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Introduction: Pharmaceutical residues are widely detected in aquatic
environment and can be taken up by nontarget species such as fish. The
cytochromes P450 (CYP) represent an important detoxification mechanism in
fish, like in humans. In the present study, we assessed the correlation of the
substrate selectivities of rainbow trout CYP1A and CYP3A homologues with those
of human, through determination of the half-maximal inhibitory concentrations
(IC50) of a total sixteen human pharmaceuticals toward CYP1A-like
ethoxyresorufin O-deethylase (EROD) and CYP3A-like 7-benzyloxy-4-
trifluoromethylcoumarin O-debenzylase (BFCOD) in rainbow trout
(Oncorhynchus mykiss) liver S9 fractions (RT-S9).

Methods: The inhibitory impacts (IC50) of atomoxetine, atorvastatin, azelastine,
bimatoprost, clomethiazole, clozapine, desloratadine, disulfiram, esomeprazole,
felbinac, flecainide, orphenadrine, prazosin, quetiapine, sulpiride, and
zolmitriptan toward the EROD and BFCOD activities in RT-S9 were
determined using the IC50 shift assay, capable of identifying time-dependent
inhibitors (TDI). Additionally, the nonspecific binding of the test pharmaceuticals
to RT-S9 was assessed using equilibrium dialysis.

Results: Most test pharmaceuticals were moderate to weak inhibitors of both
EROD and BFCOD activity in RT-S9, even if most are noninhibitors of human
CYP1A or CYP3A. Only bimatoprost, clomethiazole, felbinac, sulpiride, and
zolmitriptan did not inhibit either activity in RT-S9. EROD inhibition was
generally stronger than that of BFCOD and some substances (atomoxetine,
flecainide, and prazosin) inhibited selectively only EROD activity. The strongest
EROD inhibition was detected with azelastine and esomeprazole (unbound IC50

of 3.8 ± 0.5 µM and 3.0 ± 0.8 µM, respectively). None of the test substances were
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TDIs of BFCOD, but esomeprazole was a TDI of EROD. Apart from clomethiazole
and disulfiram, the nonspecific binding of the test pharmaceuticals to the RT-S9
was extensive (unbound fractions <0.5) and correlated well (R2 = 0.7135) with their
water-octanol distribution coefficients.

Discussion: The results indicate that the P450 interactions in RT-S9 cannot be
explicitly predicted based on human data, but the in vitro data reported herein can
shed light on the substrate selectivity of rainbow trout CYP1A1 and CYP3A27 in
comparison to their human homologues. The IC50 concentrations are however
many orders of magnitude higher than average environmental concentrations of
pharmaceuticals. The time-dependent EROD inhibition by esomeprazole could
warrant further research to evaluate its possible interlinkages with hepatotoxic
impacts on fish.

KEYWORDS

cytochrome P450, enzyme inhibition, pharmaceuticals, rainbow trout, ecotoxicology,
bioaccumulation

1 Introduction

Residues of active pharmaceutical ingredients, primarily arising
from human excretions in the sewage, are widely detected in surface
waters all around the world (Aus der Beek et al., 2016; Wilkinson
et al., 2022). Currently, environmental risk assessment (ERA) is
mandatory for the marketing authorization of new active
pharmaceutical ingredients (APIs) in the European Union, the
United States and Canada (Lee and Choi, 2019), but overall, there
is very limited data on the environmental effects and fate of the
thousands of “legacy” APIs in clinical use worldwide. At the same
time, pharmaceuticals are in many ways a special class of
environmental contaminants. Firstly, as a result of human use,
their environmental exposure is continuous. They are also
designed to be chemically stable in physiological conditions and
are therefore not readily biodegradable, but often persistent in the
environment. These characteristics increase the risk of
pharmaceuticals’ accumulation in the environment over time. To
facilitate their absorption and distribution across biological barriers,
many pharmaceuticals are intrinsically relatively lipophilic.
Furthermore, pharmaceuticals are designed to interact with
specific human macromolecular protein targets at very low
concentrations, to minimize their off-target effects in humans. As
a consequence, the lipophilic pharmaceutical residues can be taken
up by and cause a range of adverse effects in nontarget species. Owing
to the high evolutionary conservation of human drug target proteins
in fish (Gunnarsson et al., 2019), fish are among the most sensitive
environmental organisms to the adverse effects of pharmaceutical
residues. For example, steroid estrogen residues detected in European
rivers have been associated with widespread sexual disruption
(Jobling et al., 2006) and antipsychotic drug residues with
behavioral changes (Brodin et al., 2013) in wild fish populations.
Additionally, many antimicrobial, anti-inflammatory, and
antipsychotic drugs have been reported to bioaccumulate in fish
exposed to pharmaceutical mixtures in sewage effluents or treated
wastewaters (Brown et al., 2007; Grabicova et al., 2017; Muir et al.,
2017) as well as in wild fish (Cerveny et al., 2021).

How fish cope with pharmaceutical residues overall is largely
determined by their chemical defensome, i.e., the integrative
network of receptors and transcription factors, biotransformation

enzymes, transporters, antioxidants, and metal- and heat-responsive
genes, that collectively defend against and detoxify chemical
stressors (Eide et al., 2021). These factors altogether determine,
whether pharmaceutical residues are biotransformed and eliminated
or if they bioaccumulate in fish tissues. According to current
understanding, not many pharmaceuticals are inherently very
bioaccumulative in fish, when assessed one at a time using
standardized tests (Gómez-Regalado et al., 2023). For one part,
many pharmaceuticals are ionizable substances, which can reduce
their lipophilicity at environmental and physiological pH, and thus
bioavailability in fish. For the other part, fish have similar enzyme
systems as humans, that can biotransform the initially lipophilic
active substances into readily excretable, typically more water-
soluble and inactive metabolites. In fish, these enzymes are
largely expressed in both hepatic and many extrahepatic (e.g.,
gill, intestine, brain) tissues and include primarily cytochromes
P450 (CYP) and a range of conjugation enzyme systems, such as
UDP-glucuronosyl transferases (UGT), sulfotransferases (SULT),
and glutathione-S-transferases (GST) (Franco et al., 2024).

Biotransformation can however also result in formation of
reactive and thus toxic metabolites. In humans, such metabolites
are primarily formed via the oxido-reductive reactions catalyzed by
the cytochrome P450 system (Guengerich, 2006). Owing to the
relatively narrow substrate specificity of human P450s (compared
with that of human UGTs, SULTs or GSTs) (Dong et al., 2012),
pharmaceuticals binding to the P450 isoenzymes can also result in
reversible or even irreversible enzyme inhibition. Irreversible
P450 binding is the most severe form of inhibition because it
results in a long-lasting (days) enzyme inactivation until de novo
synthesis of new functional enzymes. It usually derives from
activation of the parent pharmaceutical by P450s into a reactive
metabolite, which tightly binds to the enzyme active site (Fontana
et al., 2005). Subsequently, the covalent bond between themetabolite
and the enzyme can lead to hapten formation, which can in some
cases trigger an autoimmune response resulting in hepatotoxicity in
humans (Li, 2002). Therefore, the risk for irreversible inhibition of
human P450s is screened as early as possible in the drug discovery
process, typically using an in vitro IC50 shift assay (Obach et al.,
2007; Berry and Zhao, 2008), which can identify time-dependent
inhibitors.
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Previous literature has already established evidence of the fact
that human pharmaceuticals can have similar inhibitory impacts
toward selected fish P450 enzyme activities in vitro and in vivo, such
as the CYP1A-like ethoxyresorufin O-deethylase (EROD) and the
CYP3A-like 7-benzyloxy-4-trifluoromethylcoumarin
O-debenzylase (BFCOD) (Miranda et al., 1998; Smith et al., 2012;
Burkina et al., 2013; Pihlaja et al., 2022). Although these
P450 activities are also known to be inducible in fish upon
chemical exposure (Whyte et al., 2000; Oziolor et al., 2017;

Burkina et al., 2021), the induction and de novo protein synthesis
typically take several days, whereas the inhibitory effects are instant.
Consequently, fish P450 inhibition by one or more pharmaceuticals
can temporarily prevent the biotransformation of other substances
and reduce their intrinsic clearances, if the overall detoxification is
critically dependent on the inhibited P450 route. However, to be able
to evaluate, if this mode of action is a true risk at environmental
concentrations of pharmaceuticals (typically in the ng/L-µg/L range
(Aus der Beek et al., 2016; Wilkinson et al., 2022)), it is critical to

TABLE 1 Overview of the test substances, their molecular properties and human cytochrome P450 (CYP) 1A and 3A interactions. (e) denotes empirical and
(p) predicted (DrugBank, admetSAR). For human P450 interactions (m) denotesmoderate inhibition with 1 µM < IC50 < 10 μM, (w) weak inhibition with IC50 >
10 μM, NS nonsubstrate, and NI noninhibitor.

Test
substance

Therapeutic
use*

MW
(g/
mol)

Water
solubility
** (mg/mL,
pH 7.8)

pKa

strongest
acid/base**
(charge
state at
pH 7.8)

LogKOW** LogD**
(pH 7.8)

Human
CYP1A

interactionsa

Human
CYP3A

interactionsa

Atomoxetine
hydrochloride

hyperactivity
disorder

291.82 27.8 (e) 9.4, base
(positive)

3.809 (p) 2.20 (p) NS, NI NS, NI

Atorvastatin,
calcium
trihydrate

cholesterol lowering
drug

1209.41 0.1525 (p) 4.31, acid
(negative)

6.36 (e) 2.18 (p) NS, NI Substrate, Inhibitor
(w)1

Azelastine,
hydrochloride

antihistamine 418.36 0.1131 (p) 8.58, base
(positive)

4.9 (e) 3.20 (p) Substrate (p), NI Substrate (p),
Inhibitor (m)

Bimatoprost glaucoma
ocular hypertension

415.57 0.0527 (p) 14.35, weak acid
(neutral)

3.2 (e) 2.63 (p) NS, NI Substrate, NI

Clomethiazole,
hydrochloride

sedative,
anticonvulsant

161.65 1.69 (p) 3.18, weak base
(neutral)

2.1 (p) 1.77 (p) NS, NI Substrate, NI

Clozapine schizophrenia,
antipsychotic

326.83 0.114 (p) 8.16, base
(positive/neutral)

3.23 (e) 2.88 (p) Substrate2, NI Substrate2, NI

Desloratadine antihistamine 310.83 14.4 (p) 10.13, base
(positive)

3.2 (e) 1.69 (p) NS, Inhibitor (p) NS (p), NI (p)

Disulfiram chronic alcoholism,
antabus

296.52 0.0014 (p) neutral 3.88 (e) 4.16 (p) NS, NI NS, NI

Esomeprazole,
magnesium
hydrate

indigestion,
heartburn
acid reflux

345.42 0.109 (p) 9.68, acid
(neutral)

2.2 (p) 2.43 (p) NS, NI Substrate,
Inhibitor (p)

Felbinac anti-inflammatory
drug

212.25 80.6 (p) 4.73, acid
(negative)

3.258 (p) 0.32 (p) NS (p), NI NS (p), NI

Flecainide,
acetate

anti-arrhythmic
drug

414.35 0.241 (p) 9.62, base
(positive)

3.78 (e) 1.38 (p) Substrate3, NI NS, NI

Orphenadrine,
citrate

skeletal muscle
relaxant

461.51 12.2 (p) 8.87, base
(positive)

3.77 (e) 3.06 (p) Substrate (p),
Inhibitor (w)4

Substrate (p),
Inhibitor (w)4

Prazosin,
hydrochloride

hypertension 418.86 0.0043 (p) 7.92, base
(positive/neutral)

1.3 (p) 1.29 (p) Substrate (p)
NI (p)

Substrate (p)
NI (p)

Quetiapine,
hemifumarate

schizophrenia,
bipolar disorder,
antipsychotic

383.51 0.0397 (p) 7.76, base
(positive/neutral)

2.81 (e) 2.53 (p) NS, NI Substrate, NI

Sulpiride schizophrenia,
antipsychotic

341.43 52.2 (p) 8.97, base
(positive)

0.57 (e) −0.88 (p) NS, NI5 NS, NI5

Zolmitriptan migraine 287.36 78.3 (p) 9.7, base
(positive)

1.792 (e) 0.27 (p) Substrate, NI NS, NI

* Therapeutic use and human metabolism data collected from Drugbank (https://go.drugbank.com) unless otherwise stated. ** Water solubility and predicted LogKOW, and LogDOW values are

from Chemaxon (https://chemaxon.com/) and experimental LogKOW from PubChem (https://pubchem.ncbi.nlm.nih.gov).
1Cohen et al., 2000; 2Dragovic et al., 2013; 3Conard and Ober 1984; 4Guo et al., 1997; 5Niwa et al., 2005.
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know the threshold inhibitory concentrations of pharmaceuticals
toward the fish P450 system. In humans, the half-maximal
inhibitory concentrations (IC50) of pharmaceuticals are typically
in the micromolar range (equivalent to low mg/L range), i.e., many
orders of magnitude higher than their average environmental
concentrations or fish tissue concentrations (e.g., Grabicova et al.,
2017). For fish, however, the threshold concentrations of
P450 inhibition are not as thoroughly studied and the data for
pharmaceuticals is particularly scarce.

The aim of the present study was to evaluate the propensity of
fish P450 inhibition by human pharmaceuticals in vitro and its
possible impact on xenobiotic elimination and bioaccumulation in
fish exposed to pharmaceutical mixtures. For this purpose, we
determined the threshold inhibitory concentrations (IC50) of a
total of sixteen human pharmaceuticals (Table 1), from different
therapeutic classes, toward the EROD and BFCOD activities in
rainbow trout (Oncorhynchus mykiss) liver S9 fractions (RT-S9).
Rainbow trout was chosen as the model organism, because it is one
of the recommended fish species for exposure (OECD203) and
bioaccumulation (OECD305) assessment owing to its sensitivity
to chemical contaminants. Although extrahepatic metabolism has
an essential role with respect to the total chemical defensome, liver
has the highest activities for most enzyme systems that contribute to
the biotransformation of pharmaceuticals in rainbow trout,
including CYP1A and CYP3A (Franco et al., 2024). For one part,
the objective of the study was to assess qualitative correlation of the
substrate selectivities of rainbow trout CYP1A and CYP3A with
those of their human homologues, to evaluate the possibilities for
read-across from human P450 inhibition data. Another objective of
the study was to evaluate the biological importance of
P450 inhibition to pharmaceuticals’ bioaccumulation in rainbow
trout based on the IC50 concentrations and through subsequent
identification of possible time-dependent inhibitors via the IC50

shift, which could be indicative of the formation of reactive and thus
toxic metabolites in fish liver.

2 Materials and methods

2.1 Rainbow trout liver S9 fractions

Commercially available rainbow trout (O. mykiss) liver
S9 fractions were used as the enzyme source for the in vitro
P450 inhibition assays (RTL-S9, total protein concentration
20 mg/mL, Primacyt Cell Culture Technology GmbH). The RTL-
S9 lot used (#RTL200629-3) was a mixed gender pool of seven fish
(two male and five female; Strain: Christophersen, Bornhoeved;
Supplier: Fish breeding Christophersen; Acclimation temperature:
8.8°C ± 3.4°C; Age: approx. 1.5–2 years; Fish weight 426 ± 31 g; Liver
weight 4.0 ± 0.5 g; Gonadosomatic index: 0.03–0.36).

The RT-S9 is a subcellular fraction of rainbow trout liver cells,
prepared via centrifugation (see, e.g., theOECD test guidance no. 319B).
The S9 fractions comprise bothmicrosomal enzymes, such as the P450s
(phase I oxido-reductive reactions) and UGTs (phase II, glucuronide
conjugation), and cytosolic phase II conjugation systems, such as SULTs
and GSTs. The characterization data for these enzyme activities in the
commercial RT-S9 lot used in this study, as provided by the supplier, are
given in the Supplementary Table S1.

However, the S9 fraction does not readily contain endogenous
cofactors, such as β-nicotinamide-adenindinucleotide-2-phosphate
(NADPH, cofactor of P450s), UDP-glucuronic acid (UDPGA,
cofactor of UGTs), 3′-phosphoadenosine-5′-phosphosulfate (PAPS,
cofactor of SULTs), or glutathione (cofactor of GSTs), but these need
to be separately added to the RT-S9 incubations to activate the respective
enzyme systems. As a result, the subcellular RT-S9 fractions enable
detailed mechanism-based studies via selective activation of dedicated
clearance routes by the addition of the corresponding cofactor, such as
NADPH to activate the P450 system only, or all cofactors to activate all
aforementioned enzyme systems simultaneously.

2.2 Chemicals and reagents

Potassium phosphate buffer (0.1 M, pH 7.8) was prepared from
dipotassium hydrogen phosphate (Amresco) and potassium
dihydrogen phosphate (Riedel-de-Haën). The cofactors β-
nicotinamide-adenindinucleotide-2-phosphate (NADPH, reduced
tetrasodium salt hydrate, >93%), uridine 5′-diphosphoglucuronic
acid (UDPGA, trisodium salt), L-Glutathione (GSH, reduced), and
adenosine 3-phosphate 5-phosphosulfate (PAPS, lithium salt
hydrate, >60%) were purchased from Sigma-Aldrich, and
alamethicin from A.G. Scientific Inc.

The pre-fluorescent P450 model substrates, 7-ethoxyresorufin (ER)
and 7-benzyloxy-4-trifluoromethyl coumarin (BFC), were purchased
from Toronto Research Chemicals (TRC) and Apollo Scientific Ltd,
respectively, and the corresponding metabolite standards resorufin and
7-hydroxy-4-trifluoromethyl coumarin (HFC) from Sigma Aldrich and
TRC, respectively. The stock solutions of ER and BFC were prepared in
dimethylsulfoxide (DMSO, Sigma Aldrich) and acetonitrile (Riedel-de-
Haën), respectively, and diluted with the phosphate buffer before use, so
that the residual solvent concentration resulting from the model
substrate was constant in all incubations, either 0.5%, v/v, DMSO
(EROD) or 2%, v/v, acetonitrile (BFCOD).

The test substances were purchased from Toronto Research
Chemicals (bimatoprost, clomethiazole hydrochloride, disulfiram)
or Sigma Aldrich (atomoxetine hydrochloride, atorvastatin calcium
trihydrate, azelastine hydrochloride, clozapine, desloratadine,
esomeprazole magnesium hydrate, felbinac, flecainide acetate,
orphenadrine citrate, prazosin hydrochloride, quetiapine
hemihumarate, sulpiride, zolmitriptan). The stock solutions of
atorvastatin and prazosin were prepared in methanol (Riedel-de-
Haën) and all other substances in DMSO. Before use, the stock
solutions were diluted with the incubation buffer, so that the residual
solvent concentration resulting from the pharmaceutical stock
solution was constant (0.5%, v/v) in all incubations. All reagents
and solvents used were of HPLC, LC-MS or analytical grade
(≥98.0%) unless otherwise stated. Water was purified with a
Milli-Q water purification system (Merck Millipore).

2.3 Determination of the half-maximal
inhibitory concentrations of the test
substances

The inhibitory impacts of the test substances toward the rainbow
trout liver P450 system in vitro were assessed based on EROD and
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BFCOD as the marker reactions for CYP1A- and CYP3A-like
isoenzyme activities, respectively. The enzyme-specificity of
EROD and BFCOD in rainbow trout is well-established in
previous literature (Hegelund et al., 2004; Jönsson et al., 2006;
Christen et al., 2009; Burkina et al., 2021). In this study, the
EROD (CYP1A) and BFCOD (CYP3A) activities were
determined using 0.5 mg/mL RT-S9 (total protein) concentration
and 1 or 2 mM NADPH, respectively. The concentrations of the
marker substrates (1 μMER or 75 µM BFC) were adjusted close to
their pre-determined KM values (Pihlaja et al., 2022), and the
incubation times pre-optimized (10 min for EROD and 20 min
for BFCOD) to adhere to the Michaelis-Menten steady state
assumption (i.e., linear metabolite formation rate over time). All
incubations were performed in duplicate in a total volume of 100 µL
of potassium phosphate buffer (0.1 M, pH 7.8), at 11°C ± 1°C on a
thermostated orbital shaker (LLG Labware). The reactions were
terminated by the addition of 37.5 μL of the quenching solution
(0.5 M Trizma base/acetonitrile 20:80, v/v). To precipitate the
proteins, the quenched reaction solutions were then kept on ice
for at least 30 min and centrifuged (16,100 g, 15 min), after which
the supernatants were analyzed for fluorescence to quantitate the
marker metabolites, resorufin (ex/em 570/595 nm, EROD) and HFC
(ex/em 419/501 nm, BFCOD). The quantitation of the metabolites
(resorufin or HFC) was based on linear regression of the respective
standards prepared in the potassium phosphate buffer. Negative
control incubations were performed separately without the marker
substrate, without cofactors, and without RT-S9 to ensure that the
detected fluorescence signals arise from the metabolic conversion of
the marker substrates (ER or BFC) into their respective metabolites
(resorufin or HFC, respectively). Additionally, the impacts of the
residual organic solvent concentrations on the basal EROD and
BFCOD activities in rainbow trout in vitro was preliminarily
determined to ensure that the marker reactions are not
significantly inhibited by the organic solvent (see
Supplementary Figure S1).

The half-maximal inhibitory concentrations (IC50) of the test
substances were determined using the IC50 shift assay approach
(Obach et al., 2007; Berry and Zhao, 2008), in which the test
substance is first preincubated with RT-S9 for 30 min, without
the marker substrate (ER or BFC). In this study, the preincubation
was performed using three different protocols A-C (Table 2). In the

first protocol, the test substance (each separately at six different
concentrations between 0.01 and 500 µM) and RT-S9 were
preincubated without any cofactors, and the marker reaction was
initiated by the addition of the marker substrate (ER or BFC) and
NADPH (Protocol A). This enabled the determination of the
inhibitory impact of the parent form of the test substance on the
respective marker activity. In the second protocol, the test substance
and RT-S9 were preincubated together with NADPH, and the
marker reaction was initiated by the addition of the marker
substrate (Protocol B). In this manner, the test substance could
undergo P450 metabolism already during the preincubation step,
which may reduce its concentration and thus the inhibitory impact
toward the marker reactions, or result in the formation of reactive or
inhibitory metabolites, which typically increases the inhibitory
impact compared with the parent form (Protocol A). In the third
protocol, the test substance and RT-S9 were preincubated together
with NADPH and the cofactors of the phase II enzyme systems,
including UDPGA, PAPS, and glutathione, as well as alamethicin
(25 μg/mL) (Protocol C). In this manner, the test substance could
undergo both P450 and phase II metabolism already during the
preincubation step, which may likewise reduce its concentration and
inhibitory impact toward the marker reactions, and even help
eliminate the possible reactive metabolites via glutathione
conjugation. The cofactor concentrations in all incubations
(Table 2) were adjusted well above the saturation levels to ensure
that cofactor depletion during the preincubation step does not
become the rate-limiting factor for the subsequent marker
reaction. Additionally, positive control incubations of the marker
substrates (ER or BFC) without the test substance (zero inhibitor
concentration) were included in each series to determine the basal
EROD or BFCOD activity in RT-S9.

Finally, the EROD or BFCOD activities measured at different
concentrations of the test substance were normalized to the
corresponding basal activities (at zero concentration of the test
substance) and the pharmaceuticals’ IC50 values were determined
separately for each differently preincubated series using Graphpad
Prism software version 9.4.1 (RRID:SCR_002798) and a nonlinear
regression, without weighings (Eq. 1):

y � 100

1 + 10 LogIC50−x( )×HillSlope
(1)

TABLE 2 The marker substrate and cofactor concentrations used in the EROD and BFCOD inhibition assays for the different preincubation protocols A-C.
The NADPH concentration in EROD (10 min) and BFCOD (20 min) reactions was 1 and 2 mM, respectively.

Protocol A Protocol B Protocol C

Preincubation with
30 min

RTL-S9 (1 mg/mL)
Test substance (0.01–500 µM)

RTL-S9 (1 mg/mL)
Test substance (0.01–500 µM)
+
NADPH (1 or 2 mM)

RTL-S9 (1 mg/mL)
Test substance (0.01–500 µM)
+
NADPH (1 or 2 mM)
UDPGA (1 mM)
PAPS (0.05 mM)
Glutathione (2.5 mM)

Marker reaction
initiated with

ER (1 µM) or (BFC 75 µM)
+
NADPH (1 or 2 mM)

ER (1 µM) or (BFC 75 µM) ER (1 µM) or (BFC 75 µM)

Endpoint Half-maximal inhibitory concentration (IC50) of
the parent (API) form

Impact of test substance’s own
P450 metabolism on its IC50

TDI if IC50 shift (A/B) ≥1.5

Impact of test substance’s own CYP and Phase II
metabolism on its IC50
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where y is the relative activity (%) of the marker reaction compared
with control incubation performed at zero pharmaceutical
concentration, x is the concentration of the test pharmaceutical
(µM), and Hill Slope is the steepness of the curve (constant value
of −1). The residual solvent concentration was kept constant at all
inhibitor concentrations, including zero, to eliminate its impact on
the IC50 concentrations derived from the empirical data. The IC50

shifts for Protocols B and C were calculated according to Eq. 2:

IC50 shift � IC50,Protocol A

IC50,Protocol B or Protocol C
(2)

In this manner, the impact of the test substance’s own
metabolism (during the preincubation step) on the inhibitory
impact could be evaluated. If the phase I (Protocol B) or phase I
and II metabolism (Protocol C) results in signicant reduction in the
concentration of the parent form during preincubation, the IC50

concentration increases compared with Protocol A, which yields an
IC50 shift <1. However, if the metabolism of the parent form results
in the formation of reactive and/or inhibitory metabolites, the IC50

decreases yielding IC50 shift >1 compared with Protocol A, with IC50

shift ≥1.5 as the commonly used threshold for time-dependent
inhibition (Obach et al., 2007; Berry and Zhao, 2008).

2.4 Determination of the unbound fractions
of the test substances in rainbow trout liver
S9 fractions

The unbound (free) fractions of the test substances in RT-S9 (fU,RT-
S9) were determined using rapid equilibrium dialysis assay (RED,
Thermo Fisher Scientific), which exploits two-compartment inserts
separated by a dialysis membrane with a molecular weight cut-off of
8,000 Da. In the RED assay, each test pharmaceutical (10 μM) was
incubated in triplicate with RT-S9 (1 mg/mL) in 50 mM potassium
phosphate buffer (pH 7.8) in a total volume of 300 µL on one side of the
membrane (protein-containing chamber), and 350 μL of the plain
phosphate buffer on the other side (protein-free chamber). To reach
equilibrium, the samples were incubated on an orbital shaker (C25KC
Incubator shaker, New Brunswick Scientific, 120 rpm) at 11°C for 4 h.
Next, 50 µL aliquots were collected from both chambers separately and
diluted by adding 50 µL of the plain buffer (to the protein-containing
sample) or 50 μL of 1 mg/mL RT-S9 in the buffer (to the protein-free
sample). Finally, the RT-S9 protein was precipitated by the addition of
acetonitrile (+200 μL) to both samples separately, followed by
incubation on ice for 30 min and centrifugation (16100 g, 15 min).
The test substance concentrations in the supernatants of both samples
were determined using liquid chromatography. The instrumentation
and the analytical methods used for chromatographic analyses are
described in detail in the Supplementary Table S2. The unbound
fractions of the test substances in RT-S9 (fU,RT-S9) were calculated
according to Eq. 3:

fU,RT−S9 � 1 − PC[ ] − PF[ ]
PC[ ] (3)

where [PC] and [PF] are the test substance concentrations in the
samples collected from protein-containing and protein-free
chambers, respectively. To account for the test substance’s

binding to the RT-S9, the nominal IC50 values were corrected for
unbound fraction (fU,RT-S9) according to Eq. 4:

Unbound IC50 � Nominal IC50 × fU,RT−S9 (4)

3 Results

3.1 Inhibition of the EROD activity by the test
substances in rainbow trout liver
S9 fractions

The inhibitory impacts of the test substances toward rainbow
trout CYP1A-like activity, assessed through nonlinear regression
analyses of the residual EROD activities in RT-S9 assays at
different pharmaceutical concentrations, are illustrated in
Figure 1. On the basis of these results (Series A), five of the
test substances (clomethiazole, bimatoprost, felbinac, sulpiride,
and zolmitriptan) did not significantly inhibit the EROD activity
in RT-S9 (Figure 1A). Apart from zolmitriptan (plausible human
substrate), none of these substances have CYP1A interactions in
human either (Table 1). Instead, all other test substances were
shown to interact with CYP1A-like activity in RT-S9 and are
categorized between those that caused weak, apparent inhibition
(≤50%) at the highest concentrations tested (Figure 1B), and
those that exhibited >50% inhibition and IC50 within the tested
concentration range (Figure 1C). These substances included both
substrates (azelastine, clozapine, flecainide) and inhibitors
(desloratadine, orphenadrine) of human CYP1A, but most
notably also a total of six substances that are neither
substrates nor inhibitors of human CYP1A (atomoxetine,
atorvastatin, disulfiram, esomeprazole, prazosin, quetiapine).
Overall, the strongest EROD inhibition in RT-S9 was
associated with esomeprazole (nominal IC50 = 8.4 ± 1.0 µM,
Series A), followed by prazosin, azelastine, disulfiram,
atorvastatin, clozapine and quetiapine, which all exhibited
nominal IC50 values between 10 and 100 µM (Table 3). All
other remaining substances (atomoxetine, desloratadine,
flecainide, orphenadrine) exhibited only very weak inhibition
with apparent IC50 > 100 µM.

To evaluate the propensity for time-dependent inhibition
(i.e., formation of reactive or inhibitory metabolites via P450),
the test substances (each separately) were preincubated together
with the P450 cofactor, NADPH, and RT-S9 prior to initiation
of the EROD reaction (Figure 1, Series B). As a result, a significant
IC50 shift (2.3 ± 0.7) was observed for esomeprazole (Figure 1C),
indicating that it is a time-dependent inhibitor of EROD
activity in rainbow trout in vitro (Table 3). None of the other
test substances triggered a similarly significant fold change in
their IC50 values determined with and without NADPH
preincubation.

To evaluate the biological importance of the P450 inhibition, the
test substances (each separately) were also preincubated with all
cofactors, including NADPH and those of the phase II transferase
enzymes (Series C), like in the liver cells. As a result, the inhibitory
impact of disulfiram attenuated, suggesting that on a cellular level,
its EROD inhibition is likely insignificant (Figure 1B). However, the
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IC50 shift observed for esomeprazole between Series A and B
persisted even if esomeprazole was preincubated with all
cofactors (Series C) and yielded an IC50 shift of 1.7 ± 0.4
(Figure 1C). This suggests that esomeprazole could cause time-
dependent inhibition on a cellular level as well, which may be
biologically relevant in rainbow trout in vivo. For all other
substances, no significant changes were observed between IC50

values determined with and without preincubation with all
cofactors (Table 3), indicating that their possible depletion
(metabolic clearance) in RT-S9 is not fast enough to overrule
their inhibitory impacts toward the EROD activity. It should also
be noted that the apparent increase in the EROD activity observed at
the highest felbinac concentrations (Figure 1A, all Series A-C) is
likely resulting from an experimental artefact, rather than induction
of this enzyme activity, which cannot take place in the subcellular
S9 fractions not containing the P450 genes.

3.2 Inhibition of BFCOD activity by the test
substances in rainbow trout liver
S9 fractions

The inhibitory impacts of the test substances toward rainbow
trout CYP3A-like activity, assessed through nonlinear regression
analyses of the residual BFCOD activities in RT-S9 assays at
different pharmaceutical concentrations, are illustrated in
Figure 2. On the basis of these results (Series B), half of the
test substances (atomoxetine, bimatoprost, clomethiazole,
felbinac, flecainide, prazosin, sulpiride, zolmitriptan) did not
significantly inhibit the BFCOD activity in RT-S9 within the
concentration range tested (Figure 2A). None of these
substances are inhibitors of human CYP3A4/5 either, although
bimatoprost, clomethiazole, and prazosin are substrates of human
CYP3A4/5. Instead, the other half of the test substances

FIGURE 1
The nonlinear regression analyses of the residual EROD activities at different concentrations of the test pharmaceuticals in RT-S9, when the test
substance and RT-S9 (1 mg/mL) were preincubated for 30 min without any cofactors (Series A), with 1 mM NADPH (Series B), or with all cofactors,
including 1 mMNADPH, 1 mMUDPGA, 0.05 mM PAPS, and 2.5 mM glutathione (Series C), prior to initiation of the ERODmarker reaction (10min). On the
basis of EROD inhibition, the test substances were grouped between (A) those that did not significantly inhibit EROD activity within the tested
concentration range, (B) those that had apparent EROD inhibition of ≤50% at the highest test concentration, and (C) those that had >50% EROD inhibition
at the highest test concentration. Each datapoint in each of the Series A-C represents an average of n = 2 replicate incubations.
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(atorvastatin, azelastine, clozapine, desloratadine, disulfiram,
esomeprazole, orphenadrine, quetiapine) triggered weak,
apparent inhibition (≤50%) of the BFCOD activity in RT-S9 at
the highest concentrations tested (Figure 2B), yielding
extrapolated nominal IC50 values typically >100 µM (Table 3),
apart from sulpiride (76 ± 15 µM). Notably, four of these
substances (atorvastatin, azelastine, esomeprazole,
orphenadrine) are also human CYP3A4/5 inhibitors and two

(clozapine, quetiapine) are human CYP3A4/5 substrates
(Table 1), indicating that qualitative correlation between the
substrate selectivities of rainbow trout and human CYP3A
homologues is somewhat better than that of CYP1A
homologue. Among the test substances that inhibited rainbow
trout CYP3A-like activity (Figure 2B), only desloratadine and
disulfiram do not have known interactions with
human CYP3A4/5.

TABLE 3 The nominal and unbound half maximal inhibitory concentrations (IC50) of the test substances toward EROD and BFCOD activities in RT-S9
following preincubation of the test substance only (Protocol A, bolded), as well as the IC50 shifts detected following preincubation of the test substance and
RT-S9 with NADPH (Protocol B) or with all cofactors (Protocol C) prior to initiation of the marker reaction. (−) = no statistically significant inhibition. n/a =
not applicable. The bold values refer to the unbound IC50 concentrations calculated according to Eq. 4, from the nominal IC50 of Protocol A.

Test
substance

EROD inhibition in RT-S9 BFCOD inhibition in RT-S9 Unbound
fraction
(fU,RT-S9)

Range
(µM)

Nominal
IC50 (µM)

IC50

shift
Unbound
IC50 (µM)

Nominal
IC50 (µM)

IC50

shift
Unbound
IC50 (µM)

Atomoxetine (A)
w/NADPH (B)
w/cofactors (C)

101 ± 12
110 ± 11
91 ± 8

0.9 ± 0.1
(A/B)

1.1 ± 0.2
(A/C)

20 ± 4 - - - 0.20 ± 0.03 0.01–100

Atorvastatin (A)
w/NADPH (B)
w/cofactors (C)

44 ± 8
46 ± 3
43 ± 5

1.0 ± 0.2
(A/B)

1.0 ± 0.2
(A/C)

10 ± 2 209 ± 46
224 ± 32

-

0.9 ± 0.2
(A/B)
n/a

(A/C)

45 ± 10 0.22 ± 0.01 0.01–100

Azelastine (A)
w/NADPH (B)
w/cofactors (C)

28 ± 2
32 ± 4
36 ± 3

0.9 ± 0.1
(A/B)

0.8 ± 0.1
(A/C)

3.8 ± 0.5 237 ± 40
324 ± 66
432 ± 83

0.7 ± 0.2
(A/B)

0.5 ± 0.1
(A/C)

33 ± 6 0.14 ± 0.01 0.01–100

Clozapine (A)
w/NADPH (B)
w/cofactors (C)

46 ± 9
45 ± 5
41 ± 11

1.0 ± 0.2
(A/B)

1.1 ± 0.4
(A/C)

10 ± 3 136 ± 8
161 ± 15
263 ± 71

0.8 ± 0.1
(A/B)

0.5 ± 0.1
(A/C)

29 ± 7 0.21 ± 0.05 0.01–100

Desloratadine (A)
w/NADPH (B)
w/cofactors (C)

150 ± 17
130 ± 27
146 ± 17

1.2 ± 0.3
(A/B)

1.0 ± 0.2
(A/C)

23 ± 5 128 ± 9
99 ± 12
178 ± 20

1.3 ± 0.2
(A/B)

0.7 ± 0.1
(A/C)

20 ± 4 0.15 ± 0.03 0.01–100

Disulfiram (A)
w/NADPH (B)
w/cofactors (C)

32 ± 8
34 ± 11

-

0.9 ± 0.4
(A/B)
n/a

(A/C)

29 ± 15 76 ± 15
133 ± 37

-

0.6 ± 0.2
(A/B)
n/a

(A/C)

69 ± 35 0.91 ± 0.42 0.01–25

Esomeprazole (A)
w/NADPH (B)
w/cofactors (C)

8.4 ± 1.0
3.6 ± 1.0
5.1 ± 0.9

2.3 ± 0.7
(A/B)

1.7 ± 0.4
(A/C)

3.0 ± 0.8 155 ± 11
133 ± 14
202 ± 22

1.2 ± 0.2
(A/B)

0.8 ± 0.1
(A/C)

55 ± 13 0.36 ± 0.08 0.01–100

Flecainide (A)
w/NADPH (B)
w/cofactors (C)

228 ± 34
258 ± 26
230 ± 41

0.9 ± 0.2
(A/B)

1.0 ± 0.2
(A/C)

82 ± 14 - - n/a 0.36 ± 0.03 0.01–150

Orphenadrine (A)
w/NADPH (B)
w/cofactors (C)

225 ± 55
192 ± 42
201 ± 26

1.2 ± 0.4
(A/B)

1.1 ± 0.3
(A/C)

62 ± 19 525 ± 76
483 ± 107
840 ± 177

1.1 ± 0.3
(A/B)

0.6 ± 0.2
(A/C)

144 ± 35 0.27 ± 0.05 0.01–500

Prazosin (A)
w/NADPH (B)
w/cofactors (C)

21 ± 2
26 ± 4
36 ± 6

0.8 ± 0.1
(A/B)

0.6 ± 0.1
(A/C)

* - - n/a * 0.01–75

Quetiapine (A)
w/NADPH (B)
w/cofactors (C)

52 ± 7
63 ± 10
66 ± 6

0.8 ± 0.2
(A/B)

0.8 ± 0.1
(A/C)

12 ± 3 198 ± 21
204 ± 19
214 ± 26

1.0 ± 0.1
(A/B)

0.9 ± 0.1
(A/C)

46 ± 12 0.24 ± 0.06 0.01–100

* The unbound fraction of prazosin could not be determined due to rapid precipitation preventing HPLC, analysis.
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To evaluate the propensity for time-dependent inhibition, the
test substances (each separately) were preincubated together with
the P450 cofactor, NADPH, and RT-S9 prior to initiation of the
BFCOD reaction (Figure 2, Series B). As a result, none of the test
substances were identified as time-dependent inhibitors of CYP3A-
like activity in rainbow trout in vitro, based on the IC50 shift (i.e., no
significant changes between Series A and B).

To evaluate the biological importance of the P450 inhibition, the
test substances (each separately) were also preincubated with all
cofactors, including NADPH and those of the phase II transferase
enzymes (Figure 2, Series C). As a result, the inhibitory impacts of
disulfiram (like in the case of EROD inhibition) and atorvastatin
attenuated, indicating that their own metabolic clearance is fast
enough to overrule their inhibitory impacts. For all other substances,
no significant changes (shifts) were observed in the IC50

concentrations between Series A and C.

3.3 Nonspecific binding of the test
substances to rainbow trout
microsomal proteins

To further evaluate the biological importance of the observed
EROD and BFCOD inhibition, we additionally determined the

nonspecific binding of the test substances to the RT-S9 fractions
using equilibrium dialysis. The unbound IC50 values of the parent
pharmaceuticals (Series A), calculated based on their unbound
fractions in RT-S9 (fU,RT-S9), are given in Table 3. Based on their
inhibitory concentrations toward human CYPs, pharmaceuticals are
typically classified between potent or strong inhibitors (IC50 <
1 µM), moderate inhibitors (1 µM < IC50 < 10 µM), weak
inhibitors (IC50 > 10 µM), or noninhibitors (no significant
P450 interaction). According to this classification, and accounting
for the nonspecific binding of the test substances to RT-S9,
azelastine and esomeprazole can be classified as fairly strong to
moderate inhibitors of EROD activity in rainbow trout in vitro, with
unbound IC50 values of 3.8 ± 0.5 µM and 3.0 ± 0.8 µM, respectively.
Moreover, as many as six of the test substances are moderate to weak
inhibitors of the EROD activity (atomoxetine, atorvastatin, clozapine,
desloratadine, disulfiram, quetiapine), and clozapine and desloratadine
additionally of the BFCOD activity, each with unbound IC50 between
10 and 30 µM in RT-S9. Instead, all other substances can be classified as
weak or noninhibitors of rainbow trout CYP1A and CYP3A-like
activities, even if their nonspecific binding to RT-S9 is accounted for.

Besides IC50 correction, we also assessed the correlation of the
nonspecific binding of the test substances to RT-S9 with their water-
octanol distribution coefficients (logDOW) at pH 7.8. The correlation
was established similar to the previous work (Austin et al., 2002),

FIGURE 2
The nonlinear regression analyses of the residual BFCOD activities at different concentrations of the test pharmaceuticals in RT-S9, when the test
substance and RT-S9 (1 mg/mL) were preincubated for 30 min without any cofactors (Series A), with 2 mM NADPH (Series B), or with all cofactors,
including 2 mM NADPH, 1 mM UDPGA, 0.05 mM PAPS, and 2.5 mM glutathione (Series C), prior to initiation of the BFCOD marker reaction (20 min). On
the basis of BFCOD inhibition, the test substances were grouped between (A) those that did not significantly inhibit BCFOD activity within the tested
concentration range and (B) those that had apparent BFCOD inhibition of ≤50% at the highest test concentration. Each datapoint in each of the Series A-C
represents an average of n = 2 replicate incubations.
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using log10 [(1-fU,RT-S9)/fU,RT-S9], which is analogous to the
equilibrium constant of Eq. 3, and representative of the linear
free energy relationships. As a result, strong correlation (R2 =
0.7135) between the log10 of nonspecific binding [(1-fU,RT-S9)/
fU,RT-S9] and water-octanol distribution (DOW) of the test
substances was observed (Figure 3). However, similar to rat liver
microsomes (Austin et al., 2002), the substances which had
negligible nonspecific binding to RT-S9 (fU,RT-S9>0.9), did not
comply with the established correlation. These substances
included clomethiazole and disulfiram, both neutral at the
pH 7.8, which likely explains their negligible nonspecific binding
to RT-S9 and is well in line with the previous observations made
using rat liver microsomes (Austin et al., 2002).

4 Discussion

In the present study, we assessed the in vitro EROD and
BFCOD inhibition in RT-S9 by a range of pharmaceuticals from
different therapeutic classes (Table 1), giving priority to
substances lacking or having only limited environmental fate
data so far (Cannata et al., 2024). The EROD reaction is primarily
catalyzed by CYP1A-like activity in fish and human alike. In
rainbow trout, the CYP1A1 isoform is abundantly expressed in
the liver as well as most other tissues (Burkina et al., 2021) and it
is one of the most studied P450 isoforms, because the EROD
activity is reportedly induced by a multitude of chemicals,
including pharmaceuticals, in fish in vivo (Whyte et al., 2000).
Consequently, the BFCOD reaction is primarily catalyzed by
CYP3A-like activity in fish. Similar to CYP1A1, rainbow trout
CYP3A27 is abundantly expressed in the liver, displaying 54.9%
sequence homology to human CYP3A4 (Lee et al., 1998).

The first objective of this study was to evaluate the qualitative
correlation between the substrate selectivities between human and
rainbow trout CYP1A and CYP3A homologs. Human CYP1A
favors planar, relatively small aromatic molecules (Dong et al.,
2012; Dai et al., 2024). None of the pharmaceuticals assessed in
this study are categorically strong inhibitors (IC50 < 1 µM) of human
CYP1A activity, but weak or predicted CYP1A inhibition is
associated with orphenadrine and desloratadine, respectively
(Table 1). In addition, four other test substances (azelastine,
clozapine, flecainide, zolmitriptan) are substrates of human
CYP1A. Instead, the human CYP3A4/5 homologue has a fairly
large active site (ca. 1000–2000 Å3) and consequently, it catalyzes
nearly 50% of the biotransformation reactions of clinically used
pharmaceuticals (Wienkers and Heath, 2005; Zanger et al., 2008;
Dong et al., 2012), including nine of the pharmaceuticals screened in
the present study (atorvastatin, azelastine, bimatoprost,
clomethiazole, clozapine, esomeprazole, orphenadrine, prazosin,
quetiapine). In addition, four of the test substances are known
inhibitors of human CYP3A4/5 (atorvastatine, azelastine,
esomeprazole, orphenadrine), whereas the remaining substances
(atomoxetine, desloratadine, disulfiram, felbinac, flecainide,
sulpiride, zolmitriptan) do not have known interactions with
human CYP3A4/5 (Table 1). Nevertheless, most of the
pharmaceuticals assessed in the present study resulted in a fairly
broad inhibition of both EROD (CYP1A-like) and BFCOD
(CYP3A-like) activity in RT-S9. Three substances (atomoxetine,
flecainide, prazosin) were selective inhibitors of EROD, but not
BFCOD activity, and all other test substances had interactions with
both marker reactions in RT-S9. However, the inhibitory impact of
disulfiram, toward both EROD and BFCOD, attenuated as the result
of its intrinsic clearance in the RT-S9. Similar attenuation was also
observed in the inhibitory impact of atorvastatin toward BFCOD,

FIGURE 3
Correlation of the test substances’ nonspecific binding (unbound fractions) in RT-S9 with their water-octanol distribution coefficients (LogDOW at
the pH 7.8, for basic and acidic substances) or partitioning coefficients (LogKOW for neutral substances). The unbound fractions (fU,RT-S9) represent the
experimental values (n = 3 replicate assays with each test substance at 10 µM concentration).The LogDOW and LogKOW values are from Chemaxon and
PubChem databases, respectively. The regression line represents the linear correlation (R2 = 0.7135) with 95% confidence interval.
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but not EROD, activity. For all other test substances, the inhibitory
impact persisted despite of their preincubation with RT-S9 prior to
initiation of the marker reaction. It is also noteworthy, that only five
of the test substances (bimatoprost, clomethiazole, felbinac,
sulpiride, zolmitriptan) did not inhibit either EROD or BFCOD
in RT-S9, even if majority of the test substances are noninhibitors of
the corresponding human CYP1A or CYP3A homologues. Thus, it
may be concluded that definitive read-across from human
P450 interactions is not necessarily feasible, but the substrate
specificities of rainbow trout CYP1A and CYP3A are likely much
broader than those of the human homologs. Consequently, it may be
hypothesized that P450 inhibition in rainbow trout can play a role in
the combined effects of environmental chemicals and their mixtures.
Correction of the in vitro endpoints for nonspecific binding of the
test substances is however necessary with a view to in vitro-in vivo
extrapolation.

Previous work has demonstrated that pharmaceuticals’microsomal
binding can be qualitatively predicted from their physicochemical
characteristics: strong nonspecific binding to both human and rat
liver microsomes has been associated especially with lipophilic and
basic substances, and typically to a lesser degree with acidic or neutral
pharmaceuticals (McLure et al., 2000; Austin et al., 2002). Advanced
models for prediction of the nonspecific binding in fish tissues and
tissue preparations have also been established in recent years to help
assess chemicals’ bioaccumulation based on in vitro endpoints (Laue
et al., 2020; Saunders andNichols, 2023). The nonspecific binding of the
pharmaceuticals assessed in this study was generally in good agreement
with previous literature manifesting similar correlation between RT-S9
binding and physicochemical characteristics, as has been previously
reported for pharmaceuticals’ binding to human and rat liver
microsomes (McLure et al., 2000; Austin et al., 2002). In mammals,
binding to hepatic tissue preparations, such as liver microsomes, can
even serve as a surrogate for their predicted tissue binding (Ryu et al.,
2020; Hsu et al., 2021). Consequently, the nonspecific binding data
reported herein can help predict the test substances’ binding to fish
tissues, and consequently aid physiologically based pharmacokinetic
modelling and associated bioaccumulation risk assessment.

The second objective of this study was to evaluate the biological
importance of the P450 inhibition in rainbow trout by pharmaceuticals
considering their environmental occurrence. Accounting for the
nonspecific binding to RT-S9, the inhibitory impacts of the test
pharmaceuticals toward the BFCOD activity were weak (unbound
IC50 > 10 µM) or very weak (unbound IC50 > 100 µM), whereas
the EROD inhibition was categorically stronger resulting in lower IC50

concentrations. The strongest EROD inhibition was associated with
azelastine (unbound IC50 = 3.8 ± 0.5 µM) and esomeprazole (unbound
IC50 = 3.0 ± 0.8 µM), followed by atorvastatin and clozapine (unbound
IC50 ca. 10 μM each). Overall, these threshold concentrations are
approximately at the same level or slightly higher than those
generally reported for human P450s. From the perspective of
environmental risk assessment, however, the measured IC50

concentrations in RT-S9, even for EROD activity, are many orders
of magnitude higher than the average environmental concentrations of
pharmaceuticals in surface waters. Upon bioaccumulation, the
pharmaceuticals’ tissue concentrations can theoretically increase
thousand folds closer to the threshold concentrations triggering
EROD inhibition. Nevertheless, it may be concluded unlikely that
the threshold concentrations would exceed in fish liver in vivo.

Namely, both CYP1A-like (EROD) and CYP3A-like (BFCOD)
activities are also inducible in fish by a range of chemicals (Whyte
et al., 2000; Oziolor et al., 2017), which can overcome the inhibitory
impacts in wild fish that are continuously exposed to chemical
contaminants. However, key uncertainties relate to mixture effects
targeting the fish P450 system. Namely, previous studies have
established evidence of synergistic P450 inhibition in fish in vitro
and in vivo (Hasselberg et al., 2005; Pihlaja et al., 2022), highlighting
the complexity of the combined impacts of pharmaceuticals on fish and
challenging the currently available mixture toxicity models based on
concentration addition assumption. In this regard, the in vitro data
produced herein can shed light on the mechanistic basis of the
synergistic effects possibly observed in fish in vivo even at low
environmental concentrations.

Finally, the third objective of this study was to assess the propensity
for irreversible P450 inhibition (often resulting from the formation of
reactive, and thus toxic metabolites) by these test pharmaceuticals in
rainbow trout via the IC50 shift assay. Among the test substances,
esomeprazole was the only time-dependent inhibitor of EROD, but
not BFCOD, activity, suggesting that its own biotransformation in
rainbow trout liver may produce metabolites that are reactive and can
potentially trigger irreversible inhibition of the CYP1A-like activity. In
human use, esomeprazole is a prodrug, i.e., its mode of action is based on
a pharmacologically active metabolite produced in the human body.
More precisely, in human gastric parietal cells, esomeprazole, undergoes
activation to its reactive metabolite sulfenamide, which covalently binds
to an enzyme, irreversibly blocking the proton pump system. Although
there is no direct evidence of the involvement of P450s in the formation of
the sulfenamide metabolite, the required proton transfer reaction can
theoretically be catalyzed by the oxido-reductive P450 system. Thus, it
may be hypothesized that the time-dependent EROD inhibition by
esomeprazole in RT-S9 could result from the formation of reactive
metabolites and warrant for further research regarding its
interlinkages with possible hepatotoxic effects on fish. It should be
noted however, that prodrugs like esomeprazole are not extensively
excreted in their parent form in humans, and thus their
environmental concentrations are likely very low, which consequently
lowers the risk of esomeprazole exposure in wild fish.

Altogether, the in vitro data produced in the present study will
contribute to environmental risk assessment of these particular
pharmaceuticals, for which the environmental effects and fate
data is currently very limited (Cannata et al., 2024). Besides
esomeprazole, none of the other test substances were time-
dependent inhibitors of neither EROD nor BFCOD activity in
RT-S9. Thus, it may be concluded that these particular test
substances do not pose a major risk for irreversible
P450 inhibition in rainbow trout in vivo and that their inhibitory
threshold concentrations are categorically well above the average
environmental concentrations of pharmaceuticals. However, further
studies are necessary to thoroughly evaluate their fate and effects in
fish tissues, such as intrinsic clearance rates and plasma binding.
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