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ARTICLE INFO ABSTRACT

Editor: Damia Barceld Paroxetine (PAR) is a selective serotonin reuptake inhibitor (SSRI) antidepressant increasingly detected in sur-

face waters worldwide. Its environmental presence raises concerns about the potential detrimental effects on

Keywords: non-target organisms. Thus, this study aimed to increase knowledge on PAR's potential environmental impacts,
Sefa;"; serotonin reuptake inhibitors assessing the effects of commercial formulation (PAR-c) and active ingredient (PAR-a) on fish. Therefore, the
Zebrafis|

short-term exposure effects of PAR-c and PAR-a were assessed on zebrafish (Danio rerio) embryos/larvae to
determine the most toxic formulation [through median lethal (LCsg) and effective concentrations (ECs0)]. PAR-c
and PAR-a induced morphological abnormalities (scoliosis) in a dose-dependent manner from 96 hours post-
fertilization onwards, suggesting the involvement of a fully functional biotransformation system. As PAR-c
exhibited higher toxicity, it was selected to be tested in the subsequent stage (juvenile stage), which was
more sensitive (lower LCsp). PAR-c significantly decreased fish swimming activity and disrupted fish stress
response. Overall, the results highlight the ability of PAR-c to adversely affect fish swimming performance, an
effect that persisted even after exposure ceases (21-day depuration), suggesting that PAR-c may impair individual

Lethal effects

Sub-lethal effects
Ontogenetic development
Behaviour modification

fitness.

1. Introduction

The rise in depression and anxiety cases during the COVID-19
pandemic resulted in a notable increase in the utilization of selective
serotonin reuptake inhibitors (SSRI) antidepressants (Diaz-Camal et al.,
2022; Ferreira et al., 2023a). These antidepressants enhance the levels of
the neurotransmitter serotonin, involved in a wide variety of physio-
logical functions, and modulation of human mood and behaviour (Burns
et al., 2018; Burkina et al., 2015), by acting on the serotonergic system,
highly evolutionarily conserved across vertebrates (Silva et al., 2012;
Nowicki et al., 2014). Paroxetine (PAR) is a second-generation SSRI,
extensively prescribed for depression management, obsessive-
compulsive disorder, panic disorder, social anxiety disorder, general-
ized anxiety disorder and post-traumatic stress disorder (Paroxetine, n.
d.; Kowalska et al., 2021; Cunningham et al., 2004). Following oral
intake, PAR is promptly assimilated and extensively metabolized in the
liver, with an estimated body elimination half-life of 21 h. Approxi-
mately 64 % of the PAR ingested dose is eliminated in the urine, 2 % of
which is the parent drug and 62 % as metabolites (pharmacologically
inactive in vivo (Bourin et al., 2001) and easily cleared due to their
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polarity (Cunningham et al., 2004)). Thus, associated with the limited
effectiveness of conventional wastewater treatment plants (WWTPs) in
its elimination (Burns et al., 2018; Sumpter and Margiotta-Casaluci,
2022; Mole and Brooks, 2019), this SSRI has been widely found in sur-
face waters, reaching levels as high as 90 ng/L (Burns et al., 2018;
Mezzelani et al, 2018). In the effluents of pharmaceutical
manufacturing industries that operate WWTPs, PAR levels as high as
3380 ng/L have been reported (Kleywegt et al., 2019), highlighting
these facilities as significant sources of aquatic contamination (Burns
etal., 2018). PAR has also been detected in fish tissues (e.g., Salmo trutta,
Ameiurus nebulosus, Dorosoma cepedianum, Morone americana), especially
in the liver and kidney, at concentrations up to 9.5 + 7.7 ng/g, high-
lighting its bioaccumulation potential (Grabicova et al., 2017; Chu and
Metcalfe, 2007).

While the lack of threshold values prevents a deterministic assess-
ment of the environmental hazard posed by this compound, the proba-
bilistic model for environmental hazard assessment reveals that PAR can
be considered a contaminant of emerging concern (Sumpter and
Margiotta-Casaluci, 2022). Reports of SSRI-induced effects on non-
target organisms like fish are emerging, often associated with their
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potential to act on the fish serotonergic system, even at trace levels
(McDonald, 2017; Silva et al., 2015). These effects include alterations in
behaviour, physiology, and gene expression (Silva et al., 2015; Puck-
owski et al., 2016; Salahinejad et al., 2022; Kellner and Olsén, 2020;
Huang et al., 2020). Based on the limited available information, the
acute toxicity of PAR appears to be similar to that of fluoxetine, which is
recognized as having the highest acute toxicity among SSRIs (Silva et al.,
2015), inducing long-lasting effects in fish behaviour not easily reverted
(Dzieweczynski et al., 2016).

Nonetheless, data on PAR effects on fish are scarce. In fact, PAR may
be considered the least tested SSRI in terms of ecotoxicological effects.

Several factors associated with the organism (e.g., age/stage of
development) and the biologically active substance (e.g., presence of
other substances/excipients) may modulate the (eco)toxicological ef-
fects found. The assessment of effects on fish, at different life stages,
especially at early and young life stages, can provide valuable data for
regulatory purposes needed for establishing protective measures. In this
sense, toxicity tests using the first life stages of zebrafish (Danio rerio), a
model organism that shares high genetic homology and conservation of
the monoaminergic systems with humans, are routinely used in toxicity
screening (Nowakowska et al., 2020; Huang et al., 2019). Alterations in
visual motor response and teratogenic effects causing scoliosis have
been reported in zebrafish larvae after acute exposure to environmen-
tally relevant concentrations of PAR (1, 10, and 100 pg/L), within five
days post fertilization (Nowakowska et al., 2020; Huang et al., 2019).
The mRNA gene expression of zebrafish larvae has also been reported
sensitive to six days of exposure to 100 pg/L PAR (1518 genes were
differentially expressed in the brain, 58 % of which were downregulated
and 42 % upregulated) (Huang et al., 2020). However, to the authors'
knowledge, the available studies with PAR have only used the active
ingredient formulation but the environmental relevance of assessing
PAR commercial formulation (PAR-c) should not be neglected as po-
tential adverse effects related to its excipients may occur.

Therefore, in this study, the focus was given to PAR active ingredient
formulation (PAR-a) and PAR commercial formulation (PAR-c) effects
on survival (embryo-larval and juvenile stages), ontogenetic develop-
ment (embryo-larval stage), and swimming behaviour (juvenile stage) of
zebrafish. The inclusion of a battery of different biomarkers aimed to
provide a more relevant and integrative assessment of PAR effects. The
working hypothesis is that different formulations will cause distinct ef-
fects on fish and that the effects of the most toxic xenobiotic may not be
easily reverted when transferred to clean media. In this sense, a
comprehensive approach was adopted to assess PAR-induced changes in
the juveniles’ swimming behaviour pattern, through the inclusion of
several swimming-associated parameters after exposure and a 21-day
depuration period, which can provide relevant information on fish
fitness.

2. Materials and methods
2.1. Fish maintenance and husbandry

Adult zebrafish (Danio rerio) AB wild type are kept in a ZebTEC
(Tecniplast) recirculating system at the Department of Biology, Uni-
versity of Aveiro (Portugal) under a 14:10 h (light:dark) photoperiod.
Culture water is obtained by reverse osmosis and activated-carbon
filtered tap water, complemented with salt “Instant Ocean Synthetic Sea
Salt” (Spectrum Brands, USA), and automatically adjusted for pH (7.5 +
0.5) and conductivity (800 + 50 pS/cm). Water temperature is main-
tained at 26.0 + 1 °C and dissolved oxygen at 95 % saturation or higher.
Nitrite and ammonia compounds are kept below 0.01 mg/L and nitrate
below 0.1 mg/L. Fish are fed once a day with a commercially available
artificial diet (GEMMA Micro 500, Skretting USA).

The embryos used in the embryo toxicity test were obtained within
30 min after the natural mating of adult fish. The eggs were washed in
fish system water and screened for unfertilized eggs and unviable
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embryos using a stereomicroscope (Stereoscopic Zoom Microscope-SMZ
1500, Nikon Corporation). Only fertilized and normally developed eggs
(in the blastula stage 3 hours post fertilization — hpf) were used in the
assays.

The juvenile fish used in the acute toxicity test were obtained
through crossbreeding and reared until the juvenile stage (2 months
old). The feeding schedule and maintenance conditions followed those
described above for breeding pairs’ maintenance. Only fish with no
observable signs or symptoms of compromised health (i.e., exhibiting
normal morphology and behaviour) were selected for the test.

2.2. Experimental design

Considering the limited information regarding the effects of PAR on
fish, this study included a two-tier approach, aimed to contribute to a
better understanding of the potential effects of paroxetine on fish's
different life stages, which included providing PAR benchmarks (LCy
and ECy).

In the first tier, the toxicity of both PAR types (commercial formu-
lation — PAR-c and active ingredient — PAR-a) was assessed on zebrafish
embryos/larvae (Fig. 1). The formulation considered most toxic to em-
bryos/larvae in this first-tier approach - PAR-c - was then tested in the
young life stage (D. rerio juveniles), to determine if the toxic effects were
maintained or decreased (Fig. 2). This approach allowed a reduction in
the number of organisms tested but still allowed the achievement of the
proposed goal of the study.

As PAR seems to be the most photosensitive among SSRIs (Cun-
ningham et al., 2004; Sumpter and Margiotta-Casaluci, 2022; Grabicova
et al., 2017), the tests were initiated with and without medium renewal,
to assess in which context more effects would be observed. Therefore,
the effects of PAR - active ingredient (paroxetine hydrochloride hemi-
hydrate; CAS 110429-35-1; TCI Europe), as well as commercial
formulation (Paroxetina Aurovitas, Generis ®, pills), were first evalu-
ated on D. rerio embryo-larval stage. Based on the data of these assays,
the subsequent tests for estimation of lethal concentrations causing X%
of effect (LCx) and sublethal effective concentrations (ECy) were per-
formed with daily medium renewal. All experimental procedures were
conducted according to the legal and ethical requirements of Portuguese
(Decreto-Lei 113/2013) and European legislation (Directive 2010/63/
EU) on the protection of animals used for scientific purposes and
approved by the ethics committee and the Portuguese National Au-
thority for Animal Health (009804). The experiments were performed
with FELASA-certified researchers, following the ARRIVE guidelines (du
Sert et al., 2020).

2.3. Toxicity assessment

2.3.1. Embryo toxicity tests

All assays were carried out with reconstituted water (prepared by
adding marine salts “Instant Ocean Synthetic Sea Salt” (Spectrum
Brands, USA) to Milli-Q water and adjusting the conductivity to 800 +
50 pS/cm). Stock solutions of PAR commercial formulation (PAR-c) and
PAR active ingredient formulation (PAR-a) (80 and 40 mg/mL, respec-
tively) were prepared in the reconstituted water and further diluted to
the desired test solutions. The pills of the former were carefully grinded
to allow easier dissolution in water. Each pill of 260 mg contained 20 mg
of the active ingredient (PAR-a represents approximately 8 % of PAR-c
constitution).

The experimental assays were performed generally following OECD
testing guideline 236 for fish embryo toxicity (FET) test to assess PAR-c
and PAR-a effects on embryos/larvae development. In the first assay,
conducted with and without medium PAR-c and PAR-a renewal, newly
fertilized eggs (24 per experimental condition), were randomly distrib-
uted to the following concentrations: O (control), 400, 819, 1638, 2048,
2560, and 3200 pg/L PAR-a or PAR-c in 24-well plates under controlled
conditions of temperature and light (27 + 1 °C; 14:10 h light:dark
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Fig. 1. Workflow of the two-tier approach carried out with Danio rerio embryos/larvae and juveniles exposed to paroxetine.
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Fig. 2. Experimental setup carried out for behavioural analysis of Danio rerio juveniles following exposure to paroxetine.

photoperiod). A considerable increase of abnormalities was found be-
tween 72 and 96 h and, thus, the exposure period was extended up to
144 h to allow continued monitoring of effects. Zebrafish ontogenetic
development was evaluated daily (24, 48, 72, 96, 120, and 144 hpf) and
survival and larval morphological abnormalities were observed using a
stereomicroscope (Stereoscopic Zoom Microscope-SMZ 1500, Nikon
Corporation).

As data from the first assays revealed insufficient for LCx estimation,
a second embryo test was performed for PAR-c and PAR-a under similar
conditions and assessing the same endpoints but testing the following
concentrations: 4000, 5000, 6250, 7813, 9000, and 13,500 pg/L.
Throughout the aforementioned experimental trials, organisms
remained unfed.

2.3.2. Juvenile toxicity tests
The assay was performed generally following OECD guideline 203

for fish acute toxicity test, with a slight modification. In this assay, the
exposure period was 120 h, and in addition to lethal effects, assessed
endpoints included alterations in fish swimming behaviour. The juvenile
zebrafish were randomly allocated to nine experimental groups:
0 (control group without PAR-c), 40, 400, 819, 1638, 2048, 2560, 3200,
and 4000 pg/L, at a density of 3 fish/0.75 L (5 replicates per treatment).
Animals were daily checked for mortality and any signs of distress before
renewing 70 % of the test media. Animals were not fed during the
exposure period.

2.4. Behavioural assessment

The swimming behaviour of zebrafish juveniles showing no
morphological alterations after PAR-c exposure was analysed after 120 h
exposure and after a 21-day recovery period (to assess if PAR-induced
effects were reversed in a clean medium). The behavioural trials were
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performed in a rectangular tank (9.4 cm wide and 14.1 cm long) with
2.5 cm of the test media testing, individually, with a total of 15 fish per
experimental group. The movement of each fish was continuously
tracked and recorded using an automated video tracking system
(Zebrabox; Viewpoint, Lyon, France), over a 16 min period (Fig. 2). An
initial 10 min acclimation period in the dark was used, with analysis
starting with a 3 min dark period, alternating with 10 min light and
ending with 3 min dark (Fig. 2).

Basal swimming distance under dark conditions was obtained by
measuring the total distance swam in the first 3 min after the acclima-
tion period, to ensure the fish's full stabilization after handling. The
same principle was applied to the calculation of basal swimming dis-
tance in light conditions, which was calculated by measuring the dis-
tance swam in 3 min after 5 min of the dark/light transition, to allow fish
to recover from this light transition. The total time of inactivity and
mean speed were also evaluated for a better characterization of fish
swimming basal activity patterns in dark and light periods. The fish
swimming trajectory was assessed through the analysis of swimming
angles. Eight classes of angles were defined, generally following (Zhang
etal., 2017) and calculated as described by (Almeida et al., 2019). These
classes refer to high-amplitude angles (1 and 8; 2 and 7) that translate
zig-zag movements with significant changes in direction (erratic/stress
behaviour); medium amplitude angles (3 and 6) that indicate average
turns; and low amplitude angles (4 and 5) which translate straightfor-
ward movements.

Behaviour alterations induced by light transitions (dark to light and
light to dark) were used to study the effects on stress response and light
sensitivity. For this purpose, four behavioural parameters were evalu-
ated - swimming angles, total time of inactivity, total distance swam and
mean speed — through the ratio of 1 and 3 min immediately before and
after the light condition transition (to respectively collect information
about the immediate stress response induced by this variation and re-
covery response).

2.5. Integrated biomarker response (IBR)

The behavioural endpoints were integrated into the IBRv2 index,
according to Sanchez (Sanchez et al., 2013), allowing to reach a value
representing the stress level for each treatment, based on the principle of
reference deviation.

2.6. Statistical analysis

Median lethal and effective concentrations (LCsg and ECsg) and
threshold lethal and effective concentrations (LCyg and ECyp), with
corresponding 95 % confidence limits, were calculated by probit
regression analysis using PriProbit software (Sakuma, 1998).

In the analysis of the behaviour endpoints, to assess significant dif-
ferences between experimental groups, whenever normality and
equality of variances assumptions were met, a one-way ANOVA analysis
was performed followed by the post-hoc Holm-Sidak method (using the
software SigmaPlot V.14.0). When assumptions were not met, a non-
parametric ANOVA was performed (Dunn's test). Differences in behav-
iour between dark and light conditions were attested using the Student t-
test. The level of significance was considered at p < 0.05.

3. Results
3.1. Zebrafish embryos

No significant mortality nor developmental abnormalities were
observed in the control groups throughout the test. Embryos/larvae
mortality was not observed, within the first 96 h of exposure, in or-
ganisms exposed to any of the tested PAR forms at concentrations up to
7813 pg/L. Considerable mortality was only found in organisms exposed
to the highest tested concentrations (9000 and 13,500 pg/L) of PAR-c
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(50 % and 100 %, respectively). The estimated 96 h LCsy and LCyg
values for PAR-c were 9000 (8789-9216) ug/L and 8649 (8448-8856)
ng/L, respectively. For the same exposure period (96 h) a maximum of 4
% mortality was found in organisms exposed to 13,500 pg/L PAR-a.

In the assays with daily medium renewal for both PAR types, effects
on development were only observed for concentrations higher than 819
pg/L (Table S3), allowing the calculation of PAR-c 96 h ECsg as 3713 pg/
L (3271-4241) and ECy as 2168 pg/L (1742-2524). The PAR-a 96 h
ECso was 3348 pg/L (2239-5309) and ECyy was 1827 pg/L
(699.4-2627). The most frequently observed morphological abnormal-
ity was scoliosis. In the assays without medium renewal, no abnormal-
ities were observed in the organisms exposed to PAR-a nor PAR-c
(Table S1 and S2).

3.1.1. Zebrafish juveniles

PAR-c induced lethality in juveniles at concentrations higher than
400 pg/L. The mortality data allowed the calculation of the 48 h and 96
h LCsg, corresponding to 1214 pg/L (895.0-1689) and 791.7 pg/L
(747.7-838.9) respectively, as well as the 48 h and 96 h LCy values,
1164 pg/L (859.6-1616) and 740.9 pg/L (700.1-784.7) respectively.

3.2. Swimming behaviour after PAR-c acute exposure

3.2.1. Basal swimming activity

In general, 5 days of exposure to PAR-c decreased fish basal loco-
motor activity and increased their inactivity time during both light and
dark periods (Figs. 3A and B). Under light conditions, fish exposed to 40
pg/L PAR-c exhibited significantly lower basal locomotor activity than
control and 400 pg/L PAR-c exposed fish. In the control fish, the basal
swimming activity was significantly higher in the light period, a trend
also observed in organisms exposed to 400 ug/L PAR-c, whereas fish
exposed to 40 pg/L PAR-c displayed a non-significant trend to swim
more in the dark (Fig. 3A). Controls and fish exposed to 400 pg/L PAR-c,
spent significantly less time swimming in the dark than in the light
conditions. However, this response pattern was not observed in 40 pg/L
PAR-c, which displayed no significant differences between light condi-
tions (Fig. 3B). In terms of swimming speed, no notable impact of
exposure to PAR-c was found (under both dark and light conditions).
Significant differences between light and dark conditions were only
observed in fish exposed to 400 pg/L PAR-c, which displayed signifi-
cantly higher swimming speed in the dark (Fig. 3C).

The analysis of the swimming angles displayed by fish in basal ac-
tivity revealed that control fish exhibit a significantly higher proportion
of high-amplitude angles in light conditions (Figs. 3D and E) and of low-
amplitude angles in the dark period (Fig. 3F). This trend was also
observed in PAR-c-exposed fish but with no statistical significance. No
effects of PAR-c were found in light conditions. However, under dark
conditions, fish exposed to PAR-c displayed a higher frequency of class
1, 2, 7 and 8 angles (high-amplitude) and a lower frequency of classes 4
and 5 (low-amplitude). The decrease in the frequency of low-amplitude
angles was more pronounced in organisms exposed to 400 pg/L PAR-c
(Fig. 3F).

3.2.2. Response to light transitions

The fish response to light transitions is depicted in Figs. 4 and 5.
Significant differences were found between exposed and non-exposed
fish for the assessed endpoints [(total distance swam, total time of
inactivity, mean swimming speed and swimming angles of high (classes
1,2, 7, and 8) and low amplitude (classes 4 and 5)], following 1-min and
3 min of the light transitions.

3.2.2.1. Dark/light transition. Within the first min after the sudden shift
from dark to light, 40 and 400 pg/L PAR-c exposed fish remained
inactive for a longer period and swam faster than control fish (Figs. 4B
and C). The 40 pg/L PAR-c exposed fish swam significantly lower
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Fig. 3. Effects of paroxetine concentrations on basal swimming activity of zebrafish in dark and light conditions after 5 days of exposure. A — Total swimming
distance (mm); B — Total time spent in inactivity (%); C- Mean speed (mm/s); D — Ratio of angles of classes 1 and 8 (%); E — Ratio of angles of classes 2 and 7 (%); F-
Ratio of angles of classes 4 and 5 (%). Results are expressed as mean values + standard error. Black bars represent the dark period and white bars the light one. “*”
indicates differences between dark and light periods for each tested condition; Different letters indicate significant differences across treatments for dark (a,b) and
light conditions (A,B,C). One-way ANOVA followed by the Holm-Sidak method, p < 0.05).

distance and displayed a higher proportion of class 1 and 8 angles (high-
amplitude) when compared to the control and 400 pg/L PAR-c exposed
fish (Figs. 4A and D). The effects of PAR-c exposure on fish trajectory
were also reflected by a decreased frequency of class 2 and 7 angles
during this light transition (Fig. 4E). PAR-c exposure also had a signif-
icant effect on low-amplitude angles, with exposed fish displaying a
lower frequency of class 4 and 5 angles, after stress induced by the dark/
light transition (Fig. 4F).

After 3 min of light transition, no differences were found between
exposed and non exposed fish in terms of total swimming distance, total
time spent in inactivity and in the frequency of low-amplitude angles
(classes 4 and 5) (Figs. 5A, B and F). However, PAR-c exposed animals'

swimming pattern revealed a lower frequency of angles of classes 1, 2, 7
and 8 during this light transition (Figs. 5D and E). Fish exposed to 400
pg/L PAR-c appeared to recover slower from stress induced by the dark/
light transition, as lower mean swimming speed was found within this
period (Fig. 5C).

3.2.2.2. Light/dark transition. In response to a sudden change from light
to dark (1 min immediately following the transition), fish exposed to 40
pg/L PAR-c were significantly more active (higher distance moved) than
control and 400 pg/L PAR-c exposed fish (Fig. 4A). However, no dif-
ferences in swimming speed were observed between treatments
(Fig. 4C). PAR-c exposed fish spent less time inactive and swam in a
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Fig. 4. Effects of paroxetine on zebrafish response to stress induced by sudden light transitions (dark to light and light to dark) after 5 days of exposure. A — Variation
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nificant differences across treatments for dark/light (a,b,c) and light/dark transition (A). One-way ANOVA followed by the Holm-Sidak method, p < 0.05).

trajectory with an increased proportion of classes 1, 2, 7 and 8 (high-
amplitude angles) and decreased proportion of classes 4 and 5 (low-
amplitude angles) (Figs. 4B, D, E and F).

The analysis of fish stress recovery response (3-min after light con-
dition transition) revealed that PAR-c exposed fish spent significantly
less time inactive than control organisms (Fig. 5B). Changes in the
proportion of high and low-amplitude angles were also observed in
exposed fish, which displayed a higher frequency of class 1, 2, 7 and 8
angles and a lower frequency of class 4 and 5 (Figs. 5D, E and F). No
significant differences between control and exposed fish were found in
terms of swimming distance and mean speed (Figs. 5A and C).

3.2.2.3. Comparison of fish response pattern between both light transitions
(dark/light versus light/dark). Within the first min immediately
following light transitions, a disruption of the normal response pattern
was found for 400 pg/L PAR-c exposed fish which did not respond
differently to the two light transitions in terms of inactivity time and
proportion of class 1 and 8 angles, unlike the other treatments (Figs. 4B
and D). Although fish displayed a general trend to swim faster after
dark/light transition, only 400 ug/L PAR-c displayed significantly
higher speed (Fig. 4C). The effects of 40 pg/L PAR-c exposure were
noticeable on high-amplitude swimming angles (classes 2 and 7) as no
differences between light transition conditions were found in the
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Fig. 5. Effects of paroxetine on zebrafish adaptation response to stress induced by sudden light transitions (dark to light and light to dark) after 5 days of exposure. A
— Variation in total distance swam (mm); B — Total time spent in inactivity (%); C- Mean speed (mm/s); D — Ratio of angles of classes 1 and 8 (%); E — Ratio of angles of
classes 2 and 7 (%); F- Ratio of angles of classes 4 and 5 (%). Results are expressed as mean values + standard error. White bars represent the dark/light transition
and the black bars the light/dark transition. “*” indicates differences between dark/light and light/dark transition for each tested condition; Different letters indicate
significant differences across treatments for dark/light (a,b,c) and light/dark transition (A). One-way ANOVA followed by the Holm-Sidak method, p < 0.05).

proportion of these classes of angles, unlike the other treatments
(Fig. 4E). Furthermore, these organisms, opposite to the control, dis-
played a significant trend to spend more time inactive 1-min following
the dark/light transition (Fig. 4B).

When analysing fish swimming distance within the first 3-min after
light transitions, all experimental groups displayed an overall similar
pattern, swimming more after the dark/light transition, although not
significantly in 40 pg/L PAR-c exposed fish (Fig. 5A). The lack of a
differentiated response to the two light transitions was also found for
these organisms in terms of total inactivity time, whereas control and

400 pg/L PAR-c exposed fish spent significantly more time inactive after
the light/dark transition (Fig. 5B). Moreover, in control and 40 pg/L
PAR-c exposed fish, the mean speed of the fish, was higher after the
dark/light transition, although not significantly, whereas 400 pg/L fish
displayed an opposite significant trend to swim faster after the light/
dark transition (Fig. 5C). Additionally, whereas control and 40 pg/L
PAR-c exposed fish showed a significantly higher proportion of class 1,
8, 2 and 7 swimming angles during stress adaptation response to the
dark/light transition, 400 pg/L fish revealed a disruption of this normal
response pattern as they did not respond differently to the two light
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transitions.

3.3. Swimming behaviour after recovery

Potential long-lasting effects arising from PAR-c acute exposure were
also analysed (Figs. 6, 7 and 8). After a 21-day recovery period, the ef-
fects of acute PAR-c exposure on fish basal swimming activity and stress

response were still observed.
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3.3.1. Basal swimming activity

The basal locomotor activity of fish exposed to 40 ug/L PAR-c, was
significantly higher than controls and 400 pg/L in both light and dark
periods (Fig. 6A). The basal locomotor activity was significantly
different in dark and light conditions in all tested conditions, with fish
swimming a higher distance during the light period. Effects from acute
exposure to PAR-c were also observed in the total time of inactivity, in
mean speed and in fish swimming trajectory after the depuration period
(Fig. 6B). PAR-c exposed fish displayed a decreased time of inactivity
under dark and light conditions. This effect was higher on 40 pg/L
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Fig. 6. Effects of paroxetine on basal locomotor activity of zebrafish in dark and light conditions after a 21-day depuration period. A — Total swimming distance
(mm); B — Total time spent in inactivity (%); C- Mean speed (mm/s); D — Ratio of angles of classes 1 and 8 (%); E — Ratio of angles of classes 2 and 7 (%); F- Ratio of
angles of classes 4 and 5 (%). Results are expressed as mean values + standard error. Black bars represent the dark period and white bars the light one. “*” indicates
differences between dark and light periods for each tested condition; Different letters indicate significant differences across treatments for dark (a,b) and light
conditions (A,B). One-way ANOVA followed by Dunn's and Holm-Sidak's method, p < 0.05).
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Fig. 7. Effects of paroxetine on zebrafish response to stress induced by sudden light transitions (dark to light and light to dark) after a 21-day depuration period. A —
Variation in total distance swam (mm); B — Total time spent in inactivity (%); C- Mean speed (mm/s); D — Ratio of angles of classes 1 and 8 (%); E — Ratio of angles of
classes 2 and 7 (%); F- Ratio of angles of classes 4 and 5 (%). Results are expressed as mean values + standard error. White bars represent the dark/light transition
and the black bars the light/dark transition. “*” indicates differences between dark/light and light/dark transition for each tested condition; Different letters indicate
significant differences across treatments for dark/light (a,b) and light/dark transition (A,B). One-way ANOVA followed by the Holm-Sidak method, p < 0.05).

exposed fish that also spent significantly less time in inactivity than 400
pg/L. Moreover, 40 pg/L PAR-c exposed organisms displayed a signifi-
cantly higher mean speed than control and 400 pg/L PAR-c exposed
organisms, in both light and dark periods (Fig. 6C). The analysis of fish
swimming angles showed no significant differences, between exposed
and non-exposed fish, in the proportion of class 1 and 8 angles (Fig. 6D).
However, a disruption of the normal response pattern was observed for
exposed fish in terms of the frequency of angles of classes 2 and 7 and

classes 4 and 5. These organisms, unlike controls, did not respond
differently to dark and light conditions (Figs. 6E and F).

3.3.2. Response to light transitions

PAR-c exposed fish displayed significant differences to light transi-
tions in total distance swam, total time of inactivity, swimming mean
speed and swimming angles, immediately following 1-min and 3-min
(Figs. 7 and 8).
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Fig. 8. Effects of paroxetine on zebrafish adaptation response to stress induced by sudden light transitions (dark to light and light to dark) after a 21-day depuration
period. A — Variation in total distance swam (mm); B — Total time spent in inactivity (%); C- Mean speed (mm/s); D — Ratio of angles of classes 1 and 8 (%); E — Ratio
of angles of classes 2 and 7 (%); F- Ratio of angles of classes 4 and 5 (%). Results are expressed as mean values + standard error. White bars represent the dark/light
transition and the black bars the light/dark transition. “*” indicates differences between dark/light and light/dark transition for each tested condition; Different
letters indicate significant differences across treatments for dark/light (a,b) and light/dark transition (A,B). One-way ANOVA followed by the Holm-Sidak method, p

< 0.05).

3.3.2.1. Dark/light transition. After depuration, in response to stress
induced by the dark/light transition (1 min immediately following the
light transition), fish exposed to 40 pg/L PAR-c swam significantly less
whereas 400 pg/L PAR-c fish swam in a trajectory with an increased
proportion of low-amplitude angles (classes 4 and 5) (Fig. 7, A, F). For
the remaining endpoints assessed — total time of inactivity, swimming
means speed, and swimming angles of high amplitude — no PAR-c-
induced effects were observed (Figs. 7B, C, D and E).

10

After 3-min of light transition, fish from all experimental groups
exhibited a similar stress adaptation response as no significant differ-
ences were found between exposed and non-exposed fish (Figs. 8A, B, C,
D, E and F).

3.3.2.2. Light/dark transition. Within the first min after light transition,
fish exposed to 40 pg/L PAR-c reacted to this stressor with decreased
inactivity time, mean speed, and class 1 and 8 swimming angles (high
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amplitude), when compared to control and 400 pg/L PAR-c exposed
organisms (Figs. 7B, C and D). In terms of total swimming distance and
proportion of class 2 and 7 swimming angles as well as classes 4 and 5,
no PAR-c-related effects were detected (Figs. 7A, E and F).

The analysis of fish stress recovery response (3-min following light
transition) revealed that, after 21 days of recovery, fish from all exper-
imental groups respond similarly to this stimulus (Figs. 8A, B, C, D, E and
F).

3.3.2.3. Comparison of fish response pattern between both light transitions
(dark/light versus light/dark). After 21 days of recovery, fish previously
exposed to PAR-c displayed a similar pattern of response after 1 min of
light condition variation, swimming more after the dark/light transition
in comparison with the light/dark transition (Fig. 7A). However, fish
exposed to 40 pg/L displayed no significant differences in terms of dis-
tance swam, between the two light transitions (dark/light versus light/
dark), unlike control and fish previously exposed to 400 pg/L. The
analysis of the total time that organisms spent inactive in response to the
same stressor (abrupt light variations) showed that control and 400 pg/L
PAR-c organisms were more active in dark/light transition, spending
more time in inactivity in light/dark transition (Fig. 7B). The 40 pg/L
PAR-c exposed fish also showed a disruption of the normal response
pattern to light transition for this endpoint, not responding differently to
the two light transitions (dark/light versus light/dark).

Fish from all experimental groups displayed a higher proportion of
low-amplitude angles (class 4 and 5) 1 min after the dark/light transi-
tion (Fig. 7F). However, 400 pg/L PAR-c exposed fish, unlike control and
40 pg/L PAR-c fish, did not react differently to both light transitions,
displaying a similar proportion of class 4 and 5 angles, (1-min following
light transitions) (Fig. 7F).

During stress response recovery (3-min after light variation), upon
dark/light transition, fish from all experimental groups were more
active (swimming more and faster), in a trajectory with a higher pro-
portion of high-amplitude angles (class 1, 8, 2 and 7) and a lower pro-
portion of low-amplitude angles (class 4 and 5) (Figs. 8A, B, C, D, E and
F). The only noticeable exception was found in terms of class 4 and 5
angles for fish exposed to 400 pg/L that, although exhibiting the same
trend, was not significant as for the other treatments (8F).

3.4. Integrated biomarker response

The IBR values for the assessed behavioural parameters after 5 days
of exposure to 40 and 400 pg/L PAR-c were respectively 46.11 and
44.25, revealing, altered patterns of responses after PAR-c exposure. The
values estimated after the depuration period, however, reveal that the
degree of alterations was considerably reduced, with IBR values
decreasing to 7.68 and 7.38, respectively.

4. Discussion

The available information on the effects of PAR to fish may be
considered limited, particularly for early and young life stages. This is a
critical issue as crucial developmental processes occur during these early
stages (Guo et al., 2018), and effects at these stages may have potential
negative outcomes on fish development and survival ability.

The data obtained in this study reveal that early and young life stages
of fish can be affected by short-term exposure to PAR, in terms of
development and behaviour. The initial tests revealed that PAR com-
mercial formulation (PAR-c) was more toxic to embryos/larvae than the
active ingredient (PAR-a), suggesting that the pharmaceuticals taken by
patients may have a higher impact on biota, associated with the pres-
ence of excipients. The observed higher toxicity of PAR-c may be asso-
ciated with increased bioavailability and time of interaction/resilience
in the tissues, promoted by the excipients, often designed to achieve
such effects (Martins-Gomes et al., 2022). The results obtained in the
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present study are in accordance with other studies addressing the
toxicity of other bioactive substances (e.g., several insecticides, herbi-
cides, fungicides, and pharmaceuticals), which also reported higher
toxicity of the commercial formulations when compared to their pure
active ingredients (Beggel et al., 2010; Nagy et al., 2020; Jacob et al.,
2016). In one of these studies (Jacob et al., 2016), which assessed the
toxicity potential of different formulations of several pharmaceuticals in
Aliivibrio fischeri, the authors reported that the higher toxicity of drugs is
related to the excipients rather than solely to the active ingredients,
suggesting that excipients may play a key role in the absorption of the
active ingredient in organisms, potentially augmenting their overall
toxicity. However, there is insufficient data to explain the underlying
mechanisms of such responses.

The data from the embryo/larvae tests showed a limited effect of the
tested concentrations, until 96 h of exposure. However, from 96 h on-
wards, the abnormalities rate increased in a dose-dependent manner at
concentrations higher than 819 pg/L. Thus, these data suggest a higher
sensitivity of larvae to PAR (PAR-a and PAR-c) than embryos, as re-
ported in previous studies (Kristofco et al., 2018; Oliveira et al., 2016;
Qian et al., 2019; Domingues et al., 2010). This life stage-dependent
sensitivity may be associated with the protection provided by the
chorion, which acts as a physical-chemical barrier, particularly to lipo-
philic compounds like PAR (Braunbeck et al., 2005), protecting the
embryo from contact with xenobiotics (Domingues et al., 2010), but also
with the development stage of fish tissues (Qian et al., 2019). This last
hypothesis is supported by the fact that the zebrafish biotransformation
system is not fully developed until around 3-5 days post-fertilization
(Katoch and Patial, 2021). In this sense, the toxic effects observed in
fish exposed to PAR-c may be associated with its metabolization to more
reactive metabolites as corroborated by the lethal sensitivity estimated
for PAR-c for the juvenile stage (96 h LC50-791.7 pg/L) > embryonic
stage (96 h LC50-9000 pg/L). Nonetheless, the hypothesis that the
observed effects at the larval stage may also be associated with a
sequence of events starting at the embryo stage, which may lead to a
higher sensitivity at the larval stage, must also be considered.

Fish swimming activity can be considered an environmentally rele-
vant endpoint, playing a key role in many fitness-related behaviours,
such as feeding, predator avoidance, social interaction, and reproduc-
tion (Faimali et al., 2017; Ferreira et al., 2023b; Ford et al., 2021). It is
considered sensitive to environmental contaminants and has been
increasingly used to assess behavioural toxicity (Faimali et al., 2017;
Ferreira et al., 2023b; Kluver et al., 2015; Nusser et al., 2016; Velki et al.,
2017). In this study, PAR-c-exposed fish were significantly less active
than control fish, both in light and dark conditions (swam lower dis-
tances and spent more time inactive). These PAR-c-induced swimming
behavioural effects were more evident under dark conditions (e.g.,
erratic behaviour was only found in this condition). The findings of the
present study are in line with a previous study that reported decreased
locomotor activity in zebrafish adults after a 10-min acute exposure
through immersion in 300 and 3000 pg/L PAR (Fontes et al., 2015).
Nonetheless, Hong et al. (2021) observed no effects on the locomotor
activity of zebrafish juveniles after 21-day exposure to 0.1, 1, 10 and
100 pg/L PAR. Other studies have found that short-term exposure (from
30 min to 14 days) to the SSRI fluoxetine (0.3-3457.9 pg/L) led to
behavioural alterations (e.g., decreased feeding behaviour, reduced
exploratory and locomotor behaviour, antipredator behaviour disrup-
tion) in adults and juveniles of various fish species (e.g., D. rerio, Betta
splendens, Cyprinodon variegatus, Cichlasoma dimmers, Poecilia reticulata)
(Eisenreich et al., 2017; Eisenreich and Szalda-Petree, 2015; Vera-Chang
et al., 2018; Vera-Chang et al., 2019; Winder et al., 2012; Correia et al.,
2022; Dorelle et al., 2020; Saaristo et al., 2017; Meijide et al., 2018). The
hypoactivity observed in the present study was more pronounced in fish
exposed to 40 pg/L (under light conditions). These organisms also dis-
played a disruption of the normal response pattern to the light shift
stimulus (light versus dark conditions) for all the assessed endpoints
(distance moved, time spent in inactivity and swimming angles), except
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for mean speed. These results suggest a non-monotonic dose response,
that has already been reported in SSRIs.

Anxiety and fear responses are part of a set of coping strategies that
ensure fitness-enhancing processes, such as adaptive antipredator re-
sponses, foraging efficiency, mating opportunities, and exploration
(Ferreira et al., 2023a; Salahinejad et al., 2022). It is known that, when
subjected to sudden light transitions, fish may display behaviour alter-
ations in activity (e.g., zebrafish larvae display hyperactivity when
subjected to an abrupt transition from light to dark) (Egan et al., 2009;
Kalueff et al., 2013; Burton et al., 2017). Nonetheless, to the authors'
knowledge, there is no available data on the ability of PAR to interfere
with fish stress response. The results obtained in the present study
demonstrate that PAR-c acute exposure can affect not only fish's im-
mediate response to stress but also their adaptation response. The
analysis of control fish swimming behaviour suggests that the sudden
switch from dark to light works as a startle resulting in fish hyperactivity
and erratic behaviour. Upon this light transition, the PAR-c exposed fish
displayed higher freezing and swimming speed than the control fish.
Although this effect was observed in organisms at both PAR-c tested
concentrations, the changes in the stress response were more pro-
nounced at the lowest tested concentration (40 pg/L PAR-c) that, in
addition to the higher freezing and swimming speed, also exhibited
higher erratic behaviour, suggesting a higher stress response to this PAR-
¢ concentration.

The alteration of swimming behaviour of control fish, upon light to
dark shift, suggests that this transition may be perceived by fish as a
potential threat (e.g., the shadow of a predator, to which fish respond
with freezing to go unnoticed followed by an escape attempt to minimize
the risk of predation), as fish increased freezing, swimming distance, and
straight motion. PAR-c-exposed fish (40 pg/L and 400 pg/L) presented a
different response pattern, reducing freezing and straight motion and
increasing erratic behaviour. These PAR-induced modifications in the
stress response were more evident in fish exposed to 40 pg/L PAR-c,
which also displayed an increased swimming distance, suggesting
higher stress. In this light transition, data also suggest a different
perception of the stimulus from control and PAR-c exposed fish, which
although responding to a stimulus, adopted a different behavioural
strategy that might be related to fish becoming bolder. Given that
boldness is a fish behavioural trait known to correlate with serotonin
levels, it is expectable that drugs that influence the expression of the
serotonergic system, such as SSRIs, could potentially induce phenotypic
behavioural modulation (Ferreira et al., 2023a; Fior et al., 2018).

Effects of PAR-c exposure were also noticeable in the ability of fish to
adapt and recover from the light transitions. PAR-c exposed fish (40 pg/
L and 400 pg/L) appeared to recover faster (decreased erratic swim-
ming) from the stressful stimulus induced by the dark/light transition
when compared to controls, which is consistent with a PAR-c anxiolytic
effect. However, on the recovery to the light/dark transition, PAR-c-
exposed fish (40 pg/L and 400 pg/L) displayed higher stress behaviour
(reduced freezing and straight motion; increased erratic movements).
These behavioural modifications were more evident in 40 ug/L PAR-c
exposed fish as these organisms also showed hyperactivity associated
with increased swimming distance. The impact of PAR-c seems to be
greater on the capacity to respond to the light/dark transition, sup-
porting the idea that there may be an altered perception of the type of
stimulus.

Overall, the data show the ability of PAR-c to alter the recognition of
the light stimulus and induce more effects at the lowest tested concen-
tration (40 pg/L). All the assessed behaviour parameters were respon-
sive to light condition variations, demonstrating their suitability and
sensitivity for SSRIs toxicity screening. The mechanisms involved in the
observed response patterns should be studied in more detail, as different
PAR-c effects were observed in fish behaviour depending on the light
conditions and tested concentrations. The role played by excipients in
the effects of pharmaceuticals' active ingredients should also be further
explored. To the authors' knowledge, this is the first report on the effects
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of PAR-c on the stress response. The obtained results suggest that PAR-c
may interfere with light perception and ultimately fish optomotor
response (OMR). It is known that light perception affects the production
of glucocorticoids via functional connections of the retina to the
hypothalamus-pituitary-adrenal (HPI) axis, therefore modulating stress
response (Sakamoto and Sakamoto, 2019; Muto et al., 2013). On the
other hand, it is well established that SSRIs antidepressants like PAR,
interfere with the expression of the serotonergic system which in turn
interacts with both the adrenergic system and the HPI axis, also
modulating stress response (Sumpter and Margiotta-Casaluci, 2022;
Kreke and Dietrich, 2008). The ability of SSRIs to induce anxiolytic-like
effects has already been reported after exposure (from 15 min to 35
days) to fluoxetine (0.025-100 pg/L) on a variety of fish species (e.g.,
D. rerio, Gasterosteus aculeatus, Oryzias latipes, Gambusia holbrooki, Poe-
cilia reticulata, Pimephales promelas) (Saaristo et al., 2017; Meijide et al.,
2018; de Farias et al., 2020; Martin et al., 2017; Pelli and Connaughton,
2015; Martin et al., 2020; Ansai et al., 2019). However, in these studies,
the behavioural assessment was strictly done under light conditions
(during daytime), using different behavioural protocols/tests. The re-
sults obtained in this study also suggest a PAR-c anxiolytic effect in the
light and during recovery to the dark/light transition.

An important aspect to be considered when assessing the potential
effects of contaminants is the ability of animals to revert from the
potentially pernicious effects of exposure. Data show that acute expo-
sure to PAR-c is still reflected in fish basal swimming activity and stress
response, after 21 days of depuration. Fish previously exposed to PAR-c
still showed signals of hyperactivity under both dark and light condi-
tions that were more noteworthy in 40 pg/L exposed fish. Furthermore,
when subjected to stress induced by both light transitions (dark/light
and light/dark), exposed fish still exhibited significant changes in stress
response, also more evident in fish exposed to 40 pg/L PAR-c. These
depuration data suggest a delay in the stress response, probably due to
an anxiolytic effect of 40 pg/L. The fish previously exposed to 400 pg/L
PAR-c displayed a higher number of straightforward movements upon
dark/light transition after the depuration period than the control, and
their ability to differentiate both light transitions (dark/light versus
light/dark) was affected, suggesting potential alterations in light
perception.

The observed PAR-c-induced alterations in the response to stress and
stress adaptation may adversely impact fish's ability to optimize their
response to challenges they may find in nature (e.g., predator escape/
avoidance). The impairment of swimming efficiency will directly
interfere with the predator-prey interactions (e.g., to eat or to be eaten),
potentially compromising individual growth and survival and, ulti-
mately, population persistence.

Overall, behavioural data suggest neuronal disruption by PAR. These
outcomes highlight the need for further studies to increase knowledge of
PAR's single effects on behaviour at environmentally relevant exposure
scenarios but also on the role of PAR in modulating the behavioural
response of other environmental contaminants.

5. Conclusions

This study demonstrated that the early and young life stages of fish
may be affected by PAR presence, highlighting its value as a useful and
sensitive model for contaminant toxicity assessment.

Data allowed the estimation of PAR benchmarks, providing LCy and
EC liable to contribute to improved toxicity databases and support the
idea that the toxic effects in embryos/larvae may be associated with
fully developed fish (e.g., fully functional biotransformation system).
The commercial formulation (PAR-c) was more toxic than the active
ingredient (PAR-a), highlighting the relevance of the interaction of the
active drug/excipients in the observed effects.

The analysis of behaviour modifications induced by light transitions
(dark/light and light/dark) proved a sensitive and useful screening tool
for the assessment of impaired adaptative ability, and, therefore, should
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be considered in future studies regarding this and other SSRIs. Behav-
ioural data provided evidence of a clear non-monotonic response pattern
in PAR-c exposed fish and that PAR-c exposure can have lasting effects
on behaviour, impairing normal fish responses (e.g., behavioural stra-
tegies) to stress-inducing conditions, and compromising their sensitivity
and perception of stress.

Thus, data highlights the need for more studies regarding the effects
of PAR to improve the knowledge regarding potential ecological con-
sequences of PAR in the environment, namely long-term vigilance of
effects even after drug exposure suppression.
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