (1V)
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3  MATERIALS AND METHODS

The following section is a summary of the materials and methods. A more detailed

description of the experiments and analysis is presented in the original papers | to IV.

3.1 Fish experiments and sampling

3.1.1 Exposure to pharmaceuticals via i.p. injection

One- (lll) and 1.5-year-old (I-11) rainbow trout (Oncorhynchus mykiss) were purchased from
the Finnish Game and Fisheries Research Institute (Laukaa, Finland). Before the experiments,
trouts were acclimatized to laboratory conditions for 1 (lll) or 2 weeks (I-Il). The average

weights of the fish were 249 g (I-11) and 58 g (lll).

The fish were anesthetized with MS222, and subsequently 2.5 mg kg™ of diclofenac (1),
5 mg kg™* of naproxen (I1) or 5.2 mg kg™* of ibuprofen (Ill) was intraperitoneally (i.p.) injected
to the peritoneal cavity of the fish. The injections were repeated after 24 h and the bile was
sampled after 48 h of the first administration. Three (lll) to four (I-1I) control fish were

injected with 1 mL kg™* of 1:1 ethanol/0.7% NaCl solution.

3.1.2 Exposure to pharmaceuticals in water

Half-a-year-old (Ill) and one-year-old (I-llI) rainbow trout (Oncorhynchus mykiss) were
purchased from the hatchery of Hanka Taimen Oy (Hankasalmi, Finland, 0.5-yearl-old) and
Savon-Taimen Oy (Rautalampi, Finland, 1-year-old). Before the experiments, fish were
acclimatized to laboratory conditions for 1 (lll) or 2 weeks (I-1l). The average weights of the

fish were 169 g (I-11) and 9 g (lll).

Four fish were exposed to 1.8 ug L™ of diclofenac (1) or 1.6 ug L™ of naproxen (ll) for 10 days
in a flow-through system. Thirty six fish were exposed to 0.17, 1.9, 13 and 145 ug L™ of
ibuprofen (nine fish per concentration) for four days (lll) in a periodic replacement system.
Nine (lll) or four (I-l) control fish were kept under similar conditions as fish exposed to
diclofenac, naproxen or ibuprofen. The concentrations of the pharmaceuticals in aquaria

were monitored daily.
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3.1.3 Population sampling

Ten breams (Abramis brama) and 25 roaches (Rutilus rutilus) were caught by fyke netting in
late May 2011 from Lake Haapajarvi, SE Finland (IV). The average lengths and weights of the
breams were 43 cm and 922 g, and those of the roaches were 15 cm and 29 g, respectively.
In early July 2011, six breams (average length 30 cm) and eight roaches (average length 18
cm) were caught from a reference site, Southern Lake Saimaa, SE Finland. The fish were

sampled on site.

For the determination of pharmaceuticals in the water of Lake Haapajarvi, one liter water
samples were collected from two sampling sites in February, May, July and November 2010

using a Limnos sampler.

3.2 Sample preparation

Bile samples (50 uL) obtained from the i.p. injection experiments (I-1ll) were diluted with
500 uL of 5% acetonitrile in 0.01 M ammonium acetate and analyzed by different LC-MS
methods (Chapter 3.3.2). Bile samples (20-100 uL) from the diclofenac and naproxen

exposures via water (I-11) were solid phase extracted as described in Chapter 3.2.2.

Due to the small size of rainbow trout in ibuprofen exposures via water, nine biles per
exposure concentration were pooled to a one analytical sample (60-100 uL) (lll). Some of
the roach bile samples were also combined so that one sample (30-100 ulL) was made up
from two to five individuals of the same gender (IV). Biles from ibuprofen exposures (lll) and
from wild breams and roaches (IV) were treated enzymatically and further extracted

(Chapters 3.2.1 and 3.2.2).

Aquarium water samples (25-100 mL) (I-1ll) and Lake Haapajarvi water samples (400 mL)

(IV) were solid phase extracted as depicted in Chapter 3.2.2.
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3.2.1 Hydrolysis

In order to enhance the detectability of the analytes, the bile samples obtained from
ibuprofen exposures via water (lll) and from wild fish (IV), were hydrolyzed enzymatically by
B-glucuronidase/aryl-sulfatase enzyme isolated from Helix pomatia (obtained from Sigma
Aldrich, cat. no. G7770). The enzyme cleaves glucuronide (optimal pH: 4.5-5.0) and sulfate
(optimal pH: 6.2) conjugates back to the phase | metabolites or to the parent compounds.
The hydrolysis conditions were optimized prior to the treatment of the bile samples by the
addition of 1-8-O-acyl glucuronides of diclofenac, naproxen and ibuprofen to the bile

collected from control rainbow trout.

The bile samples, internal standards (250 ng) and enzyme were incubated in acetate solution

(pH 5) for 4 h at 37 °C.

3.2.2 Solid phase extraction

The biles (I-11) and their hydrolyzates (llI-1V) were diluted with acidified water (pH 2) and
internal standard (100 ng D3-ibuprofen) was added (I-l). Oasis HLB (Waters, Milford, MA,
USA) cartridges were used for the purification of acidic pharmaceuticals (I-1V), while Oasis
MCX (Waters, Milford, MA, USA) cartridges were applied for the basic pharmaceuticals (IV).
After conditioning, sample loading and wash, the acidic pharmaceuticals were eluted with
1 mL 2% NH40H in 80% methanol (I-1V) and the basics with 1 mL 100% methanol and 1 mL
2% NH40H in methanol (IV). The extracts were evaporated to dryness, re-dissolved in 200 uL
of 5% acetonitrile in 0.01 M ammonium acetate (acidic pharmaceuticals, I-11), 300 uL of
2% acetonitrile in 0.01 M ammonium hydroxide (acidic pharmaceuticals, lI-1V) or 300 uL of
3% acetonitrile in 0.5% acetic acid (basic pharmaceuticals, IV), and analyzed immediately by

LC-MS/MS.

After the acidification of water samples (I-1ll) to pH 2, internal standard (53 ng fenoprop or
200 ng D3-ibuprofen, respectively for I-1l and Ill) was added and the samples were passed
through Oasis HLB cartridges. The compounds of interest were eluted with 4 x 0.5 mL of
methanol, evaporated to dryness and re-dissolved in 500 uL of 30% acetonitrile in 0.01 M
ammonium acetate and analyzed by LC-MS/MS. Lake Haapajarvi water samples (IV) were

extracted as reported in Daneshvar et al. (6, 7) for acidic and basic pharmaceuticals.
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3.3 LC-MS analysis

3.3.1 Chromatographic methods

The chromatographic separations for the identification of the biliary metabolites of
diclofenac (1) and naproxen (ll) were performed on a Zorbax Eclipse C18 analytical column
(5 um, 2.1 x 50 mm column; Agilent Technologies, Palo Alto, CA). For the identification of
metabolites of ibuprofen (lll), quantification of pharmaceuticals and their metabolites in wild
fish bile (IV), in experimental aquaria water (I-1ll) and in water of Lake Haapajarvi (IV), an
XBridge C18 column (3.5 um, 2.1 x 50 mm; Waters, Milford, MA, USA) was used. In addition,
the chromatographic retention of diclofenac, naproxen and ibuprofen in wild fish bile were
studied on an XBridge C8 column (3.5 um, 2.1 x 50 mm; Waters, Milford, MA, USA) and on
an ACE Phenyl 5 column (5 um, 2.1 x 125 mm; Advanced Chromatography Technologies,
Aberdeen, Scotland) (IV).

The columns were eluted with different gradients of acetonitrile in 0.01 M ammonium

acetate (I-1), in 0.01 M ammonium hydroxide (l1I-1V) or in 0.5% of acetic acid (IV).

3.3.2 Identification of the metabolites

The identification of the metabolites of diclofenac (1), naproxen (ll) and ibuprofen (lll) in fish
bile was based on the exact mass determinations on a Bruker electrospray ionization
quadrupole-time-of-flight mass analyzer (Q-ToF-MS; Bruker Daltonics, Bremen, Germany)
and on a collision induced dissociation (CID) experiments coupled with multiple tandem
mass spectrometry (MS") on an Agilent 1100 Series LC/MSD Trap SL mass analyzer (IT-MS;
Agilent Technologies, Palo Alto, CA, USA).

The analytes were transferred to the mass analyzers by an Agilent 1200 Series LC system
(Q-ToF-MS) or by an Agilent 1100 Series LC system (IT-MS). The systems consisted of a binary
pump, a vacuum degasser, an autosampler, a thermostated column and an UV detector. The
obtained data was collected and handled with the Bruker Compass DataAnalysis 4.0
software (Q-ToF-MS) or Agilent ChemStation data system (IT-MS). Both of the mass
analyzers applied nitrogen as a nebulizing gas and as a drying gas. Helium was used as a

collision gas for the CID experiments.
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3.3.3 Quantification of pharmaceuticals and their metabolites

The quantitative analysis of pharmaceuticals and their metabolites in fish bile (I-IV), in
experimental water (I-1ll) and in water of Lake Haapajarvi (IV) were performed on an
electrospray Quattro Micro triple-quadrupole mass analyzer (QqQ-MS; Waters, Milford, MA,
USA) operated in a multiple reaction monitoring (MRM) mode. The chemical structures of
the compounds analyzed in IV are presented in Figures S1 and S2. The mass analyzer was
connected either to a Waters Alliance 2795 LC system (Waters, Milford, MA, USA) (I-1l) or to
an Agilent 1100 series LC system (Agilent Technologies, Palo Alto, CA, USA) (llI-1V). The LC
systems consisted of tertiary (Waters) or binary (Agilent) pump, a vacuum degasser,
an autosampler and a thermostated column. Nitrogen was used as a desolvation gas and
argon as a collision gas. The cone voltages, the collision energies, the precursor and product
ions were optimized by direct infusion of the pure standards and internal standards to mass
spectrometer. The MRM parameters are presented in the original papers | to lll and in

Table S1 (IV). The data was collected and handled with MassLynx 4.0 software.
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4  RESULTS AND DISCUSSION

In this section, the results of the study are briefly summarized. A more detailed presentation

of the results is available in the original papers | to IV.

4.1 Identification of the metabolites of diclofenac, naproxen and ibuprofen in fish bile

The bile metabolites of rainbow trout treated intraperitoneally (i.p.) were used for the
identification of the biotransformation pathways of diclofenac (1), naproxen (ll) and
ibuprofen (lll). Although i.p. dosing is an unnatural way of exposure, it is useful for the
purpose of identification of the metabolites, since the studied compounds directly enter into
the extracellular space of the fish from where they are taken up in organs, e.g. the liver. For

comparison with i.p. dosing, fish were exposed via water (Chapter 4.2).

4.1.1 Diclofenac

Based on the data obtained by LC-UV, LC-IT-MS and LC-Q-ToF-MS, i.p. dosed rainbow trout
metabolized diclofenac to several phase | and phase Il metabolites (I) (Table 3). Also
unmetabolized diclofenac (1) was detected in the bile. The structures of the parent
compound diclofenac and the metabolites are depicted in Figure 13. Two hydroxylated
phase | metabolites (4’-hydroxydiclofenac, 4; 5-hydroxydiclofenac, 13), their sulfate
conjugates (sulfate conjugate of 4’-hydroxydiclofenac, 9; sulfate conjugate of
5-hydroxydiclofenac, 32) and acyl glucuronides (acyl glucuronide of 4’-hydroxydiclofenac, 6;
acyl glucuronide of 5-hydroxydiclofenac, 33) were detected in the trout bile. In addition,
a sulfate conjugate of dihydroxylated diclofenac (34), an ether glucuronide of
4’-hydroxydiclofenac (7) and an acyl glucuronide of 3’-hydroxydiclofenac (35) were found.
Also, diclofenac (1) was found to form a acyl glucuronide conjugate (5). Diclofenac or its

metabolites were not detected in any of the control rainbow trout.

Previously known mammalian metabolites of diclofenac (Chapter 1.3), benzoquinone imines
(e.g. 14), glutathione (e.g. 10, 11 and 12) or taurine conjugates (8 and taurine conjugate of
hydroxylated diclofenac) of diclofenac, hydroxylated diclofenacs or benzoquinone imines

(66-67) were not detected in fish bile. After the publication of the paper I, two additional
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metabolites could be identified, i.e. acyl glucuronide-sulfate conjugate of hydroxylated
diclofenac (Q-ToF-MS, m/z 565.9907, 4.5 ppm error) and diglucuronide conjugate of
hydroxylated diclofenac (Q-ToF-MS, m/z 662.0675, 1.5 ppm error) (chemical structures of

the metabolites are not shown).

The chromatograms, mass spectra and schemes of the fragmentation patterns of the
metabolites in the mass spectrometer are found in the original publication (l). In general, the
acyl glucuronides 6, 33 and 35 lost initially 176 mass units [M—H-anhydroglucuronic acid]”
and it was followed by a loss of CO, [M-H-anhydroglucuronic acid-CO,] . The initial loss
from the ether glucuronide 7 was 44 mass units and subsequent to this loss, the glucuronide
unit was split off. The sulfate conjugates 9, 32 and 34 showed a characteristic loss of 80 mass
units [M-H-SOs]". The phase | metabolites 4 and 13 were possible to distinguish by
observing the fragments generated in the MS? spectra. Both compounds readily produced a
fragment ion at m/z 266 due to the loss of CO, (m/z 310 > m/z 266), but 4 produced
additionally intense ions at m/z 230 and 194 through losses of CO, + HCl and

CO; + 2 x HCl, respectively.

Some reactive metabolites of diclofenac (i.e. acyl glucuronides and quinone imine conjugates
of diclofenac and hydroxylated diclofenac, Chapter 1.3) have been found to form covalent
protein and DNA adducts (79, 80-82). Formation of these adducts have been connected
e.g. with cellular toxicity in humans. Mehinto et al. (21) postulated that acyl glucuronides of
hydroxylated diclofenac detected in the rainbow trout bile could be related with a tissue

damage found in trout’s intestine following long-term exposure.

26



Figure 13.
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Chemical structures of diclofenac (1) and its identified metabolites:
4'-hydroxydiclofenac (4), 5-hydroxydiclofenac (13), sulfate conjugate of
4'-hydroxydiclofenac (9), sulfate conjugate of 5-hydroxydiclofenac (32),
sulfate conjugate of 4'5-dihydroxydiclofenac (34), acyl glucuronide of
diclofenac (5), acyl glucuronide of 4'-hydroxydiclofenac (6), acyl
glucuronide of 5-hydroxydiclofenac (33), acyl glucuronide of
3'-hydroxydiclofenac (35), and ether glucuronide of 4'-hydroxydiclofenac

(7).
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4.1.2 Naproxen

Based on the data obtained by LC-UV, LC-IT-MS and LC-Q-ToF-MS, i.p. dosed rainbow trout
metabolized naproxen to one phase | and to two phase Il metabolites (ll) (Table 4). The
structures of the parent compound naproxen and the metabolites are depicted in Figure 14.
The phase | metabolite, 6-O-desmethylnaproxen (17), was found in bile. Naproxen (2) and
6-0-desmethylnaproxen (17) were further conjugated with glucuronic acid, and formed an
acyl glucuronide of naproxen (36) and an acyl glucuronide of 6-O-desmethylnaproxen (37). In
addition, unmetabolized naproxen (2) was detected in fish bile. Previously known
mammalian phase Il metabolites of naproxen, sulfate conjugate of 6-O-desmethylnaproxen,
ether glucuronide of 6-O-desmethylnaproxen or acyl glucuronide-sulfate conjugate of

6-0O-desmethylnaproxen (70) were not found in fish bile.

The chromatograms, mass spectra and schemes of the fragmentation patterns of the
metabolites in the mass spectrometer are found in the original publication (ll). Naproxen or
its metabolites could not be detected in any of the control rainbow trout. The same major
fragments were found for acyl glucuronides 36 and 37 as for acyl glucuronide conjugates of
diclofenac (1), i.e. the initial loss of anhydroglucuronic acid [M—-H—anhydroglucuronic acid]”

followed by the loss of CO, from the carboxylic acid group.

The acyl glucuronides of naproxen (36) and 6-O-desmethylnaproxen (37) were represented
in the obtained chromatograms by several peaks due to different geometric isomers of the
conjugates. The isomers are formed via acyl migration (Chapter 1.3.1). On the basis of
LC-'H NMR studies, Mortensen et al. (91) was able to deduce the order of retention of the
acyl-migrated isomers on a C18 reversed phase column. The peak profiles in the obtained
LC-UV chromatograms of fish bile (Figure 15) were essentially identical to that of Mortensen
et al. (91). Thus it was possible assign the order of elution of the isomers of acyl glucuronide
of naproxen and of 6-O-desmethylnaproxen, i.e., 1-a-, 1-6- (36a, 37a), 3-a- and 3-6-, 2-a-
(36b, 37b), and 2-8-0-acyl (36¢, 37c) glucuronides.

Further, on the basis of the MS/MS spectra of the reference compound (36), it was possible
to differentiate the 1-8-0-acyl glucuronides from the other acyl-migrated isomers in the bile

samples. The former gave a rise to abundant fragment ions at m/z 193 (deprotonated
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glucuronic acid), whereas the other isomers gave abundant ions at m/z 175 (deprotonated
anhydroglucuronic acid). In addition, upon incubation of the trout bile sample with
B-glucuronidase enzyme, 1-8-0-acyl glucuronide peaks (36a, 37a in Figure 15) were found to
disappear due to deconjugation, and the peaks of naproxen (2) and
6-0O-desmethylnaproxen (37) were found to increase in abundance. In addition, the observed
broadening of the chromatographic peak of acyl glucuronide of 4’-hydroxydiclofenac (6), two
peaks of acyl glucuronide of diclofenac (5) and several peaks of acyl glucuronide of

3’-hydroxydiclofenac (35) are due to acyl migration (I) (Chapter 4.1.1).

CHj CHs
HO HO
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HOOC CH, HOOC CH,
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Figure 14. Chemical structures of naproxen (2) and its identified metabolites:
6-O-desmethylnaproxen (17), acyl glucuronide of naproxen (37) and acyl
glucuronide of 6-O-desmethylnaproxen (36).
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Figure 15. LC-UV chromatograms of acyl migrated isomers of acyl glucuronide of
naproxen (36) and acyl glucuronide of 6-O-desmethylnaproxen (37).
The numbers above the peaks correspond to 1-a-, 1-6- (36a, 37a), 3-a- and
3-6-, 2-a- (36b, 37b), and 2-8-0-acyl (36¢, 37c) glucuronides of naproxen or
6-0-desmethylnaproxen, respectively.
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4.1.3 Ibuprofen

Based on the data obtained by LC-IT-MS and LC-Q-ToF-MS, i.p. dosed rainbow trout
metabolized ibuprofen (3) to numerous phase | and phase Il metabolites (lll) (Table 5). The
structures of the parent compound ibuprofen and the metabolites are depicted in Figure 16.
Ibuprofen (3) was metabolized in the fish liver to two hydroxylated metabolites
(2-hydroxyibuprofen, 18; 3-hydroxyibuprofen, 38) and to their acyl glucuronide (39), ether
glucuronide (40) and taurine (41-43) conjugates. Besides the detection of unconjugated
ibuprofen (3) in the bile, also its acyl glucuronide (44) and taurine conjugate (45) were
detected. In addition, rainbow trout metabolized ibuprofen to three taurine-ether
glucuronide diconjugates of hydroxylated ibuprofens (46-48). Ibuprofen and its metabolites
were not detected in any of the control fish. The ibuprofen phase | metabolite
(carboxyibuprofen, 19), earlier found in our studies (102), was not detected. The position of
hydroxylation in the aliphatic chain of ibuprofen in metabolites 39, 40 and 41-43 and 46-48

could not be determined.

The obtained chromatograms and more detailed information of the fragmentation patterns
are found at the original publication (lll). The same major fragments were recorded for 44
and 39 as for acyl glucuronide conjugates of diclofenac (1) and naproxen (ll), and for 40 as for
ether glucuronide of 4’-hydroxydiclofenac (l). The taurine conjugates 41-43 and 45 formed a
characteristic fragment at m/z 124 [H;N-CH,-CH,-SOs]". The loss of sulfate group from

taurine conjugates was not detected.

Since seven taurine conjugates (41-43, 45, 46-48) were detected in the rainbow trout bile
samples taurine conjugation must present important metabolic pathway in fish. In humans,
taurine conjugation of ibuprofen has been shown to be a minor (1.5 % of the dose)
metabolic pathway, and other taurine conjugates than 45 have not been detected (72).
Recently however, Sarda et al. (65) detected taurine conjugates of diclofenac and
hydroxylated diclofenacs, and taurine-ether glucuronide diconjugates of hydroxylated

diclofenac in mouse urine and fecal extracts.
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4.2 Presence of diclofenac, naproxen and ibuprofen and their metabolites in bile of fish

exposed to pharmaceuticals in water

While the previous chapter (4.1) discusses the identification of the metabolites of diclofenac
(1), naproxen (lI) and ibuprofen (lll) in fish bile, this chapter describes the presence of
pharmaceuticals in bile of fish exposed to the pharmaceuticals via water. Rainbow trout
were experimentally exposed in laboratory to water containing diclofenac, naproxen and

ibuprofen at various concentrations for 10 (I-11) or 4 days (lll).

The average concentrations (x standard deviation, SD) of diclofenac, naproxen and ibuprofen
in aquaria measured daily were 1.8 + 0.2 ug L'of diclofenac (nominal concentration
1.9 pg L"), 1.6 + 0.1 ug L' of naproxen (nominal concentration 1.4 ug L) and
0.17 + 0.04 ug L™ of ibuprofen (nominal concentration 0.1 ug L™). In addition, fish were
exposed to three higher concentrations of ibuprofen: 1.9 + 0.3 ug L™ (nominal concentration
1.0 ug L'Y), 13.0 + 1.6 ug L™ (nominal concentration 10 ug L) and 145 + 28 ug L™ (nominal

concentration 100 ug L™).

The same metabolites were present in rainbow trout bile in aquarium exposures as in the i.p.
experiments. Large variations (RSD 37-87 %) in the metabolite concentrations between the
individuals were found, possible due to individual variations in the uptake,
biotransformation and hepatobiliary transport of the compounds (I-Il). Anyhow, these
findings prove that diclofenac, naproxen and ibuprofen present in water at the exposure

concentrations can be taken up by fishes.

Acyl glucuronides of diclofenac (5), of hydroxylated diclofenacs (6, 33 and 35) and acyl
glucuronides of naproxen (36) and of 6-O-desmethylnaproxen (37) accounted for in total
around 80 to 90 % of the metabolites of diclofenac and naproxen, respectively. The
contribution from the phase | metabolites (hydroxylated diclofenacs 4 and 13, and
6-O-desmethylnaproxen, 17), sulfate conjugate of 5-hydroxydiclofenac (32) and
unmetabolized diclofenac (1) and naproxen (2) were low (in total, ca. 20 and 10 %,
respectively for diclofenac and naproxen). Since the bile samples from ibuprofen exposures
were enzymatically hydrolyzed before the subsequent sample treatment and LC-MS/MS

analysis, it was impossible to quantify, how much ibuprofen (3) was present in its
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unconjugated form or as the different acyl glucuronides or taurine conjugates. Based on the
data obtained from the i.p. experiments, only trace amounts of ibuprofen were present, and
the acyl glucuronides of ibuprofen (44) and 2-hydroxyibuprofen (39) were the major

metabolites.

In order to investigate the relation between the ambient water and the metabolic fate of a
pharmaceutical in fish, the total bioconcentration factors (BCFy;) were calculated according

to equation (1) for the three pharmaceuticals and their metabolites (Tables 6 and 7).

__ total concentration of pharmaceutical and its metabolites in bile (ug LY
BCFyy, = (1)

concentration of parent pharmaceutical in water (ug L=1)

BCFye is considered to be a practical tool to assess the internal exposure of fish to chemicals,
which are readily biotransformed and excreted (103-106), such as pharmaceuticals (102).
Ibuprofen and its metabolites was found to be most readily accumulated in bile
(BCFpiie ranging from 14 000 to 49 000 depending on the exposure concentration) (lll). The
measured BCFy; for naproxen and its metabolites was one order of magnitude lower than
for ibuprofen (on average 1170) (ll), and the BCFy for diclofenac and its metabolites
(on average 520) (1) was half of the BCFy;e for naproxen. The BCFy for ibuprofen appeared
to vary significantly when the exposure concentration varied. An inverse dependency of
ibuprofen BCFy;e and exposure concentration was observed, i.e. the highest BCFy;e value was
found at the lowest exposure concentration. The reason for this might be related to the
limited capacity of the system involved in the hepatobiliary secretion at the highest
exposures or enhanced performance at the lowest one. A strong positive linear correlation
(R? = 0.99) between the sum of hydrolyzed ibuprofen and its metabolites in fish bile and the
exposure concentration was found (Figure 17). To summarize, a high-capacity of

biotransformation and excretion in rainbow trout liver is evident.
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Table 6.

Table 7.

Total amount of diclofenac (1) and naproxen (2) and their metabolites
(mean +SD, ug L™) in the bile of rainbow trout exposed to mean concentrations
of 1.8 ug L™ of diclofenac and 1.6 ug L™ of naproxen in experimental aquaria for
10 days at 14 °C (I-1l). Total bioconcentration factors (BCFy) were calculated
according to equation (1). n = number of animals or water samples.

n Diclofenac Naproxen

Total bile concentration, ug L™ 4 915+512 1873+1255
Exposure conc. in water, ug L 11 1.8+0.2 1.6+0.1

BCFyike 4 520+ 291 1170+ 784

Total amount of hydrolyzed ibuprofen (3) its metabolites (ug L™) in the bile of
rainbow trout exposed to four concentrations (mean + SD, ug L™) of ibuprofen in
experimental aquaria for 4 days at 14 °C (lll). Nine biles were pooled to one
sample per exposure concentration due to the low amount of bile. Total
bioconcentration factors (BCFy;c) were calculated according to equation (1).

Ibuprofen

Total bile concentration, ug L™ 8330 37 700 221800 20340800

Exposure conc. in water ug L' 0.17+£0.04 1.9%03 13+1.6 145 + 28

BCFyite 49 000 19900 17 100 14100

Figure 17.
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y= 14087x + 17844
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Sum of ibuprofen and its metabolites
(ne/L)

Exposure concentration (ug/L)

Sum of hydrolyzed ibuprofen (3) and its metabolites (18, 38 and 45) (ug L™) in
the bile of rainbow trout plotted against exposure concentration (ug L) of
ibuprofen in the experimental aquaria (lll). The exposure time was four days.
Each value represents nine animals analyzed in combination.
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The measured BCFy. for diclofenac and its metabolites (Table 6) is in the same order as
reported by Mehinto et al. (21). Her group exposed rainbow trout to 0.5, 5.0 and 25 ug L™ of
diclofenac for 21 days in aquaria, and BCFs for the parent diclofenac in bile ranged between
509 and 657. The highest BCF was found at the lowest exposure concentration. Schwaiger et
al. (17) found that the bioconcentration of diclofenac in rainbow trout liver correlated
negatively with the concentration of diclofenac in 28 days exposure in aquaria. The highest
BCFiver (2732) of the parent diclofenac was measured at the lowest exposure concentration,
1 ug LY and the lowest BCFiver (12) at the highest exposure concentration, 500 ug Lt
In contrast to Mehinto et al. (21) and Schwaiger et al. (17), Cuklev et al. (23) found the
bioconcentration of diclofenac in rainbow trout liver to be fairly stable (2.54 + 0.36) between
the three diclofenac exposure levels (1.6, 11.5 and 81.5 ug L™) when rainbow trout were
exposed to diclofenac for 14 days. Our results from the ibuprofen exposures are in
accordance with Schwaiger et al. (17) and Mehinto et al. (21), since the highest BCFy;. value
was found at the lowest exposure concentration. The finding is also supported by our other
study, where higher BCFy; values of diclofenac, naproxen and ibuprofen were found in the

bile of rainbow trout at the lower exposure levels (102).

In theory, the BCF of an organic compound should not be much affected by exposure
concentration, since the bioconcentration is a results of unsaturated uptake and elimination
processes under dynamic equilibrium, unless the concentration impacts the organism in
some physiological manner (e.g. enzyme saturation or toxic effect) (107). Decreasing BCFs
with increasing water concentration of the studied compounds has also been reported e.g.
for chlorophenols (108), perfluorinated chemicals (109) and a synthetic steroid,
levonorgestrel (110). Cuklev et al. (111) speculated that the observation could be explained

by increased activity of detoxification system at higher exposure concentrations.

4.3 Fish bile metabolites as biomarkers for the exposure to environmental

pharmaceuticals

Traditionally, the exposure of fish to environmental organic contaminants has been
monitored by analyzing tissue residues, since e.g. hydrophobic chemicals will likely
accumulate in tissues with high lipid content (Chapter 1.3). However, the exposure of fish to

compounds which are readily metabolized, like many of the pharmaceuticals, cannot be
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assessed by measuring their tissue levels. In addition, due to the differences in chemical
structures and properties between and within the different therapeutic groups (e.g. anti-
inflammatory  drugs, [(-blockers, antidepressants and antibiotics), uptake and
bioconcentration of pharmaceuticals cannot be predicted in general by classical

bioaccumulation models (56).

This far, only a limited amount of data exists on the bioconcentration of pharmaceuticals in
fish tissues. In general, a fairly low bioconcentration of diclofenac (2.5-29), naproxen
(1.4-56) and ibuprofen (2-58) in fish tissues is reported (Table 8). In the study of Brown et
al. (112), however, a much higher BFC (18667) for ibuprofen was found in rainbow trout. The
method of determining the bioconcentration (i.e. exposure to a single compound or to a
mixture of compounds in aquaria vs. exposure to WWTP effluent) can affect the results.
Cuklev et al. (23, 111) pointed out that the bioconcentration of diclofenac, naproxen,
ibuprofen and ketoprofen measured in fish exposed to WWTP effluent is higher than when

the fish are exposed in pure water (i.e. in laboratory).

Besides pharmaceuticals, bile metabolites have been used to monitor xenobiotics present in
water, such as chlorophenols (103-104), resin adics (105-106), synthetic and natural
hormones (113-115) and polycyclic aromatic hydrocarbons (117). Up to 10° fold

accumulation of the parent compound from water to fish bile have been reported.
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4.4 Pharmaceuticals in a lake receiving municipal effluents and exposure of wild fish

populations

Lake Haapajarvi (Figure 15) receives municipal wastewater effluents via River Rakkolanjoki.
In February, May, July and November 2010, lake water samples from two sampling sites
(A and B, Figure 18) were collected and the presence of 13 pharmaceuticals was determined
(IV). At site A, 10 to 11 and at site B, 8 to 11 different pharmaceuticals could be detected and
quantified (Table 9). The antiepileptic drug carbamazepine was the major pharmaceutical in
all samples, but also diclofenac (1), naproxen (2) and ibuprofen (3) were detected at
concentrations ranging from 10 to 302 ng L™ with the exception of ibuprofen, which was not
detected at site B in July. Since the water is flowing from sampling point A to B, a distance of
2 km, the finding of pharmaceuticals at both points shows that the compounds are spread
over large areas of the lake. The found concentrations (i.e. low ng L™) are in accordance with

earlier results obtained from rivers receiving WWTP effluents in Finland and Sweden (3, 5,

6-7).
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Figure 18. The river-lake investigated in this study (IV): River Rakkolanjoki and Lake
Haapajarvi. Water sampling sites A and B in Lake Haapajarvi.
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Table 9.

Concentration of pharmaceuticals (ng L™) in Lake Haapajérvi water sampled at

four times (February 22; May 25; July 7 and November 18) during 2010. nd = not
detected above limit of detection, LOD. Chemical structures of the analyzed
pharmaceuticals are depicted in Figures S1 and S2.

Acidic February May July November
pharmaceutical  gjite o SiteB  SiteA SiteB  SiteA  SiteB  SiteA  Site B
Bezafibrate 22 24 8 9 7 7 6 6

Diclofenac 302 231 33 60 22 22 168 145
Ibuprofen 69 55 17 39 18 nd" 10 16
Ketoprofen 85 106 30 nd’ 32 36 24 19
Naproxen 210 98 61 89 54 43 43 40
Basic February May July November
pharmaceutical ~ gite A SiteB  SiteA SiteB  SiteA  SiteB  SiteA  Site B
Atenolol 98 93 38 38 23 25 43 91
Bisoprolol 104 195 47 63 92 58 2 3
Sotalol 55 53 18 23 23 23 4 4
Citalopram 1 1 nd” nd" nd” nd" 4 3
Fluoxetine nd" nd’ nd” nd’ nd’ nd" nd" nd”
Setraline nd" nd’ nd’ nd’ nd’ nd" nd’ nd’
Venlafaxine 2 2 1 1 1 nd’ 14 15
Carbamazepine 355 318 109 114 216 212 111 103

" LOD (ibuprofen): 5 ng L'™'; LOD (ketoprofen): 12.5 ng L'*; LOD (citalopram): 0.1 ng L':;

LOD (fluoxetine): 12.5 ng L'%; LOD (sertraline): 1.0 ng L'"; LOD (venlafaxine): 1 ng L™

To study whether the pharmaceuticals found in the water of Lake Haapajarvi are also

present in fish, wild bream and roach bile were collected on May 2011. Prior to analyses, the

bile content was enzymatically treated to convert the glucuronide and sulfate conjugates

into the original pharmaceuticals or phase | metabolites (Chapter 4.3). In all, the presence of

17 pharmaceuticals and six phase | metabolites was monitored and compared to reference

bile of bream and roach from the Southern Lake Saimaa. The chemical structures of the

monitored compounds are presented in Figures S1 and S2.
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Although a wide range of pharmaceuticals were present in Lake Haapajarvi, only diclofenac
(1), naproxen (2) and ibuprofen (3) could be detected in the bile samples. Naproxen was
detected in all bream and all roach bile samples. In bream, the concentration ranged from
6 to 32 ng mL™ and in roach from 11 to 103 ng mL™ (Table 10). Diclofenac was found in all
but one bream and one roach samples and the observed bile concentrations were
6-95 ng mL™ and 44-148 ng mL™ in bream and roach, respectively. Ibuprofen was present in
three of the bream bile samples at concentrations of 16-34 ng mL™ and in two of the roach
bile samples at concentrations of 15-26 ng mL’. In bream and roach, the mean
concentration of diclofenac was 2-3 times higher than the concentration of naproxen or
ibuprofen. Pharmaceuticals were not found in wild fish bile samples caught from Lake

Saimaa (reference lake).

Table 10. The mean concentrations (ng mL?) of diclofenac, naproxen and ibuprofen after
enzymatic hydrolysis in the bream and roach biles caught from Lake Haapajarvi.
n = number of samples where the compound was detected out of six samples.
Five out of the six roach samples are pooled. One pooled sample corresponds to
bile from two to five individuals.

Fish Diclofenac Naproxen Ibuprofen
. 1 n/6 a n/6 1 n/6
species ng mL ng mL ng mL
Bream 5035 5/6 21+10 6/6 25+9 3/6
Roach 88 + 45 5/6 38+34 6/6 217 2/6

In a previous work, we analyzed pharmaceuticals in the bile hydrolysates collected from
rainbow trout kept in cages close to the discharge point of WWTPs for 10 days (118). In one
of the sample points of the study, the concentrations of diclofenac, naproxen and ibuprofen
have been reported to be close to those we found in Lake Haapajarvi (i.e. diclofenac
20-44 ng L™}, naproxen 22-129 ng L™ and ibuprofen 7-82 ng L™) (4). At this site, we found
that in the caged fish, the bile content of diclofenac, naproxen and ibuprofen ranged from
29-194 ng mL™, 11-84 ng mL™! and not detected-71 ng mL™", respectively (118). The
concentrations are close to those observed in the current study. However, this comparison is
based on the assumption that pharmaceuticals are taken up and metabolized in the same

way and to the same extent in various fish species (rainbow trout, roach and bream). This
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may not be the case and therefore a strict comparison of the results of the two studies

cannot be made.

Phase | metabolites were not detected in the hydrolyzates. The phase | metabolites are
more polar than the parent compounds and therefore their retention on the
chromatographic column is poor. The metabolites elute together with the numerous other
highly polar bile constituents and consequently, their signals may be subjected to ion
suppression. Further, the ion signals of the phase | metabolites are weaker in intensity than
the signals of the parent compounds. This may explain why low amounts of phase |

metabolites possibly present in the hydrolyzates could not be detected.

Neither ketoprofen nor bezafibrate was detected in the bream and roach biles. The result is
in accordance with Brown et al. (112), who found a very low proportion of uptake of
ketoprofen to trout plasma after exposure to high concentration (490 ug L™) of ketoprofen.
When fish were exposed to WWTP effluent with ketoprofen concentration ranging from
0.1 to 0.28 ug L™, ketoprofen was not detected in blood plasma (112). In a recent study of
the group, BCFpiasma Of ketoprofen in fish was found to vary between 3.5 and 48 at higher
effluent ketoprofen concentrations (ranging from 1.3 to 4.3 ug L™) (116). Fick et al. (116) was
unable to detect bezafibrate in trout blood plasma, although the concentration in WWTP

effluents was very low (ranging from 3 to 9 ng L™?).

As carbamazepine was the dominating pharmaceutical in the water samples collected in
2010, it was most likely present in significant concentrations also at the time when the
natural fish populations were sampled. In a preliminary study, we have found that
carbamazepine is excreted only to a lower degree, when compared e.g. with diclofenac, into
the bile of laboratory exposed rainbow trout. Togunde et al. (86) also reported negligible
bioconcentration (0.06-0.26) of carbamazepine in rainbow trout bile exposed to 2.9, 24.7
and 175.3 ug L™ of carbamazepine in aquarium. In addition, the BCFs of carbamazepine in
fish plasma, muscle and adipose fin was found to be low (i.e. 0.3-0.4, 0.5 and 4, respectively
for plasma, muscle and adipose fin) (85, 102). Ramirez et al. (119) were able to detected low
amounts of carbamazepine in wild fish fillet (mean of 2.3 ng g™*) and liver (mean of 6 ng g™)

in one of the five study sites in USA.
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Antidepressant drugs and their major phase | metabolites have been detected in wild fish
tissues such as liver, muscle and brain (119-121). In Lake Haapajarvi, the antidepressant
drugs fluoxetine and setraline were not detected above their LODs (12.5 and 1.0 ng L,
respectively) and citalopram and venlafaxine were found at only very low concentrations.
Therefore these drugs are not likely to be found in the fish bile. Togunde et al. (86) was
unable to detect carbamazepine or fluoxetine in fathead minnow (Pimephales promelas) bile
exposed to WWTP effluent in cages, but low concentrations (0.22-2.8 ng mL™") of venlafaxin,
norfluoxetine and sertraline were detected. In earlier laboratory studies, fluoxetine and its
metabolite norfluoxetine has been shown to bioconcentrate in Japanese medaka (Oryzias
latipes) (BCFs up to 3100 and 3700 for fluoxetine and norfluoxetine in the liver, respectively,
and 260 and 650 in the whole body) and in rainbow trout (BCF 143 for fluoxetine in adipose
fin and 59 in muscle) tissues with exposure concentrations ranging between 3 and 10 ug L™

(54, 85).

The B-blockers (atenolol, bisoprolol and sotalol) were found at the same concentration
range as diclofenac, naproxen and ibuprofen in the lake water, but they were not found in
the bile. To our knowledge, B-blockers have not been detected in fish tissues in previous
studies (118, 120). At present, nothing seems to be known about the pharmacokinetics of
B-blockers in fish (122), which means that also the extent of uptake and the route of
excretion (renal or bile) remains to be clarified. On the other hand, Lahti and Oikari
(123-124) found fairly high concentrations of citalopram, bisoprolol and acebutolol in
settleable particulate matter and in sediment cores collected from several sites in Finland,
including Lake Haapajarvi and Lake Paijanne. These findings reflect different environmental
fate scenarios of the given pharmaceuticals rather than the uptake to fish and excretion in
bile (118, 123-124). In summary, the study (IV) shows that pharmaceuticals originating from
WWTP effluents can be traced to populations of wild bream and roach living in a lake where,

at least diclofenac, naproxen and ibuprofen are present as pollutants.
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4.5 The usefulness of fish bile as a tissue for monitoring pharmaceuticals in the

environment

Since liver is the primary site of biotransformation in fish, and the formed metabolites are
released to the intestine via the common bile duct, the bile metabolite levels can be used as
a reliable biomarker of exposure of fish to xenobiotics. Although the transportation of
metabolites to bile is an elimination pathway, the drugs or their metabolites might enter the
enterohepatic circulation, which may result in a prolonged exposure of the fish (20). The
longer residence time in the body promotes a higher degree of exposure and may thus

enhance toxic effects.

Because bile metabolites are good biomarkers of the internal exposure of the readily
metabolized compounds, technically a fairly low volume (20-100 uL) of fish bile is needed
for the trace analysis of the metabolites (I-IV, 102). In experiments performed in the
laboratory (102) and in field (118), the concentration of pharmaceutical and its metabolites
in bile has been reported to be several orders of magnitude higher than the concentration of
the parent pharmaceutical in the plasma. To summarize, a lower amount of pharmaceutical,
or xenobiotic in general, present in water can be more easily detected in fish bile than in

plasma.

Although bile can be a good matrix to study pharmaceuticals present in fish tissues, the bile
analysis has several uncertainties, which are mainly connected to bile secretion and the
physicochemical properties of the compound of interest. Feeding status of the fish will affect
the metabolite level and bile volume, since it is commonly suggested that the fish will empty
the gall bladder to the intestine soon after feeding (125). In laboratory exposure studies or in
studies with caged fish, the fullness of gall bladder can be to some extent controlled, e.g. by
not feeding the animals during the short term exposures (I-1ll, 102) or for a few days prior
the caging (118, 126). It should be borne in mind that pharmaceutical levels in WWTP
effluent might also vary from day to day and the metabolites in the fish bile presents the

exposure fish was subjected to during the last few days.

The analysis of bile metabolites requires knowledge of the metabolism on the studied
compounds in fish. The metabolism and biliary excretion might vary between fish species

(103, 105). To simplify and sensitize the analytical procedure, phase Il conjugates in bile are
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often hydrolyzed enzymatically (e.g. by 8-glucuronidase) or chemically (by alkaline or acidic
solution) back to phase | compounds or parent compounds (llI-IV, 103, 105, 118, 127).
Therefore all the pure metabolite standards are not necessarily needed for the quantitative
analysis. In rainbow trout, acyl glucuronides were the major bile metabolites of
diclofenac (1), naproxen (ll) and ibuprofen (lll). These conjugates, however, are reactive and
can therefore form isomers at physiological pH or during sample preparation through acyl
migration (Chapter 1.3.1). Acyl migration will complicate the analysis, since one compound is
presented by several chromatographic peaks in the chromatograms. Also, the acyl migrated
and anomerizated isomers are resistant against stereospecific 8-glucuronidase (81-82).
In addition, due to the interindividual physiological variation, the bile analyses have to be

performed on a sufficient number of fish.
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5 CONCLUSIONS AND FUTURE PERSPECTIVES

The objective of this thesis was to gain knowledge on the uptake and biotransformation of
pharmaceuticals in fish. Initially, the biotransformation and excretion patterns of three anti-
inflammatory drugs in rainbow trout liver were studied. The summary of the
biotransformation pathways observed is presented in Figure 19. Secondly, the uptake,
biotransformation and biliary excretion of diclofenac, naproxen and ibuprofen in fish
exposed to the drugs via water were shown. In addition, a high capacity system for
elimination of pharmaceuticals in rainbow trout liver was evident. The highest
bioconcentration factors (BCFnje, the ratio of the sum of parent compound and its
metabolites in bile and the concentration of the parent compound in water) was found for
ibuprofen followed by diclofenac and naproxen. The glucuronidation and taurine
conjugation were the main biotransformation pathways of the parent compound and their
phase | metabolites, and the same metabolites were present in fish bile in exposures via

ambient water as in i.p. experiments.

Following the laboratory exposures, it was studied, whether the exposure also takes place in
wild fish populations living in water contaminated with WWTP effluents. The outcome of
the study clearly showed that diclofenac, naproxen and ibuprofen were present in bream
and roach bile. In the bream and roach bile, the concentrations of diclofenac, naproxen and
ibuprofen were roughly 1000 times higher than those in the lake water. In the laboratory
exposures, the bioconcentration of the compounds and their metabolites in rainbow trout
bile ranged from the same level as in wild fish to a magnitude higher. Thus, the parent
compound and its metabolites in fish bile can be used as a reliable biomarker to monitor
the exposure of fishes to environmental pharmaceuticals present in waters receiving

discharges from WWTPs.

Several studies have reported physiological and behavioral effects on fish exposed to
a certain pharmaceutical or their mixtures at near environmental concentrations. Since acyl
glucuronides are connected to adverse effects in humans and they present the main
biotransformation pathway in fish, the reactive metabolites have been postulated to cause
the physiological changes also found in rainbow trout after laboratory exposure.

The detection of pharmaceutical residues in wild fish bile implies that fish are internally
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exposed to mixtures of pharmaceuticals over their whole lifespan due to chronic exposure to
WWTP effluents. This means that the mixtures are also present physiologically uphill,
i.e. in fish blood. Very little, if anything is known about the toxicities and about the biological
effects of fish chronically exposed to mixtures of pharmaceuticals. Further work is urgently
needed where the effect of an individual pharmaceutical and of their mixtures on fish can be
determined. Only when such studies have been performed, it is possible to evaluate whether
pharmaceutical residues in the aquatic environment pose a risk to wild fish populations and
on the aquatic environment as a whole. In addition, the biotransformation of other
pharmaceuticals than the three compounds studied, diclofenac, naproxen and ibuprofen,
in fish should be researched. Wild fish population sampling should be performed in other

locations with a higher number of fish individuals and species.
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Table S1. lonization mode, retention times and the multiple reaction monitoring (MRM)

parameters applied. IS = internal standard, ESI = electrospray ionization.

Name lonization tr Precursor Product Cone Collision
mode (min) | ion(m/z) | ion(m/z) | voltage (V) | energy (eV)
Bezafibrate ESI- 13.2 360 274 23 18
D4-Bezafibrate (IS) ESI- 13.2 364 278 25 17
Diclofenac ESI- 15.0 294 250 15 12
D4-Diclofenac (IS) ESI- 15.0 298 254 18 13
4’-Hydroxydiclofenac ESI- 15 310 266 15 12
D4-4’-Hydroxydiclofenac (IS) ESI- 1.5 314 270 17 14
Ibuprofen ESI- 13.5 205 161 15 8
2-Hydroxyibuprofen ESI- 7.2 221 177 17 11
1-Hydroxyibuprofen ESI- 9.3 221 177 17 11
Carboxyibuprofen ESI- 0.7 235 191 15 9
Taurine-conj. of ibuprofen ESI- 15.2 312 124 21 26
D3-lbuprofen (IS) ESI- 13.5 208 164 17
Ketoprofen ESI- 11.9 253 209 14
C13-D3-Ketoprofen (IS) ESI- 11.9 257 213 14
Naproxen ESI- 10.9 229 170 11 16
Naproxen ESI- 10.9 229 185 9 11
D3-Naproxen (IS) ESI- 10.9 232 173 11 16
6-0-Desmethylnaproxen ESI- 1.5 215 171 12 13
D3-6-0O-Desmethylnaproxen (IS) ESI- 15 218 174 15 10
Paracetamol ESI+ 2.5 152 110 35 19
2-Acetamidophenol (IS) ESI+ 5.5 152 110 35 19
Cyclophospamide ESI+ 12.9 260 116 35 22
Alprenolol (IS) ESI+ 13.0 250 116 30 20
Atenolol ESI+ 5.0 267 145 33 25
Bisoprolol ESI+ 12.5 326 116 33 21
Propranolol ESI+ 10.1 261 140 38 22
Sotalol ESI+ 4.0 273 255 19 12
Citalopram ESI+ 13.5 325 109 20 23
Amitriptyline ESI+ 14.9 278 233 35 19
Fluoxetine ESI+ 15.2 310 148 13 10
D5-Fluoxetine (IS) ESI+ 15.2 315 153 11 10
Sertraline ESI+ 15.4 306 275 23 13
D3-Sertraline (IS) ESI+ 15.4 309 275 23 13
Venlafaxine ESI+ 12.5 278 121 27 20
Carbamazepine ESI+ 12.0 237 194 30 19
Dihydrocarbamazepine (IS) ESI+ 12.1 239 194 36 23
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