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Contamination of surface waters by pharmaceuticals is an emerging problem globally. This is because the
increased access and use of pharmaceuticals by a growing world population lead to environmental contamina-
tion, threatening non-target species in their natural environment. Of particular concern are neuroactive phar-
maceuticals, which are known to bioaccumulate in fish and impact a variety of individual processes such as fish
reproduction or behaviour, which can have ecological impacts and compromise fish populations. In this work, we
investigate the occurrence and bioaccumulation of 33 neuroactive pharmaceuticals in brain, muscle and liver
tissues of multiple fish species collected in four different estuaries (Douro, Tejo, Sado and Mira). In total, 28
neuroactive pharmaceuticals were detected in water and 13 in fish tissues, with individual pharmaceuticals
reaching maximum concentrations of 1590 ng/L and 207 ng/g ww, respectively. The neuroactive pharmaceu-
ticals with the highest levels and highest frequency of detection in the water samples were psychostimulants,
antidepressants, opioids and anxiolytics, whereas in fish tissues, antiepileptics, psychostimulants, anxiolytics and
antidepressants showed highest concentrations. Bioaccumulation was ubiquitous, occurring in all seven estuarine
and marine fish species. Notably, neuroactive compounds were detected in every water and fish brain samples,
and in 95% of fish liver and muscle tissues. Despite variations in pharmaceutical occurrence among estuaries,
bioaccumulation patterns were consistent among estuarine systems, with generally higher bioaccumulation in
fish brain followed by liver and muscle. Moreover, no link between bioaccumulation and compounds’ lip-
ophilicity, species habitat use patterns or trophic levels was observed. Overall, this work highlights the occur-
rence of a highly diverse suite of neuroactive pharmaceuticals and their pervasiveness in waters and fish from
estuarine systems with contrasting hydromorphology and urban development and emphasizes the urgent need
for toxicity assessment of these compounds in natural ecosystems, linked to internalized body concentration in
non-target species.

1. Introduction

Pharmaceuticals include a complex variety of compounds with
different chemical and therapeutic properties that are used to treat a
myriad of health conditions and have greatly improved the global public
health. However, the excretion of pharmaceuticals from the human body
contributes to their release into wastewaters and subsequently into the
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aquatic environment, through wastewater effluents, including dis-
charges from wastewater treatment plants (Arnold et al., 2014; Wil-
kinson et al., 2022). Overall, the main input of pharmaceuticals to
aquatic systems includes domestic discharges, yet industrial and hospi-
tal effluents as well as other input sources such as pharmaceuticals
applied in livestock or aquaculture are also substantial (Arnold et al.,
2014) and are occasionally associated with extremely high
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Fig. 1. Sampled estuarine areas (Douro, Tejo, Sado and Mira estuaries), where water (black circles) and fish (coloured areas) samples were collected.

environmental concentrations, including in the mg/L range close to
production sites (e.g. Fick et al., 2009; Larsson, 2014). Furthermore,
pharmaceutical prescription has increased worldwide in recent years,
and this trend is expected to continue, associated with population
growth and higher demand and access (Arnold et al., 2014; Bernhardt
et al, 2017). Accordingly, many pharmaceutical compounds are
frequently detected in wastewaters and end up being detected in various
environmental matrices, generally at low pg/L concentrations, such as
surface and ground waters or sediments, depending on the pharma-
ceutical chemical properties and their fate in the environment (aus der
Beek et al., 2016; Fatta-Kassinos et al., 2011; Wilkinson et al., 2022;
Zhou et al., 2019).

The recognition that pharmaceuticals target evolutionarily
conserved pathways among humans and other animals (Gunnarsson
et al., 2008) and elicit effects at very low dosages, has spurred interest in
the evaluation of environmental concentrations and their potential ef-
fects across fish and aquatic invertebrate species (Corcoran et al., 2010;
Fabbri and Franzellitti, 2016; Mezzelani et al., 2018). Of the variety of
biological effects explored, development, reproductive and behavioural
impacts, have been reported in a variety of species and in some cases
depicting deleterious effects at environmentally relevant concentrations

(Corcoran et al., 2010; Duarte et al., 2022; Fabbri, 2015). Moreover, the
potential toxicity and pervasiveness of pharmaceutical compounds in
the natural environment worldwide have led to their inclusion in Eu-
ropean legislation as emerging contaminants of priority concern, with
the potential to threaten aquatic ecosystems and human health (Euro-
pean Parliament and Council, 2013). In this context, selected pharma-
ceutical compounds, including neuroactive pharmaceuticals such as
venlafaxine and its metabolite O-desmethylvenlafaxine, have been rec-
ommended for broad-scale assessment in monitoring programmes (Eu-
ropean Commission, 2022).

Neuroactive pharmaceuticals target the central nervous system
through different modes of action aiming to treat a variety of human
conditions, such as depression, anxiety or epilepsy, among many others.
Therefore, the continued exposure of fish to neuroactive compounds is
expected to elicit responses and effects on sub-individual physiological
processes, as well as higher-level individual and ecological impacts such
as changes to fish behaviour, growth and reproduction that may
threaten fish populations (e.g. Duarte et al., 2022; Hamilton et al.,
2016). In toxicity studies, molecular effects are among the most
frequently assessed, followed by alterations in fish behaviour, physi-
ology and growth, whereas studies on behavioural changes are pointed
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Geomorphologic and hydrologic features of all four estuarine systems (Douro, Tejo, Sado and Mira). Resident population and information concerning wastewater

treatment in the surrounding municipalities are presented.

Unit Treatment level Douro Tejo Sado Mira

Total area * km? 10 320 180 5
River flow * m’s~! 450 300 40 3
Mean depth * m 4 5 6 4
Residence time * Days 2 25 30 15
Volume * 10°m® 59 1900 500 27
Resident population b Ne A 683,063 1,840,523 257,551 24,717
Percentage of wastewater volume treated in each treatment level " % A Primary 0 27 0 0

Secondary 50 57 29 32

Tertiary 50 16 71 68
Percentage of dwellings served by wastewater drainage " % B 94 96 88 66

@ From Franca et al. (2009)

b Statistical data by geographic location (municipalities) in the vicinity of each estuary was obtained through Statistics Portugal (www.ine.pt). The values presented
correspond to the sum (A) or average (B) of all municipalities’ data from 2019 for each estuarine area.

as of higher sensitivity (Duarte et al., 2022; Melvin and Wilson, 2013).
However, reported effects are manifold, and their direction and intensity
seem to vary within different species or life-stages (Calisto and Esteves,
2009; Cunha et al., 2019, 2017; Duarte et al., 2022), and generally lack
the simultaneous link to internalized tissue concentrations (Duarte et al.,
2022; Miller et al., 2018).

Pharmaceutical bioaccumulation has been shown for many thera-
peutic classes such as antibiotics, antidepressants, among many others,
in both invertebrates and vertebrates (Mezzelani et al., 2018; Silva et al.,
2015; Swiacka et al., 2022). In the particular case of fishes, the bio-
concentration of neuroactive pharmaceuticals has been reported for
many compounds under controlled laboratory conditions (Duarte et al.,
2022) but also in wastewater-impacted aquatic systems (e.g. Arnnok
et al., 2017; Grabicova et al., 2017; Lahti et al., 2011). Prediction of
neuroactive compounds’ bioconcentration, even under controlled con-
ditions, does not seem to be straightforward or directly correlated to the
compound’s physical and chemical properties, since a multitude of
factors such as species, life-stages or tissues, etc, have a large impact
(Duarte et al., 2022). Further environmental assessments are needed to
fully understand the complexity of neuroactive pharmaceuticals accu-
mulation in fish. In particular, the bioaccumulation patterns in natural
aquatic systems are still seldomly explored, and includes mostly fresh-
water environments (Gaw et al., 2014; Mezzelani et al., 2018; Swiacka
et al., 2022). Although less studied compared to freshwater systems,
estuarine and coastal areas are highly impacted systems, and as a result

Table 2

of the settlement of almost half of the world’s population, they are also
the major recipients of urban effluents and therefore of many pharma-
ceutical residues (Fonseca and Reis-Santos, 2019; Martinez et al., 2007).
These areas encompass a variety of habitats, supporting the life and
development of numerous species, including many fish species that
depend on these systems to complete their life cycle. Therefore, a few
recent studies have explored pharmaceuticals bioaccumulation in
coastal systems, pointing to the importance of assessing their impacts in
non-target species (e.g. Ali et al., 2018; Fonseca et al., 2021), yet
scarcely any have explored patterns considering a multi-species, mul-
ti-tissue and multi-system approach, towards unravelling the fate and
potential risk of neuroactive pharmaceutical compounds.

Here, we present a comprehensive assessment of neuroactive phar-
maceutical occurrence in surface waters and in wild biota from various
estuarine systems along the North Atlantic Portuguese Coast, aiming at
further understanding the fate of potentially toxic neuroactive phar-
maceuticals, including their bioaccumulation in different organs (mus-
cle, liver and brain) of several fish species, with different life-history
strategies and varying habitat use patterns of estuarine systems.

2. Material and methods
2.1. Sampling areas

Four Portuguese estuaries with different morphological features and

Summary of fish morphometric and ecological traits from all seven species collected in the four sampled estuaries (Douro, Tejo, Sado and Mira), namely number of
individuals (N), mean (and standard deviation) of total length (in mm) and weight (in g). Also shown is the size at maturity (in mm), species ecological guilds based on
life cycle and estuarine habitat use (ER — Estuarine Resident, MM — Marine migrant, MS — Marine straggler) as well as the trophic levels.

Estuary Species N Length (mm) Weight (g) Size at maturity (mm) Ecological guild * Trophic level
Douro Dicentrarchus labrax 5 289.6 +15.9 256.2 + 23.7 361 (230-460) ” MM 3.5
Platichthys flesus 5 283.2 +£10.4 277.3 + 34.3 224 (140-300) " MM 3.3
Tejo Dicentrarchus labrax 7 337.6 +7.7 368 + 27 361 (230-460) ” MM 3.5
Halobatrachus didactylus 5 267 + 20 371.1 £ 97.9 367 (321-438) © ER 4.0
Solea solea 6 204.8 +10.6 86.7 + 16.4 303" MM 3.2
Sado Dicentrarchus labrax 1 360 536.8 361 (230-460) " MM 3.5
Diplodus bellottii 6 172.5 + 9.4 95+ 17.5 117 ¢ MM 3.6
Halobatrachus didactylus 6 202.2 + 37.7 172.8 + 86.4 367 (321-438) ¢ ER 4.0
Solea solea 2 244 + 36.8 130.5 + 49.4 303" MM 3.2
Sparus aurata 1 272 334 365 (330-400) " MM/MS 3.7
Mira Dicentrarchus labrax 2 309.5 + 23.3 324.9 +72.3 361 (230-460) ° MM 3.5
Diplodus sargus 2 211.5 + 4.9 185.2 + 2.7 173 ¢ MM/MS 3.4
Halobatrachus didactylus 3 147.7 + 33.4 64.8 + 52.8 367 (321-438) b ER 4.0
Sparus aurata 4 227.8 + 20 174.4 + 52 365 (330-400) © MM/MS 3.7

Franco et al., (2008);

Fishbase (www.fishbase.org);

¢ Pereira et al., (2011);

Santos et al., (1998), average of sexes;

€ Erzini et al. (2001) in Prista et al., (2003).
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Neuroactive pharmaceuticals in water samples. Median (Med), minimum (Min), and maximum (Max) concentration values (ng/L) of pharmaceutical analytes detected
in surface water samples of Douro, Tejo, Sado and Mira estuaries. The sum of concentrations (3_) and detection frequency (DF, %) per therapeutic group and for all

analytes are also shown. < LOQ indicates values below the Limit of Quantification (DF = 0).

Therapeutic Group Pharmaceuticals Douro Tejo Sado Mira
Med (Min-Max) DF (%)N Med (Min-Max) DF (%) N Med (Min-Max) DF (%) N Med (Min-Max) DF (%) N
ng/L =3 ng/L =9 ng/L =7 ng/L =6
Opioids Buprenorphine < LOQ < LOQ < LOQ < LOQ
Codeine 0.5 (0.4-0.7) 100 0.3 (0.1-0.7) 67 0.6 (0.3-22) 100 0.7 (0.3-11) 100
Tramadol 25 (22-28) 100 21 (18-33) 100 12 (11-1590) 57 17 (6.7-1557) 83
¥ Opioids 26 (22-29) 100 21 (18-33) 100 11 (0.5-1612) 100 15 (0.3-1568) 100
Antiepileptics Carbamazepine 0.79 (0.77-0.83) 100 0.9 (0.6-1.5) 100 0.5 (0.1-52) 86 0.7 (0.1-61) 100
Clonazepam < LOQ 1.1 (0.7-4.9) 44 1.5 14 1.5 17
Topiramate < LOQ < LOQ < LOQ 15 17
3 Antiepileptics 0.79 (0.77-0.83) 100 1.5 (0.6-5.9) 100 0.5 (0.1-52) 86 1.1 (0.1-76) 100
Antipsychotics Chlorpromazine < LOQ 1.4 11 2.6 14 2.2 (1-3.3) 33
Clozapine < LOQ < LOQ 1.4 14 1.8 17
Flupentixol <1LOQ 0.9 11 0.6 14 < LOQ
Haloperidol 0.6 (0.2-0.9) 100 0.2 (0.1-1.2) 78 0.1 (0.04-1.5) 71 0.2 (0.1-1.7) 100
Levomepromazine < LOQ < LOQ < LOQ < LOQ
Risperidone < LOQ < LOQ < LOQ < LOQ
¥ Antipsychotics 0.6 (0.2-0.9) 100 0.3 (0.1-1.5) 78 0.3 (0.04-5.5) 86 0.3 (0.1-6.8) 100
Anxiolytics Alprazolam 1.6 (1.3-1.8) 100 1.3 (1.1-1.6) 33 2.3 (1.1-3.5) 29 4.7 (1.6-7.8) 33
Bromazepam < LOQ < LOQ < LOQ < LOQ
Clobazam < LOQ < LOQ < LOQ < LOQ
Hydroxyzine 0.4 (0.2-0.6) 67 0.4 (0.1-2.1) 89 0.3 (0.1-0.9) 57 0.3 (0.2-0.8) 83
Lorazepam 5.7 (5.6-6.3) 100 6.7 (5.6-7.7) 22 79 14 9.7 (5.7-73) 67
Oxazepam 3.9 (3-5.5) 100 5(1.4-12) 100 2.4 (1.1-171) 86 5.3 (2.8-190) 100
¥ Anxiolytics 11 (11-13) 100 7.1 (2-19) 100 3.1 (1.1-253) 86 12 (2.8-271) 100
Antidepressants Amitriptyline 0.7 (0.7-0.8) 67 0.7 (0.5-1.6) 56 1.3 (0.6-65) 43 2(1.2-44) 50
Bupropion 0.7 (0.7-0.9) 100 0.7 (0.5-1.4) 100 0.4 (0.1-59) 100 0.6 (0.3-48) 100
Citalopram 0.9 (0.7-2) 100 1.3 (0.8-4.6) 89 0.9 (0.7-54) 43 1.3 (1.1-77) 83
Duloxetine 0.2 (0.2-0.3) 100 0.4 (0.1-1.1) 67 0.3 (0.1-8.3) 86 1.5 (0.3-7.1) 83
Fluoxetine < LOQ < LOQ 14 (3.5-24) 29 16 (8-133) 50
Maprotiline 0.5 33 0.7 (0.5-1) 33 0.9 (0.5-1.3) 29 1.5 (0.8-2.9) 67
Mianserin 0.5 (0.4-0.7) 100 0.6 (0.2-2.9) 89 0.4 (0.2-3.2) 86 0.6 (0.3-3.5) 67
Mirtazapine < LOQ < LOQ 31 14 61 17
Paroxetine < LOQ < LOQ 9.3 14 1.7 (1.1-6.2) 50
Sertraline 1.3 (1.1-1.5) 67 1.3(1.1-1.49) 22 113 14 39 (2.4-76) 33
Venlafaxine 21 (9.4-22) 100 8.5 (1.5-15) 89 6 (0.5-336) 100 12 (0.7-383) 83
3 Antidepressants 24 (15-26) 100 14 (3.4-17) 100 10 (1.6-705) 100 29 (2-715) 100
Psychostimulants Caffeine 113 (109-116) 100 62 (28-165) 100 123 (17-344) 100 157 (24-1003) 100
% Psychostimulants 113 (109-116) 100 62 (28-165) 100 123 (17-344) 100 157 (24-1003) 100
Anti-dementia drugs Memantine 0.4 (0.3-0.4) 100 0.8 (0.6-1.6) 100 0.3 (0.1-93) 86 0.8 (0.3-62) 83
Anticholinergic Trihexyphenidyl 0.2 (0.1-0.2) 100 0.1 (0.02-0.3) 78 0.2 (0.1-0.3) 71 0.1 (0.07-0.3) 83
agents
Hypnotics and Zolpidem 0.36 (0.36-0.41) 100 0.4 (0.4-0.6) 100 0.5 (0.4-2.8) 100 0.4 (0.3-4.2) 100
sedatives
¥ Other 0.9 (0.8-0.9) 100 1.3 (1-2.3) 100 0.9 (0.6-96) 100 1.3 (0.5-66) 100
% Total without caffeine 63 (58-64) 100 42 (28-68) 100 27 (5.3-2724) 100 76 (6.2-2703) 100
< Total 173 (170-179) 100 108 (61-205) 100 150 (26-3068) 100 277 (30-2876) 100
Number of pharmaceuticals 18 (18-19) 100 16 (13-18) 100 14 (11-24) 100 19 (10-26) 100

distinct levels of anthropogenic pressures, including resident population
and wastewater-related parameters were sampled (Douro, Tejo, Sado
and Mira) (Fig. 1 and Table 1). Douro estuary, located in the north of
Portugal, is surrounded by the second most populated metropolitan re-
gion in Portugal with a resident population of ca. 0.68 million in-
habitants in the vicinity of the watershed. It’s an estuary with a
relatively low area and volume, with a high river flow (Table 1). The
Tejo estuary is surrounded by the most populated metropolitan area in
the country (ca. 1.84 million inhabitants in the municipalities sur-
rounding the Tejo watershed), and is the largest estuary in Portugal,
characterised by large area and volume (Table 1). The Sado estuary,
located south of Tejo, is the second largest estuary in the country, sur-
rounded by less populated areas (ca. 0.26 million inhabitants) than
Douro and Tejo, whilst the Mira estuary is the smallest of the estuaries
with a smaller area, volume and river flow, and is surrounded by a
smaller resident population (ca. 0.02 million inhabitants) (Table 1).
Secondary and tertiary treatments are applied to a considerable
portion of all wastewater volume treated across the four estuaries
(>73%, Table 1), with the proportion of dwellings served by wastewater
drainage on average higher in Douro and Tejo estuaries (above 90%),

followed by Sado (88%) and Mira (66%) estuaries.
2.2. Sample pre-treatment and chemical analysis

Fish and water samples were collected in the four estuaries (Fig. 1)
during the summer of 2019. Fish species were collected with beam
trawls and transported on ice into the laboratory. Individual total length
and weight were recorded, and portions of dorsal muscle, liver and brain
were collected from a total of 55 fish from seven different species,
namely estuarine resident (ER) Lusitanian toadfish Halobatrachus
didactylus, and marine migrants (MM) and stragglers (MS) namely the
European sea bass Dicentrarchus labrax, the Senegal sea bream Diplodus
bellottii, the white sea bream Diplodus sargus, the gilthead sea bream
Sparus aurata, the European flounder Platichthys flesus and the common
sole Solea solea (Table 2). Tissue samples were weighted (0.10 + 0.01 g)
and stored frozen until extraction. Extraction was performed twice with
1.5 mL of acetonitrile, including tissue disruption with zirconium beads
for 4 min at 3450 oscillations per minute (Mini Beadbeater, Biospec).
After centrifugation at 17,500g for 10 min at 4 °C (Beckman Coulter
Microfuge 22 R Centrifuge), the supernatant was recovered and the
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entire process was repeated, making a final extract volume of 3 mL per
sample.

Twenty-five superficial (ca. 0.3 m) water grab samples (1 L) were
collected by hand in pre-rinsed bottles, stored frozen and away from
light. In the laboratory, samples were acidified with formic acid to pH 3,
filtered through GF/C and 0.45 pm polyamide membranes and extracted
using OASIS™ HLB cartridges, followed by a washing step with 5 mL of
methanol:water (10:90) and final elution with 6 mL of methanol. Both
water and fish extracts were dried in a water bath under an N stream at
30 °C.

Before analysis, all extracts were reconstituted in 100 pL of meth-
anol, transferred to glass autosampler vials, and centrifuged for 5 min at
4000 rpm (Mega Star 1.6 R, VWR). An equal amount of deuterated in-
ternal standards was added to all samples before extraction. Screening
for neuroactive pharmaceuticals included 33 compounds (Table S1),
selected based on a combination of commercialization data
(INFARMED, 2018), available compound library and previous detection
in Portuguese waters (e.g. Reis-Santos et al., 2018). A total of seven
therapeutic groups were considered and will be referred to as follows: PS
- Psychostimulants, OP - Opioids, AD - Antidepressants, ANX - Anxio-
lytics, AE - Antiepileptics, AP - Antipsychotics and O - Other (including
one anticholinergic agent, one hypnotic and sedative and one
anti-dementia drug). Pharmaceutical compound concentrations were
calculated by comparison with seven-point standard curves (concen-
trations ranging between 1 and 250 ng/mL) with internal standards and
native compounds (for more details see Supplementary Tables S1 and
S2).

All samples were analysed through liquid chromatography-tandem
mass spectrometry (LC-MS/MS) following Grabic et al. (2012). Target
analytes were separated using Hypersil gold columns and analysed
through triple-stage quadrupole mass spectrometer (TSQ Quantiva and
Quantum Ultra EMR, Thermo Fisher Scientific) coupled with an Accela
LC pump (Thermo Fisher Scientific), an aPAL HTC autosampler (CTC
Analytics AG) and equipped with a heated-electrospray ionization
(HESI) ion source. Instrument set-up is described in detail in supplement
(Tables S1 and S2). Briefly, heated electrospray in positive or negative
ion mode was used for ionization and screening of targeted pharma-
ceuticals and internal standards. Injection of the mobile phase was
performed regularly in the analytical runs to detect carry-over effects,
and no contamination was observed in either instrumental or procedural
blanks. Peak identification was performed with Xcalibur™ 4.3 software
(Thermo Fisher Scientific), and results are presented as ng of pharma-
ceutical compound per L of water or per g of wet weight (ww) of fish
tissue.

2.3. Data analyses

Pharmaceutical concentrations in water (ng/L) and biota tissues (ng/
g ww) are presented as median, minimum and maximum values for each
pharmaceutical, but also as the sum of concentrations (X) per thera-
peutic class and for the total concentration of all pharmaceuticals. A
total concentration without caffeine is also given because caffeine con-
sumption in Portugal is mostly unprescribed, and thus differs from all
remaining compounds. Detection frequency (%) is presented as the
percentage of samples with pharmaceuticals detected above the limit of
quantification, out of all samples analysed.

Field-derived bioaccumulation factors (BAF, L/kg) were calculated
as the ratio between pharmaceutical concentrations detected in fish
tissues and the median concentrations detected in the corresponding
estuarine waters. Pharmaceuticals’ estimated log octanol-water parti-
tion coefficient values (logK,y) for uncharged molecules, were obtained
via KOWWIN™ program by EPI Suite™ (Estimation Programs Inter-
face). Correlations between neuroactive pharmaceuticals’ lipophilicity
(logKow) and field bioaccumulation factors (BAF), as well as between
trophic levels and summed pharmaceutical concentrations, were tested
through Spearman rank correlation (r) analysis, where a significant level
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of 0.05 was considered.

Principal Component Analysis (PCA) was performed in water and
fish data (sums per therapeutic class, where values below quantification
limits were replaced by LOQ/2, a common procedure applied in previ-
ous studies (e.g. Osorio et al., 2016), after normalization (water) and
scaling (both water and fish data), to explore potential patterns in
pharmaceutical occurrence and concentration related to estuaries and
species. R software (R Core Team, 2019) was used to create all figures
and to perform PCA and correlation analysis.

3. Results and discussion
3.1. Neuroactive pharmaceuticals in surface waters

A total of 28 out of the thirty-three neuroactive pharmaceuticals
analysed were detected in the 25 water samples (Table 3), with indi-
vidual water samples showing a minimum of 10 and a maximum of 26
different compounds. Neuroactive compounds from all the seven ther-
apeutic groups considered were detected in at least one of four estuaries:
two opioids, three antiepileptics, four antipsychotics, four anxiolytics,
eleven antidepressants, one psychostimulant and three other pharma-
ceuticals used in different therapeutic treatments (Table 3). A high
detection frequency was observed for the majority of screened com-
pounds, with several being detected in over 70% of water samples in all
four estuaries, such as carbamazepine, haloperidol, oxazepam, ven-
lafaxine, memantine and trihexyphenidyl, whilst a few others were
present in every sample, namely caffeine, bupropion and zolpidem.
These findings demonstrate the pervasiveness and diversity of neuro-
active pharmaceuticals in the analysed estuarine waters, across four
different estuaries with large differences in population density and
footprint, and reflect the general trend found in previous studies across
aquatic systems and other therapeutic groups (e.g. aus der Beek et al.,
2016; Gaw et al., 2014; Mezzelani et al., 2018; Ojemaye and Petrik,
2019; Wilkinson et al., 2022).

Pharmaceutical concentrations ranged between 0.02 and 1590 ng/L
for individual analytes, whereas the concentration of the pharmaceu-
tical mixture (3 Total) ranged between 26 and 3068 ng/L per sample,
and between 5.3 and 2724 ng/L excluding caffeine, which is mostly a
non-prescribed drug. The sum of pharmaceutical concentrations reached
higher median values in the Mira estuary (277 ng/L), followed by the
Douro (173 ng/L), Sado (150 ng/L) and Tejo (108 ng/L) estuaries,
whereas the maximum concentrations were observed in Sado and Mira
estuaries (above 3060 and 2870 ng/L, respectively). The range of con-
centrations for individual neuroactive pharmaceuticals detected in this
study is within the range (up to thousands of ng/L) of previously re-
ported surface water concentrations in other European estuaries (e.g.
Aminot et al., 2016; Fernandez-Rubio et al., 2019; Zhou et al., 2019),
albeit our study stands out by considering a broader suite of neuroactive
compounds.

Despite differences in hydromorphology and population density in
the vicinity of these estuarine systems, there were no clear contamina-
tion patterns regarding the presence of different therapeutic groups
across the estuaries, with all therapeutic groups occurring in all estuaries
(Table 3 and Fig. S1). Conspicuously, the highest concentrations, for all
therapeutic groups, were detected in the two less populated estuaries,
Sado and Mira, in some cases exceeding thousands of ng/L (Table 3).
There is an inherent variability associated with pharmaceutical occur-
rence in single event water grab samples and previous studies have
shown daily, weekly and seasonal variations associated with pharma-
ceutical consumption and occurrence, highlighting the complexity of
pharmaceutical presence in wastewaters and surface receiving waters (e.
g. Aminot et al., 2016; Letsinger et al., 2019; Paiga et al., 2019; Pereira
et al., 2016). Still, these values could be related to the higher mass loads
detected in the southern regions of Portugal likely associated with an
older population and increased seasonal population linked to tourism in
the summer months (Pereira et al., 2016), on top of the lower percentage
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of dwellings served by wastewater treatment in the vicinity areas of
these estuaries, down to 83 and 66% in Sado and Mira estuaries,
respectively, compared to 94 and 96% in Douro and Tejo (Table 1). As
shown in a previous study, reduced treatment is correlated to higher and
more unpredictable releases of pharmaceuticals (Fork et al., 2021), and
thus direct contributions of untreated wastewater cannot be fully
discarded.

Overall, the occurrence of pharmaceutical compounds differed
among and within therapeutic groups, with psychostimulants reaching
higher median concentrations, followed by antidepressants, opioids and
anxiolytics (Table 3). The psychostimulant caffeine was found in every
water sample analysed, and it was the compound with higher median
concentrations in all estuaries (between 62 up to 157 ng/L), being
higher in the Mira and Sado estuaries, followed by Douro and Tejo, with
concentrations ranging between 16 up to 1003 ng/L (Table 3). Caffeine
is highly consumed in Portugal as generally worldwide (e.g. Quadra
et al., 2020), and although secondary wastewater treatment has been
shown to reach exceptional removal efficiencies in some cases (Adeleye
et al., 2022), high consumption and permanent release of caffeine seem
to be contributing to its ubiquity and high concentrations in aquatic
systems, reaching thousands of ng/L in marine and estuarine waters
(Vieira et al., 2022), in line with those found in this study.

Within opioids, buprenorphine was not detected in any water sam-
ple, whereas codeine was detected in all water samples from Douro,
Sado and Mira estuaries, at concentrations ranging from 0.1 up to 22 ng/
L. Tramadol was also ubiquitous in the Douro and Tejo water samples,
but not in Sado (57%) or Mira (83%) yet reaching much higher con-
centrations up to 1590 ng/L, in the latter. Although opioid consumption
in Portugal is relatively low in comparison with other European coun-
tries (OECD, 2019), it has been increasing in recent years, with trama-
dol, codeine and buprenorphine being among the most prescribed
opioids, for instance, in the Lisbon metropolitan area (Caldeira et al.,
2021). Moreover, recent studies have shown that many opioids are not
efficiently removed by wastewater treatment, some even following ter-
tiary treatment (Asimakopoulos et al., 2016; Campos-Manas et al.,
2018), resulting in its frequent detection in environmental water sam-
ples, as in our study, in particular tramadol and codeine, two of the most
frequently detected opioids (Campos-Manas et al., 2018). Likewise,
buprenorphine, which was not detected in our water samples, is re-
ported as less frequently detected in both wastewater influents and ef-
fluents, and occurring at much lower concentrations compared to
codeine or tramadol (Asimakopoulos et al., 2016; Campos-Manas et al.,
2018). Tramadol reached by far the highest concentrations of all three
opioids considered, yet similar concentrations (reaching thousands of
ng/L) have been previously reported for coastal waters (e.g. Sousa et al.,
2020).

The eleven antidepressants screened for in this study were all
detected in the estuarine waters. Eight of the antidepressants were found
in all four estuaries, whereas the other three, namely fluoxetine, mir-
tazapine and paroxetine, were found exclusively in Sado and Mira wa-
ters (Table 3). Bupropion, venlafaxine, duloxetine and mianserin were
frequently detected in all four estuaries (DF > 67%), yet reaching
different maximum concentrations (Table 3). Higher median and
maximum concentrations were observed for venlafaxine (maximum
surpassing 300 ng/L in Sado and Mira), whereas sertraline and fluoxe-
tine also reached more than 100 ng/L, despite being less frequently
detected. Antidepressants are of the most widely screened and detected
pharmaceutical classes, being found worldwide in a vast range of con-
centrations and in different environmental matrices (aus der Beek et al.,
2016; Calisto and Esteves, 2009; Sehonova et al., 2018; Wilkinson et al.,
2022). The concentrations found in our samples are in agreement (ca.
from below tens up to hundreds of ng/L) with those previously detected
in estuarine (e.g. Fernandez-Rubio et al., 2019; Reis-Santos et al., 2018)
and marine waters (e.g. Bjorlenius et al., 2018; Nodler et al., 2014;
Togola and Budzinski, 2008).

Four out of six anxiolytic pharmaceuticals were detected in estuarine
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waters. Oxazepam was frequently found in all four estuaries (DF > 86%)
at concentrations ranging from 1.1 up to 190 ng/L. This is in agreement
with the concentrations reported in previous studies (ca. tens of ng/L) in
riverine (e.g. Fick et al., 2017; Wang et al., 2017), estuarine and sea
waters (Bjorlenius et al., 2018; Fernandez-Rubio et al., 2019), as well as
being the most prevalent benzodiazepine in wastewaters (Asimako-
poulos et al., 2016) due to generally low removal percentage following
wastewater treatment (e.g. de Boer et al., 2022; de Jesus Gaffney et al.,
2017; Kosjek et al., 2012). Alprazolam, hydroxyzine and lorazepam
were also present in all four estuaries, yet detection frequencies varied
from 14 up to 100%, with concentrations up to 7.8, 2.1 and 79 ng/L,
respectively, which have also been found in previous studies in surface
waters from the Atlantic coast and other locations worldwide (aus der
Beek et al., 2016; Fernandez-Rubio et al., 2019; Fick et al., 2011).

Carbamazepine was the most frequently detected antiepileptic
pharmaceutical in estuarine water. It was found in every sample from
the Douro, Tejo and Mira estuaries, and 86% of samples in the Sado
estuary, at concentrations ranging from 0.1 to 61 ng/L. Carbamazepine
is a commonly prescribed antiepileptic worldwide, known to be able to
resist wastewater treatment at low concentrations and is the most
frequently detected antiepileptic in wastewaters and in the environment
worldwide (Adeleye et al., 2022; aus der Beek et al., 2016; Cardoso-Vera
et al., 2021; Zhang et al., 2008). Hence, in estuarine and coastal waters
carbamazepine has been found to reach maximum concentrations of
thousands of ng/L (e.g. McEneff et al., 2014), and many studies
frequently report 100% detection in surface waters (Cardoso-Vera et al.,
2021). Other antiepileptics analysed included clonazepam and top-
iramate, which were less frequently detected (up to 44 and 17%,
respectively) and at concentrations up to 4.9 and 15 ng/L, respectively.
Very few studies have screened for these pharmaceuticals in surface
waters, so there is still limited information, though there are reports of
no detection or detection at the same range of concentrations (below 20
ng/L) as found here (e.g. Pivetta et al., 2020; Renganathan et al., 2021).

Of all six antipsychotic pharmaceuticals analysed in the water,
haloperidol was the most common, being present in all samples from
Douro and Mira estuaries and on more than 70% of samples from Tejo
and Sado systems, at concentrations ranging from 0.04 up to 1.7 ng/L.
On the other hand, chlorpromazine, clozapine and flupentixol were
seldom detected in the water, with frequencies between 11 and 33% in
Tejo, Sado and Mira estuaries, whereas levomepromazine and risperi-
done were not detected (Table 3). Despite the presence of some of these
antipsychotics in wastewater effluents (e.g. Loos et al., 2013), few
studies have assessed their occurrence in surface waters, yet they are
generally not detected or detected at low ng/L concentrations (e.g. aus
der Beek et al., 2016; Dehm et al., 2021; Escudero et al., 2021; Kondor
et al., 2020), although some exceptionally high concentrations of clo-
zapine (up to 78 pg/L) have been observed in South Africa’s Umgeni and
Msunduzi rivers (Matongo et al., 2015a, 2015b). To the best of our
knowledge, we present the first record of clozapine in estuarine waters.

Within the Other pharmaceutical compounds group, which includes
anti-dementia drug memantine, anticholinergic agent trihexyphenidyl
and hypnotic sedative zolpidem, high detection frequencies were
observed, >70% for all compounds, with concentrations ranging from
0.02 up to 93 ng/L. Detected concentrations of zolpidem are in the same
range of concentrations previously found in surface waters, whereas
memantine reached higher concentrations than in previous studies, and
trihexyphenidyl concentrations were lower than previously reported (e.
g. aus der Beek et al., 2016; Brieudes et al., 2017; Dehm et al., 2021).
Notwithstanding, for all three compounds, the concentrations found in
this study are lower than the maximum reported in wastewaters (Fick
et al., 2011; Loos et al., 2013).

Overall, a highly diverse suite of neuroactive compounds was
detected in surface waters from the four estuaries. Almost half (15) of
the neuroactive compounds screened were found at concentrations
above the threshold defined for studies on environmental fate and ef-
fects (10 ng/L) according to the European Medicines Agency (EMA) and



LA. Duarte et al.

Table 4
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Neuroactive pharmaceuticals in fish samples. Median (Med), Minimum (Min), and Maximum (Max) concentration values (ng/g ww) of pharmaceutical analytes
detected in different fish tissues (brain, liver and muscle) collected from Douro, Tejo, Sado and Mira estuaries. The sum of concentrations (3_) and detection frequency
(DF, %) per therapeutic group and for all analytes (3 Total) are also shown. < LOQ indicates values below the Limit of Quantification (DF = 0).

Therapeutic Group Analyte Brain

Liver Muscle

Med (Min-Max) ng/g

DF (%) N = 50

Med (Min-Max) ng/g  DF (%) N = 55° Med (Min-Max) ng/g  DF (%) N = 55

Opioids Buprenorphine < LOQ

Codeine 0.8 (0.5-1.7) 28

Tramadol < LOQ
T Opioids 0.8 (0.5-1.7) 28
Antiepileptics Carbamazepine 1.4 2

Clonazepam < LOQ

Topiramate 12 (1.3-207) 72
¥ Antiepileptics 12 (1.3-207) 72
Antipsychotics Chlorpromazine < LOQ

Clozapine < LOQ

Flupentixol < LOQ

Haloperidol < LOQ

Levomepromazine < LOQ

Risperidone 0.2 (0.1-0.3) 72
T Antipsychotics 0.2 (0.1-0.3) 72
Anxiolytics Alprazolam < LOQ

Bromazepam < LOQ

Clobazam < LOQ

Hydroxyzine < LOQ

Lorazepam < LOQ

Oxazepam < LOQ
3 Anxiolytics < LOQ
Antidepressants Amitriptyline < LOQ

Bupropion < LOQ

Citalopram < LOQ

Duloxetine 1.6 2

Fluoxetine < LOQ

Maprotiline < LOQ

Mianserin < LOQ

Mirtazapine < LOQ

Paroxetine < LOQ

Sertraline < LOQ

Venlafaxine 1.1 (0.5-13) 30
¥ Antidepressants 1.4 (0.5-13) 30
Psychostimulants Caffeine 7.5 (5.5-9.7) 6
¥ Psychostimulants 7.5 (5.5-9.7) 6
Anti-dementia drugs Memantine < LOQ
Anticholinergic agents Trihexyphenidyl 0.13 (0.11-0.14) 4
Hypnotics and sedatives ~ Zolpidem < LOQ
% Other 0.13 (0.11-0.14) 4
T Total 9 (0.1-207) 100
Number of pharmaceuticals 2(1-5)

< LOQ < LOQ

0.9 (0.6-1.6) 21 0.7 (0.7-1.1) 13
< LOQ <1L0Q

0.9 (0.6-1.6) 21 0.7 (0.7-1.1) 13
< LOQ < LOQ

< LOQ <10Q

8 (1.1-86) 62 2.3 (1.2-20) 47
8 (1.1-86) 62 2.3 (1.2-20) 47
< LOQ < LOQ

< LOQ < 1L0Q

< LOQ < LOQ

0.2 (0.1-0.5) 23 < LOQ

< LOQ < 1LOQ

0.2 (0.1-0.6) 69 0.2 (0.1-0.4) 65
0.2 (0.1-0.6) 73 0.2 (0.1-0.4) 65
< LOQ < LOQ

<LOQ <LOQ

< LOQ <LOQ

1.4 2 < LOQ

5.3 2 < LOQ

< LOQ < LOQ

6.7 2 < LOQ

< LOQ < 1L0Q

0.2 (0.1-0.4) 10 0.1 2
< 1LOQ < LOQ

1.7 (1.7-3) 6 < LOQ

< LOQ < LOQ

< LOQ < LOQ

2 2 1.1 2
< LOQ < 10Q

< LOQ < LOQ

< LOQ < LOQ

1.8 (0.6-4.3) 19 0.9 (0.5-2.5) 22
1.7 (0.1-6.1) 27 0.8 (0.1-2.5) 24
12 2 5.3 2
12 2 5.3 2
< LOQ < 1LOQ

0.12 (0.11-0.12) 4 0.2 2
< LOQ < LOQ

0.12 (0.11-0.12) 4 0.2 2
5.8 (0.1-86) 95 1.5 (0.1-21) 95
2 (0-6) 1(0-3)

# The number of samples (N) varies for some of the analytes screened. For more details see Supplementary Table S3.

reaching maximum concentrations over 150 times higher. Moreover, the
ubiquity and diversity of these compounds are outstanding, with more
than 10 and up to 26 compounds being detected in every sample
collected in distinct estuaries.

3.2. Neuroactive pharmaceuticals in fish

Thirteen out of the 33 neuroactive pharmaceuticals screened were
detected in at least one of the fish tissues (i.e., brain, liver and muscle
tissues), and included one opioid, two antiepileptics, two antipsychotics,
two anxiolytics, four antidepressants, one psychostimulant and one
compound from the Other pharmaceutical compounds group (Table 4).
Notably, all brain samples (50) and 95% of liver and muscle samples (55
each) contained at least one neuroactive pharmaceutical. Still, in fish
brain and liver tissues, a median of 2 neuroactive pharmaceuticals were
detected, with individual samples showing up to 6 different compounds,
whereas in the muscle samples a maximum of 3 different compounds per
sample were detected (Table 4). Pharmaceutical concentrations ranged
between 0.1 and 207 ng/g for individual analytes, with antiepileptic
topiramate, antidepressant venlafaxine and the psychostimulant
caffeine exhibiting the highest concentrations (Table 4). The sum of all
neuroactive pharmaceutical concentrations (3, Total) per sample

reached higher median concentrations in the brain (9 ng/g), followed by
the liver (5.8 ng/g) and muscle (1.5 ng/g) tissues (Table 4 and Fig. 2).
The same pattern was also observed for the maximum tissue concen-
trations, with brain reaching 207 ng/g followed by liver 86 ng/g and
muscle 21 ng/g (Table 4). Laboratory (e.g. Huerta et al., 2016; McCal-
lum et al., 2017; Valdés et al., 2016) and field studies (e.g. Brooks et al.,
2005; Liu et al., 2018) have shown similar accumulation patterns among
tissues, with brain and liver tissues showing higher concentrations than
muscles. These patterns and the presence of different pharmaceuticals
among tissues have implications towards the choice of tissues for
pharmaceutical quantification and environmental risk assessment (e.g.
Duarte et al., 2022; Miller et al., 2018).

Overall, the bioaccumulation of neuroactive pharmaceuticals in fish
species differed among and within therapeutic groups, with antiepilep-
tics reaching higher summed concentrations, followed by psychosti-
mulants, anxiolytics and antidepressants (Table 4 and Fig. 2).
Antiepileptics and antipsychotics were among the most frequently
detected therapeutic groups, with frequencies of detection higher than
47% in all three tissues.

Although frequently detected in water, the antiepileptic carbamaz-
epine was only detected in one brain sample of P. flesus from the Douro
estuary, at 1.4 ng/g, a slightly higher value than those reported by Liu
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Fig. 2. Sums (}_) of pharmaceutical concentrations
per therapeutic group, in different fish tissues (brain,
liver and muscle), in all and each estuary (Douro,
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et al. (2015) and Tanoue et al. (2015) (up to 1 ng/g) in the brains of
freshwater species collected in riverine systems in China and Japan,
respectively. Moreover, no carbamazepine residues were previously
detected in liver and muscle tissues from wild fish collected in the Tejo
estuary (Fonseca et al., 2021) but have been found in wild fish species
from other locations worldwide (Swiacka et al., 2022). Topiramate was
frequently detected in all tissues (DF > 47; brain > liver > muscle) from
5 out of 7 species, with higher median and maximum concentrations in
the brain (12 and 207 ng/g, respectively), followed by liver and muscle
samples (Table 4). In line with our results, a similar range of concen-
trations has been reported in the liver of wild D. labrax juveniles and one
adult collected in the Tejo estuary, up to 244.4 ng/g (Fonseca et al.,
2021), yet whilst our results show its repeated occurrence at similar
elevated levels, there is a general lack of field studies targeting this
pharmaceutical in fish, and this should be prioritised, considering the
high concentrations observed. Also, no bioaccumulation of the antiepi-
leptic clonazepam was observed, and this is, to our knowledge, the first
study to target this compound in wild fish, whilst studies concerning
clonazepam occurrence in aqueous matrices and exposure effects are
still scarce, as mentioned in recent review studies (Cunha et al., 2019,
2017).

Contrary to the high occurrence in water samples (and reaching up to
1003 ng/L), the psychostimulant caffeine was present in only 6% of fish
brain samples, and 2% of both liver and muscle tissues, with concen-
trations between 5.3 and 12 ng/g. Other field studies also reported
caffeine bioaccumulation in muscle, liver and gills of different fish
species at the same magnitude (up to 74 ng/g), in wet and dry weights
(Li et al., 2020; Ondarza et al., 2019; Vieira et al., 2022), yet no
behavioural effects were observed at higher internal concentrations
(from 29 up to 68 ng/g) in Perca fluviatilis juveniles (Cerveny et al.,

2022) whereas changes in biochemical and behavioural endpoints were
reported only at substantially higher external concentrations, above
several thousands of ng/L and up to mg/L range (e.g. Ladu et al., 2015;
Li et al., 2012; Santos-Silva et al., 2018).

Of the six anxiolytics analysed, only hydroxyzine and lorazepam
were found, and in one liver sample of P. flesus from the Douro estuary,
at 1.4 and 5.3 ng/g, respectively. Fonseca et al. (2021) and Huerta et al.
(2018) screened for anxiolytic lorazepam in wild fish, with no detection
in liver or muscle tissues in different estuarine and freshwater fish
species, while Rojo et al. (2019) detected a maximum of 0.23 ng/g in the
muscle of 1 out of 3 freshwater fish species. A previous study also
documented low hydroxyzine uptake in liver of fish caged in a
wastewater-influenced stream (0.3 up to 1.2 ng/g) and also no detection
in brain and muscle tissues (Grabicova et al., 2017). Though not
detected, this is, to the best of our knowledge, the first screening for
clobazam in water and fish in estuarine areas. Whilst anxiolytics such as
alprazolam, bromazepam were also not detected in wild fish (e.g. Fon-
seca et al., 2021; Martinez-Morcillo et al., 2020; Pena-Herrera et al.,
2020), oxazepam bioaccumulation was reported in the plasma of wild
riverine species Squalius cephalus at 25 ng/mL (Cerveny et al., 2021) as
well as in Perca fluviatilis’ bile below 3 ng/g (UNESCO and HELCOM,
2017).

Four out of eleven antidepressants screened were detected in fish
tissues: bupropion, duloxetine, mianserin and venlafaxine. Of all four,
venlafaxine was the most pervasive, and detected in 5 out of the 7
species, and in 30, 19 and 22% of brain, liver and muscle tissues (con-
centrations ranging from 0.5 up to 13 ng/g). Bupropion, duloxetine and
mianserin were less frequently detected, at maximum concentrations of
0.4, 3 and 2 ng/g. Antidepressants amitriptyline, citalopram, fluoxetine,
maprotiline, mirtazapine, paroxetine and sertraline were not found in
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any fish tissues. Multiple studies have reported antidepressants’ bio-
accumulation in fish collected in the wild, including those screened in
this study, yet with considerable variability (Miller et al., 2018; Silva
et al., 2015; Swiacka et al., 2022). Venlafaxine is commonly detected in
wild fish, found in various tissues including brain, liver and muscles, and
within the low ng/g (ww and dw) range (e.g. Arnnok et al., 2017; Huerta
et al.,, 2018; Schultz et al., 2010). Bioaccumulation of bupropion,
mianserin and duloxetine in wild fish has been previously assessed
(Arnnok et al., 2017; Cerveny et al.,, 2021; Grabicova et al., 2017;
Schultz et al., 2010), despite being seldom considered compared to other
antidepressants (Silva et al., 2015; Swiacka et al., 2022). On the other
hand, sertraline and fluoxetine are frequently detected in wild fish tis-
sues at concentrations below or close to our LOQ of 10 and 5 ng/g,
respectively (Brooks et al., 2005; Meador et al., 2016; Schultz et al.,
2010), though there are studies showing bioaccumulation up to hun-
dreds of ng/g (e.g. Du et al., 2014; Fonseca et al., 2021; Ramirez et al.,
2009). Its fast metabolism evidenced by higher concentrations of me-
tabolites compared to the parent compounds (Arnnok et al., 2017; Miller
et al., 2018; Schultz et al., 2010), in combination with the lower
occurrence in our water samples might justify its absence in our fish
samples, although metabolites were not screened to confirm this hy-
pothesis. While the remaining antidepressants are comparatively less
studied in wild fish, their monitoring should not be disregarded as they
are frequently detected in surface waters and in wild biota (Calisto and
Esteves, 2009; Silva et al., 2015; Swiacka et al., 2022).

While opioids buprenorphine and tramadol were not detected in fish,
codeine concentrations were generally the same across tissues, though
more frequently found in fish brain followed by liver and muscle,
reaching maximum concentrations of 1.7 ng/g in the brain (Table 4).
Codeine bioaccumulation in fish has been described in various fresh-
water fish species collected in the field (Rojo et al., 2019; Valdés et al.,
2016) and at the same range of concentrations as in this study (up to 1.1
ng/g in Rojo et al. (2019)). Tramadol has also been reported to accu-
mulate in different fish tissues (Grabicova et al., 2017; Hubena et al.,
2020; Tanoue et al., 2017), yet despite the high concentrations found in
our water samples (up to 1590 ng/L), it was not detected in fish, which
might be associated with the relatively high LOQ in our samples (50
ng/g) and with the different exposure conditions from our wild samples,
when compared to a likely continuous exposure concentration in these
studies from the experimental design in the laboratory and in caged in
the field trial. In fact, Tanoue et al. (2017) and Hubena et al. (2020)
reported mean brain concentrations of 4.6 ng/g in Pimephales promelas
adults and 1.8 ng/g in Squalius cephalus after long-term (23 and 42 days,
respectively) exposures to 1 pug/L (the same range as some of the highest
concentrations found in our water samples), whereas Grabicova et al.
(2017) detected tramadol in liver and kidney of Salmo trutta caged for 3
months in a stream influenced by wastewater effluents, on average from
1.7 up to 6 ng/g, with all these studies pertaining to continuous exposure
conditions yet all reporting concentrations below our quantification
limit.

Only two antipsychotics were detected in fish: risperidone was found
in all three tissues, although more frequently detected in brain (72%),
followed by the liver (69%) and muscle (65%) of all species sampled,
with concentrations ranging from 0.1 up to 0.6 ng/g; whereas halo-
peridol was found only in the liver (23%) of 5 species, at concentrations
up to 0.5 ng/g. Risperidone has been frequently found in the tissues of
wild fish (Cerveny et al., 2021; Grabicova et al., 2017) and fish exposed
to treated effluents (e.g. Fick et al., 2010), even when, as in our study, it
is not detected in the medium (Fick et al., 2010; Grabicova et al., 2017).
Likewise, several studies reported haloperidol concentrations in wild
fish at very low ng/g (usually below 1 ng/g or 1.2 ng/mL in plasma),
such as in brain (Tanoue et al., 2015), blood plasma (Cerveny et al.,
2021; Fick et al., 2010), liver or muscle (Tanoue et al., 2015). Accord-
ingly, Tanoue et al. (2015) have shown a higher partition of haloperidol
in the liver than any other fish tissue analysed, including brain and
muscle, which is in line with the detection of this pharmaceutical only in
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Fig. 3. Field-derived bioaccumulation factors (BAF, L/kg) of neuroactive
pharmaceuticals with increasing lipophilicity (1ogKoy). BAF values (N shown
under each boxplot) were calculated as the ratio between pharmaceutical
concentrations detected in fish tissues and the median concentrations detected
in the corresponding estuarine waters. Boxplots show median, 25th and 75th
percentiles, upper and lower whiskers extending at most 1.5 times the inter-
quartile range (IQR) to maximum and minimum values, respectively.

the liver. Both Cerveny et al. (2021) and Fick et al. (2010) studies
pointed risperidone and haloperidol as of high risk for fish, as concen-
trations in fish plasma were either above or close to human therapeutic
plasma concentrations, implying potential exposure effects. Our results
corroborate these studies, as these were the only two out of six anti-
psychotics to bioaccumulate in fish, even when it was not detected in the
medium as observed for risperidone.

Bioaccumulation in fish of the pharmaceutical compounds consid-
ered within the Other compounds group was only observed for trihex-
yphenidyl (4% of samples), with concentrations ranging from 0.11 to
0.2 ng/g, lower than those previously reported in P. flesus from the baltic
sea (UNESCO and HELCOM, 2017).

Overall, bioaccumulation patterns of the different therapeutic groups
in fish were consistent among all four estuaries (Fig. 2). Generally larger
contributions for summed concentrations were from antiepileptics,
psychostimulants, anxiolytics and antidepressants groups (Table 4 and
Fig. 2), which follows patterns in previous studies. For example, Muir
et al. (2017) screened for 127 pharmaceuticals and personal care
products in the plasma of both caged Carassius auratus and wild Cyprinus
carpio, with more than half of the compounds detected in fish tissues
being antidepressants and their metabolites. Following the screening of
20 pharmaceuticals in 8 different fish species, Huerta et al. (2018) also
found antiepileptics and antidepressants to be the most prevalent ther-
apeutic groups among the seven groups considered, including for
example p-blockers or anti-inflammatory drugs. In their work, Arnnok
et al. (2017) screened for 24 pharmaceutical compounds in 10 different
fish species and also found higher concentrations of antidepressants
compared to other classes of pharmaceuticals such as antibiotics or
anti-inflammatory drugs.

Although variations in occurrence and concentrations were observed
in the waters from the four estuaries, bioaccumulation patterns were
similar in fish from all the systems (Fig. 2). This has also been observed
in other field studies where sampling occurred in various locations,
suggesting that bioaccumulation patterns are mostly determined by the
chemical properties of pharmaceuticals rather than the range of con-
centrations found in the medium (e.g. Muir et al., 2017; Yang et al.,
2020). Despite maximum water concentrations found in Sado and Mira
estuaries (the two less populated estuaries, despite seasonal variability),
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Fig. 4. Concentrations of all neuroactive pharmaceuticals (Total) and of the most frequently detected pharmaceuticals (Topiramate, Venlafaxine, Codeine and
Risperidone) in fish brain (B), liver (L) and muscle (M) in each fish species, namely estuarine resident (ER) Halobatrachus didactylus, and marine migrants and
stragglers Diplodus bellottii, Dicentrarchus labrax, Diplodus sargus, Platichthys flesus, Sparus aurata and Solea solea. Concentrations (ng/g ww) are presented as
log10(x+1), and scales differ between plots. Boxplots show median, 25th and 75th percentiles, upper and lower whiskers extending at most 1.5 times the interquartile

range (IQR) to maximum and minimum values, respectively.

fish accumulated higher levels of pharmaceuticals in Douro and Tejo
estuaries, evidencing the impacts of the constant pharmaceutical inputs
from highly populated areas. Usually, bioconcentration of lipophilic
compounds is estimated through the octanol/water partition coefficient
(Kow) and has been shown to increase with increasing lipophilicity for
different chemicals (Arnot and Gobas, 2006; Bintein et al., 1993;
Mackay, 1982). Accordingly, lipophilicity thresholds have been set to
estimate chemical bioaccumulation and to determine the need for
environmental risk assessment of chemical substances in European
guidelines. However, in the particular case of neuroactive pharmaceu-
ticals, it seems that this factor alone may not be the best predictor for
bioaccumulation in fish tissues, as their uptake and bioconcentration is
influenced by parameters such as salinity, pH or exposure time, but also
by species-specific traits, life-stage or tissues (Duarte et al., 2022).
Accordingly, we tested if a correlation between field-derived bio-
accumulation factors (BAF) and compounds’ lipophilicity existed, and
no significant correlation was found when considering all BAF values (r
= 0.2, p-value = 0.53, Fig. 3), nor when considering each tissue inde-
pendently (r > 0.2, p-value > 0.3), confirming that the prediction of
bioaccumulation of neuroactive compounds through compounds’ lip-
ophilicity may not be straightforward.

Neuroactive pharmaceutical bioaccumulation showed a prevalent
pattern among species, with higher summed concentrations in the brain
followed by the liver and muscle tissues (Fig. 4). This pattern was
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evident for all species, including resident species H. didactylus, as well as
for marine migrants and stragglers such as D. labrax, S. aurata or S. solea.
This pattern could also be generally observed among the most frequently
detected neuroactive pharmaceuticals, such as topiramate, venlafaxine
and risperidone (Fig. 4). Notwithstanding, not all species seem to
accumulate neuroactive pharmaceuticals in the same range of concen-
trations, i.e., some were found to accumulate higher summed concen-
trations, such as D.labrax and S.solea (up to hundreds of ng/g), and to a
less extent P. flesus, H. didactylus and S. aurata (up to tens of ng/g),
whereas both Diplodus species showed reduced concentrations (up to
1.5 ng/g) (Fig. 4). This may be the result of bioconcentration rates being
influenced by different metabolic rates, linked to health status, feeding
regimes, life-stage or size (Arnot and Gobas, 2006). Differences in bio-
accumulation among wild fish species are known, and its association
with species’ ecological traits, including different habitat use, feeding
strategies or trophic levels has been studied (e.g. Arnnok et al., 2017; Du
et al., 2014; Fonseca et al., 2021; Huerta et al., 2018; Rojo et al., 2019).
We hypothesised that estuarine resident species, that spend their whole
life cycle inside the estuary would have increased pharmaceutical
accumulation compared to marine migrant or straggler species, which
use the estuaries as nurseries or occasionally for feeding purposes, and
thus spend comparatively less time inside the estuarine environment.
Yet, our results show an unclear pattern in the bioaccumulation of
different therapeutic groups across species with different habitat use
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Fig. 5. Mean (and standard deviation) of the summed concentrations per therapeutic class in the water, in ng/L (A) and fish brain (tissue concentrations in ng/g ww
(B) and bioaccumulation factors in L/kg (C) are presented). Tissue concentrations and BAF from fish brain are given for all species (All, black bars), for estuarine
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and O - Other (including anticholinergic agents, hypnotics and sedatives, anti-dementia drugs).

classifications (Fig. 5). This reveals how exposure to neuroactive com-
pounds and consequent bioaccumulation in fish tissues does not imply
exposure to contamination sources throughout their entire life or even
large extended periods. Accordingly, it is known that pharmaceutical
uptake and bioconcentration can occur in short timeframes (e.g. Liu
etal., 2021; Wang and Gardinali, 2013), supporting the idea that all fish
species tend to bioaccumulate neuroactive compounds, regardless of the
time they spend in more prone areas inside the estuary. Notwith-
standing, the specimens sampled here are late juveniles/young adults,
which have most likely spent their first year(s) inside the estuary, which
may contribute to the higher and comparable concentrations in marine
migrants such as D. labrax, S. solea and P. flesus and those found in
estuarine resident species H. didactylus.

Moreover, we addressed the potential link between bioaccumulation
and fish trophic levels and found no significant correlations between
total pharmaceutical concentrations (median values) and species tro-
phic levels (TL, Table 2), for each of the three tissues, brain, liver and
muscle (r > —0.54, p-value > 0.24). This points to a general bio-
accumulation among all fish species, independently of trophic level,
which is also highlighted by the overlap of data points obtained through
the principal component analysis (Fig. S2), showing that no specific
pattern of bioaccumulation can be highlighted among species or
estuaries.

Overall, the bioaccumulation of neuroactive compounds was
observed for all seven fish species, in all four estuaries, with higher
contributions from antiepileptics, psychostimulants, anxiolytics and
antidepressants. A similar bioaccumulation pattern was generally
evident among all species, revealing overall higher bioaccumulation in
brain tissue, followed by liver and muscle, highlighting the importance
of tissue selection in future bioaccumulation studies. No clear patterns
were evident considering species’ different habitat uses, including
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resident species, marine migrants or straggler species, and there was no
obvious bioaccumulation pattern in relation to the different trophic
levels, indicating a general uptake of neuroactive pharmaceuticals
among the seven fish species, despite higher summed concentrations
could be found in some species.

4. Conclusion

This study analyses the occurrence of a broad suite of neuroactive
pharmaceuticals of various therapeutic groups in estuarine surface wa-
ters and its bioaccumulation in three different tissues of seven species of
fish with different life-history strategies and habitat use patterns. In the
water, all seven therapeutic groups were frequently detected in all four
estuaries (>78%) and almost half (15) of all neuroactive compounds
exceeded concentrations of 10 ng/L, defined as the threshold level for
studies on environmental fate and effects. With 10 and up to 26
neuroactive compounds detected in individual water samples, our re-
sults reveal a complex mixture of a suite of compounds in all four es-
tuaries, despite differences in hydromorphology and urban development
in the vicinity of the estuarine systems.

The bioaccumulation of neuroactive compounds was observed in all
seven fish species collected in the different estuaries, with neuroactive
compounds being detected in every fish brain and in 95% of fish liver
and muscle tissues. A bioaccumulation pattern was evident among
species, and in all estuaries, revealing overall higher bioaccumulation in
the brain followed by liver and muscle tissues. Moreover, no clear up-
take patterns linked to different habitat use or trophic levels were found,
pointing to a conspicuous uptake of neuroactive pharmaceuticals among
the different fish species.

Here, we reveal the ubiquity of neuroactive compounds in estuarine
waters and the bioaccumulation of these compounds across multiple



LA. Duarte et al.

estuarine and marine fish species, independently of their estuary of
capture, habitat use or trophic level. These results are key for improved
risk assessment, yet information linking internalized concentrations to
toxic effects is still scarce, though crucial for defining threshold safety
levels to manage the risk of these compounds in the environment.
Moreover, despite recent efforts concerning the impacts of pharmaceu-
ticals in estuarine and marine environments, there is still a considerable
knowledge gap regarding these key ecosystems when compared to
freshwater systems, that needs to be addressed.
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